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Coexistence of Ligand Localized and MLCT Excited States in a
2-(2-Pyridyl)benzo[g]quinoline Complex of Ruthenium(ll)
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The photophysical behavior of complexes of the type [(BRuIL)](PFs)2, where L is a 2-(2pyridyl)quinoline

or 2-(2-pyridyl)benzofjquinoline derivative, was investigated in acetonitrile solutions and ethanol-methanol glasses.
The luminescence from each complex originates from a metal-to-ligand charge transfer excited state and the
energy of the emission maxima correlate with other reported quinoline complexes of Ru(ll). Thpy2idgl)-
benzof]quinoline complex has a unique transient absorption spectrum with a decay rate constant approximately
30 times less than the luminescence decay rate constant, indicating the existence of two nonequilibrated excited
states in the complex. Comparison with other related complexes suggests the long-lived transient absorption
may be due to a ligand localizedr (— z*) excited state. The pyridylquinoline complex exhibits behavior
characteristic of a single MLCT excited state.

Introduction

The photophysical behavior of transition metal complexes
contains numerous examples of complexes which exhibit
luminescence from metal-to-ligand charge transfer (MLCT)
excited statés® and complexes which also exhibit emission
from excited states that can formally be described as ligand
localized state$. Far fewer examples exist of complexes having
two coexisting spectroscopically observable excited stafe&’
Some metalloporphyrins exhibit phosphorescence and delaye
fluorescence resulting from intersystem crossing from the triplet
back to the higher energy singlet excited stdteA variety of
Rhenium(l) diimine complexes show evidence of luminescence
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from both3MLCT and intraligand %IL) excited state§-8 In
addition, examples exist of dual luminescence fréiln and
metal centered (dd) states as well as luminescence from two
different3IL states in mixed ligand complex&4® More subtle

are complexes which luminesce from one state, but populate a
second state which is detectable only via techniques other than
luminescence measurements. Recently we have prepared
several Ruthenium(ll) diimine complexes which have unique

Otransient absorption spectra with decay rates differing substan-

tially from those of the observed luminesceficelhe free
energy dependence for luminescence quenching with a series
of triplet energy quenchers differs from that for quenching of
the transient absorbance, and the implication is that the transient
absorbance is associated with®la state. In this work the
photophysical behavior of Ru(ll) complexes of the ligands
shown below is described. For complexes of the type [@ify)

(L)], the complex containinglmpqg exhibits a photophysical
behavior similar to that of other pyridylquinoline complexes
previously reported. The complex havidgipbq shows clear
evidence for the coexistence of different nonemissive and
luminescent states.

Experimental Section

The syntheses of the ligands, '‘3dimethylene-2-(2pyridyl)quinoline
(dmpgj*2and 3,3-dimethylene-2-(2pyridyl)benzofjquinoline (dmpbg)®
have been reported elsewhere. The complexes {Bp{0ImpQq)](Pk)2
and [(bpy}Ru]Cl, were available from previous wofk!c Acetonitrile
used in all spectroscopic experiments was distilled from Gatér to
use. NMR spectra were obtained using a General Electric QE-300
NMR spectrometer. Uwvis spectra were obtained using a Hewlett-
Packard 8452A diode array spectrophotometer.

Complex Syntheses. [Ru(dmpbq)(bpy](PFe).. In EtOH—H,0
(1:1, 10 mL) was dissolved dmpbq (28.2 mg, 0.1 mmol) and [Rugbpy)
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Results and Discussion

Complex Syntheses.The complex [Ru(dmpq)(bp3(PFs):
has been reported previousiyand the complex [Ru(dmpbq)-
(bpy)k](PF6) was prepared in the usual manner. To facilitate
identification of the latter complex, we also prepared [Ru-
(dmpbq)(bpyds)2](PFs)2, which simplified the aromatic region
of the’H NMR sufficiently to allow complete assignment of a
2D COSY spectrum (Supporting Information).

