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Molecular and Electronic Structure in the Metal-to-Ligand Charge Transfer Excited States
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Density functional theory (DFT) calculations have been conducted on the ground and metal-to-ligand charge
transfer (MLCT) excited states of the series{Re(4,4—X;bpy)(COX(4-Etpy)](PR) (X = CHs, H, and

CO,Et; 4-Etpy is 4-ethylpyridine). The energy gap varies across this series, influencing excited-state geometries
and electronic structures. The DFT calculations assist in assigifid@) bands in the infrared and give
insight into variations in the experimental values. The predicted bond length and angle changes in the excited
state point to the importance of REO ¢ bond polarization in the excited states as well@dét,4'—X -
bpy)—2*(CO) mixing suggested previously.

Introduction been used to map MLCT excited states localized on the

olypyridyl ligand, eq 1.
The properties of metal-to-ligand charge transfer (MLCT) POLPYIIEYTIg a

excited states of ruthenium(ll) and osmium(ll) have begun to

be exploited systematically in sensing, electron and chemilu- [(bpy)Ré(CO)3(4-Etpy)T =

minescence, and light-to-energy conversion devices. MLCT l(dﬂ6)

excited states based on rhenium(l) also hold potential for such v [(bpy'f)Ré'(CO)3(4-Etpy)I* 1)

applications. The sensitivity of their photophysical properties 5 .1

to the environment makes them ideal candidates as sensors of e

local microscopic environmental conditions, such as polarity, ) )

pH, CO;, and Q.17 The thermally relaxed excited states that form following
In the series [(pp)RECOR(L)]™ (where pp is a bidendate MLCT singlet excitation and nonradiative decay are a manifold

o PTM ; f three, Boltzmann populated states largely triplet in character,
olypyridyl ligand such as 2;dipyridine or 1,10-phenanthroline ~ ©' © - -
gngﬁ_yis )f:\n g3;1nci|lary ligand SS)C/h asCor 4-etrﬁ)ylpyridine;n split from the parent triplet by low symmetry and spiorbit

i 18—-20 i : “ H »
= 0or 1), intense MLCT absorptions appear in the high energy Eouglln_g. In t_h's Iargely;r|p1(30§x0|t(ald state”, tgeicct)r)]
visible region that are easily tunable by substitution at the ands Increase in energy by cm = compared to the

polypyridyl (pp) or ancillary (L) ligands based on well- ground state. These shifts are due to the change in electronic

) ) o s X1 .
established synthetic methodologies. The excited states of aconflguratlon from dt® to de°* |, €q 1, which decreases electron

series of complexes have been examined where the ground-to-denSity atthe metal and with itﬂxQRe)—n*(CO) back-bonding.
The energy factored force field approach has often been

excited-state energy gahy, is varied by ligand substitution at . " .
the 4- and 4positions on 2,2bipyridine in fac{Re(4,4—X - applied to transition metal carbonyl complexes to approximate

bpy)(COX(4-Etpy)](PR) (X = CHs, H, and CQEE; 4-Etpy is carbonyl force constarffsin ground and excited staté?sz“ DFT
4-ethylpyridinef In this seriesE, increases in the order 4;4 calculathns have also been .successful in trgcklng experimental
(COEt)bpy < bpy < 4,4-(CHs),bpy. To better understand the frequencies measured by time-resolved V|brat|o_nal measure-
molecular and electronic structures of the ground and excited mentsz.5_—32 In the present study, the DFT calcglatl_ons provide
states of these complexes, we have coupled density functionaith® basis for both assignments and band shifts in the MLCT

theory (DFT) calculations with time-resolved infrared (TRIR) €Xcited state of the series of complexes where the energy gap
studies. is varied. In addition to assisting in vibrational assignments,

Excited states of the serigac-[Re(pp)(CONL)]™ were the calculations provide additional structural information about

among the first to be characterized by time-resolved infrared the MLCT excited state.
spectroscopy due to the high oscillator strengths of the carbonyl

ligands and the ease of measuremenv(@O) bands in the Experimental Section

1800-2200 cnvt spectral regiod. 7 TRIR measurements have Materials. Acetonitrile was obtained from Aldrich and used
without further purificationFac{Re(4,4-(CHs).bpy)(CO}(4-
* Corresponding authors. Etpy)I(PFs), fac{Re(bpy)(CO)(4-Etpy)](PF), andfac{Re(4,4-

" Materials Science and Technology Division, Los Alamos National (CO,Et),bpy)(COX(4-Etpy)](PR) (4-Etpy is 4-ethylpyridine)
LaEq_rﬁé%%ticaI Division, Los Alamos National Laboratory were prepared according to literature proceddtééTetran-
s Associate Laboratory Director's Office for Strategic Research, Los Dutylammonium hexafluorophosphate (TBAH) was obtained

Alamos National Laboratory. from Aldrich and recrystallized twice from ethanol before use.
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Figure 1. A’(1), A'(2), and A’ normal modes irCs symmetry for [R&(pp~)(CO)(4-Etpy)I™.

