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Abstract
Polyimides epitomize one of the maarsatile highperformance engineering polymers.
Polyimides are@nherently mechanically robust, chemically inert, and thexitatively
stableto 400+ °Cdepending on their chemical structuemablingtheir function in
numerous aerospace, electronic, matland flameretardant applications. Polgides can
be highly modular even within synthetic limitationshich promotesand sustains
innovative researclOnerecentinterest concernhe innovation ofire suppression foams.
Aqueous filmforming foams AFFFs) areregularly soughtwhen engagingliquid fuel
(gasoline, jet fuel) fires. AFFFautilize perfluorinated compoundgPFCs) like
perfluorooctansulfonic acid (PFOS) and perfluorooctanoic acid (PFQ#)ich exhibit
toxicity, bioaccumulation, and persssice in lhe environmenteasulting in the presence of
fluorosurfactant chemads inenvironment®itherthrough direcbr secondary exposuxea
chemical migrationRecently, he USEPAhas even detectddFAS in drinking water at
hundreds ofmilitary training facilities and civilian airporta/hile fluorinated compounds
provide desirable therooxidative stability and excellent fire retardancy, the
environmental impact imposed by these chemisatengly encouragesesearch that
targetshecomplete removal d?FCs in conventional formulationBhis thesis focuses on
the fundamental development of wasaluble sulfonated polyimide (sPI) and poly(amic

acid) (sPAA) systems farextgeneration polymebased fire suppression foanife use



of sulfonated monomers dmoly(amic acid) salt formation enables tunable structures and
water solubilitiesThe polymerganaintain competitive thermal stabilities to conventional
polyimides and when combined with readily availabl@ontoxic sufactants (SDS),
produce stable foasn The MIL-F-24385F performance requirement evaluates foam
quality/stability, drainage time, and burnback resistance to access viability andeprov
comparison to other systemstefiminary testing shows that sPI/sPAA formulations
perform well. Solution leology offers insights into fundamensaalingrelationshipsof
specific viscosity vs. concentration in both salt andfsed solutiorthat are important to
future foam development. Additionally, the structural nature of the sPIs/ sSPAAs allows for
ther modification with phosphoniunmoietiesor siloxanes which are slated to have
positive effects on performanc®verall, these sPIs and sPAfsovide a promising

platformfor the futuredirectionof fire suppression foams.
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General Audience Abstract
High-performance polymers atsed in the moslemandingdf engineering applications.
Polyimides repreent one of the most versatile higbiformance polymergolyimides are
mechanically strong, chemically inert, amdistanto extremedmperatures depending on
their chemical structure, allowing theisein numerous aerospace, etectic, medical and
flameretardantapplications Polyimides are syntheticallyersatile which enableghe
discovery ofnew uses after decades of research. One new targeted application is fire
suppression foams. Aqueous fiflorming foams (AFFFs) are the standard when ibgttl
liquid fuel (gasoline, jet fuel) fires. AFFFsontain perfluorinated compounds (PFCSs)
which are toxic and persist in the environment; they migrate easily to affect indirectly
exposed ecosystemRecently, the USEPA has even deted®&d\S in drinking vater at
hundreds omilitary training facilities and civilian airport&Vhile AFFFs with PFCs are
highly effective replacement materials are need€liis thesis focuses on thendamental
development of watesoluble sulfonatedpolyimide (sPI) and poly(ame acid) (SPAA)
systems for fire suppression foani$ie polymers remain thermally stable, and when
combined with readily available sactants (SDS)produce stable foams. Preliminary fire
testingshows thatsPI/sPAA formulations perform well against naly specifications
Solution rheology (study of flow) explores the solution behavior of sPI, which offers

insightsinto fundamental concentratiescosity relationships that are important to future



foam developmentdditionally, the strutural nature othe sPIs/ sPAAs allows for their
modification with phosphonium groups or siloxanebkich changes their characteristics.
Overall, these sPIs and sPAAs andgially promisingfor the future diretion of fire

suppression foams.



Acknowledgments

There isnbét enough space to begin thanki

of my graduate career, but | will give it my best atterfptst, | would like to thank Dr.
Timothy Long for agreeing to be my advisor and graciously taking radiatgroup when

| needed support the most. His guidance and encourageveeatinvaluableand | am

grateful forour relationshipand the skills that | have learnddam also grateful to my

committee members Dr. Paul Deck and Dr. Robert Mdoretheir continued support,

insight and advice. Additionally, | would like to thank Dr. Alan Esker, Dr. John Morris,

and Joli Huynh for their guidance, support, and frequent chats.

A researcher is often only as successful as the team to which they, lagidnig Long

Group is stellar. Not only have | developed rewarding academic relationships with my

fellow group members, but also some great friendships. | thanlaadavery one of them.

| Oedpeciallylike to thankClay Arrington whom | collaborated closelwith on the
SERDP projegtand Josh Wolfgang and Tyler Whiteho stuck it outvith me at Virginia
Tech. Further mor e, Il 6d |i ke to thank

Tech at RPI and from homeRyan Archer, Sam Scannelli, Rachael igialli, Sarah
Swilley-Sanchez (and Mike), Brady Hall (and Katy)an Cairnie,Brittney Bonnett,
Ophelia Wadsworth, Tiffany Thompson, Ryan Carrazone, Kearsley D8amah Blosch,

Joel Serrano, Ke Cao, Dong Guo, Xiaozhou Yagsad Khan, Christine Desplaknju

Malhotra, Erika Nicholas, Jason Roman, Devin Glenn, Michael Ferrucci, Sean Gallagher,

Kyle Rivers, Jordan Riesel and McLane Tybeh e | i st goes one

All of my friends in the local music community also deserve equal acknowledgment as

my musical lifehas provided me with stability and relea$be Woogemen (Jon Wooge,

Vi

a l

ng

t

h



Andrew Cook, Tim Parke George Brooks, and Bruce @Qoatio), Arthur Krieck, Dixon
Smiley, Jeff Ritchie, Daniel MacPherson, Matt McHugh, Dan WeBen Slaughter,
Cristen Mitchell, DwightBigler, Annie Pearce, Mafpenson Moore, Brenda van Gelder,
Jason Crafton, Scott Malbon, Dave McKee, Lou MadBean)] Deck (againBrian Peters,
Justin Craig, Nick Romantini, the men of the Adhoctet, SKE, Sauerkraut Bandhe
Blacksburg Community Bandhe Blacksburg Community Strings, the Blacksburg United
Methodist Churchand the New River Blues Society.

A significant acknowledgment goes out to Mrs. Donna Fulmer, my segeate
science teacher and one of my mentors all throughout high schobbutviter influence
and encouragement, | would not have chosen this path. | remember quite clearly, however
that one day she briefly stated that | needed to go into science, and it was that one statement
that just flipped a switch. The rest was historylweé i t wasndét é because |
go into history).

Last but not least, | would like thhankmy incrediblefamily. My parents have been
my rock and | absolutely could not have done a single thing without their unwavering
support, endless love, theands of phone callsggular visits and many beers. | cannot
begin to express how much | owe to them for making me who | am today. My partner,
Katherine, deserves endless prdige dealing with me as | navigate graduathool.
Without ker love, patiene, and supporthese last few months would have been much
harder. | canodot wait to s e eSasshndliookifomardf ut ur e

to spending endless hours in random antique stores together.

Vil



Table of Contents

Chapter 1. Recent adances in halogerree, additive-free polymers with inherent

flame-retardant PrOPEITIE S........cccciiiiieeeeeee et e e e e e e e e e e e enanas 1
I N o1 1 = oSS SUPPPPPPPPRRPRRR 1.
IO 1 {0 To [T 1[0 o PP PP PPPUPPPRPRR 1
1.3. POIYMEr SYSTEIMIS.....cciiiiiiiiiiiiiiis sttt e e e e e errea s s s s e e e e e e e e e e e e e eeeannneeeeeeeeeens 3
1.4. ConclusioN8NA OULIOOK.........ccoiiiiiiiiiiiiiiieeeiiii e e e srrr e e e e e e e e e e e e e e e e e e e e 35
ST ] (=] =] T =SSR 36
1.6. SUppOorting INfOrMALION. ........ueiie e 46
Chapter 2. Synthesis, characterizationand foamability of wholly aromatic, water-
soluble sulfonated POIYIMIAES...........uuriiiiii e e 48
P2 I N 13 1 - Lo PP PPPRPPPPRPRRR 48
2.2. INTTOAUCTION. ...ttt et e e e e e e seet ettt et e e e e e e e e e e e e e e s s sammmeeeeaeeesssannnnn 49
2.3, EXPEIIMENTAL......ooiiiiiiiiieee e 51
2.4. ReSUlts and DiSCUSSION.........cceiiiiiiiiitirnes e e esseiieebbbebe e eeeenenssseseeeaeeeeeeeeeaeeeeesseans 53
P2 T O 0] o Tod 1] o] o = 63
pZ G Yo [ =T T [ o PP 65
2.7, RETEIENCER. ..o ieeeeeeiiee e e e e e e e e e e e saeesa s s s e e e e e eeeeeeaeeeeeesstnnneaeeeeeeeeeenennnnns 12
2.8. Supporting INformMatiQn............ccooiiiiiiiieeee e 74
Chapter 3. Solution behavior of wholly aromatic sulfonated polyimide in agueous

01T = PSP PPPPPPPUPPRPRRIRRRY 4
G 0t O Y o1 1 = T 79
G2 [ o1 1o o [FTox 1 o] o ISP PPPPRPR 80
3.3 EXPEIMENTAL.....eeiiiiiiiiiii e 82
3.4. ReSUItS @Nd DISCUSSION.....ccitiiiiiieeiieai it rnee s eeenens 34
G T o ] o (1] o = a1
3.6, REIBIENCES. ...ttt teeer e e e e et e et e et et nnne e e e e e eeeeeeeennnee ] 92
3.7. Supporting INFOrMATIAN.......coviiiiiiiee e 9
Chapter 4. Synthesis and characterization of watessoluble phosphoniumcontaining

[910] 377100110 L= 3T PP TTPPPPPP 96
O A 151 1 - V! PP 96
2 | 11 o o 13 o 1) 96
G T e d o 1= 41T o = | O PPPPRTR Q9
4.4. ReSUItS and DISCUSSIQMN...........uuuuuuuuiasiaaeeeeeennnnnnaaaaeeeeeeeesammmsaasaaaseaaaeeeeeeeemesssnnns 101
T 0] o T [1 153 o] ST 113
T = (=] (= o > S 113
4.7. Supporting INfOrmMatiQn.............oiiiiiiiii e 116
Chapter 5. Efforts towards the synthesis of PDM&containing, water-soluble sulfonated
polyimides and poly(amic acids) for fire suppression foams............cccoeeevvvvvviennnnnn. 120
oI O Y o ] 1 - o PSP 120
o302 [ 1o o 18 [ox [ o T 120
5.3, EXPEIMENTAL. ....eiiiiiiiiiiiiie e 122
5.4. ReSUItS and DISCUSSIOLL.........cciiiiiiiiiiiiiimmme e eeeeeeeeieiitti s sme e e e e e e e e e e e aas 124
o3 TR @) T 11 13 [ 1= 132
5.6. RETEIENCES ...ttt ettt enmr e e e e eeesanaaee 133



5.7. Supporting INfOrMAatION..........ooiiiiiiiiiiiieeee e e 136

Chapter 6. Suggested FULUIEe WOTK............iiiiiiiiiee e ceeeicceees e eeeveeene e e e e 140
6.1. Foam solution property and structure characterization of sPl and sPAAS foam
1011 40101 F= Vi o] 0 1S TP OPPPPPPP 140
6.2. Watersoluble, sulfonated polyimides and poly(amic acids)aiamg phosphin®xide
units for fire SUPPreSSION FOAMIS...........vviiiuiiiii i rrrrr e e e e e e e e eeees 140
6.3. Solution Rheology of wataoluble, wholly aromatic sulfonated poly(amid imide)s:
bridging the gaps between polyimides and polyamides of similar nature................. 141
6.4. Characterization of flame astlant properties of PMD&®DA with BDSA-MTPP
o0 1 0o = L1 [0 o TSRS 142



Chapter 1. Recent advances in halogefree, additive-free polymers with
inherent flame-retardant properties

Benjamin J. Stovall and Timothy E. Long
Department of Chemist, Macromolecules Innovation Institute (Mll),
Virginia Tech, Blacksburg, VA, 24061

1.1.Abstract

Modern society relies heavily on the production of commercial and industrial plastics. Fire
risks threaten commercial operations where plastics are empl&yesh though there are
significant monitoring and reduction of commonly used halogenated flame retardants, their
worldwide usage still poses environmental hazards. To address these issues, many non
halogenated flameetardant additives have been developsdeplacements to these plastics but
result in reduced composite homogeneity and mechanical strength. This review introduces the use
of reactive flame retardants and discusses the effect of polymer structure on flame retardant
properties. The synthesisich characterization of polymer systems (polyurethanes, polyamides,
polyimides, polyesters, and epoxy resins) are discussed concerning their synthesis, structure, and
characterization via TGA, cone calorimetry, limiting oxygen index, the94ltest, and mer
These polymer systems herein represent a broad chemical space with which new systems may be
developed with increasing modularity, utilizing heteroatom synemgycambinations of gaand

condensegbhase mechanisms of flame retardance.

1.2. Introduction

Polymers are responsible for the growth and development of many electronics, transportation,
and aerospace technologies. In each of these applications, the underlying propertiesrfaa
stability and mechanical properties) dictate thecfion of these materials. Certain applications,

1



such as aerospace, require increasingly lightweight, strong, and thermally stable materials to
replace cumbersome metals and ceramics. However, a significant challenge still lies in developing
polymers for se in these high temperatsrand oxidative environmentsMany commodity
polymers are inherently more flammable and lack the thermomechanical properties to support
these higkperformance applications, such as in aerospace and transportation. At high
tempeatures, these commodity polymers will igniteereby propagating many fire incidents
involving consumers. Every year, fires cause billions of dollars in damage and significant loss of
life. Thus, the need for polymer flammetardant technology iat the forefront of materials

advancement.

1.2.1.Characteristics of flame retardant materials

Traditional flame proofing commonly used in construction, transportation, and aerospace
applications includes ceramics, mineral coatings, or fiber composites. While mahgsef
approaches are still employed today, they are not applicable to technological development due to
processing challenges or poor material integrity. With the evolution of electronics in the industrial
and consumer realms, the need for lightweight rmedsethat can be molded and processed into
small parts is growing. Although engineering allows many commaodity polymers to be used in this
capacity, they are more flammable and lack the thermrachanical properties to support high
performance applicatiorfdn the middle of the last century, the synthesis of highly aromatic, stiff
chain polymers (e.g., polyimides, polybenzimidazoles, polybenzoxazoles, and polybenzthiazoles)
developed into a new division of engineering plasttégure 1). The chain stiffnes aromaticity,
and heteroatom content of these engineering polymers afford high thermal degradation

temperatures, low burn rates, and the formation of Thhereby reducing the amount of



flammable volatiles that are released. The abueationed metricgor gauging the efficacy of
flame-retardant polymers (burn rate, formation of char, and degradation temperature) guide the
development of polymers with these designated. Current research is fonursesktigating other

polymer systems to meet the flane¢ardant demands of various higerformance applications.

0] (0]
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LTI-On KO0
O 0] n S S "
polybenzoxazole polybenzthiazole

Figure 1. Structures of general classes of classic flame retardant/resistant polymers

1.2.2.Combustion and Flame Retardance

Organic polymers have a propengibtybe fire epicenters due to structural degradation at high
temperature$* Thermal decomposition of polymers results in combustible volatiles in the form
of small molecular species or radicals. With enough heating to promote further degradation or
ignition or with an ignition event, the combustion of the volatile species will occur. Combustion
of the volatiles proceeds in the gas phase (in the flame), while the bulk polymer is in the condensed
phase. Combustion continues at the phase bouimdangre the codensed and gas phases deet
as a seksustaining reaction if there is sustained heating. Volatile products continue to evolve into
the gas phase, while polymer degradation proceeds in the condensed phase, generally resulting in

solid char Figure 2).
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Figure 2.General schematic of polymer combustidn.

The focus of designing flame retardant polymer systems is to limit the release of volatile
compounds, thereby quenching the combustion reactions and reducing heat at the phase boundary.
Designing these aterials takes involves several strategies: 1) promoting the formation of char, 2)
scavenging radicals, and 3) diluting flammable volatiles. By including small molecule additives or

modifying the polymer structure, one can enhance the flame retardanalymiep systems.

1.2.2.Fire Testing Methods

Standard testing procedures, such as the UL94, are used to quantifying polymer flammability
and determine the effectiveness of flaretardant systems. In the UL94 test, a flame is applied to
a polymer sample in thlhorizontal or vertical direction and subsequently removed after 30
seconds. UL94 assesses flammability with a series of ratings based on material response in terms
of burning rate, specimen dripping, and propensity to transfer flakrschematic of the vaus

tests and ratings is illustratedkigure 3a



The limiting oxygen index (LOI) quantifies the minimum oxygen concentration (in vol%
oxygen/nitrogen) that supports the stable combustion of a polymer sample. Polymers with a high
LOI value are less flamable and more stable in oxidative environments; a value > 21% is
considered seléxtinguishing. ASTM standards dictate testing parameters, and a typical
experimental setup includes a vertical glass cylinder secured in a ring stand. A polymer strip is
sugpended inside of the cylinder that has a gas inlet at the bottom. A small flame ignites the top
portion of the polymer sample, and the enflamed polymer extinguishes as the concentration of
oxygen in the mixed gas stream is lowered below a critical feWfure 3b shows a

representation of the LQést.

’ UL 94 HB
1 (Slow or imited
. ’ spread)
' ) ) UL 94 VO (best)
- '-'.L 84 5V UL 94 V1 (good)
AandB UL 94 V2 (burning drips)
(Larger flame)
a) - b)

Figure 3. Schematic drawings of a) U24 rating test and b) limiting oxygen index (LOI) test.
Adapted fromShrivastava, A. 3 Plastic Properties and Testing. limtroduction to Plastics
Engineering Shivastava, A., Ed. William Andrew Publishing: 2018; pp X80, Copyright 2018,
with permission from Elsevier.

Cone calorimetry (CC) is used to evaluate the flammability of polymers. CC, dictated by
ASTM and ISO standards, is based on oxygen concentragarding combustion gasses of a
polymer exposed to variable heat flux. The heat release rate (HRR,?kV8/walculated by
measuring the changes in oxygen concentration and gas flow. The maximum and minimum HRR

are generally used when assessing a polyrfirerisehavior. HRR also provides information about

the time of ignition and extinction, mass loss/@D, concentration, and total smoke release.
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Integration of HRR versus time quantifies total heat release (THR) irf.RJfthe schematic
representatio depicted irFigure 4, a polymer sample is placed on a load cell under a cone heater.
An electrical spark induces combustion, andg#ées are collected and analyzed via sensors in

the exhaust duct.
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Figure 4. Schematic of a cone calorimeter and reprséve calorimetry plot.Reprinted from
Dewaghe, C.; Lew, C. Y.; Claes, M.; Belgium, S. A.; Dubois, P- RiBe-retardant applications

of polymei carbon nanotubes composites: improved barrier effect and synergitolymei
Carbon Nanotube CompositddcNally, T.; Pétschke, P., Eds. Woodhead Publishing: 2011; pp
718745,Copyright 2011, with permission from Elsevier.

