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Step-scan FTIR time-resolved spectroscop$FT$R TRS) has been applied to a series of Red O4
polypyridyl complexes that contai-methyl-4,4-bipyridinium (MQ") cation as an electron acceptor. Changes

in v(CO) and ring-stretching vibrations of the acceptor ligands in the fingerprint region provide direct insight
into electronic structure both in metal-to-ligand charge transfer (MLCT) excited states and 1-electron reduced
complexes. The measurements reveal: (1) changes in-nligi@ahd back-bonding between the ground and
excited state, (2) special characteristics of M&3 an acceptor ligand, including the appearance of an intense
AA band at~1610 cn1?, which appears to be vibronically coupled to the internal charge distribution of the
reduced ligand, and (3) elucidation of a competition that exists betweehavi4,4-(CO,Et),bpy as acceptor
ligands infac{Re(4,4-(COEt)bpy)(CORMQH]™ (n =1, 2).

Introduction the excited electron in the lowest MLCT state(s) of [Ru-
_ ) (bpy—)(bpy)]?t* on the 100-ns time scalé.
Time-resolved infrared (TRIR) spectroscopy has emerged as |, this study, $FTIR TRS is applied to the MLCT excited
a powerful tool for obtaining structural information on short  ¢iaia5 of the series of Rand O# polypyridyl complexesgis-
time scales. Ultrafast TRIR experiments on picosecond (ps) to [Os(bpyX(CO)YMQH)]3* (bpy = 2,2-bipyridine; MQ" = N-meth-

femtosecond (fs) time scales are typically conducted by pump/ \_4 ' biovridinium cation) andac{Re(4,4-(CHs);bpy)(CO}-
) yl-4, py , 3)20PY
probe approaches with short IR pulses generated by frequency(MQ+)]z+ (X = CHs, H, COEY) all of which contain the

mixing or by the upconversion technique pioneered by Hoch- by iginjum acceptor, MO. Ligand structures and their ab-
strasser et df.> On the nanosecond (ns) time scale, continuous- praviations are illustrated below.

wave CO or diode lasers have been used in combination with

fast IR detector§. However, these laser-based techniques have HaC, CHa
a limited spectral range, and the low-energy, “fingerprint” region — _

is not accessible. With the advent of step-scan FTIR spectros- 7 N\ \ M
copy, it is now possible to acquire full mid-infrared spectra on \=y N / =N N 4

the tens of nanoseconds time scale routifelgZoupled with

laser flash photolysis this technique has been utilized to explore (®py) (4-4=(CHa)zbpy)

photochemical ligand loss and protein conformational changes CO2Et COEt

in hemoglobins and myoglobir$s. 7 N\ — 7N\ — N
The utility of TRIR spectroscopy in inorganic photochemistry _ N\ NQ_@NCHs

has also been demonstrated in applications to metal com- N N

plexes?710-13 Most early studies focused on metal CO- or (4,4-(CO4Et),bpy) MQY)

CN~-containing complexes, for whial{(CO) andv(CN) bands

of high oscillator strengths occur at energies accessible to IR In earlier studies ortis{Os(bpy»(CO)(MQ")]3* and fac-
lasers. One of the first examples was the measurement of bacRe(4,4-(CHz),bpy)(COx(MQ™1)]%*, time-resolved measure-
electron transfer in the mixed-valence ion [(GM))—CN—M"!- ments demonstrated that rapid bpy> MQ™ electron transfer
(NH3)s]~ (M = Os, Ru) following laser-flash excitatidd Shifts occurs following O% — bpy or Re— bpy excitation. MQ

in »(CO) orv(CN) have also been used to characterize excited was shown to be the lowest acceptor ligand by transient reso-
states. The(CO) bands in the metal-to-ligand charge-transfer nance Ramatt. In fac{Re(4,4-(CO:Et)bpy)(COYMQM)](PFs)2,
(MLCT) excited state(s) ofac{Re(bpy)(CO)CI] are shifted a Ré'(4,4-(COEt)bpy) MLCT state is the lowest excited-