TABLE 1: Ground- ( ¥g) and Excited-State g9 Infrared Band Energies (£2 cm1) and Ground (gs)-to-Excited State (es) Shifts
(AV = ves — Wg9 for fac[Re(4,4-X;bpy)(CO)s(4-Etpy)]* in Acetonitrile at 298 K2

Av (cm™) Vgs (CM L) Ves(cm™)
complex® A" A'(2) A'(2) A", A'(2) A'(1) A" A'(2) A'(2)
[Re(4,4-(CHz)2bpy)(COX(4-Etpy)]* 37 81 33 1927 2034 1964 2008 2067
21 42 12 2035, 2046 2117 2056 2088 2129
[Re(bpy)(CO)4-Etpy)J a4 83 39 1927 2035 1971 2010 2074
22 44 15 2038, 2049 2120 2060 2093 2135
[Re(4,4-(CO:Et),bpy)(COX(4-Etpy)]* 45 88 54 1933 2038 1978 2023 2092
22 45 21 2040, 2051 2120 2062 2096 2141

2The second row in italics gives the density functional theory results for compafigenPR~ salts.

Emission Spectra.Corrected emission spectra were recorded ducing a 3D data set of single channel spectra. This 3D file
on a SPEX Fluorolog-2 emission spectrometer equipped with was further manipulated by a macro that converted the single
a 450 W Xe lamp and cooled 10-stage Hammamatsu R928 orchannel spectra into absorption difference spectra by using the
R664 photomultipliers. The response from the photomultipliers relationship defined in Chen et & Time slices following the
was corrected with a calibration curve generated with 1.0 mm laser pulse were also signal averaged over the lifetime of the
slits by using a NIST-calibrated standard lamp (Optronics excited state.

Laboratories, Inc. Model 220 M) controlled by a precision Samples for TRIR Studies. All infrared spectra were
current source at 6.50 W (Optronics Laboratories, Inc. Model measured in acetonitrile solutions, in 0.75 or 1 mm path length
65). All spectra were acquired in acetonitrile solution at room CaF, or BaFk, liquid IR cells. Sample concentrations were
temperature in 1 cm path length quartz cells (6<d0.05) by adjusted to give an absorbance value of about 0.7 fonthe
using right-angle observation of the emitted light. (CO) bands. The sample cell and sample solutions were

Time-Resolved Infrared SpectroscopyThe infrared beam  deoxygenated by sparging with argon for 15 min and the
from a Bruker IFS 66V/s spectrometer was directed through a solutions transferred to the cell under an inert atmosphere.
BaF, window contained in a flange in the front of the bench by Spectra were acquired in two blocks of 64 to prevent sample
using an optional computer driven mirror. The beam was then decomposition and averaged to give the final spectra.
directed by a gold-coated mirror and focused onto the sample DFT Calculations. The hybrid B3LYP DFT approximatioff,
by a Bak lens. After the sample, the diverging beam was as implemented in the G98 packageyas used to determine
recollimated and focused onto the detector element of a Kolmar the geometries and associated energies of the ground state, a
liquid N,-cooled MCT photovoltaic detector fitted with a fast Singlet, and lowest excited state, a triplet. The metal centers
50 MHz preamplifier. A 354.7 nm pump beam from a Surelite Were described by the “small core” LANLZ relativistic effective
Continuum Nd:YAG laser operating at 10 Hz was focused, core potentid® and the associated basis set. The latter was
directed onto the sample and overlapped with the infrared beamcompletely uncontracted, except that for the resulting two
using a pinhole aperture. The external optical train was enclosedprimitive p functions with exponents 0.4960 and 0.4644, only
in a plexiglass box continuously purged with dry.Moth the the latter was retained in order to avoid linear dependency. This
detector and sample were mountedxQry, andz translational ~ approach results in a (5s5p3d) basis for the metal. The 6-31G*
stages for maximum alignment. A Stanford Research Systemsbasis set was used for the ligand atoms.
model DG535 pulse generator controlled experimental timing Results

of the laser pulse and interferometer mirror step. The ground-state geometry fe#c{Re(bpy)(COX(4-Etpy)]"

