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Photoelectron Spectroscopy of Metal 
Dithiocarbamate, Xanthate and Dithiophosphate 

Complexes: A Review 

1. SCOPE 

The chemistry of the metal dithiocarbamates and related com- 
plexes has been extensively reviewed previously. The book, The 
Dithiocarbamates and Related Compounds by Thorn and Ludwig’ 
is generally recognized as the classic reference text for metal di- 
thiocarbamate chemistry. Very broad and detailed reviews on tran- 
sition metal (including lanthanides and actinides) and nontransition 
metal dithiocarbamates and xanthates have been published by 
C o u c o ~ v a n i s , ~ , ~  which concisely discuss synthesis, spectroscopic 
data, magnetic moments, x-ray structural data and adduct synthesis 
and characterization. The analytical chemistry of metal dithiocar- 
bamates and related compounds has been extensively reviewed by 
Magee4 and very recently by Magee and Hill.5 These reviews dis- 
cuss in detail the electroanalytical, separatory, radiochemical, ther- 
moanalytical, spectroscopic, mass spectrometric, titrimetric and 
iol. .selective electrode aspects of these complexes. The electro- 
chemistry and redox behavior of transition metal dithiocarbamates 
have been comprehensively reviewed by Bond and Martin6 and 
the thermochemistry of metal dithiocarbamates, metal xanthates 
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and metal dithiophosphates has been reviewed by Hill and Magee' 
with emphasis on thermal decomposition mechanisms of these 
complexes, as derived by thermal analysis techniques in conjunc- 
tion with mass spectrometry and the solution thermochemistry 
leading to metal-ligand bond energies. Sengupta and Kumars have 
published a short, incomplete review of some thermal analysis data 
for metal dithiocarbamate complexes. 

McCormick, Bereman and Baird9 have reviewed the synthetic 
methods and structures of transition metal (including lanthanides 
and actinides) and nontransition metal monothio- and monoseleno- 
carbamate complexes and Mehrotra, Srivastava and Chauhan'O 
have reviewed the chemistry of dialkyldithiophosphate derivatives 
of nontransition metals. Haiducll and Wasson et ~ 1 . ~ ~  have inde- 
pendently reviewed the chemistry of metal dithiophosphate com- 
plexes. 

From a careful study of the content of these reviews, it is ap- 
parent that the x-ray photoelectron spectroscopic (XPS) data for 
metal dithiocarbamates and related complexes have not been col- 
lectively discussed previously in detail. XPS (or ESCA) is attracting 
increasing interest as a very useful and versatile structural tech- 
nique in coordination chemistry and correlations between XPS 
binding energies and various physical properties of transition metal 
complexes have been identified, which are of major significance 
in the understanding of metal-ligand interactions. Thus, the scope 
of this review encompasses x-ray photoelectron spectroscopic data 
for transition and nontransition metal dithiocarbamate, monothio- 
carbamate, xanthate and dithiophosphate complexes. Correlations 
of relevant XPS binding energies with a variety of physical prop- 
erties are discussed with specific reference to the structures and 
chemical properties of these complexes. 

2. INTRODUCTION 

A. Metal Dithiocarbamate, Xanthate and Dithiophosphate 
Chemistry 

Metal dithiocarbamates (R,NCS,],M, metal xanthates [ROCS,],M 
and metal dithiophosphates [(R0)2PS2],M (R is alkyl or aryl) form 
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a large group of chemically similar and structurally related com- 
plexes. The chemistry of these systems is largely explained on the 
basis of the interaction between the metal and various canonical 
forms of the ligand’ 3 .  

6- 6 -  
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together with the superimposed inductive effect of the terminal R- 
groups. It is generally accepted’-3 that the canonical form of type 
C features predominantly in the rationalization of the chemistry 
of these systems. 

In coordination chemistry, much interest is centered on the de- 
gree of metal-ligand interaction and thus metal dithiocarbamate, 
xanthate and dithiophosphate complexes have been intensively 
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studied using techniques such as infrared,5 UV-visible spectros- 
copy,5 electron spin resonance5 and, to a limited extent, x-ray13 
and UV photoelectron spectroscopy. l4 Relatively recent electro- 
chemical studies6 have considerably augmented knowledge of the 
metal environment in these complexes and thermoanalytical studies7 
have indicated the degree of thermal stability and thermal decom- 
position mechanisms for a wide variety of such complexes. 

It appears that the available PES data for these complexes has 
not been fully exploited, since it is increasingly evident that XPS 
binding energies, as related to the coordinated metal or ligand 
donor atoms, may be linearly correlated with, for example, in- 
frared stretchinghocking frequencies, g,, tensors (ESR), ther- 
mochemical metal-ligand bond energies, electrochemical metal 
E,,, values and d-d transition energies. It is this aspect of the PES 
data for metal dithiocarbamate, xanthate and dithiophosphate 
complexes that is investigated and discussed in this review. 

B. The Technique of X-Ray Photoelectron Spectroscopy (XPS) 

Photoelectron (or photoemission) spectroscopy (PES) involves the 
study of electrons ejected from atoms, molecules, liquids or solids 
due to photon impact. The energy of the incident photons deter- 
mines the approximate upper limit of binding energy for those 
electrons which are just able to be ejected. Consequently, a study 
of the kinetic energy distribution of photoemitted electrons reflects 
the occupancy of bound electronic states for a material. This energy 
analysis may be performed by a variety of spectroscopic tech- 
niques, each of which produces a photoelectron spectrum of kinetic 
energies-an XPS spectrum, if x rays are used. 

Following the accepted explanation by Einstein15 in 1905, pho- 
toemission in subsequent studies has followed an interesting his- 
torical path.16 The most productive phase began in the 1950s and 
1960s with the work of Siegbahn el al. in Uppsala, Sweden.17Js 
Many excellent reviews have also been written concerning the 
technique of w h i ~ h ’ ~ - ~ l  are representative. 