by +44, +73, and+58 cnt! relative to the ground stafé”’ state based on emission, but electrochemical measurements point
For the lowest dppz-localized excited statefa¢{Re(dppz)- to MQ™ as the better electron acceptor. Application éFHR
(COX(PPH)]™ (dppz= dipyrido[3,2-a:2',2-c]phenazine; PPh TRS measurements to these excited states has revealed: (1)
= triphenylphosphine), the shift in(CO) is <1 cnr1.10b significant changes in metaligand back-bonding between the
Application of step-scan FTIR time-resolved spectroscogy (S ground and excited state and betweenVipd bpy as acceptor
FTIR TRS) has allowed transient measurements to be extendedigands, (2) some special characteristics of M&3 the acceptor

to the fingerprint region and used to confirm localization of ligand including the appearance of an intengeband at~1610
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Pyridinium-Based MLCT Excited States

cm™, which appears to be vibronically coupled to the internal
charge distribution of the reduced ligand, and (3) further insight
on the competition that exists between M@nd 4,4-(CO,-
Et),bpy as acceptor ligands fac{Re(4,4-(CO,Et),bpy)(CO}-
(MQH)I™ (n= 1, 2).

Experimental Section

Materials. The preparation and characterizatiorca{Os-
(bpy)(CO)(4,4-bpy)I(PE)2, cis{Os(bpy (CO)MQ")](PFe)s,
fac{Re(4,4-(CO:Et),bpy)(COX(4-Etpy)](PF), fac{Re(4,4-
(COEt):bpy)(CORMQ™)I(PFe)2, fac{Re(4,4-(CHz)bpy)(CO}-
(4-Etpy)](PFs), andfac{Re(4,4-(CHs)2bpy)(COXMQ™)I(PFe)2
have been described elsewh&t€.CH;CN was spectrograde

J. Phys. Chem. A, Vol. 102, No. 18, 1998043

Results

Ground-state absorption and TRIR absorption difference
spectra were acquired in GBEIN except fofac{Re(4,4-(CHs).-
bpy)(COXMQ™)I(PFs). andfac{Re(4,4-(CHa)2bpy)(COX(4-
Etpy)](PFs)2, which were acquired in 1,2-dichloroethane. The
results for the individual complexes are presented below and
summarized in Table 1.

cis{Os(bpy)(CO)(4,4-bpy)]?*. The ground-state spectrum
of cis{Os(bpy}(CO)(4,4-bpy)I?* is shown in Figure 1A with
solvent bands subtracted. The band at 1968!dmther(CO)
stretch, and the 1609 crh band is av(bpy) ring-stretching
mode. The broad band centered at 1645 ki, in part, due
to waters of hydration in the lattice of the solid sample, possibly

from Burdick and Jackson laboratories, and 1,2-dichloroethane With contributions fromw(bpy) or v(4,4-bpy) vibrations.

was distilled from potassium before use.

In the TRIR measurements all salts excéat{Re(4,4-
(CHa)2bpy)(COX(4-Etpy)](PFs) and fac{Re(4,4-(CHs)zbpy)-
(COXR(MQM)](PFs)2 were dissolved in CECN to give an
absorbance of0.5 for they(CO) band with an optical path of
0.25 mm. Foffac{Re(4,4-(CHz).bpy)(COMQ™)](PFs)2, the
lifetime in CHCN was too short to be measured by the