Redox and Spectroscopic Behavior.The complexes of
dmpq and dmpbq represent additions to the large number of
complexes having the formula [(bpRu(L)]>", where L is a
bidentate ligand=2 The extensive work of several research
groups has resulted in various general correlations of redox and
spectroscopic properties of this class of complexes when L
represents a series of structurally related ligands. Absorption

and luminescence maxima of MLCT transitions are linearly
related to the difference between the potentials for one electron
oxidation and reduction of the complexedz°.17-19 In addition,

dmpq

Cl(Hz0),]* (43.1 mg, 0.085 mmol). The solution was refluxed for 410 constants for nonradiative relaxation from the MLCT state
17 h and then cooled to room temperature. 4RH (56 mg, 0.35 mmol)

was added, and the solution was stirred at room temperature for 3 h.!N S?rles of .the Comp.lexes_ have bee_n ShO_WI’l t(.) follow “golden
The red precipitate was vacuum filtered to afford 40 mg (48%) of a 'Ule” behavior wherein a linear relationship exists between In
solid which was recrystallized from toluene/@EN (1:1). The!H ki Wherek,r is the nonradiative decay rate constant of the
NMR of the complex exhibited the correct aliphatic:aromatic proton complex anden is the emission energy?* These observations
ratio of 26:4 and complete characterization was accomplished via the are consistent with high efficiency population of a single excited
analogous bpyls complex. state which is charge transfer in character. The complexes in
[Ru(dmpba)(bpy-ds)z](PFe)2. The procedure described above was  the series reported in this work contain diimine ligands with

fj;"%“ﬂ uzséng rimpg%gg'#mgl' ?'OSr m_’g(")zgr:g [RGUE;((E;WZ?'T 1oq uinoline or benzaflquinoline functionalities. The photophysi-
'(:rjstzjls. 1(H l.\lMRg&S0.0 MHz Cclg)(:ﬁ)péo;S; (s 1,_? (H) é’)ﬁ (as €4 cal behavior of the quinoline derivative is similar to that of
1H ,.,4)'8_03 (d, 1H,] = 85 Hy H), 7.92 '(d 1HJ = 7.5 Hz ,_h,)' related complexes reported earlier, however, the behzo[

7.85 (s, 1H, Hp), 7.54 (dt, 1H, H), 7.53 (d, 1H,J = 6.5 Hz, H), 7.43 quinoline complex exhibits unique differences. Results for the
(dt, 1H, H), 7.35 (dd, 1H, H), 7.11 (d, 1H,J = 8.5 Hz, H)). The 2D two complexes are given below; correlation with complexes
COSY spectrum of this complex is available as supplementary material. previously reported is also made.

Luminescence Measurements.Room temperature luminescence Redox Beha\nor. Table l glves potentlals for the one
spectra and quantum yields were obtained in freeze pump thaw degasseglectron oxidation and one electron reduction of each complex,

acetonitrile solutions of the complexes. Spectra were obtained using . .
a SPEX Fluorolog spectrofluorimeter equipped with a 450 W Xe arc labeledE(l1I/1l) and E(II/1), respectively. The potentials were

lamp, thermostated cell holder, single grating monochromators with obtained by cyclic voltammetry in acetonitrile solutions. Both
fixed slits, and a liquid N cooled CCD detector. Spectra were not  E(llI/Il) and E(Il/1) appear to be both chemicallypipc = 1)

corrected for detector response. Quantum yields were measured relativeand electrochemicallyE, ~ 60 mV) reversible. In each case
to [Ru(bpy}|Cl2in H20.* Luminescence spectra at 77 K were obtained  the voltammetric waves correspond to one electron processes.

using the above equipment and 4:1 ethanol:methanol glasses containingncluded in Table 1 also are potentials for other quinoline or
the complexes.

Room temperature luminescence lifetimes were obtained by time
correlated single photon counting using a home built instrument. The
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Table 1. Redox Potentials, Absorption Maxima, and Luminescence

Maxima in Acetonitrile Solutions at Room Temperature for
[(bpy).RU(L)](PFs). Complexe’d 27
E(/Y, EQ), AE, Amax MM Eem, M > 26

ligand L® \Y Y, \Y (eV) (eV) ref 2
bpy 126 —134 26 452(2.74) 614(2.02) 1 S
dmpq 131 -—1.11 2.42 480 (2.58) 680 (1.82) thiswork 24
dmpbq 1.32 —-0.95 2.27 512 (2.42) 780 (1.60) this work

biq 133 -—0.91 2.24 526(2.36) 742 (1.67) 25

DMCH 125 —1.00 2.25 528(2.34) 736 (1.68) 26

pyq 1.27 —1.13 2.40 478(2.59) 700 (1.77) 27

ibig 1.22 —1.38 2.60 450 (2.75) 610 (2.03) 28 o

a2 Redox potentials vs SSCE; supporting electrolyte is tetraethylam- -
monium perchlorate? Key: biq = 2,2-biquinoline; DMCH = 5,6- g
dihydro-4,7-dimethyldibenzo[3,8:2',3-j]-1,10-phenanthroline; pysf =
2-(2-pyridyl)quinoline; ibiq= 2,2-isobiquinoline.

