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High-resolution variable-energy photoelectron spectra of ME@EQW = Re, X = Re(CO}, Cl, Br, and I; and

M = Mn, X = Mn(CO)s and Br] are reported. Tunable synchrotron radiation is used to distinguish the Re 5d and
Br 4p orbital based peaks for the controversial ReB@)Our results provide firm molecular orbital assignments

for all of these molecules. The valence orbital in the ordering of ionization energies for M{C®) = Mn and

Re) and Mn(COBr is a(M—X) > e(X) > by(M) > e(M); but for M(CO}l (M = Mn and Re) and Re(CGBr

the ordering is gM—X) > e(M) > by(M) > e(X). The crossover of the HOMO in the Re molecules due to the
change in the halogen electronegativities occurs at ReffO)he metal np—~ nd resonance is observed for all

of these molecules. For molecules like({@O), (M = Re and Mn) and Mn(CQBBr, the observation of this np

— nd resonance is useful in assigning the metal nd based orbitals in their valence level spectra. However, for
molecules like Re(CQX (X = Br and CI), a np— nd type resonance is observed on bands arising botihRe

5d and halogen mp based orbitals. This new resonant effect on the ligand-based orbitals is shown to be mainly
due to the interatomic resonant effect. The core and valence level chemical shifts of these compounds are treated
using Jolly’s approach to confirm the assignments for the valence level spectra of some of these molecules. The
high-resolution inner valence and core level spectra of these compounds are reported. Broadening of Re 4f, Br
3d, and | 4d core level spectra is discussed. The Auger peaks are observed in the high-resolution, high-intensity
Br 3d of Re(CO3Br and | 4d of Re(CQ) spectra.

1. Introduction The advantages of variable-energy photoelectron spectros-

Ultraviolet photoelectron spectra (UPS) of Mn(GR)X = copy, using synchrotron radiation (SR), for the study of
Cl, Br, I, H, and Mn(CO3] compounds were first reported in organometallic molecules over the conventional He I/He Il based

1969 as one of the first applications of photoelectron spectros- YPS, have been demonstrated recetitfi.The photon energy
copy to organometallic moleculdsThese spectra received dependence of band intensities between 20 and 100 eV has

considerable attention because they showed the great potentiaP®c0mMe extremely useful in assigning metal nd and ligand-based
of UPS for studying the electronic structure of organometallic m0|eC‘l‘J|12.I' orbitals (MO). In particular, the Cooper minimum
molecules in general. The assignment based on the spectra fronffféct**® and the np— nd resonancés at the core np

the first study and the later improved speciragreed qualita- ionizations havg beerlsshown to be useful in assigning the metal
tively with semiempirical calculationfsbut disagreed with the ~ Nd valence orbitalst” _

ab initio calculationg.In the next decade, the intensity rdle, _In this paper, we focus on the assignment of the four lowest
based on the comparison of the He I/He Il band intensities, was Pinding energy (BE) MOs, involving the valence Re 5d/Mn 3d
used to assign the valence level spectra of these compdunds;and halogen mp orbitals, particularly in the controversial Re-
and more importantly, Re(C@¥ analogues were studi€d? (CO)Br case. The assignments are made in three independent
The larger Re 5d spinorbit splitting was shown to be valuable
in the assignment of both Re and Mn systérhkowever, there (10) DeKock, R. L. InElectron Spectroscopy: Theory, Techniques and

. . . . . Applications Brundle, C. R., Baker, A. D., Eds.; Academic Press:
is still no firm consensus regarding the assignments of the London, 1977: Vol. 1, Chapter 6, p 294.

valence spectra of some of these compoufids. (11) Jolly, W. L.J. Phys. Chem1983 87, 26.
(12) Green, J. CAcc. Chem. Resl994 27, 131 and references therein.
* Corresponding author. E-mail: yhu@julian.uwo.ca. (13) (a) Bancroft, G. M.; Hu, Y. F. Ifnorganic Electronic Structure and
(1) Evans, S.; Green, J. C.; Green, M. L. H.; Orchard, A. F.; Turner, D. SpectroscopyLever, A. B. P., Soloman, E. I., Eds.; John Wiley and
W. Discuss. Faraday Sod.969 47, 112. Sons: New York, 1999; Vol. 1, Chapter 8, p 443. (b) Li, X.; Bancroft,
(2) Lichtenberger, D. L.; Sarapu, A. C.; Fenske, Rirferg. Chem1973 G. M.; Puddephatt, R. Acc. Chem. Re4997, 30, 213 and references
12, 702. therein.
(3) Fenske, R. F.; DeKock, R. lIlnorg. Chem.197Q 9, 1053. (14) Cooper, G.; Green, J. C.; Payne, M.Nfol. Phys.1988 63, 1031.
(4) Guest, M. F.; Hall, M. B.; Hillier, I. H.Mol. Phys.1973 25, 629. (15) Li, X.; Bancroft, G. M.; Puddephatt, R. J.; Liu, Z. F.; Hu, Y. F.; Tan,
(5) Cowley, A. H.Prog. Inorg. Chem1979 26, 46. K. H. J. Am. Chem. S0d.994 116, 9543.
(6) Green, J. CStruct. Bonding (Berlin}1981, 43, 37. (16) Hu, Y. F.; Bancroft, G. M.; Liu, Z.; Tan, K. Hnorg. Chem.1995
(7) Higginson, B. R.; Lloyd, D. R.; Evans, S.; Orchard, A.F.Chem. 34, 3716.
Soc., Faraday Trans. 2975 71, 1913. (17) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, EJI.Am.
(8) Ceasar, G. P.; Milazzo, P.; Cihonski, J. L.; Levenson, RInarg. Chem. Soc1988 110 250.
Chem.1974 13, 3035. (18) Davis, H. B.; Pomeroy, R. K.; Hu, Y. F.; Bancroft, G. M.; Tan, K. H.
(9) Hall, M. B. J. Am. Chem. Sod.975 97, 2057. Chem. Phys. Lettl996 252 267.
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ways using: (1) the variation of the valence intensities at low
photon energy; (2) the enhancement of the valence intensities
at the Re 5p resonances; and (3) the Re 4f core level shifts and 1200 -
valence level shifts as studied by Jolly for Mn(G®)com-
poundst! The very large Re 5p~ 5d enhancement observed
for the halogen-based valence orbital in molecules like Re-
(COXCI and Re(COPBr is, at first glance, very surprising.
However, as proposed by Fadley and co-workérshis 0
enhancement is due to a newly observed interatomic resonant
effect. In addition to the valence band results, we also complete
previously published core and inner valence studies of these
complexe¥ and report the Br MVV and | NVV Auger spectra

of Re(CO}Br and Re(CQJ, respectively.
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2. Experimental Section

