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Introduction. Block copolymers with functional groups at
the junction point represent an interesting class of materials
because the functional groups are confined to the interface
after self-assembly,' giving rise to novel properties and
applications.” ¢ They also serve as important intermediates
in the synthesis of polymers with much more complex
architectures such as the heteroarm star polymers,’ ’
H-shaped multiblock polymers,'®"'* and tadpole-shaped
polymers."* Although many synthetic methods have been
developed for this purpose, such as controlled free radical
polymerization'>'® and anionic polymerization,'”'® the
former usually requires multiple synthetic steps which
compromises the yields and purity of the final polymers
while the latter has a limited scope of functional groups
and choice of monomers. So far, a facile, general methodo-
logy to access well-defined block copolymers armed with a
variety of functional groups at the junction point remains a
challenge. It is very desirable to have a well-defined, general,
in-chain-functionalized parent polymer that is readily avail-
able and that can be converted to other functionalities in high
yield, i.e., a general functionalization methodology.

Living anionic polymerization, particularly alkyllithium-
initiated polymerizations of styrene and diene monomers,
offers one of the best controls over the major variables
affecting polymer properties which include molecular
weight, polydispersity, copolymer composition, architec-
ture, in-chain or chain-end functionality, microstructure,
etc.'"” Polymers can be synthesized with low degrees of
compositional and structural heterogeneity. One of the
unique features is the ability to prepare in-chain-functiona-
lized block copolymers.'” The reaction of polymeric orga-
nolithium compounds with substituted 1,1-diphenylethylene
derivatives is an excellent system for developing a general in-
chain functionalization procedure'®?° because these addi-
tions are simple and quantitative with only monoaddition
and the product is a carbanionic species that can undergo
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further functionalization reactions or initiate polymeriza-
tion of an additional monomer.?'~** This versatility allows
one to rationally design and place functional groups at
essentially any position in a polymer molecule, such as at
the initiating end,?' within the chain,®® at the interface
between blocks,?' "> or at the terminating end.”-*° How-
ever, the requirement of protection and deprotection and
the difficulty in the preparation and handling of substituted
1,1-diphenylethylene derivatives for each different func-
tional group severely hinder its practical application.

The silyl—hydride bond has been found to be compatible
with anionic polymerization conditions®’ and can be further
converted to other functional groups by hydrosilylation
with a variety of readily available substituted alkenes in
high efficiency.”® We have recently demonstrated a new
general functionalization method based on the combination
of living anionic polymerization and hydrosilylation
(Scheme 1).>**° This method can be extended to the synth-
esis of block copolymers with in-chain functionality. In
this Communication, we report on the use of dimethyl-
[4-(1-phenylvinyl)phenyl]silane, a silyl-hydride-functiona-
lized 1,1-diphenylethylene (DPE-SiH), as a versatile inter-
mediate for the anionic synthesis of in-chain-functionalized
polymers (Scheme 2).

Experimental Section. Chemicals and Solvents. Benzene
(Certified ACS, EM Science), THF (Certified ACS, EM
Science), styrene (99%, Aldrich), hexamethylcyclotrisiloxane
(D5, Aldrich, 98%), chlorodimethylsilane (Aldrich, 98%), and
chlorotrimethylsilane (TMSCI, Aldrich, 99%) were purified as
reported.’! sec-Butyllithium (Chemetall Foote Corp., 12 wt %
in cyclohexane) was used as received after double titration with
allyl bromide.* 4-Bromodiphenylethylene (DPE-Br) was pre-
pared by a Wittig reaction (see Supporting Information,
Scheme S1). 4-Bromobenzophenone (Aldrich, 98%), methyl-
triphenylphosphonium bromide (Aldrich, 98%), magnesium
turnings (Aldrich, 98%), PSS-allyl-heptaisobutyl substituted
(Allyl-POSS, Aldrich, 96%), Karstedt’s catalyst, 1,3-divinyl-
tetramethyldisiloxane—platinum (Gelest Inc., 1.2—1.4 wt %
Pt in xylene), and QuadraPure TU (400—600 um, Aldrich),
were used as received. Methanol (Fisher Scientific, reagent
grade) was degassed on the vacuum line before distillation into
ampules and flame-sealed. Silica gel (VWR, 230—400 mesh)
was activated by heating at 140 °C for 12 h.

