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The bonding in transition metal pentacyanonitrosyls is described in terms of molecular orbitals. The very strong M-NO 
bond dominates the over-all ligand field, where M is the transition metal. Detailed SCCC-MO calculations of M(CN)&- 
NO"- complexes give the d-level ordering xz,yz < xy < x 2  - y z  < 9, suggesting some axial destabilization of z2. The most 
important result is that the antibonding e level derived from n*NO is the lowest empty level in the M(CN)sNOn- complexes. 
The electronic absorption bands of the M(CN)6NOn- complexes are assigned using the derived energy level scheme. In  
certain cases substantial support comes from single crystal spectra using polarized light and the glass spectra of [ (n-CaH~)a- 
NIm [M(CN)&NO] complexes a t  liquid-nitrogen temperature. The most important new result is the assignment of the low- 
energy bands as due to charge-transfer transitions from the metal-based e and bz levels to the unusually stable e(R*NO) level. 
The derived molecular orbitals have been used to calculate the spin Hamiltonian parameters of the paramagnetic species 
Mn(CN)6NO2- and Cr(CN)6NO3-. Agreement between the calculated and measured spin Hamiltonian parameters indi- 
cates the reliability of the derived molecular orbitals. 

Introduction 
The electronic structure of Fe(CN)6N02- has been 

established on the basis of considerable experimental 
and theoretical works2 In the attemptsa-10 in the 
area of assignments of the low-energy electronic ab- 
sorption bands in the other M(CN)6NOn- complexes, 
no consideration has been given to the a*NO level, 
which plays an important role in the low-energy bands 
in Fe(CN)5N02-. It is clear that the possibility of 
low-energy charge-transfer bands in all these com- 
plexes must be considered. 

This paper reports detailed SCCC-MO (self-con- 
sistent charge and configuration-molecular orbital) 
calculations of the complexes M(CN)6NOn- (M = V, 
Cr, Mn, Fe), electronic absorption spectra of M(CN)s- 
NOn- complexes in solutions at  room temperature and 
a t  low temperature, additional single crystal spectra of 
NazFe(CN),NO.2H2O using polarized light, and an esr 
studyll of KzMn(CN)5N0 in a single crystal of NazFe- 
(CN)sNO.ZHzO as host lattice. The electronic spec- 
tral and esr results are interpreted in terms of the 
derived molecular orbitals for the M(CN)5NOn- com- 
plexes. 

Experimental Section 
Preparation of Various M( CN)5NOn- Complexes.-Reagent 

grade NasFe( CN)iN0.2HzO was crystallized from water solution 
before use. The other pentacyanonitrosyls, K5V( Cn')sNO, 
H Z O , ' ~ ~  K O (  C N ) ~ N O . H Z O , ~ ~ ~  KaMn( CN)6N0.H~0,13 and KzMn- 
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( CN)6N0,1S were prepared and purified by literature methods. 
The paramagnetic manganese compound, KzMn( CN)IXO, was 
stored over Pz06 in a desiccator. The sodium salt of Mn(CN)s- 
N02- also was prepared. All the compounds were stored in air- 
tight containers. 

Preparation of n-Tetrabutylammonium Salts of the M( CN);- 
NOn- Complex Anions.-The [(n-C,Hs)4N)],[M(CN)sT\TO] com- 
plexes were needed for the spectral measurements in transparent 
glasses a t  low temperatures and also for infrared spectral meas- 
urements. The [ ( ~ - C ~ H Q ) ~ N ]  z[Fe( CN)sNO] complex was pre- 
pared by thoroughly mixing a 0.03 M aqueous solution of NazFe- 
( C N ) ~ N O . ~ H Z O  with a 0.03 M chloroform solution of [(n-C4HB)4- 
iY]Br. The chloroform layer was separated and the solvent was 
stripped. The residue was then repeatedly extracted with water- 
free chloroform and the solvent was completely removed. The 
resulting red compound was dried over anhydrous CaC12 in a 
desiccator. 

The n-tetrabutylammonium salts of Mn( CN)AT03- and Cr- 
(CN)&O3- were prepared in the above manner. The former 
complex was obtained as a violet powder and the latter one as a 
greenish yellow crystalline compound. A small quantity of n- 
tetrabutylammonium bromide remained in all these compounds 
and could not be removed completely. 

In the preparation of [(n-C4H9)4N]z[Mn( CN)&O], equivalent 
quantities of KZMn(CN)sNO, dried over P z O ~  in a desiccator, and 
[(n-C4Hg),N] C1, dried over anhydrous CaClz in a desiccator, were 
dissolved in very dry acetone. The precipitated KC1 and other 
impurities were removed by rapid filtration and the solvent was 
stripped. The residue was then dissolved in half the volume of 
acetone than was previously used; the solution was filtered and 
the solvent was stripped. This was repeated three times to 
purify the n-tetrabutylammonium salt. The yellow compound 
was then dried over P z O ~  in a desiccator. The acetone used in 
this preparation had been dried over anhydrous MgS04 and an- 
hydrous KzC03 and then distilled. The middle fraction was 
used. This precaution was necessary since the presence of 
water in small amounts slowly decomposes KzMn( CN)sNO. 

EPA Solvent for Low-Temperature Absorption Spectra.- 
EPA solvent, a mixture of ethyl alcohol, isopentane, and ethyl 
ether in 2 : 5 :  5 volume proportion, was obtained from Hartmann- 
Leddon Co. It forms a perfect glass a t  liquid nitrogen tempera- 
ture and is optically transparent in the region 1000-270 mp. 
Since even minute quantities of water in the solvent tend to 
crack the glass, great care was taken to keep it dry. EPA was 
used as a glassy matrix for the low-temperature spectra of the 
various M(CN),NO"- complexes. 

(13) F. A. Cotton, R. R. Monchamp, R. J. M. Henry, and R. C. Young, 
J .  Inovg. Nucl. Chem., l o , %  (1959). 



824 P. T. M A N O H A R a n '  AND HARRY B. GRAY Inorganic Chemistry 

NapFe( CN)iN0.2H20 for Single Crystal Spectra.-For the 
single crystal absorption spectra of hTa2Fe( CS)5NO.2HnO, 
crystals of a few microns in thickness were used. A very dilute 
solution of recrystallized sodium nitroprusside in water was 
evaporated rapidly by pouring on a flat dish. The crystals 
formed and were collected and dried with a filter paper. The 
faces could be easily identified under a microscope. 

Dilute Single Crystals for Esr Experiments on Mn(CN)5N02-. 
-A 1.5-g quantity of recrystallized sodium nitroprusside and 
0.005 g of K&fn(Ch-)&O were dissolved in 30 ml of water. The 
solution was filtered by using a sinter to remove all insoluble im- 
purities. The filtrate was placed in a dark cupboard and, after a 
few days of evaporation, crystals of sufficient thickness were 
formed. They were removed before the solvent completely 
evaporated and washed with a very minute quantity of water over 
a filter to remove any adhering particles on the various faces. 
The crystals had very well-developed faces. I n  some experi- 
ments, hanMn( CAT):NO was used instead of KzMn( CX)&O. 

Physical Measurements. Solution Spectra.-Aqueous solu- 
tion electronic spectra of all the M( CiY)aNOn- complexes were 
obtained using a Cary Model 14 spectrophotometer. No dif- 
ficulty was encountered in the measurements except in the case of 
K2Mn(CN)aN0. In the measurement of electronic spectra of 
K X n (  CN)jNO, aqueous solutions were satisfactory in the region 
600-190 mp. However, the solution had to be prepared freshly 
before each measurement, since aqueous solutions of K2Mn- 
(CS)&O decompose slowly, as judged by the precipitation of 
oxides of manganese. Spectral measurements in the near- 
infrared region were more difficult because aqueous solutions 
gave an instantaneous precipitate in the presence of near-infrared 
radiation. The resulting solution was violet, indicating the 
presence of Mn( CN)jN03-. This difficulty in measuring the 
spectrum of K2Mn( C?-)&O in the near-infrared region Kas over- 
come by using spectral grade acetonitrile as solvent and mell- 
dried K2Mn( ChT)jNO. In this medium the MII(CN)~NO~-  
complex is not immediately reduced on absorbing near-infrared 
radiation. 

Low-Temperature Spectra.-Low-temperature absorption 
spectra were measured in an EPA glass containing [(n-C4H9)4- 
N] ,n [M( CiY):NO]. The spectra were obtained with a Cary Model 
14 spectrophotometer, using a cold cell fitted inside a quartz 
dewar with optical windows. Liquid nitrogen was used as a 
coolant and the temperature was measured with an iron-con- 
stantan thermocouple. The measured low-temperature spectra 
were corrected for solvent contraction, using the data of Passerani 
and Ross.I4 

Infrared Spectra.-Infrared spectra of some of the [(n-C4H9)4- 
NIm [M(CS)jSO] compounds were measured with chloroform 
as solvent using a Perkin-Elmer 421 grating spectrophotometer. 
The spectra of KBr pellets were also measured in the region 1000- 
250 cm-1 for some of the potassium and sodium salts of the penta- 
cyanonitrosyls, using a Perkin-Elmer 521 grating spectropho- 
tometer. 

Magnetic Susceptibility Measurements.-Static susceptibility 
measurements of solid K N n (  CN)jSO were made a t  room tem- 
perature by the Gouy method using Hg[Co(SCN)r] as ~ a l i b r a n t . ~ ~  

Single Crystal Absorption Spectra of NazFe(CN)5N0,2H20.- 
Single crystal absorption spectra were obtained with a micro- 
spectrophotometer based on a modified Leitz polarizing micro- 
scope, designed a t  the Yale University Chemistry Department. 
The light was rendered plane polarized by a Glan prism, the 
polarization oi' the incident beam was fixed, and the crystal was 
rotated on a mount. The procedure used to obtain both the 
uncorrected and corrected spectra has been given.z 

Results 
Single Crystal Esr Spectra of Mn(CN)5N02- in a 

Host Lattice of NaZFe(CN)6N0.2HZ0.-For &In2+ 

(14) I<. Passerani and I. G. Ross, J .  Sci. I m t ; . ,  30,  27-1 (1053). 
(1,5) B. Y-. Figgis and J. Lewis, "Modern Coordination Chemistry," 

Interscience Publishers, Inc., A-ew York, X. Y., 1960, p 406. 

in Mn(CTc')5N02-, n-hich has axial symmetry, the spin 
Hamiltonian isI6 

= P[g@zSz + gl(Hzsx + HYS,)] + ASJz + 
B (SJZ + &/12/) (1) 

where 1 1  and I refer to the directions parallel and per- 
pendicular to the symmetry axis XC-Fe-NO. T o  
include the nitrogen extrahyperfine structure, the Hamil- 
tonian is given by 

JC = P [ g  1HJZ + gl(HzSz + HJ,) I + A M n S z I Z 3 1 n  + 
B"n(SzIx31n + SvIYh'n) + A"S,I," + 

B"(SZIz" + SyIyx) ( 2 )  

TT here S, and IK refer to the electron spin and man- 
ganese and nitrogen nuclear spins, respectively. A and 
B are the hyperfine splittings when the applied field H 
is parallel and perpendicular, respectively, to the sym- 
metry axis. 

