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Abstract: The first examples of vibrational structure in metal—ligand o-bond ionizations are observed in
the gas-phase photoelectron spectra of CpRe(NO)(CO)H and Cp*Re(NO)(CO)H [Cp = 5>-CsHs, Cp* =
1°-Cs(CHs)s]. The vibrational progressions are due to the Re—H stretch in the ion states formed by removal
of an electron from the predominantly Re—H o-bonding orbitals. A vibrational progression is also observed
in the corresponding ionization of the deuterium analogue, Cp*Re(NO)(CO)D, but with lower vibrational
energy spacing as expected from the reduced mass effect. The vibrational progressions in these valence
ionizations are directly informative about the nature of the metal-hydride bonding and electronic structure
in these molecules. Franck—Condon analysis shows that for these molecules the Re—H or Re—D bond
lengthens by 0.25(1) A when an electron is removed from the Re—H or Re—D ¢-bond orbital. This bond
lengthening is comparable to that of H, upon ionization. Removal of an electron from the Re—H or Re—D
bonds leads to a quantum-mechanical inner sphere reorganization energy (A°¥) of 0.34(1) eV. These
observations suggest that even in these low symmetry molecules the orbital corresponding to the Re—H
o bond and the Re—H vibrational mode is very localized. Theoretical calculations of the electronic structure
and normal vibrational modes of CpRe(NO)(CO)H support a localized two-electron valence bond description
of the Re—H interaction.

Introduction is straightforward. In the orbital model of electronic structure,
a particular positive ion state is obtained from the neutral
molecule by removal of an electron from an occupied orbital.
|Comparison of the vibrational and structural features of the
positive ion state to those of the neutral molecule indicates the
bonding nature of an electron in that orbital. Qualitatively, if

The nature of the metahydride bond is important to many
catalytic, synthetic, and materials processes. Experimentally,
photoelectron spectroscopy has proven to be an invaluable too
for obtaining information related to the energetics and nature
of metat-ligand bonding in many inorganic and organometallic ? ; . . g
molecules:~6 In addition to providing ionization energies that the Orb't‘?‘l from which the electron is removgd IS es,se.m'a,"y
are important for understanding the valence electronic structurenonbond'ng and no geometry change occurs with that ionization,
of a molecule, photoelectron spectroscopy reveals vibrational then the most intense ionization will be to the lowest vibrational
and structuralyinformation for the ground and excited positive level in the positive ion. lonizations to higher excited vibrational
ion states of the molecule when one or more vibrational qga_ntum levels in the positive ion _Qa‘”_ intensity as the
progressions are resolved in the ionizations. First-order inter- minimum-energy structure of the positive ion state becomes

pretation of vibrational structure in a photoelectron ionization increasingly different from th.at of thg neutrgl molecule. ,MOSt
often, the geometry change is associated with a bond distance

* To whom correspondence should be addressed. in the molecule. Quantitatively, the difference between the

lgg:xgg::y g; G;Zr?na- vibrational frequency of the positive ion and the vibrational

§Friedrich¥AIexandér UniversitErlangen-Nunberg. frequency of the neutral molecule reflects the change in the
(1) Green, J. CStruct. Bonding (Berlin)l981, 43, 37—112. vibrational force constant caused by removal of the orbital
gg é?'e%”r:f)g‘_' E&?g&ﬂt;g‘gg%fzhf”gf_‘%fzs_ 320. electron, and analysis of the intensity pattern of the vibrational
(4) Lichtenberger, D. L.; Gruhn, N. E.; Renshaw, S.JXMol. Struct.1997, progression measures the change in bond distance caused by
®) 2%1),2(.7;%_&31?:}0& G.M.; Puddephatt, R. Acc. Chem. Re4097 30,213~ 'emoval of the orbital electron.

