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Infrared data in the »(CO) region (18002150 cm~1, in acetonitrile at 298 K) are reported for the ground (v4) and
polypyridyl-based, metal-to-ligand charge-transfer (MLCT) excited (ves) States of cis-[Os(pp)2(CO)(L)]™ (pp = 1.-
10-phenanthroline (phen) or 2,2'-bipyridine (bpy); L = PPhs, CH3CN, pyridine, Cl, or H) and fac-[Re(pp)(CO)s(4-
Etpy)]* (pp = phen, bpy, 4,4'-(CHa),bpy, 4,4'-(CH30).bpy, or 4,4'-(CO,Et),bpy; 4-Etpy = 4-ethylpyridine). Systematic
variations in vgs, ves, and Av (Av = ves — 1) are observed with the excited-to-ground-state energy gap (Eo)
derived by a Franck—Condon analysis of emission spectra. These variations can be explained qualitatively by
invoking a series of electronic interactions. Variations in dzz(M)—-s*(CO) back-bonding are important in the ground
state. In the excited state, the important interactions are (1) loss of back-bonding and o(M—CO) bond polarization,
(2) 7*(ppe~)—r*(CO) mixing, which provides the orbital basis for mixing sz*(CO)- and 5r*(4,4'-X;bpy)-based MLCT
excited states, and (3) dszz(M)—s(pp) mixing, which provides the orbital basis for mixing swzt*- and 7*(4,4'-X,-
bpye~)-based MLCT states. The results of density functional theory (DFT) calculations on the ground and excited
states of fac-[Re'(bpy)(CO)s(4-Etpy)]* provide assignments for the »(CO) modes in the MLCT excited state. They
also support the importance of s*(4,4'-X;bpye~)—7*(CO) mixing, provide an explanation for the relative intensities
of the A’(2) and A" excited-state bands, and provide an explanation for the large excited-to-ground-state v(CO)
shift for the A'(2) mode and its relative insensitivity to variations in X.

Introduction magnitudes of shifts in the(CO) band energies between
Time-resolved infrared (TRIR) spectroscopy has been the ground and excited states depend on the electronic origin
successfully applied to a number of issues related to excited-of the excited state. In polypyridyl-based, metal-to-ligand
state molecular and electronic structure in polypyridyl charge-transfer (MLCT) excited state$CO) increases 50
complexes containing carbonyl ligant$.The »(CO) vibra- 100 cm! compared to that in the ground state. This is
tions have high oscillator strengths, and their energies aredue to the change in electronic configuration frone do
sensitive to changes in electronic structure at the metal. Thedz®z*1, eq 1 (bpy is 2,2bipyridine; 4-Etpy is 4-ethylpyri-
dine), which decreases electron density at the metal and, with
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it, dr(Re)—z*(CO) back-bonding. In d® polypyridyl com-
plexes of Ru(ll), Os(ll), and Re(l) light absorption is Materials. Acetonitrile was obtained from Aldrich and used

dominated by MLCT excitation to states that are largely without further purification cis{Os(bpyy(CO)(PPR)(PF)z, Cis-

singlet in character. Emissiqn comes from_ a manifold of [0s(bpyX(CO)(CHCN)](PFy)2, cis{Os(bpyy(CO)(py)I(PR)s cis-
Boltzmann-populated, low-lying states, which are largely [os(bpyl(CO)CI|(PR), cis{Os(phen)(CO)CI|(PR), andcis{Os-

Experimental Section

triplet in charactet®*? These states have a commotba*!
orbital origin.

TRIR has also been used to identify the lowest-lying
excited states of ©dmetal complexes by fingerprintirig?
to establish localization or delocalization in mixed-valérée
and MLCT excited state($§;'*and to demonstrate polariza-
tion of the excited electron in asymmetrical acceptor ligands
such as 4-Cgkt-4-CHs-2,2-bipyridine and 4-CONEt4'-
CHz-2,2-bipyridine!®

We report here the application of TRIR in th€CO)

(phen}(CO)H](PFR;) (py is pyridine) were prepared according to
literature procedurel.fac{Re(phen)(COY4-Etpy)](PF), fac{Re-
(4,4-(CHs)zbpy)(CO}(4-Etpy)](PF), fac{Re(4,4-(CH;O):bpy)-
(COX(4-Etpy)I(PF), fac{Re(bpy)(CO}(4-Etpy)](PF), and fac-
[Re(4,4-(COEL),bpy)(COX(4-Etpy)](PR) were also prepared
according to literature procedur&sl® Tetran-butylammonium
hexafluorophosphate (TBAH) was obtained from Aldrich and
recrystallized twice from ethanol.

Emission Spectra.Corrected emission spectra were recorded
on a Spex Fluorolog-2 emission spectrometer equipped with a 450
W Xe lamp and cooled 10-stage Hammamatsu R928 or R664

region, combined with synthetic manipulation, emission photomultipliers. The response from the photomultipliers was
measurements, and density functional calculations to exp|0recorrected with a calibration curve generated with 1.0 mm slits by
MLCT excited-state electronic structure in two series of Using a NIST-calibrated standard lamp (Optronics Laboratories, Inc.

complexes with well-characterized MLCT excited stafe's.

