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XP spectral data are reported for Ni, N, P and L 
atoms (L = ligand CT, NOJ, 00, NCS) in the 
chromophores of Nif(PNP) complexes ((PNP) = 
2,6-(bis(diphenylphosphinomethyl))pyridine ligand), 
and the structural implications are discussed. 
Quadratic [Ni(PNP)L] chromophores are well char- 
acterized through low Ni2p b.e. values and covalent 
XP spectral patterns of L ligands. Ni(PNP)(NCS), 
reveals a well defined presence of [Ni(PNP)(NCS)] 
quadratic chromophores, as well as of more ionic 
NCS ligands, possibly contained in pseudooctahedral 
[Ni(PNP)(NCS)J - environments as suggested by prev- 
ious investigations. Definite evidence is presented 
for the occurrence of two inequivalent (PNP) ligands 
in cationic [Ni(PNP)J 2+ species, one terdentate with 
bonded N, and one bidentate with non-coordinated 
pyridine nitrogen. 

Introduction 

2 6-bis(diphenylphosphnomethyl)pyridine 
(PNy{ligand is well known for its ability to bind to 
metals giving rise to different stereochemistries 
[ 1, 21, some of which are not yet fully characterized. 
We undertook therefore an XPS investigation of some 
Ni(II) complexes with the (PNP) ligand, which were 
already prepared and investigated by other techniques 
by some of us [2, 31. The use of the XPS technique 
is intended as a means to obtain additional evidence 
for the electronic and steric structure of the inves- 
tigated complexes. Although sometimes not very 
accurate in detecting structural effects (e.g. only 
small b.e. differences between high- and low-spin 
Ni(I1) complexes [4, 5]), the XPS technique is never- 
theless able to give unique information (through 
inner-core orbital energy values and their chemical 
shifts) on trends of atomic charge within the metal 
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chromophores. In addition XPS, as a surface 
technique, allows the detection of surface changes 
in chemical composition with respect to bulk, hence 
of surface reactivity effects. 

In the case of our (PNP) complexes of Ni(II), we 
expected to obtain first of all evidence for differences 
in chemical composition between bulk and surface 
in the solids; data which can be referred to the bulk 
are expected to lend further support to already 
proposed stereochemical arrangements, and to sug- 
gest trends of atomic charge distribution within the 
chromophores, and possibly help in assigning 
dubious cases. 

As an aid to structural assignments, we performed 
approximate molecular orbital calculations by an 
extended Hiickel method [6], and systematically 
compared trends in experimental b.e. values with 
trends in computed atomic charges. 

Experimental 

The investigated complexes include [Ni(PNP)Cl] - 
Cl, [Ni(PNP)Cl] C104, [Ni(PNP)(NCS)] C104, Ni- 
WF’XNC%, [WPNPXN0& I , NO’W2 1 (NO3)2 

and [Ni(PNP)2](C104h, besides the free (PNP) 
ligand, prepared according to [l, 2, 31 and charac- 
terized to analytical purity by their physical cons- 
tants [l, 31. 

XPS measurements were performed on a VG 
ESCA-3 spectrometer equipped with AIK~Y~,~ source 
(1486.7 eV). Samples were dusted onto solid gold 
bearing plates at room temperature: reported data 
are averages of no less than three different samplings, 
each repeated three times, with standard deviations 
in the range 0.2 eV. Radiation damage was negligible 
under the employed experimental conditions, and 
cooling of samples to liquid N2 temperature caused 
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TABLE 1. Structural Data. 
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Geometrical data 

Pyridine ring C-C(C-N) 

C-H 

C-CPha 

C-P 

P-H 

- 

Bond lengths (A) Bond angle (“) 

1.39 120 

1.09 120 

1.52 120 

H-C-H 109 

1.76 C-C-P 109 

1.43 H-P-H 98.7 

[Ni(pnp)Cl(r)l+Cl(a) 
Ni-N 

Ni-P 

Ni-Cl(r) 
Ni-Cl(a) 
--- 

2.0(1.795)a 

-2.2(2.183) 

2.3 

3.5(2.5) 

