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One-Pot Synthesis and Characterization of a Chromophore Donor—Acceptor Assembly
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The acid-functionalized tris-heteroleptic chromophetdenor-acceptor assembly [R(bpyCOOH)(bpyCHPTZ)-
(bpyCHMV 2H)]|(PFg)4]*" (1) (bpyCOOH= 4'-methyl-2,2-bipyridine-4-carboxylic acid; bpyCPTZ = 10-((4-
methyl-2,2-bipyridin-4-yl)methyl)phenothiazine; bpyGMIV 2t = 1-((4-methyl-2,2-bipyridin-4-yl)methyl)-1-
methyl-4,4-bipyridinediium) was synthesized in a one-pot reaction by careful selection of the order of ligand
addition to RuGi(DMSO), (DMSO = dimethyl sulfoxide). The success of this method was based upon separation
and isolation ofl from mixtures containing ligand-scrambled products by cation exchange chromatography. Metal-
to-ligand charge-transfer (MLCT) excitation in acetonitrile at 464 nm was followed by intramolecular electron
transfer to give a redox-separated state'[RpyCOOH)(bpyCHPTZ)(bpyCHMV *H]*4" with an efficiency of

nrs = 0.35+ 0.05.

Introduction

In the preparation of polypyridyl-based molecular assemblies
for the study of photoinduced electron and energy transfer,
synthetic procedures are required for preparing highly asym-
metrical ligand environments. Multiple-step methods have been
described for the preparation of tris-heteroleptic complexes of
the type [Ru(bpy)(bpy’)(bpy")]?" in which there are three
different ligands in the same coordination environme@tMore
recent procedures have appeared based onH2@50), and
Ru(bpy)(CHCN),CI, that involve fewer steps and give higher
yields#* We report here a related procedure in which a one-pot

synthesis leads to the preparation of a tris-heteroleptic molecular =
assembly, containing three different asymmetrical polypyridyl s
ligands® The complex,1, contains an electron-transfer donor ';\‘ +
ligand, bpyCHPTZ 10-((4-methyl-2,2-bipyridin-4-yl)meth- H3C
yl)phenothiazine), an acceptor ligand, bpy®#V/2+ 1-((4- 1

methyl-2,2-bipyridin-4-yl)methyl)-1-methyl-4,4-bipyridinedi-
ium), and a carboxylic acid, bpyCOOH {@hethyl-2,2-bipyridine-
4-carboxylic acid), which allows attachmentbfo metal oxide
surface$ or amine-derivatized polymefs. Materials. Ethanol (Aaper Alcohol), acetonitrile (Burdick and
Jackson), and dimethyl sulfoxide (Fisher Scientific) were used without
further purification. All manipulations involving the donor and acceptor
(1) (&) Anderson, P. A.; Deacon, G. B.; Haarmann, K. H.; Keene, F. R} |igands and complexes were performed under nitrogen in subdued or
Meyer, T. J., Reitsma, D. A.; Skelton, B. W.; Strouse, G. F.; Thomas, oy jight 4 4-Dimethyl-2,2-bipyridine (dmb, Aldrich) and phenothi-

N. C.; Treadway, J. A.; White, A. Hnorg. Chem.1995 34, 6145. - . . .
(b) Strouse, G. 3,’: Anderson, P. A Scr?oonover, 3. g.; Meyer, T. J.; azine (PTZ, Aldrich) were recrystallized twice from ethanol. Aceto-
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Keene, F. R.norg. Chem.1992 31, 3004. (c) Anderson, P. A;; nitrile-ds, ammonium hexafluorophosphate, sodium toluene-4-sulfonate,
Strouse, G. F.; Treadway, J. A.; Keene, F. R.; Meyer, Tindrg. 4,4 -bipyridine,n-butyllithium (2.5 M in THF), and iodomethane were
Chem.1994 33, 3863. (d) Treadway, J. A.; Meyer, T.l&iorg. Chem. obtained from Aldrich. THF was freshly distilled from Na/benzophe-

@ %:)9303385' ZHZGQ_ Boldaiji, M.: Rillema, D. P.: Blanton, C. B.: White none before usen-Butyllithium was titrated with N-pivaloyl-o-

