Lawrence Berkeley National Laboratory
LBL Publications

Title
THE ELECTRONIC STRUCTURE OF PHOTOELECTRON SPECTRA AND SCATTERED WAVE Xol
CALCULATIONS

Permalink

https://escholarship.org/uc/item/6rh5r7gm

Author
Thornton, G.

Publication Date
1978-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6rh5r7qm
https://escholarship.org
http://www.cdlib.org/

Submitted to Journal of Chemical Physics | LBL-8457L. 2
‘ Preprint

THE ELECTRONIC STRUCTURE OF UC]G: PHOTOELECTRON SPECTRA
AND SCATTERED WAVE Xo CALCULATIONS

Geoffrey Thornton, Norman Edelstein, Notker Rosch,
Russell G. Egdell and David R. Woodwark

December 1978

Prepared for the U. S. Department of Energy
under Contract W-7405-ENG-48

[ TWO-WEEK LOAN COPY
~Thisisa Librafy Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 6782 )

T LAWRENCE
a7 o{ZLEY LABORS

rey 131978

=24

MBRARYAN';JW
Jﬁ?UME&TQSECh.J

¥o LStg-797



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




TR

.4;
\J

| LBL-8457 - C—idde

THE E_LECTRONIC‘S;I‘RU'CTU'RE OF UCl.: PHOTOELECTRON SPECTRA
. AND SCATTERED WAVE Xa CALCULAmIONS*
' Geoffrey Thornton Norman Edelsteln, and Notker Rosch
Materlals and Molecular Research DlVlSlon
 Lawrence Berkeley Laboratory
Berkeley,: California 94720
. and iE
Russell G. Egdell and David R. Woodwark

Inorganic Chemistry Laboratory |
University of Oxford
~South' Parks Road
Oxford, 'OX1 3QR, U.K.

 November 1978
: ABSTRACT

Hellum—(I) and -(II) exc1ted photoelectron (p e.) spectra

~of UCl6 are. reported : Experlmental 1onlzat10n energles agree well

Wlth those predicted by a pseudo- relat1v1stlc scattered wave Xa

calculatlon; further‘support for'the prOposedvass1gnments is

provided by a consideration of intensity patterns'invthe spectra.

Attention is ultimately focused on the relationship between ion-

ization energies and charge transfer electronic excitation

energles in hexahalo complexes. - Further experimental work is

requlred to establlsh an a551gnment for the electronlc absorp-

‘ tlon spectrum of UCl6

*This work was supported by the Division of Nuclear Sciences,

Offlce of ‘Basic Energy Sciences, U. S. Department of Energy.

_TPresent address: Lehrstuhl. fur Theoretische Chemie, Technische

Universitat Munchen, 8046 Garchlng, W. Germany.’
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' ‘Introduction

"“Octahedral systems are of central importance in the general

Ifieldyof coordination chemistry, the electronic structure of
:'hexahalo transition metal andiactinide complexes having'aroused
fw1deSpread 1nterest ln particular there.have been several
‘battempts to 1nterpret charge transfer spectra of hexahalldes
:‘dln relation to the orbltal energy -sequence for electronlc sub-
l.ushells of doﬁinantly halogen charaéter.l PhotOelectron~spectros-
:'copy.(PES) provides direct insight into the;ordering of elec- -
'tronlc levels within the ligand manlfold NonetheleSs few |

‘metal hexahalides have been studied by gas phase PES, attentlon

so far being: restrlcted to the fluorldes of molybdenum,vtungsten2

and uran1um,2’3* In the present communication we report He(I)

E and'He(II) PE"spectra of-UCl6 and compare the results of ‘our

-‘experlments w1th relat1v1st1c scattered wave Xa calculatlons.

‘Experimental

: UCl6 was prepared by the passage of Cl2 over resublimed_
4

-UCl4 at 350°C. .The Crude compound was purlfled by vacuum .

-3

subllmatlon at 110°C (10 Torr) to y1eld dark black—green

‘crystals. It is clalmed that the compound prepared by thls l"'

