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1. INTRODUCTION

Extensive studies on the electronic attributes of linear, high
molecular weight polysilanes, [R2Si]n (R = alkyl or aryl) in the
past1,2 have provided a great deal of thrust to explore potential
applications of these polymers in the field of optoelectronics,
semiconducting materials as well as ceramics. By virtue of σ-
electron delocalized silicon backbone as well as amenable band
gap energy (3�4 eV) associated with the framework structure,
linear polysilanes have also been examined for their reducing
behavior toward noble metal ions such as Ag(I), Au(III), Pd(II),
and Pt(II) etc. Fukushima et al. have reported tentative assign-
ment of the redox potential (þ0.34 to þ0.54 V) of linear
poly(methylphenylsilane)s with respect to standard hydrogen
electrode, suggesting their affinity to reduce metal ions with
higher oxidation potential.3 The approach has been successfully

utilized for the synthesis of silicon based polymer�metal nano-
composites which exhibit excellent catalytic properties in many
organic transformations.4�9 Metal nanoparticles in polysilane/
siloxane basedmatrices are considered to exhibit superior activity
and selectivity toward catalytic reactions than bound to strong
co-ordinating ligands due to weaker interactions between nano-
particles and polymer surfaces.10�12 Notable among these are
hydrogenation, Suzuki, Sonagashira coupling and hydrosilylation
reactions. A recent report from our group has shown that poly-
(alkyl�arylsilane)s, [R(C6H4�R1)Si]n (R = Et3SiCH2CH2; R

1 =
H, p-Me, p-OMe, p-NMe2) exhibit variations in HOMO�LUMO
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ABSTRACT: Branched organosilicon polymers of composition
[(PhMeSi)x-co-(RSi)1-x]n [ x = 0.83�0.75, R = Et3SiCH2CH2

(1), 2-FuMe2SiCH2CH2 (Fu = Furyl, 2), n-Hex (3), Ph (4)] have
been synthesized by reacting a mixture of dichloromethylphe-
nylsilane and an appropriate trichloroorganosilane, RSiCl3 in 5:1
molar ratio with sodium dispersion in refluxing toluene (Wurtz
coupling). A change in the feed ratio of Et3SiCH2CH2SiCl3 and
PhMeSiCl2monomers to 1:1 affords the polymer, [(PhMeSi)0.55-
co-(Et3SiCH2CH2Si)0.45]n, 5, with increased domains of branch-
ing sites while the synthesis of polysilyne [Et3SiCH2CH2Si]n, 6,
involves the corresponding organotrichlorosilane as the precur-
sor. The polysilanes, 1�4 act as excellent precursors for the
reduction of silver acetate [polymer repeat unit: Agþ = 0.10, 0.25]
under mild conditions (toluene, room temperature) and afford
the formation of polymer�metal nanocomposites, 1a�4a and
1b�4b containing silver nanoparticles with an average diameter
of 5�7 and 8�11 nm, respectively. The optical properties and
fluorescent nature of these composites as green light emitters have been studied by UV�vis and photoluminescence (PL)
spectroscopy as well as confocal microscopy. The results accord the formation of silver nanoclusters in conjunction with
nanoparticles. The host polymer matrix devoid of silver nanoparticles is obtained in each case by addition of a donor solvent (THF)
in the composites and subsequently characterized by GPC, PL and cyclic voltammetric studies. A substantial decrease in molecular
weight (Mw = 4.8�10.4 � 103) with respect to that of the corresponding parent polysilane (Mw = 9.7�21.0 x103) suggests
irreversible oxidative cleavage of the skeletal backbone. The results also provide a basis to conclude that reducing action of 1�4
toward Ag(I) ions is predominantly located in the polysilyne segments leading to partial inclusion of Si�O�Si bonds in the host
polymer structures. The role of polymer composition on the optical properties of silver nanoparticles has been examined by studying
the nanocomposites 5a and 6a derived from the polymers, 5 and 6 respectively. The results suggest that branched polysilanes, 1�5
are unique in acting as scaffolds for fluorescent silver nanoclusters.
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band gap energies as well as oxidation potentials (0.95�0.49 V)
as a function of electron withdrawing/releasing substituents (R1)
on the phenyl group. This intrinsic property has been utilized to
achieve control over size domains of in situ generated silver and
palladium nanoparticles.13 In addition, we have also demon-
strated that the use of functional polysilanes bearing thienyl or
furyl donor groups on the appended sila�alkyl side chains is
advantageous to afford polymer�metal composites containing
silver and palladium nanoparticles with long shelf life stability.14,15

The passive behavior of these nanoparticles toward agglomera-
tion in the functional polymer matrix originates from donor�
acceptor interaction between thienyl/furyl group and the nano-
metal surface.