Preparation of Dimethyl-[4-(1-phenylvinyl)phenyl]silane
(DPE-SiH) (Scheme S1). 4-Bromodiphenylethylene (DPE-
Br) (20.8 g, 0.080 mol) in 300 mL of dry THF was added
dropwise to a three-necked, round-bottom flask containing
magnesium turnings (2.31 g, 0.096 mol) and one small iodine
crystal. The mixture was heated at 70 °C for 6 h under a
nitrogen atmosphere, resulting in a deep green solution.
After cooling in an ice bath to ~5 °C, a solution of chloro-
dimethylsilane (16 mL, 15.20 g, 0.160 mol) in 50 mL of dry
THF was added dropwise, and the solution color changed to
light brown. After stirring at room temperature overnight,
50 mL of 5% aqueous NH4ClI solution was slowly added to
the flask via syringe, followed by dilution with water and
extraction with hexane (3 x 200 mL). The organic phase was
separated, washed with brine, and dried over anhydrous
Na,SOy4. After filtration and solvent removal, the residue
was purified by silica gel chromatography using hexanes
(Ry = 0.6) followed by fractional distillation to give pure
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DPE-SiH as a colorless oil (13.6 g). Yield: 71%. '"H NMR
(CDCl;, 500 Hz, ppm, 6): 7.51 (d, 2H), 7.34 (m, 7H), 5.48 (m,
2H), 4.46 (m, 1H, Si—H), 0.36 (d, 6H). '*C NMR (CDCls,
125 Hz, ppm, 0): 149.98, 142.27, 141.36, 136.86, 133.89
(aromatic C—Si), 128.27, 128.15, 127.71, 127.65, 114.50
(C=CH,), —3.77 (Si(CHs),). FT-IR (KBr) v (cm'): 3060,
3018, 2958, 2118 (Si—H), 1597, 1492, 1387, 1329, 1249, 1153,
1109, 1065, 1026, 880, 830, 773, 700, 664, 617, 574, 465.
Preparation of PS-(SiH)-PDMS (Scheme 2). The anionic
polymerization was carried out in all-glass sealed reactors
under high vacuum at room temperature in benzene.* All
reagents were vacuum-distilled into calibrated ampules im-
mediately before polymerization. The polymerization was
initiated by smashing the break-seal of styrene ampule to add
styrene (2.73 g, 3.0 mL) into a solution of sec-butyllithium
(1.25 M, 1.09 mL, 1.36 mmol) in benzene (~50 mL). The
mixture was stirred at room temperature for 12 h. DPE-SiH
(0.42 g, 1.76 mmol) in benzene (~1.2 mL) was then added,
and the solution immediately turned dark red. After stirring
for 2 h, an aliquot (~5 mL) was removed by flame-sealing an
ampule from the reactor and quenched with methyl iodide
(~1 mL) to give PS-(SiH)-CH; (SEC: M, = 2000, PDI =
1.02) as the base polymer sample. Ethylene oxide (0.5 mL, 10
mmol) in benzene (~5 mL) was added by breaking the
corresponding ampule. The dark red color disappeared

Scheme 1. General Functionalization of Polymers via Hydrosilylation
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rapidly. After 20 min, an aliquot (~5 mL) was taken and
quenched with methanol to give PS-(SiH)-OH (SEC: M,, =
2000, PDI = 1.02). Hexamethylcyclotrisiloxane (D3, 3.0 g)
in benzene (~5 mL) was added by smashing the break-seal
for the D3 ampule. After 0.5 h, THF (~30 mL) was added to
initiate the D5 polymerization. After 2 h, the polymerization
was quenched with (CHj3);SiCl (~1 mL). The polymer was
precipitated into cold, anhydrous methanol (~500 mL). The
product, PS-(SiH)-PDMS, a white solid, was filtered and
dried under vacuum. The conversion was =99% for styrene
polymerlzatlon and ~50% for D5 polymerization. PS-(SiH)-
PDMS: M, = 3200 ("H NMR), PDI = 1.03 (SEC).

