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Absorption, Circular Dichroism, and Luminescence Spectroscopy of Electrogenerated
A-[Ru(bipy) 3]~ and A-[Os(bipy)s] ™%~ (bipy = 2,2-Bipyridine)
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The electronic absorption and circular dichroism (CD) spectra of the complexes produced by the one, two, and
three electron reduction &-[Ru(bipy)]?" andA-[Os(bipy)]?* are reported. The CD spectra give unequivocal
proof that the added electrons are localized on individual bipiridine ligands and thus that the complexes are
correctly formulated [M(bipy)(bipy)]", [M(bipy)(bipy)2]°, and [M(bipy)s]~. The absorption spectra of the

triply reduced species [M(bipys]~ (M = Ru, Os) are compared to those of the' Fmd I analogs. The
luminescence spectra of the two triply reduced complexes [Ruthipyand [Os(bipy)s]~. are also presented.

The MLCT luminescence found in the parent complexes is completely quenched and is replaced by a weak
luminescence attributed to theo — 77 transition of the (coordinated) [bipylion.

Introduction of work on the luminescenéef [Ru(bipy)]?" there is no report
) ) ) of the luminescence spectra of the reduced species.

Itis over 10 years since the nature of the singly, doubly, and  \ye now report the electronic absorption and circular dichro-
triply reduced forms of [Ru(bipy)®"™ were established as ism spectra spectra of electrogeneratefM(bipy)-(bipy )],
[Ru(bipy)(bipy)I*, [Ru(bipy)(bipy )z1° and [Ru(bipy)s~ A [M(bipy)(bipy-)2l°, andA-[M(bipy-)a~ (M = Rul', OF)) and
respectively by the spectroelectrochemical studies of Braterman,the |uminescence spectra of the triply reduced species
Heath, and Yellowleé3and the ESR and luminescence studies A-[M(bipy~)s]~ (M = Ru', Od')
of Motten, Hanck, and DeArmon®. Since then an enormous
body of work has been published on the redox behavior and Experimental Section
spectroelectrochemistry of a wide variety of tris, bis, and mono
complexes of RUwith diimine ligands, and the work has been

extended.to comp_le>.<es ofir® and Ee'! ! So.me tlme agowe the [BFRj]~ salt by ion exchange chromatography. The literature
reported in a prellmln{;\ry forﬁlthg CIrcglar dichroism S_peCtra preparation affords pure [Ru(big§j*. Significant quantities of [Os-

of the reduced Ruspecies\-[Ru(bipy)(bipy )] *, A-[Ru(bipy)- (bipy).Cl,] are always produced during the synthesis of [Os(biBY)
(bipy)2]° andA-[Ru(bipy)s]~ and showed that the CD spectra and it is extremely difficult to separate [Os(big)f) from traces of
unambiguously supported the model in which the added [Os(bipy:Cls] by crystallization. An important part of the procedure
electrons are localized on the bipy ligands. Notable by its involved purification of the resolved-[Os(bipy)][BF]. by chroma-
absence is the spectroelectrochemistry of tris(diimine) complexes!09raphy on Sephadex LH20 using methanol as eluent. The purity of
of Os!, despite the many papers on the electrochemistry of such M€ A-Os(bipyH[BF.]> was confirmed byH and™C NMR spectros-

species. Apart from the ESR of reduced [Os(biflyipy )], The cvali .

. ; ) _ yclic voltammograms (CV) oA-[Ru(bipy)][BF4]2 (I) and
[Os(b_lpy)(bl_py')g]o, and [Os_(b'pY)3] ¢ and the NMR of A-[Os(bipy)][BF4]2 (Il') were obtained in dry, purified acetonitrile using
[Os(bipy)(bipy)]* and [Os(bipy)s] ~ ” there has been nowork g1 mol L [Bu,[BF.] as electrolyte. The CV of showed the
published on the spectroscopy of the reduced forms of [Os- expected oxidation wave fax-[Ru(bipy)s]2t — A-[Ru(bipy)]?* (E =
(bipy)s]2™. Itis also remarkable that despite the enormous body +0.95 V (vs Ag/Ag)) and three reduction waves-[Ru(bipy)]?" —
A-[Ru(bipy)]* (E = —1.58 V), A-[Ru(bipy)]" — A-[Ru(bipy)] (E
= —1.83 V), andA-[Ru(bipy)] — A-[Ru(bipy)]~ (E = —2.09 V),

[Ru(bipy)]?" and [Os(bipyj]>* were prepared and resolved by
literature method® In each case th& isomers were converted to

® Abstract published i\dvance ACS Abstract$ebruary 1, 1996.

