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Abstract  “Click chemistry” is, by definition, a general functionalization methodology (GFM) and its marriage with living 
anionic polymerization is particularly powerful in precise macromolecular synthesis. This paper reports the synthesis of a 
“clickable” middle-chain azide-functionalized polystyrene (mPS-N3) by anionic polymerization and its application in the 
preparation of novel shape amphiphiles based on polyhedral oligomeric silsesquioxane (POSS). The mPS-N3 was synthesized 
by coupling living poly(styryl)lithium chains (PSLi) with 3-chloropropylmethyldichlorosilane and subsequent nucleophilic 
substitution of the chloro group in the presence of sodium azide. Excess PSLi was end-capped with ethylene oxide to 
facilitate its removal by flash chromatography. The mPS-N3 was then derived into a giant lipid-like shape amphiphile in two 
steps following a sequential “click” strategy. The copper(I)-catalyzed azide-alkyne cycloaddition between mPS-N3 and 
alkyne-functionalized vinyl-substituted POSS derivative (VPOSS-alkyne) ensured quantitative ligation to give polystyrene 
with VPOSS tethered at the middle of the chain (mPS-VPOSS). The thiol-ene reaction with 1-thioglycerol transforms the 
vinyl groups on the POSS periphery to hydroxyls, resulting in an amphiphilic shape amphiphile, mPS-DPOSS. This synthetic 
approach is highly efficient and modular. It demonstrates the “click” philosophy of facile complex molecule construction 
from a library of simple building blocks and also suggests that mPS-N3 can be used as a versatile “clickable” motif in 
polymer science for the precise synthesis of complex macromolecules.  
 
Keywords: Living anionic polymerization; Polyhedral oligomeric silsesquioxane (POSS); “Click” chemistry; General 
functionalization methodology (GFM). 
 

INTRODUCTION 

In spite of its long history, living anionic polymerization, particularly alkyllithium-initiated polymerization of 
styrenic and dienic monomers, remains one of the best methods to prepare polymers with precise control over 
the major molecular parameters including molecular weight, polydispersity and polymer architecture[1−5]. One of 
its unique features is the one-pot living functionalization or block copolymerization owing to the living nature of 
the polymeric organolithium species[1−4]. However, the scope of living functionalization is also profoundly 
limited by the low functional group tolerance of organolithium species. With a few exceptions[4, 6−9], many of 
these chain-end functionalization reactions are not quantitative and protection/deprotection strategies are usually 
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required[1, 4]. It is thus very desirable to develop general functionalization methodologies (GFM) in combination 
with living anionic polymerization for precision macromolecular synthesis[1, 8, 10−12]. 

Recently, two GFMs have been reported based on (1) the addition of polymeric anions to substituted 1,1-
diphenylethylene derivatives[1, 4] and (2) the hydrosilylation reaction[8, 10−13], respectively. While the former is 
advantageous in quantitative functionalization affording a living functionalized species for further modification, 
the latter benefits from the compatibility of silyl-hydride group with living anionic polymerization conditions, 
the stability of Si―H functionalized polymer in air for long term storage, and the versatility of further derivation 
with diverse commercially available alkenes. Based on these methodologies, both chain-end[8, 14−17] and in-
chain[13] functionalized polymers have been successfully synthesized, and further chemical modifications have 
been demonstrated. Yet, both methods are still not “perfectly” general since the former often requires 
protection/deprotection schemes and the efficiency of hydrosilylation in the latter approach is not always 
satisfactory. 

The advent of the “click” chemistry concept opens enormous new opportunities for GFM[18−20]. “Click” 
chemistry refers to those highly efficient chemical transformations that proceed under mild conditions regio-
selectively and quantitatively with minimum efforts for purification[18, 19]. So far, two reactions have been 
recognized to possess most features of a typical “click” reaction. They are the copper-catalyzed azide-alkyne 
[3+2] cycloaddition (CuAAC) reaction[18, 21] and the thiol-ene reaction[22−24]. The extremely high efficiency and 
functional group tolerance make these reactions quite suitable as a GFM to prepare functional polymers. While 
the idea has been demonstrated extensively in combination with controlled radical polymerization[19, 25], the 
introduction of “clickable” functionalities, such as azide[26, 27], alkyne[26, 28, 29], and alkene[12, 30, 31], into polymers 
prepared by anionic polymerization, is only recent. Nevertheless, the marriage of “click” chemistry and living 
anionic polymerization promises a powerful approach in creating complex macromolecules with molecular 
precision[19]. 