1.2.4. Benefits of halogen and additive-free

HFRs belong to a broad chemical space comprising many structural architectures and
substituents Among these are tetrabromobisphenol A (TBBPA), hexabromocyclododecane
(HBCD), and mixtures of polybrominated diphenyl eth@BDES), though these have either been
banned or almost completely phased out. The US, however, still uses many chlorinated flame
retardants in the form of various chlorinated phosphates and chlorinated paraffins, all of which
still pose considerable healtisks®® Thus, it is of the utmost importance that HFRs are phased

out and replaced by more sustainable means.



Many HFRs used in commercial or industrial products serve as additives in polymeric
materials. These are referred to as "additive" type flestegdants. While many researchers are
developing norhalogenated additives for various polymer systems, including polyurethanes and
epoxy resins®!! additives are still associated with many problems. The main concern for
researchers working to develofarheretardant polymeric systems is compatibility. If the
miscibility of the additive phase and the polymer phase is low, material properties will suffer. If
the mechanical integrity is limited, then thermal properties will be poor. As a result, additives
still migrate and leach from such systems. While additive flame retardants are still the most
common due to their cosfffectiveness and availability in industry, polymers from "reactive"
flame retardant monomers that possess inherent strubasatflame retardancy are gathering
momentum toward commercial realizatifnDeveloping inherently flameetardant materials
without additives can lead to significant improvements in material development for aerospace
technologies and additive manufacturirggtie problems associated with additives are removed.

A review published in 2002 by Lu and Hamerfodescribes many inherently flame retardant
systems or blends that demonstrate the growing efforts to expand the range of applicable
chemistries.

Herein, ve present recent developments of halefyea, inherently flameetardant polymers
from the past ten years. The polymers and polymer systems discussed do not possess additives and
are not composites. We wish to focus on polymer structure of those matkatlsan be
independently used. We do this to focus on the fundamental aspects of what is successful in

designing new flameetardant materials and developing new approaches.



1.3. Polymer Systems
1.3.1.Polyurethanes, Polyamides, Polyimides

Polyurethane (PU) are a class of thermoplastics that are extremely useful in many
applications, including textiles, adhesives, and biomaterials. In general, polyurethanes lack
adequate heat resistance and theaxidative stability. However, with clever and informed
design, polyurethanes can be tailored to have outstandinge$iiant and thermal properties.
Suen et al* synthesized a novel reactive flame retardanhydoxy-3-(2-hydroxyethyl}3-
methylpentyl3-[2-carboxyethylphenylphosphine]propanoate (HMCE&mnpound 1, Table SJ)
to prepare polyurethanes (HMCPP/PU). HMCPP and polycaprolactone diol were used as soft
s e g me n4ighenylmethdnljdiisocyanate (MDI) as a hard segment aroufigdediol as a
chain extender, affording the incorporation of pendansphorous moieties. Whilegand Ta,59%
of the virgin PU were slightly higher than the phospharmstaining polymers, HMCPP/PUs all
achieved UL94 Y0 ratings with a maximum LOI of 31.8 for the PU containing 4.2 wt%
phosphorous.

In a similar manner, Sarwat all® describe the synthesis of a novel thiourad pyridine
based aromatic diol, isophthaloyl big@hydroxopyridyl)thiourea) (IBHPT,Compound 2,
Table SI, which was subsequently converted to the diisocyanate usinghémylene
diisocyanate (Bl) to give isophthaloyl bis@@(4-isocyanatophenylcarbamoyloxy)pyridyl)
thiourea) (IBPCOT,Figure 5). This diisocyanate monomer with ZJihydroxynaphthalene
(DHN) as chain extender (hard segment) and varying mol% of polyethylene glycol (PEG, soft
segmentform segmented poly(urethati@ourea)s (PUTS) via a ofpot reactionFigure 5). The
PUTSs with the lowest 20 mol% PEG exhibited the highest«dof 524 °C via thermogravimetric

analysis (TGA), and the highes§ @f 278 °C, due to the nature and canttef the hard segment.



LOI value for the 20mol% PEG PUTs was 44, higher than other reported polyurethanes and

commercial polyimides, and scored s&OVUJL 94 rating.

Ho >y ’ HOOH '
n

PEG DHN
NCO NCO
HNYO OYNH
o} O

MOV\O%CLNH HNiOOm

soft segment © ©

HNYO Os_NH
SESS PSS B
NS NS
N~ 'N” 'N N~ 'N” °N
H H H H
D hard segment o

Figure 5. Synthesis of novel poly(urethasigiourea) (PU).'° Adapted fronmKausar, A.; Zulfigar,
S.; Sarwar, M. IPolym. Degrad. Stat2013 98, 368376,Copyright 2013, with permission from
Elsevier.

Sarwar et at® have also used the thiourea moiety to synthesizev e | poly(thiour
i mide)s (PTEI s) . They prepared an aromatic d
(ODPBT,Figure 6), which reacted with various dianhydrides via a-step chemical imidization
(Figure 6). Those polymers made with pyronidl dianhydride (PMDA) not only had the highest

Ta,10%at 530 °C, and highest char yields at around 54% (at 700 °C) but also had the highest LOI

value, an incredible 55F{gure 7). This study's LOI values were all above 50, making these
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polymers incrediby well-performing, surpassing similarly reported phosphommargaining and
other flameretardant polyimides. The thiourea functionality is linked to the enhanced flame

retardancy, though the authors have not performed additional chargarssfhg analys.

: Xo) NH,4CNS, HCI s /©/O\©\ s
H2N : :\NHz steam bath, 1h H2N H H NH2
OBPBT

O (0]
E] ) O (0]
O
- 1y O
(@] X

ACzO
F3;C_ CF3 Pyridine

JYNMNJ'f:OQ x

O O

Figure 6. Synt hesi s of n e w axydiphenylbis@thiourea)n(ODP8T) and 4 , 4 6
subsequent poly(imidthiourea)'® Copyright 2011Wiley. Adapted with permission from Kausar,
A.; Zulfigar, S.; Ali, L.; Ishaq, M. Sarwar, M. [.Polym. Int.2011, 60, 564570.
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Figure 7. TGA traces of the poly(imidéhiourea)s in Figure & with the polymers showing char
yields above 50% at 700 °Copyright 2011Wiley. Used with permission from Kausar, A.;
Zulfigar, S.; Ali, L, Ishaqg, M.; Sarwar, M. Polym. Int.2011, 60, 564570.

Poly(imide.urethane) copolymers have been more popular in recent litefdfitaough little
research has characterized flame retardant characteristics. Hé® edeatribed a series of
thermopastic (polyimideurethaney (TPIUs) that are inherently flame retardant. From
pyromellitic dianhydride (PMDA) and 4, 4N di ph
and poly(tetrahydrofuran) (PTMG), the mechanically robust TPIUs performed best with the most
hard segment conte(@7 %). They showed improved properties over a conventional TPU in all
characterization methods, including metrics determined by cone calorimetry. Though these TIPUs
showed no dripping behaviors and enhanced char formation, they do not qualify in tAaddt 9
and exhibit much lower LOI values (21 at highest) compared to the aforementioned PUTs. He et
al. 2 proceeded to study the same TPIU system with the incorporation of PDMS, which lowered

the HRR and the THR substantially. This observation was widdbto the increased charring of

the surfaceactive PDMS.
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Waterborne polyurethanes are known for their versatility as various adhesives and ébatings.
Z3\Watersoluble Pus are attractive alternatives to organic selased lacquers and varnishes due
to the use of water as the primary solvent, thereby limiting the use of harmful organic solvents and
hazardous pollutants. Many researchers have investigated the synthesis ofefannt
waterborne PUs, which continue to broaden their usefulness. Athengany other inherently
flame retardant polymers, one of the most common methods is to increase the content of
heteroatoms in the polyurethane structure, especially phosphorous and nitrogen, by using reactive
type monomers (covalently incorporated) thmic small molecule flame retardaifs?

Yan et alP® described a novel flame retardant waterborne polyurethane byektainding the
PU with a cyclic phosphoramidate diol;(2 5dimethyl2-oxo-2 31,3,2dioxaphosphina®-
ylamino)2-methytpropanel,3-diol (PNMPD, Compound 3 Table SI) and silane coupling
agent. Previous studies have shown that the pendant phosphoramidate groups are more
hydrolytically stable as opposed to those incorporated into the main chain of the pSi§fmer.
this case, the silane coupling agent employed forguan extension wacrosslinked, giving 8i
Oi Silinkages. This exhibited improvement in the mechanical strength of filmsiagnddmpared
to those polymers without (though slightly less than the pure WPU). With 12wt% of PNMPD and
a post chain extension ratio of 6 for #ikane coupling agent, the FRWPU obtained a UL 94 rating
of VO with an LOI of 27.7. This rating was an increase from that without the silane agent. The
same FRWPU sample showed an HRR of 715 k¥amd a THR of 42.8 MJrf) which was also
an improvement ovethat without the silane linkage and a 43% reduction compared to the pure
WPU. By utilizing residual char analysis, the authors suggested a synergistic effect between the
phosphorus and silicon in the condensed phase to explain improvement, citing #igfoofi

P(=0) Oi Sii linkages in a more stable, compact char.
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Du et al?® employed a phosphorousndnitrogencontaining diol monomer (lateral in contrast
to the above report) ara multifunctional phosphoroustrogencontaining monomer to impart
crosslinking in the polyurethane system. Nove&l(N,N-bis-(2-hydroxy-ethyl)acyloxoethyl)
phosphate (TNAPCompound 4 Table S1) was synthesized as the crosslinker for an FRWPU
containing a novel diol (3% in the polymer), pentaerythriteNehydroxyethyl phephamide
(PDNP, Compound 5 Table S1), reported in an earlier work reported by the autfdihe
addition of 4% of the crosslinker TNAP increased the LOI to 25.5 from 19 and 21 for the pure
WPU and 3% PDNP WPU respectively, while only 2% TNAP incorpanatiecreased the HRR
and THR by 15% and 38% respectively over the pure WPU. The authors' char analysis, which
included SEMEDS, elucidated that the action of TNAP works in both the gas and condensed
phases due to its contributions to porous char formationrelease of nexolatile gaseous bi
products. Most notable from their work is that the flame retardant crosslinker significant
improvement in mechanical properties in the WPU systems.

Polyurethane foams are an additional class of polyurethanes thaighhe \rersatile and
widely used for commercial and industrial applications, from seating cushions and insulation to
automotive and electrical componefftd® As with most polyurethanes, these foam versions are
also highly flammable but are perhaps evemardangerous due to the volume in which they are
utilized. Polyurethane foams are among the most cited materials that are responsible for
devastating fire€® Naturally, there have been ongoing efforts to formulate flame retardants into
these systems. Irhis regard, PUFs can be made increasingly flame retardant with various
phosphorous moieties by modifying the polyol or by adding additional phosphorotaning
crosslinkers or chain extendérd! Many of these studies have also utilized biomateriats a

bioinspired chemistries with castor oil and cyclodextrin derivafiV&s Additionally, many
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FRPUF studies have used phosphorous modified-frjaZole derivatives as chain extenders that
take advantage of the® synergistic effecté! 444°

A handul of studies on flameetardant polyurethane sealants have also taken advantage of
combinations of bidased and phosphorenigrogenbased chemistri$?’ Wang et af®
describe the synthesis of a novel phosphoermmaining triazolebased triol, 24,6-triphosphoric
acid diethyl ester hydroxymethyl phenegiiosphonate (TDHTPH5igure 8), to be combined
with a commercial polyether polyol, a PEG chain extender, and pMDI as the hard segment to give
a rigid FRPUF (DI water as the blowing agent). The TPRTwas incorporated in 5, 10, and 15
wt%, steadily increasing compressive strength while maintaining low thermal conductivities
similar to the neat rigid PUF, approximately 0.030 W/(mKig@re 8). Although the TDHTPP
decreased the thermal stability slighthe rigid FRPUFs passed a {9 V-0 rating with an LOI
of 25.5%, readily surpassing a FRPUF with a similar small molecule additive. Cone calorimetry
experiments also showed notable improvements with THR as low as 11.1 Kihamand volatile
analysisvia methods such as XPS, SHADX, TGA-IR, and PyGCMS elucidated that the mode
of flameretardant action is primarily in the vapor phase due to the dilution of combustible gases
by phosphorousontaining volatiles. Simultaneously, a small percentage remain the
condensed phase from the formation of crosslinked structures of nizogtaining products and

polyphosphoric acid within a carbonaceous char.
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Figure 8. TDHTPP reactive flame retardant triol monomer used in rigid polyurethane foam that
showsimprovement not only in flame retardancy compared to neat RPUF but also in compressive
strength while maintaining thermal conductivitReprinted fromWang, S-X.; Zhao, H:B.; Rao,

W.-H.; Huang, SC.; Wang, T.; Liao, W.; Wang, YZ. Polymer2018 153 616-625, Copyright

2018, with permission from Elsevier.

Polyamides are used in many industrial and consumer goods, mainly in the form of textiles
such as fully aliphatic Nylon to fully aromatic Nomex and Kevlar. However, they are also used in
the solidform for the automotive industry as molded parts. Although aromatiegeglormance
polyamides such as Nomand Kevlar, polyt+phenylene terephthalamide) gmaly(p-phenylene
terephthalamideyespectively, are inherently flamtesistant due to their sicture, there is a need
for alternative and more cesffective solutions for consumegrade, flameetardant polyamides.
Polyamide systems have been modified by the incorporation of -flataelant phosphorous
moieties into the structure of the monomarsually the diacid or diacid chloride, and most
commonly in aliphatic polyamide systef{?

15



A report by Hu et at® describes the conversion of a diacid monomer containing a pendant
phosphorous unit, 9,18ihydro-10-[2,3-di(hydroxycarbonyl)propyHLO-phosphaphenanthrene
10-oxide, (DDP,Compound 6 Table S1) a 9,10dihydro-9-oxa-10-phosphaphenanthrerd®-
oxidederivative (DOPOCompound 7, Table SJ), to the acyl chloride form (DREOCI) for use
in an interfacial copolymerization with adipoyl chloride &@xamethylene diamine, with varying

mol% of the different acyl chloride&igure 9).
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Figure 9. Synthesis of inherently flame retardant polyamide copolymers using*®DBRéapted
from Ge, H.; Wang, W.; Pan, Y.; Yu, X.;lj]W.; Hu, Y.RSC Advance2016 6, 8180281808
with permission from The Royal Society of Chemistry.

At a maximum of 10 mol% DREOCI incorporation, ds»xwas at a minimum of 319 °C but
had the highest char yieldrigure 10) due to DDP promoting carbonizan. Although the
polyamide with the highest DBEOCI incorporation had the lowe$t sy, its LOI was at a
maximum of 29.5% and scored a {94 V1 rating, while also reducing the peak HRR almost 50%

from the virgin polyamide. The authors attribute the ease in performance to DPP
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decomposition to PO radicals that work in the gas phase to capture free radicals and quench radical

chain reactions while also promoting carbonization through phosphoric acid formation.
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Figure 10. TGA and derivative weight s plots for inherently flame retardant polyamide
copolymers shown in Figure*? Reproduced fronGe, H.; Wang, W.; Pan, Y.; Yu, X.; Hu, W.;

Hu, Y. RSC Advance2016 6, 8180281808 with permission from The Royal Society of
Chemistry.

Historically, poly(anide-imide)s are also used in higierformance applications where flame
retardance is necessary. As with the aramids, these polymers are challenging to process: Abouzari
Lotf et al>> describe the synthesis of poly(amiegiinerimide) with a novel nicotinibased diamine
containing amide, ether, and pyridine moieties. The monomer was prepared via nucleophilic
substitution of 2,&liaminopyridine with échloronicotinoyl chloride to give a dichlomiamide
compound that was subsequently converted to a diamiit @amincl-naphthol.
Polycondensation reaction with various dianhydrides afforded the poly(atiidemide)
(Figure 11). The polymers synthesized with pyromellitic dianhydride (PMDA) gave the highest

LOI values at 41% while maintaining the higheggof at 428 °C, and char yields around 60%,

remaining competitive with commercial standards.
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Figure 11 Polycondensation reaction of the nicotibased diamine with different dianhydrides,
including PMDA and BTDA. The resulting poly(amig¢herimide)s exhibited high LOI values®
Adapted fromMehdipourAtaei, S.; Babanzadeh, S.; Abouzhatf, E. Des. Monomers Polym.
2015 18, 451459 with permission from Taylor & Francis.
1.3.2 Polyesters/ copolymers

Like polyamides, polyesters make up a large shpelgmers produced in fibrous form for
various textiles, food and beverage packaging, films, and some electrical engineering capacities.
As with many commodity polymers, polyesters are combustible, while fire retardant additives or
coatings are detrimentdo mechanical performance and environmentally hazardous. These
reasons catalyze the ongoing research to incorporate flame retardant units into the main polymer
structure. As with polyamides, many works have investigated the effects of using modified

monamers with pendant phosphorecentaining groups, usually in the form of a

phosphaphenanthrewentaining derivative, such as 9;dhydro-10-[2,3-
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di(hydroxycarbony)propyHLO-phosphaphenanthrerd®-oxide (DDP,Compound 6 Table SJ)

for example®%2 Incorporation of phosphates, phosphinates, phosphine oxide, and their derivatives
directly into the main chain of polyesters and in unsaturated polyester resins have also been
continuously investigatet¥."

Wang et aP>%® synthesized a novel bifunctional gphinate monomer, the sodium salt of
10H-phenoxaphosphin2,8-dicarboxylic  acid,1éhydroxy-2,8-dihydroxyethyl ester,l-@xide
(DHPPONa), and studied its incorporation into polyethylene terephthalate (FEGYre 12).
Although PET ionomers (PETIs) with 10ol% DHPPGNa incorporation show agFs«0f 384 °C
under nitrogen atmosphere, which is only 10 °C lower than the virgin PETsitumder air, was
approximately 50 degrees higher and char residue was significantly higher in both instances.
Additionally, these PETIs exhibited a significantly lower HRR, down to 259 k¥ftlom 897
kw/m? of virgin PET, with a THR and LOI of 43 MJ/and 31 respectively. The authors also
investigated the effects of changing the counterion from sodium to potassium (KRR a
nortionic, covalently bound phenyl group (DHPHRD). By changing the counterion to potassium,
the LOI increased slightly while cone calorimetry stayed marginally the,satnibuted to a
similar ionization pathway. Furthermore, while the fi@nic pdymers that incorporated DHPPO
Ph performed only slightly worse than the ionomers, they suffer from less restricted melt dripping
and high smoke release during combustion due to the absence of ionic aggregates. The authors
also point out via PGCMS, Ramanspectroscopy, and IGRES, the pyrolysis and flame
retardant behavior of the ionic and Rionmic phosphorusontaining PETaredifferent. The PETIs
act mostly in the condensed phase due to ionization and ionic aggregates in contrast to the non

ionomers hat mainly act in the gas phase while promoting some carbonization. It is worth noting
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that although these PETIs exhibited enhanceddaigping compared to PET, there was still

significant enough dripping not to be evaluated in a94ltest.
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Figure 12. No v e | bi functional phosphinate monomer,

Though the incorporation of this moiety improved LOI and-dnpping performance, these
copolyesters failed W94 due to a vertical dripping phemenon. Wang et al. go on to propose
many successful polyester systeéth€opyright 2017 Wiley. Used with permission from Zhao,
H.-B.; Wang, Y-Z. Macromol. Rapid Commu2017, 38, 1700451.