The photoelectron spectra were recorded using two different pho-
toelectron spectrometers. The He | spectra were measured with a
McPherson ESCA-36 photoelectron spectrom&t&he variable-energy
(22—200 eV) spectra were recorded on the modified ESCA-36
spectrometet! using photons from the Canadian Grasshopper beamline
at the Canadian Synchrotron Radiation Facility (CSRF) at the Aladdin
storage ring, University of WisconsirMadison??2® The electron
analyzer of the ESCA-36 spectrometer had a resolving power of 720,
giving an electron resolution of 40 meV at a 30 eV kinetic energy. A
600 groove/mm grating gave photon energies between 22 and 72 eV,
and an 1800 groove/mm grating gave photon energies between 70 and
200 eV. Typically, the photon resolution of the Canadian Grasshopper
beamline was 50 meV at 40 eV and 80 meV at 80 eV photon energies,
while the total instrumental resolution was 65 meV at 40 eV and 90 1600
meV at 80 eV photon energies. The Ars2pine at 15.759 eV BE was
used as an internal calibration for the He | spectra. The Xg Hae 1200 |- 14ds, L4d,,
at 69.541 eV BE was used to calibrate the core level spectra at higher
photon energies. The spectra were deconvoluted with a Gaussian
Lorentzian line shape using a nonlinear least squares procedure
described previousi# 400

All of the samples with the exception of Re(GO)ere commercially
purchased and used without further purification. Re(C®as prepared
according to the published proceddPeThe solid samples were
introduced via the heatable probe into the gas cell of the spectrometer. Binding Energy (eV)
Temperatures ranging from 40 to 9C were required to generate
enough vapor pressure. The sample pressure in the differentially pumpe
gas cell was controlled at around>4 1075 Torr.
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J:igure 1. High-resolution broad-scan photoelectron spectra of (g) Re
(COxpo at 70 eV, (b) Re(CQLI at 72 eV, (c) Re(CQPBr at 72 eV,
and (d) Re(CQ) at 80 eV photon energy. The inner valence level
. . peaks are labeled with S and letters{B). Three core level peaks C
3. Results and Discussion C,, and G are labeled for all four spectra. | 4d orbitals and | NVV
Auger peak (N) are also shown in Figure 1d for Re(80)

3.1. General Features, Core Level, and Auger Spectra.
The high-resolution broad-scan photoelectron spectra at 80 €V the outer valence level region (with BEs lower than around
of the four Re compounds Re(C£) [X = Re(COy, Cl, Br 13 eV), these spectra are remarkably similar qualitatively. The
and I] are presented in Figure 1. These spectra cover thepgaq'and intense band between 14 and 17 eV BE is due to the
relatively narrow valence levels with BEs less than 20 eV; the well-studied ionizations from thessand *z orbitals of the CO
weak, broad inner valence levels with BEs between 20 and 45group. The intense and relatively narrow band around 18 eV
eV; and the three core level peaks (plus two more | 4d peaks in gg for gl four compounds can be assigned to the ionizations
Figure 1d) with BEs greater than 45 eV. Table 1 lists the peak fom three CO & orbitals, as in W(CQ)16 The outer valence

positions and widths for the peaks in the inner valence and core g, g region (with BEs between 8 and 11 eV) of these spectra
level regions of the four Re compounds shown in Figure 1. Apart i be studied in detail later (section 3.2).

The inner valence region of these Re compounds, with the

(19) Kay, A.; Arenholz, E.; Mun, S.; Garcia de Abajo, F. J.; Fadley, C. S.; ; i ; i
Denecke, R.; Hussain, Z.; Van Hove, M. Bciencel998 281, 679. exc_eptlon of Re(CQ), has b.een assigned preVIOUéWThIS .
(20) Coatsworth, L. L.; Bancroft, G. M.; Creber, D. K.: Lazier, R. J. D.. '€gion was shown to be dominated by the shakeup and satellite

Jacobs, P. W. Rl. Electron Spectrosc. Relat. Phendri7g 13, 395. peaks originated from CO group%The ionizations due to the
(21) Bozek, J. D.; Cutler, J. N.; Bancroft, G. M.; Coatsworth, L. L.; Tan, C| 3s, Br 4s, or | 5s orbitals in the Re(C£X) (X = halogens)

22) *Srér'j-?Kangégh Csrgﬂcg"e,u'_%O%%wgfhptyi_L\?;'%:qulgéml' ; compounds are expected, but not observed, to be around 25 eV

Phys.1982 60, 131. BE in Figure 1. This is most likely due to the very small cross
(23) Li#, Z. F.; Bancroft, G. M.; Coatsworth, L. L.; Tan, K. KChem. sections of these halogen ms orbitals relative to those of the C
Phys. Lett.1993 203 337. : . ;
(24) Bancroft, G. M.; Adams, |.; Coatsworth, L. L.; Bennewitz, C. D.; 2s and O.ZS Qrblta.@ IF IS also.ot.)wous that the B@:O)m
Brown, J. D.; Westwood, W. DAnal. Chem1975 47, 586. spectrum in this region is very similar to the other three spectra

(25) Darst, K. P.; Lukehart, C. MJ. Organomet. Chenl979 171, 65. between 20 and 30 eV BE, showing once again that the Cl 3s,
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Table 1. Binding Energies, Widths, and the Assignments of the Inner-Valence and Core Spectra of Rhenium Caitthogl€Y)