In cis{Os(ppX(CO)(L)]"" (pp = 1,10-phenanthroline (phen)
or 2,2-bipyridine (bpy); L= PPh, CH;CN, pyridine, Cl,

or H) variations in the ancillary ligand L lead to systematic
variations in the MLCT excited-to-ground-state energy gap.

model 220M) controlled with a precision current source at 6.50 W
(Optronics Laboratories, Inc. model 65). The manufacturer’s
recommendations regarding lamp geometry were followed. All
spectra were acquired in acetonitrile solution at room temperature
in 1 cm path length quartz cells (OB 0.05) by using right-angle
observation of the emitted light.

Changes in electronic structure at Os are monitored by using  Ejectrochemical MeasurementsElectrochemical measurements

v(CO) as a spectator vibration.

In the second seriesac{Re(pp)(COY4-Etpy)l" (pp =
phen, bpy, 4,4(CHs).bpy, 4,4-(CH3;O)bpy, or 4,4-(CO,-
Et)bpy; 4-Etpy= 4-ethylpyridine), the energy gap is varied
by varying the 4,4substituents on the acceptor ligand, and
the threev(CO)-based normal modes are used to probe
electronic structure. The polypyridyl ligands used in this
study are illustrated below:

(bpy)
X

\_/ \_/

(4,4'-X;bpy)
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were conducted under nitrogen in a drybox by using an EG&G
PAR model 273 potentiostat. Cyclic voltammetry measurements
utilized a standard three-compartment cell with platinum working
and counter electrodes and a Ag/AgN{®.01 M AgNGy/0.1 M
TBAH in acetonitrile) reference electrode, which was regularly
calibrated with a saturated sodium chloride/calomel electrode
(SSCE). All potentials are reported versus SSCE.

Infrared Spectra. Infrared measurements utilized a BioRad FTS
60A/896 step-scan interferometer with an external MCT detector
as previously described. A recent upgrade of this instrument
utilizes fast data-processing techniques. In this arrangement, the
IR signal from the detector was amplified and processed by a
BioRad Fast TRS board installed in a Pentium PC. This board also
controlled the mirror movement, which was operated at 10 Hz.

Samples were excited at 355 nm by using the third harmonic of
a Nd:YAG laser (Spectra Physics GCR-11, 7 ns pulse width,
operated at 10 Hz). Individual points on the interferogram were
collected by the interferometer software every 200 ns after the laser
pulse for 1us. The data were organized into individual interfero-
grams representing the interferogram at every 200 ns point, and
then Fourier transformed into spectra. The spectra were averaged
between the laser pulse and 800 ns to give the final TRIR spectra.
The ground- and excited-state spectra shown are an average of 64
scans.

Samples for TRIR Studies.All IR spectra were measured in
acetonitrile, 1 a 1 mm path length sealed Cafcell. Sample
concentrations were adjusted to give an absorbanceQof for
the »(CO) bands. The sample cell and sample solutions were
deoxygenated by sparging with argon for 15 min and the solutions
transferred to the cell under an inert atmosphere. The spectra were
acquired in 2 blocks of 32 to prevent sample decomposition and
averaged to give the final spectra.

(18) Sullivan, B. P.; Caspar, J. V.; Johnson, S. R.; Meyer, Drgano-
metallics1984 3, 1241-1251.

(19) Chen, P.; Duesing, R.; Graff, D. K.; Meyer, TJJPhys. Cheml99],
95, 5850-5858.
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Table 1. Ground-Stateiy) and Excited-Statevgy) Infrared Band Energies2 cmi!) and Shifts AV = ves — 74¢), Energy GapsHy), andEy, Values
for cis{Os(pp)((co)(L)]"" in Acetonitrile at 298 K

Ap 1_/gs Ves EOb El/2(0§”/I| )c E1/2(bp}p/_)°
complex (cm™) (cm™) (cm™ (cm™) V) V)
cis-[Os(bpy)(CO)(PPh)]2* 42 1975 2017 19200 1.98 —1.09
cis-[Os(bpy»(CO)(CHCN)]?+ 68 1979 2047 18400 1.80 -1.14
cis-[Os(bpyX(CO)(py)F+ 69 1972 2041 17300 1.67 -1.15
cis-[Os(bpy)(CO)CI* 74 1948 2022 14600 1.18 -1.29
cis-[Os(phen)(CO)CI* 75 1950 2025 14800 1.14 —1.24
cis-[Os(phen)(CO)HT* 76 1911 1987 14000 0.90 —1.43

aAs PR~ salts.”? From Table 2¢ Vs SSCE.9 The emission was too low in energy to fit accurately. The value cited was calculated from the differences
betweenEenm values in Table 2.

Absorbance

0 f f
1900 1950 2000 2050 2100

‘Wavenumber

AA X107

A"

Figure 1. Local mode contributions to the'@), A'(2), and A’ normal -0.6 1
modes in [R&(ppe~)(CO)(4-Etpy)I™.

