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Table 1. Ionization energies I relative to vacuo of the 2p shell
of nickel compounds obtained by correction with C,, using the
carbon 1ls signal of scotch tape as internal standard, as
described in the text. The unit is 1 eV = 8067 cm™!

Cy I-values
NiF,, 4H,0 4.7 887.8 882.5 870.5 864.4
KNiFy 3.6 - 882.25 869.9 864.0
NiO 4.8 886.8 879.9 868.6 862.4
NiC,0,, 2H,0 43 8857 879.9 8679 8621
[Ni(H,0),]SO, 41 8852 879.3 867  861.9
Ni(NH,CH,CO,),(H,0); 3.8 883  877.8 865.6 860.4
Nitren (NCS), 4.6 883 878.2 867 860.3
[Ni(tren)phen] (C10,), 4.5 882 871.8 866 860.2
[Ni pheng] (C10,), 50 884  877.6 867  860.0
[Ni eng) SO, 38  883.2 8715 866.0 859.9
Ni dptp, phen 5.2 - 8717 865 859.6
[Ni en,] (C10,), 4.6 - 871.6 - 860.5
[Ni tetracy] (C10,), 4.7 - 8115 — 8601
[Ni aminin,] (NO,), 4.6 - 871.2 - 860.1
[Ni (aminin), Br] Br 4.5 - 876.9 - 859.8
Ni dimethylglyoximate 4.9 - 876.6 - 859.6
Ni dptp, 5.1 - 8167 - 859.2
Ni [S,CN (C.H;),], 4.7 - 875.8 - 858.7
Ni 0, 4.5 884.8 878.0 866.3 860.3
Ni 5.3 878.2 876 860.5 857.8

The ligands are abbreviated:

tren: tris(2-aminoethyl)amine; ¢f.L.RasMusseN and C.K.Jor-
GENSEN, Inorg. Chim. Acta (Padova) 3 (1969) 547.

phen: 1,10-phenanthroline.

en: ethylenediamine; ¢f.M.E.Faraco, J.M.JamEs and V.C.G.
TREW, J. Chem. Soc. 4, 1967, 728.

dptp: di(i-propyl)dithiophosphate (C;H,0),PS3.

tetrac: condensation product of ethylenediamine and acetone; cf.
N.F.Curris, J. Chem. Soc. 1960, 4409.

aminin: 1-amino-1-aminomethyl-cyclohexane, kindly supplied by
Professor F.HEIN; cf.C. K. JORGENSEN, Z. anorg. Chem. 316
(1962) 12.

I values in Table 1, but the major difference is that they
have only two peaks corresponding to the ionization of
the two relativistic (spin-orbit coupling) components
2pi,, and 2ps;,, the former corresponding to I 17.2 eV
higher. On the other hand, the high-spin complexes show
four signals, two for each relativistic component. The
separation between the first and the third peak is close
to 17.7 eV, and the separations 1-2 and 3-4 are about
6 eV. It cannot be simply argued that the peak at higher
I is due to (S = %2) of the ionized system and the lower
I to (S =23/2). In RussELL-SAUNDERS coupling, the
energy difference!? between the two sets of states would
be 3K, (2p,nl) like it is 2 K  (2p,ns) in a 2p%(ns)!
system. However, we have the opposite case, where the
latter system shows the splitting 4K, /3 for 2 ps/, ioniza-
tion and 2K, /3. JouN GRIFFITH was so kind as to point
out that if only the groundstate 3A,, of the 3d® shell is
considered, the 2p., region should show three signals
separated, to the first approximation, by (5K,,/18) and
by (K,,/6) whereas the two signals in the 2p,, region
would be separated also by (K_,/6). This description does
not apply toourcase,becauseitis known'? from WaTson’s
calculations that K, (2p, 3d) = 2G, 4+ 21G, would be
about 1.7 eV, somewhat larger'” than K, (3d, 3d) =
0.65 eV in NiO. On the other hand, the effects of inter-
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electronic repulsion separating the 60 states of 2p5 3d°
or the 270 states of 2 p5 3d® away from the average energy
for a given S have the order of magnitude!® 5.0 and 2.1
¢V in the excited levels of the X-ray absorption spectrum
of NiO. As a matter of fact, the 3 d° system CuSO,,5H,0
has shoulders at 961.7 and 941.4 eV on the major peaks
of the photo-electron spectrum at 958.6 and 938.7 eV.
The conclusion is that whereas the distribution of ioni-
zation probability is a matter of >, , fractional parentage,
they are distributed energy-wise in two regions each
about 6 eV wide in the nickel (II) compounds. It is also
important to note that whereas the (double-sided) half-
width of narrow signals under our standard conditions
(100 eV analyzer energy) invariably is 1.9 to 2.0 eV, the
half-widths around 2.3 eV in high-spin Ni (II) indicate a
superposition of adjacent signals. The «ligand field»
effects are rather negligible energy-wise; the sub-shell
energy difference A varies between 0.9 and 1.5 eV in our
compounds.