Herein, we report the design and synthesis of a “clickable” middle-chain azide-functionalized PS (mPS-N3) 
and its application as a building block in the construction of novel shape amphiphiles. The middle-chain azide 
group on PS is introduced via the coupling reaction between poly(styryl)lithium and 3-
chloropropylmethyldichlorosilane, followed by the nucleophilic substitution with sodium azide. The mPS-N3 can 
be used as a general building block in polymer synthesis. As an example, a shape amphiphile[14, 15, 32, 33] 
resembling “giant lipids”[16, 17, 34, 35], i.e. a polar polyhedral oligomeric silsesquioxane (POSS)[36, 37] head tethered 
with two identical polymer tails as a hybrid polymer[38−40], is synthesized in two steps from mPS-N3 following a 
sequential “click” approach[41, 42]. 

EXPERIMENTAL 

Chemicals and Solvents 
sec-Butyllithium (FMC Lithium, 12 wt% in cyclohexane) was used after double titration with allyl bromide[42]. 
Benzene (EMD, ACS grade), ethylene oxide (99.5+%, Aldrich) and styrene (99%, Aldrich) were purified as 
reported previously for anionic polymerizations[11, 43]. 3-Chloropropylmethyldichlorosilane (Gelest, 97%) was 
stirred over calcium hydride at room temperature for 24 h, degassed on vacuum line before distillation into 
scaled ampules which were then flame-sealed off the line. Methanol (Fisher Scientific, Certified ACS) was 
degassed on the vacuum line before distillation into ampules and flame-sealed. Chloroform (Fisher Scientific, 
Certified ACS), hexanes (Fisher Scientific, Certified ACS), tetrahydrofuran (THF, EMD, ACS grade), ethyl 
acetate (EA, Fisher Scientific, Certified ACS), N,N-dimethylformamide (anhydrous, 99.8%, Sigma-Aldrich), 
sodium azide (NaN3, Sigma-Aldrich, 99%), copper(I) bromide (98%, Acros Organics), N,N,N',N'',N''-
pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 99%), 1-thioglycerol (Fluka, ≥ 98%), 2-hydroxy-4′-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, Sigma-Aldrich, 98%) were used as received. Silica 
gel (Sorbtech Technologies, 230−400 mesh) was activated by heating to 140°C for 12 h. VPOSS-alkyne was 
prepared as reported previously[41]. 
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Characterizations 
All of 1H- and 13C-NMR spectra were obtained in CDCl3 (99.8% D, Sigma-Aldrich) at 30°C using a Varian 
NMRS 500 spectrometer equipped with an auto-sampling robot. For all 1H-NMR experiments, the sample 
concentration was about 10−20 mg/mL; higher concentrations (ca. 50−80 mg/mL) were used for 13C-NMR 
measurements. The 1H-NMR spectra were referenced to the residual proton impurities in the CDCl3 at δ = 7.27 
and 13C-NMR spectra, referenced to 13CDCl3 at δ = 77.00. For mPS-VPOSS, the integration ratio between the 
characteristic vinyl peaks on POSS at δ = 6.15−5.88 (21 H per VPOSS) and the peaks at δ = 7.40−6.32 (aromatic 
protons in PS) gives rise to a number-average degree of polymerization of the polymer block (DP). The 
calculated molecular weight (Mn,NMR) can then be obtained by the summation of Mn,Polymer (DP × 104.1 g/mol for 
PS), MInitiator (114.2 g/mol for PS) and MXPOSS (858.4 g/mol for VPOSS and 1615.5 g/mol for DPOSS, 
respectively, including the molecular weight of the silane linker). 