R. P.Inorg. Chem.1989 28, 1013. (b) von Zelewsky, A.; Gremaud, benzylaniliné2 Hydrated ruthenium trichloride was obtained from
G. Helv. Chim. Actal988 71, 1108. (c) Juris, A.; Campagna, S.;

Balzani, V.; Gremaud, G.; von Zelewsky, Aorg. Chem1988 27, (6) (a) Trammell, S. A.; Meyer, T. J. Phys. Chem. B999 103 104.
3652. (d) Thummel, R. P.; Lefoulon, F.; Chirayil, Biorg. Chem. (b) Striplin, D. R.; Wall, C. G.; Erickson, B. W.; Meyer, T.J.Phys.
1987 26, 3072. Chem. B1998 102 2383. (c) Nazeeruddin, M. K.; Kay, A.; Rodicio,
(3) Rutherford, T. J.; Keene, F. Rorg. Chem.1997, 36, 2872. I.; Humphry-Baker, R.; Mler, E.; Liska, P.; Vlachopoulos, N.;
(4) (a) Zakeeruddin, S. M.; Nazeeruddin, Md. K.; Humphry-Baker, R.; Grézel, M. J. Am. Chem. S0d.993 115 6382.
Gréazel, M.; Shklover, VInorg. Chem1998 37, 5251. (b) Freedman, (7) (a) Dupray, L. M.; Meyer, T. Jlnorg. Chem.1996 35, 6299. (b)
D. A,; Evju, J. K.; Pomije, M. K.; Mann, K. RAbstr. Pap—Am. Friesen, D. A.; Kajita, T.; Danielson, E.; Meyer, T.ldorg. Chem.
Chem. Soc1998 216 INOR 178. 1998 37, 2756. (c) Kurimura, Y.; Shinozaki, N.; Ito, F.; Uratani, Y.;
(5) Maxwell, K. A.; DeSimone, J. M.; Meyer, T. Polym. Prepr.1998 Shigehara, K.; Tsuchida, E.; Kaneko, M.; Yamada,Ball. Chem.
39, 600. Soc. Jpn1982 55, 380.
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Janssen Chimica. SP-Sephadex C25 resin was purchased from Phar1.35 mL, 1.54 M in THF) was added dropwise to the solution over 25

macia Biotech. Tetra-butylammonium hexafluorophosphate (fiN(
C4Ho)4](PFs), recrystallized three times from ethanol) and ferrocene
(Fc, sublimed before use) were obtained from Aldrich.
SynthesesRuCL(DMSO), was prepared as described by Wilkinson
et al? 4'-Methyl-2,2-bipyridine-4-carboxylic acid (bpyCOOH) and-4
Methyl-2,2-bipyridine-4-carbaldehyde (bpyCHO) were synthesized
according to published proceduréhemical analyses were performed
by Oneida Research Services, Inc. (Whitesboro, NY).
4-(Hydroxymethyl)-4'-methyl-2,2-bipyridine (bpyCH ,OH). A
literature methott was used with the following modifications. The
volume of the chloroform extract was reducedc~@5 mL, and~100
mL of hexanes was added. The volume was reduced?bd mL by
rotary evaporation to precipitate a white solid. The flask was refrigerated
at 4 °C for several hours, and the white powder was collected on a
fine-porosity frit. The final product was recrystallized from methanol/
hexanes (2.0 g, 90%)H NMR (chlorform-d): 2.42 (3H, s), 3.12 (1H,
brs), 4.79 (2H, s), 7.15 (1H, d), 7.30 (1H, d), 8.20 (1H, s), 8.33 (1H,
s), 8.51 (1H, d), 8.61 ppm (1H, d).
4-(Bromomethyl)-4'-methyl-2,2-bipyridine (bpyCH ,Br). Slight
modifications of a literature methédwere made. The hydrogen
bromide salt was neutralized by dropwise addition to a stirring biphasic
solution of CHCI, (200 mL)/NaC0Os(aq) (100 mL, 0.5 M), extracted
into CHCl, (3 x 200 mL), and washed with water (3200 mL). The
organic extracts were dried over $0,, and the solvent was removed
by rotary evaporation{30 °C). The pale pink precipitate was purified
by column chromatography to give a white solid (1.1 g, 84%). This
ligand was used in subsequent reactions within a week of preparation.
IH NMR (chlorform-d): 2.44 (3H, s), 4.80 (2H, s), 7.15 (1H, d), 7.32
(1H, d), 8.21 (1H, s), 8.33 (1H, s), 8.51 (1H, d), 8.61 ppm (1H, d).
1-Methyl-4,4-bipyridinium Hexafluorophosphate ([IMQ *](PFs")).
The quaternized bipyridinium salt was synthesized as described by
Yonemoto et at? with the following modifications. The yellow iodide
salt was dissolved in water, and the solution was filtered to remove a

