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ABSTRACT 

This dissertation consists of two parts. In Part I 

the spectral properties of the o-phenylenebis(dimethylar-

sine), das, and cis-ethylenebis(dimethylarsine), edas, 

complexes [Fe(das)3]2+,̂ +, [Fe(edas)] +̂,̂ +, 

[FeX2(das)2]^'"'"+, [CrX2(das)2] where X is a halogen, and 

3+ [CoCdas)^]^ , are measured and interpreted on the basis of 

ligand field theory. 

Calculations of the ligand field parameters are 

made and indicate that Dq for o-phenylenebis(dimethylarsine) 

is approximately the same as for ethylenediamine whereas 

the interelectronic repulsion parameter B is considerably 

reduced in the o-phenylenebis(dimethylarsine) complexes. 

The charge transfer spectra of the o-phenylenebis-

(dimethylarsine) complexes are also observed and inter

preted . 

A theoretical treatment of the Mossbauer spectra of 

1+ 2 
the [FeX2(das)2] complexes indicates that a B2 state is 

the ground state. 

In part II the preparation and investigation of 

several new nitrosyl complexes of iron and chromium are 

described. These nitrosyl complexes are of the type 

[CrXNO(das)2]°'1+, and [FeXNO(das)2]1+,2+ in which X is a 

9+ 
halide. One pentacoordinate complex, [FeNOCdas^] and 

x 



xi 

one complex anion, [FeX2(NO)2]~ have also been isolated and 

characterized. Measurements of the infrared spectra, 

conductances in solution, magnetic susceptibilities, and 

x-ray powder patterns have established that the cations are 

monomeric with the coordinated nitrosyl group trans to the 

halide. The properties of these complexes are conveniently 

interpreted in terms of a complex in which (N=0) is bonded 

to the metal. 



INTRODUCTION 

For the past twenty years ligand field theory has 

been a useful tool for studying the spectral and magnetic 

features of transition metal complexes. An interpretation 

of spectra and magnetism can yield much useful information 

on the bonding in complexes. 

Octahedral complexes in which the coordinating atom 

is oxygen, nitrogen, or halogen are well understood on the 

basis of ligand field theory. Recently ligand field 

calculations have been extended to tetragonal complexes, 

particularly to those which contain ammonia or ethylene-

diamine as the coordinating ligands (1). However, very few 

studies have been made of complexes containing second or 

third row coordinating atoms such as phosphorus or arsenic. 

Moreover, when one of the coordinating ligands is substi

tuted by nitric oxide (NO), the spectral and magnetic 

features are often markedly changed. The spectra and 

magnetism of several nitrosyl complexes have been inter

preted on the basis of molecular orbital theory (2, 3). 

Since it was previously shown (4) that the spectral 

and magnetic features of trans-[CoXNOI^]where X is a 

halide, and L is o-phenylenebis(dimethylarsine), das, or 

ethylenediamine, en, are quite similar to trans-[C0X2L2] 

1 



2 

it was of interest to prepare similar types of nitrosyl 

complexes of other first row transition elements. 

The present research has led to the discovery of 

several new nitrosyl complexes including those of the type 

[MXNOCdas^]"^, where M is now iron or chromium. In order 

to investigate the bonding in these complexes it was first 

necessary to investigate the spectral properties of 

o-phenylenebis(dimethylarsine) complexes in general. 

In Part I of the dissertation the spectral 

properties of several well known and also some new o-

phenylenebis(dimethylarsine) complexes are investigated in 

terms of ligand field theory. Part II is concerned with 

the preparation and investigation of several new nitrosyl 

complexes. 



PART I 

THE SPECTRAL PROPERTIES OF O-PHENYLENEBIS(DIMETHYLARSINE) 

AND CIS-ETHYLENEBIS(DIMETHYLARSINE) COMPLEXES 

3 



INTRODUCTION 

Transition metal complexes of o-phenylenebis-

(dimethylarsine), das, have been known for over 25 years 

(see Figure 1), and recently complexes of the ethylenic 

analog cis-ethylenebis(dimethylarsine), edas, have also 

been prepared (5). However, only two papers have dealt 

with the spectroscopic properties of these complexes in any 

detail (6, 7). The spectrum and magnetism of the complex 

/ \ 2+ NiCdas)^ have been interpreted on the basis of a molecu

lar orbital model (7) with trigonal quantization. The one 

d-d transition which is observed in trans-[CoX2(das )2J"'"+ 

complexes has been interpreted on the basis of a ligand 

field model with tetragonal symmetry (6). 

In the research presented in this section the 

spectral features of complexes of the type [M(das)3]2+'3+, 

[M(edas)3]2+'3+, [MX2(das)2]°'1+ and [MX2(edas)2]1+, where 

M = Cr, Fe or Co, and X = a halogen, are treated in terms 

of a ligand field model. 

The matrices of electrostatic energy for octahedral 

dn configurations in the strong field coupling scheme have 

been calculated by Tanabe and Sugano (8) and will be used 

throughout this section. 

Since the complexes considered are all spin-paired 

and have at most six metal t2g electrons, the electronic 

4 
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Figure 1 . . Structure of the trans -[ MX2 (das) 2 ] complexes 
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XI Tl— L 1 
configurations of concern are those of t2g and t2g " eg . 

Two electron promotions giving the configuration 

n_2 2 t2g eg will not be considered since they are generally 

not observed spectroscopically. 

In order to treat the problem of a transition metal 

ion in a tetragonal field it is necessary to obtain the 

strong field octahedral wave functions. The wave functions 

for the states arising from the configuration t2^ have 

been tabulated by Griffith (9). The wave functions for the 

tl~ 1 1 states arising from the configuration t2g eg can be 

obtained from these tables by the use of Griffith's tables 

of coupling coefficients (9). The wave functions for the 

3 5 6 d , d and d ion states were constructed and are listed in 

Appendix A. The notation of Griffith (9) has been used to 

designate the wave functions and the states from which they 

arise. The octahedral term energy expressions are listed 

in Figures 3, 6 and 10 as a function of Dq and the Racah 

parameters B and C. 

In the trans-tlYD^das^]^'complexes the octa

hedral field has undergone a distortion along the direction 

of the axial halide ligands. This distortion is due to the 

fact that the ligand field splitting strength of the halides 

is less than that of the arsenics. The d_2 orbital is thus 
z 

stabilized with respect to the d 2 2 orbital. x -y 

The tetragonal field can be treated as a perturba

tion upon a cubic field VQ and gives rise to a new term Vrj, 
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in the crystal field Hamiltonian (10). V^. is expressed in 

terms of two integrals Ds and Dt. Ds and Dt are thus the 

splitting parameters for in the same way that Dq is for 

V 
Matrix elements of the type (cpj V^, (p> are then 

evaluated in terms of Ds and Dt. These two parameters 

along with Dq, B and C are then used to completely describe 

the term energies in D^ or C v̂ symmetry. The resulting 

3 5 6 energy level expressions for the d , d and d ions are 

given in Figures 3, 6 and 10. 



EXPERIMENTAL 

Materials and Analyses 

Ferrous perchlorate hexahydrate was obtained from 

G. Frederick Smith Chemical Co. The compounds were 

analyzed for C, H and halogen by Huffman Laboratories, 

Wheatridge, Colorado. 

Preparation of Compounds 

The complexes [ft^Cdas^]^'^"'" and [CoCdas)^][ClO^]^ 

were prepared using the methods of Nyholm (11, 12, 13, 14). 

The [MX2(edascomplexes were prepared by procedures 

identical to those used for the [MX2(das)2]"''+ complexes. 

Preparations of the tris iron(ll) and iron(lll) complexes 

are reported here for the first time. 

Tris-f cis-ethylenebis(dimethylarsine)] 
ironjllj perchlorate 

A 1 g. sample of Fe(C10^)2•6H2O was dissolved in 

5 ml. of absolute ethanol and 2 ml. of cis-ethylenebis-

(dimethylarsine) added. The solution was then heated on a 

boiling water bath for several minutes. As the volume of 

solvent was reduced, an orange solid precipitated. Boiling 

was continued for 10 min., and then 10 ml. of ethanol was 

added and the solution filtered. The complex was recrys-

tallized from water and dried at 60° in vacuum overnight. 

8 
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Anal. Calcd. for [Fe(C2H2[As(CH3>2]2)3] [ClO^s 

C, 22.5; H, 4.4; CI, 7.4. Founds C, 22.6; H, 5.0; CI, 

7.4. 

The above procedure used for preparing the cis-

ethylenebis(dimethylarsine) complex was followed. 

Anal. Calcd. for [Fe(C6H4[As(CH3)2]2>3][C104]2: 

C, 32.4; H, 4.4; CI, 6.4. Found: C, 32.1; H, 4.5; CI, 

6 . 0 .  

in 25 ml. of conc. HN03 and 5 ml. of dilute NaClO^ solution 

added. The solution was then evaporated to approximately 

5 ml. in volume on a hot plate whereupon .45 g. of the dark 

green product precipitated. The material was washed with 

water and dried at 60° under vacuum for two days. The 

complex can be recrystallized from conc. HN03 by adding a 

dilute solution of NaClO^ dropwise until precipitation 

occurs. The dry solid is stable and can be dissolved only 

in conc. HN03> 

Anal. Calcd. for [Fe(C2H2(As(CH3)2])3][C104]3: 

C, 20.4; H, 4.0; CI, 10.0. Found: C, 21.6; H, 4.5; CI, 

9.9. 

Tris-ro-phenylenebis(dimethylarsine)] 
xron(ll) perchlorate 

A 1 g .  sample of [Fe(edas)3][C104J2 was dissolved 
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Physical Measurements 

The reflectance spectra were measured on a Zeiss 

PMQ-II equipped with a standard reflectance attachment, and 

a specially fabricated PbS detector for measurements from 

4 to 15 kK. The solid samples were ground to a fine powder 

with a mortar and pestle and then pressed into a reflec

tance cup with a glass flat. The solution spectra were 

recorded at room temperature using a Cary Model 14 spectro

photometer. The Mossbauer spectra were obtained at Bell 

Telephone Laboratories, Murray Hill, New Jersey. 



RESULTS AND DISCUSSION 

0 Spectra of the d Complexes 

Ligand Field Spectra of the Octahedral Complexes 

In Table 1 are listed the ligand field absorption 

maxima of the d o-phenylenebis(dimethylarsine) complexes 

including some previously studied complexes for comparative 

purposes. The reflectance spectra of [Fe^as)^] [ClO^^ and 

[Co^as)^][ClO^]^ are shown in Figure 2. Where possible, 

the solution spectra of the complexes have been obtained 

and in all cases the band maxima in solution are at essen

tially the same position as in reflectance. The bands 

observed in reflectance in the region 4 to 10 kK. are due 

to vibrational overtones. 

The three d-d transitions observed for [Fe(das)^] 

are easily assigned as the transitions of an octahedral 

£ spin-paired d complex. The two bands at 21.1 and 26.6 kK. 

are assigned to the spin-allowed transitions ''"A^ —• ̂ 1' 

and •'"A^ —* ̂ 2 (Figure 3). The weaker absorption at 14 kK. 

1 3 is assigned to the spin forbidden transition A-^ —> T^. 

The possibility of this being the ^A^ —> ̂ 2 transition is 

ruled out by the unreasonably large value of the inter-

electronic repulsion parameter C necessary for this to be 

the case (C would have to be approximately 5000 cm."^ which 

11 
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Table 1. Electronic Spectra of the d Complexes 

Absorption max., kK. (f ' v max. 
M-l -IN M cm. ) 

1T 2 

Compound (3E) (3A2) (h) (}e and 1B2) 

[Fe(das)̂ ][010̂ 12 lif.5a 21.if(230)b 26.6(350) 

[Fe(edas)̂ ][C10if] 2 21.6(200)° 26.7(350) 

FeC^tdas^ — — 13.5a 22.k 25-5 

FeB^Cdas^ — — 12.9a 22.5 26.0 

Fel2(das)2 — — 12.7a 22.5 25.5 

[Co(das)3][C10Zf]3 l6.5a 23.2(600)b 

trans-ĵ CoĈ âŝ XclÔ ] 9.2 16.4 

trans-[CoBr2(das)̂ ][CIÔ ] — — 15-7 

trans-[Cô  (das)̂ J[ClÔ ] — — 15.2 

trans-RuĈ (das)̂  — 17.0a 21.6 

[CoCen)^ ~f+ 17.5 21.5 29.5 

[CoCl2(en)2]1+ — — 16.1 22.5 25.9 

£ Observed in reflectance only. 

b10"5 M in DMSO. 

C10"3 M in H20. 



Figure 2. Reflectance spectra of (1) [Fe(das)g][CIO^](2) [Co(das)g][ClO^]^ 
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IODq+l6B-C % 

IODq+ 2Ds-25ADt + I6B-C N S 
V I ^ n ^B2 IODq-4Ds-5Dt+l6B-C 

lODq-C 'T, 'A2 IODq-C 

!0Dq+8B-3C 3T2\ 
-- 3E IODq+2Ds-25/4Dt+8B-3C 

\svs^B_2 IODq-4Ds-5Dt+ 8B-3C 

\ 'E lODq- 35/4 Dt-C 
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-

s 
\ 
\ 
\ 
\ 
\ 

\3E IODq-3%Dt-3C 

0  ^A ,  'A ,  0  

E°h E°4K 

£ 

Figure 3. Energy level expressions for a d ion in an 
octahedral and a tetragonal field 
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is considerably larger than the free ion value of 3900 

cm."''' (15) found for iron(ll)). 