Considering the second-order interaction with the 
manganese nuclear spin alone, neglecting quadrupole 
interaction, the transition energies allowed by the 
selection rules 4111 = f 1, dm = 0 are given by the 
relation 

/3 is the Bohr Magneton. 

hv = gpH + Km + 

where M is the electron spin quantum number and v is 
the micron-ave frequency. Also 

g2K2 = A2gl cos2 8 + B2ggi2 sin 8 (4) 

(5) g2 = gI2 cos3 8 + g L Z  sinZ 8 

where 0 is the angle between the symmetry axis and the 
applied field H.  Ho  is defined by hv = gpHL ; that  is, in 
the absence of hyperfine splitting all the lines mould 
coincide and occur at this field. The first-order inter- 
action should produce 21  + 1 equally-spaced lines 
whereas the second-order term should latcr cause devia- 
tions from the equal spacings, as observed in the e5r 
spectra of i\1n(C?J)&OL-ion 

The resonance conditions for 0 = O", go", and other 
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Figure 1.-Orientation of SC-Fe-NO axes in the ab planc of 
the NaaFe( CN)sN0.2H20 crystal; the two different orientations 
are labeled A and B .  

The angular variation of the hyperfine lines can be 
interpreted with the aid of the above equations. 

All esr spectra were obtained at  room temperature, 
using a Varian V-4500 spectrometer employing 100 kc/ 
sec modulation, and the Klystron frequency was directly 
measured from a wave meter. The field was measured 
from the previously calibrated field dial. Measure- 
ments were made with a crystal of Na%Fe(CN)SNO. 
2Hz0, doped with approximately 0.3% K2Mn(CN)SN0, 
of 0.3 X 0.15 X 0.1 cm dimensions. Other crystals, 
including ones doped with NazMn(CN)bNO instead of 
K2Mn(CN)5N0, gave identical results. 

The crystal was mounted with the help of grease on a 
suitable end of a tiny platform of a polystyrene rod. 
The polystyrene rod was placed in the microwave cav- 
ity. The rod could be rotated and the angle of rota- 
tion read to *0.5". 

The orientation dependence of the spectra was in- 
vestigated for the ab plane, containing the symmetry 
axes, NC-Mn-NO, in two different orientations A 
and B ,  as shown in Figure 1. The crystal was rotated 
about the c axis, perpendicular to the ab plane. The 
measurements allowed the determination of all the 
parameters of the spin Hamiltonian given by eq 2 .  
The results are reported in three sections. 

First the field H was applied parallel to the 
crystal a axis. Since both orientations A and B of the 
symmetry axes are equally inclined a t  an angle of 33" 
55' to the a axis, the six 65Mn hyperfine lines due to 
both orientations overlap each other and only a six- 
line spectrum was obtained. In this case, the angle 0, 
made by the field H with the symmetry axis NC-Mn- 
NO, is 33" 55'. The triplet separations due to I4N 
from NO were not well resolved. A very low scan 
rate gave a partial resolution. The esr spectrum ob- 
tained for this orientation is shown in Figure 2a. 

(a) 

(b) The field was applied parallel to the crystal b 
axis, the magnetic plane being the ab crystal plane. 
Here again, both orientations A and B make the same 
angle 0 = 56" 5' with the magnetic field H ,  and a six- 
line spectrum was obtained due to the overlap of the 
lines from the two orientations. In  this case, however, 
each of these six lines was resolved further into a triplet, 
due to the interaction of the electron spin with the I = 1 
nuclear spin of 14N from the NO. It is reasonable to 
conclude that these triplets are due to 14N from NO 
and not from the axial CN because the M-N distance 
in the axial M-CN is much greater than the one in the 
M-NO group. 

The crystal was rotated about the crystal c 
axis such that the magnetic field H was not parallel to 
either the a or the b axis. Measurements were made a t  
several arbitrary angles. For all the orientations in 
which the field H i s  parallel neither to the a nor to the b 
axis, the symmetry axes A and B are differently inclined 
to the field H .  For example, the crystal can be placed 
in such a way that one of the orientations A or B is 
parallel to the field H ,  ;.e., 0 = 0. The other orienta- 
tion, then, makes an angle with the field of 0 = 67" 50'. 
In this experiment a 12-line hyperfine spectrum due to 
66Mn was obtained. On the basis of observations from 
the orientations (a) and (b), the lines with larger separa- 
tions in which the 14N triplets mere not resolved were 
assigned to 0 = 0, and the ones with the smaller separa- 
tions with well-resolved triplets were assigned to 0 = 
67" 50'. This spectrum is shown in Figure 2c Simi- 
larly, one of the symmetry axes A or B was placed per- 
pendicular to the field H (0 = 90") so that the other 
orientation made an angle of 0 = 22" 10' with the field 
H.  As before, this gave a 12-line hyperfine spectrum 
due to the 65Mn nuclear spin, which is shown in Figure 
2d. Lines due to 0 = 90" were well-resolved triplets. 
The triplets of the 0 = 0" and 22" 10' orientations were 
partially resolved for a very low scan rate. Measure- 
ments were also made a t  other angles. Figure 2e shows 
one of the nitrogen triplets a t  8 = 67" 50', when the 
field H was scanned a t  a slow rate. 

In  general, the 14N triplets were fairly well resolved at 
larger angles. They were analyzed as gaussians and the 
extrahyperfine constants due to 14N were measured 
from these triplets. No hyperfine splitting due to the 
natural abundance 13C from the CN groups was ob- 
served. The appearance of forbidden transitions due 
to Am = * 1 and Am = * 2  was observed a t  the larger 
0 side of the spectrum. These lines of very low intensi- 
ties can be seen in the spectrum shown in Figure 2c 
The lines were not sufficiently intense to study in detail 

The spin Hamiltonian parameters were obtained from 
experimental data by solving eq 6, 7, and 8. The rele- 
vant parameters for Mn(CN)5N02-, and for compari- 
son those for Cr(CN)6NO3-, are given in Table I. 

Since AN could not be measured very accurately 
from the experimental spectrum i t  was calculated from 
the equation 

This spectrum is shown in Figure 2b. 
(c) 

(9) (AeN)2 = (AN)2 cos2 0 + (BN)z sin2 0 
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8 = 560 5' H 1 1  b - a x i s  

r- 

x ,  8=00 Y ,  8=670501 

I I 

X ,  8 =  2 2 0 1 0 '  Y,  8 = 90' 
LAST LINE OF 67"50 '  

Expanded to  S h o w  Reso lu t ion .  

Figure 2.-(a) Esr spectrum of Mn(CX)5S02-.  Applied field H parallel to  the a axis. ( b )  Esr spectrum of Mr(CK)&G2- 
-4pplied field E parallel to the b axis. (c) Esr spectrum of Mn(CN)jA702-. Applied field H parallel t o  one of the SC-Fe- 
NO axes. ( e )  One of the 
nitrogen triplets at 0 = 67" 50'. 

(d )  Esr spectrum of Mn(CS);NO*-.  Applied field H perpendicular to one of the XC-Fe-NO axes. 
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TABLE I 

Cr(CN)&03- IX SINGLE CRYSTALS ( A  VALUES IN GAUSS) 

gl I 1.9922 1.9722 
gl 2.0311 2.0046 
gav 2.0181 1.9937 

ELECTRON SPIN RESONANCE RESULTS FOR Mn( CPu')sN02- AND 

Mn(CN)SN02- a Cr(CN)6NO3- 

A 1 1  (GGMn or 53Cr) 159.98 33.4 
A1 (65Mn or W r )  36.6 11.9 
A av 77.72 19.1 
A i l  (l4N 1.91 2.89 
A i  ( 14N) 4.75 7.10 
A,, (14N) 3 .  SOc 5.7OC 

A.L (13C) 12.95 
A I I ('3C) 9 .35  

a The g and A values were corrected by solving the spin Hamil- 
tonians to second order; see ref 16. * From ref 8. 0 Calculated 
from A I  I and A l ;  solution value for Cr( CN)&N03- is 5.32 gauss 
(ref 8). 

In eq 9, ABN is the splitting constant for nitrogen at  
some orientation 0, where i t  could be measured from the 
experimental spectrum accurately. B~ also represents 
an accurate experimental value since i t  was measured 
from a well-resolved spectrum. Using the values of 
ABN, obtained a t  different orientations 0, and the value 
for BN, several values for A N  were calculated. The 
calculated A N  values are all equal to 1.91 + 0.02 gauss; 
thus we take A N  = 1.91 gauss. The g,, and A,, 
were calculated using the equations 

gav = 1/3(g11 + 2 g J  

ANav = 1/3(AN + 2BN) (10) 
AMnav = 1/3(AnXn + 2B"") 

These calculated values are given in Table I. The 
experimental g values and the hyperfine splitting con- 
stants were found to fit the equations 

g2 = gl,2 cos2 0 + gL2 sin2 9 

K 2  = A 2  cos2 0 + B2 sin2 0 

Molecular Orbitals for M (CN),NO"- Complexes,- 
Following the method used2 in the calculation of Fe- 
(CN)5N02-, detailed SCCC-MO calculations have 
been carried out for the M(CN)5NOn-complexes with 
M = V (n = 5 ) ,  M = Cr (n = 3), and M = niIn (n = 
3, 2). The coordinate system shown in Figure 3 was 
assumed in all cases. The bond distances1' in Fe- 
(CN)5N02- have been taken for the other complexes 
to calculate the overlap integrals. Radial functions 
for the metals V, Cr, and Mn are those of Richardson, 
et aL1* All other details of the calculations are the 
same as those in the model system Fe(CN)jN02-.2 

The energy levels previously reported2 for Fe(CN)5- 
NO2- are shown in Figure 4. The calculated order- 
ings of the one-electron MO energy levels in the several 
M(CN)bNO"- complexes are similar to the ordering for 
Fe(CN)6NO2-. The part of the energy level scheme 
needed for the assignment of the electronic spectra 

(11) 

(17) P T. Manoharan and W. C. Hamilton, I n o ~ g  Cizem , 2 ,  1043 (1963). 
(18) J. W. Richardson, W. C. Nieuwport, R. R. Powell, and W. F. Edgell, 

J .  Chem. Phys. ,  36, 1057 (1962), ib id . ,  38, 796 (1963). 

ii 

Figure 3.-The structure of Fe( CN)sNO2- and coordinate system 
for molecular orbitals, 

I 8s. 