Re(CO}CI Re(CO}Br Re(CO}l Re;(COo

peak BE (eV) width (eV) BE width BE width BE width assignment
S 21.11 2.14 21.06 221 20.79 2.54 20.61 2.31 shakeup
A 23.73 3.05 23.79 3.31 23.90 2.72 23.51 3.07 satellite 1
B 27.29 3.46 27.93 2.97 27.10 2.53 27.57 2.00 satellite 2
C 31.25 3.90 31.30 3.33 30.65 3.56 30.79 2.70 satellite 3
D 36.10 3.53 36.09 3.67 35.69 4.10 35.38 3.51 @O 3
E 41.25 2.50 41.80 1.85 40.57 2.26 43.83 3.72 satellite 4
C 48.31 0.46 48.29 0.42 48.04 0.42 47.45 0.53 Re 4f
C 49.15 1.42 49.12 1.14 50.02 1.21 48.42 0.97 Rex5p
Cs 50.74 0.48 50.70 0.40 50.50 0.40 49.85 0.57 Re 4f

Br 4s, and | 5s levels give no noticeable contribution. It is 3500 -

interesting to note that inner valence peaks of(R®)o (Table (@) 115 eV

1) have BEs which are generally lower than those of the halides. 3900 |

The slight decrease in BEs for the inner valence peaks on going Br3d,, Re 41,

from ClI, to Br, | and to Re(CQ)is in accord with the relative 2500

electronegativities of these ligands. Br3d,,
The three peaks around 50 eV BE in these spectra shown in& 2000 |- Re 4f,,,

Figure 1 are derived from the Re 4f{@nd G) and 5p; (Cy) 3

core orbitals. The Mn 3p orbital has a BE of 56.2 eV for Mn- © 1500 &

(CO)Br (spectrum not shown), in good agreement with a value

of 56.3 eV obtained for CoMn(C@’ The metal np BEs (Table 1000 1

1) are useful to observe the ap nd resonances (section 3.4). 00 L

Three more peaks can be seen in the core level region of Re- |

(CO)l. The two intense, sharp peaks at 54.90 and 56.64 eV oL | |

BEs are due to the ionizations of | 4d core orbitals. The weak ' L ! i :

peak labeled N (at a kinetic energy o28 eV, or a BE~52 80 70 | 60 50

eV) in Figure 1d is an | NVV Auger peak. Many similar | Auger I |

peaks have been observed to be between 25 and 30 eV kinetic 3500 - (b) 110 eV L |

energy for HI?® Similar Auger peaks can be observed on Br | |

3d levels for Re(CGPBr (Figure 2). 3000 - : |
In addition to the Re 4f core levels, the ligand core levels of 2500 | Ala |

these Re complexes, such as the Br 3d and | 4d levels, are also |

worth studying. Figure 2 presents the high-resolution core level @ 2000 - |

spectra of Re(C@Pr at (a) 115 and (b) 110 eV photon energies. & M

In addition to the intense and narrow Re 4f and Br 3d peaks § 59 -

shown in Figure 2, two surprising features are obvious

(especially in the inset spectrum in Figure 2b, which is enlarged 1000 -

by five times). First, Re 4f shakeup peaks(N;" and M,

M.') are clearly resolved between 52 and 65 eV BEs. A similar 500

feature has been previously observed and assigned for the W

4f levels in W(CO}.16-29The shakeup energy for the first series or | ‘ 1 ]

of shakeup peaks (Mand M\’ in Figure 2a) is 4.30 eV, and
the shakeup energy is 9.30 eV for the, Mind My’ shakeup o
peaks. These values for Re(GBY) are in reasonable agreement Binding Energy (eV)
with the shakeup energies for W(C{{p.4 and 8.9 eV}é The Figure 2. Re 4f and Br 3d spectra of Re(CB) at (a) 115 and (b)
second feature is the observation of the MVV Auger peaks 110 eV photon energies, showing the shakeup peaks of Re 4f levels
between 41 and 45 eV kinetic energies, which result from the (M1, Mz, etc.), and Br MVV Auger peaks (A Az As). The inset in
Br 3d ionizations. This observation can be verified by shifting Figure 2b is enlarged by five times.
g;/espgsltc()fr;oe;ir% 2{//FéeE\/t,ovirglseet:l/eBBEr)AoungS(r)ip:lzafI?zr;:;lslolghlft ligands, as demonstrated previously in the study _of the Auger
to 110 eV photon energies. Auger peaks at very similar kinetic SPECtroscopy of the metal carbonyls and metal nitro8yls.
energies have been observed in the Auger spectrum ofHBr.  The Re 4f line widths for these four Re compounds are about
The Auger Spectra of Organometa"ic molecules can be used t0040 eV, as listed in Table 1. These line widths are much broader
probe the chemical bonding between the transition metal andthan the theoretical inherent line width (between 0.07 and 0.15
eV).32 These widths are broader than the W 4f width at 0.25
(26) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table4985 32, 1. eV of W(CO}, but narrower than the Os 4f width at 0.53 eV
(27) Hu, Y. F.; Bancroft, G. M.; Tan, K. H.; Tse, J. S.; Yang, D.Cn. of Os(CO}.%° It has been shown that the CO and—\@

J. Chem.1996 74, 2240. vibrational stretching is the major cause for the W 4f line
(28) Cutler, J. N.; Bancroft, G. M.; Tan, K. H. Phys. B1991, 24, 4987.
(29) Bancroft, G. M.; Boyd, B. D.; Creber, D. Knorg. Chem.1978 17,

1008. (31) Stucky, G.D.; Rye, R. R.; Jennison, D. R.; Kelber, JJAAm. Chem.
(30) Wannberg, B.; Svensson, S.; Keane, M. P.; Karlsson, L.; Balzer, P. So0c.1982 104 5951.