Infrared spectra of the polymers were measured on an Excalibur Series FT-IR spectrometer (DIGILAB, 
Randolph, MA) by drop-casting sample films on a KBr plate from polymer solutions in THF (ca. 10 mg/mL). 
The samples were subsequently undergone evaporating solvent at room temperature via blowing air. The data 
were processed utilizing the Win-IR software equipped with the instrument. 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra were obtained on a 
Bruker Ultraflex III TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA), coupled with a Nd:YAG 
laser which emits at 355 nm. The chemical compound trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB, > 99%, Aldrich) was used as matrix in these MALDI-TOF MS 
experiments, and this compound was dissolved in CHCl3 at a concentration of 20.0 mg/mL. Sodium 
trifluoroacetate (NaTFA) or silver trifluoroacetate (AgTFA) was applied as the cationizing agent and was 
prepared as the MeOH/CHCl3 (1/3, V/V) solution at a concentration of 10.0 mg/mL. The matrix and cationizing 
agent solutions were mixed in a ratio of 10/1 (V/V). The final sample was prepared by first depositing 0.5 μL of 
matrix and salt mixture on the wells of a 384-well ground-steel plate, allowing the spots to dry and then, 
depositing 0.5 μL of each sample on a spot of dry matrix, and adding another 0.5 μL of matrix and salt mixture 
on top of the dry sample (the sandwich method)[44]. Mass spectra were collected in the reflection mode or linear 
mode, and the mass scale was calibrated externally utilizing a PMMA standard at the molecular weight region 
under investigation. Data analyses were performed with the Bruker’s flexAnalysis software. 

Size exclusion chromatograms (SEC) of the samples were obtained from a Waters 150-C Plus instrument 
equipped with three HR-Styragel columns [100 Å, mixed bed (50/500/103/104 Å), mixed bed (103, 104, 106 Å)], 
and a triple detector system including a differential viscometer (Viscotek 100), a differential refractometer 
(Waters 410), and a laser light scattering detector (Wyatt Technology, DAWN EOS, λ = 670 nm). The 
instrument was calibrated with polystyrene standards with molecular weights ranging from 580 g/mol to    
841000 g/mol. The eluent was THF at a flow rate of 1.0 mL/min at 35°C. The sample solution was prepared in 
THF with a concentration of ca. 5−10 mg/mL depending on the molecular weights of polymers and was filtered 
through a 0.45 μm Teflon filter before the measurements. Data processing was via the work station software 
equipped with the system. Respective molecular weights from SEC experiments (Mn,SEC and Mw,SEC) and 
polydispersity indexes (PDIs) were obtained from a working curve based on polystyrene standards. 

Synthetic Procedures 

mPS-Cl 
The anionic polymerization was carried out in sealed glass reactors under high vacuum at room temperature. The 
synthesis was initialized by smashing the break-seal of the styrene ampule to add styrene (5.0 mL, 4.55 g,       
43.7 mmol) into a benzene solution (ca. 50 mL) of sec-butyllithium (2.92 mmol). The resulting red solution was 
allowed to stir at 25°C overnight. A small aliquot of PSLi was taken by flame-sealing one ampule from the 
reactor and quenched by methanol to give the base PS. Then, 3-chloropropylmethyldichlorosilane (ca. 0.266 g, 
ca. 220 μL, ca. 1.39 mmol) was added by smashing the break-seal of the corresponding ampoule. The mixture 
was allowed to react at 25°C for 4 h before the addition of ethylene oxide (EO, 1.0 mL in 5 mL benzene,           
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20 mmol). After 10 min, the reaction was quenched by addition of methanol (2 mL). After 15 min, the solution 
was concentrated and precipitated into cold methanol to afford the crude product. The product was first purified 
by silica gel chromatography with toluene/hexane mixture (1/1, V/V) as the eluent and was then precipitated 
from THF solution into cold methanol three times. The solids were collected and dried under vacuum to afford 
mPS-Cl as a white powder (3.2 g). Yield: ca. 70%. 1H-NMR (CDCl3, 500 MHz, δ): 7.40−6.30 (m, 150H), 
3.40−3.05 (m, 2H), 2.50−1.10 (m, 98H), 0.97 (m, 2H), 0.76−0.62 (m, 12H), 0.30−0.5 (m, 3H). 13C-NMR 
(CDCl3, 125 MHz, δ): 145.6−144.9, 129.1−125.4, 47.8, 46.2−40.4, 31.5, 30.5, 30.0, 29.8, 29.1, 28.8, 28.2, 19.9, 
19.3, 18.6, 11.2, 10.8. FT-IR (KBr) v (cm−1): 3061, 3027, 2925, 2853, 1944, 1874, 1804, 1601, 1495, 1452, 
1376, 1182, 1069, 1029, 908, 758, 699. MS (MALDI-TOF, m/z): calcd. mono-isotopic mass for [26mer·Ag-
HCl]+ (C220H234AgSi): 3010.7 Da, found 3011.2 Da. Mn,NMR = 3.3 kg/mol. SEC: Mn,SEC = 3.2 kg/mol, Mw,SEC = 
3.3 kg/mol, PDI = 1.03. For the base PS: Mn,SEC = 1.5 kg/mol, Mw,SEC = 1.6 kg/mol PDI = 1.07. 