Polymer�metal nanocomposites incorporating small silver
clusters such as Ag2, Ag3, and Ag4, etc. have received considerable
attention in view of their unique emissive properties in the visible
region.16�20 Recent studies have shown that, in contrast to
nanoparticles, photoemission from silver nanoclusters originates
from spatial confinement of free electrons and size-dependent
discrete energy levels.12,21As a result, potential applications of the
materials containing noble-metal nanoclusters/nanodots are
being sought in single molecular spectroscopy, biological label-
ing, optical sensing, catalysis, etc.22,23 Synthetic methods of these
composites primarily rely on the use of external reducing agents
and organic based functional dendrimers/multi arm star copo-
lymers and biomolecules as templates which have the desirable
properties to stabilize or encapsulate metal nanoclusters.24�30

Despite these developments, potential applications of higher
dimensional silicon catenates such as polysilynes,31�37 [RSi]n as
well as poly(silylene-co-silyne)s,38,39 [(R2Si)x-co-(RSi)1-x]n (also
known as network and branched polysilanes respectively) in the
synthetic domain of noble metal nanoparticles/clusters have not
been explored so far. A detailed understanding of this aspect is
desired in view of available information on the electronic proper-
ties of these polymers which differ appreciably from those of
linear polysilanes. Polysilynes are generally considered as soluble
models of amorphous silicon and best represented as two-
dimensional sheet-like structures comprising of linear, branched
and cyclic components. These are associated with both direct and
indirect band gaps of the order of 2�3 eV which are nearly
degenerate and electronic properties can be tailored through
surface chemical derivatization.40 Krempner et al. have recently
reported optical properties of oligosilane dendrimers and their
analogous derivatives which possess oxo, hydroxo, or alkoxide
groups.41 These discrete molecular entities are considered as
models for higher dimensional silicon catenates such as poly-
silynes and siloxenes. A significant aspect of these studies as well
as those reported by others,42,43 is the revelation that introduc-
tion of oxygen functionalities on catenated silicon frameworks
significantly enhances room temperature photoluminescence
properties in the visible region. On the basis of controlled
vacuum pyrolysis studies of a number of polysilynes, Fujuki
et al. have demonstrated that the materials derived there from
exhibit wide range of visible light (blue to red) emissions at 77 K
as a result of structural transformation which resembles that of
Siloxene-like, multilayered sheet structure.35 Relevant studies on
the optical properties of branched polysilanes by UV�vis and PL
(emission) spectroscopy as well as fluorescence lifetime decay
measurements have shown that linear and branched units of
these polymers more or less behave as separate chromophores
and exhibit distinct photophysical properties.38,39 On the basis of
these studies, it is suggested that the extent of σ-delocalization in

the skeletal backbone increases with higher degree of branching
sites in the structural framework.

As part of our continued interest in polysilane chemistry,13�15

we endeavored to explore fundamental issues concerning the role
of branched polysilanes as reducing agents for Ag(I) ions as well
as their affinity to function as the scaffolds for in situ generated
metal nanoparticles. As a prerequisite, branched polysilanes,
[(PhMeSi)x-co-(RSi)1-x]n [x = 0.83�0.75, R = Et3SiCH2CH2Si
(1), 2-FuMe2SiCH2CH2 (2), n-Hex (3), Ph (4); x = 0.55, R =
Et3SiCH2CH2Si (5)] have been synthesized and their reactivity
toward silver acetate examined in detail as a function of con-
centration of Ag(I) ions, polymer composition as well as side
chain substituents on the polymers. A significant outcome of
these studies is the isolation of polymer�silver nanocomposites
which exhibit room temperature fluorescence characteristics as
green light emitters in solution. This optical phenomenon is
attributed to formation of silver nanoclusters in conjunction with
nanoparticles in the organosilicon polymer scaffolds.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Polymers. Follow-
ing Wurtz coupling approach,2 the branched polysilanes
[(PhMeSi)x-co-(RSi)1-x] [x = 0.83�0.75, R = Et3SiCH2CH2

(1), 2-FuMe2SiCH2CH2 (Fu = furyl, 2) n-Hex (3), Ph (4)] have
been synthesized by reacting a mixture of dichloromethylphe-
nylsilane and an appropriate trichloroorganosilane in 5:1 molar
ratio with sodium dispersion in refluxing toluene. A change in the
feed ratio of Et3SiCH2CH2SiCl3 and PhMeSiCl2 monomers to
1:1 affords the polymer, [(PhMeSi)0.55-co-(Et3SiCH2CH2Si)0.45]n,5,
with increased domains of branching sites. The synthesis of
polysilyne [Et3SiCH2CH2Si]n, 6, involves Wurtz coupling of
trichlorocarbosilane, Et3SiCH2CH2SiCl3 as the precursor. Effec-
tive separation of high molecular weight polysilanes 1�6 from
the reaction mixtures is performed by using 2-propanol as the
precipitating solvent. These are obtained as white to pale yellow
solids in 15�20% isolable yields. Gel permeation chromato-
graphic analysis (THF, polystyrene standards) reveals a mono-
modal molecular weight distribution in each case with Mw/PDI
values ranging between 9.7 and 21.0 � 103/PDI = 1.3�1.9
for 1�5 and 4.2/1.3 for 6 (Table1, Figure S1 (Supporting
Information)). Thermogravimetric (TGA) studies suggest that
all the polysilanes are thermally stable up to 290�300 �C.
However, subsequent weight loss is observed in a continuous
manner up to 500 �C leaving a residual yield of ∼30�40%. The
1H NMR spectra of 1�3 and 5 are dominated by broad and
overlapping resonances in the aliphatic region (δ 0.42�1.65)
due to sila�alkyl/n-hexyl groups and assignments of chemical
shifts are based on a comparison with those of related linear
polysilanes reported earlier.38 Nevertheless, quantitative 13C{1H}
NMR spectra exhibit distinct signals due to various organic
moieties associated with [PhMeSi]n and [RSi]n segments and
delineate the composition of each polymer. The relevant NMR
data are summarized in the Experimental Section. 29Si NMR
spectra (CPMAS) display characteristic resonances at δ �30
to �42 and �55 to �65 due to linear and branched sites
respectively1,32 (Figure 1). For 1, 5 and 2, the signals due to
Et3Si and FuMe2Si groups of the appended side chains appear at
δ 8.7, 8.9, and �9.18 respectively. UV�vis spectra of 1�4 in
toluene solution are quite similar and exhibit an absorption
maximum in each case at ∼330 nm associated with σ�σ*
transition of linear poly(methylphenylsilane) segment while a
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shift to lower wavelength (318 nm) is observed in 5 as a result of
increasing branching structures in the polymer framework.38 The
spectral profiles show an absorption edge to higher wavelength
due to the presence of polysilyne units. In the photolumines-
cence (PL) spectra, the emission bands at 363�370 nm as well as
several vibronic peaks at 407, 430, and 460 nm provide signatures
of linear and branched segments, respectively. For 5, PL emission
bands associated with linear (361 nm) and branched polysilyne
units show a perceptible variation in their intensities as compared
to that of 1 suggesting higher order of branching and are in
accord with those of analogous branched polysilanes reported
earlier.38,39 Strong evidence in favor of the network structure of 6
comes from 29Si{1H} NMR chemical shift [δ 8.36 (Et3Si), �56
to�70 (br, backbone)] as well as PL emission bands at 407, 430,
460 nm. The polymers 1, 2 and 6 have been chosen as
representatives for cyclic voltammetric studies with Hg/Hg2Cl2
as the reference electrode. For 1 and 2, the results reveal
two distinct onsets of oxidation (Vi) at 0.84/0.89 and 0.36 V