,method contalns traces of UCl5 Sv However, a sample of brown

5‘obta1ned as a byproduct of the reactlon between Uoz_and

_CCl4 at 450°C v1e1ded PE spectra essentlally 1dent1cal to |

those of'UCl It appears then that any UCl5 present 1n our

6
sample dlsproportlonates to yleld UCl6 and 1nvolatlle UCl4 R
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under the dynamic vacuum conditions pertaining to the spectro-
meter. We note in passing that neither He(I) nor He(II) PE
spectra contained signals attributable to ionization of £ elec- s
trons. This provides further evidenée that negligible concen-
trations of the fl species UClS are present in the vapor phase.
PE spectra were measured on a Perkin Elmer PS16/18 spec-
trometer modified for He(II) measurements by the inclusion of
a hollow cathode discharge lamp and high current pdwer supply.
Usable count rates were obtained in the temperature range 90°C-
120°C. Spectra were calibrated by reference.to signals due to
admixed inert gases and nitrogen. Band areas wefe estimated

from raw spectra with the aid of a Dupont 310 curve resolver

and were corrected to allow for variation in analyzer transmis-
sion function with electron kinetic energy.6
He(I) and He(II) PE spectra are shown in Fig. 1, whilst

ionization énergies and relative band areas are collected in

Table T.

Computational Details

The computational approach adopted in the present work
follows the lines described by Slater.7 However, the uranium

core electron charge density was derived from a relativistic "

calculation and a quasi-relativistic version of the scattered . li

wave method was used in the molecular calculation.8 This rou-

tine does not include spin-orbit coupling. |
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= tlons on this molecule,lmathe chlorine radius (r

iparameters were those calculated by Schwarz

3l

The U- Cl dlstance was . taken as 0. 242nm, belng a value

3~gfobta1ned from an x—ray dlffractlon study on the solid. 9 - The
"muffln—tln radll were chosen as follows the uranium sphere'

- 51ze-(r = 0. l475nm) was determlned by consideration of calcu-

10a

'"‘lathns on UF., fthejvalue adopted belng that which yielded:

closest correSpondence'with discrete variational Xo calcula-

foq = 0.1092nm)

) was also chosen by reference to calculations on UF6 and was
" such that chlorine spheres touched an 1maglnary sphere of

' radlus 0.1328nm; the outer . sphere was chosen to touch the

chlorine'spheres_(r‘OS = 0.3512nm); Atomlc exchange scallng_f

11, 12 o = 0,692,
U

Cl =.0.7233. Extramolecular and 1ntersphere scallng para—'

-meters were obtained by averaglng the ‘atomic parameters (a‘=
,0.7188). Core electron den51t1es for uranium ([Xe]4f ) and
'“chIOrine-([Ne]) were "frozen" at their atomic'value; other»

‘electron distributions were allowed to vary in the SCF calcu-

lations. The results for the~gr0und statevmolecules are shown.

in Fig. 2 as are the orbital energies calculated for U and Cl

free atoms. .

‘Ionization energies of‘UCl6lWere‘calculatéd by thedtran—v

sition state method of Slater7 and are'given in Table II. This

table also contalns normallzed charge dlstrlbutlons within

' each sphere for the- varlous electronlc levels.

; .



Discussion
The bands apparent in the PE spectra of UCl6;correspond to
the set of seven electronic subshells of dominant chlorine 3p

13-15 we fail

atomic character. As with other metél chlorides,
to observe bands attributable to ionization of chlorine 3s
electrons in the He(II) spectra. Uranium 6p ionizations are
also absent from our spectra.

There is remarkably good agreement between calculated and
experimental ionization. energies, it being particplarly encour-
aging to find that the overall spread of ionization energies
predicted (1.86 eV) is close to that found in-tﬁe PE spectra
(2.00 eV). The most straightforward interpretation of our
data is therefore based on the assumption that the theoretical
sequence of ionization energies is preserved in the experimen-
tal spectra. The root mean square deviation between calculated
and eﬁpirical ionization energies is then as small as 0.29 ev.
However, where PE bands are very closely spaced there is élearly
some room for debate as to the ordering of levels and especially
in the regions of bands ¢ and 4 the assignment should be regérd-
ed'as tentative.

Intensity patterns in the PE spectra lend support to our
overall assignment. In particular, we note that if intensities
are normalized relative to the first band (a), then at He(II)
excitation each of the other band systems (b-e) undergoes an
increase in relative intensity. Moreover, if one makes the

reasonable assumption that band a relates to a triply degenerate

-4
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lmate of O.2Mb for the chlorlne 3p one-electron crossesection,

. borates

.U(C

'h_subshell then 1t is found that in the He(II) spectra intensi-
ttles are unlformly hlgher than expected on purely statistical

-:grOunds. Similar behavior-is found in spectra of the ‘group
IVA halides13 where the leadlng PE band is associated with the

purely chlorine based non- bondlng ty molecular subshell In .

octahedral actlnlde-systems only the tlg subshell 1s'of pure

chlorine 3p atomic character,pthis'being consiStent'with'the

_a551gnment of band a to thlS partlcular level

The He(II) 1ntens1ty patterns are largely a consequence

‘of the very low cross- sectlon for chlorlne 3p atomic orbltals.