In-Chain Functionalization with Allyl-POSS (Scheme 2).
Two drops of Karstedt’s catalyst was added to a mixture of
PS-(SiH)-PDMS (0.5 g, 0.14 mmol), Allyl-POSS (0.14 g,0.16
mmol), and dry toluene (~2 mL) at room temperature. After
stirring overnight, the product was precipitated into cold,
anhydrous methanol (~60 mL). The solid precipitates were
collected, dissolved in anhydrous toluene, and stirred with
QuadraPure TU for 24 h to remove the catalyst residue. The
resultant colorless solution was filtered, concentrated, and
precipitated in cold, anhydrous methanol to give PS-(POSS)-
PDMS as a white powder (0.41 g). Yield: 64%. M, = 4000
("H NMR), PDI = 1.21 (SEC).

Characterization. Size exclusion chromatographic ana-
lyses (SEC) for the synthesized polymers were performed
using a Waters 150-C Plus instrument equipped with three
HR-Styragel columns [100 / A, mixed bed (50/500/103/104 A)
mixed bed (103, 104, 106 A)] and a triple detector system.
The three detectors included a differential refractometer
(Waters 410), a differential viscometer (Viscotek 100), and
a laser light scattering detector (Wyatt Technology, DAWN
EOS, 2 = 670 nm). THF was used as eluent with a flow rate
of 1 0 mL/mm at 30 °C. All 'H and '*C NMR spectra were
acquired in CDCl;5 (Aldrich, 99.8% D) as solvent using a

Scheme 2. Synthesis of PS-(SiH)-PDMS and Subsequent In-Chain Functionalization by Hydrosilylation with Allyl-POSS To Form PS-(POSS)-
PDMS
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Varian Mercury 300 or Varian 500 NMR spectrometer. The
"H NMR spectra were referenced to the residual proton
impurities in the CDCly at ¢ 7.27 ppm. '>*C NMR spectra
were referenced to "*CDCl; at 8 77.00 ppm. Infrared spectra
were recorded on an Excalibur Series FT-IR spectrometer
(DIGILAB, Randolph, MA) by casting polymer films on
KBr plates from polymer solutions with subsequent drying
at 40—50 °C. The data were processed using Win-IR soft-
ware. Matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectra were recorded on a
Bruker Reflex-III TOF mass spectrometer (Bruker Dal-
tonics, Billerica, MA). The instrument was equipped with
an LSI model VSL-337ND pulsed 337 nm nitrogen laser (3
nm pulse width), a single-stage pulsed ion extraction source,
and a two-stage gridless reflector. Solutions of dithranol (20
mg/mL) (Alfa Aesar, 1,8,9-anthracenetriol, 97+%), poly-
mer sample (10 mg/mL), silver trifluoroacetate (10 mg/mL)
(Aldrich, 98%), or sodium iodide (10 mg/mL) (MCD, 99%))
were prepared in THF (Aldrich, 99.9%). These solutions
were mixed in the ratio of matrix:cationizing salt:polymer
(10:1:2), and ~0.5 uL of the mixture was applied to the
MALDI sample target and allowed to dry. In order to
minimize polymer fragmentation, the intensity of the nitro-
gen laser pulses was frequently attenuated and adjusted to
obtain the optimal signal intensity and minimize laser-in-
duced fragmentation. Mass spectra were measured in the
reflection mode, and the mass scale was calibrated externally
using the peaks of a polystyrene standard at the molecular
weight under consideration.