Hu et al®” reported the synthesis of an unsaturated polyestiersgstem that used a phosphine
oxide monomer as a amring agent Figure 13). This tris (allyloxymethyl) phosphine oxide
(TAOPO) was incorporated into the UPR up to 25 wt% (3% P incorporation), which yielded the
lowestTq5%In both air and nitrogen asphere while giving the highest char yields facilitated by
the presence of the phosphorous moieties promoting char formation. CC experiments revealed that

HRR (Figure 14a) and THR Figure 14b) were reduced by approximately 50 % by incorporating

25% TAOPO.The LOI was also notably increased from 20 of the virgin UPR to 27.
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Figure 13. The curing process of flame retardant UPR samples using novel TAOPO mdhomer.
Adapted fronLin, Y.; Yu, B.; Jin, X.; Song, L.; Hu, YRSC Advance2016 6, 4963349642with
permission from The Royal Society of Chemistry.

In a similar vein, Sabnis et &describe the use of allyl phosphates as reactive flame retardants
in commercial UPRs. Two novel phosphates were synthesized from phosphorous oxychloride and
allyl alcohol; triallyl phosphate (TAPCompound 8 Table S1) and a diethylene glycol (DEG)
bridged tetraallyl diphosphate {DAP, Compound 9 Table SJ), which were each separately
incorporated at 5, 10, and 15 phr (per hundred resin). Following a similar trend toofitaey
previously discussed systems, these modified UPRs exhibited l@wgrdle to the phosphorous
content but greater char yields up to 14%. LOI showed increases above 30 as TARABr D

content increased, and all modified UPRs with 10 and 15 phe veded UL94 V-0 with no

dripping. Overall, those AP modified polymers performed slightly better than those with TAP.
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Figure 14. (a) HRR and (b) THR curves of UPR and-BEIRR samples under a 35 kW fieat
flux.%” Reproduced fronhin, Y.; Yu, B.; Jn, X.; Song, L.; Hu, YRSC Advance2016 6, 49633
49642with permission from The Royal Society of Chemistry.

The literature also highlights seadfosslinking polyesters and polyesters that undergo-inter
and intramolecular chemistries upon thermal empm§’* Crosslinked polyesters utilize the
phenylethynyl group, familiar from the higierformance polymer literature, especially that of
polyimides’>"® At elevated temperatures (before the onset and through the duration Quhging)
phenylethynyl graps crosslink the polyester system to create a network and inhibit melt dripping
while still allowing regular synthetic and processing conditions. Schiff’basel azobenzene
moietie€® have also been used for setbsslinking polyesters to improve chag and educe
melt dripping. Additionally, phenylmaleimide groups incorporated into polyesters enable
crosslinking through a 2° + 7 cycloaddition
retardancy?® Aside from crosslinking polyesters, thermally triggered nassgement chemistries
can also be incorporated into polyesters. Aryletieer units copolymerized in polyesters have
beenshown to increase the thermal stability and char yields significantly via rearrangement
reactions to form conjugated heteroaromatiecttiress® Hydroxy-containing phthalimide groups

have been used in copolyestdes rearrange into benzoxazole structures that can "capture"”
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fragments of the thermally degrading polyester, thereby enhancing residue in the condensed
phasé?

1.3.3.Epoxy Resin Systems

Epoxy resins, or polyepoxides, are a thermosetting material characterized by multiple epoxide
moieties that allow for curing with a proton donor. The uses for epoxy resin systems are quite vast.
From the most common adhesives and paintsdoialized coatings for tanker ships and airplanes,
epoxy resins are just as universal as any of the polymers discussed®4®’ faside from their
inherent flammability, epoxy resins have an additional fire hazard if mixed incorrectly as the
curing reation can be greatly exothermic that may ignite nearby materials. In order to combat
these issues, many researchers have turned to the popular @ORPPound 7, Table S1) and
its derivatives to modify the structure of epoxy resin components or give addlitioouring
agent$*88 The use of DOPO in combination with heterocycles and other heteroatom moisties ha
garnered attention due to the various synergistic effects of phosphorous combined with nitrogen
and sulfur etcetera. These types of DOROntainirg systems include functional groups of
triazines® triazoles™ tetrazoles?! and isocyanurate®,imidazole$*®, and thiazoleg>%

Epoxy resin systems have utilized additional phosphorous functionalities to improve flame
retardancy and performanae the form of phosphine oxid€sphosphinamide® phosphate®®
phosphinate&}®1%! and phosphonatt¥$% among others. These systems often employ various
forms of heteroatorgontaining structures or heterocycles. Lin ef’atynthesized a novel
phosphine oxide diamine curing agent containirt
thienyl) phenylphosphine oxidABTPPQ Compound 1Q Table S1), that was shown to improve
LOI, HRR, and THR significantly. However, the phosphine oxide only managstbte UL94

rating of V-2 and \A1 at its best compositions. Wang et®land Yang et at®* developed reactive
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phosphinate salts as latent hardeners using nitrogen heterocycles of imidazolium and melaminium,
respectively. Using similar epoxy resin sysis anda low percendge of phosphorous
incorporation, both systems achieved a@4 V-0 rating and LOIs above 35. Chen e¥®aimply
modified bisphenol A epoxy resin with phosphoric acid to give phosphate modified Fagune (

15). When these modifieesins are primarily used in the cured systems, they achiex@WN£0

ratings and LOI over 30, with the flapnetardant mechanism of action largely in the condensed
phase due to the nature of the phosphate groups to decompose at lower temperatunesaand fo

stable char layer.
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Figure 15. Bisphenol A epoxy resin modified by phosphoric acid to afford variations of phosphate
modified resin$® Adapted by permission from Springer Natui&o, C.; Zhuo, J.; Chen, X.; Li,
S; Wang, H.J. Therm. Anal. CalorinR013 114, 253259 Copyright 2013.
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Phosphorugontaining macromolecular curing agents have been used to impart epoxy resin
systems with improved flame retardancy. Narula éP°ghrepared poly(amidanide)s (PAl)s
cortaining phosphine/ phosphine oxide groups and free amines to act asuangoagent for
cycloaliphatic epoxy resin. The PAls were synthesized from PMDALangptophan to give a
diacid-diimide that was subsequently reacted with phosphooasaining tramines Figure 16).

The free amine groupsa@ur e t he e p o xdwminodiphanyimetivang (BDMJ @-4 Nj
phenylenediamingpPD). All the system combinations (of equal molar ratios to epoxy) tested had
char yields (via TGA in nitrogen atmosphere) betweapproximately 34 %. Each resin
displayed decreased;, % when compared to resins cured just vaBD or DDM. However, the
epoxy resin system from DDM and the phosphine oxmi@aining PAI exhibited the highesg T

5% at 488 °C, and char yield approximately 44%. All the phosphorogsntaining systems
achieved LOIs between B38 and Ul-94 V-0 ratings with no dripping. The authors did not report
cone calorimetry experiments.

Li et all% reported a phosphorogsntaining poly(ethyleneiminthiourea) macromolecular
curing agent. The polymer's main chain was synthesized using a reaction of a branched
polyethyleneimine, and thiourea then subsequently reacted with diphenylphosphinyl chloride to
give phoshinamide groups at approximately 30% functinaatin. The system was cured with a
commercial epoxy resin and forms optically clear and robust films. Systems containing between
251 35wt% of the macromolecular curing agent obtained LOIs of betweed228d UL-94 V-0
ratings. Cone calorimetry elucidatdtht HRR and THR decreased by 61% and 58% for 30wt%
systems. Using FTIR, XPS, and-@CMS, the authors concluded the flanetardant mechanism

was a joint combination of gas and condensed phase activity due to the formation of cyclized and
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aromatic structres and release of sulfur and phosphorous structure into the gas phase to either act

as diluents or radical capturing moieties.
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Figure 16. Phosphorugontaining poly(amidémide)s with free amine groups used in the ayirin
of epoxy resin® Adapted by permission from Springer Natufgrawal, S.; Narula, A. KJ.
Therm. Anal. Calorim2014 115 16931703 Copyright 2014.

Linear or cyclic phosphazenes have been of interest as flame retardant materials, not only as
the catral matrix componert”'%® put also as additions or modifications to other matrix
polymers, especially epoxy resin systéfi¥d!4 The attraction to phospazines liesheirchemical
space; the combination of phosphorous and nitrogen, as has beersatisab®ve, behave
synergistically to promote flame retardartéy.

Wu et al*'! described the synthesis and use of a novel linear polyphospHaessd epoxy

resin (LPNEP) with diglycidyl ether of bisphenol A (DGEBA) aPDM as a hardeneF{gure

17). Although the synthetic route to the LHRP required six steps, the-cared epoxy resin
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system results were promising. Despite expected decreases«nvikh increasing phosphorous
content, char yields showed significant increases with increasing phosplecorgent. The system
with 30wt% LPNEP incorporation (phosphorous content of 2.63wt%) scored-84Mating of
V-0 and LOI value of approximately 32. Systems containing 10 and 20 wt% sceted V

classifications.
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Figure 17. Last step in the synthetic pathway to a novel linear phosphazene epoxy*¥esin.
Adapted fromLiu, H.; Wang, X.; Wu, DPolym. Degrad. Stal2015 118 4558, Copyright 2015,
with permission from Elsevier.

Char residue analysis via SEM, EDX, FTIR, aulid-state’3C NMR illuminate the flame
retardant mechanism to act in both gas and condensed phases. Nitogening nonflammable
gasses and volatile moieties released by the polyphosphazenes during combustion act as
nonreactive diluents while phospi®m and polyphosphoric acid promotes phosphoirazts
carbonaceous char formation. The FTIFigure 18, for instance, shows characteristic absorption
bands for IPOi P and POi Ph indicating the presence of phosphate/phosphorous oxides as well as

heteroaroratic and polyaromatic structures.

27



I}
ot
|
\
]

y,
-
=

"

T

& \\ | I ATA T
; |\ nl‘ / 'Hr' |J” | |‘J i | A
8 || I‘ ll' || || \\.'. . }r | “.f“. \_‘ ! (l i
o ||' l'llI = iy '\n\ [
= . 2 \
g || .l 1I| C£ * | 'ﬂ
c \ )
E |'-..J' 3)’
- '| I' = ‘ ~

| - ® ‘

-
3 10 wt % of LPN-EP &

—— 20 wt % of LPN-EP
30 wt % of LPN-EP

. ' v T v T T T v T I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Figure 18. FTIR of the residual char from the LOI test of linear phosphazene EP depicted in
Figure 7.1 Reprinted fronmLiu, H.; Wang, X.; Wu, DPolym. Degrad. Stat2015 118 4558,
Copyright 2015, with permissidnom Elsevier.

Ding et al''* describe the fabrication of a eeemponent epoxy resin system that uses a
benzimidazolysubstituted cyclotriphosphazine as a latent curing agent. Synthesized from
benzimidazole and  hexachlorocyclotriohosphazene, the  beatadoiytsubstituted
cyclotriphosphazene (BICP) was cured with a commercial BPA epoxy resin up to about 14 wt%
(~1.4 wt% phosphorous) and maintained competitive mechanical propérgese( 19). For
systems with 10, 12, and 14 wt%, BCIP incorporation gegalve the sameglse, char yields,

LOIs (approximately 33), and U84 V-0 ratings, within acceptable error. HRR and THR were
also approximately equal at ~140 kW/amd 63 MJ/m, respectively, a reduction of about 30%
compared to the system cured withtjbenzimidazole. AEHC, FTIR, and EDX revealed that

the primary mechanism of flame retardancy is in the condensed phase and its contents.
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Figure 19. The curing process of benximidazeubstituted cyclotriphosphazene epoxy resin
system‘'* Adapted fran Cheng, J.; Wang, J.; Yang, S.; Zhang, Q.; Huo, S.; Zhang, Q.; Hu, Y.;
Ding, G.Compos. B Eng2019 177, 107440 Copyright 2019, with permission from Elsevier.
Additional studies on flamestardant epoxy resin systems contain no phosphorous but instead
rely on other structures and mechanisms to impart flame retardancy. In one instance, Wahg et al.
designed a novel thermally -@posslinking epoxy resin system containing phenylethynyl
(phenylacetylene) and azobenzene groups, the curing process withAD@EBich can be seen
below inFigure 20. All system combinations were in a 1:1 ratio of epoxy to anhydride. The azo
epoxy resin system cured with phenylethynyl phthalic anhydride (PEPA) was the most noteworthy
in its flameretardant performance. Desplitaving lower T se%than DGEBA cured resins, the azo
EP cured with PEPA exhibited an increase ip«dof about 35 °C (296 °C), and the highest char
yield at 48%. The LOI in this system was also the highest at 27.5%. Continuing this trend, the
HRR and THR wre 289 kW/rhand 24.9 MJ/rf respectively. From pCMS, XPS, and Raman
spectroscopy, the authors concluded that incorporating the phenylethynyl and azobenzene groups
allowed for cecrosslinking that promoted the formation of a stable, compact char iaibr,

minimal action in the gas phase.
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Figure 20. Curing process of epoxy resin system with variations contaptiegylethynyland

azobenzene groupgith DGEBA. 11® Adapted fromLiu, B.-W.; Zhao, H:B.; Tan, Y.; Chen, L.
Wang, Y:Z. Polym. Degrad. Stal2015 122, 66-76. Copyright 2015, with permission from

Elsevier.

In a very recent, particularly exciting case, Goh et'ablescribe the preparation of a
hexahydrotriazine derivative containing I mi
bi phenyl ) 4 yl] 1,3,5 tr tcauzriimagn ea g(ethitM)wittoh bde
(ODA) in a commercial BPA based epoxyiresigure 21 shows this synthetic process. DGEBA
and ODA were added in a 1:1 molar ratio, and HIM was added up to 20 phr. The incorporation of
HIM notably improves mechanical properties. Similar weight loss behavior is shown in the TGA
analysis, while chrayields steadily increase to a maximum of 36%. Microcone calorimetry results

also displayed a steady decrease to a minimum HRR and THR of 236.4 &id/m9.6 MJ/rf

respectively. Thedid not report on LOI or V194 testing.
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Figure 21. The synthesis of HIM represented with the additional components of the epoxy resin
system DGEBA and ODA!! Copyright 2017 Wiley. Adapted with permission from Kim, D. H.;
Kim, Y.; Goh, M.J. Appl. Polym. ScR02Q n/a, 49422.

There has &en much interest in developing sustainable polymer and usingobioed
material to replace petroleum feedstocks. Many flagt@rdant epoxy resin systems seem to be
highlighting these principleg&!® Some biesourced materials have been used foir théerent
flame retardant properties, while others have been combined with flame retardant moieties, most
commonly those containing phosphorous (DOPO, etc.). Examples of thds&sk, sustainable
resources from which reactive materials are derivatinetlide lignin/vanillini®® furant2°12
eugenol/isoeugendf® 12?daidzeint?® diphenolic acid?* and itaconic acid?>'2¢
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1.3.4. Additional Systems of Interest

There are a handful of other flame retardant polymer systems that have been studieel ove
last decade. Poly(lactic acid) (PLA) has attracted much interest due to its biodegradability and
production from renewable resources while maintaining competitive properties compared to other
commodity polymers. Researchers have investigated thetetie putting phosphorous moieties
in the backbonéFigure 22),'?” as pendant groups like DOP&,and using noiphosphorous

containing heterocyclic units, like benzoxaztfe-3°

0]

HO
\HJ\OH + HO\/\/\OH

L-lactic acid

SnCl,

0] 0]
HO O O
%@%ﬁn oty on -
O O

OH

Pre-PLA: HO
Chain Extension

PPLA

Figure 22. Phosphorousontaining PLA synthesis and chain extension with ethyl
phosphorodichloride for an inherently flame retardant PEMAdapted fromWang, D-Y.; Song,
Y.-P.; Lin, L.; Wang, X:L.; Wang, Y:Z. Polymer2011, 52, 233238. Copyright 2011, with
permission from Elsevier.
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An additional class of highberformance polymer, the relatively new polyoxadiazole pbeas
researched in efforts further to boost flame retardancy via phosphmotasning and non
phosphorousontaining methods. Xu et & reported novel polyoxadiazolesontaining
triphenylphosphine oxide units. This synthetic pathway can be ségyuire 23a. Up to 20 mol%
of the phosphine oxide unit was incorporated, although this led to a notable reduction of
mechanical properties. No significant changes in thertabllgy were seen, but char yields were
increased by about 22%igure 23b shows significant increases in LOI (up to 35) as phosphorous
content increases and the gross heat of combustion (GHC) steadily decreases.'ireaal
earlier studyreportedon sul f onated pol yox adoxkybdighentoeacidby 1 n
(OBBA) (up to 15 mol %) into the main backbone using a similar synthetic methodology to that
seen in Figure 21. In this case, above 10 wt%, the sPOD polymers achieve@da\tl)ratirg
with a maximum LOI of approximately 39. Furthermore, diluent: §&sses released during

combustion help to enhance flame retardancy in the gas phase.

HO 0 HO ? 2 1. Prepolymerization
o OH o @ OH 2. Polycondensation
N-

HO N
(]
x1 H 0
N
o H x2 /,O

P
@QO o'@j
P
)
- y1
N-N © Om

3. Cyclodehydration @N {\l
> 6}
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Figure 23. a) Synthetic route to phosphine oxide containiny(@xadiazole)s b).Ol and gross
heat of combustion (GHC) as a function of bisédboxyphenyl)phenyl phosphine oxide content
for the poly(oxadiazoles)s! Adapted fromLiu, P.; Dong, L.; Wu, L.; Zeng, L.; Xu, RSC
Advance019 9, 71477155with permision from The Royal Society of Chemistry.

