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Double-layer electroluminescent (EL) devices
composed of an alternating polymer with
mono-, di-, or tri-silanylene and phenylene units,
[(Si R)m (CeH4)]n (R =alkyl, m=1-3) as a hole-
transporting layer, and tris(8-quinolinolato)
aluminium(lll) complex (Alg) as an electron-
transporting—emitting layer were fabricated.
The longer silanylene chain lengths in the
polymer, on going from m=1 to m=2 and 3,
result in better electrical properties for the EL
devices, implying that the o—# conjugation in
the polymers plays an important role in the hole-
transporting properties, including the hole-
injection efficiency from an anode. This is in
marked contrast to the improved hole-trans-
porting properties that occur in response to
reducing the silanylene chain length of silany-
lene-diethynylanthracene polymers previously
reported. The UV absorption maxima of silany-
lene-phenylene polymers shift to longer wave-
lengths with increasing m, and their oxidation
peak potentials in cyclic voltammograms shift to
lower potential with increasing m, in accordance
with the improved electrical properties of the
device that are observed with the polymers
containing the longer silanylene chain. A triple-
layer EL device with a hole-transporting layer of
monosilanylene-diethynylanthracene polymer,
an electron-transporting—emitting layer of Alq,
and an electron-blocking layer ofN,N’-diphenyl-
N,N’-bis(3-methylphenyl)-1,1-biphenyl-4,4-dia-
mine (TPD) exhibited a maximum efficiency of
1.0lmW™ and a maximum luminance of

14750 cd m?, both of which are much higher
than the values obtained from a conventional EL
device with TPD/Alq. Copyright 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION

A great deal of interest has recently been focused on
polysilanes with relatively high hole mobility due
to the o-conjugation in the polymer backbone,
which can be used for various functional systems
such as electroluminescent (EL) devices.In
particular, soluble polysilanes such as poly(methyl-
phenylsilane’f) gPMPS) have been actively studied in
this respect.” On the other hand, polymers
composed of an alternating arrangement mof
electron systems and Si—-8tbonds in the main
chain represent a new class of conjugated polymers
due to thes—n conjugation, and the properties of
these polymers are interesting in connection with
their potential utility as éahotoresists, semiconduc-
tors and photoconductofs*?However, there have
been only a few reports thus far regarding the
optical emission of this type of polymer. Faagal.
have recently studied the emission spectra of a
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with an alternating arrangement of oligosilanylene
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that the emission changes from the type from-a
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Figure 1 Configuration of the EL device and molecular
structureof the materialsused.

conjugationunit suchassilanyleneto the thatfrom

a m-conjugation unit responseto increasingthe
chainlengthof the oligosilanyleneunits,aswell as
in responseto reducing the extensionof the z-

electronsystenm’ The emissionlifetime and the
guantumyield also dependon the dimethylsilany-
lenechainlength.Fangetal. havealsoreportedhat
the emissionfrom the polymershaving n-electron
systemssuch as phenyleneor biphenyleneare
solvatochromicandthe maximaare red-shiftedin

polar solvents,which can be explainedby the CT
(chargetransfer)-typeexcited statesbetweenoli-

gosilanyleneand the aromatic units. In studies
relating to the EL of organosiliconpolymers, a
single-layerEL devicewith PMPScontaining3%
anthraceneunits, which was prepared from a
Wurtz-typeco-condensationf dichloromethyphe-
nylsilane and bis(chloromethylpheyisilyl)anthra-
cenewith sodium,hasbeenstudiedby Suzukiand
co worker*®1°The polymerexhibitsstrongphoto-
luminescencéPL) with a high quantumefficiency
(87%) based on the n—* emission from the
anthraceneunits. In contrast,a single-layer EL

Copyright© 1999JohnWiley & Sons,Ltd.

devicebasedntheanthracene-containingolymer
showsa quite low externalquantumyield (0.01%)
probably due to the low electron-transporting
propertiesof this polymer.

