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Electroluminescence in Ruthenium(ll) Dendrimers
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We have investigated the electroluminescent properties of polyamidoamine dendrimers containing pendant
[Ru(bpy)]*? chromophores. Devices were made using indium tin oxide (ITO) and gold electrodes, and they
were compared to devices made from [Ru(BpY) films. The turn-on time, steady-state current, and
electroluminescence efficiency were analyzed in order to provide information about the ionic and electronic
carrier mobilities and the degree of self-quenching of luminescence in these materials.

Introduction Electrically and optically active dendrimers for applications
] - in organic light-emitting devices have already been reported in

The use of polypyridyl complexes of transition metals as tne |iterature?®-3° Dendrimers offer an interesting architecture
solid-state light-emitting devices has become a very exciting for assembly of metal complexes. Many of the properties that
field in recent year:22 Previous studies of these materials in  make dendrimers potentially useful in other areas also make
solution have shown very efficient light emission via electro- them useful in device design. They form in well-defined patterns

generated chemiluminesceriéeince a similar emission mech-  that allow for control of weight, topology, cavity size, and

anism is proposed for the solid-state, high-efficiency devices gyface functionality. The use of dendrimers in OLEDs allows
based on thin films of these materials should be feasfle. for manipulation of spatial, electronic, surface-binding, and
Indeed, high quantum efficiency and high radiant output have mglecular interactions of the chromophores. For example,
been achieved for organic light-emitting devices (OLEDs) based Freeman et &S have designed a dendrimer with arms that act
on ruthenium and osmium bipyridyl complexés2 These a5 hole transporters, which transfer electrons to the strong
complexes show great promise because they exhibit reversibleacceptor fluorophore in the dendrimer core via asker process.
and stable reduction and oxidation, as well as luminesce with Hajim et al3* and Lupton et a3 used a phenylenevinylene-
reasonably high efficiency. These factors allow these materials hased dendrimer as the basis for an OLED. The dendrimer has
to act both as hole and electron transporters and as emittersg distyrylbenzene core for light emission and stilbene arms for
thus reducing the number of device layers typically seen in charge transport. They were able to obtain good emission at
conventional OLEDS? Moreover, the presence of an ionic space 565 nm with external quantum efficiencies exceeding 0.1% for
charge helps make the contacts ohmic, regardless of the metapne generation of the dendrimer. By using dendrimers with a
work function, allowing for the fabrication of devices with air-  highly phosphorescent core and blending them with a host
stable cathode¥: %2 polymer, efficiencies of up to 8.1% were recently obtaiffed.

‘The area of transition metal complex OLEDs has been There are three general ways of incorporating metal com-
discussed and separated into two branches of e'eCtrO'Umlnescer}ﬂexes into dendrimer Systems: (1) they can make up the core,
materials, one based on smaII_ molecules and the other based2) be part of the branching units, or (3) be bound to the ends
on polymers:® The use of dendrimers as a support for the metal of the dendrimer arms. These variations provide dramatically
centers bridges the gap between these two branches. Dendrimergitferent chemical and spatial environments around the chromo-
allow for control of the nanoscale dimensions of the molecular phore. By placing the chromophores at the end of the dendrimer
structure and influence over the physical properties of the films arms, it is possible to effectively control the density and
not possible in the small molecule regiffeFurther, the  concentration of the metal centers, while at the same time
dendrimer architecture offers a unique environment for the allowing them to act independently. The result is a supra-
chromophore not available in a two-dimensional polymer molecular architecture which can be described as a chro-
system. An example of this is the ability to create defined spacesmophoric sphere with an organic core. This architecture is also
at the nanoscale levél.In this way, it may be possible to gain  expected to provide rapid charge transport properties in the film.
the benefits of both types of materials by retaining the chemical o great deal of effort has been invested in designing and
and color purity of the metal centers while increasing the cnaracterizing materials of this natdfe® We have synthesized
robustness of the films. and characterized a variety (generationsiOnith 4, 8, 16, 32,
and 64 groups on the periphery, respectively) of polyamido-

