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Organometallic Terthiophene Derivatives: Modulation of the Terthiophene Core of

5,5'-Diphenyl-2,2:5'2"-Terthiophene via [CpRu]
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We have utilized electrochemical, UWis absorption/emission spectroscopy, and-¥ié spectroelectrochemistry
to investigate the electronic structure of '5diphenyl-2,2:5'2"-terthiophene (PiTth) and the complexes [Cp/
Cp'Ru(@8-PhTth)]PFRs and [(Cp/CPRu)(8,,5-PhTth)](PFs)2 (Cp = cyclopentadienyl; Cp*%= pentamethylcy-

clopentadienyl).

Uncomplexed Pfth behaves as if the 2;8'2"-terthiophene (Tth) core has two weakly

conjugated, sterically blocking phenyl group substituents. The nature of the phenyl substituents are altered by
complexation with “Cp/Cp*Rt" to create [Cp/Cp*Ru(phenyl}]substituents. Electrochemical studies show that
PhTth exhibits two reversible oxidation processes that produce the radical cation and dication forms of the Tth
core. The complexes of Prih also exhibit localized Tth core oxidations that h&?s shifted to more positive
potentials by about 150 mV per metal center. This shift is attributed to the positive charge of a [Cp/Cp*Ru-
(phenyl)J" substituent. The electronic absorption and emission spectra of the complexes are also indicative of
the Tth chromophore. Thanax of thez—z* transition for the Tth core is sensitive to the nature of the substituent
and is red shifted by metal complexation. The complexes exhibit room temperature emission that is quenched by

intramolecular processes involving the metal

center and additionally by acetonitrile. For the Cp complexes in

acetonitrile, quenching leads to decomplexation Tt for the Cp* complexes, no decomplexation is observed.
Spectroelectrochemical studies show that the radical cations,®ftPaind the monoruthenated complexes exhibit
a small degree ofr-dimerization at room temperature; the diruthenated complexes show no evidence of
m-dimerization. Studies of the complexes with [Cp/Cp*Ru(phery$)jibstituents indicate that the properties of

the Tth core can be modulated by the transiti

Introduction

Recently we reported the synthesis and NMR and13C)
spectroscopy studies of two types of novel oligothiophenes with
organometallic substituents. One set features complexation of
a thiophene ring by a CpRuor Cp*Ru" group (Cp= cyclo-
pentadienyl; Cp*= pentamethylcyclopentadienyl) that modu-
lates therr-conjugation between the ringhile the other set
uses complexation of a phenyl substituent of'Sgtphenyl-
2,2:5'2"-terthiophene (PiTth) to produce a new type of capping
group for the 2,25',2"'-terthiophene (Tth) core of the molecdle.
Further studies of the oligothiophenes that contain ruthenium-
thiophene ring complexation will be the subject of a separate
report; oligothiophenes with [Cp/Cp*Ru(phenyl)lcapping
groups (see Figure 1) are of interest here.

NMR studies showed that the [Cp/Cp*Ru(phenyigapping
groups do not significantly change the conjugation of the Tth
core. In this regard, they are similar to the alkyl, thiol,
carboxylate, or silyl substituents of othercapped oligothio-
phenes that have been extensively studiéd;however, the
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Figure 1. Structures of PfTth and ruthenated complexes.

organometallic cap has unique electrostatic, electrochemical, and
photophysical/photochemical attributes that can lead to new
oligothiophene properties that are otherwise unavailable. In this
paper, we explore some of these ideas with electrochemical,
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UV —vis absorption/emission, and spectroelectrochemical studieswith Ar for 20 min, and diluted with degassed solvent until the measured
of the previously reported complexes: [CpR&PhTth)]PFs, absorbance at 420 nm was 0.£50.005.

[Cp*Ru(nB-Phthh)]PFG, [(CpRU)z(WG,WG-Pthth)](PFB)z, and Qualitative photolysis experiments were carried out by dissolving
[(Cp*Ru)(18,178-PhpTth)](PFs)2.1 the complex in the appropriately dried solvent (protected from light)
and then degassing with Ar for 30 min. The excitation wavelength
was set to 420 nm, the sample was placed in the spectrometer, and the
initial spectrum was recorded. The shutter was left open, and photolysis
of the sample was monitored by a computer program that recorded
spectra every 45 min.

Experimental Section

General Considerations. The syntheses of 5,&iphenyl-2,25',2"'-
terthiophene (PfTth), [CpRug®-Ph.Tth)]PFs, [Cp*Ru(;-PhTth)]PF,
[(CpRU(°7>-PheTth)](PFs)2, and [(CpRU»°7>-PheTth)](PF), have Electrochemical Measurements. Electrochemical experiments
been previously reported.Solutions for UV-vis absorption studies  were performed with a BAS 100 electrochemical analyzer. Cyclic
were made with spectroscopic grade solvents as obtained from suppliersygjtammetry (CV) and chronocoulometry (CC) experiments were
Solutions for emission, electrochemical, and spectroelectrochemical performed at room temperature 234 °C) with a normal three-
studies were made with solvents dried by distilling acetonitrile from g|ectrode configuration consisting of a highly polished glassy-carbon
Cat, and dichloromethane from®s. Methanol for emission studies  \yorking electrode& = 0.07 cnd), a Pt auxiliary electrode, and a Ag/
was dried ove 3 A sieves prior to use. Tetrabutylammonium  AgCl reference electrode containing 1.0 M KCl. The 5 mL working
hexafluorophosphate (TBAF;") was purchased from Southwestern  compartment was separated from the reference compartment by a
Analytical Chemicals and stored in vacuum prior to use. modified Luggin capillary. All three compartments were filled with a

UV-—Vis Studies. UV—vis spectra were recorded in undegassed 0.1 M solution of tetrabutylammonium hexafluorophosphate (TB&").
solutions at room temperature with a Cary-17 spectrometer. Solutions |n all experiments, the electrolyte solution was passed down a column
were prepared by typically dissolving-2 mg of the compound inan  of activated alumina prior to the electrochemical experiments. The
appropriate volume of solvent and then diluting the solution until the \working compartment of the cell was bubbled with solvent-saturated
highest measured absorbance was between 1.0 and 1.4 in the 1 cnargon to deaerate the solution. In most cases, the working solutions
path length quartz cell. Extinction coefficients were calculated from were prepared by recording the background cyclic voltammograms of

the experimentally determined absorbances and concentrations usinghe electrolyte solution prior to addition of the solid sample.

Beer's law.