Due to their versatility, widespread usage, and biocompatibility, siloxanes have been
candidates for flame retardant improvement. While many studies focus on incorporating
heteroatoms like P, N, or B%%¢ othes have addressed the structural possibilities of silexane
based flame retardant systems. In a more recent study, Gouri'¥tdaiscribe a novel
hyperbranched polysiloxane curable network. As seé&igure 24, vinyltriethoxysilane (VTES),
diphenyldimethaysilane (DPDMS), and dimethyldiethoxysilane (DMDES) are prepared into
branched terpolymer through hydrolysis and condensation. The terpolymer is then cured into a
network via SiO-Si bonds with the aid of a tin catalyst. The network with the greatesrianft
vinyl groups (~53 mol%) has an astoundingat 541 °C with a char residue at 900 °C of 86%.
This system shows n e g-the gvolbtibneof Bandgxcgclonoefs, withu n z i p p
decomposition. This system also affords an LOI of 37 aith.-94 V-0 rating. PyGCMS, Raman,

and SEM elucidated that the high performance can be attributed to the thermal rearrangement and

carbonization of the vinyl moieties as they give rise to higinder aromatic structures.
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Figure 24. Synthesis of vinykcontaining hyperbranched polysiloxanes that are cured into
networks with high LOI and \0 rating*®’ Adapted fromindulekha, K.; Thomas, D.; Supriya, N.;
Rajeev, R. S.; Mathew, D.; Ninan, K. N.; Gouri, Bolym. Degrad. Stat018 147, 12-24,
Copyright 2011, with permission from Elsevier.
1.4.Conclusions and Outlook

In the past decade, there has been much effort to research and develop polymer systems with
flame retardant properties. Materials that incorporate reactine ffatardants or utilize inherent
chemical structure to impart flame retardance often circumvent issues associated with additives
and composites, such as reduced mechanical integrity and chemical leaching, which can pose many
environmental problems. The stosuccessful systems are those that use a combination of
aromatic, heteroatom/ heterocyclic structures with phosphaansining groups such as DOPO
and phosphine oxides. The synergistic effect between phosphorous and elements such as nitrogen,

silicon, sulfur, etc, allows for effective combinations of gas and condensed phase fire suppression

mechanisms. There also have been many systems that have built upon the principles of green and
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sustainable chemistry. The next generations of flame retardantgrslyrave much to build from
when designing structusavith complementary features to increase LOI, increasé®dkatings,
and lower combustion/ heat release kinetics.

Additionally, as shown in this review, the chemical space of flame retardancy inhedent a
integral to polymer structure spans across the polymer spectrum and continues to expand; there is
an element of modularity. This review has highlighted the synthesis, structure, and fire properties
of such recent polymer systems. Fire will not ceasbeta continuous threat to society and
technological advancement. Concurrently, scientists must take steps to reduce the environmental
impacts associated with halogenated and composite materials. Therefore, research done in this

light is of great value withigh potential impact.
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1.6. Supporting Information

Table S1. Reference Table of Compounds

Compound Name Abbrv. Ref.
o OH 5-hydroxy-3-(2-hydroxyethyl}3- HMCPP | 14
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Chapter 2. Synthesis, characterization, and foamability of wholly aromatic,
water-soluble sulfonated polyimides

Benjamin J. Stovall*, Clay B Arrington*, Johanna Vandenbrande*, Joshua B. DirlaGengrd
G. BacK, and Bran Y. Lattimérand Timothy E. Long*

*Department of Chemistry, Macromolecules Innovation Institute (Mll),

Virginia Tech, Blacksburg, VA, 24061

1Jensen Hughes, Baltimore, MD 21227
2.1. Abstract

Traditionally, p aflethoughtoflas siggéd] ukprocdssalpetpolymérs due

to their high glass transition tempesgaltwhleso a
polyimides and polyimide precursors have been reported previously. However, due to more
complicated sythetic steps, incorporation of alkyl linkers and halogenated substituents, or
additional chemical modification, this may not be as desirable for certain applications and green
chemistry considerations, especially when looking to reduce adverse effeb&sanvironment.
I n the current wor k, sul fonated polyimides (
backbones from pyromellitic di-diamingdipheny e-2 0P MDA
disulphonic acid (BDSAN a ) , aomydian#ine 4ObA)are made from a facile&ep synthetic
method using just dimethyl sulfoxide (DMSQO) as the reaction solvent followed by subsequent
thermal imidization. These copolymers exhibit high thermal stability (> 450 °C) and produce free
standing films with varyindlexibility and water solubility depending on the diamine monomer
ratio. Polyimides of this type are promising for use in coatings and adhesives as well as electronic

components, medical devices, and fluosiree firefighting foams.
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2.2. Introduction

Aromatic polymers exhibit excellent thermal stability, chemical resistance, insulating
behavior, and thermomechanical performance, which enables their wide application in the fields
of aerospace and microelectront®sPolyimides especially have beah the forefront of these
application€® Conversely, synthetic challenges limit the development of highly aromatic
polyimides for aqueous applications. There have been numerous examples e$oluddier
polyimide precursors, utilizing such techniquethasversatile poly(amic acid) (PAA) salt method.
This method employs a suitable base to neutralize the carboxylic acid groups of tH&PAA.
Neutralization of the acid groups to form a salt imparts water solubility at a high enough degree.
While this mebhod has many practical advantages, after imidization, the resulting polyimides are
insoluble in water. In a similar vein, Saadeh étaked various synthetic methods to give aromatic
diamines with carboxylic acid moieties, either pendent or linkedamthlkyl spacer to the phenyl
rings. Following polymerization and imidization, these polyimide carboxylic acids are converted
to carboxylate ammonium salts, which impart water solubility to the polyimide. Carboxylic acid
and carboxylate moieties generaélyxhibit low thermal stability, which ultimately affects the
operating temperature of the corresponding polyimides. Additionally, the synthesis of aromatic
diamine carboxylic acid monomers requires harsh reaction conditions, metal catalysts, multiple
reacton steps, and gives low yields.

Another standard method to impart water solubility in polymers is to utilize sulfonate or
sulfonic acid groups. Sulfonated cellulose derivatives and sulfonated polystyrene are notable
examples. Although many higherformane aromatic polymers such as poly(ether ether
ketone)}** polysulfone!>® and polyimidé™!® are used in their sulfonic acid forms for fuel cell

applications and are not readily soluble in aqueous media, these polymers may become water
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soluble with highenough degrees of sulfonation. Synthetic techniques of these polymers,
especially polyimides, can be challenging, requiring disagreeable solvents suetresoito
adjust for monomer solubility or various pgsilymerization sulfonation methods, whiclake it
challenging to control precision and degree of sulfondfidh.

However, the continual development of the disulfonic -@adtaining diamine monomers
enables facile production of readily wasaiuble, wholly aromatic polyamidé$?° In light of
recent advances, we present the design and facile synthesis of a family of sulfonated aromatic
polyimides to explore their intrinsic proped and potential application$he polymers are
synthesized using the classic tat@p polymerization of polyimidein dimethyl sulfoxide, a
relatively Dbenign and green s-didmnaipheny? ,Uxée of
disulfonic acid (BDSA) imparted water solubility to the aromatic, rigid backbone while
maintaining highly thermally stabile moieties. Modétion of the polymer backbone through
copolymerization with nos ul f onat ed rorydianime,r GDA) (pdrmiied facile
modularity.

These polymers can be useful in several applications for adhesion and coatings. However, an
area of research in reglag waterbased fluorinated surfactant formulations that combat liquid
fuel (gasoline, jet fuel) fires has been gathering significant traction due to interest from the U.S.
Congress and the Department of Defense. Perfluoroalkyl substances (PFAS) such as
perfluorooctanoic acid (PFOA) and perfluorosulfonic acid (PFSA) are the main ingredients in
aqueous filmforming foams (AFFF) used by military and civilian airports to fight fuel fires.
However, they pose many environmental hazards, including persistéoaecumulation, and
toxicity (PBT). These PFAS easily migrate to affect populations not directly exposed to PFAS/

AFFFs. A recent report bidarvard and théJSEPA detectedPFAS in drinking water at 664
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military training facilities and 533 civilian airports Currently, there are many remedial studies
(DOD, proprietary, academic) that explore polymers, proteins, and siloxanes for surfactant roles
for fluorine-free foams. These generally fall short of attaining the performance of AFFF and
satisfying the requements of the U.S. Military for firfighting foams, howevei?24 Thusly, the
development of a modular family of watssluble polyimides can facilitate the exploration of the

use of highperformance aromatic polymers as replacements for PFAS 4figireeng foams.

2.3. Experimental

Materials: Sodium dodecyl sulfate (SDS) (Sigma Aldrich, 98%), hydrochloric acid (Fisher
Chemical, certified ACS), deuterated chloroform (CIL, 99.8%), deuterated dimethyl sulfoxide
(DMSO- de) (CIL, 99. %) were used as eeed. Dimethyl sulfoxide anhydrous (Acros Organics,

99.5%) and Nmethyt2-pyrrolidone anhydrous (NMP) (Acros Organics, 99.5%) were stored over
activated molecular sieves. Pyromelliti< dianl
oxydianiline (ODA ( Acr os Organi cs, 98 %)-Benadnedisusfanio | i me d
acid (BDSA) (TClI, > 70 %) was titrated with NaOH and stored in a vacuum oven at 150 °C before

use.

Analytical Methods: *H nuclear magnetic resonance (NMR) spectroscopypedsrmel using

a Varian Unity U4DD2 400 @400 MH2) at 25 °C.CDCl; or DMSO-ds was used athe solvent for

NMR analysis. Thermogravimetric analysis (TGA) was perforimed T.A. Instruments Q500

with a 10 °C/min heating rateom 25 °C to 600 °C/1000 °C unddg or air. Differential scanning
calorimetry (DSC) was conducted using a T.A. Instruments Q2000 DSC coupled with an RCS90
cooling systemutilizing a heat/cool/heatycle with a30 °C/minrateand N cell purge Glass

transition () values (if present) werestermined from thenidpoint of the thermal transition in
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the second heat cycle using T.A. Universal Analysis software. Dynamic mechanical analysis
(DMA) was performed on a T.A. Instruments Q800 in tension mode at a frequency of 1Hz with

an oscillatoryamplt ude of 5 em, a static force of 0.01
heated at 3 °C/min to 400 °C. FTIR analysis was performed using a Nicolet iS5 equipped with an
iD7 ATR stage at room temperature. Water uptake/ sorption was analyzed withisTruments

Q5000 (TGASA) via an isohume experiment. Sample films were subject to a I-dryet 60

°C. When the temperature was reduced to 25 °C and humidity increased to 95%, the experiment
was initiated. The experiment was terminated if the sanglehed an equilibrium state (<0.01%

of weight change within 10 min). Water uptake was determined relative to fikairigc weight.

Optical microscopy was performed on a Nikon LV100.

Representative poly(amic acid) synthesis (50 mol% BDSNa). A two-neckround bottom flask
equipped with a magnetic stir bar and nitrogen inlet was charged with Bl2S8.4451 g, 1.146
mmol) and ODA (0.2295 g, 1.146 mmol). The flask was evacuated and refilled ytftre times
before the addition of-80 mL of anhydrous DMS. Following complete dissolution of the
amines, PMDA (0.5000 g, 2.292 mmol) was added to the solution with an additiBmal.2of
DMSO. The resultant viscous solution was allowed to stir under nitrogen for 12 h before being

stored in a refrigerator at°€ until ready to use.

Film fabrication. The poly(amic acid) solution was allowed to warm to room temperature and
was bladed onto a glass slide on a level surface (additional DMSO or NMP added if necessary).
The slide was then placed into a vacuum ovenkapd at room temperature for 1 hour before
being slowly ramped to 200 °C. The film was then held at 200 °C for 0.5 h and then transferred to
a vacuum chamber residing in a metal bath. The chamber was then heated slowly (approximately

2 °C/min) to 400 °Cad held at that temperature for 1 h. Films were then cooled slowly to room
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temperature and delaminated using acetone (if needed) and then dried at 60 °C overnight and stored
in a desiccator before analysis. Film thickness approximately ranged betwe2ménGihd 0.006

mm for TGA and 0.008.010 mm for FTIR.

Foam formulation and testing.sPI in powdered form (100 mol% BDSXa) was dissolved in

water at 3 %(w/v) and 6 %(w/v) at 80 °C. Following full dissolution, SDS was then added at a
concentration of 0.1%0(w/v). At Jensen Hughes, these were mixed on the gallon scale, sprayed
onto a foam drainage board through a-BREC (MIL-F-24385F) regulation nozzle with an
application rate of 2 gal/ min. The resultant foam was drained into a 1 L graduated cylidder, an
drainage time was calculated when 25% fluid of the total foam volume had drained. The expansion

ratio was calculated by dividing the total volume of foam by the total volume solution dispensed.
24. Results and Discussion
Synthesis of BDSNa/PMDA sulfmated polyimides and copolymers with ODA

Previous work performed by joint efforts of the Long group and others at Virginia Tech
elucidated that telechelically sulfonated polyimide ionomers are not soluble or dispersible in
water?>2’ This prompted the expration of polyimides with pendant sulfonate groups to promote
water solubility. Because of its recent use in polyimide and polyamide literature, the diamine
monomer BDSA was chosen to impart a high degree of sulfon&itieme Ishows the synthesis
andcopolymerization with ODA of wholly aromatic sulfonated polyimides via the classie two
step route to polyimide formation.

Polar aprotic solvents such as NMP or DMAc are conventionally used to facilitate poly(amic
acid) (PAA) reactiond® DMSO, however, waseeded to dissolve BDSNa as BDSANa is not

soluble in any other typical organic solvents, includingcresol. The classical twstep
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polyimidization facilitated successful polymerization as opposed to thstepaenethod due to the
instability of DMSO & temperatures around 180 °C as well as concerns over the final polyimide
solubility in the reaction solvent. Later testing showed that the synthesized polyimides had a
reduced solubility in DMSO. Various copolyimide compositions from 100% to 0% BR&A

ODA were synthesized and discussed.

Scheme 1Synthesis of PMDA/BDSANa sulfonated polyimide (sP1) and copolymers with ODA
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Initially, the polyimides were heated on a schedule to 350 °C to facilitate imidization.
However,'H NMR and IR spectros@y revealed residual amide groups, suggesting incomplete
imidization. Analysis of the polymers heated to 400 °C still revealed residual amide signals.
Figure 1 depicts the'H NMR spectrum of the fully sulfonated PI, imidized up to 400 °C. At
approximatelyl0.8 ppm, a small peak corresponding to the amide moiety-whidized amic

acids was seen despite having raised the imidization temperature.
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Residual amide from
incomplete imidization
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Figure 1. NMR spectrum of PMDA/BDSANa sPI. The residual amide peak is present at
approximately 10.8 ppm (DMS@s, 400 MHZz)

IR spectroscopy further confirmed incomplete imidizatiéigure 2 shows an IR spectrum of
the fully sulfonated Pl imidized up to 400 °C. Despite the intense signal at 175@mesponding
to the imide carbonyl stretch and the imidé&Gtretch at 1380 crh the presence of the amic acid
carbonyl stretch at approximately 1660 tindicates some degree of incomplete imidization.
Equation (1), where A is the area of the IR banésabled the comparison of the polyimides
prepared at differéntemperatures. The C=C stretch at 1500'aorresponding to the para
substituted benzene rings in the backbone was the internal standard, whibl ih@de stretch
at 1380 crrt quantified imidizatbn (degree of imidization, DOBs it is least hindereoly other

bands?®

!

(0]i]=0)] pTT (1)

The comparison of samples heated to 200 °C to 400 °C revealed differences in the degrees of
imidization (Figure 3). From between 3D°C to 400 °C, there is less than a 5% change in DOI,

and above 350 °C, differences were negligible. This suggested a kinetic stop in the process of
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imidization. A kinetic stop describes the retardation of imide cyclization in the late stages of the
imidization procedure at higher temperatures. Cyclization at temperatures of approximately 180
250 °C is relatively fast but quickly slows down. At higher temperatures, the imidization rate is
rapidly decreased as the reaction is limited by amic acid diffusiento the activated from the
inactive state. Glass transition temperaturg @Featly influences imidization kinetics due to its
effect on the entropy of poly(amic acid); a higheyrdstricts molecular motion and hence
decreases the entropy of amicdagroups at high levels of imidizatiéh3! The Tgs of the sPIs

were undiscernible from DSC or DMA, which supports the conclusion of a kinetic stop, the limit
of attainable degree of imidization. Samples for the remainder of the study were imidized up to
400 °C to ensure as complete imide formation as possible while not exceeding the limits of our

equipment and, more importantly, the thermal stability of the polymer samples themselves.
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Figure 2. IR spectrum of PMDA/BDSANa sPI
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Figure 3. Degree ofnidization of films heated at different temperatures for 1 h. With respect to
films heated at 400 °C, DOI starts to plateau at approximately 350 °C.
Film Formation and Water Solubility of sPIs

All compositions of the sPls produced fr&ianding films évarying mechanical robustness.
As the content of ODA increased, the cast polymer films became increasingly more robust and
creasible. Copolyimides containing 100 mol% and 75 mol% BDSA gave very brittle and
increasable films; however, thoroughly driedntHilms of the sPls exhibited flexibility and
moderate creasibility. Following water uptake, films with high degrees of sulfonat@94
began to lose mechanical integrity, becoming softer and breaking up even more easily. This is
attributed to the hydrophilic nature of the sulfonate groups, which allowed water to act as a
plasticizer’?

TGA-SA at 95 % RH enabled a more quantitatstedy of water uptake of the sPI films
(Figure 4). Unsurprisingly, the 100 mol% BDSHNa sPI exhibited the most significant water
sorption at approximately 50 wt% after 300 min. As the mol% of the hygroscopic BI2SA

monomer (content of the sulfonate groupereases, the hygroscopic nature of the sPI polymers
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increases thusly, along with water uptake. A trend is linear across all compositions within the
testing parameters, and the maximum water uptake/ wt% increase of the polymer films can be
determined. e data can also inform correlations to water solubility through compositional
behavior.

Loading of the copolyimides at 3 wt% in DI water ascertained their water solubaibyg 1)
while also providing a metric to compare with typical Hfiighting foamconcentrates. Polymers
with above 75 mol% BDSANa content exhibited excellent solubility in aqueous solution, even at
much higher wt% loadings. Over a few days, however, the 75 mol% polymers became less stable
in solution, as evidenced by the crashingafugolids. 0 mol% and 25 mol% polymers were not
watersoluble in either their Pl or PAA (nemeutralized) forms. While the PAA of the 50 mol%
BDSA-Na polymer was watesoluble, the Pl was less so; it only appeared to swell. Replacement
of the BDSANa with p-phenylene diamine (PPD) enabled water solubility 50 mol%, however.

This can be attributed to a reduction in the weight percent of theuifamated aromatic content

(Figure S4.
a) b)
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Figure 4. a) A plot of wt% increase vs. time for various sPI positions. b) Plot of water uptake
vs. composition in mol% BDSANa. As the mol% of BDSANa increases in the polymer
composition, water uptake increases linearly
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Table 1 Water solubility and creasability of sPI series of PMBBSA-Na/ PMDA-ODA

BDSA-Na Polyamic acid Polyimide Dry polyimide
mol% solubility solubility Creasability
0 - - ++
25 - - ++
50 + - +
75 ++ + -
100 ++ ++ -

Thermal analysis of sPIs

TGA elucidated the weight loss profiles of the varying sPl compositioasy 0 all
compositionswas reduced relative to the PMBADA polyimide. Desulfonation, occurring at
around 450 °C for the fully sulfonated PlI, is responsible for reducing the weight loss temperatures
of the Pls Figure 5a). As the content of BDSAa is increased from 50 mol% 1®0 mol% and
thusly the degree of sulfonation, thesd decreased quite linearlFigure 5b). Despite decreases
in weight loss across compositions, char yields at 600 °C (ungestéyed relatively the same,
between approximately 680%, which indicatethe efficient formation of carbonaceous material
during degradation. Such high char yields can be expedient if paired with flame suppression
applications, potentially reducing the production of toxic degradation productsq $h@rd char
yields at 60C°C (for sPIs with greater than 50 mol% BD®#a incorporation) under air did not
change drastically from those polymers under nitrogen atmospfigied S6 and Table SJ).
This showed that the polymers are equally stable under atmospheric conditionsatgdelev
temperatures up to their initial weiglass temperatures. There seems to be a possible char
insulating phenomenon related to sulfonate content occurring for these polymers above 600 °C,
but this will require further systematic investigation. Howeiés,of note that all sPIs have higher

char yields than PMDADDA under air at 1000 °C.

