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The X-ray photoelectron spectra of core levels of KrF,, XeF,, and XeF, have been obtained. We observe a number of
satellites on the low kinetic energy side of these core levels, and these satellites have been assigned to monopole-allowed
shake-up transitions by using Xa—SW hole state calculations and atomic model calculations. Calculated energies are generally
in reasonable agreement with observed values, and the calculated intensities for the low-energy shake-up transitions in KrF,
are in good agreement with the observed intensities. An Xa-SW calculation on the KrF, ground state gives good agreement

with the experimental valence-band energies.

Introduction

There have been a number of recent spectroscopic studies
on the Xe fluorides, XeF,, XeF,, and XeFg,? but there has been
less interest in the very unstable krypton analogue KrF,.
However, the He I and He II photoelectron spectra of KrF,
have been obtained,* and the molecular orbital scheme has
been derived from these spectra and theoretical calculations.*$
The KrF, electronic structure is strikingly similar to that of
the XeF, analogue.*

We have been interested in characterizing the shake-up
spectra of rare gas atoms’ and molecules.? In our previous
work on XeF,, we were able to interpret the Xe 3d shake-up
spectra using SCF-Xa-SW calculations® and a rather novel
simple atomic model first used by Lindholm,® which gave
suprisingly good predictions for the shake-up energies.

In this paper, we concentrate our attention on the KrF,
shake-up spectra but also report the Xe 4d and Xe 3d shake-up
spectra of XeF, and XeF,, respectively. We are able to assign
the Kr 3d and F 1s shake-up spectra readily using Xa cal-
culations and the atomic model. The valence orbital energies
from a ground-state X« calculation are in better agreement
with the observed photoelectron energies than previous theo-
retical calculations.

Experimental Section

The compounds KrF,, XeF,, and XeF¢ were all synthesized by
Schrobilgen using referenced methods.»!® Spectra were obtained
on a McPherson 36 photoelectron spectrometer using either Mg Ko
(KrF,) or Al Ka (XeF,, XeF¢) sources to circumvent the problem
of overlapping Auger peaks.

Decomposition, especially with KrF,, was considerable using the
standard McPherson stainless gas-inlet system. For this reason we
constructed an inlet system out of Kel-F except the sample cell itself.
Minimal decomposition was detected with this setup. All of the
rare-gas fluorides have adequate vapor pressure at room temperature
for easy collection of the spectra. KrF, however is unstable at room
temperature and thus had to be kept cold during data acquisition.
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We found that a hexanol/liquid N, bath (~-50 °C) was perfect for
this purpose. At this temperature the Kel-F valves could be opened
wide, and the KrF, vapor pressure was just adequate for reasonable
statistics. KrF, and XeFg degraded our channeltron detectors rapidly;
and thus the spectra of these two compounds could not be multiscanned
as long as for XeF, to obtain comparable statistics.

The gas pressure in our gas cell, although not measured directly,
is not high enough to observe satellites due to inelastic scattering. For
example, shake-up spectra of CH,!! obtained in this laboratory do
not show the inelastic peak and shoulder at 9.9 and 15 eV, respectively,
seen by Pireaux et al.”? However, we cannot totally rule out inelastic
peaks for these molecules. The spectra were fit by a least-squares
program written by Coatsworth!'? and modified to constrain spin—orbit
doublets by R. P. Gupta. The shake-up intensities were calculated
with an Xa program written by G. Loubriel'* and modified by J.S.T.
to operate on our computer system.

Results and Discussion

(a) KrF,. The Kr 3d and F 1s shake-up spectra of KrF,
are shown in Figures 1 and 2, respectively. The Kr 3d
shake-up spectra have been fit to spin-orbit doublets, with the
energy separation and intensity ratio of the doublets con-
strained to the values from the Kr 3d primary line. The
experimental and theoretical energies and intensities along with
the assignments are listed in Tables I and II. These assign-
ments have been made with the aid of the Xa and atomic
model calculations.