Density Functional Theory (DFT) Calculations. The hybrid =12 1 ‘
B3LYP DFT approximatior?® as implemented in the G98 pack- 1900 1950 2000 2050 2100
age?! was used to determine the geometries and associated Wavenumber
frequencies of the lowest singlet and triplet states. The metal centersFigure 2. Ground-state (A) and TRIR (B) spectra @is{Os(bpyx(CO)-
were described by the “small core” LANL2 relativistic effective  (CHsCN)J*" between 1900 and 2100 cfnat 298 K in CHCN.

core potentid and the associated basis set. The latter was o, ction and metal-based oxidation vs SSCE in acetonitrile
completely uncontracted, except that, for the resulting two primitive

p functions with exponents 0.4960 and 0.4644, only the latter was a.t 298 K. Representative gzr+ound-state a.nd TRIR spectra for
retained to avoid linear dependency. This results in a (5s5p3d) basisCIS-[O_S(bpy)(CO)(Cl-l;C_N)] are shown in Figure 2;
for the metal. The 6-31G* basis set was used for the ligand atoms. EMission spectral fitting parametes, S and Avip,
derived by using a single-mode, FrargRondon analysis
Results of emission spectral profiles, as previously descrifédin
cis-[Os(pp)(CO)(L)]"". Ground- and excited-stat¢CO) acetonitrile at 298 K, are listed in TableB, is the maximum
band energies fazis{Os(ppp(CO)(L)]"" are listed in Table  for the v = 0 — ' = 0 vibronic componentAvy, is the
1. Also listed are the excited-state shiffSy(= Ves — Vg, bandwidth at half-height, an8 is the electron-vibrational
emission maxima, andy; values for the first ligand-based coupling constant or HuareRhys factor. The quantum
spacinghw, was fixed at 1300 cnt in the fits. This value
g% Eﬁg'éﬁ " ?JTﬁEﬁg‘g h\}/vs}%%:%lzgellﬂzé_; Scuseria, G. E.; Robb, 1S consistent with a value estimated from an analysis of
M. A.; Cheeseman, J. R.; Zakrzewshi, V. G.; Montgomery, J. A., Jr.; resonance Raman spectral profiles, and represents the
B i N i M. O s Ty 5 Saont Inensity-weighted average of 11 symmeric n-plane, poly-
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;  Pyridyl-based ring-stretching modes which appear as reso-

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; nantly enhanced, Raman-active bands between 1000 and

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; 1600 cntl17:24.25

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, :

B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaroni, I.; Gomparts,

R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. (23) Claude, J. P.; Meyer, T. J. Phys. Chem1995 99, 51-54.

Y.; Wong, M. W.; Andres, J. L.; Gonzolez, C.; Head-Gordon, M.;  (24) Myers, A. B.Chem. Re. 1996 96, 911.

Replogle, E. S.; Pople, J. A., Gaussian Inc., Pittsburgh, PA, 1998. (25) Strommen, D. P.; Mallick, P. K.; Danzer, G. D.; Lumpkin, R. S.;
(22) Hay, P. J.; Wadt, W. Rl. Chem. Phys1995 82, 299. Kincaid, J. R.J. Phys. Chem199Q 94, 1357.
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Table 2. Emission Spectral Fitting Parameters for and emissionE(T—S)) energies are shown below:
cis{Os(ppi(CO)(L)]™* in Acetonitrile at 298 R
AV Eem o Ay E(S—T) = 19165 cm*
comple® em?) (embH (em?Y S (cmD
cis-[Os(bpyy(CO)(PPh)]2+ 42 18000 19200 1.7 2017 E(T—S)= 15374 cm*
cis[Os(bpyh(CO)(CHCN)?* 68 17800 18400 1.4 2058
cis-[0s(bpy»(CO)(py)E* 69 16800 17300 1.2 2070 ) .
cis-[Os(bpy)(CO)CIT* 74 14200 14600 1.2 2300 Table 6 lists calculated bond lengths and angles in the ground
cis-[Os(phen)(CO)CIT* 75 14300 14800 12 2160  gpnd excited states.
cis-[Os(phen)(CO)H]* 76 13500 14000
ahw was fixed at 1300 cm. P As PR~ salts.c From Table 19 The Discussion
emission was too low in energy to fit accurately. The value cited was L. "
calculated from the differences betweEg, values. For the two seriegis{Os(pp(CO)(L)]"" and fac{Re-