A S?FTIR TR absorbance differencé&f) spectrum ofcis-
[Os(bpy)(CO)(4,4-bpy)F™ acquired 10 ns after 355-nm laser
excitation is shown in Figure 1B. In comparing the spectra in
Figure 1A, B,»(CO) at 1968 cm! in the ground-state shifts to
2037 cnttin the MLCT excited stateAv(CO) = +69 cnT?),
eq 1, and the/(bpy) band at 1609 cri shifts to 1618 cm’ in
the excited state and increases in intensity~by2. These

apparatus employed and a nearly saturated solution of 1,2-changes are consistent with formation of an MLCT excited state,

dichloroethane was used instead. This gave an absorbance of
0.15 with an optical path length of 0.25 mm. The solutions cis-[Os”(bpy)Z(CO)(4,4-bpy)]2+ﬂ»

were deoxgenated by bubbling argon for at least 15 min and

then transferred to a solution IR cell with a syringe. A flow
cell with a syringe pump was used to avoid complications from
photochemical decomposition.

Measurements. The experimental setup used for tEBIR
TRS measurements has been described elsewhetebrief
summary is given below. Excitation was achieved by using
the third harmonic of a Quanta Ray model DCR-1 Nd:YAG
laser (10 ns;~3 mJ/pulse) and a step-scan Bruker IFS 88 FT-
IR spectrometer equipped with a dual-channel, 100-MHz PAD
82 digitizer for data acquisition. The laser and FT-IR spec-

trometer were synchronized with a Stanford Research model

DG535 pulse generator. A photovoltaic mercury cadmium
telluride (MCT) detector with a 50-MHz preamplifier (Kolmar

Technology) was used for IR detection. A Ge filter was placed
on the window of the detector to block visible emission from

cis{0s" (bpy)(bpy )(CO)(4,4-bpy)I*™ (1)

The one-electron reduced forais{Os' (bpy*)(bpy)(CO) (4,4
bpy)]", was generated in situ by reduction of the MLCT excited
state by added 10-methylphenothiazine (10-MePTA @001

M, eq 2. In the resulting TRIR spectrum, Figure 2QCO) is
shifted to 1929 cm! (A%»(CO) = —39 cnT?l).

cis{0s" (bpy)(bpy *)(CO)(4,4-bpy)F " +
10-MePTZ— cis{0Os" (bpy)(bpy *)(CO)(4,4-bpy)]" +
10-MePTZ™" (2)
cis{Os(bpy)(CO)(MQ™M)]3". The same set of spectra for

cis{Os(bpy}(CO)(MQ")]3" acquired under the same conditions
are shown in Figure 2. In the excited statéCO) appears at

the sample and the scattered laser light. The low-pass Ge filterogsg cnrt (AW(CO) = +87 cnTl). An intenseAA band

(2250 cnm?) also blocked high-energy IR light, and the low-
energy cutoff (1250 cm') was limited by the CaFwindows

of the sample cell. With this limited spectral window (1250
cm~1—2250 cnt?), an undersampling ratio of 8 was used to

appears at 1610 cmhwhich has an integratetlA greater than
twice that ofy(CO) and completely overwhelms tiaA of the
v(bpy) bands. The\A spectrum is reproducible from sample
to sample and the 1610 crhfeature appears only if MQis a

limit the number of data points collected in the step-scan ligand. The decay kinetics for the band at 1610 rare the
experiments to reduce data collection time. The limited spectral g3 me as fom(CO) at 2037 cmt and for the recovery of the

range was also useful in reducing the saturation of the deteCtorground-state bleach at 1969 ti The 1610-cmt band also

by unwanted IR light and in meeting the requirements of a
limited dynamic range imposed by the 8-bit digitizer.

The ac coupled output of the preamplifier was further
amplified with a Hewlett-Packard model 461A or Stanford

appears incis{Os! (bpy):(CO)(MQ)]?" formed by reductive
guenching, eq 3, as doefCO) at 1957 cm! (A»(CO) = —12
cm™).