P-Ni-N 

P-Ni-Cl 

pseudopentacoordination 

90 

90 

[Ni(PnP)N(2)CSlN(3)CS 
Ni-N(2) 2.0 

N(2)-C 1.22 

c-s 1.56 

Ni-Nt3) 2.0 (2.2; 2.5) 
-- 

[Ni(pnp) 1 (wh 1” pseudopentacoordination 

%alues in parentheses indicate the various calculations performed which gave comparable trends in atomic charges. 

no detectable spectral change. B.e. measurements 
are referenced to Au4fv12 at 84.0 eV, and surface 
charging effects compensated by referring to 
contamination Cls peaks taken as 285.0 eV. Gaussian 
peak shape was assumed in p.e. band deconvolution. 

Approximate prediction of atomic charges was 
performed on the basis of m.o. EHT calculations [6]. 
As for the assumed molecular geometry, the PNP 
ligand has no experimentally determined structure, 
so that a model molecule has been built with known 
bond distances and angles of related smaller mole- 
cules, and substituting the phenyl groups of the PPh2 
moieties, with H atoms. A trial geometry of the mole- 
cule, in the planar conformation suitable to form 
planar complexes, has been partly optimized by 
MNDO calculations [6c]. The final structural data 
are reported in Table I, together with the other 
lengths assumed in the complexes. The EHT para- 
meters were taken from ref. 6b: for sulphur, which 
does not appear in this reference, we used the fol- 
lowing values: Hii(3s) = -23.72 eV; Hii(3p) = -12.5 
eV; exponent (sp) = 1.90. 

Results 

In the free PNP ligand the b.e. values are 398.9 
and 130.9 eV for Nls and P2p,, respectively, values 

which are indicative of partial negative charge and 
which are related to qN = -0.95 e and qp = -0.20 e, 
predicted by EHT computations (see Table II). 

Square planar cationic complexes, sometimes with 
possible weak S-coordination in square pyramidal 
apical positions, are expected to occur in [Ni(PNP)- 
Cl]‘Cl-, [Ni(PNP)Cl]‘C104 and [Ni(PNP)(NCS)]+- 
ClOT, which show remarkable similarities in their 
XP spectral behaviour. 

Ni 2p ionization patterns show low-intensity satel- 
lites about 7.5 eV from the main peaks: these are 
not normally expected for low-spin Ni(II) 
compounds, and represent an unusual feature in com- 
pletely diamagnetic metal systems. By coincidence, 
the Kasp satellites of the 2~~~ peak are expected in 
the same region as the satellites on the high b.e. side 
of Ni2p3,2, but their expected intensity (-11% [7]) 
is too low to account for the whole of the observ- 
ed satellites (-15-30% of the main peak). Monopole 
shake-up transitions cannot be excluded, although 
they are not of general occurrence with low-spin 
Ni(II) systems. The actual intensity of the observed 
satellites is not reproducible and varies to some 
extent, depending on sample preparation, ageing, air 
exposure, etc. Therefore, the most likely assignment 
of the observed satellite structures is to some para- 
magnetic byproduct, which, if concentrated in the 
outermost surface layers, can escape analysis by 
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bulk methods, although a contribution from genuine 
low-intensity shake-up satellites of the main low- 
spin species cannot be ruled out, the possible occur- 
rence of such satellites being still controversial in the 
literature. 

We conclude that in the above Ni(II)-PNP species 
a significant but not very intense presence of high- 
spin byproducts is likely to occur, particularly at the 
surface, but on the whole the XPS evidence reflects 
the low-spin bulk structure suggested by previous 
evidence [l-4] for the above compounds on the 
ground of either a true quadratic (chromophore [Ni- 
(PNP)X]) or a square pyramidal [Ni(PNP)X]Y 
structure. 