(6) Wu,'J.; Bancroft, G. M.; Puddephatt, R. J.; Hu, Y. F.; Li, X.; Tan, K. H. (7) Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. Rlolecular
Inorg. Chem.1999 38, 4688-4695. Photoelectron SpectroscopWiley-Interscience: New York, 1970.
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Vibrational progressions are commonly observed in the changes observed with these ionizations have been explained

photoelectron spectra of small molecule$Vibrational struc-

in terms of the core equivalent modé@lWith all of these

ture is also typically observed in higher resolution laser pho- examples, however, there has been no report of resolved
toelectron spectroscopy of small inorganic anions or anionic vibrational structure in a metaligand o ionization, which
metal clusterd®16 but interpretation of these progressions can would give direct evidence of the bonding nature of this most
be difficult because the geometries of the anions under studybasic metatligand interaction.

are not always known. Photoelectron studies of volatile transition

Here we report the first observation of vibrational structure

metal molecules generally do not show well-resolved vibrational in the ionization of a metatligand o-bonding valence orbital,
structure. This is due to (a) the low frequencies of vibrations of specifically the Re-H o-bond ionizations of CpRe(NO)(CO)H
metal-ligand bonds, (b) the number of vibrational modes that and Cp*Re(NO)(CO)H and the Ré& o-bond ionization of

may overlap, and (c) the limitations of the instruments generally Cp*Re(NO)(CO)D [Cp= #5-CsHs, Cp* = °-Cs(CHz)s]. This

used for studies of these molecules.

experimental information is used to evaluate the change in metal-

Although large molecules have a large number of normal hydride bonding that occurs when an electron is removed from
vibrational modes, there are effective “selection rules” that lower this orbital, and the implications derived from this information
the number of modes that can lead to observable progressiongvith regard to the nature of the metal-hydride bonding in these
in an ionization, especially for transition metal complexes. For systems are discussed. One basic question is whether a simple
one, a vibrational mode will give rise to an extensive progression valence bond description, in which the-Re ¢ bond is depicted
in an ionization only if the energy of geometry relaxation of as a localized two-electron bond, can be used to accurately
the positive ion state along the nuclear displacement coordinatesdescribe the electronic structure of the-R¢ bond in these
of the mode is greater than the vibrational energy spacing of molecules. In contrast, a molecular orbital description would
the mode. Metal d orbitals are often somewhat localized, and form delocalized linear combinations of metal and ligand orbitals
in these cases only those modes that have substantial nucleaihat would mix the Re-H bond with the other Religand bonds
displacements in the region of the metal dominate the vibrational and orbitals in the molecule. It might be expected for the low

manifold. Even if the particular orbital is delocalized, local

symmetry of these molecules that theframework would be

electronic symmetry and normal mode symmetry can assist theextensively delocalized, and, of course, delocalized electronic
observation of vibrational structure because the totally sym- descriptions are common in organometallic chemi&#tHow-

metric modes normally dominafePhotoelectron spectra of

ever, the experimental and computational results presented here

transition-metal containing molecules that have resolved vibra- indicate that the metahydride bond in these systems remains
tional structure are relatively few to date. Those that have beenpredominantly localized.

reported include the metametal stretching frequency on the
metal-metald orbital ionization of M@(O,CCHs)4,1” metal-

carbon and carbercarbon stretching frequencies on the ioniza-

tions of metallocene®¥1® and metat-carbon and carbon

Experimental Section

The samples of CpRe(NO)(CO,Cp*Re(NO)(CO)H% and
Cp*Re(NO)(CO)B® were prepared according to reported procedures.

oxygen stretching frequencies on the metal d ionizations of many Photoelectron spectra were recorded using an instrument that features

metal carbonyl®25 Vibrational structure due to carben

a 36 cm radius, 8 cm gap hemispherical analyzer (McPherson), custom-

oxygen stretching has also been observed in the metal Coredesigned excitation source, sample cells, and detection and control

ionizations of metal carbonyf?42628 and the geometry

(8) Rabalais, J. WRrinciples of Ultraviolet Photoelectron Spectroscaplohn
Wiley & Sons: New York, 1977.
(9) Eland, J. H. DPhotoelectron SpectroscopButterworth: London, 1984.
(10) Stevens, A. E.; Feigerle, C. S.; Lineberger, WJCAm. Chem. S0d.982
104, 5026-5031.
(11) Miller, A. E. S.; Feigerle, C. S.; Lineberger, W. &.Chem. Phys1987,
87, 1549-1556.
(12) Bengali, A. A.; Casey, S. M.; Cheng, C. L.; Dick, J. P.; Fenn, P. T.; Villalta,
P. W.; Leopold, D. GJ. Am. Chem. S0d.992 114, 5257-5268.
(13) Casey, S. M.; Leopold, D. GChem. Phys. Lettl993 201, 205-211.
(14) Klopcic, S. A.; Moravec, V. D.; Jarrold, C. @. Chem. Phys1999 110,
8986-8991.
(15) Li, X.; Wang, L.-S.J. Chem. Phys1999 111, 8389-8395.
(16) Gutsev, G. L.; Rao, B. K.; Jena, P.; Li, X.; Wang, L.d5.Chem. Phys.
200Q 113 1473-1483.
(17) Lichtenberger, D. L.; Blevins, C. H., I0. Am. Chem. Sod984 106
1636-1641.
(18) Lichtenberger, D. L.; Copenhaver, A. $.Chem. Phys1989 91, 663—
673

