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Abstract: We have used matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry and micro-Raman spectroscopy to identify a quenching species that is formed during operation
of [Ru(bpy)s]*" electroluminescent devices. We identify this performance-degrading product to be the oxo-
bridged dimer [(bpy)2(H20)RUORuU(OH,)(bpy).]** and show this dimer to be an effective quencher of device
luminescence. This work is the first to detect a specific chemical degradation product formed during iTMC
OLED operation.

Introduction the yield of photoluminescence of the [Ru(bgy) film.62 It

was recently suggested that the formation of a quencher, such
s [Ru(bpy)(H20),]?", could be the cause of [Ru(bp}A"

deV|ce degradatiohHowever, this quenching species has not

h- been found in a device to date. Identifying the chemical changes

anisms of degradation of organic films under device operation that take place during device operation may allow the synthesis
conditions. To this extent, electroluminescent devices based on®f More stable materials and lead to significant improvements
ionic transition metal complexes (iTMCs) such as [Ru(Gy) in device lifetime, not only in the case of iTMCs, but also for
where bpy is 2,2bipyridine2-7 represent a valuable system for the general class of transition metal complex devi€es.
degradation studies. These devices have recently attracted We have used matrix assisted laser desorption/ionization time-
interest because, contrary to conventional OLEDs, they show of-flight (MALDI-TOF) mass spectrometry and micro-Raman
efficient operation using air-stable electrodéslhis is due to spectroscopy to identify a quenching species that is formed
the presence of mobile ions in the film that redistribute under during the operation of [Ru(bpyjf+ organic electroluminescent
bias and assist the injection of electrons and hbfess a result, devices. We identify this performance-degrading product to be
these devices allow one to probe the degradation of the organicthe oxo-bridged dimer [(bpy)H20)RUORu(OH)(bpy)]** and
film under conditions of bipolar injection, without interference  show this dimer to be an effective quencher of device
from electrode degradation. luminescence. MALDI-TOF is capable of detecting femtomole
Even with air-stable electrodes, [Ru(bgly) devices show  quantities of analytes, and since ruthenium has several naturally
an irreversible degradation that has been linked to the decay ofoccurring isotopes, mass spectra of ruthenium-containing species
show distinctive patterns that are characteristic of the number
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The field of organic electronics has experienced dramatic
advances in the past two decades, as devices like organic Ilgh
emitting diodes (OLEDs) are now in commercial producfion.
A central issue in this field involves understanding the mec
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Experimental Section

Solvents and reagents for synthesis were purchased from Aldrich
and used without further purification. The details of the synthesis of
[Ru(bpy)]?"(PR)2 have been described elsewhére.

Synthesis of [(bpy}(H.0)RUORu(OH,)(bpy).]**(PFs")a. Dichlo-
robis(2,2-bipyridyl)ruthenium(ll), Ru(bpy)Cl.-2H,0, was synthesized
as previously described by Sullivan et'al.

Ru(bpy}Cl2*2H,O (500 mg, 1.03 mmol) was then dissolved in 30
mL of water, to which 175 mg of AgN©was added, and heated to
reflux with stirring for 2 days. Subsequently, 150 mL of water was l

1 l al l ]
415 420

Intensity (Arbitrary Units)

added to the reaction flask, which was then filtered and the complex
precipitated with 2.0 g of NkPFs. The solution was filtered, washed 405 410
with excess water, and dried with ether. A yield of 35% was obtained miz
after recrystallization from a mixture of acetonitrile and ether. The
material was subsequently characterized using cyclic voltammetry and
UV —vis spectroscopy.

iTMC OLED Device Preparation. Devices for MALDI-TOF and
Raman spectroscopy were spin-coated from acetonitrile solution and
prepared with ITO and Au electrodes, as described previéBsuices
based on blends of [Ru(bpj* (PR ). and the oxo-bridged dimer were
prepared similarly using acetone as the solvent.