min. BpyCHBr (0.55 g, 2.09 mmol) was added, and the solution was
warmed slowly to room temperature. The mixture was extracted into
diethyl ether and washed with water. The organic layer was dried over
Na;SQs, and the solvent was removed by rotary evaporation. The
residue was chromatographed (silica; diethyl ether), and solvent was
removed by rotary evaporation to give a white solid (0.56 g, 70%),
which was rinsed with hexane4d NMR (acetonitrileel): 2.46 (3H,

s), 5.17 (2H, s), 6.62 (2H, d), 6.86 (2H, t), 6.97 (2H, t), 70811

(2H, dd), 7.14 (1H, d), 7.21 (1H, d), 8.22 (1H, s), 8.43 (1H, s), 8.53
ppm (2H, d).

(4'-Methyl-2,2'-bipyridine-4-carboxylic acid)[1-((4'-methyl-2,2-
bipyridin-4-yl)methyl)-1 '-methyl-4,4-bipyridiniium][10-((4 '-methyl-
2,2-bipyridin-4-yl)methyl)phenothiazine]ruthenium(ll) Hexafluo-
rophosphate [Ru' (bpyCOOH)(bpyCH ,PTZ)(bpyCH MV 2")](PFg)4]

(1). bpyCHMV 2t (285 mg, 0.442 mmol) and bpyCOOH (95 mg, 0.44
mmol) were added to RugbDMSO), (195 mg, 0.402 mmol) in ethanol
(20 mL), and the mixture was heated at reflux for 35 min. A pale brown
precipitate formed. The final ligand, bpyGPTZ (152 mg, 0.398
mmol), and deionized water (9 mL) were added, and the reaction was
monitored by U\~visible spectroscopy. The ratio Abs(290 nm):
Abs(254 nm) progressed from 0.771ah t00.85 @ 5 h and remained

at 0.85 fo 6 h in acetonitrile. The solution was cooled to room
temperature and addedt&00 mL of deionized water containing 20%
acetonitrile and buffer (0.01 M NaiRQ, and 0.01 M NaHPQy). The
solution was filtered, and the product was separated from the filtrate
by cation-exchange chromatography (SP-Sephadex C25,-0025/
aqueous sodium toluene-4-sulfonate gradient; 20% acetonitrile contain-
ing buffer) based on methods developed by Keene €t*dlhe desired
product was eluted with a solution 6:0.2 M in the sodium salt.
Acetonitrile was removed by rotary evaporation, and the complex was
precipitated by addition of excess ammonium hexafluorophosphate in
water, acidified with dilute HCI, and cooled taC for 2 h. The product
(125 mg, 19%) was filtered off on a fine-porosity frit and rinsed with

dark impurity into an aqueous solution containing excess ammonium dilute agueous ammonium hexafluorophosphate (acidic) and diethyl
hexafluorophosphate to form a pale yellow precipitate. This process ether. For photophysical measurements, the product was further
was repeated to afford a white precipitate, which was collected on a chromatographed twice (0.68.25 M aqueous sodium toluene-4-
fine-porosity frit, rinsed with aqueous ammonium hexafluorophosphate Sulfonate gradient; 20% acetonitrile containing buffer) to remove

(dilute) and ether, and dried under vacuum (1.4 g, 69%)NMR
(acetonitrileds): 4.33 (3H, s), 7.78 (2H, dd), 8.29 (2H, d), 8.70 (2H,
d), 8.84 ppm (2H, dd).

