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SECTION I. PROJECT SUMMARY
A BACKGROUND

1. The Challenge

The Montreal Protocol was adopted in 1987 and amended in 1990, 1992, and 1995. With
the planned phase-out of production of halon 1211 (CF,CIBr) and halon 1301 (CF3Br) in the
United States at the end of 1993, organized efforts to identify replacements were initiated by a
broad range of governmental and non-governmental groups. These efforts, culminating in the
Next Generation Fire Suppression Technology Program (NGP), have resulted in new fire
extinguishment technologies, a clearer view of the chemical options available, better
understanding of the dynamics of fire suppression under some of the more adverse conditions
encountered in aircraft and subzero conditions, and greatly broadened the array of tools available
for future developments in the area of fire suppression.

The NGP began in 1997. The program built on several efforts that occurred in the years
prior to the NGP. These efforts contributed a broad range of test methods for evaluating halon
replacement candidates and included investigations into several of what have turned out to be the
more promising chemical families.

Changes in thinking of those involved in identifying new compounds occurred frequently
in the early 1990s. These changes included realization that instead of a single drop-in
replacement being identified for halon 1301 (as well as halon 1211), the world of fire
suppression applications was going to see a broad range of proposed solutions. Criteria for
environmental acceptability were tightened, risk-based toxicity limits and tests were identified.
Situational toxicological constraints underwent considerable evolution. Some chemical options
considered for halon replacement (e.g., the perfluorocarbons), though at first embraced, were
later discarded as understanding of environmental impact issues developed.

The replacement of halon 1301 presented some very unique challenges. Halon 1301 is
unique as a brominated fluorocarbon. Its -58 °C boiling point is the lowest for the
bromofluoroalkanes chemical family, and its toxicity quite low. It is an excellent fire
suppressant and explosion inertant. It has great dimensionality (space filling), tolerance to less
than optimal discharge technique, and excellent chemical stability and low toxicity.
Functionally, it is the standard by which all suggested alternative candidates have been judged.
Comparison of halon 1301 (65 year atmospheric lifetime) to CF,HBr (halon 1201, FM-100,
atmospheric lifetime of 9 yr, boiling point of -15 °C) is typical of the undesirable tradeoffs
encountered in developing a new fire suppressant. While adding hydrogen and reducing the
degree of fluorination helps achieve the desirable effect of a shorter atmospheric lifetime, this
change also unfortunately greatly increases boiling point, which directly impacts dimensionality
and low temperature performance, not withstanding other adverse performance changes that also
are noted.

With the emphasis on dramatic reductions in both stratospheric ozone depletion effects
and atmospheric global warming potentials, one research focus has been on identifying short



atmospheric lifetime molecules.  Short atmospheric compounds incorporate structural
components that are reactive with atmospheric constituents of the atmosphere or are
photochemically reactive, as summarized in Table 1.

Table 1. Tropospheric Removal Mechanisms.

Primary Removal Mechanism Example Families
Photodegradation lodides, Carbonyls, Bromides
Reaction with Hydroxyl Alkenes, Aromatics, Hydrogen-Containing
Amines, Hydrogen-containing Ethers,
Carbonyls
Physical Removal Ketones, Alcohols, Esters
Reaction with Tropospheric Ozone Alkenes

This report describes NGP efforts to identify liquid or gaseous chemically active agent
replacements for halon 1301. Other NGP projects addressed alternative approaches to halon
replacement and fire suppression technology development with potential for employing
compounds with chemical suppression properties and higher boiling points used as additives or
incorporation in solid propellant gas generator extinguishers.

It is useful to identify organizations contributing to prior halon replacement efforts as
well as the objective or goal(s) of their specific efforts, key observations, chemicals of interest
and in some cases conclusions offered. While this review begins somewhat arbitrarily with work
done after 1990, it should not be assumed that there were not efforts predating this point.
Several governmental organizations had ongoing halon replacement efforts prior to 1990. The
products of these efforts found their way into the many studies reported in symposia and
professional journals in the 1990s.

