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Application of time-resolved infrared spectroscopy has had
an important impact on transition metal photochemistijhe

emphasis has been on metal carbonyl and metal cyano com-

plexes because the oscillator strengthg(@O) andv(CN) are

high, and tunable lasers are available in the relevant spectral

regionZ Until recently, time-resolved infrared spectroscopy
using Fourier transform interferometry has been limited to a
time resolution of=5 us. However, application of step-scan

FT-IR has greatly expanded the time windév.It is now

possible to acquire spectra with high resolution and sensitivity
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step-scan FT-IR absorbance difference time-resolved spectros- -01

on a time scale of tens of nanoseconds over the entire mid-IR

region® In this communication, we report the application of

copy (SFT-IR AA TRS) with spectra acquired on the 10 ns
time scaleto the study of electronic structure in the metal-to-
ligand charge transfer (MLCT) excited states of two related
complexes of ruthenium(ll) containing only the ligands'2,2
bipyridine (bpy), 4-(carboxyethyl):4nethyl-2,2-bipyridine (4-
COOEt-4-CHsbpy) and 4,4(dicarboxyethyl)-2,2bipyridine
(4,4-(COOEtYbpy):

CH,3 COOEt COOEt COOEt
/' N_( - =
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N N =N N =N N
(bpy) (4-COOE-4'-CH;bpy) (4,4-(COOE1),bpy)

Comparison of the relative vibrational energies of the MLCT

states leads to specific and significant conclusions regarding

the distribution of electron density in these states.
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Figure 1. FT-IR spectra in CBCN: (A) ground state spectrum of

Spectra were obtained on a step-scan-modified Bruker IFS [Ru(bpy)(4-COOEt-4-CHzbpy)F*; (1) (B) laser-induced\A spectrum
88 FT-IR spectrometer. Samples were dissolved in acetonitrile ©f 1 in the absence of any quencher; (Sh spectrum ofl in the

in sufficient concentration~45 mM) to give an absorbance
between 0.2 and 0.6 for the este+O stretch at 1731 cnd in

presence of the reductive quencher 10-methylphenothiazineAfD)
spectrum ofl in the presence of the oxidative quencher methylviologen.
The AA spectra are the averages of the first ten 10-ns time slices after

a 0.25 mm path length. The solutions were sparged with argontne |aser pulse.

before loading by syringe into the Cawindowed IR cell. For
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the SFT-IR AA TRS, or AA, measurements, samples were
excited by third-harmonic pulses (355 nm) from a Quanta Ray
DCR-1 Nd:YAG laser (10 ns at 10 Hz; 3 mJ/pulse). The data
acquisition sequence was controlled by a Stanford Research
Model 455 pulse generator. Data were collected-af 2nT1
spectral resolution. The liquid-Ncooled Kolmar Technologies
MCT detector was operated in the AC/DC-coupled mode and
had an effective rise time 6f20 ns. Spectra before and after
the laser pulse were sampled at 10 ns intervals. The effects of
a total of 100-300 laser flashes were averaged for each of the
interferogram points. The transient absorption difference spectra
AA (after-minus-before) were calculated from the single-beam
Al transforms by the relationA(v,t) = —log[1 + Al(,t)/1(¥)],
wherel() is the intensity before laser excitation anf{v,t) is
the change in intensity at time

In Figure 1 are shown (A) the ground state FT-IR spectrum
of [Ru'(bpy)(4-COOEt-4-CHzbpy)]?* (1) and (B-D) its AA
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Table 1. Esterv(C=0) Band Energies and Shifts in GEN at
Room Temperature

v Av Figure 1

comple® (cm™) (cm™)? spectrum
[Ru' (bpy)(4-COOEt-4-CHsbpy)* (1) 1731 A
[RU"(bpy)(4-COOEt-4-CHsbpy )] 1685 —46 B

)