Results and Discussion.  Synthesis of DPE-SiH. DPE-SiH
was easily prepared from DPE-Brin good yield (Scheme S1).
The synthesis has been scaled up to 24 g. Fractional distilla-
tion was necessary for the final purification because the
crude product was contaminated with 1,1-diphenylethylene,
which has the same chromatographic Ry as DPE-SiH. The
pure product has been thoroughly characterized by 'H
NMR, '*C NMR, and FT-IR to confirm its structure and
purity. Prior to reaction, it was further purified and ampou-
lized usingg the procedure similar to that for 1,1-dipheny-
lethylene.”!

Addition of Poly(styryl)lithium to DPE-SiH. The addition
reaction between poly(styryl)lithium (M, = 2000, PDI =
1.02) and DPE-SiH (1.30 equiv) in hydrocarbon solution is
fast and clean, as it is with many other DPE derivatives.'’
The solution turns from orange red to dark red in seconds.
The color change is due to the delocalization of charge in
an additional benzene ring as compared to poly(styryl)-
lithium."® The addition takes place much faster than that
with 1,1-diphenylethylene. This is probably due to the
electron-withdrawing feature of the silicon atom that acti-
vates the double bond and stabilizes the delocalized struc-
ture. The Si—H bond is stable to these organolithium
compounds. To confirm this, an aliquot of the adduct
solution was taken and quenched with methyl iodide to give
PS-(SiH)-CHj3; as base polymer. It has been fully character-
ized by '"H NMR, "*C NMR, FT-IR, and MALDI-TOF
mass spectrometry. Figure 1 shows the "H NMR spectrum of
PS-(SiH)-CHj;. The peak at 6 4.40 ppm is the characteristic
resonance for the proton on silicon. In addition, as the inset
shows, the integration ratio between the peaks at 6 0.70 ppm
(attributed to two methyl groups from the initiator) and the
peaks at 6 0.30 ppm (attributed to two methyl groups on
silicon) is 6:6, confirming the desired structure. The '*C
NMR spectrum (Figure S1) is also consistent with the
structure with the presence of the methyl groups attached
to silicon at 6 —3.72 ppm and the phenyl carbon attached to
siliconatd 133.71 ppm. In the FT-IR spectrum (Figure S2), a
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Figure 2. MALDI-TOF spectrum of PS-(SiH)-CHj; shows three dis-
tributions: (a) major distribution corresponding to the desired structure
as shown in the inset; (b) minor distribution attributable to the
oxidation of Si—H bond of the product; and (c) another minor
distribution with unknown structure (see text for detailed discussion).

strong resonance at 2115 cm ™' can be clearly seen, which is
characteristic of the Si—H stretching vibration.** The
Si—CHj; absorption bands are also observed at 1248 and
881 cm™ '.** The most convincing evidence comes from the
MALDI-TOF mass spectrum which shows one major dis-
tribution with the observed molecular weight matching the
calculated molecular weight of the proposed structure
(Figure 2a). A representative monoisotopic mass peak at
m/z 1478.0 corresponds to the 11-mer of PS-(SiH)-CH3-Na™,
C4Ho-(CgHg)11-C17H5;Si-Nat,  calculated monoisotopic
mass = 1477.89 Da (Figure S3). There are two minor
distributions. One of them (Figure 2b) is attributed to the
oxidation of the Si—H moiety to Si—OH (i.e., with
PS-(SiOH)-CH3-Na™ observed) which may occur during
the ionization process.”” The calculated monoisotopic mass
for the 11-mer of PS-(SiOH)-CH;-Na™®, C,Ho-(CsHg)i-
C,7H,;SiO-Na™, equals 1493.89 Da, which is in good agree-
ment with the observed monoisotopic mass peak at m/z
1494.0. The other minor distribution of very small intensity
with a representative monoisotopic mass peak at m/z 1566.1
is of unknown structure to us (Figure 2c).

