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The results ofν(CO) infrared measurements on the ground and metal-to-ligand charge transfer (MLCT) excited
states offac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+ (X ) H, CH3, and CO2Et; 4-Etpy is 4-ethylpyridine) in both
CH3CN and poly(methyl methacrylate) (PMMA) films at 298 K are reported. In PMMA, the shifts inν(CO)
between the excited and ground states (+18 to +68 cm-1) are noticeably less than in solution (+33 to +88
cm-1). Our work was stimulated by the observation by Turner and co-workers (Chem. Commun.1996, 1587-
1588) thatν(CO) excited-to-ground-state shifts forfac-[Re(bpy)(CO)3Cl] are much less in a rigid butyronitrile/
propionitrile glass at 77 K than in CH3CN at 298 K. For the Re complexes, a single correlation exists between
excited-stateν(CO) shifts and the MLCT ground-to-excited-state energy gap (E0) regardless of whether the
energy gap is changed by varying the substituent X or the medium. The substituent and rigid medium effects
appear to have a common orbital origin arising fromπ*(4,4′-X2bpy•-)-π*(CO) mixing. This provides the
orbital basis for mixing higher lying dπ(Re)-π*(CO) MLCT states with the emitting dπ(Re)-π*(4,4′-X2-
bpy•-) MLCT excited state(s).

Introduction

A characteristic feature in the infrared spectra of CO-
containing metal-to-ligand charge transfer (MLCT) excited states
is an increase in excited-stateν(CO) band energies compared
to the ground state.1-6 For cis-[Os(bpy)2(CO)(Cl)]+* (eq 1),
νj(CO) ) 2022 cm-1 in the excited state (νjes) and 1948 cm-1 in
the ground state (νjgs) with a difference,∆νj(CO) ( )νjes - νjgs),
of 75 cm-1 in CH3CN at 298 K.7 In the pseudo-C3V symmetry
of fac-[Re(bpy)(CO)3(4-Etpy)]+ there are two ground-state
ν(CO) bands arising from an A1 mode and a degenerate pair of
E modes. All three shift to higher energy in theCs symmetry
of the MLCT excited state with ground-to-excited-state shifts
of ∆νj ) +44, +83, and+39 cm-1 (eq 2).7 These excited
“states” are actually a set of three low-lying, Boltzmann-
populated states largely triplet in character having a common
dπ5-π*1 orbital origin.8-12

Correlations have been found between excited-stateν(CO)
band energies and the MLCT excited-to-ground-state energy
gap (E0) for a series of Os and Re polypyridyl complexes.7

Variations inνjesinduced by changes in the ancillary or acceptor
ligands have been attributed to changes in dπ(M)-π*(CO) back-
bonding, polarization of theσ(M-CO) bond, dπ(M)-π(bpy)
mixing, andπ*(bpy)-π*(CO) mixing.

For the MLCT excited state(s) offac-[Re(bpy)(CO)3Cl],
Turner and co-workers13 reported a dramatic decrease in the

ground-to-excited-state shift inν(CO) at the fluid-to-glass
transition in a 5:4 butyronitrile/propionitrile mixture. They
attributed the decrease to enhanced mixing between the lowest
MLCT excited state and low-lying bpy-basedππ* excited states
in the rigid glass.

The ν(CO) effect, which has been termed infrared “rigido-
chromism”, is reminiscent of a phenomenon first described by
Wrighton and Morse and subsequently confirmed by many
others.14-24 They observed an increase in MLCT emission
energy in rigid compared to fluid media. It has been shown
that ligand-localizedππ* excited-state energies in related
complexes are relatively unaffected by the transition from fluid
to glass.23,25

We report here the results of a study related to that of Turner
and co-workers13 but at room temperature in poly(methyl
methacrylate) (PMMA) films for the seriesfac-[ReI(4,4′-X2-
bpy)(CO)3(4-Etpy)]+ (X ) CH3, H, CO2Et). The acquisition of
excited-state data in PMMA is itself notable since this appears
to be the first example of transient infrared (TRIR) spectra of
transition metal complexes recorded in a polymeric film.