[Ru"(bpy)(4-COOEt-4-CHzbpy )]+ (3) 1660 =71 C
[Ru" (bpy)(4-COOEt-4-CHsbpy)P* (4) 1741 +<10 D
[Ru'(bpy)(4,4-(COOEtbpy)P* (5) 1731
[RU" (bpy)(4,4-(COOEtybpy)]>™* (6) 1705 —26
[Ru"(bpy)(4,4-(COOEtYbpy)]* (7) 1688 —43

ap(after) — v(before) the laser puls€ As PR~ salts.

spectra (generated as described above) in the absence of an
quencher, in the presence of the reductive quencher 10-
methylphenothiazine (10-MePTZ), and in the presence of the

oxidative quencher methylviologeiNN'-dimethyl-4,4-bipyr-
idinediium dication, MV*"). The reductive and oxidative
guenching reactions give [R(bpy)(4-COOEt-4-CHsbpy )]
(3) and [RU" (bpy)(4-COOEt-4-CHzbpy)P" (4), respectively,
by egs 1 and 2. The absorption band at 1731 Figure

[RU" (bpy),(4-COOEt-4-CH,bpy )]*"* + 10-MePTZ—
2

[Ru" (bpy),(4-COOEt-4-CHzbpy ))]" + 10-MePTZ (1)
3

[RU" (bpy),(4-COOEt-4-CH.bpy )]*"* + MV —
2

[RU" (bpy),(4-COOEt-4-CH.bpy)*t + MV*" (2)
4

1A is »(C=0) of the ester group in the ground statg, @nd
the positive bands in difference spectra in Figure-IBgive
the energies of this vibration in [Ri{bpy),(4-COOEt-4-CHs-
bpy )]>*(2), [Ru'(bpy)(4-COOEt-4-CHzbpy )] *(3), and
[Ru'" (bpy)(4-COOEt-4-CHsbpy)PT(4), respectively. The spec-
trum of the symmetrically substituted (diester) analog'[Ru
(bpy)(4,4-(COOEtbpy)?™ (5) and the correspondinghA
spectra for [RU (bpy)(4,4-(COOEtbpy )2 *(6) and [RU'-
(bpy)(4,4-(COOEtybpy )]t (7) were obtained under the same
conditions. The results of both sets of experiments are
summarized in Table 1.
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There are several important features in these data that pertain
to excited state electronic structure:

(1) There is a small<€10 cnT?) positive shift in the energy
of the este(C=0) band for the monoester complex between
Ru' and RY' (1 and4). This is due to loss of (Ru)—m*(4-
COOEt-4-CHsbpy) back-bonding to the ester group upon
oxidation.

(2) The large negative shifts i{C=0) of the ester group in
the MLCT excited states2(and 6) reveal that the excited
electron is localized on the ester-bearing ligand in these mixed
chelates and that the ester group is highly mixed into the lowest
a* acceptor level.

(3) The appearance of a single es¢€=0) band for the

LCT excited state of the diester compled,(with a shift about

alf that for the monoester compleR)( demonstrates thahe
excited electron is delocalizeder both pyridine rings in the
diester ligand. It is delocalized in the mixed-valence sense, at
least on the infared time scale.

(4) The larger shift for the monoester-based excited sBte (
is consistent with a high degree of polarization toward the ester-
substituted pyridine in the lowest* acceptor level. This
observation complements the transient resonance Raman results
obtained by Kincaid and co-workers on asymmetrically substi-
tuted bipyridine derivative%.

(5) The magnitudes of the excited state shifts of the ester
v(C=0) frequency in the MLCT excited state® &nd 6) are
about two-thirds those for the corresponding fully reduced
complexes3 and?). This demonstrates that polarization effects
are important in these excited states, with considerat(Rd")
mixing with thez* acceptor orbital.

Our data show that %6T-IR AA TRS can be applied
meaningfully to the study of short-lived excited states and
intermediates and that measurements on ligand vibrations (other
than those of classic “reporter” CO and CNigands) can
provide useful insights into electronic distribution in these
excited states.
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