(19) Baehr, A.; Cooper, G.; Green, J. C.; Longley, K. A.; Lovell-Smith, M.;
McGrady, G. SChem. Phys1996 203 223-231.

(20) Calabro, D. C.; Hubbard, J. L.; Blevins, C. H., Il; Campbell, A. C.;
Lichtenberger, D. LJ. Am. Chem. S0d.981, 103 6839-6846.

(21) Hubbard, J. L.; Lichtenberger, D. 1. Am. Chem. S0d982 104, 2132~
2138

(22) Lichtenberger, D. L.; Calabro, D. C.; Kellogg, G.@ganometallics1984
3, 1623-1630.

(23) Lichtenberger, D. L.; Rai-Chaudhuri, A.; Seidel, M. J.; Gladysz, J. A.;
Agbossou, S. K.; Igau, A.; Winter, C. Kdrganometallics1991, 10, 1355~
1364.

(24) Hu, Y.; Bancroft, G. M.; Bozek, J. D.; Liu, Z.; Sutherland, D. G. J.; Tan,
K. H. J. Chem. Soc., Chem. Commu9892 1276-1278.

(25) Lichtenberger, D. L.; Fan, H.-J.; Gruhn, N. E.; Bitterwolf, T. E.; Gallagher,
S. Organometallics200Q 19, 2012-2021.
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electronics that have been described in more dé&dihe difference
between the argofPs; ionization at 15.759 eV and the methyl iodide
°Eyp ionization at 9.538 eV was used to calibrate the ionization energy
scale. The argofPs; ionization also was used as an internal calibration
lock of the absolute ionization energy to control spectrometer drift
within £0.001 eV throughout data collection. During data collection
on these molecules the instrument resolution (measured using fwhm
of the argon?Ps, peak) was 0.0160.022 eV. All data are intensity
corrected with an experimentally determined instrument analyzer
sensitivity function. The Hel spectrum also was corrected forgHel
resonance line emission from the source, which is about 3% of the
intensity of the Hed line emission and at 1.869 eV higher photon
energy.

(26) Nilsson, A.; Maartensson, N.; Svensson, S.; Karlsson, L.; Nordfors, D.;
Gelius, U.; Aagren, HJ. Chem. Phys1992 96, 8770-8780.

(27) Hu, Y.-F.; Bancroft, G. M.; Liu, Z.; Tan, K. Hinorg. Chem.1995 34,

3716-3723.

(28) Hu, Y.-F.; Bancroft, G. M.; Davis, H. B.; Male, J. |.; Pomeroy, R. K.; Tse,
J. S.; Tan, K. HOrganometallics1996 15, 4493-4500.

(29) Jolly, W. L.; Hendrickson, D. NJ. Am. Chem. Sod97Q 92, 1863-1865.

(30) Gray, H. B.; DeKock, R. LChemical Structure and Bondin&enjamin
Cummings: Menlo Park, CA, 1980.
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Chemistry John Wiley & Sons: New York, 1985.
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(33) Sweet, J. R.; Graham, W. A. @. Am. Chem. Sod982 104, 2811-
2815.

(34) Chinn, M. S.; Heinekey, D. M.; Payne, N. G.; Sofield, C.@rganome-
tallics 1989 8, 1824-1826.
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Figure 1. Photoelectron spectrum of CpRe(NO)(CO)H.
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All samples sublimed cleanly with no detectable evidence of

decomposition products in the gas phase or as a solid residue. The

sublimation temperatures werdJ, 104 Torr, monitored using a “K”

type thermocouple passed through a vacuum feedthrough and attached

directly to the sample cell) 3545 for CpRe(NO)(CO)H and 5660
for Cp*Re(NO)(CO)H and Cp*Re(NO)(CO)D.
In the figures of the data, the vertical length of each data mark

represents the experimental variance of that point. The valence

ionization bands are represented analytically with the best fit of
asymmetric Gaussian peaks as described in more detail elsetfhere.
The bands are defined with the position, amplitude, halfwidth for the
high binding energy side of the peak, and the halfwidth for the low
binding energy side of the peak. The number of peaks used in a fit

5 11 10.5 10
lonization Energy (eV)

Figure 2. Close-up of thes(Re—H) and o(Re—D) ionizations.

