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ABSTRACT 

XPS data for two series of molecular complexes were utilized 

to construct calibration curves which can be used for semi-quantitative 

elemental analysis. In one study, the gram-atomic ratios of N/Mo or S/Mo 

were plotted against the respective N(ls)/Mo(3p^2) or S(2s)/Mo(3d^2) 

peaks intensity ratios. In each case the data conform to a linear 

relationship. An investigation of phosphine chloride complexes was also 

undertaken. The plot of the Cl/P stoichiometric ratio versus the 

CI 2pjy2>3/2^ Peâ  intensity ratio was also readily fit with a 

straight line. 

N Is and M 2P^^ binding energy data were obtained for a vari

ety of iron and cobalt nitrosyl and related complexes. N(ls) binding 

energies observed for bent nitrosyl complexes range from 400.4 to 401.7 

eV, while the range observed for linearly coox'dinated NO is 400.0 to 

403.7 eV. Metal satellite structure in the M 2p 2̂»3/2 sPectra 

paramagnetic nitrosyl complexes is weak or not observed. Metal binding 

energies indicate that linearly coordinated N0+ is a strong back IT 

acceptor, while angularly coordinated NO is a moderate c donor with 

little or no IT interaction with the metal. Binding energy data were 

obtained for several series of isoelcctronic, isostructural MXY}n 

(n = 6, 8, 10) and related complexes. Metal binding energies indicate 

the relative electron withdrawing abilities of the various ligands can 

xii 
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vary significantly, but the "TT acidity" was generally found to decrease 

in the following order: 

N0+, NS+ > N2Ar+ > CO, CS > N2 > CII3CN 

Although linearly coordinated nitrosyl and singly bent aryld.iazo ligands 

are often assigned a formal oxidation state of +1, the ligand and metal 

binding energies for these complexes demonstrate that these ligands are 

highly reduced. 

One or two peaks were observed in the N Is spectra of dinitrogen, 

aryldiazo, and diazene complexes. In compounds where two peaks were 

observed, the peak at higher binding energy is assigned to the endo 

nitrogen. For the seven singly or doubly bent aryldiazo complexes 

investigated, the assignment results in an N Is binding energy range of 

402.6 to 399.4 for the endo nitrogen and 400.8 to 399.4 eV for the exo 

nitrogen. 

Mo(3d 2̂) binding energies were obtained for a series of sixteen 

molybdenum complexes including trans-Mo(N?) ? (dppe) 9, trans-Mo(N?R) (dppe)?I 

(R = CHSJCGHU), MO(N2) (dppe)2X (X = CI,I), trans-[Mo(CO)2Cdppe)2] [C10[(], 

and MoCl2fdppe)2. The molybdenum (Sd^^) binding energies vary from 

227.2 eV for Mo(0) to 232.1 eV for Mo(V). 

Opr spectra were obtained for trans- [Mo(C0)2 (dppe)2] [C 10(+ ], 

trans-MoN? Cdppe)?C1, and trans_-MoCl2 (dppe) 2. The room temperature epr 

spectrum of trans-[Mo(CO)2(dppe)2] in CII2C12 exhibits a fairly asymmetric 

pentet which is attributed to coupling between the unpaired electron 

31 
and the four equivalent P nuclei. A g value of 2.062, and hyporfine 



xiv 

splitting of 26 G were found. At 770 K, solid Mo(N2)(dppe)2Cl gives a 

narrow, asymmetric epr singlet (FWHM = 20.5 G) with a g value of 1.930, 

while MoCl2(dppe)2 in an acetone glass at 77°K exhibits a narrow epr 

singlet (FWHM = 26 G) at a g value of 2.000. On the basis of epr and 

magnetic susceptibility data, the electronic ground states are assigned 

2 
as follows: trans-[Mo(CO)?(dppe)?][ClOiJ - B ; trans-Mo(N?)(dppe)?Cl 

S 
2 3 

- E ; trans-MoCI?(dppe)? - . 
g g 

Metal satellite structure data have been compiled for over 200 

transition metal complexes including a large number with one or more 

strong ir acid ligands and/or metal-metal bonds. One of the more 

important and unprecedented observations is the absence of satellite 

structure in some paramagnetic 3d complexes such as CoBr2(das)2 and 

CoBr2(CNCH3)it. Possible origins of satellite structure are discussed. 



CHAPTER 1 

INTRODUCTION 

The Use of XPS for Quantitative 
Elemental Analysis 

XPS provides a nearly unique capability to detect the presence 

of all elements in a sample but H and He. Elements present with bulk 

concentrations as low as 0.1 to 1.0 weight percent can usually be 

detected [1,2]. If the sample is not homogeneous, elements present on 

O 
the surface (< ca. 50 A) [3] but not found in the bulk sample can also 

often be identified. Thus XPS is well suited for qualitative surface 

analysis of materials such as catalysts, semiconductors, thin films, 

and other materials which possess important surface properties [4,5]. 

Two characteristics of XPS also recommend its use for qualita

tive or semi-quantitative elemental analysis. First, XPS requires a very 

small quantity of material, usually less than 5 mg., for analysis and, 

second, the relative intensity of a core level in an atom of a given 

element is proportional to the molar density of that element on the 

surface of the sample. However, the relative intensity of a given core 

level is also dependent on a number of other factors [6] such as 

electron escape depth and instrument design and operation. 

In order to determine photoelectron cross section ratios for 

core levels in different elements, it is necessary to have materials 

1 
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with well-characterized surfaces. Values for the relative core photo-

electron cross sections of the most intense core levels of many elements 

have been published but these data were primarily based on the study of 

salts of known.bulk composition. The data from any one study contain 

errors of at least 20%, and comparisons of data from various research 

groups show that the values may differ by as much as a factor of two 

[2,7,8]. Therefore, the use of these data for more than very crude 

elemental analysis is not warranted [5]. 

The use of XPS for quantitative or semi-quantitative surface 

analysis of unknown samples first requires a demonstration that the 

relative intensities of core levels originating from different elements 

correlate with the molar ratios for several samples with well-charac

terized surfaces. The construction of calibration curves using an 

experimental approach which minimizes the experimental difficulties and 

which simplifies the interpretation of the data is the subject of 

Chapter 2. 

Comparison of the Charge Distribution in ,{MXY}n Complexes 

The measured binding energy of a core level in a given atom is 

a linear function of the following factors: CI) formal charge of the 

atom, (2) the substituents attached to that atom, C3) the extent of 

relaxation of the core ionized state during photoemission, C4) charging 

of the sample surface, if the sample is an insulator, and (5) Madelung-

like potential. In a suitably related series of moiecules, factors 
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3-5 are essentially constant or can be evaluated. Consequently, linear 

correlations between the binding energy of a core level in a given 

element and the calculated charge of the element have been found [9]. 

Binding energy shifts have been interpreted in terms of the differences 

in the sums of the substituent electronegativities [10]. However, 

because of the wide range of electron donor-acceptor properties of 

•ligands, differences in ligand charge and number of ligands coordinated 

to the metal, and potentially significant differences in relaxation 

energy between complexes compared, only very crude general correlations 

between metal binding energy and formal metal oxidation state have been 

observed [11]. 

Some of the most meaningful XPS studies of the charge distribu

tion in molecules have utilized isoelectronic, isostructural molecules 

in which a single molecular site is occupied by different .substituents.. 

The interpretations of binding energy differences are simplified in 

such a series of molecules because the relaxation energy and Madelung-

like potential remain constant, and the binding energy difference 

between any two molecules in the series is due to the different bonding 

characteristics of just two substituents, rather than four substituents 

or more. 

In an excellent application of the approach outlined above, 

Cook et al. [12] compared the relative abilities of pi-acceptor ligands 

to remove electron density from a metal in the isoelectronic, iso

structural series of neutral complexes cis-Pt(PPh3)2X, where X = 
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CL2, 02, CS2, C2Hit, (Ph)C2(Ph), and (PPh3)2. The Pt 4f 2̂ binding 

energies ranged from 71.8 to 73.3 eV, and the standard deviation of 

a measured binding energy was ±0.2 eV. 

While other physical methods, including infrared spectroscopy [12, 

13], X-ray structure analysis [14], UV photoelectron spectroscopy [IS], 

and MSssbauer spectroscopy [16] have been used to evaluate the relative 

electron withdrawing power of ir -acceptor ligands such as CN~, N2, 

CO, CNR, and N0+, none of these methods provides a direct measure of the 

charge distribution between the metal and other atoms of the ligand 

[16-19] nor do they offer a direct comparison of the relative total 

charge removed from the metal by different IT -acceptor ligands. System

atic XPS investigations of {MXY}n moieties, where XY is a diatomic 

or pseudodiatomic molecule bound to a metal are presented in Chapters 

3, 4, and 5. The relative electron withdrawing power of diatomic and 

pseudodiatomic ligands in closely related molecules are compared and 

the charge distributions in the {MXY}n fragments are evaluated. Ligands 

of primary interest are the aryldiazoninm cation [20] , nitrosonium 

cation, dinitrogen and carbon monoxide. 

Satellite Structure in X-ray Photoelectron Spectroscopy 

In XPS the primary photoemission process takes place in approxi-

-17 
mately 10 sec. [2]. During photoemission some of the kinetic energy 

of the photoelectron can be transferred to the atom or molecule ionized, 
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or by plasmon loss as the electron passes through the solid sample. 

Plasmon loss results in a very broad, highly asymmetric peak with a 

kinetic energy 15 to 25 eV less than that of the primary peak [21,22]. 

Energy transfer to the ionized atom or molecule results in addi

tional satellite peaks with small FWHM. Although the kinetic energy of 

these satellites is between 4 and 100 eV less than that of the primary 

peak [23], the satellites usually are found at energies less than 20 eV 

from the primary peak. Satellites attributed to intra-atomic or intra

molecular energy transfer have been observed in noble gases, alkali 

halides, small molecules such as CO or NO, organic molecules, 3d 

transition metal compounds, and rare earth compounds [23], When present, 

satellite structure in 3d transition'metal compounds is invariably 

observed at binding energies less than 15 eV (120,000 cm 1) from the 

primary peak. Previous studies of 3d transition metal compounds 

indicate that moderate to intense satellite structure (as intense as the 

primary peak in some instances) is always observed in the metal spectra 

of paramagnetic complexes, but is weak or not observed at all in the 

metal spectra of diamagnetic complexes [22]. No satellites have 

yet been reported in the metal spectra of a 4d or 5d transition metal 

compound. The satellite structure in the metal spectra of 3d transi

tion metal complexes is usually attributed either to ligand metal 

charge transfer or to intrametal ligand field type transitions during 

photoionization [22,23]. 
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Although satellite structural data are now available for hun

dreds of 3d transition metal compounds which are predominantly Werner-

type complexes, data are sparse or unavailable for complexes with: 

(1) ir-acceptor ligands, (2) metal-metal bonds, (3) unusual coordination 

numbers and/or oxidation states, (4) bridging ligands, (5) antiferro-

magnetic or ferromagnetic interactions, or other unusual magnetic 

properties. Satellite.structure data are presented for a large 

number of complexes belonging to categories 1-3 above in Chapter 5. 

In addition, XPS data are reported for a large number of 4d and 5d 

transition metal complexes. A few complexes representative of catego

ries 4 and 5 were also investigated. The role of molecular structure 

in the energy transfer process is considered. 



CHAPTER 2 

THE DEVELOPMENT OF X-RAY PHOTOELECTRON SPECTROSCOPY 
FOR QUALITATIVE ELEMENTAL ANALYSIS 

Introduction 

Some progress has been made in the application of X-ray photo-

electron spectroscopy (XPS) for quantitative surface analysis [8,26-29] 

in spite of potential experimental and theoretical obstacles [2,3,5,7, 

8,24,25]. In this regard, it is important to note that XPS can be used 

for two entirely different analytical purposes: (1) characterization of 

surfaces with unknown composition [4,5,30] and (2) determination of the 

bulk composition of materials based on the surface analysis [19]. 

If quantitative information is to be obtained for materials with 

unknown surface composition, it is necessary to study materials with 

known surface composition. To this end the relationship between intensi

ties of core electron peaks and the elemental ratios of well-character

ized molecular complexes has been investigated. In one study the 

N(ls)/Mo(3p,^2) anc* S(2s)/Mo(3dg^2) peak area ratios were determined for 

a series of molybdenum complexes with different N/Mo and S/Mo gram 

atomic ratios. In a second investigation the Cl^p^^ 3/2)/p(2s) peak 

area ratios were compared for a series of complex compounds with Cl/P 

gram atomic ratios ranging from 1:3 to 3:2. 

7 
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Experimental 

Materials 

The molybdenum compounds used include [n-(C^Hg)^N]2 

[Mo202S2(S2C=C(CN)2)2] L> MO202S2(S2CN(C2H5) 2) (S3CN(C2H5) 2) U_, and 

Mo203(SCH2CH20)(CgHgN0)2 III, which were supplied by Dr. W. Newton 

and Professor G. Haight; Mo (NO) 2(S2CN (£2^)2)2 IV, Mo(NO) (S2CN(C2H5) 2) 3 

V, Mo (NO)N3 (S2CN (C2H5) 2) 2 * dmso VI,, and [Mo^O^^CN^Hs^^k^Hi* 

VII, which were donated by Dr. John Broomhead. All of the samples 

used in this study were well-characterized by elemental analyses 

(reported elsewhere), infrared (ir), and nuclear magnetic resonance 

(nmr) spectroscopies [31-33]. In addition, the structures of several 

of these complexes have been determined [31,32,34,35] by X-ray crystal

lography (1^, II, III, V and VII) . The formal molybdenum oxidation 

states range from +2 to +5 in these complexes, and the nitrogen and 

sulfur environments also vary considerably. With the exception of VI, 

no visible discoloration of the samples was detected after X-irradia-

tion. The following phosphine complexes were prepared according to 

methods reported in the literature: OsH(CO)Cl[P(C6H5)3]3 1^ [36], 

trans-FeCl2[(C6H5)2PCHCHP(C6H5)2]2 3 [37], ReNCl2[P(C2H5)2(C6H5)]3 

5 [38], cis_-PtCl2[P(C2H5) 3]2 £ [39], and Rh(NO)Cl[P(C6H5)3]2 6 

[40]. Pure samples of the complexes mer-ReClq TP(CHq) 7 (CfiHiQ ] 3 1_ [41] 

and Ru(N0)Cl3[P(C2H5)2(CgH5)]2 [42] were prepared by Dr. P. G. Douglas. 

All complexes were characterized by comparison of their colors, ir 

spectra, melting points, and elemental analyses (performed by 
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Chemalytics in Tempe, Arizona arid Huffman Analytical Labs in 

Wheatridge, Colorado) with those reported in the literature. 

Ir(CO)Cl[P(CgHs)3]2 _4, purchased from Strem Chemical, and a slightly 

impure sample of RhCl[P(CgHs)3]3 [43] obtained from Dr. T. E. Nappier 

were used as received. The elemental analyses of compounds used for 

the second investigation are presented in Table I. 

Spectra 

All spectra were obtained with a McPherson ESCA 36 Photoelectron 

Spectrometer in its standard sample configuration (incident angle = 45°) 

equipped with a Sargent-Welch turbomolecular pumping system. A MgKa 

(1253.6 eV) radiation source was used for the molybdenum compounds, 

while an AlKa (1486.6 eV) X-irradiation source was employed for the 

study of the phosphine complexes. For the purposes of these investiga

tions standardization of the sample binding energies was not necessary. 

All samples were mounted on double-stick tape (3M) or lightly pressed 

onto aluminum metal (99.99%) planchettes previously etched with dilute 

(4M) hydrochloric acid and rinsed with distilled water. Special experi

mental techniques were employed for compounds VII, _3, and 5 to ensure 

the integrity of these materials during analysis. Compound VII 

slowly decomposes in air, so the sample was prepared and loaded directly 

into the sample chamber under an atmosphere of dry nitrogen. Because 

of potential thermal instability during XPS analysis, samples 3^ and £ 

were cooled to -95°C using a cryogenic probe of a design reported else

where [44]. 



Table I. Elemental Analyses for Phosphine Complexes 

Cooplex 
C a l c u l a t e d  

H  N  P  

1  OsH(CO)C1[P(C6H5 ) 3 ] 3  63.46 4.42 

2 RhCl [P(C6II5) 3] 3 10.05 

3 trans.Fcci2[(c6H5)2PCHCHPfC6Hs)2]2'C6H6 70.00 S.04 12.40 

5 ReNCl2[P(C2Hs)2(C6Hs)]3 46-84 5-92 1-60 

6 Rh(NO)Cl2[P(C6H5)3]2 S9.40 4.13 1.89 

7 meivReCl 3 [P (CH3) 2 (CsHg) ] 3 13.25 

8 cis-PtCl2[P(C2H5)3]2 12.20 

9 Ru(N0)Cl3[P(C2ll5)2(C6»5)]2  «.17 5.27 2.46 

F o u n d  

CI C H N ' P Cl_ 

3.41 63.12 4.35 3.86 

3.83 9.57 4.01 

70.03 4.94 12.68 

9.21 47.03 6.05 1.76 8.64 

10.11 58.25 4.15 1.73 10.12 

15.15 13.80 16.00 

14.11 12.51 14.20 

42.43 S.35 2.36 



In the spectra of the molybdenum complexes, the S 2s^y2 anc* 

Mo 3dg 2̂, or N ls^^ and Mo 3P3/2 Peaks are located within 9 eV of each 

other. The binding energy regions scanned were 236.0 to 220.0 eV or 

405.0 to 389.0 eV respectively. No satellites were observed in any 

of the spectra. 

Where necessary, curve fitting of the Mo 3d 2̂ 
and S 2Sjy2 

peaks was performed with a duPont 310 Curve Resolver. Relative areas 

under the peaks were determined by the paper weighing method which was 

found to be more accurate than using the relative area comparator on the 

Curve Resolver. Three independent measurements of the area ratios 

(AMo/Ag or were made, averaged, and standard deviations 

calculated. CAj 0̂> B
Mo> and are the integrated areas of Mo 3d<. 2̂» 

Mo 3P3/2» S 2sI/2' an(* ̂  *sl/2 Peâ s respectively.) When a satellite 

peak associated with one of the primary peaks is observed, its area 

should be included in the integrated area. 

For the phosphine chloride complexes, the binding energy region 

204 to 184 eV was scanned for each complex to obtain the CI 2p1̂  3/2 

and P 2s photoelectron peaks (Fig. 1). Each compound had well-resolved 

peaks without satellites. The relative CI 2pjy2 ̂ 2 
anci p 2s peak 

areas were measured three times using the method described above and an 

average ratio was obtained. The area ratio data and estimated standard 

deviations for complexes l_-9 are shown in section a .of Table II. 



Table II. XPS Data Analysis for PxCly Complexes. 

a) Experimental b) 11% Correction c) Theory 
(Uncorrected) 

Complex 
gm atom CI area Cl(2p1/2iS/2) area Cl(2p1/2>3/2) area Cl(2p1/2 3/2) 

Complex 
gm atom P area P(2s)+ll% 

area CI C2p1/2>3/2) 
area P(2s) area P(2s)+ll% 

area C1 (2^/2,3/2^ 

1 .333 .70 ± .01 .75 .76 

2_ .366 .84 ± .01 .92 .83 

3 .500 1.06 ± .02 1.18 1.10 

4 .500 1.14 ± .03 1.29 1.10 

5 .667 1.40 ± .06 1.63 1.41 

6 1.00 1.58 ± .03 1.86 1.96 

7 1.00 1.67 ± .04 2.00 1.96 

8 1.00 1.71 ± .02 2.06 1.96 

9 1.50 2.80 ± .04 3.87 2.65 

slope .60 .40 .60 

y intercept -.10 + .07 -.16 

linear correl. 
coef. 

.975 .959 .997 
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Fig. 1. X-ray Photoelectron Spectrum of CI 

P 2s Region in Ir(C0)Cl(PPh3)2> 4 

Results 

The seven molybdenum compounds have ratios of Mo/S ranging from 

2:1 to 1:6, and Mo/N ratios ranging from 1:1 to 1:6. The X-ray photo-

electron spectra of these compounds provided the data from which Fig. 2 

and Fig. 3 were prepared. Fig. 2 shows that the ratio of Ag/A^ varies 

linearly with the S/Mo stoichiometry of these complexes, with zero 
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Fig. 2. Relative Intensities, S(2s)/Mo(3d,. 
versus Elemental Compositions of 
Compounds I-VII. 



intercepts on both the scale and the S/Mo scale. A similar 

result was obtained for versus N/Mo, Fig. 3. Thus, the follow

ing empirical relationship is seen to hold: 

g atoms x _ ^ Intensity x 
g atoms y ~ Intensity y 

Although Eq. (1.1) may not be generally valid, it has been shown 

to hold when X and Y are due to the same element distributed among two 

or more spectroscopically distinct environments in the same compound 

[45]. 

While the results in Fig. 2 and Fig. 3 have not yet been used 

to analyze an uncharacterized sample, it was observed that compound VI_ 

did not conform to its expected S:Mo ratio of 5.0:1.0 (Fig. 2). 

Using the data for the other compounds, a S:Mo value of 4.5:1.0 was 

calculated. This anomalous result was apparently due to the loss of 

one-half of the dimethylsulfoxide from the compound under the conditions 

- 8 
of the experiment (10 torr). Confirmation of this loss of dmso was 

made by examination of the S 2p3/2 re2i°n where two sulfur peaks 

were found with a ratio of E 1:10, rather than the expected 1:4. 

The Cl/P gram atomic ratios are plotted versus uncorrected 

CI 2px/ 2»3/2 
experimental p~2i—+ 11%' CI 2p —3/"^ area ratios in Fig. 4. A least 

squares fit of the data produces a line of slope 0.60, y intercept -.10, 

and linear correlation coefficient, r, of 0.975. This is a reasonably 

good fit, but neglects the contribution of the CI 2p 2̂ A1K£S 
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Fig. 3. Relative Intensities, N(ls)/Mo(3p_ . ) 
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Compounds I-VII. 



17 

15- ° 9 

a. 

s 
o 
< 1.0-
CD 
S 

ooo 

0 1.0 2.0 3.0 4.0 
AREA RATIO CI(2PI/213/2)/P(2S) 

Fig, 4. Experimentally Determined Relative Intensities, 

CI "^1/2^/2 vs. Elemental Composition 

P 2s +11%C1 2p1/2)3/2 

of Compounds l_-9_. 



satellite intensity (1495.3 - 7.8% of AlKoe; 1498.2 - 3.3% of AIKo)[46] 

to the P 2s peak. These compounds have P 2s peaks with binding 

energies 9 to 16 eV lower than CI 2p3/2 anc* receive an area 

contribution equal to 11% of the total area of the primary CI 2p^y2 3/2 

peak. 

Subtraction of 11% of the CI 2p.jy2 3/2 area from the p 2s 

area results in the data set shown in Table lib. A least squares fit 

of the "corrected" data produces a line of slope 0.40, y intercept of 

0.07, and linear correlation coefficient, r, of 0.96. Correction for 

A1K3 contribution leaves the quality of the data, as judged by compari

son of the y intercepts and linear correlation coefficients, essentially 

unchanged. 

The uncorrected data were also compared with the theoretical 

data. Using a Cl(2p.jy2 3/2 P̂'-2ŝ  photoionization cross section ratio 

of 2.5 (determined from the corrected data, Table lib) theoretical 

CI 2Pj/2 3/2 
'—— area ratios were calculated for hypothetical 

P 2s + 11% CI 2p1/2j3/2 

materials having the same Cl/P stoichiometric ratios as complexes 1^9. 

The results are shown in Table lie. A least squares linear fit of the 

theoretical data produces a limiting slope of 0.60 and y intercept -.16, 

in very good agreement with the uncorrected experimental results. The 

linear correlation coefficient for the theoretical data, 0.997, demon

strates that the curvature in the region between 0 and 1.50 fj"' 
gm. atom P 

is within experimental error. However, as Fig. 5 shows, use of the area 

ratio plot for stoichiometry determination is less reliable for larger 



Cl/P gram atomic ratios than those included in this study, because the 

CI 2p^2 3/2 ^1K3 contribution to the P 2s peak will dominate and 

small errors in the area ratios will produce large errors in the Cl/P 

gram atom ratio. As Cl/P gram atomic ratios increase, the curve in 

Fig, 5 asymptotically approaches a limiting area ratio of 9.09:1.00. 

CD 30 

1.0 2.0 3.0 4.0 5.0 6.0 

AREA RATIO Cl^p^/P^s) 

CI 2p 
1/2,3/2 

Fig. 5. Theoretical Curve for —+ ll% CI 2p 

vs. Cl/P Gram Atomic Ratio. 
1/2,3/2 
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Pis cuss-ion 

The experimental photoelectron intensities I and I for a given 
x y 

core level in each of two atoms, X and Y are dependent on a number of 

factors [6] : 

I =1 ncrX(e.)D(e-) a) 
x ox x x xv iJ xv i' j.j 2) 

I =1 n o A (e.)D (e.) b) 
Y oy y y y -i. y xJ 

where I is the X-ray flux, a the photo-excitation cross section, A(e) 

is the mean free path of an electron with kinetic energy e, D(e) 

is the fraction of photo-ejected electrons with kinetic energy e which 

reaches the detector, and n is the density of atoms. However, several 

factors which affect the intensity ratio Ix/Iy can he kept constant by 

suitable design of the experiment. Comparison of photopeaks which have 

binding energies within a few eV of each other and which are small 

compared with the energy of the ionizing photons leads to the following 

simplifications: (1) the X-ray flux, I , is the same for the photopeaks 

of interest, because the two peaks are scanned within a few seconds of 

one another and any changes in spectrometer conditions which affect I 

will be averaged over both peaks; (2) since electrons from the core 

levels of X and Y possess nearly the same kinetic energies on ioniza

tion, the variations in their mean free paths from sample to sample will 

be the same [28,47,48] and the ratio A(ex)/A(e ) will be a constant 

very nearly equal to one; (3) photo-excitation probabilities should be 



constant and independent of chemical environment [20,21] so the ratio 

o /o is constant; (4) the analyzer efficiency for detection of A y 

electrons ejected with similar kinetic energies is constant and 

../rw .. i i fi111 atom X gm atom X *x _ 
D(e )/D(e ) - 1: (5) n /n = — rr or - •=—. Tlie 

xji yj x y gm atom Y gm atom Y I 

simplifications discussed above result in Eq. (1.1) with K = a /a . 
x y 

The two groups of complexes studied meet the conditions cited 

above. Consequently a simple correlation of relative peak intensities 

with stoichiometric ratios is found. 

Conclusions 

Photoelectron cross section ratios have been measured for three 

pairs of heteroatomic core levels. These ratios can be used for semi

quantitative elemental analysis of unknown surfaces. An experimental 

design has been presented which can result in linear relationships 

between the photoelectron peak intensities based on peak area ratios 

and the stoichiometric ratios of elements present on the surface of a 

sample. 



CHAPTER 3 

AN XPS INVESTIGATION OF IRON 
AND COBALT NITROSYL COMPLEXES 

Introduction 

X-ray Photoelectron Spectroscopy can provide valuable informa

tion regarding the charge distribution in a molecule or molecular frag

ment. In previous XPS investigations, metal or ligand core level bind

ing energy measurements were utilized to evaluate the relative electron 

withdrawing power of and/or charge distribution in coordinated pi acidic 

ligands such as CN~, NO2"", N2, CNR, CO, N0+, N2Ar+, O2 and a variety of 

olefin and acetylene molecules [12,17,18,49-60]. Of the pi acidic 

ligands listed above, N0+ has been of particular interest because the 

nitrosyl ligand exhibits diverse chemical and structural behavior [61-63]. 

It can coordinate linearly, as represented by valence bond structures Ia-c, 

or angularly, as shown by valence bond structures Id and Ie. The linearly 

bound nitrosyl ligand can have NO stretching frequencies ranging from ca. 

1500 to 1900 cm-1, while the angularly coordinated nitrosyl is associ

ated with a narrower range of stretching frequencies (1500 to 1750 cm *). 

These unusual features of coordinated nitrosyls suggest that the rela

tive electron withdrawing power of the nitrosyl ligand may vary markedly. 

22 
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Two earlier XPS investigations [17,18] of nitrosyl complexes 

explored the possible differences between charge distribution in linear 

and bent nitrosyl complexes with the hope that XPS might distinguish 

linear from angular nitrosyls. For example, Finn and Jolly [17] found 

that N Is binding energies for linearly coordinated nitrosyls range 

from 399.6 to 403.3 eV, that those for angularly bound nitrosyls vary 

from 400.0 to 401.5 eV, and that a crude correlation between N Is bind

ing energy and NO stretching frequency exists. 

Subsequently Su and Faller [18] reported that linearly and 

angularly coordinated nitrosyl groups could be distinguished by the 

nitrosyl 0(ls)-N(ls) binding energy separation. The linear MNO 

derivatives studied by Su and Faller exhibited an 0(ls)-N(ls) binding 

energy separation of 132 ± 1 eV, while derivatives of the bent MNO 

moiety had a binding energy separation of 128 ± 2 eV. Partial confirma

tion of these observations come from an earlier investigation [57] by 

Folkesson, who found an 0(ls)-N(ls) binding energy separation of 131.8 

± 0.2 eV for a small number of linear nitrosyls. However, the N Is 

binding energies of several bent nitrosyl complexes reported by Su and 

Faller are at considerable variance with other values in the literature 

[17,64]. 
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From the N Is and 0 Is binding energy data, Folkesson [57] 

also concluded that the nitrogen atom in a linear MNO complex is more 

negatively charged that the oxygen atom. Moreover, the linear NO ligand 

can be either positively or negatively charged. Su and Faller concluded 

that linearly bound NO can be more negatively charged than angularly 

bound NO in some cases. 

Previous XPS investigations of nitrosyl complexes have focused 

on ligand binding energies. Metal binding energies are frequently 

unavailable, or are tabulated but not discussed. In addition, important 

spectral features such as peak shape, satellites [22] or multiplet 

splitting [65] were not reported. 

Due to the lack of metal binding energy data as well as some 

disparity in reported nitrosyl N Is binding energies, investigations 

of nitrosyl complexes by XPS methods have continued in this laboratory. 

In the present study both M 2p^2 anc* N Is binding energies 

were obtained for a large number of nitrosyl complexes with {MNO}n 

electron configurations (n = 6, 7, 8, 10; M = Fe, Co, Ni) [62]. Metal 

binding energies of closely related complexes were also obtained for 

comparison. 

One of the goals of this investigation was to provide direct 

experimental evidence of a strong interaction between the metal and the 

nitrogen atom in the MNO moiety by comparing metal ^V^/2 anc* nitrosyl 

N Is binding energy shifts in a systematically related series of iron 

and cobalt nitrosyl bis(diarsine) complexes in which the MNO oxidation 



state and the metal coordination number can be varied. The iron and 

cobalt series studied contain both linear and bent nitrosyls and the 

series offer the additional advantage that the ligand environment about 

the {MNO}n moiety undergoes relatively minor changes. 

Experimental 

Materials 

Most of the complexes studied were prepared by others. Refer

ences to the preparative details and characterization, including 

elemental analyses and/or crystal structures for the samples used of the 

following compounds are listed in Tables IV and V: 

Fe(NO)(dedtc)2 J., FeCl(dedtc)2 2, cis-Fe(NO)(SCN) (dedtc)2 3, 

ciSj-Fe (CO) 2 (dedtc) 2 4, Co (NO) (PPh3) 3 1_1, fCo(NQ)2(diphos)][BPhiJ 12, 

Co(NO) (dmdtc)2 13, Co(NO) (salen) 14, [Fe(NO) (das)2] [ClOiJ 1!B, 

[Fe(NO)Cdas)2][C10tf]2 19, trans-Fe(N09)(das)?Cl 20, trans-Fe(NCS),(das)? 

21, trans-[FeCl2(das)2] [BF^] 24, [Co(NO) (das)2J [C10it]2 28, and 

trans-[Co(N0) (das)2Cl][C10Jt] 29. 

Each of the samples of compounds listed below was 

characterized by comparison of the color, infrared spectrum, and melting 

point with those reported in the literature. The compounds, sources, 

and additional characterization are as follows: Dr. 0. Ileperuma 

prepared the samples of Fe(NO) (5Mersalen) _5, Fe(NO) (salen) 6^, and 

Co(N0)(tpp) JL£[. The sample of was part of a sample used to determine 

the low temperature crystal structure. The elemental analysis for 5_ 

is presented in Table III. Dr. T. Nappier provided samples of 



Table III. Elemental Analyses of {MN0}n and Related Complexes 

C a l e  u 1 a t e d  F O u n d 
Complex c H N X C H N X 

5 Fe(NO)(SMe-salen) 56.84 4.77 11.05 12.63(0) 55.74 4.58 10.41 12.92 

9 [P(Cells)".] tFe(NO) (S2C2(CN)2)2] 54.48 2.83 9.92 18.18(S) 52.75 2.72 9.36 18.75 

18 Ni(C0)2lP(CGH5)3]2 
70.30 4.88 10.07(P) 71.80 4.42 9.81 

19 (Fe(NO) (C6II„ [As (C1I3) 2] 2)} {CIO,, }2 
26.92 3.61 1.57 26.74 3.51 1.35 

22 {Fe(NO)(C6H„[AS(CH3)2]2)2Cl'){B (C6H5) „} 
52.17 5.18 1.38 52.10 5.01 1.17 

26 {Fe (NO) (C6IIM [As (Cll3) 2] 2) 2 (NCS) ) {CIO,, }2 29.62 3.94 2.88 7.29(C1),3.30(S) 29.58 3.79 2.74 6.61,4.12 

27 (Fe(NO) (CGH„[As(CH3)2]2I}{C10,,}2 24.42 3.28 . 1.42 24.41 3.27 1.49 

34 {Co(NO)(C6H„[As(CH3)2]2)2C1){C10U)2 26.83 3.60 1.56 11.88(CI) 27.03 3.33 1.42 11.50 

to 
o* 
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[Fe(tpp)]20 8, [trans-Fe(NO)(das)2][I] 23, and trans-Fe(NO)(das),C11 

25. Compound 2S_ was additionally characterized by a conductivity 

measurement and the identity of 25_ was corroborated by its nmr spectrum. 

Samples of ftrans-CofNCM (das)?Br1fBrl 32, and CoBr2(das)2 35 

were provided by Dr. J. Riker-Nappier. The magnetic susceptibility 

of 35^was found to be 1.90 B.M., in agreement with the value reported 

in the literature [23]. 

Fresh samples of [Fe(NO) (das) 2] [ClOiJ 18^, [Fe(NO) (das)2] [ClOtJ2 

19, ftrans-Fe(NO) (das)?C11 fBPhul? 22, [trans^FefNO) (das)2(NCS)] [C10I4]2 

26, [trans-Fe(NO) (das)2I] [CIO1J2 27, and [Co(NO) (das)2C1] [ClO^] 2 34 

were prepared by Dr. B. T. Huie. Elemental analyses of samples of 19^, 

20, 26, 27, and 3£ are presented in Table III. [Co(NO)(das)2C1] [CIO1J2 

34, is the first member of a new class of compounds which was prepared 

by the oxidation of [Co(NO)(das)2][ClOi^ with chlorine gas. 34_ has a 

magnetic moment of 1.90 B.M. at room temperature and gives an esr 

spectrum with a g value of 1.990 [24]. 

Samples of Ni(N0)Cl(PPli3)2 16 were prepared independently by 

Mr. K. Haller and Dr. 0. Ileperuma. FeCl(tpp) 1_ was obtained from 

Strem Chemical and used without further purification. The integrity 

of all complexes was checked by infrared spectral analysis prior to 

XPS investigation. 

The complexes [PPht^] [Fe(NO) (mnt)2] £, [Fe(NO)2(SEt)J2 10, 

Ni(CO)2(PPh3)2 Yj_, and cis-(Co(H)2 (das)?] [ClOul 33, were prepared using 



literature methods (Tables IV and V, pp 32, 34). These materials were 

characterized by comparison of their colors, infrared spectra, and melt

ing points with those reported in the literature. [PPhiJ [Fe(NO)(mnt)2] £ 

was further characterized by its magnetic susceptibility (<0.2 B.M. at 

room temperature) and elemental analysis (Table III). [Fe(N0)2(SEt)]2 JjO 

was characterized by its mass spectrum obtained at 100°C and 200°C. The 

most prominent M/e peaks in the lower temperature spectrum are: 354 

(77%), Parent Peak; 324 (100%), P-(NO); 294. (24%), P-2(N0); 30 (12%), 

NO. The higher temperature spectrum shows a single prominent M/e peak 

at 177 assigned to Fe(N0)2(SC2H5) . In all cases the isotope patterns 

observed were consistent with the content of iron and sulfur based on 

the peak assignments. Ni(C0)2(PPh3)2 was additionally characterized by 

elemental analysis (Table III). Cis-[Co(H)?(das)?1TClOul 3^5 is un

stable at room temperature for periods longer than 3 or 4 hours and 

therefore an elemental analysis was not obtained. Two separate prepara

tions of 33 produced the same material. The samples were stored under 

nitrogen in a refrigerator until' needed. 

Infrared spectra were recorded with Perkin Elmer 337 or 735 

Spectrophotometers, melting point measurements were made with a Thomas-

Hoover Melting Point Apparatus, and magnetic susceptibilities were 

determined by the Faraday method. Instrumental details of the magnetic 

balance are published elsewhere [68]. The magnetic moments were 

calculated using diamagnetic connections estimated from Pascal's 

Constants [69]. The mass spectrum of [Fe(NO)2(SEt)]2 H) was obtained 
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with a Hewlett Packard 5930A Mass Spectrometer. A Varian A 60 Spectro

meter was used to record nmr spectra. Elemental analyses were obtained 

from Chemalytics, Inc. (Tempe, Arizona) or Huffman Analytical Labs 

(Wheatridge, Colorado). 