59



a) b)

100 480
n
951 4754
90 4 .
—_ 470
® 854  ——60mol% BDSA-Na .
= —— 80 mol% BDSA-Na o
S 804  ——100 mol% BDSA-Na . 465-
o 5
= 75 -
460
704
65 4554
200 300 400 500 600 o & 0 8 % 10
Temperature (°C) % BDSA-Na

Figure 5.a) Representative weight loss profiles for sPI. b) Plotyaf,Vs. BDSANa content
(20 °C/min ramp, N

DSC did not discern any transitions for sPIst@00 °C. This observation was validated by
the glass transition temperature of the 0 mol% BENEA polymer (PMDAODA) being
approximately 430 °C. Incorporating the BD®f moiety was expected to increase the glass
transition due to its highly rigid natirthe position of the sulfonate groups hinders the rotation of
the phenyl groups along their axisAdditionally, the incorporation of sulfonate groups invokes
ionic interactions like aggregation, which also hinder internal movethetitTo further ths
conclusion, DMA yielded no observable transitions. While 100 mol% and 75 mol% BRSA
polymers were mostly too brittle to give adequate data, a 50 mol% polymer only showed slight
relaxations in modulus, passing through no transitiéigufe 6). This isin contrast to PMDA
ODA, where the glass transition initiates at around 365 °C. The higher storage modulus is again
related to the incorporation of the highly rigid BD®¥a moieties. At a high level of incorporation,

the films become very brittle.
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Figure 6.DMA of an sPI copolymer and pure PMDA/ODA. Notice the lower modulus and the

beginning of a thermal transition (glass transition) of the PMDA/ODA at around 365 °C.
Transitions for all polymers by DSC are unobservable (0.1% strain, 3 °C/min)
Foaming béavior of sPI in Aqueous Media

To initiate screening of the sPI for potential use in fluefiee firefighting foams, we needed
to qualify its foamability. Use of 100 mol% sPI assessed foaming formulations due to its excellent
solubility and stabilitym agueous solution. At 3 wt.% loading in DI water, minimal foaming was
observed following agitation. Upon addition of 0.15 wt % sodium dodecyl sulfate,-atudikd,
common commercial surfactant, stable foams were produced, which could persist ugwards o
thirty minutes in the vial and on a petri dish. SDS foams in the absence of polymer displayed
markedly more deficient foaming and foam stabilfigure 7 shows the differences in foaming.
This is likely because the surfactant was loaded below its egporitical micelle concentration
(CMC) of about 8 mM* The synergistic effect seen in the mixture of the polymer and surfactant

is likely attributed to the introduction of a critical aggregation concentration (CAC), or the point

61



of measurable associatibetween polyelectrolyte and surfactant, which occurs at concentrations

below the CMC of surfactant.

’\l)
S P B gl @
/O@
OO(

SDS

3wt.% PI, 0.15 wt.% SDS

0.15 wt.% in water
SDS

Figure 7. Formulation of polyimide foam. The addition of SDS enables polyimide to produce
stable foams. Note the increase in foaming with agitatiggolyfimer and surfactant over just the
surfactant solution.

Initial production of the stable formulation enabled a lesgale synthesis (~300 g of dried
sPI) to produce a usable amount of polymer for industrial foam testing. Material was sent to our
collaborators at Jensen Hughes and tested againdflithSPEC (MIL-F-24385F) requirements
for drainage time (DT) and expansion ratio (ERQr a foam formulation to be successful, DT
cannot be less than 2.5 min for 25% of the initial foam volume, and ER daatower than 5
As many commercial firfighting foam agents, solutions containing 3 wt% and 6 wt% of polymer
were testedThe formulation of 3 wt% sPI and 0.15 wt% SDS in water exceeded th8REC
benchmark and exhibited drainage times of 3.80+0.08 anth an average expansion ratio of
6.93+0.16. Increasing the concentration of the sPI to 6%(w/v) yielded a drainage time of 4.24
+0.03 min and expansion of 6.19+0.09, also exceeding th&RHC benchmark. The DT and ER
increased and decreaseskpectivey, due to a perceivable increase in foam density resulting from

a viscosity increase of the 6 wt% solutidiigure S7)
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Compared to the DT and ER of commercial AFFFs (BCI, Phoschek, Foamtec), the 3% and 6%
sPI1 formulations fell below their target ER Wéhmaintaining competitive DTHgure 8). Despite
this, the correlations between ER/ DT and-BIREC fire test success are hard to determine. Our
collaborators at Jensen Hughes have been working very hard on correlation studies. Some
commercial AFFFs are ane successful than others, and many remain available despite failure to
satisfy the MESPEC. An indepth discussion of formulation fire testing and other SERDP efforts

can be found in the Addendum to this chapter.

85 MIL-SPEC FIRE TEST
-9 BCL 3% o Y VT1-TDB
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Figure 8. a) testing of polyimide faa at Jensen Hughes for drainage time and expansion ratio.
b) Comparison of ER/DT for polyimide foams at 3 and 6 wt% concentrations compared to other
commercial firefighting foams. There is an unclear correlation to fire test success.
2.5. Conclusions

Sulfonated polymers have been a topic of interest in polymer science for decades. Researchers
have studied sulfonated polyimides extensively, and yet there are still many fundamentals to be
explored and applications to be considered. In this study, sodioatdfb polyimides were

synthesized via a facile-@ep synthetic routecharacterized for their intrinsic properties, and

preliminarily gaugd their promise for AFFF replacement. sPIs at sulfonation degrees of less than
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or equal to 50% formed robust and asible films. All sPIs had competitive thermal stability
compared to theinon-sulfonated analogs, with weight loss temperatures over 460 °C and char
yields above 60%. BDSAa content dictated polymer water sorption, and above 70% sulfonation
(BDSA-Na cortent), sPIs were fully watesoluble. At 100% sulfonation, sPIs were evaluated for
their foaming behavior. The addition of a surfactant sodium dodecyl sulfate (SDS) facilitated
enhanced foaming behavior of the polymer solution and allowed for-dasje bam testing at
Jensen Hughes. Compared to the-SHEC benchmarks for ER and DT, 3 wt% and 6 wt%
solutions of sPI and SDS exceeded the benchmarks, though they fell below other commercial
AFFFs in terms of ER. These metrics have yet to be explicitly litck&tll-SPEC fire test success.

This study shows that these wholly aromatic, sulfonated polyimides can provide a promising

platform in the efforts towards AFFF replacement.
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2.6. Addendum

Table A1l. Summary of Polymer Foam Generations and Regisio

Polymer Formulation Description |

Generation 1 3 wt% sPlI, 0.15 wt% SDS

Generation 1, revision 1 6 wt% sPlI, 0.15 wt% SDS

Generation 2 3 wt% sPAAS with DMAEMA, 0.3 wt%
SDS

Generation 3 3 wt% sPl, 0.15 wt% SDS, 0.3 wt% MTPP
Br, 0.3 wt%NacCl

Generation4 3 wt% sPAAS with DMAE, 0.15 wt% SDS

Generation 5 3 wt% sPAAS with DMAE, 0.15 wt% SDS,
1 wt% MTPP-Br

Generation 6 3 wt% 40:60 sPl (Genl): sPAAS with
DMAE (Gen4), 0.15wt% SDS

Generation 7 3wt% 50:50 sPAAS with DMAEMA
(Gen2): sPAAS with DMAE (Gen4), 0.3
wt% SDS

Formulation of sulfonated poly(amic acid) salts (SPAAS)

Investigation of sulfonated poly(amic acid) salts aimed to provide a lessconseming,
synthetic route for polymeric surfactant production, affording a second major pathway. The
SPAAS utlize the same synthetic procedure as the sPI without requiring the second thermal
imidization step. Following PAA formation, amuoentaining dimethylaminoethyl methacrylate
(DMAEMA) facilitated neutralization to form the PAA saB¢heme A). Neutralizaton imparts
two attributes to the PAA: increased hydrolytic and time stability via reduced intramolecular
depolymerizatiort® and improved water solubility via further inclusion of polar interaction along
the backbone. Likewise, by tethering methacrylate functionality, the SR#&\crossinkable via
radical polymerization.

The sPAAS display mproved water solubility (50 mol% BDSKNa readily dissolve at over 30
wt.% loadings in water) relative to the imidized sPIs. Due to this, the 50 mol% BI2SA
copoly(amic acid) was utilized for initial foam testing. Solutions of the sPhAvater at 3 wt.%
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produced modest foaming; however, incorporation of low wt.% (~ 0.3 wt.%) SDS vyielded stable
foams, which persisted in Petri dishes for ~ 25 rRigyre Al). Likewise, the addition of glycolic

ethers and small molecular inorganic salts (i.e., NaCl) impréo@m performance.

Scheme Al Poly(amic acid) salt production using DMAEMA.
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Figure A1l. Aqueous sPAAS formulation components and foam. Amino acrylate units aim to
provide crosslinking during flame suppression, combating migration of foams.
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Inclusion of DMAEMA was hypothesized to improve charring througtsita crosslnking
during flame suppressionWhen coupled with a photoinitiator, SPAAS exhibit rapid
photocrosslinking angroducehigh strength hydrogels at 20 wt.% loadings in w&tegure A2).
From the photorheology, the SPAAS may be suitable for additive manufacturing using vat
photopolymerization in water. Watspluble, aromatic polyimide precursors for 3D printing
would enable freezdrying of printed hydrogels, permitting the formatioraefogel materials for

potential insulating applications.
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Figure A2. Photorheology of 20 wt.% sP/ANn water. Solutions produce rapid crasger times
and high moduli plateaus.

Efforts toward fire suppression of sPI and sPAAS formulations

During initial flame suppression and burnback testing of the 3 wt.% (Generation 1) and 6 wt.%
(Generation 1, Revision 1) formul ations on

formulations extinguished all but one corner of the pan, establishing suppressioarrigrdlten
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reignited the rest of the pan by 70 s for both loadings of the sPIl. Foam stability tests were not
conducted.

SPAAS based formulation3 wt.% PAAs, 0.3 wt.% SDS, Generation 2) produced similar
expansion and drainage to previous formulations §é 7 min). For a 1 x 1 ft gasoline fire
involving a 10 s prdourn and application of 405 g of expanded foam, the formulation was unable
to extinguish the fire, hindering obtaining a burnback value, though it exhibited rapid fire control.
Only small flametts existed on the foam surface and edges after application. The ignition
resistance of this formulation is greatly increased, however, attributed to chemical structure. Under
higher radiant heating, 40 kWfm t her mal crossl i nkigsites datajed t h e
ignition by several minutes, with intermittent flashing and sustained flame (114 sec to flash, 134
sec to sustained ignition).

A similar poly(amic acid) salt, neutralized with dimethylaminoethanol (DMAE), was
synthesized using the same $gtic methodology. The structure can be sedfigare A3. The
incorporation of DMAE instead of DMAEMA ascertained the ability of the sSPAAS system to be
modified. The addition of DMAE not only improved solubility but allowed for the controlling of
the metlacrylate concentration, which may affect fire control as C=C may react uncontrollably
within a combustion environment, producing many radical species.

As a control, a formulation of SPAAS neutralized with DMAE (0.15 wt% SDS in 3 wt%
solution, Generation)4gave an average expansion ratio of 7.14 and drainage time of 3.00 min,
comparable to the previous test. 405 g of foam (approximately equal to 90 seconds of spray from
the MILSPEC nozzle onto28 ft2 MILSPEC fire) almost extinguished a 1x1 ft gasoline &ipart
from one corner and spread back to 25% in an additional 35 seconds. It prevented ignition on

heated fuel for about 1 minute, and under 20k¥%/ior about 2 minutes, both with flashing
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intermittently. This is quite promising as the performance neasindered by the modifications

and may help to act synergistically with Generation 2.

Figure A3. Structure o6PAAs neutralized with DMAE, Generation 4

Mixtures of various generations investigated any effects of mixing structure. First, a mixture
of Generation 1 and Generation 4 material (Generation 6) wasnmyan approximate 40:60 ratio
(0.15wt% SDS, 3wt% solution), achieving an ER of 7.25 drainage time of 3.02 min. Using the
same testing protocol, this formulation (Generation 6) successfullygexdhed a 1x1 gasoline
pan fire in approximately 25 seconds, which none of the other generations ackigued A4)
Burnback, however, was deficient, as evidenced after the addition of the burnback pan the fire
spread to 25% coverage within 20 secodss is a similar performance as compared to other
FFFs. In terms of foam stability on fuel surface, under 0 k¥\me first ignition sustained at 1min
33 sec after adding the foam to the fuel, and under 20 kW/m2, it was 1 min 13 sec after heat added

to flash ignition and 1 min 20 sec until sustained ignition.
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Figure A4. Progression of extinguishment for Generation 6, frorbpm® to suppression/control
to extinguishment

A mixture of Generation 2 and Generation 4 (0.3wt% SDS, 3wt% solution) aéergpt
elucidate effects of controlling acrylate concentration when exposed to a combustion environment
(to reduce uncontrolled radical reactions in flame, allowing crosslinking due to heat boosting
sealability, while other component helps in flame knockaowhe formulation, Generation 7,
achieved an expansion ration of 6.73 and a drainage time of 3.73 min. as well as an extinguishment
of a 1x1 ft. gasoline pan fire. It exceeded the-SHEC control of 30 seconds. However,
extinguishing the fire in appraxiately 55 seconds and burnback performancewegaedeficient;
the pan was reignited almost immediately and reached 25% burnback in approximately 15 seconds.
Stability on fuel surface was approximately the same at 0 K\ampared to Generation 6 and
about25 seconds less for time to ignition under 20 k&/m

Based on all of the figures and statistics gathered for all formulations, we developed a
hypot hesis for the fAmechanismo of fl ame supp
successful out of the testéormulations. The sPIl and sPAAS/DMAE contributed differently to
build a synergistic formulaF{gure A5). sPI provided efficient drainage time and foam stability,
while SPAAS/DMAE contributed more to expansion and foam fluidity. Combined, the polymers
of Generation 6 afforded simultaneous knockdown and cooling effects stemming from the

insulative and thermal properties of the sPI/SPAAS and the aqueous foam media.
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As the foam was initially poured over the 1x1 ft. gasoline pan fire, initial knockdown, and
cooling established control over the fifmmes confined to the edges or corners of the pan. Further
spreading and separating allowed for further suppression of the gasolirflafirelets confined
to a single corner of the pan. The applied foam smadlteeeremaining flamelets and extinguished
the pan fire. The foambds | acki ng -badkddwavern | i ty
This drawback leaves much room for improvement of the presented polyimide fire suppression

system.

* Drainage Time « Knock-down and cooling + Expansion ratio
+ Foam Stability effects » Foam Fluidity

« Thermal stability of

polymers combined
aqueous foam

Figure A5. a). Table comparing the contributing characteristics of sPl and sPAAS with DMAE

to fire suppression. b). Schematic depicfarthe stages of fire suppression that shows Generation

6 passing through each stage.

b)

Suppression

In|t|al Spreading .
knockdown and o=
and cooling separating o

“« LControl
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Figure S2.1H NMR of the sPAA and sPI imidized to 400 °C showing the residual amide signal

(DMSO-ds, 400 MHz)
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Figure S3.FT-IR spectra of a 100 mol% BDSMKa containing sPI at different temperatures
throughout the imidization process. Notibe reduction of the amide C=0 stretch at 1666 cm
and the emergence of the imide C=0 stretches at 174@Gonch1775 cm.
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Figure S4.Structure of BDSANa/pPD-PMDA copolyimide. At 50 mol%PD, this polymer is
fully water-soluble as opposed to that witle same mol% of ODA.
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Figure S6.TGA thermograms of sPIs under air up to 1000 °C (10 °C/min ramp, air)

Table S1.Summary of Fisand char yields of sPl under &hd Air

Polyimide Td,5%in N2 Char yield in N2 Tds5%Iin air Char yield in
(BDSA-Na (°C) at 600 °C ®) air at 600 °C
mol%) (Wt%) (Wt%)
0 (PMDA-ODA) 561 78 536 74
25 486 65 486 32
50 477 71 470 74
75 472 72 463 72
100 460 71 463 76
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Figure S7.0ptical microscope photographs of sPI foams at a) 3% polymer with 0.15% SDS and
b) 6% polymer with 0.15% SDS. Foams were allowed to rest on a glass slide foa2aiimages
weretaken within 3 min. Notice the denser foam and smaller bubbles of the 6% soluipared

to the 3% solution.
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Figure S7.Ecotoxicology results of sPI foamrfaulation as reported by the Army EDR&E 48

h Ceriodaphnia dubia acute toxicity test was conducted for the 3% formulation. As this was
preliminarily tested as a mixture, theusa for toxicity remains uncertain, but tests of the individual
comporents are planned and being conducted. All concentrations anenalpand the average
LC50 expressed in terms of the polyimide is 216 mg/L. This places the toxiditg practically

nontoxic regime.
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Chapter 3. Solution behavior of wholly aromatic sulfonated polyimide in
aqueous media

Benjamin Stovall and Timothy E. Long

Department of Chemistry, Macromolecules Innovation Institute (MIl),
Virginia Tech, Blacksburg, VA, 24061

3.1. Absract

This chapter aims to elucidate the solution behavior and viscosity scaling relationships of a
wholly aromatic, watesoluble sulfonated polyimide (sPI) in s&ke and salpresent solutions.
sPI exhibited larger scaling exponents than predictemtylaeross solution regimes. The addition
of salt to the sPI solutions caused increases in viscosity and saltiof the polyelectrolyte. The
deviations from theory and expected behavior were attributed to molecular weight and
intermolecular interactiooonsiderations. As aqueous fire suppression foams are highly dependent
on their componentsd solution behavi or, t he
fundamentally important and influential to the continual development of polyib@ded fire

suppression foams.
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3.2. Introduction

A polymer6s behavior in solution has a profo
amongst polymer chains, the solvent, and other polymer chains dictate the vast and variable
rheological response, W thusly informs their practical us®olyelectrolytes are those polymers
with a high degree of ionic groups (commonly pendant) on their backbone that ionize when in
solution. Generally, this renders good solubility in solvents like water, permitgirguge in many
applications from paint thickeners, drug delivery, and fire suppression fdams.