12

the primary character of the orbitals from which the ionizations
originate as described below. However, it must be remembered
that a completely accurate description of these orbitals often

was based solely on the features of a given band profile. The peakincludes character from other valence orbitals.

positions and halfwidths are reproducible to ab&i@t01 eV 30).

In the spectrum of CpRe(NO)(CO)H, there are three relatively

The parameters describing an individual Gaussian peak are less certairsharp ionization bands at 7.96, 8.50, and 9.09 eV labeled M1,

when two or more peaks are close in energy and overlap.

Theoretical calculations of the electronic structure and normal
vibrational modes and frequencies of CpRe(NO)(CO)H were carried
out with both the HartreeFock and the B3LYP models using program
Gaussian98 and the effective core potential/douldiebasis of Hay
and Wad€%*! as well as with a number of other basis sets and other
density functionals. All methods gave similar results, particularly with
respect to the conclusions derived from the vibrational progressions in
the ionizations. The figure of the Réd bond orbital of CpRe(NO)-
(CO)H is from the B3LYP calculation and is produced with program
MOLEKEL#? using a surface function value of 0.06.

Photoelectron Spectra

The valence ionization spectrum for CpRe(NO)(CO)H from
7.5 to 12.5 eV is shown in Figure 1. The primary character

M2, and M3 that originate from the predominantly d orbitals
of the formally ¢, Re(l) metal center. The spacing of these
three ionizations reflects the differemtsymmetry interactions

of these orbitals with the NO, CO, and H ligands and will be
discussed in comparison to other molecules of this class in a
separate papéP.The ionization near 10.4 eV has a distinctive
asymmetric shape with a shoulder on the high binding energy
side that is associated with the @ponization of a piano-stool
molecule?°25 The remaining ionization envelope from 11 to
12 eV is assigned to the Réd o-bond ionization. Although
this ionization partially overlaps with the Cpionization, it is
possible to see the unusual shape of the ionization band. The
shoulders on the ionization are partially resolved transitions to
different vibrational energy levels in the positive ion. This

associated with the ionizations in this region can be assignedionization is the focal point for evaluating the Rel ¢ bond.

by comparison to the spectra of other piano-stool molecules,
including CpRe(NO)(CO)X (%= halide¥® and CpRe(NO)(CO)-

CHj3,%% and by comparison of spectra collected with Hel and
Hell photon source® The labels assigned to ionizations reflect

(36) Lichtenberger, D. L.; Copenhaver, A. 3. Electron Spectrosc. Relat.
Phenom199Q 50, 335-352.

(37) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.

(39) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.

(40) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284—298.

(41) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(42) Flukiger, P.; Luthi, H. P.; Portmann, S.; Webeialekel 4.1 Swiss Center
for Scientific Computing: Manno, Switzerland, 2002001.

A higher resolution close-up of the Rél o-bond ionization
of CpRe(NO)(CO)H from 10 to 12 eV is shown in the top of
Figure 2. The shoulders on the band are modeled well with
symmetric Gaussian bands that have positions and intensities
listed in Table 1. The position of the adiabatic ionization is
uncertain because the Cpionization overlaps with the low
binding energy side of the(Re—H) band. The position of the
most intense peak in the ionization envelope, the vertical
ionization energy, is more certain at 11.03 eV. The vertical
ionization would appear to correspond to théneutral) tov;-
(cation) transition. The vibrational progression has a frequency
of 0.223+ 0.015 eV (1800+ 125 cntl), which is lower than
the v(Re—H) for the neutral molecule at 2013 cm(Raman,
neat). The decrease in frequency is direct evidence for the
bonding nature of the ReH orbital.