K' '"i 0 

Figure 4.-Molecular orbital energy levels for Fe( CN)jNO"-. 

of these complexes in most cases is identical with that 
for Fe(CN)6N02-, namely 6e < 2bz < 7e < 3bl < 
5% < 8e. However, for Cr(CN)5N03-, the calculated 
energy level scheme places the 3b1(x2 - y2) and 5al 
(zz) levels a t  almost the same energy, and for V(CN)5- 
NO6- we have 5al(z2) < 3bl(x2 - y2). 

Another interesting difference in the complexes is 
in the composition of the 6e and 7e levels. Population 
analysis results in Table I1 reveal this behavior. In  
general, the metal d,,,d,, character in the 6e level and 
the n*NO character in the 7e level decrease in going 
from Fe(CN)5N02- to V(CN)5N05-. Specifically, 
for Mn(CN)5N03-s 2 -  and Fe(CN)5N02- the 6e level 
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TABLE I1 
POPULATIOS ANALYSIS (IP; %) OF 2b2, Be, 

AND 7e LEVELS OF &I( CS);NO7l- COMPLEXES 
h? 0 V Cr :\In nIn Fe 
level Orbital ( a  = 5 )  (71 = 3 )  (?z = 2 )  (11 = 3 )  (71 = 2 )  

2b2 a*CN 21.00 8.24 3.64 4 . 7  1 .58  
Oe xz,yz 20.48 38.05 52.19 46.63 60.71 

sr*NO 73.68 50.18 32.80 42.22 24.79 
7e sz,yz 52.77 40.75 27.73 37.09 22.90 

T*SO 21.71 45.97 64.96 54.84 72.53 

is mainly d,,,d,,, Tvhereas i t  has mainly x*KO char- 
acter in the V(CN)6N05- and Cr(CN)jN03- complexes. 
Similarly, the 7e level is mainly n*NO for Rln(CN)j- 
~ 0 3  -, 2- and Fe(CiY)jN02-, and mainly d,,,d,, for 
V(CN)6N05-. The Cr(CN)5N03- complex represents 
an intermediate case in which the 7e level has nearly 
equal n*NO and d,,,d,, character, although the formcr 
slightly predominates. 

Ground-State Structures.-Table I11 gives the order- 
ings of the important "spectroscopic" &IO levels, the 
formal electronic configurations, and the ground states 

In the case of V(CN),NOS- and to a lesser extent for 
Cr(CN),N03-, the metal-nitrogen and the metal- 
carbon distances may be somewhat longer than the 
ones assumed for the calculations. If this were cor- 
rected i t  would result in less a*NO character in the oc- 
cupied Be levels of these two complexes. However, the 
unusually large T*NO contribution in the occupied fie 
level indicates that the structure ( T * N O ) ~ ~ ~  represents 
a much better limiting formalism than the "d6" assign- 
ment for V(CN)&06-. In the case of Cr(CN)6K03-, 
a clear choice betn-een the limiting formalisms 
( ~ * i Y O ) ~ d l  and d5 is difficult to make and we suggest 
that in this complex reference simply be made to the 
general blO structure.. . (Ge) 4(2b2) 1 = 2B2. The calcu- 
lated ground states and 2Bz for V(CN)jN05- and 
Cr(CK)5N03-, respectively, are consistent with the 
magnetic properties of these complexes. 

We may expect that the bond lengths in bln(CN),-  
N02-n3- nil1 be quite similar to those in Fe(CN),N02-, 
which were used for the energy level calculations. 

T A B L E  111 
ELECTRONIC COSFIGURATIOXS F O R  METAL PENTACYANONITROSYL COMPLEXES 

Ordering of M 0 Formal Ground 
Complex RIO levelsa structure structure stale 

Fe( CS)dVO1- Oe(x,z,yz) < 2bz(xy) (Oe)4(2b2)2 d8 lX, 
< 7e(ir*NO) < 3b1(x2 - yz)  
< 5al(zz) < 8e( a*Cii)  

~ ~ ( ~ 1 9 ~ x 0 3 -  Same as Fe( CS)5NOp- ( 6e)4i2b2 ) 2  dG 'A]  

Mn( CN),KOz- Same as Fe(  CK),SOz- ( 6e)4(2bz)1 d5 ZB:! 

Cr( CS) jS03-  6e(sr*NO) < 2bn(xy) < (6e)'( % a ) '  d" or (sT*NO)'d' 2B2 

Y( cK)5iYoE- 6e(a*SO)  < 2b2(xy) < ;se)4(2b2)2 ( 7;*SO)4d2 'A)  

7e ( x z , y z )  < 3bl(x* - yz)  
s= 5ai(Z2) < 8e( a*CN) 

ie(xz.ye) < 5al(z2) 
< 3 b l ( X z  - y 2 )  < 8e(7;*CZ') 

a The levels which are needed for the assignments of various elcctronic abszrptigii bands arc indicated. 

better than c16 

T h e  valence orbitals wliich L I T ?  

the principal components of the M O  levels are shown in parentheses. 

of various metal pentacyanonitrosyls. There are two 
limiting formalisms for the electronic structure of the 
complexes, depending on the composition of the 6e level, 
which is fully occupied in all the metal pentacyano- 
nitrosyls. If the Be level is mainly metal d,,,d,,, it is a 
better approximation to say that  the nitric oxide is co- 
ordinated as NO+, il-ith strong x bonding formally of 
the I\I+NO+ type, On the other hand, if the Be 
level is predominantly n*NO, i t  is better to say that the 
nitric oxide is coordinated as NO3-, with strong x 
bonding formally of the N03-+M type Of course, 
we anticipate many cases in nhich the Be level is so 
thoroughly delocalized over d,,,d,, and T*NO that 
neither formalism is useful. In these cases only a 
general M O  structure can be offered. On the basis of 
these remarks, V(CN)sN05-, with over 70% x*NO 
character in the Ge level, is assigned the formal elec- 
tronic configuration ( T * N O ) ~ ~ ~  or d2N03- and Fe- 
(CN)6NO2-, with less than 25% a*NO in Be, is as- 
signed the formal electronic configuration d6N0 +. 

Recall that we have assumed the bond distances ob- 
served for Fe(CN)5N02- to calculate the overlap values. 

Therefore, we expect the calculated 310 energy 1 ~ ~ ~ 1 s  
and the population analyses to be reasonably reliable. 
For Mn(CN)6S03- and Mn(CN) jN02-,  the respective 
ground states 'A1 and *B* predicted by the calculation are 
consistent 11-ith their magnetic behavior. In each of  
these complexes, the Ge level, although principally 
d,,,d,,, has a considerable contribution from the v*NO 
level, indicating a formal assignment of coordinated 
KO+ with a substantial amount of M-+NO+ x bontf- 
ing. 

Infrared Spectral Results.-Any reasonable theory of 
bonding in nitric oxide complexes must be able to 
account for the gross features of their infrared spec- 
tra.1z~13s19~20 To help in understanding the nature of 
bonding in metal pentacyanonitrosyls, we shall ex- 
amine the stretching frequencies of N-0, C-N, LI-N, 
and &I-C. Table IV gives our assignments of these 
stretching frequencies for all the 31(CN)&On- com- 
plexes. The N-0 and C-N stretching frequencies 
occur in the relatively high-energy region. I t  is no- 

(19) G. P. Bor, J .  Inovg. Nucl .  Chern., li', l i d  (1961). 
(20) P. Gans, Chein. Coinmuia. (London), 144 (1965). 
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TABLE I\’ 
INBRARED STRETCHING FREQUENCIES I N  M( CN)&NOn- COMPLEXES 

7 _-_- Stretching frequencies,a cm -1- -I_------ 

Complex N-0 C-N M-N M-Cb 

Fe( CN)sW02- 1939 iz 1 c  2173.4, 2161.6, 2156.7, 662.5 417,425,433 

Mn( CN)5NO3- 1725 f: 5d 2100, 2060,d 2138 f. 10 655 368.5, 417.5, 426.0 

Mn( CN)sN02- 1885 f: 5d ~ 2 1 5 0 ,  2100d 622.5 344.5, 386.5, 391.6 

(1900) 2143.40 

(1710) (2105, 2080) 

Cr( CN)5N03- 1645” 2137, 2095’ 
(1645) (2105, 2080) 

618.5 364.5, 402.0, 430 

V( CN)sN06- 1575f 2095f g E 
Q Values given in parentheses are for the tetrabutylammonium salts in CHC13. * The assignment of these bands as M-C stretching 

frequencies assumes that the M-C-N bending frequencies are a t  slightly lower wavenumbers. This is admittedly a risky assumption 
to make, because in one thoroughly investigated system, KAu(CN)2C12 [L. H. Jones, Inorg. Chem., 4, 1472 (1965)], the M-C-N bending 
modes are a t  slightly higher frequencies than the M-C stretching motions. In the present case, however, assuming that the values 
quoted for M-C stretching modes are actually due to M-C-N bending motions places the M-C stretching values a t  wavenumbers much 
too low t o  be compatible with the M-N stretching values, which are above 600 cm-l. Obviously, more detailed work in this area is 
needed. c Ref 19. Ref 13. 6 Ref 12b. f Ref 12a. g Not measured. 

table that the C-N stretching frequencies do not show 
any substantial change from case to case, whereas a 
large variation in the N-0 stretching frequencies is ob- 
served. This can be understood in terms of our model, 
which includes the principal M=NO link, by recalling 
that M+NO n bonding varies quite substantially in 
these complexes. Such M+NO n bonding accommo- 
dates some of the negative charge which would other- 
wise accumulate on the central metal as a result of u 
bonding. Furthermore, we expect CN- to be a poorer 
T acceptor than NO (or NO+) because the T*NO 
(-74,000 cm-l) level is considerably more stable than 
the n*CN (-30,000 cm-‘) level2 Obviously, elec- 
trons are more easily accommodated in n*NO than in 
n*CN. 

The small change in the C-N stretching frequencies 
of several metal pentacyanonitrosyls, therefore, is con- 
sistent with a relatively small involvement of the a*CN 
level in the M-C-N systems. Table I1 gives the popu- 
lation analysis of the 2bz MO level, which is either 
singly or doubly occupied in the M(CN)6NOn- com- 
plexes. We see that the electron density associated 
with a*CN in most cases is relatively small and prob- 
ably is insufficient to affect substantially the C-N 
stretching frequencies. Only in V(CN)sN05- does the 
2bz level have substantial n*CN population (21%). 
Consistently, this complex exhibits a low C-N stretch- 
ing frequency (2095 cm-’) compared to the values of 
2173.4, 2161.6, 2156.7, and 2143.4 cm-1 for Fe(CN)s- 
NO2-. 