(pp)(COXR(4-Etpy)]", the magnitudes of the excited-state
(CO) shifts, combined with the electrochemical and emission
data, provide information about the electronic structure of
the lowest-lying MLCT state(s). As noted in the Introduction,
temperature-dependent lifetime measurements on related
complexes reveal that the lowest-lying MLCT “state” is
actually a manifold of three closely spaced states of common
dr—a*(pp) MLCT orbital parentage. These states are largely
triplet in character and in rapid Boltzmann equilibridfn!?
The TRIR results reported here are presumably on a similar
0 ‘ ‘ ‘ ‘ ‘ mixture of states in all cases.
1850 1900 1950 2000 2050 2100 2150 Both series exhibit typical MLCT excited-state IR spec-
Wavenumber tra257 As noted in the Introduction, the band energyvef
2 (CO) increases in the excited states. This has been interpreted
B as arising from partial oxidation at the metal which decreases
dz—n*(CO) back-bonding and increases CO multiple bond
0 character.
Two v(CO) bands appear in the ground-state spectra of
fac{Re(pp)(CO)(4-Etpy)]" consistent withCs, symmetry,
with the higher energy band arising from theormal mode
and the broad, lower energy band from the E mode. The
actual symmetry i€ with overlapping A(2) and A' bands.
In related molecules of lower local electronic symmetry, such
-4 1 1 1 1 1 asfac{Re(bpy)(CO)CI]*, the two components of the “E”
1850 1900 1950 ~ 2000 2050 2100 2150 mode are resolved in the ground-state spectrum.
Wavenumber Three bands appear in the excited-state spectra consistent
Figure 3. Ground-state (A) and TRIR (B) spectrafat{Re(bpy)(CO)- with the A(1), A'(2), and A" modes expected iGs symmetry
(4-Etpy)I" between 1850 and 2150 cthat 298 K in CHCN. (see the Appendix). An analysis of these modes based on
fac-[Re(pp)(CO)s(4-Etpy)]*. Ground- and excited-state the procedures of Cotton and Kraihari2ajives the local
»(CO) band energies for the seriéac{Re(pp)(CO)(4- mode contributors illustrated in Figure 1 relative to the plane
Etpy)]" are listed in Table 3. Also listed are the excited- Of the acceptor ligand. As shown in the Appendix, the
state shifts A7 = 7es — 749, €Mission maxima, anéy, correlation between the ground- and excited-state modes is
values for the first reduction and oxidation. Representative A1 — A’(1) and E—~ A" + A’(2). On the basis of the results
ground-state and TRIR spectra, ftac{Re(bpy)(CO)(4- of our DFT calculations, the predicted energy ordering is
Etpy)]*, are shown in Figure 3. Emission spectral fitting A'(1) > A'(2) > A", Table 5.
parameters in acetonitrile at 298 K are listed in Table 4. For  Cis-[Os(pp)(CO)(L)]"*. In this series, variation in the
these fitshw was fixed at 1450 crit. This value is higher  ancillary ligand L from H to PPRh leads to an increase in
for the Re complexes due to a contribution to the average the excited-to-ground-state MLCT energy gdf, from
mode from the high-energy, totally symmetric CO stretch 14000 to 19200 crt, Table 1. The energies of the lowest
at ~2030-2040 cm® (Table 3)1923 a* acceptor levels for bpy or phen as acceptor ligands are
DFT Calculations. Density functional calculations were nearly the samé. The variation in the O%(ppe~) energy
performed on [Re(bpy)(C@¥-Etpy)]" in both the ground gap is a result of d(Os)-L interactions, with electron
and excited states. Table 5 lists the calculated frequenciesdonation from H stabilizing the excited state andretz*
for the three carbonyl modes in both the ground state andback-bonding to CECN or PPR stabilizing the ground state.
lowest MLCT state. Also given are force constants, reduced .
masses, and IR intensities for both the ground and excited®® 5403“80.”’ F. A Kraihanzel, C. 9. Am. Chem. S0d.962 84, 4432~
states. Calculated energies for the vertical absorpE®¢T)) (27) Kober, E. M.; Meyer, T. Jinorg. Chem.1985 24, 106-108.

1.2

0.8 1

Absorbance

0.4

AAx10°

24
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Table 3. Ground-Statei{y) and Excited-Statevgy Infrared Band EnergiesH2 cn?) and Shifts AV = Tes — 7g9), Energy GapsHo), andEy, Values
for fac{Re(pp)(CO)(4-Etpy)]" in Acetonitrile at 298 K

Av (cm™1) Tgs(cm™l) Tes(cm™?) Eo EvREM)S  Epa(bpy0)°
complex@ A" A(2)  AQQ) E A A" A'(2) A1) (cmY V) V)
[Re(phen)(COX4-Etpy)I" 31 80 26 1931 2036 1962 2011 2062 18300 1.83 —1.03
[Re(4,4-(CHs)2bpy)(COX(4-Etpy)]* 37 81 33 1927 2034 1964 2008 2067 18700 1.78 —1.16
[Re(4,4-(CH3O).bpy)(COX(4-Etpy)I" 41 87 37 1921 2033 1962 2008 2070 18000 1.75 —1.19
[Re(bpy)(CO)(4-Etpy)I™ 44 83 39 1927 2035 1971 2010 2074 17900 1.74 -1.17
[Re(4,4-(COEt)bpy)(COX(4-Etpy)I" 45 88 54 1933 2038 1978 2023 2092 16200 1.89 -0.77

aAs PR~ salts.P From Table 4¢Vs SSCE.

Table 4. Emission Spectral Fitting Parameters afid from Table 3 forfac{Re(pp)(CO)4-Etpy)]" in Acetonitrile at 298 R