The Re-H o-bond ionization of Cp*Re(NO)(CO)H is shown
in the middle of Figure 2. The methylation of the Cp ligand
causes the Cp*r ionization of Cp*Re(NO)(CO)H to be
destabilized by about 1.1 eV from the @ponization of CpRe-

J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002 1419
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Table 1. Positions and Relative Amplitudes of the Vibrationally (cation) transition. The vibrational energy spacing in the
Resolved Components of the o(Re—H) and ¢(Re—D) lonizations R 1 P
and the Best Matching Poisson Amplitudes progression is 0.145% 0.012 eV (120Gt 100 cnT _), whlgh is

as predicted by the reduced mass effect and is again smaller

N posifion - relative - Poisson than the Re-D vibrational frequency in the neutral molecule
transition (eV) amplitude amplitude
(1453 cnt?).
CpRe(NO)(CO)H

vo(neutral)— vo(cation) (adiabatic) 10.823 350 - Vibrational Analysis
vo(neutral)— v4(cation) (vertical) 11.034 1000 999 ) )
vo(neutral)— vy(cation) 11.270 750 771 Vibrational Normal Mode and Force Constant. The
vo(neutraly— vs(cation) 11.510 426 401 vibrational information from these spectra can be used to
vo(neutral)— v4(cation) 11715 189 157 estimate the vibrational force constant and change in equilibrium

__ Cp"Re(NO)(COH bond distance when an electron is removed fromutiRe—H)
vo(neutral)— vo(cation) (adiabatic) 10.229 639 620 bital. B th . bet th ibrati |
vo(neutral)— vi(cation) (vertical) ~ 10.459 1000 992 orbital. because the energy spacing between the vibrationa
vo(neutral)— vy(cation) 10.674 769 794 components of the ionization band is the same within the
vo(neutral)— va(cation) 10.873 453 423 certainty of the experiment, it is reasonable to assume that the
vo(neutral)— vs(cation) 11.074 212 170 potential well for this state of the positive ion is essentially

~ Cp*Re(NO)(CO)D harmonic within the range of the first several vibrational levels.
zggﬂgﬂgggj zfgggggzg (adiabatic) l%)oézgig 9%6 936%1 In this case a classical Hooke's law approximation can be used
vo(neutraly— vy(cation) (vertical) 10.544 1000 1046 to describe the energy of the potential well of the positive ion
vo(neutral)— vy(cation) 10.693 818 806 in terms of the vibrational force constakitand the distortion
vo(neutral)— vy(cation) 10.830 438 465 (AQ) of the geometry from the equilibrium geometry:
vo(neutral)— vs(cation) 10.951 274 215
vo(neutral)— ve(cation) 11.096 42 83 1 2

E="kKAQ) 1)

_ *Partially obscured by other ionization; intensity not included in Poisson
distribution analysis. The force constark is related to the vibrational frequeneyin

the positive ion by the following equation:

(NO)(CO)H, but theo(Re—H) vertical ionization is only

destabilized 0.57 eV. Because of the difference in these k= dmu(v)? )
ionization shifts, ther(Re—H) ionization for Cp*Re(NO)(CO)H

is well separated from the Cptionization, and the vibrational ~ Whereu is the usual reduced mass. On the basis of the observed
structure in thes(Re—H) ionization is more clearly observed. frequencies, the force constants of the-fReand Re-D modes

The peak at 10.23 eV is the adiabatic ionization for this in the neutral molecules are about 50% larger than the force
progression, while the vertical ionization is at 10.46 eV. No constants of these modes after ionization from the bonding

hot bands are observed or expected due to the extremely loworbital.

Boltzmann population of excited vibrational states of the neutral ~ The force constant does not change significantly when H is
molecule at the temperature at which these data were collectedeplace by D, so the ratio of the observed frequencies in the
In terms of the vibrational quantum levels, the vertical  ionizations of Cp*Re(NO)(CO)H and Cp*Re(NO)(CO)D also
ionization energy corresponds to thg(neutral) tovs(cation) can be used to determine the ratio of the reduced masses for
transition. The average separation between the peaks is 0.21the vibrational mode in the two molecules:

+ 0.013 eV (1700t 100 cntl). This frequency is again lower )

than the Re-H vibrational frequency in the neutral molecule (Vre-n) 1,98 Hreb 3)