In order to obtain more information about EL
devicesusing o— conjugatedpolymers,we have
prepared EL devices composedof a polymer
alternatingwith the disilanyleneunit and various
n-electronsystemsin the main chain asthe hole-
transporting layer, and tris(8-quinolinolato)alu-
minium(lll) (Alg) as the electron-transporting—
emitting layer of thesedeviceswverethenexamined
the voltage—currentlensity and the voltage—lumi-
nance characteristicd® The EL device with the
mostextendedr-electronsystem diethynylanthra-
cene, exhibited the best electrical propertiesand
providedthehighesiuminance Moreoverwehave
synthesizedhe diethynylanthracee polymerswith
varioussilanylenechainlengthsfrom mono-totri-
silanylene and examined their hole-transporting
properties;as a result, we found that reducingthe
silanylenechainlengthleadsto improvedelectrical
propertiesandthedevicewith themonosilanylene-
diethynylanthracene polymer hole-transportig
layer exhibits the lowest turn-on voltage and the
highestluminance.(S. A. Manhart,A. Adachi,K.
SakamakiK. Okita, J. Ohshita, T. Ohno, T.
HamaguchiA. KunaiandJ.Kido, J. Organometal.
Chem, in press)

In this paperwe comparethe propertiesof EL
devicesthat involve a polymer with a relatively
small z-electronsystem phenyleneandsilanylene
unitsof variouschainlengthsasthe hole-transport-
ing layer, with the propertiesof the devicesbased
ondiethynylanthracenpolymers.We correlatethe
results of the EL device performancewith the
oxidation potential, UV absorptionand molecular
orbitals (MOs) of modelcompoundscalculatedoy
the semiempiricaMNDO method.

EXPERIMENTAL

EL device fabrication and
measurements

Figurel showsthe configurationof EL deviceand
the molecularstructureof the materialsusedin the
presentstudy. The anode was indium-tin oxide
(ITO) thatwascoatedon a glasssubstratehavinga
sheetresistanceof 15 (Asahi GIassCompan;Q.
Mono-anddi-silanylene-pheylenepolymers(1a

and 2a**%3 and silanylene-diethynylantiacene

Appl. OrganometalChem.13, 859-865(1999)
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Table 1 Molecular weights of the organosilicon
polymersused

Polymer M2 M2

la 31000 17000
2a 14000 6400
3a 8800 5100
1b 3200 2100
2b 16300 2000
3b 8200 3800

@ Determinedoy GPC,relativeto polystyrenestandards.

polymers (1b, 2b and 3b) (S. A. Manhart, A.
Adachi,K. SakamakiK. Okita, J. Ohshita, T.
Ohno, T. Hamaguchi,A. Kunai and J. Kido, J.
Organometal Chem, in press)with the molecular
weights listed in Table 1 were prepared as
describedin the literature and the trisilanylene-
phenylene polymer was obtained as described
below. The polymer layer was preparedby spin-
coatingfrom adichloroethaner toluenesolutionof
polymers.Thethicknesg30—-40nm) of thepolymer
layer was controlled by adjusting the solution
concentrationand the spin rate. The electron-
transporting—emittingmaterial was Alg, which
was purified by the train sublimationmethod.Alq
(thlckness 60—70nm) was vacuum depositedat
1 x 10 °torr on the polymerlayer. Finally a layer
of magnesium-silvealloy with an atomicratio of
10:1wasdepositedon theAIq layer surfaceasthe
top electrodeat 1 x 10 °torr. During the evapora-
tion process,the thicknessand evaporationrate
were monitoredwith a thicknessmonitor (Ulvac
CRTM 5000)havinga quartzoscillator. The actual
thicknessof eachlayerwasmeasuredvith a Sloan
Dektak3030surfaceprofiler. Theemittingareawas
0.5x 0.5cn?. Luminance was measuredwith a
TopconBM-7 luminancemeterat room tempera-
ture. EL spectra were taken with an optical
multichannel analyzer (Otsuka Electronics,
IMUC-7000). Cyclic voltammetric measurements
for polymers were carried out using a three-
electrodesystenin anacetonitrilesolutioncontain-
ing 100mm tetraethylammoniuntetrafluoroborate
asthe supportingelectrode.Thin solid films of the
polymers were preparedby spin-coating of the
polymer solution in chloroform on ITO working
electrodesAn Ag/0.1m AgCIO, electrodeand a
platinum plate were used as the referenceand
counter- electroder;espectlverPeakpotentlaIWas
determinedin a sweeprate of 50mVs . The

Copyright © 1999JohnWiley & Sons,Ltd.

current—voltagecurve was recordedon a Hokuto
DenkoHAB-151 potentiostat/galvanostat.