Spectra 

All XPS data were obtained with a McPherson ESCA-36 Photoelectron 

Spectrometer. Both AlKa (1486.6 eV) and MgKa (1253.6 eV) radiation 

sources were used. Bremstrahlung was reduced with a beryllium window. 

_7 
Operating pressures were typically in the low 10 torr range. Many of 

the complexes examined were stable under ambient spectrometer conditions 

but data for most of the nitrosyl complexes U, 5^ 6, 10, 12_, 1A, 1(5, 18_, 

25, 26, and 34_ in Tables IV and V) were improved or could only be' 

obtained with the samples cooled to ca. -95°C using a cyrogenic probe 

of our own design [44]. Decomposition of nitrosyl complexes was detected 

by loss of the nitrosyl N Is peak, shift in its binding energy and/or 

by the appearance of extra, broadened M 2p^^ peaks. 

Complexes were mounted on double-stick tape (3M), lightly pressed 

onto an etched aluminum planchette, or were evaporated from solution 

onto a gold-coated planchette. The binding energies of core 

levels in materials containing triphenylphosphine or o-phenylenebis-

(dimethylarsine) ligands were standardized to the C Is line (285.0 eV) 

70,71]. Complexes 1_2 and 22_ contained the tetraphenylborate anion and 

consequently the C Is binding energy was taken as the weighted average of 

the contributions from diphos or das (285.0 eV), and BPh^~ (284.5 eV) [72]. 



Sulfur 2pj.y2 binding energies for the dithiocarbamate complexes 

were located between 162.3 and 162.8 eV, in accord with values published 

previously for a series of dithiocarbamate complexes [73]. Core levels 

in complexes containing dithiocarbamate ligands were standardized to a 

a C Is binding energy of 285.3 eV [73]. Solutions of [Fe(N0)2(SEt)]2 

10, and [PPhtj] [Fe(NO) (mnt) 2] 9., were evaporated onto gold-plated plan-

chettes and the binding energies standardized to the Au 4fy^ level 

(84.0 eV) [74]. The C Is lines for two complexes containing tetraphenyl-

porphine or Schiff's based ligands, [Fe(tpp)]20 8^ and Co(NO)(salen) 14, 

were calibrated against the Au 4f 2̂ level- The C Is peak in both 

complexes was found at 283.9 eV. This value is in reasonable agreement 

with the binding energies reported by others for the C Is peaks in other 

tpp [25] and Schiff's base complexes [76]. Therefore, subsequent spectra 

of all other complexes containing tpp, salen, or 5Me-salen were calibrated 

to a C Is binding energy of 283.9 eV. Complexes \2_ and 22_ contained a 

tetraphenylborate anion. The C Is binding energy of BPh^~ is known to be 

284.5 eV [72]. In these cases then the binding energies were standard

ized to the weighted average of the das and BPh^", or diphos and BPh^", 

C Is binding energies (C Is of 284.8 for 12_ and 284.7 eV for 22). 

The binding energies reported in the tables are the average of 

two to six measurements. Without exception, the standard deviation of 

the binding energies for narrow peaks (FWHM<2.0 eV) is ± 0.2 eV. Broader 

peaks could be located to within 0.3 eV unless noted otherwise. When 

two or more overlapping peaks were observed, the spectra were resolved 

with a duPont 310 Curve Resolver or the spectrum was simulated using a 
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curve generation subroutine in the program package provided by McPherson 

for the PDP 8e Minicomputer. 

Results 

The metal ^V^/2 anc* nitrogen Is binding energies are listed in 

Tables IV and V. The complexes in Tables IV and V consist of nitrosyl 

derivatives of iron, cobalt, nickel, and several related complexes. 

Nitrosyl N Is binding energies for the complexes with linear MNO 

groups range from 400.0 to 403.7 eV. The N Is binding energies of angular 

MNO groups range from 400.0 to 401.3 eV. These ranges of binding energies 

are similar to those reported by Finn and Jolly [17]. The metal binding 

energies also varied widely. M 2p^2 binding energies for iron and cobalt 

span the regions from 708.1 to 710.8 eV and 799.3 to 782.2 eV respective

ly. The As 3d binding energies of the diarsine ligands varied from 43.4 

to 44.7 eV. 

7 
The binding energies for four low-spin {FeNO} complexes, 

Fe(NO)(dedtc)2 1, [Fe(NO)(das)2][CIO4]2 19, trans-[Fe(NO)(das)2C1][BPhiJ 

22, and trans-TFefNO)(das)?I1fll 23, are reported in Tables IV and V. 

7 
Previous investigators of low-spin {FeNO} complexes [17,18] did not 

report effects of the unpaired electron on their X-ray photoelectron 

spectra. However, the unpaired electron in these complexes can interact 

with the core hole formed during photoemission [22,23,65], generating 

more than one final electronic state, and consequently more than one peak. 

Since metal binding energies and satellites should provide additional 

7 
information about electron distribution in these {FeNO} complexes, the 

M 2p and N Is spectra obtained in this study will be considered in detail. 



Table IV. XPS Data for Miscellaneous Nitrosyl and Related Complexes 

1 Synthesis 5 
Complex vN0Ccm" ) % MNO M 2p,j.2+ M pPj/2" Is Structure 

~ \ Reference 
^3/2 

1. Fe(NO)(dedtc)2 . 1700 

2 FeCl(dedtc}2 

3 Fe(KO) (SCN) (dedtc)2 ig3S 

4 Fe(CO)2 (dedtc)j 

5_ Fe(NO) (S-Masalen) 1723 

6_ Fe(NO) (salen) 1712 

I FeCl(tpp) 

8 lFe(tpp)]20 

£ [PPhi,] [Fe(NO) (nnt')2] 1820 

10 [Fc(N0)2(SEt)]2 1773,1748 

11^ Co (NO) (PPl»3)3 1738 

12 [Co(N0)2(diphos)] [BPhi,] 1838,1789 

170 703.5(2.0)* 12.7 
708.0a 

709.2(2.5) 13.3 

709,1(1.6) 12.7 

708.1(1.6) 12.7 

709.3(3.4) 13.3 

147 709.5(3.4> 13.0 

710.8(4.5) 12.9 

709.5(3.5) 13.2 

180 709.7(2.8) 12.8 

167 709.2(2.1) 12.7 

779.5(2.0) 14.9 

782.2(2.6) 15.0 

399.8(1.8) 102,107 
399.6a 

400.0(1.7) 99 

401.1(1.7),400.0(1.6) 107 
398.2(1.6) 

400.0(1.6) 108 

400.5(2.4),397.8(1.S) 76,98 

397.7(1.5) 76,98 

398.2(2.1) 101 

397.8(1.5) . 100;109 

401.3(2.2),399.2(1.9) 110,111 

401.4(2.1) 112,113 

400.2(1.5) 114 
400.0b 

402.3(3.0) 115 

W 
Is) 



Table IV.—Continued. 

Synthesis § 

Complex v^Ccf1) *MN0 £„ M 2p,/2t M(2p1/2- ly. Is £££££ 

2p3/25 

13 Co(NO)(dedtc)2 1630 135 780.4(2.1) 15.0 399.9(1.5) 103,106 

14 Co(NO)(salen) 1624 127 779.8(2.4) 15.2 400.9(2.4)398.2(2.0) 104,116 

IS Co(NO)(tpp) 779.3(2.0) 
779.3= 
779.43 

15.0 400.0(2.4)397.9(2.2) 
400.1.397.7C 
'404.oa 

105,117 

16 Ni(NO)Cl(PPh3)j 1620 
854.9f2.0) 
854.1" 

401.2(1.9) 
399.8b 

118,119 

17 Ni(CO)2(PPh3)2 854.1(1.8) 120 

tAll binding energies in eV. 
•Numbers in parentheses are FWIIM of peaks, 
ref. 18, bref. 17, cref. 64, dref. 84. 



Table V. XPS Data for Iron and Cobalt Bis(diarsine) Complexes 

Synthesis 
Complex v^gCcm ) MNO E^ M 2p^ ,2 M 2p^ ,2~ N Is E^ As 3d § Structural 

_ References 
^3/2 

18 [Fe(N0)(das)2][C10„] 1710 401.3(1.7)* 44.3(2.9) 92 

19 [Fe(NO) (das)?] [ClOi,]2 1760 168 710.2(2.5) 12.7.  402.3(1.7) 44.7(3.3) J2J 
—  401.2,399.6a 

20 Fe(N02)(das)2Cl 708.2(1.5) 12.6 403.4(2.0) 43.4(2.3) 92 

21_ Fe(das)2(NCS)2 708.1(1.4) 12.7 398.4(1.7) 43.6(2.1) g2 

22 [Fe(NO)(das)2Cl][BPh„] 1620 709.2(1.9) 12.7 400.2(1.6) 43.9(2.3) 1 2 1  

— 400.0a 

23 [Fe(N0)(das)2I][I] 1620 708.9(2.2) 12.7 401.0(1.9) 44.4(2.7) 121 

24 [FeCdas)2Cl2][BFu] 709.1(2.0) 12.7 43.9(2.5) 92 

25 [Fe(NO) (das)2Cl] [BFi,]2 1883 180 710.8(2.2) 12.8 403.7(1.8) 44.3(2.6) 9 2  

402.9a 

26 [Fe(N0)(das)2(NCS)][C10u]2 1870 710.6(2.2) 12.6 403.7(1.5) ;399.1(1.8) 44.4(2.4) 92 

27 lFe(N0)(das)2I][C10 l t]2 1835 710.2(2.3) 12.6 402.9(1.9) 44.7(2.3) 92 

28 tCo(N0)(das)2][C10u]2 1852 179 781.7(2.3) 15.0 402.4(1.5) 44.7(2.2) 122 
— 402.3a 

29 [Co(NO) (das)2Cl] [ClOi^] 1562,1548 134 781.1(2.2) 15.1 400.9(1.9) 43.9(2.2) 122 
— 780.7b 400.5a;404.9° 

30 [Co(N0)(das)2Br][C10„] 1540,1545 780.7(2.0) 14.8 401.2(2.0) 43.6(2.4) 122 

J*. 



Table V.—Continued. 

Synthesis 
Complex Vj,g(cm" ) -^CMNO E, M ^P^/2 ̂ ^l/2~ Eb N ls Eb Ŝ ̂  ** Structural 

_ . References 

11 [CoCl2(das)2][C10i,] 781.0(2.1) 14.9 781.0(2.1) 14.9 
43.9(2.1) 123 

32 [CO(N02)(das)2Br][Br] 780.7(1.8) 15.0 
404.0(1.7) 

43.9(2.1) 

89 780.7(1.8) 15.0 
404.0(1.7) 43.6(2.5) 

89 

33 [Co(H)2.(das)2][C10i,] 779.9(2.0) 15.0 

43.6(2.5) 

124 779.9(2.0) 15.0 
44.6(2.3) 

124 

34 [Co(NO) (das)2Cl] [C10i<]2 J750 781.6(1.8) 15.0 
. 402.3(2.1) 

44.6(2.3) 

67 781.6(1.8) 15.0 
. 402.3(2.1) 43.8(1.9) 

67 

35 CoBr2(das)2 779.6(2.0) 15.0 

43.8(1.9) 

66 

tAll binding energies in eV. 

aref. 17,^ref. 18 
* 
All values in parentheses are WFHM, in eV. 

04 
on 



The Fe 2p spectrum of Fe(NO) (dedtc)2 l.» is shown in Fig. 6. 

Although the compound has one unpaired electron, no satellite structure 

was observed in either the Fe 2p-or N Is regions. Moreover, 1^ shows 

only a single narrow N Is peak centered at 399.8 eV and consequently 

the nitrogen atoms of the nitrosyl and dithiocarbamate ligands in the 

complex cannot be distinguished spectroscopically by XPS. The Fe 2p3̂  

and N Is binding energies reported for 1_ in Table IV are in reasonable 

agreement with the values reported by Su and Faller [18] for 

Fe(NO)(dmdtc)2 (708.0 eV and 399.5 eV respectively). 

7 
The {FeNO} complex [Fe(NO)(das)2][ClOtJ2 !£, is structurally 

similar to 1_. Both complexes contain five coordinate iron atoms with 

square pyramidal geometry, and both have a linear nitrosyl group 

coordinated in the axial position. These two {FeNO} complexes are 

isoelectronic, but the Fe 2p 2̂ and N Is binding energies of 19^ are 

greater than those for 1_ (1.7 and 2.5 eV respectively). Although 1_ 

i's ferromagnetic, satellites were not observed in the Fe 2p or N Is 

spectrum. The Fe 2p peaks of 1£ are unusually broad (FIVHM 2.5 eV) 

and each exhibits a shoulder approximately 2.0 eV from the main peak. 

No unusual features were observed in the N Is spectrum of 19, but the 

spectral results obtained in this study differ from those reported by 

Finn and Jolly [17] for this complex. They found two N Is peaks at 

binding energies 1.2 and 2.5 eV lower than the value found in this 

investigation. The intensities of the two peaks were not reported, 
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Fig. 6. Fe 2p Spectra of (a) FeCl(dedtc)2 .2 
(b) Fe(NO) (dedtc)2 2.' an<̂  
(c) [Fe(N0)(das)2][C10lt]2 19 



but the separation of the peaks they observed is too large (1.6 eV) 

[65] to be attributed to multiplet splitting. Since 1£ was found to 

decompose under ambient operating conditions in the.spectrometer, it 

was concluded that N Is binding energies reported by Finn and 

Jolly [17] are incorrect. 

[Fe(NO)(das)2][CIO1J2 will add an anionic ligand to form six 

coordinate complexes such as trans-[Fe(NO)(das)?Cl][BPtJ 22, and 

trans-[Fe(NO)(das)2l][I] 23. Addition of the sixth ligand decreases 

the Fe N Is, and As 3d binding energies by an average of 1.1, 

1.6 and 0.4 eV respectively. The Fe 2p^2 binding energies for 22_ 

and 23^ differ by 0.8 eV. The nitrosyl N Is binding energy of 400.2 eV 

found for 22_ is in accord with that reported by Finn and Jolly (400.3 

eV) [17]. 

The Fe 2p spectrum of 22_ (Fig. 7) exhibits no satellites. 

However, Fe 2p spectra of the other low-spin six coordinate 

7 
{FeNO} complex trans-[Fe(NO)(das)2l][I] consistently exhibit a satellite 

at 713.7 eV. Spectra of the N Is region of these two complexes show 

only a single narrow symmetric peak. For comparison, the Fe 2p 

spectra of the low-spin iron(II) and iron(III) complexes 

trans-Fie(NOg)(dasjgCl 20, trans-Fe(NCS)2(das)2 21, and trans-[FeCl2(das)2] 

[BF^] 24 were obtained. The diamagnetic iron(II) derivatives 20_ and 21 

have no more than 10% satellite structure in the Fe 2p region. As 

expected, the Fe 2p spectrum of the paramagnetic Fe(III) complex 2£ (Fig. 7) 

exhibits a satellite of moderate intensity (30%). Fe 2p^2 

binding energies obtained for the iron(II) complexes are approximately 
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Fig. 7. Spectra of Fe 2p Region of (a) transj-'fFeCl^Cdas)^ [BFi*] 

24 and (b) trans- [Fe(NO) (das) 2CI] [BPhiJ 22_. 



1 eV lower than the values obtained for the iron(III) derivatives. In 

turn, the Fe 2p^2 binding energy of trans- [FeCl? (das)2] [BFlJ is 

equal to those of the isostructural isocharged {FeNO} complexes 22_ 

and 23. 

7 
The only {CoNO} complex which has ever been prepared, 

trans- [Co(NO) (das^Cl] [C10ij2 34, has one unpaired electron. No 

satellites were observed in the Co 2p spectrum of a freshly prepared 

sample, but the N Is peak is skewed to higher binding energy. Resolution 

of the peak produced two Gaussian curves at 402.0 and 401.0 eV with 

relative intensities of 1:2. 

7 
Two complexes of the {FeNO} group with intermediate spin states, 

Fe(NO) (5Me-salen) _5, and Fe(NO) (salen) 16, were also studied, Both 

complexes have bulk magnetic susceptibilities at room temperature which 

correspond to S = 3/2 [76]. The spin state of £ remains 3/2 over the 

entire temperature range investigated (3°K to room temperature), but 6_ 

undergoes an abrupt spin state change at 90°K to S = 1/2. Attempts to 

obtain XPS data for 5 and 6 below ca. -100°C were unsuccessful due to 

condensation of residual gases in the spectrometer onto the sample. The 

N Is spectrum of _5 consists of two N Is peaks of relative areas 1:2 

(Fig. 8). The relative intensities allow assignment of the smaller peak 

at higher binding energy to the nitrosyl nitrogen, and the larger peak 

at lower binding energy to the Schiff's base nitrogens. No N Is 

satellite structure was observed. N Is spectra of 6^ consisted of a 

single peak. The presence of only a single peak for 6_ is probably due 

to decomposition by loss of NO. 
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Fig. 8. N Is Spectra of Ca) Fe(NO) C5Me-salen) 5^ 

and (b) cis-Fe(NO)(SCN)(dedtc)2 2 
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The Fe 2p spectrum of 5^ exhibits a very intense satellite. 

The Fe 2p^^ binding energy and intense satellite of 5_ are very 

similar to that of FeCl(dedtcl2 2> which also possesses a spin of 

3/2 [77], and these are the same as the Fe 2p^2 binding energy recorded 

for [Fe(tpp)]20 £. The Fe 2p spectrum of 8_, however, exhibits a less 

intense satellite, and distinct shoulders are observed on the high 

binding energy side of the Fe 2p peaks. The Fe 2p^2 binding energies 

of 2, 5_, and 8_ are 1.3 to 1.6 eV lower than that of the high-spin 

complex FeCl(tpp) 7_. This Fe(III) complex also has an intense Fe 2p 

satellite and very broad (FWHM 4.5 eV) ^9-^12 an̂  ̂9^/2 PeakSi 

Multiplet splitting (Eq. 3.1) has been observed in the Fe 3s 

spectra [78] of high-spin iron(II) and iron(III) compounds. There

fore, spectra of the Fe 3s region (105 to 85 eV) were obtained for the 

intermediate and high-spin complexes. The spectra of all three complexes 

exhibited two broad (FWHM 3.0 to 3.5 eV) peaks separated by 7.0 to 

8.2 eV., and with relative intensities between 1:1 and 2:3. Although 

the peaks could be due to multiplet splitting, the peak separations are 

unusually large [78]. Since the peak at 99 to 100 eV in the spectrum 

of each complex could result from secondary emission (Auger or Coster-

Kronig), secondary radiation, (W Ma 1775 eV) [79] or could originate 

from the sample backing material, spectra were obtained under several 

different experimental conditions. Since two peaks were observed with 

the same binding energies and relative intensities for different 

combinations of anode material, X-ray window, and sample backing material, 
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it was concluded that the peaks are indigenous to the samples and are 

primary or satellite Fe 3s peaks. 

Schiff's base nitrogen and tetraphenylporphine nitrogen binding 

energies in complexes _5, £, 7, J3, _14, and JL5 (Table IV) fall within the 

very narrow range from 397.7 to 398.2 eV. These values are within 

the range of those reported in the literature (397.3 to 398.6 eV) [64,80]. 

In the N Is spectra of complexes _7 an<* §.> where a single form of nitrogen 

is present, a small satellite is observed 2.0 eV from the primary N Is 

peak. The satellite is ca. 5 to 10% the intensity of the primary peak. 

Several {FeNO}^ complexes were also examined by XPS methods. 

None of these or any of the other diamagnetic complexes exhibit 

Fe 2p satellite structure. The N Is spectrum of cis-Fe(NO)(SCN) (dedtc)? 

3^ (Fig. 8), shows three distinguishable forms of nitrogen present with 

the expected ratio of 1:2:1. The central larger peak is unambiguously 

assigned to the dithiocarbamate nitrogens, The peak at lowest binding 

energy is assigned to the thiocyanate nitrogen, by comparison with XPS 

data for free and coordinated thiocyanate (cf Fe(NCS)2(das)2 21_, in 

Table V, and [81]). The peak at 401.1 eV is consequently assigned to 

the nitrosyl nitrogen. 

The Fe 2p^2 binding energy of 3^ is 1.0 eV higher than that 

for cis-Fe(CO)?(dedtc)? £. Other than the binding energy difference 

between 3^ and £, the Fe 2p spectra for the two complexes are similar. 

The spectra of three six coordinate diamagnetic {FeNO}^ complexes 

+ -2 
with the general formula trans-fFe(NO)(das)?X] were obtained. The 

Fe 2p 2̂ and N Is binding energies for £5 (X = CI), 2j5 (X = NCS, and 



27_ (X = I) are relatively high, ranging between 710.2 and 710.8 eV 

and 402.9 to 403.7 eV respectively. The N Is binding energy obtained 

for trans-fFe(NO)(das)Cl][BF^]2 £5 is 0.8 eV higher than that reported 

previously, but the earlier investigators reported that the complex 

may have decomposed. 

One five coordinate {FeNO}^ complex, [PPhiJ [Fe(NO)(mnt)2] 9.> 

was also investigated. The N Is spectrum of 9_ showed a marked shoulder 

on the high binding energy side of the N Is peak. Curve resolution 

with an imposed area ratio of 1:4 produced two peaks centered at 401.3 

eV and 399.2 eV. The smaller peak was assigned to the nitrosyl nitrogen 

The Fe ^-V^/2 ant* ^3/2 Peâ s were unusually broad (FKHM 2.8 eV) , 

even at low temperature. The origin of the peak broadening is not 

known but is not thought to be due to decomposition of the sample. 

g 
Seven {MNO} complexes were also investigated, but only one 

O 
was an iron complex. The {FeNO} complex [Fe(NO) (das^l [C10^] 18, is 

easily oxidized and a reproducible Fe 2p spectrum could not be obtained. 

On two occasions rapid data collection produced a single sharp N Is 

peak at 401.3 eV. The binding energy is considered reliable. 

g 
Six diamagnetic {CoNO} complexes were investigated. The 

neutral five coordinate complexes Co(NO)(dmdtc)2 2^3, Co(NO)(salen) 14, 

and Co(N0)(tpp) 15 have square pyramidal geometries about the cobalt 

with an angularly coordinated nitrosyl in the axial position. 

g 
None of the {CoNO} or other cobalt complexes investigated 

exhibited Co 2p satellite structure. The Co 2p1̂ ' ̂3/2 sPin_orkit 

doublet separation for all the complexes investigated deviates less 



than 0.2 eV from 15.0 eV, in good accord with the value reported in 

the literature (15.0 ±0.1 eV) for diamagnetic cobalt compounds [82]. 

The N Is spectrum of consists of a single narrow peak and 

consequently the nitrosyl nitrogen is spectroscopically equivalent to 

the dithiocarbamate nitrogens, as was found for Fe(NO) (dedtc) 1_. 

Spectra of the N Is region of complexes J4 and _15 show a shoulder on the 

high binding energy side of the N Is peak. Curve resolution of the 

spectrum resulted in a broad, smaller peak at higher binding energy 

and narrow larger peak at lower binding energy (398.0 eV) in both 

complexes. The broadening of the smaller peak, attributed to the 

nitrosyl nitrogen, is probably due to partial sample decomposition of the 

complexes during data collection. Indeed, prolonged exposure of 1£ or 

to the operating conditions of the spectrometer resulted in complete 

loss of the shoulder on the high binding energy side of the N Is peak. 

The Co 2P3/2 binding energy for 1^3 is ca. 1.0 eV higher than 

those recorded for 1£ and 15^. The nitrosyl N Is binding energy obtained 

for 1£ is in agreement with the published values of Zeller and Hayes 

[64] (400.4 eV), but these binding energies are 3.6 to 4.0 eV lower 

than the value reported by Su and Faller [18]. In view of the fact 

that the nitrosyl N Is binding energies for 14, and 15^ are similar, 

and that there is agreement between the value reported by Zeller and 

Hayes for 15_ and that observed here, it is assumed that the binding 

energies reported by Su and Faller are in error. 



46 

XPS data were obtained for only one five coordinate, cationic 

{CoNO}8 complex. [Co(NO) (das)2] [C10it]2 28.. The Co 2P$/2 anc* nitrosyl 

N Is binding energies found for 28_ are 1 to 2 eV higher than that of 

the neutral complexes 13, 14, and 15. The N Is binding energy of 402.4 

eV for 28_ is in agreement with that reported by Finn and Jolly (402.3 eV) 

[17]. 

g 
The six coordinate {CoNO} complexes, trans-["Co(NO)(das)Cll 

[ClOiJ 2£, and trans- |"Co(N0) (das)?Br 1 TClOul 30, have nearly equal N 

Is and Co 2p3̂ 2 binding energies, which are approximately 1.0 and 1.5 

eV lower than those for 28_. The N Is binding energy for 29^ (400.9 eV) 

agrees reasonably well with the value reported by Finn and Jolly 

(400.5 eV) [17], but not with the value reported by Su and Faller [18]. 

In fact, the N Is binding energy reported by Su and Faller for 29_ 

(404.9 eV) corresponds to the N Is binding energy of the known oxidation 

product trans-rCo(NOp)(das)pBr][Brl 32 [83]. It is concluded that 

the Co 2p^2 an<* N Is binding energies reported by Su and Faller for 

29 are in fact for the nitrite decomposition product. 

In addition, the very high nitrosyl N Is binding energy reported 

by Su and Faller for Co(N0)(tpp) 1!5, (404.0 eV) also probably 

corresponds to the binding energy for Co(N02)(tpp). Considering the ease 

with which many strongly bent nitrosyl complexes can be oxidized, each 

of the unconfirmed binding energies reported by Su and Faller for 

angularly coordinated nitrosyls is suspect. 
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8 
The six coordinate {CoNO} complexes, 29^ and 30, have Co ^V-^/2 

binding energies very similar to those recorded for trans-[CoCI? (das)?] 

[ClOiJ 31, and trans- [Co(NO?) (das)pBr] [Br] 32. Co 2p 2̂ binding energies 

for 29, 30, 31 and 32^ are ca. 1.0 eV higher than those for 

cis-[Co(II)? (das)?]fC10b] 33, and trans-CoBr? (das)? 35. 

XPS data were obtained for one {NiNO}10complex, Ni(NO)( C I )  (PPh3 ) 2  

16. The Ni 2p spectra of two samples of lj3 show weak but reproducible 

satellites approximately 7 eV from the primary peak. The observation 

of a satellite in the Ni 2p spectrum conflicts with a previous 

report that N'i(N0)Cl (PPh3)2 does not exhibit satellites. In 

addition the Ni 2p 2̂ binding energy reported previously for 

Ni(N0)Br(PPh3)2 [84] is not the same as the value obtained in this 

study (854.9 eV). The discrepancy between the data obtained' in this 

study and that reported previously may be due to the different sample 

calibration procedures. Matienzo et al. vacuum deposited gold onto the 

sample surface, whereas no material was added to the sample in this 

study. Since gold deposited in this manner has been shown to react 

with complexes containing soft ligands [85] (phosphines, thiols, etc.) 

it is possible that the sample decomposed. 

The nitrosyl N Is binding energy of 401.2 eV obtained in this 

study for is 1.4 eV higher than the value reported previously for 

this complex [17]. No satellites were observed in the N Is 

spectrum. The Ni 2p spectrum for L6 is compared with the spectrum for 

Ni(CO)2(PPh2)2 17, No satellite was observed in the 2p 

spectrum of _17, and it was found that 17_ is not as prone to decompose 



during analysis as Ni(NO)Cl(PPh3 ) 2 .  The Ni 2p^2 binding energy for 17_ 

is 0.8 eV less than that of 1(3. The Ni 2p^2 binding energy and FWHM 

obtained for Ni(C0)2(PPh3)2 in this study are, respectively, 1.2 and 0.7 

eV lower than the values reported by Tolman et al. [86] for the same 

compounds. It is not possible at this time to determine which data are 

correct. However, the Ni 2p^^ binding energy and FWHM reported by Tolman 

et al. are suspiciously larger than those reported for other neutral Ni(0) 

complexes [84,86]. 

The XP spectrum of the only diamagnetic {CoNO}*^ complex investi

gated, Co(NO)(PPh3)3 11, exhibits intense satellite structure in the Co 

2p region. The satellite structure is reproducible and the relative 

intensity (twice as intense as primary peak) is independent of the probe 

temperature. The Co 2p^2 an(* N Is binding energies recorded for 1_1 (779.8 

and 400.0 eV, respectively) are among the lowest recorded in this study. 

The N Is binding energy agrees with the values reported previously [17]. 

Two dinitrosyl complexes were examined. [Fe(N0)2(SEt)]2 10, is a 

C) 
dimeric, diamagnetic {Fe(N0)2} complex. The XP spectrum of 10^ shows a 

single N Is peak (FWHM 2.1 eV) and narrow Fe 2p. No satellite structure 

was observed. [Co(NO) 2 (diphos) ] [BPht^ ] was more prone to decompose during 

analysis, resulting in intense extraneous Co 2p peaks when the spectrum 

was obtained at ambient temperatures. At -95°C, the extraneous Co 2p 

peaks were eliminated but the Co 2p and N Is peaks remained broad (FWHM 

of 2.6 and 3.0 eV respectively). The N Is peak was symmetric. In view 

of the unusual breadth of the peaks observed in the spectra of this 

complex decomposition of the sample, even at -95° cannot be ruled out. 
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Discussion 

In the discussion which follows, the {MNO}n formulation will 

be used for organizing and comparing the data. The significance of this 

notation has been discussed in detail elsewhere [62]. 

7  
[Fe(NO) (das)2] [ClOijla is a low spin {FeNO} complex with 

square pyramidal geometry and a slightly bent NO group (168°) in the 

axial position [87]. Addition of an anionic ligand to 19^ generates 

complexes such as trans_-[Fe(NO) (das)Cl] [BPh^] 22, and trans- fFe(NO) (das)pi] 

[I] 23. The presence of the sixth ligand results in a decrease of vNQ 

(140 cm"'1') and in the FeNO bond angle to ca. 150° [87,88], The decrease 

in NO stretching frequency and in FeNO bond angle indicates an increased 

electron density at the nitrogen atom in 22^ and 23_ compared with 29_. The 

XPS data for 1£, 22^, and 2^3 (Table V) show that addition of a sixth anionic 

ligand decreases the Fe 2p.^ binding energy an average of 1.1 eV, and 

the arsenic 3d binding energy by 0.4 eV, with the largest decrease in 

binding energy being experienced by the nitrosyl nitrogen (1.5 eV) in 

keeping with the qualitative assessments based on crystal structure and 

infrared stretching frequency.-

O 
The five coordinate {CoNO} complex, [Co(NO) (das)2] [CIO1J2 28. 

has trigonal bipyramidal geometry with a linear nitrosyl group in the 

trigonal plane [89]. [Co(NO)(das)2][CIO1J2 adds a sixth anionic ligand 

to form complexes such as trans-[Co(NO)(das)2Cl] [ClOiJ 29, and 

trans-[Co(NO)(das)?Br][ClOtJ 50. These six coordinate complexes contain 



strongly bent nitrosyls (135°) [89] and NO stretching frequencies 

approximately 300 cm * lower than that of the parent five coordinate 

complex 28^ As observed in the analogous {FeNO} series discussed above, 

addition of an anionic ligand is accompanied by average decreases in the 

Co 2p^2 and N Is binding energies of 0.8 ± 0.2 and 1.3 ± 0.15 eV, 

respectively. The arsenic 3d binding energy decreases a surprising 0.9 

eV. The decrease in the Co 2pandNIs binding energies is slightly 

less than those observed between the five and six coordinate {FeNO}^ 

complexes but the As 3d binding energy decrease is markedly greater. 

The largest decrease in binding energy between these five and six 

O 
coordinate {CoNO} complexes is experienced by the nitrosyl nitrogen, 

7  
as was found for the {FeNO} complexes. 

The moderate to large decreases in both the nitrosyl nitrogen Is 

and metal 2p^2 binding energies due to coordination of a sixth anionic 

ligand are striking when compared with the large majority of the data 

in the literature for complexes without a nitrosyl ligand. Usually 

the simple addition of a halide ligand to the metal coordination sphere 

results in a moderate decrease in the metal binding energy and lesser, 

often negligible, decreases in binding energies of the coordinated atoms 

[10,11,12,19,53,54,58]. The large decrease in binding energy experienced 

by both the metal and the nitrosyl nitrogen in these {MN0)n complexes 

is direct evidence for a strong bonding interaction between the metal 

and the nitrosyl group. 



The six coordinate {FeNO}'' complexes trans- TFe fNO') (das) ?Xl *n 

(X = CI, 22; X = I, 23) are isostructural and isocharged with 

trans-TFeClp(das)?][BFu3 24. Mossbauer data indicate that the charges 

on the iron in 22 and 24 are very similar [90], and magnetic suscepti

bility and, uv-vis data for the same two complexes are explicable 

when both complexes are considered derivatives of iron(III) [90,91]. 

The comparison of Fe biding energies of 22_, 23, and 2£ shows that 

the metal binding energies are the same within experimental error which 

indicates that the charge on the iron atoms of 2!2 and 2j5 is the same 

as that on 24. This result is consistent with the other physical 

measurements and suggests that the coordinated bent nitrosyl has an 

effect on the iron which is very similar to a coordinated chlorine 

atom, and with the description of the angularly bound nitrosyl as NO . 

g 
The strongly bent nitrosyl in the six coordinate {CoNO} complexes 

trans.-[Co(NO) (das)2Cl] [C10iJ,29, and trans- fCo(NO) (das)2Br] [ClOtt], 30, 

can also be compared with the isostructural isocharged complexes trans-

[CoX(das)2X']+n(X = X'=C1, 31; X = NO ,X'=Br. 32) and cis-[Co(H)2(das)2] 

[ClOtJ 33, (Table V) . The Co 2p 2̂ binding energies of the six 

coordinate complexes 29, 30, 31, and 32^ span a range of only 0.4 eV and 

indicate that the effect of the bent nitrosyl on the cobalt atom is nearly 

indistinguishible from that of CI or N02 . The small difference in 

Co 2p^2 binding energies between 31^ and 32^ is consistent with the 

Pauling electronegativities of CI (3.0) and N02 (2.8), and with the 

results for the iron complexes 2JD and 22_. Thus, one can assign an 

effective Pauling electronegativity to the angularly bound nitrosyl of 



52 

approximately 3.0. In contrast, the Co 2p 2̂ binding energy for 

cis- [Co(H)? (das)?] [ClOtJ is 0.8 to 1.1 eV lower than the Co 2p 2̂ 

binding energies for 29_, 3£, 3_1_, and 3_2. The much lower binding energy 

is attributed to the strong sigma donor properties of the hydride anion 

and is consistent with the much lower electronegativity of hydrogen (2.0). 

7 8 
The five coordinate {FeNO} and {CoNO} complexes, 

[Fe(N0)(das)2] [ClOjjk, Fe(NO) (dedtc)2, and [Co (NO) (das)2] [CIO1J2, 

can undergo oxidative addition to form six coordinate {FeNO}^ and 

7 6 
{CoNO} complexes. Examples of the six coordinate {FeNO} complexes are 

trans-[Fe(NO)(das)2X]+2 (X = CI, 26; X = NCS 27; X = I, 28) and 

cis-FeNO(dedtc)9(SCN). Among the iron complexes, oxidative addition 

increases the NO stretching frequency between 75 and 135 cm"* and 

increases the FeNO bonding angle from 168°. The Fe 2p 2̂ binding 

energies of the {FeNO}^ complexes range from 710.2 to 710.8 eV and 

decrease with the decreasing electronegativity of the oxidant [92]. 

Comparison of the Fe 2p 2̂ 
and N Is binding energies of 19_ with 26^, 

27, and 28, or 1_ with 3^ shows that oxidative addition increases the 

metal 2p 2̂ 
an(* nitrogen is binding energies 0,0 to 0.6 eV, and 0,6 to 

1.4 eV, respectively, while the arsenic 3d or sulfur 2p 2̂ binding 

energies change only marginally (<0.4 eV). Again, these shifts in the 

nitrosyl N Is binding energies are unusual compared to the small shifts 

normally found for the binding energies of other ligands. Where data 

are available, oxidative addition of halogen to metals affects the 

metal binding energy most strongly [49,93]. Although the metal is the 

point of attack by the oxidant in [Fe(NO)(das)2][ClOt^ and 



Fe(NO)(dcdtc) 2 ,  the metal binding energy changes only slightly while 

the nitrosyl nitrogen binding energy increases markedly. Thus the 

shifts in metal ^-z,/2 anc* nitrosyl N Is binding energy upon addition of 

halide and halogen to the five coordinate iron and cobalt complexes 

[M(NO) (das)2] [ClO^la, 19. and 28^, are similar and demonstrate facile flow 

of electron density between metal and the nitrosyl ligand. 

Earlier investigations of {MNO} complexes did not consider the 

possible consequences of the unpaired electron on the X-ray photo-

electron spectra of the MNO moiety even though it has a marked 

effect on the spectral features of these compounds. If the unpaired 

electron is localized on the metal, metal 2p satellites might be 

expected [22,23], while localization of the unpaired electron on the 

nitrosyl could produce nitrogen Is satellites [64]. In the gas phase 

the N Is spectrum of free NO exhibits two peaks with relative intensities 

of 1:2 separated by 1.4 eV [65] due to multiplet splitting by the 

unpaired electrons. 