Mass Spectrometry.Samples were prepared for MALDI-TOF mass
spectrometry using the solvent-free method recently described by
Trimpin et al.}® and elaborated by Hanton and Par&&<€) mg of matrix
(6-aza-2-thiothymine, nominal mass143 Da) was placediia 4 mL Al l U U |
cylindrical vial with two zinc plated BB$® The solid analyte, scraped 365 ;0 375 380 385
from the active area of the ITO/[Ru(bp}dt (PR )/Au devices, and mi/z
amounting to about 0,69 of material, was carefully transferred to the  Figure 1. (Upper trace) Computed peak pattern for [Ru(bpy)H] " (one
BBs using a sharpened microspatula, and the capped vial was agitateduthenium atom). (Lower trace) Computed peak pattern for [{fbig]D)-
for 2 min on a vortex mixer. This process has been shown to produce RUORU(OH)(bpy), — 3H]* (two ruthenium atoms).
an intimately mixed fine powder with a particle size of arounahi.*®
The powder was then pressed onto the stainless steel MALDI target  Thin film reference samples were prepared by spin-coating from
and the excess blown away with a stream of air. This sample preparationsolution onto 15 mm diameter Spectrosil substrates and baking for 2 h
method has several advantages of importance in the present work. Theret 80°C in a nitrogen glovebox. The Raman spectra for [Ru(HBy)
is no segregation of the analyte from the matrix as occurs upon solvent (PR ), and [(bpy}(H-O)RuORu(OH)(bpy)]** reference samples were
evaporation in the usual dried droplet preparation method. This recorded immediately after removal from the glovebox. Otherwise, no
characteristic results in excellent spot to spot reproducibility, which is special precaution was taken to prevent sample exposure to air.
important when there is limited analyte. Also, there is no question of  The as-measured Raman spectra for [Ru@pyPF). and the
solvent-mediated changes in the analyte. Because the sample is dryyirgin ITO/[Ru(bpy)]?*(PFs)/Au device are complicated by the
the finely ground mixture can be kept intact and additional spectra can presence of a fluorescence background which hampers observation of
be run over a prolonged period of time. the intrinsic Raman shifts. For this reason, polynomial fits were applied

Mass spectra were run on a Bruker Omniflex benchtop mass to these spectra, and these fits were numerically subtracted from the
spectrometer in positive ion reflectron mode with a target potential of as-measured spectra to provide the adjusted spectra presented in Figure
19 kv, accelerating voltage of 14.8 kV, ion extraction delay of 300 ns, 4. |n this way, the relative scaling of the intrinsic Raman shifts is
and laser power of around 16 from a 337 nm nitrogen laser. This  preserved.

(relatively high) power was required to desorb/ionize the oxo-bridged

dimer species. Spectra were recorded by averaging 50 laser shots. Thgresults and Discussion

instrument was calibrated using cesium iodidg,@s" positive clusters

as an external reference. Interpretation of Mass Spectra of Ruthenium-Containing

Micro-Raman Spectroscopy.Raman spectra were obtained with a ~ Species.Ruthenium has six isotopes with natural abundances
Renishaw 2000 Raman microscope. A HeNe laser (633 nm) excitation greater than 5%, which lead to characteristic patterns in the mass
source was focused on the sample with either & 59 a 100« spectra of ruthenium-containing species and enable distinguish-
microscope objective, and the scattered Raman signal was coIIecteding mononuclear from dinuclear ruthenium compounds.

through the same objective and detected by a CCD camera. In the . .
absence of electrical drive, no sign of degradation of the films upon ~ COMputed peak patterns resulting from the naturally occurring

exposure to the Raman laser was observed on the time scale of théSOtOp?S of ruthenium. are shown in Figure 1 fo_r one- and_ two-
measurements involved. All spectroscopic measurements were recordeduthenium atom species. The patterns of relative intensity for
in air. In the case of the devices, the spectra were recorded through thethe first four peaks in the sequence and also for the four peaks

'S
S
(=)

Intensity (Arbitrary Units)

top (Au) electrode. beginning with the highest peak are quite different in the one-
and two-ruthenium cases. These patterns, in addition to the mass