On Fig. 3, we have also included the 2p ionization
of the diamagnetic (S =0) cobalt(III) complex
[Co (NH,)] Cl; producing I = 785.2 eV for 2p,, and
800.3 ¢V for 2 p,,. This system, like the closed-shell ZnO
having I = 1026.7 and 1049.8 eV, does not show struc-
ture due to effects of interelectronic repulsion. However,
weak additional signals are seen in the luteo salt at
10 eV higher energy. Since the lower 3d sub-shell has
this order of magnitude of I, it is probable that the
higher-energy satellites are due to primary ionization of
both the 2p and the 3d shell by the same photon. How-
ever, an alternative phenomenon is the AUGER effect,
that the ionized systems eject loosely bound electrons as
a secondary process. If such electrons do not undergo
inelastic scattering with the sample, they have character-
istic kinetic energies and might show up as sharp peaks
in the photo-electron spectrum. However, we have not
seen much evidence for such “superfluous” signals.

It is not easy to know why Ni, O, also shows four peaks
at lower I-values than NiO itself. It is not contrary to
the analogy with the nephelauxetic effect% 17 to assume
slightly lower I of Ni(III) than of Ni(II), and as a
matter of fact, the 4, and 4, ionization energies occur
at lower values for T1(III) than for T1(I) and lower for
Pb(IV) than for Pb (II):

T1,50, 120.3, 124.85
T1,CO, 129.1, 124.65
TIBr 128.75, 124.3
T1,0, 127.35, 123.0
PbF, 150.75, 145.9
Pb(NO,), 150.2, 145.35
PbS 149.9, 145.05
Pbl, 149.6, 144.7
PbO 149.0, 144.15
PbCO, 148.8, 144.0
PbCrO, 148.6, 143.75
PbO, 147.2, 1424

Correspondingly, Pb O, known to contain two Pb (II)
and one Pb (IV) only showed one set (of slightly broaden-
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Table 2. Observed ionization energies of the loosest bound shell of cations and anions in fairly ionic compounds, and I calculated
from the MADELUNG potential for full ionicity. C,, is given as in Table 1

Cy Iobs Icalc Iobs Teate

LiF 4.2 Lils 63.5 75.62— 12.5 = 63.1 F2p 15.6 3.45+12.5 = 15.95
KF 4.15 K3p 24.15 31.81 — 9.42 = 224 13.6 3454 9.42=129

KCl 4.8 23.9 31.81— 8.0 = 23.8 Cl3p 11.9 3.61+ 8.0 =11.6

KBr 4.6 23.3 31.81— 7.64 = 24.2 Br4p 10.7 3.36+ 7.64=11.0

KI 4.7 24.8 31.81— 17.11 = 24.7 I5p 11.0 3.06+ 17.11 =10.2

CsF 4.1 CsSp 16.3 25.1 — 8.35 = 16.75 F2p 14 3.45+ 8.35=11.8

CsCl 5.2 19.6 251 — 71 = 18.0 Cl3p 13.4 3.614+ 7.1 =107

CsBr 4.9 18.3 251 — 6.83 = 18.3 Br4p 12.0 3.36+ 6.83 = 10.2

CsI 5.15 18.75 25.1 — 6.41 = 18.7 IS5p 11.85 3.06+ 6.41 = 9.5

CaF, 4.55 Ca3p 33.4 51.21 — 15.35 = 35.85 F2p 16.15 3.45+415.35 = 18.8

SrF, 5.5 Sr4p 28.6 (43.5) — 14.3 =(29.2) 17.0 3.45414.3 = 17.75
BaF, 4.7 Ba5p 23.6 (41.5) — 13.5 =(28) 16.3 3.45+413.53 = 17.0