The bulk structure of the above species is charac- 
terized, on XPS evidence, by chemical shifts on the 
donor atoms N and P of the (PNP) ligand, to 400.2 + 
0.2 and 131.7 eV respectively, against 398.9 and 
130.9 eV in the free ligand: such shifts are consistent 
with the donor effect expected on complex forma- 
tion, and are paralleled by a decrease of negative 
charge predicted by EHT computations (cu. 0.6-0.7 
e charge donation from N, and ca. 0.59 e from P). 
The b.e. shift on N is larger than on P, because of 
a possible larger back-donation effect from Ni onto 
P, and also because of the much smaller slope of b.e. 
variation with qp [8]. Furthermore, the b.e. values 
for coordinatively bonded P and N in the (PNP) 
ligand are almost constant for all Ni complexes inves- 
tigated here, irrespective of spin state, coordination 
geometry and the nature of extra ligands, indicating 
that the donor interaction between the (PNP) donor 
sites and the Ni center is the dominating effect in 
determining atomic charge distribution within the 
chromophore. This situation is again reproduced 
by EHT calculations, which predict qp remarkably 
constant at +0.39-0.40 e, and qN only slightly varying 
between ca. -0.20 e and -0.33 e in ligated (PNP). 

Ni 2p3,* b.e. falls at 855.2 + 0.2 eV in the above 
series, and is therefore to be regarded as essentially 
constant (within experimental error), the value being 
typical of square planar chromophores containing the 
(PNP) ligand (p ossibly with weak apical pyramidal 
coordination in [Ni(PNP)Cl] (Cl). 

Further noteworthy aspects of the characteriza- 
tion of the electronic structure of the above chromo- 
phores lie in the Nls signals in [Ni(PNP)(NCS)]‘Cl04 
which are clearly double, with component peaks at 
400.3 eV (PNP) and 398.7 eV (NCS), for which a 
charge qN of a -0.93 e is predicted by EHT calcula- 
tions; this again confirms the qN/b.e. relationship 
suggested by the comparison between bonded and 
non-bonded N in the (PNP) ligand, and gives (Nls)- 
(S2p), = 236.1 eV, as expected for N-coordinated 
thiocyanate in perfect agreement with the empirical 
regularity reported in a previous work [9]. Cl signals 
are consistent with the presence of two inequivalent 
chlorine species in [Ni(PNP)Cl] C104, (C12p,, in 

227 

ClO, = 208.3 eV) and [Ni(PNP)Cl]Cl (197.3 eV 
for the outer Cl atom), whereas covalently bonded 
Cl within the quadratic Ni(II) chromophores has 2p,, 
b.e. at 199.0 eV. This is in qualitative agreement with 
EHT calculations, which predict a relatively low nega- 
tive charge for covalently bonded Cl within the 
quadratic chromophore (-0.3 e), whereas the second 
Cl atom is expected to be substantially more negative, 
even if weakly coordinated in pyramidal apical posi- 
tion. The quantitative inaccuracy of EHT predic- 
tions does not allow us to establish with certainty 
whether the outer chlorine atom is a fully external 
counterion, or lies in weak 5coordinated position. 
As a whole, XPS evidence supports the high stability 
of the electronic structure of the quadratic chromo- 
phores [Ni(PNP)X] , where the steric structure of the 
(PNP) ligand matches very closely, on the ground of 
our planar model structure, the steric requirements 
for formation of quadratic [Ni(PNP)X] chromo- 
phores. 

Ni(PNP)(N0a)2 is another structural type, clas- 
sified on the ground of previous results as a pseudo- 
octahedral high-spin species with [Ni(II)(PNP)Oa] 
chromophore (two bidentate and one monodentate 
NO, ligands in the coordination sphere). Such struc- 
ture is reflected and confirmed by the Ni2p p.e. pat- 
terns, with 2~~~ peak at 855.9 eV, accompanied 
by intense satellites (AE = 6.5 eV). The b.e. is slightly 
higher than for [Ni(PNP)X]’ quadratic chromo- 
phores, and is in keeping with the expected larger 
ionicity of coordination bonds in the high-spin 
species, although the trend is not generally followed 
by other (PNP) complexes, and is not directly 
comparable with data for Ni(I1) complexes in other 
environments. There are two Nls signals well apart 
(intensity ratio 1:2), assigned as ligand N (at 400.1 
eV as typical of coordinated (PNP)) and nitrate (at 
407.4 eV). Since the proposed structure of [Ni- 