For the above assignments the ligand field 

parameters are evaluated, giving values Dq = 2490 cm."''', 

B = 325 cm.'1 and C = 3450 cm."1. In [Co(das)3]3+ the 1T2 

band is obscured by an intense charge transfer band and 

thus B cannot be evaluated. However, from the position of 

3 1 the T^ and T-^ bands, Dq and C can be evaluated for this 

complex, giving Dq = 2660 cm."1 and C = 3350 cm."1. These 

values of Dq place o-phenylenebis(dimethylarsine) above 

ethylenediamine (en) in the spectrochemical series and 

9+ 
partially accounts for the fact that although [Fe(en)^] 

is spin-free (16) the [Fe(das)^] and FeX2(das)2 complexes 

are spin-paired. It is also interesting to compare the B 

2 +  
value of [Fe^as)^] , which can be directly evaluated from 

the difference in energy between the and 1T-^ band, with 

6 3+ several other spin-paired d complexes. In [(^(en)^] 

B = 502 cm. 1, in [Co(CN)g]3 B = 418 cm. 1, and in 

[Fe(CN)£]^ B = 400 cm. 1 (17). It is thus seen that B is 

reduced even below that for the covalent cyanide complexes. 

This reduction in the interelectronic repulsion parameter 

B undoubtedly plays an important role in the fact that the 

FeX2das2 complexes are the only known spin-paired halide 

complexes of iron(ll). Even the analogous o-phenanthroline 

complexes FeX2(o-phen)2, are spin-free (16). 
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Ligand Field Spectra of the Tetragonal Complexes 

The halide complexes, trans-FeX2(das)2 also have 

ligand field transitions in the visible spectrum (Figure 

4). There is a strong tetragonal splitting of the first 

spin-allowed level ("'"T-^) resulting in two absorption bands 

at approximately 13 kK.^E), and 22.5 kK.C"'^). From 

Figure 3 it is seen that the splitting of the ^T-^ band is 

given by 35/4 Dt. From the observed splittings Dt is 

evaluated to be 1020 cm."^ in the chloride, 1100 cm.""'' in 

the bromide and 1120 cm.-"'" in the iodide. These values of 

Dt can be compared to those of the [CoX2(en)2]complexes 

whose spectra are given in Table 1. Here Dt is evaluated 

to be 728 cm. ^ in the chloride and 740 cm."'' in the 

bromide. 

The ordering of levels given in Figure 3 is that 

predicted for the case in which there is an axial stabili

zation, i.e., the d 2 orbital is stabilized with respect to 

the d 2 2 orbital. Ballhausen and Dingle (18) have x -y 

studied the polarization spectra of a single crystal of 

trans-tCoC^^n^jCl at liquid helium temperature and have 

shown that the above ordering of levels is correct. They 

also observed splitting of the ^2 level. In the complexes 

studied here, no splitting of the ^2 level could be 

observed. It is unlikely that a splitting of this level 

greater than 1000 cm. ^ would go undetected in the spectra 

of these complexes. Therefore from the theoretical 



e;B2 

3— 

o» 

5 10 15 20 25 30 

Figure 4. Reflectance spectra of (1) trans-FeI9(das)9; 
(3) trans-FeB^Cdas^ 

( 2 )  trans-FeC^ (das) 2? 
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splitting of the ^"T^ level given by the expression 

6Ds - 5/4 Dt, Ds can be evaluated to lie in the range 0 to 

+375 cm. A positive value of Ds in the range 0 to 

250 cm.""'" has also been calculated for the [00X26^] 

complexes (1). 

It has not been possible to observe the spin 

forbidden transitions in the FeX2(das)2 compounds because 

of the vibrational overtones in the near infrared. The 

position of the "^E level is 9.2 kK. in [CoC^faas^] +̂. 

Using the position of this E level in the cobalt(lll) 

~ ~ 3 complex, it is possible to estimate the position of the E 

level in FeC^Cdas^ as being near 6 kK. 

The absorption spectrum of the ruthenium complex 

RuCl2(das)2 has been observed in solution. The one d-d 

transition at 22 kK. which was found for this ruthenium 

complex was assigned to the ^A^ —» "'"E transition (19) which 

is entirely consistent with the present assignments for the 

cobalt(lll) and iron(ll) complexes. One of the spin-

forbidden transitions of RuC^tdas^ was observed in the 

present research from its reflectance spectrum and is 

reported in Table 1. 

Charge Transfer Spectra 

Intense charge transfer bands are also observed in 

the iron(ll) and cobalt(lll) complexes (Table 2). The 
f)JL. OX 

first intense band in [Fe(das)g] and [Fe^das)^] occurs 



6 5 3 Table 2. Charge Transfer Spectra of the d , d , and d Complexes 

Compound Absorption max., kK. (£* M cm. 
max» 

a 
[Co(das)^][ClO^]^ 36.4(36,500) 45-5 sh. (45,000) 

[CoCl2(das)2][C10/f]b 26.0(2,500) 31.5(7,900) 40.0(4,000) 

[CoBr2(das)2][C10if]b 23-5(1,800) 31.0(7,900 ) 35^5(7,900) 

[Fe(das)3][C10j2 40.0 sh. (l4,000) 42.5(20,000) 

[Fe(edas)3J[010^2 40.0 sh. (l4,000)a 44.6(20,000) 

FeBr2(das)2 C 31.9 38.0 44.8 

Fel2(das)2 C 28.0 35-0 45-1 

RuCl2(das)2 C 32.2 

[Fe(edas)3][C10if]3 c 32.0 37-5 

[FeCl2(das)2][C10if] l8.l(l,500)d 27.3(5,800) 31.2(12,400) 32.3 sh. 39.4(11,800) 

[FeCl2(edas)2][C10if]C 18.2 27.4 

I 



Table 2.—Continued 

[FeBr2(das)2][C10j l6.4(3,600)d 24.4(3,200) 30.7(5,300) 38.4 sh. 

[FeBr2(edas)2][C10if] 16.4(5,200)d 24.6(3,600) 31.3(13,600) 4l.6 sh. 49.0(19,000) 

[CrCl2(das)2][C10if] 23.6(1,300)® 32.2(18,000) 

[CrBr2(das)2][C10/f] 22.6(1,150)® 30.2(17,000) 

[Crl2(das)2] [ClO^] 20.4(600) 

a2 X 10"5 M in H20. 

T. M. Dunn, R. S. Nyholm, and S. Yaraada, J. Chem. Soc., 1564 (1962). 

Q  
Observed in reflectance only. 

d -4 
10 M in MeOH. 

®10"5 M in CHCl^. 
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3+ at 40 kK., whereas in [CoCdas)^] it occurs at 36.4 kK. 

This band is most likely due to a charge transfer transi

tion from the highest lying filled metal-arsenic molecular 
£ 

orbital to the empty e orbital of a spin-paired d 
O 

complex. 

In [CoC^Cdas^] and [CoB^Cdas^]several 

charge transfer bands are found in the region 23.5 to 

40 kK. A qualitative molecular orbital scheme for the 

[MX2das2] ,̂''"+ compounds is given in Figure 5. The relative 

ordering of the levels is obtained by the usual arguments 

(10), and by assuming that arsenic will form stronger 

bonds with a given metal orbital than will the halogens. 

Pi bonding between the metal and the ligands is assumed to 

be negligible. 

Jj!$rgensen (17) discusses the charge transfer bands 
6 o+ 

in the monohalide pentammine d systems [Co(NH^)^X] and 

[Rh(NH^)^X] +̂. Two bands occur in the ultra-violet with 

the nearly constant energy difference 8 kK. The first band 

has a relatively low intensity and is assumed to be caused 

by the transfer of a pi halogen electron to the d 2 

orbital. The second more intense band is assumed to be 

caused by the transfer of a sigma halogen electron to the 

d 2 orbital. It was also argued that the intensity of the 

pi transfer should be small in these types of complexes. 

The relatively low intensity charge transfer band 

at 26.0 kK. in [CoC^^as^] and at 23.5 kK. in 
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[CoB^Cdas^] can be unambiguously assigned to the pi 

(halogen) to d 2 orbital transition, n (X) —* a-, *. z ig 

The next, more intense band occurring at 31.5 kK. in the 

chloride and at 31.0 kK. in the bromide can then be 

assigned to the a-^ —* transition. However, it is 

known from the ligand field splittings in these compounds 

that the separation between the a^g* (dz2) and * 

(dx2_ y2) orbitals is on the order of 5 kK. It is there

fore possible that the second band is due to the 

Ti (X) —J ̂ lg* transition and an unambiguous assignment 

cannot be made at this time. 

In the FeX2(das)2 complexes the charge transfer 

bands would be expected to occur at higher energies due to 

the reduced reduction potential of the metal atom. From 

Table 2 it can be seen that this is indeed the case. 

3 Spectra of the d Complexes 

Ligand Field Spectra 

The ligand field absorption maxima of the 

[CrX2(das)2]^ complexes are reported in Table 3. In 

Figure 7 the spectra of [CrC^faas^] [C10^] and 

[CrB^^as^] [C10^] are compared. 

In many respects the spectra of the [CrX2(das)2] 

complexes are similar to the FeX2(das)2 complexes. From 

Figure 6 it can be seen that the first two spin allowed 

transitions ̂ 2 —* ̂ 2 and ^"A^ —> ̂ T-^ in octahedral d^ 
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Table 3 . Electronic Spectra of the d3 Complexes 

Absorption max., kK. Cfmax . 
- 1 -1) M em . 

2E 2T 
1 

4T 
2 

4T 
1 

Compound (2E, 2T ) 
1 

(4E) (4B ) 
2 C4A2 and 4E) 

[ GrC12 ( das ) 2 ] [ Cl 0 4 ] 
13 .3a 17 .0( 80)b 21.7 sh. 25.5(680) 

[CrBr2(das) 2 ][Clo4 ] 13.3a 16.3(100)b 21 .0 sh . 24.5(900) 

[Cri 2 (das ) 2][Clo4 ] 13.3a 15 .. 4(100)b 

[Cr(en)
3

]3+ c 21.9 28.5 

[ GrC1
2

Cen)
2

]1+ c 17.3 22.0 25 .3 

aObserved in r eflectance only. 

b -4 5 X 10 M i n acetone . 

cR . A. D. Wentworth and T. S. Pi per, Inorg . Chern.,~' 709 (1965) . 
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complexes should occur in approximately the same region as 
g 

the two spin allowed transitions in the octahedral d 

complexes. In a tetragonal field the first excited quartet 

level (^2) in d^ is predicted to split by 35/4 Dt in 

exactly the same manner as is the first excited singlet 

level in d^. The next highest quartet level (^T-^) in 
O 

d is predicted to split up by 6Ds - 5/4 Dt just as is the 

^T2 level in d^. 

In [CrC^Cdas^] [CIO^] the ^ transition 

occurs at 17.0 kK. while the ^ ^ transition is 

observed as a shoulder at approximately 21.7 kK. The 

transition to the unsplit ^T^ level is assigned to the band 

at 24.5 kK. Support for the above assignment comes from a 

1 + 
comparison of the spectrum of [CrClgCen^] which has 

three ligand field bands (l) (Table 3) at almost the same 

position as does [CrC^Cdas^]These three bands in the 

ethylenediamine complex have previously been assigned as 

transitions from the ^"Ag ground state to the ^E, ̂ "B^ and 
/ o 

unsplit T-^ excited states of a d complex (1). 

From the observed band positions Dt is evaluated 

to be 537 cm.-"'' in both [CrC^Cdas[C10^] and 

[CrB^Cdas^] [CIO4J . This value of Dt indicates that the 

axial field stabilization in the chromium(lll) complexes 

is only about half as great as in the iron(Il) complexes. 

The position of the ^2 level is given by exactly 

10 Dq. For the [CrX2(das)2][C10^] complexes Dq is 
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evaluated to be between 2100 and 2200 cm. The same 

evaluation for [CrC^Cen^]gives Dq equal to 2200 cm."*'. 

Thus in the chromium(lll) complexes Dq for o-phenylenebis-

(dimethylarsine) is approximately the same as for 

ethylenediamine. 

2 2 The spin-forbidden transition to the E^, T^ 

levels has been observed in reflectance at approximately 

13.3 kK. in all of the [CrX2(das)2][C10^] complexes. This 

is approximately 2000 cm. ^ lower in energy than observed 

for ethylenediamine complexes (17), and indicates that the 

interelectronic repulsion parameter B may be reduced in the 

[CrX2(dascomplexes as was found to be the case for 

the FeX2(das)2 compounds. 

Charge Transfer Spectra 

Charge transfer bands are also observed in the 

[CrX2(das)2] complexes (Table 2). In [CrC^Cdas^"+ the 

first charge transfer band occurs at 23.6 kK. and is 

assigned as the K(C1) —> (^2g'eg^ TRANSITION« THE 

bromide this transition occurs at 22.6 kK. and in the 

iodide at 20.4 kK. 

It is expected that the charge transfer transitions 

3 in the d complex should come at lower energies than in the 

0 d complexes. This is due to the fact that the electron 

transfer is from the ligand orbital to a partially filled 

3 d , d , or d orbital in the d case and to the d 2 
xz yz xy z 
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0 orbital in the d case. (The dz2 orbital is approximately 

20,000 cm."1 (10 Dq) above the dxz, dyZ, d^ orbitals.) 

From Table 2 it can be seen that the first charge transfer 

3 band does occur at lower energies in the d complexes than 

6 in the d complexes, but the difference between the 

chromium(lll) and cobalt(lll) complexes is not on the order 

of 20 kK. as might be expected. Part of^ the reason for this 

is undoubtedly reflected in the great stability towards 

reduction of the chromium(lll) complexes. In fact the 

CoX2(das)2 complexes can be readily prepared whereas the 

chromium(ll) complexes are unknown. 

The second charge transfer band which occurs at 

32.2 kK. in [CrC^^asand 30.2 kK. in [CrB^^as^] ̂ 

is assigned to the a-^ —^ ̂ 2g,eg (figure 5) halogen to 

metal transition. 