The U.S. Department of Defense’s (DoD) unique needs in the areas of fire
extinguishment and explosion suppression and issues related to weapon system vulnerability and
survivability catalyzed the considerable research effort prior to 1990 and much of the work done
since. DoD services, including the Air Force, Navy, Army, and Marines, funded research
programs which, while focused on their weapon systems and critical applications, provided
broadly applicable results. The National Institute of Standards and Technology (NIST) Building
and Fire Research Laboratory (BFRL)’s preliminary analysis of chemical families broke new
ground serving to broaden what had been limited options to include new chemical families.

2. Prior Examinations of Chemicals

The history of halon replacement development strongly reflects concurrent progress in
fire science and basic environmental and atmospheric research areas. The compounds and
approaches taken in the process of developing acceptable halon replacements have the
appearance of a sequential process of research-based discovery, environmental selection criteria
revision followed by rejection of developed alternatives, and a resumption of applied research.



Several programs contributed to halon replacement and fire suppression technology
development and helped to set the stage for the development work performed under the NGP on
new chemicals. These programs are very briefly described in the following paragraphs.

1. NIST: Under U.S. Air Force sponsorship, NIST published Technical Note 1279 in August
1990." Table 2 presents the chemical family recommendations resulting from this early analysis.

Table 2. NIST List of Recommended Chemical Families (1990).
Justification for Further Consideration -

Chemical Family

Recommendation

Environmental Advantage and Flame Suppression
Estimates

Halogenated ketones, anhydrides,
esters

Carbonyl red shift contributes to photolysis

Unsaturated halocarbons

Reactivity of alkenes to atmospheric OH

Halogenated ethers and related
compounds

Absorption red shift due to C-O-C linkage aides in
photolysis

Halons containing iodine

lodinated halogenated compounds more
photochemically reactive and a higher fire suppression
efficiency

Sulfur halides

Desirable attributes - Low toxicity, possible
significant fire suppression properties

Phosphorus containing compounds

Established fire suppression properties (expected free
radical trap mechanism) needs a more volatile or
gaseous compound

Silicon and germanium compounds

Silicon in particular (possibly germanium) expected
flame suppression effectiveness and short atmospheric
lifetime

Metallic compounds

Established flame suppression properties, likely
alternative compounds of great interest

Inert gases

Physical suppressant options

DoD Technology Development Plan (TDP):

The TDP was initiated to identify

commercially available alternatives for fire extinguishment in occupied spaces and included
alternative chemicals for extinguishment of slow-growth fires in occupied compartments of
helicopters, fixed-wing aircraft, ships, maritime craft, ground armored vehicles, aircraft cargo
bays, aircraft simulators, and mission-critical facilities as well as identifying alternative fire
extinguishing agents for unmanned areas. It also addressed the identification of explosion
suppression agents and techniques for application in manned and unmanned spaces.

3. Halon Options Technical Working Conferences (HOTWC): The HOTWCs began in the
spring of 1991. The conferences continued through 2006 as a forum for presentation of research



related to halon replacements, and as such routinely covered topics ranging from new agents and
fire suppression equipment to atmospheric science and chemical and suppression by-product
toxicology. As early as the first of the conferences, there were papers presented describing the
synthesis of compounds which to the present are topics of great current interest.?

4. Advanced Agent Working Group (AAWG): On August 23, 1994, representatives of the
North Slope Oil Producing and Transmission Companies met with members of the “CFsl
Working Group.” The AAWG was formed in the course of this meeting, with participating
representatives of most DoD services, NIST, EPA, several fire suppression industry
representatives, private consultants, and the New Mexico Engineering Research Institute
(NMERI). Table 3 presents the range of compounds considered by the AAWG.

5. Earlier NGP Effort. Prior candidate agent testing and toxicological and cardiac
sensitization performance studies had only identified one potentially environmentally and
toxicologically acceptable brominated compound of approximate equivalence to halon 1211.2
This continued search for acceptable compounds greatly expanded the number and types of
chemical families tested.