Chem. Phys1989 133 281. (32) McGuire, E. JPhys. Re. A 1974 5, 1840.
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M(CO)sX

AO MO SO

Figure 3. Simple MO diagram of Re(C@X molecules undelCy,
symmetry. The MOs are constructed from the atomic orbitals (AO) of
Re and X in the upper valence region. The e orbitals are further split
by the spir-orbit (SO) coupling.

broadening? but the ligand field splitting is the predominant
factor in the Os 4f line broadenirfd For the Re 4f levels, it is
believed that both vibrational and ligand field splitting effects

Hu et al.

majority X mp character or an e orbital with metal d character.
For example, Lichtenberger et al. first proposed the orbital
ionization energy sequence for the Mn(GR)XX=ClI, Br, I)
complexes gMn) >e(Mn) > a(Mn—X) > e(X).2 This assign-
ment basically agreed with the theoretical results obtained by
Fenske calculationsOn the basis of a comparison between Mn
and Re systems, Ceasar et al. reinterpreted the spectral ordering
to give a(M—X) > e(M) > by(M) > e(X) for both Mn and Re
complexe$. Using a spir-orbit analysis of the Re(C@X
compound$, Hall proposed the above order for M(G{D)
complexes, but reordered the metal and halogen e orbitals for
the M(CO)CI complexes to give @M —Cl) > e(Cl) > by(M)

> e(M). The ordering for Re(C@Br and Mn(CO3Br was less
clear. On the basis of the He I/He Il study for both Mn(GX)
and Re(CO¥X compounds, Higginson et dsuggested that the
ionization energy ordering for Mn(C@Br was e(Br)> e(M),
while the ordering for Re(CGBr was like that for Re(CQ)
given by Hall® This assignment did not agree with Hall's
suggestioh that the HOMO in Re(CQBr had 60% Re 5d
character, although the sphorbit analysis could not give an
accurate percentage. Clearly, for Re(@Q)the decrease in
electronegativity of the ligands (Gl Br > ) causes a crossover

contribute to the line broadening in these molecules. The ligand in the halogen and Re orbitals. The nature of the HOMO changes
field splitting is expected to be present in these Re compoundsfrom 80% Re in the Cl compound, to 60% in the Br compound,

because their Mgsbauer quadrupole splittings (proportional to
the core level ligand field splitting) are moderate in comparison
with that of Os(COy, but certainly larger than that of W(C@)
underO, symmetry!® With the instrumental resolution af0.10
eV and a lifetime line width 0&0.15 eV, vibrational broadening
due to the CO and ReC stretching has to be a factor to account
for the best line width 0f~0.35 eV obtained for these Re 4f
levels for Re(COy, as previously observed in the core level
spectra of the other third row transition metal carboA§.

It has been shown that the | 4d lines in CpFe(@®ere
broadened mainly because of the ligand field splitfitig?’ The
high-resolution | 4d photoelectron spectrum of Re(§@)ot
shown) gave the line width of 0.42 eV that is much broader
than the instrumental resolutiornQ.15 eV). It is believed that
the line broadening for the | 4d lines (also for the Br 3d lines)
is also due to ligand field splitting.

3.2. Valence LevelsFigure 3 gives a simplified MO diagram
for the occupied valence MOs involving the Re 5d/Mn 3d and
X mp orbitals. UnderC,4, symmetry, there are four occupied
orbitals in the valence level region, namely, one e anarbital
each from the metal atom, and one e ap@mbital each from
the halogen. For orbitals with the high angular momentum of
the heavy atoms, such as Re 5d, Br 4p,
doubly degenerate e orbitals have a large -spirit splitting
that can be observed by UP%3” When spin-orbit effect is
considered in the ionic final state, the lowering of symmetry
from C,, to the Cy,* double group transformszband a to €
and ¢, respectively. This enables the mixing of theamd a
orbitals with the e orbitals (Figure 8y

Depending on the relative energies of the Re 5d (or Mn 3d)
and X mp orbitals, the HOMO can be either an e orbital with

(33) Hu, Y. F.; Bancroft, G. M.; Bozek, J. D.; Liu, Z. F.; Sutherland, D.
G. J.; Tan, K. HJ. Chem. Soc., Chem. Commad®92 1276.

(34) Hu, Y. F.; Bancroft, G. M.; Davis, H. B.; Male, J. |.; Pomeroy, R. K,;
Tse, J. S.; Tan, K. HOrganometallics1996 15, 4493.

(35) Kuzmin, A. |.; Shtemenko, A. V.; Kotelnikova, A. Russ. J. Inorg.
Chem.1981, 26, 455.

(36) Eland, J. H. DPhotoelectron Spectroscopyiley: New York, 1984.

(37) Bohm, M. C.; Gleiter, RAngew. Chem., Int. Ed. Endl983 22, 329.

(38) Gmelin Handbook of Inorganic Chemistry, Organorhenium Com-
pounds, Part 2Slawisch, A., Ed.; Springer-Verlag: Berlin, 1989; p
62.

to 30% in the | compound For Re(CO3Br, if the Br 4p and

Re 5d have very similar energies (and very similar suirbit
splittings), the classification of these e levels into e(M) and e(X)
may not be even meaningful. The analysis below confirms the
assignment for Mn(C@Br and Re(CO)Cl and sheds more light
on the Re(COPBr assignment.

3.2.a. He | Spectra.The high-resolution He | spectra of the
upper valence region of four Re compounds are presented in
Figure 4. Table 2 contains the BEs of the valence level peaks
and their assignments. Our spectra and BE values are in good
agreement with previous resuft8.In a 3 eV span, there are
four sets of bands labeled 1, 2, 3, and 4 for Re(XQX =
halogens) and five bands for REO),. There are in fact more
than four peaks resolved in this region, with the extra peaks
arising from the spirrorbit splittings of the Re 5d, Br 4p, and
| 5p valence orbitals, and also from the vibrational fine structure
due to the Re CO stretching on the Re 5d based peaks.

The assignment for RECO)y is relatively straightforward
underDg4, symmetry. It has been given in the previous studies;
that is, peak 1 is assigned to the abital which is a filled
Re—Reo bonding orbital, peaks 2 and 3 are assigned as arising
from the two spir-orbit components of the filled ReRe &

and | 5p orbitals, thepqing orbitals (g, peak 4 is assigned to one component of

the spin-orbit split bonding Re-Re orbital (g), and the very
intense peak 5 is assigned to the other sqirbit component
from e, overlapping with the two nonbonding brbitals from
each Re center. This assignment will be confirmed with the
variable energy SR results shown in the next section.