Spectra of the d~* Complexes 

Ligand Field Spectra of the Octahedral Complexes 

In Table 4 the ligand field absorption maxima of 

the d~* o-phenylenebis(dimethylarsine) and cis-ethylenebis-

(dimethylarsine) complexes are listed. The reflectance 

spectra of [Fe^das)^] [ClO^]^ and [FeB^^das^] [C10^] are 

shown in Figure 8 and those of [FeC^faas^] [C10^] and 

[FeB^^as^] [C10^] in Figure 9. 

In many respects the d^ complexes studied here are 

unique. The tris complex [Fe^das)^][ClO^]^ has several 



5 Table 4. Electronic Spectra of the d Complexes 

Absorption max., kK. (C M-1 
max. 

-1, 
cm. ; 

OJ 
J

*
 

2T 
1 % % % 

Compound (̂ Bg) (Si) (2v (2A2) A) C2̂ ) (2E) (\\) (2E) (2A g,^) 

[Fe(edas)3][C10if]3 10-12a 15-7(64o)b 15.7(640) 17.2(340) 19.2(220) 25.0 sh. 

[Fe(das)3][C10Zf]3 I5.7(690)b 15.7(690) 17.2 sh. 19.2(500) 

[FeCl2(das)2][C10if] 14.5(15) — — 5.0a 19.5 sh. 

[FeBr2(das)2][C10if] 13-7a — — 5.0a 17.8 sh. 

[FeBr2(edas)2][ClO^] 14.0a — — 5.0a 18.2 sh. 

[Fe(o-phen)[CIO^]^ 10.5(20)b 16.7(780) 

aObserved in reflectance only. 

b10M in conc. HNO^. 

Co 
O 
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Figure 8. Reflectance spectra of (l) trans-[FeBr0(das)01[CIO,]; (2) [Fe(edas)o] 
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ligand field transitions occurring in the near IR and 

visible region whereas the other well known octahedral 

spin paired d^ complexes such as Kg[Fe(CN)g] (17) and 

[Fe(o-phen)^][ClO^]^ (Table 4) have at most one or two 

ligand field transitions observable. The [FeX2(das)^ 

and [FeX2(edas)2]^ complexes are the only spin paired d^ 

complexes known in which the axial ligands are halides. 

With the large number of observable ligand field 

bands and similar spin states of both the tris and bis 

complexes it should be possible to interpret the spectral 

features of the d^ arsenic complexes using ligand field 

theory. 

In the case of [Fe^das)^]^"*" and [Fe^as)^]^" it 

was difficult to determine the exact band position of all 

2 2 2 but the T2 —* transition, as the other transi

tions occur as rather broad, flat shoulders. The spectrum 

of [Fe(edas)^][ClO^]^ was obtained in both reflectance and 

solution whereas the spectrum of [FeCdas)^][ClO^]^ could be 

obtained only in solution by dissolving [Fefaas)^][CIO^]^ 

in concentrated nitric acid. [Fe(das)g][ClO^]^ could not 

be isolated as a pure solid due to its high solubility and 

ease of reduction. Both the solution spectra of 

[Fe(das)^][ClO^]^ and [Fe^das)^][ClO^]^ and the reflec

tance spectra of [Fe^das)^] [ClO^]^ are quite similar 

however. 
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Using the energy expressions in Figure 10 and 

taking the ligand field parameters Dq = 2200 cm. 

B = 500 cm.""'' and C = 3500 cm. the transitions were 

calculated for the tris iron(lll) complexes. The calcu

lated values are: ^2 —* ̂ T-^ (5.5 kK.), ̂ 2 —* (9.5 

kK.) 2T2 —> 2A2, 2Tl (17.0 kK.) 2T2 —> 2T2 (19.0 kK.), 

2T2 2E (20.5 kK.), and 2T2 2T1,2T2 (24.9 kK.). As 

can be seen from Table 4 the agreement between the calcu

lated and observed values is fairly good. However, due to 

the difficulty in determining the exact positions of the 

d-d transitions and because the states observed undergo 

strong configuration interaction, the ligand field 

parameters could not be evaluated exactly. The values of 

the ligand field parameters taken are thus only "reasonable" 

3 6 values based on the results for the d and d o-

phenylenebis(dimethylarsine) complexes. 

The near I.R. and visible spectrum of 

[Fe(o-phen)^][ClO^]^ was also taken for comparative 

purposes. The band maxima are given in Table 4. The 

21'2 —> transition at 10.5 kK. is well resolved in this 

2 2 2 compound. The T2 —» A2, T^ transition at 16.7 kK. 

compares well to that at 15.7 kK. in [Fe(edas)^][ClO^]^ and 

[Fe(das)^][ClO^]^• Cis-ethylenebis(dimethylarsine) and 

o-phenylenebis(dimethylarsine) should thus lie close to 

o-phenanthroline in the spectrochemical series. 



Figure 10. Octahedral energy level expressions and 
tetragonal splittings energies (cp|VtJ<p> 

To obtain the energy of a given state in 
D4h> add the energy of the 0^ state from 
which it arises to E(Vfc). 
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The charge transfer region was also observed in 

reflectance on [Fe^das)^][ClO^]^ and is reported in Table 

2. The band at 32.0 kK. is assigned to the transition from 

the highest lying filled sigma molecular orbital to the 

metal t2g orbitals. The corresponding charge transfer band 

in [Ru(NHg)g]Clg, which is expected to occur at higher 

energies in complexes of a second row transition element 

(17), occurs beyond 50 kK. (20). 

Mossbauer Spectra 

Both the ligand field and Mossbauer spectra of the 

[FeX2(das)2]complexes have been studied. Before dis

cussing the ligand field spectral features, the Mossbauer 

results will be considered in order to determine the nature 

of the ground electronic state. 

The quadrupole splitting in high spin ferrous 

complexes has received considerable attention recently 

(21, 22, 23). Ingall (21) has derived an expression for 

the quadrupole splittings in these complexes as a function 

of the splitting of the t2g orbitals (&), temperature (T), 

2 degree of covalency (a ), and spin orbit coupling (^). An 

expression for the quadrupole splitting in low spin d"* 

complexes was not obtained however. This expression has 

been derived in the present research by the methods of 

Ingall. The details of this derivation are presented in 

Appendix B. 



The value of the quadrupole splitting is given by 

Q.S. = 1/2 e2Q(qval + qlat> 

where Q, the quadrupole moment of the first excited state 

of "^Fe, is taken (21) as .29 barn and qvâ  and q ât are 

electric field gradients at the nucleus due to the 

"valence" and "lattice" charge distributions respectively. 

q-£at is generally small compared to qvâ  (22) and will be 

neglected here. Then as a first approximation, spin-orbit 

coupling effects being neglected (21), 

qval = (l-SX4/7)<r_3>3dFfo,T)a2 

where (1-R) is the Sternheimer factor which is added to 
fi c 

correct for the polarization of the ferric-like ( S, 3d ) 

core by the electric field gradient of the valence distri

bution in high spin d^ complexes. In low spin d^ 

complexes, which can be treated as a one positron hole, a 

Sternheimer factor is probably unnecessary and R will be 

taken as zero. 

If the d_ orbital lies lowest in the low spin d~* xy 

tetragonal complexes 

WA m\ _ l-exp(-A/kT) 
f(A'T) 2+exp(-A/kT) 

(see Appendix B) which has the limit of 1/2 as T goes to 

zero and the limit of zero as T goes to infinity. 
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If the d d orbitals lie lowest xz yz 

which has the limit -1 as T goes to zero and the limit zero 

as T goes to infinity. Spin orbit coupling effects have 

been shown (21) to decrease F by as much as 80% in the high 

spin iron(ll) complexes. The above expressions are there

fore only to be taken as the maximum limit of F. 

Taking <r >3d 4.8 atomic units for the free ion 

as obtained from recent unrestricted Hartree-Fock calcula-

2 tions (24), and a = .8 which is the value used for high 

spin iron(ll) complexes (21, 22), the maximum splitting for 

the d orbital lowest is calculated to be .33 cm./sec. xy 

For the d , d orbitals lowest the maximum splitting is 
^ y & 

calculated to be .66 cm./sec. 

In the iron(ll) complexes (22, 23) the values of 

Q.S. were found to range from 5 to 70% of the maximum value 

allowed. Thus the values of Q.S. in the [FeX2das2] 

complexes can be expected to range from .017 to .23 cm./sec 

for the d orbital lowest and from .034 to .46 cm./sec for xy 

the d , d orbitals lowest. The values of Q.S. for the 

[FeX2(das)2][C10^] complexes are given in Table 5. At 

T = 4.2°K Q.S. is approximately equal to .25 cm./sec in 

both [FeC^^as^] [C10^] and [FeB^^as^] [C10^]. The 

large value of Q.S. in these complexes indicates that the 
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Table 5• Mossbauer Quadrupole Splittings (Q.S.) and Isomer 
Shifts (I.S.) for the Iron Complexes 

Compound: [FeBr^das^] [ClO^] 

Temp. (°K): 300 77 ^.2 

Q.S. (mm/sec): 2.28 2.*f8 2.^8 

I.S. (mm/sec): .2*f .2k 

Compound: [FeCl^das)^] [CIO^] 

Temp. (°K): 300 77 k.2 

Q.S. (mm/sec): 2.2^ 2.kk 2.k6 

I.S. (mm/sec): .20 .20 

Compound: [FeBrNO(das)^\[CIO^] 

Temp. (°K): 77 k.2 

Q.S. (mm/sec): l.O^f l.O^f 

I.S. (mm/sec): .12 .12 
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2 d , d orbitals lie lowest, which results in a B9 ground 
XZ ™ 

state as predicted by ligand field theory. 

The room temperature magnetic moment of 

[FeC^Cdas^] has been measured (11) and is found to be 

2.34 B.M. This is considerably higher than the spin only 

value of 1.73 B.M. expected for one unpaired electron. A 

high magnetic moment in this compound can be expected to 

arise by two possible mechanisms. In the first mechanism 

the high moment arises by the combined action of spin orbit 

coupling and a small splitting of the t2g orbitals (25). 

This is presumably the mechanism by which spin paired 

octahedral d^ complexes such as K^Fe(CN)^ and 

[Fe^-phen)^][ClO^]^ get their high magnetic moments (25). 

The presence of a thermally accessible quartet state could 

also cause an increase in the room temperature magnetic 

4 moment. Figure 10 shows that a component of the T-^ level 

in octahedral symmetry can drop down and become the ground 

state in the presence of a large axial field. A quartet 

ground state has been found for FeCl[820^(02^)2]2 (26). 

Using values of the ligand field parameters found for the 

other o-phenylenebis(dimethylarsine) complexes studied, 

the ^2 state in the [FeX2(das)2]"'"+ compounds is predicted 

- 1  2  to lie anywhere from 500 cm. above the B2 ground state 

to approximately 6000 cm. ^ below it, in which case the ^A^ 

state would become the ground state. The magnetic moment 

in [FeCl2(das)2]rules out a quartet ground state but 
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indicates that the quartet level may be thermally occupied. 

It was therefore of interest to determine the effect of a 

thermally accessible quartet state on the quadrupole 

splitting. It is assumed that the d 2 orbital becomes 

thermally populated as it is the orbital which is expected 

to decrease in energy in the presence of an axial stabili

zation. The effect of the occupancy of the dz2 orbital on 

the quadrupole splitting can be calculated as in the 

previous manner (see Appendix B). For the d^ orbital 

lowest 

tt//v ai rr\ — l-exp(-A/kT) - 3exp(-£/kT) 
Fta,a ,t; -  2+eXp(-a/kT) + 2exp(-A/kT) 

where A equals the energy separation between the d and xy 

d , d orbitals and A' is the energy required to promote Au y & 

an electron from the d^ orbital to the dz2 orbital. In 

the limit as T goes to zero F goes to 1/2, and in the limit 

as T goes to infinity F goes to -3/5. For d , d lowest xz y z 

_ -l+exp(-A/kT) - 3exp(-A/kT) 
' >T) ~ l+2exp(-A/kT) + 2exp(-^/kT) 

where in this case A" is the energy required to promote an 

electron from the d , d orbitals to the d 2 orbital. In XZ y Z Z 

the limit as T goes to zero F goes to -1 and in the limit 

as T goes to infinity F goes to -3/5. It is thus predicted 

that in the case of the d orbital lying lowest the xy 

quadrupole splitting should first decrease and then 
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increase as the temperature is raised above 0°K, whereas in 

the case of the d , d orbitals being lowest the xz' yz ° 

quadrupole splitting is expected to just decrease slightly. 

This is in contrast to the situation in which there is no 

thermally accessible quartet state where the quadrupole 

splitting should go to zero as T goes to infinity. The 

small temperature dependency of the quadrupole splitting 

in the [FeX2(das)2]complexes would indicate that the 

dXZJ dyZ orbitals are lowest if the quartet state is 

actually being populated. In the absence of any data on 

the exact magnitude of or A" it is not possible to say 

whether the above interpretation is correct. The results 

at T = 0 however, will be the same as in the case where 

there is no thermally accessible quartet state. 

Ligand Field Spectra of the Tetragonal Complexes 

Returning to the ligand field spectra of the 

[FeX2(das)2] *"+ complexes, it can be seen from Table 4 that 

there are at least three d-d transitions observable. The 

band at approximately 5.0 kK. is of particular interest . 

since it is the lowest energy transition found in any of 

the o-phenylenebis(dimethylarsine) complexes. It can be 

seen from the energy level expressions given in Figure 8 

2 that one of the components arising from each of the T^ 

2 and T2 excited states in octahedral symmetry should become 

the lowest excited doublet states in symmetry. From 
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the iron(II) and cobalt(lll) o-phenylenebis(dimethylarsine) 

complexes Dt was found to be on the order of 1000 cm. 