We have carried out Xa—-SW calculations on the ground
state and Kr 3d and F 1s hole states of KrF,. The parameters
employed are listed in Table II1, and the highest / values used
in the basic functions are 3, 3, and 2 for the outer, krypton,
and fluorine spheres, respectively. The percent orbital char-
acter and energy eigenvalues for the ground and Kr 3d hole
states appear in Table IV. We have lowered the symmetry
to C., for the F 1s hole state (Table V) since theoretical work
has found that deep core holes are best described as localized
on a single atom.'> The orbital numbering has been changed
to accommodate C., symmetry. However, the origin of the
orbitals in the lower symmetry can be traced back to D.,;
symmetry since their ground-state energies are identical (e.g.,
60, = 90). This equivalence of course does not apply for the
F Is hole state, where the fluorines are now inequivalent. A
molecular orbital diagram for the two hole states is given in
Figure 3. The left side of the diagram corresponds to the
situation with a Kr 3d hole while that on the right represents
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Table I. Kri’, Kr 3d Shake-up

Bancroft et al.

theor?
exptl AE(Xa-SW),  aE(atomic
line no. transition AE, eV intens,? % eV model), eV intens,? %
1 S0, = 60y 8.4+0.5 9.8 10.3 12.5 9.8
2 2myg = 3mg* 16.5 £ 2.0 2.4 14.2 0.4
3 3y = Smu* (Sp) 19.6 + 2.0 2.5 19.6 233 3.7
4 Say = Toy* 224 2.0 2.3 220 24.1 0.1
5 Tag = Yog* () 28.1+ 1.0 3.4 29.9 33.7 0.1
6 4a, > Toy* 35.1+ 1.0 1.5 34.9 40.3 0.03

@ Uncertainties in the Xa-SW energies and intensities are at least +1 eV and 10%, respectively. © Relative to the primary Kr 3d peaks.

Table II. KrF, I 1s Shake-up

exptl theor
line intens,® intens,?
no. transition AE, eV %  AE, eV %
1 120 = 140* 10.2 0.5 12.9 14.3 13.0
2 6w > 8r* 134+ 0.5 5.9 15.5 2.1
6m = Tm* 14.2 0.6
3 S > 8n* 16.3 £ 0.5 4.9 17.0 0.4
S —>n* 15.7 0.1
4 47 - 8x* 17.9+0.5 3.1 25.2 0.4
47 = Tg* 23.8 0.1
106 = 140* 24.3 0.2
@ Relative to the primary F 1s peak.
Table III. Parameters Used in the Xo~SW Calculation (au)
region X Y V4 R a
Kr 0.0 0.0 0.0 2.0301 0.705 74
F 0.0 0.0 3.61 1.5799 0.737320
F 0.0 0.0 ~3.61 1.5799 0.737320
outer 0.0 0.0 0.0 5.1899 0.725478
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Figure 1. Shake-up spectrum of KrF,: (a) full scan of the Kr 3d
region; (b) blowup of the shake-up region.
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Figure 2. Shake-up spectrum of the F Is orbital in KrF,.
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Figure 3. Molecular orbital digrams derived from Xa—SW calculations
for the Kr 3d and F 1s hole states in KrF,.

the energy ordering with a F 1s hole.

Before discussing the shake-up further, it is worthwhile to
test the accuracy of the Xa method by calculating the valence
binding energies for KrF, and comparing these with the ex-
perimental values* and other theoretical calculations (Table
VI). In general, the present calculation provides better
agreement with experiment than the previous calculations. All
three calculations are in very poor agreement with the 7¢, (Kr
4s) orbital at 23.0 eV. A subsequent analysis® of the original
spectrum* suggests that in fact this broad peak is most likely
the result of configuration interaction.
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Table IV, Calculated Eigenvalues (Ry) and Charge Distribution (%) for KrF, Ground State D and 3d Hole State Valence

