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New hyperbranched organosilicon polymers have been prepared from 2-bromo-5-(tri-
methoxysilyl)thiophene. The intermediate alkoxy-substituted hyperbranched polymer is
functionalized with Grignard reagents in situ, leading to the isolation of a series of air- and
moisture-stable polymers. The polymers contain alternating silylene and thiophene groups
along the branches and thus afford the possibility of σ-π conjugation in three dimensions.
Investigations into the effects of this dimensionality utilize UV-visible spectroscopy.

Introduction

The synthesis of linear polymers containing alternat-
ing arrangements of silylene and π-electron moieties
represents an area of current active interest. These
polymers possess excellent potential as ceramic precur-
sors,1 heat-resistant materials,2 semiconductors,3 and
photo- and electroluminescent materials.4 The unusual
electrical and optical properties associated with these
materials are generally attributed to the delocalization
of electrons through the silylene linkages. The specific
nature of this delocalization is disputable, as evidenced
by the various terms used to describe this phenomenon,
including π-dSi interactions,5 π-σSi-Si hyperconjuga-
tion,6 and the more generally accepted σ-π conjugation.
This delocalization is evidenced in these polymers by
lower optical excitation energies compared to those

found in analogous non-silicon-containing monomers
and polymers.

Of particular interest are the poly(silylthiophenes),7
polymers which consist of alternating silylene and
thiophene groups along the backbone. These polymers
generally exhibit enhanced electron delocalization along
the polymer backbone and improved solubilities. The
general electrical and optical properties of these poly-
mers are well-known and demonstrate their potential
use in many optoelectronic applications, including non-
linear optics.8 Hyperbranched poly(silylthiophenes) are
unknown9 and would merit examination for a number
of reasons.10 These hyperbranched polymers could pos-
sess unique optoelectronic properties due to electron
conjugation in three dimensions, as opposed to the one-
dimensional conjugation in conventional linear poly-
(silylthiophenes). Furthermore, hyperbranched poly-
mers are more soluble and processable than analogous
linear polymers and are prepared in a one-step process
from the monomer. In addition, hyperbranched poly-
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merization leaves many functional sites along the
branches unreacted in the final polymer. The advan-
tages of hyperbranched poly(silylthiophenes) would thus
be ease of synthesis, improved processability, and more
importantly, the possibility of tuning certain properties
such as optical absorbances and solubility by simple
manipulation of the unreacted functional sites. Tunable
polymers are desirable from an applications point of
view, since properties can often be adjusted by simple
modifications of polymer substituents or backbone
composition.11

Numerous structural types of hyperbranched organo-
silicon polymers have been successfully prepared in
recent years.12 In this report we describe the synthesis
and characterization of hyperbranched poly(2,5-silyl-
thiophenes), representing a new structural class of σ-π
conjugated polymers.

Results and Discussion

Polymer Synthesis. The synthesis of hyperbranched
poly(2,5-silylthiophenes) is outlined in Scheme 1. Selec-

tive deprotonation of 2-bromothiophene with LDA fol-
lowed by reaction with chlorotrimethoxysilane yielded
the AB3 monomer 1 as a clear, colorless, moisture-
sensitive liquid in 63% yield after distillation. Addition
of 1 to magnesium turnings in THF resulted in rapid
formation of the Grignard reagent, indicated by con-
sumption of magnesium and a color change to dark
brown. Polymerization then proceeds by random reac-
tions of the carbanions with Si-OMe bonds in the
reaction system to form new C-Si bonds (Scheme 1).
After overnight refluxing, large amounts of the magne-
sium salt byproducts were present in the reaction
mixture. Filtering off these solids along with excess
magnesium turnings gave a solution of hyperbranched
polymer 2 in THF.

Polymer 2 serves as the potential starting point for a
wide range of substituted hyperbranched poly(2,5-
silylthiophenes). By virtue of the reactive methoxy
groups present in the polymer, various substituents can
be attached to the branches by simply treating 2 with
the appropriate nucleophilic reagent. To illustrate this
concept, we treated separate solutions of 213 with
methyl, vinyl, thiophene, and phenyl Grignard reagents
(Scheme 1). The resulting fully substituted polymers
3a-d were obtained in good to excellent yields after
precipitation from methanol.