Experimental Section

Materials. Low molecular weight (10 000-15 000 amu)
poly(methyl methacrylate) (PMMA) was purchased from Ald-
rich and used as received. Chloroform and acetonitrile were
purchased from Burdick and Jackson, and acetone was pur-
chased from Mallinckrodt. All were used as received. The salts
fac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)](PF6) were prepared in sev-
eral steps from Re(CO)5Cl according to literature procedures.26-28* Corresponding author: tjmeyer@lanl.gov.

cis-[OsII(bpy)2(CO)(Cl)]+ 98
hν

cis-[OsIII (bpy•-)(bpy)(CO)(Cl)]+* (1)

fac-[ReI(bpy)(CO)3(4-Etpy)]+ 98
hν

fac-[ReIII (bpy•-)(CO)3(4-Etpy)]+* (2)
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IR and TRIR spectra were recorded in a gastight liquid cell
consisting of two BaF2 plates separated by a 0.75 mm Teflon
spacer purchased from Harrick.

Preparation of Polymer Films.PMMA (0.5 g) was dissolved
in 5 mL of chloroform. This solution was added to a 1 mL
solution of the complex in acetonitrile, with the concentration
adjusted so that the absorbance of the CO bands was∼0.7; the
mixture was stirred and poured into a Teflon mold. The solvent
was allowed to evaporate slowly over a period of 2-3 days.
The polymer film was placed under vacuum in a desiccator for
another 2 days prior to measurements. The films produced by
this method were 4 cm in length and 1 cm wide with a relatively
uniform thickness of∼0.8 mm.

IR and TRIR Spectra. Samples for TRIR measurements
were prepared in fresh acetonitrile, with the concentration
adjusted so that the absorbance of the CO bands was∼0.7-
1.0 (air background). TRIR spectra in CH3CN were recorded
at an absorbance of∼0.8. After incorporation in PMMA, sample
absorbances were at∼1.0-1.2. At absorbances greater than 1.2,
spikelike artifacts appeared in the TRIR spectra.

PMMA films were mounted on the back half of a typical
liquid cell mount with adhesive tape with the IR beam passing
through the center of the film. The films were mounted with a
slight tilt away from perpendicular to the incident IR beam in
order to minimize etalon effects.

A diagram of the apparatus for obtaining time-resolved
infrared spectra in the mid-IR region is available as Figure A
in the Supporting Information. Ground-state IR and TRIR
spectra were recorded on a Bruker IFS 66V/s step-scan Fourier
transform infrared (FTIR) spectrometer. Ground-state spectra
were recorded in the rapid-scan mode and excited-state spectra
in the step-scan mode. The infrared beam from the interferom-
eter was directed through a BaF2 window in a flange at the
front of the bench, directed by a gold-coated mirror, and focused
onto the sample by BaF2 lenses. The diverging beam post-
sample was recollimated and directed onto the detector element
of a Kolmar liquid N2-cooled MCT photovoltaic detector with
a fast (50 MHz) preamplifier. For the CO region, a Ge low-
pass filter with a 2250 cm-1 cutoff was mounted in front of the
detector. A 354.7 nm pump beam from a Surelite Continuum
Nd:YAG laser operating at 10 Hz was focused and directed
onto the sample and overlapped with the infrared beam by using
a pinhole aperture. The external optical train was enclosed in a
plexiglass box that was continuously purged with dry N2. Both
the detector and sample were mounted onx, y, z translational
stages for maximum alignment capability. Experimental timing
of the laser pulse and interferometer mirror step was provided
by a Sanford Research Systems Model DG535 pulse generator.