Any ns (n = principle quantum number) core level can interact 

with the unpaired valence electrons to form two final spin states 

(S + 1/2 and S - 1/2). The energy separation between the two final 

spin states is determined by the following relationship [65,94,95]: 

AE = (2S+1) <pns (core)p(valance)|p(valance) pns(corc)> (3.1) 



where S is the total spin of the valcnce electrons, and the bracket 

notation is for the exchange integral between the unpaired valcnce and 

core level electrons. Factors which decrease AE are: (1) decreased 

valence spin state, S (2) derealization of unpaired valence electrons 

and (3) decreased core level principle quantum number, n. 

7  
The two possible spectral features in the {MNO} complexes, 

M 2p satellite structure and N Is multiplet splitting will be considered 

in light of the experimental results. As mentioned earlier, the 

presence of unpaired electron density localized on the metal should 

result in satellite structure in the metal 2p spectrum. 

Mossbauer and magnetic susceptibility data have shown that the unpaired 

electron in trans-fFeClp(das)?1FBFu] 24 is localized on the metal [90,91]. 

The expected effect of the unpaired electron on the Fe 2p spectrum can be 

observed in Fig. 8a, which shows that a satellite of moderate intensity is 

present. In contrast, satellites are not observed in the M 2p spectra 

of Fe(NO) (dedtc)2 1^ (Fig. 6), or [Co(NO)(das)2Cl] [C10^]2 53.- Thus, the 

M 2p spectral data for these two complexes suggest that the unpaired 

electron is not localized on the metal. However, the data for the 

other two {FeNO} complexes are not so readily interpreted. A shoulder 

approximately 2 eV from the primary 2p peaks is observed in the spectrum 

of [Fe(NO) (das)2] [C10i,]2 .19 and a small satellite with 20"ci of the intensity 

of the primary peak was observed in the Fe 2p spectrum of trans-

[Fe(NO)(das)2I] [I] 23. The weak satellite in the spectrum of 23_ is 

attributed to partial sample decomposition, consistent with the 



decreased stability of 23^ compared with 22_. The shoulder in each of the 

components of the Fe 2p spectrum of is not separated from the primary 

peak by more than 2.5 eV (curve resolution). Since Fe 2p satellites 

less than 3.5 eV from the primary peaks have not been observed 

previously [22.^2:3], the shoulders in the Fe 2p spectrum of 19 might 

be due to sample decomposition, although the possibility that the extra 

peaks are satellites cannot be ruled out. Taking the possibility of 

partial sample decomposition into account in the data for 19 and 23, the 

overall M 2p results indicate that the unpaired electron is not 

localized on the metal in these complexes. 

If the unpaired electron is not localized on the metal 

then it could be localized on the nitrosyl nitrogen. However, the 

N Is spectra of 1_, 19, 22 and 23_ exhibit only single narrow peaks 

(FWHM 1.6 to 1.9 eV). The N Is peak of [Co(NO)(das)2Cl][CIO1J2 33 

was distinctly skewed to higher binding energy. Curve deconvolution 

into two peaks with a relative area ratio of 1:2 produced a peak 

separation of 1.0 eV. The multiplet separation in free NO is 1.4 eV 

[65] and the unpaired electron density on the nitrogen is ca. 55% so 

that the maximum electron density on the nitrogen atom in 3u5 is ca. 40%, 

consistent with a Co (III) complex of NO. 

The absence of satellites in the M 2p and N Is spectra of most 

7 
of the low spin {MNO} complexes can be understood if one considers 

that multiplet splitting requires localized unpaired electron density 

on the nitrogen and M 2p satellites are almost invariably dependent on 

unpaired electron density localized on the metal [22,23], Since the 



electron density distribution is dependent on the electronic ground 

1 
state of the molecule, the electronic ground states of the {MNO} 

complexes must be considered. 

The electronic ground states of J^, 1£, and 22_ have been 

identified [87,90,96,97]. On the basis of esr, magnetic susceptibility 

and Mossbauer data, both Fe(NO)(dedtc)2 and [Fe(NO)(das)2][CIO^]2 

2 
have been assigned ground states [87,96,97], which are comprised 

of metal d_2 and CJ^Q. Strong coupling of the unpaired electron with 

both the iron and nitrosyl nitrogen is observed in the esr spectrum of 

Fe(NO) (dedtc) 2 [96] indicating significant derealization of the 

unpaired electron. The unpaired electron in trans-fFeCNO)(dasjpCl] 

2 
[BPhiJ 22 was assigned to a component of or ̂ yZ- When the 

electron is in d ẑ or d ẑ, it can delocalize onto the nitrosyl through 

the IT*^Q orbitals. Thus, in each complex the unpaired electron occupies 

an orbital which is delocalized over the FeNO moiety. Therefore, neither 

M 2p satellite structure nor N Is multiplet splitting is observed. In 

contrast, the electronic ground state of trans-[FeCl?(das)g][BF^] 24 

2 4 1 
has been shown to be B„(d ,d ) (d ) [90]. The unpaired electron is 

x z y z xy 

localized on the iron atom and moderate Fe 2p satellite structure is 

observed (Fig. 8). 

7  
Two intermediate spin {FeNO} complexes, Fe(NO)(5Me-salen) 5^ 

and Fe(NO)(salen) j5, were investigated. Good XPS data were only 

obtained for £. Fe(NO) (5Me-salen) has a spin state of S = 3/2 from 

room temperature to S0°K [76]. Based on the crystal structure of 6^ [98], 

the 5Mc-salcn derivative likely has square pyramidal geometry with an 



angularly bound ni'trosyl in the axial site. Consistent with the 

large number of unpaired electrons localized on the metal, the Fe 2p 

spectrum of 5_ exhibits intense satellites. The broad Fe 2p3̂ 2 

peak is located at 709.5 eV. 

The Fe 2p spectrum of 5_ is very similar to that of another 

iron complex with S = 3/2 [99], FeCl(dedtc)2 2_ (Figure 6). The 

Fe 2p^2 binding energy of 2^ is the same as that found for 

Fe(NO) (5Me-salen). The Fe ^V-^/2'2,/2 binding energies of 2_ and 5^ 

are also very similar to that of [Fe(tpp)]20 1_. However, the 

satellites in the Fe 2p spectrum of 1_ are much less intense than in 

that of Fe(NO)(5Me-salen). 

The decreased satellite intensity in the Fe 2p spectrum of _7 

may be due to derealization and the antiferromagnetic interaction 

in the dimer which decreases the effective magnetic moment of the 

complex to 1.23 B.M. [100] at room temperature. The qualitative 

correlation between satellite structure intensity and unpaired electron 

density on the metal is extended to the high spin iron(III) complex 

[101] FeCl(tpp) 3^ which has much more intense satellite structure 

than 2_, 5_, or 7_. 

All of the intermediate and high spin complexes 2_, "b_, 5^, and 1_, 

and the antiferromagnetically coupled dimeric complex, 8^, have 2p^2 

energy spearations (12.9 and 13.3 eV) which are significantly higher 

than those observed for the low spin iron complexes in this study (12.7 

0.05 eV). The increased splitting of the spin orbit doublet in the 



intermediate and high spin iron complexes is consistent with observations 

by others for cobalt and nickel complexes [82,84,86]. The larger 

separation is believed to be due to increased exchange splitting 

between the two spin orbital components [82]. 

Others have demonstrated that multiplet splitting (Eq. 3.1) 

can be large in the Fe 3s spectra of high spin iron(II) and iron(III) 

complexes [94,95]. Energy differences between the pentet and septet 

components of the iron(III) Fe 3s spectrum as great as 7.3 eV have 

been observed. Changes in the M 3s component separation have been 

interpreted in terms of the derealization of the unpaired electrons 

onto the ligands. 

Since the degree of separation of the multiplet components 

affords information about the derealization of unpaired electron 

density, Fe 3s spectra of the high and intermediate spin complexes, 2^ 

5^ and 7_ were obtained. The spectra showed two peaks with area ratios 

between 1:1 and 2:3. Energy separation between the two broad peaks 

(FWHM 3.0 to 3.5 eV) was 7 to 8 eV for the three complexes. The smaller 

peak at higher binding energy is due to multiplet splitting or satellite 

structure. The relative areas of the two peaks in each spectrum 

suggest that they are the two multiplet components, but the energy 

separations are greater than any observed previously for iron(III) 

complexes, and do not change significantly with changes in ligands or 

metal spin state. 
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Thus far, only those complexes which differ by a single ligand 

or by a single electron have been compared. However, many other compari

sons of the {MNO)n complexes in Tables IV and V can be made. For 

example, the five coordinate {FeNO} complexes Fe(NO) (dedtc)2 1_, and 

[Fe(NO)(das)2]19»both have square pyramidal geometry and a 

slightly bent (ca. 170°) nitrosyl ligand in the axial position [87,102]. 

Although 1 and 19 are isostructural and have similar NO stretching 

frequencies (1700 and 1760 cm"\ respectively) the Fe 2p^2 anc* N Is 

binding energies of 1_ and differ by 1.7 and 2.5 eV respectively. The 

higher binding energies associated with 19^ and primarily attributed to 

the higher molecular charge of 1£ compared with 1., as well as the 

increased electron donor ability of the dithiocarbamate ligand compared 

with diarsine. The difference in charge is due to a net difference in 

l=1(protons). " Z=1 (electrons). where n is the number of atoms in the 

molecule. 

A net increase in electron density due to increased negative charge 

of one complex compared with another will be distributed among the various 

atoms of the molecule. Thus, even if the structure of the fragment of 

interest in a molecule remains the same, the binding energies of the 

attendant atoms in that fragment can change markedly depending on the 

other substituents attached to that fragment. As observed, the net 

increase in negative charge is expected to result in a significant 

decrease in the atom core level binding energies, although it is 

unlikely that the decreased core level binding energy will be distributed 

equally over all atoms in the molecule. 



The comparison made above between Fe(NO)(dedtc) 2  1. and 

[Fe(NO) (das)2] [CIO1J2 19. shows that a significant portion of the 

positive charge on the Fe(NO)(das)2 dication resides on the iron and 

nitrosyl nitrogen atoms. It can also be inferred that the sulfur atoms 

in Fe(NO)(dedtc)2 are more negatively charged than the arsenic atoms 

in [Fe(NO) (das)2] [ClOt^ by comparisons of the S 2p^2 an<̂  As 3d bind

ing energies with binding energy data published in the literature. 

The S 2p^2 binding energy of sulfur in 1_ is 162.8 eV compared with an 

S 2p^2 binding energy for neutral sulfur (Sg) of 164.0 eV [9]. In 

contrast, the As 3d binding energy of arsenic in 1£ is 44.7 eV, which 

is 0.9 eV higher than that of elemental arsenic [71]. 

The detailed comparison of the data for complexes 1_ and 19 

demonstrates that although the difference in charge has little or no 

effect on the topology or other physical properties of the FeNO moiety, 

it can change the atomic core level binding energies markedly. 

Other interesting comparisons of similar complexes of unlike net 

molecular charge are summarized in Fig. 9. For example, one can compare 

g 
the neutral five coordinate {CoNO} complexes, Co(NO)(dedtc) 2  13, 

Co(NO)(tpp) 14., and Co (NO) (salen) 1J5., with the six coordinate monopositive 

{CoNO}8 complexes trans-[Co(NO) (das)2X]+n (X = CI, 29.; X = Br, 30) . All 

g 
of these complexes contain a strongly bent {CoNO} moiety, yet comparisons 

of their Co 2p^2 anc* N Is binding energies show that the metal and 

nitrosyl binding energies can vary by as much as 1.8 eV (IS versus 29) 

and 1,1 eV (15 versus 28) respectively. Again, the complexes with the 

higher molecular charge have the higher metal and nitrosyl nitrogen 
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binding energies. The reader is referred to Fig. 9 for further 

comparisons between complexes which differ in charge but which maintain 

the same molecular geometry. 

As Fig. 9 shows, differences between nitrosyl N Is binding 

energies are constant (1.1 ± 0.1 eV increase per unit increase in charge, 

if comparisons involving are not included) between complexes which 

differ in charge but which have the same MNO topology and electron 

configuration. The relatively large increase in nitrosyl N Is binding 

energy per unit increase in molecular charge reflects, at least in part, 

the strong interaction between the nitrosyl and the metal. 

In contrast to compairsons of complexes which differ in charge 

but not MNO electron configuration or topology, both the M 2P^2 am* 

nitrosyl N Is binding energies vary over a wide range in comparisons 

between complexes which differ in MNO electron configuration and topology 

but have the same M(N0)(das)2+n (see Fig. 9). The wide ranges in both 

nitrosyl N Is and M 2P3/2 binding energy shifts in these comparisons are 

attributed to the fact that the binding energies are affected by changes 

in molecular charge as well as addition or removal of an electron to or 

from the MNO moiety. 

Finally, it is noteworthy to recall that Finn and Jolly [17] 

found a rough correlation between nitrosyl N Is binding energy and NO 

stretching frequency. The large scatter in their data appears to be 

primarily due to the differences in charge between the complexes examined 

In this series of closely related complexes, however, the change 

in the molecular charge is intimately related to the MNO geometry. The 
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results of a plot of the nitrosyl N Is binding energy versus NO stretching 

frequency for both the iron and cobalt complexes are presented in Fig. 10. 

The data for the iron complexes can be readily fit with a least squares 

line of slope 0.014 eV/cm~\ and y intercept of 377.5 eV and the data 

for the cobalt complexes can be fit with a least squares line of slope 

0.008 eV/cm"* and y intercept of 388.8 eV. 

Conclusions 

The nitrosyl N Is binding energies vary from 399.8 eV to 403.7 

for linearly bound nitrosyls, and 400.4 to 401.4 eV for angularly bound 

nitrosyls. Caution should be exercised in the interpretation of the 

nitrosyl N Is binding energies because this study has shown that although 

nitrosyls can have binding energies similar to those of the nitrite anion, 

decomposition of the nitrosyl to a nitrite or perhaps a nitrate anion 

before or during XPS analysis is a significant peril. 

The XPS data demonstrate that there is a strong interaction 

between the nitrosyl and the metal to which it is bound. In agreement 

with this observation, the results for the {MNO} complexes indicate that 

the electron is delocalized over the MNO moiety. 

Comparison of the angularly bound nitrosyl with the chlorine or 

NO2 in isochargedj isostructural complexes show that the angularly bound 

nitrosyl has an effective electronegativity of roughly 3.0, and 

comparison of the linearly bound nitrosyl ligand with other ligands 

demonstrate that it is a strong ir acid. 
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The effect of charge on the metal and nitrosyl nitrogen bind

ing energies has been evaluated and has been shown to be comparable to 

the effect of the one electron oxidation or reduction although the 

specific effect of the oxidation versus the charge is different at 

the two centers. 



CHAPTER 4 

X-RAY PHOTOELECTRON SPECTRA OF ISOELECTRONIC 
ISOSTRUCTURAL SERIES OF {MXY}n DERIVATIVES 

Introduction 

Metal-ligand diT-pir* bonding was postulated by Pauling [125] to 

rationalize the ability of ligands such as CO to stabilize metals in low 

oxidation states. Pauling represented this metal-ligand bonding using 

valence bond structures la and lb (formal charges are for zero valent 

metal) : 

•• • • 

S 0 

c 

•• 

la 
*» 

lb 

Later Dewar [126], and Chatt and Duncanson 1127] devised a simple molec

ular model of metal-ligand bonding in which metal dir orbital and XY tt* 

orbitals of proper symmetry interact as shown below. 
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Subsequently this concept of "back IT bonding" has been frequently invoked 

to explain a variety of spectroscopic and chemical data [13,122,128-133]. 

Extensive systematic studies using different spectroscopic probes have 

provided a qualitative comparison of the relative "back ir bonding" 

abilities of various ligands [134]. This series is reconstructed in 

part below: 

N0+>C0>CNR>N2>NCR>CN">N02"> phen, bipy 

In spite of the large amount of information available, further 

spectroscopic studies are important for several reasons. First, new 

and interesting complexes of the aryldiazonium cation have been 

prepared [20] but only limited spectroscopic information is available 

for comparison with other members of the series. The free aryldiazonium 

cation has a linear NNAr+ linkage [135] but structural studies show 

[136-144] that complexes of the aryldiazo ligand have either singly bent 

or doubly bent MNNAr linkages, represented by valence bond structures 

lib and lie below: 

AR 
I 

N 
. 
*rr 
ii 
N ii ¥ II 

:M iM 
lib lie 

»% 

Ila 

No compound with a linear MNNAr linkage (Ila) has yet been prepared. 

Commensurate with their structural properties, the aryldiazo complexes 

exhibit a wide range of NN stretching frequencies (1440-1920 cm [20] 

\ 
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which are considerably lower than those observed for the parent cations 

(ca. 2240 cm"'') [145], The structural changes and the large decreases 

+ 
in NN stretching frequency which take place on coordination of the NNAr 

group suggest that a significant transfer of electron density from the 

metal to the NNAr+ unit has occurred. The aryldiazo ligand has been 

compared to the nitrosyl ligand [20] which also binds to metals in a 

linear (Illa-c) or angular (Illd-e) fashion: 

:?1: 

* II > 

t ? .•* 
N "N N 

•H i ••m 

Ilia 11 lb IIIc Hid Ille 

Although N0+ and NaAr+ exhibit parallel behavior on coordination to 

metals,the relative "back IT bonding" capabilities of these two ligands 

have not been investigated. 

Another reason for probing the ir acidity of the N2Ar+ ligand 

is the need to develop a general molecular orbital framework similar to 

that used for the (MN0}n moiety, which may explain its different 

coordination geometries (see Appendix B). It is also important to 

ascertain if this approach has general application for describing 

complexes of all ir acidic diatomic and pseudo diatomic ligands which 

interact strongly with the metal to which they are bound. 

Third, technical advances have resulted in practical application 

of new forms of spectroscopy which can provide unique and useful data. 
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One of the useful new spectroscopic techniques for probing electron 

density is X-ray photoelectron spectroscopy (XPS) [146]. Studies of a 

suitably related series of molecules using XPS can provide direct infor

mation about changes in charge distribution in the series [10,12,19, 

147,148]. Although the binding energy for a given core level in an atom 

is a function of several parameters (Eq. 4.1), it is possible to 

simplify these relationships by careful selection of the materials 

to be studied. 

Eb = kq + 0sp + YR + 0M C4>1) 

In the above equation, is the binding energy of the core level of 

interest, k is a constant roughly proportional to the reciprocal of 

the orbital radius, q is the ground state charge of the photoionized 

atom, 0 is the spectrometer work function, is the relaxation 

energy and is the Madelung-like potential. However, selection of 

an isoelectronic, isostructural series of complexes which differ in only 

a single coordination site should minimize changes in the relaxation 

energy and Madelung-like potential (Eq. 4.1) [10,12,149-153]. Con

sequently, the metal binding energy differences in an isoelectronic, 

isostructural, and isocharged series can be attributed to differences 

in charge, q, on the metal. 

If the complexes in the series possess different net charges 

then the differences must be evaluated before the binding energies of 

complexes of different charges can be compared [150,151], This 

complication is addressed in the discussion section. 



The XPS investigation described on the following pages 

deals with isoelectronic, isostructural molecules in which 

a single coordination site is occupied by different "ir acidic" ligands 

such as NO+, N2Ar+, and CO. In turn these {MXY}n derivatives are compar

ed with various related "standard" complexes which do not contain the 

XY ligand(s). 

Experimental 

Materials 

The following stable complexes were available from previous 

studies: trans-FeCl? fdasl o trans- FFeClo fdas")•? 1 rBFu.1 3^, 

trans-[Fe(CO)(das)2Cl][B(C6H5)^] 4, trans-[Fe(CH3CN)(das)2Cl][B(C6H5)4] 

2^ trans-TFefNOl fdasloCll rciO^lo 5^ trans- RuCl? fdas") o 6^ 

trans-TRuNo fdasl oCll TSbFcl ]_, trans-lRuClo fdas") ol TBFitl 8^ 

trans-[Ru(NO)(das)2Cl][Cl]2 9, Ru(NO)Cl3[P(C2H5)2(C6H5)]2 10, 

mer-ReCl3[P(CH3)2(C6H5)]3 19, and fac-IrCl3[P(CH3)2(C6H5)]3 39. 

References to elemental analyses and other physical data for these 

samples are listed in the XPS data tables. Trans-Ir(CO)CIfPCCRHQ g]? 

26, was purchased from Strem Chemical and used without further purifica

tion. Samples of {Ir(NHNC6H5HC0)Cl2 [P (C6H5) 3]2}{PF6} 37, Ir (NHNC6H5)C13 

[P(C6H5)3]2 38, and {Ir(N2C6H5)Cl[P(C6H5)3]3}{PF3} n, were generously 

donated by Dr. B. L. Haymore of Indiana University. 
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- In an t0 prepare Rh(NO) [P(C6H5)3]3 

by the method of Ahmad et al. [151] solutions of hydrated rhodium 

trichloride (0.13 gm.) in 10 ml. ethanol and 0.12 gm. N-methyl-N-nitroso-

toluene-para-sulphonamide, in 50 ml. ethanol were rapidly added to a 

refluxing solution of 1.30 gm. triphenylphosphine in 40 ml. ethanol. 

After refluxing and stirring for two minutes under a nitrogen atmosphere, 

an orange-brown crystalline precipitate formed and was collected and 

washed with portions of water, ethanol, and n-hexane after cooling to 

room temperature. After drying in vacuo the product weighed 0.365 gm. 

(93% yield). The infrared spectrum of the complex has a strong band at 

1630 cm 1 (VNQ) (KBr) (lit 1620 cm"''') [152]. The complex melted with 

decomposition at 230°C in air (lit. 232-234°C) [152]. 

Rh[N2p-C6HitF]Cl2[PPh3]2 was prepared using the method VWVWWW\M/VWWWW\< 
reported for the p-methyl, p-nitro, p-chloro, and p-methoxy aryldiazo 

analogs [153]. All of the aryldiazo derivatives of this type 

reported previously are brown, but the p-fluoro derivative was isolated 

as an olive-green solid. The material is photosensitive and turns brown 

when exposed to fluorescent lighting with loss of the bands attributed 

to the para-fluoro aryldiazo ligand. The infrared spectrum of the 

olive-green solid (KBr pellet) shows the two bands attributed to the N-N 

stretch at 1615 cm * (m) and 1555 (s) cm * which are similar in energy 

and relative intensity to those reported for several other RMNjp-CgHitX) 

CI2(PPh3) 2 derivatives (X = H, 1610, 1545; X = CH3, .1615, 1557; X = C.l, 

1605, 1560) [153]. The solid decomposes in air at 142°, turning reddish 

brown before melting. 
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{Ru(NO) (CO) 2 rPfCglls) s^HPFg} - Attempts to prepare this materi-'WWVWVWWVWWVVWWWWVV/ 
al by the method reported in the literature [154] failed. However, an 

impure sample was obtained by addition of 0.05 g NOPFg to a cold, 

rapidly stirred solution of 0.15 g Ru(CO)3[PfCgHs)3]2 in 5 ml. of 

acetone. Immediately following addition, a gas evolved, and 2 ml. 

of a saturated solution of KPFg was added. The resultant yellowish-

white precipitate was separated by filtration, washed with benzene 

and petroleum ether and dried in vacuo. The dry solid weighed 0.09 g. 

An infrared spectrum (KBr) of the solid showed a strong band at 

1755 cm"1 (lit. 1736 cm"1) [154]. 

All other complexes were prepared according to methods reported 

in the literature. References to the preparations and characterizations, 

including X-ray structure determinations of the complexes are listed in 

Tables VII to XIII (pp 79-84). Infrared spectra (KBr pellets) of all the 

complexes investigated were obtained using the Perkin Elmer 337 or 

735 Spectrophotometers. A Varian T-60 Spectrometer was used to record nmr 

spectra. Corrected melting points were determined with a Thomas-Hoover 

Meltemp Apparatus. Elemental analyses were obtained from Chemalytics, 

Inc. (Tempe, Arizona) or Huffman Analytical Labs (Wheatridge, Colorado) 

and the results are shown in Table VI. 



Table VI. Elemental Analyses of {MXY}n and Related Complexes. 

Complex Calculated 
C H N X 

JU Ru(NO)Cl3[P(C6H5)3 ]2  S6.76 3.94 1.84 

12 Ru(N2p-C6HutM3)Cl3[P(C6H5)3]2 60.70 4.35 3.29 12.50(CI) 

12 Os(NO)Br3[P(C6ll5 )3]2  43.93 3.06 1.42 

14 Os (N2p-C6Hi,F) Br 3 [P (C6li5) ] 2 •C3H60 47.60 3.52 2.47 21.il(Br) 

16 OsH(CO)Br(P(C6H5)3]3 60.85 4.24 8.56(P) 

17 OsCCO)2Br2[P(C6 l l5)3 ]3  48.85 3.21 17,10(Br) 

20 Re(N2C6H5)(NH3)Cl2[P(CH3)2(C6H5)]2 6.28 

21 ReNCl2[P(C2H5)2(C6H5)]3 46.8 5.9 1.60 9.2 

22 Re(NS}Cl2[PCC2H5)2(CfiH5)]3 44.96 5.61 1.74 3.99 (S) 

24 Rh(CO)Cl[P(C6H5)3]2 64.34 4.34 5.13(CI) 

25 Rh(CS)Cl[P(C6II5)3]2 62.88 4.24 4.54 (S) 

29 tJr(NOici[P(C6Hs)3]z}{PF6} 46.75 3.24 1.51 

30 Clr(N2p-C5Hi,CH3) (CI) [P(C6II5) 3]2}(PF$] 50.83 3.64 2.75 

33 £ls-PtCl2[P(C2!I5)3]2 14.11CC1] 

34 t-Pt(N2p-C6H,,F)Cl[P(C2HS)3]2 36.80 5.77 4.76 

F o u n d  
C H N X 

57.18 3.79 1. 87 

60.53 4.65 3. 12 11.39 

43.70 3.25 1. 17 

48.03 3.43 2. 49 20.48 

60.49 4.28 9.91 

43.62 3.46 

6. 83 

17.46 

47.08 6.05 1. 76 8.64 

45.21 5.71 1. 79 3.81 

63.84 4.41 4.42 

62.77 4.38 4.93 

46.75 3.45 1. 67 

50.52 3.86 2. 72 

14.2C 

36.93 5.61 4. 68 

--j 
w 



Table VI. (Continued). 

C a 1 C U 1 a t e d F 0 u n d 
Complex C H N X C H N X 

55 Pt (NHNp-C$Hi,F)Cl [(P(C2H5) 3)2] [BFi,] 33.03 4.74 4.28 32.24 4.81 4.80 

36 Ir(N2p-C6H„F)(CO)Cl2[P(C6H5)3]2 55.03 3.62 2.96 .7.55 (CI) 54.40 3.65 2.47 7.58 

40 Fe(CO)3[P{C6H5)3]2-l/2C6H6 71.94 4.52 71.48 4.84 

ii {' Fe (NO) (CO) 2 [P (C6HS) 3] 2} {PF6) 56.26 3.70 1.73 56.03 3.90 1.79 

42 (Fe(N2p-C6HnCH3)(CO)2[P(C6H5)3]2 J{PF6 > 60.04 4.11 3.11 59.98 3.99 2.90 

43 Ru(CO)3[P(C$Hs)3J 2 66.00 4.23 8.72 (P) 66.15 4.57 9.25 

45 {Ru(N2p-C6H.,F) (CO)2[P(C6H5)3]2J{ BFij} 55.44 3.57 2.94 55.16 3.91 2.76 

46 Ru(NO)2[P(C6H5)3]2 63.05 4.45 4.1 63.02 4.66 3.99 

iz. RU(N0)C12[P(C6HS)3]2 59.40 4,13 1.89 lO.ll(Cl) 58.25 4.15 1.73 10.12 

48 Rh CN2p-C6HHF)Cl2 [P (C6H5) 3]2 61.43 4.13 3.41 61. S2 4.37 2.94 
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Magnetic susceptibilities of Os(NO)Br3(PPh3)2 JJ5, 

[FeCCII3CN)(das)2Cl]tB(C6M5)lt] 2, {Fe(NO) (CO)2 [P(C6II5) 3]2HPFe} 41, and 

{Fe CN2p-CeICCO) 2 [P CC0H5) 3] 2 J (PFg J £2.J were determined by the Faraday 

method [68]. Complexes 13, 41, and £2 were found to have magnetic mo

ments < 0.3 B.M., but the susceptibility measured for 2 indicated a 

moment of 1.0 ± 0.1 B.M. The moment was independent of field. The 

magnetic moments were calculated using diamagnetic corrections estimated 

from Pascal's constants [69,70]. 

Spectra 

The spectra were obtained using a McPherson ESCA-36 Photo-

electron Spectrometer. Both AlKa (1486.6 eV) and MgKa (1253.6 eV) 

X-radiation sources were employed. A beryllium window (= .5 mil. thick) 

was used to decrease the Brehmstralung. Vacuum conditions during data 

— 7 - 8 
collection usually ranged from 10 to 10 torr. Most samples were 

pressed onto double stick tape (3M). 

The spectra of compounds containing phosphine or diarsine ligands 

were standardized to a C Is binding energy of 285.0 eV [12,71,72,155]. 

In most cases the contribution of carbon from these ligands to the C Is 

line is > 85%. However, in two cases, [Fe(CH3CN) (das^Cl] [BPhi,] 2^ and 

[Fe(CO) (das)2Cl] [BPhi,] £, the samples contain a tetraphenylborate 

anion which also makes a substantial contribution to the C Is line. 

The C Is binding energy of BPhi, is known to be 284.5 eV [72], There

fore the C Is binding energies of 2_ and £ were taken to be the weighted 

average of the das and BPhi, binding energies. 
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Between two and five complete and independent XPS data sets 

were obtained for each complex. All of the complexes are stable in air, 

but many of the complexes were potentially unstable under ambient 

operating conditions. The less stable complexes 12, 13, 14, 20, 21, 22, 

25, 29, 30, 31, 32, 34, 35, 36, 37, 38, 40, 43, 45, 46, and 48 were 

mounted on a cryogenic probe of our own design [44] and spectra were 

obtained with the probe cooled to ca. -95°C. Fe 2p3̂  spectra of 

trans- [Fe(NO) (das)?Cl] [ClOul? 5^ exhibited more than one Fe 2p^2 peak 

unless the sample was freshly prepared and pure. The additional Fe 2p3̂ 2 

peaks were attributed to decomposition products. This was corroborated 

by major infrared spectral changes in the NO stretching region. Only 

freshly prepared samples produced a single NO band at ca. 1860 cm"'''. 

More than one peak was also observed in the Fe spectrum of 

trans-[Fe(CH3CN)(das)?C1][BPhu], but was attributed to an Fe(III) 

impurity, consistent with the high magnetic moment (1.0 B.M.) found 

for this material. 

Of the remaining complexes only [Fe(NO)(CO)2(PPh3)2] [PP6l 

41, and [Fe(N2p-tolyl)(C0)2(PPh3)2][PF6] 42 exhibited metal core 

level satellites (Fig. 11). In most cases multiple peaks in 

diamagnetic transition metal complexes indicate a lack of sample 

purity or sample decomposition during XPS analysis. Although sample 

decomposition cannot be excluded, the spectra are reproducible 

under a variety of sampling and spectrometer conditions, the 

primary photopeaks are narrow and no sample discoloration was 
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observed. Therefore it seems probable that the additional peaks are 

indigenous to the sample. The significance of these multiple peaks in 

the Fe 2py2, 2p3̂ ,2 spectra of 41^ and 42 is addressed in the discussion 

section. 

A single metal core level was measured for all but the ruthenium 

complexes in which both the Ru 3d,. 2̂ and Ru 2p3̂ ,2 levels were obtained. 

Although the Ru 2p3̂ 2 
level is broader than the Ru 3dlevel, the Ru 

2p 2̂ binding energies are useful because the Ru 3d,. 2̂ level was some

times partially obscured by the C Is peak. 

Weak satellites were observed at 292.0 ± 0.15 eV in the 

C Is spectra of some carbonyl complexes, but none were found 

for N Is, P 2p1/2j3/2, CI 2p1/2j3/2 or S 2p1/2>3/2 spectra. 

Binding energies range from 131.2 to 132.4, 43.5 to 44.2, and 198.3 to 

199.9 eV for the phosphine P 2p3̂ 2, diarsine As 3d and chloride ion 

CI 2p3̂ 2 photopeaks respectively. Generally, binding energies increased 

with increasing molecular charge. These binding energy ranges are in 

good agreement with those reported in the literature [11,12,72,147, 

148,156-158]. In many cases the presence of more than one spectro-

scopically distinct phosphorus or chlorine in a compound resulted in 

broadened P 2p^ 2̂ 3̂ 2 or CI 2p.jy2 3̂ 2 peaks. No attempt was made to 

resolve these spectra into their components. Five of the complexes 

contained phosphorus from phosphine ligands and the hexafluorophosphate 

anion (cf [Fe(NO)(C0)2(PPh3)2l[pF6l £V) • xpS spectra of the P 2p region 

for these complexes showed two P 2p peaks, the relative areas of which 



78 

correspond to the stoichiometric ratios of the two forms of phosphorus 

in the compounds. The peak due to PFg"was found between 135.8 and 

136.8 eV. 

Results 

Metal Binding Energies 

The XPS data are divided among Tables VII through XIII according 

to the {MXY}n electron populations (n = 6, 8, 10). Each {MXY}n group is 

further subdivided by grouping together the isostructural complexes of 

each metal. Tables VII, VIII, and IX summarize the XPS data obtained for 

the {MXY}^ complexes. Each {MXY}^ complex listed in these tables 

is six coordinate with a linear MXY linkage and a halide ion trans to 

the XY group. The binding energies of iron complexes of N0+, CO and 

CH3CN are compared with corresponding Fe(II) and Fe(III) complexes in 

Table VII. The Fe 2p^2 binding energies extend from 708.1 to 710.0 eV. 

Trans-[Fe(CO) (das)2Cl] [BPhiJ 4^ and trans- [Fe(NO) (das)2Cl] [C101J2 5, have 

the highest Fe Zp,^ binding energies in the series (710.0 eV and 

710.5 eV), while the iron(II) complex, trans-FeCl?(das)2 1^has the low

est binding energy. The acetonitrile complex, j^3, has a binding energy 

only 0.4 eV higher than 1^. Thus the Fe 2p^2 binding energies decrease 

in this series in the order 5>4>3>2>1. 

The. 3dg^2 an̂  ̂ 3/2 regi°ns four closely related 

ruthenium complexes (6-9) are also included in Table VII. Although the 

Ru 2P3/2 *eve* much broader than the Ru 3d^2 level> it was necessary 

to obtain spectra of both because the Ru 3dg^ level was partially 



Table VII. XPS Data for [M(XY)(das)2Cl]+n and Related Complexes 

Co»pou„d ^(cnf1) EbRu 2p3/2 E,N Is sSuSture 6 

References 

1 FeCl2(das)2 

2 [FeCCH3CN)(das)2CX][BPhu] 

3 [FeCl2(das)2][BFiJ 

1 [Fe(CO) (das)2Cl] [BPhi,] 

5 [Fe(NO)(das)2Cl][C101)]2 

6^ RuCl2(das)2 

2 [RuN2(das)2Cl][SbF6] 

8 [RuCl2(das)2] [BFi,] 

9 [Ru(N0)(das)2Cl][Cl]2 

2240 

1930 

1835 

2130 

1883 

708.1(2.0)" 

708.4(1.7) 

709.1(2.1) 

710.0(1.7) 

709.9(2.2) 

280.7(1.9) 

281.2(1.8) 

281.8(1 .8)  

283.3(2.0) 

461.8(2.5) 

462.3(1.8) 

463.1(2.9) 

464.0(3.2) 

400.5(1.5) 

402.6(1.9) 
402.9a 

.402.2(1.8),401.0(1.8} 
402.3b 400.8b 

403.5(1.6) 

89 

89 

89 

89 

89 

201 

133,201 

201 

133 

tAll binding energies in eV. 
"Metal core level either Fe 2p3^2 or Ru 3d5^2. 

•Values in parentheses represent FWItM in cV. 

8ref. 17. bref. 165. 



Table VIII. XPS Data for M(XY)Z3[P(C6H5)3]2 and Related Complexes 

Compound vXYCcm_1) E' Metal 
b 

EbRu 2p3/2 E, N Is 
b 

Synthesis § 
Structure 
References 

LQ. RU(NO)C13 (PEt2Ph)2 1860 

U Ru(N0)Cl3(PPh3)2 

12 Ru(N2p-C6H,,CH3)Cl3(PPh3?2 1881 

IS Os (NO) Br3(PPh3) 2 1850 

1_4. Os (^p-CgHM1') Br3 1865 

^5 OsBr2(PPh3)3 

lis OsH (CO) Br (PPh 3) 3 

17 Os(CO)2Br2 (PPh3)2 

18 OsClij (PPh3)2 

283.5 (1.8)' 
283.3a 

283.1b 

282.2(1.9) 
282.2b 

53.5 (2.1) 
52.1b 
53.5c 

52.7 (2.0) 
51.6b 

51.3(1.9) 

51.7(2.1) 

52.6(2.0) 

5 3. 8C 

464.5(2.9) 

464.4(3.0) 
464.7b 

463.0(2.8) 
463.6b 

402.9(1.7) 
403.4a 

403.1(1.8) 
403.2b 

401.4(1.7) 
401.9 

402.6(1.9) 
40 3.2b 

401.7(1.7),400.5(1.7) 
401.6b 401.0b 

42 

42,142 

139,142 

202 

153 

203 

204 

205 

206,207 

«• Metal core level either Ru 3dg^ or ^7/2" 

+ All binding energies in eV. 

