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A solution-processable polynorbornene with pendant fluorescent and electron-transport silole groups
was synthesized using ruthenium-complex-initiated ring-opening metathesis polymerization. A weight-
average molecular weight around 59,300 and a low polydispersity index of 1.4 were estimated for the
polymer using gel permeation chromatography. The thermal, electronic, photo- and electroluminescence
properties of the polymer were investigated and compared with those of a small-molecule reference
compound. The polymer exhibits better thermal stability than the small molecule and exhibits a glass
transition temperature of 91 �C, while retaining the optical and electronic properties of the corre-
sponding small-molecule silole. The room temperature electron mobility was measured using the
time-of-flight technique to be 3.5� 10�5 cm2/V/s at an applied electric field of 7.5� 105 V/cm. Organic
light-emitting diodes fabricated using the polymer as the electron transport and emissive layer have low
efficiencies; introduction of an additional tris(8-hydroxyquinolinato)aluminum (Alq3) electron-transport
layer leads not only to increased efficiency, but also to increased contributions to the electrolumines-
cence from the Alq3.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recent studies on siloles (silacyclopentadienes) suggest that
these systems could be useful in organic electronic applications.
Relatively high electron mobilities have been measured for siloles
and, in some cases, the mobilities have been found to be unaffected
by exposure to air [1]. The electron affinities of several 1,1-diaryl-
2,3,4,5-tetraphenylsiloles were recently measured using inverse-
photoemission spectroscopy (IPES) and were found to be
comparable to that of the well-established electron-transport (ET)
material tris(8-hydroxyquinolinato)aluminum (Alq3) [2], suggest-
ing comparable ease of electron injection in the silole and Alq3

systems. Siloles possess photoluminescence (PL) quantum yields
that are among the highest reported for neat organic films [3].
Capitalizing on these properties, some groups have used siloles as
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materials for electrogenerated chemiluminescence [4], in chemo-
and biosensors for detecting chemical (e.g., explosives) [5] and
biological analytes (e.g., antibodies) [6], and in various electronic
devices such as light-emitting diodes (OLEDs) [7], solar cells [8],
and field-effect transistors (OFETs) [9].

One limitation associated with many small-molecule siloles is
their poor solution processability [7]. Since current trends in device
fabrication favor solution processing, we have begun to explore the
utility of high molecular-weight side-chain silole polymers as an
approach to the fabrication of large-area thin-film devices by spin-
coating or ink-jet printing. Several research groups have worked on
the preparation of polymers containing siloles in the main or side
chains [10]. For synthesis of the polymers with siloles in the main
chain, most of the methods are based on polycondensation reac-
tions. A number of homopolymers of silole [11], dibenzosilole [12],
dithienosilole [13], and fused silole [14], as well as copolymers with
fluorene [15], thiophene [16], diethynylbenzene [17], silicon [18],
carbazole [19], and triphenylamine [20], have been synthesized.
Another approach to silole polymers is to attach siloles to side
chains of the polymers. Only a few papers reported this kind of
silole polymers; polyacetylene [21], polyethylene [22], and poly-
(methacrylate) [23] have been used as main chains to support
pendant siloles.
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Ring-opening metathesis polymerization (ROMP) initiated by
ruthenium alkylidene complexes has proven to be an excellent
method for the preparation of polymers that is compatible with
many functional groups [24]. Furthermore, ROMP is often a living
polymerization method, offering the possibility of polymers with
controlled molecular weights and low polydispersities, and also
allowing for the formation of block copolymers [25]. In this work,
we report the synthesis of a monomer in which a fluorescent silole
is covalently bound to norbornene and the homopolymerization of
this monomer. We compare the polymer, 2, with a small-molecule
reference silole, 1 (Fig. 1). The electronic and optical properties of
the polymer in solution are found similar to those of the small
molecule analogue in solid state. Finally, solution-processed OLED
devices based on the polymer are fabricated and characterized.

2. Experimental section

2.1. Materials

Diphenylacetylene, trichlorophenylsilane, lithium wire, and
magnesium shavings were purchased from Aldrich and used as-
received without further purification. 5-(5-Bromopentyl)-norbor-
nene was prepared according to published procedures [26]. The 3rd
generation Grubbs initiator was synthesized from the 1st genera-
tion initiator (Strem) according to the literature procedure [27].