An AC rapid-scan single-channel spectrum was recorded prior
to the step-scan experiment and used as the reference ground-
state spectrum,I(V). Time-resolved spectra were recorded in
step-scan mode by using the PAD 82a transient ADC board.
The AC signal from the photovoltaic MCT detector was fed
into channel A of the PAD 82a transient digitizer board. The
DC signal was fed into channel B and software-controlled to
generate a static interferogram with its associated computed
phase file. This DC-signal phase file was subsequently used to
phase-correct the AC-coupled transient interferogram generated
by channel A. Channel C received a trigger signal from the
pulse generator to start data collection at each mirror step. Signal
intensities were collected in 20 or 50 ns time increments to
approximately 600 ns. Laser excitation reached the sample 324
ns after the mirror settled and the trigger delay feature was often
used to postpone data collection until just prior to laser

excitation. In-step coadditions (64-180) were used to increase
the signal/noise ratio. Following the completion of an experi-
ment, interferograms were Fourier-transformed and sorted in
time to produce a 3D data set of single-channel spectra. The
3D file was further manipulated by a macro that converted the
single-channel spectra into absorbance spectra by using the
relationship∆A ) -log [1 + I(V, t)/I(V)]. In this expression,
I(V, t) andI(V) are the infrared intensities at timet from the 3D
file and at time) 0, respectively.29 Time slices following the
laser pulse were signal-averaged over the lifetime of the excited
state to produce the final spectra.

Emission.Steady-state emission spectra were recorded on a
Spex Fluorolog-212 spectrofluorometer equipped with a 450
W Xe lamp and a cooled 10-stage Hammamatsu R928 or R664
photomultiplier. Spectra were collected at right-angle geometry
and were corrected for instrument response by using correction
factors obtained with a NIST-calibrated standard lamp (Op-
tronics Laboratories, Inc., model 220M) controlled by a precision
current source at 6.50 W (Optronics Laboratories, Inc., model
65). The manufacturer’s recommendations regarding lamp
geometry were followed. Solution spectra were acquired in CH3-
CN at room temperature in a 1 cmpath length quartz cell (OD
< 0.05) purged with argon. PMMA films were held in the quartz
cell with a small Teflon piece cut specifically for the cuvette,
notched to hold the polymer film. Films were angled away from
the PMT to minimize reflectance of excitation light into the
PMT.

Excitation was at 370 nm, with light from a Xe lamp as the
excitation source. Emission was monitored from 400 to 700 nm.
The emission spectra were fitted by using an in-house emission
spectral fitting program based on a single-mode Franck-Condon
analysis of spectral profiles described previously.30,31 E0, the
excited-to-ground-state energy gap, is the energy maximum for
theV′ ) 0 f V ) 0 vibronic component,∆νj1/2 is the bandwidth
at half-height, andSis the electron-vibrational coupling constant
or Huang-Rhys factor. In the fits,pω was held at 1450 cm-1,
which is an average reflecting contributions from a series of
medium-frequency ring-stretching modes and the 2040 cm-1

ν(CO) mode as assessed from resonance Raman spectra.26

Results

Time-resolved infrared (TRIR) spectra in theν(CO) region
from 1800 to 2300 cm-1 were acquired in acetonitrile and
PMMA. Ground and TRIR spectra forfac-[ReI(bpy)(CO)3(4-
Etpy)]+ (4-Etpy is 4-ethylpyridine) in CH3CN are shown in
Figure 1 and forfac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+ (X ) H
and CO2Et) in PMMA in Figure 2 and Figure B in the
Supporting Information. The results are summarized in Table
1.

Emission spectra were also acquired in acetonitrile and
PMMA. As described in the Experimental Section, the spectra
were analyzed by application of a standard Franck-Condon
analysis and use of the average mode approximation. In the
fits, the quantum spacing for the average mode was fixed at
1450 cm-1.26 The remaining parameters in the fits were (1) the
electron-vibrational coupling constant or Huang-Rhys factor
(S), which is related to the square of the change in equilibrium
displacement between excited and ground states,∆Qeq; (2) the
bandwidth at half-height (∆νj1/2), which includes the solvent and
low-frequency modes treated classically; and (3) theV′ ) 0 f
V ) 0 energy gap,E0.32 Emission energies and spectral fitting
parameters are summarized in Table 2. A representative
emission spectrum, forfac-[ReI(bpy)(CO)3(4-Etpy)]+* in PMMA,
is shown in Figure C in the Supporting Information.
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Discussion