CdF, 4.75 Cd 4d 19.15 37.47— 15.5 = 22.0 13.65 3.45+4+15.5 = 18.95
MgO 4.4 Mg 2p 56.4 80.12— 239 = 56.2

Zn0 4.9 Zn 3d 15.65 39.7 —(23) =(16.7)

ZnS 2.7 15.7 39.7 — 20.0 = 19.7

Cdo 4.9 Cd 4d 19.4 37.47— 21.44 = 16.0

Cds 4.7 18.3 37.47— 18.7 = 16.8

lateral tape for this purpose, though it needs to be glued
120° at first and then turned in counter-clockwise
direction some 500° in order to expose the adhesive sur-
face to the powder. When we try double-sided scotch
tape (which would be more convenient) it shows a second
carbon signal at higher I due to C—0O—C bridges in a
poly-ether (like cellosolve) or carbonyl groups, and what
is more serious, an oxygen signal even stronger than the
carbon signal.

We recommend to assume I = 290.0 eV for carbon
1s in one-sided scotch tape (which must be essentially a
hydrocarbon ~ CH,). Among the arguments for this
choice is the well-known fact? that the carbon I varies as
a linear function of x in gaseous CH_F,_, between 290.8
¢V for CH, and 301.8 ¢V for CF,. By the way, the fluori-
ne 1s also varies linearly from 692.4 eV in CHF to
695.0 eV in CF,. We are writing a paper?® on fluorides.
When teflon (PTFE) tape (consisting of polymerized
CF,) is measured, the two carbon signals are separated
by 10.2 eV. This supports the general opinion that the
bonding of a carbon atom to hydrogen atoms have the
same effect as bonding to other carbon atoms, and that
catenated hydrocarbons such as scotch tape should not
be very different from CH,. If 290.0 ¢V is accepted. for
scotch tape, the CF, polymer has I = 300.2 eV for C 1s
and 696.7 eV for F 1s. In this connection, it is worth
noting?3 26 that I for N 1s in gaseous ONF; is 417.0 eV,
N, 409.9, NH,; 405.6 and the central atom in NNO
412.5 whereas the terminal nitrogen atom has 408.6 eV.
These values may be compared with 409.7 for NOj,
403.2 coordinated ethylenediamine, 406.3 for NH; and
404.9 ¢V for coordinated ammonia on Fig. 4. It must be

2¢ C.R.BrunpLE, M.B.RoBIN and H.Basca, J. Chem. Physics 53
(1970) 2196.

2 C.K.JoRrRGENSEN, H.BERTHOU and L.BALSENC, J. Fluorine Chem.,
under preparation.

26 P, FINN, R.K.PEARSON, J.M. HOLLANDER and W.L.JoLvry, Inorg.
Chem. 10 (1971) 378.

realized that almost all I-values in the literature are
relative to the supposed work function, and hence some
4 eV lower than our values. The scotch tape correction
C, in Tables 1 and 2 is the difference between 290 eV
and the read-out of the instrument for the lowest I
carbon signal observed. In literature, it is frequently
suggested to use pump oil (which is also essentially CH,)
as internal standard. We believe that it is more conve-
nient (for comparison with M.O. calculations, with ato-
mic spectroscopy and with photo-electron spectra of
gaseous samples!) to estimate I relative to the empty
space rather than relative to the work-function, at least
in the case of non-metallic solids.