This would require that Ds be on the order of 2000 cm. ^ 

since it was found from the Mossbauer results that the 

d , d orbitals are lowest, and 3Ds-5Dt, the splitting of XZ y Z 

the t2g orbitals, must be positive for this to be the case. 

Experiments have shown (22, 27) that the splitting of the 

t2g orbitals is of the order of 1000 cm."''" for complexes 

having axial stabilization, and this is what would be 

obtained for the [FeX2(das)2]complexes with Dt = 

1000 cm. ^ and Ds = 2000 cm. ^. 

Using these values of Ds and Dt and the values for 

Dq, B, and C used to fit the [Fe(edas)^] spectrum, 

2 2 the B2 —> transition is calculated to occur at 

2 2 approximately 6 kK. while the B2 —> B2 transition is 

calculated to occur at approximately 8 kK. Since there are 

no transitions observable in the region between 5 and 14 kK. 

in the [FeX2(das)2]complexes, the band at 5.0 kK. is 

2 2 2 2 
assigned to the B2 —> B2 transition. The B2 —> A2 

transition probably occurs below 4 kK. The next highest 

2 energy transition should be that to the B^ state arising 

2 
from A2 in octahedral symmetry. This is calculated to 

occur at approximately 12 kK. A band is observed at around 

14 kK. in all of the [FeX2(das)2]^ complexes and is 

2 2 tentatively assigned to the B2 —» B^ transition. The 

2 next four states which occur above the B^ excited state 
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are all calculated to occur in the energy range of 15 to 

17 kK. This is the range in which a fairly intense charge 

transfer band occurs in all of the complexes. A ligand 

field band is observed however, at about 18 kK. in all of 

the complexes. This is assigned to the transition from the 

2 ground state to the two degenerate E levels arising from 

2 2 2 the T^, T2 levels in octahedral symmetry. These E 

levels would be predicted to be the highest energy levels 

in this region of the spectrum since they are expected to 

2 undergo strong configuration interaction with the E level 

just below them. 

Charge Transfer Spectra 

Several charge transfer bands are observed in the 

visible and ultraviolet spectrum. The band at 18.1 kK. in 

the chloride and 16.4 kK. in the bromide is again assigned 

to the Ti(X) —* ^2g'eg^ transiti°n« The next highest 

band, occurring at 27.3 kK. in the chloride and 24.5 kK. in 

the bromide is assigned to the a-^ —> ^2g'eg^ transition. 

It can be noted from Table 2 that there is a 

relatively constant energy difference between the first two 

charge transfer bands in all of the complexes studied. 

This is particularly evident in the case of the bromide 

complexes where the energy difference ranges between 6 and 

8 kK. This strongly supports the assignment of these bands 

as halide to metal charge transfer transitions. A third 



band which is observed at approximately 45 kK. in the 

FeX2(das)2 complexes and at approximately 31 kK. in the 

[FeX2(das)2] *'+ complexes is virtually unaffected by the 

nature of X. This band is most reasonably assigned as the 

b-^g ^2g'eg^ transiti°n (Figure 5). The b-^ level is 

composed mostly of the arsenic sigma orbital and the energy 

of a charge transfer transition arising from this level 

would be expected to be independent of the nature of X. 



PART II 

NITROSYL COMPLEXES 

46 



INTRODUCTION 

Transition metal nitrosyls having NO stretching 

frequencies above 1500 cm.-*" are normally considered to 

contain the (NO)+ group. This classification can be 

criticized on several grounds. The region between 

1500 cm."''" and 1700 cm.-"'" is normally associated with 

double bonds, and (N0)+ is formulated as having a triple 

bond. The chemistry of nitrosyl complexes having low NO 

frequencies is also inconsistent with the formal oxidation 

state of the metal atom derived from (NO)*. 

The research presented in this section is concerned 

with the preparation and characterization of several new 

nitrosyl complexes of the type [FeXNOCdas^]and 

[CrXNO^as^]^'"''* (where X is a halide and das is o-

phenylenebis(dimethylarsine)). The preparation of a 

pentacoordinate complex, [FeNO^as^] and a dinitrosyl 

anion, [FeX2(NO)2]is also described. A comparison of 

the chemical properties of the nitrosyls [MXNOLg]^"*" with 

the dihalides [MXgl^]'''"'" (where M is chromium, iron or 

cobalt, X is a halide and L is either o-phenylenebis-

(dimethylarsine) or ethylenediamine) is made and the 

spectral properties of the dihalides as discussed in Part 

I are compared to those of the nitrosyls. Both the 
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chemical and spectral properties of the nitrosyls are 

interpreted on the basis of (N=0) bonded to metal(lll). 



EXPERIMENTAL 

Materials, Analyses and Apparatus 

All of the nitrosyl reactions described below were 

carried out using the apparatus shown in Figure 11. 

Nitrogen was freed from oxygen by passing it over a bed of 

"BTS" catalyst obtained from Badische-Anilin and Soda 

Fabric, New York. The anhydrous iron halides were obtained 

from Alfa Inorganics Inc. Ferrous perchlorate hexahydrate 

was obtained from G. Frederick Smith Co. Anhydrous 

chromous chloride was obtained from Fisher Scientific 

Company. The nitric oxide obtained from Matheson 

Scientific Inc. was purified by passing it through a dry 

ice-acetone trap containing Linde-4A molecular sieve. The 

compounds were analyzed for C, H, N, 0, and halogen by 

Huffman Laboratories, Wheatridge, Colorado. The oxygen 

content of several of these compounds was also inde

pendently determined by neutron activation analysis at 

Argonne National Laboratory, Argonne, Illinois. 

Preparation of Compounds 

The general procedure for preparing the nitrosyl 

complexes was as follows. The iron halide or hydrated 

perchlorate dissolved in oxygen free methanol was placed 

in the Schlenk tube shown in Figure 11. Next the system 
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Figure 11. Apparatus for the preparation of the nitrosyl 
complexes 



was purged with nitrogen and then nitric oxide. The nitric 

oxide flow rate was kept to a minimum so that any nitrogen 

dioxide present would be completely absorbed by the trap. 

As soon as nitric oxide evolution was noted at the bubbler 

the magnetic stirrer was turned on and the solution allowed 

to equilibriate with nitric oxide. The solution could be 

seen to darken gradually as nitric oxide was absorbed. 

When equilibrium was reached (this could be determined by 

closing the stopcock on the Schlenk tube and noting that no 

solution was being sucked up the capillary bubbler tube) a 

solution of o-phenylenebis(dimethylarsine) in oxygen free 

methanol was added dropwise from the dropping funnel. 

During the addition of o-phenylenebis(dimethylarsine), 

further uptake of nitric oxide could be noted due to the 

equilibration of the iron nitrosyl species in solution. It 

was therefore necessary to add the o-phenylenebis-

(dimethylarsine) slowly (4 or 5 drops at a time) and then 

reequilibrate the system with nitric oxide before further 

addition. This method of addition avoids the possibility 

of depleting the reactive Fe-NO adduct thereby precipitating 

non-nitrosyl o-phenylenebis(dimethylarsine) iron complexes. 

After the addition is complete the system is 

purged with nitrogen and the solution filtered under a 

nitrogen atmosphere using a specially designed filter frit 

fitted with a standard taper 24/25 joint. 



After isolation and drying in vacuum at 60°, all of 

the nitrosyl complexes still contain residual methanol 

which can only be removed by recrystallization. This is 

accomplished by dissolving about 1 g. of the complex in 

50 ml. of oxygen free dichloromethane, filtering, and 

cooling the filtrate to -78°. Hexane is then slowly added 

dropwise (20 to 50 ml.) while the solution is allowed to 

warm to room temperature. The resulting crystalline solid 

is then removed by filtration, washed with 50% 

dichloromethane-hexane and dried at 60° in vacuum. 

[FeB^Cdas^] [FeBr^] and [CoX2(das)2] were prepared as 

described by Nyholm (12, 13). 

Nitrosyldif o-phenylenebis(dimethylarsine)] 
ironCIIIj diperchlorate 

A 2.5 g. sample of Fe(ClO^^*6^0 was dissolved in 

90 ml. of methanol, and equilibrated with nitric oxide. A 

total of 2.0 g. of o-phenylenebis(dimethylarsine) dissolved 

in 20 ml. of oxygen-free methanol was added dropwise. The 

complex precipitates as a dark blue crystalline solid and 

was filtered under nitrogen, washed with several small 

portions of oxygen-free methanol, and dried under vacuum 

at 60° overnight (yield: 2.0 g.; 66% based on o-

phenylenebis(dimethylarsine)). The compound was recrystal-

lized from dichloromethane-hexane. The dry solid is air 

stable, but solutions are readily oxidized by air. 



Anal. Calcd. for [FeNO(C6H4[As(CH3>2]2>2][C104]2s 

C, 28.0; H, 3.8; CI, 8.2; N, 1.6; 0, 16.8. Found: C, 

28.1; H, 4.0; CI, 8.4; N, 1.4; 0, 15.7.1 X = 2.05 x 10~6 
O 

c.g.x. units; H = 2.32 Bohr magnetons = 172 Mhos 

equiv. ^ in methanol. 

Bromonitrosyldir o-phenylenebis(dimethylarsine)l 
ironCIIIJ perchlorate 

To a slurry of 1.0 g. of [FeN0(das)2][ClO^]2 in 

50 ml. of methanol was added 0.012 g. of LiBr. The mixture 

was heated to boiling and then cooled to 0° after which the 

dark green crystalline solid was removed by filtration, 

washed with a little methanol, and dried under vacuum 

(0.9 g., 90% based on [FeN0(das)2J[C104J2). The complex 

was recrystallized from dichloromethane-hexane. 

Anal. Calcd. for [FeBrNO(C6H4[As(CH3)2]2>2]C104: 

C, 28.7; H, 3.9; Br, 9.5; CI, 4.2; N, 1.7; 0, 9.8. Found: 

C, 28.8; H, 4.1; Br, 9.5; CI, 4.4; N, 1.6; 0, 10.0. 
- 6 = 1.10 x 10 c.g.s. units; [i = 1.80 Bohr magnetons; 

© 

Ao = 105.2 Mhos equiv. in methanol. 

Chloronitrosyld di fo-phenylenebi s(dimethylarsine)1 
ironllll) perchlorate" 

The procedure used for preparing the bromide was 

followed. 

1. The sample exploded during pyrolysis so that 
some error in the oxygen analysis is expected. 



Anal. Calcd. for [FeClNO(C6HA[As(CH3>2]2)2]C104: 

C, 30.3; H, 4.1; CI, 8.9; N, 1.8; 0, 10.3. Founds C, 

30.5; H, 4.3; CI, 9.2; N, 1.7; 0, 10.1. 

Cyanonitrosyldir o-phenylenebis(dimethylarsine)] 
iron(III) perchlorate 

The procedure used for preparing the bromide was 

followed, except the solution was evaporated under vacuum 

to 10 ml. and the yellow solid removed by filtration. This 

complex was then recrystallized from dichloromethane-

hexane. 

Anal. Calcd. for [Fe(CN)(NO)(C6H4[As(CH3)2]2>2]C104 

C, 32.2; H, 4.1; CI, 4.5; N, 3.6. Found: C, 32.3; H, 4.3; 

CI, 6.3; N, 3.6. 

Bromonitrosyldif o-phenylenebis(dimethylarsine)1 
iron(III) bromide 

Anhydrous ferrous bromide (1.5 g.) was dissolved in 

75 ml. of methanol, a .d N02~free nitric oxide passed into 

the solution until the solution would no longer absorb 

nitric oxide. A solution of 4.0 g. of o-phenylenebis-

(dimethylarsine) was then added dropwise with reequilibra-

tion of the solution with nitric oxide after each addition. 

After about half of the o-phenylenebis(dimethylarsine) 

solution was added, a violet colored solid had formed and 

no further absorption of nitric oxide was noted. The rest 

of the o-phenylenebis(dimethylarsine) was then added 

rapidly, the solution stirred for 5 min., and 75-100 ml. of 



diethyl ether added with stirring to the green solution. 

The resulting solid was removed by filtration and dried at 

60° under vacuum. This complex was then recrystallized 

from dichloromethane-hexane (yield, 50%, based on o-

phenylenebis(dimethylarsine)). 

Anal. Calcd. for [FeBrNOCC^H^AsCCHg^^^- 1̂̂  

C, 29.4; H, 3.9; Br, 19.5; N, 1.7; 0, 2.0. Founds C, 

29.5; H, 3.9; Br, 19.1; N_, 1.5; 0, 1.9. 

IodonitrosyldiT o-phenylenebis(dimethvlarsine)] d * i ' jyyf\ * j*j ' " iron(III) iodide 

The procedure used to prepare [FeBrNOCdas^jBr was 

also used to prepare this green complex (yield, 50% based 

on o-phenylenebis(dimethylarsine)). Both the elemental 

analysis and the infrared spectrum showed the presence of 

methanol in the complex. 

Anal. Calcd. for [FeINO(C6H4[As(CH3>2]2>2]I-C^OHs 

C, 26.7; H, 3.9; N, 1.5; 0, 3.4. Found: C, 26.6; H, 3.7; 

N, 1.2; 0, 3.5. 

BromonitrosyldiT o-phenylenebis(dimethylarsine)1 
iron IIII) dibromodinitrosylironQIlfT 

It was noted in the preparation of [FeXN0(das)2]X 

that halfway through the addition of o-phenylenebis-

(dimethylarsine), a dark violet colored solid always 

appeared, and that no further nitric oxide absorption could 

be observed. This solid, prepared in either methanol or 
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tetrahydrofuran, was removed by filtration, and recrystal

lized from dichloromethane-hexane. 

