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The chlorine 2p binding energies of 25 metal complexes belonging to three different structural types have been recorded. 
Data for several transition metal nonachlorodimetalate anions MzC19”- show that the bridging chorines (Clb) possess higher 
binding energies than do those chlorine atoms in terminal metal-chlorine bonds (Clt). The binding energy differences 
&(Clb-C&) span the range 0.5-1.2 eV and vary upon changing the anion charge and the cation. For the salt (EtqN)3Rh2C19, 
in which a Rh-Rh bond is not present, AE(Clb-Clt) equals 0.8 eV, showing that metal-metal bonding is not necessary 
for E(C1b) to be substantially greater than E(C1t). The investigation of the chlorine 2p binding energies of a variety of 
complex salts of the types [ML6]C13, [ML5Cl]C12, and [ML4C12]C1, where M = Cr, Co, or Rh, shows that for complexes 
containing both inner- and outer-sphere chlorines the energy difference AE(Clt-Cl-) only has a value in excess of -0.5 
eV when L is a ligand which cannot hydrogen bond to C1-. Related measurements on a few double salts (e.g., [Co- 
(en)j]2[CdCl6]Clz.2HzO and Cs3CoCls) show that different chlorine environments have very similar chlorine 2p energies. 

Introduction 
Although most studies of the x-ray photoelectron spectra 

(XPS) of inorganic molecules have been directed toward the 
measurement and interpretation of the core electron binding 
energies of metal atoms, an area of considerable promise 
involves related measurements on nonmetal atoms bound to 
a metal. To date, such investigations have included the 
measurement of nitrogen 1s binding energies of dinitrogen 
complexes of transition  metal^,^ for which the bound and 
unbound nitrogen atoms have quite different binding energies, 
and the sulfur 2p energies of plastocyanin derivatives, where 
it has been claimed4 that when the cysteine sulfur atom of bean 
plastocyanin is coordinated to cobalt(I1) and copper(I1) sites, 
its 2p binding energies are more than 4 eV higher than those 
of the apoplastocyanin. 

Our interest in such spectroscopic studies has centered 
largely on using this technique to distinguish different halogen 
environments in both metal halides and their complexes. While 
measurements of the fluorine 1s and bromine 3p binding 
energies of selected crystalline metal fluorides and bromides 
have not been particularly encouraging from this point of 

related studies on metal chlorides show that different 
chlorine environments often exhibit markedly different chlorine 
2p energies. 

Much of our previous work has been directed toward es- 
tablishing how readily bridging and terminal metal-chlorine 
bonds may be distinguished in metal chloride clusters of 
molybdenum(II)6 and rhenium(III).6-8 In the present in- 
vestigation we have directed our attention to three additional 
groups of compounds, namely, (1) the nonachlorodimetalates 
M2Clsn-, in which a metal-metal bond may or may not be 
present, (2) chloro cations of the types [ML4C12]Cl, 
[MLsCl]C12, and [ML6]C13, and (3) double salts containing 
a chloro anion and “free” chloride ion. These results are now 
reported and their significance is discussed in terms of the 
feasibility of using the XPS technique to characterize phases 
of these particular types. 
Experimental Section 

Spectral Measurements. The x-ray photoelectron spectra were 
recorded using a Hewlett-Packard 5950A ESCA spectrometer. The 
aluminum K a l ~  line (1486.6 eV) was used as the excitation source. 
Sample preparation and full details of the experimental procedure 
are described fully e l ~ e w h e r e . ~ , ~  Deconvolutions were carried out using 
the procedure we have described previously.6 

Preparation of Metal Complexes. (a) Nonachlorodimetalates. 
Samples of the complexes (Bu4N)3MzC19, where M = Cr, Mo, or 
W, were kindly provided by Professor R. A. D. Wentworth of Indiana 

University and a sample of (BujN)Re2C19 was available from an earlier 
investigation.’O The salts Rb3MozClsH, K3W2C19, and (Et4N)3Rh2C19 
were prepared by standard literature methods.II-l5 Their identity 
was confirmed by microanalyses and a comparison of their low- 
frequency infrared spectra with the appropriate literature data.12s‘3 
Anal. Calcd for HClgRbjM02: C1, 38.75. Found: CI, 38.5. Calcd 
for C19K3W2: C1, 39.7. Found: C1, 39.5. Calcd for C24H60C19N3Rh2: 
C, 31.5; H ,  6.6. Found: C, 31.3; H, 6.55. 