(1) (a) Heath, G. A.; Yellowlees, L. J.; Braterman, P.JSChem. Soc., and the CV ofll showed the corresponding waves+ed.38, —1.62,
Chem. Commur981, 287. Heath, G. A.; Yellowlees, L. J.; Brater- ~ —1.81, and—=2.10 V. The singly, doubly and triply reduced Ru (Os)
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Chem. Res1989 22, 364. [Bus[BF4], the auxiliary electrode was Pt wire, and the reference and
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Figure 1. Absorption and CD spectra &f-[Ru(bipy)]?* (solid line) 300 500 700 A/nm

and A-[Ru(bipy”)s]” (dashed line) both in acetonitrile solution. Note Figure 2. Absorption and CD spectra a¥-[Ru(bipy)(bipy)]* (solid

the scale change in the CD spectra between the ligand and charge“ne) and A-[Ru(bipy)(bipy )z]° (dashed line) both in acetonitrile

transfer regions. solution. Note the scale change in the CD spectra between the ligand
and charge-transfer regions. The inserts show the calculated CD spectra

Absorption spectra were run on a Beckman 5270 or Perkin Elmer (see text) for the singly and doubly reduced species (upper and lower

Lambda 9 UV+-vis—near IR spectrometer. CD spectra were obtained diagrams respectively).

on a home-built instrument constructed round a Jobin-Yvon 0.6 m

monochrometer, a Morvue photoelastic modulator, and a Bentham lock- grbjtals are fully occupied and all the antibonding orbitals are

in amplifier. Luminescence spectra were collected in backscattering empty; the lowest electronic transition is therefare— 77 (at

mode using Ar laser (496.5 nm) excitation. In this case the platinum arouna 30 000 crm). The [bipy] has the open shell config-

gauze working electrode Haa 1 mmhole cut in it through which the uration 6rr)2(2)2(s) a)s)2re)2(7)t. The electronic spec-

laser beam passed. e . , o
A-[Ru(bipy)]- and A-[Os(bipy]~ (as the Li salts) were also trumt-120f Li[bipy] shows, in addition to thers — 77 transition

synthesized by chemical reduction{Ru(bipy)ICl, or A-[Os(bipy)- (at 26, 030 cm?) three further transitionszz7 — 710 (18 370
Cl, by lithium metal in DMF using vacuum line techniques. The solid €M™ %), t7 — 79 (at 10 680 cmt), andsr; — g (at 6600 cn?).
complexes (contaminated by a little LiCl) were obtained by decanting The [bipy]™ ion also show a weak luminescenegad— 77) at
the solution of the reduced species from LiCl and removal of solvent. 16 315 cn1l.
The solids were very air sensitive but could be manipulated ina dry  The reduced specigs[M(bipy)s] 7~ (M = Ru', Od') were
inert atmosphere box. synthesized by electrochemical reduction of the divalent com-
plexes in acetonitrile solution at an optically transparent
electrode. The fully reduced aniots[M(bipy)s]~ were also

It is now accepted that the electrons added to [M(j3y) prepared by chemical reduction in DMF solution. All the
are localized on the bipy ligands so that, for example, the singly reduced species are optically stable in solution exdeffRu-
reduced species [Ru(bipy} is correctly formulated as  (bipy )], which racemizetlin MeCN solution with a half-
[Ru(bipy)(bipy)]*. It is therefore appropriate to summarize |ife of approximatey 1 h atroom temperature A-[Ru(bipy)s] -
the spectroscopic properties @ig) bipy and the €is) [bipy]~
ion. In both cases there are six bonding orbitaiszs) and (11) Konig, E.; Kremer, SChem. Phys. Lett.97Q 5, 87.
six antibonding orbitalsi;—12). In bipy itself all the bonding (12) Noble, B. C.; Peacock, R. [Bpectrochim. Acta, A99Q 46A 407.