1-((4-Methyl-2,2'-bipyridin-4-yl)methyl)-1 '-methyl-4,4-bipyridine-
diium hexafluorophosphate (bpyCHMV 2*) was synthesized with a
few modifications of literature proceduré® [MQ *](PFs) (1.02 g, 3.21
mmol) and bpyCHBr (0.508 g, 1.93 mmol) were heated at reflux under
nitrogen in 100 mL of acetonitrile (fresh bottle) for 10 h. The reaction
mixture was cooled to OC for 1 h. The pale yellow precipitate that
appeared was collected on a fine-porosity frit and dissolved in distilled
water. The solution was filtered into an aqueous solution containing
excess ammonium hexafluorophosphate. The resulting white powder
was filtered off, washed with aqueous ammonium hexafluorophosphate
(dilute) and chloroform, and dried under vacuum (0.77 g, 6294).
NMR (acetonitrileds): 2.45 (3H, s), 4.40 (3H, s), 5.94 (2H, s), 7.29
(1H, d), 7.38 (1H, d), 8.28 (1H, s), 8.35 (2H, d), 8.41 (2H, d), 8.51
(2H, s), 8.76 (1H, d) 8.84 (2H, d), 9.02 ppm (2H, d).

10-((4-Methyl-2,2'-bipyridin-4-yl)methyl)phenothiazine (bpyCH -
PTZ) was synthesized by modifying a published procedérehe-
nothiazine (0.416 g, 2.09 mmol) was added to a flame-dried flask under
nitrogen. Argon-purged THF (40 mL) was added through a cannula,
and the temperature was reduced-{@8 °C. Freshly titratech-BuLi

(8) Suffert, J.J. Org. Chem1989 54, 509.
(9) Evans, I. P.; Spencer, A.; Wilkinson, G.Chem. Soc., Dalton Trans.
1973 204.
(10) Peek, B. M.; Ross, G. T.; Edwards, S. W.; Meyer, G. J.; Meyer, T. J.;
Erickson, B. W.Int. J. Pept. Protein Res1991, 38, 114.
(11) Furue, M.; Yoshidzumi, T.; Kinoshita, S.; Kushida, T.; Nozakura, S.;
Kamachi, M.Bull. Chem. Soc. Jpri99] 64, 1632.
(12) Yonemoto, E. H.; Riley, R. L.; Kim, Y. I.; Atherton, S. J.; Schmehl,
R. H.; Mallouk, T. E.J. Am. Chem. S0d.992 114, 8081.
(13) Della Ciana, L.; Hamachi, I.; Meyer, T. J. Org. Chem1989 54,
1731.

possible minute impurities. Anal. Calcd for RegHsaNoPsF24: C, 43.45;
H, 3.15; N, 7.73. Found: C, 43.17; H, 3.35; N, 7.54. IR (KBpC=0)
at 1733 cm?.

Measurements.*H NMR spectra were obtained on a Bruker Aspect

3000 (WM 250 MHz) spectrometer in acetonitridle-99.6 atom % D.
A Bruker AX500 NMR spectrometer with a 3@ulse, relaxation delay
of 1 s, and 256 scans was used to generatéHhidMR spectrum of
the chromophoredonor—acceptor assembly in acetonitriige{99.95

atom % D).

Electrochemical measurements were performed by using an EG&G
PAR model 273 potentiostat. Measurements were made in nitrogen-
purged acetonitrile 0.1 M in [N¢C4Ho)4](PFs) in a three-compartment
cell. A platinum coil counter electrode, a platinum disk working
electrode (polished with 0.8m alumina), and an Ag/AgN§X0.01 M
in acetonitrile) reference electrode@.31 V vs SSCE; calibrated with
Fc%) were used. Voltammograms were generated at a sweep rate of
100 mV/s. TheE, values were calculated as the average of the
oxidative and reductive peak potentialg, § + Ep /2.

