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Phosphonium-Containing Diblock Copolymers from Living Anionic 
Polymerization of 4-Diphenylphosphino Styrene  

Alison R. Schultz, Gregory B. Fahs, Chainika Jangu, Mingtao Chen, Robert B. Moore, and Timothy E. 
Long* 

Living anionic polymerization of 4-diphenylphosphino styrene 
(DPPS) achieved well-defined homopolymers, poly(DPPS-b-S) 
styrenic block copolymers, and poly(I-b-DPPS) diene-based diblock 
copolymers with predictable molecular weights and narrow 
polydispersities. In situ FTIR spectroscopy monitored the anionic 
polymerization of DPPS and tracked monomer consumption for 
kinetic analysis. Post-alkylation enabled controlled placement of 
phosphonium functionality in poly(I-b-DPPS) diblock copolymers, 
producing well-defined phosphonium-containing block copolymers 
with low degrees of compositional heterogeneity. Incorporating 
phosphonium charge disrupted the lamellar bulk morphology of 
the neutral diblock precursor and provided morphologies with 
interdigitated packing of alkyl chains on the phosphonium cation.  

  

Styrenic block copolymers receive continued attention for the 
production of thermally stable compositions with tunable physical 
and mechanical properties, impacting technologies ranging from 
high performance adhesives1,2 and durable coatings3,4 to 
biomaterials5,6 and medical devices.7-10 Immiscible block sequences 
promote microphase separation, facilitating self-assembly into 
various nanostructured compositions with tailored sequence lengths 
and volume fractions, molecular weight distribution, and chemical 
compositions. Tuning structural composition and nanostructured 
morphologies engineers a vast array of styrenic block copolymers 
and enables predictable viscoelastic properties for targeted 
applications. Incorporating ion-containing extended sequences 
imparts electrostatic interactions for enhancing microphase 
separation and thermomechanical properties, and provides 
electromechanical properties suitable for additional technologies 
involving electro-active11,12 and ion exchange membranes.13-15  

Sulfonated styrenic block copolymers represent exemplary ion-
containing compositions, possessing fortified viscoelastic behavior 
and enhanced microphase separation due to synergistic properties 
of ionomers16,17 and block copolymers.18 Ionic association within 
these block compositions increases the Flory-Huggins interaction 

parameter χ for microphase separation, allowing for lower block 
molecular weights and improved microphase separation.19 Previous 
investigations involving sulfonated block copolymers elucidated 
effects of sulfonation level on morphologies and electro-active 
properties, and earlier work predominately focused on Kraton® 
sulfonated poly(styrene-b-hydrogenated butadiene-b-styrene) 
[poly(SS-b-HB-b-SS)] and sulfonated poly(styrene-b-hydrogenated 
isoprene-b-styrene) [poly(SS-b-HI-b-SS)] triblock copolymers,20,21 and 
Kraton® sulfonated poly(tert-butyl styrene-b-hydrogenated 
isoprene-b-sulfonated styrene-b-hydrogenated isoprene-b-tert-
butyl styrene) [poly(tBS-b-HI-b-SS-b-HI-b-tBS)] pentablock 
copolymers (0-50 mol% sulfonated polystyrene).22-25  Although these 
reports revealed sulfonated block copolymers as promising 
membranes for technologies ranging from fuel cells and water 
purification26 to actuators27 and nanofabrication28, concern for 
thermal and charge stability due to low temperature degradation 
reactions poses an architectural design flaw and inspires new 
directions in polymerizing alternative charged monomers.25,29 