Results and Discussion
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Figure 3. Absorption and CD spectra a-[Os(bipy)]** (solid line) Figure 4. Absorption and CD spectra a-[Os(bipy)(bipy~)]* (solid
and A-[Os(bipy")s]~ (dashed line) both in acetonitrile solution. Note |ine) and A-[Os(bipy)(bipy)2]° (dashed line) both in acetonitrile
the scale change in the CD spectra between the ligand and chargesolution. Note the scale change in the CD spectra between the ligand

transfer regions. and charge-transfe_r regions. The inserts show the _calculated CD spectra
is, however, optically stable in DMF solution and in the solid  (See text) for the singly and doubly reduced species (upper and lower
state. There are three possible reasons WHRu(bipy)s]~ is diagrams respectively).

more easily racemized than the parent or singly or doubly [M(bipy)(bipy™)2] (M = RuU!', Figure 2; M= Qd!, Figure 4).
reduced species: there is substantial electron delocalization fromThe absorption spectra of the ruthenium species are identical
ligand to metal producing a partial dpecies, the ligand field  to those reportédby Bratermaret al. The absorption spectrum

of [bipy]~ is considerably less than that of bipy, or repulsion of the triply reduced osmium complex is very similar to the
between the negatively charged bulky [bipyigands leads to ruthenium analog and to [bipy]itself with one noticeable
easier dissociation. The fact that the racemization is solvent difference. Unlike the PFeand Rl analogs the spectrum of
dependent suggests the last possibility is most likely, with MeCN [Os(bipy~)s]~ shows a complete absence of vibronic structure
coordinating to ruthenium and stabilizing the intermediate in 77 — w10 ands; — 79 transitions. It is not clear why this
although the fact that the triply reduced osmium species is should be so, but it may indicate that there is more mixing
optically stable implies that the ligand field (which will be larger between the ligangd — z* transitions and the MLCT transitions

for osmium) is also of importance. in the O complexes possibly due to the larger sporbit
Absorption Spectra of A-[Ru(bipy)3]2H+~ and A-[Os- coupling in the O% species.

(bipy)3]2t*%=. The absorption and CD spectra are presented As is the case for the ruthenium and iron complexes the

in two sets for each metal: the tris(ligand) pairs [M(big¥) absorption spectra of the singly and doubly reduced osmium

and [M(bipy )s]~ (M = RU', Figure 1; M= Od', Figure 3) complexes are the appropriate sums of the parent and triply
and the mixed ligand pairs [M(bipypipy )]™ and reduced complexes. The absorption (and luminesceit=
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Table 1. Comparison of the Absorption Band Positions (in"épfor [bipy]~ and for [Fe(bipy)s]~, Ru(bipy)s]~, Os(bipy)s]~, and

Ir(bipy)3]°
T — JT7 JT7 — JT10 JT7 — TT9 JT7 — JTg Iuminescencalo — 77 ref
[bipy]~ 26 030 18 370 10 680 6600 16 315 12
[Fe(bipy)s]~ 26 400 17 800 10 200 a 4
[Ru(bipy)s]~ 29 400 18 300 9900 a 17 650 1,6, this work
[Os(bipy)s]~ 31050 19 400 11 106 a 17 314 this work
[Ir(bipy ~)3]° 25 400 19 600 10 700 a 3,13

a Although stz — 75 can be detected in the spectrum of [bipithas not been possible to measure its position accurately in any of the complexes.
b Underlying MLCT may distort the energy a littleThese bands show no vibronic structure; the band origin position has been estimated.

Table 2. Energies #/10° cm™1) and (in Parentheses) Rotational StrengR4 @ cgs) for the CD Spectra ok-[M(bipy)3]>*%~ (M = Ru,

Os)
experiment calculated
A-[Ru(bipy)]?* 36.4 (+1.5) 34.0 ¢3.3) 36.4 (5.6) 33.5¢5.6)
A-[Os(bipy)?2t 36.1 4-2.1) 33.9¢4.1)
A-[Ru(bipy)(bipy )] * 35.7 ¢-1.2) 33.3, 26.6¢4.14) 35.9 (4.5) 33.3¢2.9) 29.4 1.6)
A-[Os(bipy)(bipy~)]* 35.6 ¢+1.2) 33.6 (2.5), 27.9 (sh)
A-[Ru(bipy)(bipy)2] 33.8 (+1.8) 30.2, 27.0€2.4) 35.0 (-2.7) 30.1 (0.6) 28.0 €2.1)
A-[Os(bipy)(bipy )2 35.4 (+3.0) 31.9 (2.5), 26.6 (sh)
A-[Ru(bipy)s]~ 31.3 +3.5) 28.0 ¢4.2) 32.2(4.2) 28.0¢4.2)
A-[Os(bipy)s] 33.5(+7.2) 29.1(4.2)