Earlier efforts to identify new fire suppression technologies and agents for application to
the demanding circumstances faced by aircraft designers and operators has yet to yield a
potential candidate compound equivalent to halon 1301. The simplicity of the halon 1301
structure, CF3Br, and the need to employ chemical features that instill short atmospheric lifetime
essentially dictate that all potential halon alternative brominated compounds will have higher
boiling points than that of halon 1301, -58 °C.

Options to develop a fire suppressant that is as effective as halon 1301 are limited.
Nevertheless, reducing the weight penalty, enhancing fire suppression performance, and
increased assurance that fires are reliably extinguished make it essential that all options to the
identification and development of chemically active agent be evaluated.

A review of the state of knowledge of the fitness of a wide variety of chemical families to
perform as acceptable fire suppressants, presented in NIST Technical Note 1443, describes a
“down-selected” listing of prioritized chemical families that are known to or expected to have
potential to act as chemical mechanism based fire suppressants.* The review focused on fire-
suppression effectiveness, toxicity, materials compatibility, colligative properties, and
environmental impact. For each family, there is an evaluation of worthiness of further
examination. This review lead to the current project whose goal is to further investigate the
identified families based in part on the prioritization developed.



Table 3. AAWG Preliminary List of Compounds.

Formula

Name

CAS No., Notes

Alkenes

CH,=CHCF,Br

3-bromo-3,3-difluoropropene

420-90-6, commercial

CF,BrCH=CHCF;

cis- and trans-1-bromo-1,1,4,4,4-pentafluoro-2-
butene

CF,BrCF,CH=CH,

4-bromo-3,3,4,4-tetrafluorobutene

18599-22-9,commercial

CFzBrC(CF3)=CH2

3-bromo-3,3-difluoro-2-(trifluoromethyl)propene

Alcohols
CF,BrCH,0OH 2-bromo-2,2-difluoroethanol 420-94-0
CF;CFBrCH,0OH 2-bromo-2,3,3,3-tetrafluoropropanol 94083-41-7
CF,BrCF,CH,OH 3-bromo-2,2,3,3-tetrafluoropropanol
CF;CHOHCH,Br 3-bromo-1,1,1-trifluoro-2-propanol Prepared

Ethers

CF,H-O-CFHBr

(bromofluoromethyl)(difluoromethyl)ether

no CAS Number

CF;Br-O-CHs;

(bromodifluoromethyl)(methyl)ether

CF;BrCH;-O-CF;

(2-bromo-2,2-difluoroethyl)(trifluoromethyl)ether

CFzBrCFz'O'C H3

(2-bromo-1,1,2,2-tetrafluoroethyl)(methyl)ether

13749-39-8

-CH,CF,CBrFCH,-O-

3-bromo-2,2,3-trifluorooxolane

Amines
(CBrF,)(CHF,),;N bis(difluoromethyl)(bromodifluoromethyl)amine no CAS Number
(CBrF,)(CF3)(CH3)N | (bromodifluoromethyl)(trifluoromethyl)(methyl)amine no CAS Number
(CF3)2(CHL,CBrF,)N bis(trifluoromethyl)(2-bromo-2,2-difluoroethyl)amine
(CBrF,)(CF3)2N bis(trifluoromethyl)(bromodifluoromethyl)amine
Carbonyl Compounds
CBrF,CH,C(O)H 3-bromo-3,3-difluoropropanal
CH3C(O)CH,CF,Br 4-bromo-4,4-difluoro-2-butanone
CBrF,CH,C(O)OCH; | methyl 3-bromo-3,3-difluoropropionate 99953-33-0
CBrF,CH,C(O)OCF; | trifluoromethyl 3-bromo-3,3-difluoropropionate
Aromatics
CeFsBr Bromopentafluorobenzene 344-04-7, commercial
CeFsCBrF, (bromodifluoromethyl)pentafluorobenzene 35523-39-8
C¢BrF,CF3 bromoheptafluorotoluene 113601-46-0
2-bromoheptafluorotoluene 66820-64-2
3-bromoheptafluorotoluene 5360-80-5
4-bromoheptafluorotoluene 17823-46-0