corresponding to linear poly(methylphenylsilane)44 and poly-
silyne units37 respectively while the polysilyne 6 shows an onset
of oxidation at 0.35 V. In all cases, the cyclic voltammograms are
found to be irreversible in nature.
2.2. Synthesis of Polymer�Silver Nanocomposites. Slow

addition of a solution of each polymer, 1�4 in toluene into a
stirred suspension of silver acetate (0.10 molar with respect to
polymer repeat unit) in the same solvent separately results in a
slow dissolution of the salt within 2�3 h. A gradual color change
of the solutions from colorless to yellow during this period
suggests the formation of silver nanoparticles (AgNPs) in each
case. The reduction of Ag(I) to Ag(0) is accomplished by
σ�delocalized electrons of the polysilanes and does not require
any external reducing agent. Subsequent removal of the solvent
from reaction mixtures under vacuum affords polymer-silver
nanocomposites 1a�4a respectively as orange solids. Similarly,
the reactions of 1�4 with 0.25 molar concentration of silver
acetate proceed in an identical manner to afford the composites,
1b�4b respectively as sticky viscous mass, thereby suggesting
that irreversible oxidative cleavage of the parent polymers is more
pronounced in these cases as compared to those observed in 1a-
4a (Table 1). A detailed study on the compositional aspects of
the polymer matrices in these composites is presented in section
2.2.2 (vide infra). All the nanocomposites thus obtained exhibit
excellent chemical stability over a period of 3�4 months when
stored in dark.
2.2.1. Characterization of Silver Nanoparticles/Clusters in the

Composites. In view of slow agglomeration of silver nanoparti-
cles in solution, relevant studies for the characterization of these
composites have been performed on a freshly prepared solution
in toluene. Transmission electron microscopy (TEM) reveals
invariably the formation of spherical silver nanoparticles in a
quasi-monodispersed phase with an average diameter of 5�7 nm
for 1a�4a and 8�11 nm for 1b�4b, suggesting a perceptible
increase in particle growth at higher concentration of Ag(I) ions
in the reaction mixture. The representative TEM images of 1a
and 1b are shown in Figure 2. Analysis of the crystal lattice shows
Ag(1,1,1) with its characteristic 0.235�0.241 nm spacing.
As shown in Figure 3, UV�vis spectra of the nanocomposites

(toluene, 10�4 M with respect to repeat unit of polymer) reveal
surface plasmon resonance (SPR) at 427�433 nm due to silver
nanoparticles, in addition to the absorption at 330 nm associated
with σ�σ* electronic transition of linear poly(methylphenylsilane)
segment. The absorption maxima of the plasmon resonance

Table 1. GPC Data of the Parent Polymers 1�6 and Oxidized Polymersa

polymer Mw � 10-3/PDI composite polymer: Ag(OAc) Mw � 10-3/PDI

1 [(PhMeSi)0.83-co-(Et3SiCH2CH2Si)0.17]n 12.1/1.3 1a 0.10 9.87/2.1

1b 0.25 4.85/2.0

1c 0.50 -

2 [(PhMeSi)0.80-co-(2-FuMe2SiCH2CH2Si)0.20]n 9.8/1.9 2a 0.10 6.70/1.4

2b 0.25 4.04/1.6

3 [(PhMeSi)0.75-co-(n-HexSi)0.25]n 21.1/1.7 3a 0.10 10.43/1.5

3b 0.25 6.91/2.3

4 [(PhMeSi)0.82-co-(PhSi)0.18]n 10.3/1.5 4a 0.10 6.37/1.8

4b 0.25 5.18/2.1

5 [(PhMeSi)0.55-co-(Et3SiCH2CH2Si)0.45]n 9.7/1.5 5a 0.10 -

6 [Et3SiCH2CH2Si]n 4.2/1.3 6a 0.10 -
aMolecular weights relative to polystyrene standards; eluent: THF; 30 �C. PDI = polydispersity index (Mw/Mn).