* All values in parentheses are FWtIM, in eV. 

aref. 18, bref. 159, °ref. 54. 

00 © 



Table IX. XPS Data for Re(XY)Cl2[PR2(C6Hs)2]3 and Related Complexes 

Compound 
vXYCcm_1) Eb+Re 4f?/2 E, N Is 

D 

Syntheses § 
Structure 
References 

19 ReCl 3 [P (CH3) 2 (C6H 5) ]  3 

20 Re(N2C6H5)Cl2[P(CH3)2(C6H5)]2(NH3) 1524 

2 1  ReNCl2[P(C2H5)2(C6H5 ) ] 3  

22 Re(NS)Cl2[P(C2Hs)2(C6H5)]3 n80 

23 Re(N0)Cl2[P(CH3)2CC6H5)]3 1680 

42.3(1.9)* 
42.0a 

42.5(2.0) 

43.0(2.2) 
40.9a 

42.7(2.3) 

42.5a 

399 .8(2.0) 

39 8.2(1.7) 
398.0a 

399.4(1.8) 

401.3a 

41 

136 

38,208 

209 

19 

AH binding • energies in eV. 

All values in parentheses are FWHM, in eV. 

'W. 19. 



Table X. XPS Data for [M(XY)Cl(PR3)2]+n Complexes 

Compound 
vXY ĉm_1̂  

24 Rh(CO)Cl[P(C6H5)3]2 

25 Rh(CS)Cl[P(C6Hs) j]2 

26 Ir(CO)Cl[P(Ce'ls) j]2 

27 Ir(CS}Cl[P(C6Hs)j)2 

28 IrN2Cl[P(C6H5)j]2 

2£ {lr(N0)Cl[P(C6H5)3]2j|pF6J 

30 |lr(N2P-C6H„CH3)Cl{P(C6H5)3]2}{pF6} 

« |lr(N2C6H5)ClfP(C6H5)3]j} {PF6} 

32 PtHCl[P(C2H5)3l2 

33 PtCl2[P(C2H5)j)i 

34 Pt(N2-p-C6llkF)Cl[P(C2H5)3]2 

35 ^Pt(NHNp-C6HiiF)Cl [P(C2H5) 3]2̂  ̂ BP 4^ 

1975 

1299 

1961 

1286 

210S 

1890 

1868 

1651 

1440 

1122 

E, Metal 
b 

309 .1(2.1)* 

308.9(2.0) 

61.9(2.0) 
61.6a 

61.2a 

61.8a 

63.9(1.8) 

63.3(1.8) 

63.1(2.0) 

72.9(1. 8),72.7b 

73.0(1 .9),73.7b.73.2c 

73.1(1.8) 

73.7(2.1) 

E, N Is 
• 

401. Sa,399.9a 

403.9(1.7) 

402.6(1.8).400.7(1.8) 

400.8(1.7),400.1(1.7) 

399.4(1.7) 

401.0(1.7),400.5(1.8) 

Synthesis 
£| Structure 
Reference 

210 

211,212 

213 

214 

215 

216 

160 

144,160 

39 

39 

39,140 

39,179,217 

tAIl binding energies in eV. 
Metal core level either Rfc 3d5,2, Ir 4f7/2. or Pt 4f . . 

*A11 values in parentheses are FWIIM, in ev. ' 

aref. S2,bref. 162,?ref. 163. 

00 
N) 
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Table XI. XPS Data for Six Coordinate {IrXY} and Related Complexes 

Compound 
uNN(cb"1) Eb+Ir 4f7/2 

E, N Is 
D 

Synthesis § 
Structure 
References 

36 Ir(N2p-C6H5F)Cl2(CO)(PPh3)2 
1630 63.4(2.0)* 400.3(1.3,399.5(1.7) 218 

37 (Ir(NHNC6ll5)(CO)Cl2(PPh3)2){PF6) 1445 64.1(2.1) 401.9(1.8),400.4(1.7) 160 

38 Ir(NHNC6H5)Cl3(PPh3)2 
1404 62.9(1.9) 401.3(1.8),400.2(1.8) 160 

39 IrCl3(PMe2Ph)3 
62.9(1.9) 
62.7* 

219 

tAll binding energies in eV. 

•All vtlues in parentheses are FNHM, in eV. 

a ref. 147 

00 
w 



Table XII. XPS Data for [M(XY)(CO)2(PPh3)2]+n and Related Complexes 

j m Synthesis § 
Compound vw(cm~ ) E.+Metal™ E, Ru 2p_.„ E, N Is Structure 

XI D D 5/ 4 b „ c 
References 

40 Fe(C0),(PPhj)2 1890 708.9(1.5) 220,221 

41 [Fo(NO)COO)2(PPh,)2][PF6] 1792 709.8(1.6) 402.0(1.9) 222,223 

42 [Fo(N2p-C6ll„CH,) (CO)2(PPh3)j] [PFg] 1723 710.5(1.6) 400.8(1.7) 141,194,224 

43 Ru(CO)3(PPhi)2 1900 281.3(1.9) 462.3(3.0) 151 

44 [Ru(N0) (C0)2(PPhj)2]{PF$] 1736 283.2(1.9) 464.0(3.0) 154 

4S [Ru(N2p-C6HuF) (C0)2(PPhj)2J (BFi,] 1555.1592 
1605,1680 

282.2(1.9) 463.0(2.8) 401.0(1.7) 
. 399.9(1.7) 

225 

46 Ru(NO)j(PPhj)2 160S.1655 281.7(1.9) 
281.3» 

462.9(3.1) 
463.4a 

400.4(1.9) 
400.8* 

153,168 

tAll binding energies in eV. 
*A11 values in parentheses are FKHM. in eV. 
"Metal core level either Fe 2p^2 or Ru 3dS/2 

aRef. 159. 

OO 



Table XIII. XPS Data for Rh(XY)Cl2[PfCgHs)3]2 and Related Complexes 

2 Synthesis § 
Compound vw(cm~ ) E.+Rh 3d_.„ E, N Is Structure 

XY D 5/Z D „ r. 
References 

47 Rh(NO)Cl 2(PPh3)2 1630 

48 Rh (N2p-CjHi,F)Cl2 (PPhj) % 1549,1614 

49 RhCl3(PMe2Ph)j 

109.7(1.8) 
309.5" 

401.9(1.9) 
401.9® 
401.5b 

403.9C 

151 

309.5(1.9) 
309.4a 

401.1(1.9) 
40p.Sa 

153 

309.Id 

TAII binding energies in eV. 
•All values in parentheses are FMW, In eV. 
"Ref. 159, •> ref. 17, = ref. 18. d ref. 161. 



obscured by the C Is peak in some compounds. The Ru ^d^.^ binding 

energy in this group of complexes ranges from 280.7 to 283.8 eV. A 

parallel range of binding energies was observed for the Ru level. 

Among the ruthenium complexes in Table VII, the highest Ru 3<*5/2 anc* 

Ru 2p^2 binding energies were observed for trans - [Ru(NO) (das) ?C1] 

[CI]2 9_, while the lowest were observed for trans-RuCl2 (das)2 6_. The 

dinitrogen complex, trans- [Ru(N2) (das) ?C1] [SbFg] had a Ru 3d^2 bind

ing energy 2.1 eV lower than that of the nitrosyl complex, 9, and 0.6 eV 

lower than that of trans- [RuCl2 (das) 2] [BF^.] £. 

The metal binding energies of the M(III) derivatives, 

trans-[MCl2(das)2]+ (M = Fe, 3_; M = Ru, 8) are ca. 1.0 eV higher than 

the metal binding energies of the corresponding M(II) derivatives, 

trans-MCl2(das)2 (M = Fe, £; M = Ru, K)). This result is in agreement 

with a published survey of available data which shows that a 1.0 eV 

increase in binding energy of a core level generally accompanies 

a unit increase in the formal oxidation state of the atomic center [75]. 

XPS data are summarized for several neutral six coordinate 

ruthenium and osmium {MXY}^ complexes in Table VIII. The ruthenium 

nitrosyl complexes Ru(N0)Cl3(PEt2Ph)2 1J3 and Ru(N0)Cl3(PPh3)2 11_ have 

the same Ru 2P3/2 binding energies. The Ru Sd^^ binding energy for 10 

found in this study is the same as that reported by Su and Faller [18]. 

They did not report a Ru 2p3̂  binding energy for 10/ Within experimental 

error the Ru 2p^^ binding energy obtained for Ru(NO)Cl3(PPh3)2 11, is 

the same as reported by Clark et al. (283.1 eV) [159]'.' In this study 



the Ru 3d[-^2 level of 11^ was not resolved from the C Is peak. The 

ruthenium nitrosyl complexes, JJ) and JU, have Ru 3d^^ anc* ̂ 3/2 

binding energies which are ca. 1.3 eV higher than those obtained for 

Ru(N2p-C5HitMe)Cl3(PPh3)2 12_- The metal binding energies obtained in 

this study for \2_ are in good agreement with those reported by 

Clark et al. [159]. 

XPS data for two {OsXY}^ complexes are included in Table VIII. 

As with the ruthenium complexes, the Os 4f 2̂ binding energy of 

OS(NO)Br3(PPh3)2 1J5, is 0.8 eV higher than that of 

0sCN2P-C6HitF)Br3(PPh3)2 14. The Os 4f.^ binding energy for L3 in 

Table VIII is in accord with the value reported for 

Os(NO)Cl3(PPh3)2 by Haymore and Ibers [54] but is 1.4 eV lower than, that 

reported by Clark et al. [159]. The Os 4fbinding energy reported 

for _14_ by Clark et al. is also significantly lower than the value 

reported in Table VIII. However, the difference in Os 4f 2̂ binding 

energy (0.8 eV) between 13^ and 1£ reported in Table VIII corresponds to 

that reported by Clark et al. (0.5 eV) . The Os 4f^,2 binding energy 

of the nitrosyl complex L3 is greater than those of three related 

Os(II) derivatives OsBr2(PPh3)3 _15, OsHCl (CO) (PPh3) 3 16_, and 

0s(C0)2Br2(PPh3)2 JLZ. as was f°un(l f°r the iron and ruthenium complexes. 

Among these three Os(II) derivatives, the Os binding energies 

increased in the order of 15<16<17. The Os 4f 2̂ binding energy 

obtained for 17 is the same as that reported [54] for 0sCl2(C0)2(PPh3)2-

The binding energies of the aryldiazo complex, 14_, and the dicarbonyl 

complex, 17, do not differ significantly. 
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XPS data for six neutral rhenium complexes are included in 

Table IX. The Re 4fbinding energies for 1£ through Z3 differ by-

only 0.7 eV (42.3 to 43.0 eV). The Re 4f.^ binding energies obtained 

for ReCl3(PMe2Ph)3 19, Re(N2C6H5)Cl2(PMe2Ph)2NH3 20, and 

Re(NS)Cl2(PEt2Ph)3 22^ are not considered to be significantly different. 

The Re 4f^,2 binding energy reported by Chatt et al. [19] for 

Re(NO)Cl2(PMe2Ph)3 23, is the same as that obtained in this study for 

the isostructural isoelectronic thionitrosyl derivative 22. 

The metal binding energy of 1£ is not significantly different 

from that previously published [19]. However, the Re 4f^£ binding 

energy found for the rhenium (V) nitrido complex 21_ disagrees with the 

value published by Chatt et al. [19] for ReNCl2(PMe2Ph)3 (40.9 eV). 

Chatt et al. reported that 21 was also examined but that it lost a 

phosphine ligand during XPS analysis. However, in this study the P:C1 

stoichiometric ratio was monitored during XPS analysis (See Chapter 2) 

with the sample at ambient spectrometer temperature and cooled to ca. 

-95°C. No loss of phosphorus or chlorine was observed. Although the 

Re 4fg^2 and ̂ 7/2 Peâ s recorded for 21 were broad (FWHM 2.3 eV) 

the Re 4f^^ binding energy was reproducible, and independent of time 

and sample temperature. In the earlier study peak widths were not 

reported so a direct comparison cannot be made. The source of the 

discrepancy in the Re 4f.^ binding energies of ReNCl2(PEt2Ph)3 21_ 

and ReNCl2(PMe2Ph)3is not known. 



g 
The XPS data for {MXY} complexes are summarized in Tables X, 

O 
XI, XII, and XIII. XPS data for the four coordinate {MXY} complexes 

are summarized in Table X. The rhodium complexes, trans-Rh(CO)Cl(PPhg)? 

24, and trans-Rh(CS)C1 (PPhg)? 25, have Rh Sd^.^ binding energies (309.1 

and 308.9 eV) which differ by less than la. Nefedov et al. [52] have 

studied the iridium analogues, trans-Ir(C0)C1(PPI13)2 26, and 

trans-IrfCSIClfPPhglo 27. They found that the metal binding energies 

for the carbonyl and thiocarbonyl derivatives differ slightly (0.4 

eV). The Ir 4f^2 binding energy (61.9 eV) for t.rans-Ir(C01Cl (PPhg)9 

26, (Table X) is in reasonable agreement with the value reported by 

Nefedov et al. (61.6 eV) [52]. The Ir 4f^2 binding energy ranges from 

61.9 eV for the carbonyl derivative Z6 to 63.9 for the nitrosyl 

derivative 29_ (Table X). The Ir 4f^^ binding energy obtained for 

trans- rir(N?p-CfiHuMe)CI (PPh.g)?.] fPFfil 30 is 0.6 eV lower than the bind

ing energy recorded for the isostructural, isoelectronic nitrosyl 

complex 29^. Triphenylphosphine adds to 30 to form [Ir(N2C6HS)C1 (PPI13) 3] 

[PFg] 3I_ [160]. The Ir 4f.^ binding energy of 31^ is only 0.2 eV 

lower than that for the parent four coordinated complex 210. 

Table XI summarizes the XPS data obtained for three six 

g 
coordinate {IrXY} aryldiazo and diazine complexes. The Ir 4f7̂ 2 

binding energies in this series extend from 62.9 to 63.9 eV. The Ir 

4f^2 binding energies for the aryldiazo and diazine complexes 36^, 37, 

and 38, are equal to or greater than that observed (63.3 eV) for the 



iridium(III) complex nier-IrClg (PMeaPh) 3 39^ The metal binding energy-

recorded for 39_ is in good agreement with the value reported previously 

[147]. 

Aryldiazo complexes such as Ir (^p-CgH^Me)(C0)C12.(PPh3)2 36 can 

be protonated at the endo nitrogen to form diazene complexes [160]. 

The two diazene complexes investigated, [IrCNHNCgHs)(C0)Cl2(PPh3)2][PFg] 

37 and Ir(NHNC6H5)Cl3(PPh3)2 38, have Ir 4fbinding energies which 

are 0.7 and 0.3 eV higher, respectively, than the binding energy of 3(3. 

g 
All of the {MXY} complexes in Table XII have trigonal bipyramid-

al geometry at the metal center with the phosphine ligands perpendicular 

to the trigonal plane. The metal 2p 2̂ binding energies for the iron 

complexes span the region from 708.9 to 710.5 eV and increase in the 

order Fe(C0)3(PPh3)2 40, <[Fe(NO)(CO)2(PPh3)2]EPF6J 41, 

<[Fe(N2p-C6HtfMe) (CO)2CPPh3)2] [PF6] 42. The Fe 2p spectra of 40, 41, 

and 42^ are shown in Fig. 11. The satellites associated with the Fe 2p 

spectra of 41_ and 42 are 4.5 eV from the primary peaks. In the 

spectrum of 4d the satellite intensity is 30% of the primary 

peak, while the satellite intensity is 50% of the primary peak in the 

spectrum of 42_. 
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Fig. 11. Fe 2p Spectra of the [Fe(XY)(CO)2(PPh3)2]+n Complexes. 
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The isostructural ruthenium complexes (Table XII) exhibit a 

different order of metal binding energies, Ru(CO)3(PPh3)2 43 

<[Ru(N2p-C6HltF)(C0)2(PPh3)2][BF1+] 45 <[Ru(NO) (C0)2(PPh3)2] [PF6] 46, 

but the spread of Ru 2p 2̂ binding energies (1.7 eV) is nearly the 

same as observed for the corresponding iron complexes. Although the 

sample of 46_ was impure, the metal binding energies obtained are 

considered reliable. Except for N Is, the core level peaks of this 

material were sharp and constant with time. As observed for the series 

of ruthenium complexes in Table VII, the Ru 2p3̂ 2 binding energy differ

ences between 43, 44, and 4£ paralleled those of the Ru 3d 2̂ level. 

Satellites were not observed in the Ru 2p.^,2 or Ru ̂ 5/2 sPectra those 

complexes. In addition to the {RuXY} complexes in^Table XII, 

XPS data were collected for Ru(N0)2(PPh3)2 46_. It was found that the 

Ru 3d,.^2 binding energy of 46 is 0.4 eV higher than that for 

Ru(C0) 3(PPh3)2. Clark reports Ru 3d,. 2̂ 
and Ru 2P3/2 binding 

energies [159] for 4(5 which are 0.4 and 0.5 eV, lower than the values 

recorded in this study. 

Table XIII compares the XPS data obtained for Rh(N0)Cl2(PPh.3)2 

47 and Rh(N2p-C6HitF)Cl2(PPh3)2 4£. The Rh 3d 2̂ binding energies record

ed for these two complexes are the same, within experimental error, and 

each is slightly higher than the 3d5̂ 2 binding energy reported [161] for 

RhCl3(PMe2Ph)3 49. 

Two {PtXYcomplexes were investigated, and the XPS data are 

presented in Table X. The Pt 4f7̂ 2 binding energy for 
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trans-Pt(N2p-C6HilF)Cl(PEt332 is the same within experimental error 

as the binding energies of cis-PtCl? (PEtq)? 33 and trans-PtHCl(PEtq)? 

32. The Pt -̂j/2 binding energies for 32_ and 33 are in agreement with 

those in the literature [162-163]. The Pt binding energy of the 

diazine complex trans- fPt (NHNp-CfiHitF)Cl (PEt Q ?] fBFiJ 35 is 0.6 eV higher 

than that of the aryldiazo complex 34. Although the platinum diazene 

complex contains an impurity (ca. 5% by weight), the XPS data for it 

are considered reliable. 

Ligand Binding Energies 

Ten nitrosyl complexes were investigated. N Is binding energies 

were obtained for nine of the complexes but the N Is binding energy 

of an impure sample of [Ru(NO)(C0)2CPPh3^23[P^e]> 39, (Table XII) could 

not be obtained. The nitrosyl N Is binding energies ranged from 400.5 to 

403.9 eV, similar to the ranges for nitrosyl complexes reported by others 

[17,18]. The N Is binding energies increase in the following order: 

Ru(NO)2(PPh3)2 46 (400.4); Rh(N0)Cl2(PPh3)2 47 (401.9); 

[Fe(NO) (C0)2(PPh3)2] [PF6] 41 (402.0); trans- [Fe(NO) (das)2Cl] [CKM2 £ 

(402.6); Os(NO)Br3(PPh3)2 13 (402.6); Ru(NO)Cl3(PEt2Ph)2 10 (402.9); 

RU(N0)C13(PPh3)2 11_ (403.1); trans-[Ru(NO)(das)2C1][CI]2 9 (403.5); and 

trans-[Ir(NO)Cl(PPh3)2][PF6] 2£ (403.9). Although weak satellites have 

been observed in the gas phase XPS spectrum of free NO [164], they were 

not observed in the N Is spectrum of any of the nitrosyl complexes. 
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N Is binding energies have been reported previously [17,18,159] 

for several of the nitrosyl complexes (5, 9, H), 1^, 13, and 46). 

Except for 9^, which is 3.5 eV higher than that reported by Finn and 

Jolly [17], the data in Tables VII and VIII are in reasonable agree

ment with reported binding energies. However, Finn and Jolly 

cautioned that the binding energy they reported for £ (400.0 eV) might 

be in error due to decomposition. Since no evidence for decomposition 

was found in the present study, the value, reported in Table VII is 

considered to be correct. 

The binding energy obtained for £7 (Table XIII) is in accord 

with those reported by Finn and Jolly [17], and Clark et al. 

[159], but the value reported [18] by Su and Faller is 3.0 eV higher 

and is unreasonably high for a bent nitrosyl complex. In view of 

previous evidence (Chapter 3), the N Is binding energy reported by Su 

and Faller is attributed to a nitrite decomposition product. 

The N Is binding energies for most of the aryldiazo complexes 

were reported recently in a communication [60]. The N Is spectra of 

Ru(N2p-C6Hi»Me)Cl3(PPh3)2 12_, Os(N2p-C6Hi,F)Br3(PPh3)2 14, 

[Ir(N2p-C6H4Me)Cl(PPh3)2][PF6] 30, [Ir(N2C6H5)Cl(PPh3)3][PF6] 31, 

and [Ru^p-CgH^F) (C0)2(PPh3)2] [BF^] 45, could be resolved into two 

peaks with an area ratio of 1:1, while the N Is spectra of 

Re(N2C6H5)Cl2(PPh3)2(NH3) 20, Pt(N2p-C6H4F)Cl(PEt3)2 34, 

Ir(N2p-C6H4Me) (C0)Cl2(PPh3) 36 [Fe(N2p-C6HitMeXCO)2(PPh3)2] [ PF6] 42 

and Rh(N2p-C6Hi4F)Cl2(PPh3)2 48, exhibited single narrow peaks. Examples 



95 

of the aryldiazo N Is spectra are shown in Fig. 12. No 

satellites were observed in the N Is spectrum of any of these 

complexes. 

N Is binding energies ranged from 399.4 to 402.6 eV. These 

binding energies are markedly lower than the binding energies of 405.1 

and 403.8 eV reported [52,165] for the free aryldiazonium cation. 

In compounds where two N Is peaks were observed, the one at 

higher binding energy is assigned to the endo nitrogen and the one at 

lower binding energy is consequently assigned to the exo nitrogen. In 

compounds where one N Is peak was observed the endo and exo nitrogen 

binding energies are the same. These assignments result in a range 

of binding energies for the ^ndo nitrogen of 399.4 to 402.6 eV, and a 

narrower range of binding energies for the exo nitrogen of 399.4 to 

400.8 eV. The binding energy of the endo nitrogen increases in the 

following order: 

^<^<^<3Jl<42<45 <48<12<J4< 3^0 

Protonatian at the endo nitrogen produces diazene complexes, 

which are represented in this study by [Pt(NHNp-CgH4F)Cl(PEt3)2][BFiJ 35, 

[Ir(NHNC5H5)(CO)CI2(PPh3)2]{PFg] 37, and IrCNHNC6H5)Cl3CPPh3)2 38.. The 

N Is spectra of these complexes have two resolvable peaks with an area 

ratio of 1:1. The peaks at higher binding energy vary from 401.0 to 

401.9 eV, while the peaks at lower binding energy are relatively constant 

(400.2 to 400.5 eV). The N Is peaks at higher binding energy are assign

ed to the endo nitrogen and the peaks at lower binding energy to the exo 

nitrogen. On the basis of the above assignment, protonation increases 



410 405 400 395 390 

BINDING ENERGY (eV) 

Fig. 12. N Is Spectra of fa) Os (^p-C^F) Br3 (PPh3) 2 
and (b) trans-Pt(N^p-CcHuFTC1fPEt olo. 



the binding energy of the exo nitrogen only 0.5 to 0.8 eV, while the 

binding energy of the endo nitrogen increases ca. 1.6 to 2.6 eV. 

XPS data for substituents in the other diatomic and pseudo-

diatomic ligands were also obtained. A separate, or resolvable C Is 

peak attributable to the carbonyl carbon(s) was not observed for any of 

the eleven complexes (£, 16, 17, 24, 26, 40, 41, 42, 43, 44, and 45). 

The absence of a separate carbonyl carbon peak is attributed to the 

low concentration of carbonyl carbon and its probable binding energy 

(287 to 289 eV) [19,166]. 

Although no primary C Is peaks of the carbonyl carbons could be 

identified in the spectra of these complexes, a,weak but distinct peak 

at 292.0 ± 0.2 eV was observed in the spectra of complexes £, 40_, 41, and 

42. Its intensity is less than 1% of the primary peak.. A 

small peak ca. 5.5 eV from the primary peak has been observed in the 

C Is spectra of a number of carbonyl complexes and has been attributed 

to a secondary process during carbonyl C Is photoemission [167]. How

ever, a weak satellite has also been observed at 292.5 eV for triphenyl-

phosphine complexes which do not contain CO. Since the complexes 4£, 

41, and 42_ contain both triphenylphosphine and carbon monoxide, the C Is 

satellite peaks observed in this study were not assigned. 

ReNCl2(PEt2Ph)3 21^ is the only nitrido complex investigated. 

The N Is binding energy recorded for it (398.2 eV) is in excellent 

agreement with the values reported by Chatt et al. [19] for similar 

rhenium nitrido complexes, and agrees with the N Is binding energy of 

398.4 eV reported by Finn and Jolly [165] for ReNCl2(PPI13)2. 



Addition of sulfur to 21^ results in the thionitrosyl complex 22. 

The N Is binding energy of 22^ is 1.2 eV. higher than that of 21. How

ever, it is 1.9 eV less than that reported (401.0 eV) [19] for the 

nitrosyl analog, Re(N0)Cl2(PMe2Ph)2 25_- The S 2p^2 binding energy 

of the thionitrosyl complex is 163.8 eV, which is only 0.3 eV higher 

than the value recorded for the thiocarbonyl, trans-Rh(CS)Cl (PPh3)2-

Discussion 

The Complexes 

XPS data for nine mononitrosyl complexes were obtained in this 

study. Of these, the following have linear (Illa-c) MNO groups 

(nitrosyl N Is binding energies in parentheses): Trans.-[Fe (NO) (das) 2CI] 

[CIO1J2 5. (402.6 eV), trans-[Ru(NO) (das)2Cl] [CI] 2 9. (403.5 eV), 

Ru(N0)Cl3(PEt2Ph)2 10 (402.9 eV), RU(N0)C13(PPh3)2 11. (403.1 eV), 

Os(NO)Br3(PPh3)2 13. (402.6 eV) , trans-[Ir(NO)Cl(PPh3)2] [PFS] 29 

(403.9 eV), [Fe(NO)(C0)2(PPh3)2][PF6] 41 (402.0 eV) and 

[Ru(NO)(CO)2(PPh3)2] [PF6] 44 (N Is was not observed). 

The N Is binding energies for these complexes range from 402.0 eV 

to 403.9 eV and the NO stretching frequencies extend from 1792 to 1890 

cm-1. With the exception of 29_, the range of N Is binding energies for 

these linear nitrosyl derivatives is within the range observed for other 

linear nitrosyls [17,18]. In accord with the high NO stretching fre

quency (1890 cm"'*), the N Is binding energy of 2£ is the highest yet 

observed for a nitrosyl complex. 
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Data for one bent (Hid) nitrosyl complex were obtained. 

Rh(N0)Cl2(PPh3)2 47 has an N Is binding energy of 401.9 eV, which is on 

the high side of the range of nitrosyl N Is binding energies reported 

for bent nitrosyls, but it is lower than or equal to the N'Is binding 

energies recorded in this study for the linearly bound nitrosyls [17]. 

The N Is binding energy observed for the dinitrosyl complex 

Ru(NO)2(PPh3)2 4(3 (400.4 eV) is reasonably consistent with the N Is 

binding energy reported for the isoelectronic, isostructural dinitrosyl 

complex Os(NO)2(PPh3)2 (401.0 eV) [54]. The observation of a single N Is 

peak is also consistent with structural data which show that the two 

nitrosyls are nearly equivalent (RuNO angles of 171° and 177°) [168]. 

The low binding energy might be expected because the complex is uncharged 

and the formal oxidation state of the metal is -2 (if nitrosyls are 

considered as NO+). 

Ten aryldiazo complexes were investigated, of which 

Ru(N2p-C6HltMe)Cl3(PPh3)2 12, Re(N2C6H5)Cl2(PEt2Ph)2(NH3) 20, 

trans-[Ir(N2p-C6HttMe)Cl(PPh3)2][PF6] 30, and [Fe(N2p-C6H£tMe) (C0)2(PPh3)2] 

[PFg] 42., contain singly bent (lib) MNNAr linkages. Although the struc

tures of 0s(N2p-CgH3F)Br3(PPh3)2 .14 and [Ru^p-CgHitF) (C0)2(PPh3)2] 

[BFiJ 4!5, have not been determined, they also likely contain singly bent 

MNNAr linkages. 

Trans-Pt(N2P-C6H^F)Cl(PEt3)2, 34, contains a doubly bent (lie) 

MNNAr linkage [140] and [Ir(N2CgH5)Cl (PPh3) 3] [PFg], _31, possesses a "half 

doubly bent" aryldiazo group (MNN and NNAr angles of 155° and 121° 

respectively) [144]. The structure of Ir (^p-CgH^Me) (C0)C12(PPh3)2, 3(3, 
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has not been determined but it probably contains a doubly bent MNNAr link

age. The structure of RhC^p-CgHi^Cla (PPh3)2,j48, is unknown. Due to the 

unusual properties of this material the structure cannot be surmised. 

On the basis of the N Is assignments for these ten complexes 

(see results section), the endo nitrogen binding energies extend over a 

fairly wide range from 399.4 to 402.6 eV. In contrast, the exo 

nitrogen Is binding energies vary over a much smaller range (399.4 to 401.2 

eV)• The N Is binding energy of azobenzene (399.8 eV) [60] falls with

in the narrow range of binding energies found for the exo nitrogen. Each 

of the six complexes for which structural data are available have a 

strongly bent NNAr linkage (114 to 137°) [136,139,141,142], and it is 

very likely that the NNAr linkages of the remaining four complexes are 

also strongly bent. Thus the NNAr topology in the aryldiazo complexes is 

similar to that found in trans-azobenzene (NNAr 113°)[169]. The 

assignment of the N Is peak at lower binding energy in each spectrum to 

the exo-nitrogen is consistent with the relatively minor changes in the 

NNAr topology, and with the N Is binding energy for azobenzene. 

The wider range of N Is binding energies (399.4 to 402.6 eV) of 

the endo-nitrogen also corresponds to the marked differences in MNN 

topology between the various members of the aryldiazo group of complexes 

(MNN bond angles range from 117 to 180°) [136-144] and to the 

diverse complex environments of the endo nitrogen. 

Further support for these assignments can be obtained by comparison 

with the N Is binding energies of isoelectronic, isostructural nitrosyl 

complexes. The nitrosyl N Is and aryldiazo endo nitrogen Is 
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binding energies vary by similar amounts (2.8 and 2.7 eV respectively). 

The isoclectronic nitrosyl and aryldiazo complexes which have been 

structurally characterized have similar topologies for the MNO and MNN 

moieties. Consequently, the N Is binding energies of the nitrosyl ligand 

and the endo nitrogen of the aryldiazo ligand are compared in Fig. 13. 

The data can be fit with a straight line of slope 0.96 and y intercept 

of 14.4 eV. The linear relationship (linear correlation coefficient of 

0.97) confirms the assignments of the N Is spectra of the aryldiazo 

complexes. As observed in the plot of Fig. 13, the endo nitrogen Is 

binding energy of the aryldiazo ligand is consistently 0.8 to 1.2 eV low

er than the binding energy of the nitrosyl nitrogen. The difference in 

binding energies is attributed to the difference in -NAr and oxygen 

electronegativities. 

The data in Tables VII-XI and XIII also provide direct comparison 

of the relative electron withdrawing power of the aryldiazo and nitrosyl 

ligands. The six pairs of complexes, Ru(XY)Cl3(PPh3)2 (11, 12) 

Os(XY)Br3(PPh3)2 (13,1£) Re(XY)Cl2(PMe2Ph)3 and Re(N2C6H5)Cl2(PEt2Ph)2(NH3) 

(20, 23) trans.- [Ir (XY)C1 (PPh3)2]+ (29, 30), [Fe(XY) (C0)2 (PPh3)2]+ (41., 42) 

and [Ru(XY)(C0)2(PPh3)2]+ (44, 45) (where XY = NO or N Ar) consist of 

singly bent aryldiazo and linear nitrosyl ligands. Each pair of nitro

syl and aryldiazo complexes listed above is isoelectronic, isostructural, 

and isocharged. These properties should minimize differences in crystal 

potential and relaxation energy. Therefore, the differences in metal 

binding energy between these pairs of complexes should be due to the 

relative net electron withdrawing powers of the nitrosyl and aryldiazo 

ligands. 
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In the six examples listed above, the metal binding energy-

differences ~^(N2Ar)^ extenc* fr°m -0.7 to +1.3 eV. The metal 

binding energy of the nitrosyl derivative is 0.6 to 1.3 eV higher in 

four of the six pairs (11, 12; 13, 14; 29, 30; 44, 45). The largest metal 

binding energy difference is found for Ru(N0)Cl3(PPh3)2 1_1_ ar>d 

Ru(N2p-C6HitMe)Cl3(PPh3)2 12.. In one of the two remaining pairs 

(Re(N0)Cl2(PMe2Ph)3 Z3 and Re(N2C6H5)Cl2(PEt2Ph)2(NH3) 20, the metal 

binding energies are equal within experimental error. The differences in 

the electron donor properties of XH3 and PMe2Ph, or PEt2Ph and PEtMePh 

are probably not significant [11,19], so the equality in metal binding 

energy reflects effects of the nitrosyl and aryldiazo ligands. 

In [Fe(XY) (C0)2 (PPh3)2] [PF6] (XY = NO, 41; XY = N2p-C6!Vle, 42) > 

the Fe 2p 2̂ binding energy of the para-tolyldiazo complex is 0.7 

eV higher than that of the nitrosyl. The relative metal binding energies 

indicate that the aryldiazo ligand removes more electron density than 

the nitrosyl ligand in the iron complexes. 

The metal binding energies of the members of a seventh iso-

electronic, but not necessarily isostructural nitrosyl and aryldiazo 

complexes were also obtained. In Rh(XY)Cl2CPPh3)2 (XY = NO, 4jS; XY = 

N2P-C0II1JF, 49), the Rh 3d^^ binding energies are equal. The structure 

of £8 was assigned a square pyramidal geometry with an angularly bound 

nitrosyl in the axial position by analogy with the structurally charac

terized Ir(N0)Cl2(PPh3)2 [170]. The structure of the para-fluoroaryldiazo 

complex is not known, and because of its unusual color and photosensitiv

ity its structure was not assigned. However, since the metal binding 
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energies are equal, it is reasonable to infer that the charges on the 

metal in the two complexes are equal. 

In the examples discussed above, the differences in metal bind

ing energy between isoelectronic and isostructural nitrosyl and aryldiazo 

complexes vary markedly and demonstrate that the relative electron with

drawing powers of these two ligands depend on the metal to which the 

ligands are bound. The relative electron withdrawing power of the aryl

diazo and nitrosyl ligands can also be directly compared with other ligands. 

There are four complexes in which both chlorine and a nitrosyl or 

aryldiazo ligand are present. The complexes are isocharged, and 

stereochemically similar. Two of the four complexes have a linearly 

bound nitrosyl or singly bent aryldiazo ligand while the other two have 

an angularly bound nitrosyl group or a doubly bent aryldiazo ligand 

In the two rhenium complexes, Re(N2C6H5)Cl2(PEt2Ph)2(NH3) 20 and 

Re(NO)(PMe2Ph)3CI2 23, the ReNO and ReNN linkages are linear [19,136] 

and have Re 4f.y£ biding energies 0.2 and 0.4 eV higher than that of 

ReCl3(PEt2Ph)3 These observations indicate that the nitrosyl, 

aryldiazo and chlorine ligands have comparable electron withdrawing 

power in these complexes. 

The osmium complexes OsC^p-CgHtjFJBrsCPPhs^ 13, and 

Os(NO)Br3(PPh3)2 14, also contain linear OsNO and OsNN linkages. The 

Os 4f 2̂ binding energies of these two complexes are 1.1 and 0.4 eV 

lower than that reported for OsCl4(PPh3)2 18. Since and contain 

bromine instead of chlorine the metal binding energy of 1£ must be 
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corrected for the presence of the chlorine atoms. Comparison of data 

for chlorine complexes with analogous bromine complexes indicates 

that replacement of one chlorine by bromine lowers the metal binding 

energy an average of 0.15 eV [49,158,161-163]. After application of 

this correction, OsClBr3(PPh3)2 is calculated to have an 0s 4f_,_ bind-
// £ 

ing energy of 53.3 eV and the binding energies of 13^ and .14 are 0.6 eV 

lower and 0.1 eV higher than that predicted for OsClBr3CPPh3)2- Thus, 

in these osmium complexes, the nitrosyl and chlorine ligands 

appear to have comparable electron withdrawing power while the aryldiazo 

ligand has slightly less. 

The doubly bent aryldiazo ligand can also be directly compared 

with chlorine and hydrogen ligands in the series trans-

Pt(N2p-C6HltF)Cl(PEt3)2 34, cis-PtCl2(PEt3)2 33, and trans-PtHCl(PEtQ? 

32. The platinum binding energies of these three complexes are the same 

within experimental error. In this series, the doubly bent aryldiazo 

ligand exhibits an effective "electronegativity" equal to that of chlorine 

or hydrogen. 