As opposed to neutral polymers in a good solvent that take on a slightly expandeisktiy
walk conformation, polyelectrolytes (in solutions without atidalt) adopt a highly extended,
rodlike conformation due to the domination of charge repufsRulyelectrolyte solutions (as with
neutral polymers) exist in three main regimes: dilute, semidilute (unentangled and entangled), and
concentrated. Perhapstmost common way to investigate polyelectrolytes in solution is to relate
specific viscositywhered is the solution viscosit ak en as t he zegmehisshear
casea n dpis the viscosity of the solveriEquation 1) to polymer concentteon by recalling the
scaling theories pioneered by de Gennes and Pfeuty and extensively expanded upon by Dobrynin,

Colby, and Rubinstein, among othé&rs.

(1)

The following general scaling predictions have been descfdyeitexible and semiflexible
polyelectrolyte solutions. As polyelectrolytes exceed their overlap concentration, c*, solutions

enter the semidilute unentangled regime where other chains and counterions screen electrostatic
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interactions on length scalesgre er t han the correlation | engt|

s> ( Fuossé Law) and can cover a broad conce
concentration dependence of chain SiZdne entanglement concentration, then initiates the

semidl ut e entangled regi me wd€et Etamleneatistonsideredi s c os
when a set number of chains within a polyelectrolyte pervaded volume constrain its motion, after

which 3 continues to decr e aaueofthe Kuhnlengihhnwbhezent r at
chain size is independent of concentration. This initiates the concentrated regime, c** for the
purposes of this discussion, where all electrostatic interactions are screened, and specific viscosity

s c al es-c3 similaf to that of neutral polymers. Below, these scaling predictions are

summarizedEquation 2).% 1

¢

8"’ &1
€1 €% ga
Sa 85’ S

¢

(2)

Scaling theory is cadmually evolving, and there can be deviations from theory for various
reasons; polyelectrolyte theory has been somewhat controversial and contentious. DNA and
xanthan are examples that deviate from theory as they exhibit significant interchain intet4ctio
“YPol yel ect r ol ybereidined ,i-disilfongl tetephthdlamizlé) (PBDT), which has
gat hered significant |l iterature attenti on,

double helix structures in solution. They exhibit liqaiystalline phases at low concentrations,

deviating from polyelectrolyte theory and reflecting that of-Bdivards theory for neutral rigid

rods1>18
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This study aims to elucidate the solution behavior of a sulfonated polyimide (sPI) from-BDSA
Na and PMDAIn the context of the polyelectrolyte scaling theory described above. To our
knowledge, this is the first rheological study on wat@uble polyimide polyelectrolytes. Solution
rheology preliminarily affords structural insights that are fundamentally itapband may be

advantageous when further developing watduble polyimidebased fire suppression foams.

3.3. Experimental

Materials: Sodium dodecyl sulfate (SDS) (Sigma Aldrich, 98%), hydrochloric acid (Fisher
Chemical, certified ACS), sodium chloedNacCl) (Fisher Chemical, certified ACS), water (Fisher
Chemical, HPLC grade), acetone (PharmP&PER) and ethanol (Deacon Laboratories, 200

proof) were used as received. Dimethyl sulfoxide anhydrous (Acros Organics, 99.5%) and N
methyt2-pyrrolidone anhgirous (NMP) (Acros Organics, 99.5%) were stored over activated

mol ecul ar Si eves. Pyromellitic dianhyd+ide (
oxydianiline (ODA) (Acros Or ganBeozedinediQuBo® wer e
acid (BDSA) (TC| > 70 %) was dried and titrated with NaOH and stored in a vacuum oven at 150

°C before use.

Synthesis of stfonated polyimide (sPI1):A 500 mL 3neck round bottom flask equipped with a
mechanical stirrer and nitrogen inlet was charged BD&A35.00 g, @901 mol). The flask was
purged and backfilled with Nthree times before addition of 280 mL of anhydrous DMSO.
Following dissolution of the amine, PMDA (19.66 g, 0.0901 mol) was added to the solution with
an additional 5 mL of DMSO to wash gndianhydrde of the walls of the flask. The resultant

viscous solution was allowed to stir under nitrogen for 18 h. After 18 h, the PAA viscous solution
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was diluted with NMP (2:1) and precipitated into an 80:20 mixture of acetone and ethanol and
subsequently washetthoroughly with acetone. The dark yellow powder was placed inside a
vacuum chamber and heated at a rate of approximately 2 °C/ min to 400 °C and held for 1 hr. sPI

bulk polymer was stored under vacuum at 150 °C prior to use.

Dialysis of sPI:sPI powder wa dissolved in HPL&rade water at about 145%(w/v) and filtered
through a 0.45 em PTFE filter before being
solutions were dialyzed in a beaker with moderate stirring against 1000 times their volume in DI
water. Water was changed32times over a 280 h period. Polymers were then isolated from
dialysis solutions by evaporating the water and recovering the polymer powder. The dialyzed

polymers were stored in an oven under vacuum at 150 °C before prepa@ahapy solutions.

Preparation of rheology solutions:Aqueous solutions were prepared in HPLC grade water and
on a weight/ volume percent (%(w/v)) basis ranging from 1%(w/v) to 30%(w/v). Careful serial
dilutions by weight were also performed in some insés to conserve materials and were
confirmed for consistency. Solutions were kept idré@m vials sealed with parafilm to prevent

evaporation and equilibrated at 80 °C for4Bth for complete dissolution and homogenization.

Analytical Methods: Polarizedoptical microscopy (POM) was conducted on a Meiji Technology
MX9430 Japan optical microscope fitted with crossed polarizers. Solutions were dropped onto a
glass slide and covered with a covers8plution rheology was performed using TA Instruments

DHR-3 and DHR2 rheometers with a DIN cup (Peltier steel) and bob geometry in water at 23 °C.
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Continuous flow sweeps were conducted from 1 to 1D@ith ten points per decade. Scaling

relationships were calculated using a best pdeerfit.

3.4. Results andDiscussion
Synthesis of sPI and solution preparation

A classic twestep procedure for polyimides, as discussed in Chapter 2, afforded the 100%
sulfonated sPI that was the basis for all rheological experimé&igsiré 1). This sPI also
comprised the fireuppression foam formulations discussed in Chapter 2. Following imidization,
a very black/dark brown powder was isolated and dissolved at various concentrations. Molecular
weight was not attained via aqueous SEC due to potential ionic aggregation amerexciusion
interactions. Monomers were charged in a 1:1 ratio to attain high relative molecular \Wélght.
Testing solutions in HPLC water ranged from 1 wt% to 30 wt%, at which point it became too
challenging to prepare solutions of higher concentmatadiably. Solutions were brown in color,

which intensified as concentration was increased.
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Figure 1. Structure of sPI used in this study.
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The sPI, a polyimide, shares a very similar structure to PBDT, a polyamitiejseoBDSA
Na as a sulfonated diamine amine monomer. PBDT exhibits very clear liquid crystalline behavior,
and as such, POM enabled the study of sPI solutions at various concentrations. While sPI and
PBDT maintain similar, fno birgfringence ia $Pt solationa of £0s PO
15, and 30 wt%. Despite having a planar, rigid structure, sP1 does not exhibit any liquid crystalline

behavior and maintains a more semiflexible structhif€Polyimides, in general, actually make

relatively poormesogens®

Solution Rheologgind Scaling Relationships
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Steady shear experiments over a broad concentration range gave a comprehensive viscosity
profile of sPI solutionsKigure 2). In the low concentration range, up to ab®wit%, viscosity is
low enough (close to solvent viscosity) where solutions displayed secondary flow effects at higher
shear rates which disappear as concentration and viscosity intraabagh concentrations above
approximately 24 wt%, sPI solutiomxhibited slight shear thinning at higher shear rates. Zero
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s hear v versus@ncenlyatiomrigure 2b), showed typical logarithmic increases similar
to man polyelectrolytes.

Figure3as hows t he dependen cgonseH coscgragioni The profiley i s c o's
showed that the solutions span through the semidilute unentangled/ semidilute entangled regimes
into the concentrated regime. Thessover occurred at approximately 4 wt%, and c** occurred
at approximately 11 wt%. There are notethgrdeviations from scaling theory, however. The
breadth of the semidilute unentangled regime is relatively short, and all of the scaling relationships
are above the t hehd%tpnc'dl qpuhkctfd. Eiguie Bhpmts thed
reduced viscosity vs. the sPI solution concentration and also shows deviations from theory. The
red inset line represents theoretical polyelectrolyteat®r, which emphasizes Fuoss Law
b e h a vidadc?) inf thle low concentration regime, corresponding to the semidilute unentangled
regime?® This behavior is suppressed as salts are introduced into the solution and begin to screen
electrostatic inter@ions. At the high salt/ neutral limit, the negative slope is entirely suppressed.
The sPI solutions in this regime exhibited no such Fuoss behavior, only a slight negative slope as

concentration before the concentration increased into the entanglegierdge

1000 ] L

100

Nyeq (1/C)

01 0.1

1 10 ””1 ) ) "””‘IID
Concentration (% (w/v)) Concentration (% (w/v))
Figure 3. a) Plot of specific viscosity as a function of concentration and b) reduced viscosity vs.
concentration with the predicted representation of polyelectrolyte behavior (in Fuoss regime)
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The deviations from scaling theory and the partigisession of the Fuoss regime in the plot
o f red Siggested a residual salt concentration. This was possible as salts may be produced from
the residual solvent due to the higimperature imidization process. Dialysis of sPI solutions
aimed to remove anyesidual salts, thereby enabling reevaluation of viscosity scaling
relationships.

Viscosities of sPI solutions of the same concentration increased following dialysis (and
polymer recovery), shifting the concentration crossovers to lower values of appedyiBatfor
ce and 6% for c**. Viscosity increases suggest the dialysis of some materiakidwe 4a
indicates that the scaling relationships remain largely similar to those before dialysis (above the
prediction). What exactly was dialyzed is not knowd enaybe the subject for future experiments.
However, as the scaling relationships stayed the same after dialysis and were not reduced to near
the predicted values, it can be concluded that the presence of salt is not responsible for deviations
from theoy. Figure 4b supplements this conclusion as the curves collapse onto each other as

specific viscosity is plotted as a function of the reduced concentratigh (c/c

a) 10004 b) 1000 .

n  sPl w/o dialysis
& sPl dialysed L]

100 5 100 -

14 14 .

0.1 0.1 °

Concentration (% (w/v)) clc,

Figure 4. a) Plot of specific viscosity vs. concentration for dialyzed sPI solution®)asgecific
viscosity as a function of the reduced concentration showing the collapse of the individual curves
onto each other.
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Effects of Added Salt
The addition of salt to polyelectrolyte solutions at high concentrations screens electrostatic

interactiors between chains, causing them to adopt mordikeitonformations. Viscosity scaling
relationships thusly reflect neutral polymers in solution, and viscosity decreases in the semidilute
regime!! NaCl was added to sPI solutions to evaluate its effecs®lution behavior. As a starting
point, the high salt concentrations were used to invoke the neutral limit. Interestingly, 25 wt% salt
in a 20 wt% sPI solution and 50 wt% salt in a 10 wt% sPI solution caused the polymers to
preci pitat eFigure5d. Salsngduttoccarudueto gniewater hydration complex
formation, which decreases hydration and thusly the solubility of the poRrirethis case, it
appears to be dependent on both salt concentration and sPI concentration. 25 wt% Na@kin 10
sPI solution afforded homogenous solutions of high salt concentration for solution rheology.
Figure 5b shows that viscosity certainly increased with high salt concentration. The reduced
viscosity,dreq, Of the measurable solutions did not show any inegalope in the Fuoss regime,

indicating salt screening in that regidfiqure S3.

b) 1000
= salt free
¢ 25wt.% NaCl u
100 =
-
® [
e—'c”L 10 e ] -
-
° []
| |
1 . ]
| |
° []
e
10 wt. % sPI : 20 wt. % sPI :
50 wt.% Nacl 25 wt. % Nacl 0.14

Concentration (% (w/v))

Figure 5. a) Solutions of sPI with high salt concentration exhibiting the satbugeffect and b)
specific viscosity vs. concentration for salte sPI solutions a@hsolutions with 25% NaCl by
weight

88



Rheology of low salt concentration solutions attempted to exploit any salt screening effects as
even at low concentrationis is still detectablé! However, sPI solutions with 1 wt% added NaCl
fell almost perfectly ot the dspvs. polymer concentration curve, showing that even low salt
concentrations do not decrease viscosity, thereby not shifting scaling relationships to values more
akin to neutral polymersF{gure 7d). Figure 7b confirmed the perceived salt effecta ePI
solutions by comparing the zero shear viscosities of representative 3 wt% and 6 wt% sPI solutions
against salt concentration (in M). The addition of salt seems to increase viscosity, which is more

pronounced as polyelectrolyte concentration increases

a) 1000 4 . 55

= sPl »

1004 + sPlw/ 1% salt by weight . 454 . . 3 wt%sPI
. o
40 . 6 wt% sPI

0.1 4y —— — 1.0 T T T T T T
1 10 000 002 004 006 008 0.10

Concentration (% (w/v)) Salt concentration (M)

Figure 7.a) Plot of specific viscosity vs. concentration for sPI solutions with and without 1 wt%
NaCl and b) plot of zero shear viscosity vs. salt concentration for 3 and 6 wt% (dialyzed) sPI
solutions.
Hypotheses for Deviant Solution Behavior

Considering the whole picture of measured sPI solution behavior presented here, it is

reasonable to ascribe two main factors responsible for deviations from predicted scaling theory:

molecular weight and intermolecular (interchain) interactions. Howewer,pblyelectrolyte
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literature is still continuously evolving, and more precise models may be developed in the future
to help describe various phenomena. It is interesting to note that current reports are still adjusting
our understanding of polyelectrolygatanglement’

Molecular Weight Considerations:

Polyelectrolytes that have exhibited the predicted scaling relationships are generally of
molecular weights greater than 100 kD. In contrast, the polyimides of this study are predicted to
be of lower relatie molecular weight, presumably lower than 25%RBew studies have explicitly
studied a molecular weight dependence as a function of specific viscosity and concentration, but
many do describe similar observations related to low molecular weight desititHi! Studies
by Lopez et af>3! have shown that for low MW polyelectrolytes (NaPSS) (~30 kD), scaling
relationships for the different regimes are higher than predicted, comparable to sPI of this study.
Reduced viscosity vs. concentration curveddar MW NaPSS also showed a slight negative slope
in the Fuoss regime followed a starker increasgetwith polymer concentration, unlike higher
MW samples. Uzum et &f.reported for low molecular weight NaPSS the scaling relationship for
the semidilute unentangled regime wigsD c®8° They reasoned that a broader transition between
the unentanglednd entangled semidilute regimes and thus a less precise scaling transition could
be responsible for this behavior in low MW polyelectrolyte solutions. It is also noteworthy to
mention that since these transitions are less well defined and are congrhmnglredefined in
the literature, it is possible to interpret an overlap concentration (d¢heimower concentration
range with an egfct)d g However, thisisigairusobject to data fit and the

fact lower MW systems deviate from predicted behavior, that is not explained by thééry.
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Intermolecular/ Interchainnteractions

In Chapter 2, it was shown that sPIs contain a small amount of amide functionality due to
incomplete imidization. The amide groups can induce hydrogen bonding between chains.
Combined with intermolecular forces such as digbpmle, pipi stacking and other electrostatic
interactions, they begin to influence scaling (positively) on some level that grows stronger with
increasing concentratiof. >3 Though not nearly as drastic as PBDT, this can be perceived as an
i ncrease i n A chresiltsin sweadkdr fanagos of chain length with concentration
and thusly a higher scaling powlaw exponent* The salt solution behavior of sPI supports this
hypothesis; as salts screen the electrostatic interactions, intermolecular interactibeginao
take over more strongly, causing chain aggregation, increasing viscosity, andaaltaichigh

enough salt concentratiohs3°

3.5. Conclusions

Polyelectrolyte solution behavior remains a very complex issue. Many factors can influence
scalng relationships across the semidilute unentangled, semidilute entangled, and concentrated
regimes. sPI solutions deviated from scaling theory, with péaveexponents consistently higher
than the predictions. The addition of salt (NaCl) to sPI solutiish®i0t exhibit any electrostatic
screening effects and, at high salt concentration, even precipitated the polymers from the solution
(saltingout). The deviations from scaling theory are hypothesized to arise from a combination of
two main factors: moladar weight and intermolecular interactions. This study provides
preliminary insight into these polyelectrolyte solutions, which may enhance the development of

polyimide-based fire suppression foams.
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Figure S1.Zero shear viscosity dependence on concentration for dialyzed sPI solutions
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Figure S2.Reduced viscosity dependence on concentration for dialyzed sPI solutions
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Figure S3.Reduced viscosity dependence on concentration fefrealsPlsolutions and sPI
solutions with 25 wt% salt
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Chapter 4. Synthesis and characterization of watessoluble phosphonium
containing polyimides

Benjamin Stovall and Timothy E. Long

Department of Chemistry, Macromolecules Innovation Institute (MIl),
Virginia Tech, Blacksburg, VA, 24061

4.1. Abstract

lonic polyimides are a decadekl research interest, and research in this area remains strong.
From additive manufacturing to flame retardant materials, the chemical space of polyimides
utilizing ionic functiality is broadening. This study presents the facile synthesis of a novel
phosphoniunrcontaining diamine, methyltriphenylphosphonium 2 , -Beézidinedisulfonate
(BDSA-MTPP). Two sets of sulfonated polyimides (sPI) were subsequently synthesized using the
monamer wi t h pyromel | i tic di @xydiapikhe or doiun sBitvD A )
4 ,-dbami no d i-dshifenic yatid (BDSAN&). Overall, the polymers maintained
competitive thermal stability (>375 °C) while it was also shown that the bulky®/dation acted
as a plasticizer that reduced the glass transition temperagur®©(ly sPls containing?5 mol%
BDSA-Na: BDSAMTPP due to the electrostatic nature of the bulky cation. Upon neutralization
of a 100 mol% BDSAMTPP containing poly(amic agd however, the formed sulfonated
poly(amic acid) salt (SPAAS) became fully soluble in water, which allows for more modular

exploration of these polymers in applications like fire suppression.