aThe calculated values are for the Ru spectra

infra) spectra of [M(bipy)s]~ (M = Fe!, Ru', Od' and 1)
and of [bipy]” are collected in Table 1.
Having completed the series [M(bip})"®~ (M = Fé', RU',

and so we would expect to see a single conservative CD couplet
with the same sign ass — 7. The best explanation we can
offer is that the major- (high energy)*(low energy) couplet

04", we can make some comments about trends in the spectraseen in the spectra of both the triply reduced' Rund O4

First it is clear (Table 1) that thes — 77 transition of [bipy]
moves to higher energy as we go from'Fe Od'. The other
two [bipy]~ transitions are less dependent on the nature of the
metal ion and appear to vary somewhat randomly in energy.
These trends are is also seen in the spectrum of [Ir(DiRe 14
This suggests that the energy of thebonding s orbital of
[bipy]~ is more affected by interaction with the metal ion states
than are ther-antibonding orbitals.

CD Spectra of A-[Ru(bipy)s]?"*= and A-[Os-
(bipy)3]2™*%=, The CD spectrum of the parent Raomplex
is well known and has been discussed in d&tailhe strongest
feature is a couplet (centerd at 284 nm) derived from the
bipyridinesr — a* (716 — 717) transition which is split by exciton
coupling into A and E components which have CD of opposite
sign and essentially equal magnitude. The principal feature in
the visible region is a pair of oppositely signed transitions under
theIMLCT band . The CD spectum of the Oparent complex
is similaft4 to the RU analog, the main difference being the
presence of &MLCT band at~650 nm. The assignmemt of

complexes is due to the; — 710 transition of [bipy]” and that
the additional CD bands are assigned to either underlying ligand
field or charge transfer transitions.

The CD Spectra of the Partially Reduced Species.The
CD spectra ofA-[M(bipy)2(bipy)]™ and A-[M(bipy)(bipy~),]°
(M = Ru", Od') are shown in Figures 2 and 4. While the
absorption spectra of the partially reduced complexes are
essentially the sums of the unreduced and fully reduced species,
the CD spectrum of the four Ruand four O% complexes are
quite distinct. This is extremely important as it gives direct
evidence that the partially reduced species behaveniasd-
ligand complexewhere the ligands are distinct bipy and [bipy]
The spectra bear a strong resemblance to those desrcibed by
BosnicH® for the [Ru(bipy)(phen}.j]>" series (with the dif-
ference that the high energy— z* transition of phen comes
to shorter wavelength to that of bipy, while that of [bipyJomes
to longer wavelength). This confirms that the partially reduced
complexes are correctly formulatedagM(bipy)2(bipy~)]* and
A-[M(bipy)(bipy™)2]° with distinct bipy and [bipy] ligands.

the charge-transfer transitions has been fully discussed byThis qualitative result can be quantified by the results of exciton

Ferguson and Herrée.
The CD spectra of the triply reduced species in the region of
thests — 717 ligand transition is straightforward. As in the parent

calculations for the UV — 77) bands of the eight complexes.
The theory required to reproduce the rotational strengths and
energy splittings of the long-axis polarizad — 77 transitions

species, the transitions located on the three ligands interact toof homotrischelated and heterotrischelated fMk-]2" com-

give Az (320 nm, Ru; 300 nm, Os) and E (364 nm, Ru; 343
nm, Os) components which show extremely clear exciton
couplets. The band width of the; — 77 transition is slightly
narrower and the exciton couplet slightly more symmetric in
A-[Os(bipy)s]~ than in the Rli analog giving support to the
suggestiord that in the Rt complex there is &VILCT transition
underlyingzs — 7. The CD in the visible region of both Ru
and O4 species is more problematic. The transition~&20

nm in both complexes is undoubtedly the — 710 transition

of [bipy]~ . This transition, likers — 77, is long-axis polarized,

(13) Noble, B. C. Ph.D. Thesis, University of Glasgow, 1987.