mPS-N3 
To a 50 mL round-bottom flask equipped with a magnetic stirring bar were added mPS-Cl (Mn = 3.3 kg/mol, 
PDI = 1.03, 500 mg, 0.15 mmol), NaN3 (98 mg, 1.5 mmol) and anhydrous DMF (3 mL). The mixture was heated 
to 60°C and stirred overnight. The mixture gradually turned turbid. The mixture was allowed to cool to room 
temperature and 20 mL CH2Cl2 was added. The resulting mixture was washed with water (50 mL × 2), brine    
(50 mL), dried over Na2SO4, concentrated under vacuum, and precipitated into cold methanol. The white solids 
were collected and dried under vacuum to afford mPS-N3 (460 mg). Yield: 92%. 1H-NMR (CDCl3, 500 MHz, δ): 
7.40−6.30 (m, 150H), 3.10−2.70 (m, 2H), 2.50−1.10 (m, 98H), 0.97 (m, 2H), 0.76−0.62 (m, 12H), 0.30−0.5 (m, 
3H). 13C-NMR (CDCl3, 125 MHz, δ): 145.6−144.9, 129.1−125.4, 54.3, 46.2−40.4, 31.5, 30.5, 30.0, 29.8, 29.1, 
28.8, 28.2, 22.9, 19.9, 19.3, 18.6, 11.2, 8.6, 7.0. FT-IR (KBr) v (cm−1): 3061, 3027, 2925, 2852, 2095 (azide 
group), 1943, 1869, 1802, 1733, 1602, 1493, 1451, 1375, 1181, 1070, 1028, 908, 756, 699. MS (MALDI-TOF, 
m/z): calcd. average mass for [26mer·Ag]+ (C220H235AgN3Si): 3057.2 Da, found 3057.6 Da. Mn,NMR = 3.3 kg/mol. 
SEC: Mn,SEC = 3.2 kg/mol, Mw,SEC = 3.3 kg/mol, PDI = 1.03. 

mPS-VPOSS 
This reaction was performed in a similar procedure to previous report[41]. To a 100 mL Schlenk flask equipped 
with a magnetic stir bar were added VPOSS-alkyne (100 mg, 0.14 mmol, 1.0 eq.), mPS-N3 (Mn = 3.3 kg/mol, 
PDI = 1.03, 462 mg, 0.14 mmol, 1.0 eq.), CuBr (1 mg, 0.007 mmol, 0.05 eq.), and freshly distilled toluene      
(10 mL). The resulting solution was degassed by three freeze-pump-thaw cycles before the addition of PMDETA 
(20 mg, 24.1 μL, 1.0 eq.) via pipette. The mixture was further degassed by one cycle, and was then stirred at 
room temperature for 12 h. After the reaction was complete, the solution was directly transferred onto a silica gel 
column. Toluene was first used as the eluent to fully remove the unreacted starting materials, then a mixture of 
toluene and ethyl acetate (1/1, V/V) was used to wash the product off the column. After solvent removal, the 
crude product was precipitated into cold MeOH, collected by vacuum filtration, and dried under vacuum to 
afford mPS-VPOSS as a white powder (478 mg). Yield: ca. 85%. 1H-NMR (CDCl3, 500 MHz, δ): 7.40−6.30 (m, 
150H), 6.25−5.80 (m, 21H), 4.34 (m, 2H), 4.20−3.75 (m, 2H), 3.05 (m, 2H), 2.75 (m, 2H), 2.50−1.00 (m, 103H), 
0.76−0.62 (m, 12H), 0.30−0.5 (m, 3H). 13C-NMR (CDCl3, 125 MHz, δ): 172.6, 146.0−144.9, 137.1, 137.0, 
129.1−124.6, 120.5, 60.7, 52.8, 46.2−40.4, 33.7, 31.5, 30.3, 29.9, 29.8, 28.8, 28.2, 24.2, 20.9, 19.9, 19.2, 18.7, 
18.5, 13.2, 11.2−10.8. FT-IR (KBr) v (cm−1): 3083, 3061, 3027, 2925, 2853, 1945, 1873, 1804, 1729, 1602, 
1549, 1493, 1452, 1408, 1365, 1275, 1122 (Si―O―Si asymmetric stretching), 1029, 1007, 971, 908, 760, 731, 
699, 586. MS (MALDI-TOF, m/z): calcd. mono-isotopic mass for [26mer·Na]+ (C241H265N3NaO14Si9):        
3699.8 Da, found 3700.0 Da. Mn,NMR = 4.1 kg/mol. SEC: Mn,SEC = 3.6 kg/mol, Mw,SEC = 3.7 kg/mol, PDI = 1.02. 