The antimony salt C S ~ S ~ ~ C I ~ ~ ~  was also prepared and studied for 
comparative purposes since it also contains bridging and terminal 
metal-chlorine bonds. Anal. Calcd for ClsCs3Sb2: C1, 33.2. Found: 
c1, 33.4. 

(b) Complex Chloro Cations. A variety of chloro cations, mainly 
of cobalt(II1) and rhodium(III), were prepared. These complexes, 
together with the appropriate literature references to their synthesis, 
are as follows: Co(NH3)6C13,17 Co(en)3C13,18 [ C O ( N H ~ ) ~ C ~ ] C ~ ~ , ~ ~  
[ C O ( N H ~ ) ~ ( O N O ) ] C I ~ , ’ ~  [C0(en)2C12]Cl,~~ [Co(e11)2C12]Br,~l 
[C0(en)2C12]N03,~~ [Rh(NH3)sC1]C12,22 [Rh(NH3)4C12]C1,23 
[ R ~ ( ~ ~ ) ~ C I ~ ] C I . ~ H Z O , ~ ~  [Cr(bpy)2C12]CI.2H20,25 and [Niz- 
(en)4C12]C12.z6 The identity of most of these complexes was checked 
by infrared spectroscopy although in a few instances microanalytical 
data were also obtained. Anal. Calcd for H I ~ C ~ ~ N ~ C O :  C1, 39.8. 
Found: C1, 40.0. Calcd for C~0H20C13CrN402: C, 47.4; H ,  4.0. 
Found: C, 47.2; H,  4.1. Calcd for C ~ H I ~ C I ~ N ~ N ~ :  C1, 22.4. Found: 
CI, 23.0. 

(c) Double Salts. The synthesis of the complexes Cs3CoCl5, 
[Co(en)3]z[CdCl6]C12.2H20, [dienH3] [CuC14]CI, where dienH3 = 
diethylenetriammonium, and [Co(NH3)6] [ZnC14] C1 was accomplished 
by standard  procedure^.^^-^^ Anal. Calcd for Cl5CoCs3: C1, 27.9. 
Found: C1, 27.8. Calcd for C I ~ H ~ ~ C ~ C I ~ C O ~ N L ~ O ~ :  CI, 31.15. 
Found: C1, 31.3. Calcd for C4H16CIjCUN3: C, 13.8; H ,  4.7; C1, 
51.1. Found: C, 14.6; H, 5.1; C1, 49.9. 

Results and Discussion 
The transition metal chloride complexes studied in the 

present investigation constitute three separate structural classes 
and consequently these results are discussed separately. The 
appropriate binding energy data are presented in Tables 1-111. 
In sections a-c of the discussion, correlations are made between 
observed chlorine 2p binding energies and differences in the 
relative charge densities which are expected a t  the different 
chlorine sites. While this interpretation is certainly convenient, 
it is also an obvious oversimplification, a point which is 
discussed further in section d. 