(1994 cnt?, Table 2). Vreo)? 1 Hren

To confirm that the vibrational progressions on th@&e—
H) ionizations of CpRe(NO)(CO)H and Cp*Re(NO)(CO)H are The similarity of the ratio of these reduced masses to the ratio
due to the ReH stretching frequency, the spectrum of the of the atomic masses for D and H indicates that the normal
deuterated analogue Cp*Re(NO)(CO)D was obtained. d-he  vibrational mode is almost entirely restricted to the-fReand
(Re—D) ionization is shown in the bottom of Figure 2. The the Re-D stretches. Similarly, the distortiohQ must be almost
valence region photoelectron spectrum of Cp*Re(NO)(CO)D entirely a change in ReH or Re-D bond distance. On the
is identical to that of Cp*Re(NO)(CO)H with the exception of basis of these equations for harmonic potential wells,Ake
the shape of the(Re—H) ando(Re—D) ionizations. Because  could represent either a shortening or a lengthening of the bond
of the limited amount of sample of the deuteride, the signal- distance from the neutral molecule to this positive ion state.
to-noise in this spectrum is not as high as for the hydrides, but The lower vibrational frequencies and force constants in the
the contour of the band nonetheless shows the reduction inpositive ion states indicate an increase in the equilibrium bond
vibrational frequency. Ther(Re—D) adiabatic ionization is distance, as is naturally expected for ionization from a bonding
10.24 eV, which is statistically the same as that for the hy- orbital.
dride analogue. The same adiabatic ionization energy is expected Determination of AQ. Two methods are presented for the
for Cp*Re(NO)(CO)D and Cp*Re(NO)(CO)H because while determination ofAQ from the ionization information, and the
the absolute zero-point energy of a-Re bond will be lower results are summarized in Table 2. The first approach is a
than that of a ReH bond, it will be lower by about the same  simple “vertical” model, which applies most easily when the
amount in both the neutral and the excited states leaving thevertical (most intense) ionization is to a higher vibrational
adiabatic transition energy the same. The vertical ionization is quantum level than that of the ground vibrational level in the
now the third peak, which corresponds to théeutral) tov,- positive ion, as is the case here. The vibrational energy of the

1420 J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002
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Table 2. Vibrational Analysis of o(Re—H) and o(Re—D) 1 2
lonizations S= IKAQ) @)

Re R R
e e
7 N 7 N N
N N

molecule OC H"o OC H o D No
o bond Re-H Re—H Re-D
v(neutral} 2013 (neat) 1994 (KBr) 1453 (KBr)
v(cation} 1800+ 125 1700+ 100 1200+ 100
v(neutral)— v(cation} 123 264 253
AQ (A) (classical model) 0.23 0.02 0.24+0.01 0.265+ 0.01

Franck-Condon analysis

s 1.56 (3.89)¢ 1.60 (4.2%) 2.32 (6.4%)
AQ(A) 0.240 0.252 0.260
QM (eV) 0.35 0.34 0.34

aln cm~1. ® The number in parentheses is the average percent difference

hy

The intensities of the vibrational components of t{&e—

H) ionizations, listed in Table 1, are found to follow a Poisson
distribution within the certainties of the vibrational intensities.
The experimentally determined intensity of the adiabatic ioniza-
tion of CpRe(NO)(CO)H cannot be determined accurately
because it is partially obscured by the @Zponization and is
not included in the analysis. A graph comparing the amplitudes
of the vibrational components from the analytical modeling of
the ionization data for Cp*Re(NO)(CO)D and the amplitudes
of the best fit of a Poisson distribution is shown in Figure 3.
The Poisson distributions that best match the experimental

between the experimental intensities of the vibrational components and therelative intensities hav8values of 1.56 for CpRe(NO)(CO)H,

intensities of the vibrational components as modeled by a Poisson
distribution. ¢ Intensity ofv = 0 not included in Poisson distribution analysis
for CpRe(NO)(CO)H.

positive ion at the vertical ionization is given by

E= Vet 1) (4)
where vmax is the vibrational quantum number in the positive
ion for the vertical transition. Equating the energy in eq 1 to
the energy in eq 4 and rearranging give the distortion in terms
of the vibrational frequency and the vibrational quantum

number of the vertical level:

(st 102
27°uv

AQ= (6)

For CpRe(NO)(CO)H the vertical model approximation gives
a Re-H bond lengthening of 0.24 0.01 A upon removal of
an electron. The uncertainty in this value is largely due to the
uncertainty inv, assumingumax is chosen correctly. Similar
calculations ofAQ for Cp*Re(NO)(CO)H and Cp*Re(NO)-
(CO)D, where the observations afax and the leading edge of
the ionization are clearer, give values of 024.01 and 0.265

+ 0.01 A, respectively.