(PNP)(NO&I ]2, 31 comprises one bidentate and 
one monodentate coordinated nitrate, the two nitrate 
nitrogen atoms are expected to be inequivalent, 
and might give rise to two different b.e. signals. Actual- 
ly only one rather narrow band is distinguishable, so 
the inequivalence due to different bonding modes has 
only small, practically undetectable effects on the 
Nls b.e. Rather, the average b.e. of 407.4 eV is higher 
than in free (ionic) nitrates (e.g. [Ni(PNP)z] (N0a)2, 
see below), in agreement with a general involve- 
ment of the NOa moieties in the donor effect towards 
the metal center. On the whole, [Ni(PNP)(N03)2] 
presents the typical XPS patterns of high-spin 
pseudooctahedral species, with the relevant feature 
of intense and reproducible shake-up satellites on 
Ni2p ionization bands, while no significant b.e. shift 
on Ni2p b.e. are observed with respect to low-spin 
Ni-PNP species. 

Less obvious is the interpretation of the XP 
spectral patterns of Ni(PNP)(NCS),, for which dif- 
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Fig. 1. Ni2p XP spectra of: a) [Ni(PNP)2](NO&, b) [Ni- 

(PNP)Cl] (C104), c) [Ni(PNP)(NCS)] (C104, d) Ni(PNP)- 

(NC%, e) Wi(PNP)(NO& I, f) NipY&NCSh. 

ferent structures have been proposed [l, 31 in the 
literature. The most recent studies [3] present 
convincing evidence for a double salt structure 
[Ni(PNP)(NCS)]‘[Ni(PNP)(NCS)a]- in the bulk of 
the solid, with half diamagnetic and half para- 
magnetic nickel(H) moieties. Nevertheless, easy 
structure distortions (particularly on the surface) 
would not be surprising. XP spectral patterns first 
of all give direct evidence for the existence of qua- 
dratic [Ni(PNP)(NCS)]’ moieties on the surface of 
solid Ni(PNP)(NCS),, since they resemble rather 
closely the case of [Ni(PNP)(NCS)]*ClOT. As evident 
from Fig. 1 and Table II, Ni2pep peaks are accom- 
panied by satellites whose intensity is somewhat 
higher than those of [Ni(PNP)(NCS)]*(ClO,)- 
(where they are assigned to paramagnetic impurities), 
and still lower than those of fully paramagnetic 
species such as [Ni(PNP)(N0a)2] or Nipy4(NCS)2, 
measured for comparison and reported in Table II 
and Fig. 1. The Ni2pap b.e. value of 855.5 eV is not 
particularly significant for structural assignments: 
one might argue that it is halfway between the lowest 
limit of [Ni(PNP)X]’ diamagnetic species and the 
high-spin species [Ni(PNP)(NO,),] , but the involved 
energy differences are not much larger than experi- 

Fig. 2. Nls XP spectra of: a) (PNP) free ligand, b) [Ni(PNP)- 

Cl] (C104), c) [Ni(PNP)(NCS)] (ClO4), d) Ni(PNP)(NCS)z, 

e) [NWNPh 1 (NO3)2,fJ PW’NPWW2 1. 

