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The synthesis and characterization of new Ru(ll) and Os(ll) complexes of the ligand eilatin (1) are described. The
new complexes [Ru(bpy)(eil)2]>* (2), [Rueil)s]* (3), and [Os(eil)s]** (4) (bpy = 2,2'-bipyridine; eil = eilatin) were
synthesized and characterized by NMR, fast atom bombardment mass spectrometry, and elemental analysis. In
the series of complexes [Ru(bpy)«(eil),2* (x + y = 3), the effect of sequential substitution of eil for bpy on the
electrochemical and photophysical properties was examined. The absorption spectra of the complexes exhibit several
bpy- and eil-associated sz—s* and metal-to-ligand charge-transfer (MLCT) transitions in the visible region (400—
600 nm), whose energy and relative intensity depend on the number of ligands bound to the metal center (x and
¥). On going from [Ru(bpy)(eil)]?* (5) to 2 to 3, the d,(Ru) — z*(eil) MLCT transition undergoes a red shift from
583 to 591 to 599 nm, respectively. Electrochemical measurements performed in dimethyl sulfoxide reveal several
ligand-based reduction processes, where each eil ligand can accept up to two electrons at potentials that are
significantly anodically shifted (by ca. 1 V) with respect to the bpy ligands. The complexes exhibit near-IR emission
(900-1100 nm) of typical 3MLCT character, both at room temperature and at 77 K. Along the series 5, 2, and 3,
upon substitution of eil for bpy, the emission maxima undergo a blue shift and the quantum vyields and lifetimes
increase. The radiative and nonradiative processes that contribute to deactivation of the excited level are discussed
in detail.

Introduction therefore can be tuned by judicious choice of the ligands
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ligands ultimately leads to modification of the properties of interactions between the eil moieties, the extent of which
the resultant complexé&'8Goods-acceptor ligands bearing  depends on the steric bulk provided by the peripheraNN
a low-lying z* orbital can lead to red-shifting of the metal- ligands bound to the metal cenférBecause all of these
to-ligand charge-transfer (MLCT) absorption bands. How- properties arise from the presence of a single eil ligand, we
ever, the decreased energy gap between the ground state anganted to investigate the effect of sequential replacement
the excited state can concomitantly lead to reduction of the of bpy ligands by eil ligands on the properties of such
excited-state lifetime. This effect is described quantitatively complexes. We report herein the synthesis, NMR charac-
by the energy-gap law, which predicts that, in the absenceterization, electrochemical behavior, and photophysical prop-
of competing events, the nonradiative decay rate constanterties (from electronic absorption and emission spectroscopy)
should vary exponentially with the energy gap for a common of the new bis(eilatin) complex [Ru(bpy)(eillPFs]2 (2) and
acceptor ligand?2¢ of the new tris(eilatin) complexes [Ru(eiPFs]. (3) and
Recently, we have described the employment of eilatin- [Os(€il)s][PFg] (4). The emission of these complexes falls
type ligands in octahedral Ru(ll) and Os(ll) compleX&s* in the near-IR region, an occurrence still uncommon for
Eilatin (1) combines several unique features: (a) a large, ruthenium(ll) polypyridine complexe8:**A detailed discus-
planar fused-aromatic surface @, symmetry; (b) two sion concerning radiative and nonradiative processes that
distinct binding sites, a bpy-type “head” and a big-type “tail” contribute to deactivation of the excited level is provided.
(big = 2,2-biquinoline); and (c) a low-lyingz* orbital, ] )
which renders it an exceptionally goadacceptor ligand’ Experimental Section
We have demonstrated that, in the preparation of complexes \aterials. Eilatin (eil, )27 [Ru(bpy)Chln2® trans [RUCL(py)d]
of the general formula [M(NN)(eil)]** (M = Ru, Os; N-N (py = pyridine)3® trans[RuCL(DMSO);] (DMSO = dimethyl
= bpy, phen, big; eik= eilatin), the eil ligand selectively  sulfoxide)?° trans[OsCh(py)s,** and trans[OSCL(DMSO)]*2
binds to the metal center via its less sterically hindered bpy- were synthesized according to literature procedures. Ruthenium-
type “head” in the sterically demanding environment pro- (lll) chloride hydrate (Strem Chemicals), potassium hexachloro-
vided by the peripheral NN ligands?”28 Moreover, these osmate(lV) (Pressure Chemical Co.), tatrhutylammonium hexaflu-
Comp'exes exhibit a unique |Ow_energy absorption (Ca' 600 OrOphOSphate (TBAH, 98%, AldrlCh), and silver nitrate (99995%,

nm) attributed to a gM) — x*(eil) MLCT transition, as

well as anodically shifted reduction potentials of the eil
ligand?® In addition, these complexes form discrete dimers

in solution and in the solid state via intermolecufarx
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Aldrich) were used without further purification. Acetonitrile for
photophysical experiments was of spectroscopic grade. All other
chemicals and solvents were of reagent grade and used without
further purification, except for DMSO for electrochemical measure-
ments, which was vacuum distilled over GalAll of the reactions

and electrochemical measurements were performed under an argon
atmosphere.