1.5 L L

isoquinoline derivatives previously report&€d3® The one
electron oxidation is metal localized for all the complexes
(eq 1). As can be seen from the table, variations in L result in

1)

only small changes i&(Ill/ll). It is interesting to note that the
most important factor influencing(llI/Il) in this series is the
position of the benzo ring in the quinoline or biquinoline. Since (MLCT) transition of each complex are given in Table 1. The
E(II/II) is a metal-centered process, the potential will most absorption involves either Rufl — bpy(z*) or Ru(dr) —

directly relate to the relative electron density on the heteroatoms(77*) transitions. In general, the lowest energy MLCT transi-
composing the coordination sphere; for diimine ligands this is tion for a series of complexes having very similar coordination

L L
25 2.7

AEO, V
Figure 1. Energies of absorption maxima (A) and luminescence
maxima (B) for quinoline containing complexes as a functioABf,
the difference in one electron oxidation and reduction potentials for
the complexes in room temperature acetonitrile solutions. Filled triangles
correspond to dmpq and dmpbg complexes.

24 2.6

[(bpy),RU" (L)]*" + e =[(bpy),Ru" (L)]**

directly related to thelg, of the nitrogen base. Thekgvalues
for the hydrochloride salts of quinoline and isoquinoline are
4.5 and 5.4 respectivef),consistent with the relative difference
in E(11I/I) observed between thkig andibiq complexes. The
relatively low Ru(lll/ll) potential of the DMCH complex, a
quinoline derivative, results from the addition of two methyl
groups to the ligand.

The E(1I/1) potential represents reduction of the most easily
reduced diimine ligand which is the unique ligand (eq 2) in

(@)

each case except for 2;Bipyridyl and isobiquinoline (ibiq)
derivatives, for which the reduction may be either bpy localized
or rapidly equilibrating by intramolecular electron hopping
between ligand3! Previous ESR and resonance raman
spectral studiéd indicate that the electron is preferentially

[(bpy) RUL)*" + &~ = [(bpy),Ru(L )]

localized on the most easily reduced ligand unless reduction

potentials of the ligands vary by less than approximately 100

mV. One electron reduction of [(bpyBul?™ occurs at—1.35

V vs SCE in acetonitril® while reduction of most of the

quinoline or biquinoline complexes occurs at potentials-200

300 mV positive relative to the bpy-localized reduction.
Absorption and Luminescence Properties. Absorption

maxima for the lowest energy metal-to-ligand charge transfer
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spheres (i.e. all imine type nitrogen heterocycles) will involve
the ligand having the lowest one electron reduction potential.
For the complexes listed in Table 1, the lowest energy MLCT
transition is Ru(a) — L(xz*) for all of the ligands except bpy
and ibiq. The difference in ligand* levels between bpy and
ibig is small enough that MLCT transitions to particular ligands
are not resolved. As stated earlier, for series of complexes
having charge transfer transitions the relative absorption maxima
for the lowest energy MLCT transition should be linearly related
to the difference between electrochemical potentials for one
electron oxidation and reductid.1® Figure 1A shows the
correlation obtained for this series of complexes. Values for
the dmpqg and dmpbg complexes, shown as triangles in the
figure, follow the trend of the series.