Av (cm™) Eo Eem Avip
comple® A" A'(2) A'(1) (cm™ (cm™ S (cm™
[Re(phen)(COX4-Etpy)It 31 80 26 18300 17900 1.4 2230
[Re(4,4-(CHa)-bpy)(COX(4-Etpy)]* 37 81 33 18700 18500 1.4 2700
[Re(4,4-(CH30),bpy)(COX(4-Etpy)]* 41 87 37 18000 17700 11 3100
[Re(bpy)(CO)(4-Etpy)[* 44 83 39 17800 17500 11 3000
[Re(4,4-(COEL),bpy)(COX(4-Etpy)]* 45 88 54 16200 16000 1.0 2500
ahw was fixed at 1450 cmt. ® As PR~ salts.© From Table 3.
Table 5. Calculated Parameters for téCO) Vibrational Modes in the conclusion that the dominant orbital interaction in the
fac[Re(bpy)(CO(4-Etpy)l" * ground-state energy gap correlation is the effect of L on d
17_1 u k A lir (Os).
(cm™) (a(r:u) 5 St(n:dyn/ ) (KM/mol) Figure 4A shows plots afys andvesversusky. They reveal
roun ate T . .
A'(1) 2120 13.28 35.15 843.2 (0.92) Fha_t variations irves with energy gap roughly parallel those
A'(2) 2049 13.34 33.0 901.1 (0.98) in ¥4 They are not exactly parallel. The difference between
A 2038 13.31 32.57 917.5(1.00)  them, AV = 7es — 7y decreases linearly from 76 chnfor
SMLCT - Y- 1 - i
A'(1) 2135 13.34 35.83 1312.1 (1.00) L = H" 10 68 cnm _for L . C_H3CN’ F|gur_e 4B._The P%h
A'(2) 2093 13.36 34.47 894.6 (0.68) complex does not fit well in either correlation (circled points
A" 2060 13.35 33.37 678.3(0.52) in Figure 4A). This may be due to the steric effect of PPh

aThe relative IR intensities are given parenthetically in the last column. on dr orbital mixing.

w« andk are the reduced mass and force constant, respectively. An orbital mixing scheme that provides a qualitative

The spectroscopically derived energy gap is directly related gxplanaﬂon for the variations ifys andEo with L is shown

to AG°s (the free energy of the excited state above the :_r:_the chenéal\tlchen%r_gy Ievelddlabgram n Sch(ta)met'l fg”f‘
ground state) bAG°es = Eg + Ao The quantityl, . is the and CHCN. As discussed above, a combinationco

| i = H-
sum of the solvent reorganizational enerdy)(and the andz effects leads to thezdOs') energy ordering, L= H

— : > L = CHsCN. This decreasds; ,(0d"") and the a(Os'")—
reorganizational energy contributed by low-frequency modes T -
treated classically’28 For cis{Os(phen)(CO)CI]*, for ex- *(bpy) energy gap for L= H™ compared to L= CH:CN.

N .
ample,E = 14800 cnt* andie, = 1800 cnt, giving AG® It also decreases ther(Ds')—x*(CO) energy gap, which

[ pp——— vi
= 16600 cn1l. Since there is little variation iV in the enhances a(Os')—z*(CO) mixing.

Os series, (Table 2, 202@300 cnt), variations inE, are The data in Figure 4A show that the increase&jawith
paralleled by variations iMGss, Eo (and the extent of d—x*(CO) mixing) is nonlinear in

Eo as shown by the plot in Figure 4C. Excluding the point
for L = PPh, there is an inverseinverse relationship

ligand L is varied. The increase i from 1911 to 1979 ?hetv;etenj‘/gs arljd Eo Frorln tthcfbb_esif'E Sgghtinoe ;goth
cm ! from L = H™ to L = CHsCN illustrates the effect of € dataygs andEy are related bygs = 7gs d=o/(Fo + 0.58).

changing from the electron-donating hydride ligand to BY €xtrapolationygsq thev(CO) band energy in the limit
acetonitrile, which is a good back-bonding ligand for'os ~ ©f an infinite MLCT energy gap and nardOs')—7*(CO)
The increase is caused by a combinatiow @inds effects. back-bonding, is 2113 2 cm™.

Electron donation from Hincreases electron content atthe ~ Upon oxidation to O%, the dr(Os) orbitals decrease in
metal and enhancest(Ds')—x*(CO) back-bonding. This radial extension and thexOs) energy levels are highly stab-
decreases €0 triple bonding and the energy ofCO). For ilized, which creates a largen@Os)-s*(CO) energy gap.
L = CHsCN competitive ar(Os")—a*(NCCHs3) back-bond- The resulting loss in GsCO back-bonding is evident in
ing decreasesrdOs')—x*(CO) back-bonding and increases  the typical instability of O8 complexes toward loss of CO.
¥(CO). The increase inys parallels the increase By ,(Os"") Consequently, in both Osand the O8(bpye”) MLCT
(0.90-1.80 V vs SSCE in acetonitrile) arigh (14800 cnt? excited states, (Os')—7*(CO) back-bonding is greatly
for L = CI~ to 18400 cm® for L = CHsCN). This leads to ~ decreased.

As shown in Figure 4, variations insandvgs with L and
(28) Chen, P.; Meyer, T. Lhem. Re. 1998 98, 1439-1477. E, are nearly parallel. This suggests that variations in back-

Thev(CO) stretch in the ground state acts as a “spectator”
to changes in electronic structure at'Css the ancillary
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Table 6. Bond Lengths (A) and Angles (deg) in the B3LYP Approximation for the Ground State and Lowest MLCT Excited State of