mPS-DPOSS 
To an open vial without stirring bar were added mPS-VPOSS (Mn = 4.1 kg/mol, PDI = 1.03, 187 mg,           
0.046 mmol, 1.0 eq.), 1-thioglycerol (50 mg, 0.46 mmol, 10.0 eq. per VPOSS, or 1.4 eq. per vinyl group), the 
photo-initiator Irgacure 2959 (1 mg, 0.0045 mmol, 0.10 eq. per VPOSS, or 0.014 eq. per vinyl group), and a 
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minimum amount of THF (about 2 mL) to fully dissolve the solids. The reaction was complete after irradiation 
by 365 nm UV light for 15 min. The mixture was then precipitated into a cold mixture of MeOH and water (1/1, 
V/V) and the precipitates were collected and dried under vacuum to afford the product as a white powder        
(179 mg). Yield: ca. 80%. 1H-NMR (CDCl3, 500 MHz, δ): 7.40−6.30 (m, 150H), 4.75−3.90 (m, 16H), 3.85−3.40 
(m, 23H), 2.97 (m, 2H), 2.80−2.40 (m, 30H), 2.40−0.80 (m, 117H), 0.76−0.62 (m, 12H), 0.30−0.5 (m, 3H).     
13C-NMR (CDCl3, 125 MHz, δ): 172.9, 146.0−144.9, 129.1−124.6, 120.6, 71.1, 65.4, 60.8, 52.9, 46.2−40.4, 
35.3, 33.6, 31.5, 30.3, 29.8, 29.6, 28.8, 26.7, 20.7, 19.8, 19.2, 18.6, 18.5, 12.8, 11.3−10.8. FT-IR (KBr) v (cm−1): 
3390 (br), 3061, 3026, 2925, 1734, 1649, 1601, 1581, 1493, 1453, 1385, 1283, 1182, 1118 (Si―O―Si 
asymmetric stretching), 1030, 908, 758, 699.  MS (MALDI-TOF, m/z): calcd. mono-isotopic mass for 
[26mer·Na]+ (C262H321N3NaO28S7Si9): 4456.0 Da, found 4456.2 Da. Mn,NMR = 4.9 kg/mol. SEC: Mn,SEC =           
4.4 kg/mol, Mw,SEC = 4.5 kg/mol, PDI = 1.03. 

RESULTS AND DISCUSSION 

Anionic Synthesis of mPS-N3 
Living anionic polymerization of styrenic and dienic monomers initiated by alkyllithium in hydrocarbon solvents 
affords the most precise control over molecular weight, molecular weight distribution, composition, and 
molecular architecture of the resulting polymers[1−5]. The reaction of polymeric organolithium compounds with 
silyl halides is a well-established efficient functionalization method for anionic polymers[1]. In-chain 
functionalized PS can be achieved by the use of a functional dichlorosilane derivative as the coupling agent 
provided that the attached functional group should be compatible with the reaction conditions[3, 13]. Previously, a 
silyl-hydride bond has been introduced by the coupling reaction and later converted to a cyano group at the 
middle of the chain by hydrosilylation[13]. Due to the reactivity of azide groups, it is difficult to directly introduce 
azide groups during living functionalization. But it can be converted from an alkyl halide by nucleophilic 
substitution. Considering the lower reactivity of alkyl chloride (especially when compared to silyl chlorides), 3-
chloropropyldichloromethylsilane is selected as the silane linker[9]. The high selectivity allows efficient coupling 
between the silyl halide and poly(styryl)lithium and the low reactivity of alkyl chloride retains the intact chloro 
functionality at relatively short time scale for future transformation into the “clickable” azide group[9, 45].  