A spin—orbit splitting is clearly resolved for band 1 in all
three halides as shown in Figure 4. But the splitting in Re-
(CO)l (0.43 eV) is much larger than that for the Cl and Br
(0.25 and 0.30 eV) analogues (Table 2). Peaks 1 amdubt
arise from a majority | 5p orbital for Re(C@) since | is
expected to have a much larger sporbit splitting due to the
heavy-atom effecté:3” The shoulder for both peaks 1 andii
Re(COjl (at 0.26 eV from peaks 1 and)ls assigned to a CO
vibrational contribution (a similar, but weaker shoulder is also
visible at around 9.35 eV BE for Re(C&By in Figure 4b). This
shoulder was not resolved/identified in the previous stutiigs.
This observation of a CO vibrational component on a halogen-
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Figure 4. Photoelectron spectra of (a) Re(GO), (b) Re(CO3Br, (c) Re(COJl, and (d) Rg(CO)o, obtained by He I radiation.

Table 2. Binding Energies and Assignments of the Outer Valence Spectra of Rhenium Carkafyd8 €V)

Re(CO}CI Re(CO}Br Re(CO}l Rey(CO)o
peak BE (eV) assignment BE (eV) assignment BE (eV) assignment BE (eV) assignment
1 8.83 &Re) 8.71 e(Br,Re) 8.29 e(l) 8.04 1(Re—Re)
1 9.08 é(Re) 9.01 e(Br,Re) 8.72 e(l)
2 9.94 b(Re) 9.95 b(Re) 9.70 b(Re) 8.53 g(Re—Re)
3 10.83 é(Cl) 10.35 e(Re,Br) 10.05 e(Re) 8.85 s(Re—Re)
3 10.57 e(Re,Br)
4 11.27 a(Re—Cl) 10.94 a(Re—Br) 10.50 a(Re—1I) 9.26 a(Re—Re)
5 9.61 a+by(Re—Re)

based peak can be understood as a result of the orbital mixing5d and Br 4p orbitals have almost identical energy and there
(between the majority | 5p character and the metal/carbonyl could be a significant degree of mixidgzinally, peak 4 was

a* character). The assignment of band 1 for the Cl and Br unambiguously assigned to the-M o bonding orbital (g for
analogues cannot be conclusive on the basis of the He lall three compounds. In the next section, the variable-energy
spectrum, since the splitting between peaks 1 arddld arise SR will be used to provide firm assignments for these
from the spir-orbit splitting of the Re 5d orbitals or the halogen compounds.

mp orbitals. This will be further discussed later using SR spectra.  3.2.b. The Assignments of Re(CQEI and Re(CO)Br. Due
Peak 2 is due to the ionization from the Re 5d basedrbital to a delayed maximum for most transition metal valence nd
for all three compounds. The new evidence to support this orbitals!226 the cross sections of the Re 5d orbitals increase
assignment can be found in the Re(@Cl)spectrum, since a  from the onset of their threshold to a maximum (at around 30
distinct shoulder due to the vibrational fine structure from the eV photon energy) and then decrease continuously with the
CO stretch is clearly resolved for peak 2. The splitting of 0.26 increase of the photon energy. On the other hand, the cross
eV is in very good agreement with the CO stretching frequency sections of most ligand-originated valence orbitals, such as C
in Re(CO}X.38 A similar vibrational progression has been 2p, Cl 3p, and Br 4p orbitals, decrease continuously from the
observed on the Re 5d based orbitals for CpRef{CBand 3 onset of their thresholds. Figure 5 illustrates the theoretical

is assigned to the ionizations from the halogen-baserbitals atomic cross sectiofsof Re 5d, Br 4p, and Cl 3p orbitals
when X is Cl and Br, but it has been assigned to the between 15 and 90 eV photon energy (without the consideration
contributions from Re 5d based orbitals for Re(CQy.%10 of any multistep processes, such asamd resonance). It is

There has to be uncertainty on the assignment of band 3 forclear that the cross sections of both atomic Br 4p and CI 3p
Re(CO}Br for two reasons. First, both Br 3p and Re 5d spin  orbitals are almost equal to that of the Re 5d orbital at 20 eV
orbit splittings are expected to be0.2 eV. Second, atomic Re  photon energy, but the halogen mp cross sections drop to be



1260 Inorganic Chemistry, Vol. 39, No. 6, 2000 Hu et al.

and 2 to the Re 5d based orbitals, and bands 3 and 4 to the ClI

- Re 5 3p based orbitals. It is also important to note that the change in
I ™ oy —o—ciap the relative intensity of peak 2 is more pronounced than that of
~

band 1, thus suggesting that peak 2 has a higher percentage of

g“’ : &, \:\D Re 5d character than band 1, in agreement with the assignment

5 O\O\A N of peak 2 arising from a nonbonding Be 5d orbital. Further

2 \\A Tog evidence to support the MO assignment of Re((XDran be

‘;ﬁ’ 1 o\ o /O/o~o4o—0~oig>o<ohoxokok obtained from its high-resolution He | spectrum shown in Figure

g O\&&k Ha omo-o 4a. Only band 1 gave a resolvable shoulder due to the Re 5d
O

NN o spin—orbit splitting, while the spir-orbit splitting of 0.073 eV

—A-AAA A A AR for the CI 3p orbitai® is too small to be resolved in peak 3, as
has been noted previouslyin conclusion, the assignment for
this molecule is gRe—Cl) > e(Cl) > by(Re) > e(Re), in
agreement with the previous assignmeffts.

The different photon energy dependencies of the cross
sections of the atomic Re 5d and Br 4p orbitals shown in Figure
5, combined with variable-energy SR, can also be used to
less than 10% of the cross section of the Re 5d orbital at 40 eV discern the more difficult MO assignment of Re(GBY) The
photon energy. The cross section curves of the atomic Br 4p valence level spectra of Re(C4By at 21.22, 28, 40, and 80 eV
and ClI 3p orbitals become flat, when the photon energy increasesphoton energies are presented in Figure 7. These four outer
to around 75 eV, while the cross section of the atomic Re 5d valence bands can be separated into two groups, according to
orbital continues to decrease. Therefore, it is expected that thetheir orbital degeneracies, i.e., peaks (2 and 4) from the singly
relative intensity of the Re 5d based peaks would increase ondegenerate orbitals, and bands (1 and 3) from the doubly
going from 20 to 40 eV photon energy, in comparison to those degenerate e orbitals. As discussed earlier, assignment for peaks
of the halogen mp based valence peaks. At higher photon2 and 4 is relatively easy, and it is the same as the assignment
energies, the relative intensity of the Re 5d based peaks wouldfor Re(CO}CI. It is obvious that the relative intensity of peak
decrease when compared with those of the halogen mp base@ increases on going from 21.22 to 40 eV photon energy, while
peaks. the relative intensity of peak 4 decreases continuously, to the