Instrumentation. H and 13C NMR spectra, COSY, NOESY,
and HMQC experiments were performed on a Bruker Avance 400
spectrometer and on a Bruker ARX-500 spectrometer using the
residual protons of the solvent (GDN or DMSO+g) as an internal
standard atd = 1.93 and 2.5 ppm, respectively. Fast atom
bombardment mass spectrometry (FABMS) spectra were obtained
on a VG-AutoSpec M250 mass spectrometer, im-aitrobenzyl
alcohol matrix. Elemental analyses were performed in the mi-
croanalytical laboratory in the Hebrew University of Jerusalem. UV/
vis absorption spectra in acetonitrile were obtained on a Kontron
UVIKRON 931 UV/vis spectrometer.

Cyclic and square-wave voltammograms were carried out on a
u-autolab type 1l potentiostat (Eco Chemie), using a platinum
working electrode, a platinum auxiliary electrode, and a Ag/AgNO
reference electrode (Bioanalytical Systems). The measurements
were carried out on the complexes dissolved in argon-purged DMSO
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Chem.2001, 40, 4508.
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Dalton Trans.200Q 8, 1363.
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containing 0.1 M TBAH as the supporting electrolyte. The typical = 5 are employed)Avy, is the width at half-maximum of the
concentration of the complexes was ca. 1.5 mM. The criteria for vibronic band,1 and S are the reorganization energy and the
reversibility were the separation between the cathodic and anodicdisplacement parameter along those modeskaigithe Boltzmann
peaks (not exceeding 90 mV), the close-to-unity ratio of the constant. High values fo®&, (typically >0.7)® indicate that the
intensities of the cathodic and anodic peak currents, and the excited state is significantly distorted along the concerned vibra-
constancy of the peak potential on changing scan raté mM tional mode because of electror@calization effects. When the

solution of ferrocene in DMSO containing 0.1 M TBAH was

excited state undergoes extended electrdelocalization low S,

measured after the measurement of each complex, typically yieldingvalues are obtained (typically in the range -8®6)*° indicating

a value ofEy, = 0.039 V for Fc/F¢ vs Ag/AgNGs. Values are
reported vs the Fc/Fccouple.
The luminescence spectra for cax2L0~> M degassed and air-

that the electronic curve for the excited level is not much displaced
relative to that for the ground state.
Synthesis. [Ru(bpy)(eil}][PFel2 (2). [Ru(bpy)CE], (8.4 mg,

equilibrated acetonitrile solutions (in this concentration, no dimers 0.022 mmol) and. (15.0 mg, 0.042 mmol) were added to 5 mL of
due tor— stacking of eilatin were observed, in contrast to what ethylene glycol and heated to 12€ for 6 h under an argon
was observed for the 1 mM solution of the NMR measurements) atmosphere. The green reaction mixture obtained was cooled to
at room temperature and 77 K were measured using an Edinburghroom temperature, and a saturated K@g) solution was added
FLS920 spectrometer equipped with a Hamamatsu R5509-72 until precipitation of a green solid occurred. The solid was isolated
supercooled photomultiplier tube (193 K), a TM300 emission by centrifugation and washed several times with water to remove
monochromator with near-IR grating blazed at 1000 nm, and an traces of salts. The solid was dried in vacuo and then purified by
Edinburgh Xe900 450-W xenon arc lamp as the light source. The chromatography on a Sephadex LH-20 column with 5:1; W
excitation wavelength was 460 nm, which leads to final population CH;OH as the eluent. Evaporation to dryness of the appropriate
of the lowest-lying emitting levels of Ru- or Os-based MLCT nature fraction yielded the desired green solid. Yield: 73% (19.4 mg).