Recent studies reveal phosphorus-containing macromolecules 
as promising analogues to sulfonated polymers, revealing tunable 
oxidation states (phosphates, phosphines, phosphine oxides, and 
phosphoniums), high alkylation efficiency,30,31 thermal and base 
stability,30,31 high ionic conductivity,11,32 tailored structures and 
morphologies,33 and ionic aggregation.34 Phosphorus-containing 
monomers exhibiting vinylbenzyl-, acrylate-, and methacrylate- 
polymerizable units achieves a wide range of phosphorus-containing 
macromolecules including homopolymers,35 random copolymers,36 
and block copolymers.37 Although many of these synthetic methods 
involve controlled free radical strategies, anionic polymerization 
remains a commercially viable process for producing block 
copolymers with architectural precision and low degrees of 
compositional heterogeneity.  Herein, we report the controlled 
anionic polymerization of 4-diphenylphosphino styrene (DPPS) as an 
unprecedented method for achieving novel phosphorus-containing 
styrenic block copolymers. DPPS does not contain β-hydrogens to the 
phosphorus atom that are susceptible for low temperature Hoffman 
elimination degradation pathways and, consequently, is structurally 
advantageous for achieving phosphonium-containing block 
copolymers with enhanced thermal and base stability in comparison 
to sulfonated styrenic block copolymers. Sequential monomer 
addition strategies enabled poly(I-b-DPPS) block copolymers for 
elucidating post-alkylation effects on structure-morphology 
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behavior. As ion-containing polymers emerge for electro-active 
membranes, designing novel phosphonium-containing block 
copolymers with predictable structure-morphology-property 
relationships will facilitate commercial technologies. 

Scheme 1 depicts anionic polymerization as a facile and 
controlled approach for achieving poly(DPPS) homopolymers in THF 
using sec-butyllithium as the initiator. The reaction proceeded at -78 
oC to maintain stereochemical control of the propagating, deep red 
poly(styryl)lithium chains under the polar, aprotic solvent conditions. 
In situ FTIR spectroscopy monitored DPPS propagation, using the C=C 
vinyl vibrational frequency peak at 918 cm-1 and generating a 
normalized waterfall plot for peak absorbance vs. time (min). 
Tracking vinyl concentration disappearance over time indicated that 
complete monomer consumption occurred within 5 min (S1). Size 
exclusion chromatography (SEC) confirmed a 30,000 g/mol target Mn 
value for the homopolymer, and revealed monomodality in the 
chromatogram and a narrow polydispersity of 1.05 (Figure 1).   

 

 
Scheme 1 Anionic polymerization achieves poly(DPPS).  

 
Sequential monomer addition studies with styrene further 

verified the controlled polymerization of DPPS, revealing 
characteristics of a truly “living” polymerization (Scheme 2A).  In 
these studies, sec-butyllithium initiated the anionic polymerization 
of DPPS and produced living propagating chains with target Mn of 
30,000 g/mol. Sequential monomer addition enabled the anionic 
copolymerization with styrene, resulting in a poly(DPPS-b-S) block 
copolymer with final Mn of 60,000 g/mol (PDI = 1.06). SEC 
chromatograms in Figure 1 show the molecular weight shift during 
the sequential addition from poly(DPPS) to poly(DPPS-b-S) with 
narrow molecular weight distributions,  which is indicative of living 
polymerization.   

Living anionic polymerization with sequential monomer addition 
also produced a novel poly(I-b-DPPS) diblock copolymer in order to 
demonstrate the versatility in block composition and architecture 
(Scheme 2B). Moreover, this experiment elucidated DPPS 
propagation behavior in nonpolar solvent conditions suitable for 
targeting 1, 4-configuration cis-isomer diene microstructure. For this 
study, sec-butyllithium first initiated a living poly(isoprene) (Mn = 
30,000 g/mol) due to the insoluble properties of poly(DPPS) in 
nonpolar solvents. After 2 h, isoprene monomer was completely 
consumed and DPPS was sequentially added to the living chain in 
order to produce a second block sequence (Mn = 15,000 g/mol) 
compatible with the polymer solution. The homogeneous, orange 
reaction mixture stirred for 30 min to complete DPPS propagation 
before quenching with acidic methanol. SEC analysis confirmed the 
total Mn = 45,000 g/mol value for poly(I-b-DPPS) and revealed a 
narrow polydispersity of 1.04 (Figure 1).  