Attributes of the desired halon 1301 replacement candidate have been identified as:




e Fire suppression and reignition quenching efficiency comparable to halon 1301 and
higher than the hydrofluorocarbons (HFCs);

e Atmospheric lifetime short, on the order of a month, to keep ozone depletion, global
warming, and any future adverse contributions to a minimum;

e Toxic potency of agent and combustion byproducts sufficiently low that brief exposure to
an extinguishing concentration does not result in an unrecoverable injury;

e No serious interaction of the agent or its byproducts with contacted aircraft materials;
e Auvailability of compatible storage container components; and

e Boiling point sufficiently high that a suppressing volume fraction of 0.05 (at thermal
equilibrium) exists at -40 °C, the minimal design temperature for aircraft suppression
system performance. This boiling point is about 25 °C. Highly effective agents that might
require a lower concentration for suppression loosen this boiling point criterion
proportionately.  Agents dispensed as a mist/powder or by a solid propellant gas
generator (SPGG), whose high temperatures and gas flows ensure complete volatilization
and dispersion, could have considerably higher limiting boiling points.

The authors of NIST Technical Note 1443 reviewed all available data covering a broad
list of chemical families. Table 4 is their listing of families worthy of continued research effort
or, in the case of new unstudied families, limited compound acquisition and testing.

Table 4. NIST Technical Note 1443 - Prioritized Listing.

Chemical Family Recommendation
High Priority | Further Study | Quick Look

lodinated alkanes & alkenes X

Brominated alkenes X

lodinated ethers X
Brominated ethers X

Brominated alcohols X
Fluorinated aldehydes & ketones X

Nitriles X
Fluoroamines & bromofluoroamines X

Sulfoxides X
Phosphorus- acids and esters X

Phosphonitriles & phosphorus halides X
Copper-containing compounds X
Manganese or tin compounds X

Iron-containing compounds X

Compounds that had been well studied as fire suppressants as well as compounds with
known or suspected high toxicity, high boiling points, and/or expected poor fire suppression



performance were placed in the “No Further Study” category (Table 5). The current project did
not further investigate these families, but did extend the listing in Table 4 to additional chemical
families with the potential to act as bromine carriers and having short atmospheric lifetime.

Table 5. NIST Technical Note 1443 — Category - “No Further Study.”

Major Disqualifying Finding

Drawback: Effectiveness
Chemical Family Well Toxicity, Lacking or
Studied Colligative Expected to
Property or Other Equal HFCs
Brominated, Chlorinated, Fluorinated alkanes X
Chlorinated alkenes X X
Fluorinated alkenes X
Alkynes X
lodinated ethers X
Chlorinated ethers X
Fluoroethers X
lodinated alcohols X
Chlorinated alcohols X
Fluorinated alcohols X X
lodinated or brominated aldehydes & ketones X
Chlorinated aldehydes & ketones X X
Brominated, chlorinated, fluorinated aromatics X
Nitro Compounds X X
Nitrates, nitrites, nitroso compounds X
Hexavalent sulfur X X
Difluorosulfur Compounds X
Phosphines X
Pentacoordinate Phosphorus X
Alkali metal compounds X
Compounds of Alkaline Earths X
Boron and aluminum compounds X
Antimony or Titanium-containing Compounds X
Silicon or Germanium-containing Compounds X
3. Chemical Volatility Limit Estimation and Chemical Options

A major factor in application of any fire suppressant is its ability to disperse under the
existing ambient conditions of temperature and pressure. To effect flame extinguishment the
flame extinguishing concentration must achieved and held for a period sufficient to preclude an
immediate relight in the volume being protected. Boiling point and vapor pressure are key
physical properties affecting dispersion.