A convenient one-dimensional description of the photoemission 
process is shown in Fig. 1 and represents what is known as the 
“three-step model” of photoemission: (i) photoionization of an 
atom inside the sample in which a bound electron gains energy 
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FIGURE 1 Schematic photoemission is shown in terms of the three-step model. 
In particular, excitation of a one-dimensional metal sample is shown for a core- 
level electron (energy increase h w ) ,  at some depth in the sample followed by 
transport of this electron towards the vacuum due to its kinetic energy. Such 
electrons emerge either (a) as "no-loss" electrons, provided they are close to the 
surface, and contribute to the core level spectral peak or (b) as scattered electrons 
having suffered inelastic collision(s) before emission. The acceleratingiretarding 
potential V,, is applied to the photoelectrons as a sweeping voltage to tune their 
energy to that of the energy analyzer of the spectrometer. 9, is the spectrometer 
work function (Ref. 8). 
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ho, (ii) transport (including scattering) of these electrons through 
the sample, especially transport in directions towards the sample 
surface, and (iii) escape of the electrons through the surface po- 
tential barrier into vacuum where measurement can be made of 
their kinetic energy distribution. Other, more sophisticated models 
have also been proposed. l9 ~ 21 

A schematic energy distribution of a photoelectron spectrum is 
as shown in Fig. 1. Principal features include: (a) A large low 
kinetic energy peak, comprising greater than 95% of all the pho- 
toelectrons, and which arises as a result of the energy losses which 
take place in inelastic scattering events in step (ii). (b) A cutoff 
or spectral edge at high kinetic energy, limited by the photon 
energy size. For metal samples this corresponds to emission of 
Fermi surface electrons. (c) Various peaked structures at inter- 
mediate kinetic energies which arise from: electrons in bound states 
escaping without energy loss (unscattered), energy loss peaks as- 
sociated with such peaks (plasmons, shake-up, shake-off), multi- 
plet structures, exchange splittings, Auger electrons and others. 
Each atomic species in a sample contributes such a characteristic 
set of atomic-like core levels and associated peaks. In approximate 
terms, the XPS spectrum reflects the occupied density of bound 
states together with these ancillary features. 

Much XPS research has involved a study of what are called 
chemical shifts. These arise because a given core level on a given 
elemental atom has a binding energy which depends on the chem- 
ical environment of the atom. The measurement of such shifts may 
be made relative to standard compounds or complexes containing 
a given atom or may be made from direct measurements of binding 
energy (EE relative to the Fermi level EF) from Fig. 1; for ex- 
ample,22 

E! = ho - Ek - eVar - cps. 

The intensity of a core level spectral peak depends, apart from 
instrumental and transport/escape factors, upon: the photon in- 
tensity, the concentration N of a given atom/core level type in the 
sample and the photon-core level ionization cross section dddf l .  1y-21 

This essentially involves a dipole matric element between the initial 

6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



core level and the final quasifree electron states in the sample as 
well as asymmetry and angular effects (involving the relative di- 
rection between photon and electron paths). Approximately, the 
area A under a core level peak is given by: 

A NuA 

where A is the mean free path for such electrons corresponding to 
their transport,-no-loss kinetic energy in the sample. 

The width of spectral features is the result of convolution of the 
energy analyzer resolving “window” with the causal width pro- 
duced as a result of the processes leading to ejection of a particular 
type of electron (core level, Auger, etc.) 

Chemical shifts may be interpreted in various ways. One of the 
simplest involves the assignment of effective atomic charges in a 
given molecule arising from fractional bond ionicities. These charges 
then have the “potential” to change the binding energy of core 
electrons on atoms. 

Such atomic charges have also been shown to have an effect on 
interatomic vibrational frequencies. Chemical shifts may as a result 
be correlated with shifts in vibrational (stretching, rocking) fre- 
quencies in  molecule^.^^-^^ 

The correlation of binding energies and their chemical shifts with 
other physical/chemical parameters has also been researched; for 
example, with cation oxidation states in metal oxides,25 with oxi- 
dation number and d-orbital o c ~ u p a n c y , ~ ~ . ~ ’  with Mossbauer iso- 
mer  shift^^*-^^ with NQR (C13s),32.33 with thermochemical ener- 
g i e ~ , ~ ~  and with g,, in ESR  measurement^.^^ 

Since binding energy data relate directly to the electronic en- 
vironment of an atom in a molecule, PES is an invaluable technique 
for investigating metal-ligand interaction in coordination com- 
plexes. The chemistry of metal dithiocarbamates, xanthates and 
dithiophosphates is extensive and has been well documented, and 
for this group of structurally related complexes, there exists cop- 
ious physical data for potential correlation with existing PES data 
for these complexes. Thus a review of such PES data provides a 
premise for comment on the significance of PES as a prime struc- 
tural probe in coordination chemistry. 
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3. SUMMARY OF PES DATA FOR METAL 
DITHIOCARBAMATE, XANTHATE AND 
DITHIOPHOSPHATE COMPLEXES 

W a l t ~ n , ~  has published a very brief review of the x-ray photoe- 
lectron spectra of metal dithiocarbamate, xanthate and dithio- 
phosphate complexes up to 1980. For metal dithiocarbamates, it 
is apparent that the S 2p binding energies occur in the relatively 
narrow range of 162.9-161.7 eV and show no obvious correlation 
with the nature of the coordinated metal ion. These S 2p binding 
energies are very similar to those of other low oxidation state sulfur 
ligands and thus W a l t ~ n , ~  concludes that the S 2p binding energy 
range for metal dithiocarbamate complexes is of little diagnostic 
value. W a l t ~ n ~ ~  further suggests that the occurrence of satellites 
at about 6 eV above the S 2p main lines for metal dithiocarbamates 
may be due to “in-situ” formation of high oxidation state sulfur 
contaminants. From S 2p binding energy data available for metal 
xanthates and dithiophosphates, W a l t ~ n ~ ~  concludes that since the 
S 2p binding energies for metal dithiocarbamates, xanthates and 
dithiophosphates are very similar, S 2p XPS studies on complexes 
containing any combination of these ligands are unlikely to reveal 
more than a broadened S 2p,,,,,,, doublet. 

