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This report is intended to serve as a final summary report for activities sponsored by the Federal Aviation
Administration award at the University of Massachusetts Amherst under grant # 99-G-035. This FAA grant
supported efforts associated with the synthesis, properties, and theoretical treatment of polymer materials that
promote advances in the science and technology of low flammability materials. The fundamental and
technological discoveries made during the course of :the grant period were substantial, as indicated in the
accompanying pages listing publications and patent applications. This report provides a broad overview of the
activities under FAA sponsorship duringthe grant period; more specific details of experiments and outcome can
be found in the detailed reports submitted to the FAA for each reporting peried during the course of the grant.

The FAA award to UMass Amherst was central to efforts at UMass in résearch on polymer flammability and the
generation, characterization, and theoreticdl understanding of low flammability pelymer materials. The FAA
-award was the core of research on this topic, around which developed a consortium of sponsored research from
the U.5. Army and several corporate sponsors. This collection of research activity was organized by the Center
for UMass-Industry Research on Polymers (CUMIRP), :a long-standing organization in the Polymer Science &
Engineering Department at UMass which provides a connection between academic reésearch and interest in the
commercial viability of the research. The polymer Flamimability “cluster” of research, referred to as. “Cluster F”,
met twice yearly, at which point the sponsored research was presented to participants from the sponsaring
organizations, It is from these meetings that the semi-annusl research presentations, submitted to the FAA,
were generated.

During the course of the FAA funded praject on anti-flammable polymer materials. (2006-2009), UMass Amherst
researchers were engaged in the synthesis and characterization of novel anti-flammable polymers, as well as
theoretical and molecular modeling aspects that improve the fundamental understanding of materials
flammability. FAA support was responsible for the development of significant expertise among graduate and
postdoctoral researchers at UMass, providing the foundation for a research program which also enabled a
private sector consortium operation to augment the effort. The productivity of polymer flammability
researchers at UMass during this period was substantial, including 8 published manuscripts, 3 patent
applications, and the placement of seme of our best graduate students and postdoctoral associates into top-
notth corporate and government laboratories (including for examplé the FAA, NIST, Kedak, Shocking
Technologies {San Jose, CA) the Korean Institute of Science and Technology (KIST), and ATK Thioke! in Utah.

FAA-supported research at UMass Amherst in the area of anti-flammable polymer synthesis, characterization,
and modeling/theory was inriovative and productive. Syntheses pioneered by Emrick on deoxybenzoin-
containing polymers developed rapidly from their inception {also during an FAA-sponsored project), producing
anti-flammable aromatic polyesters, polyphosphonates, poly(ester-phosphonate) copolymers, polycarbonates,
and epoxy polymers. Thermal and mechanical characterization of these materials by Farris and Lesser
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confirmed their predicted ultra-low flammability.  Publications in the top-rated polymer journals
Macromolecules-and the Journal of Polymer Science A: Polymer Chemistry, describe the synthesis and properties
of these new materials. Publication of this research in these high-quality academic journals is most noteworthy
given the specialty nature of the polymer flammability topic, and the large and diverse polymer readership of
these journals. The popular press became engaged actively in our development of ultra-low flammability
polymérs, iricluding a Materials World feature in 2007.

Qur choice several years ago to focus on deoxybenzoin-based polymers for ultra-low flammability was based on
a degradation mechanism that suggested deoxybenzoin-hased p'olym'er's might undergo thermal degradation
and char in similar fashion to that of bis-phenol C (BPC). BPC-based polymiers, which exhibit appreciable char
yields that contribute to jts exceptionally low flammability, are chlorine-rich and thus problematic from an
environmental standpoint. The halogen-free deoxybenzoin-containing polymers have exhibit impressively low
flammability, competitive with that of BPC-polymers, and bis-hydroxydeoxybenzoin (BHDB) is amenabie to step-
growth polymerization chemistry as a ‘drop-in’ replacéement for BPC or bis-phencl A (BPA). The comparativé
polymer chemistry and properties of BPA, BPC, and BHDB, pilaceéd in the broatler scope of polymer materials
flammability, has been reviewed recently. In short, it is apparent that BHDB provides facile entry into aromatic
polyesters, polyphosphonates, and poly{ester-phosphonate) copolymers with molecular weights ranging frorm
10,000 g/mcle to over 100,000 g/mole. These polymers exhibit heat release capacity (HRC) values, as measured
by pyrolysis combustion flow calorimetry, that place them in the ultra-low flammability category.

The physical, mechanical, and thermal/flammability properties of deoxybenzoin-containing polymers were
analyZed, and the step-growth pdlymerizations scaled up to the 50 gram level. Polymerization on this. scale
provided sufficient material for processing, characterization, and flammability tests performed at the FAA. By all
indicators, deoxybenzoin-based condensation polymers can be considered as a most promising class of anti-
flammable high-performance polymers with potential societal impact for improving the safety of plastics.
Exemplary cases are shown in Figure 1, for (a) comparative properties of BHDB- and BPC-based polycarbonate;
and (b) results of a UL-94 flammability test performed at the FAA on deoxybenzoin-based aromatic polyesters, in
which the high char yield of these polymers-led to an excellent performance and an-assignment of the lowest
flammability SVA rating.