(see the Results and Discussion sectf@iorrected luminescence
spectra in the range 76800 nm were obtained by using a

Anal. Calcd (found) for GgHzoF12N10P.RU-8H,0: C, 49.61 (49.84);
H, 3.45 (3.07); N, 9.98 (9.84JH NMR (400 MHz, CDxCN, 295.8

correction curve for the phototube response provided by the + 0.1 K, 0.756 mM): 6 8.826 (d, 1HJ = 8.1 Hz, H), 8.717 (d,

manufacturer. Luminescence quantum yieldg (vere evaluated
by comparing wavelength-integrated intensitiBswith reference
to [Ru(bpy}]Cl, (@, = 0.028 in air-equilibrated wate¥f)or [Os-
(bpy)](PFs)2 (@, = 0.005 in degassed acetonitrigas standards
(r = reference) and by using the following equatidri®

1H,J = 6.4 Hz, W), 8.652 (d, 1H,) = 7.9 Hz, H), 8.612 (d, 1H,
J=8.0 Hz, H), 8.495 (d, 1H] = 6.5 Hz, H), 8.452 (d, 1H,) =
8.0 Hz, H), 8.390 (d, 1HJ = 7.3 Hz, H), 8.274 (d, 1HJ = 6.5
Hz, H9), 8.257 (d, 1H,) = 6.5 Hz, H), 8.144 (t, 1HJ = 7.9 Hz,
He), 8.125 (dt, 1HJ = 6.5 and 1.3 Hz, B, 8.060 (t, 1HJ = 8.2

Hz, He), 8.030 (t, 1H,J = 8.0 Hz, H), 7.963 (d, 1H. = 5.6 Hz,

HS), 7.896 (t, 1H,J = 8.0 Hz, H'), 7.422 (t, 1H,) = 6.3 Hz, H).

13C NMR (CD,CN, 298 K): ¢ 153.8 C—HS), 151.8 C—H#), 150.8

(C—H9), 139.1 C—H?), 134.1 C—H®), 133.6 C—H¢), 133.2 C—

where A and n are absorbance values:@.15) at the employed ~ H'), 133.0 C—H), 132.0 C—H), 131.8 C—H), 128.8 C—H"),

excitation wavelength and the refractive index of the solvent, 126.1 C—H?),125.9 C—H?), 125.8 C—H¢), 122.9 C—H"), 122.7

respectively. Band maxima and relative luminescence intensities (C—H”). FABMS: 970.2 [M— 2PF; + H]*, 1115.1 [M— PR +

were obtained with uncertainties of 2 nm and 20%, respectively. H™ ) )

The luminescence lifetimes were obtained with the same equipment  [RU(€il)3][PFe]2 (3). A suspension ofrans[RuCl(py)a] (11 mg,

as that operated in single-photon mode by using a 407-nm laser0-023 mmol) and. (27 mg, 0.072 mmol) in 5 mL of deoxygenated

diode excitation controlled by a Hamamatsu C4725 stabilized €thylene glycol was stirred fo4 h at 120°C under an argon

picosecond light pulser. Analysis of the luminescence decay was atmosphere. The color of the reaction mixture changed from orange

accomplished by using software provided by the manufacturer. The to dark green. The dark green complex was precipitated by adding

lifetime values were obtained with an estimated uncertainty of 10%. & Saturated aqueous solution of KR& the reaction mixture. The
The vibronic band profiles of the corrected luminescence spectra, COmplex was purified by repeated washings with a chloroform/

I(E), on an energy scald&( cm1) are analyzed according to eq 2, methanol (1:1, v/v) solution and precipitation with diethyl ether.

describing the relationship between the FranGondon envelope  TYPical yields were higher than 95%. Alternatively, the complex
and some pertinent parametét4? was prepared by the reaction of Rg@H20 with 3+ equiv of 1

in deoxygenated ethylene glycol, which was stirred@d at 145
E, — mMho,, — lhw|\3S," 5 °C and was obtained in a good yield, or by the reaction of [RuCl

1(E) = - O ——

® ZZ E, m !

(DMSO),] with 3+ equiv of 1 in deoxygenated ethylene glycol,
which was stirred fo 4 h at 135°C. Anal. Calcd (found) for
p{ (E — E, + mho,, + Ihwlﬂ
exp —4(In 2) (2)
1_)1/2

2
n‘l
(D:AT

n A

@, 1)

CrHaF1oNLPoRU-4AH,0: C, 56.44 (56.75); H, 2.89 (3.25); N, 10.97
(10.70).’H NMR (500 MHz, DMSO#): ¢ 8.96 (d,J = 7.8 Hz,
1H, He), 8.91 (d,J = 6.2 Hz, 1H, M), 8.62 (d,J = 7.6 Hz, 1H,

with (43) Yeh, A. T.; Shank, C. V.; McCusker, J. cience200Q 289, 935.
(44) Nakamaru, KBull. Chem. Soc. Jpril982 55, 2967.
(45) Demas, J. N.; Croshy, G. Al, Phys. Chem1971, 75, 991.