This vertical model considers the frequency of the vibrational
spacing in the cation and the determinationvgfy but does
not weigh the relative intensities of all of the vibrational
components. The change in equilibrium-Ré bond distance
upon ionization from ther(Re—H) orbital can also be derived
from a Franck-Condon simulation of the vibrational profité*
with the intensity of the vibrational components expected to
follow a Poisson distribution as long as the electron kinetic
energy dependence of the intensity of the ionization is relatively
small#®

(6)

wherel, is the intensity of theath vibrational component, and
Sis a distortion parameter. The distortion parameter is related
to the change in equilibrium ReH bond distance by

(43) Wilson, R. B.; Solomon, E. Inorg. Chem.1978 17, 1729-1736.

(44) Trogler, W. C.; Desjardins, S. R.; Solomon, Elnorg. Chem.1979 18,
2131-2136.

(45) Lee, T. H.; Rabalais, J. W. Chem. Physl974 61, 2747-2753.

1.60 for Cp*Re(NO)(CO)H, and 2.32 for Cp*Re(NO)(CO)D.
Using these values @&to solve forAQ using eq 7 gives bond
distance changes of 0.240 A for CpRe(NO)(CO)H, 0.252 A for
Cp*Re(NO)(CO)H, and 0.260 A for Cp*Re(NO)(CO)D. Again,
because of the uncertainties in determining the vibrational
frequencies in the positive ions, the uncertainties in these
distance changes are abau®.01 A.

Determination of Quantum-Mechanical Reorganization
Energies @QM). The distortion parameteB) is also related to

the quantum-mechanical inner sphere reorganization energy
(/IQM) by46,47

AM = shy (8)
For this case/{®M is the energy associated with the relaxation
of the geometry of the molecular ion caused by removal of an
electron from the ReH o bond. Using theS values from the
Poisson distributions gives inner sphere reorganization energies
of 0.35 eV for CpRe(NO)(CO)H, 0.34 eV for Cp*Re(NO)-
(CO)H, and 0.34 eV for Cp*Re(NO)(CO)D.

Discussion

The observation of resolved vibrational structure in the-Re
o ionization allows detailed analysis of the effects of removing
an electron from the ReH bond and gives information on the
characteristics of metal-hydride bonding. The pictorial summary
of this analysis for Cp*Re(NO)(CO)D is shown in Figure 4.
This figure is constructed with the correct relative widths of
the potential wells, correct scale between the vibrational potential
wells of the ground state and the positive ion, and matches the
vibrational quantum levels of the ion with the vibrational
progression observed in the ionization band. The normal mode
potential wells are plotted versus the internal coordinate
representing the ReD bond distance, which is determined to
be lengthened by about 0.25 A in the positive ion. The
representations for the rhenium-hydrides are similar, with
essentially the same lengthening of the-RRebond distances
in the positive ions. This magnitude of these bond distance
increases indicates severe weakening of the lR&onds with
ionization. For comparison, the bond length oftHs 0.32 A
longer than the bond length of,48

(46) Closs, G. L.; Miller, J. RSciencel988 240, 440-447.

(47) Amashukeli, X.; Winkler, J.; Gray, H.; Gruhn, N. E.; Lichtenberger, D. L.
J. Phys. Chem. 2002 submitted.

(48) Nicholls, R. W.; Jarmain, W. RProc. Phys. Soc. A (Londori956 69,
253-264.

J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002 1421



ARTICLES Lichtenberger et al.

Amplitude

Vg Vs V4 V3 V, V4 Vg

Figure 3. Comparison of the amplitudes of the deconvoluted vibrational
components on the(Re—D) ionization of Cp*Re(NO)(CO)D, shown in
black, with the best matching Poisson amplitudes, shown in white.

s ) W
Figure 5. Surface plot of the ReH ¢ orbital (HOMO-5) with surface
value of+0.06.

nRe_D+ ” ”»

Both density functional and ab initio calculations with a
variety of basis sets give results that are in agreement with the
localized nature of the ReH interaction. Figure 5 is an
illustration of the Re-H ¢ orbital from an ab initio calculation.
The illustration shows a metal d orbital strongly hybridized
toward and mixed with the hydrogen s orbital, and with very
little contribution from other regions of the molecule. lonization
-0 from this orbital would be expected to weaken primarily the
Re—H bond and produce progressions in any vibrational modes
that have a substantial contribution from the-R¢ stretch.
Frequency calculations by different methods show that a single

Figure 4. Potential wells for neutral (bottom) angRe—D) ionized Cp*Re- ; — i
(NO)(CO)D (top), and transitions between them. Vertical and adiabatic normal mode in the neutral molecule (at 2100"¢rab initio

transitions and the spectrum of tagReD) ionization (at right) are shown  and 2080 cm* B3LYP density functional) is approximately
to scale. 99% pure Re-H stretch.