We first try to assign the valence level spectrum, consisting extent that it becomes only a shoulder of peak 3. This confirms
of the four lowest BE MOs, of Re(C@}I with low photon the previous assignment that peak 2 arises from a Re 5d based
energy spectra. Figure 6 presents the valence level spectra oby(Re) orbital, and peak 4 is due to ionization from a Br 4p
Re(CO}CI at photon energies of 21.22, 35, 42, and 73 eV. Itis based gRe—Br) orbital. Bands 1 and 3 both show a splitting
clear that the relative intensities of bands 1 and 2 increase fromthat is very close to the Re 5d or Br 4p atomic spambit
21.22 to 35 eV photon energy, reaching a maximum at 42 eV coupling parameters (Table 2). It is apparent from Figure 7 that
photon energy. After 42 eV photon energy, the relative the relative intensity of band 1 decreases from 21.22 to 40 eV
intensities of bands 3 and 4 start to increase, as is evident inphoton energy, before increasing again at 80 eV photon energy.
the spectrum taken at 73 eV photon energy shown in Figure The relative intensity of band 3 shows the opposite trend. This
6d. These changes in the relative intensities with photon energiesobservation, when compared with the atomic cross section trends
are due to the different photon energy dependences of the crosshown in Figure 5, provides the definite assignment that band
sections of the atomic Re 5d and ClI 3p orbitals shown in Figure 3 arises from a majority Re 5d based orbital, and band 1 arises
5 and discussed above. It allows us to firmly assign bands 1 from a majority Br 4p based orbital. This assignment is different

01 F
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Figure 5. Theoretical cross sectiotiof the atomic Re 5d, Br 4p, and
Cl 3p orbitals at lower photon energy region.
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Valence level spectra of Re(C&) at lower photon energy region (21.22, 35, 42, and 73 eV photon energies).
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Figure 7. Valence level spectra of Re(C£B) at lower photon energy region (21.22, 28, 40, and 80 eV photon energies).

Table 3. Valence and Core lonization Potentials of Re(©Oand HX Complexes

valence IP coré&sg
molecule band 1 band 2 band 3 peak 4 halogen Re 4f

Re(CO}H? 8.94 (e) 9.25 (e) 9.59 fb 10.59 (a) 47.45
Re(CO)Cl 8.9¢ 9.94 10.83 11.27 204.27 (29 48.31
Re(CO}Br 8.80 9.95 10.46 10.94 74.37 (3¢k) 48.29
Re(CO}l 8.51° 9.70 10.05 10.50 55.20 (49 48.04
HCI 12.7¢8 207.39 (2pp)°

HBr 11.82 77.34 (3dp)

HI 10.64 57.49 (4d))9

2The IP values and band assignments of Re¢Ei@ye from ref 9. Average IP of spir-orbit peaks 1 and'1¢ Average IP of spir-orbit peaks
3 and 3. Yreference 11¢reference 43 reference 449 reference 28.

from the previous study by Hall, who assigned peak 1 to have compared with the valence level chemical shift using Jolly’s
60% Re 5d character for Re(C4B)y on the basis of a spin approact?* The bonding property of the PMégand has been
orbit analysi€. Our results on Re(C@Br clearly demonstrate  discussed.

the advantage of the tunability of SR in the electronic structure  Using the Re and halogen core and valence level BEs of these
study of large organometallic molecules. It is clear that the three Re compounds (Table 3), the localized orbital ionization
crossover of the HOMO in the Re complexes from having a Potentials (LOIP) of three rhenium pentacarbonyl halides can
majority Re 5d character to having a majority halogen character b€ calculated using Re(Cg) as the reference compound, on
occurs at Br, rather than at I, in agreement with the result of the basis of the equatiéh

Higgison et al’, but contrary to that of Haf.

3.3. Valence Level/Core Level Shiftsin the early 1980s, LOIP = IP(ref) + 0.8[Eg — Eg(ref)] )
Jolly and co-workers developed an approach to studying the
bonding character of MOs, using the chemical shift information Where IP is the vertical ionization potential of the valence
of both core and valence levels of related compoufdehe orbitals of the reference compound aBg is the BE Of the
basic principle of Jolly’s approach is that the appropriately €°re levels. The LOIP values of the ha_logen e orb|tals_are
chosen core BEs can be used to subtract the contributions dué:a!culated for the halqgen valence mp orbitals of the_ Re halides,
to electrostatic potential (atomic charges) and relaxation energyUSIng data of the strictly nonbondlrlg halogen prblta.ls of
from valence ionization potentials. It is then possible to quantify the.correspondlng. HX compounﬂ%‘.‘ The b nonbondings
the bonding or antibonding character of molecular orbitals by orbital and ex orbital of Re(COaH are chosen to ca_IcuIate

; . : > _the LOIP values for the Re 5d orbitals of three Re halides. The
using only experimental data. Jolly has successfully applied this

h to the Mn(C tem t firm th . " calculated LOIP values are listed in Table 4. It is immediately
approacn fo the n(C@X system to confirm the assignmen clear that the e(X) value decreases dramatically on going from
of Higginson et al. for the Mn compoundsRecently, the Os

. : Cl to I, while the LOIP values for both Re andx orbitals
4f core chemical shift between Os(G@nd Os(COPMe; was increase on going from Re(CED)l to Re(CO}I. The e(Cl)/e(l)

(39) Calabro, D. C.; Hubbard, J. L.; Blevins, C. H., Il; Campbell, A. C.; (42) Jolly, W. L.J. Phys. Chem1981, 85, 3792.

Lichtenberger, D. LJ. Am. Chem. Sod.981, 103 6839. (43) Aitken, E. J.; Bah, M. K.; Bomben, K. D.; Gimzenski, J. K.; Nolan,
(40) Green, J. C. Irencyclopedia of Inorganic Chemistriing, R. B., G. S.; Thomas, T. DJ. Am. Chem. Sod.98Q 102, 4873.
Ed.; John Wiley & Sons: New York, 1994; p 3257. (44) Liu, Z. F.; Bancroft, G. M.; Tan, K. H.; Schachter, Nhys. Re.