Emission Studies. Emission excitation profiles from solutions at
ambient room temperature (227 °C) were recorded on a Spex F112x
spectrofluorometer. All spectra were recorded with the front face
detection mode to minimize reabsorption of the light emitted by the
sample. Quantum yieldsp) for solutions were determined by the
comparative method outlined by Demas and Cré%tand utilizing eq
1. The quantum yields of the samplgs) and reference compound

(@dey) = (/U )mInD) 1)

(¢r) are related to the fraction of light absorbefjl, the integrated
intensity () of the emission band on an energy scale, and the refractive
index @7) of the solvents#(CH.Cl,) = 1.4242;(CH;CN) = 1.34423,
andzn(methanol)= 1.3288)3° [Ru(bpy)](PFs)2 in methanol at 298 K

was used as the standagl € 0.053)%°® Solutions of PETth, PhTth
complexes and [Ru(bpyf{PFs). were prepared in dry solvents, degassed

(13) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, Synth. Met1993 61,
81.

(14) Hapiot, P; Audebert, P; Monnier, K.; Pernaut, J.-M.; Garcigtem.
Mater. 1994 6, 1549.

(15) (a) Audebert, P.; Garcia, P.; Hapiot, P.; Monnier, K.; Pernaut, J.-M.
J. Chim. Phys1995 92, 827. (b) Audebert, P.; Hapiot, P.; Pernaut,
J.-M.; Garcia, PJ. Electroanal. Chem1993 361, 283.

(16) Yu, Y.; Gunic, E.; Zinger, B.; Miller, L. LJ. Am. Chem. S0d.996
118 1013.

(17) Hong, Y.; Yu, Y.; Miller, L. L. Synth. Met1995 74, 133.

(18) Hotta, A.; Waragi, KJ. Phys. Cheml1993 29, 7427.

(19) Tanaka, K.; Matsuura, Y.; Oshima, Y.; Yamabe, T.; HottaSyhth.
Met. 1994 66, 295.

(20) Garcia, P.; Pernaut, J.-M.; Hapiot, P.; Wintegens, V.; Valat, P.; Garnier,
F.; Delabouglise, DJ. Phys. Chem1993 97, 513.

(21) Effenberger, F.; Wurthner, F.; Steybe, F.Org. Chem.1995 60,
2082.

(22) Krishnaswamy, N. R.; Kumar, Ch S. S. Rdian J. Chem., Sect. B.
1993 32B(7) 766.

(23) Yu, Y.; Gunic, E.; Miller, L. L.Chem. Mater1995 7, 255.

(24) Ehrendorfer, Ch.; Neugebauer, H.; Bauerle, P.; Neckebyith. Met.

1995 69, 393.

(25) Bauerle, P.; Wurthner, F.; Gotz, G.; EffenbergerSknthesisl993
11, 1099.

(26) Ehrendorfer, Ch.; Neugebauer, H; Neckel SAnth. Met1993 55—
57, 493.

(27) Wu, R. L.; Tour, J. MMacromolecules1992 25, 1901.

(28) Miller, L. L.; Yu, Y. J. Org. Chem1995 60, 6813.

(29) (a) Demas, J. N.; Crosby, G. A. Am. Chem. Sod971, 75, 991. (b)
Furue, M.; Maruyama, K.; Oguni, T.; Naiki, M.; Kamachi, Mhorg.
Chem.1992 31, 3792.

(30) Lider, D. R., EdHandbook of Chemistry and Physjddst ed.; CRC
Press: Boston, 1990, @p22, 3-319, 3-321.

Potentials are reported vs aqueous Ag/AgCl and are not corrected
for the junction potential. In order to assess the reproducibility,
reliability, and referencing of our cell, the*' values and diffusion
coefficients for the ferrocenium/ferrocene couple were determined for
solutions and concentrations similar to that used in the study of these
complexes. For a 1.1 mM dichloromethane solution of ferrocene, the
peak separation was 123 mV and & value wast+511 mV. For a
1.1 mM acetonitrile solution of ferrocene, the peak separation was 69
mV and theE*' value was+390 mV.

UV —Vis Spectroelectrochemical Studies.Spectroelectrochemical
studies were performed in a flow through thin layer cell previously
described! Spectra were recorded with a Tracor Northern TN-6500
rapid-scan diode-array apparatus with a Xe arc lamp as the light source.
Electrolyses were controlled by a BAS-100 bulk electrolysis program.
The solutions used for these studies were prepared as for the
electrochemical studies and then transferred to the thin layer cell via
glass syringe. A CV of the sample in the thin-layer cell was used to
determine the applied potential needed for the bulk electrolysis. Spectra
were recorded at periodic intervals during the electrolysis.

Results

Electrochemical Studies. Two oxidative processes occur
at+947 and+1325 mV (Table 1) for dichloromethane solutions
of PhpTth. Both of these oxidations appear to be quasi-
reversible. A standard measure of reversibility, i4fig ratio,
is not strictly applicable because the reduction processes coupled
to the oxidations exhibit a small current “spike” that is indicative
of insolubility of one or more of the oxidized forms at the
electrode. Repeated scanning from 0.0-t4.8 V yielded
identical CVs and indicates that no polymerization or decom-
position occurs for the oxidized forms of Aith. The chemical
reversibility of both oxidations is further supported by BV
vis spectroelectrochemical studies (vida infra). Unfortunately,
the low solubility of PATth in common electrochemical solvents
prevented an accurate determination of the number of electrons
transferred for these processes. On the basis of previous reports
for othera-capped Tth molecules and other oligothiophenes in
general, the oxidations of Prth are consistent with one-electron
processes that sequentially form the radical cation and
dication2-19.32-37
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Table 1. Cyclic Voltammetry Data for PfTth and Complexés

CHCl,solutions CHCN solutions
E* (mV) E* (mV) Ep.c (MV)° E* (mV) Ep.« (MV)? Epc(MV)P
PhTth +947 +1325 c d
[CPRu(PRTth)]PRs +1095 +1476 —1593 +1051 +1383 —1479
[Cp*Ru(PhTth)]PR +1090 +1480 —1650 +1053 +1428 —1695
[(CpRu)(PhTth)](PFs)2 +1244 +1553 —1437 +1256 +1551 —1383
[(Cp*Ru)(PhTth)](PR)2 +1265 +1595 —1536 +1200 +1506 —149¢

aMeasured at room temperature with a scan rate of 100 mV/s in 0.1 MTPBA.  Cathodic peak potentials for these irreversible processes.
¢ No reduction processes were observed for this compound between -81a@d/. ¢ Due to extremely low solubility, Piith was not studied in
acetonitrile.® E*' for this reversible peak.