Due to the nature of polymerization, the resulting
polymers possess random, highly branched structures.
The structures shown in Scheme 1 are purely hypo-
thetical and do not necessarily reflect an actual polymer
structure. In reality the Si atoms in the polymer serve
as branch points and exist in any of four possible local
environments, as shown in Figure 1. The branched
nature of these polymers can be confirmed by NMR
spectroscopy. The 1H NMR spectrum of 3a (Figure 2)
shows that, in addition to the set of peaks corresponding
to the thiophene protons (δ 7.3-7.5), three large sepa-
rate peaks are apparent at δ 0.33, 0.64, and 0.95. These
peaks correspond quite well to the methyl proton
chemical shifts in small-molecule model compounds14-16

(Figure 3), which in turn correspond to the different
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Scheme 1

Figure 1. The four possible local environments of the
silicon atoms in 2. R ) OMe (2), Me (3a), vinyl (3b),
thiophene (3c), C6H5 (3d).
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types of branch points in the hyperbranched polymer.
The branched nature of these polymers was also con-
firmed by 29Si NMR spectroscopy, which indicated the
presence of the four different types of silicon atoms.

Polymers 3a-d were obtained as lightly colored solids
after precipitation. Polymers 3a,c,d were powdery in
nature, while 3b was slightly sticky at room tempera-
ture. These polymers are stable to air and moisture and
can be stored without any special precautions. Polymers
3a,b are very soluble in common organic solvents,
including ethyl ether, THF, chloroform, and even hex-
ane. Slightly different solubilities were observed for
polymers 3c,d, which are soluble in THF and CHCl3,
partially soluble in ethyl ether, and insoluble in hexane.
Molecular weight data are detailed in Table 1 and
indicate broad weight distributions, a common charac-
teristic of hyperbranched polymers. We attribute the
slightly high molecular weight observed for 3b to partial
cross-linking of the polymer. The GPC chromatogram
for 3b indicated a bimodal distribution, all of which was
included in the overall MW calculation. The inclination
for 3b to undergo cross-linking was also evidenced by
the eventual insolubility of 3b on mild heating.

Determination of Degree of Branching (DB). The
integration of the peaks in the 3a 1H NMR spectrum
also allows the calculation of degree of branching17 (DB)
in these polymers by providing data on the relative
amounts of each type of Si branch point. By definition,
we can label the various types of silicon atoms in 3a as
shown in Figure 4.

A number of methods can be used to perform the DB
calculation, but only one method will be presented here.
Variables can be assigned as follows:

If we assume that we are examining 100 Si atoms of
this polymer, we can write the four equations

From these four equations this system can be solved.
The results are

By definition,17c the DB in hyperbranched polymers
obtained from AB3 monomers is given by

Substituting the appropriate values gives DB ) 0.46 for
this hyperbranched polymer system. Theoretically, in
a perfectly random hyperbranched polymer of this type,
DB ) 0.44.17c Thus, our obtained value is within
reasonable limits. However, there is somewhat of a
discrepancy in the ratios of each type of silicon atom.
The theoretical ratios are a:b:c:d ) 8:12:6:1. In our
system, a:b:c:d ) 27:36:25:1. Obviously, there is a
decided lack of dendritic silicon atoms in our system.
This also explains why the dendritic silicon atoms were
often difficult to identify in the 29Si NMR spectra of the
polymers. This ratio difference may be explained from
a sterics factor standpoint. The theoretical calculations
assume that reactivity at the branch points is always
constant, regardless of the degree of substitution on the

(17) (a) Hawker, C. J.; Lee, R.; Frechet, J. M. J. J. Am. Chem. Soc.
1991, 113, 4583. (b) Kim, Y. H. Macromol. Symp. 1994, 77, 21. (c)
Holter, D.; Burgath, A.; Frey, H. Acta Polym. 1997, 48, 30.

Figure 2. 400 MHz 1H NMR spectrum of polymer 3a (in
CDCl3).

Figure 3. Methyl proton 1H NMR chemical shifts of
known small compounds.