Figure 1. Solid state 29Si{1H} NMR spectrum of 1.
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remain practically similar in all the composites and are found to
be independent of nanosilver concentration or nature of side
chain substituents in the host polymers. Nevertheless, the
observed values are in accord with a few recent reports on related
silver nanocomposites containing spherical silver nanoparticles
of 2�5 nm diameter10,45,46 as well as silver nanoclusters of
Ag2�Ag8 dimensions,

16,27,28 thereby suggesting a strong depen-
dence of the plasmon resonance on various parameters including
size, shape, nature of capping agents and solvent medium.47 A
significant feature of the PL spectra (λexc = 350 nm) is the
appearance of a new band at 515�550 nm in lieu of the emission
bands associated with the polysilyne units of the parent polymers
(Figure 4). The only exception to this behavior is observed in
case of 3b (Table 1) wherein the spectrum is dominated by the
emission band at 360 nm due to linear poly(methylphenylsilane)
only. The new emission is found to be independent of excitation

wavelengths in the range of 350�430 nm (Figure S2, Supporting
Information), thereby suggesting that the obtained emission is a
real luminescence from the relaxed state and not due to scattering
effect. This emissive behavior of the nanocomposites is corro-
borated by the observed green luminescence under UV light
(inset, Figure 4). Confocal microscopy images of 1a in 450�
580 nm range (Figure S3, Supporting Information) suggest that
highest intensity emission lies in λ scan region of 510�530 nm.
The results obtained from photoluminescence spectra and
fluorescent nature of each composite (except 3b) as green light
emitter provide a strong basis to suggest the formation of silver
nanoclusters, in addition to the nanoparticles, as no plasmon
emission is anticipated from bulk silver nanoparticles. Lumines-
cence from small clusters on silver nanoparticle surfaces is rare
but not unprecedentated.19,26�28 Time-resolved fluorescence
decay of the composite 1a has been studied to substantiate the

Figure 2. TEM images of polymer�Ag nanocomposites 1a and 1bwith particle size distribution andHRTEM image of a large particle in the composite.
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presence of silver nanoclusters. The decay phenomenon is
monitored at 525 nm by using 340 nm lasers and instrument
functions are shown in Figure 5. The result can be fitted
biexponentially with a fast component of 409 ps (55%) and a
slow component of 2.84 ns (45%). The former value is assigned
to the host polymer matrix and the latter with longer lifetime is
consistent with a few recent reports on Ag2 clusters which reveal
fluorescence lifetime of 2�3 ns.19,22,23 The lifetime of fluorescence
decay when detected at 363 nm [51 ps (98.83%) and 1.34 ns] is
consistent with the results derived from the parent copolymer
[44 ps (99.04%) and 1.35 ns] (Figure S4, Supporting Informa-
tion).48 The ESI�MS spectra of the composites have been
recorded and the results are far from conclusive to establish

the identity of Ag2 and related small clusters. Nevertheless, the
cluster peak at m/z 106.9 and 108.9 unequivocally reveal the
presence of [Ag]þ under the spectroscopic conditions. It is
imperative to mention that there are only a few earlier reports
on themass spectral data on silver nanoclusters and identification
of such species has been accounted for the composites possessing
nanoparticles of <2 nm size.16,18,25,29 In general, silver nanoclus-
ters on the surface of nanoparticles have not been subjected to
mass spectral studies.19,26�28

On the basis of these results, it is apparent that the branched
organosilicon polymers are versatile scaffolds for the generation
and stabilization of silver nanoparticles as well as nanoclusters as
fluorophores. As a result, possible interactionbetweennanoparticle�
nanocluster interface which may result in fluorescence enhance-
ment/quenching in the composites, 1a�4a and 1b�4b cannot
be discounted. However, a detailed study of such phenomena is
warranted in view of paucity of literature precedence, although
recent studies on the optical properties of organic fluorophores
in the viscinity of silver nanoparticles are emerging.49 A plausible
explanation of the observed variations in the relative intensity of
emission bands at 515�550 nm (Figure 4) is provided by
considering nature of the host polymers bearing different side
chain substituents as well as concentration of silver nanoparticles
in the composites. These effects are particularly noticeable in case
of composite 3b wherein the absence of fluorescence character-
istics may result from instability of nanoclusters due to long n-
hexyl groups in the host polymer as well as higher concentration
of silver nanoparticles. The effect of silver concentration on the
optical properties of the composites has been further validated by
studying UV�vis and PL spectra of the composite, 1c (Table 1)
which has been isolated from reaction of polymer 1 with 0.5
molar concentration of silver acetate. In this case, although the
plasmon resonance due to silver nanoparticles is discernible at
λmax= 420 nm, the PL spectrum is devoid of the emission band at
530 nm region suggesting the absence of silver nanoclusters
(Figure S5, Supporting Information). The composite is poorly
stable and precipitation of silver nanoparticles is observed within
48 h. It is believed that extensive cleavage of the parent polymer
during the conversion of Ag(I) to Ag(0) results in the formation
of a matrix comprising of mainly oligosilanes which do not act as
scaffolds to stabilize the nanoparticles.
2.2.2. Compositional Aspects of Host Polymer Matrices and