Anal. Calcd. for [FeBrNO(C6H4[As(CH3>2]2)2] 

[FeBr2(NO)2]: C, 23.7; H, 3.2; Br, 23.7; N, 4.2; 0, 4.7. 

Found: C, 24.5; H, 3.6; Br, 23.0; N, 3.8; 0, 5.0. Xz = 
O 

2.34 x 10~6 c.g.s. units; [FeBr2(NO)2J") = 1.83 Bohr 

magnetons. 

IodonitrosyldiT o-phenylenebis(dimethylarsine)] 
iron^IIIj diiododinitrosyliron{lII> 

Method 1. This compound was prepared exactly as 

the bromide. 

Method 2. The compound is also readily prepared by 

reacting [Fe(NO)2l]2 with o-phenylenebis(dimethylarsine) in 

hexane. Excess o-phenylenebis(dimethylarsine) was added 

dropwise (neat) to a solution of 0.1 g. of [Fe(NO)2I]2 in 

20 ml. of hexane. The purple colored precipitate was 

removed by filtration and recrystallized from dichloro

methane-hexane . 

Anal. Calcd. for [FeIN0(C6H4[As(CH3)2]2)2] 

[FeI2(NO)2]: C, 20.8; H, 2.8; N, 3.6; 0, 4.2. Found: 

C, 21.2; H, 3.2; N, 3.2; 0, 4.8. Y = 1.83 x 10~6 c.g.s. 
© 

units. 

Bromonitrosyir o-phenylenebis(dimethylarsine)] 
iron(lVj ditribromide 

Bromine was slowly added to a solution of 1 g. of 

[FeBrN0(das)2]Br in methanol. The green solution rapidly 
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turned yellow and an orange crystalline solid precipitated. 

This compound was removed by filtration, recrystallized 

from acetonitrile containing a few drops of bromine, and 

dried at 60° in vacuum. 

Anal. Calcd. for [FeBrNOCC^H^AsCCH^^^^K®1̂ ^* 

C, 19.7; H, 2.7; Br, 45.9; N, 1.2. Found: C, 20.3; H, 

2.7; Br, 43.9; N, 0.9. 

BromonitrosylT o-phenvlenebis(dimethylarsine)1 
iron(.IvJ bromoperchlorate 

A 1 g. sample of [FeNOCdas^][CIO4J2 was swirled in 

methanol and excess bromine added slowly. The blue solid 

rapidly turned orange and after 5 minutes of additional 

stirring the solid was removed by filtration. The compound 

was recrystallized from water containing .1 N HBr and dried 

at 60° in vacuum. 

Anal. Calcd. for [FeBrNO^kH^jAsCCH^^^^J®17 

C, 26.2; H, 3.5; N, 1.5; Br, 17.4; CI, 4.4. Found: C, 

28.9; H, 4.6; N, 1.6; Br, 15.9; CI, 4.4. 

Bromonitrosyldir o-phenylenebis(dimethylarsine)"] 
ironCIVj dibromodinitrosyliron(.III) bromide 

The use of concentrated FeB^ solution in the 

preparation of [FeBrN0(das[FeB^CNO^] results in impure 

material. The infrared spectrum indicated the presence of 

[FeBrNOCdas^] ̂+. The material was extracted with 

dichloromethane leaving a brown residue. This brown 

complex could not be recrystallized, but the infrared 
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spectrum (see Figure 12) and elemental analyses were 

satisfactory for this compound. 

Anal. Calcd. for [FeBrNO(C6H4[As(CH3>2]2)2] 

[FeBr2(NO)2]Br: C, 22.0; H, 3.0; Br, 29.2; N, 3.8; 0, 4.4. 

Found: C, 22.0; H, 3.3; Br, 31.7; N, 3.3; 0, 4.3. 

Chloronitrosyldir o-phenylenebis(dimethylarsine)] 
chromium (,III) perchlorate 

Approximately 3 g. of anhydrous chromous chloride 

was slurried in 300 ml. of oxygen free A.R. acetone and the 

solution heated to boiling in a large Schlenk tube. The 

slurry was then cooled to room temperature and nitric 

oxide passed into the system while the solution was 

rapidly stirred. After equilibrium between the solution 

and nitric oxide was reached, two ml. of o-phenylenebis-

(dimethylarsine) dissolved in 20 ml. of acetone was added 

in 5 ml. portions. After each addition the solution was 

reequilibrated with nitric oxide. After the addition of 

o-phenylenebis(dimethylarsine) was complete, the solution 

was filtered under nitrogen in order to remove any undis

solved chromium salts. The filtrate was then evaporated to 

one half of its original volume under vacuum and allowed to 

stand overnight before being filtered. The resulting 

filtrate was then reduced to approximately 15 ml. and 

allowed to stand for 2 hours. The solution was then 

filtered and 1.6 g. of a light green solid collected and 

dried at 60° under vacuum. To the final 15 ml. of filtrate 
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Figure 12. Infrared spectra as Nujol mulls of (a) 
[FeNO(das)o][C10/J 9; (b) [FeClN0(das)9][C10A]; 
lc) [FeBrN6{aas)3]Br;. (d) [FeBrNOCdasJo] 
FeBro(N0)2]» (e) [FeINO(das)2lI; (f) 
'FeINO(das721[FeI2vNO)2l; (g) [FeBrNO(das)2] 
"Br^^J (h) [FeBrN0(das)9][FeBr9(N0)9]Br 
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was added 200 ml. of diethyl ether which resulted in 

another .9 g. of solid. The combined fractions (2.5 g.) 

were then dissolved in 30 ml. of hot oxygen free methanol 

and a slight excess of NaClO^ added. Upon cooling a yellow 

crystalline solid precipitated which was filtered off under 

nitrogen, washed with a little methanol and dried at 60° 

under vacuum. The filtrate was evaporated to one half its 

original volume and after standing overnight a second crop 

of yellow crystals was obtained. The total yield of 

[CrClNO^as^] [ClO^] was 0.5 g., 12.5% based on o-

phenylenebis(dimethylarsine). This material was recrystal-

lized from dichloromethane-hexane in order to remove 

residual methanol not removed by drying under vacuum at 

60°. 

Anal. Calcd. for [CrClN0(C6H4[As(CH3)2]2)2]C104: 

C, 30.4; H, 4.1; CI, 9.0; N, 1.8. Founds C, 31.6; H, 4.6; 

CI, 9.4; N, 1.9. Xe = 0.95 x 10 ^ c.g.s. units; (i = 1.70 
O 

Bohr magnetons. 

ChloronitrosyldiT o-phenylenebis(dimethylarsine)] 
chromiumCH ) 

A 0.2 g. sample of [CrClNO^as^] [ClO^] was dis

solved in 10 ml. of methanol and approximately 0.1 g. of 

finely divided sodium dithionite added. The solid sodium 

dithionite slowly turned yellow and then bright orange as 

the solution was stirred and heated to boiling for half an 

hour. The orange solid was filtered off and dried at 60° 
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under vacuum. This solid material was then finely ground 

and slurried in 125 ml. of oxygen free dichloromethane in 

which it dissolved giving a bright orange solution and an 

insoluble white residue. The residue was then filtered off 

and the filtrate evaporated under vacuum to approximately 

20 ml. in volume. Sixty mg. of bright orange CrClN0(das)2 

was obtained and dried at 60° under vacuum overnight. 

Anal. Calcd. for CrClNO(C6H4[As(CH3)2]2>: C, 34.8; 

H, 4.7; CI, 5.1; N, 2.0. Found: C, 35.7; H, 4.8; CI, 5.3; 

N, 2.2. 

Physical Measurements 

The infrared spectra were obtained using a Perkin-

Elmer Model 337 infrared spectrophotometer. The reflec

tance spectra were measured on a Zeiss PMQ-II equipped with 

a standard reflectance attachment, and a specially fabri

cated PbS detector for measurements from 4 to 15 kK. The 

solution spectra and transmission spectra of solids were 

recorded using a Cary Model 14 spectrophotometer. The 

samples of the solid compounds were prepared as fluoro-

carbon mulls and sandwiched between two transparent quartz 

discs 2 mm. thick. The reference was prepared by mulling 

lithium fluoride with the fluorocarbon grease, and 

sandwiching this mull between two 2 mm. thick quartz discs. 

The conductivity measurements were carried out using 

methods previously described (28). The magnetic 
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susceptibilities were obtained at room temperature using 

the Gouy method. 



RESULTS 

The elemental analyses establish unequivocally that 

the reaction between nitric oxide and ferrous salts in the 

presence of o-phenylenebis(dimethylarsine) results in 

compounds with the composition FeX2N0(das^• It is well 

known (29) that reactions of nitric oxide can also lead to 

hyponitrites which are isomeric with the nitrosyl group. 

In order to distinguish between a coordinated nitrosyl 

group and a hyponitrite dimer containing two iron atoms, 

the conductivity in solution and x-ray powder patterns of 

the crystalline solids were obtained. In methanol 

[FeNCKdas^][ClO^^ is a 2:1 electrolyte and 

[FeBrNCKdas^jBr is a 1:1 electrolyte, thus proving that 

these compounds exist as monomers in solution. 

The monomeric composition and trans stereochemistry 

of the iron(lll) complexes in the crystalline solid have 

been established by a comparison of their x-ray powder 

patterns with those of the [CoX2(dascompounds (see 

Figure 13). The trans stereochemistry of the [CoX2(das)2]X 

compounds has been determined by x-ray crystallographic and 

spectroscopic studies (6, 30). 

The [FeX2(das)2]X compounds have powder patterns 

which are identical to the analogous cobalt complexes. The 

powder patterns of [FeNOBr^as^jBr and [FeNOB^das^] [C10^] 
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Figure 13. Densitometer traces 
of (a) trans-[CoCl 

CIO 

: the x-ray powder patterns 

FeCl2(das)2]tC104?;d(c 2̂3crC1^0^dis]2][C104]: 
[d) trans-[CoBr?(das)o][CIOA]; (e) [FeBro(das)o] 

Oa]: (f) [Fe6rNO(das)2][Cl04]: (g) Z Z 

CIN0(das)2][CIOA]; Ch; trans-[CoBr2(das)2]Br; 
CIO 
Fe 
(i) [CoBrNO 
(k) [FeBrNO( 
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[FeBr2(das)2][FeBr4]; 
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are almost identical to those of [CoBr2(das)2]Br and 

[CoBr2(das)2][CIO^] respectively. Moreover single crystals 

of trans-[CoBr2(das)2]Br have been grown which contain 1 to 

5% of [FeBrNO(das)2]Br. 

Although [FeClN0(das)2][C104] and [FeINO(das)2]I 

have powder patterns which are not similar to the analogous 

dihalide iron and cobalt complexes, the similarity of the 

near I.R. and visible absorption spectra (Figure 14 and 

Table 6) of these two nitrosyls to that of trans-

[FeBrNO(das)2]Br indicates that they are also the trans 

isomers. The powder pattern of [FeClNO(das)2J[ClO^] is 

also similar to that of trans-[FeBrNO(das)2][ClO^]. Thus 

all of the nitrosyl compounds mentioned above contain the 

six coordinate monomeric cation, [FeXNO(das)2] in which 

the halide is trans to the nitrosyl group. This is illus

trated in Figure 15. 

The composition of the first compounds formed, 

Fe^^NCO^das^ from the reaction between o-phenylenebis-

(dimethylarsine), nitric oxide, and ferrous salts required 

that they be further investigated. When Fe^^NCO^das^ 

is dissolved in methanol at room temperature, and lithium 

perchlorate added, the perchlorate salt of trans

it FeXNO(das)2] "'"+ immediately precipitates from solution in 

essentially quantitative yield (based on the above formula

tion). Numerous attempts were made to isolate the anion 

from these solutions by using large cations such as 
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Table 6. The NO Frequencies and Electronic Absorption Spectra of the Iron and Chromium Nitrosyls 

Compound -1 
Freq. (NO) (em. ) Absorption max.., kK. (£max . M 

-1 -1 em. ) 

trans-[FeClNO(das)
2

] [Cl0
4

]a 1620 10.6(---) 13.7(---) 17.5(---) 24.5(---) 

trans-[FeBrNO(das)
2

]Br 1625 l0.6(170)b l3.5(sh.) 17.3(190) 24.0(sh.) 

trans-[ FeiNO(das) 2]I 1640 l0.5(350)b 13 .O(sh.) 16.8(380) unobs. 

[FeNO(das) 2 ][Cl04] 2 
c 

1760 6.1(---) 16.7(---) 17.9(-- -) 

trans- [CrClNO(das) 2 ][C104] 1690 l0.5(40)d 17.7(---) 21.7(1,200)d 

25.6(1,800)d 30.3(1,600) 37.7(30,000) 

[CrClNO(das) 2] 1590 

aObserved as reflectance spectrum only. 

b -3 10 M in CH
3

0H. 

c Observed as mull transmission spectrum only. 

d -3 10 Min CHC1
3

. 

.........., 

0 
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Structure of the trans-[ MXNO(das ) 2 ] complexes 
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(CH^)^*, and [CoBr2(das)2J but all these attempts have 

thus far failed. 

Nyholm (11) has isolated an iron compound, 

[FeBr2(das)2] [FeBr^] , of similar composition from the reac

tion between FeBr^ and o-phenylenebis(dimethylarsine), and 

has shown it to contain the [FeBr^]" ion. This compound 

was prepared again, and its x-ray powder pattern compared 

with that of Fe^^(NO)^(das)2• The powder patterns are 

almost identical, and the compounds have essentially the 

same structure. If this conclusion is correct, in addition 

to the NO frequency of [FeBrNO(das)2]"'"+ at 1625 cm.-"'', 

there should be two additional bands in the infrared 

spectrum of this compound due to the anion [FeBr2(NO)2] . 

