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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 (C6H4)]n (R = alkyl, m = 1–3) as a hole-
transporting layer, and tris(8-quinolinolato)
aluminium(III) complex (Alq) 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 s–p 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
1.0 lm Wÿ1 and a maximum luminance of

14750 cd mÿ2, 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 s-conjugation in the polymer backbone,
which can be used for various functional systems
such as electroluminescent (EL) devices.1–7 In
particular, soluble polysilanes such as poly(methyl-
phenylsilane) (PMPS) have been actively studied in
this respect.2–7 On the other hand, polymers
composed of an alternating arrangement ofp-
electron systems and Si–Sis-bonds in the main
chain represent a new class of conjugated polymers
due to thes–p conjugation, and the properties of
these polymers are interesting in connection with
their potential utility as photoresists, semiconduc-
tors and photoconductors.8–12However, there have
been only a few reports thus far regarding the
optical emission of this type of polymer. Fanget al.
have recently studied the emission spectra of a
series ofs–p-conjugated organosilicon polymers
with an alternating arrangement of oligosilanylene
units and p-electron system,13–17 demonstrating
that the emission changes from the type from as-
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conjugationunit suchassilanyleneto thethat from
a p-conjugation unit responseto increasingthe
chainlengthof theoligosilanyleneunits,aswell as
in responseto reducing the extensionof the p-
electronsystem.17 The emissionlifetime and the
quantumyield alsodependon the dimethylsilany-
lenechainlength.Fangetal. havealsoreportedthat
the emissionfrom the polymershavingp-electron
systemssuch as phenyleneor biphenyleneare
solvatochromic,andthe maximaarered-shiftedin
polar solvents,which canbe 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-condensationof dichloromethylphe-
nylsilane and bis(chloromethylphenylsilyl)anthra-
cenewith sodium,hasbeenstudiedby Suzukiand
co worker.18,19Thepolymerexhibitsstrongphoto-
luminescence(PL) with a high quantumefficiency
(87%) based on the p–p* emission from the
anthraceneunits. In contrast, a single-layer EL

devicebasedontheanthracene-containingpolymer
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 s–p conjugatedpolymers,we have
prepared EL devices composed of a polymer
alternatingwith the disilanyleneunit and various
p-electronsystemsin the main chain as the hole-
transporting layer, and tris(8-quinolinolato)alu-
minium(III) (Alq) as the electron-transporting–
emittinglayerof thesedeviceswerethenexamined
the voltage–currentdensityand the voltage–lumi-
nancecharacteristics.20 The EL device with the
mostextendedp-electronsystem,diethynylanthra-
cene,exhibited the best electrical propertiesand
providedthehighestluminance.Moreover,wehave
synthesizedthediethynylanthracenepolymerswith
varioussilanylenechain lengthsfrom mono-totri-
silanylene and examined their hole-transporting
properties;asa result,we found that reducingthe
silanylenechainlengthleadsto improvedelectrical
properties,andthedevicewith themonosilanylene-
diethynylanthracene polymer hole-transporting
layer exhibits the lowest turn-on voltage and the
highestluminance.(S. A. Manhart,A. Adachi,K.
Sakamaki,K. Okita, J. Ohshita, T. Ohno, T.
Hamaguchi,A. KunaiandJ.Kido, J. Organometal.
Chem., in press)

In this paperwe comparethe propertiesof EL
devicesthat involve a polymer with a relatively
smallp-electronsystem,phenylene,andsilanylene
unitsof variouschainlengthsasthehole-transport-
ing layer, with the propertiesof the devicesbased
on diethynylanthracenepolymers.We correlatethe
results of the EL device performancewith the
oxidation potential,UV absorptionand molecular
orbitals(MOs) of modelcompoundscalculatedby
thesemiempiricalMNDO method.

EXPERIMENTAL

EL device fabrication and
measurements

Figure1 showstheconfigurationof EL deviceand
themolecularstructureof thematerialsusedin the
presentstudy. The anodewas indium–tin oxide
(ITO) thatwascoatedonaglasssubstrate,havinga
sheetresistanceof 15
 (Asahi GlassCompany).
Mono-anddi-silanylene-phenylenepolymers(1a21