Table 1. Molecular Weight and Thermal Data for
Polymers 3a-d

polymer Mn (GPC) Mw (GPC) Mn (VPO) thermal data (°C)

3a 4 458 10 552 4 190 43 (mp)
3b 6 587 67 535 10 480 14 (Tg)
3c 5 481 14 900 10 125 120 (Tg)
3d 5 425 16 166 9 216 135 (Tg)

Figure 4. Various silicon atom environments in 3a.

a ) number of terminal silicon atoms

b ) number of linear silicon atoms

c ) number of semidendritic silicon atoms

d ) number of dendritic silicon atoms

(1) a + b + c + d ) 100

(2) 9a + 6b + 3c ) 600 (this counts the number of
hydrogen atoms)

(3) a/b ) 0.7526 (from the 1H NMR integration)

(4) b/c ) 1.4388 (from the 1H NMR integration)

a ) 30.4

b ) 40.4

c ) 28.1

d ) 1.11

DB ) (2d + c)/[(2/3)(3d + 2c + b)]
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branch atom. In reality, steric factors play an important
role in relative reactivity. Silicon atoms bonded to three
thiophene groups are relatively hindered. Therefore,
attack at those atoms by another thiophene nucleophile
would not be as likely as it would be for silicon atoms
bonded to one or two thiophene groups. Despite this lack
of dendritic silicon atoms, the DB is still high due to
the increased amount of semidendritic silicon atoms
compared to theoretical amounts.

UV-Vis Spectroscopy. The extent of σ-π conjuga-
tion in these polymers was examined using UV-visible
spectroscopy. The spectra are shown in Figure 5, and
the data are summarized in Table 2. The π-π* transi-
tions in 3a-d are significantly red-shifted compared to
thiophene itself (230 nm), indicating a significant degree
of conjugation through the silicon atoms. These absorp-
tions appear to be relatively independent of the polymer
substituents, save for thiophene, which resulted in a
blue shift of approximately 6 nm in 3c. The UV-visible
spectra also indicated broad weak absorptions in the
300-320 nm region which are suggestive of charge
transfer from thiophene to silicon.8 The effects of the
three-dimensional polymer structure versus a one-
dimensional one are not yet entirely clear, but at least
for the π-π* absorptions they appear to be relatively
minor. The λmax and extinction coefficient values for
3a-d are similar to those obtained for linear poly-
mers.7d,e,i

Conclusion. In conclusion, we have outlined the
synthesis and characterization of new hyperbranched
poly(2,5-silylthiophenes). These polymers represent a
new structural class of σ-π conjugated polymers and
may possess unique and novel properties beyond those
described above. Further investigations will elucidate
these properties.

Experimental Section

Materials and General Comments. All reactions were
performed under an atmosphere of dry N2. The following
reagents were obtained from commercial sources and used
without further purification: 2-bromothiophene, magnesium
turnings, vinyl bromide, bromobenzene, methylmagnesium
bromide (3.0 M solution in ether), n-BuLi (hexane solution,

2.5 M), and diisopropylamine. Chlorotrimethoxysilane was
prepared using a literature procedure.18 Tetrahydrofuran
(THF) was distilled from Na/benzophenone under a N2 atmo-
sphere prior to use.

The 1H, 13C, and 29Si (INEPT) NMR spectra were performed
on a 400 MHz Bruker ADVANCE DRX multinuclear NMR
spectrometer using CDCl3 as reference. Elemental analyses
were obtained from E+R Microanalytical Laboratory, Corona,
NY. Glass transition temperatures (Tg) and melting points
were measured using a Dupont DSC Model 910 instrument
equipped with a TA Operating Software Module and Data
Analysis data station. Temperature was increased at a heating
rate of 10 °C/min. Gel permeation chromatography measure-
ments were performed on a Waters Associates GPC II instru-
ment using 500, 104, 105, and 106 Å µ-Styragel columns and
UV or refractive index detectors. The operating conditions
consisted of a flow rate of 1.5 mL/min of unstabilized HPLC-
grade THF containing 0.1% tetra-n-butylammonium bromide
((n-Bu)4NBr), a column temperature of 30 °C, and a sample
injection volume of 0.05-0.1 mL of a 0.1% solution. The system
was calibrated with a series of narrow-molecular-weight
polystyrene standards in the molecular weight range of ca.
103-106. Molecular weights were also obtained on a Wescan
Instruments, Inc. Model 233 vapor pressure osmometer (VPO)
instrument. UV-visible spectroscopy was performed on a
Beckman DU 640 spectrophotometer. Samples were prepared
in concentrations ranging from 0.0001 to 0.000 01 M in
chloroform. Samples were scanned from 288 to 800 nm at a
rate of 1200 nm/min. Data from these spectra are presented
in the body of the paper.