(j = mandl) (46) Claude, J. P.; Meyer, T. J. Phys. Chem1995 99, 51.

i (47) Barkawi, K. R.; Murtaza, Z.; Meyer, T. J. Phys. Cheml1991 95,
47.

(48) Goze, C.; Chambron, J. C.; Heitz, V.; Pomeranc, D.; Salom-Roig, X.
J.; Sauvage, J. P.; Morales, A. F.; BarigellettiFer. J. Inorg. Chem.
2003 3752.

(49) Hammarstim, L.; Barigelletti, F.; Flamigni, L.; Armaroli, N.; Sour,
A.; Collin, J. P.; Sauvage, J. B. Am. Chem. S0d996 118 11972.

In this equationk, is the energy of the 60 transition (the energy
gap between the-00 vibrational levels in the excited and ground
states)mandl are vibrational quantum numbers for high- and low-
frequency modesiw, andhw, (in practice, upper limitsn and|
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Scheme 1. Synthesis and Proton Numbering f

[Ru(bpy)Cls },
ethylene glyool
120°C

Hf), 8.40 (d,J = 6.2 Hz, 1H, H), 8.16 (t,J = 7.6 Hz, 1H, H),
8.01 (t,J = 7.6 Hz, 1H, H). 13C NMR: ¢ 152.2 C—H?9), 134.9
(C—He), 133.7 C—H), 131.9 C—Hd), 125.7 C—H°), 123.6 C—
HP). FABMS: 1316 [M— PR + H]*, 1172 [M — 2PFK; + 2H]".

[Os(eil)s][PFg)2 (4). A suspension ofrans[OsCh(py)s] (15 mg,
0.026 mmol) and. (40 mg, 0.11 mmol) in deoxygenated ethylene
glycol was stirred fo 6 h at 120°C under an argon atmosphere.
The dark green complex was precipitated by the addition of a
saturated aqueous solution of KPFhe purification was achieved
by dissolving the complex in a minimal amount of a 1:1 DMSO/
methanol solution and precipitation with diethyl ether. Yield:
approximately 40%. Alternatively, the complex was prepared by
the reaction of KOsCk with 5+ equiv of 1 in deoxygenated
ethylene glycol, which was stirred fdé h at 150°C and was
obtained in a low yield. Anal. Calcd (found) for;§3gF1oN 1P~
OsH,0-2C,HsSO: C, 52.96 (53.26); H, 2.92 (3.32); N, 9.75 (9.43).
1H NMR (500 MHz, DMSO¢dg): 6 8.93 (d,J = 7.9 Hz, 1H, H),
8.75 (d,J= 6.1 Hz, 1H, H), 8.58 (d,J = 8.0 Hz, 1H, H), 8.40 (d,
J=16.4Hz, 1H, H), 8.11 (t,J = 7.3 Hz, 1H, 1), 7.99 (t,J = 7.7
Hz, 1H, H). 13C NMR: 6 148.0 C—H?9, 131.3 C—H¢), 130.0
(C—Hf), 128.6 C—H), 122.6 C—H°), 120.9 C—HP). FABMS:
1405 [M — PRs + H]*, 1261 [M — 2PR + 2H]*.

Results and Discussion

Syntheses and NMR CharacterizationThe bis(eilatin)
complex2 was prepared by reacting [Ru(bpy)alwith 2
equiv oflin ethylene glycol at 120C, as shown in Scheme
1. This green complex was isolated as theP&alt and
purified by size-exclusion chromatography. The formation
of 2 is accompanied by reduction of the ruthenium center to
an oxidation state of Il. ThéH NMR spectrum of the
complex in CRCN exhibits 4 signals for the bpy ligand and
12 signals for the eilatin ligand, consistent with te
symmetry of the complex. The selective head binding of the
eil ligand was determined by NOESY spectra, which clearly

Bergman et al.

cause breaking of the intermoleculasstacking interactions.
This phenomenon was previously noted for complexes
containing a single eilatin-type ligand of the general formula
[M(bpy)2(Lig)]?" (M = Ru, Os; Lig= eilatin, dibenzoeilatin,
isoeilatin), which were shown to form discrete dimers in
solution held byz-stacking interactions via the eilatin-type
ligand?8:3031 However, because compleX contains two
eilatin ligands, it is not restricted to dimer formation alone;
instead, it has the potential to form various higher-order
aggregates in solution. A comparisonZdnd the analogous
mono(eilatin) complex [Ru(bpy(eil)][PFe¢]> (5),%2 which
exhibits much larger concentration-induced shifts (up to ca.
1 ppm for identical protons over the same concentration
range), implies that the-stacking process is different for
the two complexes. Both concentration-dependeniMR
spectral dat® and NMR diffusion measuremeftsdo not
give a conclusive picture as to the distribution of the various
species in solution.