and 2a22,23) and silanylene-diethynylanthracene

Figure 1 Configuration of the EL device and molecular
structureof the materialsused.
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polymers (1b, 2b and 3b) (S. A. Manhart, A.
Adachi,K. Sakamaki,K. 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 adichloroethaneor toluenesolutionof
polymers.Thethickness(30–40nm)of thepolymer
layer was controlled by adjusting the solution
concentrationand the spin rate. The electron-
transporting–emittingmaterial was Alq, which
waspurified by the train sublimationmethod.Alq
(thickness60–70nm) was vacuum depositedat
1� 10ÿ5 torr on the polymerlayer.Finally a layer
of magnesium–silveralloy with an atomicratio of
10:1wasdepositedon theAlq layer surfaceasthe
top electrodeat 1� 10ÿ5 torr. During theevapora-
tion process,the thicknessand evaporationrate
were monitoredwith a thicknessmonitor (Ulvac
CRTM 5000)havinga quartzoscillator.Theactual
thicknessof eachlayerwasmeasuredwith a Sloan
Dektak3030surfaceprofiler.Theemittingareawas
0.5� 0.5cm2. Luminance was measuredwith a
TopconBM-7 luminancemeterat room tempera-
ture. EL spectra were taken with an optical
multichannel analyzer (Otsuka Electronics,
IMUC-7000). Cyclic voltammetricmeasurements
for polymers were carried out using a three-
electrodesystemin anacetonitrilesolutioncontain-
ing 100mM tetraethylammoniumtetrafluoroborate
asthesupportingelectrode.Thin solid films of the
polymers were preparedby spin-coatingof the
polymer solution in chloroform on ITO working
electrodes.An Ag/0.1M AgClO4 electrodeand a
platinum plate were used as the referenceand
counter-electrode,respectively.Peakpotentialwas
determinedin a sweep rate of 50mV sÿ1. The

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-
dibromobenzenein 7 ml of dry hexanewasadded
6.33ml (10.0mmol) of a 1.58M solutionof butyl-
lithium in hexaneand the mixture was heatedto
reflux for 1 h. Thesolventwasdecantedoff andthe
resultingwhite precipitatescontainingdilithioben-
zeneandlithium chloridewerewashedtwice with
dry hexane.To this were added8 ml of dry ether
and 0.93g (3.80mmol) of dichlorohexamethyltri-
silaneatÿ80°C. Themixturewasthenwarmedto
room temperatureand stirred for 36h. After
hydrolysis of the mixture, the organic layer was
separatedandtheaqueouslayerwasextractedwith
chloroform.Theorganiclayerandtheextractswere
combinedand dried over anhydrousmagnesium
sulfate.After evaporationof thesolvent,theresidue
wasreprecipitatedfrom acetone/chloroformto give
70.0mg (7% yield) of the title polymer as white
solids: Mw = 8800 (Mw/Mn = 1.7); 1H NMR (d in
CDCl3) 0.04(6H, MeSi),0.24(s,12H,MeSi),7.33
(s, 4H, phenylene);13C NMR (d in CDCl3) ÿ6.6,
ÿ3.4 (MeSi), 133.0,139.7(phenylene).

RESULTS AND DISCUSSION

EL device performance

As shownin Fig. 2, the EL spectraof all the EL
deviceswith varioushole-transportingmaterialsare
identicalto thephotoluminescent(PL) spectrumof
Alq in the solid state,indicating that the electro-
luminescenceoriginates from Alq. The spectral
profile is independentof the hole-transporting
materials used as well as the current density,
implying that the recombinationof injectedholes
andelectronstakesplacealmostentirely in theAlq
layer.

Figure3 showsthecurrentdensity–voltage(I–V)
characteristicsof the double-layer devices with
silanylene-phenylenepolymers(1a and 2a). The
plots depict different functional dependencesbe-
tween the appliedvoltageand currentof the two
deviceswith differenthole-transportinglayers.The
currentdensityof the disilanylenepolymer-based
device is always larger than that of the mono-
silanylene polymer (1a) device at any applied

Table 1 Molecular weights of the organosilicon
polymersused

Polymer Mw
a Mn

a

1a 31000 17000
2a 14000 6 400
3a 8 800 5 100
1b 3 200 2 100
2b 16300 2 000
3b 8 200 3 800

a Determinedby GPC,relativeto polystyrenestandards.
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voltage. The I–V characteristicof the EL device
with trisilanylenepolymer(3a) wasalmostequalto
that of the disilanylene polymer. However, the
detaileddatafor the trisilanylenepolymer are not
described in this paper becauseof their low
reproducibility, resulting from the quality of the
trisilanylenepolymer film. The maximumcurrent
density of the disilanylenepolymer-baseddevice
was30mA cmÿ2 at 23V.

We have already reportedthat polymer 2a is
electrochemicallyactive and its cyclic voltammo-
gram(CV) in thesolid staterevealsan irreversible
peak due to anodic oxidation (J. Ohshita,K.
Sugimoto,A. Kunai,Y. HarimaandK. Yamashita,
J.Organometal.Chem., 580,(1999)).Similarly, the
anodicoxidationpeakwasobservedin the CV on
thethin solidfilm of polymer3a, preparedby spin-
coatingof a CHCl3 solutionof the polymeron an
ITO working electrode,in CH3CN. The anodic
oxidationoccurredirreversibly,aswasobservedfor
polymer2a. After onecycleof CV scanningin 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�, and the polymer film remained
unchangedon the ITO electrodeafter thepotential
scanning.