In the study of Turner and co-workers,13 it was noted that
the fluid-to-glass transition in a 5:4 (v/v) butyronitrile/prop-
ionitrile mixture at 77 K had a profound effect on the magnitude
of the excited-to-ground-stateν(CO) shifts infac-[ReI(bpy)(CO)3-
Cl]. As noted in the Introduction, there is a general tendency
for ν(CO) band energies to increase in MLCT excited states
because partial oxidation at the metal decreases dπ(Re)-π*-
(CO) back-bonding.1,3-6 σ(M-CO) bond polarization may also
play a role.7

Turner and co-workers13 reported that the MLCT excited-
state increase inν(CO) in a frozen nitrile glass at 77 K was
much less than in fluid solution. They attributed this effect to
an increase in excited-state energy in the rigid medium, which
caused enhanced MLCT excited-state mixing with low-lying
ππ*(bpy) excited states. This is a reasonable suggestion because
in related Re complexes ligand-localized and MLCT excited
states are known to lie in close proximity with the state ordering
depending on the ligands, the medium, and the tempera-
ture.14,25-27,33-46 Our results demonstrate that a related rigid
medium effect exists forfac-[ReI(bpy)(CO)3(4-Etpy)]+, fac-
[ReI(4,4′-(CH3)2bpy)(CO)3(4-Etpy)]+, and fac-[ReI(4,4′-(CO2-
Et)2bpy)(CO)3(4-Etpy)]+ in rigid PMMA films at room tem-
perature (Table 1).

Effect of Rigid Media on the Energy Gap.The increases
in emission energy (Eem) and energy gap (E0) between fluid
and rigid media are well documented for MLCT excited
states.14-24 They are caused by the frozen character of the

orientational part of the solvent dielectric. Except for very short-
lived excited states, emission in fluid solution occurs with the
full dielectric polarization equilibrated with the electronic
configuration of the excited state.

In treating this problem theoretically, Marcus divided the
medium reorganization energy into frozen,λoo, and unfrozen,
λio, parts (eq 3).47-49 ∆G°es is the free energy content of the
excited state above the ground state in rigid (frozen),∆G°es(fr),
or fluid solution,∆G°gs(fl).

In a rigid medium, the orientational part of the dielectric,
λoo, becomes part of the free energy change and no longer
contributes to the reorganizational energy. This increases the
free energy of the excited state above the ground state over that
in the fluid by λoo (eq 4).50

This λoo increase in emission energy compared to fluid
solution is the origin of the rigid medium effect for MLCT
emission. In the dipole-in-a-sphere model,λoo depends on the
squared difference between excited-state and ground-state vector
dipole moments (µbf, µbi), the static dielectric constants in frozen
(Ds,fr) and fluid (Ds,fl) media, and the radius of the sphere (a):

For a ππ* excited state,µbf ∼ µbi and the fluid-to-glass effect

Figure 1. Ground (A) and time-resolved (B) infrared spectra offac-
[ReI(bpy)(CO)3(4-Etpy)]+ in CH3CN at 298 K in the CO region. S labels
a solvent band.

Figure 2. Ground (A) and time-resolved (B) infrared spectra offac-
[ReI(bpy)(CO)3(4-Etpy)](PF6) in PMMA at 298 K in theν(CO) region.
The periodic noise in the TRIR spectrum is an etalon effect between
the impinging IR beam and the PMMA film.

λo ) λoo + λio (3)

∆G°es(fr) ) ∆G°gs(fl) + λoo (4)

λoo )
(µbf - µbi)

2

a3 [ 1 - Ds,fr

2Ds,fr + 1
-

1 - Ds,fl

2Ds,fl + 1] (5)
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is minimal. However, for MLCT excited states, the difference
between frozen and fluid media can be large (Table 2 and results
cited earlier).