In our experimental configuration, an AC rapid scan single is depicted in Figure 1. There is a mirror plane including the
channel spectrum was taken prior to commencement of the step-axial carbonyl and the metal center that bisects the two equator-
scan experiment and was used as the ground state spectrumial carbonyls and the polypyridyl ligand. There are thwégO)
Time-resolved infrared spectra were recorded in step-scan modeébands defined irCs symmetry as two Amodes and one ‘A
by using the PAD 82a transient ADC board. The AC signal mode. Their local mode compositions are shown in Figure 1.
from the MCT detector was fed into channel A on a PAD 82a  Table 1 lists the ground and excited-state band energies for
transient digitizer board. The DC signal was fed into channel the threev(CO) modes for the seridac{Re(4,4—Xbpy)(CO}%-

B and used for phase correction. Channel C received a trigger(4-Etpy)](PF) (X = CHs, H, CO,Et) in acetonitrile. Bands for
signal to initiate data collection. Signal intensities were collected all three modes are observed in the triplet excited state, but only
in 20 or 50 ns time increments for approximately 600 ns. In two bands are resolved in the ground state. The broad band at
step coadditions (64180) were used to increase the signal-to- lower energy observed in the ground-state spectrum is due to
noise ratio. Following the completion of an experiment, inter- the overlapping A, A'(2) modes. The predicted energy ordering
ferograms were Fourier transformed and sorted in time pro- is A'(1) > A'(2) > A".
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Figure 2. HOMO (left) and LUMO (right) orbitals as calculated by the use of density functional theory for the groundastfRe(bpy)(CO}-
(4-Etpy)I".

Figure 3. HOMO (left) and LUMO (right) orbitals for the metal-to-ligand charge-transfer excited &atfRe' (bpy~)(CO)(4-Etpy)[™™*.

TABLE 2: Vertical Absorption ( AE,e(S—T)), Emission, (AE,e«(T—S)) and Vibrational Relaxation (AEax(T)) Energies (in
eV) Associated with the Lowest Excited Triplet State for [Re(4,4-X,bpy)(CO)s(4-Etpy)]+2

AEvert AE AEvert AErelax AEO(S_’ T) u
complex® (S-T) (5—T) (T—S) (T)e (ZPE corr)  Eo(expty g Een(eXpt) (D)

[Re(4,4-(CHs)-bpy)(COX4-Etpy)I 2.94 2.52 2.10 0.43 2.41 2.32 1.4 2.29 10.82
6.46

[Re(bpy)(COY4-Etpy)Jr 2.90 2.49 2.02 0.42 2.38 2.22 1.1 2.17 10.45
6.27

[Re(4,4-(COEt)bpy)(COX4-Etpy)]”  2.73 2.37 2.01 0.37 2.26 2.01 1.0 1.98 8.24
7.19

aS and T refer to the singlet and triplet states, respectively. The zero point energy (ZPE) corrected eneAdy($afd,), and experimental
energy gapko) and emission energ¥gm) are included for comparison. The last column shows computed dipole moments (in Debye) of the singlet
(first entry) and triplet (second entry) relative to the center of mass of the confpdxPFs_ salts in CHCN at 298 K.¢ Vibrational relaxation
energy in the excited triplet statéValues were obtained using an in-house spectral fitting program described previduslyvas fixed at 1450
cm ! in the fits. Eo includes the solvent reorganization energy difference between ground and excited states and low-frequency modes treated
classically.

Ground-to-excited-state shiftAy = ves — Vgs, for the three S(derived by using a single-mode FrareRondon analysis of
»(CO) bands are listed in Table 1. Figures 2 and 3 are depictionsemission spectral profiles), and the emission enekgy, are
of the HOMO (highest occupied molecular orbital) and LUMO listed in Table 27 There are several DFT entries in Table 2.
(lowest unoccupied molecular orbital) for both the ground and From separate self-consistent field (SCF) calculations on the
MLCT excited states. The metal-based HOMO in the ground- lowest singlet and triplet state at the optimal geometry of the
state transforms as'aand the bipyridyl-based LUMO as.a singlet, we extracted the vertical absorption enek@ye(S—T).
The excited triplet state is of aymmetry. Similarly, from the separate SCF calculations at the optimal

Thev = 0— v' = 0 ground-to-excited-state energy g&p, geometry of the triplet state, we report an analogous emission
the electron-vibrational coupling constant (Huaiithys factor), energyAE,.(T—S). S and T refer to the singlet and triplet
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TABLE 3: Calculated Parameters for the ¥(CO) Vibrational 10.537 eV for the excited-state triplet of [Re(4(€Hs),bpy)-
Modes in fac-[Re(bpy)(CO)s(4-Etpy)]* (CO)(4-Etpy)]*, 9.146 eV for the singlet and 9.033 eV for the
mode v(cm?%)  u(amu)  k(mdyn/A) lir (KM/mol) excited-state triplet of [Re(bpy)(Cei#-Etpy)", and 13.026 eV
Ground State for the singlet and 12.921 eV for the excited-state triplet of [Re-
A'(1) 2120 13.28 35.15 843.2(0.92)  (4,4-(COE).bpy)(COx(4-Etpy)]". The experimental energy
A'(2) 2049 13.34 33.0 901.1 (0.98) gaps and emission energies are included in the table for
A" 2038 13.31 32.57 917.5 (1.00) comparison.
SMLCT The DFT calculated energy differences are gas-phase values.
A'(1) 2135 13.34 35.83 1312.1 (1.00) As noted below, the experimental energy gap derived by
A'(2) 2093 13.36 34.47 894.6 (0.68) emission spectral fitting is a solution quantity and includes the
A" 2060 13.35 33.37 678.3(0.52)  solvent reorganization energyyf and the reorganization energy
aRelative IR intensities are given parenthetically in the last column. contributed by low frequency modes treated classicallly)(
w andk are the reduced mass and force constant, respectively. It is related to the free energy of the excited state above the