 

 
Scheme 2 Sequential monomer addition achieves copolymerization of diblocks (A) 

poly(DPPS-b-S) in polar solvent conditions and (B) poly(I-b-DPPS) in nonpolar solvent 

conditions.  

 

Figure 1 SEC characterization for poly(DPPS), poly(DPPS-b-S) after sequential addition 
of styrene, and poly(I-b-DPPS). 

Poly(I-b-DPPS) diblock copolymer provided a balance of hard 
(DPPS, high Tg = 120 oC) and soft (I, low Tg = -50 oC) block sequences 
to fabricate a mechanically robust, free-standing film. Post-alkylation 
with bromohexane and bromododecane achieved phosphonium 
based derivatives (Scheme 3), poly(I-b-C6DPPS)+Br- and poly(I-b-
C12DPPS)+Br-, and small angle X-ray scattering analysis (SAXS) was 
employed to reveal the microphase-separated bulk morphologies of 
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the neutral and charged samples (Figure 2). All SAXS measurements 
were performed at room temperature, and all films were slowly cast 
from toluene and annealed at 120 oC under reduced pressure (5 
mmHg) to achieve equilibrium or near-equilibrium morphologies. 
The neutral poly(I-b-DPPS) block copolymer sample exhibited an 
ordered scattering profile with peak maxima at q*, 2q*, 3q*, and 
4q*, indicating a lamellar morphology. Bragg’s law was used to 
approximate lamellar spacing from the primary scattering maximum 
at q*, revealing a Bragg distance of 22 nm.  Strong scattering peaks 
were observed for all samples, indicating that microphase separation 
also existed post-alkylation. However, the scattering profile for both 
poly(I-b-C6DPPS)+Br- and poly(I-b-C12DPPS)+Br- failed to exhibit q-
values characteristic to the traditional block copolymer morphology, 
presumably due to the incorporated ion associations that prohibit 
sufficient thermal annealing in these samples. Increasing the alkyl 
length also gave rise to a broad scattering peak near q = 2.1 nm-1, 
corresponding to the interdigitated packing of dodecyl chains on the 
phosphonium cation. A similar phenomenon was observed in earlier 
reports involving random copolymers containing trioctyl 
phosphonium styrenic ionic liquids.36 Tuning film casting conditions 
and applying transmission electron microscopy (TEM) will further 
elucidate the morphology of phosphonium-containing diblock 
copolymers.  

 

 
Scheme 3 Post-alkylation produces phosphonium containing diblock copolymers, poly(I-

b-C6DPPS)+Br- and poly(I-b-C12DPPS)+Br-. 

 

Figure 2 Small Angle X-Ray Scattering profiles reveal oriented bulk morphologies for 

poly(I-b-DPPS), poly(I-b-C6DPPS)+Br-, and poly(I-b-C12DPPS)+Br- diblock copolymers. 

Appearance of broad peak in poly(I-b-C12DPPS)+Br- scattering profile corresponds to 

interdigitated bilayers. 

Living anionic polymerization afforded novel phosphine-
containing homopolymers and diblock copolymers with targetable 
molecular weights and narrow polydispersities. Sequential monomer 
addition strategies enabled poly(DPPS-b-S) and poly(I-b-DPPS) block 
copolymers for suitable polar and nonpolar solvent conditions. A 
balance of soft-hard volume fractions for poly(I-b-DPPS) block 
copolymers promoted self-assembly into highly ordered lamellar 
microphase separated morphologies. Post-alkylation efficiently 
converted the phosphine backbone to a phosphonium cation, 
achieving poly(I-b-C6DPPS)+Br- and poly(I-b-C12DPPS)+Br-, which 

disrupted the highly ordered bulk morphologies of the traditional 
neutral composition. Increasing the alkyl chain length gave rise to a 
new phase, corresponding to interdigitated packing of dodecyl 
chains on the phosphonium cation. Future studies will extend these 
novel phosphonium diblock compositions to ABA- and ABC- type 
triblock architectures, in order to evaluate these phosphonium-
containing styrenic block copolymers as ion-containing 
thermoplastic elastomers.  
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