Anionic Synthesis of PS-(SiH)-PDMS. One excellent fea-
ture of 1,1-diphenylethylene addition to poly(styryl)lithium
is that the adduct is still a living carbanionic polymer that is
amenable to further functionalization or block copolymeri-
zation."? Its reaction with ethylene oxide has been known to
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Chemical Shift (ppm)
Figure 3. 'H NMR spectrum of PS-(SiH)-OH.

be one of the few simple, efficient functionalization reactions
that proceed smoothly in quantitative yield with only
monoaddition product.35’36 In this case, the adduct was
reacted with 10 equiv of ethylene oxide. An aliquot was taken
and quenched with methanol to give PS-(SiH)-OH. Indeed,
the "H NMR spectrum of PS-(SiH)-OH (Figure 3) shows
no oligomerization of ethylene oxide, and the '*C NMR
spectrum (Figure S4) shows clearly the appearance of the
carbon near hydroxyl group at ¢ 59.60 ppm. The preservation
of Si—H bond is demonstrated by both the peak at 6 4.40 ppm
in the "H NMR spectrum (Figure 3) and the absorption band
at2115cm ™" in the FT-IR spectrum (Figure S5). The reaction
product, PS-(SiH)-OLi, was then used as a macroinitiator for
synthesis of the second block, polydimethylsiloxane.
Anionic ring-opening polymerization of cyclosiloxanes
has been thoroughly studied and shown to possess the
features of living polymerization under certain conditions,
namely, when the initiation is fast and quantitative.®’ This is
usually accomplished by addition of various promoters such
as THF and use of the more strained D; monomer. Under
these conditions, the difference in rates of propagation and
the undesired backbiting and chain randomization processes
should be sufficient to maintain a narrow PDI. There are
basically two ways to control the molecular weight of the
PDMS block.™ If the polymerization is carried out at room
temperature, it has to be terminated at relatively low con-
version to avoid side reactions, and the molecular weight is
controlled kinetically by conversion. If the polymerization is
carried out first at room temperature to ~50% conversion
and then at lower temperature (e.g., —20 °C) for an extended
time, it can reach complete conversion without side reac-
tions, and the molecular weight is controlled by monomer/
initiator ratio. Here, the first method was used. After D5 was
allowed to oligomerize in the presence of PS-(SiH)-OLi,
THF was added to promote the polymerization.” The
reaction was stopped after 2 h at ~50% conversion. In this
way, the polydispersity of the block copolymer remained
narrow (PDI = 1.03). In the SEC trace, a symmetric peak
was observed at lower retention volume compared to the
base polymer, PS-(SiH)-CHj; (Figure 4), which is consistent
with efficient block copolymer formation. The 'H NMR
spectrum (Figure 5a) confirms the presence of Si—H proton
by the peak at ¢ 4.40 ppm. It should be noted that there is no
peak around 6 3.50 ppm, indicating no ethylene oxide
polymerization even with the promoter THF. The '*C
NMR spectrum (Figure S6a) is also in good agreement with
the expected structure, evidencing the methylene carbon near
oxygen (—CH,0O—) at 0 58.90 ppm, the methyl groups on the
PDMS block (—OSi(CH3),—) at 6 1.04 ppm, and the methyl
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Figure 4. SEC overlay of PS-(SiH)-CHj (A, M, = 2000, PDI = 1.02),

PS-(SiH)-PDMS (a, M, = 3200, PDI = 1.03), and PS-(POSS)-PDMS
(O, M, = 4000, PDI = 1.21).
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Figure 5. 'H NMR spectra of (a) PS-(SiH)-PDMS and (b) PS-(POSS)-
PDMS.

groups attached to silane (—SiH(CHs3),) at 6 —3.77 ppm. The
FT-IR spectrum (Figure S7a) showed a characteristic reso-
nance around 2100 cm ™!, which also indicates that the Si—H
bond is retained. The new absorption bands at 1261, 1094,
1021, and 800 cm ™! are characteristic of the PDMS block.**
All of this evidence is consistent with the formation of the
expected diblock copolymer.