(14) McCaffery, A. J.; Mason, S. F.; Norman, B. JChem. Soc. A969
1428.

(15) Ferguson, J.; Herren, Ehem. Phys. Lettl982 89, 371.

plexes has been given by Maséand Bosnick respectively.

The eight spectra are reasonably well reproduced using experi-
mental values of the energies and dipole strengths ofighe

mr7 transition in bipy and [bipy}, the experimental distance
between the metal and the center of the ligand (2.63 A) and
three parameters representing the Coulombic interactions be-
tween bipy and bipy (i, 970 cnt?), [bipy]~ and [bipy]™ (V22

1400 cn1?), and bipy and [bipy} (V12, 1200 cntl) The results

of the calculations are compared with experiment in Table 2
and represented as stick diagrams in Figures 2 and 4. Such
calculations are not expected to be quantitativly accurate (in
particular due to the cancellation of the oppositly signed CD

(16) Bosnich, BInorg. Chem.1968 7, 2379.
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Figure 5. Absorption and luminescence spectra/o{Os(bipy)]?" (solid line), andA-[Os(bipy )s]~ (dashed line), all in acetonitrile solution.
Excitation was by the 488.0 nm Adaser line.

bands they are always larger than experiment); however, theytive of whether the species are produced electrochemically or
reproduce some of the most noticeable qualitative features ofby chemical reduction. The emission is stronger when excitation
the spectra such as the relative magnitudes of the two negativeis close to the origin of the [bipy] 77 — 710 absorption but

bands in the spectra df-[M(bipy).(bipy~)]" and A-[M(bipy)- the spectrum is essentially the same when obtained with UV
(bipy™)2]° and the fact that the CD of both the partially reduced excitation.

species is weaker than that of either the parent complex or the  Te interpretation of the luminescence spectra of the partially
fully reduced compound. _ o reduced species is problematic and they are not presented in
Luminescence spectra oA-[Ru(bipy)s]*"*%~ and A-[Os-  eail. Addition of the first electron ([M(bipylbipy )] ) results
(bipy)s]?**/9". The absorption and luminescence spectra of i, 5 gramatic reduction in the MLCT emission (by a factor of
A-[Os(bipy)]*" and A-[Os(bipy)s]~ are shown in Figure 5. a5t 15 in the ruthenium species and 20 in the osmium

The ruth_enium system shows similar behavior (Table 1) but complex) and the emergence of a weak emission in the energy
the osmium spectra are somewhat clearer because the twq,ange of the [bipy] 10— 77 region. Addition of the second

different emission bands are widely separated. The lumines- - : .

. electron ([M(bipy)(bipy)2]) further quenches the MLCT emis-
cegce tsp?ctra O|I-tth§ pafrentb?pe?es [Ml(tb_;]?y)have I:Jeen thet d sion and increases the [bipygmission. The potentials are such
subject ot a multitude o pum ications. |szg+enera Yy accepted yhat the ratio of the concentrations of [Os(big§)/[Os-
that the emitting state iM" (bipy);(bipy )]*", the lumines- . - "o g be~10-3 in the vicinity of the OTTLE.

cence maxima are at 16 300 (Ru) and 13 800 ts), and However taking into account the fact that the emission of
both transitions occur with large quantum yields. The lumi- [Os(bipyk]-2* is about 100 times stronger than that of

nescence spectrum of the [bipypn consists® of a single weak [Os(bipy)s]~ reduces the ratio of the emission intensity~0.1.

band at 16 315 cmi assigned to theo — 77 transition. The = ) . L
quantum yield has not been measured, but the intensity of theThus It IS posible th‘."‘t the res'd”?" MLCT emission seen after
the addition of the first electron is due to residual unreduced

emission is very weak, being comparable to that of the ; o i .
associated resorilance Raman gslcatter!%g. [Os(bipy)s]~2*. If this is so then the addltl_on of a single
It can clearly be seen that in the triply reduced spedid®s- electron completely quenches the MLCT luminescence.
(bipy™)s]~ that the MLCT emission is completely quenched and .
is replaced by a weak luminescence attributed torthe— 77 (tOAé:ksgwledgment. We thank the SERC for a studentship
transition of the (coordinated) [bipyJon. The emission spectra e
of A-[Os(bipy)s]~ andA-[Ru(bipy-)s]~ are identical irrespec-  1C951096E