mental uncertainty, and the 2p peaks in Ni(PNP)- 
(NCS), are fairly narrow and not indicative of the 
presence of distinctly inequivalent species in the 
XPS sampling region. More informative are Nls XP 
spectral data, since the Nls band has a composite 
profile, which can be resolved into two components 
(intensity ratio 1:2, peaks at 400.1 and 398.0 eV), 
the first of which is related to (PNP) nitrogen, and 
the second one to NCS-. The second component is 
still broad (even allowing for the larger uncertainty 
in deconvoluted component bands), and can be 
further resolved into two sub-bands peaked approx- 
imately at 198.6 (hence virtually identical with 
[Ni(PNP)(NCS)]‘(ClO,)-; A = Nls b.e. - S2p b.e. = 
236.0 eV) and 397.6 eV (A = 235.0 eV); the latter 
value is close to the case of NCS- bonded to Ni(I1) 
in the paramagnetic environment of Ni(py)4(NCS)2, 
although an accurate assignment is not possible since 
Ni(py)4(NCS)2 exhibits a Nls band with a maximum 
at about 398.0 eV, which is rather broad and con- 
tains contributions from both pyridine and thio- 
cyanate nitrogens. The b.e. difference Nls-S2p is 
as low as 235.0 eV for the second component of 
Ni(PNP)(NCS),, so also an assignment to ionic or 
S-bonded thiocyanate would be possible on the 
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ground of XPS evidence alone [9]. The extra CNS 
with respect to [Ni(PNP)(NCS)]‘(ClO,)- appears 
therefore as if it were, at the surface, in a binding 
position retaining ionic character, possibly compa- 
tible with a [Ni(PNP)(NCS)J’(NCS> formulation, 
and most plausibly leading to alternate bonding to 
[Ni(PNP)(NCS)] equatorial moieties and eventually 
resulting in [Ni(PNP)(NCS)]‘*** [Ni(PNP)(NCS)a]- 
sequences (particularly in the deep layers). EHT 
calculations suggest a high negative charge on N in 
ionic thiocyanate, which would imply a lower b.e. 
than actually observed; therefore a model of bridg- 
ing or loosely coordinated thiocyanate appears more 
plausible. XP spectral patterns of Nls ionization seem 
to present evidence for equatorially bonded thio- 
cyanate (both in planar [Ni(PNP)(NCS)]’ and in 
pseudooctahedral [Ni(PNP)(NCS)a]- units), against 
axial NCS- ligands in octahedral environment. The 
picture of surface structure suggested by XPS 
evidence therefore confirms once again the stability 
and well defined characterization of the quadratic 
[Ni(PNP)X]’ chromophores, while giving less clear- 
cut evidence for [Ni(PNP)(NCS)a]-pseudooctahedral 
moieties, and even implying a possible dissocation of 
the latter moieties near the surface of solid Ni(PNP)- 

(NCS)a. 
The divalent cationic complexes [Ni(PNP),]*+- 

(y-), (Y = NO, Cl02 have been previously char- 
acterized as low-spin species, where electronic absorp- 
tion spectra and other experimental data seem to 
rule out however a simple quadratic coordination of 
[Nip,] or [NiPaN] type [3]. One can easily expect, 
on the ground of the favorable steric arrangement 
of the planar [PNP] unit in the PNP ligand, that one 
ligand would bind in a facile way to Ni(I1) as in all 
previously observed [Ni(PNP)X]’ species, leaving the 
second ligand with the role of a monodentate phos- 
phine (chromophore [NiPaN]); however, chemical 
evidence shows that there is no free pending phos- 
phine end in solutions of [Ni(PNP)*]*+, so the struc- 
ture should be more complex. The XP spectra yield 
some support to the above assumption, although they 
are not able to indicate unequivocally the actual 
stereochemistry of coordination. Ni2p signals are 
accompanied by weak satellites, again pointing to 
surface presence of some paramagnetic by-product, 
much as in the case of [Ni(PNP)X]’ species, except 
that the intensity of satellites (hence the surface 
concentration of possible impurities) is here even 
lower. On the whole however the spectral patterns 
of Ni ionization are consistent with a low-spin, essen- 
tially diamagnetic structure: the 2paD b.e. value is 
relatively high (855.8 + 0.1 eV) for low-spin Ni(II) 
species, possibly in part as a consequence of the 
higher positive charge (+2) residing on the molecular 
unit which contains the chromophore. 

The Nl s spectrum shows a broad band around 400 
eV (besides the nitrate band at 406.7 eV for Y = 

1-y 
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Fig. 3. C12p XP spectra of: a) [Ni(PNP)Cl](C104), b) [Ni- 

(PNP)Cl] Cl. 

NOa), clearly comprising two components, which 
reveals the presence of inequivalent nitrogen atoms 
in the [Ni(PNP),]** units, and can be deconvoluted 
typically at 399.1 and 400.4 eV (for Y = ClOa), 
i.e. to values corresponding to complexes and free 
nitrogen of the (PNP) ligand. The obvious implication 
is that the two (PNP) ligands are unequivalent, and 
that one (PNP) ligand coordinates again to Ni(I1) 
in the sterically favored planar arrangement occurring 
in all previous cases, while the second ligand is 
certainly bonded to Ni(II) through at least one of its 
phosphorus atoms (thus completing a minimum c.n. 
of four) and having its nitrogen atom non-coordi- 
nated by virtue of steric requirements. 