2.2. Characterization

The 1H and 13C NMR spectra were measured on a Varian
Mercury 300 spectrometer using tetramethylsilane (d¼ 0 ppm) as
an internal standard. High-resolution mass spectra (HRMS) were
measured on a VG Instruments 70-SE using the electron impact (EI)
mode. Elemental analyses were carried out by Atlantic Microlabs
using a LECO 932 CHNS elemental analyzer. Solution (chloroform)
and thin-film (on quartz substrate) UV–vis absorption spectra were
recorded on a Varian Cary 5E UV–vis–NIR spectrophotometer,
while solution (chloroform) and thin-film PL spectra were recorded
on a Shimadzu FP-5301PC spectrofluorometer. Electrochemical
measurements were carried out under nitrogen on a deoxygenated
solution of tetra-n-butylammonium hexafluorophosphate (0.1 M)
in acetonitrile using a computer-controlled BAS 100B electro-
chemical analyzer, a glassy-carbon working electrode, a platinum-
wire auxiliary electrode, and a Ag wire anodized with AgCl as
a pseudo-reference electrode. Potentials were referenced to the
ferrocenium/ferrocene (FeCp2

þ/0) couple by using ferrocene as an
internal standard. Thermogravimetric analysis (TGA) was carried
out using a Shimadzu thermogravimetric analyzer (model TGA-50)
under a nitrogen flow at a heating rate of 10 �C/min. Differential
scanning calorimeter (DSC) was carried out using Shimadzu
differential scanning calorimeter (model DSC-50) under a nitrogen
flow at a heating rate of 10 �C/min and a cooling rate of 20 �C/min.
Gel permeation chromatography (GPC) analyses were carried out
using a Shimadzu instrument coupled to a multidiode array UV
detector with tetrahydrofuran (THF) as an eluent on American
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Fig. 1. Structures of a reference small-molecule silole, 1, and norbornene silole
polymer 2.
Polymer Standards 10 mm particle size, linear mixed bed packing
columns. All GPCs were calibrated using polystyrene standards.

2.3. Time-of-flight mobility measurement

The electron mobility of the polymer was characterized using
the time-of-flight (TOF) technique. The polymer was heated above
the glass transition temperature between two indium tin oxide
(ITO) electrodes and a 20 mm-thick film was fabricated using cali-
brated glass spacers. Samples were then sealed with epoxy. An
electric field was applied to the sample and a photocurrent was
generated with a 6-ns pulse of a nitrogen laser (337 nm). The
generated photocurrent was amplified with a low-noise pream-
plifier and the transient signal was monitored on a digital
oscilloscope.

2.4. Preparation of electroluminescence devices

The photo-crosslinkable bis(diarylamino)biphenyl-based poly-
mer 3 [28] (Fig. 2) and the silole polymer 2 were used as hole-
transport layer and emissive layer, respectively. Furthermore, an
electron-transport layer of Alq3 was evaporated on some devices.
The configuration of the device was ITO/3 (35 nm)/2 (40 nm)/Alq3

(x nm)/LiF (1 nm)/Al where x was 0, 10, or 35 nm. A 35 nm-thick
hole-transport layer was spin-coated from 10 mg/mL toluene
solution of 3 onto air-plasma-treated ITO-coated glass substrates
with a sheet resistance of 20 U/square (Colorado Concept Coatings,
L.L.C). The film was crosslinked using a standard broad band UV
light with a 0.7 mW/cm2 power density for 1 min. Subsequently,
a 40 nm-thick emissive layer was spin-coated from a 10 mg/mL
chloroform solution of 2 onto the crosslinked hole-transport layer.
For the electron-transport layer, Alq3 was first purified using
gradient zone sublimation, and films were then thermally evapo-
rated at a rate of 1 Å/s and at a pressure below 1�10�7 torr on top
of the emissive layer. 1 nm of lithium fluoride (LiF) and a 200 nm-
thick aluminum cathode were deposited in vacuum at a pressure
below 1�10�6 torr and at rates of 0.1 Å/s and 2 Å/s, respectively. A
shadow mask was used for the evaporation of the top metal elec-
trode to form five devices per substrate with an area of 0.1 cm2

each. At no point during fabrication were the devices exposed to
atmospheric conditions. The testing was done immediately after
the deposition of the metal cathode in inert atmosphere without
exposing the devices to air.