[Re(bpy)(CO)(4-Etpy)]* 2

ground state MLCT excited state ground state MLCT excited state
R(Re-COs) (A) 1.941 1.997 0(Re—C—0)ax (deg) 179.6 179.4
R(Re-COxq) (A) 1.936 1.980 6(Re—C—0)eq(deg) 177.3 179.6
R(CQO) (A) 1.156 1.146 0(CO—Re—C—O)eq-eq (deg) 90.5 86.8
R(CQg (A) 1.159 1.153 0(CO—Re—C—O)eq-ax (deg) 90.3,90.9 91.4,91.9
R(Re—Nppy) (A) 2.205 2.124
R(Re—Na—grpy) (A) 2.265 2.218
aWith the present basis set, the calculaR€0) in free CO is 1.138 A compared to the experimental value of 1.133 A.
2060 Scheme 1
2040 | [ ] - ,",:::.\ "o
1 u o b n (C
2020 ) ® R opy) /S
< 2000 T S K
§ 1080 " . .
5 060 | * ° L=1) —~<.¢ A [T e =cmen
RS dn(Os) PN J s
1940 | (L=CH3CN)+ : L_,
1920 |, _AJ’_
1900
13000 15000 17000 19000 21000 atomic unit of positive applied chargg® This so-called
4 “vibrational Stark effect” is mimicked to a degree in the
Eo, cm formation of the MLCT excited states, Ogpys~), where
79 | partial oxidation at the metal creates an internal electric field.
_ At the orbital level, this leads to an increase in thg@s)
. character in the GsCO bond and electronic polarization
o I o toward the partly oxidized metal. The local electric fields
S B can be significant. On the basis of variations in absorption
'Z 71 4 band energies with solvent, the MLCT excited-state dipole
69 | . moment in [RU'(bpye~)(bpy)]?"* has been estimated to be
¢ 144+ 4 D33
o7 ‘ ‘ ‘ The magnitude of the vibrational Stark effect and its
65 ‘ ‘ ‘ influence orvesare expected to increase wih. The internal
1300014000 15000 16000 17000 18000 19000 electric field created in the MLCT excited states increases
E,, cm’ with the energy gap. This occurs because there is less
5.150-4 excited-ground-state mixing and increased charge-transfer
character a& increases. This increases the positive charge
5.10e-4 1 _ at Os and the negative charge at the bpy acceptor ligfand.
Vs As shown by the inverseinverse plot in Figure 4C, there
5.05e-4 - . . . . . _
€ is also an inverseinverse relationship betweens and Ey
E Co0ea | With Ves = Ves Eo/(Eo + 0.4%es 9.
'3 Vesa the magnitude ofy(CO) in the limit of complete
T 4.95e-4 charge transfer, is 2148 4 cn 2.,
/ There is independent experimental evidence that charge-
4.90e-4 1 Ves transfer character increases with One of the parameters
48504 . . ‘ . derived from the emission spectral fitting procedureSjs
5.2e-5 5.6e-5 6.0e-5 6.4e5 6.8¢-5 the electron-vibrational coupling constant. It is related to the
1/Eq (cm) change in equilibrium displacement between the excited and

Figure 4. (A, top) 7gs (®) andves (M) versusko in acetonitrile at 298 K
for cis{Os(ppR(CO)(L)]"*. (B, middle) Av versusE, from Table 1. The
circled points in (A) are for L= PP (see the text). This point is excluded
in the correlation in (B). (C, bottom) Inversénverse plot of ¥y (+) and
1/ves (@) vs 1Eo (PPh has been excluded). Also shown are the linear fits
to 1Wgs = Vgs o+ a(1/Eo) and 1hes = Ves o+ a(1/Eo). The fits givevgs o=
2111+ 2 cnrt (a = 0.58) andves = 21484 4 cni! (a = 0.42).
bonding with L also dominate in the excited state, but there
are three additional electronic effects that may influenge

(1) (M —CO) Bond Polarization. In experiments on
CO adsorbed to a zeolite in an applied electric field, the

energy ofy(CO) was found to increase by 100 chper
6076 Inorganic Chemistry, Vol. 41, No. 23, 2002

ground states for the average coupigdpy) mode,AQe,

by SO (AQe)2.*%1" Sis a measure of the structural change at
the acceptor ligand in the excited state. For bpy as the
acceptor ligandSincreases from 1.2 for & Cl~ with Eg =
14800 cn to 1.4 for L= CH3CN with E; = 18400 cnt?.

(29) Hush, N. S.; Reimers, J. B. Phys. Cheml1995 99, 15798-15805.

(30) Hush, N. S.; Williams, M. LJ. Mol. Spectroscl974 50, 349-368.

(31) Bates, W. D. Ph.D. Dissertation, University of North Carolina at Chapel
Hill, Chapel Hill, NC, 1995.

(32) Kober, E. M.; Marshall, J. L.; Dressick, W. J.; Sullivan, B. P.; Caspar,
J. V.; Meyer, T. JInorg. Chem.1985 24, 2755-2763.

(33) Kober, E. M.; Meyer, T. Jnorg. Chem.1982 21, 39673977.
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In an earlier study based on a more extensive series'6f Os
(bpy) complexesswas found to vary from 0.68 to 1.20 as
Eo increased from 13400 to 19200 ch¥?

(2) #*(bpy e ~)—a*(CO) Mixing . The role ofz*(bpye~)—
m*(CO) mixing will be discussed in the next section. It
should be noted here that*(bpys™)—a*(CO) mixing
increases the electron densityri(CO), which decreases
Ves The extent of mixing increases with increasing charge-
transfer character and contributes to the decread® inith
Eo in Figure 4B.