Their Relevance in the Stabilization of Silver Nano Clusters.The
host polymer matrices are isolated from the composites by
addition of a donor solvent such as THF which results in
agglomeration and precipitation of the metal nanoparticles.
These polymers are obtained as white solids or viscous mass
and the GPC data (Table 1, Figure S6 (Supporting Infomation))
reveal a perceptible decrease in molecular weights (Mw =
10.4�4.8 � 103) as compared to the corresponding parent
polymers. It is noteworthy that the oxidative cleavage of silicon
backbone is more pronounced in case of the polymers derived
from 1b�4b composites. The reduction of Ag(I) ions to Ag(0)
results in the inclusion of siloxane groups in each polymer matrix
and its presence is established by a new intense broad IR
absorption at 1060�1080 cm�1. The results are consistent with
earlier reports on the reducing behavior of linear polysilanes
toward Ag(I) ions.13,6�8

UV�vis and PL spectra of these polymers identify linear
polysilane segment by characteristic absorption and emission
bands at 330 and 360�365 nm, respectively. The position of the
absorption/emission maximum does not reveal any perceptible

Figure 3. UV�vis spectra (toluene, room temperature, 7 � 10�4 M)
showing surface plasmon resonance of Ag nanoparticles and σ�σ*
transition of polymer (inset).
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change in comparison to that of the corresponding parent
polymer. Nevertheless, PL spectra in the polysilyne region
(λmax = 450 nm) differ appreciably as compared to those of
the composites as well as the parent polysilanes (Figure 4). The
spectral profiles of the host polymer matrices derived from
1a�4a exhibit the signatures of residual polysilyne fragments
while those isolated from 1b�4b are devoid of this characteristic
emission (Figure 6). In addition, the spectra of all these polymers
invariably show the absence of emission band at 525 nm as
observed in the composites. These results provide the basis to
draw a few important conclusions: (a) The absence of polysilyne
units in the host polymers derived from 1b�4b clearly suggest
that these act as preferential sites for the reduction of Ag(I) ions
to Ag(0) in comparison to the linear polymethylphenylsilane
segment. A plausible explanation of this behavior is sought by
cyclic voltammetric study (Figure 7) of the host polymers
derived from the composites 1a and 1b and comparing the
results with that of parent polymer 1. It is evident that the cyclic
voltammogram of the host polymer obtained from the composite
1a closely resembles that of the parent polymer and exhibit two
distinct, irreversible onsets of oxidation (Vi) at 0.84 and 0.36 V
due to linear polysilane and polysilyne units, respectively. On the

other hand, the host polymer matrix derived from 1b does not
exhibit the peak at 0.36 V due to branched polysilyne units. (b)
The green emission at 525 nm and associated fluorescence
characteristics of the composites are the attributes of Ag nano-
particles and do not originate from the polymer matrices.
To better understand the compositional effects of these

polymers on the stability of silver nanoparticles/clusters, the
reactions of [(PhMeSi)0.55-co-(Et3SiCH2CH2Si)0.45]n, 5, and
[Et3SiCH2CH2Si]n, 6, with 0.10 equiv of silver acetate have been
performed to afford the isolation of polymer-silver nanocompo-
sites 5a and 6a respectively. Needless to mention that the former
is an analogue of the polymer 1 (Table 1) with increasing
branching sites while the latter is comprised of a network
structure. Preliminary studies based on TEM, UV�vis and PL
spectroscopy and comparison of the results with those of 1a have
revealed a few interesting observations. The TEM images of 5a
and 6a (Figure S7, Supporting Information) reveal that the silver
nanoparticles are quite large and polydispersed in nature (8.5 (
5.2 nm/14 ( 6.16 nm) as compared to those formed in the
composite 1a. Although absorption maxima of the surface
plasmon resonances of silver nanoparticles (435 nm for 5a;
425 nm for 6a) resemble closely, a marked variation in the

Figure 4. Emission spectra (λexc = 350 nm, toluene, room temperature) of nanocomposites. The inset shows the composite solution in room light (M)
and UV light (N).
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emission bands is quite distinct in the photoluminescence
spectra. As shown in Figure S8, Supporting Information, the
spectrum of 5a reveals the green emission at 516 nm similar to
that observed in 1a, the composite 6a is devoid of this emission
band. This difference in the emissive character implies that
compositional features of the host polymers as well as size
distribution of the in situ generated silver nanoparticles play a
dominant role in the green light emission of polymer metal
nanocomposites. In addition the reaction of a mixture of homo-
polymers [PhMeSi]n and [Et3SiCH2CH2Si]n (5:1 equiv) with
0.10 equiv of silver acetate has been performed under identical
conditions. The formation of silver nanoparticles of average
diameter, 12.75 ( 4.02 nm is evident from TEM image while
UV�vis spectrum exhibits a distinct surface plasmon resonance
at 425 nm. Nevertheless, the nanocomposite thus formed does
not exhibit fluorescent characteristics and is devoid of emission
band at 525 nm (Figure S9, Supporting Information) in a range
of excitation wavelengths between 350 to 430 nm. These studies
clearly suggest that the polymer matrix derived from physical
blend of the homopolymers does not meet the structural
requirements which are essential for the protection of in situ
generated silver nanoclusters.
In summary we have demonstrated that the branched poly-

silanes 1�5 undergo a facile reaction with silver acetate to afford
silver nanocomposites which are fluorescent as a result of
formation of silver nanoclusters. The preferential site of reduc-
tion of Ag(I) ions is located in the polysilyne segment of these
polymers resulting in chemical modifications via oxidative clea-
vage of the silicon backbone and formation of Si�O�Si linkages.
The host polymers with linear polysilane and siloxane containing
branching units in the structural frameworks act as templates for
stabilization of silver nanoclusters owing to their complex two-
dimensional network architecture. The legacy of these branched
organosilicon polymers to exhibit two distinct oxidation poten-
tials associated with linear and branched segments of the skeletal

silicon backbone, may have significant implications in synthesis
of hybrid noble metal nanoparticles.