Synthesis of 2-Bromo-5-trimethoxysilylthiophene (1).
n-BuLi (58.0 mL, 145 mmol) was added to a round-bottomed
flask containing diisopropylamine (17.6 g, 174 mmol) dissolved
in THF (100 mL) chilled in a water/ice bath. The mixture was
stirred for 30 min and then cooled in a dry ice/acetone bath.
2-Bromothiophene (28.4 g, 174 mmol) was then added drop-
wise. After the addition, the flask was placed in a salt/ice bath
and stirred for 45 min. This solution was then transferred via
cannula to another round-bottomed flask containing chloro-
trimethoxysilane (29.4 g, 188 mmol) and THF (100 mL) chilled
in a dry ice/acetone bath. The mixture was stirred in the dry
ice/acetone bath and warmed to room temperature, at which
point it was stirred overnight. Most of the solvents were
removed under reduced pressure, and then pentane was added
to the remainder, resulting in the formation of copious
amounts of white precipitate. The suspension was filtered, and
the filtrate was distilled to afford 25.7 g (63%) of 1 as a
colorless liquid (65-66 °C/0.10 mmHg). 1H NMR (CDCl3): δ
7.11 (d, J ) 3.58 Hz, 1H), 7.04 (d, J ) 3.52 Hz, 1H), 3.52 (s,
9H). 13C NMR (CDCl3): δ 137.58, 131.40, 130.82, 119.07, 50.97.
29Si{1H}: δ -60.1 (J ) 3.6 Hz). Anal. Calcd for C7H11O3-
BrSiS: C, 29.69; H, 3.92. Found: C, 29.71; H, 3.89.

Synthesis of Hyperbranched Polymer 2. A 100-mL,
three-necked round-bottomed flask was equipped with a reflux
condenser, addition funnel, septum, and stir bar. Magnesium
turnings (1.60 g, 65.8 mmol) were added and dry-stirred for 1
h. THF (5 mL) was then added. Compound 1 (6.66 g, 23.5
mmol) was then added dropwise from the addition funnel.
During the addition, the reaction mixture turned brown and
a precipitate formed. After completion of addition, additional
THF (50 mL) was added. The mixture was then stirred for 2
h at room temperature and refluxed overnight. The suspension
was filtered to give a solution of 2, which was then used as is
in further functionalization reactions.

Synthesis of Hyperbranched Polymer 3a. A solution of
methylmagnesium bromide (30 mL, 90 mmol) was added
dropwise to an ice-cold solution of 2 prepared from 6.66 g (23.5
mmol) of 1. The mixture was stirred at room temperature

(18) Corriu, R. J. P.; Moreau, J. J. E.; Thepot, P.; Wong Chi Man,
M. Chem. Mater. 1992, 4, 1217.

Figure 5. UV-visible spectra of 3a-d.

Table 2. UV-Visible Data for Polymers 3a-d (in
THF)

polymer λmax (nm) ε (per average repeat unit)

3a 252 12 000
3b 251 13 900
3c 246 26 200
3d 213 19 100

252 12 800

Hyperbranched Poly(2,5-silylthiophenes) Organometallics, Vol. 18, No. 9, 1999 1739
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overnight. Methanol (20 mL) was then added to react with
excess Grignard reagent. Most of the volatiles were removed
under reduced pressure, and hexane (500 mL) was added to
the filtrate. The suspension was filtered, and volatiles were
removed from the filtrate under reduced pressure to give the
crude product as a yellow sticky solid. The crude product was
purified by dissolving in chloroform and precipitating into a
large excess of methanol. Polymer 3a was obtained as a white
powder in 84% yield (2.76 g). Mp: 43 °C. Molecular weight:
Mn 4458, Mw 10 552 (GPC, polydispersity 2.4); Mn 4190 (VPO).
All NMR peaks are complex multiplets or broad [ppm (relative
integral)]: 1H NMR (CDCl3) δ 7.46, 7.38, 7.33 (2H), 0.95
(0.85H), 0.64 (2.20H), 0.32 (2.92H); 13C NMR (CDCl3) δ 138.1,
136.6, 135.2, 0.62, 0.24, 0.15; 29Si{1H} δ -6.63, -15.61, -25.54
(the fourth peak corresponding to completely thiophene-
substituted Si was not visible due to excessive baseline noise).
Anal. Calcd for C6H8SiS: C, 51.38; H, 5.75. Found: C, 51.62;
H, 5.56.