Frost et al.,’ have reported an extensive XPS study of metal 
diethyldithiocarbamate complexes: M(Et,dtc),: M = Fe(II1) and 
Co(III), and M(Et,dtc),: M = Ni(II), Cu(II), Zn(II), Cd(II), Hg(I1) 
and Pb(I1). For these complexes, the N Is, S 2p and S 2s binding 
energy ranges are 400.1-400.4 eV, 162.5-162.9 eV and 226.3- 
226.8 eV, respectively. These compare with 399.9 eV, 161.7 eV 
and 225.8 eV, respectively, for sodium diethyldithiocarbamate. 
The order of average metal-sulfur bond lengths for the first row 
transition metal dithiocarbamate complexes studied is Fe > Co > 
Ni < Cu < Zn, which is opposite to the trend in corresponding N 
Is, S 2p and S 2s binding energies. Frost et al.,’ conclude that 
these data are consistent with the trend in metal-ligand bond 
strengths, since the smaller the coordinate bond length, the greater 
the overlap between metal and ligand and the greater the electron 
deficiency of the ligand orbitals. Metal 2p,,,, 3s and 3p satellites 
were observed for Fe(III), Co(III), Ni(I1) and Cu(I1) diethyldi- 
thiocarbamates and S 2p satellites were observed additionally for 
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Zn(II), Pb(II), Cd(II), Hg(II), Ag(1) and Na(1) diethyldithiocar- 
bamates. These satellites are interpreted in terms of ligand -metal 
charge transfer transitions via correlations with corresponding UV 
absorption spectroscopic data. Also, the valence region of the XPS 
data for these complexes was interpreted qualitatively using mo- 
lecular orbital data. 

Kramer and Klein3* have presented a Fe 3p XPS binding energy 
(chemical shift) scale for a series of Fe compounds including Fe(II1) 
diethyldithiocarbamate (Fig. 2). Within the series selected, Fe(II1) 

C O V A L E N T "  " I O N I C "  

32.0 1 

FIGURE 2 Chemical shifts of the Fe 3P electron binding energy in Fe compounds. 
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diethyldithiocarbamate is considered a covalent compound, since 
a relatively low Fe 3p binding energy (53.4 eV) is exhibited. From 
these data, it is apparent that XPS is a useful technique for dif- 
ferentiating between ionic and covalent complexes. 

have reported S 2p binding energies for a series of 
transition metal dithiocarbamate complexes: Fe[S,CN(C,H,),],, 
Fe(NO)[S,CN(CH3)2]2, F ~ ( N O ) [ S ~ C N ( ~ H ~ ) ~ ] Z ,  Co[S2CN(CH3)213, 
Mo(N0)2[S,CN(C2H5)212, Mo(NO)[S2CN(C2H5)213 and  
Mo2O4[S2CN(C,H,),], which group within the narrow range of 
161.7-163.1 eV. XPS S 2p binding energies are thus of little value 
in a structure analysis of such complexes. 

Cauletti et al. l4 have reported He(1) UV photoelectron spectra 
(UPS) for a series of iron(I1) dithiocarbamate dicarbonyl com- 
plexes of general type Fe(Dtc),(CO),, which under the experi- 
mental conditions employed, decompose via loss of carbon mon- 
oxide and thus behave as bis(dithiocarbamato)iron(II) complexes. 
Substituent effects due to terminal methyl, ethyl or  phenyl sub- 
stituents attached to the nitrogen of the dithiocarbamate moiety 
are reflected as a decrease in the relevant binding energies for 
these complexes, in the order (aromatic), < (aromatic)(aliphatic) 
< (aliphatic), and are explained in terms of the relative degrees 
of .rr-electron delocalization within the coordination sphere. 

Haraguchi et aL40 have reported the Co 2p, N 1s and S 2p binding 
energies for cobalt(II1) dithiocarbamates: (R,NCS,),Co: R = Me, 
Et, and Co 2p and S 2p binding energies for cobalt(II1) xanthates: 
(ROCS,),Co: R is Et, Pr. All these complexes exhibit satellite 
lines and on the basis of the XPS data, it is not possible to differ- 
entiate between dithiocarbamate and xanthate complexes of Co(II1). 

Nefedov and Zhumadilov41 have reported the Ni 2p,,, binding 
energies for bis(diethyldithiocarbamato)nickel(II) and bis(di-n-bu- 
tyldithiophosphato)nickel(II) as 854.4 eV and 854.8 eV, respec- 
tively. Thus, on the basis of XPS data it is not possible to differ- 
entiate between dithiocarbamate and dithiophosphate complexes 
of nickel(I1) complexes containing ligands with 0, N, S and Se 
donor atoms. Nefedov and Zhumadilov41 have shown that a cor- 
relation exists between the Ni(2p3,*) binding energy and g,, (ESR) 
for such a series of complexes. 

Furlani et u I . ~ ~  have reported extensive XPS data for a series of 
heterocyclic nickel(I1) dithiocarbamates: 

Best et 
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where X is CH, (piperidinedithiocarbamate = pipdtc), HN (pi- 
perazinedithiocarbamate = pzdtc), H,CN (N-methylpiperazine- 
dithiocarbamate = Mepzdtc), 0 (morpholinedithiocarbamate = 

morphdtc), S (thiomorpholinedithiocarbamate = timdtc). 
The Ni 2p3,* and S 2p binding energies for these complexes are 

within the ranges 854.0 % 0.1 eV and 162.5 2 0.3 eV, respectively. 
Thus, it appears that the [NiS,] chromophore is little effected by 
the nature of the remote substituent X as is expected for saturated 
heterocyclic metal dithiocarbamate complexes. 

Frost et al.3’ have reported Cu 2 ~ ~ / ~ . , , ~ ,  Cu 3s and Cu 3p binding 
energies for a wide variety of copper(l1) complexes including 
bis(diethyldithiocarbamato)copper(II). For the latter complex, Cu 
2p,,,, Cu 2p,,,, Cu 3s and Cu 3p binding energies are 934.0 eV, 
954.1 eV, 123.6 eV and 76.3 eV, respectively. For the series of 
square-planar copper(I1) complexes studied, a correlation was shown 
to exist between core-level binding energies and g,, (ESR). Sat- 
ellite lines in the XPS spectrum of bis(diethy1dithiocar- 
bamato)copper(II) were explained in terms of ligand -+ metal 3d 
or ligand -+ ligand* transitions. 