TABLE 4: Calculated Parameters® for the v(CO) ground state byAG® = Eo = 4o  ZiL.
. u 14 .
Vibrational Modes in fac-[Re(4,4-(CHs),bpy)(CO)s(4-Etpy)]+ Tables 3-5 list calculated/(CO) parameters for each complex

in the series. Included in tables are the band energy ¥gm

mode v(em™)  w(amu)  k(mdyn/A) i (KM/mol) reduced masg,(amu), force constantk,(mdyn/A), and relative
Ground State infrared intensities,l;; (KM/mol). Table 6 lists calculated
A1) 2117 13.28 35.07 868.6 (0.93)  structural parameters for both ground and lowest MLCT excited-
2”(2) gggg g’gi’ 32'23 gé;; (g-gg) state geometries in the B3LYP approximation. Figure 4 is a
‘ ‘ 2(1.00) schematic energy level diagram demonstrating the mixing that
, SMLCT occurs between the lowest orbital on the bpy acceptor ligand
2,8 gégg ggg gig; 13;3-% Eé-gg; and the in-planer* carbony! orbitals in the MLCT excited state.
A 2056 1335 3324 641.3 (0.44) Figure 5 compares the experimental and calculated band energies

through the series of complexes as a function of energy gap.
2 Relative IR intensities are given parenthetically in the last column.

w andk are the reduced mass and the force constant, respectively. Discussion

$'iot\)?zla_tlizor?él (l\tﬂa()lgg?tiﬁd Parameters® for the ¥(CO) TRIR Data. In a previous paper, we described a time-

fac-[Re(4,4-(CO.EL) bpy)(CO)s(4-Etpy)] resolved infrared (TRIR) study of the metal-to-ligand charge
transfer (MLCT) excited states of the two seriea;{Re(pp)-

by, — 1 .

mode v(em?) u(amu) k(mdywA) L (Kimo) (COX(4-Etpy)I" (pp= phen, bpy, 4,4(CHs)2bpy, 4,4-(CH0)-

, Ground State bpy, or 4,4-(COEt),bpy; 4-Etpy= 4-ethylpyridine) anctis-
2,8; gégg iggi ggég ggg'ég Eé'ggg [Os(ppX(CO)(L)]™* (pp = 1,10-phenanthroline (phen) or 2,2
A" 2040 13.31 3262 92754 (0.'96) bipyridine (bpy); L= PPh, CHCN, pyridine, Cl, or H Time-

MLCT resolved infrared spectra in th€CO) region revealed systematic

AL 2141 13.34 36.06 1282.9 (1.00) variatipns in excited-state electronic _structure as the ground-
A'(2) 2096 13.36 3458 938.6 (0_'73) to-excited-state energy galR,, was varied.
A" 2062 13.35 33.44 619.1 (0.48) The TRIR results reported here are from measurements on

the lowest excited triplet state with the hole in the drbital,
dmrs. As noted in the Introduction, this lowest “state” is actually
a manifold of three closely lying states, largely triplet in
states, respectively. These entries do not include zero pointcharacter, arising from a splitting of the lowest triplet state by
energy (ZPE) correction (except where noted). The adiabatic low symmetry and spirorbit coupling?8-2°

2 Relative IR intensities are given parenthetically in the last column.
w andk are the reduced mass and the force constant, respectively.

excitation energyAE(S—T), determined from the total energies, There are two higher lying triplet manifolds in which the hole
each at their respective geometry, is listed in column 3. The resides in the d; and dr, levels. Preliminary time-dependent
difference between the vertical and adiabatie>S excitation DFT (TDDFT) calculations suggest that the three triplets are

energies allow us to infer the vibrational relaxation energy reasonably well separated in energy. The calculations predict
associated with the triplet reported in column 5. Finally, the vertical gas-phase emission energiesféar{Re(bpy)(CO)(4-
adiabatic excitation energy was corrected for the ZPE contribu- Etpy)]*t at 1.73, 2.17, and 2.31 eV from the three states at the
tion using the computed ZPE of 10.647 eV for the singlet and equilibrium geometry of the lowest triplet. The experimental