Molecular Orbitals

ground state hole state

orbital  energy, Ry outer % Kr % I'% inter % energy, Ry outer % Kr % ' % inter %

6og ~2.494 0.22 17.92 (s) 80.25 (s) 1.60 -3.159 0.08 53.04 (s) 46.25 (s) 0.63

Tog -2.099 0.14 75.74 (s) 20.27 (s) 3.86 -2.878 0.20 43.84 (s) 52.85 (s) 0.31

8og -1.062 1.31 11.78 (d) 85.53 (p) 1.38 —1.662 0.95 11.73 (d) 87.20 (p) 0.12

90g* ~0.645 23.44 (s) 0.63 1.09 69.17

100g* -0.517 14.21 (d) 29.14 (d) 0.34 56.31

2ng -1.068 0.41 1.81 88.12 (p) 10.17 -1.633 0.26 1.39 89.65 (p) 8.70

3ng* —0.444 13.93 (d) 31.77 (d) 7.25 (p) 47.04

4oy —2.463 0.35 5.72 (p) 96.61 (s) 1.32 -3.048 0.28 7.24 (p) 91.85 (s) 0.62

Soy —-1.382 0.87 45.34 (p) 54.99 (p) 1.20 -2.083 0.49 59.03 (p) 42.40 (p) 0.0

6oy* -1.359 1.14 33.43 (p) 62.40 (p) 3.04

To,* —-0.436 45.80 (p) 1.50 2.78 49.9

3ma -1.184 0.24 56.97 (p) 28.00 (p) 14.78 -1.934 0.03 84.49 (p) 5.22 (p) 10.26

47y -0.997 0.41 28.45 (p) 62.43 (p) 8.71 -1.604 0.38 6.17 (p) 86.40 (p) 7.06

Smy* -0.515 37.49 (p) 2.76 (p) 0.86 58.89
Table V. Calculated Eigenvalues (Ry) and Charge Distribution (%) for K1, Ground State Cwoy, and F 15 Hole State Valence
Molecular Orbitals

ground state hole state
energy, energy,

orbital Ry outer% Kr% F* % F % inter % Ry outer % Kr % F*% F % inter %
90 —2.494 0.22 1792(s) 39.53(s) 40.73 (s) 1.60 —3.368 0.18 4,86 (s) 94.21 (s) 0.012 0.74
100 -2.463 0.35 5.72 (p) 46.90(s) 45.70 (s) 1.32 -3.073 0.23 11.23 (s) 0.20 87.37 (s) 0.96
110 -2.099 0.14 7574 () 10.14(s) 10.12(s) 3.86 —2.692 0.08 81.03 (s) 6.46 (p) 9.46 (s) 2.97
120 —1.382 0.87 4534 (p) 2746 (p) 27.53(p) 1.21  -2.113 0.58 26.41 (p) 66.00 (p) 8.94 (p) 1.92
130 -1.062 131 11.78(d) 42.77 (p) 42.75 (p) 1.38 --1.788 0.68 25.02 (p) 20.66 (p) 53.39(p) 0.25
140* -1.316 0.72 51.55(p) 10.09(p) 33.50(p) 4.14
150* —0.621 26.46 (s) 4.76 (s) 0.53 0.51 67.74
160* -0.428 48.26 (p) 1.75 1.52 1.34 47.13
47 ~1.184 0.24 56.97 (p) 13.95(p) 14.06 (p) 14,78 -1.998 0.14 2.34 92.22 (p) 0.03 5.28
Sm -1.068 0.41 1.31 4391 (p) 44.21 (p) 1.02 -1.712 0.15 47.49 (p) 1.63 39.10 (p) 11.62
6n -0.997 041 28.45(p) 3142(p) 31.01 (p) 8.71 -1.596 0.19 38.13 (p) 0.96 52.07 (p) 8.65
Tn* -0.497 40.30 (p)  3.38 0.37 0.28 55.68
8m* —0.405 26.01(d) 16.75(d) 2.49 2.93 51.82