Ioffe and Borod’ko43 have made a detailed study of the satellite 
structure associated with the XPS spectra of a series of copper(I1) 
complexes including bis(diethyldithiocarbamato)copper(II) and a 
correlation is shown to exist between satellite intensities and the 
copper spin density a* as obtained from ESR data. Thus, it is 
concluded that such satellite fine structure arises exclusively from 
excitation of the copper unpaired electron. 

Thomson el d4‘ have reported XPS data for a wide variety of 
copper(I1) complexes including bis(diethy1dithiocarbamato)- 
copper(I1) and have discussed satellite structure in terms of optical 
absorption data. Significant “in-situ” photoreduction of Cu(1I) .+ 
Cu(1) was noted in the XPS analysis of these complexes. 

Chang and C h e r ~ g ~ ~  have reported C Is, N Is, and S 2p binding 
energy data for Cu(II), Pb(I1) and Sn(IV) diethyldithiocarbamates. 
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Also, Cu 2p312, Pb 4f512.712 and Sn 3d512 binding energies are reported 
for the respective complexes. The XPS data for these complexes 
indicate three carbon environments and one sulfur environment, 
consistent with bidentate binding of the diethyldithiocarbamate 
ligand to the metal in each case. It is not possible to differentiate 
between these complexes on the basis of C Is, N 1s and S 2p 
binding energies in view of the narrow ranges exhibited. 

Furlani et a1.46 have reported extensive XPS data for a series of 
heterocyclic copper(I1) dithiocarbamates: 

where X = CH,, S, NH, NCH3 and 0. Cu 2p312, Cu 3p, S 2s, S 
2p, N 1s and C 1s binding energies are given for these complexes 
and a linear correlation is shown to exist between the relative 
intensity of the Cu 2p3,, satellite peaks and the magnetic moments 
of the complexes as show in Fig. 3. 

?I  

I N TE N SI TY 
I 1 8  

IS 

I J 8  IJ5 1 J O  

FIGURE 3 Plot of total satellite intensity (ratio of the corresponding satellite area 
to the total area cf satellite + the main line CU~P,,,) versus pcff. (1) Cu(Pipdtc),, 
(2) Cu(Timdtc),, ( 3 )  Cu(Mepzdtc),, (4) Cu(Morphdtc),, (5) Cu(Pzdtc),. 
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On the basis of the XPS data, it is apparent that the [CuS,] 
chromophore in these complexes is little effected by the nature of 
the remote heterocyclic substituent X which is further substanti- 
ated by UPS data for Cu(pipdtc), and Cu(Morphdtc),, which ex- 
hibit He(1) bands at 810 and 833 eV, respectively. However, it 
appears that the intensity of associated satellite lines is dependent 
on the nature of X. 

Sodovskii and L a r i ~ n o v ~ ~  have reported x-ray absorption K spec- 
tra for Fe(III), Co(III), Cr(II), Ni(II), Zn(II), Sb(II1) and Cd(I1) 
ethylxanthates and Co(III), Ni(II), Cu(I1) and Zn(I1) di- 
ethyidithiocarbamates. The spectra are consistent with bidentate 
binding of xanthate and dithiocarbamate ligands to the metal and 
extensive metal + ligand d electron delocalization. 

Zumandilov et al.48 have reported XPS spectra for a series of 
metal diamyldithiocarbamates: (R,NCS,),M: R = Amyl: n = 2; 
M = Ni(II), Cu(II), Cd(I1) Zn(I1) or Pd(I1): IZ = 3; M = Co(II1) 
or Sb(II1) and for a series of metal di-n-butylthiophosphates [(BuO), 
PS,], M: n = 2; M = Ni(II), Cu(II), Zn(II), Cd(II), Ba(I1) or 
Pb(I1): n = 3 ;  M = Co(III), Sb(II1) or Bi(II1). The binding energy 
data are consistent with extensive metal-ligand, d electron delo- 
calization in these complexes. 

Payne et al.', have reported M 2p,,,, and S 2p binding energies 
for a series of nickel(I1) and copper(I1) diethyldithiocarbamate 
complexes (R,NCS,),M: M = Ni(I1) or Cu(I1); R = H, CH,, 
C,H,, n-C3H7, i-C3H7, n-C4Hy, i-C4Hy, cyclohexyl, morpholyl, pi- 
peridyl or pyrrolydyl. A linear correlation is shown to exist between 
N 1s and S 2p binding energy shifts and the N-C and M-S infrared 
stretching frequencies 7 for the nickel and copper dithiocarbamate 
complexes, respectively, as shown in Fig. 4. A theoretical justifi- 
cation of the observed correlation is presented, based on a very 
detailed theoretical model for XPS binding energyhnfrared stretch- 
ing frequency correlations developed by Liesegang and Lee.23 

Payne et a1.4y have extended their previous XPS study to include 
a series of nickel(I1) xanthate complexes, (ROCS2),Ni: R = CH,, 
C,H,, n-C,H7, 2-C3H7, n-C4Hy or i-C4H9. The Ni 2p,,, and S 2p 
binding energy shifts for these complexes are shown to exhibit 
linear correlations with the corresponding Ni-S infrared stretching 
frequencies and the correlations are rationalized in terms of the 
variation in inductive effect of the terminal R group of the xanthate 
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moiety. These correlations are shown in Figs. 5 and 6 together 
with corresponding correlations for the series of nickel dithiocar- 
bamate complexes previously studied. A theoretical argument is 
presented by Liesegang and Leez3 to account for the opposite 
slopes of pairs of xanthate and dithiocarbamate correlations, which 
relates to the relative magnitude of the charges on the metal and 
the donor sulfur atoms in these complexes. 

Larsson et al. 50 have reported XPS data for N-cyanodithiocar- 
bamate complexes of Ni(II), Pd(I1) and Pt(I1) and the data were 

+2 

0 

> 
a, 
Y 

d 
W a 

r 

- - L  

Ni 2p3,2( xan 

I + 
Ni 2p3,, (dtc) 

380 390 

FIGURE 5 Variation of Ni 2 ~ , , ~  core-level binding energy shift in xanthates (0) 
and dithiocarbamates (0) with Ni-S stretching frequency f. 
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correlated with corresponding infrared and Raman spectroscopic 
data for these complexes. Atomic charge calculations for these 
complexes further revealed that qNi > qPd > qPt, which is con- 
sistent with a decreasing metal-ligand bond strength within this 
Ni triad series of complexes. 