TABLE 6: Bond Lengths (A) and Angles (deg) in the B3LYP Approximation for the Ground State and Lowest MLCT Excited
State of [Re(4,4-X,bpy)(CO)3(4-Etpy)] ™2

[Re(4,4(CHs)2bpy)(COX(4-Etpy)] [Re(bpy)(CO)4-Etpy)]* [Re(4,4(CO:Et).bpy)(COX(4-Etpy)]

ground (A ordeg) MLCT (Aordeg) ground (Aordeg) MLCT (Aordeg) ground (Aordeg) MLCT (A ordeg)
R(Re—COs.y) 1.940 1.992 1.941 1.997 1.943 2.002
R(Re—COe) 1.936 1.981,1.977 1.936 1.980 1.938 1.980, 1.986
R(COx) 1.157 1.147 1.156 1.146 1.156 1.145
R(COeq) 1.160 1.154 1.159 1.153 1.159 1.153
R(Re—Nppy) 2.204 2.117,2.2124 2.205 2.124 2.201 2.127,2.117
R(Re—Ns-ggpy) 2.269 2.226 2.265 2.218 2.267 2.215
CO—Re—COqq 90.97 87.05 90.90 86.79 91.05 86.64
COx—Re—COq 90.38, 90.46 91.44,91.73 90.49, 90.3 91.86, 91.43 90.38, 90.29 91.29,91.81

aWith the present basis set, calculaf(O) in free CO is 1.138 A compared to the experimental value of 1.143 A,
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carbonyl orbitals in the MLCT excited states fafc-[Re(4,4-Xbpy)(CO}(4-Etpy)]'* (X = CHs, H, CO:Et) for X = CH; and CQEt.
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Figure 5. Experimental and calculated band energies for the three carbonyl modgy #4(2), and A') in the lowest MLCT excited states in the
seriesfac-[Re(4,4-X,bpy)(CO}(4-Etpy)I'™* (X = CHs, H, COEt). The slopes of the plots are mentioned in the text.

solution value is 2.22 eV in acetonitrile at 298 K. TDDFT results bonding which accompanies the change in electronic structure
for the three states in absorption show similar spactfgs. from dz(M)8z*(pp)° to dz(M)57*(pp).

»(CO) band energies are excellent reporters of even subtle In the earlier study, systematic variations in ground (gs) and
changes in electronic structure in the MLCT excited states. Band excited state (es) band energies#{CO), Vg5, Ves andAv (Av
energies are sensitive to variations in electron density at the = ves— 749 Were observed as the excited-to-ground-state energy
metal, and the high oscillator strengths and convenient spectralgap Eo,) was varied. A variety of electronic interactions was
range add up to significant experimental advantages for TRIR invoked to explain the variations. They included the following
studies. In the series of Re complexes, multiple factors were points:
identified that contribute to ground-to-excited sta¢€O) shifts. (1) The first is variations in d(M)—x*(CO) ground-state
A major factor explaining the large, positive shiftsufCO) in back-bonding as revealed by variationsvfCO) in the series

the MLCT excited states is the loss ot (@) —x*(CO) back- cis{Os(ppX(CO)(L)]"* (pp = 1,10-phenanthroline (phen) or
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2,2-bipyridine (bpy); L= PPh, CH3CN, pyridine, ClI, or H). of the calculated CO force constants in TablesS3reveals
In this series, g orbital energies and ground state back-bonding similar values across the series. A very slight trend of increasing
are varied systematically with L. CO force constants with decreasing-d* energy gap (Figure

(2) Then there is loss of back-bonding combined il — 4) is observed, dimethylbpy (35.07 mdyn/A (A(1)), 32.89
CO) bond polarization in the MLCT excited states as inferred mdyn/A (A'(2)), 32.48 mdyn/A, A) < bpy (35.15 mdyn/A (A
from the magnitudes of ground-to-excited-state shits,(Av (1)), 33.0 mdyn/A (A(2)), 32.57 mdyn/A, A) < diester-bpy
= Ves — Vg9 iN the seriedac{Re(4,4—X bpy)(CO}(4-Etpy)]- (35.15 mdyn/A (A(1)), 33.06 mdyn/A (A(2)), 32.62 mdyn/A,
(PFs) (X = CHj3, H, CO,Et). While the shifts were large and A"). A slight decrease might have been expected in the CO
positive in all casesAv was found tadecreasewith increasing force constants and a corresponding increadg(@+0) with

energy gap. increasing electron donating capability of the bp) substituent
(3) This is followed by z*(pp*~)—a*(CO) excited state due to increased back-bonding. However, only a slight trend is
mixing, which provides the orbital basis for mixing (CO) observed over the range of substituents used and experimental
andzr*(4,4'-X bpy)-based MLCT excited states. (CO) band energies are nearly constant in the ground state
(4) Finally there is e¢(M)—m(pp) excited state mixing, which  across the series.
provides the orbital basis for mixingz* and 7*(4,4'-X2bpy ~)- In the series, the calculat&{COx,) bond lengths are 1.156
based MLCT states. 1.157 A withR(COeg) 1.159-1.160 A. For comparison, the DFT