An interesting feature of the XPS data for 32, 33, and 34, is 

that the CI 2p^2 binding energies of these complexes correlate with 

the trans effect observed in their structures. The CI 2p^2 binding 

energies of S3, 3*2, and 34 are respectively 199.0 eV, 198.5 eV, and 

198.3 eV, while the corresponding PtCl bond lengths are 2.29, 2.42, and 

O 
2.43 A [140,171,172]. As might be expected, the increased PtCl bond 
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length corresponds to a decrease in the CI 2p^2 binding energy. The PtP 

bond distances are constant throughout this series, as are the P 2p^2 

binding energies (131.7 eV). 

The XPS data in Tables VII through XIII also provide a comparison 

of the relative electron withdrawing abilities of diatomic and pseudo-

diatomic ligands other than NO or N2Ar. Complexes of other ligands in 

isoelectronic, isostructural, and isocharged environments are included in 

these tables. For instance, the Fe 2p^2 binding energies of trans-

[Fe(CO)(das)2Cl][BPhiJ 4 (710.0 eV) and trans-[Fe(CH3CN)(das)2Cl][BPhJ 

3^ (708.5 eV) indicate that carbon monoxide removes considerably more 

electron density from the metal than does acetonitrile. This result is 

not surprising and is in accord with other spectroscopic data such as 

the large change in v upon coordination (-280 cm"'1') compared with the 
LU 

change in v (-10 cm-*) [173]. 
IN-

The XPS data also provide a direct comparison of the carbonyl 

and nitrosyl ligands with their respective thio analongs. The Rh 3d 

binding energies of the carbonyl- and thiocarbonyl derivatives trans-

Rh(XY)Cl(PPh3)2 (XY = CO, 24; XY = CS, 25; Table X) are equal within 

experimental error as are the Re 4fbinding energies in 

Re(NS)Cl2(PEt2Ph)3 22^ and Re(N0)Cl2(PMe2Ph)3 23. These data suggest that 

the relative electron withdrawing power of CO and NO are unaffected by 

substitution with sulfur. This inferrence is consistent with a PES 

study of CpMn(CO) L complexes (L = CO, CS) [174] in which it was 

concluded that the thiocarbonyl is both a better sigma donor and back ir 
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acceptor than the carbonyl, leaving the net electron density on the 

metal in the two complexes unchanged. 

The fact that the thio analogs of the nitrosyl and carbonyl 

ligands can remove the same net electron density from the metal as the 

oxo derivatives is at first surprising, since the electronegativity of 

oxygen (3.0) is markedly greater than that of sulfur (2.5). In fact the 

lower electronegativity of sulfur is evident in the comparison of N Is 

binding energies for Re(NS)Cl2(PEt2Ph)3 and Re(N0)Cl2(PMe2Ph)3. 

The N Is binding energy of the thionitrosyl is only 399.5 eV while 

the binding energy reported for the nitrosyl is 401.0 eV, as expected 

from electronegativity arguments. 

The S 2p^2 binding energies of the thiocarbonyl and thionitrosyl 

were each found to be 163.8. These binding energies are slightly lower 

than the S 2p3̂  binding energy of CS2 (164.0 eV)[175]. An empirical 

charge S 2p^2 binding energy correlation indicates that the charge on 

sulfur in each of these complexes is zero or slightly negative [176]. 

Binding energy data for the complexes trans^[Ir(N2p-CgH4Me)Cl(PPh3)2] 

[PFg] 30 and [Ir (^CgHsjCl (PPh3) 3] [PFg] 31 provide an interesting com

parison. The four-coordinate complex is square planar and contains a 

linear IrNN linkage. Addition of triphenylphosphine to 2>0 decreases the 

IrNN angle from ca. 180° to 155° [144]. Comparison of the Ir 4f^2 anc* N 

Is binding energy data for these two complexes reveals that addition of 

PPh3 to 30 decreases the metal binding energy by an insignificant amount 

(0.2 eV) but the binding energy of the endo nitrogen is decreased markedly 

(0.9 eV). The large structural charge at the endo nitrogen is consistent 

with the decrease in its Is binding energy and with observations in Chapter 3. 
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Thus far only the metal binding energies of isocharged complexes, 

most of which were also isostructural and isoelectronic, have been com

pared. For these complexes, differences in Madelung-like potential and 

relaxation energy were expected and found to be negligible. Consequently 

binding energy differences were directly interpretable in terms of the 

differences of the net electron withdrawing power of the ligands. The 

remainder of the XPS data involve isoelectronic, isostructural complexes 

which differ at a single coordination site but whose net molecular charges 

differ. Differences in relaxation effects should still be negligible 

but before attributing any chemical significance to the metal binding 

energy differences between molecules with different charges, the 

difference in Madelung-like potential must be evaluated. 

Fadley et al. [177] have attributed the shift in core binding 

energies in a charged atom or molecule to two factors. First, removal 

of an electron changes the binding energy by an electrostatic term, 

2 
qe /r, where q is the change in charge and r is the averge radius from 

which the electron was removed. Experimental measurements show, and 

simple calculations agree, that the core electron binding energy difference 

between a gas phase atom and its corresponding cation is roughly 10 to 

20 eV [150,178]. The second factor which contributes to the change in 

binding energy is the crystal lattice into which the ion is placed. The 

electrostatic interaction between the electron on the ion of interest 

and the other ions of the crystal (taken to be point charges) results in 

the energy term 

AEC = U e2/R (4.2) 
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where U is the crystal potential constant, e is the electron charge and 

R is the nearest cation-anion separation, 

Citrin et al. [150] have shown that the two term approach offers 

a viable method for calculating the core electron binding energies of the 

constituents of simple salts. Using the simple point charge model they 

obtained good agreement between experimental and calculated binding 

energies for salts such as NaCl and KC1. In these simple systems the 

crystal potential contribution decreases the cation binding energies 8 

to 9 eV and increases the anion binding energies by an equal amount. 

Successful application of the two term approach to simple salts 

encouraged its use in analyzing the present data. Some of the compounds 

in Tables VII and X through XII consist of cations and anions which are 

much larger than those studied by Citrin et al. [150]. In most cases the 
O 

cation-anion separation is greater than ca. 7 A. 

Since the magnitude of the crystal potential is inversely 

proportional to the distance,it is decreased by at least a factor of three 

compared with the simple salts. The ions are also much more polarizable 

than those of NaCl and KC1. McGuire et al. [179] found that polariza-

bility markedly decreases the crystal potential in iodide salts. Since 

all of the cations and anions in this study are large and possess 

polarizable atoms, the crystal potential will be further diminished. 

In addition, it is probable that the combination of photoelectron 

escape depth and size of the cations and anions will result in a decreased 

surface crystal potential. It has been shown that the crystal potential 

of a salt can suffer a significant (20%) reduction at or near the surface 
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of the crystal, because of incomplete packing of nearest neighbors. In 

the case of a salt composed of small cations and anions, it is likely 

that lattice periodicity and full lattice potential can be achieved at 

O 
a crystal depth of less than 5 A. Since the escape depth of photo-

O 
electrons is less than 50 A, [180] it is probable that a surface effect 

is not significant in the total analysis of salts with small anions and 

cations. However, for much larger cations and anions such as those 

examined in this study, it is possible that lattice periodicity and full 

O 
crystal potential might not be achieved until a depth of greater than 15 A. 

O 
Since the excape depths of the photoelectrons are ca. 50 A, it is likely 

that many of the photoelectrons detected come from reduced potential sites 

Another feature which could be important in the crystals of the 

large cations and anions is the fact that the crystal potential should 

be anisotropic because the crystal is anisotropic. On the basis of the 

above arguments, it is reasonable to expect a contribution from the crystal 

potential to the binding energy shift of no more than 1 ev. The binding 

energy shifts due to the crystal potential between two molecules which 

differ in charge by one unit should also be no more than 1 eV. The above 

rationalizations provide circumstantial evidence which shows that the 

crystal potential in the complexes studied should not be very large. 

The data in Tables VII and X through XII allow the contribution 

of the crystal potential to"the binding energy shifts to be evaluated. 

Each complex contains two or more phosphine or diarsine ligands. The C Is 
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binding energies of the uncoordinated ligands and of the coordinated 

ligands in neutral complexes are the same (285.0 eV) [11,12,19,71,72, 

161]. The C Is binding energies of the phosphine and arsine ligands in 

charged complexes were also found to be 285.0 eV and, within experimental 

error, were unaffected by changes in molecular charge. Consequently, 

the C Is peak of the phosphine or diarsine ligands was used as an 

internal binding energy standard. However, the binding energy of 285.0 

was obtained from neutral complexes. In a charged complex the C Is 

binding energy may be affected by the charge of the complex and the 

crystal potential. In contrast, an external standard, such as gold 4f 

level is not part of the molecular lattice and should be unaffected by 

the crystal potential. Consequently, any difference in C Is and other 

binding energies resulting from these two methods of standardization 

can be attributed to the crystal potential. 

Binding energies of the core levels of Ir, Fe, N, and P for 

three salts containing monopositive ions, [Fe(NO)(CO)2(PPh3)2][pp6l 41, 

[Fe(N2p-C5HttMe)(C0)2CPPh3)2][PF6] 42, and [Ir (N2C6H5)C1 (PPh3) 3] [PF6] 33 

were determined using both the internal and external standardization 

methods. The binding energies of each element were found to agree within 

experimental error. Therefore, it is concluded that the contribution 

of the crystal potential to the binding energies in these large molecules 

is less than the experimental error. Although external standardization 

was employed for only these three complexes, the other complexes studied 
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have ions of similar size with a maximum charge of one, except 

trans-[Fe(NO) (das)2^1] [CI]2 5. and trans- fRu(NO) (das)2Cl] [Cl]2 £• 

In the approach utilized by Citrin et al. [150] binding energies were 

compared between a neutral atom and its corresponding cation or anion; 

an electron was either added to or removed from the neutral atom. An 

equally applicable approach, in a conceptual sense, is the addition 

or removal of a proton to or from a nucleus. 

In the discussion which follows, complexes which are isoelectronic 

but not isocharged will be compared. For example, XPS data were 

obtained for four pairs of isoelectronic, isostructural carbonyl and 

nitrosyl complexes. The nitrosyl and carbonyl complexes differ by a 

single positive charge at the nucleus of the carbonyl carbon. The change 

in charge at that nucleus changes the molecular potential field and the 

crystal potential. Although a net positive charge initially exists at the 

nitrosyl nitrogen, the electron density in the molecule will 

reorganize to distribute the positive charge over the entire molecule. 

Movement of negative charge toward the positive center tends to cancel 

the positive charge at that center, but since the number of electrons 

is constant, a net positive charge will be created in those portions of 

the molecule from which electron density is removed. 

The core binding energies for four pairs of isostructural complexes 

trans-[Fe(XY)(das)2Cl]+n (XY = CO, n = 1; XY = NO, n = 2), 

[Fe(XY)(C0)2(PPh3)2]+n (XY = CO, n = 0; XY = NO, n = 1), 

[Ru(XY)(C0)2(PPh3)2]+n (XY = CO, n = 0; XY = NO, n = 1), and 



113 

trans-[Ir(XY)Cl(PPh3)2]+n CXY = CO, n = 0; XY = NO, n = 1) have been 

obtained. The m̂ q)"^(co) fr*n<*i-n2 energy difference extends from 0.5 

to 2.0 eV. The As 3d and P 2p^2 binding energies also increase between 

0.3 and 0.8 eV on replacement of CO by N0+. The spread of metal binding 

energy differences is nearly as great as was found above for the 

seven pairs of aryldiazo-nitrosyl complexes (M(-NO)--^(NNAr)» -0.7 

to +1.3 eV) but the range is shifted roughly 1 eV to more positive values. 

The metal binding energies are generally higher for the nitrosyl 

derivatives which indicates that NO removes more electron density from 

the metal than does CO. However, the range of binding energy differences 

also indicates that the^relative electron withdrawing powers of CO and NO 

vary significantly. If every molecule to which NO and CO are attached 

were affected in the same manner, a constant binding energy difference 

^(N0)"M(C0) would be expected and the binding energy difference could be 

atrributed solely to the difference in charge between the two molecules. 

However, the large variation found for M(NO)"^(CO) demonstrates that a 

second factor is operative. This point will be taken up later in the 

discussion. Of the four pairs of isoelectronic isostructural nitrosyl 

and carbonyl complexes, the M(NO)CCO) binding energy difference is 

least for the iron complexes (4_ versus 5^ and 4£ versus 41) and greatest 

for the second and third row complexes. This change in ^(NO)-MCCO) *S 

especially striking for the iron and ruthenium complexes 

+TI + 
[M(XY)(C0)2(PPh3)2] (XY = CO, NO ). Except for the metals, the two 

pairs of complexes are morphologically equivalent but the ~^(C0) 

differences are 0.9 eV and 2.0 eV for the iron and ruthenium complexes 

respectively. 
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The data in the tables include three pairs of isoelectronic and 

isostructural carbonyl and aryldiazo complexes, [Fe (XY)C0)2 (PPli3)2]+n 

[Ru(XY)(CO)2(PPhj)2]+n> and trans-[Ir(XY)Cl(PPha)?]*" and trans-

[IrCXY)Cl(PPh3)2]+n (XY = CO, n = 0; XY = N Ar, n = 1). The M( ^-M(co) 

binding energy difference in these complexes extend from 0.9 eV in the 

ruthenium pair to 2.0 eV in the iron pair. None of the M(N2Ar)~^(CO) 

binding energy differences are within 0.8 eV of the M^O) ~^(C0) 

differences observed for corresponding nitrosyl-carbonyl pairs. There 

is much less variation (0.3 to 0.8 eV) in the P(N2Ar)~P(C0) ̂ 3/2 

binding energies. Again the wide range in metal binding energies 

suggests that the metal binding energy differences are determined 

by factors in addition to charge differences between complexes. 

The relative electron withdrawing powers of dinitrogen and 

N0+ can be estimated from the Ru binding energy of the dinitrogen 

complex trans-[RuN2(das)2CI][SbFg] which is 1.5 eV lower than that 

of the nitrosyl complex trans-fRu(NO)(das)?Cl][CI]?, (Table VII). 

The Ru 3d^^2 binding energies show that N0+ is a much better acceptor 

of electi'on density than consistent with the larger decrease in 

N0+ stretching frequency (450 cm *) compared with the decrease in NN 

stretching frequency (200 cm"*) upon coordination to the metal. 

Two examples of doubly bent aryldiazo complexes and their 

protonated diazine analogues have been studied, trans-[Pt(XY)C1(PEt3)?]*" 



and [Ir(XY)(CO)Cl2(PPh3)2]+n (where XY = N2Ar, n = 0; XY = NHNAr, 

n = 1) (34,35,36,37). In each complex protonation occurs at the endo 

nitrogen [160,181]. Comparison of the binding energies of the diazenes 

with those of the aryldiazo analogues shows that protonation increases 

the endo nitrogen Is binding energy ca. 1.6 eV, while the metal and exo 

nitrogen binding energies increase less (0.6 to 0.9 eV), and the binding 

energies of the other elements remain constant within experimental error. 

In contrast to the CO and N0+ complexes in which an increased molecular 

charge increased the metal binding energy by ca. 1.0 eV, the increase in 

charge of the complex due to protonation of the endo nitrogen increases 

the metal binding energy by only 0.6 eV. The increase in binding energy 

of 1.5 eV of the endo nitrogen or protonation is comparable to those 

observed on protonation of trialkylamines (1.6 to 2.3 eV) [182]. 

A general observation based on extensive data in the literature 

is that metal binding energy increases 0.8 to 0.2 eV per one electron 

oxidation of a complex [75]. Data in this chapter correspond to these 

general observations. For example, the Fe 2p^^ binding energy difference 

between trans-FeCl?(das)p 1_ and trans-[FeCl?(das)?] [BFiJ 3^ is 0.9 eV 

and the difference between the Ru 3dg^ binding energies of trans-

RuCl2(das)2 6^ and trans-fRuCl?(das)?] TBFu] 1_ is 1.0 eV. Two electron 

oxidations increase the metal binding energy approximately 2.0 eV. Thus 

the Os 4f^2 binding energy difference between OsC^fPPhs)i+ and 

OsCli,(PPh3)2 is 1.9 eV [54] and the difference between Mo Sd^^ binding 

energies of MoCl2(PEt2Ph)4 and MoClij(PEt2Ph) 2 is 2.0 eV [11]. 
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These data provide a benchmark with which the electron withdrawing 

power of the ir acceptor ligands can be compared. The metal binding 

energy differences of M(NQ), M(N0)-M(C0), and 

range from-0.7to +1.3 eV, +0.5 to +2.0 eV, and +0.9 to +2.0 eV 

respectively. Although metal complexes such as 1̂  and 3_, or 6^ and 7_ differ 

by one unit of charge and the metal binding energies differ by 1.0 ± 0.2 

eV, the metal binding energy differences of the M ̂ 0) ̂ (CO) an(* M(N2Ar)/' 

Mrrn. complexes which also differ by one unit of charge, vary over a much 
(.CiUJ 

wider range. These data show that two factors contribute to the 

binding energy shifts in the {MXY}n complexes: One is the difference in 

total charge and the other is the variation in electron withdrawing 

power of the XY ligands. 

The relative electron density transferred from a metal complex 

to a IT acceptor ligand can now be evaluated using the general rule that 

a 1 eV increase in metal binding energy reflects a "one electron" 

transfer from the metal to the ligand (it is understood that a coordinated 

ligand, chlorine for example, does not remove a full negative charge from 

the complex; thus the quotation marks). For example, the 2.0 eV 

increase in Fe 2p^^ binding energy of [Fe(N2p-CgHitMe) (C0)2(PPh3)2] [PFg] 

and Fe(CO)3(PPh3)2 reflects a net transfer of "two electrons" from the 

metal to the aryldiazo ligand, relative to Fe(CO)3(PPI13)2. Many other 

comparisons of metal binding energies are available in the data. All 

l^(XY-)~^(X 'Y') I binding energy differences between isoelectronic, iso-

structural complexes which differ only at one coordination site are less 

than or equal to 2.0 eV. The consistency in these ranges suggests that 
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there is a flexibility in net electron withdrawal from the metal to the 

XY back IT acceptor to the extent of a "two-electron" transfer. This 

result is consistent with inferences based on infrared and structural 

studies, and with simple valence bond and MO schemes (see valence bond 

structures la, lb, and Appendix B). 

Free Versus Coordinated Ligands 

When the metal and attendant ligand binding energies increase 

significantly upon coordination of a strong back IT accepting ligand such 

as N0+, or ̂ Ar*, as is consistently observed in this study, then the 

atom binding energies of the ir accepting ligand should decrease, reflect

ing the net flow of electron density onto the ligand. Conversely, if the 

ligand is not a strong back ir acceptor but a simple Lewis base donor 

ligand, the ligand binding energies should remain constant or increase 

upon coordination. Providing relaxation effects and crystal potentials 

are constant, these relationships can be expressed as: 

i i 
I k q (reactants) = £ k q (products) (4.3) 
n=l n n n=l 

where k is the binding energy constant of an atom n, q is the charge on 

the atom n, and i is the number of atoms in the system. Eq. 4.3 can be 

rearranged to give: 
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1 AEhn I "X1 = 0 (4.4) 
n=l n 

where is the change in binding energy of a core level in atom n. 

XPS data exist in sufficient quantity for a number of free and coordinated 

ligands to test this equation. The binding energy data for some free and 

coordinated ligands-are summarized in Table XV (p. 124). Unfortunately 

binding energy data for the free nitrosonium ion are not available, so a 

comparison of binding energies of N0+ and the nitrosyl ligand cannot be 

made. However, data are available for the free aryldiazonium cation [52, 

165] and the aryldiazo ligand. The endo and exo nitrogen Is binding 

energies for the aryldiazonium cation are 403.8 and 405.1 eV respectively. 

The range of N Is binding energies for the endo and exo nitrogen atoms in 

the coordinated aryldiazo ligand are considerably lower, and the sum of 

the endo and exo binding energy decreases is between 5.5 and 10.1 eV. 

Both nitrogen atoms of the aryldiazo ligand undergo the largest binding 

energy decreases upon coordination of any ligands for which data are 

available. 

The value of k for nitrogen is 26 eV/unit charge [183], Thus, 

if the sum of the decreases in binding energies of the two nitrogen atoms 

were 26 eV, the charge on the two nitrogens would have decreased by one 

full unit. Since the binding energies of the aryldiazonium cation are 

uncorrected for crystal potential (which would decrease the binding 

energies of the free cation) and since the binding energy shifts of the 

six carbon atoms of the aryl group are not known (but surely decrease 
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significantly on coordination) the maximum total decrease observed 

(10 eV in Table XIV) for the two nitrogens suggests that at least a half 

unit of charge is transferred to the ^Ar group from the metal complex. 

The C Is and 0 Is binding energies of the carbon and oxygen atoms 

in carbon monoxide also decrease significantly due to coordination of the 

molecule to a metal complex. The sum of the decreases in binding 

energies of the two atoms of CO (3.0 to 5.1 eV) is only half that found 

for the aryldiazo ligand. In addition, part of the decrease in atom bind

ing energies of coordinated CO is undoubtedly due to relaxation effects, 

but others have provided evidence that these effects should be no more 

than one eV or so [184]. The binding energy sum of the atom shifts 

indicate that perhaps one to two-tenths of a unit of charge is 

transferred to carbon monoxide due to coordination. 

The value used for free Ng in Table XIV is derived from the gas 

phase value of 409.9 eV [185] by correcting for the change in state. Th3 

change in state correction was determined by comparison of solid and gas 

phase binding energies of several small molecules [9,45,166,186,187,188, 

189]. The observed decreases in core binding energies between the gas and 

solid states range from 3.0 to 6.1 eV. Therefore, it is reasonable to 

assume that the nitrogen binding energy would not decrease more than 7.0 

eV at the most due to a change in state from gas to solid. On the basis 

of the above reasoning, an N Is binding energy of 402.9 was selected for 

solid nitrogen. 
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Table XIV. Comparison of Atom Core Level Binding Energies for Free 
and End On Coordinated Diatomic and Pseudodiatomic 
Ligands, XYf 

^ (Free) 

E^ (Coordinated) 

^ (Free-coord.) 

AEb (Total (AX+AY)) 

NO NNAr 

^ (Free) 

E^ (Coordinated) 

^ (Free-coord.) 

AEb (Total (AX+AY)) 

N 0 

400.0-403.9a*d 532.5-535.4bfC,e 

N , N 
endo exo 

403.8f,g 405.1f,g 

399.4-402.6d 399.4-406.8d 

4.4-1.2 5.7-4.3 

10.1-5.5 

E-0 (Free) 

E^ (Coordinated) 

A ^(Free-coord.) 

AEb (Total (aX+aY)) 

CO CNR 

E-0 (Free) 

E^ (Coordinated) 

A ^(Free-coord.) 

AEb (Total (aX+aY)) 

C 0 

206.6I,j'k 538. 

287.7-288.8h'x'3 534.1-534.9h,i'^ 

2.9-1.8 1.9-1.1 

4.8-2.9 

C N 

287.51 400.o1 

286.4-287.2m,n 400.3-401.6m'n'° 

1.1-0.3 -(0.3-1.3) 

-(0.8-1.6) 

(Free) 

E^ (Coordinated) 

A E^(Free-coord.) 

A Eb (Total (AX*AY)) 

NN NCR 

(Free) 

E^ (Coordinated) 

A E^(Free-coord.) 

A Eb (Total (AX*AY)) 

H , N 
endo exo 

[402.9JP [402.9]p 

399.6-402.2q'r,S 400.8q,r,s 

0-2 1-3 

l.S 

N C 

399.6t,u 286.5t,u 

-398.5V ' 400.5W 

-(1.0) 

Eb (Free) 

(Coordinated) 

4 (Free-Coord.) 

AEb(Total (AX+AY) 

CN" 

N 

399.0 

397.6-399.3*'y 

NH3 

N 

399.8Z 

400.7-399.5aa'bb'CC 

-C0.1) 

aref. 17,?ref.l3,cref. 19,dthis work,°ref. 57,fref. 165 
gref. 52, ref. 16,ref. 227,Jrof. 166,J<rcf. 228.lref. 220, 
""ref. S9,nref. 86,°rof. 230,pref. 18S,qref. SS, ref. 231, 
*ref 232. Z33.uref. 234,vref.. 161,"ref. 81,*ref. 235. 
/rof. 81,zref. 182,aaref. 236, ref. 19,ref. 184. 

•The ligands listed are, from top to bottom, nitrosonium cation, 
aryldiazoniusn cation, carbonraonoxide, alkylisocyanide, dinitrogen, 
alkylcyanide, cyanido, annoonia. 

jx anJ Y refer to the endo and exo atons, respectively, of tha 
coordinated molcculo. 



A comparison of the data for free and coordinated dinitrogen 

show that, even after choosing the lowest reasonably possible N Is bind

ing energy for free the sum of the N Is binding energies of 

coordinated ̂  is still 2.8 to 6.8 eV lower than the sum for free N£. 

Some of the decrease is undoubtedly due to relaxation, but the range 

of the sum of binding energy decreases is comparable to that observed 

for carbon monoxide. This observation suggests that the net electron 

withdrawing powers of CO and N2 are comparable. 

Most of the binding energy data for coordinated cyanide are 

biased because the data are for very negatively charged complexes such 

_3 
as [FefCNJg] . However, the N Is binding energies for free and 

coordinated CN~, where CN~ is bound in a neutral molecule, indicate that 

CN~ removes little or no electron density from the metal. 

Binding energy data for free and coordinated ammines such as 

NH.j clearly show that the N Is binding energy is either unchanged or 

increases on coordination to a metal complex. (Although an increase in 

relaxation energy on coordination is likely significant, it is apparently 

not the dominant factor.) This result is consistent with the a donor 

properties of NH^. 
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Comparison of XPS with Other Spectroscopic Probes 

XPS results can be compared with results obtained from other 

spectroscopic studies such as infrared [17], nmr [190], and Mossbauer 

Spectroscopy [191,192,193]. Linear correlations between Mossbauer Chemical 

Shift (6) and XPS metal binding energy shifts have previously been 

observed for a limited number of related tin and iron complexes, but 

examination of an extensive series of unrelated iron complexes indicated 

that no general correlation exists for these materials. Fisher and 

Sutton obtained Mossbauer data [194] for the series 

Fe(XY)CC0)2[P(CeH5)3]2+n (XY = CO, n = 0; XY = NO+, [p-tolylN2]+, 

n = 1) but offered no interpretation of them. The chemical shifts 

relative to sodium nitroprusside, 6, in the series are nearly constant 

(0.17 mm/sec. + -0.01) but the Q.S. values, A, decrease markedly from 

2.75, to 1.85, to 0.94 mm/sec. for XY = CO, N0+ and [p-tolylN2]+ 

respectively. 

Others have also compared MOssbauer data for isoelectronic, iso-

structural iron and ruthenium complexes which differ only at a single 

coordinate site [195-197]. This site was occupied by various back ir 

acceptor ligands. In most cases, the chemical shift remained constant 

through the series while the quadrupole splitting value changed markedly. 

The difference in Q.S. values, A, were interpreted in terms of the 

differences in the electron withdrawing powers of the ligands. 

Consequently, these data were examined for a possible relationship 

between the MBssbauer Q.S. paramater, A, and the XPS binding energy shift 

parameter. 
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A comparison of the Mossbauer parameters with Fe 2p^2 binding 

energies (Table XV) for [Fe(XY) (C0)2(PPh3)2]+n (where XY = CO, 

n = 0; XY = N0+, n = 1; XY = (N2P-C6HI4CH3) + , n = 1) shows that the 

Mossbauer chemical shift values (6) do not correlate with the Fe 2p_^ 

binding energies. However, a plot of the quadrupole splitting parameter 

versus Fe ^V^/2 binding energy for 4JD, 41_, 42  ̂ can be fit with a least 

squares line of slope -1.14 mm/eV-sec. and at y intercept of 810 mm/sec. 

(Fig. 14). 

This result can be explained using a ligand field model. The 

quadrupole splitting parameter is a measure of the asymmetry of the 

electric field gradient at the active nuclear site [198]: 

A = (l/2)eq2QVzz(l-l/en2)1/2 (4.5) 

In the above equations, e is the electron charge, Q is the quadrupole 

moment of the active nucleus, n is an asymmetry parameter, and V is 

the electric field gradient at the -ucleus (also parameterized). The 

electric field gradient and asymmetry parameters for each of the d orbitals 

are presented in Table XV. As presented in Eq. 4.1, AE^ measures the 

change in charge of a given atomic center. 



Table XV. Electric Field Gradients and Asymmetry 
Parameters for the d Orbital Wave Functions. 

Orbital V /e n 
zz 

d 
xy 

+4/7 0 

d 
xz 

-2/7 + 3 

d 
yz 

-2/7 -3 

d 2 2 
x -y 

+4/7 0 

d 2 
z 

-4/7 0 



a 
<u 
c/> 

3.00 -

| 2.00 -

a 
U 

< 1.00 H 

0 

FeCO, 40 

FeNO, 41 

FeNNAr, 42 

708 709 710 711 

Fe 2p3/2 BINDING ENERGY (eV) 

Fig. 14. Correlation of XPS and Mossbauer Data for the [Fe(XY) (CO)2(PPh3)2] + 

Complexes. 
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Fe(CO)3[P(CgHs)3]2 formally has a d electron configuration. 

The complex is trigonal bipyramidal with the phosphine ligands located 

along the three-fold axis (see Fig. 15). Vzz for the tricarbonyl complex 

has been shown to be positive [199], a result consistent with an (e11)^ 

4 
(e') d orbital electron configuration. 

4 " Vzz/e(1" ̂  ' (2/7 eq2® ' <4-« 
en M 

Selective depopulation of the ir bonding e1 (d ,d 2 2) orbital pair, 
xy x -y 

by increased back donation to the nitrosyl or aryldiazo ligand in the 

trigonal plane will decrease Vzz/e (n remains zero) causing a decrease 

in A relative to the carbonyl complex. Selective depopulation of the 

only other occupied d orbitals, e1', would increase A. Consequently, the 

Mbssbauer data indicate that the e' set in the aryldiazo and nitrosyl 

complexes is depopulated relative to the carbonyl complex. This 

interpretation is supported by the following arguments: (1) in simple 

ligand field theory the e' orbital pair should interact with empty ir* 

orbitals of the aryldiazo or nitrosyl ligand. (2) the crystal 

structure of {Fe [^p-CeHi+CF^] (C0)2 [P^Hs) s^HPFg} [141] shows that 

the p-tolyldiazo group bends in the trigonal plane which indicates that 

the electron density transferred to the ligand comes from the e' set of 

orbitals which are in the trigonal plane. The electron density does 

not come from the e'' set because it is orthogonal to the trigonal plane 

and would result in bending of the aryldiazo ligand perpendicular to 

the trigonal plane. Thus the Mossbauer XPS data and molecular 

structures are consistent with removal of electron denisty from the e' 



orbital of the metal by the ligands in the following order 

N2P~tolyl+>N0+ > CO. 

Z 

A 

y 

anas* (J ̂ 2 

0 <JJ=E» KSL* d^2_y2 |  d^y, 7Ty(XY) 

e" JL JL dxz, dyz, 7TZ(XY) 

Fig. 15. Ligand Field Scheme for [FeCXY)CC0)2(PPh3)2]+n 

Complexes. 

°C. 

F e  —  X — Y  
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Conclusions 

XPS and the Back tr Bonding Model 

There are three factors which determine the net electron density-

transferred from a metal to a strong ir accepting ligand in an {MXY}n 

complex. First, the higher the energy of the filled metal ir orbitals, the 

greater the donation of electron density from the metal to the ligand 

orbitals. Conversely, the lower the energy of the XY ir* orbitals, the 

greater the ir acidity of the XY ligand. Therefore, in general, a low 

valent metal should be a good donor and a positively charged XY ligand 

should be a good acceptor. A second factor determining the extent of 

back ir donation is sigma donation by the ligand. Others have demon

strated that the sigma donating ability of a ir acid ligand is not 

necessarily constant, since increased back ir acceptance can increase sigma 

donation from the ligand to the metal. This phenomenon has been termed 

the synergic effect [200]. 

A third factor which affects the net flow of electron density 

from metal to ligand is the metal dir-XYiT* orbital overlap. The more 

comparable in size the overlapping dTr-XYir* orbital lobes, the greater the 

orbital overlap. The size of the IT* lobes associated with the consituent 

of a given diatomic or pseudodiatomic ligand which coordinates to the 

metal is constant (different for each diatomic or pseudodiatomic) 

but the metal dir orbital extensions vary. The relative optimum 

overlap between the ligand ir* and the metal complex dir orbitals can 

change, so the interacting orbitals can mix to a greater or lesser extent. 
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If two filled metal dir orbitals have greater overlap with two un

filled XYTT* orbitals, the resultant filled orbitals will have greater 

ligand character. 

The three factors discussed above determine the net electron 

density removed from the metal by the ligand, XY, and it is the sum. 

of these factors which is measured by XPS. Based on the relative metal 

binding energies in isoelectronic, isostructural series and on comparisons 

of binding energy shifts for free versus coordinated ligands, the XPS 

results provide for the construction of a qualitative "back TT bonding" 

series : 

N0+, NS+ :> N2Ar+ >C0, CS; £ N2 > CH3CN 

The series constructed above is consistent with the basic ordering of 

"back IT bonding" series inferred from other physical measurements. In 

addition, the XPS data provide information on the relative "ir acidities" 

of ligands such as N2Ar+, NS+, and CS for which very few or no data 

were previously available. Although there is a qualitative rigidity in 

the back TT bonding series (with the exception that ^Ar* can sometimes 

remove more electron density from the metal than N0+, NS+) the XPS 

measurements also clearly show that there is considerable quantitative 

flexibility as reflected in the variations in M,Yvn-NfYIVM. 
(.AY J IX i J 

Thus, one of the more important conclusions one can draw from 

the XPS data is that the relative electron withdrawing powers of 

the XY ligands can vary markedly depending on the metal complex to 

which the XY ligands are bound. If factors one and two mentioned 
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above were the only significant factors which determine the relative 

"IT acidities" of the different XY ligands, the relative net withdrawing 

powers of the ligands would be invariant because the energies of the 

uncoordinated XY ir* orbitals (and all other ligand orbitals) are invari

ant. The ligand with the lowest energy XY ir* orbitals would always have 

the best electron withdrawing power regardless of the complex to which 

the XY ligands were bound, and the metal binding energy separation 

M,YV..-Mr IV(, would not vary. Since the XPS data clearly show that 
(.aYJ (,X Y ) 

the relative net electron withdrawing abilities of the different ligands 

do change, then, within the framework of the back ir bonding model, the 

results can be explained if a third factor, the dTr-XYir* over

lap, is significant. The XPS results suggest that the role 

of the dir-XYir* overlap may be crucial in determining the activity 

of a coordinated XY ligand toward Lewis acids. 



CHAPTER 5 

XPS INVESTIGATION OF MOLYBDENUM DINITROGEN 
AND RELATED COMPLEXES 

Introduction 

Low valent molybdenum dinitrogen complexes exhibit a rich 

chemistry in their reactions with protons and small molecules [237-240]. 

Alkyl halides react with trans-Mo(N?)2(dppe)2 to produce the alkyldiazo 

complexes trans-Mo(N?R)(dppe)?X (form la) [240]. The alkyldiazo ligands 

will further react with protons at the exo nitrogen to form the substituted 

diazene complexes trans-fMo (N?HR)(dppe)?X] or trans-Mo(NNHR)(dppe)7X9 

(form lb) [241]. Trans-Mo(N?)?(dppe)? also reacts with two equivalents 

of acid to generate complexes such as trans-[Mo(NNH2)(dppe)2X]+ (form Ic) 

[239, 2423243]. The dinitrogen ligands of trans-Mo(N?)?(dppe)? can be 

displaced to form complexes such as Mo(N2) (CO)(dppe)2 [244], 

cis-Mo(CO) 9 (dppe) ?, [245] and trans_-Mo(CNCH3) 2(dppe)2 [246]. 

Oxidation produces paramagnetic materials which have been 

formulated as trans-Mo(N?) (dppe) ?X [240] and trans_- [Mo(N2) 2 (dppe) 2] [13] 

[247,248], 
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An X-ray photoelectron spectroscopic investigation of these and 

related molybdenum complexes was undertaken to examine the charge distri

bution between molybdenum and the coordinated nitrogen-containing ligands. 

XPS has been used previously to obtain information about the electron 

distribution in other metal dinitrogen complexes [19,52,55,249]. Two 

extensive XPS investigations of molybdenum complexes have been published 

[11,250]. In one study, a large number of low valent molybdenum 

carbonyl complexes exhibited a range of Mo 3dg^^ binding energies 

from 226.2 to 229.1 eV, while in the other Mo binding energies 

in a closely related series of neutral complexes containing Mo in 

oxidation states +3, +4, +5, or +6 ranged from 229.4 to 232.5 eV. 

A rough monotonic relationship between Mo ^d^.^ binding energy and 

molybdenum formal oxidation state was observed. Interpretation of 

binding energy differences is facilitated in the series chosen for the 

present investigation because possible differences in relaxation energy 

and/or Madelung-like Potential between members of the series are 

minimized or eliminated. 
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The esr spectra of the paramagnetic complexes trans-M0N2(dppe)2Cl, 

trans-[Mo(C0)2(dppe)2l[CIO4], and trans-MoC1?fdppe)? were also investi

gated to provide additional information about the electron distribution 

in their electronic ground states. Only one brief report of the esr 

spectral parameters for a low valent molybdenum complex 

trans-[Mo(C0)2(dppe)2][BF^], has appeared in the literature [251]. 