Synthesis of Hyperbranched Polymer 3b. A 100-mL,
three-necked round-bottomed flask was charged with magne-
sium turnings (2.43 g, 0.100 g atom). The magnesium was dry-
stirred for 2 h, and then THF (5 mL) was added. A solution of
vinyl bromide (11.8 g, 110 mmol) in THF (20 mL) was added
dropwise. After completion of addition, additional THF (50 mL)
was added and the mixture was stirred at room temperature
for 2 h. To this Grignard solution was added a solution of 2,
which was prepared from 7.38 g (26.1 mmol) of 1. The resulting
mixture was stirred at room temperature for 1 day. Methanol
(20 mL) was added to react with excessive Grignard reagent.
Most of the volatiles were removed under reduced pressure,
and 500 mL of hexane was added to the residue. The suspen-
sion was filtered, and all volatiles were removed under reduced
pressure to yield the crude product as a yellow-orange sticky
semisolid. The crude product was purified by dissolving in
chloroform and precipitating into a large excess of methanol
chilled in a dry ice/acetone bath. Polymer 3b was obtained as
a yellow-orange sticky solid in 69% yield (2.96 g). Tg ) 14 °C.
Molecular weight: Mn 6587, Mw 67 535 (GPC, polydispersity:
10.3); Mn 10 480 (VPO). All NMR peaks are complex multiplets
or broad [ppm (relative integral)]: 1H NMR (400 MHz, CDCl3)
δ 7.55-7.41 (2H), 6.59-6.21 (4H), 5.93-5.84 (2H); 29Si{1H} δ
-29.1, -31.2, -33.4, -35.7. Anal. Calcd for C8H8SiS: C, 58.48;
H, 4.91. Found: C, 58.23; H, 5.04.

Synthesis of Hyperbranched Polymer 3c. A 100 mL
three-necked round-bottomed flask was charged with magne-
sium turnings (2.43 g, 0.100 mol). The magnesium was dry-
stirred for 2 h, and then THF (10 mL) was added. 2-Bromo-

thiophene (14.9 g, 91 mmol) was added dropwise. After
completion of addition, additional THF (50 mL) was added and
the mixture was stirred at room temperature for 2 h. To this
Grignard solution was added a solution of 2 which was
prepared from 6.38 g (22.5 mmol) of 1. The resulting mixture
was heated to 90 °C in an oil bath for 2 days. Methanol (10
mL) was added to react with excessive Grignard reagent, and
the mixture was filtered. The filtrate was added to a large
excess of methanol, resulting in the formation of a white
precipitate. The precipitate was collected, washed with metha-
nol, and dried under vacuum to give 3c in 76% yield (4.73 g).
Tg ) 120 °C. Molecular weight: Mn 5481, Mw 14 900 (GPC,
polydispersity 2.7); Mn 10125 (VPO). All NMR peaks are
complex multiplets or broad [ppm (relative integral)]: 1H NMR
(400 MHz, CDCl3) δ 7.42, 7.09; 29Si{1H} δ -34.5, -34.8, -35.6
(the peak for the completely substituted silicon atoms is
expected to be buried in this region). Anal. Calcd for C12H8-
SiS3: C, 52.14; H, 2.92. Found: C, 51.68; H, 2.85.

Synthesis of Hyperbranched Polymer 3d. A 100 mL
three-necked round-bottomed flask was charged with magne-
sium turnings (2.43 g, 0.100 mol). The magnesium was dry-
stirred for 2 h, and then THF (10 mL) was added. Bromoben-
zene (15.7 g, 100 mmol) was added dropwise. After completion
of addition, additional THF (50 mL) was added and the
mixture was stirred at room temperature for 3 h. To this
Grignard solution was added a solution of 2, which was
prepared from 6.76 g (23.9 mmol) of 1. The resulting mixture
was heated to 90 °C in an oil bath for 2 days. Methanol (10
mL) was added to react with excessive Grignard reagent, and
the mixture was filtered. The filtrate was added to a large
excess of methanol, resulting in the formation of a white
precipitate. The precipitate was collected, washed with metha-
nol, and dried under vacuum to give 3d in 86% yield (5.46 g).
Tg ) 135 °C. Molecular weight: Mn 5425, Mw 16166 (GPC,
polydispersity 3.0); Mn 9216 (VPO). All NMR peaks are
complex multiplets or broad [ppm (relative integral)]: 1H NMR
(400 MHz, CDCl3) δ 7.51-7.19; 29Si{1H} δ -19.1, -24.5, -30.0,
-35.6. Anal. Calcd for C16H12SiS: C, 72.68; H, 4.57. Found:
C, 72.44; H, 4.60.
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