(a) BHDB-polycarbonate

? :
0-6-0 (b)
BHDB-polyarylate

Properties BPA-PC BPA~co-BHDB-PC (~1:1)

Morphology Amorphous Amorphous 7 s
Tg{“'C} i 145 132 . Wi nnanmas oo
Terisile modulus (GPa) 1.87 1.80 SVAflammabiiity rating achieved
Tensile strength at yield (MPa) 53 50 i fasts conductod st FAA;
Elongation at break {%) 7.8 46 Predominantcharring observed
Charyield (%) 21 27

HR Capacity {J/g-K) 390 138

Figure 1. {(a) Comparative properties of BPA polycarbonate with a BPA/BHDB random polycarbonate copolyiner,
demonstrating the higher char yield and lower heat release capacity inherent to the BHDB-containing polymers; (b}
results of a flammability test conducted at the FAA on a BHDB-containing aromatic polyesters (BHDB-polyarylate)
sample, showing the substantial charring that occurs upon burning these materials.

While we have developed a research platform with deoxybenzoin as the key monomer unit, there remain many
unexplored aspects of deoxybenzoin that, if pursued, have excellent potential for impact. Epoxy polymers,
polycarbonates, and polyurethanes are prominent among these, as are “high performance” aromatic
polycondensation structures. Moving forward, we plan to continuing ‘engaging in the development and
discovery of the most prormising structures prepared to this peint, based on deoxybenzoin, Moreover, we will
initiate new projects an nanocomposites of deoxybeznoin-based structures, as well as electrospun fibers and
nanotube-polymer composites.



ABSTRACTS OF THESES

DEPARTMENT OF CHEMICAL ENGINEERING
University of Massschusetts Amherst

PhD Dissertgtion Defense
' |

Thursday, March 12, 2009
10 AM — Kellogg Confetence Room, Elab IT

“DEVELOPING REACTIVE MOLECULAR DYNAMICS
FOR UNDERSTANDING POLYMER CHEMICAL KINETICS”

Kennéth D Smith
Directed by: Proféssor Phillip R Westmoreland
ABSTRACT

-One of the challenges in understanding polymer flammability ig the lack of infismiation about microscopic events that leed to
marrogcopically cheerved species, and Reactive Moleculzr Dynmmnics is 2 promising approach to obtair this crucially needed
imformation. The development of a predictive methad for condtnsed-phase raiction kinietics. can provide significant ingight
iite polyrier Bzmmability, tus helping goide future synthiesis of fire-resistant polymers. Through this dissertarion, & new
reaclive forcefield, RMDIY, and Reactive Malecutar Dynamics program, RxaMD, have boon developed and used 1o simulate
such material chemisry,

Itis necessary to have agourate deseription of chomicel kinefics!to describe quantitative chemieal kinatics. Typical
equilibrium forcefields arc inadequate for descriting chemical seactions dus to thi inability o represent bondisiy
transformations. This issue was resolved by developing a.new mthod, RMDH thal allows standard equilibrium forcefields to
describe reaciive trensitions. The chemical reactions sre described by employing switching functions thet parmit smooth
transitions between the reactant and product descriptions svailable fom traditiond) forceficlds. Becsuse all of the chemical
motidns gre described, 4 complete potential energy surfuace is abtained for the courss of the reaction, Descriptiofs of seission,
addition/beta-scission, and abstraction reactions wete developed for hydiocarbon spécics, Reactive potentisls were developed
using u cepresentative reaction involving small molecules, It is ghown that the overall geametric and energatic chenges are
transforable to larger snd substituted moleules. The main sourte of error foend in RMDSF resulted from errors within the
equitibrivm forcefield descriptions,

In order to simulate tie chiemical kinetics, il was nacessary fo creste & molecular dynamics program that could implement the
reactions from RMDE RxnMD was developed a2 new O++-bissed Reactive Moleculic Diynamics codes to simulate thie
i ' re predict density polyéthylene and used to test the method and code,
: byathylene molecules did not significantly alter the backbons
decomposition kinetios. The results also revealed that the backbine cerbon-sarbon bonds could break with an activation
eanegy approximately 100 kl/mot below the carbon-carbon bond dissociation snetgy. This decrease was belfeved to vocur
from Bstremoleculisr potymitr striesh, which is relieved via bnckbﬁme-scissim. Such stress was also cheerved to increass the
bela-scission reaction rate et high temperaturcs, aprarently besage the scission veaction alone is ot siways sufficiit io
remiove the energy misaciated with the polymer stress ¢ traded near the seission focation. Finally, the RMD mathod was.
#lso shown to be transferable and applicable in describing the désomposition of novel fire-resistzt polyisiers.

Fire public 1s cordially srvited to attend, Refreshmarnés will be served,
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Data on Scientific Collaborators

UMASS FACULTY

Professor Todd Emrick (ptincipal investigator)
Professor Richard Farris

Professor E. Bryan Coughlin

Professor Alan Lesser

Professor Philip Westmoreland

STUDENTS AND POST-DOCTORAL RESEARCHERS

Jared Archer, UMass Amherst

Michael Beaulieu, UMass Amherst

Dr. Bon-Cheol Ku, UMass Ambherst

Dr. Sung Cheal Moen, UMass Amherst

Dr. Andrey Pereverzev, UMass Amherst
Thangamarni Ranganathan, UMass Amherst
Dr. Beom Young Ryu, UMass Amherst
Kenneth Smith, UMass Amherst

Jian Wu, UMass Amberst

Dr. Joseph Zilbetman, UMass Amherst
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