Table 2. Chronocoulometry Data for the Oxidation of Fth Complexes

step (V} 1(°nD'Y? (n=1) 10D (n=2) 10D
Eint/Efinal (cm/g/2)> (cn?/s) (cné/s)
CH,CI; Solutions
[CpRu(PhTth)]PR* 0.00/1.35 3.9 1.5
0.00/1.70 7.8 1.5
[Cp*Ru(PhpTth)]PR? 0.00/1.30 3.8 1.4
0.00/1.65 7.8 1.5
ferrocené 0.00/0.80 5.0 2.5
CH3CN Solutions
[CpRu(PhTth)]PR* 0.00/1.20 5.1 2.6
0.00/1.55 10.2 2.6
[Cp*Ru(PhTth)]PR¢ 0.70/1.20 4.4 1.9
0.70/1.48 8.2 1.7
[(CPRUR(Ph:Tth)](PFs)¢ 1.00/1.40 4.6 2.1
1.00/1.55 8.7 1.9
[(Cp*Ru)x(PhTth)](PFs).* 1.00/1.30 4.7 2.2
1.00/1.48 9.4 2.2
ferrocené 0.00/0.60 5.3 2.8

aMeasured forr = 400 ms pulse in a 0.1 M TBAPFR;~ solution.” Calculated from the slope of a linear Anson pl@ ¥s t¥ which had a
correlation coefficient of at least 0.998 or bettet.1 mM solution.? 1.0 mM solution.

In addition to the two oxidative processes between 0.0 and between 0.0 and-1.8 V (Table 2). Under these conditions,
+1.8 V, the complexes of Biith exhibit a reductive process the monoruthenated complexes exhibit an irreversible second
between 0.0 and-1.8 V that is not present for free PFth oxidation process but a reversible first oxidation process.
(Table 1). In dichloromethane, the first and second oxidative Repeated CV scans from 0.0 t61.8V and spectroelectro-
processes of the mono and diruthenated complexes are chemiehemical studies (vida infra) are consistent with these results.
cally reversible as evidenced by repeated CV scans in the range-or the diruthenated complexes, the second oxidative process
of 0.0 to+1.8 V and from spectroelectrochemical studies (vida is irreversible while the first oxidative process is quasi-
infra). The monoruthenated complexes exhibit higher solubility reversible; the first oxidative process is reversible if the applied
than free PHI'th enabling chronocoulometry experiments for potential is below that of the second oxidation and irreversible
the first and second oxidation process. For the first oxidation, if the applied potential is at or above the second oxidation
the calculated diffusion coefficients (Table 2) are consistent with potential. The number of electrons transferred for each oxidative
a one-electron process, as compared to a ferrocene standargorocess was determined from chronocoulometry experiments.
Chronocoulometry step experiments across thedinstsecond For each of the PfTth complexes, the calculated diffusion
oxidations give calculated diffusion coefficients (Table 2) that coefficient (Table 2) for the first oxidative process is consistent
are consistent with a net two-electron transfer (compared to awith a one-electron transfer process (compared to a ferrocene
ferrocene standard); each oxidation is a one-electron processstandard). Further, the calculated diffusion coefficients (Table
Due to the low solubility of the diruthenated complexes in 2) for chronocoulometry steps across both oxidative processes
dichloromethane, the diffusion coefficients were not determined are consistent with two electrons being transferred, indicating
in this solvent, but the comparisons of the CV data to those of two separate one-electron oxidation processes.
the monoruthenated complexes indicate that the oxidations are  Tne reductive processes exhibited by theTeh complexes
each one-electron processes. were also studied in dichloromethane and acetonitrile. In

The electrochemical properties of the,iPth complexes (but  dichloromethane, all of the complexes exhibit an irreversible
not PhTth because of low solubility) were also studied in  requctive process between 0.0 andl.8 V; in acetonitrile only
acetonitrile where again the analogous two oxidative processesihe reduction of [(Cp*Ru(Ph:Tth)](PRs); is reversible while
occur between 0.0 antl1.8 V and the reductive process occurs  the reduction of all other complexes exhibit some degree of

irreversibility. For example, the reduction of [(CpRBhTth)]-

(33) Caspar, J. V.; Ramamurthy, V.; Corbin, D.RAm. Chem. So¢991, (PFs)2 at—1383 mV is coupled to an oxidative process-di236
(34) %:1h3;r?§,0/'\. C.: Miller, L. L.Synth. Met1987, 22, 71. mV. This coupled process is probably not the oxidation of the
(35) Zotti, G.; Berlin, G.; Pagani, G.; Schiavon, G.; ZecchinA.. Mater. originally reduced species because the peak separatigy=

1994 6, 231. 147 mV) between these two processes is nearly twice that found
(36) gjl%hou, D.; Horowitz, G.; Xu, B.; Garnier, Bynth. Met199Q 39, for the reversible oxidation at 1256 m\AE, = 72 mV).
(37) Fichou, D.; Horowitz, GMater. Res. Soc. Symp. Prat99q 173 Chronocoulometry studies of the reduction processes of the

379. monoruthenated complexes in dichloromethane and acetonitrile
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Table 3. Chronocoulometry Data for the Reduction of,iPth Complexes

step (V} 10°nDY2 (n=1) 10D (n=2) 10D
Eint/Efinal (cm/g/2)b (cn?ls) (cn?ls)
CHCI, Solution
[CpRu(PRTth)]PRe 0.00/1.60 5.2 2.7 0.67
[Cp*Ru(PhTth)]PRd 0.00~1.70 5.9 3.4 0.86
CHsCN Solution
[CpRu(PRTth)]PRe —1.00~1.70 5.0 2.9 0.72
[Cp*Ru(PhTth)]PRd ~1.30~1.75 5.6 3.2 0.79
[(CpRU(PRTth)](PR)° —1.00~1.55 6.9 47 1.2
[(Cp*Ru)(PhTth)](PF).¢ —1.20~1.70 6.8 4.6 1.2

aMeasured forr = 250 ms pulse in a 0.1 M TBAPFR;~ solution.” Calculated from the slope of a linear Anson pl@ ¥s t¥4) which had a
correlation coefficient of at least 0.9981.1 mM solution.? 1.0 mM solution.

Table 4. UV—Vis Data for PaTth and Complexes
Amax (NM) (€ (10° M~ cm™1))2

bl
o

CH.Cl, solutions ~ CHCN solutions 4.0
PhTth 262 (19) 408 (44) 258 407 20
[CPRU(PhTth)]PFRs 262 (16§ 422 (36) 256 (14) 408 (35) :
[Cp*Ru(PhTth)]PR; 262 (16§ 424 (35) 255 (17) 414 (41)

[(CPRup(PhTth)](PR). 263 (18 418 (40) 255 (16) 408 (45)
[(Cp*Ru)(PheTth)](PRy). 258 (169 426 (41) 254 (17) 418 (42)

a2 Reported values o€ are not corrected for overlap with other
absorption band$.Shoulder on solvent absorption ed§&ue to very
low solubility, thee values were not obtained in this solvent.

g
=

Extinction Coefficient
(x104)

=)

0.0

yielded calculated diffusion coefficients (Table 3) that are 200 300 400 500 600 700

slightly larger than expected for a one electron process. The Wavelength (nm)

slightly larger value of these diffusion coefficients may arise Figure 2. UV—vis spectra recorded in dichloromethane for (AyPh

from the catalytic reduction of trace amounts of oxygen in the Tth, (B) [Cp*Ru(PhTth)]PFs, and (C) [(Cp*Ruy(PheTth)](PFs)-.