3. EXPERIMENTAL SECTION

3.1. General Comments. All operations were carried out using
standard Schlenk line techniques under dry nitrogen atmosphere unless
otherwise stated. Solvents were freshly distilled under inert atmosphere
over sodium/benzophenone (toluene, tetrahydrofuran) andmagnesium
(alcohols) before use. Trichlorovinylsilane, n-hexyltrichlorosilane and
phenyltrichlorosilane (Aldrich) were freshly distilled over magnesium.
Karstedt’s catalyst (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisilox-
ane complex), and silver acetate (Aldrich) were used as received. Molecular
weights of the polysilanes were estimated using Hitachi ELITE La-
Chrom chromatograph equipped with L-2490 refractive index detector
and Waters styragel HR3 and HR4 columns in series. The chromato-
graph was calibrated with polystyrene standards and THF was used as
eluent. UV�vis spectra were recorded on a Perkin-Elmer (Lambda Bio 20)
spectrophotometer. Fluorescence spectra were acquired on model FL
3-11, Fluorolog-3 modular spectrofluorometer purchased fromHoroba-
Jobin Yvon, Inc. The spectrofluorometer contains single Czerny-Turner
grating excitation and emission monochromators as wavelength selec-
tion devices, 450 W Xe-arc lamps as the excitation source and PMT as
the detector. 1H and 13C NMR spectra were recorded in CDCl3 on
Bruker Spectrospin DPX 300 MHz instrument at frequency 300 and
75.5 MHz respectively while 29Si spectra were recorded on Bruker
AVANCE II 400 NMR spectrometer at frequency 79.5 MHz and
chemical shifts are quoted relative toMe4Si. Thermogravimetric analysis
of polymers was carried out in nitrogen atmosphere between 50 and
900 �C at a rate of 10 �C/min on a Perkin-Elmer Thermal analysis
system. Infrared spectra were obtained on a Nicolet FT-IR (protege)
spectrometer using KBr optics. Transmission electron microscopic (TEM)
studies were carried out on a FEI Technai G2 electron microscope
operated at 200 kV. The diameter of the particles from the TEM images
was calculated using image processing software, Image J. TEM samples
were prepared by depositing one drop of the silver nanoparticles
solution on a carbon coated copper grid and allowing the solvent to
evaporate. Cyclic voltammetric measurements were carried out on
μAutolab type-III Potensiostat/Galvanostat electrochemical analyzing
system. The scan rate employed was 5 mV/s. Cyclic voltammograms
were recorded in THF with 0.2 M anhydrous LiClO4 as supporting
electrolyte. A three-electrode set up comprising of a Pt disk working
electrode (surface area =0.8� 1.0 cm2), a Pt wire counter electrode and
Hg/Hg2Cl2 as reference electrode was used. The polymer solutions
were prepared in a concentration of∼5 mg/mL. Inverted Olympus FV-
1000 confocal laser scanning microscope was used for scanning the
images in the λ scan region of 450�580 nm. The mass spectrum was
recorded on a micrOTOF-Q II 10262 mass spectrometer in positive ion
mode by ESI technique. The assignment of the observed fgragment ion
has been made by using the Chem Draw Ultra 7.0.1 program.
3.2. SyntheticMethods. Synthesis of Et3SiCH2CH2SiCl3.Triethyl-

silane (6.2 mL, 39 mmol) was added dropwise into a stirred solution of
trichlorovinylsilane (5 mL, 39 mmol) containing Karstedt’s catalyst.
Strong induction period was observed after a few drops of addition of
triethylsilane. The reactionmixture was heated at 90 �C for 10�12 h and
subsequently fractionally distilled under vacuum to afford the title
compound as a colorless liquid. (bp 100�105 �C/5 mm Hg; yield 72%).
1H NMR (CDCl3, 300 MHz): δ 1.29�1.23 (m, CH2SiCl3, 2H),
1.0�0.94 (t, CH3�Et, 9H), 0.76�0.68 (m, Et3SiCH2, 2H), 0.57�
0.46 (q, CH2�Et, 6H). 29Si{1H} NMR (CDCl3, 79.5 MHz): δ 8.94
(Et3Si), 13.36 (SiCl3).

