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The gas-phase X-ray photoelectron spectra of UF6, U(BH4)4, U(BH3CH3),, and U(C,H,), have been obtained. The core binding 
energy data show that the bonding in UF, is extraordinarily ionic and that the bonding in the other compounds, especially U(C,H,),, 
is considerably more covalent. The binding energies and shake-up spectra show that the covalencies of U(BH4)4 and U(BH3CH3), 
are comparable to that of UBr4, with U(BH3CH3), being more covalent than U(BH,),. By consideration of both core binding 
energies and literature valence ionization potentials, it is shown that the HOMO of UF6 is the ti, fluorine lone-pair orbital. A 
similar analysis of data for U(BH4)4, U(BH3CH3),, and U(C8Hs), is consistent with spectral features that suggest the uranium 
5f electrons in these compounds are essentially nonbonding. 

UF,, U(BH4)4, U(BH3CH3)4, and U(CsH8)2 are some of the 
most volatile uranium compounds known and have been the subject 
of numerous chemical, spectroscopic, and theoretical studies.'-, 
In the present study we have obtained the gas-phase X-ray 
photoelectron spectra of these four compounds. The core electron 
binding energies can be used to compare the relative ionicities of 
the bonds and to interpret previously determined ultraviolet 
photoelectron spectra. The core binding energy data are presented 
in Table I. The uranium 4f,j2 binding energies span a remarkably 
wide range, greater than 9 eV. As a rough approximation, the 
change in core binding energy AEB for an element on going from 
one compound to another can be represented by7,* 

where k is a constant, approximately equal to the reciprocal of 
the effective atomic radius of the atom, and AQ is the change in 
atomic charge. This is one reason that the range of core binding 
energies observed for larger atoms is usually much smaller than 
for smaller atoms. For example, the carbon 1s binding energy 
of CCI4 is 5.48 eV greater than that of CH4, whereas the tin 3d5,2 
binding energy of SnCI, is only 2.18 eV greater than that of SnH4? 
Thus we conclude that the large increase in uranium binding 
energy on going from U(C,H,), to UF6 corresponds to a large 
increase in the effective uranium atom charge. 
Uranium Hexafluoride 

The uranium and fluorine binding energies reported in Table 
I are in fair agreement with those of Mhtensson et al.' Our values 
are 0.36 eV higher and 0.17 eV lower than theirs, respectively. 
The fluorine 1s binding energy, 692.33 eV, is quite low; it lies 
between that of sulfur hexafluoride, 695.0 eV, and that of tri- 
methylfluorogermane, 690.5 eV (the lowest known F 1s binding 
energy for a gaseous compound)? Apparently, the fluorine atoms 
of UF6 are highly negatively charged in spite of the fact that there 
are six fluorine atoms competing for electron density. A recent 
natural orbital population analysis" of SF, indicates that each 
fluorine atom in SF6 has a charge of about -0.5. The present result 
for UF6 suggests still greater negative charge for its fluorine atoms. 
Of course, this result is consistent with our conclusion (vide supra) 
that the uranium atom in this compound has a remarkably high 
positive charge. 

There has been considerable discussion in the literature'-, re- 
garding the assignment of the low-energy bands of the valence 
photoelectron spectrum of UF6. Most  investigator^^-^ have as- 
signed the lowest energy peak (corresponding to the HOMO) to 

AEB = kAQ 
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Table I. Core Binding Energies (eV) of Uranium Compounds 
u 4f7p ligand atoms' 

compd En fwhmb E ,  fwhm 
UF6 392.86c 692.33c 
U(BH4)4 387.88 (4)d 1.42 (6) 195.27 (7) 1.91 (21) 

288.56 (4) 1.41 (13) 
U(BH,CH3)4 386.77 (3) 1.44 (6) 193.56 (8) 1.80 (18) 

U(C,H,), 383.49 (5) 1.26 (14) 290.84 (3) 1.41 (9) 

" F  Is, B Is, and C 1s. bFull width at half-maximum. ?Reference 9. 
d 2 0  value from least-squares fit of data indicated parenthetically. 

the tl, fluorine lone-pair orbital, whereas MLtensson et al.1.2 have 
assigned this peak to the tl, fluorine lone-pair orbital. 