(12) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem1978 17, 3334, i i

(13) Trimpin, S.; Rouhanipour, A.; Az, R.; Rader, H. J.;'IMun, K. Rapid of a species (r_eported as the mass correspondmg to .the mOSt
Commun. Mass Spectro001, 15, 1365. abundant Ru isotope, 102 Da), make it possible to identify

(14) Hanton, S. D.; Parees, D. M. Am. Soc. Mass Spectro2005 16, 90. H P ; : e A

(15) Premium grade, 4.5 mm Zn plated, ultra smooth, steel air gun shot, Daisy §peC|es from their mass spectra with Cor_mdence' This identifica
Outdoor Products, Rogers, AR. tion also depends on the fact that, in MALDI-TOF mass
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Figure 4. Raman spectra from a virgin ITO/[Ru(bg}d"(PFs~)2/Au device,
known films of [Ru(bpy}]? (PR )2 and [(bpy}(H20)RUORU(OH)(bpy)]**-
400 500 600 700 800 900 (PR7)4, and an ITO/[Ru(bpy) 2" (PFRs™)2/Au device run to extinction. The
miz spectra are offset along thyeaxis for clarity.

Figure 2. (Green upper trace) MALDI-TOF mass spectrum for material and the absence of a [Ru(bpy) H]* cluster can be attributed
from a virgin ITO/[Ru(bpy)]*"(PFs")/Au device. (Red lower trace)  tg the high laser power used in this experimérfeigure 2 also
le‘lal:\'/}zg':u??jszsﬁit:tzu? L%r. material from a ITO/[Ru(bgly) (PFs)q/ shows the mass spectrum of material from a ITO/[Ru(88Y)
(PR7)2/Au device that was operated at 4Vrf@ h (lower red
\ trace). This device was on the same substrate as the virgin device
and hence was subject to the identical processing and environ-
mental exposure. Four significant dinuclear ruthenium peak
Calculated clusters have appeared in the red tracanat877, 722, 538,
and 482. Then'z 877 peak cluster corresponds to the calculated
spectrum for [(bpy)H20)RUORU(OH)(bpy). — 3H]*, while
them/z 722 cluster corresponds to [(bpiH.O)RuORu(OH)-
) (bpy) — 2H]". Because of interaction between the analyte and
Dimer matrix in the MALDI “plume” produced by the laser pulse,
analyte molecules can gain or lose varying numbers of hydrogen
atoms; this phenomenon has been well documented for ruthe-
nium complexes, for examplé. The mass of the oxo-bridged
Run Device dimer calculated for the most abundant ruthenium isotope is
880 Da, but that species has a chargetdf. Therefore, the
870 875 880 885 corresponding+1 species observed in the MALDI mass
m/z spectrum is [(bpy(H20)RUORuU(OH)(bpy). — 3H]* which
Figure 3. (Black upper trace) Calculated mass spectrum for [({pigD)- appears atwz 877.

RUORu(OH)(bpy), — 3H]". (Blue middle tracejwz 877 peak cluster for ;
synthesized [(bpy{H-0)RUORU(OH)(bpy)]**(PFs"). (Red lower trace) Th? dInUCIe.a.r clusters an'z .538 and 482 are fr(?m related
m'z 877 peak cluster for material from an ITO/[Ru(bgfy (PFs")2/Au species containing fewer bpy ligands. It is unclear if these latter

device run fo 2 h at 4 V dc. peaks are formed during device operation or via fragmentation
of the m/z 877 species by the MALDI laser.

spectrometry, the observed species are nearly always singly To elucidate the molecular identity of the 8Tz peak

charged iond?® cluster, Figure 3 presents a comparison of the calculated
Recent work has shown that care must be taken to avoid spectrum for [(bpy) H>O)RUORuU(OH)(bpy), — 3H]" (black

misinterpreting Ru isotope patterns if the peaks from a matrix trace) with the mass spectrum from a known synthetic sample

adduct overlap those of the analyte speéiaa/e have avoided  of the dimer [(bpy)(H.O)RUORU(OH)(bpy)]*(PFRs~)4 (blue