T Part of the special issue “A. C. Albrecht Memorial Issue”. amine (PAMAM) dendrimers (Figure 1) containing pendant
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confirmed by thin-layer chromatography, NMR, elemental
analysis, and mass spectrometry. Devices were constructed using
a pre-patterened ITO substrate (Thin Film Devices, Anaheim,
CA) on 1-in. square glass slides. The substrates were first
cleaned in a nonionic detergent bath, followed by a deionized
water bath and UV/ozone treatment. Films were coated from
solutions with concentrations of 12 mg dendrimer/mL of
acetonitrile. Spectroscopic grade acetonitrile was purchase from
Burdick and Jackson and used as received. The solutions were
filtered with a 0.2um filter and degassed with ultrahigh purity
nitrogen. The solutions were spin-cast onto ITO substrates in a
dry nitrogen glovebox to give films that were approximately
80 nm thick. The films were dried for 12 h under vacuum at
100 °C and were reintroduced into the glovebox for further
processing and characterization. A shadow mask was used to
deposit 200 A thick Au cathodes. The mask defined six devices
per substrate wit a 3 mn? active area each. Deposition was
done in a stepwise, intermittent manner to minimize heating of
the organic film. Electrical characteristics were measured via a
Keithley 236 source-measure unit, while the radiance was
measured with a calibrated UDT S370 optometer coupled to
an integrating sphere. Current and radiance were typically
measured at 30-s intervals for 90 min or more. The electro-
luminescence spectra were measured with a calibrated S2000
Ocean Optics fiber spectrometer.

Results and Discussion

A thorough examination of the photophysical properties of
this series of PAMAM-based dendrimers in solution at room
Figure 1. Chemical structure of the dendrimers. temperature and in low temperature (77 K) glasses has been
done previously344 For the sake of completeness, the main

stimulated not only by their redox chemistry but also by their points are summarized in Table 1. The electroluminescence (EL)
photophysical behavior. In this regard, the study of dendrimers SPectra were found to be similar to the photoluminescence (PL)
containing pendant [Ru(bps)2 chromophores is of particular ~ SPectra from spin-coated films. The emission maxima are
interest. summarized in Table 1.

Previous results have suggested that while the metal com- The device characteristics of OLEDs based on transition metal

plexes act independently of each other, the size and generatiorfomplexes have been the subject of past publicaiéfis and

of the dendrimer affect their photophysitésThis seems to be ~ @ppear to be consistent with the predictions of models developed
due, at least in part, to the folding nature of the dendrimers. As by deMello et afi® and Pichot et. &’ Upon application of a

the dendrimers become larger they begin to displace the solventoias, the negative counterions drift toward the anode (ITO),
around the chromophore and change its solvatiiurther, the resulting in a current that decays with time. As these ions
proximity of the chromophores changes as a function of the accumulate at_the anode, they lower the barrier for hole injection.
dendrimer generation. In the case of the poly(amidoamine) At the same time, the presence of uncompensated complexes
starburst dendrimers used in this paper, the proximity of the in the neighborhood of the cathode enhancgs electron injegtiqn.
chromophores initially decreases from generation 0 to generationAS @ result, the current becomes predominantly electronic in
2241n this regime, the additional bond length of each generation Nature and begins to increase with time. At the same time, light
offsets the increase in the number of chromophores. In going IS emitted from the sample as a result of the recombination of
from generation 2 to higher generations, de Gennes dense@njected elef:trons gnd holes. As j[he elec.tro.nic cgrrier density
packing takes effect, the crowding factor rapidly increases, and in the organic layer increases, the ions redistribute in accqr_da_nce
we observe a significant decrease in the quantum efficiency of to the space charge field and the current reaches its equilibrium
the molecules in solutio?f#445The use of these systems in Vvalue. Since the ionic mobility is considerably smaller than that
OLEDs allows us to further elucidate what roles the concentra- ©f the electronic carriers, the time scale for the device turn-on
tion and density of the chromophore play in transport and iS dominated by ionic motion. This is clearly seen in Figure 2,
luminescence. They also allow us to determine what effect the Which shows the evolution of current, radiance, and efficiency
supramolecular architecture has on device performance and tofor devices made from the different dendrimers upon the
gain further information on the role that the dendrimer structure application of 5 V. The current in the devices made with

plays on the photophysics of [Ru(bgl)? in a solid-state generation 1 and 2 dendrimers shows all the regimes discussed
environment. above within the 90 min data acquisition window. The

equilibration time for the [Ru(bpy)™ device is very fast
compared to the time scale of the measurement, and the current
appears to be constant. The generation 3 device took over 2 h
The synthesis, purification, and spectroscopic characterizationto reach equilibrium (not shown here). The radiance, also shown
of [Ru(bpyk] *2—=PAMAM dendrimers (Dn, n = 1, 2, 3) have in Figure 2, follows the evolution of the current (the data have
been covered previousfy. The purity of the samples was been clipped below 5 1078 W, which is the noise floor of
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TABLE 1: Comparison of Optical Properties and Device Characteristics for the Different Dendrimer Generations

absorption PL PL EL EL
maximunt maximunt efficiency? maximun® efficiency ton®
compound (nm) (nm) (%) (nm) (%) (min)
[Ru(bpy)] 2 450 606 6.6 609 0.22 15
D-1 454 616 2.4 613 0.12 55
D-2 454 617 2.1 608 0.06 7.0
D-3 454 617 2.1 606 0.05 135