One likely reason that the valence bond model works well
for the description of the rheniurhydride bonds in these
systems is that the(Re—H) orbital is well separated in energy
from the other metatligand o orbitals of the molecule, such
that even with a low molecular symmetry orbital mixing is
ginimal. It is also noted that there is not a direct metajand

-10

lonization Energy (eV)

iy,

"Re'D”

0.25 R gq) 025
Re-D Internuclear Distance (A)

The significant geometric distortions upon ionization from
the Re-H o orbitals of these molecules have an associated inner
sphere reorganization energy of about 0.34 eV. This value is
larger than the inner sphere reorganization energy for organic
molecules such as phenanthrene and 1,10-phenanthroline in th . > X 5
gas phase, which have been found to be about 0.4 elile o bond in a position trans to the metdiydride bond, but instead

the inner sphere reorganization energy efiidon ionization is this coordination site involves delocalized bonding to the
about 0.6 e\ cyclopentadienyl ring. In turn, the RéH stretching mode also

does not appreciably mix with other vibrational modes of the
molecules. The small mass of the hydride or deuteride in relation
to the mass of the metal and other ligands favors the localized

As mentioned in the Introduction, the low frequency of
vibrations in metal-containing molecules and the number of
vibrational modes that may overlap often preclude observation o

o LT o nature of this vibrational mode.
of vibrational structure in ionizations of transition-metal mol- ) . )
ecules. Nonetheless, ionization from a localized orbital that has _©Organometallic molecules are generally discussed in terms

a strong energy dependence on a high-frequency vibrational©f delocalized electronic interactions, and these concepts have
been central to understanding the trends in ionizations of such

mode may give rise to an observable progression. The results e . T .
molecule€? Even in discussions of metal coordination chemistry

reported here indicate that even for these systems with low '™ X : X
molecular symmetry, which might be expected to cause YSINg crystal field theory or other models, which treat the orbitals
as largely localized on either the metal or the ligand, it is

extensive orbital and vibrational mixing, the metal-hydrigde ° JAIL
interaction is very localized. In addition to the large bond Customary to form symmetry-adapted linear combinations of
distance displacement observed upon ionization, other evidencdn€ ligand orbitals. The results found here show that in certain
that supports this conclusion includes the strong isotope effect€@Ses of metal-hydrides a simple two-electron localized orbital
that is observed when deuteride is substituted for hydride andvVal€nce bond description is most appropriate for the metal
the small effect that changing the ancillary ligand from Cp to h_ydnd_e interaction. T_he_se molecules demonstrate the orbital and
Cp* has upon the bond distance displacement. Thus the metal wbrqtlonal characteristics that lead to this nature of the metal
hydride bond in these systems is well-represented by a localizednYdride bond.

two-electron orbital valence bond description.

(50) Gruhn, N. E.; Lichtenberger, D. L. llmorganic Electronic Structure and
SpectroscopyLever, A. B. P., Solomon, E. |., Eds.; John Wiley and Sons:
(49) Bu, Y. X.J. Phys. Chem1995 99, 11650-11655. New York, 1999; Vol. 2, pp 533574.
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Conclusions of a o(Re—H) or o(Re—D) electron, which corresponds to a

To summarize, the photoelectron spectra of CpRe(NO)(CO)H, Substantial weakening of the metdigand bond upon removal
Cp*Re(NO)(CO)H, and Cp*Re(NO)(CO)D exhibit resolved of an electron_and |n(_1|catesapredom|nantly localized rhenium-
vibrational structures in the(Re—H) ando(Re—D) ionizations ~ nvdride bonding orbital.
due to the Re'H and Re-D stretch in the corresponding cation
states. This experimental information can be used to quantita-
tively evaluate the changes in Rel bonding and equilibrium
bond distance upon removal of an electron. For all three of
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