-5  

-7 
c5 

> 
0 
1 

n 
W 
Q 

- 9  

- 1’ 

’+ I 

T 

+ 
S 2p (Ni dtc) 

380 390 

FIGURE 6 Variation of the S 2p core level binding energy shift-in Ni(I1) xanthates 
(0) and dithiocarbamates (0) with Ni-S stretching frequency f. 
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Baranovskii et aL51 have reported Rh 3d5,,, S 2p and N 1s binding 
energies for tris(diethyldithiocarbamato)rhodium(III) as 308.9 eV, 
162.6 eV and 400.0 eV, respectively. The S 2p and N 1s binding 
energies for these complexes are within the expected range for 
metal dithiocarbamate complexes. 

Willemse et al. 52 have applied XPS to characterize bis(di-n-bu- 
tyldithiocarbamato)platinum(II) and to differentiate between the 
two geometrical isomers of [bis(di-n-butyl-dithiocarbamat0)di- 
iodo]platinum(IV). However, the brown and red forms of the latter 
complex give an identical S 2p XPS spectrum with one broad band 
at 165 eV. The S 2p binding energy for (Bu,NCS2),Pt is 164 eV. 
Thus XPS binding energies for ligand atoms are of no value for 
the differentiation of geometrical isomers of corresponding com- 
plexes. 

Van Attekum and T r ~ o s t e r ~ ~  have studied two gold(II1) dithio- 
carbamate  complexes by XPS: [AuMe,(S,CNMe,)] and  
[AuBr,(S2CNn-Prz)]. The stability of these complexes is studied 
as a function of sample preparation technique, temperature and 
x-ray intensity. “In-situ” photoreduction of these complexes yields 
gold(1) dithiocarbamate complexes and it was found that the rate 
of such decomposition is substantially reduced by using graphite 
as substrate and by reducing the sample temperature. Further- 
more, the binding energy of the 4f-core levels of these gold(II1) 
dithiocarbamate complexes is strongly dependent on the ligand 
group electronegativity consistent with predominantly ionic metal- 
ligand bonding. 

Perry and Geanange154 have reported Sn 3d3,,, Sn 3d5,,, S 2p,,, 
S 2p3,, binding energies for two tin(I1) dithiocarbamates:  
(R,NCS,),Sn: R = CH3, C2H5. The difference betwen correspond- 
ing binding energies for this complex is 21 eV and hence an 
assessment of the relative electronic effects of the terminal alkyl 
groups of the dithiocarbamate moiety on the tin coordination sphere 
is not possible. 

W a l t ~ n ~ ~  has reported T1 4f512, T1 4f3,, and N 1s binding energies 
for tris(diethyldithiocarbamato)thallium(III) as 122.8 eV, 118.4 eV 
and 399.5 eV, respectively. These data are discussed in terms of 
the “softness” of the dithiocarbamate ligand by comparison with 
ligands such as heterocyclic tertiary amines, the thallium chloride 
derivatives of which exhibit higher T1 4f binding energies. 
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Boyer et ~ 2 1 . ~ ~  have applied XPS to study the structure of 
[PhTl(CH,S,CNMe,) (S,CNMe,)]. The data are consistent with 
thallium exhibiting coordination number 4 extensive n-electron 
delocalization over metal and ligands. 

Hercules et d5’ have adapted PES for use in trace metal analysis 
by using glass fiber mats with chelating groups attached to their 
surfaces, thereby effectively creating selective “scavengers” for 
metal ions from aqueous media. This type of surface was produced 
by treating glass fibers with an amino functional silylizing reagent 
and subsequently with carbon disulfide and sodium hydroxide to 
form a “fixed” dithiocarbamate, which subsequently complexes 
with heavy metals as shown schematically by: 

1 

CH2CH2CH2NHCH2CH2NHC, 
S’ 

J 

Detection limits of the order of 10 ppb were noted for lead, cal- 
cium, thallium and mercury. The PES-glass fiber disk technique 
in trace metal analysis represents a unique application of photo- 
electron spectroscopy. 

4. COMMENTS AND CORRELATIONS 

The majority of the PES data cited in this Comment refer to first 
row transition metal dithiocarbamate, xanthate and dithiophos- 
phate complexes. There is little PES data available for the cor- 
responding complexes of other transition metals and nontransition 
metals. Furthermore, for the metal dithiocarbamates, the majority 
of the available PES data refer to the diethyl-derivative. Thus, it 
is difficult to discuss and classify the overall PES data in terms of 
the traditional periodic and group trends. 

A summary chart showing the metals for which PES data exist 
for the corresponding dithiocarbamate, xanthate and dithiophos- 
phate complexes is presented in Fig. 7. 

Despite the overall paucity of PES data for these complexes, 
and the difficulty that different referencing procedures have been 
used in obtaining such data, some general comments can be made 
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DITHIOCARBAMATES 

XANTHATES 

DITHIOPHOSPHATES 

Co(lI1) N i ( I 1 )  Cu(1l) Zn(I1) 

Cd(I1) S b ( I  11) 

Pb( I1)  B i ( I I 1 )  

FIGURE 7 Summary chart showing the metals for which PES data exist for the 
corresponding dithiocarbamate, xanthate and dithiophosphate complexes. 

relating the experimental binding energy shifts to the chemistry of 
metal dithiocarbamates, xanthates and dithiophosphates. 

The reported XPS data are consistent with the dithiocarbamate, 
xanthate or dithiophosphate binding to metals as a bidentate ligand 
and the sulfur donor atoms of these ligands are indistinguishable, 
which is consistent with extensive n-electron delocalization within 
the [MS,] chromophore. Ligand binding energy shifts are of little 
value to differentiate between different dithiocarbamate com- 
plexes or to distinguish between dithiocarbamate, xanthate and 
dithiophosphate complexes. The origin of satellites associated with 
the XPS spectra of these complexes is incompletely understood. 
“In-situ” photoreduction appears to be a consistent feature of XPS 
studies of copper(I1) dithiocarbamates, xanthates and dithiophos- 
phates, and “in-situ” decomposition has been shown to occur dur- 
ing XPS analysis of iron(I1) dithiocarbamate dicarbonyl complexes, 
which is possibly a common feature of complexes of the type 
M(dtc),L, where L is a weakly bound neutral ligand in the axial 
position. PES data for a variety of metal dithiocarbamate, xanthate 
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and dithiophosphate complexes have revealed that terminal R- 
groups on the ligand exert a considerable electronic effect on the 
[MS,] chromophore but not when substituents are part of a ter- 
minal heterocyclic ring. Finally, the PES data for these complexes 
generally confirm extensive .sr-electron delocalization within the 
[MS,] chromophore, thereby suggesting strong metal-ligand in- 
teraction. 