Table V1. Experimental and Theoretical Valence QOrbital
Energies (eV) of KrF,

theor
Xa-SW
orbital exptl  (this work)  ref4 ref 5
4ry, 13.34 13.56 10.5 1543
13.47
8og 13.90 14.57 7.9 14.71
2mg 14.37 14.53 12.6 17.64
3my 16.92 16.11 15.0 19.36
Soy 17.7 18.80 16.1 20.85
Tog 23.0 28.56 29.0 33.77
40, not obsd 133.51
60y not obsd 33.94

For this reason and because of the good agreement observed
for the other valence levels with the Xa—SW calculation, we
have employed the theoretical binding energy for the 70,
orbital in the KrF, MO diagram based on the atomic model
(Figure 4). Photoelectron spectra have been used to position
the ground-state Kr*!6 and KrF,* valence orbitals, and the Kr
virtual levels have been taken from Moore’s atomic tables.!”
The 3d hole state levels have been positioned by using the
shake-up spectrum of atomic Kr7 with the same assumptions
as for XeF,.? The major assumption is that the Rydberg
orbitals in atomic Xe and XeF, or in atomic Kr and KrF, have
the same energy. This assumption leads to good agreement
betwg,en predicted and observed shake-up energies in the XeF,
case.

With the molecular orbital diagrams in Figures 3 and 4,
we are now in an excellent position to assign the experimental

(16) W. Lotz, J. Opt. Soc. Am., 60, 206 (1970).
(17) C. E. Moore, Natl. Bur. Stand. (U.S.), Circ., No. 467 (1958).

shake-up spectra in Figures 1 and 2. We consider only
transitions to the first member of the Rydberg series (i.e., 5s
or 5p) because the intensity of the transition to higher members
of the Rydberg series has been found to be much weaker.!®
Both the atomic model and X« calculations predict the same
order, while the Xa calculations give considerably better
agreement with experiment. By far the most intense peak in
the Kr 3d spectrum is peak 1 (at 8.4 eV), which is assigned
to the 5S¢, — 60,* transition. This is analogous to the low-
energy transition (6o, — 70,*) observed in XeF, at 8.05 eV .’
As with XeF,, both the X« calculation and atomic model
overestimate the energies for this shake-up peak (Table I). In
addition to the shake-up energy calculations, we have also used
Loubriel’s program!* to calculate molecular shake-up inten-
sities in KrF,. The 5¢, — 60, * transition represents a good
test case for this calculation, as it is the only shake-up peak
with very well-defined energy and intensity. The agreement
between the experimental (9.76%) and calculated (9.82%)
intensities is remarkably good. The Xa-SW calculation (Table
I) predicts that the next most intense peak will belong to the
3w, — 5= ,* transition (3.74%). This is predicted to be at least
10 times more intense than the remaining shake-up transitions.
An investigation of the orbital character (Table IV) shows that
the 3, orbital is predominantly Kr p in character and the 57,*
is largely Rydberg p character. Employing the atomic model
formalism, we draw an analogy between this transition and
the atomic Kr 4p — Sp transition. The fact that this transition
has been predicted to be the most intense of the Rydberg type
excitations clearly supports the atomic model. The 7, — 9¢,*
transition, which is analogous to the atomic Kr 4s — 3s
transition, is also predicted to be one of the more intense

(18) U. Gelius, J. Electron Spectrosc. Relat. Phenom., 5, 985 (1974).
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Figure 4. Energy levels for the ground and 3d hole states in KrF,
obtained by using the atomic model.