The synthesis is outlined in Scheme 1. The anionic polymerization and the subsequent coupling reaction 
took place at room temperature. Slightly excess PSLi was added (1:0.48) to ensure full consumption of the silane 
linker. It is found that the optimal reaction time is 4 h so that all silane linker has reacted while there is no 
significant side reaction between excess PSLi and the alkyl chloro group. After 4 h, the excess amount of PSLi 
was end-capped with ethylene oxide and quenched with methanol to introduce a polar hydroxyl group at the 
chain-end. The polarity of the excess PS is thus very different from the nonpolar coupled product, and separation 
was conveniently achieved by flash chromatography using the mixture of toluene and hexane (1/1, V/V) as the 
eluent. The first eluted product was the desired mPS-Cl, which was then thoroughly characterized by various 
routine techniques. 

From the SEC curves of the base PS and the purified product (as shown in Fig. 1), it is obvious that the 
elution profile of mPS-Cl is narrowly distributed and symmetric. Moreover, it shifts to a much smaller retention 
volume compared to that of the base PS, indicating the increase of molecular weight upon the coupling reaction. 
The determined number-average molecular weights in SEC experiments (Mn,SEC) of these two polymers are 1.5k 
and 3.2k, respectively, matching well with the doubled Mn of mPS-Cl after chemical coupling of the base PSLi 
with the silane linker. Polydispersity of the resulting mPS-Cl remains very low (PDI = 1.03 from the SEC 
measurement), suggesting the well-controlled nature of this reaction. In the 1H-NMR spectrum (Fig. 2A), the 
hydrogens on the carbons adjacent to the chloro and silicon atoms can be clearly assigned. It is also evident in 
the MALDI-TOF mass spectrum (Fig. 3a) that a single major molecular weight distribution with mono-isotopic 
resolution can be observed. The distance between neighboring peaks is found to be 104.1 Da, indicating the mass 
of one styrene repeating unit. The observed m/z values match well with the calculated ones. For example, the 
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theoretical m/z value for 26mer [26mer·Ag-HCl]+ is 3010.7 Da, and the found value is 3011.2 Da. All these data 
support the successful coupling reaction between PSLi and the silane linker. 

 

 
Scheme 1  Synthesis of mPS-DPOSS via living anionic polymerization and sequential “click” reactions 

(i) Benzene, 25°C, overnight; (ii) (a) 3-chloropropylmethyldichlorosilane (0.48 eq.), benzene, 25°C, 4 h; (b) excess 
ethylene oxide, 10 min; and (c) methanol, 15 min; isolated yield: ca. 70%; (iii) NaN3, DMF, 60°C, 92%; (iv) CuBr, 
PMDETA, toluene, r.t., ca. 85%; (v) 1-thioglycerol (10 eq.), Irgacure 2959, THF, hv, 15 min, ca. 80% 

 

 
Fig. 1  SEC overlay of (a) base PS, (b) mPS-Cl, (c) mPS-N3, (d) mPS-VPOSS, and (e) mPS-DPOSS 

 
The successful anionic synthesis of mPS-Cl provides the precursor of a “clickable” middle-chain 

functionalized PS. The chemical transformation from a chloro group to an azide group has been reported in 
many publications[46]. Due to the relatively low reactivity of the chloro group, the reaction was conducted at 
elevated temperature (60°C) to accelerate the nucleophilic substitution reaction between mPS-Cl and sodium 
azide. After 24 h, a new peak characteristic of the azide group (2095 cm−1, see Fig. 4b) appears in the FT-IR 
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spectrum. The transformation is further supported by the up-field shift of the resonance signal of proton a in     
1H-NMR spectrum from δ = 3.40−3.05 to 3.10−2.70 (Figs. 2A and 2B). In the SEC overlay (Fig. 1), the traces 
from mPS-Cl and mPS-N3 essentially overlap with each other, because the difference between the two is only 
one functional group. 