2.5. Synthesis

2.5.1. 1-Chloro-1,2,3,4,5-pentaphenylsilole (I)
This intermediate was prepared according to a procedure

reported by Chen et al. [29]. Diphenylacetylene (16.8 mmol, 3.0 g)
and clean lithium shavings (14 mmol, 98 mg) were put in a 100 mL
O
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Fig. 2. Chemical structure of polymer 3.
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three-necked round bottom flask and deoxygenated with nitrogen
for 30 min. 15 mL of dry THF was then added. The reaction mixture
was stirred at room temperature for 14 h under nitrogen atmo-
sphere. The resultant deep green mixture was diluted with 30 mL
of dry THF, and added dropwise to a solution of tri-
chlorophenylsilane (6.3 mmol, 1.33 g) in 20 mL of dry THF over
a period of 0.5 h at room temperature. The brown mixture was
stirred at the same temperature for 2 h, and then refluxed for 5 h
to give a dark yellow solution. The THF solution of the resultant
reactive intermediate I was used in situ for the synthesis of siloles
without isolation.

2.5.2. 1-Butyl-1,2,3,4,5-pentaphenylsilole (1) [30]
4.0 mL of 1.6 M n-BuLi (6.4 mmol) in hexane was dropwise

added to the THF solution of I at�78 �C over a period of 10 min. The
mixture was stirred at the same temperature for 1 h and was
gradually warmed to room temperature; the solution was stirred
overnight. The resulting yellow-green solution was washed with
water; the organic layer was extracted with diethyl ether and dried
over anhydrous MgSO4. The solvent was removed and the residue
was purified by flash column chromatography over silica gel using
hexane/dichloromethane¼ 8/1 as eluent. Recrystallization from
ethanol gave faintly greenish-yellow and highly blue fluorescent
crystals (2.74 g, 84%, based on trichlorophenylsilane). Mp (DSC):
156 �C. 1H NMR (300 MHz, CDCl3): d 7.64 (m, 2H), 7.36 (m, 3H), 7.03
(m, 12H), 6.86 (m, 8H), 1.51 (m, 2H), 1.39 (m, 4H), 0.85 (t, J¼ 7.2 Hz,
3H). 13C NMR (75 MHz, CDCl3): d 155.99, 139.66, 139.48, 138.82,
134.79, 132.98, 129.84, 129.69, 128.88, 128.06, 127.67, 127.33, 126.16,
125.39, 26.18, 25.50, 13.86, 10.56. HRMS (EI), calcd for C38H34Si
(Mþ): 518.2430. Found: 518.2438. Anal. Calcd for C38H34Si: C, 87.98;
H, 6.61. Found: C, 87.69; H, 6.63%. UV (CHCl3), lmax (3max) 251
(2.79�104), 365 (1.10�104) nm (mol�1 L cm�1).

2.5.3. 1-(5-Norbornenyl-pentyl)-1,2,3,4,5-pentaphenylsilole (II)
To a 250 mL three-necked round bottom flask were added