2 Recorded at room temperature, in butyronitrile solutfoRecorded 85 V applied bias for all devices [the EL efficiency is voltage deperfdent
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Figure 2. Temporal evolution of current, radiance, and efficiency for Figure 3. Electroluminescence efficiency as a function of dendrimer
devices made from the different dendrimers upon the application of 5 size.
V.

was found to increase with the applied bias (i.e., the amount of
our detector). The time it takes to reach the maximum radiance, current that flows through the sample), consistent with data in
ton, is shown in Table 1 to increase from 1.5 min for the devices from Ru and Os complexX¥<! At the same time, the
[Ru(bpy)] ™2, to 135 min for the generation 3 dendrimer. This magnitude of the EL efficiency is shown in Figure 3 to decrease
is consistent with the fact that the ionic mobility is reduced as With the generation of the dendrimer.
the molecular weight of the dendrimer increases. It should be  The EL efficiency of an OLED is given B
noted that the voltage dependence of the device characteristics _
from the dendrimers was consistent with that observed in n=bgG @)

ruthenium and osmium complex&s! whereb is the recombination efficiency (fraction of electrons
Apart from slowing down the time to reach steady-state, that recombine to form excitonsy, is the fraction of excitons
increasing the generation of the dendrimer causes a loweringthat decay radiatively, an is a factor that describes the
of the steady-state current. The steady-state current in theseefficiency with which light is coupled to the outside world.
devices is due to electronic carriers that are injected from the Emission in these materials arises from the triplet state, and
electrodes. The injection of electronic carriers is efficient as a any singlet exciton that is formed by charge injection is
result of the formation of a charged layer at the interface{PF efficiently converted to a triple¥ Therefore,¢ is the PL
ions at the anode, uncompensated metal complexes at theefficiency in the solid state. Sinde= 1 for ohmic contacf®
cathode) which brings down the barriers for charge injection andG is the same for all devices reported here, the decrease of
and makes the contacts essentially ohffilthe barrier lowering 5 with generation reflects a decrease of the PL efficiency in
depends on the ion densitywhich does not vary much with  the solid state. The PL efficiency in solution (Table 1) shows
generation. It is estimated to drop from 1610?! cm~3 for the same trend, i.e., decreases monotonically going from
[Ru(bpy)]*to 1.1x 10P*cm 3 for the generation 3 dendrimer.  [Ru(bpy)]*2 to the generation 3 dendrimer.
As a result, the contacts should remain ohmic regardless of Typically, the PL efficiency of chromophores in the solid
generation and the decrease in the current must reflect anstate is lower than that in solution due to self-quenching. It is
intrinsic decrease in the mobility of electronic carriers as the instructive therefore to look at the ratio between the EL
dendrimers grow larger. Lupton et #I#8 found that the hole efficiency (thus, the PL efficiency in solid state) and the PL
mobility in phenylenevinylene dendrimers decreases as aefficiency in solution, as it gives a measure of the degree of
function of generation, which was attributed to an increasing self-quenching. The data, shown in Figure 4, indicate that self-
separation between the dendrimer cores. In the case of the Ruwjuenching increases with dendrimer generation, by as much as
dendrimers, the lowering of the mobility of electronic carriers a factor of 2 in going from the generation 1 dendrimer to the
can be attributed to the dilution of the active metal centers in generation 3 dendrimer. Overall, the dendrimers show a similar
the electronically inactive PAMAM which comprises the core degree of self-quenching with the model compound [Ru-
of the dendrimers. (bpy)] 2. The degree of self-quenching depends chiefly on the
The radiance in Figure 2a is shown to follow the current. distance between the chromophores, which depends on the
Superimposed on that is a decay, which becomes apparent afteprecise configuration of the dendrimers which is not exactly
the current has reached the steady-state (not visible on this timeknown#243 We are currently investigating the spectroscopic
scale for the generation 3 dendrimer). This decay is also reflectedproperties of dendrimer films to gain a better understanding of
in the EL (external quantum) efficiency, which is shown in the self-quenching of luminescence in these materials.
Figure 2a. Although not shown on this plot, the efficiency for In conclusion, we have studied the electroluminescent proper-
the generation 3 dendrimer follows the same trend as that ofties of polyamidoamine dendrimers containing pendant [Ru-
the other compounds. For a given material, the decay in radiance(bpy)] 2 chromophores. Devices were made using ITO and Au
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Figure 4. Ratio of electroluminescence to photoluminescence ef-
ficiency as a function of dendrimer size.

electrodes and were found to behave in a way similar to devices

from [Ru(bpy)]*? films. Both the ionic and the electronic

mobility were found to decrease with increasing dendrimer

generation, as manifested by the increase of the turn-on time
and the decrease of the steady-state current, respectively. Th%_
efficiency also showed a monotonic decrease with generation, -
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