that problem in the present work by using ATT as the matrix, trace). Figure 3 also shows th@&z 877 cluster from the device

which has a mass (143 Da), well separated from that of the run at 4V (red trace), which is essentially identical to that of

bipyridyl ligands (156 Da). the synthesized dimer. This leads us to conclude tt&bxo-
Mass Spectra of Ruthenium-Containing Material from bridged dimer [(bpy)H20)RUORu(OH)(bpy)]*" is being

iTMC OLED Devices. Figure 2 shows the mass spectrum of formed in ITO/[Ru(bpyj?*(PFs")/Au devices during deice

material from a virgin ITO/[Ru(bpy]?*(PF)2/Au device in operation.

the upper green trace. The principal peak clusters have one- Various reaction pathways have been suggested concerning

ruthenium isotope patterns and correspond to [Ruhpy]™ electrochemical formation of the oxo-bridged dimer from

(nominal mass for most abundant Ru isotepd13)fland the  [Ru(bpy)]?*.1*"2* The role and origin of water in this process

matrix adduct [Ru(bpy)+ ATT — H]* (nominal mass for most ~ remain an open guestion.

abundant Ru isotope 556). The predominance of these clusters

[

Intensity (Arbitrary Units)

(18) Ham, J. E.; Durham, B.; Scott, J. R Am. Soc. Mass Spectrog203 14,
393, and references therein.
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Raman Spectroscopy of iTMC OLEDs. We have also Table 1. Maximum Luminance and External Quantum Efficiency
- : hri : : - of ITO/[Ru(bpy)s]?*(PFs~)2/Au Devices with Various
co_nflrme_d the formation of oxo-bridged d_|mers in these devices Concentrations of [(bpy)s(H20)RUORU(OH2)(bpy)al** (PFe-)a,
using micro- Raman spectroscopy. Figure 4 compares theAverage of 3 Devices

Raman spectra of a virgin ITO/[Ru(bp}d" (PR ~)2/Au device

. ) ‘ o oxo-bridged maximum maximum external
and a device driven f@ h at 4V(the same operating conditions dimer (wt %) luminance (cd/m?) quantum efficiency
as described above) with the spectra from reference samples of 0 1400+ 100 107+ 0.07%
[Ru(bpy)]**(PFs)2 and [(bpy}(H20)RUORuU(OH)(bpy)]**. 0.1 1000+ 100 0.97+ 0.09%
The spectrum of the virgin device shows the features of the 1 560+ 50 0.24+ 0.04%

84+ 7 0.0154+ 0.001%

[Ru(bpy)]?t(PFs )2 reference sample. The Raman spectrum of
the driven device differs noticeably from the virgin device. In
particular, the driven device shows a pattern of peaks at around
380 cn1! that are characteristic of the RO—Ru moiety?1:22
distinctive features that are also found in the [(B}O)-
RUORuU(OH)(bpy)]** reference sample. A time-resolved ex-
periment has shown the incremental appearance of these peak€onclusions

under electrlpal d”}’?; this experiment will be reported else- \yq haye used matrix-assisted laser desorption/ionization time-
where, a_s will addlt_lonal deta_||s O_f th_e R_aman work. These of-flight (MALDI —TOF) mass spectrometry to identify the oxo-
obserya’uon; establish that dimerization indeed results from bridged dimer [(bpy)H20)RUORU(OH)(bpy)]*+ unambigu-
electrical drive, not from the MALDI laser. ously as a species that is formed in [Ru(kjp3/ PR ). devices
Measurements on DImeI’-DOped iTMC OLEDs.Table 1 during device Operation and have shown [(Qm)o)RUORU'
gives the maximum luminance and external quantum efficiency (OH,)(bpy),]** to be an effective quencher of device lumines-
of devices based on blends of [Ru(bfl§)(PFs")2 and the  cence. Raman spectroscopy confirmed that the dimer is gener-
dimer. Evidently, [(bpy)H20)RUORU(OH)(bpy)]**(PFs )4 is ated during the operation of the iTMC device.
an effective quencher of device luminescence, as the maximum _
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