(a) The Nonachlorodimetalate Anions. The transition metal 
complexes 1-7 in Table I possess the well-known confacial 
bioctahedral s t r ~ c t u r e . ~ l , ~ ~ - ~ ~  In the case of the Mo2C18H3- 
anion, one of the bridging chloride ligand positions is occupied 
by hydride.”,14 The binding energies of the salt 
(BuqN)zRe2Cls were recorded to check the instrumental 
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Table I. X-Ray Photoelectron Spectra of Nonachlorodimetalate Complexesa 
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Complex 2Pl I 2  2P3/Z 
1, [Bu,Nl,Cr,C4 200.1 198.5 
2, [Bu,Nl3MozC4 200.2 198.7 
3, Rb,Mo,Cl,H 200.8 199.2 

4, K3WzC19 200.2 198.7 

2Pl / 2  

199.5 
199.2 
199.9 

199.6 

199.5 
198.8 
199.6 
199.8 
199.2 

2P312 
197.9 (1.2) 
197.7 (1.3) 
198.4 (1.1) 

198.2 (1.1) 

197.9 (1.2) 
197.2 (1.3) 
198.2 (1.2) 
198.3 (1.5) 
197.8 (1.4) 

c 1s Other BE'S 

284.7 (1.5) Cr 2p l I z ,3 i2 :  586.3,576.8 
284.8 (1.6) Mo 3d3/2,5,2:  232.6, 229.5 

Rb 3d312,512: 111.1, 109.6 
Mo 3d312,5/2:  233.1,229.8 
K 2p1i2,3/z:  295.7, 292.9 
W 4f512,, /2:  34.7, 32.5 

285.2 (1.6) W 4f, 1 2 , , /  ,: 34.4, 32.3 
284.6 (2.0) Rh 3d3/,,,,,: 313.4, 308.8 
284.0 (1.2) Re 4f5,2,,12: 45.9,43.4 
284.9 (1.6) Re 4f,,,,,,,: 45.1,42.7 

Cs 3d3/2,S12: 737.9, 724.0 
Sb 3d312,512: 539.6,530.3 

a All spectra are referenced to the C 1s binding energy of graphite taken as 284.0 eV; fwhm values are given in parentheses. 

Table 11. X-Ray Photoelectron Spectra of Chloro Cationp 

Complexb c1 2P1,2,3,2 Amine N 1s Other BE'S 

10, [Co(NH,), IC13 
11, [Co(en) lC1, 
12, [Co(NH,),Cl]Cl, 
13, [ Rh(NH,) ,Cl]Cl, 
14, [Co(NH3),(ONO)lC1, 
15, [Rh(NH,),Cl,]Cl 
16, frans-[Co(en),Cl,]Cl 
17, [Co(en),Cl,]Br 
18, [ Co(en) ,C1, ]NO, 
19, [Rh(py),C1,]C1*5H2O 
20, [Cr(bpy),Cl,]C1*2H,O 
21, [Ni,(en),Cl, ]Cl, 
22, [Rh(dth),C1,]Clc 
23, [Rh(dth)2C1,]PF6C 

199.5 
199.0 
199.5 
199.2 
199.3 
199.2 
199.5 
199.3 
199.4 
200.3 
199.7 
199.5 
199.5 
199.6 

198.0 (1.3) 
197.5 (1.1) 
198.0 (1.4) 
197.8 (1.4) 
197.9 (1.3) 
197.8 (1.4) 
198.1 (1.7) 
197.9 (1.3) 
198.0 (1.3) 

198.8 197.0 
198.2 196.7 

198.0 (1.3) 
197.9 196.5 

197.9 

400.0 (1.1) Co 2p,,,,,,,: 797.0, 782.1 
400.0 (1.1) 
399.8 (1.5) 
399.8 (1.6) 
400.0 (1.3) N 1s (NO;): 403.9 
399.6 (1.4) 
399.9 (1.4) 
399.5 (1.4) 
399.7 (1.4) 
400.9 (1.1) 
400.3 (1.0) 
399.8 (1.3) 

a All spectra are referenced to the C 1s binding energy of graphite taken as 284.0 eV; fwhm values are given in parentheses. 
viations are as follows: en, ethylenediamine; py, pyridine; bpy, 2,2'-bipyridyl; dth,  2,5dithiahexane. 

Ligand abbre- 
Data taken from ref 40. 