Synthesis of 2-FuMe2SiCH2CH2SiCl3.The synthesis of FuMe2SiH was
carried out by the following procedure reported earlier using salt
elimination reaction between furyllithium and chlorodimethylsilane.50

Figure 5. Fluorescence decay curve of nanocomposite 1amonitored at
525 nm. Excitation is carried out by using 340 nm lasers. The bottom
curves (blue) denote the instrumental response function, the top panels
(green) provide double-exponential fits to experimental data and the
lower panels show weighted residuals for the corresponding fits.
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Hydrosilylation reaction between trichlorovinylsilane (5.5 mL, 40 mmol)
and dimethyl(2-furyl)silane (5 g, 39 mmol) was carried out in presence
of Karstedt’s catalyst. The contents were refluxed at 90 �C for 10�12 h
to ensure completion of the reaction and thereafter fractionally distilled
under vacuum to afford the desired trichlorocarbosilane. (bp 140�
145 �C/5 mmHg; yield 70%). 1H NMR (CDCl3, 300 MHz): δ 7.59 (d,
3JHH = 1.5 Hz, FuH-5), 6.63 (dd, 3JHH = 3 Hz, 3JHH = 3.21 Hz, FuH-3),
6.32 (d,3JHH = 1.14 Hz, Fu H-4), δ 1.17�1.26 (m, CH2SiCl3, 2H),
0.81�0.87 (m, FuMe2SiCH2, 2H), 0.22 (s, Si�Me, 6H). 29Si{1H}NMR
(CDCl3, 79.5 MHz): δ �8.56 (FuMe2Si), 13.46 (SiCl3).
Synthesis of Branched Polysilanes 1�5. A typical procedure for the

synthesis of branched polysilanes, 1�4 is as follows. Freshly weighed
sodium (1.8 g, 78.2 mmol) was transformed to a fine dispersion in
refluxing toluene under dry nitrogen atmosphere and a solution of
dichloromethylphenylsilane (4.70 g, 4.0 mL, 24.60 mmol) and trichlor-
osilane precursor, Et3SiCH2CH2SiCl3 (1.36 g, 4.90 mmol) was added
dropwise into it (Caution! a strongly exothermic reaction occurs). The
reaction mixture turned deep blue in color, and the contents were
allowed to reflux at 110 �C for 4 h. The resulting solution was then
filtered under nitrogen and the solvent was stripped off from the filtrate
to afford a crude polymer. The highmolecular weight branched polysilane 1
was obtained as a white solid by repeated fractionation of a concentrated
solution of crude product in toluene using 2-propanol as the precipitat-
ing solvent. Following a similar procedure, the branched polysilanes
2�4 were obtained as white solids by reacting a mixture of dichlor-
omethylphenylsilane and FuSiCH2CH2SiCl3/n-HexSiCl3/PhSiCl3
in 5:1 molar ratio under Wurtz coupling condition. Following a

similar procedure, the branched polysilane 5 was obtained as yellow-
ish solid by reacting equimolar quantity of dichloromethylphenylsi-
lane (2.35 g, 2.0 mL, 12.30 mmol) and trichlorosilane precursor
Et3SiCH2CH2SiCl3 (3.41 g, 12.30 mmol) with sodium dispersion
(1.69 g, 73.47 mmol).

[(PhMeSi)0.83-co-(Et3SiCH2CH2Si)0.17]n, 1. Yield = 16.5%. GPC:
Mw = 12096; PDI = 1.3. 1H NMR (CDCl3, 300 MHz): δ 7.28 (br,
Si�Ph), 0.82 (br, CH3�Et), 0.28 (br, CH2 þ CH2�Et), �0.20 (br,
SiMe). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 135.13, 133.33, 127.61
(Si�Ph), 11.64 (CH2Si), 7.52 (CH3�Et), 6.16 (Et3SiCH2), 2.75 (CH2�
Et),�6.13 (SiMe). 29Si{1H}NMR (solid): δ 8.70 (Et3Si),�32 to�40
(br, PhMeSi), �56 to �65 (br, polysilyne backbone). IR (KBr, cm�1):
3055 (Ar, νC�H), 2951, 2878 (νC�H), 1248 (νSi�Me), 1418 (δC�H).
UV�vis (λmax) = 331 nm. PL (λmax) = 363 nm (linear polysilane
segment) and 407, 430, and 460 nm (polysilyne segment)

[(PhMeSi)0.80-co-(2-FuMe2SiCH2CH2Si)0.20]n, 2. Yield = 15.8%.
GPC: Mw = 9769; PDI = 1.9. 1H NMR (CDCl3, 300 MHz): δ 7.27
(br, Si�Ph, Si�Fu), 0.77 (br, CH2 þ CH2Si þ FuMe2), 0.12 (SiMe).
13C{1H} NMR (CDCl3, 75.5 MHz): δ 135.02, 133.29, 129.56,
128.99, 127.67 (Si�Ph, Si�Fu), 14.56 (CH2Si), 7.34 (Me2SiCH2),�4.01
(FuMe2),�6.34 (SiMe). 29Si{1H}NMR(solid): δ�9.18 (FuMe2Si)�39
to �42 (br, PhMeSi), �55 to �65 (br, polysilyne backbone). IR (KBr,
cm�1): 3116 (Ar, νC�H), 2961, 2894 (νC�H), 1256 (νSi�Me), 1421
(δC�H). UV�vis (λmax) = 327 nm. PL (λmax) = 363 nm (linear
polysilane segment) and 450 nm (br, polysilyne segment).