system or more likely from the proximity of the reduction to ] ]

that of the solvent and electrolytef —1.8 V). Chronocou-  4maxOf the high-energy band in the monoruthenated complexes

lometry experiments performed with the diruthenated complexes iS nearly unshifted from that in 2fith while the lower energy

in acetonitrile yielded calculated diffusion coefficients that are band is red shifted by 815 and 925 chfor the Cp and Cp*

slightly below those expected for a two electron process. complexes of Pith, respectively (Table 4, Figure 2). The
CV's covering the range of1.8 to—1.8 V were obtained extinction coefficients of the bands in the complexes are 16

in acetonitrile to further assess whether the reductions of the _20% less than in free Bith. Themaxof the high-energy band

complexes involve one or two electrons. For the monoruthen- mht_lhe gir;then?tid Icomplexes Is gjnsgi_fted éo tht O'Fgm
ated complexes, the ratio of the anodic to cathodic peak currents”’/ (Ijelt)3e5 maxfft ehOV\gzr enzr%/ *an |s|re shifte y 58|5
is about 1.1+-1.4 in dichloromethane and Q.2 in acetonitrile. 2" cm- for the Cp and Cp* complexes, respectively
For the diruthenated complexes, the ratio is about-2.3 in (Table 4). The extinction cogfﬁments for the diruthenated
dichloromethane and 2:£2.2 in acetonitrile. The reduction in co_rlphplexles are_69% less tfhanhln frotlaeh Rith. | |
the monoruthenated complexes is most likely a one electron e eeptronlc spe(_:trao Bfth and the comp EXes were also
reduction of the metal center while it is likely that the ecordedin acetonitiile (Table 4). Thgayof the high-energy
diruthenated complexes undergo a one electron reductiesobf and low-energy bands of uncom_plexeob‘Plh are _blue shlfte(_j
metal center (a net two-electron reduction). by 592 and 366 cmi, respectively, from their values in

UV—Vis Absorption Studies. The electronic spectrum of dichloromethane. Binding one ruthenium to,Pth results in

uncomplexed PfTth in dichloromethane exhibits a moderately /;8?))( ;/rz?(ljuzgof(():r;ntlhfi rﬂ'ﬁ’gg;ggg gs,[] 2 ot:%ﬁ eir:sblrges) pséhég\?glyby
intense high-energy transition at 262 nm and a very intense, . )
lower energy transition at 408 nm (Table 4, Figure 2). These In the monoruthenated complexes, the low-energy band red

two bands are generally observed for oligothiophenes; the shifts by 366 and 721 cm for the Cp and Cp* complexes,
narrow, high-energy band is attributed ta-ar* local excitation respectively. For the diruthenated complexes, g of the

. . high-energy band blue shifts by about 600¢mwhile the low-
T e ogons,  ETE1QY band red s by 366 and 953 o the Cp and
a-systen® The lower energy band actually consists of a larger Cp* cqmplexes, respeciively. In addition, theux for the mono-
transition.centered at thignax and several smaller, high-energy and qllr_uthgnated Cp complexes is th_e same but the extinction
shoulders which give risgxto a distinctive asy'mmetric high- coefficient is greater by 27% for the dlruthenateql complex. For
energy tail (Figure 2). The electronic spéctra of theTeh the Cp* cpmplexgs, the lower energja of the diruthenated
complexes in dichlorbmethane also exhibit two bands: a complex is red shifted by 232 crh from that of the monoru-

. - . ’ thenated complex and the intensities are nearly the same for
moderately intense, high-energy band and an intense, lower

) =0 : both complexes.
energy band with an asymmetric high-energy tail (Table 4). The UV—Vis Emission Studies. The emissive properties of ph
. — Tth were studied in dichloromethane and acetonitrile (Table 5).
ggg I\C/lﬂrrtrlZile i Jprg'ggfﬁ %Ogggghgf;gnl%z 23, 4419. In both solvents, excitation (420 nm) of the low energy band
(40) Pham, C. V.; Burkhardt, A.; Shabana, R.; Cunnignham, D. D.; Mark, ©f PleTth leads to an intense, structured emission consisting of

H. B.; Zimmer, H.Phosphorus, Sulfur, Silicoh989 46, 153. two bands and a lower energy shoulder which mirrors the high
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Table 5. Emissiort Data for PhTth and Complexes

Amax (NM)
@° (intensity ratio of peaks)

CHCl; Solutions
PheTth 0.26 464 (100), 493 (75), 53¢25)
[CpRu(PRTth)]PR 0.047 566
[Cp*Ru(PhTth)]PRs 0.055 534
[(CpRup(PhTth)](PF).  0.019 508
[(Cp*Ruk(PhTth)](PR). 0.053 478 (100), 508 (92), 548 (40)

CH3CN Solutions

PhTth 0.24 458 (100), 486 (88), 520 (29)
[CPRu(PRTth)]PRs 0.039 500
[Cp*Ru(PRTth)]PRs f 510°
[(CpRup(PhTth)](PR).  f 494
[(Cp*RU)(PRTth)|(PRy),  f 470 (100), 498 (91), 535 (45)

aMeasured at room temperature with, = 420 nm.P Quantum
yields were determined for Ar: degassed solutions at 298 K with
excitation at 420 nm. Values quoted have variances99%.°¢ The

Inorganic Chemistry, Vol. 36, No. 2, 1997145

red shifted from that of free Bfith by about 508-550 cn1?!

for each component of the emission. Excitation of the mono-

and diruthenated Cp complexes at 420 nm leads to a very broad
and featureless emission that is red shifted from that of free

PhTth by 1053 and 810 cm, respectively.

The quantum yields of Bfith and complexes were investi-
gated in dichloromethane for excitation at 420 nm. The
guantum yield for the mono- and di-Cp* complexes are similar
but 5 times less than for Ffth. The quantum yield of the
mono-Cp complex is 2.5 times larger than for the di-Cp complex
and 5 times smaller than for PFth. These results indicate that
binding the metal partially quenches the emission, most likely
by an intramolecular process involving the metal.

Acetonitrile solutions of the CpRu complexes were observed
to undergo a photochemical reaction: prolonged excitation (14
h) of the mono- and diruthenated Cp complexes at 420 nm leads
to nearly complete conversion to free fth and [CpRu(CH-

ratio of peak intensities is calculated based on the most intense peakCN)3]+_ The Cp* analogs do not appear to be photoactive as

and does not account for overlap of the individual bands of the emission.
4 Broad shoulders Broad, nearly featureless bands as described in the
text. fQuantum yield could not be determined reliably due the large

degree of backscatter as discussed in the text.
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Figure 3. Room temperature emission spectra of (A;Rh, (B)
[(Cp*Ru)(PhrTth)](PFs)2 (x4), and (C) [Cp*Ru(P$Tth)]PFs (x4), for
dichloromethane solutions withyzo = 0.05 andlex = 420 nm.

energy tail of the absorption band (Figure 3). Room-temperature
fluid solution emission was also observed from dichloromethane
and acetonitrile solutions of the Fith complexes. Emission
was observed at longer wavelengths than for fred ®hwhen

there is no evidence for the formation of free,Pth after 12 h

of photolysis at 420 nm. The steric bulk of the Cp* group likely
slows or inhibits this photochemical reaction. There are no
photochemical reactions observed for any of the complexes in
dichloromethane.