UV —visible spectra (acetonitrile solutions) were recorded on a
Hewlett-Packard HP-8452A diode array spectrophotometer with quartz
cells. The infrared spectrum df was obtained by using a Mattson
Galaxy 5000 series FT-IR spectrometer at 2 tnesolution, averaging
25 scans (forward and reverse mirror velocity at 0.32 cm/s at 10 000
Hz). Photophysical measurements (continuous wave and time-resolved)
were conducted as described previou8Igolutions were purged with
argon for 50 min prior to measurement.

Transient absorbance measurements were performed by using a
Surelite 11-10 (Continuum) Nd:YAG-OPO laser system as an excitation
source. The excitation wavelength was 464 nm, and the power of the

(14) Rutherford, T. J.; Reitsma, D. A.; Keene, F.JRChem. Soc., Dalton
Trans.1994 3659.
(15) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.989 111, 7448.
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beam (defocused to-3 cn®) at the sample was 1.2 mJ/(pulse Zm to the asymmetrical nature of the ligands. Since no significant
The pulse width was 57 ns (fwhm). The excitation beam from the  difference in photophysical properties of the isomers is ex-

laser irradiated the sample perpendicularly to the optical axis of an pected'® the separation of these isomers was not attempted.
Applied Photophysics laser kinetic spectrometer consisting of a 250

W pulsed Xe lamp, 3.4 monochromator, and Hammamatsu R446 PMT.

The output from the PMT was coupled to a LeCroy 7200A oscilloscope t /= —\ + Q\
interfaced with an IBM PC. Electronic synchronization and control of H3& N:\ /> <\ /:N_CH3 HaQ C-OH
the experiment were achieved by electronics of local design. Kinetic M - —
traces (average of 50) decayingrts lifetimes of the transient observed \ ,G }\, Y, \ ,\1 \N /

were acquired and averaged at each wavelength. The average decay
curves were fit to a first-order kinetic model by using SigmaPlot (Jandel
Scientific, Inc.). Spectrophotometric grade acetonitrile (Burdick and bpyCHzMV% bpyCOOH
Jackson) was used for all spectroscopic measurements.
The quantum yield for formation of the redox-separated state) (
was measured relative to Ru(bg?/) (chloride salt used) in ¥0 under
otherwise identical conditions and calculated using the eq 1, where

HiC N S
AODLJAe - -
T o esoRa
MRb3 AODg,dA€rps

AODgs and AODgp; are the transient signal changes for RS and
*Ru(bpy)?*, respectively, obtained by extrapolation of the exponential bpyCH,PTZ
kinetic fits tot = 0 at the monitoring wavelength. The changes in molar
extinction coefficients Aers and Acrns are defined asAers = The synthetic procedure utilizes Ry@MSO), as a precur-
_GP(;?_;F ﬂlflv*t_— EtP_Tz— GM]\C/;*.an?A(_ERb’;P: E*Riﬁbpywl_t— 6Rtu(bpy)s?*-I Tehg sor with successive additions of the electron transfer donor,
individual extinction coefficients (in Mt cm™?) are literature value¥. CHPTZ. the a tor V2t an COOH. Th
Ac is a correction for the difference in the ground-state absorbance grpgert)bf add’itioi iscfrflgé)rt,aa?ym the, mo(:ebt‘))z)ilsic?ligand bepy-
between the molecular assembBr€§) and Ru(bpy¥", (Ars3 at the CH,PTZ added initially thé tris complex, [R(bpyCH-
excitation wavelength: . 2! . ’
g PTZ)]2", forms immediately as evidenced by the appearance

1 — 10 Aws of its characteristic red colofax = 464 nm). With the initial
= (2) addition of bpyCOOH or bpyCHMV 2", no red color charac-
1—10 "®e teristic of tris complex formation results. The final assembly
_ _ (Amax ~ 460 nm (broad)e = 11 600 M1 cm™1) was obtained
The value ofijrs reported is an average of independent measurements by allowing 1.1 equiv of bpyCeMV2+ and 1.1 equiv of
at eight different wavelengths between 500 and 530 nm. The value of bpyCOOH to react with RUGIDMSO), for 35 min, followed
ro3 Was assumed to be 1. by addition of bpyCHPTZ. It was necessary to monitor the
Results and Discussion reaction by UV-vis spectroscopy (56 h) to establish when