The tris(eilatin) comples8 could be prepared in good yield

demonstrated a NOE correlation between the head eil protons

(H2 and H) and the bpy # proton, as shown in Figure 1.
The'H NMR spectra of in CD;CN vary with concentra-
tion and temperature. The eil protons exhibit downfield shifts
up to 0.43 ppm upon dilution over the concentration range
0.1-1 mM. The bpy protons shift upfield and to a lesser
extent, i.e., up to 0.11 ppm, upon dilution over the same

concentration range. This is consistent withrr stacking
of the eil moieties of the complex. Raising the temperature

Figure 1. NOESY spectrum of2, recorded in CBCN. The NOE
correlation between the bpy protorf ldnd the eil protons Hand H' is

has the same effect on the chemical shifts as dilution; both marked in gray.
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Figure 3. Absorption spectra of the complex2gblue line) andb (green
line), and of1 (yellow line), recorded in acetonitrile.

Table 1. Absorption Data

Figure 2. HSQC spectrum of comple3, recorded in DMSGds. compd absorption maxinnax Nm (10%, M~tcm™)
1P 242(4.8), 286(3.7), 360(1.1), 388(2.1), 408(3.0), 434(2.7)
. . . 5ed 241(6.8), 286(7.3), 341(2.2), 405sh, 424(3.3),
by reacting 3 equiv of 1 with a number of metal precursors, 4(6053,, 583((1.0)) (2.2), 408s 33
such as [RuG]-nH;0, trans[RuCl,(DMSO),], and trans 6d 242 (5.6), 289 (6.4), 355 (1.9), 418 (2.3), 450 sh, 612 (0.9)
[RUCl(py)s]. To the best of our knowledge, the latter has 2 243(9.7), 266(7.1), 289(7.2), 339(3.8), 420(4.4),

. . : . 457(2.3), 594(1.7)
not been utilized as a synthetic precursor in the preparation  ze 242, 293, 337, 405, 424. 460, 595

of tris-bidentate polypyridyl complexes of ruthenium. The 4 244,296, 340, 408, 432(sh), 462(sh), 632

product was obtained as a dark green compound, isolated as arecorded in acetonitrilé. From ref 56 in methanoF From ref 27.

the Pk~ salt and purified by repeated washings with a 1:1 ¢ From ref 28.° Solubility problems prevented the determination of the
solution of chloroform and methanol to remove excess free extinction coefficiente.

ligand. The analogous osmium(ll) compléxvas similarly ) . ) .

prepared by reacting45 equiv of 1 with K,OsCk, trans absorption coefficients are summarized in Table 1. The
[OSCL(DMSO)], or trans[OsCh(py)d]. The latter gave the asagnments o_f the ab_sorptlon bgnds were based on the
desired product in much higher yield and under milder Previously assigned optical transitions ®and [Os(bpy)

reaction conditions. The product, a dark green compound,(e”)][PFﬁ]2 (6)’277_29 as discussed below. i
was isolated as the RFsalt and purified by dissolving the We have previously reported that the absorption spectrum

crude product in a minimal volume of a 1:1 DMSO/methanol ©f the complexs contains intense absorption bands in the
solution and precipitation with ether. UV region (206-350 nm), assigned to ligand-centered~

IH NMR spectra of complexe8 and 4 in DMSO-ds a* transitions of the peripheral bpy ligands; absorption

exhibit six signals, consistent with the expecigsymmetry ccintereq .around 4|20 nm, as_s;gni/(lj tienftt;n-ce&tféef
of a tris(eilatin) complex. FABMS and elemental analysis trgnsnpns overlapping wit .g( ) ﬂ.( py)
further support the formation of the tris complexes. By transitions; and a broad, low-lying absorption band centered

employing’H COSY, NOESY, and HSQC NMR techniques, 2'0Und 600 nm, assigned to () — z*(eil) MLCT

we were able to elucidate the structure of the product: the transitionst’# The c_omb|nat|on .Of absorptions at 600 and

C—Ha group is identified in the HSQC spectrum because 420 nm_renders_ this cqm_plex its dark green co!or. Upon

this group, which is located next to the aromatic nitrogen sequential addition of eil ligands, the transitions involving

exhibits a' low-field signal in theC NMR spectrum " the bpy ligands decrease in intensity, whereas the transitions
. involving the eil ligands increase in intensity. In addition,