Experimental 

Complexes 

All the molybdenum complexes used in this investigation which 

contain an Mo(dppe)2 fragment were generously provided by Dr. T. A. 

George of the University of Nebraska. These samples were checked for 

sample integrity by comparison of infrared and melting point data with 

those reported in the literature. Infrared spectra (KBr discs) were 

recorded with Perkin Elmer 337 or 735 Spectrophotometers. Corrected 

melting points were determined with a Thomas-Hoover Meltemp apparatus. 

Because of the unusual XPS results obtained for trans-fMo(CO)9(dppe)2] 

[CIO4], elemental analyses were obtained for this complex from 

Chemalytics, Inc. of Tempe, Arizona. 

Analysis C^g H ĝ 0^ P^ CI Mo 

Calculated C 61.89 H 4.58 P 11.82 

Found C 60.87 H 4.55 P 11.69 
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The other molybdenum complexes investigated were obtained from 

various sources. Dr. J. A. Broomhead contributed samples of 

[Mo (CO) 2 (dedtc) 2] 2^2^ 10, and cis-Mo (NO) ? (dedtc) ? 11. Samples of 

[n-BulfN]2[Mo202S2Ci-mnt)2] 14, (dedtc)MoO(SPh)20MoO(dedtc) lj^, were 

kindly provided by Dr. J. I. Gelder. A pure sample of (dedtc)2 

16 was provided by Dr. Yamanouchi. Samples of Mo(CO)^(das) 9^, 

trans-rMoO(das)pCllTPFfil 12 and Mo(N0)2Cl2(das) 13 were available from 

previous work in this laboratory. 

Preparative details, elemental analyses and physical and structural 

data for all samples except trans-[MoO(das)?C1][PFR] are published 

elsewhere and referenced in Table XVI. 

The pink complex trans-TMoOfdas)?CllTPFRI was formed from 

aerial oxidation of MoCl2(das)2- It exhibits a single Mo-0 stretch at 

960 cm-1 (KBr pellet). Concentration dependent conductivity measurements 

in acetonitrile made by Mr. M. K. Jeang show that the material is a 1:1 

electrolyte. Faraday method magnetic susceptibility measurements [68] 

show that it is diamagnetic. 

Spectra 

The X-ray photoelectron spectra were obtained using a McPherson 

ESCA 36 photoelectron spectrometer. Both MgKa (1253.6 eV) and AlKa 

(1486.6 eV) radiation sources were employed in these studies. A 

beryllium foil window approximately 0.5 mil. thick was employed to 

reduce Brems'strahlung. The samples were mounted on double stick tape or 

aluminum planchettes which had been etched with HC1 and rinsed with 



Table XVI. X-ray Photoelectron Spectra of Molybdenum Complexes 

Compound E, tMo 3d, 
D . 5/2 Eb N ls VN-N(Cm_1) 

Formal 
Oxid. 
State 

Synthesis § 
Structure 
Reference 

1 trans-Mo(Nj)2(dppe)2 227.2(1.8)* 399.6(1.8) 398.6(1.8) 2030(vw) 1975(VS) 0 
247, 261 

1 trans-Mo(N?)CI(dppe)2 228.2(2.0) 399.9(1.7) 399.1(1.6) 1966 1 
240 

i trans-Ho(N2)Br(dppe)2 228.1(2.0) 400.1(1.7) 398.9(1.7) 1966 1 
240 

4. trans-Ho(NjCHj)(dppe^I ' 227.5(1.7) 399.7(1.8) 1543 - 240 

i trans-Ho(NgC^Hn)(dppe)2l 227.4(1.9) 4U0. 1 (1.7) 399.4(1.7) 1550 - 240 

& trans-HoCU (dppe) g 228.3(2.1) 
- - 11 

253-255 

7 trans- [Mo(CO) 2 (dppo)2] [CUM 228.6 (2.0) 
- - 1 

256, 262 

a MOC13[P(CH3)2(C6H5)]3 229.4a 
- -

in 

2 [Mo (CO) „ (das)] 228.0(1.8) 
- - - 263 

in |HO(CO)2(dcdtc)2|2^2^4 228.4(1.9) 399.9(2.0) - 11 264 

11 Mo(NO)2(dedcc)2 229.6(1.9) 400.0(2.1) -
265 

12 trans-[MoOCl(dasjjJPFg 230.1(1.6) 
- - IV -

13 Ho(N0)2Cl2(das) 230.3(2.0) 401.6(1.8) 401.2(1.8) - 11 266, 267 ! 

14 [ n-bu^N [M02O2S2 (i-cmt) 2] 230.5(1.6) 401.9(1.7) - 398.6(1.6) - V 264 

15 (dedtc)HoO(SPh)2OMoO(dedtc) 231.1(1.8) 
• - - V 264 

16 Ho^Oi, (dedtc) 2 
231.5(1.8) - - V 

268 

tBinding energies are in eV. 
*Values in parentheses are FIVIIM, in eV. 
aref. 11 
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distilled water. The binding energies were standardized using a C Is 

binding energy of 285.0 eV for complexes with phosphine and arsine ligands 

[70,71] and 285.4 eV for complexes with dithiocarbamate ligands [74]. 

The integrity of some of the samples during irradiation by X-rays was 

monitored using the integrated ratios of N ls/Mo 3p^2 an̂  S 2s/Mo Sd,.^ 

_7 
photopeaks [29]. Under ambient sample chamber conditions (10 Torr, 35°C) 

the molybdenum dinitrogen and alkyldiazo complexes (l_-5) exhibited 

nitrogen loss. Therefore the spectra of these complexes were obtained 

at temperatures between 146 and 195°K using a cryoprobe of our own 

design [44]. Under these conditions, all of the compounds investigated 

were sufficiently stable to give satisfactory spectra. The binding 

energy data reported are the average of two to four independent 

determinations. Standard deviations for binding energies were found to 

be + 0.25 eV. 

X band esr spectra were obtained at 77°K using a Varian E-3 

Spectrophotometer. Esr signals were found for trans-Mo(N?Hdppe)?Cl, 

trans.-[Mo(C0)2(dppe)2] [ClOi^] in a dichloromethane glass, and 

trans-MoCI? fdppe)? in an acetone/benzene glass. 

The CH2CI2 used was purified by distillation from P2O5 and 
O 

stored in a dark bottle over 3 A molecular sieve. The acetone and 

benzene were AR grade and were used without further purification. 

The absence of esr signals from the cavity, sample tube and solvent(s) 

ensured that the observed esr signals were due to the molybdenum samples. 
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Results 

XPS Data 

The XPS data for the molybdenum compounds studied in this 

research are summarized in Table XVI. The Mo Sd,.^ binding energies 

extend from 227.2 to 228.6 eV for the dinitrogen and alkyldiazo deriva

tives, l_-5_. The lowest metal binding energy observed was 227.2 eV for 

trans-Mo (N?) ? (dppe) 2 !.• Mo 3dg^ binding energies of the 

trans-MoN? (dppe)?X complexes (X = CI, 2_; x = Br, 3) were equal and are 

ca. 1 eV greater than that of 1_. The alkyldiazo complexes 

trans-Mo(N?R) (dppe)?I (R = CH3, R = CgHn, _5) have Mo 3d^^ binding 

energies which are only 0.3 eV higher than that found for 1_. 

N Is binding energies were also obtained for complexes 2. through 

5_. The N Is spectrum of trans-Mo(N?) ? (dppe) ? ̂  (Fig. 16) consists 

of two peaks with equal areas and binding energies of 398.6 and 399.6 eV. 

Two resolved N Is peaks with equal areas were also present in the N Is 

spectra of 2_ and J5. The two peaks in the spectrum of 2_ and 3^ have the 

same binding energies (399.0 and 400.0 eV). N Is spectra of the alkyl

diazo complexes, 4_ and 5_, are both centered at 399.7 eV. The spectrum 

of trans-Mo(N9CH3)(dppe)31 £ was not broad and so was not deconvoluted, 

but the broader N Is peak found for trans-Mo(N?CRHIQ(dppe)?I was 

resolved into two peaks of equal areas centered at 400.1 and 399.4 

eV. 
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Fig. 16. N Is Spectrum of trans-Mo(N?)p(dppe)2-
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The Mo 3d spectrum of trans-MoCl2(dppe)2 6^ (Fig. 17a), shows 

the expected 3d^2 an<̂  ̂ 5/2 doublet with relative areas 2:3. The 

Mo 3d,.^2 binding energy of 6^ is 1.4 eV higher than that of 

trans-Mo (N?)? (dppe)? . The Mo 3d spectrum of trans_-[Mo (CO) 2 (dppe) 2 ] 

[CHM 1_ (Fig. 18) unexpectedly showed four peaks instead of the usual 

Mo 3d^2> ^^5/2 doublet. Curve resolution of the spectrum produced 

peaks at 228.6, 231.4, 233.0, and 236.1 eV. The resolved peaks are 

labeled 1 through 4 in the figure. Based on the binding energies, 

separation, peak widths (2.0 eV) and area ratios (0.55:1.17:0.66:1.00) 

peaks 1 and 2 were assigned to the Mo doublet. Peaks 3 and 

4 are broader (FWHM 2.6 eV) and have high binding energies usually 

+5 +6 
associated with highly oxidized molybdenum (Mo or Mo ) [250,252]. 

Although peaks 3 and 4 are unusually broad, the binding energies, energy 

separation, and relative intensities (0.62:1.00) suggested that these 

peaks might be due to sample decomposition before or during analysis. 

However, the relative intensity pattern and binding energies of the four 

peaks were unaffected by sample probe temperature, sample backing material, 

or intensity of the X-radiation. In addition, infrared and esr spectra, 

melting point, and elemental analyses corroborated the identity and 

purity of the samples used for this XPS study. Based on this evidence, 

peaks 3 and 4 were attributed to Mo 3d satellite structure. Similar 

satellites were also observed in the Mo 2p^2 region. Two broad peaks 

were observed at 394.5 and 398.0 eV with relative areas of 1.1:1.0. 

The peak at 394.6 eV is attributed to the Mo 2p^2 primary peak. The . 

area ratio and primary peak/satellite binding energy separation are 

similar to those observed in the Mo 3d spectrum. 
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17. Mo 3d Spectra of a) MoCl2(dppe)2 and 

b) Mo(NO)2(dedtc)2. 
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Fig. 18. Mo 3d Region of trans- [MoCCCQ? Cdppe)?] [ClOul. 



In addition to the Mo 3d, N Is, and C Is peaks recorded for 

complexes 1^ through 7, P 2p 2̂ 
an<* halide binding energies were also 

obtained. All binding energies were invariant and had the following 

values: P 2p3/2 (131.5 ± 0.1 eV), CI 2p3/2 (199.2 ± 0.2 eV), Br 3d 

(68.7 ± 0.2 eV), and I 3d 2̂ (6.8.8 ± 0.1 eV) . 

XPS data were obtained for eight molybdenum complexes (9-16) 

with formal molybdenum oxidation states ranging from 0 to +5. All eight 

complexes are diamagnetic. The Mo 3d 2̂ binding energies for these 

complexes extend from 228.0 eV to 231.5 eV. The Mo(0) complex, 

Mo (CO) ̂ (das) 9_, exhibited the lowest binding energy (228.0 eV) while 

the highest binding energies (230.5 to 231.5 eV) were recorded for the 

Mo(V) complexes, [n-BuifN]2[Mo202S2(i-mnt)2] 14, (dedtc)MoO(SPh)20MoO(dedtc) 

15, and Mo20if (dedtc) 2 16^. The Mo 3d spectrum of Mo (NO) 2 (dedtc) 2 H. is 

shown in Fig. 17b. 

N Is spectra were obtained for [Mo (CO) 2 (dedtc) 2] 2*^2^ 10, 

Mo (NO) 2 (dedtc) 2 JJo Mo(N0)2Cl2(das) 13, and [n-BuifN]2[Mo202S2(i-mnt2] 

14. The N Is spectrum of 10^ consists of a single peak centered at 399.9 

eV. The dithiocarbamate and hydrazine nitrogens were thus unresolved. 

A similar result was obtained for JUL. for which a single N Is binding 

energy of 400.0 eV was found. However, the N Is spectrum of the other 

Mo dinitrosyl complex investigated, L3, displayed a broadened peak 

(FWHM 2.4 eV) which was deconvoluted into two peaks of equal intensity 

centered at 401.2 and 401.6 eV. The N Is spectrum of L4 showed two 

completely resolved peaks with the expected relative areas 1.0:2.0 at 

401.9 and 398.6 eV. The peaks were assigned to the tetra n-butyl 

ammonium and iso-maleonitrile dithiolate nitrogens, respectively. 
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Esr Data 

Solid trans-MoN?(dppe)?C1 2_ exhibited an asymmetric singlet 

(Fig. 19) at 77°K with a g value of 1.930, and a FWHM of 25 G. At 

77°K, an esr signal was recorded from a 50:50 benzene/acetone glass of 

trans-MoCl?fdppe)? J3. The asymmetric singlet (FWHM of 23 G) was 

centered at a g value of 2.00. The glass obtained by dissolving 

trans,-[Mo(C0)2(dppe)2] [ClOtj] in freshly distilled CH2CI2 and cooling 

to 77°K gave a spectrum with at least five components spaced at 26 G 

intervals and approximate intensities 1:4:6:4:1 (Fig. 20). The 

multiplet was centered at a g value of 2.060. The g value and hyperfine 

splitting are in good agreement with a recent brief report of the esr 

parameters for trans- rMo(CO);? (dppe)?1 fBFul [251]. 



Esr Spectrum of Solid Mo(N2)(dppe)2Cl at 77°K. 
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Discussion 

XPS Data 

The narrow range of low Mo 3d,. 2̂ binding energies (227.2 to 

228.2 eV) for the complexes of N2 and its derivatives (l.-5) > shows that 

the molybdenum atoms in all of these complexes are highly reduced. The 

lowest binding energy, exhibited by trans-Mo(N?) ? (dppe) 9 1., is 0.8 eV 

lower than that recorded for Mo(CO)^(das) This result is not 

unexpected since four carbonyls should remove electron density from the 

metal more effectively than two dinitrogen ligands. 

Addition of RX to 1^ generates the alkyldiazo complexes 

trans-Mo(N?R) (dppe)91 (R = CH3, 4_; R = CeHxi, 5). The Mo Sd^.^ binding 

energies of these two complexes are the same, within experimental error, 

and are only ca. 0.3 eV higher than the metal binding energy for the 

parent complex. The marginally significant increase in metal binding 

energy is attributed to strong IT bonding between molybdenum and the 

coordinated N2R ligand. 

Oxidation of trans-Mo(N?)?(dppe)? with chloro-or bromomethane 

in the presence of uv light generates the Mo complexes M0CN2)(dppe)2Cl 2^ 

and Mo(N2)(dppe)2Br 3_. The Mo 3dg^ binding energies for these two 

complexes are the same and are not significantly lower than the binding 

energy for trans-MoCl? (dppe)? 6^. Thus, the Mo 3dg^ binding energies 

suggest that the dinitrogen ligand can remove as much electron density 
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from the metal as chlorine. This result is probably due to the fact that in 

trans-Mo(N?)?(dppe)p the two N2 ligands are competing for electron 

density, but no such competition exists in the Mo(N2)(dppe)2X complexes, 

2_ and 3_. This suggestion is supported by the decrease in of 64 cm"''' 

from 1_ to 2_ and 3_. 

Two N Is binding energies were observed for the dinitrogen 

complexes (Table XVI) in agreement with the reports of Chatt et al. 

[19] and Finn and Jolly [165] for the dinitrogen complexes of rhenium 

and ruthenium. Both groups of authors assigned the N Is peak at lower 

binding energies to the exo nitrogen atom, but did not present any 

direct evidence to support this assignment. Folkesson [55] also observed 

two N Is peaks for coordinated N2 but argued that the N Is peak at 

higher binding energy was associated with the exo nitrogen atom. 

The present compounds provide experimental evidence on which 

assignments of the binding energies of the coordinated dinitrogen 

ligand can be based. Alkylation of the coordinated N2 ligand has very 

little effect on the Mo Sd,.^ peak or the N Is peak at higher binding 

energy (399.6 to 399.7 eV) but the N Is peak at lower binding energies 

is shifted by 1 eV to higher binding energies (398.6 to 400.0 eV). Since 

alkylation of the MoNN group occurs at the exo nitrogen atom [240], 

the N Is binding energy of the exo nitrogen atom should be the most 

strongly affected because of the formation of an additional bond with the 

alkyl group. The additional bond to the exo nitrogen atom should serve 

to withdraw electron density and thereby increase the N Is binding energy 

of the exo nitrogen atom while leaving the N Is binding energy of the endo 
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nitrogen atom relatively unaffected. Thus, the peak at lower binding 

energy in compound 1_ can be assigned to the exo nitrogen atom and the 

peak at higher binding energies to the. endo nitrogen atom in agreement 

with the previous assignments of Leigh [148] and Finn [185]. 

Although the molybdenum (I) complexes 1_ and 3^ have one unpaired 

electron (v>e££ = 1.83 B.M.)[240], and the Mo(II) complex 

trans-MoCI?(dppe)? contains two unpaired electrons (Pe££ = 2.88 B.M. 

[253-255]), satellites were not observed in the metal spectra of these 

complexes. These results are consistent with reports in the literature 

[11,19,22,23,250] which indicate that, while paramagnetic 3d transition 

metal compounds exhibit satellites in their M 2p spectra, 

paramagnetic compounds of 4d and 5d transition metals do not. 

In marked contrast to all previous metal spectra of 4d and 5d 

transition metal compounds, the Mo 3d spectrum of the other paramagnetic 

molybdenum complex trans-rMo(C0)?(dppe);>]TClOul 1_ [256] displays intense 

satellites approximately 4 eV from each of the primary peaks in the Mo 

3d^2> 3^5/2 an(i Mo ^-V^/2 spectra (Fig. 18). This is the first 

observation of satellites in a paramagnetic 4d or 5d transition metal 

complex. However, sample decomposition cannot be entirely ruled out 

as a source of satellites at this time. 

The range of binding energies (228.0 to 231.5 eV) recorded for 

the Mo(0), Mo(II), Mo(IV) and Mo(V) complexes 9-16 in Table XVI 

is in reasonable agreement with the ranges reported by others [11,250,252, 

257-259]. In general the data show that the Mo 3d 2̂ binding energy 
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increases with increasing formal metal oxidation state. The two 

dinitrosyl complexes Mo(N0)2(dedtc)2 H. and Mo(NO)2CI2(das) 13, 

are exceptions to this generalization. Each has a formal metal oxidation 

state of 0, but the Mo ^d,.^ binding energies (229.6 eV for and 

230.3 eV for ^3) are roughly 2 to 3 eV higher than the binding energies 

observed for the other two molybdenum (0) complexes (1_ and 9). 

Esr Spectra 

Esr spectra of the paramagentic molybdenum complexes were of 

interest for several reasons. First, with one exception [251], esr 

spectra of low valent molybdenum complexes have not been previously 

reported. Second, the unusual satellites in the Mo 3d^2 spectra of 

trans-fMo(CO)?(dppe)?]TClOul and its absence in the spectra of the 

other paramagnetic complexes 2_, 3_, and 6^, suggests that important 

differences may exist in the electronic ground states of these molecules. 

Third, the formulations of the materials with the composition 

Mo(N2)(dppe)2X (X - CI, X = Br, 3) [240] are in dispute [260]. The 

infrared spectra, magnetic susceptibilities [240], and XPS data 

indicate that the materials are correctly formulated as Mo(N2)(dppe^X, 

while the syntheses and solution electrochemistry [260] indicate that 

both and 3^ might be an equimolar mixture of trans-Mo (N?) ? (dppe) 2 and 

MoX2(dppe)2 : 

CH3X + Mo(N2)2(dppe) benzene1" "MoN2(dppe)2X" +CH^ +N2 +H2 (5.1) 

Esr data should distinguish between these two possibilities. 
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The magnetic data for Mo(N2) (dppe^Cl, trans- [Mo(CO)? (dppe)?] 

[CIO4], and trans-MoCl2(dppe)2 are summarized in Table XVII. The g 

values for trans-Mo(N?) Cdppe^Cl (2<ave> = 1-930) and trans_-MoCl2(dppe) 2 

(g = 2.000) are significantly different. Therefore, the esr data 

indicate that trans-Mo(N?)Cdppe)?Cl is not an equimolar mixture of 1_ and 

6_. It is noted that g<ave> values are consistent with the reported 

magnetic susceptibilities of these compounds (see Table XVII). The 

XPS data also indicate that 2_ and are not a mixture of 1_ and MoX2(dppe)2 

(X = CI or Br) because if each was a mixture the Mo 3d peaks would be 

broad or more than two peaks would be observed. In fact, the peaks were 

narrow (FWHM = 2.0 eV). 

The Mo(I) complexes trans-Mo(N?)(dppe)?Cl and 

trans-fMo(CO)?(dppe)?1[ClOql formally have a d^ electron configuration. 

Although structural data are not available for either complex, each has 

been assigned trans stereochemistry on the basis of other physical data 

[240,236]. In trans geometry, each complex has a four-fold axis and a 

tetragonal ligand field (C^ for 2) for 7). In a tetragonal field 

the d^ electron configuration can have either of two ground states 

2B2g or 2Eg (Fig. 21). 

The esr spectra of 2_ and 1_ are strikingly different (Figs. 19 

and 20). The esr spectrum of trans-[Mo(CO)9 (dppe)?1[ClO^I has an 

average g value greater than the spin only value (2.0023) and exhibits 

31 
hyperfine coupling with the four p nuclei, while the esr spectrum of 

2_ has an average g value less than the spin only value and no observable 

hyperfine coupling. The esr data indicate that the electronic 

ground states of these two molecules are different. 
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Table XVII. Magnetic Data for Molybdenum Complexes 

Clomp1 ex yef£ g<ave> A 

MO(N2)(dppe)2Cl 1.83 1.930 

[Mo(C0)2(dppe)2] [ClOiJ 1.65 2.062 26G 

MoCl2(dppe)2 2.88 2.000 
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The electronic ground states can be identified using simple 

molecular orbital theory. The two doublet ground states which are 

5 2 2 
reasonable for a tetragonal low-spin 4d complex are and E . 

2 
In the state, the unpaired electron resides in the d orbital 

which lies in the plane of the four P ligands. 

2 
In the Eg state, the unpaired electron resides in orbitals 

composed of d and d orbitals of the metal and the ir and n* 
r xz yz 

orbitals of the N2 ligand. The e^ orbitals can interact with the IT* 

orbitals of N , and if an unpaired electron is present in one of the 

e^ orbitals it can delocalize onto the N2 ligand. Derealization will 

31 
decrease the interaction with the p nuclei. In addition, an unpaired 

electron in d ẑ or d can only interact with two phosphorous nuclei. 

2 
In contrast, an unpaired electron in d ( B. ground state) 

xy <ig 

can only couple strongly with all four phosphorous atoms. Thus the 

31 
average g value and large coupling observed with the P nuclei in the 

2 
esr spectrum of 7_ suggest that the ground state is B ; the lack of 

31 
observable P hyperfine and a g factor less than 2 support an 

2 
assignment of E for 2_ and _3, 

4 
Trans-MoCl2(dppe)2 6, is an example of a d electron 

configuration. In a tetragonal field (D^) the paramagnetic complex 

3 3 
fu __ = 2.8 B.M.) can have a A, (e x e ) or E, Cb- x e ) electronic 
eff 1 g g b 2g g 

ground state. The esr signal for (5 has an average g value of 2.000. 

No coupling with the phosphorous nuclei is observed. The g value is 

consistent with the spin-only value of 2.88 B.M. reported for this 
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complex. Following the arguments set out above for the Mo(I) complexes, 

an unpaired electron in the d orbital would be expected to interact 
xy 

31 
more strongly with the p nuclei than an electron in d or d . 

jcz yz 

Since coupling of the unpaired electronCs) with the 31P nuclei is 

3 
not observed, the electronic ground state of 16 is assigned as A^ . 

Although this assignment is consistent with the simple arguments 

presented, it does not explain why coupling of the unpaired electrons 

35 37 
with the ' CI nuclei is not observed. 

The g values for the Mo(I) complexes M0N2(dppe)2CI 2_ and 

[Mo(CO)2(dppe)2] [ClOif] "]_ deomonstrate, regardless of interpretation, 

that the two complexes possess different ground states. In addition, 

the electronic ground state of trans-MoCl2(dppe)2 6. must be different 

from either of the Mo(I) complexes. More recently George et al. have 

reported [261] the preparation of a new material, Mo(CO) (dppe^Br, by 

simple displacement of N2 from 3^. If the material were formed from a 

mixture of trans-Mo(N?) 9 (dppe) 7 and trans-MoBr? (dppe) ? the carbonyl 

product would be cis-MofCOl? (dppe)? and instead of the single CO 

stretching frequency reported (1875 cm-*), two CO stretching frequencies 

would be observed [262 ]. 

Conclusions 

The similarities and the differences between N0+ and N2 ligands 

have been discussed previously [62]. Although the N0+ ligand is a 

better "ir acid" than N2, the NN frequency in trans-Mo(N?)?(dppe)7 is 

still markedly reduced by 356 cm * from 2331 cm"* for N2 gas to 1975 cm"* 
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in the complex. The marked reduction in N2 stretching frequency is 

usually taken to indicate a considerable flow of electron density from 

the metal to the ligand. Indeed, the Mo 3dg^ binding energy of 

trans-Mo(N?1?(dppe)9 is comparable to those reported for a number of 

neutral molybdenum(O) tricarbonyl and tetracarbonyl derivatives (226.4 

to 228.0 eV) [250]. The N Is spectra of the M0-N2 derivatives confirms 

the fact that the N2 group is reduced and indicates that the exo nitrogen 

is more highly reduced than the endo nitrogen. 

Considering the Mo-N-N group as a covalent triatomic species 

introduces three possible resonance forms for a linear MoN2 moiety: 

• N: 
II I 

N N 
II HI 

:Mo :f'to 

IB IC 

If the NN stretching frequency is used as a criterion, canonical forms 

la and Ib must both be important to the ground state of the complex. 

Form Ic must be less important because it implies a single bond between 

the two nitrogen atoms [62]. Inspection of forms la and Ib shows that 

one pair of electrons resides either on the molybdenum atom or on the 

exo nitrogen atom, but not on the endo nitrogen atom. These resonance 

forms imply that excess electron density placed in the IT orbitals of the 

N2 ligand by molybdenum should reside on the exo nitrogen atom and conse

quently lower its binding energy. This conclusion is in agreement with 

the assignments of the N Is binding energies for the exo and endo 

111 

N 
I 

:Flo: 

IA 
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nitrogen atoms. Form lb also suggests that alkylation can occur at 

the exo nitrogen atom, producing a singly bent alkyldiazo complex with 

a lone pair of electrons still residing on the exo nitrogen atom. These 

singly bent alkyldiazo molybdenum complexes do in fact protonate at the 

exo nitrogen atom. 

The Mo 3d and ^V^/2 spectra of trans-fMo(CO)? Cdppe)?1TClOul 

exhibit intense satellite structure. These spectra appear to be the 

first examples of satellites associated with the metal spectra of a 

4d or 5d transition metal compound. The satellites might arise from 

configuration interaction in the complex, but the nature of the inter

action is not known. 

Esr, magnetic susceptibility, infrared, and XPS data indicate 

that the formulations of Mo(N2) (dppe^Cl 2_ and Mo(N2) (dppe^Br 3_ as 

Mo(I) complexes are probably correct. On the basis of esr and magnetic 

susceptibility data, the electronic ground states of trans-MoN? fdppe)?C1, 

trans-Mo(CO)?Cdppe)? FClOul, and trans-Mod?Cdppe)? have been assigned 

2 2 3 
as Eg, B2g, and respectively. 



CHAPTER 6 

A STUDY OF M 2p SATELLITES IN LATER 
FIRST ROW TRANSITION METAL COMPLEXES 

Introduction 

The presence of moderate to intense satellites. 

3 to 15 eV on the high binding energy side of each M 2p peak in the 

X-ray photoelectron spectra of paramagnetic 3d transition metal complexes 

is well documented [22,23]. The available data for the later 3d tran

sition metal compounds (Fe-Cu) [22,82,83,271-275] indicate that 

satellites usually have greater intensity and are closer to the primary 

peak (3 to 10 eV away) than satellites for the spectra of complexes 

of the early transition metals. In contrast, satellites are less 

intense or not observed in the M 2p spectra of diamagnetic 3d tran

sition metal compounds [22,23,82,83,271-275], and are absent from the 

metal spectra of 4d and 5d transition metal compounds, regardless of spin 

state [11,12,19,22,23,147,148,161]. These data suggest that XPS might 

be useful as a qualitative probe of the paramagnetism of a compound of 

a later 3d transition metal (Fe-Cu). For example, Cu(II) compounds 

invariably exhibit satellites in the 2p region whereas Cu(I) compounds 

do not [271,272,276,277]. 

Although satellite structure data have been compiled for 

hundreds of compounds, there is not much information about parameters 

157 
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other than metal spin state which might affect the appearance and 

intensity of satellite structure. Factors such as coordination geometry 

and type of ligand bound to the metal have received some attention, but 

the bulk of the published data are for transition metal halides and 

chalcogenides, or standard Werner-type complexes. Notable exceptions 

are the investigations by Matienzo et al. [84] and Frost et al. [272] 

of a variety of nickel and copper complexes. To date satellite structure 

data are relatively scarce or are not available for compounds with: 

(1) metal-metal bonds, (2) strong IT acid ligands such as NO , CO, and 

CNR, (3) less common coordination geometries and less common formal 

metal oxidation states, and (4) group V ligands. It is possible that 

one or more of the above structural factors can affect the appearance 

position, and intensity of satellite structure. In addition, the presence 

or absence of satellite structure and its relationships with the above 

factors may help to better understand the satellite structure process. 

This chapter contains data for complexes of iron, cobalt, 

nickel, and copper which belong to one or more of the above categories. 

It is the purpose of this chapter to present satellite structure data 

for these complexes and to evaluate the data in the light of currently 

held ideas regarding the mechanism of the satellite structure process. 

Experimental 

Materials 

Many of the complexes used in this study have been described 

previously in Chapters 3 and 4, and the reader is referred to those 
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chapters for details. The sources and properties of materials not 

mentioned previously are outlined below: 

Dr. 0. A. Ileperuma provided pure samples of [Fe(dedtc)2]2 9» 

cis-[Fe(NO)(dedtc)2(CNCH3)][BFit] 12, Fe(dedtc)3 13, and CoCl2(PPh3)2 48. 

Samples 9., 12_, and L3 were characterized by infrared and elemental 

analyses and the crystal structure of 9^was determined [107,278]. The 

sample of 48 was prepared according to the literature method [279] and 

identified by its color, infrared spectrum, and melting point. 

Dr. T. E. Nappier donated samples of [Fe(salenH)][ClO^] 18, 

trans-Fel?(das)g 27, [Fe(das)3][ClOiJ 3 32, trans-[Fel2(das)2][PFs] 34, 

two forms of CO(N0)C12 (PMePh2.)2 49> and trans- [Co(N3)2(das)2] [ClOiJ 56. 

Except for 18, the samples were fully characterized [92,280]. 18 was 

identified only by its color and infrared spectrum [281]. Samples of 

[Fe(CO) 3(SMe)]2 1_, [Fe(S2C2Ph2)2]2 38, and Co(dedtc)3 72, prepared by 

Dr. H. Biittner, were used for XPS analysis. All three samples were 

recrystallized. Infrared, melting point, and elemental analysis data 

(Table XVIII) obtained for 1_ agreed with the literature data [282]. 38 and 

72 were characterized by their colors and infrared spectra [283,284]. 

Samples of HFeCo,(C0),„ [P(0Et)a] , where n = 1-4 (compounds 40, 42, 43, 3 12-T1 0 31 
and 44 respectively) were generously donated by Dr. B. T. Huie. All 

four complexes had been thoroughly characterized by infrared, Mossbauer, 

and mass spectroscopy, and elemental analysis. In addition, the 

crystal structure of 43^has been determined [285,286]. 

Cis-Fe(CNCH3)4[(MeHN)C(y -NMe)C(NHMe)] 42 and [Me2N2CHN2Me2][Cu2Br3] 85 



Table XVIII. Elemental Analyses of Compounds Utilized for Satellite 
Structure Study 

Compound 
Calculated 

C H N 

Found 

H N 

i [Fe(C0)3(SCll3)h 

30 FeCl2[ (C6H5) 2PCHCHP (C6H5) 2 ] 2-C6H6 

59 CoBrjCCNCHjK 

60 [Co(CNCH5)5]2[C10tt]i1 

89 [AsPhi )]2[Cu2Cl6] 

25.77 1.55 18.57 

70.03 4.94 12.68 

14.54 41.64 

26.23 3.13 15.17 

50.15 3.62 19.91 

25.80 1.61 18.65CS) 

70.00 5.04 12.40(P) 

14.64 41.80(Br) 

26.04 3.26 15.13 

52.17 3.62 19.90CC1) 
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were obtained from batches of crystals which were used for X-ray 

structural determinations of these compounds [287,288]. 

Samples of the following complexes were available from Prof. 

R. D. Feltham: trans-[CoClp(en)2][CI] 62, trans-[Co(NO)(en)2(ClOu)] 

[CIO4] 63, trans-[Co(NO)(en)?Cl][ClOu] 64, trans-[Co(NO)(en)2Br][ClOiJ 

65, trans- [Co(NO) (en)2l] [I] 66, [Ni(das)2] [CIO1J2 Z§.» [Ni(NO2)(das)2] 

[CIO4] J9_ and Ni(salen) 80. The purity of the samples was checked by 

comparison of the infrared spectrum of each sample with the published 

spectra [289-291]. 

The following compounds were synthesized according to literature 

methods [37,292,293,294,295]: trans-FeClp(Ph?PCH9CH?PPh?)? 29, 

CoCl (PPh3) 3 47, trans-CoBr? (CNCHQu 59, [Co (CNCH3) 5]2 [C104]i+ 60, 

[n-BuilN]2[Ni(mnt)2] 81, and [AsPhit]2 [CuaClg] 8J5. The magnetic 

susceptibilities of 29, 59, 60, and 88^ were measured by the Faraday 

Method [68]., and were found to agree with the literature values in each 

case. Elemental analyses were obtained for 29^, 5£, 61_, and 88_. The 

results are presented in Table XVIII. Each of the above compounds was 

further characterized by comparing their infrared spectrum melting 

point and color with the published data. [FeCp(C0)2]2 3. was purchased 

from Strem Chemical. The sample was recrystallized from methylene 

chloride/methanol [296] prior to use and its purity checked by infrared 

and melting point analysis. 

The following compounds were of unknown origin: Fe(CN)2(bipy)2 

35 [293], [Fe(CN)2(bipy)2][C10lt] 36 [297], [Fe(bipy) 3] [C10J 3 39 [298], 
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[Co(dmp)2] [N03]2 .61, Co(acac)3 6£ [300], [Ni(phen) 3] [CIO1J2 

[301], CuaCOAc)^ 8 [302], and [Co(en)3][Co(CN)e] £7 [303]. Each was 

minimally characterized by comparison of its color and infrared spectrum 

with reports in the literature. In addition, the identity of these 

complexes was confirmed by their X-ray photoelectron spectra. For 

example, the N Is spectra of complexes 35 and 36 exhibit two peaks in 

a ratio of 2:1 as expected from their composition. Complexes 61_ and 6>7 

also contain two different types of nitrogen and have N Is peaks in 

expected ratios of 1:2 and 1:1 respectively. Freshly prepared samples 

of NiBr2(PPh3)2 83, NiCl2 (.PPh3)2 82^, CuCl (PPh3) 3 84, and 

CufBHij) (PPh3)2 8>6, were provided by Mr. K. Haller. These materials were 

prepared by literature methods [304,305] and identified by their infrared 

spectra and melting points. 

Infrared spectra were recorded with a Perkin Elmer 337 or 735 

spectrophotometer, melting points were determined with a Thomas-Hoover 

Meltemp Apparatus, magnetic susceptibility measurements were made by 

the Faraday Method. The apparatus has been described in detail elsewhere 

[68]. Diamagnetic corrections were made using Pascal's Constants [69], 

Spectra 

All XPS data were obtained with a McPherson ESCA-36 Photoelectron 

Spectrometer. Either an AlKa or MgKa X-radiation source was used. 

— 6 — 8 
Residual spectrometer pressure was between 10" and 10~ torr during 

analysis. All samples used in this study, except [Fe(dedtc)2]2 £ 
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and CoCl(PPhg)3£7, are stable in air in the solid state. Samples of £ 

and 4_7 were loaded into the spectrometer under dry nitrogen with the aid 

•of an ^R SS-1 glove bag. 

Several of the complexes decompose or sublime under ambient 

sample chamber conditions so spectra of these complexes were recorded 

with the samples cooled to ca. -95° using a cryogenic probe of our own 

design [44]. 

The metal spectrum of each sample was normally measured two to 

four times but a few spectra were obtained only once, while others were 

recorded as many as nine times. Supplemental spectra were also obtained 

in many cases to aid in determining the purity of the sample or because 

the spectra of other atoms were of interest. When two or more over

lapping peaks were observed, the spectra were resolved with the aid of 

a duPont 310 Curve Resolver or the spectrum was simulated using a curve 

generation subroutine in the program package provided by McPherson for 

the PDP8e Minicomputer. 