Preliminary DFT results orfac{Re(bpy)(CO)(4-Etpy)["* value for R(CO) in free CO is 1.138 A compared to the
were presented previously to aid in the assignments ofthe  experimental value of 1.143 A when computed with the
(CO) bands in the ground and excited stdtethe present study,  functional and basis set used in the present wi®rEhe
a more detailed analysis is presented in order to provide |engthening ofR(CO) in the metal complex compared to free
additional insight into excited-state structure. The resulting CO is due to d(Re)-x*(CO) back-bonding to the bound
structural changes, transition energies, af@O) shifts calcu- carbonyl. The C@—Re—CQOs and CQy—Re—COgq bond
lated for the seriefac{Re(4,4—X bpy)(CO}(4-Etpy)](PF) (X angles are nearly identical in each complex in the ground state
= CHjs, H, CO:EY) provide a wealth of information about MLCT  and are close to an idealized octahedral geometry &f 90

excited-state electronic structure. . , Ground-State Electronic Structure and Vibrational Ener-
Theoretical and Experimental Transition Energies.Cal- gies. In the ground state, the symmetry is pse@p-due to
culated gas-phase transition energies, from separate selfyhe glectronic similarity of the 2;dipyridine and 4-ethylpyri-
consistent field (SCF) calculations on the ground and triplet yine jigands in the local coordination sphere around Re(l). This
excited states, and experimental values are listed in Table 2 (ing; explains the appearance of only ta{CO) bands in the
eV). As noted aboveko is they = 0— ' = 0 transition energy g 1R (1900-2200 cn). In the spectra a band corresponding
in solution based on the smglg mode approximation. Itis related ;1 o totally symmetric Amode appears at high energy and a
to tgle free energy of the excited state above the ground statey, .- hand appears at lower energy for the nearly degenerate
AGTes, by A'(2) and A’ modes.
0 _ The energy factored force field (EFFF) approach has proven
AGs=Ey+ 4o, (2) . e . :
' very successful in providing information on the geometric and
electronic structure of carbonyl containing compleXe$3

Ao, is the solvent reorganization energy including low-frequency X . ;
vibrational modes treated classically. Detailed EFFF calculations have been carried out on [Re(4,4

The theoretical values are shown corrected for zero point PPY)(COXCI?* The results of this analysis show that the
energies in column 6 of Table 2. Note that the ground-to-excited- °dering of thev(CO) bands is A> A" > A'. In contrast, a
state energy gap increases across the series, [RECD4 nl'meer' of faslﬂigrelcarbonyl complexes have the ordering of
Et),bpy)(COX4-Etpy)l* < [Re(bpy)(COY4-Etpy)]" < [Re- A" > AT > AT The current DFT analysis demonstrates
(4,4-(CHs),bpy)(CO}(4-Etpy)J*. This variation is caused by the same ordering as the latter studies. This dlffe_rence suggests
the electronic influence of the 4,4ubstituent on the lowest that the greater asymmetry around the Re(OW)it for [Re-
7*(bpy) orbital energy. The increase in energy gap is ac- (4,4-bpy)2(CO)30I] a}nd other electronic effects result in a
companied by an increase8nthe electron-vibrational coupling ~ €hange in the ordering.
constant, or HuangRhys factor derived by emission spectral ~ The DFT approach can be viewed as a more complete force
fitting, for the coupled vibrations treated as an averaged mode.field analysis, but it is also an approximation. The EFFF
An increase inS is indicative of increased distortion on the @approach has the advantage in that it is semiempirical, and
polypyridyl acceptor ligand in the excited state and, by infer- experimental data are used to guide the analysis. However, in
ence, increased charge-transfer character in the MLCT excitedthe EFFF analysis, it is necessary to estimate a number of
state?? intermode couplings. The DFT calculations compute these