These results indicated that acetonitrile might quench the
emission of the complexes. To verify this, solutions of [CpRu-
(PhTth)]PRs with constant absorbance at 420 nm but with
varying ratios of dichloromethane to acetonitrile were prepared.
The emission blue shifts as the ratio of gHp:CH3CN is
decreased from pure dichloromethane to a 7:3 solvent mixture,
3:7 solvent mixture and pure acetonitrile. The quantum yield
of the emission in acetonitrile is only 83% of that in dichlo-
romethane. For comparison, the quantum yield ofTRhin
acetonitrile is only 92% of that in dichloromethane. Quantitative
comparisons of quantum yields for other complexes in both
solvents could not be determined reliably as the close proximity
of the emission bands to the excitation wavelength led to a large
degree of scatter for the acetonitrile solutions. This backscatter
largely masked the emission from the complexes at higher
energy wavelengths.

UV —Vis Spectroelectrochemical Studies. The UV-vis
spectra of the oxidized forms of free Hith and complexes
were investigated in dichloromethane and acetonitrile with thin
layer bulk electrolysis techniques. One-electron oxidation of
free PhRTth in dichloromethane results in significant spectral

the low-energy band of the complexes was excited at 420 nm.changes. Ther—sz* band at 408 nm disappears as two new
For the monoruthenated complexes, this emission band is almosbands grow in isosbestically: a narrow band at 662 nm and a

structureless with a weak, low energy tail that is red shifted broad, bumpy band at about 560 nm with a distinct shoulder at

from the structured emission of Ph (ca. 480 nm) by about
3165 and 2106 cri for the Cp and Cp* complexes, respectively
(Figure 3). A relatively intense, structureless emission is also
observed for [(CpRuyjPhTth)](PFs).. This band is blue shifted
by 2017 cnt?! from that of [CpRu(PhTth)]PFs and red shifted

by 1150 cnt! from the center of the structured emission of
PhTth (ca 480 nm). The analogous diruthenated Cp* complex
exhibits a structured emission barch(490 nm) blue shifted
from that of the monoruthenated complex by about 1681'cm
(Figure 3). Each component of the emission is red shifted by
about 600 cm? from its corresponding component in free;Ph
Tth.

In acetonitrile solutions, excitation of [Cp*Ru(Pth)]PFRs

at 420 nm leads to a moderately intense, featureless emission

similar in shape to that observed in dichloromethane but red
shifted from free P§Tth (ca 475 nm) by about 1450 crh.
Excitation of [(Cp*Ru}(PhTth)](PFs)2 at 420 nm in acetonitrile
leads to a structured emission (as in dichloromethane) that is

about 520 nm (Figure 4a). This oxidation process is chemically
reversed by reduction of the oxidized species at 0.0 V.
Reduction produces the original spectrum witB5% of the
original intensity.

The spectra of the one-electron oxidized species show
evidence of reversible oligomerization. Studies of thdimer-
ization of an analog of Rfith, 5,8'-diphenyl-3,4'-dibutyl-2,2:
5'2"'-terthiophene, have been investigatédnd these results
indicate that ther-dimer of PRTth should exhibit a band around
560—-590 nm that overlaps with the absorption shoulder of the

(41) The UV-vis AmaxVvalues for neutral and oxidized 5/ 8liphenyl-3,4'-
dibutyl-2,2:5'2""-terthiophene in dichloromethane are as follows: 264
and 384 nm (neutral); 654 and 585(sh) nm (radical cation); 590 nm
(cation radical dimer, broad absorption band). The similarity of the
Amax for the neutral and cation radicals for Aith and 5,5-diphenyl-
3,4'-dibutyl-2,2:5'2"-terthiophene indicate thea-dimer of PhTth
should exhibit an absorption band around 5600 nm. Graf, D. D.;
Duan, R. D.; Campbell, J. C.; Miller, L. L.; Mann, K. R. Unpublished
results.
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0.8 Table 6. UV—Vis Data for Oxidized P§Tth and Complexéds
0.7 Amax(NM), CH2Ch  Amax (nM), CHCN
le 2e le 2e
0.6 oxidized oxidized oxidized oxidized
g 05 PhTth 662, 560 778,702 f f
s [CPRU(PhTth)]PFs 640, 570 762 643,579 |
= 04 [Cp*Ru(PhTth)|PFs 659, 580 778,712 652,560 i
Z [(CpRUR(PhTth)](PR). 630, 560 683! 650" [
< 03 [(Cp*Ru)(PhTth)](PRy). 652,575 e 649, 575 [
0.2 2 Determined by thin layer cell UVvis spectroelectrochemistry with
0.1 M TBA*PR~ supporting electrolyte” This is the center of a broad
0.1 band which overlaps with the 662 nm band and has a shoulder at 520
0.0 nm. ¢ Shoulder.4 No shoulder could be discerned due to the overlap
’ of the shoulder region with the peak for the one-electron oxidized
300 400 500 600 700 800 species® The spectrum of this oxidized form was not obtained due to
passivation of the electrode as discussed in the t&kte low solubility
of PhTth in acetonitrile precluded its studyThese two peaks overlap
L4 7 but have distinct maxima. This peak is relatively weak since only a
3 small amount (ca. 10%) of the complex was oxidized as discussed in
1.2 the text.! This species was not observed due to the irreversibility of
Lo ] this oxidation process.
® .
§ 08 3 spectroelectrochemical results forPth indicate thatr-dimers
£ form at later stages of the oxidation when the concentration of
2 064 the oxidized species is high.
< Spectroelectrochemical oxidations of the mono- and diru-
0.4 thenated complexes of Prth in dichloromethane also result
] in isosbestic behavior: decrease of the band for the reactant
02 E (ca. 400 nm) and the growth of a new band around-6860
R e — nm with a broad, bumpy shoulder centered at about-5&8D