(3) dz(Os)—x(pp) Mixing. Another influence on the
energy gapyes andAv is dr(Os)—s(pp) orbital mixing in
the excited state. Promotion of the electron in the excited
state, d8(Os)r*(bpy)° — dz>(Os)yr*(bpy)?, creates a hole
in the dr orbitals. This provides a basis forr@Ds)—m(pp)
orbital mixing, which is the orbital basis for MLCTz*
excited-state mixing. The extent oftf@Os)—(pp) mixing
increases in the order £ CH3;CN > py > CI- > H™, as
the energy gap between ther(®s) and z(pp) levels
decreases.

fac-[Re(pp)(CO)s(4-Etpy)]*. In thefac{Re(pp)(CO)(4-
Etpy)]" series, the energy gap is varied by varying X in the
4,4-X,bpy acceptor ligand. All three(CO) bands shift to
higher energy in the MLCT excited states, but to a different
extent, withA7 largest for the A2) mode (Table 3). The

overlapping E mode bands in the ground state are resolved

into separate A2) and A' bands in the excited states.
Variations in band energies with X are small in the ground

state, within experimental error for the highest energy band.

There are variations i but they are highly mode-specific.
Av varies 8 cm?* for A'(2), 14 cmi! for A", and 28 cm?
for A'(1).

Variations 0fvgs, 7es andAv with the MLCT energy gap
are illustrated in Figure 5. In contrast to the''Gseries in
Figure 4A,v.s decreasesvith Eo, at least for A(1) and A’
(Figure 5B). The largest variation occurs fol(&), with ves
decreasing from 2092 crh for X = COEt (E; = 16200
cm) to 2067 cm? for X = CH; (E; = 18700 cn?).

differences in the energies of th& acceptor orbital induced
by the variations in X. Variations inv with Ey occur almost
solely in ves (Figure 5C).74s is relatively unaffected by

variations in X because these variations have only a small

effect on the energy of {R€) and on dr(R€)—a*(CO)
back-bonding.

The general shift ofiesto higher energy compared 1gs
can be explained by loss oft@Re)-2*(CO) back-bonding
ando(Re—CO) bond polarization in the R&1,4-X,bpye™)
MLCT excited states. An additional electronic interaction
must be invoked to explain the decreaserdipwith Eo.

A possible explanation is suggested in the energy level
diagram in Scheme 2 for X= Me and CQEt. It is a
schematic illustration of the mixing that occurs between the
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Figure 5. (A, top) 74s versuskg in acetonitrile at 298 K fofac{Re(pp)-

In this series, variations in the energy gap are caused by(CO(4-EtpY)I" (A1, W, E, #). (B, middle)ves versusk, in acetonitrile at
298 K for fac{Re(pp)(CO)(4-Etpy)[" (A'(1), a; A", ®; A'(2), m). (C,

bottom)Av versusky (A'(1), a; A", ¢; A’(2), ). The data are from Table

1.

Scheme 2
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/
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lowest*(4,4'-X,bpy) level in the acceptor ligand and the with the largest effect on the equatorial CO ligands. This
in-planez*(CO) orbitals in the MLCT excited states. The decreases the CO bond order and The effect is greater
relative orientations of the orbitals involved in the mixing for X = CH;z because the smallat* (4,4-X bpye)—a*(CO)
energy gap enhances the degree of mixing.

A related effect has been observed in the ligand-base¢d

can be surmised from Figure &*(4,4'-X,bpye)—a*(CO)
mixing delocalizes the excited electron onto the CO ligands,
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excited states of [Re(dppz)(C£PPh)]* and [Re(Medppz)- ~1960-1970 cm! band and the ratio of intensities observed
(COX%(4-Etpy)]" (dppz is dipyrido[3,2a:2',3 -c]phenazine; is consistent with the calculated (R):A" ratio.

Me.dppz is dimethyldipyrido[3,2:2',3-c]Jphenazine). In Experimentally, the magnitude &fv and its variation with
these excited stata$CO) also shifts to slightly lower energy  Eo are mode-specific, with A2) varying from 80 to 88 crmt,
because ofr* (dppz~)—xa* (CO) mixing3* A" from 31 to 45 cm?, and A(1) from 26 to 54 cm?!

The extent ofr*(4,4'-X,bpys™)—7*(CO) mixing increases  (Figure 5C). This effect can also be explained by invoking
in the order X= COEt < H < CH30 < CHg, as the energy  7*(4,4'-X;bpy ~)—2*(CO) mixing if the local mode com-
of 7*(4,4'-Xbpy) increases and the(4,4'-X bpy)—7*(CO) positions of the/(CO) normal modes are taken into account.
energy gap decreases. This provides a qualitative explanatio.ocal mode compositions are shown below, with equatorial
for the decrease ies as the MLCT energy gap increases. (eq) referring to the in-plane CO ligands and axial (ax) to
The results of the DFT calculations on the ground and the perpendicular C&
lowest triplet states of [Re(bpy)(C&4-Etpy)]" reinforce

these conclusions and provide additional insights. For the A'(1)=0.471%,, 0.6235,
ground state, the calculations predict the energy ordering of

the carbonyl normal modes to be(®) > A'(2) > A" with A'(2) = 0.8828,,, 0.3335%,,
calculated frequencies of 2120, 2049, and 2038 ¢m