 

 
Fig. 2  1H-NMR spectra of (A) mPS-Cl, (B) mPS-N3, (C) mPS-VPOSS and (D) mPS-DPOSS 

 
The structure of mPS-N3 is further examined by MALDI-TOF mass spectroscopy. As it is known that in 

reflection mode azide groups may decompose to lose one unit of N2
[47], the measurement was thus conducted in 

linear mode. Although the result was obtained without isotopic resolution in linear mode, a single molecular 
weight distribution was indeed observed. Moreover, the found average molecular weights are in good agreement 
with the calculated values (see Fig. 3b). These results prove the existence of azide groups and the complete 
reaction. The mPS-N3 serves as a versatile building block to synthesize polymers of various architectures by 
“click” chemistry. 
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Fig. 3  MALDI-TOF MS spectra of (a) mPS-Cl, (b) mPS-N3, (c) mPS-VPOSS and (d) mPS-DPOSS 
The spectrum in (b) was obtained in linear mode, while the other three spectra were obtained in reflection mode. 
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Sequentially “Clicking” mPS-N3 into Shape Amphiphiles 
The emergence of “click” chemistry provides a modular design strategy towards complex functional materials 
with varied compositions from a library of simple building blocks[19, 20, 48]. The high efficiency and functional 
group tolerance of click reactions make them especially suitable as GFMs in post-polymerization 
modifications[18]. To demonstrate mPS-N3 as a “clickable” building block in the library, a shape amphiphile 
resembling “giant lipids”[16, 17, 34, 35] was constructed from mPS-N3 in two steps following a sequential “click” 
strategy[41, 42]. 

Shape amphiphiles are built from building blocks with incompatible packing geometries and distinct 
interaction parameters[33, 49−52]. Recently, our group has focused on the study of shape amphiphiles composed of 
polymer chain tethered molecular nanoparticles (MNPs). Various molecular architectures have been reported, 
including POSS tethered with one or two tails, which are referred to as “giant surfactant”[14, 15] or “giant    
lipid”[16, 17, 34, 35], respectively. Different from the reported synthetic methods for POSS-based “giant lipids”, 
which were both based on the “growing-from” strategy[16, 17], the synthesis here combines the advantages of 
living anionic polymerization and “click” reactions, and is yet another example of our recently reported 
sequential “click” strategy to shape amphiphiles[41, 42]. The model reaction between mPS-N3 and the reported 
VPOSS-alkyne[41] was first performed to afford an in-chain VPOSS-functionalized PS (Scheme 1) that was 
further modified by thiol-ene “click” reaction on the POSS cage. 

 

 
Fig. 4  FT-IR spectra of (a) mPS-Cl, (b) mPS-N3, (c) mPS-VPOSS and (d) mPS-DPOSS 

 
Following the published protocol, the CuAAC reaction proceeded efficiently at room temperature and the 

product was purified by flash column chromatography followed by precipitation into cold methanol. The 
attachment of VPOSS onto the middle-chain position of the PS chain is evidenced by results from various 
characterization techniques. FT-IR spectrum (Fig. 4c) shows complete disappearance of the peak from the azide 
group (2095 cm−1) and the appearance of a strong peak at 1122 cm−1, which is attributed to the asymmetric 
stretching of the Si―O―Si backbone of the POSS cage. In 1H-NMR spectrum (Fig. 2C), the peaks ascribed to 
the vinyl groups on POSS are shown at δ = 6.25−5.80. Moreover, all the peaks in Fig. 2(C) can be ambiguously 
assigned. In 13C-NMR spectrum (Fig. 5c), the vinyl carbons show their resonance at δ = 137.1 (marked with a 
star in Fig. 5c) and δ = 128.5 (overlapped with protons of PS). The increase of molecular weight by VPOSS 
modification is reflected by the shift of SEC peak to a smaller retention volume (Fig. 1). In MALDI-TOF MS 
spectroscopy (Fig. 3c), a single molecular weight distribution is observed, and the found molecular weights 
match well with the calculated values (Table 1). Based on all these evidences, the triazole linkage between 
VPOSS and PS is formed without a doubt. 
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Fig. 5  13C-NMR spectra of (a) mPS-Cl, (b) mPS-N3, (c) mPS-VPOSS and (d) mPS-DPOSS 
The star in (c) denotes peaks from the vinyl groups on the POSS cage. 