The DFT results verify the trend in energy gap with changes couplings directly. One real advantage of the DFT approach is
in substituents on the bipyridine ligand, for this series of thatit provides energies and intensities, which can be compared
complexes. The calculated values of the gas-phase zero poin{O experimental results. The intensities provide additional
corrected energy gag\E(S—T) are greater than the solution information and a further test of the energy ordering.
experimental values (including, ) by 0.16 eV on average. This As noted above, the ground-state experiment@lO) band
higher gas-phase energy gap points to a loss of solvation energyenergies are nearly constant through the series. A single band
in the excited state compared to the ground state, a resultappears near 2035 cthand a broad feature consisting of
consistent with the reduced dipole moments predicted by overlapping bands centered near 1927 ECHsCN, 298 K).
calculation (Table 2). Of course, errors in magnitude may also The DFT calculations predict the energy ordering to BELA
arise from inadequacies in the functional and basis set as well.> A’(2) > A". The calculated values of thé(A) bands in the

Ground-State Molecular Structure. As shown in Table 6, series are 2117, 2120, and 2120¢nThere are slight increases
the bond lengths and angles from the DFT calculations for the in calculated and experimental band energies for tt{g)Aand
three complexes in the ground state are very similar. InspectionA’ modes a&, decreases (Table 1). This presumably is due to
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decreased dRe)-7*(CO) back-bonding in the ground state nearly the same, ca. 0.6. This comparison demonstrates that the
because increasedr(Re)—7*(4,4'-X bpy) mixing increases the  dependence of A2) on the energy gap is roughly 60% that of
drz(Re)-7*(CO) gap. A",

Not unexpectedly, the absolute gas-phase energies in the DFT The shortening oR(CO) and accompanying shift to higher
calculations are high (by~100 cnt?), but the calculations  energy of thev(CO) bands in the excited state is a structural
adequately predict the separations between ti) And nearly marker for a decrease in(Re)—x*(CO) back-bonding in the

degenerate Aand A modes (80 cm! calculated, 110 cmt excited state. This decrease in back-bonding is expected to occur

observed). for all three complexes as the metal center undergoes partial
Tables 3-5 also list reduced masseg#&mu)), force constants ~ oxidation from Réto Re' in the MLCT excited state(s). One

(k (mdyn/A)), and relative infrared intensitiek, (KM/mol)). contribution to the underestimated/(CO) values from theory

The force constants increase in the ord&lh> A'(2) > A", compared to experiment is the neglect of solvation. A dielectric

which is the origin of the trend in band energies. environment would be expected to accentuate the extent of
Excited-State Electronic Structure and Vibrational Ener- ~ charge transfer by stabilizing charge separation. This effect

gies. The DFT results reveal significant changes in molecular Would lead to an even greater decrease in back-bonding and an

and electronic structure between the ground and lowest lying @companying increase ir(CO).

MLCT triplet state. Differences also exist across the series of ~ The shortening of the CO bonds between ground and excited

complexes as the energy gap varies. Figure 2 illustrates thestate is paralleled by the monotonic increase in CO force

HOMO and LUMO for the ground state of [Re(bpy)(GG)- constants for the three modes. For example fdof{Re(bpy)-

Etpy)]*. The HOMO is primarily metal-based and transforms (CO)(4-Etpy)J", the ground-state force constarksare 35.15

as &. There is significant*(CO) character and a contribution (A'(1)), 33.0 (A(2)), and 32.57 mdyn/A, (A). In the excited

from the pyridyl ligand. The LUMO transforms a$ and is state, they increase to 35.83'(8)), 34.47 (A(2)), and 33.37

primarily based on the bipyridine. The lowest lying triplet mdyn/A, (A"). The increase is in the order:'®) > A" >

corresponds closely to this HOMO to LUMO excitation and is A’(1). The mode with the largest axial contributior(2), has

of A" symmetry. The orbital plots are consistent with the the largest increase in overall force constant.

description of this state as resulting from metal-to-ligand charge-  Local mode compositions given for the related comfbex

transfer excitation. [Re(4,4-bipyridine(CO)CI] are shown below, with equatorial
There are slight changes in these orbitals if the MLCT state (eq) referring to the in-plane CO’s and axial (ax) to the

is allowed to relax self-consistently. Figure 3 displays the two perpendicular C&3

natural orbitals, which principally contain the unpaired spin for

the triplet A" SCF solution at its equilibrium geometry. Note A'(1)=0.471%,, 0.6235, 3)
that while the &symmetry bipyridyl orbital is nearly unchanged ,

from its ground-state counterpart, significant orbital relaxation A’(2)=0.8828,, 0.3333, (4)
occurs in the & orbital. There is significant migration of A" = 0.0r,, <ep;9¢-0.7071,, (5)

electronic amplitude from the metal onto the bipyridyl ligand,
leaving much less unpaired spin on the metal. The origin of

this effect is a mixing of bipyridylr — 7* character into the ~ The extent of charge transfer onto the polypyridyl ligand
MLCT state throughz(X,-bpy) mixing with the hole in the increases with the energy gap as shown by the increase in
orbitals. Huang-Rhys factor,S, from 1.0 to 1.4 in changing-X from