The actual situation of the other P atom in the 
second ligand is not identified by XPS evidence, 
since the P2p bands are not informative to this 
regard: the P2p signal peaks at 132.0 eV (a few tenths 
of eV above the average of the previous cases; like 
the Ni2p and Nls signals, this might be due to the 
high positive charge of the chromophore-containing 
cationic unit), and is still rather narrow, i.e. without 
evident indication of presence of strongly inequiv- 
alent phosphorus atoms. Actually, the b.e. difference 
between bonded and non-bonded phosphines is small 
enough to seriously impair detection of one non- 
bonded P atom in the presence of three bonded ones, 
but the small width of the observed P2p band makes 
the latter hypothesis implausible. XPS data appear 
therefore compatible both with a pseudo-trigonal 
bipyramidal and with a highly distorted square pyra- 
midal structure, the former structure being favored 
by data from other investigation techniques [3]. 
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Discussion 

X-ray photoelectron spectroscopy (XPS) proves 
useful in contributing to the elucidation of the 
steric and electronic structure of different types of 
Ni(I1) complexes with the (PNP) ligand. Although 
not able by itself to solve completely their structures, 
its use provides support to previous structural hypo- 
theses, as well as further hints for still unsolved 
problems. It also allows detection and possible expla- 
nation of surface effects (distortions, structural 
modifications, formation of surface species), and 
semiquantitative correlations with atomic charge dis- 
tribution, also in comparison with EHT calculations. 
Specifically, the present study of XPS characteriza- 
tion suggests the presence of paramagnetic 
contaminating species often occurring in low-spin 
[Ni(PNP)X]Y complexes, even if in low concentra- 
tion so as to escape bulk analysis; besides, evidence 
was obtained for a strong characterization of qua- 
dratic [Ni(PNP)(NCS)] units in the complicated 
structure of Ni(PNP)(NCS), . 

Chemical shifts of inner core b .e. values, expected 
to give information about coordinated or uncoordi- 
nated situations, occurrence of inequivalent sets 
of atoms and trends of charge distributions, are 
relatively small for the measured signals of Ni (dif- 
fering only slightly betweee high- and low-spin Ni 
species) and of P; more informative are the XP 
spectra of Cl and N which not only allow differen- 
tiation of electronic structures in vastly different 
chemical environments (such as coordinated and 
uncoordinated N in the (PNP) ligand, inner- and 
outer-sphere chlorine, and nitrogen in thiocyanate, 
pyridine ring and nitrate), but which also allow 
detection of more subtle effects such as those observ- 
ed in the different Ni(I1) environments occurring 
in the surface structure of Ni(PNP)(NCS),. Correla- 
tions between observed b.e. shifts and computed 
(EHT) values of atomic charge work satisfactorily at 
a semiquantitative level, and help considerably both 
in solving problems of structural assignment and 
in contributing to the general picture of the elec- 
tronic structure of the investigated chromophores. 

Most of our b.e. data on Nls and (P, S, C1)2p are 
in good agreement with the standard values and the 
ratios of slopes given by Larsson [8]; quantitati- 
vely, the slopes deduced from our data and our 
computed (EHT) values are smaller by a factor of 
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3-4 than the values quoted by Larsson [8], a fact 
which can be due either to neglect of potential 
terms of neighbouring Madelung effects, or to over- 
estimates of atomic charges by our EHT method (or 
both). 

The most relevant fundamental factor of the struc- 
ture of Ni (PNP) complexes emerging from analysis 
of the XPS results is the strong characterization and 
stability of the quadratic steric arrangement of the 
[Ni(PNP)X] units, probably deriving from the favor- 
able steric requisites of the (PNP) ligand for chelation 
on a Ni(II) centre. Such structural units can appear 
isolated (X = Cl, NCS), or act as the basis for 
construction of more complex structures. This is the 
case for X = (PNP) where the rest of the second 
(PNP) ligand modifies presumably the steric arrange- 
ment, or for insertion of nitrate oxygen into the 
enlarged coordination sphere to give high-spin [Ni- 
(PNP)(NOs)a] , or for insertion of further NCS- 
ligands into the enlarged coordination sphere to give 
the high-spin structures reported for solid Ni(PNP)- 

(NCS),. 
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