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Major Goals:  The primary goals fo this project is to rapidly screen new polymers to identify polymers and 
morphologies with significantly improved ionic conductivity. The secondary objective is to advance the fundamental 
understanding of ion conduction mechanisms in polymers.



Our work has focused on three sets of polymers: precise polyethylenes synthesized by ADMET, commercial 
pentablock copolymers with a poly(sulfonated styrene) midblock, and polymerized ionic liquids containing 
cyclopropenium. We have also explored a nearly precise acid-containing polymer.

Accomplishments:  The most significant outcome of this project is our Nature Materials paper that demonstrates 
how the novel morphologies that we have revealed in the precise polyethylenes can provide excellent transport 
properties.  Specifically, a polyethylene with a sulfonic acid on every 21st carbon self assembles into acid layer that 
swell when exposed to relative humidity.  The proton conductivity of these materials is comparable to Nafion at 40C 
and relative humidities above 60%.  This demonstrates our previously hypothesized transport mechanism through 
the precise polyethylenes.  Moreover, these design concepts can be applied to a wider set of materials.  Since 
publication in May 2018, this paper has already been cited 29 times.



This grant substantively contributed to the education of 3 doctoral students (Robert Middleton, Edward Trigg, and 
Lu Yan) and 1 postdoctoral fellow (Phil Griffin).  Robert is working for Exponent, Ted is an NRC postdoc at Wright 
Patterson, Lu entered law school and Phil is employed at the University of Chicago.

Training Opportunities:  This grant substantively contributed to the education of 3 doctoral students (Robert 
Middleton, Edward Trigg, and Lu Yan) and 1 postdoctoral fellow (Phil Griffin).  Robert is working for Exponent, Ted 
is an NRC postdoc at Wright Patterson, Lu entered law school and Phil is employed at the University of Chicago.



Graduate student training included the design of experiments, sample preparation, EIS measurements, X-ray 
scattering, thermal analysis, and data analysis.  For Ted Trigg is also involved all-atom molecular dynamics 
simulations performed in collaboration with scientists at Sandia National lab.  Both Ted and Lu worked with 
undergraduate students during their studies, which provided opportunities for them to mentor/manage younger 
scientists.
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INVESTIGATOR(S):
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Results Dissemination:  The grants has been acknowledged 12 journal publications and dozens of invited talks.



Major Lectures

Distinguished Speaker, New Jersey Institute of Tech.- 2018

Keynote Speaker, PMSE Symposium, American Chemical Society - 2018

Plenary Session, American Institute of Chemical Engineers - 2017

DB Robinson Distinguished Lecture, University of Alberta - 2017

Plenary Speaker, 2017 Joint CNMS-SNS User Meeting - 2017

Plenary Lecture, 5th International Symposium Frontiers in Polymer Science - 2017

IUPAC Lecture, Chemistry Department, University of Montreal - 2017

Plenary Speaker, Macromolecular Innovation Institute Conference - 2016

Plenary Speaker, ECNP International Conf. on Nanostructured Polymers & Nanocomposites - 2016

Honors and Awards:  Honors for Karen Winey

Trustees Council of PennWomen Award for Undergraduate Advising - 2017

Fellow, Polymeric Material Science and Engineering, ACS - 2016

“For outstanding contributions to the understanding of polymer nanocomposites and ion-containing polymers 
through quantitative scattering and microscopy studies.”

Visiting Miller Research Professor, University of California, Berkeley - 2014





Honors for Edward (Ted) Trigg

DOE Office of Science Graduate Student Research Award - 2015

Geoffrey Belton Graduate Fellowship Award, Univ. of Pennsylvania - 2016

Finalist, Padden Award, Division of Polymer Physics, APS - 2018

NRC Posdoctoral Fellowship - 2019
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Publication Type:  Journal Article
Journal:  Polymer

Publication Location:  
Article Title:  Solution-Grown Crystals of Precise Acid- and Ion-Containing Polyethylenes

Keywords:  polymer crystals, precise polymers, electron diffraction
Abstract:  Crystals of precise acid- and ion-containing polyethylenes were prepared from solution. While large 
pendant groups on polyethylene backbones are typically excluded from the crystalline domain, the precisely-
placed acid and ionic functional groups are accommodated into the solution-grown crystals. Polyethylene 
containing carboxylic acid pendant groups on every 21st carbon atom (p21AA) grows into rectangular shaped 
crystals with an average thickness of 9 nm, which is 3-4 times the all-trans chain length between the functional 
groups. This thickness indicates that the carboxylic acid groups are incorporated within the crystals. Electron 
diffraction images and Raman spectra indicate that p21AA backbones are hexagonally packed.  Finally, we 
propose a multi-layer stack of adjacent reentry structures that is consistent with the incorporation of large 
functional groups into the solution-growth crystals of these precise polyethylenes, in contrast to melt-crystallized 
p21AA.
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Publication Type:  Journal Article
Journal:  Macromolecules