As shownin Table2, theoxidationpotentialsof
polymers 1a±3a were >2, 1.58 and 1.45V,
respectively.The oxidation potential was signifi-
cantly reducedwhen the silanylenechain length
changedfrom mono- to di-silanylene.With trisil-
anylenepolymer, the oxidationoccurredat essen-
tially the same, but a slightly lower, potential
comparedwith thedisilanylenepolymer.

Disilanylene polymer 2a exhibits remarkably
red-shiftedUV absorptioncomparedwith that of
polymer1a, implying theexistenceof expandeds–
p conjugationalongthepolymerchain.In contrast,
the UV absorptionof the trisilanylene polymer
appears in the same region as that of the
disilanylenepolymer2a. The improvementin the
I–V characteristicsfor di- and tri-silanylenepoly-
mers2a and3a relativeto 1a maybearesultof the
expansionof the conjugationthroughs–p interac-
tion in the polymer main chain, which strongly
influencestheoxidationpotentialandtheUV lmax.
From theseresults,it is most likely that the s–p
conjugation of these silanylene-phenylenepoly-
mers,which would elevatetheHOMO level of the
polymers,playsan importantrole in producingthe
better electrical properties of EL devices with
polymers2a and3a.

In Fig. 4, the luminance–voltage(L–V) charac-
teristicsof the deviceswith the silanylene-pheny-
lenepolymersaregiven.As suggestedfrom theI–V
characteristics,the deviceswith the disilanylene-
phenylenepolymer 2a exhibited a higher lumi-

Figure 2 Electroluminescentspectrumof EL devicesusing
various hole-transporting materials and photoluminescent
spectrumof Alq in thesolid state.

Figure 3 I–V characteristicsof EL deviceswith silanylene-
phenylenepolymers(1a–3a) or silanylene-diethynylanthracene
polymers(1b–3b).
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nancethan thosewith the monosilanylene-pheny-
lene polymer 1a, and a maximum luminanceof
17cdmÿ2 wasachievedat 23V.

We haverecentlydescribedthe performanceof
EL deviceswith a double-layersystemconsisting
of a hole-transporting layerof 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. Sakamaki,K. Okita, J. Ohshita, T.
Ohno, T. Hamaguchi,A. Kunai and J. Kido, J.
Organometal.Chem., in press).In markedcontrast
to the present EL devices having silanylene-
phenylenepolymers, the electrical propertiesof
the EL devices with polymers 1b±3b were
improvedby reducingthe silanylenechain length
from m= 3 to 1 (Fig.3). Theturn-onvoltagesof the
deviceswereat muchlower energiesthanthoseof
the devices with polymers 1a±3a, and these

voltagesshifted to highervalueswith increasesin
m (4 V for 1b, 6 V for 2b, and12V for 3b). These
characteristicsare due to the favored inter- and
intra-molecularp–p aggregationin the solid state
for polymers with higher concentrationsof aro-
matic units,which improvesthe hoppingtransport
betweenp-electronsystems,andthes–p conjuga-
tion in the polymer chain seemsto exert little
influence on the hole-transportingproperties of
thesediethynylanthracene polymers. In fact, the
UV absorption maxima of diethynylanthracene
polymers 1b±3b appearedat almost the same
wavelength(448–449nm), regardlessof the sila-
nylene chain length. Of these, the maximum
luminance, 1120cdmÿ2, was obtained for the
devicewith polymer1b (Fig.4),andthisluminance
wasmuchhigherthanthe maximumluminanceof
the device with polymer 2a, indicating that in
diethynylanthracenepolymerholesaretransported
through p–p aggregationin preferenceto s–p
conjugation.

MO analysis by the MNDO method

The MO calculationsfor the modelcompoundsof
silanylene-phenyleneand silanylene-diethinylan-
thracenepolymers H(SiH2)m(C6H4)(SiH2)mH and
H(SiH2)mC�C(C14H8)C�C(SiH2)mH (m= 1, 2, 3)
were carried out by the semiempirical MNDO
method24 using a closed-shellRestrictedHartree-
Fock (RHF). Plate 1 showsthe highestoccupied

Table 2 UV absorptionandoxidationpeakpotentials
of phenylene-silanylenepolymers

Polymer Absorption,lmax (nm)

Oxidationpeak
potentialvs. Ag/

Ag� (V)

1a 238 >2.0
2a 260 1.58
3a 264 1.45

Figure 4 L–V characteristicsof EL deviceswith silanylene-
phenylenepolymers(1a:2a) or silanylene-diethynylanthracene
polymers(1b–3b).