 
Table 1. Summary of molecular characterizations 

Sample Molecular formula MCalcd 
(Da) 

MFound 
(Da) 

Mn,NMR
d
 

(kg/mol) 
Mn,SEC

e 
(kg/mol) 

Mw,SEC
e 

(kg/mol) PDIe 

mPS-Cl C220H234AgSia 3010.7a 3011.2a 3.3 3.2 3.3 1.03 
mPS-N3 C220H235AgN3Sib 3057.2b 3057.6b 3.3 3.2 3.3 1.03 

mPS-VPOSS C241H265N3NaO14Si9
c 3699.8c 3700.0c 4.1 3.6 3.7 1.02 

mPS-DPOSS C262H321N3NaO28S7Si9
c 4456.0c 4456.2c 4.9 4.4 4.5 1.03 

a These data are based on 26mer with a silver ion losing one unit of [HCl] ([26mer·Ag-HCl]+); b These data are based 
on 26mer with a silver ion ([26mer·Ag]+); c These data are based on 26mer with a sodium ion ([26mer·Na]+); d Data 
in this column are calculated from 1H-NMR results; e Data in these columns are obtained from SEC measurements. 

 
The synthesized mPS-VPOSS is subjected to subsequent chemical modification by the thiol-ene reaction to 

install functional groups onto the POSS cage. As demonstrated in previous reports[14−17], various functional 
groups, such as carboxylic acids, hydroxyls and fluorinated alkyl chains, can be introduced by using different 
small-molecule thiols. 1-Thioglycerol was chosen as the model thiol to demonstrate the synthesis of a novel 
shape amphiphile (mPS-DPOSS). Irradiation of 365 nm UV light for 15 min was sufficient to fully consume all 
of the vinyl groups. Strong evidence from 1H-NMR (Fig. 2D), 13C-NMR (Fig. 5d), SEC (Fig. 1), FT-IR          
(Fig. 4d), and MALDI-TOF mass spectra (Fig. 3d) all support the success of this reaction. For example, the vinyl 
protons at δ = 6.25−5.80 fully disappear after the thiol-ene reaction and so was the vinyl sp2 carbon resonance 
signal at δ = 137.1 in the 13C-NMR spectrum (Figs. 5c and 5d). FT-IR spectrum shows a broad peak at              
ca. 3380 cm−1 which is attributed to hydrogen-bonding between the hydroxyl groups on DPOSS. In SEC 
overlay, the symmetric elution profile of mPS-DPOSS shifts to a smaller retention volume, indicating increased 
molecular weight after the introduction of hydroxyl groups. Again, MALDI-TOF MS spectrum shows a single 
molecular weight distribution and the observed molecular weight of [26mer·Na]+ agrees well with the calculated 
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value (4456.0 Da versus 4456.2 Da). After the thiol-ene modification, the installment of hydroxyl groups on the 
POSS cage makes the final product mPS-DPOSS a model amphiphilic shape amphiphile. All of these molecular 
characterizations are summarized in Table 1.  

CONCLUSIONS 

In summary, a “clickable” middle-chain azide-functionalized PS has been designed and synthesized by living 
anionic polymerization, and it can be used as a building block for facile synthesis of a novel shape amphiphile, 
mPS-DPOSS, via sequential “click” reactions. The mPS-N3 was synthesized by the coupling reaction of PSLi 
and 3-chloropropylmethyldichlorosilane linker, followed by the substitution reaction with sodium azide. The 
coupling reaction occurred selectively between PSLi and silyl chloride and the removal of excess PS is 
facilitated by end-capping with ethylene oxide. The resulting mPS-N3 was then reacted with VPOSS-alkyne to 
link VPOSS onto the PS chain. Subsequent thiol-ene reaction installed the hydroxyl groups onto the POSS cage, 
introducing chemical amphiphilicity to the final product (mPS-DPOSS). All the products were unambiguously 
characterized by various techniques. The final product, mPS-DPOSS, resembles the “giant lipid” architecture, 
i.e. a polar head tethered with two polymer tails. The study on its self-assembly behaviors and physical structures 
is ongoing in our group. This synthetic approach is highly efficient and modular. It demonstrates the “click” 
philosophy of facile complex molecule construction from a library of simple building blocks and also suggests 
that mPS-N3 can be used as a versatile “clickable” motif in polymer science for the precision synthesis of 
complex macromolecules. 
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