Publication Location:  
Article Title:  Ion Transport in Cyclopropenium-Based Polymerized Ionic Liquids

Keywords:  ionomers, polymerized ionic liquids
Abstract:  Ion transport in polymerized ionic liquids (poly-ILs) occurs via a fundamentally different mechanism 
than in monomeric ionic liquids, and recently progress has been made toward understanding ion conduction in 
poly-ILs. To gain insight into the nature of ionic conductivity in ionic polymers, we investigate the physical 
properties of the trisaminocyclopropenium (TAC) ion, as it is an aromatic carbocation with unique structural and 
electronic properties. Herein, we characterize the thermal properties, local morphology, and dielectric response of 
a series of monomeric and polymeric TAC ionic liquids with different counterions. We have found that the extent of 
a “superionic” mechanism depends on the nature of the ion pair and can result in anomalously high conductivity at 
the calorimetric Tg. Our results suggest that the molecular volumes of the cationic and anionic species are 
important parameters that impact ion conductivity in polymerized ionic liquids.

Publication Type:  Journal Article
Journal:  Soft Matter

Publication Location:  
Article Title:  Polymerized ionic liquid diblock copolymers: impact of water/ion clustering on ion conductivity

Keywords:  ionomers, block copolymers, ionic liquids
Abstract:  Herein, we examine the synergistic impact of both ion clustering and block copolymer morphology on 
ion conductivity in two polymerized ionic liquid (PIL) diblock copolymers with similar chemistries but different side 
alkyl spacer chain lengths (ethyl versus undecyl). When saturated in liquid water, water/ion clusters were 
observed only in the PIL block copolymer with longer alkyl side chains (undecyl) as evidenced by both small-angle 
neutron scattering and intermediate-angle X-ray scattering, i.e., water/ion clusters form within the PIL 
microdomain under these conditions. The resulting bromide ion conductivity in the undecyl sample was higher 
than the ethyl sample (14.0 mS cm?1versus 6.1 mS cm?1 at 50 °C in liquid water) even though both samples had 
the same block copolymer morphology (lamellar) and the undecyl sample had a lower ion exchange capacity (0.9 
meq g?1versus 1.4 meq g?1). No water/ion clusters were observed in either sample under high humidity or dry 
conditions. The resulti
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Publication Type:  Journal Article
Journal:  Macromolecular Chemistry and Physics

Publication Location:  
Article Title:  Precision Sulfonic Acid Polyolefins via Heterogenous to Homogenous Deprotection

Keywords:  ADMET synthesis, precise polymer
Abstract:  Polyolefins containing precisely spaced sulfonic acid functionality are made. First, precision ethyl 
sulfonate ester diene monomers are synthesized, which then are converted to acyclic diene metathesis polymers 
using Grubbs' catalysis. Subsequently, the poly(ethyl sulfonate esters) are deprotected post?polymerization via 
two successful routes, both using a concept of “heterogenous to homogenous deprotection.” The resulting poly
(sodium sulfonate) salts are then converted to precise poly(sulfonic acids), where the sulfonic acid functionality is 
placed either at every ninth or 21st carbon. For comparison, random versions of poly(sulfonates), their salts, and 
sulfonic acid polymers are synthesized via copolymerization of the “9” sulfonate monomer with 1,9?decadiene. 
Precision placement of sulfonic acid functionality could lead to materials of potential utility.

Publication Type:  Journal Article
Journal:  Nature Materials

Publication Location:  
Article Title:  Self-assembled highly ordered acid layers in precisely sulfonated polyethylene produce efficient 
proton transport

Keywords:  precise polymers, proton conductivity
Abstract:  Recent advances in polymer synthesis have allowed remarkable control over chain microstructure and 
conformation. Capitalizing on such developments, here we create well-controlled chain folding in sulfonated 
polyethylene, leading to highly uniform hydrated acid layers of subnanometre thickness with high proton 
conductivity. The linear polyethylene contains sulfonic acid groups pendant to precisely every twenty-first carbon 
atom that induce tight chain folds to form the hydrated layers, while the methylene segments crystallize. The 
proton conductivity is on par with Nafion 117, the benchmark for fuel cell membranes. We demonstrate that well-
controlled hairpin chain folding can be utilized for proton conductivity within a crystalline polymer structure, and we 
project that this structure could be adapted for ion transport. This layered polyethylene-based structure is an 
innovative and versatile design paradigm for functional polymer membranes, opening doors to efficient and 
selective trans
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