The large decrease in the N-0 stretching frequency 
in going from M = Fe to V can be correlated with 
increasing M+a*NO intramolecular transfer of elec- 
tronic density. A more quantitative correlation may 
be made by examining the population analysis of the Be 
level. The M(CN)sNOn- ions have fully occupied 6e 
levels. As the n*NO character of the 6e level in- 
creases, the value of the N-0 stretching frequency de- 
creases, as shown in Table V. 

An attempt has been made to locate the M-N and 
M-C stretching frequencies in the low-frequency infra- 

TABLE V 
N-0 str % =*NO character 

of the 6e level frequency, cm-1 Complex 

Fe( CN)sN02- 1939 24.79 
Mn( CN)sN02- 1885 31.80 
Mn( CN)&N03- 1725 42.22 
Cr( CN)5N03- 1645 50.18 
V( CN)sN06- 1575 73.68 

red spectra of the M(CN)5NOn- complexes, using the 
well-documented assignments2’ for the Co(C0)aNO 
complex as a guide. Considerable difficulties were en- 
countered in locating these vibrational frequencies be- 
cause of the presence of librational modes due to water 
and the deformation modes of M-N-0 and M-C-N. 
Thus i t  is only possible to make tentative assignments 
a t  this time. The M-N stretching and the N-0 bend- 
ing modes are assigned to the two bands found a t  
-600 cm-l. There are a large number of bands in the 
250-500 cm-l region, assignable to M-C stretching and 
M-C-N and M-N-0 rocking modes. The C-M-C 
and C-M-N rocking modes can be ignored because they 
should occur a t  very low frequencies, perhaps 80 cm-1.22 
It is also reasonable to  expect the M-C stretching vi- 
brations to occur a t  higher energies than the M-C-N 
bending vibrations. Thus the high-energy peaks are 
assigned to M-C stretches and the low-energy peaks to 
M-C-N bending vibrations. 

A detailed comparison of the M-C or M-N stretching 
frequencies observed in the several complexes will not 
be attempted due to the tentative nature of the assign- 
ments. However, it  is clear that  the simple conclusion 
that can be extracted from these spectra is that the 
M-N bond is considerably “stiffer” than any of the 
M-C bonds, as we have continually emphasized in our 
electronic structural model. 

Electronic Spectra.-It is important to establish the 
main similarities and differences in the electronic spec- 

(21) R. S. McDowell, W. D. Horrocks, Jr., and J. T. Yates, J. Chem. Phys., 
84, 530 (1961). 

(22) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination 
Compounds,” John Wiley and Sons, New York, N. Y., 1963, pp 146-151, 
169-172. 
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tra of isoelectronic metal pentacyanonitrosyls and to 
relate these spectral comparisons to the nature of the 
M-NO bonding in the complexes. In making the 
electronic spectral assignments, we shall follow the 
derived molecular orbital energy level scheme and use 
as a guide the well-established assignments? of the elec- 
tronic spectrum of Fe(CN)2V02-. Thus we shall first 
review the spectrum of Fe(CK)jN02-. 

Fe(CN)5N02-.-The assignments of the electronic 
spectrum of Fe(CN)jN02- have been discussed in de- 
tail in a previous paper.2 These spectral assignments 
are summarized in Table VI. The bands a t  20,080 
and 25,380 cm-1 are polarized x,y and z ,  respectively, 
consistent with the assignments 1L41 +. 'E(2bz + 7e) 
and '-41 3 'Ai(6e -+ 7e). Low-temperature experi- 
ments have established the orbitally-allowed nature of 
these two bands. The aqueous solution bands a t  
30,300, 37,800, and 42,000 cm-' are assigned as d-d 
type bands, whereas the intense 50,000 cm-' band is 
assigned as the rnetal+.r*CN transition 'A1 'E 
(2b2 -+ 8e). 

TABLE 1'1 
ELECTRONIC SPECTRUM OF Fe(cN)&OZ- 

( ESERCIES IX CM-') 
Obsd Calcd 

maxima and energies and 
polarizationsa emRY polarizations Band assignments 

20,080 (1) ca. 8 20,510 (i) 'A1 - 'E(2b2 + 7e) 
25,380(11) 25 25,090(11) 1 A ~ - 1 A ~ ( 6 e + i e )  

(30,300)b (L) (40)' 30,770' 'AI -+ 'A2(2b2 + 3bi) 
(vibronic I ) 

(37,800)b 37,750" (I) 'AI - 'E(6e --f 5a,) 
(42,000)* (700)b 40,900" ( I)  'XI - 'E(Ge - 3bl) 
50,000 24,000 49,900 (I) 'A1 - 'E(2b2 - 8e) 

a Maxima for an aqueous solution spectrum of NazFe( CS)j- 
N0,2Hz0.  Polarizations from the single crystal spectra. 

Shoulder, emdx values are estimates. Corrected for inter- 
electronic-repulsion energy, assuming F2 = lop,. The Slater- 
Condon parameters are from ref 6. The value of ( FZ - 5F4) = 
400 cm-' from the Fe(CK)64- spectrum was assumed for Fe- 
( CN)6K02-. Configuration interaction between the two closely- 
spaced 'E states was included. 

We have now extended our detailed low-temperature 
and polarized-spectral results2 to include the third 
band in the spectrum of Fe(CN)6X02-, .i.ihich in aqueous 
solution appears as a shoulder a t  30,300 cm-l. Spectra 
of [(n-C4H9)4N]2[Fe(CN)jh-O] in EPA solutions a t  room 
and liquid nitrogen temperatures are shorn in Figure 5. 
The intensity in the region of 30,300 cm-1 is reduced a t  
liquid nitrogen temperature. Moreover, a t  the lev- 
temperature, the band separates into two well-resolved 
peaks a t  28,818 and 30,960 cm-1, or a separation of 
2142 cm-1. The transition 'A1 + 'A2 is orbitally for- 
bidden because the product AIAz does not include the 
symmetry of the electric dipole vector and therefore 
the electronic transition moment integral is zero. H ~ K -  
ever, if the electronic transition occurs with the simul- 
taneous excitation of a vibration of E symmetry, the 
total wave function for the excited state will be of E 
symmetry and the transition will be allowed in x,y 
polarization. The 2142 cm-I separation of two well- 

1.2 1 

F, ( c N ) ~   NO^- 
300' K 

- 90°K 

_----- 

';r .I 

I I I I I I I I I 

310 320 330 340 350 360 370 300 390 4 

X ( m , u )  
0 

Figure 5.-Electronic spectra of [(n-CIHS)1S]2[Fe(CS)UNO] i t 1  

frozen solution at 77'1<, 0 6-cm path 
EPA solution: dashed curvc, 6.75 X ;li solution at  300'K 
sohd curve, 6.75 X 
length. 

resolved components of the third band may be consid- 
ered to represent the degenerate E(C-N) stretching 
frequency of Fe(CN)nNOZ- in the excited electronic 
state. 'The reported frequencies for the E mode in the 
ground state from the well-resolved spectrum of Fe- 
(CN);N02- ion are 2161.6 and 2156.7 cm-1.19 The 
value 2142 cm-I for the excited electronic state is not 
appreciably different from the ground-state values. 
We conclude that the 'A1 +- 'Az transition is allon.ed 
when there is a simultaneous excitation of an E sym- 
metry stretching motion. The single crystal spectra of 
Na2Fe(CN)5N0.2H20 using polarized light reveal the 
position of the maximum of the 'A1 +- lAz band to be 
30,490 cm-1, as shon-n in Figure 6. Moreover, the 
band is i or x,y polarized, consistent with a model in 
which the perturbing vibration is of E symmetry. 
Thus the combined polarized -single-crystal and low- 
temperature spectra establish that the transition a t  
30,300 cm-1 in aqueous solution is IXl + lA2, vibroni- 
cally allowed by doubly degenerate stretching motions. 

MII(CN)~NO~- and V(CN)5N05-.-The ions hIn- 
(Ch');N03- and V(CN)5N06- are isoelectronic ivith 
Fe(CN);NO2-. The spectra of these complexes in 
aqueous solution are reported and assigned in Table VII. 
Room- and low-temperature spectra in EPX solution 
are given in Table 17111. The electronic spectrum of 
Xn(CN)5X03- in aqueous solution exhibits bands with 
maxima a t  18,520 ( E  22.2), 28,980 ( E  l l l . 4 ) ,  42,550 ( E  

-4500), and 45,450 cm-I ( E  -5000). There is also a 
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Figure 6.-Measured and calculated spectra of NazFe( CN)&- 
NO.2H20 using polarized light in the region 400-320 mp: right 
curve, calculated spectra / I  and I to optically equivalent Fe-NO 
axes; left curve, measured spectra 1 1  and I to the a axis. 

TABLE VI1 
ELECTRONIC SPECTRA OF M( CK)sNOn- 

COMPLEXES IN AQUEOUS SOLUTION 
Obsd Calcd 

maxima, energies, 
Complex cm-1 emax cm-1 Band assignments 

Mn(CN)sNOa- 18,520 22.2 14,700 'AI .-c 1E(2bz-+ 7e) 
-24.690 -66" 24,200 'AI -+ 'A1(6e -+ 7e) 

28,980 111.4 26,500* 'At -+ 'Az(2bz + 3bl) 
37,850 -1000 37,77OC 'AI -+ 'E(6e -+ 5a1) 
42,550 -4500 41,490' 'AI + 'E(6e + 3b1) 
45,450 -5000 40,470 'At - 'E(2bz + 8e) 

V(CN)aNOS- 12,900 1.15 9,200 'AI - 'E(2bz - 7e) 
21,160 36.5 19,000* 'AI + 'Az(2bz + 3bl) 
32,470 -1000 30,100 'AI -+ 'Ai(6r 7e) 
37,470 5200 23,260 'AI - 'E(2bz - 8e) 

Cr(CN)sN03- 13,700 8 12,660 2Bz - ZE(6e - 2bz) 
15,380 -1.5 13,890 ZBz - ZE(2bz -+ 7e) 
22,200 72 26,550 2Bz -+ ZBz(6e + 7e) 
27,320 59 28,260 ZBz -+ ZBi(2bz -+ 3bl) 
37,300 1100 37,420 2Bz -* zE(5e - 3bz) 
43,480 3600 35,680 2Ba -+ ZE(2bz - 8e) 

Mn(CN)nNOZ- 12,050 19 7,820 2Bz - ZE(6e - 2bz) 
18,600 -20 18,350 ZBz -+ ZE(2bz -+ 7e) 
25,960 1700 26,170 ZBz -+ ZBa(6e -+ 7e) 
28,570 120 32,530 ZBa -C ZBi(2bz -+ 3bl) 
32,280 880 28,830 ZBz + ZE(5e -+ 2b2) 
37,030 2400 38,740 ~ B z  -+ ZE(6e - 5a1) 
48,540 23,800 45,050 2Bz - SE(2bz -+ 8e) 

a emax was estimated from relative peak heights in the low- 
temperature spectrum in a frozen EPA solution; see Table VIII. 