(41) Jolly, W. L.Acc. Chem. Red 983 16, 370. Lett. 1994 72, 621.
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Table 4. Calculated LOIP Values for Re(C6X (X = Halogen)

Complexes, eV 3000 - ReCOw s 5
orbital ———50eV [\
2500 - g5y 10
molecule e(Xy by(Rey e(ReY
Re(CO}CI 10.28 10.28 9.79 " 2000 -
Re(CO)Br 9.44 10.26 9.77 £
Re(CO}l 8.81 10.06 9.58 3 1500
(&)
a Calculated by using the hydrogen halides as reference molecules 1000
(Table 3).° Calculated by using Re(Ce) as the reference molecule.
500 -

LOIP value is much higher/lower than the e(Re) LOIP value
for Re(CO}CI/Re(CO}l, thus indicating that the e(Re)/e(l) o
orbital is the HOMO for Re(CQLI/Re(CO}l, in agreement
with our variable-energy results. The calculated LOIP values
of both e(Br) and e(Re) orbitals for Re(GBY are very similar,

25 20 15 10

with the e(Br) orbital energy having a slightly smaller value 3000 -
(9.44 eV versus 9.77 eV). This once again is in agreement with 2500 -
our experimental result.

3.4. The np— nd Resonant Effect in My(CO)10 (M = Re, o 2000
Mn) and Mn(CO) sBr. Green and co-workers have observed =
the np— nd resonance in the gas phase photoelectron studies 3 "% [
of some organometallic complexes using SRhe mechanism 1000 -
of this phenomenon has been reviewed recently by Gior
rhenium compounds, the intensity of the bands originating from 500 -
the Re 5d valence orbitals should be enhanced when the incident
photon energy is at, or near, the ionization threshold of the Re 0

5p core orbitals, due to the so-called super Cestepnig
(SCK) transition> We have shown that the observation of this o
resonance is very valuable in assigning the metal d valence Binding Energy (eV)

orbitals in Os(COPMe; and CpM(CO3 (M = Mn, Re) Figure 8. Valence level photoelectron spectra ob,f&0),, at 45, 50,
complexes®2” The knowledge of BEs of metal np core levels and 55 eV photon energies. All the spectra are normalized with
is also important in order to observe the nipnd resonance.  ntensities of peaks 9 and 10.

The BEs of Re 5p, and 5p, electrons are found to be close ) ) . .

to 49 and 58 eV for these Re complexes (Table 1). These gesHowever, the interference of the intense | 4d signals excited

are almost 15 eV higher than the Re metal 5p BEs obtained byby sgcond-order radiation made it difficult to record the high-
earlier XPS% but consistent with the values for W and Os in  duality valence level spectra between 42 and 53 eV photon
the metal carbonyli18 energies. Nevertheless, there is little doubt from the-spibit

. litti lysis that th i t t be th i
The variable-energy spectra of REO) at 45, 50, and 55 SPING analysis Mat e assighmen’ MUst be the same as given

X 7
eV photon energies shown in Figure 8 display a distinct previously; i.e., a(Re-I) > e(Re)> by(Re) > ().

maximum at 50 eV photon energy for the first five peaks (peaks Figure 9 presents the valence level photoelectron spectra of
1-5). The first five peaks are all expected to show a Re-5p Mn(CO)Br with the photon energy centered around the Mn

5d resonance, since they are all derived from the Re 5d base p BE of 56.2 eV. Itis clear that the relative intensities of peaks

bitals. It i th noting that K5 sh th Cint and 2 increase over the relative intensities of peaks 3 and 4
?ers:)i;r.lcelsbg:/:gruseni? (I)r;%in:tegef?om nslycn?r)v:bone dirplssRéns%nse from 53 to 57 eV photon energy. This increase of the relative
. intensity corresponds to a Mn 3p 3d resonance, indicating a

orbitals? Also note that, for RECO)y,, all Re 5d peaks almost y b 3p 9

double i lative intensiti g f f 45 higher Mn 3d character in peaks 1 and 2. This confirms the
ouble in relative intensities on going from off-resonance ( previous assignment for Mn(C€Br given by Higginson et af.,

25 20 15 10

eV) to on-resonance (50 eV). i.e., a(Mn—Br) > e(Br) > b(Mn) > e(Mn).

In the previous studies of np- nd resonances in W(C@) Similar Mn 3p— 3d resonance can be also observed for the
the intensity of the W, 5d peak also doubled at the Wfp  other Mn molecules. The valence level photoelectron spectra
Ievel.lf Theoretical calculations showed that, in W(GQOhe of Mn»(CO)yo at 56 and 58 eV photon energies (not shown,
tag Orbitals (which correlate with e ang brbitals for M(CO}X available as Supporting Information) clearly indicate the
molecules undeC,, symmetry) have-60% 5d charactet} and enhancements of the relative intensities for the peaks with BEs

Fenske’s initial calculatiofsand a recent density functional pejow 11 eV, thus a higher Mn 3d character in these peaks,
calculatiort® on Mn(CO}X also indicated about 60% Mn 3d  when compared with the peaks at the higher BE side. The fact
character in the split e and brbitals. that the np— nd resonances can be used to aid the assignment
The Re 5d based orbitals of Re(GDare also expected to  of metal nd character dominated peaks is in direct contrast to
display a 5p» — 5d resonance around 50 eV photon energy. the following interatomic resonances observed for tlegy
similar Re(CO}X (X = ClI, Br) molecules.

(45) Fano, U.; Cooper, J. Wehys. Re. 1965 137, 1364. 3.5. The Interatomic np — nd Resonance in Re(CO)X

(46) Fggglg, J-ZC.; Martensson, Bl Electron Spectrosc. Relat. Phenom. (X = CI, Br). Figure 10 presents the variable-energy valence
1981, 21, 275.

(47) Arratia-Perez, A.; Yang, C. YJ. Chem. Phys1985 83, 4005. level phOtoeleCtrc.m Spe.Ctra of Re(QBD at 46' 48, 50, and 52.