nm (Table 6). For the monoruthenated complexes, bulk
electrolysis caused the reactant bac&l400 nm) to completely
Figure 4. UV—vis spectra (room temperature in 0.1 M TBRR-/ disappear at the expense of the new low energy bands (Figure
CHCl,) recorded during the spectroelectrochemical oxidation ef Ph 3a) but for thg dquthenated complexes, bulk electrolysis
Tth ([PhoTth]mia = 0.11 mM; T = 22 °C). Spectra were recorded ecreaged the intensity of the reactant l?and by on+y8§1%..
approximately every 10 s (A) during the passage of /melecule at We believe that the diruthenated oxidation products passivate
Eappiieca = 0.9 V and (B) during the passage of a second/ihelecule the Pt electrode. For all complexes, the first oxidation is
at Eappiea= 1.4 V (vs the pseudo Pt reference of the thin layer cell). chemically reversible; reduction of the oxidized solution at 0.0V
results in regeneration of the starting spectrum wi®b6% of
monomeric cation radical. To investigate whethedimeriza- the initial intensity. In acetonitrile, oxidation of the complexes
tion occurs for Pirth, the absorbance ratiédsonnAssonm Was by one electron leads to a decrease in the reactant lwand (
determined after the removal of I/enol from solutions with 420 nm) and the appearance and growth of two overlapping
various initial concentrations of BTih (0.1-0.01 mM). The bands at around 650 and 570 nm. These peaks are in nearly
absorbance ratio decreases as the initial concentration,ef Ph the same positions as those found for the oxidized species in
Tth is increased, indicative of the growth of a band around560  dichloromethane but the higher energy band is not a shoulder
590 nm due to ther-dimer of the cation radical of Bfith. In but is a distinct, broad band. As in the dichloromethane case,
addition, the absorbances at 560 and 650 nm were monitoredthe one-electron oxidation in acetonitrile is chemically reversible.
during the bulk electrolysis of each Hith solution. For each  Bulk reduction of the oxidized species (0.0 V) regenerates the
spectroelectrochemical experiment, a plot of kg vs log- starting spectra with-95% of the initial intensity.
(Ass0) gave a straight line with slope of about one for the early ~ The spectra of the one-electron oxidized forms of the
stages of bulk electrolysis but at later stages, the data exhibit acomplexes were also analyzed to determing-dimerization
small curvature to larger slope values (see Supporting Informa- occurs at room temperature. The absorbances at 560 and 650
tion). The curvature is less pronounced for lower initial nm were monitored during the bulk electrolyses of each
concentrations of Rfith than for the higher initial concentra-  complex. For each spectroelectrochemical experiment with
tions. The curvature of the plots and the dependence of the[Cp*Ru(PhTth)]PFs in dichloromethane or acetonitrile, the plot
curvature on initial concentrations of Atth are consistent with  of log(Ase) Vs l0g(sso) is similar to that for PTth: the data

300 400 500 600 700 800
Wavelength (nm)

the results for the alkylated analog 58iphenyl-3,4'-dibutyl- form straight lines with a slope of about 1 during the early stages

2,2:5'2"-terthiophene which is known ta-dimerize?? The of bulk electrolysis, but at later stages, the data exhibit a small
curvature to larger slope values. For [CpRu(Rh)]PF;, a

(42) The spectroelectrochemical oxidation (1 F/mol) of &ifphenyl-3,4- similar curvature of the data is observed for plots of fegf)

dibutyl-2,2:5'2""-terthiophene (0.2 mM) was carried out as forPh vs log(es). For [(CpRu}(PhTth)](PFs)2 and [(Cp*Ru}(Phy-

Tthin 0.1 M TBA*PRs~/CH:Cls. A plot of log(Asso) Vs log@e70) gave S
a straight line with slope of about one for the early stages of bulk Tth)](PFe)2 in dichloromethane, plots of 1086sq) vs 10g(es0)

electrolysis, but at later stages, the data exhibit a small curvature to give straight lines of slope 1 with no curvature, even at the
larger slope values. As the cation radical of Sdphenyl-3,4-dibutyl- highest concentration studied. This strict Beer's law behavior

2,2:52"-terthiophene is known ta-dimerize" and the log-log plots is consistent with the simple conversion of the diruthenated
are similar for this compound and Ffth, z-dimerization most likely - . .
occurs for PTth. Graf, D. D.; Duan, R. D.; Campbell, J. C.; Miller, ~complex to the oxidized forms with no observable formation

L. L.; Mann, K. R. Unpublished results. of the 7-dimers at the temperature and concentrations studied.
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Figure 5. UV —vis spectra recorded during the spectroelectrochemical
oxidation of [Cp*Ru(PhTth)]PR at room temperature in 0.1 M
TBATPFR~ /CH.Cl, ([[Cp*Ru(Ph.Tth)IPR]iniias = 0.14 mM; T = 22

°C). The spectra were recorded approximately every 10 s (A) during
the passage of 1"#molecule atEapieca = 0.85 V and (B) during the
passage of a secondImolecule aEqppica= 1.5 V (vs the pseudo Pt
reference of the thin layer cell).

The second oxidation process exhibited by, Rh and
complexes was also studied in dichloromethane. FoilfPh
and [Cp*Ru(PkTth)]PF;, the removal of the second electron

caused the 650 and 570 nm bands to disappear as new band3

grew in isosbestically around 76085 nm with distinct
shoulders around 766710 nm (Figures 4b and 5b). Unfortu-
nately, electrode passivation severely limited the extent(10
50%) of the second oxidation of the [CpRugfPth)]PR and
the diruthenated complexes of Hith. In all cases, the second
oxidation process is chemically reversible: bulk reduction at

Inorganic Chemistry, Vol. 36, No. 2, 1997247

also shown that this polymerization can be slowed by capping
the o positions of the oligothiophen&s® with —CH; —SCH,
—COO, and—Si(CHg)s. In the complexes we have studied,
the o positions of the Tth core are substituted with phenyl groups
to provide binding sites for metal centers. Previous studies have
suggested that the phenyls have only a relatively small degree
of conjugation with the Tth cora-system: Furthermore, the
phenyl conjugation is expected to be relatively weak compared
to that of the thiophene ring conjugation of the Tth core. The
small degree of phenyl conjugation is supported by the
comparison of the electrochemical and optical properties gf Ph
Tth and 5,5-dimethyl-2,2:5'":2"-terthiophene (Mgl'th) which
exhibits two oxidationsE°(+1/0) = +975 (reversible)Ey .=
+1348 mV, (irreversible)) and a—s* band at 368 nnt3 The
similarity of the electrochemical data for MEh and PhTth
indicate the phenyls are not highly conjugated while the
somewhat lower energy—xa* band (red shift of 2600 cm')

of PhyTth indicates that the phenyls may have a somewhat larger
degree of conjugation, most likely in the excited state. The
small degree of conjugation between the phenyls and the Tth
core is further supported by the relatively small changes in the
electrochemical and optical properties upon complexation of
the phenyl rings: if the phenyls were highly conjugated, then
complexation should lead to very large changes. In addition
to electronic effects, thex-phenyl groups are important in
stabilizing the oxidized forms of the Tth core so that the first
and second oxidations are chemically reversible on the CV time
scale. As there is no evidence for substantial delocalization of
the charge onto the phenyl rings, the most likely cause of the
stabilization of the oxidized forms is an inhibition of polym-
erization by the steric bulk of the phenyl substituents. In
summary, Prth behaves most like a Tth core, stabilized by
weakly conjugated, steric blocking groups. On the basis of this
model, the binding of metals to the phenyl groups should
modulate the properties of the Tth core by converting one or
both of the phenyl groups into the positively charged [Cp/
Cp*Ru(phenyl)} substituents.