∆G°es , can be calculated fromE0 by

with λo,L related to the bandwidth at half-height (νj1/2) for a single
vibronic component in reciprocal centimeters by

λo,L includes contributions from the solvent and low-frequency
modes treated classically. In fluid solution,λo,L(fl) ) λoo + λio

+ λi,L, and in a rigid medium,λo,L(fl) ) λo,L + λi,L.
On the basis of the similarity in MLCT absorption band

energies for [Ru(bpy)3]2+ and related complexes in CH3CN and
PMMA, the frozen dielectric properties of the two are
comparable.15-17,22,51,52Absorption is an instantaneous process
on the time scale for nuclear motions, whether in solution or a
rigid medium, andEabs(fr) - Eabs(fl) ∼ 0. Eabs(fr) and Eabs(fl)
are the absorption band energies in rigid and fluid media,
respectively.

Emission band energies are different in the two media for
all but the most short-lived excited states. For long-lived excited
states, the solvent is equilibrated andλoo is part of the solvent
reorganizational energy rather than∆G°. For an unstructured,

Gaussian-shaped emission band the emission energies in rigid
and fluid media are related by

λoo is related to the difference inE0 between rigid and fluid
media by

From the data in Table 2, and eq 8,λoo ) 1700 (X ) CH3),
2100 (X ) H), and 2200 cm-1 (X ) CO2Et). On the basis of
the∆νj1/2 values in Table 2,λoo is ∼50-80% of the total classical
reorganization energy in solution.

MLCT Excited-State ν(CO) Spectra. The PMMA TRIR
spectra in Figure 2 and Figure B in the Supporting Information
have features in common with solution spectra.1,3-6 In solution
two bands appear in the ground state, arising from an A1 mode
and two unresolved E modes, as expected for pseudo-C3V
symmetry (Figure 3). The same ground-state pattern is observed
in PMMA but there is evidence of an effective lowering of
symmetry with separate components appearing at∼1922 and
∼1930 cm-1 for the low-energy band.

In the ReII(4,4′-X2bpy•-) MLCT excited states, the local
electronic symmetry is lowered toCs because of the radical
anion character of the acceptor ligand. Well-separatedν(CO)
bands corresponding to A′(1), A′(2), and A′′ modes appear in

TABLE 1: Ground-State IR ( νjgs) and TRIR (νjes) ν(CO) Data for fac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+ in CH3CN and PMMA at
298 K

νjgs, cm-1 νjes, cm-1

complexa medium E A1 A′′ A′(2) A′(1) ∆νj ,b cm-1 ∆∆νj ,c cm-1 E0,d cm-1

[ReI(4,4′-(CH3)2bpy)(CO)3(4-Etpy)]+ CH3CN 1927 2034 1965 2008 2067 +37,+81,+33 18 600
PMMA 1931 2031 1950 2000 2045 +18,+68,+14 -19,-13,-19 20 400

[ReI(bpy)(CO)3(4-Etpy)]+ CH3CN 1927 2035 1971 2011 2074 +44,+84,+39 17 800
PMMA 1930 2030 1952 1998 2050 +22,+68,+20 -19,-13,-24 20 000

[ReI(4,4′-(CO2Et)2bpy)(CO)3(4-Etpy)]+ CH3CN 1933 2038 1978 2023 2092 +45,+88,+54 16 200
PMMA 1932 2034 1960 2000 2064 +28,+68,+30 -17,-20,-24 18 400

a As PF6
- salts.b ∆νj ) νjes - νjgs. c ∆∆νj ) ∆νjPMMA - ∆νjCH3CN. d Energy gap from Table 2.