(48) Wilms, M. P.; Baerends, E. J.; Rosa, A.; Stufkens, Indrg. Chem. eV photon energies. It is immediately obvious that the relative

1997, 36, 1541. intensities ofall of bands 1, 2, 3, and 4 display an intense
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maximum (-80% increase in relative intensity, Figure 11)
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Figure 11. Branching ratios of the valence level peaks of Re(§BD)
between 40 and 68 eV photon energies. The positions of el
5py2 are also indicated.

observation of this 5p—~ 5d resonance would suggest that
orbitals associated with bands 1, 2, 3, and 4 all have higher Re
5d character, in comparison to peaks® since it is well-known

that peaks 59 are due to contributions from the CO group.
However, our low photon energy results presented in sections
3.2 and 3.3 firmly assign band 1 to the ionizations from an e(Br)
orbital with a major Br 4p character and band 3 to the ionizations
from an e(Re) orbital with a major Re 5d character. On the
basis of this assignment, one would expect band 3 at least to
show a more pronounced Re 5p 5d resonance than band 1,
yet both bands 1 and 3 show an almost equally intense resonant
effect. Of course, there should be some mixing character in these
orbitals due to the second-order effect; that is, undeiGh&
double group symmetry of the ionic state of Re(@Q)the b
orbital has the right symmetry {Eto interact with the halogen

mp orbitals and the other e(Re) orbitads.

Our observation of the pronounced fap nd resonance on
the orbitals with a majority ligand character is very surprising.
Cooper et al. have previously reported a similar observation in
Ru(-CsHs)2.1* They observed the np- nd resonances in the
ligand-based orbitals which were symmetry forbidden to have
any d content, and it was interpreted as due to the interchannel
coupling effect214Traditionally, np— nd resonance has been
treated as a localized, atomic procés¥ery recently, Fadley
and co-workers observed a strong Mn 2p to O 1s resonance, in
addition to the normal Mn 2p~ 3d resonance, for several
manganese oxides, such as MHOhey termed this effect the
interatomic multi-atom resonant photoemission effect. Similarly,
we propose the following interatomic resonant processes to

between 48 and 50 eV photon energy, in comparison to the explain our observation for Re(C€X (X = ClI, Br) molecules.

intensities of the other peaks. This maximum occurs at a photon

energy corresponding to the RezpBE of Re(CO3Br. The

(49) Starace, A. FPhys. Re. B 1972 5, 1972.
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6 hw 5- 6+1_SCK ¢ -
5p°5d° 55 5P 5 doca; 5P 5¢° + e 2) osol /}/\ Re(CO)CI
Equation 2 describes the normal Re-5p5d resonant process, 0.76 |-
where a Re 5p electron is excited into an unfilled 5d orbital
and decayed via a SCK transition, accompanied by the excitation 0.72 |-
of a Re 5d electron, leading to the final state identical to the 0.65 L o
direct ionization of a Re 5d valence electron, hence the ‘ AN #59

enhancement in the cross section of the Re 5d based orbital.
In the interatomic resonant process,

0.64 - \4//0

by IAA
5p°5mp°(X) g 5p°5d” " mp’(X) —
5p°5Pmp>(X) + e (3)

Branching Ratio (%)
=3
n
T

. . . . /h\ Q/C_O\o——c #2
where IAA represents an interatomic Auger process, in which A ~,
a halogen mp valence electron is ionized at the Re.5p 0.09 - °\ /)
threshold. The enhancement in the relative intensities of the Br © O
4p based orbitals observed in Re(GBY) is due to this 0.06 | oo pom ™ #3
interatomic Auger process. ) o /

This interatomic resonant effect can also be observed in the N
variable-energy photoelectron spectra of Re(§{8Dyvhen the 0.03 - o o
photon energy is tuned around the BE of Re 5p ionization. e e e
Branching ratios of peaks-19 of Re(CO3Cl between 40 and 0.00 -

68 eV photon energies are shown in Figure 12. From Figures ’ ! ! ! | ! ) !
11 and 12, it is obvious that bands-4 for both moleculesll 40 45 50 55 60 65 70
display intense resonances at energies corresponding to the BEs
of Re 5p spir-orbit split orbitals. The fact that the resonance ) _
around 50 eV photon energy is much more pronounced than Figure 12. Branching ratios of the va_Ience level p_e_aks of Re(§0D)
the one at the higher photon energy can be accounted for byPetWeen 40 and 68 eV photon energies. The positions of Rzl
. . . 5py2 are also indicated.
the 2:1 ratio between the spitorbit components 4% and R..

Obviously, the observation of the interatomic Ap nd Th d q h | ionization h
resonance for these two molecules does not allow us to e np— nd resonance due to the metal np lonization has

distinguish the character of these four peaks for Re¢RQX _been observed in the peal_<s arising from the valence nd orbitals
= Cl, Br). One lesson to learn from this study is that one should in @ll these molecules. This np nd resonance is shown to be
be cautious using the np nd resonance to aid the assignment useful in assigning the metal nd based peaks for most of these
of the photoelectron spectra of organometallic molecules. molecules. However, an equally intense-npnd resonance is
Fortunately, with variable-energy SR, we can study not only also observed on the peaks due to the ionizations of the halogen
the resonances or minima of metal nd based orbitals but alsomp orbitals in Re(CGQX (X = CI and Br) molecules. An

the general trend of the cross sections of metal d based orbitalsinteratomic resonant effect is proposed to explain this new
We demonstrate that the variable-energy SR is a powerful tool phenomenon.

in the study of the electronic structure of the complicated
molecules.

It is very puzzling that this new resonant effect is only
observed for these two Re (Cl and Br) molecules and for the
Ru(-CsHs), moleculet* but not for any other molecules (Re,
Mn, W, Os based) that have been studied to #aespecially
not for molecules in the very similar Mn(C&j system which
are also presented in this study. More experimental work and ! 4d levels.
more theoretical calculations are much needed to fully explain
this new effect.

Photon Energy (eV)

The inner valence levels of these molecules are shown to be
dominated by contributions from the CO group. The Auger
peaks have been observed in the high-resolution, high-intensity
Br 3d and | 4d spectra in these molecules. It is believed that
the ligand field splitting from these low-symmetry molecules
is the major cause of the line broadening of Re 4f, Br 3d, and
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