Research model SR 445 amplifier and then recorded in Channelcis-[Os'”(bpy)Z(CO)(MQ‘)]3+* +10-MePTZ—

A of the PAD 82 digitizer. The dc coupled output of the
preamplifier was recorded in channel B of the PAD 82 digitizer.

cis{0s' (bpy),(CO)(MQ)]*" + 10-MePTZ" (3)

The phase spectrum used to transform the ac interferogram

collected in channel A was generated from the dc interferogram

fac-[Re(4,4-(CH3)2bpy)(CO)z(MQ )3 and fac-{Re(4,4-

collected in channel B. The absorbance difference spectrum(CHz),bpy)(CO)s(4-Etpy)]*. Spectra for this pair of complexes

was calculated by the relatioAA(v, t) = —log[1 + Al(v, t)/
I(v)], wherel(¥) is the intensity of IR light at energy before
laser excitation andl (7, t) is the change in intensity at tinte

were acquired in 1,2-dichloroethane because the lifetinfi@osf
[Re(4,4-(CHg)bpy)(COR(MQ™H)]?™ is too short in CHCN for
SFTIR TRS measurement by our apparatus. Solvent effects

Ground-state absorption spectra were acquired on the sameon the spectra are slight. Shifts ifCO) for fac{Re'(4,4-
spectrometer in the continuous-scan mode with the solvent (CHs)bpy*)(CO)(4-Etpy)]" between CHCN and 1,2-dichlo-

spectrum subtracted.

roethane are only-4 cnt 2,
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TABLE 1: Energies and Assignments for Selected IR Bands (cmi) in CH3;CN

complexes (as RF salts) energies (cm) assignment Av (cm e
cis{Os' (bpy):(CO)(4,4-bpy)?" 1968 v(CO)
1609 v(bpy)
cis{Os" (bpy*)(bpy)(CO)(4,4-bpy)™ 2037 v(CO) +69
1618 v(bpy) +9
cis{Os'(bpy *)(bpy)(CO)(4,4-bpy)]" 1929 v(CO) -39
cis{Os'(bpy)(CO)(MQM)]3* 1969 v(CO)
cis{Os" (bpy)(CO)MQ) |3+ 2056 »(CO) 187
1610 Y(MQ")
cis{Os' (bpy)(CO)(MQ)]2* 1957 »(CO) ~12
1610 Y(MQ")
fac{R€(4,4-(CHz).bpy)(COX(4-Etpy)]t 2 2034 v(CO)
1932 »(COP
fac{R€'(4,4-(CHz).bpy*)(CO)(4-Etpy)* 2 2059 v(CO) +25
2005 »(CO) +73
1961 »(CO) +31
fac{Re(4,4-(CHs).bpy)(CORMQH)]2* 2036 »(CO)
1937 »(COP
fac{Re'(4,4-(CHa).bpy)(COMQ)]?+ 2 2087 »(CO) +51
1987 v(COY +50
1606 »(MQ")
fac{R€(4,4-(CO,Et),bpy)(CO)(4-Etpy)I 2038 v(CO)
1935 »(COP
1737 »(COEL)
fac{Rée/ (4,4 -(COEt),bpy)(CO)(4-Etpy)* 2092 »(CO) 154
2023 »(CO) +88
1975 »(CO) +41
1707 »(COEY) -30
fac{R€ (4,4-(COEt)bpy—*)(CO)(4-Etpy)P 2015 v(CO) -23
1905 »(COP -30
1697 »(COEL) —40
fac{Re(4,4-(COEt)bpy)(CORMQ™)]2+ 2039 »(CO)
1939 »(COP
1737 »(COEL)
fac{R€'(4,4-(COEt)bpy—*)(COR(MQT)]>* 2090 v(CO) +51
2026 »(CO) +87
1983 »(CO) +44
1707 (COEL) -30
fac{Re(4,4-(COEt)ybpy)(COXMQ")]* 2032 »(CO) -7
1928 »(COP 11
1608 »(MQ)

2|n 1,2-dichloroethane® Overlapping bands® Av is the change in’(CO), etc., from the ground-state value.