Two strong bands are found in the infrared spectra of both 

[FeBrN0(das)2][FeBr2(N02] and [FeINO(das)2J[FeI2(NO)2] in 

addition to the absorption band due to the cation (Figure 

12). 

When Fe^r^NO^^as^ is dissolved in methanol at 

room temperature and excess o-phenylenebis(dimethylarsine) 

added, [FeBrNO(das)2]Br is obtained in approximately 66% 

yield based on the amount of iron present. If the complex 

is formulated as the cation anion species [FeBrNO(das)2] 

[FeBr2(NO)2], the above reaction with o-phenylenebis-

(dimethylarsine) indicates that the anion must be reacting 

to form more of the [FeBrNO(das)2]Br complex. If this were 

not the case, a maximum of 50% yield based on the amount of 
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iron present would be expected. A reaction of this type 

has been observed by Hieber and Kramolowsky (31). When 

triphenyl phosphine is reacted with an iron dinitrosyl 

halide dimer the following reaction occurs. 

[Fe(NO)2X]2 + 5P03 —> Fe(NO)(P03)2X2 

+ Fe(NO)2(P03)2 + 1/2N2 + OP^H^ 

In this case the monodentate ligand P03 gives a five 

coordinate mononitrosyl complex along with a four 

coordinate dinitrosyl species. 

When the filtrate from the preparation of 

[FeBrNO(das)2]Br by the reaction of [FeBrNO(das)2] 

[FeBr2(NO)2J with o-phenylenebis(dimethylarsine) is evapo

rated to dryness, a tarry brown residue is left. This 

material could not be recrystallized, but when taken up in 

tetrahydrofuran the I.R. spectrum of the resultant solution 

showed two very sharp, intense NO bands at 1675 cm.-"'' and 

1720 cm. These bands are assumed to be due to the 

presence of Fe(N0)2das. This assumption is supported by 

the fact that the analogous brown triphenylphosphine 

complex, Fe(NO)2(P03)2 has two NO bands at 1679 cm. ^ and 

1723 cm. ^ (32). From the above evidence the reaction 
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2[FeBrNO(das)2][FeBr2(NO)2] + 4 das —» 

3[FeBrNO(das)2]Br + Fe(NO)2das + 1/2 N2 

+ C6H4[AsO (CH3)2]2 

is postulated to account for the observed products. 

The isolation of intermediates with the composition 

[FeXNO(das)2][FeX2(NO)2] was quite unexpected in view of 

the earlier report (33) that solutions of ferrous salts 

react with nitric oxide to give complexes with the composi

tion FeX2NO. Since only solids of indefinite composition 

had been isolated by Griffith (33), solutions containing 

ferrous salts and nitric oxide were investigated by examin

ing their infrared spectra. These complex anions are ob

tained from either methanol or tetrahydrofuran, but the 

latter solvent was chosen for experimental convenience. 

Ferrous bromide in tetrahydrofuran was equilibrated with 

nitric oxide and the infrared spectrum of this solution is 

shown in Figure 16. Clearly, there is one predominant 

nitrosyl species present in this solution. Since the 

single NO frequency corresponds well to those reported (33) 

for other mononitrosyls of the type [Fe(NO)(solvent)^] > 

this absorption band was ascribed to FeBr2NO(THF)^. Addi

tion of one equivalent of o-phenylenebis(dimethylarsine) to 

this solution results in the formation of [FeBrNO(das)2] 
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Figure 16. The NO stretching region of tetrahydrofuran 
solutions (a) saturated with NO, (b) containing 
0.01 M FeBr? saturated with NO, and (c) con
taining 0.01 M FeBr2 saturated with NO to which 
o-phenylenebis(dimethylarsine) has been added 
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[FeB^CNO^] (Figure 12) which is readily identified by its 

three nitrosyl bands. 

One possible explanation of these results is that 

the o-phenylenebis(dimethylarsine) reduces FeBrNO to 

FeBrNO followed by the oxidation of FeBrNO with more nitric 

oxide to give FeBrCNO^, which then reacts with o-

phenylenebis(dimethylarsine) to give [FeBrNO^as^] 

[FeBr2(NO)2] . To test this hypothesis, [Fe^NO^^ was 

prepared (34), dissolved in hexane, and reacted with o-

phenylenebis(dimethylarsine) giving [FelNO^as^] 

[Fel^NO^] in good yield. 

The magnetic susceptibility of the nitrosyl 

complexes was measured and further verifies their composi

tion. The compounds [FeXN0(das)2]X and [FeNO^as^] [CIO^]^ 

have magnetic moments near 2.0 Bohr magnetons corresponding 

to one unpaired electron as expected for a low spin 

iron(lll) complex. The dinitrosyl anions [FeX2(NO)2] 

should have one unpaired electron per iron as well. The 

magnetic susceptibility of [FeBrNO^as^][FeB^^O^] was 

determined, and after correcting for the contribution of 

the cation to the total susceptibility, the magnetic moment 

of [FeBr2(NO)2]^ was found to be 1.8 Bohr magnetons. 

Again, the susceptibility is in agreement with that 

expected for one unpaired electron, and further verifies 

the composition of the anionic species present in these 

complexes. Electron spin resonance spectra were obtained 
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for the iron nitrosyls in solution and were characterized 

by one broad resonance having a g value near 2. No 

nitrogen or arsenic hyperfine structure could be observed. 

When ferrous perchlorate is treated with nitric 

oxide and o-phenylenebis(dimethylarsine), a compound with 

the composition [FeNOCdas^][ClO^^ is formed. The 

compound must be recrystallized from dichloromethane-hexane 

to remove the last traces of methanol, and can then be 

obtained analytically pure. With this composition, the 

diperchlorate could be either five coordinate, six 

coordinate with a perchlorate occupying the sixth 

coordination position, or six coordinate polymers with the 

nitrosyl serving as the bridging group. In solution, the 

diperchlorate is a 2:1 electrolyte, and reacts immediately 

in the cold with halide ions to form [FeXNO(das^+. If 

the perchlorate ion were coordinated to the metal, the 

symmetry of the perchlorate ion should deviate strongly 

from T^. It has been shown (35) that this deviation from 

tetrahedral symmetry leads to additional absorption bands 

in the infrared spectra of complexes in which the 

perchlorate ion is coordinated to the metal. A comparison 

of the infrared spectrum of [FeNO(das)g][ClO^j2 with that 

of [FeXNCKdas^][CIO^] gave no evidence for any additional 

absorption bands (Figure 12). This evidence is completely 

consistent with the properties expected for a penta-

coordinate complex. 
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All of the iron(lll) nitrosyls can be oxidized by a 

halogen to give diamagnetic compounds of the general type 

[FeXNOCdas^] . This series of yellow compounds can also 

be obtained by air oxidation of the iron(lll) nitrosyls in 

solution. The [FeXNCKdas^] salts can be recrystallized 

from solvents containing an oxidizing agent and yield well 

formed crystals which are stable in air but which are 

difficult to purify. If these compounds are dissolved in 

solvents free of oxidizing agents, reduction to 

[FeXNOCdas^] takes place. 

When first prepared, some samples of 
OJ. 

[FeBrNCKdas^] have two nitrosyl bands separated by 

25 cm.""'". The higher band disappears on recrystallization 

from water and is probably due to the cis isomer. 

An attempt was also made to reduce the 

[FeXNO(dascompounds with reducing agents such as 

sodium borohydride, sodium dithionite and sodium thio-

sulfate, but all such attempts led to compounds that did 

not contain a nitrosyl group. 

The powder pattern of [CrClNCKdas^] [CIO^] was 

compared to that of trans-[CoC^(das)2][CIO^] (Figure 13). 

The powder patterns are almost identical thus showing the 

monomeric composition and trans stereochemistry of the 

nitrosyl in the crystalline solid. 

The magnetic moment of 1.70 B.M. found for 

[CrClNCKdas^] is that expected for one unpaired 
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electron. The electron spin resonance spectrum of this 

compound in solution (Figure 17) is characterized by 

thirteen lines each of which is split into a triplet. (The 

end lines are obscured in Figure 17 due to the noise level 

of the instrument, however, these lines have been observed 

in another sample by blowing up the end region of the 

spectrum.) A thirteen line spectrum is expected to arise 

from four equivalent arsenic nuclei each having a spin of 

three halves. The arsenic hyperfine splitting is found to 

be 37.5 gauss. This is the first readily interpretable 

arsenic hyperfine splitting observed for a metal complex. 

[NiC^Cdas^][ClO^] also gives an E.S.R. signal but it has 

not been possible to interpret its complex spectrum. In 

[CrClNCKdas^] [CIO^] each of the arsenic hyperfine lines is 

split into a triplet due to the presence of the nitrogen 

nucleus which has a spin of one half. The nitrogen 

splitting is found to be approximately 5 gauss which is 
O _ 

quite close to the 5.3 gauss found for [CrNO(CN)^] ~ in 

solution (3) and indicates that the electronic structures 

of these two nitrosyls are similar. 

An accurate measurement of the magnetic suscepti

bility of CrClN0(das)2 could not be obtained as there was 

not enough material to completely fill the susceptibility 

tube. The measurements indicate, however, that the 

compound is weakly paramagnetic. A weak paramagnetism has 



Figure 17. E.S.R. spectrum of 10 ̂  M [CrClNOCdas^] [C10^] in 
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also been found for the analogous pentacyano nitrosyl 

K4[Cr(NO)(CN)5],2H20. 

The NO frequencies and electronic absorption spectra 

of [CrClNCKdas^] and CrClNCKdas^ are listed in Table 6. 

Table 7 compares the physical properties of nitrosyl 

complexes having the same formal oxidation state. It can 

be seen that from the standpoint of physical properties and 

the types of complexes formed the o-phenylenebis-

(dimethylarsine), cyanide, and amine nitrosyl complexes are 

closely related. 
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Table 7• Physical Properties of Some Related Nitrosyl Complexes 

Compound Color Freq,(N0)^cm,"1) Magnetism 

CrClN0(das)2 Orange 1590 Weakly paramag. 

K^[CrN0(CN)5]2H20 Blue 1515 Weakly paramag. 

[CrClN0(das)2][ClO^] Yellow 1690 = 1.7 B.M. 

[CrN0(NH^),_]ci Yellow 1690 

K5[CrN0(CN)5]H20 Green 16^5 = 1.87 B.M. 

[FeXN0(das)2]1+ Green 1600 to 16A0 = 1.8 B.M. 

[FeNOCCN)^]3" Blue 

[FeXN0(das)2]2+ Orange 1850 Diamag. 

Na2[FeN0(CN)5]2H20 Red Brown 19Mf Diamag. 

[CoXN0(das)2}L+ Red Brown 1550 to 1575 Diamag. 

[CoXN0(en)2]1+ Brown 1610 to 1655 Diamag. 

[CONO(NH5)5JCI2 Black 1610 Diamag. 



DISCUSSION 

There is both chemical and physical evidence that 

nitrosyl complexes having NO frequences in the range 1500 
_ \ 

to 1700 cm. should be considered as having the metal 

bound to (N=0)~. This region of the infrared spectrum is 

normally associated with double bonds and both the valence 

bond and molecular orbital formulation of (N=0) give rise 

to a nitrogen oxygen double bond. 

In complexes of the type [MXN0(daswhere 

M = Co, Fe or Cr, there is strong chemical evidence for 

assigning a formal oxidation state of +3 to the metal. In 

the preparation of the [CoXNOCdas^]^ complexes both cis 

and trans isomers can be isolated (4). This is strongly 

indicative of cobalt(lll) chemistry where both cis and 

trans [C0X2L2] •*""*" isomers can be isolated when L is 

ethylenediamine or o-phenylenebis(dimethylarsine) (6). 

The reaction of o-phenylenebis(dimethylarsine) with 

FeX2N0 to give [FeXNOCdas^][FeX2(NO)2] is characteristic 

of iron(lll) chemistry. This complex was found to be 

isomorphous with [FeX2(das)2][FeX^] which is formed when an 

iron(lll) halide is reacted with o-phenylenebis-

(dimethylarsine) (11). When the [FeXNO^as^] complexes 

are reacted with an oxidizing agent a second series of 

nitrosyls is obtained having the composition 

83 
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[FeXNO(das)^\• It is known that the iron(lll) complexes 

[FeC^Cdas^]^* and [FeB^^as^] can also be oxidized (36) 

to give a series of complexes having the composition 
OJ. 

[FeX2(das)2] . In the case of the cobalt complexes, how

ever, neither the nitrosyls [CoXNCKdas^]nor dihalides 

[CoX2(das)2]can be further oxidized. When the adduct 

CrC^NO reacts with o-phenylenebis(dimethylarsine) in 

acetone and NaClO^ is added, [CrClNOCdas^][CIO^] is 

obtained. This complex is isomorphous with [CrC^Cdas^] 

[CIO^] which is obtained in a similar procedure starting 

with CrCl3 (13). 

Thus the stereochemistry and chemical behavior of 

the [MXNCKdas^] complexes strongly support the assign

ment of (N=0) bonded to M+̂ . 

There is also strong physical evidence supporting 
— 1") 

the assignment of (N=0) bonded to M . The Mbssbauer 

spectrum of [FeBrN0(das)2][CIO^] has been observed and can 

be compared to those of the [FeX2(das)2][CIO^] complexes 

(Table 5). The important factor in determining oxidation 

state from Mossbauer spectroscopy is the isomer shift (37). 

It has been found that complexes having the same electronic 

configuration, formal oxidation state, and coordination by 

similar types of ligands have similar isomer shifts (22, 

23, 37). The isomer shift of .12 mm/sec in [FeBrNCKdas^] 

CIO^ is close to the .20 mm/sec found for [FeC^faas^JClO^ 

and the .24 mm/sec found for [FeB^faas^JClO^. 
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Further support for the assignment of (N=0)" to 

complexes having low NO frequencies comes from the magnetic 

behavior of N,N'-ethylenebis(salicylideneiminato)-

nitrosyliron(lll) (38). This compound undergoes an abrupt 

change from a quartet to a doublet spin state at 180°K. 