Relative peak area ratios were determined by the paper weighing 

method. Relative satellite intensities are defined as: 

A * 
j _ sat 
sat A . + A 

sat primary 

Results 

Many of the complexes in this investigation often contain less 

than 10% by weight metal. Consequently, the data primarily consist of 

the more intense M 2p^2 primary peak and its attendant satellite(s) when 
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present. Satellites associated with the peak are also observed 

but they provide little additional information because of the decreased 

intensity and lack of spectral detail, and will not be discussed further. 

The possible contribution of the M 2pMgKfJ or A1K3 peaks to 

the spectra must be evaluated before the additional peaks can be assigned 

to M 2p^2 satellites". The M 2p^^ ̂ 3 satellite for the metal (Fe-Cu) 

will be present between 2 and 10 eV, depending on the metal, on the high 

binding energy side of the primary M 2p^^ peak. This is the same 

general region where 2p^^ satellites are also expected. However, since 

the 2p^^2 satellites are always 10% of the intensity of the 2p^^ 

primary peak [47], they must always have only 5% of the intensity of the 

primary 2p^2 peak. In most cases, the ^8 satellite intensity 

is insufficient to contribute significantly to the observed spectral 

features. In addition, in many M 2p spectra reported, the position of the 

2p^/2 satellite, due to interaction of the core and valence electrons, 

does not overlap with the 2p^^ ̂ 3 satellite. For the compounds whose 

M 2p spectra have been studied only satellites with intensities greater 

than 10% of the primary peak are considered. 

The data are arranged according to the metal, its formal oxidation 

state and its spin state. The data compiled for forty-two iron complexes 

are summarized in Table XIX. The formal iron oxidation states range from 

-1 to +4 and the Fe 2p^^ binding energies extend from 708.1 to 711.0 eV. 

Sixteen low spin iron(II) derivatives (10, 11, 12, 22, 23, 24, 

25, 26, 27, 28, 30, 31, 35, 37, 41_, and 42) were included in this 
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Table XIX. Fe 2p Satellite Structure and Related Data for Iron 
Complexes 

ComP°und EbFe2P3/2 dard= S?a£e A-

1 (Fe(C0)3(SMe)]2 708.8(2.1)* Au 0 3.1(.10) 

2 lFeCN0)2(SEt}]a 709.2(2.1) Au 0 3.2(. 10) 

3 [FeCp(C0)2]2 708.5(1.9) Au 0 3.8 (..10) 

4 Fe(CO)3(PPh3)2 708.9(1.5) C 0 ... 

5 Fe(NO) (COJzCPPhaJjlPFg] 709.8(1.6) C 0 3.0 (.20) 

6^ [Fe(N2p-C6H,,CK3) (C0)2(PPh3)2] [PFS] 710.5(1.6) C 0 4.6(.31) 

2 Fe(NO)(dedtc)2 708.5(2.0) C' 1/2 3.2('.l) 

8 FeCl (dedtc)2 709.2(2.5) C' 3/2 5.3C.3) 

9 [Fe(dedtc)2]2 708.8(3.0) C' 3/2 3.8(.55) 

10 Fe(C0)2 (dedtc)2 708.1(1.6) C' 0 — 

11 Fe (NO) (SCN) (dedtc)2 709.1(1.7) C' 0 — 

12 [Fe(NO) (CNCH3) (dedtc.J2] [BFi»] 709.5(1.9) C' 0 — 

13 FeCdedtc) 3 709.2(2.4) Mo03 5/2 5.0(.6) 

ii FeNO(salen) 709.5(3.5) C'' 3/2 5.0(0.38) 

15 FeNO(SMe-salen) 709.3(3.4) C" 3/2 4.0(0.36) 

ii FeCl(tpp) 710.8(4.5) C" 5/2 2-2/(.42) 

17 [FeCtpp)]20 709.5(3.5) Au 1/2 2.0/ (.30) 

18 [Fe(salenH)] fClOi+j 711.0(3.5) C" 2 5.0/br(.60) 

19 [Fe(NO) Cdas)2] [C104]2 710.2(2,5) C 1/2 — 

20 [Fe(NO) (das)2Cl][BPhi»] 709.2C1.9) C 1/2 — 

21 [Fe(NO) (das)2I] [I] 708.9(2.2) C 1/2 4.5(0.20) 
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Table XIX.—Continued. 

Compound EbFe2p3/2+ 
Stan-
dard= 

Spin 
State 

22 [Fo [NO) Cdas)2Cl][BFI(]2 710.8(2.3) C 0 — 

23 [Fc(NO) (das)2(NC.S)][C10M]2 710.6(2.2) C 0 - -

24 iFe(NO) Cdas)2I]lC10^]2 710.2(2.3) C 0 — 

25 FCC12(das)2 708.3(1.5) C 0 — 

26 Fe(NCS)2(das)2 708.1(1.4) c 0 — 

27 Fel2(das)2 708.2(1.5) C 0 — 

28 Fc(N02)(das)2Cl 708.2(1.5) C 0 3.6(. 10) 

29 FeCl2lPh2PmCi!PPh2]2 708.0(2.5) c 2 4.8(. 56) 

30 [Fe(CO)(das)2Cl][BPhu] 710.0(1.6) C 0 — 

31 (Fe(CH3CN) (das)2Cl] [BPht,] 708.5(1.8) c 0 - -

32 lFe(das)3]lC10^]3 709.6 (2.5) c 1/2 3.4 (.25) 

33 [FeCl2(das)2][BF1)] 709.1(2.2) c 1/2 4.3(.22) 

34 [FeI2(das)2][PF6] 708.9(2.7) c 1/2 — 

35 Fe(CN)2fphen) 2 709.0(1.5) C11' 0 3.2(.25) 

35 lFe(CN)2(phcn)2]!C10u] 709.1 (2.3) C«' * 1/2 — 

37 [PPh4][Fe(N0)(mnt)2] 709.7(2.8) C'' 
0 

— 

38 FE(S2C2Ph2)2 708.7(1.9) c 0 2.4(.2) 

59 iFe (bipy) 3] [ClOt,] 3 .. (2.3) — 
1/2 3,0(. 2) 

40 llFc (Co) 3 (CO) n [P (OEt) 3] 709.5(1.8) Co 0 3.0(. 15) 

1L lNn-PrM]2[Fe(N0)(CN) 5] - (1.4) — 0 --

42 Fe(CNCH3)4 [ (MeliN)C(NMe)C(NHMe)] -- (1.9) — 0 — 

tAll bindiHE energies in eV. 

•In this column, values in narcnthescs are FWHM, in eV. 

frhc following peaks and their energies were util ized to standardize 

binding energies: (Au(Au 484.0 eV), C(C Is; 235.0 eV), 

C'(C Is; 285.3 eV), HoOj (Mo 3d;/,; 232.5 eV) , C" (C Is; 283.8 eV), 

C"'(C Is; 285.5 eV), Co(Co 2p3/1; "81.0 eV|. 

"Energy separation, in eV, of satellite from primary peak. Values in 

parentheses in this coluzin are satellite intensities, relative to 

the main peak. 



investigation. All are six coordinate except [PPhiJ [Fe(NO)(mnt)2] 37. 

The colors of the complexes range from light yellow to black, and the 

ligands coordinated to the metal include strong IT acceptors such as N0+, 

CO, and CNCH3, it donors such as halide ions, and ligands which do 

not contain either low lying tt or ir* orbitals which can interact with 

the metal, such as diarsine. The Fe 2p 2̂ binding energies range from 

708.1 to 710.8 eV and the Fe FWHM range from 1.3 to 2.8 eV. The 

Fe 2pjy2> ^3/2 ener2y separation for these complexes is constant 

(12.7 ± .05 eV). A typical spectrum for these complexes is shown in 

Fig. ,2 2c. Satellites are not observed in the Fe 2p spectra of any of 

these complexes. Regardless of the types of ligands attached to iron, 

the Fe 2p spectra of the iron(II) low spin complexes are fairly unevent

ful. 

The bright yellow complex trans-FeCl?(Ph^PCHCHPPh?)? 29, was 

the only high spin iron(II) complex investigated. The complex exhibits 

temperature dependent magnetic susceptibility [37]. The magnetic moment 

of 29^ at room temperature is 4.69 B.M. while at -110°C it is 4.29 B.M. 

Fe 2p spectra were recorded at ambient spectrometer temperature and at 

-110°C and are shown in Fig 22. Although spectral features are not well 

defined for this complex because the weight percent of iron in the 

complex is quite low (= 6^) some important observations can be made. The 

Fe 2p^2 binding energy of 708.1 eV is the same as the binding energies 

recorded for other neutral, low spin iron(II) complexes such as 
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Fig. 22. Fe 2p spectra of (a) trans-FeCl? (jPh^PCHPPh?) ? 

at -110°C, (b) trans-FeCl2(Ph2PCHCHPh2)2 at 

room temperature and (c) trans-Fe(N02)(das^Cl. 
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trans-Fe(NO?)(das)?Cl. However, other features are quite different. 

The primary 2p^2 peak is broad (FWHM of 2.5 to 3.0 eV) and a broad 

satellite is present roughly 4 eV from the primary 2ppeak at both 

temperatures. The intensity of the satellite decreases slightly from 

0.5 to 0.4 on cooling the sample to -110°C (the decrease is considered 

only marginally significant) . Although the Fe 2p^^ and 2p^2 positions 

are not well defined, the Fe 2p spin orbit doublet splitting decreases 

with decreasing temperature. At room temperature the spin orbit 

doublet is 14.2 eV ± 0.4 eV, while the low temperature spacing is 

13.7 ± 0.4 eV. Both values are much higher than the splitting observed 

for the diamagnetic iron(II) complexes (12.7 eV). 

One intermediate spin iron(II) £3=3/2) complex was investigated 

[306]. [Fe(dedtc)2]2 £ is air sensitive so the sample was loaded directly 

into the spectrometer under a nitrogen atmosphere. The Fe 2p spectrum 

of 9^has moderate satellite structure of intensity 0.55 centered 4.0 

eV from the 2P3/2 Peâ * The Fe 2p 2̂ binding energy (708.9 ±0.3 eV) 

is slightly higher than those observed for the other neutral F6(II) 

complexes investigated. 

Eight low spin iron(III) complexes (17, 20, 21, 32, 33, 34, 36, 

39) were investigated. The Fe 2p^2 binding energies of these complexes 

range from 708.9 to 709.7 eV and the FWHM range from 2.2 to 3.3 eV. 

Seven of the eight complexes exhibit a satellite with relative intensity 

0.30 to 0.50 between 3.0 and 5.5 eV from the primary 2p3̂ 2 peak. 

Satellite structure was not observed in the Fe 2p spectrum of 

trans-[Fe(NO)(das)2Cl][BPhiJ . The spin orbit separation is constant 
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and the same as was recorded for the low spin iron(II) complexes (12.7 ± 

0.1 eV), except for [Fe(tpp)]20 which exhibited a 29-^/2' ^3/2 enerSy 

separation of 13.2 eV. 

Two high spin iron(III) complexes, Fe(dedtc)2 13_, and 

FeCl(tpp) lj>, were investigated. The Fe 2p spin orbital splittings 

and Fe 2p^j binding energies for these complexes are 13.3 and 12.9 eV 

and 709.2 eV and 710.8 eV, respectively. The Fe 2p^2 peaks of these 

complexes are broadened considerably. Both complexes exhibit an intense 

satellite with approximately 0.6 the total intensity centered 4.4 eV 

from the primary peak. 

The intermediate spin Fe(III) complexes (d5, S = 3/2) 

FeCl(dedtc)2 8., Fe(NO) (salen) 14, and Fe(NO) (5Me-salen) 15, were 

investigated. By monitoring the N Is spectra of 14 and 15 (obtained 

at -95°C), it was possible to determine that _14_ decomposed during XPS 

analysis, but that 15_ remained intact, (see Chapter 3 for a detailed 

discussion). The Fe 2pbinding energies recorded for 8^ and were 

the same within experimental error (709.2 and 709.5 eV, respectively). 

Both have a broad peak (between FWHM 2.9 and 3.5) and increased 

2p spin orbital doublet separation 0.4 to 0.8 eV greater than that 

observed for the diamagnetic iron complexes. A broad intense satellite 

centered 4.2 eV from the 2p^2 Peâ  is present in the Fe 2p spectrum 

of each of the complexes. Satellite intensities are comparable 

(^t - 0.15). 

The complexes [Fe(CO) 3(SMe) ]2 1_, [FeCp(C0)2]2 3» and 

HFeC03(CO)ii[P(OEt)3] 4£ have formal iron oxidation states of +1. 
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All three complexes are diamagnetic and highly colored or black. The 

Fe 2p spectra of complexes 1_ and 3^ are presented in Fig. 23. Complexes 

1^ and 5_ have similar binding energies (708.8 and 708.5 eV, respectively), 

and both have FWHM of ca. 2.0 eV, and an Fe 2p spin orbit splitting of 

12.7 eV. Both complexes have a small shoulder on the high binding energy 

side of the Fe 2p^2 peak with a separation of 3.1 and 3.8 eV respec

tively and relative intensity of .10. The Fe 2p spectrum of 

HFeCo3(C0)ii[P(OEt)3] exhibited narrow primary peaks (FWHM of 1.8 eV). 

The background on the high binding energy side of each of the 2p peaks 

sloped upward toward the peak. The slight rise in background might 

be due to partial sample decomposition or to satellite structure. The 

intensity of the "rise" is 0.15 and in each case it is centered ca. 3.0 

eV from the primary peak. 

Three iron(O) complexes were investigated (4^ 5^, and 6). The 

colors of the complexes are yellow or orange. Fe 2p^2 binding energies 

extended from 708.5 to 710.5 eV. All three complexes are diamagnetic, 

and have FWHM of 1.5 to 1.6 eV. No satellites are present in the Fe 2p 

spectrum of Fe(CO)3(PPh3)2 £, but a satellite is present in the spectra 

of [Fe(NO)(CO)2(PPh3)2][PF6] 5 and [Fe^p-CgH^Me) (C0)2(PPh3)2][PFS] 6 

(See Chapter 4). The satellites are 4.5 eV away from the primary peak 

in both complexes. The relative intensities of the satellites are 0.20 

(5) and 0.31 (6). It is possible that the satellites are due to partial 

sample decomposition. 
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Fig. 23. Fe 2p Spectra of (a) [FeCp(CO) ] 
00 [Fe(N0)2CSEt)]2 and (c) [Fe (CO) 3 (SMe) ] 2 • 
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The Fe 2p spectrum of is presented in Fig. 23b. A weak satellite 

(I = 0.10) is present 3.2 eV from the primary peak. The Fe 2p peaks 

were narrow (FWHM 2.1 eV) and were separated by 12.7 eV. 

Thirty-two cobalt complexes were investigated. The Co 2p XPS 

data for these complexes are summarized in Table XX . The cobalt complexes 

have oxidation states from -1 to +3, spin states from 0 to 3/2, and 

coordination numbers of 4, 5, or 6. Co 2p binding energies extend 

from 779.3 to 782.5 eV. 

Eighteen of these complexes are five or six coordinate, low 

spin cobalt(III) complexes (d^, S -0). Of these, ten (49, 52-54, 63-66, 

g 
and 69-71) are derivatives of the bent {CoNO} moiety. Most of the 

cobalt(III) complexes are highly colored. The Co 2p spectra of 

sixteen of the complexes were uneventful. Each had a Co 2p doublet 

separation of 15.0 ± 0.05 eV, and narrow Co peaks (FWHM 1.6 to 

2.2 eV). 

Initially, one of the sixteen complexes, Co(dedtc)3 12_, had a 

weak satellite in its Co 2p spectrum 3.0 eV from the primary Co 2p 2̂ 

peak, in agreement with an earlier report by Frost et al. [74]. How

ever, double recrystallization of the sample effected the removal of 

small quantities of yellow and blue solids. After recrystallization, 

no satellites were found in the Co 2p spectrum. Therefore, the small 

satellite reported by Frost, et al. is attributed to an impurity. 

Persistent reproducible satellite structure was observed in the Co 2p 

spectra of the other two low spin cobalt(III) complexes. Modest 

satellite structure was recorded in the Co 2p spectrum 



Table XX. Co 2p Satellite Structure 

Compound tCo 2p^2 

43 HFeCo 3 (CO) q [P (OEt) 3] i, 781.6(2.0)* 

44 HFeCo3(CO)9[P(OEt)3]3 780.S(1.8) 

45 HFeCo3(CO)10[P(OEt)3]2 781.4(2.0) 

46 Co(NO)(PPh3)3 779.5(2.1) 

47 CoCl(PPh3)3 781.0(3.2) 

48  CoCl2(PPh3 )2  780 .8 (3 .2 )  

49 Co(N0)C12[PMe2Ph]2 780.7(2.7) 

50 [Co(N0)2(dppe)][BP^] 782.2(2.6) 

51 [Co (NO) (das) 2] [ClOt,] 2 781.7(2.3) 

52 [Co(N0)(das)2Ci)[C10^] 781,1(2.2) 

53 [Co(N0)(das)2Br][C10u] 780.7(2.0) 

54 [Co(NO)(das)2I][I] 780.6(1.9) 

55 [Co(N02)(das)2Br][Br] 780.7(1.8) 

56 [Co (N3) 2 (das) 2] [ClOi,] 780.5(1.7) 

57 [CoCl2(das)2][C^] 781.0(2.1) 

58 CoBr2(das)2 779.6(2.0) 

Stan- Spin 
dard=}= State 

A 

P 0 

M003 0 

p 0 

C 0 

C 1 

C 3/2 

C 0 

c 0 

c 0 

c 0 

c 0 

c 0 

c 0 

c 0 

c 0 

c 1/2 

2.8(.65) 

5.0(.55) 

5.5(.58) 

6.0(.S0) 



Table XX. Continued 

Compound E
b 

+C° 2p3/2 
Stan-
dard^ 

Spin 
State 

A 

59 CoBriCCNCHa)!, 780.3(2.0)* C 1/2 3.S(.12) 

60 [Co CCNCH3)s]2 781.1(2.0) C 0 3.5(.14) 

61_ [Co(drap)2][N03]2 781.2(2.4) N 3/2 S.8(.45) 

62 [CoCl2en2][Cl] 781.5(1.7) C1'' 0 5.2(.10) 

63 [Co(N0)en2C10ii] [ClOiJ 781.4(2.3) C < "  0 — 

64 [Co(NQ)en2Cl] [GIOi,] 781.6(1.9) C i » »  0 — 

65 [Co(N0)en2Br] [ClOiJ 781.6(2.0) C '1 0 — 

66 [Co(N0)en2I][I] 781.5(2.7) C." 0 — 

SI [Coen3][Co(CN)6] 782.5(2.2) C''1 0 — 

68 Co(acac)3 -- (1.6) — 0 4.3 f.15) 

69 Co (NO) (tpp) 779.3(2.0) Au 0 — 

70 Co(NO)(salen) 779.7(2.4) C" 0 — 

71_ Co(NO)(dmdtc)2 780.4(2.2) C' 0 5.5(,10) 

72 Co(dmdtc)3 779.3(1.6) C' 0 — 

tAll binding energies in eV. 
•Values in parentheses are FWI1M in eV. 
frhe following peaks and their energies were utilized to standardize 

binding energies: P(P 2p3/2: 133.6 eV), MoOs(Mo 3ds/2; 232.5 eV), 
C (C Is; 285.0 eV), N(Nls of dmp; 400.0 eV), C'(C Is; 285.3 eV). 
C"(C Is; 283.8 eV), CM,(C Is; 285.5 eV). 
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of Co(acac)3 68. The intensity and position of the satellite (I = 
1 1 1  Sell 

0.15) are the same as reported previously [22']. 

The low temperature and room temperature forms of the low spin 

Co;Complex Co(N0)Cl2(PMcPh2)2 49 exhibit intense satellite structure 

(I = 0.50) centered approximately 5.5 eV from the primary ^-V^/2 Peak 

(Fig. 24b). Nine independent Co 2p spectra of the two forms of 49^ were 

essentially identical. Although three other XPS investigations of 

Co(N0)Cl2(PMePh2)2 have been published, all focused attention on the 

N Is spectrum of the material, and in only one was the Co 2p^^ binding 

energy reported (780.8 eV). Two N Is peaks were reported at 400.4 

and 402.0 eV [18], 400.5 and 402.2 eV [307], and 399.6 and 401.7 eV 

[17] in these earlier studies. 

Two overlapping N Is peaks of variable relative intensity were 

also observed in this study. The peaks were located at 400.2 and 402.0 

eV and their relative intensities varied from 0.6:0.4 to 0.3:0.7. The 

relatively broad Co peak (FWHM 2.7 eV) was located at 780.8 eV, 

in good agreement with a previous report [18]. In addition, the Co 

2pl/2, 2^2 energy separation was found to be 15.8 ± 0.1 eV. This splitting 

is 0.8 eV greater than that observed for any of the other diamagnetic 

cobalt(III) complexes. 

Because of the unusual features of the Co 2p and N Is spectra, 

it was suspected that the material might have decomposed 

during analysis. A probable decomposition product is C0CI2(PMePh2)2> a 

high spin Co(II) complcx. However, formation of CoCl2(PNk^Ph)2 requires 
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Fig. 24. Co 2p Spectra of (a) CoCl2(PPh3)2 and (b) Co(NO)Cl2(PMePh2)2. 

h-» 
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loss of NO' and a corresponding loss of the N Is signal. Since the N Is 

peak remained reasonably strong during all data collections, and the 

XPS results were reproducible, the data for Co(N0)Cl2(PMePh2)2 are 

considered reliable. 

7 
Two low spin monomeric cobalt(II) complexes (d ; S = 1/2) 

were investigated. Both of these complexes are six coordinate. 

Trans-CoBr?(das)? 58 is bright yellow, while trans-CoBr?(CNCHq)u 59, 

is violet. The Co 2p spectrum of 5£ is shown in Fig. 25a. In both 

spectra very weak but reproducible satellites are evident. The 

satellite is present as a small shoulder just 3.5 eV from the primary 

Co 2p^2 peak, and has a relative intensity of 0.12. 

[Co(CNCH3)5]2[ClO^]^ 60 is the only dimeric, .diamagnetic 

cobalt(II) complex investigated. It is bright red and contains a Co-Co 

bond [308]. The Co 2p spectrum (Fig. 25b) exhibits weak satellite 

s t r u c t u r e  ( I s a t  =  0 . 1 4 )  a b o u t  3 . 5  e V  f r o m  t h e  2 p p e a k .  

CoCl2(PPh3)2 48^ and [Co(dmp)2] [N03]2 61_ were the only high spin 

7 
cobalt(II) (d ; S = 3/2) complexes investigated. £8 is bright blue and 

61 is bright orange. Both complexes are four coordinate and both have 

satellites of' moderate intensity associated with their Co 2p spectra 

5.5 to 4.8 eV from the. primary Co 2p^j2 peak (Fig. 24a). Their Co 2p 2̂ 

peaks are broadened (FWHM 2.4 and 3.2 eV respectively) and both have 

2p^2> ^3/2 i°nizati°n energy separation of 15.5 eV. The FWHM and 

spin orbit doublet separations are greater than those observed for low 

spin cobalt(II) and Co(III) complexes (15.0 eV). 
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Fig. 25. Co 2p Spectra of (a) trans-CoBr^ (CNCH3)i> and 

(b) [Co(CNCH3)5]2[C10tt]lt. 

if 
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Two Co(I) complexes were investigated. One of the complexes 

CoCl(PPh3)3 47^ is paramagnetic (S = 1) but the other, [Co(NO)(das)2] 

[ClOtj]2 JLL> is diamagnetic. The green air sensitive paramagnetic 

complex, £7, exhibits Co 2p satellites of relative intensity 0.57 to 

4.0 eV from the primary peaks. The Co 2p peaks are broad and separated 

by 15.7 eV. In contrast, the Co 2p peaks for 51^ are relatively narrow 

(F1VHM 2.3 eV) and no satellites are observed. 

XPS data were recorded for three cobalt cluster complexes, 

HFeCo3(CO)12 n[p(°Et)3]n (n = 2, 43; n = 3, 44; n = 4, 45) in which 

the formal cobalt oxidation state is zero. Each of the complexes consists 

of a C 03Fe tetrahedral cluster with metal-metal bonds [283]. All of 

the purple/black complexes are diamagnetic. The Co 2p spectra of these 

complexes have the same ^9^/2' ^3/2 sP*n orbit doublet separation 

as observed for diamagnetic cobalt(III) complexes (15.0 eV) and a 

reasonably narrow Co 2Pg/2 Peâ  (FIVHM 1.9 to 2.1 eV). Satellites are 

absent from the spectra of these complexes. Co(NO) (PPI13) 3 46_ is the 

only {CoN'O}^^ complex investigated. 

Eleven nickel complexes were investigated of which eight are 

diamagnetic and three are paramagnetic. Three of the diamagnetic complexes 

investigated (73, 74, 75) contain Ni(0). The XPS data for two of the 

complexes, Ni(C0)2(PPh3)2 73, and Ni(C0)2 (dppe)2 74_, are nearly 

identical. The Ni 2p spectrum of 73_ is presented in Fig. 26c. 

Satellites were not observed in the Ni 2p spectra of either of these 

complexes. Their Ni 2p 2̂ peaks were narrow (FWIIM 1.7 eV), their 

Ni 2p^2 binding energies were the same within experimental error 
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Fig. 26. Ni 2p Spectra of (a) NiBr2(PPh3)2 

(b) Ni(NO)Cl(PPh3)2 and (c) Ni(C0)2(PPh3)2. 
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(854.1 and 854.0 eV) and both possessed a 2p.jy2, ^3/2 Peâ  separation 

of 17.2 eV. 

The XPS data for Ni (CO) 2 (dppe) 7£ are in agreement 

with the data reported by Matienzo et al. [84] for the same compound. 

However, the Ni 2p data for 7Z_ are not in accord with the data reported 

by Tolman et al. [86], who list an Ni 2p 2̂ binding energy of 855.2 eV 

and FWHM of 2.2 eV for this complex. They did not mention whether 

satellites are absent from the Ni 2p spectrum. In view of the larger 

FWHM and higher Ni 2p 2̂ binding energy reported by Tolman et al. for 

Ni(C0)2(PPh3)2 which are out of line with data reported for other Ni(0) 

complexes, and the consistency between the data reported by Matienzo 

et al. [84] and the data obtained in this study, it is believed that 

the data reported by Tolman et al. [86] are for a partially decomposed 

sample. 

In contrast to the spectra of the Ni(0) dicarbonyl complexes, 

the Ni 2p spectra of the black nickel (0) complex, Ni(N0)Cl(PPh3)2 7£, 

persistently showed a satellite (I =0.14), both at ambient sample 
sax 

chamber temperature and at -95°, located 7.0 eV from the primary 2p 

peak (Fig. 26b). The satellite was observed in six Ni 2p spectra 

of two samples. The Ni 2p 2̂ binding energy and 2p 2̂ peak width at 

half maximum are 854.9 eV and 2.2 eV. The 2^^^, 2p 2̂ ionization 

energy separation is the same as observed for the dicarbonyl complexes, 

73 and 74. 
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These observations are at variance with a previous report [84] 

of the XPS parameters for Ni(NO)Br(PPh3)2> in which the Ni 2p 2̂ 

binding energy was given as 854.1 eV and the 2p 2̂» 2P3/2 energy 

separation was reported to be 18.0 eV. 

The discrepancy between the results obtained here and those 

reported previously may be due to the difference in sample calibration. 

In the present study the sample was pressed onto an aluminum planchette 

or onto double stick tape, but in the previous study a gold deposition 

technique was employed. Deposition of gold by sublimation onto the 

surface of a sample is known to cause sample decomposition, especially 

if the sample contains phosphine or other soft ligands [85,309]. 

Five other diamagnetic nickel complexes were investigated. In 

four of the five complexes (77, 78, 80, 81) the nickel atoms are four 

coordinate with square planar coordination geometry. The fifth 

[Ni(N02) (das)2l [ClOi^] 79, is five coordinate in the solid state [291], but 

the stereochemistry at nickel is not known. Satellites were not 

observed in the Ni 2p spectra of Ni(S2C2Ph2)2 ZZ» [Ni(das)2] [CIO1J2 

78, [Ni(N02) (das)2] [ClOi^] 79, or [NEti+]2[Ni(mnt)2] .81.. However, a weak 

satellite (Igat= 0-10) was observed 5.8 eV from the primary Ni 2p 2̂ 

peak for Ni(salen) 80.. All the complexes exhibited narrow Ni 2p 2̂ 

peaks (FWHM from 1.5 to 2.0 eV) and a spin orbital doublet separation 

of 17.1 ±0.1 eV. Ni 2p 2̂ binding energies were also nearly constant 

(854.4 to 854.8 eV). 

Three of the five complexes (77, 80, and 81_) had been 

investigated previously. Grim et al. reported [310] the absence of 

satellites in the Ni 2p spectrum of Ni (S2C2Ph2) 1, and Ni 2p̂ 2 
an(̂  
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S 2p^2 binding energies of 853.9 and 162.9 eV respectively. The binding 

energies in Table XXI are 0.5 and 0.4 eV higher than those reported by 

Grim [250]., The discrepancy is not large, but is outside the precision 

of the measurement and may be due to the different calibration methods 

which were used. Matienzo et al. deposited gold on the sample surface 

which can cause sample decomposition [85,309], as mentioned previously. 

No external standard was used in the present study. 

Matienzo et al. also investigated [NEti*^ [Ni(mnt)2] 81. [84]. The 

results obtained in this study are in good agreement with their data. 

Dillard and Taylor reported [276] Ni 2p3̂  and N Is binding energies 

of 855.5 and 399.4 eV for Ni(salen) 8£ and a 2p spin orbit doublet 

separation of 16.2 eV. They did not observe satellites in the Ni 2p 

spectrum of j50. The Ni 2p 2̂ 
an<* N ls binding energies reported 

previously are respectively, 1.1 and 0.6 eV higher than those obtained 

here. 

XPS data were also obtained for three paramagnetic Ni(II) 

complexes: [Ni(phen) 3] [CIO1J2 7(3, NiCl2(PPh3)2 and NiBr2(PPh3)2 83. 

All three complexes have been investigated by others [84,86]. In the 

case of 76_, an Ni 2p 2̂ binding energy of 856.0 eV was observed, 

in agreement with the value reported by previous investigators. 

Matienzo et al. [86] reported the presence of an Ni 2p 2̂ satellite 7.0 

eV from the primary peak but did not report its relative intensity. 

In this study a satellite with a relative intensity of 0.37 was 



Table XXI, Ni 2p Satellite Structure 

Compound Eb Nl 2p3/2f 
Stan
dard * 

Spin 
State 

73 Ni(CO)2(PPh3)2 854.1(1.7) c 0 -

74 Ni(C0)2(dppe) 854.0(1.8) c 0 -

75 Ni(NO)Cl[PPh3)2 854.9(2.2) c 0 7.0(.27) 

76 [Nl (phen)3] [C10J2 8S6.0(1.1S) c... I 6.8(.37) 

77 Ni(S2C2Ph2)2 854.4(2.0) c 0 --

78 [NifdashHClO^h 854.8(1.5) c 0 --

79 [Ni(N02)(das)2][C10j 854.5(1.6) c 0 --

80 Hi(salen) 854.4(1.9) C" 0 6.81.10) 

11 [NEt„]2 lNi(.mt)2 l 953.9(1.7) N 0 --

62 NiCI2(PPh3)2 855.4(2.8) c l i 5.8C.S7) 

83 NiBr2(PPh3)2 855.2(2.5) c l 5.0(.S3) 

tAll binding energies in eV. 
*In this column, values in parentheses are FW11M, in eV. 
±The following peaks and their energies were used to standardize 

the spectra: C(C Is; 28S.0 eV), C"'(C Is; 285.5 eV), C"(Cls; 

283.8 eV). N(N Is; 401.5 eV) 
"Energy separation in eV» of satellite from main peak. Values in 

parentheses in this column are satellite intensities, relative 
to the main peak. 
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observed 6.7 eV from the primary peak. Thus the agreement between 

the two studies is reasonably good. 

Both of the other paramagnetic Ni(II) complexes, NiCl2(PPh3)2 

and NiBr2(PPh3)2, also have satellites in their Ni 2p spectra (Fig. 26a). 

The satellite is 5.8 eV from the primary 2p 2̂ peak in the Ni 2p spectrum 

of 82_ and 5.0 eV away in the Ni 2p spectrum of &3. These results are 

in marginal agreement .with a previous study [84] in which it was 

reported that the satellite was 6.5 eV from the 2p 2̂ peak in the 

Ni 2p spectrum of 82_ and 4.0 eV from the 2p 2̂ peak in the Ni 2p 

spectrum of 83. The previous investigators did not report the intensities 

of the satellite. In this study the relative satellite intensities were 

found to be 0.57 and 0.53 for 82_ and .83, respectively. The Ni 2p,̂ ,2 

peaks for 82_ and 83^ were broad (FWHM between 2.5 and 2.8 eV) and the 

Ni 2p^2 binding energies (855.6 eV for 82_ and 855.0 eV for 83) are 

between those reported by others (Ref. 84: 854.5 eV, 82^; 854.7 eV, 83; 

Ref. 86: 856.0 eV, 82; 855.6 eV, 83). Although the agreement on Ni 2p 2̂ 

binding energies is not good, there is agreement between the Ni 2p 

spin orbit component separations (17.6 eV in both complexes) in all three 

studies. 

XPS data were compiled for five copper complexes and are 

summarized in Table XXII. Among the complexes investigated, the Cu 2p 2̂ 

binding energy varies from 931.7 to 935.2 eV, the Cu 2p 2̂ FWHM range from 

1.4 to 2.4 eV, and the 2p^ 2̂, 2p 2̂ energy separation ranges from 19.7 

to 20.1 eV. 



Table XXII. Cu 2p Satellite Structure 

Compound Eb+Cu 2p3/2 
Stan
dard^ 

Spin 
State 

A 00 

84 CuCl(PPh3)3 932.8(1.4)* C 0 — 

85 [HMeN(CH)NHMe]2[Cu2 Br3] 932.3(1.8) C 0 — 

86 Cu(BH,J(PPh3)2 931.7(2.0) C 0 — 

87 Cu2 (OAc) 4 933.5(2.8) C'111 1/2 7.2(.13)0.6(.15) 

88 [AsPhtt]2 [Cu2Clg] 935.2(2.4) C111 1/2 8.5(.17) 

+A11 binding energies in eV. 
*Values in parentheses are FIVHM in eV. 
^Binding energies standardized to the following levels: 
C(C Is; 285.0 eV);C,n(C Is; 285.5eV) ;C" " (C Is of 

carboxylate; 287.5eV) 
"Energy separation, in eV, of satellite from main peak. Values 

in parentheses in this column are satellite intensities, 
relative to the main peak. 
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Three of the complexes investigated (84, 85, and 86) contain 

copper(I). CuCl(PPh3) 3 84_ and CuCBHtJ (PPh3)2 86. are white monomeric 

materials with tetrahedral coordination geometries, while [HMeN(CH)NHMe] 

[Cu2Br3] 85^ is a red material consisting of a polymeric chain of 

Cu2Br3 units in which each copper atom is tetrahedrally coordinated to 

four bromide ions [289]. All three complexes have low Cu 2p^2 bind

ing energies (between 931.7 and 932.5 eV) combined with narrow FWHM 

(ca. 1.8 eV) and a constant Cu 2p^^> ^3/2 seParati°n °f 19-7. None 

of the Cu 2p spectra of these complexes exhibits satellites. 

The other two copper complexes (87, 89) contain • 

Cu(II). [AsPhij] [CU2CI5] 88, is a dimeric copper colored or brown/red 

compound [311] in which the two Cu(II) centers are bridged by two chloride 

ions. Cu2(0Ac)it 87^ is a blue compound and is also dimeric, with bridging 

acetate ligands [312]. The Cu 2p spectra of 87 and 88_ are presented 

in Fig. 27. Each complex has a broadened Cu 2p^,2 peak (FWHM 2.8 and 

2.4 eV respectively), a Cu 2p 2̂ binding energy 1 to 3 eV higher than 

those found for the Cu(I) complexes, and increased 2p]y2, 2p, 2̂ 

separation (19.1 eV), compared with the Cu(I) complexes. In addition, 

complexes 87_ and 8*5 exhibit satellites in their Cu 2p spectra, but the 

number and intensities of the peaks are different. 

Two satellites associated with the 2p 2̂ peak are observed in 

the Cu 2p spectrum of Cu2(0Ac)4 (Fig. 27a) in agreement with previous 

investigations. The satellites have equal intensities (0.1 and 0.1) and 

are situated 7.2 arid 10.6 eV from the primary peak. 



i  1  1  r  i  t  i  
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Fig. 27. Cu 2p Spectra of (a) Ci^COAc)^ and (b) [AsPhiJa [Cu2Cl6]. 
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In the case of [AsPh^^[C^dg], only one satellite is associated 

with the Cu ^V-^/2 Peak- The satellite has an intensity of 0.17 and is 

separated from the primary peak by 8.5 eV. 

Discussion 

According to the "sudden approximation" [23], the photoelectron 

process causes a sudden change in the coulombic potential of an atom 

or molecule. In some cases this can lead to a breakdown in the one 

electron approximation and events other than primary ionization can occur. 

Thus, the final state of the valence electrons after ionization need not 

be the same as in the ground state of the unionized atom. One of the 

secondary events which is known to occur is excitation of a valence 

electron to higher energy. The excitation energy of the 

valence electrons corresponds to the energy difference between the 

primary and satellite peaks. 