Synthesis of poly[(hexamethyl-
trisilanylene)phenylene]

To a solution of 0.94g (4.00mmol) of 1,4-

dibromobenzenén 7 ml of dry hexanewasadded
6.33ml (10.0mmol) of a 1.58™ solutionof butyl-

lithium in hexaneand the mixture was heatedto

refluxfor 1 h. The solventwasdecantedff andthe

resultingwhite precipitatescontainingdilithioben-

zeneand lithium chloride werewashedwice with

dry hexane.To this were added8 ml of dry ether
and 0.93¢g (3.80mmol) of dichlorohexamethyltri-
silaneat —80°C. The mixture wasthenwarmedto

room temperatureand stirred for 36h. After

hydrolysis of the mixture, the organic layer was
separate@ndthe aqueoudayerwasextractedwith

chloroform.Theorganiclayerandthe extractsvere
combined and dried over anhydrousmagnesium
sulfate After evaporatiorof thesolventtheresidue
wasreprecipitatedrom acetone/chloroforno give

70.0mg (7% vyield) of the title polymer as white

solids: M,, = 8800 (M,,//M,=1.7); *H NMR (5 in

CDCly) 0. 04(6H MeS|) 0 24(s,12H,MeSi), 7 33

(s, 4H, phenylene);**C NMR (6 in CDCly) —

-3. 4(MeS|) 133.0,139.7 (phenylene).

RESULTS AND DISCUSSION

EL device performance

As shownin Fig. 2, the EL spectraof all the EL
deviceswith varioushole-transportingnaterialsare
identicalto the photoluminescenfPL) spectrumof
Alg in the solid state,indicating that the electro-
luminescenceoriginates from Alg. The spectral
profile is independentof the hole-transporting
materials used as well as the current density,
implying that the recombinationof injected holes
andelectrongakesplacealmostentirelyin the Alg
layer.

Figure3 showsthe currentdensity—voltagél-V)
characteristicsof the double-layerdevices with
silanylene-phenylen@olymers(1a and 2a). The
plots depict different functional dependencebe-
tweenthe applied voltage and currentof the two
deviceswith differenthole-transportindgayers.The
currentdensity of the disilanylenepolymer-based
device is always larger than that of the mono-
silanylene polymer (1a) device at any applied

Appl. OrganometalChem.13, 859-865(1999)
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Figure 2 Electroluminescenspectrumof EL devicesusing
various hole-transporting materials and photoluminescent
spectrumof Alg in the solid state.

voltage. The |-V characteristicof the EL device
with trisilanylenepolymer(3a) wasalmostequalto
that of the disilanylene polymer. However, the
detaileddatafor the trisilanylenepolymer are not
describedin this paper becauseof their low
reproducibility, resulting from the quality of the
trisilanylene polymer film. The maximum current
density of the disilanylenepolymer-basedievice
was30mA cm 2 at 23V.

We have already reportedthat polymer 2a is
electrochemicallyactive and its cyclic voltammo-
gram(CV) in the solid staterevealsanirreversible
peak due to anodic oxidation (J. OhshitaK.
Sugimoto,A. Kunai, Y. HarimaandK. Yamashita,
J.OrganometalChem, 580,(1999)).Similarly, the
anodicoxidation peakwas observedn the CV on
thethin solid film of polymer3a, preparedy spin-
coatingof a CHCI; solution of the polymeron an
ITO working electrode,in CH3;CN. The anodic
oxidationoccurredrreversibly,aswasobservedor
polymer2a. After onecycle of CV scanningn the
range 0.0-2.0v vs Ag/Ag’, the polymer was
wholly dissolvedin the CH3CN solution and no
longerremainedon the electrode probablydueto
the decompositionof the polymer main chain. In
contrast, polymer 1a was found to be inactive
towards electrochemicaloxidation. No oxidation
peakswere observedin its CV in the range0.0—
2.0V vs Ag/Ag", andthe polymerfilm remained
unchangean the ITO electrodeafter the potential
scanning.

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 3 |-V characteristicof EL deviceswith silanylene-

phenylengpolymers(1a—39 or silanylene-diethynylanthracene
polymers(1b-3b).

As shownin Table 2, the oxidationpotentialsof
polymers 1a-3a were >2, 1.58 and 1.45V,
respectively.The oxidation potential was signifi-
cantly reducedwhen the silanylene chain length
changedfrom mono-to di-silanylene.With trisil-
anylenepolymer, the oxidation occurredat essen-
tially the same, but a slightly lower, potential
comparedwith the disilanylenepolymer.