TABLE 2: Emission Energies (Eem) and Spectral Fitting Parameters at 298 K in CH3CN and PMMA a

complexb medium E0,b cm-1 Eem, cm-1 S ∆νj1/2 (fwhm), cm-1

[ReI(4,4′-(CH3)2bpy)(CO)3(4-Etpy)]+ CH3CN 18 600 18 500 1.4 2700
PMMA 20 350 19 000 1.7 2180

[ReI(bpy)(CO)3(4-Etpy)]+ CH3CN 17 800 17 500 1.1 3000
PMMA 20 000 18 870 1.6 2067

[ReI(4,4′-(CO2Et)2bpy)(CO)3(4-Etpy)]+ CH3CN 16 200 16 000 1.0 2500
PMMA 18 400 17 600 1.2 2565

a pω was fixed at 1450 cm-1 in the spectral fits. The spectral fitting parameters are defined in the text with uncertainties of(3% for E0 and
(10% for S and∆νj1/2. b As PF6

- salts.

Figure 3. Local mode compositions of the normal modes forfac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+ in the ground (C3V) and excited states (Cs).

∆G°es) E0 + λo,L (6)

(νj1/2)
2 ) 16kBTλo,L ln 2 (7)

Eem(fr) - Eem(fl) ∼ 2λoo

E0(fr) - E0(fl) ) λoo (8)
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the TRIR spectra. In the excited state, the ordering is A′(1) >
A′(2) > A′′ with the ground-to-excited-state correlations A1 f
A′(1) and Ef A′′ + A′(2).1,3-6 The largest ground-to-excited-
state shift occurs for A′(2) with ∆νj ) νjes - νjgs ) +68 cm-1.

Ground-stateν(CO) band energies are essentially the same
within experimental error in CH3CN and PMMA (Table 2).
There are significant differences between media in the excited
states, with lower band energies systematically observed in
PMMA. As shown by the data in Table 1, the decrease in
PMMA compared to CH3CN is 15-20 cm-1 for all three modes.
These shifts are comparable to those observed by Turner and
co-workers13 between the fluid and frozen forms of 5:4
butyronitrile/propionitrile forfac-[ReI(bpy)(CO)3Cl] (-20,-18,
and-23 cm-1).

The change from CH3CN to PMMA decreasesνjes and
increases the energy gap,E0, derived by emission spectral fitting.
There is a second way of changing the energy gap: by varying
the substituent X in the seriesfac-[Re(4,4′-X2bpy)(CO)3(4-
Etpy)]+. As shown in a previous study, this is due to the
electronic influence of X on the energy of the lowestπ* acceptor
level.13 It is apparent from the data in Table 1 that the variations
in X also causeνjes to decrease asE0 increases. It is important
to note thatνjes decreases asE0 increases regardless of whether
X or the medium is varied.

In Figure 4 are shown plots ofνjes vs E0 for all threeν(CO)
bands and all three complexesfac-[Re(4,4′-X2bpy)(CO)3(4-
Etpy)]+ (X ) CH3, H, CO2Et) in both media. These plots show
thatνjesdecreases linearly with the energy gap to the same extent
whether the medium or X is varied. This shows that the rigid
medium effect is more generally an energy gap effect.

On the basis of the linear correlations in Figure 4, the
sensitivities of the three normal modes toE0 (∆νjes/∆E0) are
-7.0 × 10-3 for A′′, -5.7 × 10-3 for A′(2), and-11 × 10-3

for A′(1). For all three modes,νjes decreases asE0 increases.
Orbital Basis for the Decrease inνjes with E0. Electro-

chemical measurements onfac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+

(X ) CH3, H, and CO2Et) in CH3CN show thatE1/2(ReII/I )
reduction potentials [and the energy of the dπ6(Re) levels] are
relatively insensitive to changes in X.16,17,22,51The insensitivity
to X also extends to dπ(Re)-π*(CO) back-bonding as shown
by the ν(CO) ground-state band energies in Table 1. On the
basis of these observations, variations inE0 are due largely to
variations in theπ*(4,4′-X2bpy) acceptor levels rather than to

variations in dπ(Re). This causes the change inE0 from CH3-
CN to PMMA of ∼2000 cm-1, which is comparable to the
change in substituent from X) CH3 to X ) CO2Et (Table 1).