Figure 5 I–V characteristicsof typicalEL devices(TPD/Alq)
with or without the monosilanylene-diethynylanthracenepoly-
mer (1b).
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molecularorbitals(HOMOs)of modelcompounds
of thesilanylene-phenylenepolymers.TheHOMO
of themonosilanylenemodel(m= 1) is locatedonly
on a phenylene unit, indicating that the high
oxidation potential of more than 2 V for the
monosilanylene-phenylene polymer 1a may be
causedonly by the phenyleneunit. In contrast,the
HOMO of the disilanylene model (m= 2) is
delocalizednot only on a phenylenebut also on
silanyleneunits, implying that s–p conjugationis
involved in disilanylenepolymer 2a. This is in
agreementwith the remarkably red-shifted UV
absorptionandthe lower oxidationpotentialof the
disilanylene polymer 2a as comparedwith the
polymer 1a. The improved I–V characteristicsof
theEL devicewith polymer2a is alsoin agreement
with theresultsof theMO calculations.TheHOMO
of the trisilanylene model (m= 3) is delocalized
over the molecule, resembling the disilanylene
model, which is in agreement with the UV
absorptionandoxidationpotentialof the trisilany-
lene-phenylenepolymer3a beingalmostthe same
asthoseof thedisilanylene-phenylenepolymer2a.

Plate2 showstheHOMOsof modelcompounds
of the silanylene-diethynylanthranylene polymers.
TheHOMOsof themodelcompoundsappearto be
located only on a diethynylanthranyleneunit,
regardlessof the numberof the silicon atoms(m).
Theseresultsimply that little s–p conjugationis
involved in the correspondingpolymers,which is
consistentwith the resultsof the UV spectrometry

for the silanylene-diethynylanthracene polymers
(1b±3b).

High-ef®ciency EL device with an
electron-blocking layer

TheEL devicewith themonosilanylene-diethynyl-
anthracenepolymer (1b) as the hole-transporting
layer exhibitedthebestI–V characteristicsandthe
highestluminanceamongthe organosiliconpoly-
mer-baseddevicesexaminedin the presentstudy.
However,thequantumefficiencyof theEL devices
was still lower (0.2%) than that observed for
the devices with Poly(N-Vinylcarbazole) (PVK)
or N,N'-diphenyl-N,N'-bis(3-methylphenyl)-1,1'-
biphenyl-4,4'-diamine (TPD). These results may
be due to the poor electron-blocking of the
diethynylanthracenepolymer.20 Therefore,we ex-
amined an EL device with an electron-blocking
layer, for which we usedTPD, placedbetweenthe
layerof thediethynylanthracenepolymer(1b) and
Alq. Figure5 showsthe I–V characteristicsof the
two devices with polymer 1b (20nm)/TPD
(20nm)/Alq (60nm) anda conventionalEL device
of TPD (40nm)/Alq (60nm). The currentdensity
of the triple-layer device with polymer 1a was
higher than that of the conventionaldeviceat any
appliedvoltage.As shownin Fig. 6, the luminance
of thepolymer1b-baseddevicewasobservedwith
aturn-onvoltageof 3 V, which is ca1 V lowerthan
theconventionaldevice.Themaximumluminance
of 14750cd mÿ2 was achieved at 11V. The
maximum energyefficiency (1.0lm Wÿ1) of this
device with polymer 1b was higher than that
(0.85lm Wÿ1) of the conventional EL device
without 1b, TPD/Alq.

CONCLUSIONS

Wehaveinvestigateddouble-layerEL deviceswith
silanylene-phenylene and silanylene-diethynyl-
anthracenepolymersasthehole-transportinglayer.
In thecaseof thephenylenepolymers(1a±3a), the
electrical properties of the EL devices were
improvedby increasingthesilanylenechainlength
becauseof theexpandeds–p conjugationalongthe
polymerbackbone.This is in contrastto thecaseof
the EL devicewith diethynylanthracene polymers,
whose electrical properties were improved by
decreasingthe silanylenechain length,suggesting
that thes–p conjugationis no longer importantin
thesedevices.TheEL devicewith monosilanylene-

Figure 6 L–V characteristicsof typical EL devices(TPD/
Alq) with or without the monosilanylene-diethynylanthracene
polymer(1b).
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diethynylanthracenepolymers and TPD as an
electron-blockinglayer affordedhigher efficiency
(1.0lm Wÿ1) and maximum luminance
(14750cdmÿ2) than a conventionalEL device,
TPD/Alq.
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