Disilanylene polymer 2a exhibits remarkably
red-shiftedUV absorptioncomparedwith that of
polymer1a, implying the existenceof expanded—
7 conjugationalongthe polymerchain.In contrast,
the UV absorptionof the trisilanylene polymer
appears in the same region as that of the
disilanylenepolymer 2a. The improvementin the
I-V characteristicgor di- and tri-silanylenepoly-
mers2a and3a relativeto 1a maybearesultof the
expansiorof the conjugationthrougho—r interac-
tion in the polymer main chain, which strongly
influenceghe oxidationpotentialandthe UV Amax
From theseresults,it is mostlikely that the ¢—
conjugation of these silanylene-phenylengooly-
mers,which would elevatethe HOMO level of the
polymers,playsanimportantrole in producingthe
better electrical properties of EL devices with
polymers2a and3a.

In Fig. 4, the luminance—voltagé€L—V) charac-
teristicsof the deviceswith the silanylene-pheny-
lenepolymersaregiven.As suggestedrom the -V
characteristicsthe deviceswith the disilanylene-
phenylenepolymer 2a exhibited a higher lumi-

Appl. OrganometalChem.13, 859-865(1999)
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Table 2 UV absorptionand oxidation peakpotentials
of phenylene-silanylenpolymers

Oxidationpeak
potentialvs. Ag/
Polymer  Absorption, imax (NM) Ag™ (V)
la 238 >2.0
2a 260 1.58
3a 264 145

nancethan thosewith the monosilanylene-phey-
lene polymer 1a, and a maximum luminance of
17 cdm™2 wasachievedat 23 V.

We haverecentlydescribedthe performanceof
EL deviceswith a double-layersystemconsisting
of ahole-transpding layer of alternatingpolymers
with mono-, di- or tri-silanylene and diethynyl-
anthraceneunits (1b-3b), and an electron-trans-
porting—emittinglayer of Alq (S.A. Manhart, A.
Adachi,K. SakamakiK. Okita, J. Ohshita, T.
Ohno, T. Hamaguchi,A. Kunai and J. Kido, J.
OrganometalChem, in press)In markedcontrast
to the present EL devices having silanylene-
phenylenepolymers, the electrical properties of
the EL devices with polymers 1b-3b were
improved by reducingthe silanylenechain length
fromm=3to 1 (Fig. 3). Theturn-onvoltagesof the
deviceswereat muchlower energiegshanthoseof
the devices with polymers 1a-3a, and these
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Figure 4 L-V characteristicof EL deviceswith silanylene-
phenylengoolymers(la:2a) or silanylene-diethynylanthracene
polymers(1b-3b).
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Figure 5 |-V characteristicof typical EL deviceg TPD/AIQq)

with or without the monosilanylene-diethynylanthracepely-
mer (1b).

voltagesshiftedto highervalueswith increasesn

m (4 V for 1b, 6V for 2b, and12V for 3b). These
characteristicsare due to the favored inter- and
intra-molecularn—r aggregationn the solid state
for polymerswith higher concentrationsof aro-

matic units, which improvesthe hoppingtransport
betweenr-electronsystemsandthe 6—n conjuga-
tion in the polymer chain seemsto exert little

influence on the hole-transportingproperties of

these diethynylanthracee polymers.In fact, the
UV absorption maxima of diethynylanthracee

polymers 1b-3b appearedat almost the same
wavelength(448-44%m), regardlessof the sila-

nylene chain length. Of these, the maximum
luminance, 1120cdm~2, was obtained for the
devicewith polymer1b (Fig. 4), andthisluminance
was much higherthanthe maximumluminanceof

the device with polymer 2a, indicating that in

diethynylanthracenpolymerholesaretransported
through n—n aggregationin preferenceto o—n

conjugation.