This problem can be readily resolved by use of both the core 
and valence ionization potentials of UF, and HF." The F 1s 
ionization potential of UF, is 1.98 eV lower than that of HF. We 
subtract eight-tenths of this difference from the lone-pair ionization 
potential of H F  (16.06 eV) to obtain the localized orbital ionization 
potential (LOIP)" of 14.48 eV for a fluorine 2p orbital of UF,. 
This is the ionization potential that a fluorine lone pair of UF, 
would have if it were completely nonbonding. The LOIP is slightly 
greater than the lowest ionization potential of UF6 (14.14 e v )  
and is lower than all of the other ionization potentials. We assume, 
with previous investigators,'" that the 14.14 eV peak corresponds 
to a single level. Hence we conclude that the HOMO has a small 
amount of net antibonding character and that the other lone-pair 
orbitals have net bonding character. 
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nitrogen, oxygen, and zinc, respectively, by 0.1-0.2 eV. Since there 
are four methyl groups in uranium(1V) methyltrihydroborate, this 
effect may be of some importance. 

The shake-up energjes corresponding to the deconvolution in 
Figure 1 are 1.5 and 5.8 eV, considerably lower than the corre- 
sponding shake-up energies of UF6 (for which the prominent 
shake-up peak has an energy of 10.2 eV).' This result is consistent 
with the general observation that the shake-up energy for the 
prominent peak increases with oxidation state.' As in the case 
of UF6, the lower energy shake-up peak of U(BH,), has an energy 
less than that of the optical band gap. There is no shake-up in 
the B 1s spectrum of U(BH,),, indicating that the virtual orbitals 
involved in the shake-up of Figure 1 have mainly uranium 

Thibaut et al.I9 have proposed a correlation of the decrease of 
394 390 386 the splitting between the shake-up and the U 4f7j2 peaks and an 

increase of the shake-ur, intensities with heavier halide ions to an 
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Figure 1. U 4f,,* photoelectron spectrum of U(BH4)4. 

The fluorine 2 p r  lone-pair orbitals of UF6 have the symmetry 
species tl,, tZg, t lu ,  and t2,,. Any significant interactions of these 
orbitals with uranium orbitals would be expected to be with higher 
lying, empty orbitals and hence would be bonding, or stabilizing, 
interactions. None of the lone-pair orbitals are expected to be 
destabilized (Le., to acquire antibonding character) by interaction 
with uranium orbitals. 

The HOMO, which is the only orbital with net antibonding 
character, cannot be the t2g or tzu orbital, because these orbitals 
have, within themselves, inherent bonding character, and inter- 
actions with uranium orbitals would give them even more bonding 
character. Both of the remaining two orbitals (tlg and t lu )  have 
inherent antibonding character, but only the t,, orbital has a 
symmetry that allows it to undergo a stabilizing interaction with 
the uranium p and f orbitals. Hence, the HOMO must be the 
tl, orbital, which by symmetry cannot interact with the available 
uranium orbitals. This conclusion is the same as that of 
MBrtensson et al. It is significant that Hay et aL5 calculated, with 
configuration interaction (CI) wave functions without spin-orbit 
splitting, that the tl, level lies 0.04 eV above the tl, level. Pyykko 
and LaaksonenI2 have discussed a possible CI explanation for this 
ordering. 
Uranium(1V) Hydroborates 