In the ground-state spectrafaic{Re(4,4-(X)2bpy)(CO}(4- Figures 3 and 4). A shift im(C=0) for the ester groups from
Etpy)]" there is a two-band pattern with a narrow band at 2034 1737 to 1707 cm! (Ap(C=0) = —30 cnt?) in the excited
cm~! and a broad one at 1932 cinfor X = CH3.2®> These state and the absence of the 1610 émA marker band for
complexes have pseudty, symmetry, and the vibrations are  MQ* in fac{Re(4,4-(COEt),bpy)(COR(MQ™)]%" show that
the totally symmetric A (2034 cnt?) and doubly degenerate E  4,4-(CO,Et)bpy is the acceptor ligand in both cases.

(1932 cntl) normal modes. The symmetry is not truGg,; In the one-electron reduced forfac{Re (4,4-(COEt)bpy)-
the E mode is actually an overlapping composite baAd A’ (COX(4-Etpy)P, generated in situ by 10-MePTZ reduction,
modes (inCs symmetry). eq 4,

This pattern changes fiac{R€" (4,4 -(CHs)bpy *)(CO)(4-
Etpy)]*", with bands appearing at 2059, 2005, and 1961%cm  fac{Re' (4,4-(CO,Et),bpy *)(CO)(4-Etpy)]” +
In this case, localizaton of the excited electron ori-4CHs),-
bpy lowers the effective local symmetry G, and bands 10-MePTZ— fac{Re'(4,4-(CO,Et),bpy *)(CO),(4-Etpy)] +
attributable to separate’ And A’ modes are observed. 10-MePTZ" (4)
The ground-state spectrumfac{Re(4,4-(CHs;)2bpy)(COX%-
(MQ™)]?* is similar, with the A and E modes appearing at  (CO) shifts to 2015 cmt (A7 = —23 cnt?) and 1905 cm?
2036 and 1937 cmi, respectively. For this complex, the two (A7 = —30 cnT?), and the ester(C=0) shifts to 1697 cm!
»(CO) band pattern is maintained in the excited state, with bands (A7(C=0) = —40 cnt?), Figure 3C. In the spectrum déc-
appearing at 2087 cm (A»(CO)= +51 cn?) and 1987 cm'* [RE(4,4-(COEt)bpy)(CORMQ?)]*, also generated by reduc-
(A¥(CO)= +50 cnm?). Anintense band appears at 1606 €m  tive quenching,
in the AA spectrum, analogous to the 1610 dnband incis-

[Os(bpyH(CO)MQH)>*". fac{Re' (4,4-(CO,EL),bpy)(COXMQ")*" +
fac{Re(4,4-(CO,Et)bpy)(CO)3(MQ M)]?" and fac{Re(4,4- Lo ——t
(CO,Et)bpy)(CO)s(4-Etpy)]*. The shifts inv(CO) between 10-MePTZ— fac{Re (4,4-(CO,Et),bpy)(COKLMQ")] " +
the ground and MLCT excited states ftac{Re(4,4-(CO,- 10-MePTZ* (5)

Et),bpy)(COp(MQ*)]?* andfac{Re(4,4-(COEt)bpy)(CO}-
(4-Etpy)I" are the same within experimental error (Table 1 and the shifts are much smaller, with(CO) appearing at-2032
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Figure 1. Ground-state spectrum ais{Os(bpyx(CO)(4,4-bpy)"

(A), S?FTIR TR AA spectrum (10 ns after 355-nm laser excitation)
(B), and the difference spectrum with 0.002 M added 10-MePTZ (C)
10 ns after 355-nm excitation in GAN.

(Av=<lcnt?) and 1928 cm! (Av = —11 cnml). The added
electron is on M@ as shown by the inteng®A v(MQ*) marker
band at 1608 cri.