magnesium shavings (10 mmol, 240 mg), 5-(5-bromopentyl)-nor-
bornene (approximately 95% pure endo isomer, 6.3 mmol, 1.53 g)
and a little iodine and deoxygenated with nitrogen for 30 min.
20 mL of dry THF was added, and the mixture was stirred at 40 �C
for 8 h. The color of the mixture was changed from light red to
colorless then to light gray. The gray Grignard reagent suspension
was cooled to 0 �C, and transferred portionwise into the THF
solution of I over a period of 30 min. The deep greenish brown
mixture was stirred for 1 h at 0 �C, was gradually warmed to room
temperature, and was stirred overnight. The resulting yellow-green
solution was washed with water; the organic layer was extracted
with diethyl ether, and dried over MgSO4. The solvent was removed
and the residue was purified by flash column chromatography over
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Scheme 1. Synthetic routes of 1 and
silica gel using hexane/dichloromethane¼ 8/1 as eluent and
recrystallization from methanol to afford a pale yellow solid with
strong blue fluorescence (1.26 g, 32%, based on 5-(5-bromopentyl)-
norbornene). Mp (DSC): 109 �C. 1H NMR (300 MHz, CDCl3): d 7.64
(m, 2H), 7.34 (m, 3H), 7.01 (m, 12H), 6.85 (m, 8H), 6.08 (m, 1.3H),
5.87 (m, 0.7H), 2.72 (s, 2H), 1.93–1.76 (m, 2H), 1.53 (m, 2H), 1.42–
1.16 (m, 8H), 1.00 (m, 2H), 0.46 (m, 1H). 13C NMR (75 MHz, CDCl3):
d 155.98, 139.75, 139.48, 138.85, 136.70, 134.79, 133.01, 132.31,
129.85, 129.69, 128.90, 128.08, 127.68, 127.35, 126.18, 125.42, 49.57,
45.43, 42.56, 38.75, 34.67, 33.26, 32.50, 28.28, 23.36, 10.82. HRMS
(EI), calcd for C46H44Si (Mþ): 624.3212. Found: 624.3182. Anal.
Calcd for C46H44Si: C, 88.41; H, 7.10. Found: C, 88.28; H, 7.15%. UV
(CHCl3), lmax (3max) 250 (2.26�104), 365 (0.89�104) nm
(mol�1 L cm�1).

2.5.4. Poly[1-(5-norbornenyl-pentyl)-1,2,3,4,5-pentaphenylsilole] (2)
The silole monomer II (0.5 mmol, 312 mg) was dissolved in

5 mL of chloroform. 5 mL of chloroform solution of the 3rd
generation Grubbs initiator (5 mmol, 4.42 mg) was added to the
monomer solution and stirred for 30 min, followed by the addition
of ethyl vinyl ether (1 mL). After stirring for an additional 10 min,
the solution was concentrated down to 5 mL and added dropwise
to 100 mL of ethanol. The polymer, which precipitated out of
solution, was collected and redissolved in 5 mL of chloroform and
reprecipitated into ethanol. The final product was collected as
a pale yellow fiber-like solid (300 mg, 96%). 1H NMR (300 MHz,
CDCl3): d 7.60 (m, 2H), 7.30 (m, 3H), 6.96–6.83 (m, 20H), 5.20 (br,
2H), 2.90–2.30 (br, 2H), 1.82 (br, 3H), 1.50–0.80 (br, 10H). 13C NMR
(75 MHz, CDCl3): d 155.92, 139.75, 139.43, 138.78, 134.73, 132.93,
129.81, 129.67, 128.84, 128.06, 127.68, 127.35, 126.16, 125.42, 45.44,
43.18, 42.47, 40.06, 37.10, 33.33, 31.72, 28.26, 23.42, 10.76. Anal.
Calcd for (C46H44Si)n: C, 88.41; H, 7.10. Found: C, 88.01; H, 7.12%.
UV (CHCl3), lmax (3max) 250 (2.55�104), 365 (0.98� 104) nm
(mol�1 L cm�1).

3. Results and discussion

3.1. Synthesis and characterization of the polymer

The synthesis of the silole-containing norbornene monomer II
and homopolymer 2 is shown in Scheme 1. The known interme-
diate 1-chloro-1,2,3,4,5-pentaphenylsilole (I) was prepared
according to a published procedure [29] from the ring-closing
reaction of 1,4-dilithio-1,2,3,4-tetraphenyl-1,3-butadiene with tri-
chlorophenylsilane. The known reference compound 1-n-butyl-
1,2,3,4,5-pentaphenylsilole (1), which has previously been obtained
from 1,2,3,4,5-pentaphenylsilole [30], was prepared from the
reaction of intermediate I with n-butyllithium shown in Scheme 1.
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The new silole-containing norbornene monomer II was prepared
from the reaction of the intermediate I with the Grignard reagent
derived from 5-(5-bromopentyl)norbornene. The polymerization
was carried out using the 3rd generation Grubbs’ ruthenium initi-
ator in chloroform at room temperature to afford the polymer 2 in
high yield.