) . . formation of 1 was maximized. The absorbance ratio [290 nm
Tris-heteroleptic polypyridyl complexes of Ru(ll) have been (7 — 7*]:[254 nm (dr — 7o* and T — 7*(MV 2+))], was

reported as the products of a general, multistep method, whichgnitored during the course of the-6 h reaction. When the
yields well-defined complexes containing three different o5tion was allowed to proceed fe.2 h, [Ru (bpyCHPTZ)2"

ligands®~* The method is time consuming, and the reactions f4meq as the dominant product and the yieldLdéll to zero
must be optimized carefully to obtain substantial yields (overall ocause of ligand scrambling.

yields are~2-20%):We report here _afacile alternative based Six fractions were isolated during ion-exchange chromatog-
on mgthods fo;the preparation qf bis-heteroleptic complexes raphy (at least two additional fractions remained on the column)
byZE”'Ott et al.’’ a tr|s-heterqleptlc complex by .Thummel et by elution with increasing gradients of aqueous sodipim
al.* and t_he chroma_ltograph!c separation te_chnlques of K_eenetoluenesulfonate in the following sequence: (1) 0.025 M, (2)
et al314With three different ligand combinations, 10 possible 0.05-0.1 M, (3) 0.1-0.2 M, (4) 0.2-0.25 M, (5) 0.2-0.3 M

complexes can regult. The.tris-heterole.ptic complex contaiping (6) 0.3-0.4 M. Individual fractions were collected by precipita-
one each of the different ligands was isolated on the basis oftion with excess ammonium hexafluorophosphate. The [290

Iigano_l cha_lrge_ (_jiffe_rences. In this case, th_e product complex nm]:[254 nm] absorbance ratios for the separated fractions were
contains bipyridine ligands that have three different charge types(l) 0.73, (2) 1.4, (3) 0.98, (4) 0.83, (5) 0.95, and (6) 1.3

i i i 18
during chromatography since bpyCOOHKgp~ 3.0 in 0) In Table 1 are presented characterization data for each isolated

exists as bpyCOO during the separation procedure. The )
isolation of the tris-heteroleptic product from the many com- product. ThelH NMR spectra are complicated becayse of the
asymmetrical nature of the ligands and the existence of

plexes that form due to ligand scrambling was accomplished positional isomers for the complexes: however, tHeNMR

by chromatography with increasing gradients of sodipm spectra in the region between 4.2 and 6.2 ppm shown in Table

toluenesulfonate in 4:1 water/acetonitrile. The resulting tris- ! : .
: . . - ) 1 support the assignments of the eluted fractions. The integrated
heteroleptic complex has eight possible positional isomers due; L . -
intensities of the methyl resonance of the quaternized amine of

(16) (2) Watanabe, T.; Honda, & Phys. CheniL982 86, 2617. (b) Hester, ~ DPYCHEMV®' (4.42 ppm) and the methylene resonances for
R. E.; Williams, K. P. JJ. Chem. Soc., Perkin Trans.1®81, 852. bpyCHPTZ (5.30 ppm) and bpyGiVIV =" (5.98 ppm) provided
(c) Creutz, C.; Chou, M.; Netzel, T. L.; Okumura, M.; Sutin, N. a useful comparison for the various fractions. The ratidlfe

Am. Chem. Sod98Q 102, 1309. 9. | A+ it e QA
(17) (a) Elliott, C. M.; Freitag, R. A.; Blaney, D. Dl. Am. Chem. Soc. 3:2:2, for [RU/(bpyCHPTZ)(bpyCHMV)]** it is 3:4:2, and
1985 107, 4647. (b) Larson, S. L.; Elliott, C. M.; Kelley, D. R.
Phys. Chem1995 99, 6530. (19) Treadway, J. A.; Chen, P. Y.; Rutherford, T. J.; Keene, F. R.; Meyer,
(18) Lay, P. A.; Sasse, W. H. forg. Chem.1984 23, 4125. T. J.J. Phys. Chem. A997 101, 6824.