MO analysis by the MINDO method

The MO calculationsfor the model compoundf
silanylene-phenyleneand silanylene-diethinylan-
thracenepolymers H(SiH,)(CsH4)(SiH,)H and
H(SiH,),C=C(C,4Hg)C=C(SiH,),H (m=1, 2, 3)
were carried out by the semiempirical MNDO
method* using a closed-shellRestrictedHartree-
Fock (RHF). Plate 1 showsthe highestoccupied

Appl. OrganometalChem.13, 859-865(1999)
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Figure 6 L-V characteristicsof typical EL devices(TPD/
Alg) with or without the monosilanylene-diethynylanthracene
polymer (1b).

molecularorbitals (HOMOs) of modelcompounds
of the silanylene-phenylee polymers.The HOMO
of themonosilanylenenodel(m= 1) is locatedonly
on a phenylene unit, indicating that the high
oxidation potential of more than 2V for the
monosilanylene-phe/lene polymer 1a may be
causednly by the phenyleneunit. In contrastthe
HOMO of the disilanylene model (m=2) is
delocalizednot only on a phenylenebut also on
silanyleneunits, implying that ¢— conjugationis
involved in disilanylene polymer 2a. This is in
agreementwith the remarkably red-shifted UV
absorptionandthe lower oxidation potentialof the
disilanylene polymer 2a as comparedwith the
polymer 1a. The improved |-V characteristicof
theEL devicewith polymer2a is alsoin agreement
with theresultsof theMO calculationsTheHOMO
of the trisilanylene model (m=3) is delocalized
over the molecule, resembling the disilanylene
model, which is in agreementwith the UV
absorptionand oxidation potentialof the trisilany-
lene-phenylen@olymer3a beingalmostthe same
asthoseof the disilanylene-phenylenpolymer2a.
Plate2 showsthe HOMOs of modelcompounds
of the silanylene-diethynylanthratene polymers.
The HOMOsof the modelcompoundsppeatto be
located only on a diethynylanthranyleneunit,
regardles®f the numberof the silicon atoms(m).
Theseresultsimply that little ¢—= conjugationis
involved in the correspondingpolymers,which is
consistentwith the resultsof the UV spectrometry

Copyright© 1999JohnWiley & Sons,Ltd.

for the silanylene-diethynylantlacene polymers
(1b-3b).

High-efficiency EL device with an
electron-blocking layer

The EL devicewith the monosilanylene-dithynyl-
anthracenepolymer (1b) as the hole-transporting
layer exhibitedthe bestl-V characteristicendthe
highestluminanceamongthe organosiliconpoly-
mer-basedlevicesexaminedin the presentstudy.
However the quantumefficiencyof the EL devices
was still lower (0.2%) than that observedfor
the deviceswith Poly(N-Vinylcarbanle) (PVK)
or N,N'-diphenylN,N'-bis(3-methylphenyl)-1,1
biphenyl-4,4-diamine (TPD). Theseresults may
be due to the poor electron-blocking of the
diethynylanthracen@olymer?® Therefore,we ex-
amined an EL device with an electron-blocking
layer, for which we usedTPD, placedbetweerthe
layer of the diethynylanthracenpolymer(1b) and
Alg. Figure5 showsthe |-V characteristicof the
two devices with polymer 1b (20nm)/TPD
(20nm)/Alg (60nm) anda conventionaEL device
of TPD (40nm)/Alg (60nm). The currentdensity
of the triple-layer device with polymer 1a was
higherthanthat of the conventionaldeviceat any
appliedvoltage.As shownin Fig. 6, the luminance
of the polymer 1b-baseddevicewasobservedvith
aturn-onvoltageof 3V, whichiscalV lowerthan
the conventionaldevice. The maximumluminance
of 14750cd m~2 was achieved at 11V. The
maximum energy efficiency (1.0lm W) of this
device with polymer 1b was higher than that
(0.85imW™?) of the conventional EL device
without 1b, TPD/AIqg.

CONCLUSIONS

We haveinvestigatedlouble-layelEL deviceswith
silanylene-phenylene and silanylene-diethynyl-
anthracengolymersasthe hole-transportindayer.
In the caseof the phenylengolymers(1a-3a), the
electrical properties of the EL devices were
improvedby increasinghe silanylenechainlength
becausef the expanded—r conjugatioralongthe
polymerbackboneThisis in contrasto the caseof
the EL devicewith diethynylanthracee polymers,
whose electrical properties were improved by
decreasinghe silanylenechain length, suggesting
thatthe o— conjugationis no longerimportantin
thesedevicesThe EL devicewith monosilanylene-

Appl. OrganometalChem.13, 859-865(1999)
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diethynylanthracenepolymers and TPD as an
electron-blockinglayer afforded higher efficiency
(1.0lmw™ and maximum luminance
(14750cdm ) than a conventional EL device,
TPD/AIqg.
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