Table 111. X-Rav Photoelectron Suectra of Double Sa l t8  

Complex C1 2p1,2,3/2 Amine N 1s 

24, [ Co(NH3), ] [ZnCl,]Cl 198.8 399.5 (1.5) 

25, [Co(en),], [CdC16]C1,~2H,0 198.9 399.6 (1.5) 

26, [dienH,][CuC1,]Clb 199.6 401.7 (1.4) 

27, Cs, [CoCl,]Cl 199.2 

197.4 (1.7) 

197.4 (1.5) 

198.1 (1.1) 399.8 (1.3) 

197.8 (1.3) 

a All spectra are referenced to the C 1s binding energy of graph- 

dienH, = diethylenetriammonium. 
ite taken as 284.0 eV; fwhm values are given in parentheses. 

performance and to demonstrate the chlorine 2p peak profile 
for a complex possessing a single type of chlorine environment 
(see Figure 1 and Table I). The related data for the complex 
anions M2C1gn- and MozClsH3- are also presented in Table 
I and some representative spectra are shown in Figure 1. The 
most noticeable difference between the chlorine 2p spectra of 
complexes 1-6 and (Bu4N)zRezCls (Figure 1) is that the 
former do not exhibit well-resolved chlorine 2p~p,3/2 doublets 
but rather show broad asymmetric band envelopes charac- 
teristic of the presence of different types of chlorine envi- 
ronments. Deconvolution of these spectra, using the procedure 
described by us previously,6 gave the two sets of chlorine 
binding energies listed in Table 1. In keeping with the ar- 
guments we have used in interpreting differences in chlorine 
2p binding energies for chloride clusters of molybdenum(I1) 
and rhenium(III),@ we would expect the bridging chlorines 
(Clb) in the nonachlorodimetalate anions to exhibit higher 
binding energies than those in terminal metal-chlorine bonds 
(Clt). This prediction is confirmed for the present series of 
complexes, since the relative intensities of the two sets of 
chlorine binding energies are in accord with the relative 
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Figure 1. Chlorine 2p binding energy spectra of (a) (Bu,N),Re,- 
Cl,, (b) (Bu,N),W,Cl,, and (c) (Bu,N)Re,Cl,. Spectra b and c 
have been deconvoluted into two sets of C1 2p1,z,3,2 doublets us- 
ing the procedure described in ref 6.  

numbers of Clb and Clt environments which are known to be 
present. For complexes 1, 2, 4, 5, and 6, the deconvoluted 
spectra give Clb:Clt peak intensities of almost exactly 1.0:2.0 
while for Rb3MozClsH, the ratio increases to 1.0:3.0 in keeping 
with loss of one of the bridging ~ h l o r i n e s . ~ ~  

One of the interesting features of these data is that the 
differences in binding energies of Clb and Clt, AE(C1b-Clt), 
occur in the range 1 . O S  eV and reveal no obvious correlation 
with the absence (i.e., Rh2C1g3-) or presence of a metal-metal 
bond in these anions. For the series (BuqN)3M2Clg, where 
M = Cr, Mo, or W, hE(clb-clt) is much smaller for Cr than 
for the Mo or W salts in keeping with the existence of a 
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metal-metal bond in the latter anions. This structural feature 
results in shorter, stronger M-Clb bonds and presumably leads 
to an increase in the positive charge at clb relative to Clt. 
However, changing the cation can have an equally dramatic 
but opposite effect, as illustrated by the pair of salts 
(BuqN)3W~C19 and K3W2C19 (Table I), where AE(Clb-ClJ 
decreases from 1.0 to 0.5 eV. In these chloro anions, the 
variations in structure produced upon changing the cations are 
known to be quite dramatic,32 particularly as they affect the 
strength of the metal-metal interaction which in turn in- 
fluences the M-Clb bond lengths and M-Clb-M angles. It 
appears that with the present instrumental resolution, 0.5 eV 
is close to the limit where differences in chlorine binding 
energies can be both easily detected and readily interpreted. 
Although the binding energy order is clearly established to be 
clb > Clt, differences in intra- and intermolecular solid-state 
interactions make further interpretations much more tenuous. 