The stability of the Si—O—C bond connecting the PS block
and PDMS block toward moisture was of concern. However,
SEC analysis (Figure 4) and other characterizations suggest
the stability of diblock copolymers at ambient conditions,
either in solution or as solids. In fact, the samples have been
stored in a desiccator for months without any appreciable
change in physical characterization. Therefore, the Si—O—C
bonds do not hydrolyze easily, which is also consistent with
literature regorts on diblock copolymers with a similar
connection.’

In-Chain Functionalization with POSS Nanoparticle. Poly-
hedral oligosilsequioxanes, regarded loosely as the smallest
possible silica nanoparticle with diameter up to 1.5 nm
including the side chains, are known for their chemical and
thermal robustness and have found wide applications in
coating, nanocomposites, electronic devices, and space shut-
tles.* Its incorporation in polymers can impart valuable
properties such as oxidative stability and fire retardance.*>*!
Allyl-functionalized POSS (Allyl-POSS) was reacted with
PS-(SiH)-PDMS using Karstedt’s catalyst. The reaction
proceeded efficiently and was essentially complete after
overnight stirring. The product was obtained as a white
powder. In the "H NMR spectrum (Figure 5b), the peak
around 0 4.40 ppm completely disappeared, and characteristic
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peaks attributable to the side-chain isobutyl groups of POSS
(6 1.90, 0.90, 0.60 ppm) appeared. The characteristic reso-
nance peaks for isobutyl groups of POSS are also present in
the *C NMR spectrum (Figure S6b, & 25.70, 23.87, 22.56
ppm). The FT-IR spectrum (Figure S7b) also showed com-
plete disappearance of the Si—H band at 2115 cm™". In the
SEC trace, the peak completely shifts to a lower elution
volume (Figure 4). The significant influence of the rigid
POSS cage (with diameter up to 1.5 nm) to the overall
hydrodynamic volume of the polymer is evidenced. The
product, PS-(POSS)-PDMS, is of unique structure in that a
conformationally rigid, monodisperse, inorganic nanoparti-
cle is attached right at the junction point of two conforma-
tionally flexible, strongly segregated, organic polymers of
comparable dimension. Their interaction and self-assembly
in solution, bulk, and thin film are of great interest to us. We
are currently working on its physics, and the details will be
discussed in future publications.

Conclusions. In summary, we have successfully developed
dimethyl-[4-(1-phenylvinyl)phenyl]silane, a silyl-hydride-
functionalized 1,1-diphenylethylene (DPE-SiH), as a versa-
tile intermediate for the anionic synthesis of in-chain-func-
tionalized polymers. PS-b-PDMS block copolymer has been
prepared possessing a reactive Si—H bond at the junction
point, and it serves as a versatile parent polymer from which
a large variety of in-chain-functionalized diblock copoly-
mers can be synthesized. As an example, a polyhedral
oligosilsequioxane (POSS) cage has been incorporated at
the block junction by hydrosilylation to give a block copo-
lymer with a nanoparticle tethered in between the two
blocks. The polymers are stable at ambient conditions. The
methodology has more implications than what is described
in the paper in that the scope can be further extended to other
diblock copolymer systems (e.g., PS-b-PMMA, PS-b-PLLA,
etc.) accessible by anionic polymerization or a combination
of anionic polymerization and other living/controlled po-
lymerization mechanisms. It is also important in the area of
understanding polymeric interfaces, as different functional
groups can be incorporated which can be detected by various
techniques (e.g., fluorimetry, neutron scattering, etc.).
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