The luminescence maxima for the series of complexes in
room temperature acetonitrile are also given in Table 1.
Luminescence is typically only observed from the lowest energy
SMLCT state in room temperature solutions of metal diimine
complexes. ThéMLCT state results from intersystem crossing
from the !MLCT state(s) and has been shown to form in high
yield for several ruthenium(ll) diimine complex&s Exceptions
exist for complexes where the lowest energy state is ligand
localized, yielding structured phosphorescence from 3he
state; this is frequently observed for Rh(lll), Ir(lll), and Pt(Il)
complexes of phenanthrolirfel®23 As with MLCT absorption,
luminescence from MLCT states for a series of complexes is
linearly related toAE°. The results for this series are shown
in Figure 1B. With the exception of the dmpbg complex, a
reasonable linear correlation exists with a slope of 1.03. The
fact that the dmpbg complex does not fit in the series may
suggest that luminescence from this complex is from a state
other than a purely MLCT stateifle infra).

More detailed information on the complexes examined in this
work is given in Table 2 including the luminescence lifetimes
for the dmpg and dmpbg complexes at room temperature,
luminescence quantum yields in room temperature acetonitrile,
calculated radiative decay rate constants, and emission maxima
in 4:1 ethanol:methanol glasses at 77 K. The results indicate
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Table 2. Luminescence Properties of [(bpRu(L)]?" Complexes in

Room Temperature G&N and 4:1 Ethanol:Methanol Glasses at 77

K and Transient Absorption Lifetimes in Room Temperature

CH:CN
208 K 77K 0.08
ligand Tem NS ¢em  k x 10, S Taps N  Eem, NM (V) é 0.04
dmpq 660  0.01 2.1 720 650 (1.90) <
dmbpq 35  0.0006 1.7 960 770 (1.61) 0
bpy* 860  0.086 10.0 800 580 (2.13)

aLifetimes +10%. " Lifetimes +15%. ¢ Reference 12.
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Figure 3. Transient absorption spectrum of [(bgiRu(dmpbq)](PE)2
(--®@--) and spectrum calculated by subtracting ground state absorption
of [(bpy):Ru(dmpbq)](PE). from the transient absorption spectrum
dmpbq ¢).

intensity dependence studies indicate the transients observed

015 were formed via monophotonic excitation in each case. The

; M dmpg complex has a transient spectrum characteristic of

W

< 00 complexes havinMILCT excited states. The spectrum includes
< 0

a strong absorption betwen 350 and 400 nm, characteristic of
the dmpq anion radicald— z*), and bleaching in the 425

500 nm region reflects loss of the ground state MLCT
absorption. The additional weak absorption between 550 and
600 nm has been assigned for [(bfW]** as an — =*
transition of the bpy anion of the excited st&t@® The decay

of the transient absorbance is single exponential and the decay
rate constant obtained is within experimental error of the
luminescence lifetime (Table 2).

that the dmpbq complex exhipits much weaker Iuminescenpe Transient absorption of the dmpbg complex shows a sharp
and has a much shorter lifetime than the dmpqg complex in yenaryre from the luminescence behavior. A transient is
solutions at room temperature. The shorter lifetime is expected jp<arved with a lifetime of nearly s, in contrast to the 35 ns

based .”F’O';f"”S‘der?‘“F’” of the energy gap law for nonradiative,jce(ime opserved for the luminescence. The vast difference in
relaxation®?* The radiative decay rate constants were calculated decay rate constants clearly indicates that two different non-

ﬁ;rer][mefr&m_the ;";‘t'c:;f r:sluurmlnneslﬁ?nr:ﬁgs?:iirx?s)Qs)krjnaz:d equilibrated excited states exist. The observed transient spec-
3 = Perl Ten)- 9! . trum differs in relatively subtle ways from the spectrum of the
MLCT state which is populated by intersystem crossing from dmpg complex. The general trend of a strong absorption in

a IMLCT state, the observed radiative decay rate constant . .

: . - the blue, bleaching of the ground state absorption and a weaker
represents the product of the intersystem crossing efficiency and A ; .
the radiative decay rate costanisck. For [Ru(bpy)]** and absorption in the green and red is observed for this complex.
several other Ru(ll) complexes having three diimine ligands However, the relative absorptl_wty of_the green/red absorption
the value ofyisc has been determined to be uméy Results of is half that of the blue .absorptlon while fqr Fhe d".‘pq .complex
numerous previous studies yield observeaalues for Ru(ll) the green/red absorption has an absorptivity which is at most
diimine complexes between 5 and ¥010* s~ and the values 15% that of the blue absorbance. While it is possible that a