In terms of correlations of XPS data with other physical param- 
eters, correlations have been shown to exist between experimental 
binding energies and the calculated charges on atoms,ls calculated 
chemical shifts,’* the oxidation number of a metal in a ~ o m p l e x , ~ ~ . ~ ’  
Mossbauer chemical shifts2* ~ 31 nuclear quadrupole resonance fre- 
q u e n ~ i e s , ~ ~ , ~ ~  g,, ESR  parameter^,^^ infrared stretching f r e q ~ e n c e s ~ ~  
and infrared rocking f r e q u e n c e ~ . ~ ~  

For metal dithiocarbamate or xanthate complexes, correlations 
have been shown to exist between experimental binding energies 
and g,, ESR parameters41 magnetic moments,46 infrared stretching 
frequencie~’~ and Raman spectroscopic transitions.s0 With refer- 
ence to the XPS data presently reviewed, it is possible to investigate 
further correlations on a limited basis. 

For the diethyldithiocarbamate complexes of Ni(II), Cu(I1) and 
Zn(II), the metal ( 2 ~ , , ~ )  binding energies, referenced to the C 1s 
level (285.0 eV) are 872.0, 953.6 and 1047.2 eV, re~pectively.~’ A 
plot of these binding energies versus metal atomic number is shown 
in Fig. 8. A linear correlation results which is consistent with a 
decreasing metal-sulfur bond energy of the diethyl-dithiocarba- 
mate complex with increasing atomic number of the metal. Ther- 
mochemical homolytic metal-sulfur bond energies, as derived from 
solution calorimetric data for Ni(I1) and Cu(I1) diethyldithiocar- 
bamate complexes are 193 and 143 kJ, r e s p e ~ t i v e l y , ~ ~ ~ ~ ~  which are 
in accord with the XPS data for these complexes. Trends with 
respect to variation of the ligand are not apparent from corre- 
sponding XPS data, in the case of either transition metal or non- 
transition metal dithiocarbamate, xanthate or dithiophosphate 
complexes as is revealed from the sets of data in Table I .  

Correlations between XPS and electrochemical data for metal 
dithiocarbamates are alr o apparent but complexes for which com- 
parable sets of data are available are limited. For example, Ahmed 
and MageeW have reported an extensive chronopotentiometric study 
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1050 

E 9 M 2P 1/21 
BINDING ENERG' 

(eV 1 
93 

28 29 30 ATOMIC 
Ni CU Zn 

NUMBER 

FIGURE 8 Correlation of EE (M 2p,,,) binding energies: M(S,CN Et& M = Ni, 
Cu, Zn, with atomic number. 

on a wide range of nickel(I1)dithiocarbamate complexes and po- 
larographic reduction potentials Ep and Ni (2p3/J binding energy 
shifts A,?$, (relative to &, (Cu metal) (2p3J = 932.5 e V 1 )  for 
corresponding complexes are tabulated in Table I1 and plotted in 
Fig. 9. 

A linear correlation exists between E ,  and AEb (Ni 2p3/J for 
this limited series of complexes. Both Ep and AEb parameters are 
related to the electronic environment of the coordinated metal, 
and within a series of structurally related complexes, this environ- 
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TABLE I 

Co( Me,NCS,), 
Co( Et,NCS,), 
Co( EtOCS,), 
Co(n-PrOCS,), 

Ni(Et,NCS,), 
Ni[(n-BuO),PS,], 

S~(Me,CS,)z 
Sn(Et,CSz), 

779.5 
779.4 
779.2 
778.8 

854.4 
854.8 

163.3 
163.1 

40 
40 
40 
40 

37 
41 

54 
54 

ment changes due to a progressive change in the inductive effect 
of the terminal R groups attached to the dithiocarbamate moiety 
and hence changes in E, and AEb are both reflecting the change 
in inductive effect of these R groups as manifested in the resulting 
change of the electronic environment of the metal center. 

It is thus apparent that a variety of further correlations of XPS 
data with other physical parameters are feasible for metal dithio- 
carbamate, xanthate and dithiophosphate complexes, but in view 
of the limited sets of comparable data available, the interpretations 
of such correlations are at present speculative. 

5. CONCLUSIONS 

Following this Comment on the application of PES to study metal- 
sulfur-containing ligand complexes, it is of interest to contemplate 

TABLE I1 

AEh 

- R (volts) (ev)  
Ni(S,CNR,), E,H) Ni 2p, 2iq 

H - 1.13 - 1.57 
Me - 1.02 - 1.29 

Et -0.76 - 0.86 

n-Bu -0.55 -0.32 
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1.0 . 
E 1 ( N i 2 p d  

(eV)  

( RELATIVE 1 
BINDING ENERGY 

0.5 ' 

0 .  
0.5 1.0 1.5 

-EpIv) 

I 
H 

1.0 - 
E 1 ( N i 2 p d  

(eV)  

( RELATIVE 1 
BINDING ENERGY 

0.5 

0 .  
0.5 1.0 1.5 

-EpIv) 

FIGURE 9 Correlation of polarographic reduction potentials, E, with EE 
(Ni 2p3J binding energies for bis(n-alkyldithiocarbamato)nickeI(Ii) complexes: 
Ni(S,CN R2)2: R = H, Me, Et, nBu. 

on the future of this technique in inorganic chemistry in general 
and in coordination chemistry in particular. In this respect, CowleP2 
has reviewed the application of UV photoelectron spectroscopy in 
the structural analysis of a wide variety of organometallic com- 
plexes such as metal carbonyls, nitrosyls and alkyls and has con- 
cluded that UVPS has considerable potential for differentiating 
between ionic and covalent complexes and for comparison of metal- 
ligand bond strengths in a series of complexes of similar structure. 
For the metal dithiocarbamates, xanthates and dithiophosphates, 
PES is of some value in the detection of finer structural effects 
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such as those resulting from change of terminal R-group substi- 
tuents, introduction of other ligands such as carbon monoxide or 
nitric oxide and change in oxidation state of the coordinated metal. 
However, although binding energy shifts, multiple splitting phe- 
nomena and “shake-up” satellites have been reported for a wide 
variety of metal dithiocarbamates, xanthates and dithiophos- 
phates, the structural significance of such data is not always self- 
evident. Comparison of XPS data for the same complex from dif- 
ferent sources is made complicated by the different calibration and 
referencing procedures used, and this factor alone may invalidate 
any trends identified in such data. There is an identified need for 
standardization of referencing procedures in PES. 