[(PhMeSi)0.75-co-(n-HexSi)0.25]n, 3.Yield = 18.5%.GPC:Mw=21078;
PDI = 1.7. 1H NMR (CDCl3, 300 MHz): δ 7.17 (br, Si�Ph), 1.65 (br,

Figure 6. Emission spectra (λexc = 350 nm, toluene, room temperature) of the oxidized polymer matrices.
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H2�H5), 1.14 (br, H1/H6), 0.79 (br, SiMe). 13C{1H} NMR (CDCl3,
75.5 MHz): δ 135.02, 133.27, 127.44 (SiPh), 33.59, 31.29, 29.72, 22.54,
19.41, 14.10 (SiHex), �6.89 (SiMe). 29Si{1H} NMR (solid): δ �39
to �43 (br, PhMeSi), �55 to �65 (br, polysilyne backbone). IR
(KBr, cm�1): 3045(Ar, νC�H), 2953, 2851(νC�H), 1243 (νSi�Me),
1423 (δC�H). UV�vis (λmax) = 330 nm. PL (λmax) = 366 nm (linear
polysilane segment) and 407, 430, and 460 nm (polysilyne segment).
[(PhMeSi)0.82-co-(PhSi)0.18]n, 4. Yield = 19.5%. GPC: Mw = 10260;

PDI = 1.5. UV�vis (λmax) = 332 nm, PL (λmax) = 370 nm (linear
polysilane segment), 450 nm (br, polysilyne segment). These results are
in accord with those reported earlier.38

[(PhMeSi)0.55-co-(Et3SiCH2CH2Si)0.45]n, 5. Yield = 14.7%. GPC:
Mw = 9726; PDI = 1.6.

1H NMR (CDCl3, 300 MHz): δ 7.18 (br, Si�Ph),
0.85 (br, CH3�Et), 0.42 (br, SiCH2 þ CH2�Et), 0.30 (br, SiMe).
13C{1H}NMR (CDCl3, 75.5 MHz): δ 135.23, 133.34, 127.65 (Si�Ph),
11.60 (CH2Si), 7.01 (CH3�Et), 6.12 (Et3SiCH2), 2.86 (CH2�Et),�3.68
(SiMe). 29Si{1H} NMR (solid): δ 8.9 (Et3Si), �30 to �40 (br,
PhMeSi), �55 to �65 (br, polysilyne backbone). IR (KBr, cm�1):
3055 (Ar, νC�H), 2950, 2875 (νC�H), 1238 (νSi�Me), 1417 (δC�H).
UV�vis (λmax) = 318 nm. PL (λmax) = 360 nm (linear polysilane
segment) and 407, 430, and 460 nm (polysilyne segment).
Synthesis of Homopolymers. For the synthesis of polysilyne

[Et3SiCH2CH2Si]n, 6, trichlorocarbosilane precursor Et3SiCH2CH2-

SiCl3 (5 g, 18.0 mmol) was reacted with sodium dispersion in refluxing
toluene (20mL). After heating the content for 4 h, the salt was filtered to
obtain a yellow solution. The filtrate thus obtained was concentrated and
2-propanol was added to precipitate a yellow solid. The procedure was
repeated 2�3 times to obtain the high molecular weight polysilyne.
Yield =14.4%, GPC: Mw = 4153; PDI = 1.3. 1H NMR (CDCl3, 300
MHz): δ 0.87 to 1.10 (br, CH2þCH2�Et), 0.31 to 0.45 (br, CH3�Et).
13C{1H} NMR (CDCl3, 75.5 MHz): 12.23 (CH2Si), 7.47 (CH3�Et),
6.55 (Et3SiCH2), 2.87 (CH2�Et). 29Si{1H} NMR (solid): δ 8.52
(Et3Si), �55 to �70 (br, polysilyne backbone).

As reported earlier,51 poly(methylphenylsilane) was obtained by follow-
ing Wurtz coupling reaction using dichloromethylphenylsilane as the

precursor. Relevant spectroscopic data of the polysilane obtained herein
is given as follows. GPC: Mw =21344; PDI = 1.5. UV�vis (λmax) =
340 nm. PL (λmax) = 367 nm.

Synthesis of Polymer�Silver Nanocomposites. The synthetic pro-
tocol for the nanocomposites is similar in all cases. A typical procedure is
described as follows. To a stirred suspension of silver acetate (19.0 mg,
0.11 mmol) in toluene (35 mL, HPLC grade), a solution of polysilanes
1�4 (1.14 mmol with respect to polymer repeat unit) in the same
solvent was added separately under aerobic conditions. Slow dissolution
of silver acetate was observed in each case and a clear yellow solution was
obtained after 2�3 h, which was centrifuged at 2000 rpm in order to
remove any traces of unreacted silver acetate. The solvent was removed
under vacuum yielding pale orange solids which were identified as the
composites 1a�4a respectively. Following a similar procedure, the
isolation of the composites 1b�4b was achieved from the reaction of
silver acetate (47.7 mg, 0.28 mmol) with the corresponding branched
polysilanes, 1�4. These are isolated as orange colored viscousmass. The
isolation of the composites 5a and 6awas effected in a similar manner by
reacting 5 (0.15 g, 1.03mmol) or 6 (0.18 g, 1.03 mmol) with 0.1 equiv of
silver acetate (17.2 mg, 0.10 mmol) in toluene (35 mL, HPLC grade).

Synthesis of Polymer�Silver Nanocomposites from the Homopo-
lymers [Et3SiCH2CH2Si]n and [PhMeSi]n. A solution containing a
mixture of [PhMeSi]n (28.80 mg, 0.24 mmol) and [Et3SiCH2CH2Si]n
(10.26 mg, 0.06 mmol) in toluene (HPLC grade) was added to a stirred
suspension of silver acetate (5.0 mg, 0.03 mmol) in toluene (20 mL).
Slow dissolution of silver acetate was observed and a clear yellow
solution was obtained after 3�4 h which was centrifuged at 2000 rpm.
The resulting solution containing silver nanoparticles was used for
UV�vis, PL, and TEM studies.
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