(demonstrated for compleX see Figure 2). The Horoton Involvi ) o o

in the complexes (8.43 ppm f@& and 8.40 ppm fo#) is there_ IS a slight r_ed-shn‘tmg of the.M) — *(eil) MLCT

shifted to a higher field relative to the same proton in the transition, occurring at 583 nm f&; 591 nm for2, and 599

free ligand (9.18 ppm for free eilatin). We attribute this shift "™ for 3- An additional red-shifting of the.qM) — z*(eil)

to ring currents that originate from the adjacent perpendicular MLCT transition is observed on going froito 4 (599 and
aromatic rings. Thus, complex8sand4 are indeed the tris- 952 M. respectively), as expected of the higher-lying d
(homoleptic) complexes in which the eilatin ligands bind (Os) orbitals. ) ) .

through their less hindered bpy-type head. This “triple” Electrochemistry. While the redox behavior of the mono-

- 1o :
selectivity in binding is maintainerkgardlessof the metal (e|lat|n_) complexes [M(M_N)z(e'l)] has been_ St.Ud'.ed
precursor employed in the synthesis extensively?® the low solubility of the bis- and tris(eilatin)

Absorption Spectra. The UVAvis spectra of all of the complexes did not allow their electrochemical characteriza-

. o . tion in 0.1 M TBAH/acetonitrile. We therefore performed
complexes were recorded in acetonitrile; absorption spectra’_ .

. L cyclic and square-wave voltammetry measurements of these
for complexes2 and5 are illustrated in Figure 3 together

. . o . complexes (as well as of the mono(eilatin) compexor
with that for 1. Absorption data listing energy maxima and comparison) in DMSG2 The tendency of eilatin complexes

(50) Fielding, L. Tetrahedron200Q 56, 6151. to aggregate in an acetonitrile solution is diminished in
(51) Gafni, A.; Cohen, YJ. Org. Chem1997, 62, 120. DMSO?” and therefore these complexes are highly soluble
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Table 2. Half-Wave Potentials for the Reduction of the Compléxes
eilo— eil=2- bpy?~

complex

[Ru(bpy)l[PFs]2 —1.71 (80) —1.89 (60) —2.15 (70)
2 —0.84 —0.9¢ -1.3P -152 —2.16 (70)
5 —0.88 (1009 —1.34(70) —1.91 (70) —2.16 (70)

a Potentials are given vs the Fc/fFcouple in DMSO, with 0.1 M TBAH as the supporting electrolyte, measured at room temperature with a scan rate
of 0.1 V/s; AE, values in mV are given in parenthesé¥/alues determined from square-wave voltammetijhe relatively largeAE, value results from
residualz-stacking-induced dimerization in DMSO/0.1 M TBAH; in acetonitrile, where substantial dimerization occurs, this reduction wave appears split
into two waves of half-intensit$®

Figure 4. Square-wave voltammograms »f(blue line),5 (green line),
and [Ru(bpy3][PFe]2 (red line) vs Ag/AgNQ.

in this particular medium, even in the presence of the TBAH Figure 5. Corrected emission spectra of the indicated complexes at room
. . temperature in an air-equilibrated @EN solvent, from excitation of

electrolyte. However, th(=T redox w!ndow of !DMSO is rather isoabsorbing solutions dixe = 460 nm.

narrow (because of facile oxidation of this solvent), and

therefore only the reduction processes could be characterized!: F?blg 3. L_Lllmégescince_ agd Pgotgphylsgglfropertles of

While the change of the medium was beneficial fothe ~ [RUPPYMEILT (x +y = 3) and [Os(eil]

electrochemical measurements for the tris(eilatin) complexes 298K 7K
were unsuccessful because of desorption complications. The Amax T 107% 107Ke®  Amax T
complex  (nm) P (ns) (sh (shH  (nm) (us)

data for complexe® and5, together with the data measured

. 2+
for [Ru(bpy)}][PFe]. for comparison purposes, are collected LR”(bpy)*] gfg 0002 s %%0(%0) 2 ggg >,
in Table 2; representative square-wave voltammograms are2 932 20x10% 65(50) 31 15 893 2.3
in Ei 3 926 4.6x 103 120(80) 3.8 083 870 23
shown in Figure 4. 1087 1.4x 104 d d d 982 d