A
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Table 1. Characterization of Products Bt NMR (250 MHz, CQxCN) and Cyclic Voltammetry (0.1 M TBAH in CKCN)

'H NMR Spectra Ei; Values (V vs. SSCE)
Fraction  Product® (6.2-4.2 ppm) Ru"™  PTZY® MV*"* MV bpy”  bpy”
|
1 [Ru(b-PTZ);]** T 132 +0.81 -1.38
2 [Ru(b-MV2")(b-COOH),]** }L S 134 034 -0.78
3 [Ru(b-MV*")(b-PTZ)(b-COOH)]** - Y R 131  +0.81 -034 -0.75 -1.38

4 [Ru(b-MV?")(b-PTZ),]*" e 128 4082 034 <074 -136  -1.53
5 [Ru(b-MV?"),(b-PTZ)]*" J\% AN 128 +0.81 -034 -0.74 -135 -1.53
6 [Ru(b-MV?*";]* J,hk S| N B ) 034 -075 -139

T

2 b-COOH is bpyCOOH, b-PTZ is bpyCH,PTZ, b-MV? is bpyCH,MV?"

-15 MLCT emission froml is >99% quenched withbey, ~
0.0001 atlenr(max)~ 672 nm compared to the emission from
the model [Ri(dmby(bpyCOOH)](PF). (dmb is 4,4-dimethyl-

-5 1 2,2-bipyridine, ®¢y ~ 0.026)2° The extent of quenching is
consistent with the expected rapid electron-transfer quenching
of the MLCT excited state.

5 4 The evidence for intramolecular electron transfer was dem-
onstrated by laser flash photolysis. The transient absorption

Current (nA)

101 difference spectrum generated by laser flash excitation at 464
15 : . , nm (Abs~ 0.50) in acetonitrile at 1.2 mJ/(pulse &nis shown
2 1 0 -1 -2 in Figure 2. The expected features for MVat 397 and 607

E(V) vs. SSCE nmtéaand for PTZ' at 513 nni®® are present in the spectrum.
The intermediate redox-separated (RS) state that appears was
formed during the 57 ns laser flash. Transient absorption
changes following the flash were independent of monitoring
wavelength from 400 to 700 nm witker = 6.3 @0.1) x 1P

s~ (r = 160 ns). This rate constant for back electron transfer,
Scheme 1, reflects an average value for the series of eight

In Figure 1 is shown a cyclic voltammogram of assenbly possible positional isomers. In previous wor_k_ on '[f.“mb)'
in acetonitrile 0.1 M in [N(-C4Ho)4](PFs). The expected RY! (bpyCHPTZ)(bpyCHMV21)]*", the four positional isomers

wave appears &, = 1.31 V, the PTZ® wave appears at  (20) (a) To ensure complete protonation, a few drops of a dilute solution
0.81V, the M\VZ*'* wave appears at0.34 V, the MV° wave of sulfuric acid were added to the sample (purged with Ar for 50 min).

- : For emission from these solution®em = 0.026. Application of
appears at-0.75 V, and the first bpy reduction wave appears emission spectral fitting to the spectrum gd&e= 14 4234+ 2.8 cn'?,

at—1.38 V vs SSCE. Su = 0.6844 0.0037 cmt, Avy, = 1930+ 5.8 e, andhw =
With these waves assigned, waves for the various fractions 14944 3.4 cnr™. The fit deviation was 6.6 is thev* =0 —v =

: : : : 0 energy gap,Su the electronie-vibrational coupling constant
in Table 1 are consistent with the proposed assignments, as are (Huang-Rhys factor) A1y the full width at half maximum (band-

Figure 1. Cyclic voltammogram of [Ri(bpyCOOH)(bpyCHPTZ)-
(bpyCHMV 2H](PFg)4 at 100 mV/s in CHCN, 0.1 M TBAH.

for [Ru'(bpyCHPTZ)(bpyCHMV 27),]6" it is 3:1:2. Integra-
tions of the total resonances in the aromatic region yielded
consistent results.

the relative peak heights of the PTZ MV2t*, and MV width), andhw the quantum spacing for the acceptor mode in the
waves. Comparison of integrated wave forms for the oxidized aY‘eraggﬁmodggapggoximé(lti;%?fl(b) Claud% J. P.; Meyer, T. JI%‘