Two further complexes which we studied (7 and 9 in Table 
I) produced chlorine 2p binding energy spectra whose 
characteristics place them at the two extremes of the systems 
already discussed. The spectrum of (Bu4N)Re2C19 clearly 
shows three components (Figure 1) and its deconvolution 
reveals that the energy difference AE(Clb-Clt) is significantly 
greater than that observed with any of the complexes 1-6. This 
difference (1.2 eV) approaches that observed between the 
corresponding energies of Clb and clt  in complexes of the type 

In the latter systems, the bridging chlorines are 
more strongly bound to two metal centers than is the case with 
any of the salts of the M 2 C l p  anions, if we take the dif- 
ferences between the M-Clt and M-Clb bond l e n g t h ~ ~ l - ~ ~ , ~ ~  
as a measure of the difference in the strengths of these in- 
teractions. In other words, the smaller r(M-Clb) - r(M-Clt) 
the greater the binding energy difference hE(clb-Clt) should 
become. There is nothing apparent in the structural pa- 
rameters for ( B u ~ N ) R ~ ~ C ~ ~ ~ ~ S ~ ~  which would indicate that it 
contains more strongly bound bridging chlorines than do other 
anions of this type. Indeed, compared to the isoelectronic 
tungsten(II1) dimer K3W2C19, for which r(W-W) is 2.41 
the Re-Re bond length in (Bu4N)Re2C19 is significantly longer 
(2.70 A).36 One possible explanation is that Re(1V) may be 
a sufficiently more polarizing center than any of the M(II1) 
oxidation states present in the other chloro anions. This could 
lead to an increase in the charge difference between Clb and 
Clt and hence to a larger value for AE(Clb-Clt). 

The XPS spectrum of the non transition metal salt 
Cs3Sb2C19 (Table I) makes for an interesting comparison with 
the other chloro anions. Since the antimony 3d and chlorine 
2p binding energies of this salt have recently been reported 
elsewhere,38 it also enables us to assess the quality of our 
spectral data. Birchall et al.38 reported the antimony 3d 
binding energies of a wide range of antimony compounds and 
reported that the fwhm values for these peaks occurred in the 
range 1.8-2.3 eV. In our measurements on Cs3Sb2C19, we 
obtained very similar energies to those reported38 but the peaks 
were much narrower (fwhm = 1.4 eV). The chlorine 2p 
spectrum reveals a well-resolved spin-orbit doublet with no 
evidence for two different sets of chlorine 2p energies. Al- 
though full structural details are not available for Cs3Sb2Cl9 
and there is no reason to assume that it necessarily contains 
discrete Sb2C1g3- anions, related data for the Sb2Br93- anion39 
suggest that the Sb-Sb distance in Sb2C1g3- will be rather long 
(-4.0 A). In this situation, it is likely that with the longer, 
weaker M-Clb bonds which must now be present, the charges 
at clb and Clt are very similar and these different environments 
can no longer be easily distinguished in the XPS experiment. 

(b) Chloro Cations. In a previous study involving the 
measurement of the rhodium 3d binding energies of a variety 
of rhodium complexes,40 we also reported the chlorine 2p 
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Figure 2. Chlorine 2p binding energy spectra of (a) [Cr(bpy),- 
Cl2]C1.2H,O, (b) [Co(en),]Cl,, (c) [Co(en),Cl,]Cl, and (d) [Co- 
(en),Cl, ]Br. 

binding energy spectra of three complexes of the type 
[RhL4C12]Cl, where L = pyridine, l / 2  2,2’-bipyridyl, or l / 2  
2,Sdithiahexane. In each instance, we observed a three-peak 
spectrum arising from overlap of the 2p3p component of 
chlorine bound to rhodium (Clt) with the 2p1p component of 
chloride in the outer coordination sphere. Such a result seemed 
perfectly reasonable and was consistent with the binding energy 
difference hE(Clt-Cl-) between 1.7 and 1.0 eV. At the time, 
we anticipated that this result would be quite general for 
chloride complexes of these types, but upon extending these 
measurements to a variety of ammine and ethylenediamine 
complexes we find this not to be the case (Table I1 and Figure 
2). For complexes 10-18 a two-peak spectrum is observed, 
and although there is generally a loss in the resolution of the 
2p1p and 2p3p spin-orbit components, it is clear that any 
difference between outer-sphere and inner-sphere chlorine 
environments is now rather small. A similar result is obtained 
for the dinuclear nickel(I1) complex 21,41 which most likely 
contains weak Ni-Clb-Ni bridges. In this instance, the binding 
energies for clb and chloride are very similar. 