Discussion

Application of SFTIR TRS to the O5 and Ré complexes
allows bothy(CO) andv(bpy) regions to be measured. These

J. Phys. Chem. A, Vol. 102, No. 18, 1998045
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Figure 2. Ground-state FT-IR spectrum os{O0s(bpyx(CO)(MQ")]3*

(A), S°FTIR TR AA spectrum (10 ns after 355-nm laser excitation)
(B), and the difference spectrum with 0.002 M added 10-MePTZ (C)
10 ns after 355-nm excitation in GAN.

to 1618 cn1! and increases in intensity by2. Similar changes

in vo5 have been observed for R(bpy—)(bpy)]?" and [RU'-
(bpy)]®™.1 On the basis of normal coordinate analyses of'fRu
(bpy)s]?t and R (bpy—*)(bpy)]?*,16 the potential energy dis-
tribution (PED) in v,5 includes 46%v(C,—C3) and 23%
v(C—N) based on the numbering scheme below. The increase
in energy forv,s in the excited state is consistent with decreased

results are revealing about three separate issues regardingpack-bonding to they,a'-diimine fragment of the ligané:

excited-state electronic structure.

Back-Bonding. Electronic Structure in the Acceptor
Ligand. There is a large shift in(CO) (A»(CO)= +69 cntl)
in the MLCT excited state ofis{Os(bpyx(CO)(4,4-bpy)]?*.
Comparable shifts occur for [Os(tpy)(bpy)(C8] (tpy =2,2:
6',2"'-terpyridine) A»(CO) = +70 cntY), cis{Os(bpy)(CO)-
(pY)]#"" (AP(CO) = + 69 cntl), and [Os(pherfCO)CI|*™*
(AP(CO) = +73 cnT1).10 The increase is consistent with par-
tial oxidation at Os, eq 1, and loss of €¢*(CO) back-bonding

4 3 3 4
5 —\2 2/ 5

N 7N\ 7

~—N N—7,

The shift in »(C=0) for the ester group ifac{Re(4,4-
(CO,EL)bpy)(COX(4-Etpy)I" between the ground and excited
states is-30 cntl. Itis 26 cnt! for [Ru' (4,4-(COEt)bpy)-

in the excited state. This increases the CO bond order andppy),]2+*. These shifts demonstrate that there is considerable

7(CO).

The opposite occurs upon reductiorcte{Os' (bpy—)(bpy)-
(CO)(4,4-bpy)]" for which A¥(CO) = —39 cnTl. Reduction
enhancesa—z*(bpy—*) mixing and dr—s*(CO) back-bonding.

The same trends are observed for thé &enplexes. Large
positive shifts iny(CO) are observed for the MLCT excited

ester character in the acceptor orbital. The fact that only one
v(C=0) band appears in the spectra shows that the excited
electron is delocalized over both pyridyl rings, at least on the
IR time scale. The shift ifac{Re(4,4-(CO.Et)bpy*)(CO)s-
(4-Etpy)P, is —40 cnTl. It is greater because of the loss of
the polarization interaction between'Rend the reduced ligand

states and smaller negative shifts for the one-electron reducedn the excited state.

forms (Table 1). A quantitative understanding of these shifts

MQ™ as an Acceptor Ligand. Following MLCT excitation

remains to be developed on the basis of such factors as theof cis{Os(bpy:(CO)(MQH]3* or fac{Re(4,4-(CHz).bpy)-
energy gap between the ground and excited states, the orbital{CO)(MQ™)]2*, the ultimate acceptor ligand is MQ This

occupied, and the extent of orbital mixing with other ligands.
In the mid-IR spectrum of [O%(bpy)(bpy*)(CO)(4,4-
bpy)?**, a ground-state/(bpy) band at 1609 cr (v25)18 shifts

conclusion is based on transient YVisible, emission, and
resonance Raman measureméftsThe electron-transfer se-
guence that occurs following ®s> bpy, Od — MQ™ excitation
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Figure 3. Ground-state spectrum &c{Re(4,4-(CO.Et).bpy)(CO}-
(4-Etpy)I"™ (A), S#FTIR TR AA spectrum (10 ns after 355-nm laser
excitation) (B), and the difference spectrum with 0.002 M added 10-
MePTZ (C) 10 ns after 355-nm excitation in GEN.