The X-ray photoelectron spectra of the 4f7/2 peaks of uranium 
tetrakis(tetrahydrob0rate) and uranium tetrakis(methy1tri- 
hydroborate) are characterized by strong satellite structure due 
to shake-up, as shown in Figure 1. The spectrum of the me- 
thyltrihydroborate is essentially identical with that of the tetra- 
hydroborate, except that the peaks are shifted by approximately 
1 eV to lower binding energies. This shift to lower binding energy 
indicates a shift of electron density from the methyl groups toward 
the metal ion and is consistent with the increased polarizability 
of the methyl group compared to that of the hydrogen atom.13 
This effect has been seen in many gas-phase thermodynamic data, 
such as proton affinities', and ionization p0tentia1s.I~ In the 
present case the substitution occurs one to two atoms removed 
from the uranium. Analogous core binding energy shifts are found 
in ethyl vs. methyl substitutions. For example, each replacement 
of a methyl group by an ethyl group in methylamines,I6 dimethyl 
ether,16 and d i m e t h y l z i n ~ ' ~ ~ ~ ~  lowers the core binding energy of 

(12) Pyykko, P.; Laaksonen, L. J .  Phys. Chem. 1984, 88, 4892. 
(13) For a discussion of the role of polarizability in such comparisons, cf.: 
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559. 
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M. T., Ed.; Academic: New York; Vol. 2, Chapter 11. 
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increase of the covaleit character of the bonding orbitals. The 
shake-up satellites represent valence electron excitation simulta- 
neous with the emission of a core electron. This excitation involves 
donation of an electron from a ligand orbital to the lowest available 
5f level. They also observed a relative decrease of the U 5f peak 
intensity relative to the U 4f core peaks and to the U 6~312 peak 
as the halide atomic number increased. All of these observations 
were attributed to increasingly covalent character with heavier 
halides. 

We cannot compare our binding energies with those of the 
U(IV) halides since the latter data were obtained in the solid state. 
The satellite splittings for U(BH,), and U(BH,CH,), are 5.8 and 
5.6 eV, respectively, while Thibaut et al. find values of 6.1 and 
5.8 eV for UCl, and UBr,, respectively." These data suggest that 
U(BH4), and U(BH,CH,), have approximately the same cova- 
lencies as UBI-,, with U(BH3CH3), being slightly more covalent 
than U(BH4),. However, satellite intensities relative to the main 
peak for the hydroborates are much lower than that observed for 
UBr, (-20% vs. 67%). This result may be due to relaxation 
effects or to differences in coordination in the two compounds. 
Thus the correlation with differences in binding energy is consistent 
with the UBr4 data, but discrepancies remain when the relative 
satellite intensities are considered. The results of the optical 
analysis of U(BD4), diluted in Hf(BD,), and U4+ diluted in ThBr, 
also showed that the U4+-ligand covalent interactions are very 
similar in these two cases.I9 Analysis of magnetic data for Np- 
(BH,), and Np(BH3CH3), showed the methyltrihydroborate 
compound to be more covalent than the borohydride.20 

The boron 1s binding energy of U(BH4)4 is 1.2 eV lower than 
that of BzH6.9 The boron atoms in these compounds have similar 
environments: each boron atom is directly bonded to four hy- 
drogen atoms and is connected by hydrogen bridges to an elec- 
tropositive atom (uranium or boron). The lower electronegativity 
of uranium relative to that of boron explains the lower boron 
binding energy of U(BH,), compared with that of B2H6. 
Uranocene 

The uranium(1V) borohydride and uranocene, bis( [8]- 
annulene)uranium(IV), are both formally compounds of urani- 
um(IV), but the uranium core binding energy in uranocene is more 
than 4 eV lower than that of the borohydride. The compounds 
are sufficiently different that part of the decrease could be due 
to a difference in relaxation energies. It seems more likely, 
however, that most, if not all, of the difference stems from the 
much greater ring-metal covalency in uranocene. For comparison, 
the metal core binding energies in ferrocene and nickelocene are 
unusually low relative to those of other compounds of these 
metals.2' 
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XPS Study of U Compounds 

An appropriate comparison is to the Mossbauer spectrum of 
neptunocene, a compound isomorphous with uranocene.22 
Neptunocene has the largest Mossbauer isomer shift of any 
Np(1V) compound studied.23 This result is indicative of an 
unusually high degree of charge transfer from ligand to the central 
metal. The core binding energy of uranium in uranocene leads 
to a comparable conclusion. Both observations are in agreement 
with quasi-relativistic Xa scattered-wave S C F  calculations that 
also indicate substantial ring-metal covalency in uranocene with 
significant electron transfer from ligand to but are in 
disagreement with relativistically parametrized extended Hiickel 
(REX) calculations that indicate an essentially ionic structure.2s 
The 5f Electrons 