Corrected for interelectronic-repulsion energy, assuming FZ = 
10Fd. The Slater-Condon parameters are from ref 6. The value 
of (Fz - 5F4) = 400 cm-' from the Fe(CN)e4- spectrum was 
assumed for M( CN)&NO"-. Configuration interaction be- 
tween the two closely spaced 'E states was included. 

shoulder a t  37,850 cm-1 ( e  -1000). The band con- 
taining the 42,550 and 45,450 cm-l maxima is very 
broad and thus the two peaks are not well resolved. 
All five bands are too intense to be spin-forbidden and 
so we shall immediately designate them as due to spin- 
allowed transitions. 

TABLE VI11 
ELECTRONIC SPECTRA OF [ (n-C4H9)4N]m[M(CN)sNO] 
COMPLEXES IN EPA SOLUTION (ENERGIES IN CM-') 

Absorption 
Absorption max max Intensity change 

Complex ion a t  room temp a t  low temp a t  low temp 

Fe(CN)6N02- 18,650 
25,380 
30,300 

Mn(CN)sN03- 18,010 

28,570 

Cr(CN)5N03- 14,390 
22,220 

Mn(CN)5NOZ- 25,310 
27,320 
31,250 

18,650 
25,380 
28,818 
30,960 

18,510 
24,690 
29,150 

13,990 
19,324 
19,890 
20,397 
20,865 
21,333 
21,798 
22,160 

25,100 
27,320 
31,250 

No change 
Slight increase 
Decreases with peak 

separation of 2142 ern-' 

No change 
New shoulder appears 
Decreases 

No change 
Slight increase with peak 

separations of 566,507, 
468,468,465,362 cm-1 

Increases 
Increases 
Increases 

Two earlier attempts6,' a t  the assignment of the 
electronic spectrum of Mn(CN)6N03- are now inade- 
quate because they did not consider the low-energy 
charge-transfer transitions arising from excitations 
from the 6e and 2b2 levels to the relatively stable 7e 
(.rr*NO) level. We assign the bands a t  18,520 and 
28,980 cm-l as the electronic transitions lA1 + 'E 
(2b2 + 7e) and IA1 - lA2(2b2 - 3b1), respectively, in 
analogy to spectral assignments for Fe(CN)6N02-. 
The nitroprusside ion has similar bands a t  20,080 and 
30,300 cm-l, which were assigned to the 'A1 + lE(2b2 - 
7e) and lA1+ lA2(2b2 - 3bl) transitions, respectively, 
on the basis of considerable evidence from low-tem- 
perature and single-crystal polarized spectra. Since 
the complexes Mn(CN)5NO3- and Fe(CN)6N02- are 
isoelectronic and have similar net charges, they are ex- 
pected to  have these two bands in common. More- 
over, we know that the A values (separation between 
the tte and e, levels) in octahedral metal cyanides with 
d6 electronic configurations decrease in going from Co 
to Mn as the central Since the bonding situa- 
tion in the xy plane is similar in M(CN)6%- and M- 
(CN)sNOn- complexes, the separation of the 2b2(xy) 
and 3bl(X2 - y2) orbitals is expected to decrease in 
going from Fe(CN)5N02- to V(CN)5N05-. 

The energy of a particular charge-transfer transition 
is expected to decrease as the formal charge of the 
central metal ion is decreased. The formal charges of 
the metal ions are 2+ and 1+ in Fe(CN)6N02- and 
Mn(CN)5N03-. Since the 2b2 - 7e transition is es- 
sentially M+L charge transfer, it  is consistent that the 
2b2 + 7e transition has lower energy for M ~ I ( C N ) ~ N O ~ -  
than for Fe(CN)6N02-. The MO calculations are also 
consistent with lower M+L charge-transfer energies for 
M ~ I ( C N ) ~ N O ~ -  than for Fe(CN)5N02-. Even though 
the calculated one-electron separation of 14,700 cm-l 
for the 2b2 + 7e transition in Mn(CN)sN03- is only in 

(23) H. B. Gray and N. A. Beach, J .  Am. Chem. Soc., 86, 2922 (19E3). 
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Figure 7.-Electronic spectra of [ ( n - C , H , ) , ~ ] 3 [ M n ( C S ) ~ S O ]  in EPA4 solution: dashed curve at 300'K; solid curve at 90°K. 

fair agreement Ivith the band maximum, it is clearly 
smaller than the calculated 2bz - 7e separation in Fe- 

Finally, me note that the calculated energy (cor- 
rected for interelectronic repulsion) of 26,500 cm-' 
for the l-41 ---t IA2(2bz + 3bl) transition is in moderately 
good agreement with the spectral value of 28,900 cm-I. 

The remaining three bands a t  37,850, 42,550, and 
45,450 cm-l are assigned to the same transitions as the 
Fe(CiY)5N02- bands a t  37,500, 42,000, and 50,000 
cm-l. Thus, the hln(CN)5N03- bands at 37,850 
and 42,550 cm-I are assigned IA1 ---f IE(6e + Sal) and 
IA41 + lE(6e - 3bl). The calculated energies of 37,770 
and 41,490 crn-l, including corrections for interelec- 
tronic repulsion and configuration interaction between 
the closely spaced lE levels, are in very good agee- 
ment with the experimental values. The last band, 
at 45,450 cm-], is assigned as the metal-to-ligand 
(r*CN) charge-transfer transition I A 1  + IE(2bz + 8e). 
The most convincing evidence in support of this assign- 
ment comes from the fact that  in the "dG" hexacyanides 
of Co(II1) and Fe(II), the metal-to-ligand (r*CN) 
charge-transfer bands have energies in the increasing 
order Fe(CN)64- < C O ( C N ) ~ ~ - , ~ ~  since the stability of 
the metal tZg level must increase in the order Fe(I1) < 
Co(II1). The difference between the metal-to-ligand 
type charge-transfer transition energies in Fe(CN)04- 
and C O ( C N ) ~ ~ -  is 3200 cm-1. We note that for &In- 
(CN)5N03- and Fe(CN)jN02-, the difference in the 
energies of the two bands in question is 4550 cm-I, with 
the Fe(I1) band a t  higher energy. Therefore, we con- 
fidently assign the band a t  45,450 cm-l in hIn- 
(CN)5iY03- to the transition 

(CN )5N02-. 

+ IE(2b2 ---t 5e). 

The only difference between the room-temperature 
spectra of Fe(CN)5N02- and M ~ I ( C N ) ~ N O ~ -  is that a 
band, similar t o  the one assigned to the transition lA1+ 
IAl(6e - 7e) found a t  25>380 cm-1 in Fe(Cr\;)jN02-, is 
missing in Mn(CN)5N03-. It is gratifying, however, 
that  in the better resolved low-temperature spectrum of 
~ ~ I ( C N ) ~ N O ~ - ,  shown in Figure 7, this band is revealed 
a t  24,690 cm-1 as a shoulder. This new band a t  24,690 
cm-I is assigned as the "missing" lA1 + 'A1(6e + 7e) 
transition. Also of importance is the fact that a t  
liquid nitrogen temperature the intensity of the band 
a t  25,980 cm-' is decreased, in strong support of our 
assignment as the orbitally-forbidden transition I A l  + 

lA2(2b2 + 3bl). Recall that the lX1 - 'Az band in Fe- 
(CN)5N02- shorn this type of temperature dependence. 
It is also n-orth noting that the molar extinction coef- 
ficients for the bands 'ill - lE(2b2 ---t i e ) ,  '-41 -+ I A 1  

(Be ---t i e ) ,  and 'A1 - lAz(2bz + 3bl) are approximately 
in the ratio of 1 :3 :5  both in Fe(CN)5N02- and Mn- 
(CN)5T\TO3-, a t  the temperature of liquid nitrogen. 

Finally, examination of the three metal-to-ligand ( T*)  

type charge-transfer transitions lA1 +- lE(2b2 + i e ) ,  
'-41 ---t 'Ai(6e + 7e), and lA1 - IE(2bz +- 8e) of Fe- 
(CN)sNO2- and Mn(CiY)5NO3- reveals that  in every 
case there is an increase in the energy of a particular 
charge-transfer transition on increasing the positive 
charge of the central metal ion (Mn(1) < Fe(1I)). 
This is expected for metal-to-ligand ( T * )  transitions 
and has been used extensively as evidence for the transi- 
tion type.24 

The electronic spectrum of V(CN)jN05- consists of 

(24) H. B. Gray and C .  J. Ballhausen, J .  A m .  Chem. Soc., 86, 260 (1963). 
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peaks a t  12,900 ( e  1.15), 21,160 (E 36.5), and 37,470 
cm-1 ( E  5200) and a shoulder a t  32,470 cm-l ( e  -1000). 
The first band a t  12,900 cm-1 is assigned to the transi- 
tion lA1 + lE(2bZ --t 7e). The very small extinction 
coefficient of the 12,900 cm-1 band probably reflects 
the large metal d character of both the 2bz and 7e 
levels in this complex. The calculated energy of 9200 
cm-1 for 2bz +- 7e is in fair agreement with the spectral 
value of 12,900 cm-l, considering interelectronic- 
repulsion energy has not been included. 

The second band a t  21,160 cm-’ is assigned as the 
orbitally-forbidden 1A1 --t 1Az(2bz + 3bl) transition. 
The calculated energy of 19,000 cm-l, including an 
interelectronic-repulsion correction, is in reasonable 
agreement. Moreover, the 2b2 + 3bl separation is ex- 
pected to decrease in the order Fe(CN)5N02- > Mn- 
(CN)jN03- > V(CN)5N05-, following the decrease 
in the A values of metal hexacyanide complexes. Addi- 
tional support for this assignment comes from the fact 
that  the “d2” hexacyanide of vanadium, namely 
V(CN)63-, has a A value of only 23,600 The 
difference in u and T bonding which leads to  A in V- 
(CN)03- and that responsible for the 2bz + 3bl separa- 
tion in V(CN)5N05- should be quite similar. Thus we 
feel that  the assignment lA1 --t lA2(2bz --t 2b1) for the 
transition a t  21,160 cm-l is justified. 