Rydberg transitions (0.11%).!! The 5¢, — 70,* transition is
from a Kr p to Rydberg p type orbital, which is again con-
sistent with the atomic model. The other two assignments (2,
— 37,* and 40, — 70,*) were made on the basis of the most
intense transitions in the pertinent energy range. Apart from
the good agreement between calculated and observed intensities
for the 50, — 60,* transition, it is apparent that calculated
intensities are not in good agreement with observed values.
The assignment of the F 1s shake-up spectrum (Figure 2)
is somewhat more difficult than that of the Kr 3d spectrum
since the localized F 1s hole requires a lowering of the sym-
metry from D, to C.,. Formally, then, far more transitions
are allowed as there are only ¢ and = type orbitals. Also, the
atomic model cannot be applied to the F 1s hole situation, so
that all assignments have been based on the Xa~SW energies
and intensities. The various assignments and the corresponding
energies and intensities have been listed in Table II. As with
the Kr 3d spectrum, the only completely unambiguous as-
signment can be made for the first peak 120 — 140*. The
agreement between the observed (12.94%) and calculated
(12.96%) intensities is excellent, and the percent orbital
character (Table V) indicates that this transition is analogous
to the 50, — 60,* transition in the Kr 3d hole state. The

Bancroft et al.
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Table VII. Xel', Xe 4d Core Level Satellite Lines

energy, eV
fwhm
line no. assignt obsd (intens)? theor
1 e, = 8Be,* 10.7 2.8 (4.0) 10.28
2 Sa,, > 6p 21.8 3.2 (2.3) 17.5¢
2 4a,, > 6p 21.8 3.2(2.3) 22.3¢
3 9a,g = 6s 25.8 3.2 (2.0) 31.8°

4 In percent; relative to main Xe 4d photoline. b Reference 20.
¢ Atomic model; valence binding energies taken from ref 21.

intensities of the remaining peaks, as was the case in the Kr
3d calculation, have been considerably underestimated. The
reason for this is not entirely clear but could in part be due
to shake-off limits coincidental with the observed peaks or
contributions from inelastic scattering. This would tend to
enhance their intensity.
(b) XeF, and XeF,. The greater complexity of the molecular
orbital scheme for XeF, and XeF4!° makes it much more
difficult to assign these spectra. Because the F 1s line overlaps
the Xe 3d spectrum, we recorded the Xe 4d spectrum (Figure
5). This spectrum can be fitted rather well with three spin—
orbit doublets. The transition energies and assignments are
summarized in Table VII. In order to make these assign-
ments, we have assumed that the most likely transitions will
involve valence orbitals exhibiting considerable Xe p or s
character. To facilitate determination of the orbital character,
we have performed an Xa~SW calculation on XeF,. The
orbitals with significant Xe character are 4a,, (35.2% p), 5a,,
(31.4% p), 6e, (36.3% p), and 9a;, (74.5% s). A recent
DVM-Xua calculation on XeF,2 has calculated the binding

(19) H. Basch, J. W. Moskowitz, C. Hollister, and D. Hankin, J. Chem.
Phys., 55, 1922 (1971).

(20) G. L. Gutsev and A. E. Smoljar, Chem. Phys., 56, 189 (1981).



Inorg. Chem. 1983, 22, 2677-2680 2677

XeF;
Xe 3d
5t1u‘l*8t1‘u
|
Fis ||
x10 ‘3d5/2
3d3/2 |
n /l
J / \U
7220 6820

BINDING ENERGY (eV)
Figure 6. Shake-up spectrum of the Xe 3d orbital in XeF;. Counts

on the Xe 3ds/, line total over 3000. The lines are a seven-point smooth
to the data.

energy of the lowest unoccupied molecular orbital (8¢,*). The
monopole selection rules allow transitions to this virtual level
from the 7e,, 6e,, or Se, valence orbitals. Since only the 6e,
valence orbital has appreciable Xe character, we would predict
the transition to be 6e, — 8e,*. With the eigenvalues obtained
from the DVM—-Xa calculation, the transition energy is 10.2
eV, which corresponds almost exactly with that observed for
peak 1 (10.7 eV). This transition (6e, — 8e,*) is analogous
to the lowest energy shake-up peak observed in XeF, (60, —
To.%).