Below 180°K the compound has a magnetic moment corresponding 

to one unpaired electron and an NO frequency near 1630 

cm. Above 180°K it has a magnetic moment corresponding 

to three unpaired electrons and an NO frequency at 1715 

cm. ^. 

In a previous section the possibility of a doublet 

quartet equilibrium in d^ complexes was discussed. It was 

seen that a state in C v̂ symmetry arising from the 

4 octahedral T^ state could drop down and become the ground 

state if the axial field was large enough. Large axial 

fields are expected in pentacoordinate species since the 

dz2 orbital would be particularly stabilized. The five 

coordinate iron(lll) complex FeCl[S2CN(C2H^)2]2 has also 

been shown to have a quartet ground state (26). An x-ray 

structure study shows it to be square pyramidal with the 

chlorine at the apex (39). However, this compound does not 

undergo a doublet quartet equilibrium. 

In N,N'-ethylenebis(salicylideneiminato)-

nitrosyliron(lll) the abruptness in the change of the spin 

multiplicity at 180°K indicates that more than a simple 

temperature dependent boltzman type equilibrium is 
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operative. The abruptness indicates that a structural 

change takes place at 180°K. A crystal modification which 

changes the strength of the axial field thereby leading to 

an abrupt change in the ground state electronic configura

tion could account for this. Further work such as an x-ray 

study is needed to determine the nature of this change. 

The pentacoordinate complex [FeNOCdas^HClO^^ 

deserves brief mention here. Its high magnetic moment of 

2.3 B.M. at room temperature in contrast to the near normal 

1.8 B.M. in [FeBrNOCdas^][ClO^] may indicate the presence 

of a nearby quartet level. Temperature dependent magnetic 

susceptibility measurements should be undertaken on this 

compound to determine if it undergoes a doublet quartet 

equilibrium at higher temperatures. 

Probably the best evidence for the assignment of 

(N=0) is the similarity of the spectral features of 

trans-[CoXNCKen^] to those of trans-[CoX2(en)2] 

Figure 18 compares the spectrum of trans-[CoC^NH^)(en^JC^ 

and trans-[CoClN0(en)2]Cl. Both of these complexes have 

diamagnetic ground states. The absorption spectrum of 

trans-[CoClN0(en)2]Cl is quite characteristic of the 

absorption spectrum of tetragonal spin-paired d complexes 

(1, 17), the nature of which has been dealt with in Part I. 

Except for the additional absorption at 13.5 kK. the three 

absorption bands which occur at 18.0, 22.2 and 28.2 kK. in 

[CoClNOCen^JCl are quite similar in position to those of 
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Figure 18. Spectra of trans-[CoClN0(en)2]Cl (upper curve), and trans-
[CoC^NH^)(en^JC^ (lower curve) 
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[CoClCNH^Ken^jC]^. These three absorption bands are 

assigned to the ligand field transitions —• ̂E, 

^A^ —• "'"A2 and ^A^ —» ̂ 2, ̂E of a tetragonal d^ complex 

(Figure 3). It is then left to explain the additional 

transition at 13.5 kK. occurring in the nitrosyl. There 

are other nitrosyl compounds known which have absorption 

maxima occurring in this region. HNO has an electronic 

absorption at approximately 14 kK. (40). Several RNO 

complexes, where R is an alkyl or aryl group, have elec

tronic absorptions in the range 12-14.5 kK. with molar 

extinctions in the range of 10 to 50 (41). These compounds 

also have low NO stretching frequencies in the range 

1470-1560 cm."1. 

Structural studies have shown (42) that HNO has a 

bond angle of 110°, indicating that the hydrogen is bonded 
9 

through an sp hybrid orbital on the nitrogen. There is no 

structural information on the M-N-0 bond angle in the 

cobalt or iron nitrosyl complexes studied in the present 

research. Structural studies have been performed, however, 

on the dithiocarbamate nitrosyl complexes CoNO(S2CNMe2)2 

and FeN0(S2CNMe2)2 (43, 44). The cobalt complex has an NO 

stretching frequency at 1626 cm. In the iron complex 

the NO stretching frequency occurs at 1673 cm. These 

compounds can therefore be considered to have the same 

formal oxidation state as the [MXN0(das^ and 
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[MXNO^n^]complexes. The M-N-0 bond angle was found to 

be 139° in the cobalt complex and 160° in the iron complex. 

If it is assumed that the M-N-0 bond angle 

approaches 120° in [CoClNOCen^] as is the case for 

CoNO(S2CNMe2)2> the electronic transition at 13.5 kK. can 

be accounted for in the same way as the transitions in this 

region in the RNO compounds. In the RNO compounds one of 

2 the sp hybrids on the nitrogen atom forms a bond with 

oxygen giving rise to a (f and^* molecular orbital. A 
O 

second sp hybrid forms a ($ bond with the R group and the 

third contains a non bonding pair of electrons n. The 

remaining p orbital on the nitrogen can then bond with a p 

orbital on the oxygen to give rc and molecular orbitals. 

The three lowest energy transitions expected to occur are 

then n —n*, n and k —^ n* in order of increasing 

energy. The band at approximately 14 kK. (£ = 10 to 50) in 

the RNO compounds has been assigned to the symmetry 

forbidden n —» n* transition (45). The bonding scheme will 

be essentially the same in [CoClNO^n^] where the cobalt 

atom is now the R group. The band at 13.5 kK. (£ = 32) in 

[CoClNOCen^] is therefore assigned as an n —> n* transi

tion. The other allowed transitions are expected to occur 

at much higher energies. The n —}($* transition occurs 

around 35 kK. in the RNO compounds (45) which would be in 

the charge transfer region in the cobalt nitrosyl where 

several intense bands do occur. 
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One experiment which might determine whether the 

band at 35.5 kK. in [CoClNOCen^]^"+ is really an NO 

localized transition would be to protonate the NO group in 

solution. There is evidence that nitrosyl groups can be 

protonated in solution (46), and this would be expected to 

shift the n —» n* transition to higher energy by lowering 

the energy of the nonbonding orbital while the ligand field 

transitions should be relatively unaffected. 

In [ CoClNO^n^] it has thus been possible to 

account for all of the transitions in the near I.R. and 
- +1 

visible region on the basis of (N=0) coordinated to Co 

There is evidence that the M-N-0 bond angle 

increases as the number of metal d electrons decreases. On 

going from CoN0(S2CNMe2)2 to FeNO(S2CNMe2)2 the M-N-0 bond 

angle increases from 140° to 160°. In Kg[CrN0(CN), which 

has similar physical properties to [CrClNOCdas^][C10^], 

single crystal electron spin resonance studies show that 

the M-N-0 bond angle is close to linear (47). 

On going to a linear M-N-0 group the two electrons 

which were in the nonbonding nitrogen orbital of the bent 

system would now have to occupy two NO 7t* orbitals. The n* 

orbitals on NO have been shown to lie fairly low in energy 

(2). Low energy transitions would therefore be expected to 

occur from the filled oxygen nonbonding orbitals to the 

partially filled NO ft* orbitals. A low energy transition 



is found at 10.5 kK. in both [FeXNCKdas^](Figure 14) 

and [CrClN0(das)2]1+ (Table 6). 

The magnetism of [CrClNCKdas^] [C10^] deserves 

special attention. Magnetic susceptibility measurements 

show that at room temperature there is only one unpaired 

electron (Hgff = 1.70 B.M.) rather than three which would 

be expected for a chromium(lll) complex. One possible 

explanation for this consistent with chromium(III) bonded 

to (N=0) is an antiferromagnetic interaction between the 

(N=0)" group and chromium(lll). The NO n* orbitals derived 

from a linear M-N-0 grouping would be expected to contain 

two unpaired electrons ((N=0)" is isoelectronic with O2). 

These two unpaired electrons could then interact with the 

three unpaired electrons on the chromium to give a doublet 

ground state. Antiferromagnetic interactions have been 

postulated to account for the magnetic behavior in 

copper(II) (48, 49, 50), chromium(ll) (48) and vanadyl 

(51) complexes. The room temperature magnetic moment in 

the chromium nitrosyl indicates that a strong antiferro-

magnetic interaction must be taking place. Strong anti-

ferromagnetic interactions are not unknown however, and in 

the binuclear chromous acetate molecule (^(CH^COg)^, 2^0 

relatively weak Cr-Cr bond is postulated (48) to account 

for the observed diamagnetism. 

The spectral properties of several antiferro-

magnetic copper(II) complexes have been studied (50, 52) 
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and are quite similar to those of copper(II) complexes 

having normal magnetic behavior although an additional band 

has been observed in several of the antiferromagnetic 

complexes (50, 52). 

A comparison of the spectral features of 

[CrClN0(daswith those of [CrC^Cdas)g] does not 

offer conclusive evidence for an antiferromagnetic inter

action in the nitrosyl. The band occurring at 10.5 kK. 

(£ = 40) in [ CrClN0(das^ (Table 6) could correspond to 

the ^2 —> ^"E transition in [CrC^faas^]which occurs 

at 17.0 kK. (£* = 100). This would require tetragonal 

splitting in the nitrosyl to be more than twice as great as 

in the dihalide. A shoulder at 21.7 kK. (£* ( 1200) in the 

nitrosyl corresponds well to the ^A^ —> ̂ 2 at 

21.7 kK. (sh.) in [CrCl2(das)2]1+. The band at 25.6 kK. 

(C = 1800) in the nitrosyl is also quite close in position 

to the band at 24.5 kK. (£* ~~ 680), which is assigned to the 

^2 —» ̂ 2' ̂  levê  t̂ Le dihalide. However the high 

molar extinction coefficient (£ = 1800) in the nitrosyl is 

difficult to understand on the basis of this being a d-d 

transition. 

A temperature dependent magnetic susceptibility 

study is definitely needed to determine whether an anti

ferromagnetic interaction actually takes place in 

[CrClN0(das)2]1+. 
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The spectral features of the iron(lll) nitrosyls 

(Figure 14 and Table 6) can also be compared to the 

iron(lll) dihalides (Table 4). The most conspicuous dif

ference in the spectra of the two complexes is the absence 

of any charge transfer bands in the visible region in the 

nitrosyls. The shift to higher energies of the charge 

transfer bands in the [FeXNO(dascomplexes is 

reflected by their increased stability toward reduction 

compared to the [FeX2(das)2]complexes. In fact the 

iodonitrosyl complex can be readily isolated whereas the 

corresponding diiodo complex cannot be obtained because 

reduction of the ferric complex by iodide results in 

Fel2(das)2 as the only product (11). 

The differences in the spectral features of the 

iron and chromium nitrosyls as compared to the corresponding 

dihalide complexes indicates that some modification of the 

electronic structure has taken place. Gray and Manoharan 

(2, 3) have successfully accounted for the spectral and 

magnetic properties of several metal pentacyanonitrosyls on 

the basis of a molecular orbital model. A linear M-N-0 

grouping was assumed and considerable pi bonding between 

the NO 7i* orbitals and the metal d , d orbitals was xz' yz 

found to occur. In the case of the [CoClNO^n^] complex 

previously discussed pi bonding effects would appear to be 

relatively unimportant as all of the spectral features can 

be accounted for on the same basis as for 
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[CoClCNH^) (en^] • However, pi bonding in the nitrosyls 

would be expected to be a function of the number of d 

electrons on the metal. On going to the iron and chromium 

nitrosyls there is a decrease in the number of d electrons. 

As was previously noted there is an increase in the M-N-0 

bond angle on going from cobalt to iron to chromium 

nitrosyls. In the case of the cobalt nitrosyls nothing is 

to be gained by having a linear M-N-0 grouping in which pi 

bonding between both of the NO n* orbitals and the metal 

dxz> dyZ orbitals takes place. This is due to the fact that 

there are eight electrons to be accommodated by a Tt(eg), 

d nonbonding, and 7i*(e ) orbital (2). Two of the elec-
xy S 

trons must go into a n* orbital which results in a metal 

NO pi bonding order of one. By having a bent M-N-0 grouping 

the same degree of pi bonding could take place whereas 

electron repulsions would be decreased. On going to the 

iron nitrosyls a maximum bonding order of 1.5 would be _ 

obtained and this would increase to 2.0 in the case of the 

chromium nitrosyls. Thus a compromise between pi bonding 

effects and electron repulsions could reasonably account 

for the observed increases in the M-N-0 bond angle. 
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Table 8. Strong Field Wave Functions for a d Ion 

in an Octahedral Field 

,6/1. \\ I + - + - + - I  
2 1 ' = |xz xz yz yz xy xy| 

t|(2T2)e X > = - ^lyz 
+ XZ xz xy xy t2 11 + + — + 

- 2|yz xz xz xy xy 
2+ 
x -

2 
y 

t|(2T2)e 3tI 
y ') = ^||yz y"z 

+ 
xz xy xy t2 

11 + — + + 
- 2|yz yz xz xy xy 

2+ 
x -

2 
y 

t|(2T2)e z > I + 
|yz y"z 

+ — + 2+ 21 
xz xz xy x - y | 

t^C^^e ) = - ̂ |yz xz xz xy xy z2| + xz xz xy xy x2*y2| 

t|(2T2)e ^T2 T) ) = - i| yz y~z xz xy xy z2| - ^||y~z yz x+z xy x2* y2| 

t2̂ 2'r2̂ e T̂2̂   ̂ = lyz *Z *̂Z ̂  Ẑ  ~ " 

. 5/2_ •. 1_ \ 1 r21 + ~ ~2| 1 | + + — + - 2—21 
2 2 1 X ' = ~ 2/2'yz xz xz xy xy z | " 2^2!yz xz xz xy xy x - y | 