A physical chemistry based estimate® of the maximum boiling point that a compound
may have and still achieve the necessary air concentration under a range of ambient temperature
conditions provides some guidance to compound selection, Table 6. While the results of this
analysis are helpful they do not account for droplet size/evaporation rate effects, droplet heating
rate due to absorption of flame radiation, or nozzle design changes which may enable the use of
higher boiling chemicals. As can be seen from this table highly effective extinguishants,
requiring lower design concentrations, allow use of higher boiling compounds.

Table 6. Estimates of Maximum Boiling Points for Fire Suppression.

Conc. Ambient Temperature, °C
% -60 -50 -40 -30 -20 -10 0 10 20 30 40 50
1 33 47 61 76 90 105 119 133 148 162 176 191
2 19 33 46 60 74 87 101 115 128 142 156 169
3 11 24 37 51 64 77 91 104 117 130 144 157
4 5 18 31 44 57 70 83 9 109 122 135 148
5 0 13 26 39 52 65 77 90 103 116 129 142

10 -14 -1 11 23 35 47 59 72 84 9 108 120
15 -22 -10 2 14 25 37 49 61 73 84 9 108
20 -28  -16 -5 7 19 30 42 53 65 76 88 99

Example: 4 % by volume in air at -20 °C may be achieved by agents boiling at 57 °C or lower.

Boiling Point Trends — Compound Selections Options

As the focus is on low boiling compounds, and the candidates are all small molecules
from the alkene and ether families, it is useful to compile data enabling estimation of the likely
results of compound selection and acquisition efforts. Keeping a focus on the physical limits to
boiling point will bring direction to not only the options available, but will bring necessary
attention to needed areas of development that may be required to provide adequate low
temperature dispersion of chemicals.

Initially, a query was made in the NMERI CGET Compound Options Database (CCOD)
to determine all double-bonded compounds with boiling point data. All records containing
boiling points at pressures other than about 101 kPa (760 torr) were discarded. This left 53
compounds, some of them containing oxygen and three of them having boiling points estimated
by other authors. As seen in Figure 1, higher molecular weight generally resulted in higher
boiling point (as expected), but data scatter was large. The process was repeated, breaking the
data set into chemicals with (Figure 2) and without (Figure 3) hydrogen. Although the data
scatter was still large, it was reduced from that of the full set.
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Figure 1. Boiling Point as a Function of Molecular Weight (g) for All Alkenes.
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Figure 3. Boiling Point as a Function of Molecular Weight (g) for All Alkenes not
Containing Hydrogen.

a) Classification by Halogens Contained

The foregoing analyses indicate that an examination of each chemical series by type of
halogen is essential. This is of particular importance for the bromine-containing compounds,
which are of greatest interest. Data for brominated and fluorinated compounds were plotted
separately. Figure 4 through Figure 6 show data for bromine-containing compounds, most of
which are fluorinated. Of particular interest is Figure 6, which shows data only for
bromofluoroalkenes and hydrobromofluoroalkenes from which three estimated values have been
removed. Despite the large scatter, there is a (somewhat poor) linear trend in Figure 6. Figure 7
gives some data for totally fluorinated alkenes.
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Figure 4. Boiling Point (°C) as a Function of Molecular Weight (g) for All Bromine-
containing Alkenes
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Figure 7. Boiling Point as a Function of Molecular Weight (g) for Totally Fluorinated
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b) Classification by Chain Length

A more fundamental approach, based on carbon chain length is revealing. Only
molecules containing carbon, hydrogen, and specific halogens were plotted for ethenes,
propenes, butenes, and a few pentenes (for which only a limited amount of data was available).
Data were taken primarily from the Handbook of Chemistry and Physics.>

C) Ethenes

The plots for brominated and chlorinated ethenes (none of which are fluorinated) show
little scatter (Figure 8 and Figure 9); more scatter was found in the fluoroethene data (Figure 10).
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Figure 8. Boiling Point as a Function of Molecular Weight (g) for Bromine- and/or
Hydrogen-containing Ethenes.
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d) Propenes

The boiling point vs. molecular weight plot for all propenes in the CCOD indicated a
trend of increasing boiling point with increased molecular weight, but with significant data
scatter (Figure 11). Plots of brominated and chlorinated propenes (with only the bromine or
chlorine atoms) (Figures 12 and 13) were smooth curves, but, like the ethenes, no smooth curve
could be drawn for the fluorinated propenes (Figure 14).