4.2. Introduction
Polyimides epitomize one of the most valigaltlasses of polymershigh-performance
polymers. Within their class, polyimides are some of the most versatile polymers. Due to their

excellent chemical and radiation resistance, thermal stability, and mechanical properties,
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polyimides function in manyraas, from aerospace and transportation to the medical and
electronics industries. Historically, polyimides incorporate various functional groups (i.e.,
phosphorougontaining groups, siloxanes, crosslinking moieties) directly into the polymer
backbone viahe diamine or the dianhydride. While these synthetic methods are generally well
optimized, they still are susceptible to limitations regarding solubility, harsh solvents, or
monomers:2 Many functional monomers are not readily commercially available ragdire
multi-step syntheses and metal catalysts as well as harsh solvents, while often resulting in low
yields3*

The incorporation of ionic groups into the polymer structure is an effective way to impart
functionality in polymers. Utilization of pginerbound cations or anions, such as sulfonates and
ammoniums, enables the tethering of other organic or inorganic ions to the polymer backbone.
In recent literature, these techniques have pioneered the design of macromolecular ionic liquids,
which areused in electrochemical materials, nanocomposites, stiegponsive materials, efc.
11n the area of polyimides, the employment of ionic groups to tether molecular ions has been very
limited, however. Many polyimide ionomers use sulfonate or carbtexygeoups with metal
cations to improve mechanical properties or processitgSulfonic acid groups are most
commonly used for proton exchange fuel cell membréarfes.handful of recent studies and the
bulk of the research in this field have integdap®lymeric ionic liquid concepts with polyimides
for applications such as ndmidified fuel cell$* and selective C&yas separation composite
membranes>!’ In 2016, Vygodskii et a® used a multstep pospolymerization modification of
benzimidaza@ and quinuclidine moieties in the polyimide backbone via aalkiation step
followed by quaternization, with subsequent ion exchange with bis(trifluoromethylsulfonyl)imide

anions. Studies by Watanabe ef“alt®'’ focus on pospolymerization neutratiation of the
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sulfonic acid groups of , -digminodipheny? , -@isilfonic acid (BDSA) moiety with various
imidazolium or ammonium cations; these polyimides are also composited with various loadings
of the corresponding ionic liquids.

Phosphorousontainng polymers and ionomers are useful in many capacities from
engineering, biomaterials, and flame retard&nf§!® Jiang et af°® successfully prepared
phosphonium sulfonate/ polycarbonate composites with improved flame retardant performance,
highlighting phosphorous and sulfur functionality. Furthermore, in research conducted between
the Liu and Long groups at Virginia Tech, telechelically terminated poly(ether imide)s (PEI) with
phosphonium and sul fonate end gr alugach othee,r e sy
effectively removing halogen counteriofidn addition to improving char yields and competitive
performance to commercial PEIls, the study further demonstrated the ability to utilize sulfonate
groups in polyimides.

This study presents tHacile, highyielding synthesis of a sulfonated aromatic diamine,
phosphoniurmeutralized monomer,methyltriphenylphosphonium2 , -Beézidinedisulfonate
(BDSA-MTPP). This monomer was then polymerized with pyromellitic dianhydride and
copol ymeri dxd dwiatnh | 4 n4€6 ( ODA) adiatinodiphenyls,e2dd um s
disulfonic acid (BDSA). The resulting polyelectrolytes maintained competitive thermal stability
and were characterized regarding their water solubility. These polymers represent i tatfor
future development; this method further broadens the modularity of this family of polyimides and
opens up a broader chemical space for the use of these polymers in adhesion, coatings, and flame

retardant materialsncluding fluorinefree firefighting foams.

98



4.3. Experimental

Materials: Methytriphenylphosphonium bromide (MTHE) (Acros Organics, 98%), {1
dodecyl)triphenylphosphonium bromide (DDMTBP) (Alfa Aesar, 98+%), Amberlite IRN 78

strong anionic exchange resin (Acros Organics,-f@ih), dimethylaminoethanol (Acros

Organics, 99%), hydrochloric acid (Fisher Chemical, certified ACS), deuterated chloroform (CIL,
99.8%), deuterated dimethyl sulfoxide (DMS4®) (CIL, 99. %), methanol (Fisher, HPLC grade)

were used as received. Dimethyl sulfoxatehydrous (Acros Organics, 99.5%) andnéthyl2-

pyrrolidone anhydrous (NMP) (Acros Organics, 99.5%) were stored over activated molecular
sieves. Pyromellitic dianhydride (PMDA)- (AcCr o:
benzidinedisulfonic adi (BDSA) (TClI, > 70 %) was dried and titrated with NaOH and stored in a

vacuum oven at 150 °C before use.

Analytical Methods: H and 3P nuclear magniet resonance (NMR) spectroscopyere
performedusing a Varian Unityy4-DD2 400at 25 °CCDCls or DMSO-ds was used athe solvent

for NMR analysis. Thermogravimetric analysis (TGA) was perfororea T.A. Instruments Q500

with a 10 °C/min heating rateom 25 °C to 600 °C/1000 °C undsp or ar. Differential scanning
calorimetry (DSC) was conducted usind.A. Instruments Q2000 DSC coupled with an RCS90
cooling systemutilizing a heat/cool/heatycle with a30 °C/minrateand N cell purge Glass
transition () values (if present) were determined from thielpoint of the thermal transition in

the second bat cycle using T.A. Universal Analysisfsvare. Dynamic mechanical analysis
(DMA) was performed on a T.A. Instruments Q800 in tension mode at a frequency of 1Hz with
an oscillatory amplitude of 5 em, a static for
heated at 3 °C/min t880°C. FTIR analysis was performed using a Nicolet iS5 equipped with an

iD7 ATR stage at room temperature
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Synthesis of phosphoniuncontaining diamine monomer, methyltriphenylphosphonium

2 , -Bedzidinedisulfonate (BDSAMTPP): This process was partly based aeehnique used in

a study byBrenneckeet al?2 Amberlite IRN 78 iorexchange resin (15 g) was added to a 100 mL
round bottom flask containing 50 mL of methanol. MTBYR6.223 g, 0.017 mol) was addechd

the mixture was stirred at room temperature unbmpletely dissolved. Upon complete
dissolution, BDSA (3 g, 0.008 mol, in slight excess) was added and stirred at room temperature
until the solution turned a light yellow and the approximate stoichiometric amount of BDSA was
dissolved (approx. 15 min). €hsolution was vacuum filtered to remove the resin and excess
BDSA, and the filtrate was rotagvaporated to afford an eifvhite/ light yellow powder (BDSA
MTPP). The product was dried in a vacuum oven at 150 °C before use. Yield: 98.5%IR

(400 MHz,DMSO-ds, Fi g ur & 7.63)Ym, 80H)87.2Q @l = 8.2 Hz, 2H), 7.12 (d]= 2.5

Hz, 2H), 6.27 (ddJ = 8.2, 2.6 Hz, 2H), 4.71 (s, 4H), 3.14 {ds 14.6 Hz, 6H).

Representative poly(amic acid) synthesis (50 mol% BDSKNa). A two-neck round bottom fl&s
equipped with a magnetic stir bar and nitrogen inlet was charged with Bl238.4451 g, 1.146
mmol) and BDSAMTPP (1.028 g, 1.146 mmol). The flask was purged and backfilled with N
three times before adding1® mL of anhydrous DMSO. Following completessolution of the
amines, PMDA (0.5 g, 2.292 mmol) was added to the solution with an additi8malL.bf DMSO.

The resultant viscous solution was allowed to stir under nitrogen for 12 h before being stored in a

refrigerator at 8 °C until ready to use.

Representative sulfonated poly(amic acid) salt (SPAAS) formatiorAddition of an equal molar
equivalent of DMAE to the carboxylic acid functionalities of a poly(amic acid) polymerization
solution permitted formation of carboxylaaenmonium interactions. Folving 6 h of stirring at
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room temperature under air, the SPAAS solutions were diluted by half with DMSO before being
precipitated into 80/20 (v:v) acetone/ethanol. After 4 h of stirring in the precipitation media, the
solid powder was collected and subsamgjly washed with another 10x (by approximate filtrate
mass) of acetone. Filtering and drying under vacuum at room temperature enabled final isolation

of the slightly yellow sPAAS powder.

Film fabrication. Poly(amic acid) solution was allowed to warm temotemperature and was
bladed on a glass slide on a level surface (additional DMSO added if necessary). The slide was
then placed into a vacuum oven and kept at room temperature for 1 hour before being slowly
ramped to 200 °C. The film was then held at 200for 0.5 h and then transferred to a vacuum
chamber residing in a metal bath. The chamber was then heated slowly (approximately 2 °C/min)
to 350 °C and held at that temperature for 1 h. Films were then cooled slowly to room temperature,

delaminated usg acetone, dried at 60 °C overnight, and stored in a desiccator before analysis.

4.4. Results and Discussion

Synthesis methyltriphenylphosphoni2m -Bedzidinedisulfonate (BDSMTPP)

BDSA is readily neutralized with organic bases, such as various arfdisgsissed in
Addendum). For BDSA to be neutralized by a phosphonium compound, it was helpful to convert
methyltriphenylphosphonium bromide to methytriphenylphosphonium hydroxide. Hydroxide ions
are harder bases (HSAB theory) than bromide ions, and asecaans react with acids more
readily in exchange reactions. Therefore, MIBtRvas conveniently treated with a strongly basic
ionic exchange resin, Amberlite IRRB, in methanol to give the hydroxide form. The hydroxide
counterions of MTPROH were subsguently exchanged with the sulfonic acids of BDSA to give

a novel phosphoniuroontaining aromatic diamine monomer. Throughout the reaction
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(approximately 15 min), the solution began to turn a light yellow as the stoichiometric amount of
BDSA dissolved. Afer filtration of the anion exchange resin and excess BDSA, the homogenous
light yellow solution was placed on aaoyevaporator to remove solvent. BDSATPP Scheme

1). The reaction gave a slighellow powder in a yield greater than 90%.

Scheme 1Synthesis of BDSAMTPP
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H NMR spectroscopy in DMS@s (Figure 1) enabled structural analysis of BDSATPP.
Interestingly, incorporating a bulkier cation caused an upfield shift in the BDSA amine and
aromatic proton resonaes?® The signal of the methyl group protons of the MTPP remained a
distinctive doublet due to the twmpnd coupling with phosphorulér=14.6 Hz) and also shifted
slightly upfield.3'P-NMR (Figure S2) did not show any changes from MT®Pto BDSAMTPP.

The chemical environment did not change significantly enough for the phosphorus signal to
change, and a single resonance around 30 ppm remained the same in the spectrum of the product.
The proton signals of BDSA and MTPP integrated quantitatively in aniofar ratio
corresponding to 2 phosphonium cations per one benzidine sulfonate (2 sulfonate groups).

Integration confirmed quantitative conversion and purity of novel BIMSA’P monomer. The
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monomer, being fairly hygroscopic similarly to BDSWa, displayed significant water signal in

theH-NMR despite being dried in a vacuum oven before use.
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Figure 1.'H NMR spectrum of BDSAMTPP (DMSGds, 400 MHz)

Monomer Thermal Analysis
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Figure 2. TGA comparison of BDSA monomers. BDSWTPP shows a ds«0f 365°C compared
to BDSA-Na, which is over 500 °C (10 °C/min rampz)N
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Thermogravimetric analysis (TGA) assessed the wéagst behavior of BDSAMTPP
(Figure 2). BDSA-MTPP shows a singlstep weight loss at approximately 365, whereas
BDSA-Na has an onseteightloss over 500 °C. The size of the sulfonate counterion, as well as
intrinsic thermal stability, contributed to the differences seen in the degradation temperature.
Sulfonate counterion size can dictate the thermal stability of a monomer or polgmer a
decomposition is strongly influenced by ionic interaction, ionic strength, and sulomatéesrion
interaction?® MTPP is a much larger, bulkier cation than Na and thusly formed a weaker ionic pair
with the sulfonate groups of BDSA. Additionally, MTPB an organic cation is naturally less
thermally stable, contributing to the reduction in the onset wéghkt As this was the case, we
only conducted imidization reactions up to 350 °C, slightly under the wieighonset of BDSA
MTPP, to avoid any pential degradation. The BDSKMTPP based polyimides also exhibited
reductions in weighloss temperatures compared to the BEI$&\polyimides, discussed in more

detail later in this report.

Polymer Synthesis of BDSWTPP Copolymers

Similar to our BDSANa sudy, we first investigated copolymers of BDSATPP and ODA
with PMDA. Scheme 2shows the synthesis and copolymerization with ODA of fully aromatic
sulfonated polyimides containing the phosphonium counterion via the classstevooute to
polyimide formaion. BDSA-MTPP also maintained limited solubility in typical organic solvents
that facilitate poly(amic acid) (PAA) reactions, and although it was slightly soluble in NMP, unlike
BDSA-Na, DMSO was still used as the reaction solvent. Upon full dissolafitre diamines in
the reaction solvent, PMDA was added under a nitrogen cushion (as discussed in Chapter 2), and

the perceivable viscosity of the reaction solution increased as the ratio of-BDBR/ODA was
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decreased. In the second step, solutions aatst glass slides enabled film formation via an
imidization schedule up to 35, as limited by the thermal characteristics of BDEAPP. As

seen inFigures S3andS4and as evidenced by the imidization kinetic study presented in Chapter

2, these polymerdo not reach full degrees of imidization due to their backbone rigidity. However,
a350AC temperature ceiling still acHhCopslyimide hi gh

compositions of 100%, 75%, 50%, 25%, and 0% BEMSRPP/ODA were synthesized.

Scheme 2Synthesiof PMDA/BDSA-MTPP sulfonated polyimide (sPI) and copolymers with
ODA
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We also synthesized copolymers of BDS PP and BDSANa with PMDA Scheme 3.
These PAA reactions did not have the same visual increases in viscosity as tha3bAviue

to the lower polyaddition reactivity of both sulfonated monori&t$Copolyimide compositions
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of 100%, 75%, 50%, 25%, and 0% BDSA PP:BDSA-MTPP were synthesized. The same
imidization procedureftorded this set of copolymers.

Scheme 3Synthesis of PMDA/BDSAMTPP/BDSANA copolymers
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Film Formation and Thermal Properties

All compositions of the sPIs produced figanding films of varying mechanical robustness,
though copolymers containing BDS®a/ODA behaved much differently than thoséB&fSA-
MTPP/BDSANa copolymers. All compositions of BDSMMTPP/BDSANa copolymers were
very brittle and increasable due to their fully sulfonated nature and possibly the incorporation of
the bulky phosphonium cations (ref). The films of BDEAPP/ODA copolymes were

naturally more similar to those of BDSXa/ODA polymers. Copolyimides containing 100
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mol% and 75 mol% BDSMTPP gave very brittle and namreasable films while increasing the

content of ODA subsequently increased the robustness of the resuttiagsiitongly correlating

film toughness to diamine monomer content.

a) 100 b) 100 4
904 90
80
— 804
= 2
< ——PMDA-CDA v 709
£ 704 ——25%BDSA-MTPP ©
=, i o i
2 50% BDSA-MTPP 2 %91 ——100 mol% BDSA-MTPP
= e0{ ——75%BDSAMTPP ——75 mol% BDSA-MTPP
——100% BDSA-MTPP 50 mo'/ :
——50 mol% BDSA-MTPP
50 40] —28 mol% BDSAMTPP
——100 mol% BDSA-Na
40 T T T T T T T 30 T T 1
150 300 450 600 150 300 450 600
Temperature (°C) Temperature (°C)

Figure 3. TGA thermograms of a) BDSMTPP/ODA casPI series and b) of the BDSA
MTPP/BDSANa casPI series (10 °C/min rampaN

TGA elucidated the weigHbss profiles of both sets afopolyimides Figure 3). The

homopolymer of PMDAODA naturally has the highest 3 of all the presented polyimides, at

560 °C, and proceeds through a -@tep weighHoss akin to the decomposition of the backbone.

The copolymers of BDSMTTPP/ODA all hadTqse%0f approximately 395 °C with a twstep

weightloss profile. In these copolymers, the first step neatly accounted for the decomposition of
the methyltriphenylphosphonium cation at the various percent of incorporation into the onset of
desulfonationwhile the second step corresponded to the remaining backbone. As the percent of

BDSA-MTPP monomer (sulfonation content) increased in the copolymer composition, the second

weightloss step broadened and became less defined. Interestingly, the homopdlD&Ae

MTPP/ODA exhibited a ds«%lower than that of the copolyimides, at approximately 375 °C,

perhaps highlighting the differences between a fully ionic backbone and a copolymer with a
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nonionic comonomer. It is worth noting that the residual weighti®rcopolyimides at 1000 °C
was higher than the residual weight of PMHO®A (Figure S6).

This difference is also noticed in the weidgs profiles of the BDSMTPP: BDSANa
copolyimides. As the mol% of BDSMTPP deceased, theydy of the copolymers stalily
increased. The trend is in contrast to the last set of copolymers that shared approximately the same
Tas% This may be due to combinations of different ionic interactions between the phosphonium
sulfonate groups and the sodium sulfonate groupshwietayed the decomposition of the MTPP
moiety. Additionally, the dsy% of the 75 mol% BDSAVTPP copolymer was 366 °C and
repeatedly fell below that of the homopolymer, also possibly due to various ionic interactions.
However, this phenomenon is difficiutt elucidate and will require further analysis to determine
the origin of this behavior. Nevertheless, all copolymers exhibited a similastepoveighioss
profile. The first step corresponds to the decomposition of the MTPP, and the second step to
backbone decomposition at approximately 480 °C.

DSC did not discern any transitions for these sPIs in appropriate temperature ranges concerning
their weightloss temperatures. DMA, however, was able to provide insight into thermomechanical
behavior Figure 4). All films of the BDSAMTPP/BDSANa copolymer series were too brittle
and could not be loaded into the DMA. Similarly;siels of BDSAMTPP/ODA above 50 mol%
incorporation were too fragile to prepare DMA specimens, and only 25 and 50 mol%-BDSA
MTPP/ODA wee tested. DMA runs were limited to temperatures below 2% weight loss of-the co
SPlIs.

As seen and discussed in Chapter 2, the addition of the sulfonated diamine monomer increased
the storage modulusgTompared to PMDAODA. PMDA-ODA exhibits the onset o& glass

transition around 365 °C. While the 50 mol% BDS&/ODA cosPI did show some relaxations
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in modulus, it did not pass through any transitions. However, when the Na counter ion was

substituted for MTPP at the same mol%, a broad glass transition decagnv i dent ,

wi t h

appearing to peak at 375 °C just before the end of the run. While the structural nature of these

polyimides and a large dispersity can give rise to broad, shallow transitions, the presence of a large,

bulky counterion reduces 4T Large counterions associate less and form weaker ionic

interactions’’ In this case, the counterion plasticization effect seems strong enough to disrupt

intermolecular chain interactions and chain transfer complexes present in neutral polyimides,

effectively lowing the T below that of PMDAODA. As the mol% of BDSAMTPP decreased to

25% and thusly the amount of the large phosphonium cation, the effect became less drastic, shifting

the Tyto higher temperatures, albeit still below PMIDDA. The storage modulus 00 °C also

decreased as the ionicgid monomer content decreased.
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MTPP/ODA copolymers of differing composition, PMB@DA, and a copolymer of BDSA
Na/ODA (0.1% strain3 °C/min)
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Water Solubility

To advance our SERDP directives of utilizing sulfonated polyimides to replace conventional
AFFF agents, we explored the water solubility of both sets-sPte. Unsurprisingly, the BDSA
MTPP/ODA poly(amic acid)s and corresplimg polyimides, as well as the BDSATPP
homopolymer, are not watspluble. Despite high ionic content, hydrophobic interactions of the
backbone overwhelm electrostatic interactions, like hydration, of MTPP and the pendant sulfonate
groups with watef® Upon copolymerization of BDSMTPP with BDSANa at mol% above 50,
the PAA became readily watsoluble.Figure 5illustrates a progression in water solubility of the
BDSA-MTPP/BDSANa caepoly(amic acid)s. However, for the corresponding polyimides to be
water-soluble, BDSANa incorporation needed to be 75 mol% or greater, limiting sPIs to low
phosphonium contenfTable 1 summarizes the solubility behaviors as well as their thermal

characteristics.