- : . 4
The voltammograms exhibit several interesting features: i ad 4 CiEN solut 208 and 77 K- | X
H H H H N a degasse solution, at an ,n parent eses are
(I) Sever_al reducthn proce,sses O_f the eilatin Complexes arevalues for air-equilibrated solution&sx. = 460 nm (luminescence spectra)
substantially anodically shifted with respect to [Ru(kjy) or 407 nm (luminescence lifetimes; see teRtyalues obtained with the
[PFe]z and are therefore assigned to reduction of the eil ]?mplor)]/ed II;\’ﬂuorimeFer (see the E;(pgrimental Section%g;e slii%htly d/ifferent
Pt i H H rom those from previous reports, or instance, see re omk; = &/t
moieties. (ii) Each eil mo_@ty can accept up to two ele_ctr_ons, andky = 1z — K. 9 Too weak to detect.
as observed clearly fdx. (iii) Because of the close proximity
of the eil ligands in2, they do not undergo a two-electron

reduction at the same potential; instead, two closely spaced ield 4 lifeti I I di
one-electron reductions are observed, for both the first and_flq_uzlntusmtyle th@), a’?h dl E,it'r?e t)Rvabues afrehcol ec't edin
second processes. (iv) Additional reduction processes, oc- aple s, togetner with data or [Ru(bpj". The umines-
curring at further negative potentials, are assigned to reduc-CENCe quantum yleslds, lifetimes, and spectral pf"f"es are all
tions of the bpy ligands. The number of such reductions is consistent with & MLC_T _na.turg f_or the _ex_c|ted state
in accordance with the number of bpy ligands present in the responsible for the emission; this is also indicated by the
blue shifts on passing from room temperature to 77 K.

complex, and the potentials are in perfect agreement with ) )
P P P d As observed for the absorption spectra, for the examined

those of the [Ru(bpy)?>" complex. . I
. . . series of Ru(ll) complexes at room temperature, substitution
Luminescence and PhotophysicsThe emission spectra ) . e o :
of eil for bpy results in the shifting of the emission maxima

f th I h [ . .
of the complexes as the PFsalts were recorded at room o lower energies compared to [Ru(bgl§], leading to

temperature in an aceton!trlle solution and at 77 K (in a emission peaks at 945, 932, and 926 nm for the moBjo- (
frozen solvent). The luminescence spectra fot5 are : o .
bis- (2), and tris(eilatin) 8) ruthenium(ll) complexes,

(52) For examples of electrochemical measurements in DMSO of Ru(ll) respectively. This indicates that, upon passing from [Ru-
complexes, see: (a) Winkler, K.; McKnight, N.; Fawcett, W. R. (bpy)]?t to 5, 2, and 3, the charge-transfer nature of the

Phys. Chem. R00Q 104, 3575. (b) McCarthy, H. J.; Tocher, D. A. icgj — aj
Inorg. Chim. Actal989 158 1. (c) Neyhart, G. A.; Hupp, J. T.; Curtis, emission changes from Rer bpy to Ru— eil. It can be

depicted in Figure 5; emission band maxima.{), emission

J..C;; Timpson, C. J.; Meyer, T.J. Am. Chem. Sod996 118 3724. noticed that. the emission wavelength decreases along the

gj% EnnllgsP;. gé; l\élgg/loah?r;, '\Ijl; T de+a RV?/sa,sv-; SurtlEs”, JlrtErgR 2, and3 series (both at room temperature and at 77 K) and
em. A 3 . (e Izuno, 1.; el, Pl P er, L. R.; . . . . .

Sessler, J. LJ. Am. Chem. So@002 124, 1134. (f) McDevitt, M. that both the Ilf_etlmes and qua'n'Fum yields increase; see Table

R.; Addison, A. W.Inorg. Chim. Actal993 204, 141. 3. For ruthenium(ll) polypyridine complexes, it is well-
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known that the luminescence features are influenced by the

energy gap between the luminescent levBILCT, and a

higher-lying metal-centered levéMC, of dd origin}?' The

energy position of the latter is not expected to change in the

examined Ru-based complexes because the coordination

properties of bpy and eil are not much different. On this

basis, enhanced stabilization of t#dLCT level for 5, 2, Y

and3 as compared to [Ru(bpy¥* is expected to result in ‘ \

an increased®MLCT—3MC energy gap, thus depressing 0.0 . ,

thermal population of the upper-lyifyIC level, known to 10000 11000 12000

offer a rather effective way to nonradiative deactivation energy, em

processeé_s,lZ,le,ﬂAs a consequence, fé&x 2, and3, 0n|y Figure 6. Vibronic analyses_ of_the luminescence profiles in a frozen-CH
.. . CN solvent at 77 K for the indicated complexes.

nonradiative paths governed by the energy-gap law (i.e., the

gap between the luminescent level and the ground &tate) Table 4. Data from Vibronic Analysis of the Luminescence Spectra for

l, a.u.