The two CsHsF isomers indicated dramatically different boiling points: -24 °C for
CH,=CFCHg, and -3 °C for CH,=CHCHF. Seven isomers of dichloroethene (C3H4Cl;) have
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boiling points ranging from 76.5 °C to 112 °C, with steric isomers having differences of up to
16 °C. Three isomers of bromopropene (C3HsBr) range in value from 48.8 °C to 70.1 °C.
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A strong trend was found with mixed fluorinated and chlorinated compounds. A
strikingly linear relationship exists between the boiling point and molecular weight of the
ethenes (Figure 25) as chlorine atoms replace fluorine atoms. This linear relationship also holds
for the propenes and butenes.
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Figure 15. Boiling Point as a Function of Molecular Weight for Mixed Chlorinated and
Fluorinated Ethenes

It has been shown that, especially for brominated and chlorinated alkenes, boiling point
can be related to molecular weight; increasing the molecular weight increases the boiling point.
There is one major exception. Fluorination generally decreases the boiling point, all other things
being equal. For fluorinated alkenes, the excessive data scatter indicates only a general trend of
increased boiling points with increased molecular weight (subject to the effect of fluorination
noted above), but with significant data scatter. For brominated and chlorinated alkenes, there is
much less data scatter.

Structural isomers of the chemicals can have different boiling points, sometimes with
rather large temperature differences. Any analyses are complicated by the fact that double-
bonded molecules such as alkenes have cis and trans isomers, which may also have boiling point
temperature differences, although not as pronounced as for structural isomers. A full analysis of
the impact of isomerism on boiling points must be reserved for a more detailed study.

4. Early Toxicity Assessments (Testing, Estimation, and Modeling Efforts)

Toxicological quantitative structure-activity relationships (QSARs) rely on the
establishment of a statistically significant mathematical relationship between chemical toxicity
and a particular chemical, structural or physical property of a group of similar compounds in
order to be used to predict the toxicity of untested chemicals. Further, the predictive accuracy of
values and trends is greatest only for compounds in the same group or very similar groups.

16



QSAR models also included proprietary models for halon property estimation which attempted
the estimation of cardiac sensitization LOAEL values.’

QSAR modeling of 25 brominated compounds were performed by the U.S. Army Center
for Health Promotion and Preventative Medicine (CHPPM) and the British Ministry of Defence
(MOD) DERA. U.S. Army CHPPM employed TOPKAT to model QSAR toxicity predictions of
acute LDsp, LCsg, eye sensitization and chronic LOAEL, mutagenicity, DPT, and
carcinogenicity.’

DEREK (Deductive Estimation of Risk from Existing Knowledge version 15.1)2, a rule-
based software system designed for qualitative prediction of the potential hazards of a chemical
based on known structure-activity relationships, was also employed to evaluate the toxicity of
the same list of compounds however the program does not estimate cardiac sensitization.® Four
endpoints were evaluated: carcinogenicity, mutagenicity, sensitization (presumably respiratory)
and skin sensitization. DEREK identifies structures within a molecule that confer a particular
type of biological (toxicity) effect. The main applications of the “rule-based” approach
employed by DEREK are in the prediction of mutagenicity (Mut), carcinogenicity and skin
irritation (Sk Irr) or sensitization and to a lesser extent reproductive and neurotoxicity. In
addition, the “rules” incorporated into model skin sensitization (where the program has a
tendency to predict false positives) as well as respiratory sensitization, irritation and corrosivity.
Acute toxicity is generally of the highest concern for halons. Unfortunately acute toxicity is not
specifically addressed by the program nor is cardiac sensitization.

As these estimation methods are totally dependant on the existence of a “training set” of
data for similar chemical structures and chemical functional groups in order to establish the
correlations and weightings needed to be predictive the almost complete lack of appropriate
training data proved fatal to the approach. The approach was not pursued beyond these initial
attempts.