Perhaps the best argument available for I being
290 £ 1 eV for carbon 1s in scotch tape is the agree-
ment with the theory of MADELUNG potentials1417 for
typically ionic salts if this value is accepted. Table 2
shows the observed ionization energy of the outermost
orbitals of the cation and the anion, and the theoretical
value obtained by adding V to the ionization energy of
the halide anion known from spectroscopic studies of
BErRY and REIMANN? and subtracting V7 from the
ionization energy of the cation known from CHARLOTTE
MooRE’s tables®. It is seen in Table 2 that the agree-
ment is good for the alkali-metal halides and slightly
worse for the compounds of the divalent metals. With
exception of the wurtzite ZnO, all the crystals in Table 2
are cubic, and ¥ can be found explicitly from the expres-
sion (a*/a) where a is the unit cell parameter in A and
the reduced MADELUNG constant a*

50.2 eV for NaCl type
29.3 eV for CsCl type
83.6 eV for CaF, type
54.4 eV for CuCl type

22 R.S.BeRRY and C. W. REIMANN, J. Chem. Physics 38 (1963) 1540.
28 C.E.MooRE, Atomic Energy Levels, Nat. Bur. Stand. Circular No.
467,Vol. I, IT and III, Washington (D.C.) 1949, 1952 and 1958.
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Br—Br chemical interactions into account) and finally
into twelve distinct I-values for relativistic reasons 2% 3,
Tt would be conceivable that the two maxima correspond
to ¢ and 7 orbitals, but the indisputable observation of
d ionization in post-transition group compounds [such
as zinc (II) and cadmium (II)] makes it far more pro-
bable that the narrow peak at 9.8 eV is due to ionization
from the lower sub-shell of Pt 5d containing six electrons.
This opinion is supported by (NH,),PtCl; having a broad
peak at 13.1 and a sharp peak at 9.6 e¢V. Comparable
structures have been observed (shoulders in parenthesis) :

[Co (NH),] Cly 9

[Ru (NH,)] Cl, 8.9
[Ru(NH,);NCS] (ClO,), 8.8
[N (CH,),]3[Ru (NCS),] 8.9

K,ReCl, 12.1, 9.7, ~ 7.7
K ,05Cl, 12.1, 10,6, (8.6)
[Ir (NH,);ClI] Cl, 9.2

K,IrBr, 11.9, (10.5), 8.7

Surprisingly enough, the lowest I value is rather on the
low side of the formula applied to halides, since

Xopt ? PN
Co (I1T) 2.4 10.0
Ru (I1T) 2.1 8.9
Re(IV) 2.1 8.9
Os(1V) 2.2 9.2
Ir (IIT) 2.25 9.4
Ir(IV) 2.4 10.0
Pt(1V) 2.6 10.6

though considerations of charge separation effects!s:30
rather suggest that the difference between I of the ligand
and of the central atom should be smaller than 3.7 eV
times the difference of their optical electronegativities.
The latter argument is clearly backed up by 4f group
compounds (¢f. also treatment by far-ultra-violet
induced photo-electron spectra’! and X-ray emission and
absorption spectra®? both of oxides and of metallic
elements) where we find strong peaks close to 15 eV in
Dy,0,, Er,0;, Yb,0; and Lu,0;. It is clear from the
electron transfer spectra® that the difference in x,,, is
some 1.3 unit (5 eV) in Yb,0, and larger in the earlier
oxides whereas we rather find a negative difference of I
values between O 2p and M 4f. Said in other words, the
ionized states M (IV) produced in M,04 by removing a
4f electron are almost degenerate with the ionized states
produced by removing an electron from oxide. It is not
recommended to say that the excited state has strong
covalent bonding because of this degeneracy, but it is
still fascinating. On the other hand, the states of M,0,
studied by visible spectra show a very moderate nephel-
auxetic effect 17> 32 indicating that the partly filled 4 f shell

3L P, O. HEpEN, H. LOFGREN and S. B. M. HAGSTROM, Physic. Rev.
Letters 26 (1971) 432.