We have remeasured the spectrum of the hydrate [Rh- 
(py)4C12]Cb5H20 (19) using a sample prepared by a route 
different from that employed p r e v i o ~ s l y . ~ ~  The three-peak 
spectrum which is characteristic of the two different chlorine 
environments was again obtained and a similar spectrum was 
also displayed by the chromium(II1) complex [Cr- 
(bpy)2C12]C1*2H20 (20). 

It seems to us that the most obvious explanation for these 
spectral differences is that in the ammine and ethylenediamine 
complexes (10-18) the cooperative effect of several hydro- 
gen-bonding interactions of the type N-H-Cl- involving each 
outer-sphere chloride ion is sufficient to decrease the negative 
charge at C1- to a point where it is not very different from that 
residing at Clt. Crystallographic data for complexes such as 
[ C O ( N H ~ ) ~ C ~ ] C ~ ~ ~ ~  and [Rh(NH3)4C12]C143 provide con- 
vincing support for this interpretation since they indeed show 
that the chloride ions are hydrogen bonded in this manner. 
We also note that irrespective of whether the complexes 10-18 
contain outer-sphere chloride, inner-sphere chloride or a 
mixture of both, the chlorine binding energies are very similar. 
This is particularly true in the case of the ammine complexes 
(Table 11) and it is only with [Co(en)3]C13 that the chlorine 
2p binding energies are noticeably different from those of the 
other complexes. This is apparent upon internally referencing 
the chlorine 2p3p energies to a nitrogen 1s energy of 400.0 
eV for coordinated NH3 or en. [Co(en)3]C13 is then the only 
complex whose 2p3/2 energy falls outside the range 198.4- 
197.9 eV. The implication is that the outer-sphere chlorides 
in [Co(en)3]C13 are less perturbed by hydrogen bonding than 
is the case with other complexes of this type. 

As we change to non-hydrogen-bonding ligands such as 
pyridine, 2,2’-bipyridyl, and 2,5-dithiahexane, this effect should 
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disappear and result in the two chlorine environments being 
readily distinguishable. This is indeed what we observe. 

Our results and their interpretation can now be discussed 
in the light of some related XPS studies which have recently 
been reported in the literature. Burger et have discussed 
the effects of hydrogen bonding in [Co(NH3)6]C13 and 
fCo(NH3)sCl]C12 upon the cobalt 2p binding energies. 
However, their results are presented in the form of differences 
in binding energies of the 2~312 level of cobalt and the 2p1/2,3/2 
levels of chlorine and it is accordingly very difficult to make 
direct comparisons with our data. While they commented that 
“the resolution of the measurements was not sufficient to 
distinguish between the two types of halides in the complexes 
containing them both in the inner and outer coordination 
sphere”, it is apparent that they did not recognize that in these 
complexes the chlorine 2p binding energies are almost 
coincident, since they further stated that “only the greater line 
width indicated the presence of the two different bound 
anions”. From our results, the fwhm values for the chlorine 
2p1/2,3/2 doublets were observed to vary between 2.3 and 2.8 
eV, but this relatively small variation does not correlate with 
whether one or two chlorine environments are present. 