PhTth and its complexes exhibit the electrochemical behavior
of a Tth unit whose properties are governed by the nature of
the end groups. Comparison of the electrochemical data for
Ph,Tth and monoruthenated complexes in dichloromethane
hows an increase in tHe® for the first and second oxidation
processes of about 150 mV for both the Cp and Cp* complexes.
For the diruthenated complexes in dichloromethaneEflsefor
the first oxidation increase by about 300 and 320 mV for the
Cp and Cp* complexes, respectively, while those for the second
oxidation potential increase by about 230 and 270 mV,
respectively. E°s for the first and second oxidations of the

0.0 V regenerates the reactant spectrum with only slight Changesmonoruthenated complexes are increased by about 15penV

in the intensity. The chemical reversibility of the processes

suggest that the passivation of the Pt electrode most likely results

from precipitation of the highly charged oxidized species at the

electrode surface. This is further supported by the CV data

which shows that the oxidations of the oxidized complexes with
net charges of+3 and +4 in dichloromethane lead to a
desorption current spike in the CV reduction process. The
observation of this current spike indicates that the electrooxi-
dized species precipitates on the electrode surface.

Discussion

Oligothiophenes typically undergo two one electron oxida-
tions at different potentials to form the radical cation and
dication specied;26:32-3742 Generally these oxidations are
irreversible due to polymerization of the oxidized species to a

conducting film on the electrode surface. Previous studies have

metal centerfor the diruthenated complexes, a similar increase
of about 150 mV per metal center occurs for the first process,
but there is only an increase of 115 and 135 mV per metal center
for the second process for the Cp and Cp* complexes,
respectively. Direct comparison of the data fopPth and the
complexes in acetonitrile is not possible due to the extremely
low solubility of PhTth; however, the first oxidation of the
diruthenated complexes is about 200 and 150 mV, respectively,
more positive than those for the monoruthenated Cp and Cp*
complexes, respectively. The second oxidation process follows
trends similar to those observed in the dichloromethane data
although direct comparison is somewhat ambiguous due to the

(43) The peak potentials for the oxidations of '5dimethyl-2,2:5',2"'-
terthiophene (1.1 mM) were measured by CV with the same
electrochemical cell and conditions as forPin: 0.1M TBATPR;~/
CHCI, and scan rate of 100 mV/s.
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Case A: Emission and Case B: Emission and Case C: Inhibitied
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Figure 6. Qualitative state diagrams for the relative energies of the fluoresgesta® and the reactive-dl &E; state for ruthenium complexes
of highly fluorescent arenes.

irreversibility of the second process. The positive shift for the and changes in intensity of the absorption and emission bands
oxidation processes that occur upon binding the metal may ariseall correlate with the number of metal centers, the ancillary
from either (1) placement of the positively charged ruthenium ligand, and solvent. Further, these results agree with previous
center near the Tth core and/or (2) a change in the electronicstudies of highly conjugated arene metal complexes. In these
character of the phenyl substituent upon binding the metal. As cases, binding a metal to a phenyl substituent not directly
the phenyl group is not significantly conjugated to the Tth core involved in the chromophore leads to changes in the position
and there is a fairly consiste& shift upon the addition of a  and intensity, but not the shape, of the absorption and emission
CpRu or Cp*Ru group, the presence of the positive charge is bands, as compared to the free aré¥. In these previous
likely the dominant factor. Compared to free,Pth, the 150 studies, the absorption and emission band red shift upon binding
mV increase irE° for the first and second oxidation processes the electropositive [CpRti]group to a phenyl substituent, and
of the monoruthenated complexes reflects the addition of the this has been attributed to excited state stabilization via an
positive charge from each metal while the increase observedinductive effect!® This type of excited state stabilization is
for the second oxidation process of the diruthenated complexesconsistent with our results for the Tth systems. We find that
may also reflect additional electronic and/or steric contributions. binding the first metal center red shifts the absorption and
The reduction processes associated with the complexes aremission bands significantly but binding the second metal leads
also consistent with the model presented for the oxidations. Theto a smaller red shift in almost every case. Itis reasonable that
absence of these processes in uncomplexedtRlindicates a single polar substituent at the end of the Tth group creates a
they reside on the [Cp/Cp*Ru(phenyi$ubstituent. In asimilar  strong inductive effect while placing two identical substituents
case ([CpRu(Bz)]P&,** the analogous reductions occur at at opposite ends of the Tth unit partially cancels the net effect.
—1968 mV in dichloromethane an€1929 mV in acetonitrile, The quenching of the Bith emission by binding the metal
about 400 mV more negative than those observed for the [(Cp/and then the further quenching of the complex emission by
Cp*Ru),(PhTth)]"™* complexes. For the monoruthenated com- acetonitrile are quite curious and give insight into the electronic
plexes, thek, ¢ values for reduction of the more electron rich  structure of the complexes. The energetics of Forster energy
Cp* complexes are about 60 and 115 mV more than those for transfer or electron transfer quenching involving the solvent are
the Cp complexes in dichloromethane and acetonitrile, respec-expected to be quite unfavorable and are unlikely quenching
tively. For the diruthenated complexes, g for the reduction mechanisms. Furthermore, the significant degree of quenching
of the more electron rich Cp* complex is about 100 mV more is unlikely a result of intermolecular quenching as the solutions
negative than the Cp analog in dichloromethane or acetonitrile. studied were very dilute (I8 M). Reasonable mechanisms
Further, theE, for the reduction of the monoruthenated for the quenching by metal complexation and the addition of
complexes is more negative than g of the highly positively acetonitrild”#8 involve internal energy transfer from the Tth
charged diruthenated complexes. These results indicate that themitting core to the [Cp/Cp*Ru(phenyt)substituent which can
reductive process is localized on the metal center and is theundergo rapid arene decomplexation in the presence of nucleo-
equivalent process observed for the reduction of [CpRu(Bz)] philes (i.e. acetonitrile). These quenching mechanisms are
The lower potential for the [Cp/Cp*Ru(phenyt)bubstituents supported by the similarity of the extinction coefficients for the
than for [CpRu(Bz)T most likely results from the benzene ring  absorption bands of the complexes and,TRh (relatively
being substituted in our complexes. unperturbed by the metal), the lower quantum vyield for the
The electronic structure of the complexes can be further complexes (due to internal energy transfer), and the photo-
discerned from the U¥vis absorption and emission spectra. chemical reactivity of the Cp complexes in acetonitrile.
The absorption spectra of the complexes and fre@tArexhibit Previous reports have shown that when a “CpRa bound
alow- and a high-energy band in nearly the same position, with to a pendant group which is weakly coupled to the emissive
similar intensities, and with similar band shapes. The emission chromophore, three possible qualitative Jablonski diagrams can
bands observed for PTith and complexes also exhibit a high  be drawn (Figure 6)° These diagrams show the relative energy
degree of similarity. These results suggest that the Tth core isordering of the $and S states of the Tth core and the triplet
the common chromophore in all cases. The observed red shift

(45) Koefod, R. S.; Mann, K. Rnorg. Chem.1989 28, 2285.