Several structural changes are evident upon excitation from ~COzEt 10 —CHa. The increase in charge-transfer character
ground to MLCT excited-state both in bond lengths and bond 2Cross the series leavB(CO:) unaffected consistent with no
angles (Table 6). The general trend for all three complexes is aSignificant change in ReCO back-bonding. By contrast, there
shortening of theR(CO) bond lengths witlR(CO.,) shortened IS & Systematic decreaseR(Re—COx) from 2.002 to 1.992 A
by about a factor of-2 compared t&R(COx). As the CO bonds asEp increases. A related trend is seerRfRe—Npy,) in Table

shorten,R(Re—CO) bonds lengthen, even though the metal is 6- The decrease iR(Re-CO,y) with increasingEo is a
partially oxidized. This structural change is also more pro- consequence of a stronger R8O o-bond interaction due to

nounced in the axial direction witR(Re—CO,,) lengthening ~ 9reater bond polarization. The absence of a variatidR(ie—
by 0.04-0.06 A. Both structural changes can be attributed to COed May arise from a cgmp?nsatlon fﬁeCt between enhanced
loss of back-bonding in the excited state due to partial oxidation -P0nd polarization and*(4,4'-bpy)—x*(CO) mixing.

of Re. These observations substantiate an earlier suggestion about
The excited-state calculations show that the carbonyl bandsthe origin of the decrease in(CO) for the A(1) and A(2)
retain the same energy ordering in the excited statéLjA- excited-state bands as the energy gap is increased, Figure 5.

A'(2) > A") with all three bands shifted to higher energy. The This _is _not a back-_bonding _effect. _It i_s insteadoat_)ond
absolute calculated excited-state vibrational energies are highPolarization effect withw(CO) increasing in energy with the
(no scaling was used), but energy differences between theextent of.charge transfer. This effect is important fo(1h and
ground and excited states are comparable to experimental value\'(2) Which posses&([Re—-COsy character, Figure 1.

(30—40 cnr? calculated; 50 cmt observed). As illustrated in There is also experimental evidence in the MLCT excited
Figure 5, band energies decrease with increasing energy gagstates for mixing between the lowest(4,4'—Xzbpy) level in

for all three normal modes. From the experimental results, the the acceptor ligand and the in-plam&CO) orbitals. The orbital

slopes are-1.0 x 1072 for A", —6.3 x 1073 for A'(2), and interactions involved are illustrated schematically in the energy
—5.4 x 1073 for A’'(1). From the DFT calculations, the slopes level diagram in Figure 4 for-X = —CHs and —CO,Et. The
are—4.6 x 1073, —3.0 x 1073, and—2.2 x 107°3. While the relative orientations of the orbitals involved in the mixing can

magnitudes of the slopes for the DFT calculated results are be surmised from Figure 1.
approximately half those of the experimental values, relative  7*(4,4'-Xbpy~)—7*(CO) mixing has the effect of delocal-
magnitudes are maintained. In particular, the rati@®@fA" is izing the excited electron onto the CO ligands, with the largest
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effect in the equatorial CO’s in thg, y plane. Thex*(CO)
orbitals for the axial CO ligand are orthogonal to the plane and
mix far less.

As shown in Figure 4, the effect is greater foX = —CHs;
because the smallet*(4,4'-Xsbpy ~)—x*(CO) energy gap
enhances the degree of mixing. The extentttf,4'-Xbpy
~)—a*(CO) mixing increases in the order ¥ COEt < H <
CH30 < CHjs, as the energy of*(4,4'—X,bpy) increases and
the 7*(4,4'— X bpy) +«*(CO) energy gap decreases.

The importance oft*(4,4' —Xbpy) +w*(CO) mixing appears
in [Re(dppz)(CO)PPR)]™ and [Re(Medppz)(COX(4-Etpy)]"
(dppz is dipyrido[3,2a:2',3'-c]phenazine; Mgdppz is dimeth-
yldipyrido[3,2-a:2',3 c]Jphenazine), which have a lowest-lying,
ligand-basedrz* excited staté! In these cases, th¢CO) bands
shift slightly to lower energy in the excited states duette
(dppz~)—z*(CO) mixing.1t

The DFT calculations are consistent with this interpretation.
In the excited state they predict a decrease in the-RQE-CO
bond angle to 864for the equatorial CO’s compared to 90.5
in the ground state in order to maximiz#(4,4'—Xzbpy ™) —
a*(CO) overlap. The increase in equatorial-axial bond angles
from 90.3 and 90.9 in the ground state to 91.4 and 91.9 in
the excited state can be attributed to enhanced eleetron
electron repulsion due to buildup of charge in the equatorial
CO’s.

For the A" normal mode, the equatorial carbonyls move in
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