The transitions of valence electrons which give rise to satel

lite (s) in the M 2p spectra of first row transition metal compounds 

have been assigned by others according to the charge monopole selection 

rules [22,23,313], AL = AS = AJ = 0 and Air = 0, where L is the total 

orbital angular momentum, S is the total spin angular momentum, J is 

the sum of these quantities, and IT is the orbital parity. In the Central 

Field Approximation, the one-electron selection rules A1 =Am=Amj=Ams=0 

also apply [314]. In this approximation satellites will have appreciable 

intensity if the direct product of the initial and final states contains 

the A^ representation. Thus, based on charge monopole selection rules, 

satellites gain intensity through configuration interaction. 
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Using these charge monopole selection rules and calculations 

of the energy difference between the satellites and primary peaks, the 

satellites observed in the M 2p spectra of paramagnetic 3d transition 

metal compounds have been attributed to: (a) 3d->4s transition [82,84, 

313,314] or (b) ligand metal charge transfer (usually) L(cr)-*M(o-*)) [22, 

315]. Alternative explanations for satellites, such as plasmon peaks 

or multiplet splitting have been ruled out for the following reasons: 

(1) Plasmon peaks characterized by long, lower kinetic energy tails are 

observed at kinetic energies 15 to 25 eV lower than the primary M 2p 

peaks [22]. (2) It has been demonstrated that the satellite position, 

relative to the primary peak, is not a function of the core level ionized 

(although the satellite intensity does vary) [316]. If multiplet split

ting were the source of the M 2p satellites the number and positions of 

the peak should vary with the core level angular momentum and core level 

energy [316]. In addition, Sen and Gupta have calculated [317] that 

multiplet splitting in MnF£ (high spin d^) is no greater than 2.5 eV in 

the Mn 2p spectrum. In spite of the above evidence, at least one group 

of investigators have attributed satellites to multiplet splitting [274]. 

3d->4s transitions were initially considered as a possible source 

of satellites because the energy separation of the satellite and main 

peak coincides reasonably well with the energy separation of the 3d and 

4s levels. Later, Yin et al. rationalized [314] the fact that intense 

satellites only appeared in the M 2p spectra of paramagnetic complexes 

using the charge monopole selection rules. They showed that a 3d->-4s 
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satellite will have appreciable intensity only when the transition metal 

compound is paramagnetic (except in the case of high spin d^ compounds 

which have ^A^ electronic ground states) because only the paramagnetic 

compounds can have a final electronic state (3d11 *4s* configuration) of 

the same symmetry as the initial state. One of the difficulties with the 

proposal by Yin et al. is that others have deomonstrated that, in fact 

high spin d^ compounds such as MnX£ and FeX^ exhibit intense satellite 

structure [22,23]. 

The other most widely accepted explanation of satellites 

ligand-nnetal charge transfer, also appears to have serious deficiencies. 

Although the intensities of M 2p satellites are clearly related to metal-

to-metal spin state, charge monopole selection rules which govern ligand-* 

metal charge transfer transitions do not discriminate between diamagnetic 

and paramagnetic compounds. A tenuous argument put forward to rationalize 

the absence or weakness of satellite structure in the M 2p spectra of 

diamagnetic compounds is that energy separations between the ground and 

excited states, of diamagnetic complexes are greater than those of para

magnetic compounds. Consequently, configuration interaction would be 

larger in paramagnetic compounds, resulting in higher transition 

probabilities for satellites. 

In this investigation the XPS spectra of 88 complexes of iron, 

cobalt, nickel, and copper were examined. Twenty-seven of the complexes 

are paramagnetic and sixty-three are diamagnetic. The coordination 

numbers and d electron configurations of the metals in the complexes 
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investigated range from 4 to 6 and 5 to 10, respectively, and are 

summarized in Table XXIII. 

Among the paramagnetic complexes, all but five, Fe(NO)(dedtc)2 

1_ [Fe(NO)(das)2][C104]2 19, trans_-[Fe(NO) (das)2Cl] [BPhJ 20^ 

trans-CoBr?(das)9 58 and trans-CoBr?(CNCHQu 59, exhibit moderate to 

intense satellites in the M 2p region. Among the diamagnetic complexes, 

moderate to intense satellites were only observed in the M 2p spectra 

of five complexes: Co(NO)(PPh3)3 46, [Fe(NO)(C0)2(PPh3)2][PF6] 5 

[Fe(N2p-C6HltCH3) (CO)2(PPh3)2] [PF6] 6, Co(N0)Cl2(PMePh2)2 49 and 

Ni(N0)C1 (PPh3)2 75_. Thus, even though many of these diamagnetic complexes 

have unusual structural features which might facilitate satellite 

formation, 89% of the complexes have XPS spectra which agree with the 

observations of others that moderate to intense satellites are only 

associated with paramagnetic compounds. On the other hand there are ten 

compounds which are exceptions to this generalization. These exceptions 

are discussed individually below. 

The absence of satellites in the Fe 2p spectrum of 

Fe(NO) (dedtc)2 7_, [Fe(NO) (das)2] [ClOiJ _19_, and trans-[Fe(NO)(das)CI]-

[BPhjj] 2(), has been attributed to derealization of the unpaired electron 

onto the NO ligand (see Chapter 3 for a detailed discussion). Such an 

explanation was first invoked by Matienzo et al. [84] to account for the 

absence of satellites in the Ni 2p spectra of paramagnetic, square planar 

nickel dithiolate complexes. 

The low spin, six coordinate Co(II) complexes trans-CoBr?(das)? 

58, and trans-CoBr?(CNClh)u 59, exhibit only weak satellites 

in the Co 2p region (I between 0.10 and 0.15; satellite separation 
S a t  
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Table XXIII. Electron Configurations and Coordination Numbers 
of the Complexes Used in this Investigation. 

A. Paramagnetic Complexes 

Coordination Number 

Metal 4 5 6 

Fe d5 d5, d6 

Co d8 d7 

Ni d8 d8 

Cu d9 

B. Diamagnetic Complexes 

Fe d8, d9 d6 

Co d6 d6 

Ni d8, d10 

Cu d10 
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from 2p^2 peak 3.0 to 3.5 eV) . There appear to be no other reports of 

XPS studies of low spin, six coordinate Co(II) complexes. However, 

Frost et al. reported [82] that neither of the low spin, four coordinate 

Co(II) complexes which they studied, Co(salen)"1/2^0 and CoCphthalo-

cyanine), exhibit satellites in the Co 2p region. In contrast, Matienzo 

et al. reported [84] satellites 7.0 eV from the primary Ni 2p peaks of 

trans- [NiCl?_ (das) 2] [CI], a complex which is isoelectronic and isostructural 

with trans-CoBr?(das)?• The relative intensity of the satellites was 

not reported. 

It is difficult to rationalize the absence of satellites in the 

Co 2p spectra of 58_ and 5£ using either of the current explanations 

(metal 3d-*-4s transition, or L-+M charge transfer) . Both complexes have 

roughly symmetry [318]. The electronic ground state of 

2 1 
trans-CoBr? (CNCH3) has been assigned as A.,„, (d_2) , on the basis 

ig z 

of its esr spectrum [319]. All data indicate that the electron is 

localized on the cobalt. Based on the available evidence and the 

structural similarities of 58^ and 5£, it is reasonable to assume that the 

2 
electronic ground state of 58_ is also In symmetry one of 

6 1 
the final electronic states for a 3d 2-*4s transition (3d 4s final 

z v 

2 
electron configuration is also A^ so the 3d->-4s transition is allowed 

by monopole selection rules. Ligand metal charge transfer, L(a)-»M(a*) 

(Fig. 28) is also possible since others have assigned satellites in the 

+3 +2 +2 
M 2p spectra of Ni , Ni , and Cu compounds to this process [22, 

315,316]. The charge monopole selection rules show that this transition 

is allowed. Thus the absence of moderate or intense satellites in the 
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Co 2p spectra of CoBr2(das)2 and CoBr2(CNCH3)^ is unusual and unexpected. 

The weak satellite only 3.5 eV from the primary 2ppeak in the 

spectrum of 58^ could be due to a cobalt d-d transition or an 

M(ir)->€NCH3 (it*) charge transfer [320]. 

Intense satellites were found in the Co 2p spectrum of the 

diamagnetic complex, Co(NO)(PPI13)3 £6. The complex is tetrahedral 

with a linear CoNO group. The electronic ground state of the complex is 

probably ^A^g(dz2, CT^Q) and the LUMO's are probably the orbitals 

3d(ir*^g, dxz> d ) . The satellite is separated from the main 2p peaks 

by only 2.8 eV. The separation is much less than the separation observed 

for paramagnetic cobalt complexes (4.7-7.5 eV) [22,23,85] and is also 

much more intense. Therefore the transitions normally assigned, 

M 3d->-4s or L(cr) M(cr*)CT, are ruled out. However, the separation of the 

2e and 3d ir orbital sets is on the order of 2 to 4 eV [62] and a 

transition between these orbitals is allowed according to the charge 

monopole selection rules. Therefore, the satellite is attributed to 

a 2e->-3e monopole transition. In contrast to the Co 2p spectrum of 

Co(NO)(PPh3)3, satellites were not observed in the N Is spectrum of 

this complex. 

The Fe 2p spectra of [Fe(NO)(CO)2(PPh3)2][PFs] and 

[Fe(N2P-CgHitCH3) (C0)2(PPh3)2] [PP6l §.> exhibit moderate satellites 4.5 

eV away from the primary 2pj^ peak (see Chapter 4 for a detailed 

discussion). Although the possibility of sample decomposition during 
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XPS analysis cannot be rigorously excluded, the balance of the 

evidence at present indicates that the extra peaks are indigenous to 

the samples. These satellites may also be due to a 2e-»-3e monopole 

transition. 

The Co 2p spectra of the room temperature and low temperature 

forms of the diamagnetic complex, Co(N0)Cl2(PMePh2) 2 49_, exhibit intense 

satellites (I =0.50, Fig. 23) 6.0 eV from each of the primary peaks, 
sat 

In conjunction with the Co 2p satellites, a significant increase in the 

energy separation of the Co 2p doublet (0.8 eV) compared with all other 

diamagnetic Co(III) and low spin Co(II) complexes was observed. In 

addition, others have reported, and these investigations corroborate, 

that two N Is peaks are present in the XPS spectrum of this material 

[17,18,307]. Both forms of this complex have two NO stretching 

frequencies at ca. 1735 and 1620 cm"*[321] and the relative intensities 

of the bands are temperature and pressure dependent. Thus all of the 

XPS data are consistent with the results from other spectroscopic 

investigations which indicate that two different structural forms of the 

complex are of comparable energy. 

Just as there is convincing evidence for two forms of 

Co(N0)Cl2(PMePh2)2 it is also possible that Ni(N0)C1(PPI13)2 has other 

alternative geometries. The crystal structure of Ni(N0)Cl(PPh3)2 

shows that the NiNO bond angle is 155° [119], a value which is inter

mediate between linear and bent nitrosyls. Changes in the substituent 

X may cause marked changes in the NiNO geometry. Although 

Ni(N0)Cl(PPh3)2 might exist in two geometric forms, this is less likely 
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than for Co(N0)Cl2(PMePh2)2> since the Ni(N0)X(PPh3)2 derivatives each 

have only one NO stretching frequency. Therefore any satellites 

associated with the Ni 2p spectrum might be expected to be diminished 

relative to those observed in the Co 2p spectrum of Co(N0)Cl2(PMePh2)2-

The weaker satellites in the Ni 2p spectrum of the nickel complex are 

consistent with a greater energy separation between the geometric forms. 

The fact that the ^-V^/2' ^3/2 doublet separation in the Ni 2p spectrum 

of Ni(N0)Cl(PPh3)2 is not greater than those of any of the other 

diamagnetic nickel complexes investigated is consistent with this 

\ 

interpretation. 

Both Co(N0)Cl2(PMe2Ph)2 and Ni(NO)Cl(PPh3)2 might be considered 

fluxional molecules. Many other four and five coordinate complexes also 

have fluxional properties. For example, NiBr2(Ph2Et)2 exists in 

tetrahedral and square planar forms. The tetrahedral isomer is para

magnetic while the square planar isomer is diamagnetic. Although the 

two forms interconvert, Tolman et al. found that only the tetrahedral, 

paramagnetic form exhibited appreciable Ni 2p satellites [86]. 

Matienzo et al. obtained the similar results for four coordinate nickel(II) 

complexes [84]. 

In this study twenty-seven other four and five coordinate mono-

meric complexes were investigated, of which fourteen are diamagnetic. 

With the notable exceptions discussed previously, none of the other four 

and five coordinate diamagnetic complexes exhibited appreciable satellites 

in their M 2p spectra. 
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Although the remainder of the complexes investigated conform to 

the generalization that satellites of appreciable magnitude are only 

present in the M 2p spectra of paramagnetic materials, many of the . 

complexes contain unusual bonding features and the fact that none of these 

complexes deviates from the generalization should provide further 

information which might help to elucidate the mechahism(s) which 

produce satellites. 

Seven of the diamagnetic complexes contain at least one metal-metal 

single bond: [Fe(CO)3(SMe)]2 1, [Fe(N0)2(SEt)]2 2, [FeCp(C0)2]23 

HFeCo3(CO)12 n[P(0Et)3]n (n = 1-4; 40, 43, 44, 45). Little information 

about satellites is available for first row transition metal complexes 

containing metal-metal bonds. Those data which are available are 

conflicting. Matienzo et al. [84] examined the Ni 2p spectrum of 

Kij[Ni2(CN) 6] and found no satellites, but Vernon et al. [22] report that 

Co2(CO)3 exhibits intense satellites in the Co 2p region. None of the 

eight complexes with metal-metal bonds exhibited satellites with intensi

ties greater than 0.15, and the satellites were never more than 4 eV from 

the primary peak. Four of the complexes contain a Co-Co edge in the 

tetrahedral FeC03 cluster which resembles the structure of one of the 

isomers of Co2(C0)g [322]. The lack of satellites in these and 

all other M-M bonded systems investigated, combined with the fact 

that Co2(CO)g is an unstable material, indicate that the results 

reported for Co2(C0)e should be viewed with caution. 

The lack of even moderately intense satellites in the M 2p 

spectra of the M-M bonded complexes is significant because metal-metal 



bonds are usually very weak (often less than half as strong as a carbon-

carbon bond, for example [323]). Thus, the M-M a* bond might be 

expected to be easily populated during photoionization, perhaps via 

an L(ctu) ••'MCo* ) transition. If satellites are ascribed to L->M charge 

transfer, then the lack of satellites in the M-M bonded systems seems 

surprising. 

Of the eighty-eight complexes investigated, over two-thirds 

contain one or more strong back IT acceptor ligands (N0+, N2Ar+, CO, 

or CNCH3). In a recent review, Brisk and Baker [23] suggested that the 

presence of two lying ligand IT* orbitals in the ir acceptor ligands might 

facilitate M(ir)->-L(Tr*) charge transfer during ligand core level 

ionization. Some monopole allowed M(TT)->-L(IT*) transitions are depicted 

in Fig. 27. There are at least two reports of C Is and 0 Is 

satellites in transition metal carbonyl complexes [167,227]. The 

satellites have been attributed to M(TT)->-(COTI*) charge transfer. Except 

for the complexes mentioned previously (Co(NO) (PPI13) 3, 

[Fe(NO)(CO)2 (PPI13)2][PF6], [Fe(Nap-CgH^CHg)(CO)2(PPh3)2][PF6]), none 

of the complexes investigated here having one or more linearly bound 

strong ir acceptor ligands exhibits satellites in either the metal 2p 

or ligarid atom Is spectra. Detailed discussions of the ligand and 

metal spectra of most of the complexes can be found in Chapters 3, 4, and 

5. However, the spectra of the transition metal methylisocyanide 

complexes have not been discussed in the earlier chapters. The C Is 

and N Is regions of these complexes have been carefully examined (Fig. 28) 
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between 395 and 415 eV, and 280 and 300 eV, respectively, and no 

satellites were observed. Two carbon peaks of equal intensity shown 

in Fig. 28 were also observed in spectra of all the methylisocyanide 

complexes, and are attributed to the two forms of carbon present in 

methylisocyanide. 

In addition to the factors discussed above, it is also 

interesting to note that many of the diamagnetic complexes investigated 

are richly colored or are black. The deep coiors of these complexes are 

due, in many cases, to the presence of low lying charge transfer bands, 

either M->L or L->M [66,91,120,121]. The presence of low lying, dipole 

allowed, charge transfer bands implies the presence of low lying, 

monopole allowed, charge-transfer bands, yet there is a nearly total 

absence of satellites in either the metal 2p or ligand atom Is spectra 

of these highly colored complexes. If the only criterion for satellite 

intensity were the energy separation between the filled and unfilled 

orbitals of proper symmetry, satellites would be expected in the M 2p 

spectra of these dark colored materials. 

Summary and Conclusions 

The important observations can be summarized as follows: 

Moderate to intense satellites (I = 0.15 to 0.60) are observed in 
S3> u 

the M 2p spectra of nearly all paramagnetic complexes. The intensity 

of the satellites generally decreases with the decreasing number of 

unpaired electrons in the complex. If the unpaired electron density 

is delocalized, as in the low spin {FeNO} complexes, the intensity of 

the satellite is markedly reduced. In general, satellite intensity 
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decreases with increasing covalence of the metal-ligand bonds. The 

primary peak/satellite peak energy separation increases roughly 

monotonically from ca. 4.0 to 5.3 eV in paramagnetic iron complexes to 

between 7.5 and 11.0 eV in paramagnetic copper complexes [324]. No 

correlation between satellite-primary peak separation and the number of 

unpaired electrons in the complex is observed, but the satellite 

position roughly correlates with ligand field strength: the stronger 

the ligand field, the further the satellite is from the primary peak. 

In all cases the satellites are much broader than the primary peaks, 

having FWHM of between 3 and 5 eV. These results suggest that the 

mechanism responsible for satellites in 3d transition metal complexes is 

the presence of unpaired electron density localized on the metal. 

In contrast to the paramagnetic complexes, satellites usually 

represent less than 10% of the intensity of the M 2p spectra of 

diamagnetic complexes. 92% of the complexes investigated conform to 

the above statements. The diamagnetic complexes investigated include 

several with metal-metal bonds, and a large number with strong ir acid 

ligands, such as N0+, CO, or CNCH3. Many of the complexes investigated 

have low lying L-»M or M+L charge transfer bands. In spite of the presence 

of low lying unoccupied electronic levels the diamagnetic complexes 

exhibit no satellites with an intensity greater than 0.10. 

One of the important exceptions to the above generalizations 

is Co(N0)Cl2(PMePh2)2- Although it is a diamagnetic complex, intense 

satellites are found in the Co 2p spectrum of this material. In 
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addition, the separation of the Co 2p spin orbit components is 15.8 ± 0.1 

eV which is much higher than the splitting observed in other diamagnetic 

complexes (15.0 ±0.1 eV). As pointed out in the discussion, this 

complex probably exists in equilibrium between two structural isomers. 

One possible explanation is that one of the isomers is trigonal bipyramidal 

with a linearly bound nitrosyl in the trigonal plane while the other 

isomer is square pyramidal with the nitrosyl angularly bound in the axial 

position. Another plausible explanation [62] is that the complex exists 

in two rotameric forms; one with the axial, bent nitrosyl over the 

chloride ions, and the other with the oxygen over one of the phosphine 

phosphorous atoms. 

In either case, there are two states populated at room tempera

ture, and it is tentatively concluded that the satellites in the Co 2p 

spectrum of this material arise from strong configuration interaction 

in the ground state(s). This conclusion is supported by the increased 

Co 2p spin orbit doublet energy separation, which in itself is an 

indication of strong configuration interaction [82]. Although the 

interacting configurations are separated by ca. kT, the potential 

surface of each configuration can lead to two final states of widely 

disparate energies. 

Satellite intensity is decreased by derealization and covalence 

of the metal-ligand bond, but is unaffected by IT donor ligands, such 

as halide ions. Ligands which are neither ir donors nor ir acceptors, such 

as phosphine ligands, do not affect the satellite intensity. 
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The observations summarized above provide additional insight with 

regard to the origin of satellites. Others have explained the presence 

of satellites in the M 2p spectra of first row transition metal complexes 

within the framework of the charge monopole selection rules which 

determine the allowed final ionized states. Monopole selection rules 

were first conceived for and applied to Auger transitions [325]. The 

selection rules were then extended to explain the satellites observed 

in core level X-ray photoelectron spectra. However, the two processes 

are fundamentally different. In the case of the Auger processes, the 

ionized core electron has left the atom or molecule and the Auger 

transitions occur without affecting the kinetic energy of the primary 

ionized electron. This is not the case for satellite transitions 

associated with the primary ionization process. The ionized core 

electron carries with it information about the energy of the final 

ionized states which are formed prior to Auger transitions. Thus, the 

Auger process is a form of molecular relaxation subsequent to 

ionization, whereas the satellites associated with the primary core level 

peaks occur during photoionization. 

Application of monopole selection rules to satellites associated 

with the primary photoelectron peak, assumes that the energy of the 

ionizing core electron is determined by the final electronic states 

created by valence electron transitions without the participation of the 

primary photoelectron in the valence electron interactions. However, 

if the energy of the ionizing core electron is influenced by the 
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valence electrons, it must interact with them and any explanation of 

the satellite process must consider these interactions. 

During the photoionization process, the ionizing electron still 

possesses an intrinsic spin of ±1/2, and it is possible that the 

photoelectron can couple with an unpaired valence electron. When the 

two electrons are coupled energy transfer from the photoelectron 

the valence electron may take place, promoting the valence electron 

to a higher state. The transition would still obey the monopole 

transition rules and transitions such as M(3d)-*M(4s) or 

would still be possible. This explanation does not rule out the other 

possible mechanisms for satellites put forward by others, but it is 

consistent with the bulk of the data, including the satellite intensities. 

If the photoelectron has the same intrinsic spin as the unpaired 

valence electron(s) they will be less strongly coupled. Therefore, at 

least half of all the ionized core electrons would not interact 

with the valence electrons, and the satellite intensity would be no 

greater than 0.5. Derealization of valence electrons would decrease 

the satellite intensity. In nearly all the complexes investigated here 

and by others [326]the satellite intensity is less than that of the 

primary peak. 



APPENDIX A 

CALIBRATION OF THE INSTRUMENT 

The relationship for the conservation of energy in the photo-

electron process is given by Eq. (A.l) [327]: 

- %+ Eb + Ek <A-« 

where hv is the photon energy, 0 the spectrometer work function, and ' 
sp 

E^ and E^ represent the binding energy and kinetic energy respectively 

of the ejected electron. To accurately measure the binding energy, 

E^, of an electron, it is necessary to know the instrumental work 

function, the energy of the exciting source, and the kinetic energy 

of the ejected electron. In most cases hv and 0 are accurately known. 
sp 

E^ is determined with an electron energy analyzer. The analyzers in 

common use today determine E^ by electrostatic or magnetic dispersion. 

The McPherson ESCA 36 employs a spherical section, non-retarding 

potential electrostatic analyzer for which the following relation 

holds when relativistic effects are neglected [328]: 

E^ = KeV where (A.2) 

K = 2r/d 

In the above equation V is the potential difference between the spheres, 

Kis instrument constant, r the mean radius of spheres, e the electron 

charge, and d the sphere separation. 
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Rearrangement of Eq. (A.l) and substitution for E^ by KeV 

from Eq. (A.2) yields: 

E. = hv - KeV - 0 
b sp 

Since hv and 0gp are accurately known, one can calibrate the instrument 

by using a standard which produces a peak of well-defined binding 

energy. The Au(4fy^} level of gold metal which possesses a binding 

energy of 84.0 eV [75] is often used for this purpose. The instrument 

constant, K, is adjusted so that the binding energy of the standard 

conforms with the accepted value. For this particular instrument, a 

prototype of the ESCA 36 series, K is approximately 4.03. Although 

Eq. (A.2) describes a linear relationship between V and E^, the 

determination of K for'a single binding energy does not ensure 

linearity of the binding energy scale. Instrumental aberrations can 

exist which result in a variation of . K with the applied field. There

fore it is necessary to experimentally confirm the value for K over 

a wide range of binding energy. 

Several methods may be employed to verify the linerity of 

the binding energy scale, but each method compares the observed kinetic 

energy differences of a number of pairs of photopeaks with their known 

energy separations. 

The method utilized in this instance is measurement of the 

difference in kinetic energies of photoelectrons ejected from a given 

core level for photon sources of different irradiating energies. For 
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this purpose the energy difference between AlKa (1486.60 eV) 

and MgKa (1253.60 eV) of 233.0 eV was used. The two X-radiations 

were generated simultaneously by using a magnesium anode in 

conjunction with an aluminum X-ray tube window. The AlKa X-rays can 

be eliminated by replacing the aluminum window with one made of 

beryllium-. Using the aluminum window and magnesium anode, it was 

possible to directly measure the kinetic energy difference between 

pairs of peaks emitted from the same core level. The metals chosen 

for this study were silver, gold, indium, tin, and palladium. After 

assignment of 0 and adjustment of Kusing the Au(4f_,_) peak at 
sp / / £ 

84.0 eV, the binding energy of the most intense core level of each 

metal was measured. Since the AlKa radiation imparts a kinetic energy 

to the ejected electron 233.0 eV greater than that imparted by MgKa 

[47], the AlKa "satellite" at "binding energies" approximately 233.0 eV 

lower than the primary peak emitted from MgKa were recorded. This was 

done for the metals listed above and the results are presented in 

Table I. The average separation of the peaks excited by AlKa and MgKa 

is 232.92 ± 0.16 eV, in good agreement with the expected value of 

233.0 eV. It is concluded, therefore, that the electron energy 

analyzer conforms to the relationship described in Eq. (A.2) and that 

the binding energy scale for this instrument is linear over the binding 

energy range investigated (490 to 0 eV.) 
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Source 

Core Level 

In(3d5/2) 

Au(4f7̂ 2) 

Sn(3d5/2) 

Ag(3d5/2) 

Eb# MgKa 

444.54 

84.00 

486.54 

367.77 

E, ## AlKa 
b 
satellite 

212.63 

-148.86 

253.49 

134.91 

AEB 

232.90 

232.86 

233.05 

232.87 

#For hv = 1253.60 eV in Eq. (A.l). 

##The energy of AlKa X-radiation is 1486.60 eV. 



APPENDIX B 

STRUCTURE AND BONDING RELATIONSHIPS IN 
ARYL- AND ALKYDIAZO COMPLEXES 

A Molecular Orbital Scheme for {MXY}n 

Complexes and Their Lewis Acid Adducts 

Linear complexes of CN~ or N2 can be represented by valence 

bond resonance structures la, lb, and Ic below (XY = CN or N2): 

•• • . M 

Y  * y  * Y :  

III II 1 
X X X  

II in 

:M M 

la lb Ic 

Although the resonance structures la, lb, and Ic have different 

electron distributions, they are physically indistinguishable. 

However, addition of a Lewis acid, A, to the exo atom, Y, of 

the MXY moiety can produce three distinguishable limiting topologies 

for MXYA represented by structures Ila, lib, and lie below: 

- A  A  
I , /A " 
Y  
III 

Y  ; Y  
11 1 III 

? 

II * 

X  X  
II III 

:P|! •  •  
II IH 

:M M » •  •  *  
I l a  l i b  I I  
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Examples of the addition of a Lewis acid to the MXY moiety for both 

coordinated CN~ and N2 can be found in the literature [237,240,329,333]. 

In those cases which have been structurally verified [329-332], the 

product of the reaction of an LnMCN molecule with a Lewis acid results 

in a structure best described by Ila. In contrast, reactions of Lewis 

acids with an LnMNN molecule exclusively produce products best 

represented by structure lib [237,240]. Reactions which result in 

complexes represented by structure lie have not been observed. 

Similar MXYA adducts can also be formed by direct reaction of 

alkyl- or arylisocyanides, or aryldiazonium cations with the LnM 

moiety. The products of the direct reaction of the aryldiazonium 

cations with the LnM complex are best described by lib [136,137,139, 

141-144], while, with only one well documented exception [246J, 

complexes formed from reaction of alkyl- or arylisocyanide ligands with 

LnM exhibit linear structures (Ila) [333-,336]. 

The formation of structurally equivalent MXYA products from 

addition to the MXY moiety, and from the direct reaction of CNR 

-Ar, or N2Ar+ suggest that the chemistries of the MCNR and MNNAr 

moieties are related to the {MXY}n moiety. Consequently, it may be 

possible to describe the bonding in these complexes in a way similar 

to that of the {MN0}n moiety. 

Recently, studies of the relationship between bonding and 

structure for the nitrosyl ligand have resulted in the development of 

a qualitative MO bonding scheme for nitrosyl complexes [62]. The 

nitrosonium cation, aryldiazonium cation, dinitrogen, aryl- or 
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alkylisocyanides, and cyanide anion are isoelectronic and many structural, 

spectroscopic, and chemical analogies between complexes of their ligands 

have been demonstrated. These analogies have prompted the extension of 

the bonding model for metal nitrosyls to metal dinitrogen and metal 

cyanide complexes. By extending the bonding model for the {MNO}n 

moiety to the {MXY}n moieties (XY = CN", ̂ 5 an MO scheme which accounts 

for structural differences between aryl- or alkylisocyanide complexes, and 

aryl- or alkyldiazo complexes can be derived. 

The MO scheme proposed for the MXY moiety (XY = ̂  or 

CN~) is shown in Fig. 29. The molecular orbital framework in Fig. 29 

is based on the five d orbitals of the metal, and the s and p orbitals 

of the ligand atoms. The ligands contribute 10 electrons, and the 

transition metal can contribute between 0 and 10 electrons. It has 

been shown that population of the 3-rr (antibonding) orbitals results 

in bending of the MXY group [62,337,338]. Consequently, electron 

populations which normally lead to occupation of the 3ir orbitals in 

complexes (n =7-10.) will not be considered further, since they have been 

discussed in detail elsewhere [62]. However, the composition and 

consequences of the 2e orbitals have not been discussed previously. 

In discussing the proposed MO scheme, the {MXY}*' moiety will be 

used as an example. In C symmetry the {MXY}^ (where XY = ̂  or 

CN~) moiety has the orbital scheme assumed on the left hand side of 

Fig. 29. Imposition of a ligand field with symmetry in the XY plane 

results in removal of the degeneracy of the 6 orbital set (Fig. 29), but no 



214 

other major disruption of the relative orbital separations in the 

{MXY}^ moiety. In this example the 2e orbital set is filled. To a 

first approximation the MO treatment indicates that the 2e orbitals 

are essentially non-bonding and have a node between the metal and Y: 

Q\ G> 
M 

q  e> 
M 

(3 

node 

X  

9 
§ 

9  
Y  

6  

9 

9 9 
X  

6 
Y  

0  
node 

Of key importance is the fact that regardless of the position of the 

nodal plane the 2e orbital set provides a mechanism for transferring 

electron density between the metal and the exo atom, Y. The composition 

of the 2e orbital set and its position in energy relative to the 3a^ 

orbital (the "lone pair" localized on the exo atom) determine the site 

of addition of a Lewis acid, A*, to the {MXY}^ moiety, and the structure 

of the (MXY)»A adduct. There are three results which are possible 

when a Lewis acid A adds to {MXY} . 
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If the 3a^ orbital is the HOMO, A can attack Y forming a 

linear {MXYA}^ moiety. This reaction pathway corresponds to the 

alkylation of coordinated cyanides. An example of this reaction is the 

well documented method [333] for the preparation of isocyanide complexes 

from the reaction of an alkyl halide with M(CN) which yields a linear 

MXYA complex. In a similar reaction, BF3 attaches to the M(CN) fragment 

to produce linear MCCNBF3) adducts [329]. 

If the HOMO'S are the 2e orbitals (Fig. 29) and their composition 

is such that the greater part of the electron density is localized on 

the metal, then reaction with A can result in formation of an M-A bond, 

if this is structurally possible. There are at least two well documented 

examples of this reaction pathway [339,340]: the reaction of 

trans-Re (N?) fPMe?Ph)uCl with HBF^ produces [ReH(N2) (PMe^Ph) ̂Cl] [BFiJ 

and the reaction of HC1 with trans-W(N2)2(dppe)2 produces 

trans.-[WH(N2)2(dppe)2][HC12]. 

A third reaction pathway is possible if the HOMO's are the 2e 

orbitals and a large part of the electron density is present on the exo 

atom. In this case, A can attack at the exo position. Since only one 

component of the 2e set can interact with A, the symmetry of the 

complex must be reduced to Cg. The 3a^ "lone pair" (exo atom) becomes 

an a' orbital in Cg symmetry and can mix with the a' component of 2e. 

The resultant XYA bond angle will be less than 180° with the angle 

determined by the extent to which the two newly formed a' orbitals mix. 

The third reaction pathway leads to the geometry found in {MNNA} ̂  

complexes [136,137,139,142]. In addition, there are at least three 

examples of the direct reaction of an MNN moiety with A (where A = 
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CH3, CgH]^, or RCO+) which result in the formation of a strongly bent 

NNA linkage [240,231,342]. 

The resultant MO scheme depicted on the right hand side of Fig. 29 

also deserves consideration. The only information available for the 

ground and excited electronic states of {MNNA} is for {ReNNAr}^, {MoNNR}^ 

and {MNO}^ complexes. The orbital order of the right hand side of 

Fig. 29 conforms to the current information available for {MNNA}^ and 

{MNO}^ complexes. It has been shown that the singly bent linkages in 

the {MNNA}^ complexes Re(N2Ar)Cl2(PMe2Ph)2(NH3) and Mo^CsHjy) (dppe^I 

can be protonated at the exo nitrogen [241,242] which leads to the 

conclusion that the 5a' orbital, composed of the s, pv, and p exo 
x y 

atom orbitals (a "lone pair"), is the HOMO in these complexes. 

In the six coordinate {MNO}^ complexes, addition of one or two 

electrons causes the MNO linkage to bend suggesting that the 6a'' 

orbital (a component of 3e) which is antibonding with respect to M,N, 

and 0 is the LUMO. Thus the orbital scheme in Fig. 29 conforms to the 

available data and provides a rational explanation of the structures and 

reactivity observed for {MXY}n complexes. 
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Fig. 29. MO Schemes for A Correlation Diagram Between 

{MXY}6 and {MXYA}6 Complexes. 
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A Correlation between Infrared Spectra and 
NNAr Bond Angle 

The structural and infrared data for azobenzene, seven 

aryldiazo complexes, and the parafluoroaryldiazonium cation are summarized 

in Table XXVI. Comparison of the structural and infrared data shows 

that an increase in the NNAr bond angle is accompanied by an increase 

in the NN stretching frequency. Since it is always desirable to find 

a simple probe of the structure of the chemically active portion of 

a molecule, an investigation was undertaken to find a reliable correlation 

between the NN stretching frequency and the NNAr bond angle. An 

excellent correlation was found between the NN stretching frequency and 

-cos(0), where 0 is the NNAr bond angle (Fig. 30). The linear least 

squares fit of the data has a slope of 3919 cm"1 and y intercept of 

-312 cm"1. A linear correlation coefficient, r, of 0.98 was found. 

In view of the number of variables which can possibly affect 

the NN stretching frequency [343], it is amazing that such an excellent 

fit of the data available in the literature can be obtained using a 

single variable. It is estimated that the correlation presented can 

be used to determine the NNAr3 angle, 0, in aryldiazo complexes with 

unknown structures with a precision of ±4°. 



TABLE XXVI. Structural and Infrared Data for Azobenzene, Aryldiazo Complexes and the 
Aryldiazonium Cation 

<HNN <NNAr(o) -cos a References 

1 Azobenzene 
— 1442 113 — 344 

2 PtCX [P(C2H6) S ]2 (N2p-C6H1(F) 118 1440 117 .454 140 

3 Re(N2C6H5)C12[P(CH3)2(C6H5)]3 172 1524 118 .469 136 

4 OsHCCOHN2C6H5) [P(C6H5)3]2 177 1543 118.5 .469 113 

5 Rh(N2C6lI5)Cl[P(C6Hs)3]3 125 1600a 119 .485 138 

6 HB(Pz)3Mo(CO)2[N2(C6H5)] 174 1590 121 .515 137 

7 {Fe [N2p-tolyl ] (CO) 2 [P (C6H5) 3]2){BF1(} 179 1723 124 .560 141 

8 Ru[N2p-tolyl]Cl6[P(C6H5)3]2 172 1881 136.6 .725 139,142 

9 (p-N2C6H,F) (BFJ 2270 177 .999 135 

aref. 365 
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LIST OF ABBREVIATIONS 

A hyperfine splitting constant 

acac acetylacetonate 

bipy 1,10 bipyridyl 

Cp cyclopentadiene 

das o-phenylbis(dimethylarsine) 

dmp 2,9-dimethyl o-phenanthroline 

dppe 1,2-bis(diphenylphosphino)ethane 

dmso dimethylsulfoxide 

dedtc diethyldithiocarbamate 

dmdtc dimethyldithiocarbamate 

en ethylenediamine 

esr electron spin resonance 

ESCA Electron Spectroscopy for Chemical Analysis 

FWHM full width at half maximum 

HOMO highest occupied molecular orbital 

ir infrared 

i-mnt iso-maleonitriledithiolate 

lhs left hand side 

LUMO lowest unoccupied molecular orbital 

mnt maleonitriledithiolate 

nmr nuclear magnetic resonance 

phen 1,10 phenanthroline 

salen N,N1ethylenebis(salicyladimine) 
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N,N'-ethylenebis(5-Methyl salicylaldimine) 

Methyl 

phenyl 

right hand side 

tetraphenylporphyrin 

X-ray photoelectron spectroscopy 
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