MLCT excited state is responsible for the transient absorbance,

for the dmpq and dmpbq complexes are somewhat low. The " ; ) e .
it is also conceivable that the excited species is a ligand localized

simple implication is thagisc is less than unity which indicates . 3 X -
that either the!MLCT state relaxes back to the ground state triplet, 3IL, state. Alternatively, the excited state may form an

exceedingly rapidly or another excited state is formed by an €xcited state complex (exciplex) with the solvent. Direct
independent intersystem crossing process. If intersystem cross€xcitation of a degassed solution of the dmpbq ligand yields a
ing does occur from th&MLCT state to another excited state, transient having absorption maxima at 400 and 440 nm with
it is possible that excitation into ligand-localized states will lead Proad absorption continuing into the green; the green absorption
to relaxation into states other than thdLCT state. It should  has slightly less than half the molar absorptivity of that of the
be noted that corrected excitation spectra®dt.CT emission 400 nm maximum. Subtraction of the ground state absorption
of both complexes are very similar to the absorption spectra. Spectrum from the transient spectrum of dmpbq yields the
Excitation into ligand localized absorption bands does result in Spectrum shown in Figure 3. The solid line represents the
population of the emitting MLCT excited state. Even at 77 K calculated spectrum and the solid points are those obtained for
luminescence is exclusively from tRBILCT state, in contrast  [(bpy),Ru(dmpbq)}*. While the correspondence of the two
to Re(l) complexes which exhibit structured luminescence from spectra is not exact, the spectral trends suggestithetate

a ligand localized state in frozen solutiohd? assignment is not unreasonable.

Transient Absorption Spectra. Excited state absorption An alternative explanation for the long-lived transient is
spectra of dmpg and dmpbqg complexes are shown in Figure 2.exciplex formation with the solvent. Watts and co-workers have
In all cases excitation was with the 308 nm emission of a XeCl recently shown that exciplexes form between 8-quinolylphe-
excimer laser; typical intensities werel0 mJ per pulse, and  nylmethylsilane complexes of Ir(lll) and donating andr

-0.05

0.1 J i ] i
350 400 450 500 550 600
Wavelength, nm

Figure 2. Transient absorption spectra of (A) [(bpRu(dmpbq)](PE)-

at0.25 @), 0.5 (a), and 1 @) us after excitation and (B) [(bpyRu-

(dmpQq)](Pk). at 0.25 @), 0.5 (&), and 0.75 M) us after excitation in
acetonitrile solutions at room temperature.
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accepting solvent® Vastly different lifetimes are observed properties of aza derivatives of aromatic hydrocarbons with
between the luminescence decay and the decay of ground stat¢hose of the hydrocarbons suggests that, for a given type of
bleaching and luminescence lifetimes are solvent dependent,excited state, little change occurs upon inclusion of the
varying by more than a factor of 5 between acetonitrile and heteroatom. The implication is that triplet energies of parent
butanol. In addition the transient spectrum evolves from that hydrocarbons can serve as reasonable approximations for the
of the initial charge transfer state to a spectrum which shows triplet energies of aza derivatives. For the complexes of dmpq
only ground state bleaching. For [(bpRu(dmpbg)}™ the and dmbpq the hydrocarbon analogs are naphthatene @.6
lifetime varies only slightly between acetonitrile, ethanol and V) and anthraceneEy = 1.8 V), respectively. Anthracene
CHCI, and the transient spectrum is invarient at times greater triplets are clearly lower in energy than tRdLCT state formed
than 100 n$* Thus, while exciplex formation cannot be upon excitation while the naphthalene triplet is not energetically
excluded, the absence of a solvent dependence for the lumi-accessible from théMLCT state. Thus there is significant
nescence and transient absorbance decays and the similarity oévidence to suggest that intersystem crossing to a triplet ligand
the transient spectrum obtained with the spectrum generatedlocalized excited statél() can occur in complexes for which
from the ligand transient and the complex ground state absorp-the 3IL state is lower in energy than thiMLCT state. The
tion lead us to favor 8L assignment for the long-lived transient dmpbg complex reported here may represent another complex
absorbance. exhibiting this behavior. We are presently examining other
The results for dmpg and dmpbq illustrate that examination complexes having ligands which have extended delocalization
of ground state absorption and luminescence is not necessarilywhich may result in low energy ligand-localized excited states.
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