The shoulder a t  32,470 cm-1 is assigned to the transi- 
tion lAl --t ’Ai(6e + 7e). Recall that  V(CN)jN05- has 
a formal ground-state assignment of (n*NO) 4d2. Thus 
the 6e + 7e transition in V(CN)F,NO~- must be re- 
garded as a ligand-to-metal type charge transfer. This 
is of interest because in Fe(CN)sN02- and Mn(CN)5- 
NO3- the 6e 4 7e transition is formally of the metal- 
to-ligand charge-transfer type. If the 6e 4 7e transi- 
tion in V(CN)5N05- were a metal-to-ligand charge- 
transfer transition, i t  should occur a t  lower energy 
than the 6e 7e transition energies of 24,690 and 25,- 
380 em-’, observed for M ~ I ( C N ) ~ N O ~ -  and Fe(CN)b- 
NO2-, respectively. As further support for the assign- 
ment, the calculated orbital energy of 30,100 cm-l is 
in reasonable agreement with the spectral value. Re- 
call that  the predicted energy of the 6e + 7e transition 
in Mn(CN)5N03- is less than that predicted for Fe- 
(CN)5N02-. The increase to 30,100 cm-l in the calcu- 
lated energy of the 6e - 7e transition in V(CN)sNO5- 
reflects the changing nature of the charge-transfer proc- 
ess accompanying the transition Be -t 7e. 

The band a t  37,470 cm-l is assigned to the transition 
lA1 + IE(2bz .--t 8e). The assignment is based on the 
reasonable assumption that the 2bz + 8e transition 
energy should slowly decrease in going from Fe(CN)6- 
NO2- to V(CN)sNO5- and that these bands are gener- 
ally intense. The corresponding bands in Fe(CN)5- 
NO2- and Mn(CN)5N03- are located a t  50,000 and 
45,450 cm-l, respectively. It is therefore reasonable to  
expect this metal-to-ligand (T*CN) band a t  about 
37,000 cm-l in V(CN)sN05-. However, the calculated 
orbital energy of 23,250 cm-1 apparently grossly over- 

(25) J. R. Perumareddi, A. D. Liehr, and A. W. Adamson, J. A m .  Chem. 
SOC., 86, 249(1963). 

estimates the shift to a lower energy value. This 
probably pinpoints a weakness in the calculation, 
namely the neglect of the effect on the coulomb inte- 
grals as negative charge builds up on the ligands. In a 
complex such as V(CN)5NOs-, the correct value to 
take for the T*CN coulomb integral is undoubtedly at 
energies more positive than the assumed -30,000 
cm-l, due to the substantial negative-charge accumula- 
tion on the CN- ligands. It is noteworthy that the 
predicted and observed energies for the 2bz -+ 8e tran- 
sition in Fe(CN)hN02- agree very well, whereas the 
predicted energy (40,700 cm-l) is approximately 5000 
cm-l lower than the observed energy (45,450 cm-l) 
for the same transition in Mn(CN)jN03-. 

Cr(CN)5N03- and Mx~(cN)~No~-.-Let us now con- 
sider the electronic spectra of the paramagnetic species 
Cr(CN)5N03- and Mn(CN)5N02-. The magnetic 
m e a s ~ r e m e n t s ~ ~ ~ , l ~  confirm the presence of one un- 
paired electron in each case. Our repeated bulk sus- 
ceptibility measurements on a solid sample of KzMn- 
(CN)sNO give peff = 1.73 BM, indicating S = ’/z with 
no abnormal behavior. Thus the magnetic moment of 
0.50 BM reported earlier13 for solid K2Mn(CN)5N0 is 
apparently in error. The ground-state configuration 
of each complex on the basis of our derived energy level 
scheme is ...(6e)4(2bz)1 = ZB2. 

The electronic spectra of Cr(CN)5N03- and Mn- 
(CN)5N02- are more complicated than those of the 
diamagnetic species discussed earlier. Table VI1 gives 
the essential features of the spectra and our suggested 
band assignments. The aqueous solution spectrum of 
Cr(CN)5N03- has absorption peaks a t  13,700 ( e  8 ) )  
22,200 ( e  72), 27,320 ( E  59), 37,300 ( e  1100), and 43,480 
cm-l ( e  3600). There is also a very weak shoulder a t  
15,380 cm-1 ( e  1.5). The Mn(CN)sN02- complex has 
peaks a t  12,050 ( e  19), 25,960 (E 1700), 32,280 ( e  880), 
37,030 ( e  2400), and 48,540 cm-l ( e  23,800). It also 
has two weak shoulders, a t  18,600 ( e  -20) and 28,570 
cm-1 ( e  -120). 

All these bands are too intense to be spin-forbidden 
and so only spin-allowed transitions will be considered. 
For a BZ ground state in Clv symmetry, transitions to 
BZ and E excited states are orbitally allowed. Using 
this fact, we assign the first bands of the Cr(CN)5N03- 
and Mn(CN)5N02- complexes, a t  13,700 and 12,050 
cm-l, respectively, to the “inner” transition 2B2 + 

zE(6e 4 2b2). The calculated values of 12,660 and 
7820 cm-l are in fair agreement with the observed 
values. In both complexes, the bands a t  15,380 (Cr) 
and 18,600 cm-l (Mn) appear as weak shoulders. 
They are assigned to the 2Bz +- 2E(2b2 4 7e) transition. 
The calculated one-electron energies of 13,890 (Cr) 
and 18,350 cm-l (Mn) are in good agreement with the 
experimental values. Support for the assignment in 
the case of Mn(CN)jN02- comes from the spectrum of 
Mn(CN)jN03-. The LA1 + IE(2bz 4 7e) transition 
was assigned to the band a t  18,520 cm-’ in the dia- 
magnetic species. This energy is comparable to the 
energy of the 2Bz +- 2E(2bz --t 7e) transition in the 
paramagnetic species Mn (CN)6NO2-. 
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Figure 8.-Electronic spectra of [(n-C4H9)4K]3[Cr(CX)~XO] in EPA solution: dashed curve at 300°K; solid curve a t  100°K 

A liquid nitrogen temperature spectral study of both 
of these complexes is shown in Figures 8 and 9. This 
study reveals that  the intensities of the first two bands 
in both Cr(CN)SN03- and Mn(CN)&02- are not 
reduced a t  the low temperature. This indicates the 
orbitally-allowed nature of the two bands, even though 
the exact reason for the unusually low extinction coef- 
ficient of the band a t  15,380 cm-l in Cr(CN)jN03- is 
not known. 

The bands at  22,000 cm-I in Cr(CN)6NO3- and 
25,960 cm-' in Mn(CN)jN02- are the most interest- 
ing of all. They are assigned to the 2B2 + 2B2(6e - 

7e) transition. Adding the first two transition ener- 
gies, we have 29,080 and 30,650 cm-', respectively, for 
Cr(CN)5N03- and Mn(CN)&02-. Comparison of 
these total energies with the energies of the 2B2 --t 2B2 
(6e + 7e) transitions indicates that there is consider- 
able repulsion relative to the ground state when an 
electron is excited from the 2bz to the 7e level. In other 
words, the repulsion energy for the state 2E-(6e)3- 
(7e)'-is much greater than that for the state 2B2- 
(6e) 3(2b2)1(7e) l ;  we may estimate this increased repul- 
sion to be of the order of 6000 cm-l. Because of the 
relative decrease in interelectronic repulsion on excit- 
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ing an electron from the 6e to the 7e level, the energy 
required for the transition 2B2 + 'Bz(6e + 7e) is much 
less than the sum of the energies of the transitions 
2Bz -t 2E(6e 3 2b2) and aB2 + 2E(2bz + 7e). It is 
consistent that  the calculated one-electron energies for 
the 6e 3 7e transition of 26,550 and 26,170 cm-l for 
Cr(CN)5N03- and Mn(CN)5N02-, respectively, are 
higher than the observed energies of 22,200 and 25,960 
cm-l. 

Further remarks about the 22,200 cm-l band in Cr- 
(CN)5N03- are of interest here, since all the CrL5- 
NO" complexes examined to date have a characteris- 
tic band a t  approximately 22,000 cm-l. It is re- 
markable that the ions Cr(CN)sN03-, Cr(HzO)5- 
N02+, Cr(C2H50H)5N02+, and Cr(NH3)5N02+ have 
similar bands a t  22,200 ( E  72), 22,370 (e 131)) 21,800 
( E  61), and 21,880 cm-1 (E 69),26,27 respectively. Since 
the M=NO structure is present in all cases, the conclu- 
sion appears inescapable that the transition respon- 
sible for this band must be localized in the M=NO unit. 
Again we have evidence of strong T bonding between 
the metal and the nitric oxide, usually considered 
formally as M+NO ?r bonding. Since the levels Be 
and 7e give the degree of M+NOn bonding, their ob- 
served nearly constant separation indicates that the 
degree of Cr+NO T bonding is substantially the same 
in all these complexes. Also consistent with this as- 
sertion is the fact that  the N-0 stretching frequencies 
in these complexes have similar values. Thus we have 
1645, 1670, 1747, 1719, and 1718 cm-l, respectively, 
for Cr (CN) 5NO 3-, Cr ("3) 5N02 f, Cr (HzO) 5N02+, 
Cr (CH30H) 5 N 0  2 + ,  and Cr (C2H50H) 5N02+. 26 These 

(26) W. P. Griffith, J .  Chem. Soc., 3286 (1963). 
(27) E. F. Hockings and I. Bernal, ibzd., 5029 (1964). 

a t  90°K 

results again support our model in which the metal- 
nitric oxide bonding dominates the over-all ligand field. 

The low-temperature spectra of Cr(CN)6N03- and 
Mn(CN)6N02- are shown in Figures 8 and 9. The 
MII(CN)~NO~- spectrum a t  low temperature shows a 
sharpening of the 25,960 cm-l band, and the Cr(CN)5- 
NO3- band a t  22,200 cm-l shows vibrational fine 
structure. The intensities of both the bands are not 
changed substantially a t  the low temperature, indicat- 
ing that they are of allowed electronic origin, in agree- 
ment with our assignment 2B2 + 'Bz(6e + 7e). The 
spectrum of Cr(CN)5N03- a t  the low temperature 
shows a vibrational progression on the low-energy side 
of the 22,220 cm-l band. The energy separations de- 
crease as the spectrum moves to the higher energy side. 
The peak separations of 566,507,468,468, 465, and 362 
cm-1 can be explained in terms of a vibronic progression. 
The Cr-N stretching frequency is 618.5 cm-' in the 
ground electronic state, The transfer of an electron 
from the 6e to  the 7e level should weaken the Cr-N 
bond and thereby decrease the stretching frequency, 
as is observed. The separations 566,507, 468,468, and 
465 cm-l appear as the Cr-N vibronic progression in- 
volving the populated vibrational levels of the ground 
electronic state and appropriate vibrational levels of the 
excited electronic state. The separation 362 cm-l may 
represent the excited state Cr-C stretching frequency, 
which should also be lower than the ground-state 
stretching frequency of 400 cm-l. This is reasonable 
because the 7e level has some ?r*CN character. 