respectively. These values compare to bands at 20353 cm A" =0.0r,, 0.707%,

and the overlapping A2) and A’ bands at 1927 cmi found
experimentally. The absolute frequencies in the DFT calcula- ~ This analysis shows that the'(d) and A" modes have
tions are high, but the calculations do a reasonable job atsignificant contributions from the equatorial CO ligands and
predicting the separation between #nd the degenerate E  they dominate*(4,4'-X;bpye™)—2*(CO) mixing. This
modes (80 cmt calculated, 110 crt observed). increases electron densityirf(CO) and decreases the CO
The excited-state calculations show that the carbonyl bandforce constants and band energies. It also makes these modes
energies retain the same energy ordering in the excited staténore responsive to variations in X. Fof(2), there is a great
with all three shifted to higher energy. Again, the absolute deal of axial character. This mode is less influencedrby
excited-state energies are too high, but energy differences(4,4-Xzbpye~)—7*(CO) mixing and in-plane delocalization.
are comparable (3840 cn?! calculated, 50 crt observed). This explains the large value afv and the small variations
The calculated excited-to-ground-state shifts are too smallwith X. For A'(2), the magnitude ofAv is dictated largely
by ~2. The vertical DFT calculated energy of absorption is by loss of dr(Re)-7*(CO) back-bonding, and(Re—CO)
19165 cml. The value calculated from the spectral fitting bond polarization in the excited stateg (4,4'-Xbpye~)—
parameters and the relationshifG%es = Ey + Shw + 7*(CO) mixing is relatively unimportant.
(AT12)?(16RT In 2) is 23400 cm.
(42(1)((:3)‘t)r;?_)ei(;f(egos)tie:]t_epIl;ﬂfg:::;cri],g.tq_ehr;’:?ci)e)leo?z(i‘f Variatioqs in ¥(CO) .band engrgies in the groundn+and
als for the axial CO ligand are orthogonal to the plane and MLCT excited states in the seriass{Os(pph(CO)(L)] .
mix far less. The DFT calculations are consistent with this f‘;[g/f:&'[Rbs('?r'?\)/gi?‘g‘lftggr)i];sca(; beﬁeiifg:igtﬁﬂtz;gzg::-s
rediction. In the excited state they predict a decrease in the :
e Re O bond angle to a6t o equatorial GO Variations in dr(M) —(CO) back-bonding dominate in the
ligands compared to 90:5n the ground state to maximize ground state. In the excited states, there are three interac-
(4,4 X bpye)—7*(CO) overlap. The increase in equato- 1ons: (1) loss of e(M)—z*(CO) back-bonding and(M—
rial—axial bond angles from 9Cc2and 90.9 in the ground CO) bond polarization, due to pgrtlal ox@atlon at_the metal,
state to 91.24and 91.9 in the excited state can be attributed © _ﬂ*(4’4'.' XpryO._?_ﬂ*(CO,) mixing, which provides an
to enhanced electrerelectron repulsion due to buildup of ~©rPital basis for mixingr*(4,4'-X2bpye™)- andz*(CO)-based
charge in the equatorial CO ligands. MLCT excited states, and (3ygM) —z(pp) mixing, which
In the A" normal mode, the equatorial carbonyls move in Provides an orbital basis for mixing MLCT andz* excited
an out-of-phase fashion. The DFT calculations predict that StAt€s- The results of the DFT galculatlonsfm[Re'(l’opy)-
the OC-Re—CO bond angle should cause a decrease'in A (COR(4-Etpy)]"™ ;u_pport the mp_ortance .Oh*(4'4 Kz
band intensity relative to that of 'f2). For A(2) the  PPY¥ )—7*(CO) mixing by the predicted excited-state struc-
equatorial carbonyls move in-phase, and the decrease in thdural changes. The DFT analy3|§ also prO\{ldes an explanation
OC—Re—CO angle causes a decrease in the magnitude offor the r.elatlve intensities of the'f2) and A_V(CO) normal
the transition dipole moment. The DFT calculations predict M2des in tt'e excited states, the large ex_c!tgd—to—g']round-state
an A(2):A" intensity ratio of 1.3. This analysis provides an SNt in A(2), and the relative insensitivity of '{2) to
explanation for a common observation in the TRIR spectra variations in X.

of rhenium tricarbonyls. In the excited state, the intensity of ~ Acknowledgment. This work was performed in part at
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Appendix \
Symmetries of the Excited Statev(CO) Modes Assum-

ing Cs, symmetry in the ground state, there are theee y - z
mirror planes. In the coordinate system below, withndz
in the plane of the paper, and tig axis alongz, only oy,
lies on a symmetry axigi, is the only mirror plane retained
in the excited state. G| E on

Gy | E 2C 3oy In the new axis systenu,, = op,, but due to the rotation,

z in Cs, becomes—y, and xz becomesxy. With this

A 1 1 1 - transformation, referring to the character table@grA; in

Cs, becomes Ay), and E becomes &) and A’(2). On the
basis of the ground-state analysis and the predicted effect
Ay 1 1 -1 of 1*(4,4'-Xbpy)—x*(CO) mixing in the excited state, the
ground-to-excited-state correlations areAA'(y) = A'(1)

E 2 -1 0 x.y) and E— A'(X) + A"(2 = A'(2) + A".
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