On the basis of the arguments in a previous section, the
increase inE0 in PMMA is caused by the loss of stabilization
of the excited state by orientational polarization. The orbital
origin for this effect is presumably the same as the substituent
effect inπ*(4,4′-X2bpy) and can be explained qualitatively by
use of the schematic energy level diagram in Figure 5. It
illustrates substituent effects on orbital mixing in the MLCT
excited states between the dπ3(Re) hole level andπ(4,4′-X2-
bpy) and betweenπ*(4,4′-X2bpy) andπ*(CO).

Figure 5 illustrates that the increase inE0 for X ) CH3

compared to X) CO2Et is largely due to the increase inπ*-
(4,4′-X2bpy). The orbital energy difference,∆E, is related to
E0 and the pairing energy,P, by E0 ) ∆E - P. The increase in
π*(4,4′-X2bpy) decreases theπ*(4,4′-X2bpy•-)-π*(CO) energy
gap, which enhancesπ*(4,4′-X2bpy•-)-π*(CO) mixing and
decreasesνjes.16,17,22,51

By inference, the rigid medium effect has the same origin.
The loss of orientational polarization increases the energy of
π*(4,4′-X2bpy) leading to enhancedπ*-π* mixing. This
suggests that the increase inE0 and MLCT excited-state energies
in rigid media is largely due to changes in polarization
interaction at the ligand side of the excited-state dipole. This is
reasonable sinceπ*(4,4′-X2bpy•-) is on the periphery of the
molecule.

Turner and co-workers initially attributed the rigid medium
ν(CO) effect to mixing between MLCT and low-lyingππ*
states. On the basis of the arguments developed here, orbital
mixing betweenπ*(4,4′-X2bpy•-) and π*(CO) provides an
orbital basis for mixing betweenπ*(4,4′-X2bpy•-)- andπ*(CO)-
based MLCT states. It is this mixing that causes the rigid
medium effect.

Mixing between the hole in dπ3(Re) andπ(4,4′-X2bpy) is
also illustrated in Figure 5 and shown as being of lesser
magnitude given the small variations inE1/2(ReII/I ) with X. It is
greater for X) CH3 since the energy gap between dπ3(Re)
and π(4,4′-X2bpy) is less. It is this orbital interaction that
provides the basis for MLCT [dπ(Re)-π*(4,4′-X2bpy)] mixing
with ππ* [ π(4,4′-X2bpy)-π*(4,4′-X2bpy)].

Figure 4. Plots ofνjes vs E0 for fac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+

in CH3CN and PMMA for the A′(1) ([), A′(2) (2), and A′′ (9) normal
modes. The linear fits shown were to equations of slopes∆νjes/∆E0 )
-1.12× 10-2 for A′(1), -5.7× 10-3 for A′(2), and-7.0× 10-3 for
A′′ with the correspondingy intercepts 2.3× 103, 2.1× 103, and 2.1
× 103.

Figure 5. Schematic energy ordering diagram for the MLCT excited
states illustratingπ*(4,4′-X2bpy•-)-π*(CO) and dπ3(Re)-π(4,4′-X2-
bpy) mixing for two cases: (1) X) CO2Et and CH3 and (2) X) CH3

in CH3CN and PMMA.
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Conclusions

The decrease inν(CO) with MLCT energy gap in the series
fac-[ReI(4,4′-X2bpy)(CO)3(4-Etpy)]+* (X ) CH3, H, and CO2-
Et) are of similar magnitude whether variations are made in X
or in medium between CH3CN and PMMA. This points to a
common orbital origin for the medium and substituent effects
based onπ*(4,4′-X2bpy•-)-π*(CO) orbital mixing. With this
interpretation, IRν(CO) MLCT rigidochromism is a conse-
quence of MLCT [dπ(Re)-π*(CO)] excited-state mixing with
the emitting MLCT [dπ(Re)-π*(4,4′-X2bpy)] excited states and
not due to MLCT-ππ* excited-state mixing.
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