The first bands in the valence photoelectron spectra of U(BH4),, 
U(BH,CH3)4, and U(CsH8)2, a t  9.58, 8.3, and 6.20 eV, respec- 
tively, have been assigned to the uranium 5f electrons in these 
compounds.26-28 These bands are sharp, symmetrical peaks, 
suggestive of orbitals with little bonding or antibonding character. 
Further evidence for nonbonding character of the 5f electrons is 
found in the similarity of the entire UPS spectra of U(C8H& and 
Th(C8H8)228 and of U(BH4)4 and Hf(BH4)4.26 It appears that 
the bonding in U(C8H& and U(BH,), is little affected by the 
inclusion of the 5f electrons. 

If the 5f electrons in U(BH4),, U(BH3CH3),, and U(CsH8)2 
are indeed nonbonding, then the differences between the 5f ion- 
ization potentials should be approximately equal to eight-tenths 
of the corresponding differences in uranium core binding energy." 
Thus for U(BH4)4 and U(CsH8)2, we calculate 0.8 X 4.39 = 3.5 
eV (to be compared with the actual difference of 3.38 eV). 
Similarly, for U(BH3CH3)4 and U(C8Hs)2, we calculate 0.8 X 
3.28 = 2.6 eV (to be compared with the actual difference of 2.1 
eV). The agreement between the observed and calculated dif- 
ferences is close enough that we may conclude that the bonding 
or antibonding characters of the 5f electrons in these compounds 
are similar. Thus the data are consistent with the conclusion that 
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these electrons are primarily nonbonding. 
Experimental Section 

The uranium(1V) hydr~borate?~ uranium(1V) methyltrihydr~borate,~~ 
and uranocene3' were prepared by published procedures. 

Vapor-phase X-ray photoelectron spectra were obtained with a 
GCA/McPherson ESCA-36 spectrometer using a magnesium anode. 
Spectra were calibrated with the N, 1s (409.93 eV), Ne  1s (870.31 eV), 
and Ne 2s (48.47 eV) lines by a method described p r e v i o ~ s l y . ~ ~  Spectra 
were fit to Gaussian/Lorentzian line shapes by using the nonlinear 
least-squares program CURVY.33 The U 4f712 spectrum of U(BH4)4 
(Figure 1) was corrected for the  CY^,^ satellites of the magnesium X-rays 
by assuming the 4f5,2-4f7,2 splitting to be 10.8 eV, assuming the 
4f5/?:4f7,* intensity ratio to be 6:8, and using the O I ~ , ~  positions and in- 
tensities from the l i t e r a t ~ r e . ~ ~  

Uranium hexafluoride was introduced into the gas cell through an 
all-metal inlet system. Flow was controlled by a micrometer-type 
stainless steel needle valve. Uranium tetrahydroborate and methyltri- 
hydroborate were sublimed directly into the spectrometer through 
large-diameter (1.5-cm) tubing from a reservoir cooled to 10 OC. Ura- 
nocene was volatilized in a resistively heated gas cell of our own design.35 
A 200-mg sample was placed in a thin-walled glass bulb in an inert-at- 
mosphere box, sealed under vacuum, and crushed after the spectrometer 
sample chamber pressure was less than 4 X lo-' torr. The gas cell was 
heated to 180 OC to obtain the spectra. The reactivity of the hydroborate 
complexes caused some difficulty in the collection of spectra. After less 
than 2 h of data collection, the aluminum X-ray window became coated 
with uranium and the electron detector became inoperative. (The de- 
tector could be restored to its former level of performance by treatment 
with dilute hydrogen peroxide; thus it is reasonable to assume that its 
surface had undergone reduction, either by the hydroborate, by diborane, 
or by hydrogen.) For these reasons, it was necessary to collect the data 
for each element individually and to clean the X-ray tube and detector 
between each run. 
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