The atomic . cross -section proflle for the valence p shell of

'chlorlne'calculated_us;ng the RPAE methodls is 51m11ar to that

foundtexperimentally for argonlj and contalns a broad POOper

"minimum'centered'around hv“:“40‘ev Appllcatlon of: the Gellus

_ model to the He(II) PE spectrum of HgCl2 leads to a‘rough esti-

6,18

a value in agreement with.the;RPAE Calculation. Metal based

-atomic orbitals typically have higher'cross—seCtions. In par-

tlcular we estlmate that the one- electron Ccross= sectlon for ."l

l»ﬁthe 5f orbltal of uranlum 1s of the order 1. 4Mb Thls value

. is based on an analy51s of- PE spectra of metal tetrahydro—'

18il9 Inten51ty patterns in the He(II) PE spectrum of

20 suggest that the Uranium 6d cross- sectlon is ‘some-

8)2

what lower than thlS, but presumably still hlgher than 0.2Mb.

It follows that the 1nten51ty 1n He(II) spectra of bands

‘ assoc1ated w1th,nom;nallyvchlor1ne_based'levels may_be enhanced
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6 In this con-~-

by covalent mixing with metal d or f orbitals.
nection it is noteworthy that the overlapping bands ¢ and s

are relatively stronger than the broad band e in He(II) spectra.
This observation is in tune with the idea that band e relates

to molecular subshells with 6d character and bands g_and d to
levels which can assume metal 5f character. To summarize,

then, the intensity patterns in the spectra appear consistent
both with the proposed sequence of orbital energieé.and with
another feature of the calculations, namely that both 6d and

5f covalency is of importance in the bonding in UC16.‘

It is of some interest to consider our spectrai assignment
in relationship to electronic absorption spectra of hexahalo com-
plexes. Detailed studies of transition metal hexachloro com-
plexes such as IrClén indicate that the first charge transfer
band is associated with the electric dipole parity forbidden
excitations tlg(ﬂ) > t2g(d)' The parity allowed transitions
tlu(0+ﬂ) + tzg(d) occur at higher ehergy and give a large
negative C term in the solution phase MCD spectrum.21 These
observations clearly suggést an occupied orbital sequence
t > t, , consistent with that proposed for UC16. In UF,

lg lu
2-
the first absorption bandz“ 24 apparently corresponds again

to a parity-forbidden process (Emax = 54cm2- mol—l, Amax = 36%nm)

even though the lowest unoccupied levels are undoubtedly of
dominantly uranium 5f character and therefore of odd parity.

Although it has been variously suggested.that the first elec-
25,26

tronic absorption band for_.UF6 is associated with tlg +> Yu(5f)
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'r’apparently plays a major role in destablllzlng the t

.

ﬂo;'aigv+:yﬁ(Sf)zsrexcitations,ithe-discrete-variationa1'Xu cal- |
':f'culations of Ellis and:co~WOrkers10 favor{instead assignment

o tozt- > Yu(5f) processes. - It>appears moreover that the first

1u

band in the PE Spectrum‘of this molecu]e is associated with the

[

lutligand subShell uranlum 6p —‘fluorlne 2p o -0 overlap
lu orbltals.

This effect is expected to be less important in UCl6 (because

of the greater difference in energy between U(6p) and Cl(3p)
' AO0s) and indeed our calculations and  PE "spectra indicate
" that the first ionizatiOn p'ro‘cess"isaSso_ciated'with‘thetlg

- subshell.

- Somewhat surprisingly then_thelelectronic absorption spec;

- trum of vapor phase UC16223sh0ws a qualitative'resemblance to

that. of-UF a relatlvely weak absorptlon band (A max 498nm)

6’

'preceedlng the onset of strong continuous: absorptlon at shorter
e-wavelengths (A < 415nm) of course 1t must always be borne
’1n mind that the sequence of opt1ca1 exc1tatlon energies may

fdlffer from the sequence of orbltal 1onlzatlon energles because

S

of dlfferences in. electron—electron repu131on energles. Ignorf

1ng differential relaxation effects and correlation energy-

‘changes the difference:in ionization energy (4, ),for.tl-g and

t

lu orbltals is qulte s1moly the negatlve of. the dlfference

11n orbltal energles

Tl - Ty« ety - )
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‘By eontrast electronic excitation energies depend not only on
orbital energy differences between occupied (o) and virtual
(v).levels, but also upon the electron-electron repulsion
energy, R, between the two levels involved. It follows that
the difference in electronic excitation energy for transitions

to a level Yu(5f) originating in tlg'and tia orbitals respec-
tively is given by Aé where:
Ay = E(t1g >y, (5£)) - E(tlu > Y, (56))
= -(¢ - € ) - (R - R )
19 tiu t19vu (5f) B1uYu(s€)