In lieu of a theoretical calculation dealing with the higher
virtual levels in XeF,, we have used the atomic model to assign
peaks 2 and 3. The Rydberg 6s and 6p orbitals of XeF, are
positioned exactly as they were in XeF,.> The two orbitals
containing the majority of the Xe 5p character are the 4a,,

and the Sa,, levels. The energies of the two shake-up tran-
sitions (5a,, — 6p; 4a,, — 6p) can be easily determined via
the atomic model in conjunction with the experimental valence
binding energies.?! As is evident in Table VII, the calculated
4a,, — 6p transition at 22.3 eV is much closer to the observed
(21.8 eV) than the Sa,, — 6p transition (17.5 eV).

Peak 3 has been assigned to the 9a,, — 6s transition. The
9ay, orbital is 74.5% Xe s in character. Hence this shake-up
transition is analogous to the atomic Xe 5s — 6s transition.
The agreement here is the poorest as one might expect since
the atomic model assumes that the Xe 5s orbital shifts the
same amount as the predominantly Xe 5p orbitals on core hole
formation.

The Xe 3d shake-up spectrum of XeF; is presented in Figure
6. It was not possible to obtain a reasonable Xe 4d spectrum
because of channeltron degradation. We did not attempt a
computer fit of this spectrum because of its complexity and
lack of resolution. As with XeF, and XeF,, there is one clearly
defined low-energy peak corresponding to the first bonding
to antibonding transition. The shake-up peak associated with
the Xe 3d;, level has been assigned on the spectrum. The
analogous peak resulting from Xe 3d;, ionization is hidden
beneath the F 1s peak. A recent DVM-Xq calculation on
XeF¢20 has located the lowest unoccupied molecular orbital
(8t;,*). Monopole selection rules allow transitions from the
Sty 6ty and Tt;, valence orbitals. An investigation of the
orbital character from our Xa—SW calculation?? shows that
of these three orbitals, only the 6t;, has significant Xe p
character (28.8%). The excitation energy calculated for the
6t,, — 8t;,* transition by using both SW-Xa?} and DVM-
Xa® calculations is 11.8 eV.
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Vapor-phase concentrations of Fe,Cly(g) above solid mixtures, formed by interaction of Fe,O, and FeCl,, have been measured
spectrophotometrically in the range 465-560 K. The equilibrium behavior, assumed to characterize the reaction 6FeQCI(s)
= 2Fe,04(s) + Fe,Clg(g), projects pressures at higher temperatures which, within experimental uncertainty, agree with
manometric data obtained with a Pyrex diaphragm gauge (580-670 K) and with earlier manometric measurements (660-770
K) reported by Stirnemann. A least-squares treatment of the combined absorbance and manometric data, using an estimated
equation for AC,°, gives the following relationship: In Pre,ciam) = —12.89 In T + 0.017557 - 5.827 X 10772 - 18550T!
+ 101.59. Pressures given by this equation are substantially higher than those predicted for this reaction from thermodynamic
constants reported by others. Possible reasons for the discrepancy are discussed.

In a recent paper Stuve, Ferrante, Richardson, and Brown!
report heat capacity data for FeCly(s) (4.6-300 K) and for
FeOCI(s) (6-700 K) and a value for the standard enthalpy
of formation of FeOCl(s) at 25 °C. The last value is based
on measured heats of solution of FeOCI(s) in aqueous HCI

(1) Stuve, J. M,; Ferrante, M. J.; Richardson, D. W.; Brown, R. R. Rep.
Invest.~U.S., Bur. Mines 1980, RI-8420.

and heats of solution and the standard enthalpy of formation
of FeCl,(s).2* Standard thermodynamic constants are tab-
ulated for FeOCI(s) at various temperatures. When used
together with thermodynamic constants reported in ref 3 for

(2) See also: Schafer, H.; Wittig, F. E.; Jori, M. Z. Anorg. Allg. Chem.
1956, 287, 61.

(3) “JANAF Thermochemical Tables”, Supplement; Dow Chemical Co.:
Midland, MI, June 30, 1965.
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