Similar vibrational fine structure was observed in 
the low-temperature spectrum of the complex Cr(NH3) 5- 

NO2+. The vibronic bands are found on the low- 
energy side of the 21,880 cm-' maximum and the 
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energy separations are 536, 468, 513, 490, 486, 435, 
and 477 cm-1.28 It is probable that a low-temperature 
study of Cr(H20)5N02+ and Cr(C2HjOH)6N02+ would 
reveal the same kind of fine structure. 

The shoulders a t  27,320 cm-I for Cr(CN)5N03- 
and 28,570 cm-l for Mn(CN)5N02- are assigned to the 
orbitally-forbidden 2Bz +. 2B1(2bz ---t 3bl) transition. 
In  this transition a near zero interelectronic-repulsion 
change is expected in the xy plane.6 The calculated 
one-electron energies of 28,260 cm-l for Cr(CN)5- 
NO3-  and 32,530 cm-l for h!In(CN)jN02- are in 
reasonably good agreement with the observed spectral 
values. Additional support for the 2B2 -+ *B1 band 
assignments comes from the low-temperature spectra. 
I n  Cr(CN)5N03-, the 27,320 cm-’ band has reduced 
intensity at the low temperature, confirming the 
orbitally-forbidden nature of the band. Unfortunately, 
in 1Lrln(CN)jN02- the shoulder is not resolved well and 
i t  is difficult to assess its exact intensity a t  either 
room or low temperature. 

The absorption bands with maxima a t  37,300 and 
32,280 cm-1 for Cr(CiX)5N03- and Mn(CX)6NO2-, 
respectively, are assigned as the ligand-to-metal type 
charge-transfer transition 2B2 -+ 2E(5e -+ 2bz). For 
low-spin complexes in which the metal furnishes fewer 
than six valence electrons (such as the d5 Fe(CN)63-), 
additional charge-transfer bands due to ligand-to- 
metal transitions are expected a t  low energies.29 Nai- 
man29a,29c assigned the band a t  24,100 cm-l in Fe- 
(CN)63- as ligand-to-metal type charge transfer and 
the general assignment has been accepted by Basu and 
Belford, 29b even though there has been some disputez9 
as to the exact transition responsible for this band. 
We also note that ligand-to-metal type charge transfer 
in an analogous series of complexes shifts to lower en- 
ergy on increasing the positive charge on the central 
metal ion. This is demonstrated nicely in the PtCLZ- 
and AuCl4- complexes. 2 4  Therefore, we conclude that 
the bands a t  37,300 cm-I in Cr(CN)5N03- and 32,280 
cm-I in Mn(CN)5N02- represent ligand-to-metal 
charge-transfer transitions. Comparing “d5” systems 
Fe(CN)63 -, h!In (CN)5N02-, and Cr (CN) 5N0  3--, the 
formal charge on the central metal ion decreases in the 
order Fe(II1) > Mn(I1) > Cr(1). A s  the positive 
charge on the central metal decreases, there is an in- 
crease in the transition energy, namely 24,100 < 32,280 
< 37,300 cm-l. I t  is is noteworthy that the ligand-to- 
metal transition in Fe(CN)63- is from a ligand n-type 
level (ncx)  to the tzg level. Similarly, the 2 B ~  -+ 2E 
(5e +- 2b2) transitions in Mn(CN)5N02- and Cr(CN)5- 
NO3- are from an almost pure ligand n c ~  level to a 
metal d,-type level. Further support for the assign- 
ment of the 32,280 cm-l band in Mn(CiX)jN02- as an 
orbitally-allowed transition is derived from the low- 
temperature spectra. The intensity of this band 
slightly increases a t  the low temperature. The calcu- 
lated values of 37,420 and 28,830 cm-l for these transi- 

(28) We measured this spectrum at the  request of Professor I. Bernal. 
(29) (a) C. S .  Kaiman, J .  Chem. Pkys., 36, 323 (1961); (b) G. Basu and 

11. L. Belford, i b i d . ,  37, 1933 (1962); (c )  C. S. Xaiman, ibid., 39, 1900 (1963). 

tions in Cr(CK)sN03- and I\ln(CN)jN02- are in 
moderately good agreement with the observed values of 
37,300 and 32,280 cm-l. 

The 43,480 cm-1 band in Cr(CN)&03- and the 
48,540 cm-‘ band in ?vln(CN)5N02- are assigned as 
metal-to-n*CN charge-transfer bands, specifically ‘Bz 
-+ 2E(2bz + 8e). In the diamagnetic iCln(C?J)jN03- 
complex, the transition ‘Al + ‘EZ(2bz ---t 8e) occurs a t  
45,450 cm-’. The higher position of the 2ba +- 8e 
band in Mn(CN)6N02- is partly due to the higher posi- 
tive charge on Mn in Mn(CN)5NOZ- than in Mn- 
(CN)jN03-. Since the stability of the “metal” level 
2b2 should increase in the order Cr(1) < hfn(II), we 
expect the transition 2B2 +. 2E(2b2 +- 8e) to occur at a 
lower energy in CI-(CN)~NO~- than in Mn(CN)s- 
NO2-. Thus the values of 43,480 cm-I for Cr(CN)s- 
NO3- and 48,540 cm-I for Mn(CX)6N02- a t  the very 
least are internally consistent. However, the calcu- 
lated one-electron energy separations of 35,G80 and 
45,030 cm-l, respectively, for Cr(CK);N03- and Mn- 
(CX)jN02-, are very much lower than the observed 
values. Recall that the predicted energies for the 
same transition in V(CN);N05- and Mn(CN)jN03- 
are lower than the spectroscopic values. A possible 
reason for the low calculated energy for this transition 
has been discussed earlier in the section on the assign- 
ments of spectral bands in V(CN)&05-. 

There is only one band in hln(CN)&02- left to be 
assigned. The band appears a t  37,030 cm-l, and we 
suggest that it be assigned as the orbitally-allowed 
transition 2B2 3 2E(6e +. 5al). The same transition 
in the diamagnetic Mn(CN)5N03- occurs at 37,850 
cm-l. Moreover, the calculated energy separation 
(corrected for interelectronic repulsion) of 38,740 cm-’ 
is in good agreement n-ith the spectral value. 

Molecular Orbitals and the Esr Results.-The vari- 
ous spin Hamiltonian parameters have been used to 
calculate molecular orbital parameters and to establish 
the electronic structures of several metal com- 
p l e x e ~ . * ~ ~ ~ - ~ ~  As a further test of our molecular or- 
bitals in M(CN),NO”- complexes, we shall attempt to 
calculate the spin Hamiltonian parameters in the para- 
magnetic systems which have been extensively in- 
vestigated using esr methods. 

The complexes that will be considered here arc Cr- 
(CN)5N03- and Mn(CN)JV02-. In the calculation, 
we shall consider only the excited states that  are less 
than 60,000 cm-1 above the ground state. To make 
the calculations of the one-electron molecular orbitals 
tractable, we shall consider only those valence orbitals 
which are expected to contribute substantially to  the 
values of the various A tensors and the g tensor. For 
example, we reject in the Be and Ye levels the very 
small contributions of the pz, pB, aCX, nhCN (equa- 
torial), and rh*CN (equatorial) levels. Also in the T 

levels of NO, only the p orbitals of nitrogen will be 
considered because nitric oxide is bonded to the metal 

(30) A. H. Maki and B. R. McGarvey, ibid. ,  29, 31,35(1958). 
(31) U‘. Marshall and R. Stuart, Phys.  Rev.., 123, 2018 (1961). 
(32) D. Kivelson and R. Keiman, J .  Chem. Phyc., 35, 149 (1961). 
(33) D. Kivelson and S:K. Lee, ib id . ,  41, 1896 (1964). 
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through nitrogen. Similarly, in the T levels of CN, we 
shall consider only the p orbitals of carbon. On the 
basis of these approximations, the relevant molecular 
orbitals are given as follows. 34 

PI I 
q(lb1) = Pldzz-82 + (a1 - az + a 3  - ~ 4 )  (12) 

E T 4  
\k(6e) = wdzz + ETZT6x + ET8T6x + __ (TI" - 7nv) & 

(15) 
* 

\k(7e) = ET1*dzz - E,Z*T5x - ET37T6x - ~ ;5 ( TI" - 7uv) 

(16) 
The a orbital of carbon in uCN is defined as Uk = 
n(2p)k + (1 - nz)"Z(2s)k. AH the coefficients have been 
determined in the molecular orbital calculations. 

The appropriate spin Hamiltonian X for M(CN)F,- 
NOn- is given by 

32 = P[gl \&Hz + g l ( s z H z  + SyH,) 1 + [(AM)SZLM + 
B"(SJzM + S,IyM)l (17) 

In eq 17 ( z ,  [ I )  and (xjy, I) refer to the directions parallel 
and perpendicular to the NC-M-NO bond. 

The g factor for a paramagnetic molecule with an 
orbitally nondegenerate ground state differs from 2.0023 
due to  the mixing of the ground state and the excited 
states via spin-orbital coupling. Following the treat- 
ment of Maki and McGarveyJ3@ Kivelson and Nei- 

and Kivelson and Lee33 and using the functions 
(12)-(16) we have obtained expressions for the various 
spin Hamiltonian parameters in terms of the molecular 
orbital coefficients, spin-orbital coupling constants, 
electronic transition energies, and values of appropri- 
ate overlap integrals. 

g Values.-We consider the excitations l b l +  2bz and 
2bz + 3bl as the most important contributors to the gll 
value and the excitations 6e + 2bz and 2bz -+ 7e as the 
most important contributors to g,. These excited 
states contaminate the ground state via spin-orbital 
coupling. Using the molecular orbitals (12)-(16), 
we arrived a t  the following expressions for gll and gl. 

(2) S - ($)a] (18) 

Here 1x1 is the spin-orbital coupling constant for the 
complex referred to the central metal ion and T(n) is 
defined by 

(20) 
A simple method of evaluating T(n)  has been given.3@ 
Overlap integrals are defined as follows. 

S = 2(dz2-,2[uCN) (21) 

a = 2(d,,laCN) (22) 

ai = (dzz/aNO) (23) 

TZ  (dzzld3J)  (24) 

AI1 the terms given in the brackets of (18) and (19) 
are derived from the calculation of matrix elements of 
the form30 

where the subscripts i and j refer to the Cartesian co- 
ordinates x, y, and z ,  and n represents the various ex- 
cited states B1, E, etc. It should be mentioned that 
in the evaluation of eq 18 and 19, all integrations over 
the ligand orbitals that involve an inverse dependence 
on r were n e g l e ~ t e d . ~ ~  It should also be noticed that 
in the integral (.I ljlB2) the approximation of neglecting 
the integration over the ligand orbitals has not been 
made. It is this expression which leads to the overlap 
integrals given above. 