= A, - (R - R, )
tngu(Sf) t1uYu(se)

Transition state calculations of electronic excitation
energies (Table III) reveal that in general A2<<Al,27 but that
for each of the f-shells (tiu, toyr @oy) 8, > 0, i.e., the
sequence of ionization and excitation energies are the same.
Thus our celculations do not lend support to the view that the
assignments of the electronic absorption spectra of UF6 and
UCl6 are simile;. However, we feel it would be dangerous at
this stage to hazard an assignment for the spectrum of UCl6
since values for extinction coefficients are not quoted in

reference 22. Furthermore, marked differences between the

vapor phase spectrum and that obtained from a solution of UCl6

in C7F16

require explanation. It is to be hoped that these
matters will be the subject of future investigations.

<3

)
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The implication that Ry . > Ry may be
1u'u(5€) 1g u(5#)

~rationalized in terms of the differing localization pro-

perties of tlg and t, molecular subshells. 1In an LCAO

model the t orbitals are of essentially pure chlorine

1g
3p atomic character; within the Xo framework the tlg

orbitals have no partial wave contribution from the uran-

ium sphere. By contrast the t shell can assume metal

1u
5f and np (n = 6,7) character. Thus in terms of the for-
malism developed by Bird, et al.28 R contains

v t, Y .
1g u(5¥F)

only two-center contributions whereas R~ has both
Y
lu u(5%)

one- and two-center contributions. One center Coulomb
integrals are of'course inherently larger than correspond-
ing-twé center terms. |

B. D.:Bird, E. A. Cooke, P. Day, and A. F. Orchard, phil.

Trans. Roy. Soc. A 276, 278 (1974).
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Table I. - Ionlzatlon energles and relatlve band 1nten51t1es from the:

Cp.e. spectrum of UCl6
S _ ” _ —
Band Ionization Energy Relative Intensity =~ = Assignment
“(ev) ~ He(I) He (II) | ’
a 11.28 3.0 (3) 3.0 tlg(ﬂ)‘ |
b S 11.74 3.1 (3) 3.3 ty, (0+T)
- . ) 7 ’ . . i u’..
e 12.07 | - o tZu(ﬂ)
s -12.34(sh)p - . 8.8 (7) 11.4 Yy (G+ﬂ)
L 12.45 o - ' : 1 (0) N
e 13.28 5.2 (5) 5.9 i (ﬂ) + egl0)

~*Band intensities- are normalized such that the 1nten51ty of band a is -

:3.0. Figures in parentheses give the normallzed intensities expected
on statistical grounds only.

’gtf.f;



Table ITI.

A comparison between calculated and experimental ionization

energies for UCl6.

Ionization Energy

Sphere Charge Distribution

Subshell " {eV)
Calculated Experlmental Qintersphere _QU‘ ch
tlg 11.60 11.28 0.22 0.00 | 0.75
tl 11.76 11.74 0.16 0.21 | 0.60
u _ _
tou 12.43 - 12.07 0.24 0.13 | 0.60
iy 12.68 12.34 0.22 0.21 |0.54
alg 12.89 12.45 0.19 0.10 | 0.66
toe 13.16 0.33 0.06 | 0.60
g . - 13.28
eg 13.46 0.13 0.18 | 0.66
Mean square deviation between experimental and calculated ionization

energies is 0.29 evV.



-15- .

‘Table III.  ResuIts_of trénsitidn,state calculations
of charge transfer energies in UC16°

Qo e S e g . e
5;)‘_’ -+~ |One<Electron Excitation Process Energy (eV)

,i- . o _vi . tlg - aéu
tlg f,FZu‘(Sf)_‘ B | - 2.18

(s¢) 1.78

t1g * 1 (Sf)' | - 3.21

2u
tlu.—> t2u (Svf) | ' 2..25

1o ” t1g 55) BERREIELE

A

%)



Figufe 1.

Figure 2.
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FIGURE CAPTIONS
The He-I and -II excited gas phése photoelectron»
spectra of UCl.. ) r
SCF=-Xo. scattered—wave ground state.érbital energies |
for UCl.. Solid lines represent occupied M.0.'s,
dashed lines eﬁpty orbitals. The SCF-Xo orbital

energies for U and Cl free atoms are also shown.
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