(44) Thekpfor the reduction of [CpRu(Bz)]RH1.0 mM) was measured (46) Koefod, R. S.; Mann, K. Rnorg. Chem.1991 30, 541.
by CV with the same electrochemical cell and conditions as for the (47) Wang, Y.; Schanze, K. $norg. Chem.1994 33, 1354.
complexes of PfTth: 0.1M TBA*PFR~ in CH3CN or CH.CI, and (48) Liu, D.; Cunningham, K. L.; Uphues, W.; Fink, G. W.; Schmolt, J.;
scan rate of 100 mV/s. McMillin, D. R. Inorg. Chem.1995 34, 2015.
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d—d state (8E;) of the metal which has been implicated as the oligothiophenes that are more soluble and less sterically hindered
excited state involved in the loss of the arene ring in photo- than PRTth2-616-19.323435 Monoruthenated complexesdimer-
chemical reaction® In cases B and C, excitation to the ligand- ize late in the bulk electrolysis experiments when the concentra-
based $ state can lead to intersystem crossing to the metal- tion of the oxidized form is high. The formation afdimers
based &E; state which then can undergo an arene displacementis particularly unfavorable in this case because of the sterically
reaction in coordinating solvents. Thus, the efficiency of the large [Cp/Cp*Ru(phenyl)] substituent and because of the
arene labilization is dependent on the ease of intersystemincreased coulombic repulsion between the radical cations. The
crossing from the Sto the &E; state and the rate of the arene diruthenated complexes show no evidencerafimerization.
displacement reaction. As the Cp complexes ofTthexhibit Dimerization of these net triply charged radical cations will be
emissionand arene labilization, they most likely fall into case particularly unfavorable because of the presence of two large
B where the ¢-d state is slightly higher in energy than the S  [Cp/Cp*Ru(phenyl)} substituents.

state. Further, the Cp* complexes also fall into case B because
the d—d state is only slightly higher in energy due to replacing
the Cp with the more electron donating Cp* ring. Excitation We have found that the oligothiophene,Pth behaves as a

of the Cp complexes leads to efficient arene labilization to Tth unit with two weakly conjugated, sterically blocking phenyl
produce Pplth and [CpRu(CHCN)s]PFs while for the Cp* groups. The nature of the phenyl substituents can be altered
complexes, there is no observable production of fregltPh by “Cp/Cp*Rut” complexation to create [Cp/Cp*Ru(phenyt)]
With similar intersystem rates expected for the Cp and Cp* substituents. Studies of complexes with one and two [Cp/
complexes, the rate of arene displacement should be theCp*Ru(phenyl)i substituents indicate that the properties of the
dominant factor. This is consistent as the Cp complexes Tth core are modulated by the transition metal substituent(s).
typically undergo more rapid photochemical arene displacementElectrochemical studies show thatPth exhibits two reversible
than Cp* complexes that are sterically protected from nucleo- oxidation processes that produce the radical cation and dication
philic attack#®5° Further studies of these complexes are in forms of the Tth core. The complexes of #th exhibit
progress to determine whether the decrease in the areneoxidations localized on the Tth core. TEes of the oxidation
displacement quantum yield for the Cp* complexes is ac- processes are shifted to more positive potentials by about 150
companied by a similar decrease in quenching by acetonitrile. mV per metal center. This shift is mainly due to the positive

The spectroelectrochemical properties of uncomplexed Ph charge associated with the [Cp/Cp*Ru(phenyBlbstituents.

Tth are similar to those observed for othercapped oligo- The low energy bands in the electronic absorption and emission
thiopheneg°17-19.82.34.37 The positions of the two bands (662 spectra of the complexes arises from the Tth chromophore but
and 560 nm) observed for the cation radicalfRh") are similar the Amax values are red shifted. The complexes exhibit room
to those reported for othex-capped oligothiophenes. As in  temperature emission that is quenched by intramolecular
these previous cases, the electron hole appears to be localizegrocesses involving the metal center and additionally by
on the Tth core 91719323437 For the complexes, we also  acetonitrile. For the Cp complexes, this quenching leads to
observe bands for the cation radical that are blue shifted by decomplexation of Pfith in acetonitrile. Spectroelectrochemi-
10-30 nm from those in free Bfith*. The similarity of the cal studies show that the radical cations o, Rh and the
position, shape, and intensities of these bands indicates that thenonoruthenated complexes exhibit a small degree-dimer-
electron hole is also localized on the Tth core and is not ization at room temperature; the diruthenated complexes show
significantly delocalized onto the phenyl groups or (Cp/Cp*Ru) no evidence ofz-dimerization. The incorporation of [Cp/
substituents. Removal of the second electron fromTEh Cp*Ru(phenyl)t substituents presents a novel and rational
produces a new band at 785 nm with a higher energy shoulder.method for modulating the properties of the oligothiophene and
The position of this band is also in agreement with the band for introducing new properties unavailable with purely organic
reported for other 2e oxidized, a-capped terthiophene substituents. Further studies will be directed toward the isolation
molecules:35818 For the complexes, the removal of the second and characterization of the oxidized forms of the oligothiophene
electron also produces bands in the 6860 nm region. These  complexes.

results are consistent with the localization of the two electron
holes on the Tth core and not on the phenyl substituents or metal
centers.

The spectroelectrochemical studies of,Rh show that a
small amount oft-dimerization occurs at room temperature over
the very low concentration range studied 0.2 mM). Ad-
ditionally, the nonplanarity of the phenyl rings may sterically ~ Supporting Information Available: Figures showing (1) cyclic
inhibit z-dimerization3! as has been noted for other oligothio- Voltammograms for Rfith, [Cp*Ru(PhTth)]PFs, and [(Cp*Ru)(Ph-
phenes with bulky substituertts.Studies that show distinct ~ TtI(PF)2 (2) cyclic voltammograms of the behavior of the first

spectra forz-dimers have typically involved alkyl-substituted ~ 2%idation of [(Cp*RujPhTth)](PF), in acetonitrile when the potential
is scanned positive of the second oxidation process and between the

first and the second oxidation processes, (3) emission spectra of [CpRu-

Conclusions
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