The polymerization was monitored by 1H NMR spectroscopy
and was deemed complete when no signals attributable to nor-
bornene ring olefinic protons were detected. The weight-average
molecular weight (Mw) and polydispersity index of the polymer
were estimated to be 59,300 and 1.4, respectively, using GPC
(polystyrene standards). The degree of polymerization of the
polymer was estimated to be ca 68, while the target degree of
polymerization was 100, i.e., monomer to catalyst ratio of 100:1
was employed. Thermogravimetric analysis studies demonstrate
that the onset weight-loss temperature (TTGA) of the polymer 2 is
415 �C, much higher than that (313 �C) for the small molecule 1
(Fig. 3). The DSC curves of 1 and 2 are illustrated in Fig. 3. When the
crystalline sample of the reference 1 was heated, an endothermic
peak due to melting was observed at 156 �C, but no glass transition
was observed even on the 2nd heating. While the polymer sample
of 2 was heated, a glass transition was observed at 91 �C, but no
melting point, suggesting that the polymer is amorphous, which is
advantageous for OLEDs.
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Fig. 3. TGA (top) and DSC (bottom) curves of 1 and 2.
3.2. Electronic and optical properties

Cyclic voltammograms of reference compound 1 show two
features assignable to molecular oxidation peaks and two to
molecular reduction, while the polymer 2 shows one oxidation
peak and one reduction peak (Fig. 4), none of which appears fully
reversible, indicating the charged species to be unstable in solution.
The peak potentials corresponding to the first oxidation and the
first reduction for 1 and 2 are similar: the anodic peak potentials
(Epa) vs FeCp2

þ/0 of 1 and 2 areþ0.94 andþ1.02 V respectively, while
the cathodic peak potentials (Epc) vs FeCp2

þ/0 of 1 and 2 are �2.30
and �2.37 V respectively.

Solution and thin-film UV–vis absorption spectra for 1 and 2 are
shown in Fig. 5. The absorption spectrum of the polymer 2 shows
identical peaks (365 nm in solution and 369 nm in film) as that of
the reference 1, indicating that incorporation of the silole into
a polymer does not significantly affect its electronic structure.
Absorption in the solid state for 1 and 2 is similar to that in solution
with only modest red shifts, as seen for other siloles [2].

Solution and thin-film PL spectra of 1 and 2 are shown in Fig. 5.
The polymer 2 and the reference 1 show weak greenish blue lumi-
nescence in solution, with very similar emission spectra peaked at
484 nm, demonstrating that the emission properties of the silole are
retained in the polymer. Consistent with other siloles [31], the
fluorescence appears to be considerably stronger in the solid state
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relative to that in solution with the maxima at slightly lower ener-
gies. The feature seen in the solid state band for 1 is narrower relative
to that in solution, while PL spectrum in the solid state for 2 is
broader than that in solution, for reasons unclear at present.

Electrochemistry, electronic absorption, and fluorescence
studies clearly show that the electronic and optical properties of
the silole 1 are largely preserved in the polymer 2 and not affected
by the polymer backbone.
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Fig. 6. Time-of-flight signal measured at two applied electric fields E¼ 7.0� 105 (a)
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shows the same data in a double logarithmic plot to determine the transient time from
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3.3. Electron mobility and electroluminescence

The electron mobility of the polymer was measured using the
time-of-flight (TOF) technique. Fig. 6 shows typical generated
photocurrents as a function of time measured at two different
values of the applied electric field at room temperature. Both of
the plots exhibit a plateau, followed by a decay. The electron
mobility m was calculated from the equation m¼ d2/ttV where d is
the thickness of the sample, V is the applied voltage, and where
the transit time tt was determined from a time-of-flight transient
in a double logarithmic plot as shown in the inset of Fig. 6 due to
the dispersive nature of the transients. At an applied electric field
of 7.5�105 V/cm the room temperature electron mobility was
calculated to be 3.5�10�5 cm2/V/s. This value is in the same
range as those reported for small-molecule siloles and Alq3 [32].
However, it is lower than the highest electron mobility reported
for the bipyridine-containing silole for which a mobility of
2.0�10�4 cm2/V/s was reported at an applied electric field of
6.4�105 V/cm [1].