32 R,C.KARNATAK, Theése, Université de Paris, 1971.

33 C.K.J9oRGENSEN, R.PAPPALARDO and E. RITTERSHAUS, Z. Natur-
forsch. 20a (1965) 54.
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is only very slightly expanded and delocalized by cova-
lent bonding.
' The most favourable case for study of 3d ionization
in iron group compounds would be a fluoride. KNiF; has
a broad signal at 15.6 eV undoubtedly connected with
F2p and an asymmetric peak at 12.6 eV slowly fading
away toward lower I and still perceptible at 10.6 eV.
This is a somewhat ackward position for Ni 3d which
should be easier to ionize (it may be noted that K 3 p has
the unusually high I = 24.8 eV which may be compared
with 24.1 in KClO, and 22.4 in K,ReCl;) but the two
sub-shells in the octahedral chromophore Ni(II)F,
containing six and two electrons may be responsible for
the asymmetric signal. This kind of problem of utmost
importance to the understanding of chemical bonding
merits much further study. The best analogy in gaseous
compounds? is the sharp V 3d peak of VCl, at 9.41 eV
having additional (mainly Cl 3p) delocalized M.O. be-
tween 11.75 and 14 eV exactly like TiCl, without a 3d-
like electron34, The first electron transfer band?® of
VCl, at 24800 cm™ indicates x,,, = 2.1 for vanadium-
(IV) after correction for spin-pairing energy, in reason-
able agreement with I = 8.9 eV calculated above. It may
be that charge separation effects are more important in
KNiF; than in the chlorides discussed here. Other
gaseous 3 d group compounds such as tetrahedral Ni(CO),
having I = 8.8 and 9.7 eV for the two sub-shells or
Ni(PF;), having I = 9.55 and 10.58 eV3® cannot so
readily be brought in relation to electron transfer
spectra3® neither M(CO); (M = Cr, Mo, W) having
I = 8.5 ¢V for their six d-electrons®. The lowest I known
for a gaseous molecule? is 5,75 eV for Co (C;H;), having
the two sets of bonding d-like orbitals at 7.3 (and 9?) eV.
The latter occur at 6.9 and 7.2 eV in Fe(C;H;),.

The potassium and bromine signals on Fig. 5, as well
as signals at higher I, are almost the same in the two
compounds

KBr K,PtBrg
K 2py, 302.4 301.45
K 2psj 299.8 298.8
Br3py, 195.4 194.8
Br 3ps. 188.7 188.25
Br 3d 75.6 75.2
K 3s 39.3 39.4
K3p 23.3 23.1
Br4p 10.7 12.4

For comparison, it may be mentioned that the K 2p
signals occur at 301.6 and 299.0 eV in KBrO,; whereas
the Br 3d signal is seen at 81.6 eV. Hence, Br(V) has I
increased 6.0 eV in bromate relative to the value for
Br (—I). The weak peak seen on Fig 5 at 65¢€V is due to

3 P, A. Cox, S.Evans, A.HAMNETT and A.F. ORCHARD, Chem.
Physics Letters 7 (1970) 414.

3 J.C.GRrEEN, D.L.KiNc and J.H.D.EranD, Chem. Comm. (Lon-
don) 1970, 1121.
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the lack of absolute monochromacy of the photons
employed. The so-called aluminium Kag line (due to the
transition 1s 252 2p5 — 1% 252 2p? in an atom lacking
two electrons in inner shells) occurs at 1496.4 eV, at 9.8
eV higher energy than the main line. Hence, it cannot be
avoided that weak signals occur at apparent I values
9.8 eV lower than the main peaks. The continuous
background in the exciting spectrum only contributes
to the undifferentiated background in our measurements.

It is difficult to tell all about the future from the
experience gained in three months. However, we firmly
believe that chemical shifts and multiple I in systems
having positive S are the most interesting results, to-
gether with the delicate and difficult problems of study-
ing the valence region. We have not had great luck with
mixed oxidation states (though excellent work3® has
been reported on Prussian blue) but we cooperate with
DAy and with Lubi, planning work on cyanides of two
d-group elements together. A most important question
has recently been resolved by MANNE and ABErc®.
When I for 15 electrons of methane or neon is measured,
they are 15 to 20 eV lower than the first-order HARTREE-
Fock values obtained with «frozen» outer orbitals
(such as 2p) whereas they are in excellent agreement
with the energy difference between the HARTREE-Focxk
wave-functions of the ionized state lacking a 1s electron
(with adapted, contracted, outer orbitals feeling an
additional potential 1/r) and of the groundstate. It
might at first seem paradoxical that the other nine
electrons have the time during the excitation by the
X-ray photon to contract their orbitals, but the truth
is more subtle3’. The primary peak of ionization dis-
cussed here is followed, at higher energy, by a long series
of weak peaks corresponding to the simultaneous
ionization of two or three electrons. It turns out that
the average energy of all this structure including the
primary peak occurs at the Koopmans value obtained
in the approximation of “frozen” orbitals, constituting
an electronic analogy to the vibronic effects governed
by Franck and ConNponN’s principle. This has very
important bearings on the time-scale of the primary
process of photo-electron spectra, which must be well
below 10715 sec. For the study of solid samples, it is
rather an advantage that the rest of the structure is
broadened out beyond recognition in the weakly oscillat-
ing background, whereas it and the related AUGER
electrons are of interest in gaseous samples. Actually,
the weak satellites shown on Fig. 3 in the case of
[Co (NH;)]Cl, are rather the exception and seems to be
a rather specific effect of co-ejection of d electrons.