Our work also explains some earlier results of Nefedov et 
a1.45 on the core electron binding energies of a variety of 
rhodium complexes. The small variations in chlorine 2~312 
binding energies which they observed for the series of com- 
plexes Rh(NHd3C13, Rh(py)3C13, Rh(SC(NH2)2)3Ch, 
[Rh(NH3)sCllClz, [Rh(NH3)61C13, and [Rh(SC(NH2)2)s- 
CllC12 can now be rationalized in terms of the same type of 
hydrogen-bonding effects which we suggest influence the 
outer-sphere chloride ion binding energies for many of the 
complexes listed in Table II.46 Also, the observation of Grim 
et al.47 that different peaks for the two types of chlorine in 
[Pt(NH3)3Cl]Cl are not detectable is in accord with our 
interpretation. 

Finally, some conclusions of Nefedov et al.48 concerning the 
structure of certain glycine complexes of rhodium(III), ru- 
thenium(III), and iridium(II1) should now be viewed in a 
different light. While their belief that the structures of these 
species can be represented as [M(NH2CH2C00)2- 
(+NH3CH2COO)Cl] may be correct, the observed values of 
the chlorine 2p binding energies (198.8 or 198.7 eV)48 are not 
necessarily characteristic of inner-sphere chloride. They 
commented48 that an outer-sphere chlorine atom has a chlorine 
2p binding energy of 198.3 eV, while for an inner-sphere 
chlorine atom it is in the range 198.4-199.2 eV. This dis- 
tinction may be no longer meaningful in the presence of 
hydrogen-bonding interactions involving the chlorine atoms. 

( e )  Double Salts. Complexes 24-26 in Table I11 are double 
salts of known s t r u ~ t u r e . ~ ~ ~ ~ ~ , ~ ~  In each, the outer-sphere 
chloride ions are hydrogen bonded to amine groups. As a 
result, we would expect them to exhibit similar chlorine 2p 
spectra to the complex cations 10-18 in Table 11. This is in 
fact the case. The spectrum of [dienH3] [CuC14]C1 shows a 
particularly well-resolved chlorine 2p1/2,3/2 doublet, so that 
the two sets of chlorine binding energies must be fortuitously 
coincident. In the case of complexes 24 and 25, the spectra 
are more characteristic of species such as [Co(NH3)sCl]C12 
(Table 11) since this resolution is lost as a result of a small 
mismatch in these two sets of binding energies. 

The remaining complex listed in Table I11 is the classic 
double salt Cs3CoCls, containing both the c0c142- anion and 
Cl-.2730 Its chlorine 2p binding energy spectrum also failed 
to yield two well-separated sets of peaks. While the chloride 
ions are not of course perturbed by hydrogen bonds, their 
environment is such that they occupy sites surrounded by six 
nearest-neighbor cesium ions (two at  3.67 A and four at 3.42 
A).27 Whether this leads to an initial-state charge which is 
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similar to that residing at  the chlorine atoms in the CoCh2- 
anions and/or whether differences in crystal field potentials 
and final-state relaxation effects51 contribute to the similarity 
in the binding energies is not clear at  present (for a further 
discussion of this point see section d). Whatever the reason, 
it is apparent that the use of XPS as a structural tool to detect 
the formation of double salts of this particular type does not 
appear to be particularly promising and, accordingly, we did 
not pursue this type of complex further. 

(d) Some Comments on the Factors Affecting the Chlorine 
2p Binding Energies. At this point it is important to emphasize 
that factors other than differences in initial-state charges at  
the chlorine sites may contribute to the observed binding 
energies. Differences in valence-electron density, crystal field 
potential, and relaxation energy can all influence the binding 
energy shift.s2 In sections a-c we have discussed the binding 
energy differences between bridging and terminally bound 
chlorine and chloride ion in terms of the charge densities 
expected at  these sites, but it is clear that the crystal field 
potential and relaxation energy terms cannot be neglected. 
Unfortunately, there is no good way of reliably estimating both 
of these latter contributions for the molecules discussed in the 
present report. Only by resorting to “implantation” techniques 
 et^.^^ on relatively simple systems can such a separation be 
satisfactorily achieved. While there might well be a significant 
difference in the crystal potential felt by Clb, Clt, and C1-, it 
is also clear that the observed binding energy order Clb > Clt 
2 C1- is the same as that expected from a consideration of 
initial-state charges alone. Whatever the detailed interpre- 
tation, it is apparent that the XPS technique can readily 
differentiate Clb, Clt, and C1- environments in many metal 
chloride complexes. 