Using eq 18-24, the theoretical values for gli and gL 
were calculated for both complexes Cr(CN)6N03- and 
Mn(CN)6N02-. It is necessary in these calculations 
to have a value for the spin-orbital coupling constant 
/ A /  for the chromium and the manganese ions in these 
complexes. The calculated charge distributions associ- 
ated with chromium and manganese are Cr+@.38 

( 4 ~ ) @ . ~ ~ ] .  Thus we have taken 1x1 = 190 cm-I for Cr+ 
(3d5) and /XI = 255 cm-l for Mn+(3d6).35 

In cal- 
culation I, all the parameters (except 1x1) in (18) and 
(19) are derived from the MO calculations. This in- 
cludes transition energies. In  calculation 11, the same 

[ (3d) 4. 98 (4s)O. 38 (4p) O m  ] and Mn +@. 36 [(3d)5.92(4~)0.43- 

Two different calculations were performed. 

(34) u refers t o  the equatorial carbon part of a oCN orbital, TI, and ay 
refer t o  the equatorial carbon p orbitals of T C N  and x*CN, qX refers t o  the 
nitrogen orbitals of TNO and T*NO; rgX refers t o  the axial carbon p orbitals 
of T C N  and rr*CN. 

(35) T. M. Dum,  Trans. Favaday SOC., 57, 1441 (1961). 
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TABLE IX 
PARAMETERS USED FOR THE CALCULATION OF 

g1 1 ,  g l ,  A ,  ASD B VALUES 
-Cr(CN)jNO*--- -Mn(CN)jNO2---- 

Calm Calcn Calcn Calcn 
I I1 I I1 

x 190 cm-1 255 cm-1 
AE (3bl -+ 2ba) 28,260 27,320 32,530 28,570 

AE (7e - 2b2) 13,890 15,380 18,340 18,600 
AE (2b2 + 6e) 12,660 13,700 7,820 12,050 
T ( n )  0 ,  7956b 0.79F~6~ 
S 0.273 0,260 
?T 0.2412 0.2068 
TI 0,1261 0.1113 
?T2 0.1161 0.1017 
PI 0.4486 0.6362 
PI' 0.6670 0.6236 
PI * 0.8593 0.8171 
PI '*  0.7973 0.8171 
P2 * 0,9121 0.9293 
PZ'* 0.1795 0.3314 
E7r l  0.5992 0.7233 

7r2 0.9325 0.6396 

AE (2bz + lbi)  58,0005 58,000a 50j0005 50,000a 

E7r3 -0.118 - 0.1547 
e 7r4 - 0.2449 - 0.2847 
E 7 r l  * 0.7129 0.6075 
ET** 1.4111 1.5694 
E T 3  * - 0.1044 0.0341 
E T 4 *  0.1015 0.0415 

a An estimated interelectronic-repulsion energy of 10,000 cm-l 
was added to the calculated one-electron separation. To sim- 
plify the calculation, the value of n in the expression for T ( n )  
was taken from the CN function, but the effective nuclear charges 
mere estimated using Hartree's formula [D. R. Hartree, "The 
Calculation of Atomic Structures," John Wiley and Sons, Inc., 
New York, N. Y., 1957, pp 117, 1671. 

Ih[ values and molecular orbital coefficients are used 
with the observed transition energies. Table I X  gives 
the parameter values used in the two calculations. 
Table X gives the calculated and experimental values 

Metal Hyperfine Interactions.-Using the same kind 
of approximations employed to calculate gl: and g,, we 
have derived the following theoretical expressions 
for the metal splitting constants 

r 

L 

"") AE(7e - 2bz) ' 

where Pbf is given as36 

PlI = 2 y ~ P P , ( 3 d I ~ ~ - ~ / 3 d )  (28) 
7~1 is the gyromagnetic ratio of the metal, Pn is the 
nuclear magneton, r & ~  is the distance from the nucleus 
of l\iI to the unpaired electron, and KAI is the Fermi con- 
tact interaction term, given by the equation36 

where 0 refers to the ground state, rJlic is the displace- 
ment from the Mth nucleus to the kth electron, s,& is 
the spin operator for the kth electron, and 6 the 6-  
function operator evaluated in the ground state. 

TABLE X 
CALCULATED AND MEASURED SPIN HAMILTOXIAN PARAMETERS 

_- c r  ( C N ) ~ S O ~  - Mn(CN)sNOa ---- 7 

Calcn I Calcn I1 Exptl Calcn I Calcn I1 Exptl 

811 1.9882 1.9874 1.9722 2.0020 1.9994 1.9922 
EL 2.0040 2.0040 2.0044 2.0273 2.0167 2.0311 

lA - B / ,  2.0505 X 2.0085 X 12.285 X 11.526 X 
gl/gl I 1.0080 1.0084 1,0163 1.0126 1,0086 1.0195 

cm 10-3 10-3 10-3 10-3 
K 0.7600 

of gll and g.L. 
It is gratifying that the g values, calculated by using 

the molecular orbital coefficients and the theoretical 
transition energies, are very close to the experimental 
values. Our neglect of the low-energy transition 5e --f 
2b2 can be cited as the cause of the calculated gl values 
being slightly lower than the observed values. Since 
the contribution from the 5e + 2b2 transition will be 
positive, the calculated gl values would increase. Cal- 
culation 11, with the observed transition energies in- 
stead of the calculated energies, is not substantially 
different from calculation I. We conclude that the 
calculated molecular orbitals and the electronic spec- 
tral assignments are consistent with the observed g 
values in Cr(CN);N03- and Mn(CN)5N02-. 

0.4833 

Equations 26 and 27 can be rewritten with the help of 
eq 18 and 19, as follows 

11 ll 
- (gl - 2.0023) + -DL] (31) 
14 14 

(36) A. Abragam, J. Horowitz, and M. H. L. Pryce, PYOC. Roy.  SOC. 
(London), A930, 169 (1968). 
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where Dll and DL are small corrections which can be 
calculated from (18) and (19). The calculated Dll and 
D L  values are - 0.01486 and - 0.0039 for Cr(CN)5N03- 
and -0.0241 and -0.0040 for Mn(CN)5N02-. Using 
the observed g values and derived M O  coefficients, 
values have been calculated for IA - BI. The results 
are given in Table X. We have used the value of 
Kuska and Rogers* for Per. A value for P M ~  has been 
calculated using (P) = 5.38 au3’ and 7~~ = 1.387.36 
The calculated and observed ( A  - B /  values are in 
very close agreement, indicating again that the derived 
molecular orbitals are quite satisfactory. 

The Fermi contact interaction constants  KC^ and 
K & r n  have been estimated. The values are listed in 
Table X. They were calculated using (30) and (31), 
with the experimental gll, gl, A ,  and B values and the 
calculated P h f  values. The K ~ I ~  value of 0.4833 is in 
close agreement with the value obtained for Mn2+ ion 
by Abragam, et aLa6 The nonvanishing value for KM 

suggests that  the unpaired electron has metal s char- 
acter. A nonvanishing value of ~ f i f  can be obtained by 
including configurations obtained by exciting an elec- 
tron from a filled orbital with s character to an unfilled 
one with s character and of the same symmetry.36 
We know from the orbital transformation scheme that 
the metal 4s transforms as the al representation. So 
the Fermi contact interaction can be explained by 
considering the excitation of an electron from one of 
the filled a1 levels to  one of the unfilled levels with al 
symmetry. We have not carried out a detailed analy- 
sis. 

The very large values for &*, namely 0.9121 for Cr- 
(CN)6N03- and 0.9293 for MII(CN)~NO~- (from the 
M O  calculations) indicate that the 2bz electron is es- 
sentially localized on the metal d,, orbital. The fact 
that  the calculated and measured IA - B (  values are 
in good agreement supports this interpretation. 

Extrahyperfine Structure.-The isotropic extra- 
hyperfine splittings due to the 14N of NO are 5.70 and 
3.80 gauss for Cr(NO)5NOa- and MII(CN)~NO~-, re- 
spectively. This suggests that  the unpaired electron 
in each case has nitrogen s character. The UNO orbital, 
which includes a contribution from 2s(N), transforms 
as the a1 representation. In a configuration-inter- 

(37) V. S. Krol’kov, Opt. Spectvy. ,  11, 73 (1961). 

action treatment36 the excited configurations of interest 
are those obtained by promoting an electron from a field 
al orbital with nitrogen s character to an unoccupied al 
level. For both Cr(CN)5N03- and M ~ I ( C N ) ~ N O ~ - ,  
the extrahyperfine tensors due to 14N have been found 
to be anisotropic. The values are given in Table I. 
Since the 2b2 molecular orbital does not include any 
contribution from NO orbitals, the anisotropic split- 
ting constants present a problem. Possible mecha- 
nisms to place spin density on T*NO in the ground 
state have been discussed by Fortman and Hayes. 38 

An attractive possibility is the scrambling of configura- 
tions 2Bz(6e42bz1) and 2B2(6e32bz17e1) via a nonvanish- 
ing matrix element of interelectronic repulsion. Ac- 
cording to the present electronic spectral analysis, 
these two 2Bz states are separated by ca. 25,000 cm-I 
in the complexes. The fact that the A N  and BN values 
for Cr(CN)5N03- are larger than for MII(CN)~NO~- 
is consistent with the calculated molecular orbitals of 
these complexes, since the product (e,z) 2(e,z*) is larger 
for Cr(CN)5N03- by a factor of 1.62. For compari- 
son, the ratios AN(Cr) :AN(Mn) and BN(Cr) :BN(Mn) 
are 1.52 and 1.49, respectively. 

The extrahyperfine constants due to I3C in Cr(CN)S- 
NO3- have been measured a c ~ u r a t e l y . ~ ~ ~ ~  The equa- 
torial lac splitting provides important information on 
the degree of delocalization in the 2bz orbital. Fortman 
and Hayes have obtained38 a value of 0.173 for the 
molecular orbital coefficient pz’* from the measured 
anisotropic lac extrahyperfine constants. For com- 
parison, we have obtained pz’* = 0.1795 from the molec- 
ular orbital calculation. Thus the analysis of the aniso- 
tropic splitting constants due to 63Cr and laceq in 
Cr(CN)5N03- and 56Mn in Mn(CN)6N02- gives 2b2 
molecular orbitals which are essentially the same as 
those obtained from the SCCC-MO calculations. The 
fact that  the calculated molecular orbitals are con- 
sistent with both the electronic spectral and magnetic 
data is extremely encouraging. 
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