The chemical effects and other features of photo-elec-
tron spectra clearly show that the concept of «inner
shell energies» of a given element is not as sharply
defined assometimes believed by X-ray spectroscopists 8.

3 D.LemBrRITz and W.BREMSER, Chemiker-Z. (Heidelberg) 94
(1970) 882.
3 R.MANNE and T.ABERG, Chem. Physics Letters 7 (1970) 282.
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As pointed out many years ago by CaucHois, the effects
of interelectronic repulsion modify the simple identifi-
cation of emission line wave-numbers with differences
between orbital energies. The usual treatment tends to
concentrate the concomitant uncertainties on the loosest
bound orbitals, and it is hence highly useful that I can
be directly determined from photo-electron spectra.
This is also why the problems related to internal
standards, such as the 290 eV definition, are so impor-
tant for the general understanding of energy levels high
up in the continuum beginning with the lowest I.

Our instrument operates at pressures below 3 - 1073
mm though ten times lower pressures frequently are
obtained. Hence, volatile substances should not beintro-
duced without appropriate cooling. Sufficiently volatile
materials make no troubles, they evaporate by the
pumping, which anyhow has to be done for 10 to 20
minutes after each new sample. It is far more incon-
venient that some materials may maintain a low pressure
(preventing the measurements) for a long time. We have
only had this experience twice. Mo (CO)g (which would
have been nice to have for comparison with the well-
resolved measurements below 21 eV of the vapour!)
entertained a constant pressure of 13 - 1073 mm, like in a
text-book of thermodynamics, and had to be pumped
on a night before it was removed from the system. A gold
sample covered with mercury maintained 1.2 - 10~3 mm
and was removed after unsuccessful pumping for three
hours. In this connection, it is interesting that TovBoRG
JENSEN® pointed out that most salt hydrates only
establish their equilibria with water vapour very slowly
if the crystals are hard in the mineralogical sense. There
is no reason to believe that a hydrate establishing
equilibrium with a moderate water vapour pressure only
within many days would dehydrate much more rapidly
at extremely low pressure. As a matter of fact, we have
succeeded in measuring photo-electron spectra of several
hydrates without difficulty.

One should always have the eyes open for the possibi-
lity of samples decomposing during the measurement,
and it may be advisable to repeat one or more character-
istic regions. Thus, the Au 4 fsignals of KAuBr, consisted
in the beginning of a shoulder at 97.6 and two maxima
at 95.1 and 91.8 eV, already suggesting some decomposi-
tion (KAuCl, shows maxima at 97.4 and 93.85 eV).
After an hour, the two peaks occur at 93.6 and 90.0 €V,
probably due to a gold (I) compound such as KAuBr,
since metallic gold has the peaks at 91.7 and 88.05 eV
on our scale. This is not necessarily a photo-chemical
decomposition by the X-rays but may a simple dissocia-
tion of elemental bromine. Actually, 1 cm? of the:typical
surface layer producing the counted photo-electrons
contains about 1016 atoms, and it is not clear whether,
say, 101 photons pass with a photo-chemical quantum

38 J.A.BEARDEN and A.F.BURR, Rev. Mod. Physics 39 (1967) 78 and
125.
3 A.TovBoRG JENSEN, Ark. Kemi (Stockholm) 30 (1968) 165.
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yield of 10 in a typical measurement. The number of
counts is seven orders of magnitude lower. However,
K(Cl and CsCl turned blue due to formation of “F?”
colour centers. On the other hand, one litre of air diluted
to the pressure 10~ mm contains 106 oxygen molecules,
showing how difficult it is to prevent oxidation of
immediately reacting surfaces. We have found carbonate
on the surface of a remarkable variety of samples.
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