(e) Comparisons with Other Systems. Since considerable 
data are now available on the chlorine 2p binding energies of 
a variety of metal chlorides and their complexes, it is ap- 
propriate if we briefly summarize the strengths and weaknesses 
of the XPS technique as they apply to the structural char- 
acterization of phases of this type. Chlorine 2p binding energy 
measurements are of course most effective when applied to 
systems in which more than one type of chlorine environment 
is present, and this technique is particularly powerful for 
compounds in which strong metal-metal bonds are present 
since chlorine atoms bridging these bonds are characterized 
by rather high binding energies.6-8 Accordingly, metal chloride 
clusters such as Re3C19, M06C112, and their d e r i v a t i v e ~ ~ - ~ ~ ~ ~  
and presumably phases such as Nb6C114, W6C112, etc. are 
particularly suitable for this reason. Application of these 
studies to materials of unknown structure has also proved to 
be very useful as revealed by binding energy measurements 
on P - M o C ~ ~ , ~  ~ - R e C 1 4 , ~ ~  and 0 ~ C 1 4 . ~ ~  P-MoC12 has been 
shown6qS3 to be structurally quite different from the a form 
[Mo&112] and, in spite of the isoelectronic nature of ReCl3 
(Le., Re3Clg) and osC14, it is clear from XPS studies54 that 
OsCle does not have the Os3C112 structure with both bridging 
and terminal chlorine atoms. 

The present investigation shows that the binding energy 
order Clb > Clt is maintained in chloro anions of the type 
M2C1gn-, where M is a transition metal. Rather interestingly, 
the spectrum of the rhodium(II1) complex (Et4N)3Rh2C19 
proves that the presence of a metal-metal bond is not necessary 
for this binding energy order to be maintained. 

It is also apparent that this technique can be usefully applied 
to the characterization of complexes of the types [ML5Cl]Clz, 
[ML4C12]Cl, etc. provided L is a ligand which is unable to 
hydrogen bond to the outer-sphere chloride ions. 
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Optical Spectra of the Tetrabromopalladate(I1) Ion 
Doped in Cesium Hexabromozirconate(1V) at 2 K 
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The optical spectra of the tetrabromopalladate(I1) ion doped as a substitutional impurity in cesium hexabromozirconate(1V) 
has been measured at 2 K. An electronic band has been observed between 19 185 and 21 836 cm-l with sharp vibrational 
detail and is assigned as the d-d transition, I’I(IAlg) - r ~ ( ~ A 2 , ) .  The mixed crystal vibrational data for this band has 
been compared with recent single crystal absorption results a t  15 K by Martin and co-workers. The possible presence of 
a Jahn-Teller effect for the I’l(lAlg) - rs(IEg) transition for PdBr42- in CS2ZrBr6 has been examined. A Cotton-Harris 
molecular orbital calculation has been carried out for PdC1& and PdBr& ions. The M O  results have been used in conjunction 
with a crystal field calculation to correlate the available experimental data for these two ions. 

I. Introduction 
Polarized crystal spectra for the tetrachloropalladate(I1) ion 

at liquid helium temperature have been reported by Francke 
and Moncuit.’ Also, Rush, Martin, and LeGrand2 have 
reported liquid helium polarized crystal spectra for the tet- 
rachloropalladate(I1) ion and the tetrabromopalladate(I1) ion. 

Similar measurements have been carried out for the corre- 
sponding platinum(I1)  salt^.^,^ 

We have reported  experiment^^..^ where we have doped both 
the PtC142- and the PdC142- ions as substitutional impurities 
in cubic antifluorite hosts of the Cs2ZrCl6 type and observed 
the optical spectra at 4.2 and 2 K, respectively. In this type 