; ; - ; ; i Phys. Chem1995 99, 51. (c) Kober, E. M.; Caspar, J. V.; Lumpkin,
and rgdyced wavles adfyields the ratio~1:1:1. 'I;Ts ratio Shlf.tS R.’S.: Meyer. T. JJ. Phys. Chem1986 90, 3722. (d) Claude, J. P.
to ~2:1:1 for [RU'(bpyCHPTZ)(bpyCHMV)] 4+ and to~1: Ph.D. Dissertation, University of North Carolina, Chapel Hill, NC,

2:2 for [RU'(bpyCHPTZ)(bpyCHMV 2+),]6+. 1995.
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Figure 2. Transient absorption difference spectrum for [Rpy-
COOH)(bpyCHPTZ)(bpyCHMV 2H)](PFs)s in CH:CN observed at
room temperature upon flash excitation with. = 464 nm, 1.2 mJ/
(pulse cmM). The inset shows the ground-state absorption spectrum of
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o
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.
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Y

A
A}
: 0.50eV % [Ru{(b-COOH )
: ‘ (b_PTZ+-)(b_MV+-)]4+

 Mgs = 035005

" kgr=63(=0.1)x 10°s™!
J (160 ns)

’ ’

0.00 -’—Y’[Ru”(b-COOH)(b-PTZ)(b-MV“)]‘H

a|n acetonitrile; b-COOH is bpyCOOH, b-PTZ is bpyeTZ, and

b-MV2* is bpyCHMV 2+,

were separated by cation exchange chromatography with the
rate constants somewhat isomer dependent in acetonitrile with
ket = 7.7 x 10° s71 (trans), 4.5x 10° s71 (cis 1), 8.7x 10°

s™1 (cis 2), and 6.3x 10° s (cis 3)1°

The sequence of events that occurs following MLCT excita-
tion is illustrated in Scheme 2. The value ok, in the scheme

Inorganic Chemistry, Vol. 39, No. 1, 20005

was calculated from the lifetimer (= 935 ns) and quantum
yield (®em = 0.066) for the model complex [Rdmb)(bpy-
CONHETY)](PFs)2 by using the relationshif,, = (1 — ®)/z.

O\
HaG C-NH— :
V/aR\
bpyCONHE!'

The quantum vyield for formation of the redox-separated state
was determined agrs = 0.35+ 0.05. This is different from
nrs = 0.20-0.25 observed for the related [Rdmb)(bpy-
CH2PTZ)(bpyCHMV 2H)]4* (2) complex studied by Treadway
et al1® The origin of this difference can be explained by referring
to Scheme 1.

Electron-transfer quenching of the initial MLCT state in both
complexes is dominated by initial electron transfer-telV 2+,
which is known to be rapid in [Ribpy)(bpyCHMV 2H)](PFs)4.22
This reaction is favored by-0.34 eV in1 and by—0.6 eV in
2. (Competitive quenching by electron transfer frerfRTZ is
unfavorable by+0.20 eV.) Subsequent electron transfer from
—PTZ to Ru(lll) is favorable by-0.50 eV inl1 and by—0.40
eV in 2. This electron-transfer step is in competition with back
electron transfer from-MV** to Ru(lll), which is favorable
by —1.65 eV in1 and by—1.54 eV in2 and most likely lies in
an inverted region. It is presumably the combination of small
increases in driving force for both the back electron transfer
(which decreasege; in the inverted region) and competing
forward electron transfer (which increasks in the normal
region) that increases the efficiency of RS state formatiob in

compared t@.
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(21) Energies for the states in Scheme 1 were obtained by using the
reduction potentials for the PTZ2 and MV2*/* couples ofl and the
results of emission spectral fitting of [Ri@mby(bpyCOOH)](Pk)2.1°
On the basis of the emission spectral fitting parametaGyg =
Eo + (AP12)%(16kgT In 2) = 1.99 eV withEg = 14 423 cm! and
AV, = 1930 cntl,

(22) Yonemoto, E. H.; Saupe, G. B.; Schmehl, R. H.; Hubig, S. M.; Riley,
R. L.; Iverson, B. L.; Mallouk, T. EJ. Am. Chem. S0d994 116,

4786.