0.5

should be taken into account. the Complexes [Ru(bpy(eil),]*" (x +y = 3
A closer look at the balance between radiative and Eo hwom Ao Avy®
nonradiative processes for deactivation of the emissive levels (em™) S’ (cm™) S° (cm™) (cm™)
provides interesting hints. Actually, from the quantumyields > 11380  0.49 1300 0.73 400 800
11490 0.47 1300 0.46 400 870

and lifetimes collected in Table 3, one can evaluate rate

constants for the radiativé) and nonradiativeky,) processes
(eq 3) a According to eq 2 of the text, the solvent was £CH\, the temperature

was 77 K, and excitation was performed at 460 Hmisplacement
= @/ parameterS = A/hw, along high- (n) and low-frequencyl] vibrations;
k =@/t (32)  see the textc Full width at half-maximum.

3 11730 0.51 1300 0.50 400 830

k,= 1t — k (3b) as obtained at 77 K, are shown in Figure 6 and collected in

Table 4. In particular, the lo\&, values for complexes, 2,

and3 (S, ~ 0.5 andhwy, = 1300 cm't; see Table 4) suggest

that the electronic curve for the emissive level is not much

displaced relative to that for the ground stafhis effect is

due to the effective electronic delocalization at a large size
k/n® O M2 (4) ligand 54855 consequence of the Rt eil charge-transfer

nature of the emission iB, 2, and3.

solvent, the transition moment, and the average emissive level For the Os(Il) complex, the emission occurs at even longer

(approximated here by the energy value at the peak maxi-wavelengths (peak maximum at 1087 nm), as expected from

mum) on an energy scale (c#), respectively. the higher-lying metal-centered orbitals, which also leads to

On the other hand, according to the energy-gap law (eq longer wavelength absorption (see above).
5) and for a sufficiently higRMLCT—3MC energy gapk.,
is likewise expected to be related to the emissive energy

level 7235354 Here, Sy is the displacement parameter (the  The series of complexes [Ru(bpigil),]2* (x +y = 3)
£ and the complex [Os(el?" were designed with the intent
Ink,) 0 —S, — yh_o (5) of examining the effect of sequential substitution of eil for
Om bpy on the electrochemical and photophysical properties. The
absorption spectra of the complexes exhibit several bpy- and
eil-associatedr—s* and MLCT transitions, whose energy
and relative intensity depend on the number of ligands bound
to the metal centex(@ndy). Electrochemical measurements
performed in DMSO reveal several ligand-based reduction
processes, where each eil ligand can accept up to two
electrons at potentials that are significantly anodically shifted
with respect to the bpy ligands. Both at room temperature
and at 77 K, the complexes exhibit near-IR emission of
typical SMLCT character. For the series of complexg<,
nd 3, the luminescence quantum yields and lifetimes are
strictly governed by the balance between radiative and

On this basis, one can notice that the valueskfdisted
in Table 3 are in accord with expectations based on the
known relationship betwedgn and the average emissive level
(eq 4)>* wheren, M, and@Care the refractive index of the

Conclusions

electronie-vibrational coupling constant or Huan@Rhys
coupling constant; see the Experimental Section), along a
high-frequency 1) vibrational mode,hwnm, the relevant
energy level isEy’ = Ep + Shw,, with y = In[Ey'/(Sthwm)

— 1], and S and Aw, refer to low-frequency IJ modes.
Indeed, a decrease ky, is observed along thg, 2, and3
series (Table 3), and the trend in the values agrees with
predictions based on eq 5.

It is interesting that, by fitting eq 2 of the Experimental
Section to the luminescence spectra, one can estimate value
for Eo, 4, andSalong the vibrational modes that contribute
to deactivation of the excited level. Results for the lumines-

. . N 194 -

cence profiles of the series [Ru(bpigil),]*" (x +y = 3), (55) Balazs, G. C.; del Guerzo, A.; Schmehl, R Rfiotochem. Photobiol.
Sci. 2005 4, 89.

(53) Freed, K. F.; Jortner, J. Chem. Physl97Q 52, 6272. (56) Rudi, A.; Benayahu, Y.; Goldberg, I.; Kashman,T¥trahedron Lett.

(54) Chen, P. Y.; Meyer, T. Lhem. Re. 1998 98, 1439. 1988 29, 3861.
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nonradiative processes, as established for MLCT emitters.RBNEO19H9K “Molecular Manipulation for Nanometric
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