1 r3| — + — + — +21 1 1 — + — + — 2 + 2| 
+ 2jr2lyz xz xz xy xy z | + -^\yz xz xz xy xy x - y | 

, 5/,2m •> lm \ 1 r3| + - + + - -21 1 i +- + + — 2 — 21 
2 2 Ti y / = 2/2lyz yz xz xy xy z I - 2^|yz yz xz xy xy x - y | 

1 r31 + - — + — +21 1 1 + - - + — 2 + 2| 
- 2^2!yz yz xz xy xy z I + 2^2'yz yz xz xy xy x - y | 

4.5/2™ % 1_ \ I1+- + -+ 2—21 11 + — + - — 2 + 2| 
t T 2 ) e  ̂  z  >  =  ^ 2 l y z  y z  x z  x z  x y  x  -  y  |  -  ̂2 | y z  y z  x z  x z  x y  x  -  y  |  

t|(2T2)e 1T2£ > = - ̂ |yz xz xz xy xy z2| + |]f||yz 

1 1 — + — + — +2| 1/31 — 
+ 2^1 yz xz xz xy xy z I - ̂ J.|| yz 

1t2 11 ^ = " 2^2'yz yz *z ̂  ̂y z2l - |j||yz 

1 I + — — + — +21 1/31 + 
+ 2^1 yz yz xz xy xy z I + -*^| yz 

t2(2T2)e ) = ^l/z y~z xz xz xy z2| - ^||yz jTz 

+ 
xz xz 

+ 
xy xy 

2 -
x -

2 
y 

+ 
xz xz 

+ 
xy xy 

2 + 
x -

2 
y 

yz 
+ 
xz 

+ 
xy xy 

2 -
x -

OJ 

y~z xz 
+ 
xy xy 

2 + 
x -

2 
y 

+ 
xz xz xy i2l 
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Table 9* Strong Field Wave Functions for a d Ion 

in an Octahedral Field 

L t2(ZfA2) 2 a2 > 

It^^) | £ > 

It^^) | e > 

|t5(\) ̂ x) 

lt2(2Tl) 2 

lt2(2Tl) 2 Z ̂ 

> 

|n > 

|t|(2T2) §£ > 

S a£ >  =  

^ | r[ > = 

V , | £ > =  

1*T1 | 7. > = 

1|T1 | y > = 

|-t|<3T1)e 'tT1 | z > = 

I + + + - yz xz xy 

2 

i* 
|yz xz xy| -

• ft |yz xz xyf . 

yz xz xyl -
11 - + 

xz 

vil yz 
+ XZ xz| -^ & 

xz + xy xy| -
11 + 
/2lyZ yZ 

ii 
if*' 

+ yz xz + i xy| - 1. + -—|xz xz 
fd 

li 
/2l 

+ 
yz 

+ 
xy xy| + ̂ .|lyz xz 

11 
/2< 

+ XZ xy + ̂ lyz fz 
11 
/21 

+ yz yz xyl + 
11 + -•r|xz xz 

1| - + + 
,z yz xz xy 

*y| 
- + 

\T2l *** **• "̂21 1| + + 2 + 21 
2lxy xz z I ~ xz x " y I 

I I  
+ + +21 1| + + 2+ 2| 

2|yz xy z | - ̂ |yz xy x - y | 

I + + 2 + 21 |xz yz x - y I 

11 +• + - p|xy X2 +2 
xz z 

11 + + +21 
3 yz xy z I 

+ '||xy xz x2*y2| 

- yz xy x2- y2| 

+ + +21 xz yz z I 
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Table 10. Strong Field Wave Functions for a d Ion 

in an Octahedral Field 

4(%> U > = 

t|(2T2) | T, > -

t|(%) % > = 

\ I x) = ii 
2I 

t̂ T̂ e | y) = 11 
2' 

t̂ T̂ e \ !a>= 
l£(\>. V, i r >=  -11  
tk

2(.\)e V, 2*n > = -1' 

v .  I i > -

yz xz xz xy xy| 

+ — + + — | 
yz yz xz xy xy| 

I + — + — + yz yz xz xz xy 

+ -

+ -

+ +2 
xy z 

+ +2 

^ilyz 
- + 2 +  2 1  + w|l yz yz xz xy x - y 

+ if31 + + - + 2+2 p|yz xz xz xy x - y 

+ + + — +21 yz xz xy xy z | 

+ - + +21 

+ + — + +21 yz xz xz xy z | 

1 
2 
li + 

+ -

+ -

+ xy 

+ 

2 + 2 1  k - y I 

2 + 2 1  + ̂ |yz xz xz xy x - y 

+ + + — 2 + 2| 
yz xz xy xy x - y | 

t^C^e 2A2 | a2> 
1 I + 
2̂ 31XZ 

+ 273̂  

— + — 2 + 21 1|+ — + — +21 xz xy xy x - y | - 2|xy xy yz yz z | 

—  +  —  2 + 2  
xy yz yz x - y 

II + -- yz xz xz x - y 

11 + — + — +21 
+ 2ixz xz xy xy z I 
-  2 + 2  

tJjC^Je ̂  
1 
2 X V

 
II 1 1/21 + 

20lyZ yz 
+ xz + xy -2 z 

+ yz + xz xy +2 z 

+ 275̂  y~z xz 
+ xy +2 z 

t̂ T̂ e \ 1 2 y> = 1*31;y+z 
+ xz xz + xy -2 z 

-
1 1 + 
2/Siyz 

+ xz xz xy +2 z 

-
+ xz xz + xy +2 z 

/2 
2 
1 
2/2 
1 
2/2 

+  —  +  +  2 — 2 1  yz yz xz xy x - y I 

I + — + — 2+21 |yz yz xz xy x - y I 

l.i - - .• 2_+ 21 

/21 + + — + 2 — 21 + 2|yz xz xz xy x - y | 

1 |  + +  — — 2  +  2 t  
" 2/2'yZ xz xz xy x - y I 

1 1 — + — + 2+21 - ̂ lyz xz xz xy x - y | 



Table 10.—Continued 

/2 
/3 

+ + + — —2 
yz xz xy xy z 11 + - + :lyz |̂yz xz xy xy z2 

11 - + + — +21 .̂g|yz xz xy xy z I 

t^C^T )g2tji i \ _ _i_ 
t2k i2 2 2S ' 2/2 

|t^(1T2)e 2T2 | T) > 

1 
2/2 

+ yz yz + xz xy *2I *2fl yz + xz xy 2 + X - 2 y 

2/2 yz yz xz 
+ xy i2l -ifllyi yz xz 

+ xy 2 + X - 2 y 

1 
2/2 

+ yz + xz xz xy +*2I 
- Ml** 

+ xz xz xy 2 + x - 2 y 

-i— 
2/2 yz 

+ xz xz 
+ xy +21 z I 

• 

+ xz xz + xy 2 + x - 2 y 

| (̂1T2)e %§£> 

lt̂ (1E)e ̂  ̂ > 

t̂ (1E)e 2E | 9 > 

11+ - + — +21 11 — + + — +21 •̂2|yz xz xy xy z I - xz xy xy z | 

1 I + - + — 2+21 1| + - + —  "'"21 2̂ |xz xz xy xy x - y | + 2|xy xy yz yz z I 

1 | + — + — 2+ 21 li + — + — +21 2̂ |xy xy yz yz x - y | - 2|xz xz xy xy z ( 

1 1 +  -  +  -  2 + 2 |  
- jjW2, yz xz xz x - y | 

1 i + — + — +21 1| + — + — 2+ 21 •̂ |xz xz xy xy z I + 2|xy xy yz yz x - y | 

1 | + — + — +21 11 + — + — 2+ 21 •̂ |xy xy yz yz z | - 2|xz xz xy xy x - y | 

11 + — + — +21 + rz yz yz xz xz z 
\P 

t2(1T2)e 2m 1 1 2 

II 1 yz + xz xy +2| Z 1 
1 1 

" 2/2l 
+ yz yz + xz xy 2+ 2 X - y 

+ gll* yz xz 
+ xy +21 z 1 + 2/2 

+ yz yz xz + xy 2+ 2 x - y 

t!j(1T2)e 2m 1 1 2 
y>  =  &fll^ 

+ xz xz xy +21 z I 
1 

" 2/2 
+ yz + xz xz xy 2+ 2 x - y 

- ¥liy"z 
+ xz xz + xy £2I yz + xz xz + xy 2+ 2 x - y 

[t̂ T̂ e ̂  | z> 
11+ - + — 2+21 1|~ + + —  2+21 
2̂|yz xz xy xy x - y | - ̂ |yz xz xy xy x - y | 
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Table 10.—Continued 

|t2(5Ti)e ̂  |£)= " §|yz yz xz xy z2| - |̂ |lyz yz xz xy x2-~ y2| 

1 I + — + — +21 1 | + — + — 2+i 
+ 2f2lyz yz xz xy z | + 27̂ 1yz yz xz xy x - y 

1 I + — — + +21 1 | + — — + 2+ i 
+ 2̂ ? | yz yz xz xy z | + yz yz xz xy x - y 

|,4/3m 1 \ /2[ + + — + —2| l(/"2 + + — + 2 — 2| 
I 2 1 2 2 11 ' = " 2lyZ xz xz xy z | + yz xz xz xy x - y | 

1 | + + — — +2I 1 | + + — — 2+i 
+ 2̂ 21 yz xz xz xy z | - ĵ glyz xz xz xy x - y 

1 
+ 2{2 

1 I — + — + +21 1 | — + — + 2+21 yz xz xz xy z | - 2̂ | yz xz xz xy x - y | 

1,4/3m \ 2™ 1 > \ \T2| + + + ~ 2-21 -LI ~ — 2 + 2| 
I 2 1 2 2a \/5lyz xz xy xy x - y I - .r̂ |yz xz xy xy x - y iT61 

11— + + — 2+21 |̂yz xz xy xy x - y | 



APPENDIX B 

THE DERIVATION OF THE ENERGY EXPRESSIONS FOR THE 
QUADRUPOLE SPLITTINGS IN LOW SPIN d5 COMPLEXES 

Following Ingalls (21) it was shown in Part I that 

on neglecting lattice and spin orbit coupling effects the 

quadrupole splitting could be given by the expression 

Q.S. = e2 Q(qval) 

where 

qval = (1-R)(V7)<r"3)3d F(A,T) a2 

Ingalls shows that F(A,T) is given by the expres

sion 

r_ En <Vzz/e>n **P(-fn/kI> 

En exp(-en/kT) • (4/7)(r~^> 

where /e) is the average value of the electric field 

gradient at the nucleus for the various d orbital wave 

functions (Table 11), and £" is the energy of the occupied 

one electron orbital. 
O 

For the d orbital lowest ( E ground state), xy 

there are three possible electronic configurations: 

101 
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Table 11. Expectation Values of (V /e) for Various 
d Orbital Wave Functions n 

Orbital wave function <V /e> x zz' n 

U 2 2 \ 
|3z - r > -(V7) < r"3> 

1 2 2 \ |x - y / CV7) < r"3> 

|xz> = |yz > -(2/7) < r~3> 

|xy ) (V7) < r"3> 



103 

11 1 
d d d / xz yz xy / 

\H v 

1/3 A 

- 2/3 A 

1 U H H 

\H \ 1  

For the low spin d case it is convenient to 

redefine F as being 

F = 
£N <v„/e>N expC-C^/kT) zz' 'N N' 

£N exp(-CN/kT) • (4/7Xr""3) 

where (V /e)^ is now the sum of (V /e) over all of the Z Z IN Z Z Tl 

occupied orbitals , and 6^ is the energy of a given con

figuration in terms of A. Then (Vzz/e>^ is calculated to 

be (2/7)<r~^) for config. 1 and 2, and -(4/7)<r"^> for 

config. 3. 

Now 

F = (l/2)exp(A/3kT) + (l/2)exp(A/3kT) - exp(-2&/3kT) 
* 2 exp(A/3'kT) + exp(-2A/3kT) 

On dividing top and bottom by exp(A/3kT) we get 

TP _ 1 ~ exp(-A/kT) 
F " 2 + exp(-A/kT) 

Similarly for the d ,d orbitals lowest we get •rvZ yz 

17 _ -1 + exp(-A/kT) 
F ~ 1 + 2exp( -A /kT) 
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If a quartet state is thermally excessible and the 

orbital lies lowest the following electronic configura

tions are possible: 

dz2 

H 1 
d d d / xz yz xy/ \__ 

\H 

1/3 A 

- 2/3 A 

1 H 

\n 

2 

U 1 

\I 

3 

11 U 1 J_ H 
/~ ~ r ~ 
* * / 
/ / / 

"\ V \ 
\ 

\u \i_ \±_ 
4 5 6 

Then (vzz/6)n is calculated to be (2/7)(r"^> for 
_ Q 

config. 1 and 2, -(4/7)(r~ ) for config. 3, 0 for config, 

4 and -(6/7)<r~^> for config. 5 and 6. 
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Now 

p _ exp(A/3kT) - exp(-2A/3kT) - exp(x/kT) 
2 exp(A/3kT,J + exp(.-2A/3kT,J + exp(.x/kT; 

On dividing top and bottom by exp(A/3kT) We get 

t, _ 1 - exp(-A/kT) - 3 exp(-A'/kT) 
F " 1 + exp(-a/kT) + 1 exp(-S'/kT) 

where a1 is the energy required to promote an electron from 

the dXy orbital ,to the dz2 orbital. 

Similarly for the d , d orbitals lowest we get xz yz 

f _ - 1 + exp(-A/kT) - 3 exp(-A"/kT) 
F " 1 + 2 exp(-a/kT) + 2 exp( -A"/kT) 

where a" is the energy required to promote an electron from 

the d , d orbitals to the d 2 orbital. au v z z 
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