This Comment has shown that there are many advantages in a 
PES study of a series of closely related complexes such as the metal 
dithiocarbamates, xanthates and dithiophosphates. These com- 
plexes exhibit a wide range of terminal R-group substituents, which 
may be straight-chain, branched-chain or part of a heterocyclic 
ring and such complexes involving a wide variety of transition and 
nontransition metals are known. The majority of available PES 
data for these complexes refer to relatively few elements and pre- 
dominantly to the corresponding dimethyl- and diethyl-derivatives. 
Following standardization of referencing procedures, a binding 
energy shift scale according to metal oxidation state and R-group 
substituent can be developed for these complexes. Also, for a series 
of structurally related complexes, trends in metal binding energy 
shifts for such complexes with respect to progressive change in 
metal atomic number across a period and down a group can be 
investigated. It is expected that such periodic trends will reflect 
the normal double periodic variation, which has been shown to 
exist for core-level binding energies of first row transition metals.63 

The group trends should be consistent with an increasing degree 
of ionic character associated with these complexes with increasing 
metal atomic number along with some rationalization of the degree 
of metal-ligand wbonding. For dithiocarbamate, xanthate or di- 
thiophosphate complexes involving the same coordinated metal, 
the corresponding XPS data need to be refined in order to elucidate 
trends based on a progressive change of the terminal R-group 
substituents. For the xanthate series of complexes, an XPS inves- 
tigation of adduct formation is suggested. 

24 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The linear correlations of XPS binding energies and other phys- 
ical parameters already identified can be extended to include cor- 
relations with other infrared data such as rocking vibrations, with 
g,, values generally and with electronic, metal d-d transitions and 
metal-ligand charge transfer transitions, as obtained from UV- 
visible spectroscopic data. With respect to the latter, correlations 
of XPS satellite transitions and metal d-d and metal-ligand CT 
transitions also need further investigation. The potential of PES 
as an analytical technique appears promising in view of the glass 
fiber technique developed by Hercules57 and the wide variety of 
dithiocarbamate terminal groups which can be attached to the fiber 
surface. 

There is clearly much scope for the further application of PES 
to metal dithiocarbamate, xanthate and dithiophosphate chemis- 
try. 

J .  0. HILL* and R. J. MAGEE 
Department of Chemistry, 

La Trobe University, 
Bundoora, Victoria, 3083, 

Australia 

J. LIESEGANG 
Department of Physics and 

Research Centre for Electron Spectroscopy, 
La Trobe University, 

Bundoora, Victoria, 3083, 
Australia 

References 

1. G. D.  Thorn and R. A. Ludwig, The Dithiocarbamateand Related Compounds 

2. D. Coucouvanis, Prog. Inorg. Chem. 11, 233 (1970). 
3. D. Coucouvanis, Prog. Inorg. Chem. 26, 301 (1979). 
4. R. J. Magee, Rev. Anal. Chem. 1, 333 (1973). 
5 .  R. J. Magee and J .  0. Hill, Rev. Anal. Chem. (in press). 
6. A. M. Bond and R. L. Martin, Coord. Chem. Rev. 54, 23 (1984). 
7. J .  0. Hill and R. J. Magee, Rev. Inorg. Chem. 3, 141 (1981). 
8. S .  K. Sengupta and S. Kumar, Thermochim. Acta 72, 349 (1984). 

(Elsevier, Amsterdam, 1962). 

*Author to whom correspondence should be addressed. 

25 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



9. B. J. McCormick, R. Bereman and D. Baird, Coord. Chem. Rev. 54,99 (1984). 
10. R .  C. Mehrotra, G. Srivastava and B.  P. S. Chauhan, Coord. Chem. Rev. 55,  

11. I. Haiduc, Rev. Inorg. Chem. 3, 353 (1981). 
12. J. R. Wasson, G. M. Woltermann and H. J .  Stoklosa, Fortschr. Chem. Forsch. 

13. R. Payne, R. J .  Magee and J .  Liesegang, Chem. Phys. Lett. 93, 103 (1982). 
14. C. Cauletti, N. V. Duffy and C. I. Furlani, Inorg. Chim. Acta 23, 181 (1977). 
15. A.  Einstein, Ann. Phys. 17, 132 (1905). 
16. J. G. Jenkin, R. C. G. Leckey and J .  Liesegang, J .  Electron Spectrosc. Relat. 

Phenom. 12, l(1977). 
17. K. Siegbahn, C. Nordling, A.  Fahlman, R. Nordberg, K. Hamrin, J. Hedman, 

G. Johansson, T. Bergmark, S. Karlsson, I. Lindgren and B. Lindberg, Nova 
Acta Reg. SOC. Sci. Upsaliensis 20, 1 (1967). 

18. K. Siegbahn, C. Nordling, G. Johannson, J. Hedman, P. F. Heden, K. Hamrin, 
U. Gelius, T.  Bergmark, I. 0. Werme, R. Manne and Y. Baer, ESCA Applied 
to Free Molecules (North Holland, Amsterdam, 1969). 

19. M. Cardona and L. Ley, Topics in Applied Physics (Springer-Verlag, Berlin, 
1978), Vols. 26 and 27. 

20. A.  D. Baker and C. R. Brundle. Electron Spectroscopy-Theory, Techniques 
and Applications (Academic, London, 1978), Vols. 2 and 3. 