Figure 5. Comparison of water solubility of BSBMTPP/BDSA-Na/ODA poly(amic acid)s. As
the indicated mol % of BDSMTPP decreases, the solubility of the PAA increases. At 25 mol%
BDSA-MTPP, the PAA is fully soluble.
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Table 1.Summary of water solubility and thermal properties of BEESAPP copolymers

BDSA-Na mol% Polya acid solub PO de solub d.5% (° g(°
100 ++ ++ 460 -
75 ++ + 411 -
50 +- - 396 -
25 - - 364 -
0" : - 376 -
25 ; - 394 -
50 - - 400 325
75 - - 395 345
100 - - 561 365

1100 mol % BDSAMTPP
* measured from onsetyTDMA

In light of the low solubility of the MTPP containing polymers, dimethylaminoethanol
(DMAE) was employed to improve the solubility of high MTPP content PAAs. The addition of a
nontnucleophilic base like DMAE neutralized the aaxplic acids of the poly(amiacid)s,
forming a poly(amic acid) salt, which is very stable in aqueous conditiectzetne 3. This
method facilitated the use of sulfonated poly(amic acid) salts (SPAAS) in Chapter 2. Upon addition
of DMAE (1:1 to carboxylicaacids) to the DMSO reaction solution, the reaction visibly increased
in viscosity as it was mixed. When using a mechanical stirrer, addition of the DMAE causes the
reaction mixture to wrap and climb the stir bar. The resulting sSPAAS were fully solubkgen w
with 100 mol% phosphonium conterftigure 6), which allows for an investigation of these
polymers in aqueous fire suppression formulations to study any enhanced behavior due to the

incorporation of the phosphonium moiety.
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Scheme 3Synthesis of DMA neutralized SPAAS

o o MTPPO_ £
7
0
L J
) { pee
2 & OMTPP

\ DMSO, rt, 18 h, N,

MTPP O\S/P

|

o} o
o %
H N S%
H H & omTPP
XN OH
‘ DMAE, 3 h

———

With DMAE w/0 DMAE

Figure 6. This image shows the distinct difference in the solubility of a SPAAS with 100 mol%
BDSA-MTPP neutralized with DMAE vghe unneutralized PAA.
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4.4. Conclusions

This study presents the cie synthesis of a novel phosphonioontaining sulfonated
diamine, BDSAMTPP. The traditional 2 step polymerization for polyimides enabled the synthesis
of two sets of copolyimides with BDSNa and ODA at various mol% fromID0%. While all
polymers prodced freestanding films, those copolymers of BDSATPP/ODA were much more
robust and flexible overall. From DMA analysis of the films tested, MTPP was shown to have a
plasticizing effect on the polymer matrix, lowering thg dven below that of the neukra
homopolymer. TGA revealed that all BDSWTPP copolyimides maintained competitive thermal
stability and had higher char yields than the corresponding homopolymers at 1000 °C. Only those
copolyimides with greater than 70 mol% BD®¥a content were soluble water. However, the
addition of DMAE created an sPAAS which allowed for a polymer with 100 mol% BBISRP
to be fully watersoluble. This enabled the continued development of aqueous polyimide fire
suppression foams. Overall, the counterion exchangeas®l of synthetic variability showcased
the modularity that can be integrated into polyimide systems. Future work needs to be done to
characterize the flame retardant properties of the BINGARP polymers as films and in aqueous
solution, but these polymeesnd their method of preparation show great promise as a means to

expand both the ionic polymer and polyimide vernacular.
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4.6. Supporting Information
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Chapter 5. Efforts towards the synthesis of PDMS&containing, water-soluble
sulfonated polyimides and poly(amic acids) for fire suppression foams

Benjamin J. Stovall, Clay B. Arrington, and Timothy E. Long
Department of Chemistry, Macromolecules Innovation Institute (Mll)
Virginia Tech, Blacksburg, VA 24061

5.1. Abstract

Siloxanes show promise as components in fluefiiee fire suppression foamsie to their
surface properties and low flammability. With the inspiration to explore fire suppression foams
based on watesoluble sulfonated polyimides, this chapter investigates the incorporation of PDMS
moieties into sulfonated polyimides (sPl) and eundfted poly(amic acid)s through
copolymerization. Two pathways were promising; segmented copolymers using-BDBR/
atPDMS and copolymers using a novel sulfonated diamine with aralgricked matPDMS
cation. Though calculated PDMS incorporation fothbsystems was about half of what was
expected, these copolymers may enhance the platform of polyirag#sl fire suppression foams

with further development and optimization.

5.2. Introduction

The Aqueous Film Forming Foams (AFFFs) employed for Clasglidsid fuel) fire
suppression by the military contain fluorinated surfactants, i.e., perfluorinated compounds (PFCs),
that impose several serious environmental impacts. The persistence, bioaccumulation, and toxicity
(PBT) of these compounds results ie ppearance of fluorosurfactant chemicals in populations
not directly exposed to AFFFs, but rather through chemical migration within the ecosystem.

Halogenated, specifically fluorinated surfactants provide desirable thermal stability and
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flammability resstance; however, their environmental impact suggests a necessary paradigm shift
that completely removes halogenated sequences in conventional formulations. Currently, a limited
number of fluorinefree foams exist on the market, but none meet the perfeenaguirements

for military applications (i.e., pass the fire performance set by-MH4385F). Several efforts
explored the replacement of fluechemical surfactants with other organic and inorganic
molecules. The early work in this area was performeth weplacing the fluorachemical
surfactant with xanthan gum, leading to the creation of the commercial fifemébam RF63

Though the exact formulation of RF6 is proprietary, it displays equivalent if not superior behavior
to AFFF in several studs®® Siloxanebased foam formulations, however, have been gaining
recent traction towards fluoridfeee foams and AFFF replacement.

Siloxanes display many advantageous properties that make them attractive for fire
suppression and flame retardant materiSiloxanes have excellent heat resistance and thermal
stability while maintaining low flammability and toxicity (environmentally friendly) which sees
them employed in many copolymer systems and as addittffeAdditionally, siloxanes
demonstrate ermced surface activity and the ability to lower surface teri$iBecause of this
advantage, siloxane surfactants are often propitious over hydrocarbon surfactants and can take on
various forms, such as even in block or segmented copolytiérshusly, the examination of
siloxane surfactants with and without conventional surfactants enabled further development of
fluorinefree AFFF replacementdn small scale fire testing, siloxafmsed foams displayed
enhanced performance compared to other commigrcaadailable fluorinefree foams and
synergistic properties in combination with other surfactants but still fell short of sating-MIL

24385F>17
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In this study, we continued our investigations in utilizing watduble sulfonated polyimides
(sPIl) and sifionated poly(amic acid)s (SPAAS) as ngeneration fire suppression foams through
the incorporation of PDMS. Researchers have studied polyRIMS copolymers for decades
in a multitude of capacities like ion exchange membranes for fuel cells as Wathasetardant
materials'®?? We attempted to synthesize SPDMS segmented copolymers using aminopropyl
terminated PDMS (atPDMS) using both sodidn, -Be6zidinedisulfonate (BDSMa) and
met hyl t ri pheny lbenhidinedisbifonate (BRSMIRPY Additionally, a new
ionic PDMScontaining sulfonated diamine monomer was synthesized from BDSA and a
monoamineterminated PDMS (matPDMS) that was subsequently polymerized. While there were
some synthetic successes, further experimentation is requireckvelgwhe prospects of these
sPIPDMS copolymers remain an interesting avenue to pursue both fundamentally and in the

context of fire suppression foams.

5.3. Experimental

Materials: Met hyl t ri phenyl-pehadmgdisutfamateu (BDSRITPP)0 was
synthesized as described in Chapter 4. Aminoprogyhinated terminated polydimethylsiloxane
(atPDMS) (Gelest DMAA12), monoaminopropylerminated polydimethylsiloxane (matPDMS)
(Gelest MCRA11), dimethylaminoethanol (Acros Organics, 99%), hydrochloric @€idher
Chemical, certified ACS), deuterated chloroform (CIL, 99.8%), deuterated dimethyl sulfoxide
(DMSO- de) (CIL, 99. %), methanol (Fisher, HPLC grade}cresol (Acros Organics 99%) were
used as received. Dimethyl sulfoxide anhydrous (Acros Orga@§%) and Nmethyl2-
pyrrolidone anhydrous (NMP) (Acros Organics, 99.5%) and tetrahydrofuran (THF) (Acros

Organics, 99.5%) were stored over activated molecular sieves. Pyromellitic dianhydride (PMDA)
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(Acros Organics, > 9 8 %)bemzmdiredisslforiiclacid(BD8A) pTEIf>0r e U
70 %) was dried and titrated with NaOH and stored in a vacuum oven at 150 °C before use.
Analytical Methods: 'H nuclear magnetic resonance (NMR) spectroscopypesermed using

a Varian Unity U4DD2 400 400 MH2 at25 °C.CDCls or DMSO-ds was used athe solvent for

NMR analysis.

Synthesis of sSPIPDMS segmented copolymer with BDSANa (20 wt% PDMS): To a two

neck round bottom flask equipped with a magnetic stir bar and nitrogen inlet, PMDA (0.500 g,
2.29 mmol) andt®DMS (0.314 g, 0.019 mmol) were added with an anhydrous THF/NMP solvent
mixture (2:2 mL). The flask was emaated and refilled with Nthree times and was left to stir for

3 h to facilitate the fAcappingo @BDSAINR@®818i | ox a
g, 2.11 mmol) was dissolved in the minimum amount of anhydrous DMSO and added to the
reaction solution by syringe from a nitrogen purged flask. The solubility of the reagents in the
solvent system made it too difficult to proceed.

Synthesisof sPI-PDMS segmented copolymers with BDSMTPP (20 wt% PDMS): To a
two-neck round bottom flask equipped with a magnetic stir bar and nitrogen inlet, atP[@@$5 (O.

g, 0332mmol) was added with an anhydrous THF/NMP solvent mixture (2:3 mL). The flask was
evacuated and refilled witholthree times before BDSMTPP (1.58g, 1.9%50mmol) (dissolved

in a minimum amount of NMP was added via syringe. Once homogenization was insured, PMDA
(0.5 g, 2.292 mmol) was added. Homogeneity was maintained by adding THNIM&hds needed.

The reaction was allowed to stir for 12 h under nitrogen before being precipitated into an 80:20
acetone: ethanol mixture. The remaining solution was stored in a refrigerator at 8 °C until ready

to use.
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Synthesis of monoammoniunrterminated P DMS  -BenzZdimedisulfonate (BDSA
matPDMS): BDSA (1 g in slight excess) was added to a flask with approximately 50 ml of
methanol at 50 °C. BDSA was titrated with a stoichiometric amount of matPDMS. Excess BDSA
was filtered off and the solution was putn a rotaryevaporator. A waxy offvhite solid was
isolated. Yield:96.8%."H NMR (400 MHz, chlorofornd, Figure 2) U i 7.304r8, 2H), 7.19

i 6.97 (m, 2H), 6.65 (s, 2H), 2.73 (s, 4H), 1.47 (s, 4H), 1.424 (m, 8H), 0.95 0.80 (m, 6H),

0.6971 0.36(m, 7H).

Synthesis of sPl with BDSAmMatPDMS/ODA (10 wt% PDMS): To a two neck round bottom
flask equipped with a magnetic stir bar and nitrogen inlet, BD&APDMS (0105g, 0.041 mmol)

and ODA (0.51 g, 2251 mmol) were added with an anhydrous THF/NMPveat mixture (2:3

ml). The flask was evacuated and refilled withtiNee times before addingl® mL of anhydrous
NMP. Following complete dissolution of the amines, PMDA (0.500 g, 2.292 mmol) was added to
the solution with an additionat2 mL of NMP. Theresultant viscous solution was allowed to stir

under nitrogen for 12 h before being stored in a refrigerator at 8 °C until ready to use.

5.4. Results and Discussion

Attempts towards sHFPDMS segmented copolymers with BB

While polyimidesiloxane plymers have been studied for many years, a significant factor that
inhibits successful reactions is solubility. The solubility behavior of siloxane oligomers is
considerably different than aromatic monomers and generally requissivemt system& 23
Insuring homogeneity throughout a reaction is vital to reaction completion and predictable

composition.Scheme 1depicts the synthetic route taken as a first attempt to incorporate PDMS
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into the sPI. Straying from traditional monomer addition, atPDMS r¢elth for 20 wt%
i ncorporation as a starting point) was first
the siloxane oligomers via a reaction with the aminegmodps. The anhydrideapped siloxanes

display enhanced solubility in the-solvent sysm.

Scheme 1Synthetic scheme towards sPDMS segmented copolymer with BDS¥a
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BDSA-Na was dissolved DMSO before slow addition to the free PMDA and PIRDKNS
reaction solution. Despite increased solubility of the PMEIBMS oligomers in mixed solvéen
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systems (even with added DMSO on a small scale), the solution turned very cloudy/oily as the
BDSA-Na/DMSO solution was added, indicating the immiscibility between the two components.
To balance this, additional amounts of THF or NMP were added to tharmikut this resulted

in the precipitation of BDSMANa from the solution. The main problem, in this case, amounts to the
solubility of the BDSANa. BDSANa is only fully soluble in DMSO and water; it is minimally
tolerant to mixed solvent systems likeosle here, but the balance is quite fragile. While many
solvent ratios and methods of monomer addition, the results were unsuccessful. Many sulfonated
polyimide-siloxanes have been synthesized, most traditionally usiagesol as a solvent for the

sulfonaed diamine (BDSA), but BDSAa is also not soluble in this harsh organic solvent.

Synthesis of SPARDMS using BDSMTPP monomer

In light of the immense solubility issues posed in the first method, the use of BROBR
allowed for adjustment of the syntlteroute Scheme 2. The increased ngpolarity of BDSA
MTPP allows for dissolution in NMP, permitting the more efficient use of the THF/NMP co
solvent system while maintaining that the resulting polymer remains sulfonated with a moiety that
shows promiséor fire suppression. atPDMS, charged for 20 wt% incorporation, was treated as
described above, with the addition of PDMA first followed by slow addition of BINGAPP
dissolved in the minimum amount of NMP. As the BDBAPP was added to the free anhydride
and PMDAcapped PDMSa precipitate of what was presumably polymer formed in the seconds
after addition. Subsequent careful additions of NMP restored homogeneity to the solution for the
duration of the reaction. Overall, this reaction remained delicaterins of reaction solution

homogeneity; one must be cautious of extra solvent additions as this easily affected solubility of
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the reagents. Many attempts failed (and continued to fail) to achieve homogeneity for the reaction

duration.

Scheme 2Syntheticroute to SPAAPDMS using BDSAMTPP monomer
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Following the successful reaction, isolated SPRBMS affordedH NMR analysis Figure
1). The proton signals of the PDMS repeat unit appeared around 0.1 ppm, while the deshielded
aromatic protons appear dofigld between 8.5.25 ppm. Within this range were also the
aromatic proton signals corresponding to phenyl groups of the methyltriphenylphosphonium
cation. The methyl group of the MTPP appears at 3.2 ppm, and the PDMS propyl group proton
appeared betweéh6-0.5 ppm, although in this case, the protons directly adjacent to the Si atom

were difficult to discern.
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Figure 1.'H NMR spectrum of segmented sPDMS copolymer with BDSAVMTPP (DMSGds,

400 MHz)

'H NMR analysis also enabled weight percent PDM8oiporation into the sPl.The
molecular weights of the PDMS block (calculated aNMR in Figure S1) and the polyimide
block as well the peak areas and numbers of corresponding protons in the aromatic region versus
the propyl group of the PDMS gave tf@lowing relationships Equations 1 and 2) for wt%

PDMS incorporatiort? This example was charged for 20 wt% PBMNcorporation.
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The AbO0 pr ot on s i guopatted asfa refererce gedk i ghis pasegpgstheé g r
U carbon (bonded to the nitrogen atom) proton signal, which is most commonly used, was difficult
to discern. Calculation of the block ratio enabled the further calculation of wt% PDMS

incorporation.

0 000"y
OO0 E W Qn % wgim s rmum s an % o
TODBGE Go®L TQn Qe6Qo0 0 00 Y
P @ Euw
P& WPTMTWD P Fuw

wd 000 "Y

pnnbPpmpb

(2)

This sSPAAPDMS exhibited 10 wt% PDMS incorporation while the reaction was charged for
20 wt%, indicating the need for further optimization of this reaction. The elevated solubility
difficulties of using sulfonated monomers and PDMS will continue to persist, however.

The sPAAPDMS was naturally not soluble in water, but neutralization with DMélEverted
the polymer into the poly(amic acid) salt) which enabled full water solubility. This suggests that
these polymers with PDMS incorporation can be made vgataeble and proof ofancept for

further development of polyimidieased fire suppression foam formulations.

Synthesis of BDS/atPDMS and corresponding sPADMS

The synthesis of a novel sulfonated diamine monomer containing monoamrvtenmimated
PDMS (matPDMS) counterien enabl ed an additionalPDMbat hway
copolymers $cheme 3. Simply, BDSA (in excess) in methanol was titrated with a matPDMS

with slight heating until solids dissolved, indicating the formation of the ammonium sulfonate salt.
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Vacuum filration removedaxcess, unreacted BDSA and rotamaporation removed methanol to

give a waxy, offwhite product.

Scheme 3Synthesis of BDSAnatPDMS using morramino terminated PDMS
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H NMR analysis assisted in structure confirmation of BRE8&PDMS Figure 2). The peaks
associated with the matPDMS appear upfield, with five signals corresponding to the aminopropyl/
butyl end groups and one large peak corresponding to the backbone methyl peaks. The most
deshelded protons are directly adjacent to the amiam, appearing at 2.75 ppm, while those
protons on the carbons adjacent to the Si appear at 0.5 ppm. The methyl group protons of the
matPDMS butyl end group appear at 0.9 ppm. Further downfield are three peaks corresponding to
the aromatic protons of tHeDSA moiety. All of the peak integrations reasonably agree with the
number of protons they represent. The aromatic peaks and those of the matPDMS most downfield
appear quite broad. This broadness can be attributed to the less than optimal solubilisrated
chloroform due to the vastly different polarities of the substituents. Deuterated methag@D(CD

is suggested for future study.
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Figure 2.'H NMR spectra of BDSAnatPDMS (CDJ, 400 MHz)

As solubility optimization would be a significant biarrto overcome, BDSAnatPDMS was
first copolymerized with ODA (and PMDAf(cheme 4hows this synthesis. Unlike most PDMS,
BDSA-matPDMS seems to only be soluble in a mixture of THF: NMP (optimally 0.67:1). PMDA
was added to the solution upon full dissmintof the diamines ODA and BDS#watPDMS,
charged for 10 wt% incorporation. Slight additions of THF mitigated minor reaction solution
inhomogeneities within the first few minutes, after which the reaction remained homogeneous for

its duration. Only very gjht increases in viscosity were noticed.

Scheme 4Synthesis of SPAADMS with PMDA/ODA/BDSAMATPDMS
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