SCHEME 1

cis-[0s™(bpy)(bpy )(COYMQH**
pyyop T~ Cis-[0s"(bpy),(COYMQ)*

N4

cis-[0s"(bpy)(COYMQH**

*

of cis{Os(bpyp(CO)(MQ")]3* is illustrated in Scheme 1. A
related scheme applies to the' R@alogue.

Chen et al.
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Figure 4. Ground-state spectrum &dc{Re(4,4-(COEt),bpy)(CO}-
(MQM]?* (A), SFTIR TR AA spectrum (10 ns after 355-nm laser
excitation) (B), and the difference spectrum with 0.002 M added 10-
MePTZ (C) 10 ns after 355-nm excitation in GEN.

(3) In bothfac{Ré€(4,4-(COEt),bpy)(COR(MQ")]* andfac-
[R€'(4,4-(CHzg),bpy)(COX(MQ*)]2+", with v»(CO) appearing at
2087 and 1987 cnt, there are twov(CO) bands, and the
approximately pseud@s, local symmetry of the ground state
is maintained.

(4) X-ray crystallographic studies have shown that the pyridyl
rings of MQ" in fac{Re(bpy)(CO}MQ™)](PFe). are nonco-
planar, with a ring-ring dihedral angle of = 47°.142 |n the
excited state, the rings become coplanar with a decreased py
py inter-ring distance. Coplanarity maximizes electronic de-
localization, which overcomes -HH repulsions between the

From the SFTIR TRS measurements and earlier observations, 5 g and 2, 6 positions of the adjacent rings.
there are chraracteristic spectroscopic and structural features Tpere is less d(Os) or dr(Re) mixing with 7(MQ*) than

associated with M@ as the acceptor:

(1) The shift iny(CO) for MQ" as the acceptor inis{Os" -
(bpyR(CO)(MQ)]*™" is +87 cnt?, 18 cnt! greater than for
bpy as the acceptor icis{Os" (bpy~*)(bpy)(CO)(4,4-bpy) >+

dz mixing with 7*(bpy) or 7*(4,4'-(COEt)bpy) in both the
MLCT excited states and one-electron reduced forms. This is,
in part, a consequence of the single-R¢ binding site for
MQ™ compared to the two binding sites for bpy as a ligand. In

(+69 cnmt). From this it can be concluded that there is greater LCAO constructions of M® or bpy*-based MO’s, metat

charge transfer and lesgez*(CO) mixing when MQ is the

ligand coupling is dominated by adjacent overlap and-8p-

acceptor ligand. This is true even though the excited-to-ground- (N) mixing. The degree of metaligand iz-overlap depends

state energy gap for the ths-MQ* state (13 300 cml) is
considerably less than the tsbpy—™ energy gap (16 800
cm 1) 142

(2) The shifts inv(CO) for the one-electron reduced forms,
cis{0s" (bpy)}(CO)(MQ)]*" andcis{Os" (bpy*)(bpy)(CO)(4.4
bpy)]*, are—12 and— 39 cnT?, respectively. They are-8,
—10 cnr? for fac{Rée(4,4-(COEL)bpy)(CORMQ*)]™ and
—23, —30 cnt! for fac{R€'(4,4-(COEt)bpy—)(CO)(4-
Etpy)]°. The greater shifts for 4,4CO,Et),bpy as the acceptor
are consistent with greaterret7*(CO) back-bonding induced
by dz—a*(CO.Et)bpy— mixing compared to d—a*(MQ*)
mixing.

on the amount of 2p characterarf(L). There are two Re-N
bonds for bpy and two &—2p(N) overlaps, which enhance
mixing.