The electron-transport and photoluminescence properties of
the silole polymer 2 suggest that this polymer is suitable for OLEDs
in a bilayer geometry in conjunction with a hole-transport material.
However, as previously reported by Chen et al. [7d], the most effi-
cient device structure identified thus far for silole-based OLEDs is
multilayer devices with an emissive silole layer inserted between
hole- and electron-transport layers. Therefore, for this study,
similar 2- and 3-layer OLEDs based on 2 were fabricated and
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characterized. The hole-transport layer consisted of the photo-
crosslinkable TPD-based polymer 3 [28]. The silole polymer was
dissolved in chloroform and spin-coated to yield 40 nm-thick films.
For some devices, a thermally evaporated film of Alq3 of 10 nm or
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Fig. 8. Current density (above), luminance (solid symbols, below) and external
quantum efficiency (empty symbols, below) as a function of applied voltage for devices
with structure A: ITO/3 (35 nm)/2 (40 nm)/LiF (1 nm)/Al (squares), structure B: ITO/3
(35 nm)/2 (40 nm)/Alq3 (10 nm)/LiF (1 nm)/Al (circles), and structure C: ITO/3 (35 nm)/
2 (40 nm)/Alq3 (35 nm)/LiF (1 nm)/Al (triangles).
35 nm thickness served as the electron-transport layer. Finally,
a 1 nm-thick layer of LiF was used as electron-injection layer, and
a 200 nm-thick layer of aluminum acted as the cathode. Typical
electroluminescence spectra measured for devices with the struc-
ture ITO/3 (35 nm)/2 (40 nm)/Alq3 (x nm)/LiF (1 nm)/Al where x is
0, 10, or 35 nm are shown in Fig. 7. The electroluminescence
spectrum of the device without Alq3 was similar to the photo-
luminescence spectrum of 2. However, with increasing thickness of
the Alq3 layer the electroluminescence peak showed a red shift
where the devices with a 35-nm thick film exhibited an electro-
luminescence that originated almost explicitly from Alq3, as indi-
cated in Fig. 7 by a device with the structure ITO/TPD (50 nm)/Alq3

(50 nm)/LiF (1 nm)/Al. Hence, it is possible that the observed red
shift resulted from an energy transfer from 2 to Alq3 and could
therefore be avoided by using an electron-transport material with
a wider bandgap.

The current densities, the luminances, and the external
quantum efficiencies (EQE) as a function of the applied voltage for
the devices with the structure ITO/3 (35 nm)/2 (40 nm)/Alq3

(x nm)/LiF (1 nm)/Al are shown in Fig. 8. Similar to other reports of
OLEDs based on polymers with silole pendants in the side chains
[21b,22], very low efficiencies were observed in devices without an
additional electron-transport layer. However, the efficiencies
increased significantly in devices with a 10-nm or 35-nm thick
layer of Alq3 where the devices with the 35-nm thick film of Alq3

exhibited an EQE of 0.9% at 100 cd/m2, comparable to the effi-
ciencies that were measured in OLEDs with the device structure
ITO/3 (60 nm)/Alq3 (60 nm)/Mg:Ag [28]. The incorporation of 2,
therefore, obviously did not have a significant influence on the
device performance. Devices with only a 10-nm thick layer of Alq3,
on the other hand, showed only slightly lower efficiencies (0.7%,
1.7 cd/A), while the contribution of the silole polymer to the
emission was clearly visible. The efficiencies of these devices were
comparable to the efficiencies that were reported for devices using
small-molecule siloles as emissive layer in a similar 3-layer device
structure as reported here [33], and they were significantly higher
than the two reports of OLEDs based on polymers with silole
pendants in the side chains published thus far, which reported
efficiencies between 0.1% and 0.2% in a 2- or 3-layer device struc-
ture [21b,22].

4. Conclusions

We have synthesized a norbornene-based homopolymer with
an electron transport and emissive silole in the side chain via ROMP.
In comparison with the small-molecule reference silole, the poly-
mer shows good solution processability, excellent thermal stability,
and amorphous morphology. By comparing the silole-containing
polymer to its small-molecule analogue, we established that the
polymer backbones do not interfere with the basic photophysical
properties of the silole. The electron mobility of the polymer is
comparable to those reported for some small-molecule siloles and
Alq3. The OLED device using the polymer as the emissive layer
exhibits higher efficiencies than those reported for the devices
using other polymers with silole pendants as emissive layer. While
the results here are not competitive with other state-of-the-art
small molecule and polymer devices, they nonetheless demon-
strate that solution-based fabrication of OLED devices can be
fabricated from silole-functionalized poly(norbornene)s.
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