21. T.  A.  Carlson, Photoelectron and Auger Spectroscopy (Plenum, New York, 
1975). 

22. P. C. Kemeny, A.  D. McLachlan, F. L. Battye, R. T.  Poole, R. C. G. Leckey, 
J. Liesegang and J. G. Jenkin, Rev. Sci. Instrum. 44, 1197 (1973). 

23. J .  Liesegang and A. R. Lee, J. Electron Spectrosc. Relat. Phenom. 35, 101 
(1985). 

24. S. P. Roe, J. 0. Hill, J. Liesegang and A. R. Lee, J. Electron Spectrosc. 
Relat. Phenom. 35, 131 (1985). 

25. J. Haber, J. Stoch and L. Ungier, J. Electron Spectrosc. Relat. Phenom. 9, 
459 (1976). 

26. A. Fahlman, K. Hamrin, J. Hedman, R. Nordberg, C. Nordling and K. Sieg- 
bahn, Nature 210, 4 (1966). 

27. C. N. R. Rao, D. D. Sarma, S. Vasudevan and M. S. Hedge, Proc. Roy. SOC. 
(London) A 367, 239 (1979). 

28. J. Barber and P. Swift, Chem. Commun. 13, 1338 (1970). 
29. W. E. Swartz, P. H. Watts, E.  R. Lippincott, J. C. Watts and J. E .  Huheey, 

Inorg. Chem. 11, 2632 (1972). 
30. I. Adams, J. M. Thomas, G. M. Bancroft, K.  D. Butler and J. Barber, J. 

Chem. SOC. Chem. Commun. 12, 751 (1972). 
31. C. Furlani, G. Mattogno, G. Polzonetti, R. Barbieri, E .  Rivarola and A. 

Silvestri, Inorg. Chim. Acta 52, 23 (1981). 
32. D. T. Clark, D. Briggs-and D. B. Adams, J .  Chem. SOC. Dalton Trans. 1, 169 

(1973). 
33. R .  A. Walton, Coord. Chem. Rev. 21, 63 (1976). 
34. W. L. Jolly and D. N. Hendrickson, J .  Am. Chem. SOC. 92, 1862 (1970). 
35. D. C. Frost, C. A. McDowell and R. L. Tapping, J. Electron Spectrosc. Relat. 

36. R .  A. Walton, Coord. Chem. Rev. 31, 183 (1980). 
37. D. C. Frost, C. A. McDowell and R. L. Tapping, J. Electron Spectrosc. Relat. 

38. L. N .  Kramer and M. P. Klein, J. Chem. Phys. 51, 3618 (1969). 

207 (1984). 

35, 65 (1973). 

Phenom. 6 ,  347 (1975). 

Phenom. 7, 297 (1975). 

26 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



39. S. A. Best. P. Brant, R. D. Feltham. T. B. Rauchfuss, D. M. Roundhill and 

40. H.  Haraguchi, K. Fujiwara and K. Fuma, Chem. Lett. 409 (1975). 
41. V. I. Nefedov and E. K. Zhumadilov. Inorg. Chim. Acta 30, L285 (1978). 
42. C. Furlani. G. Polzonetti, C. Preti and G.  Tosi. Gazz. Chim. Ital. 113, 609 

R. A. Walton, Inorg. Chem. 16, 1976 (1977). 

43. 

44. 
45. 
46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 
55. 
56. 

57. 

58. 

59. 

60. 
61. 
62. 
63. 

(1983). 
M. S. Ioffe and Yu. G. Borod’ko. J .  Electron Spectrosc. Relat. Phenom. 11, 
235 (1977). 
M. Thompson, R. B. Lennox and D. J.  Zemon, Anal. Chem. 51,2260 (1979). 
H. Chang and K.  L. Cheng, Spectrosc. Lett. 14. 795 (1981). 
C. Furlani, G. Polzonctti. C. Preti and G. Tosi, Inorg. Chim. Acta 73, 105 - 
(1983). 
A. P. Sadovskii and S. V. Larionov. Zh. Strukt. Khim. 9. 533 (1968): CA 69: 

\ ,  

72300v (1968). 
E. K. Zhumadilov, E. I. Markova and V. I .  Nefedov. Koord. Khim. 4, 997 
(1978): CA 89: 138095d (1978). 
R. Payne, R. J .  Magee and J .  Liesegang. J .  Electron Spectrosc. Relat. Phenom. 
35, 113 (1985). 
R.  Larsson. B. Folkesson and R. Lykvist. Chem. Ser. 13, 178 (1979): CA 93: 
16406t (1980). 
I .  B. Baranovskii, M. A. Golubnichaya, G. Ya. Mazo, V. I .  Nefedov, Ya. V. 
Salyn and R. N .  Shchelokov. Zhur. Neorg. Khim. 21, 1085 (1976). 
J .  Willemse, J .  A. Cras, J .  G.  Wijnhoven and P. T. Beurskens, Recueil 92, 
1199 (1973). 
P. M. van Attekum and J .  M. Troostcr. J .  Chem. SOC. Dalton Trans. 201 
(1980). 
D.  Perry and R. A. Geanangel. Inorg. Chim. Acta.13. 185 (1975). 
R. A. Walton, J .  Inorg. Nucl. Chem. 39, 549 (1977). 
D.  Boyer. J .  Marrot, P. Llopiz. J .  C. Maire and R. Okawara, J .  Microsc. 
Spectrosc. Electron 3. 545 (1978): CA 91: 19259s (1979). 
D. M. Hercules. L. E. Cox. S. Onisick, G .  D. Nichols and J .  C. Carver, Anal. 
Chem. 45, 1973 (1973). 
K. J .  Cavell, J. 0. Hill and R.  J .  Magee. J .  Chem. SOC. Dalton Trans. 763 
(1980). 
K .  J .  Cavell, J .  0. Hill and R.  J.  Magee, J .  Chem. SOC. Dalton Trans. 1638 
( 1980). 
M. Ahmed and R. J .  Magee, Anal. Chim. Acta 75, 431 (1975). 
T. L. Barr, J .  Phys. Chem. 82, 1801 (1978). 
A. H.  Cowley, Prog. Inorg. Chem. 26, 46 (1979). 
N.  Mlrtensson and B. Johansson, Solid State Commun. 32, 791 (1979). 

27 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