Local pseuddzs, electronic symmetry is maintained fac-
[RE(4,4-(COEL)bpy)(COX(MQ)]" and in the excited-state
fac{Re'(4,4-(CHz)sbpy)(COR(MQ*)]2™. This shows that the
local electronic character of MQwhen it is reduced is
comparable to the two pyridyl rings of 4:4CHs).bpy or 4,4-
(COEt)bpy. This is consistent with electron occupation of a
molecular orbital localized largely on the remote pyridinium
ring. In alimiting description, the bound pyridyl acts as a bridge
between a reduced pyridinium and'Re Ré€'



Pyridinium-Based MLCT Excited States

This polarization of electron density away from the bound
pyridine also contributes to decreased-gr*(MQ*) mixing
compared to g@—x*(4,4'-(X).bpy) mixing.

In the AA spectra ofcis{Os" (bpy)(CO)(MQ)]3"", fac-
[Re'(4,4-(CH3)2bpy)(COR(MQ*)]?™, andfac{Re (4,4-(CO,-
Et)2bpy)(CORMQ?)]H, v(MQ*) bands of unusual intensity
appear at 16061610 cntl. The intensity ratia’(MQ*)/v(CO)
is ~2 for the Os complex. The greatly enhanced intensity of
this band points to a coupling with changes in internal electronic
structure within MQ by a non-Condon effect. This mixing of
charge-transfer character into a nominally vibrational transition
would enhance the IR transition dipole.

Competition between 4,4(COzEt)bpy and MQ* as Ac-
ceptor Ligand in fac-[Re(4,4-(CO2Et)bpy)(CO)s(MQ ).

By comparingE, values for the first reductions dc{R€ (4,4-
(COzEt);bpy)(COMQ™)]** and fac{Re(4,4-(COEL)bpy)-
(CO)(4-Etpy)I", MQ™ is seen to be a better acceptor ligand
than 4,4-(CO,Et),bpy by 100 mV (CHCN, 0.1 M [N(CqHo)4]-
(PFg)).1* One-electron reduction does gifac{R€e'(4,4-(CO,-
Et)bpy)(COR(MQ")]*, as evidenced by the appearance of the
intense»(MQ*) marker band at 1608 cri, the small shifts in
v(CO), and the absence of a shift liC=0) for 4,4-(CO,-
Et)bpy (Table 1).

The opposite is true infac{Re'(4,4-(COEL)bpy)-
(COR(MQ™M)2™, where 4,4(COEt)bpy is the acceptor on the
basis of the shifts in(C=0) of —30 cnT!, the absence of the
v(MQ*) marker band, and the large shiftsi#(CO) (Table 1).

The change in ordering from*(MQ™) < 7*(4,4'-(CO-
Etybpy) to 7*(MQ™) > x*(4,4'-(COEt)bpy) is another
consequence of increased(R€', Re)—x*(4,4'-(COEL)bpy)
mixing compared to @(Re', Re)—x*(MQ*) mixing. In the
ground state, @—2p(N) mixing with two N atoms increases
back-bonding tor*(4,4'-(COEt),bpy) relative toz*(MQ™).
This increases the energy af(4,4'-(COEt)bpy) relative to
a*(MQ ™) and contributes to the following orderingz*(MQ ™)
< 7*(4,4'-(COzEt)bpy).

In the MLCT excited states, Rés electron-deficient and the
polarization interaction between Randz*(MQ*) or 7*(4,4'-
(COzEt)bpy ) becomes important. There is greata@ée')—
7*(4,4'-(COEt)bpy*) mixing because there are two 2p(N)
interactions and the electronic polarization within MQtoward
the methylated ring. This differential stabilization is sufficient

to change the energetically most favorable site of reduction from ;.

a*(MQ™) to w*(4,4'-(CO.Et)bpy).
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