General Chemical Toxicity Trends

Some general toxicity trends for alkanes, based on non-quantitative structure activity
relationships (SARs), were identified from comprehensive reviews of the toxicity literature.™
This work identified trends, which are shown below in rows, with the compound formula
followed by In(LCs) values in mice for 30 min exposures. General trends relating the number of
fluorine or hydrogen atoms needed to impart favorable toxicity were not identified. This study
indicated that location of substituents appeared to play a more important role than number of
fluorine or hydrogen atoms.

e Toxicity increases in the order F < Cl < Br.
CHcmHch 2.00 CHF,CH,Br, 1.52

CF;CHFCI, 3.8 CF3;CHCI,, 2.00 CFsCHBICI, 0.18

e For haloethanes, H adjacent to a -CF3 group increases toxicity, therefore, CF,XCHFX is
preferred over CF;CHX,. (The Xs can be identical or dissimilar halogens and follow the
same trend as outlined above.)
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CF,CICHFCI, 2.20 CF3;CHCI,, 2.00
CF;BrCHFBr, 0.45 CF3CHBTr,, 0.18
CF,CICHFBr, 1.42 CF,BrCHFCI, 1.22 CF;CHBICI, 1.10

e For halopropanes, the -CH3 group reduces toxicity (at least when opposite a -CF3 group);
therefore CF3CXRCHj5 is preferred over CFsCRHCH,X, where R can be either a halogen
or H.

CFsCCI,CHs, 2.30 CFsCH,CHClI,, 0.88 CFsCHCICHCI, 0.79
CF3CHBrCHs, 2.03 CF3CH,CH,Br, 1.50

e For halopropanes, -CH,- groups are favored over -CF,- groups.
CHF,CH,CCIF,, 3.00 CHF,CF,CH,CI, 1.62

CF,CICH,CHs, 2.77 CH,CICF,CHs, 2.13

To decrease the toxicity, it is essential that carbon atoms alpha to the carbonyl group
contain no halogen atoms. Carbonyl compounds exhibit a range of toxicities depending on
whether the carbonyl group is in an aldehyde, ketone, carboxylic acid, or ester.

Collaborative Toxicity Studies of Tropodegradable Bromofluoroalkenes

Extremely promising inhalation exposure acute toxicity testing at 5 volume %, Table 7,
of eight bromofluoroalkenes demonstrated no adverse effects in the five of the tested
compounds.™* The surprisingly good results from this round of initial testing provided impetus
for a greatly expanded program of testing for selected bromofluoroalkenes. Members of the
AAWG provided the funding for this effort.

Early compound toxicity efforts were greatly aided by research in anesthesiology. Only a
limited number of anesthesia-related test results on halogenated alkenes have been reported.*?
Where provided, the concentrations used in these exposures were high. In some cases the
exposure observations provided useful guidance and in one case gave strong support to the
further study of a number of brominated fluoroalkenes structurally related to 2-bromo-3,3,3-
trifluoropropene, CH,=CBrCF3. This compound was reported to be an excellent anesthetic with
a rapid, uneventful recovery following exposure.™® As the concentrations used are unknown, it is
difficult to determine the potency of this chemical as an anesthetic; however, that no adverse
effects were observed indicates that this material may have a low toxicity. Studies of 3-chloro-
3,3-difluoropropene, CF,CICH=CH,, as an anesthetic in dogs show cardiac arrhythmia with
ventricular extra systole, blood pressure decrease, and tremor. The related compound 3-bromo-
3,3-difluoropropene, CF,BrCH=CH,, proved extremely toxic in inhalation exposure testing."*

Overall the reported live animal toxicity testing performed in the course of anesthesia
research provided the useful guidance in evaluation candidate compound acute inhalation
toxicities and aided early efforts to down-select and target compounds for further synthesis and
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testing. Efforts to identify suitable anesthesia agents confronted challenges similar to those of
interest to the halon replacement community. One of these is cardiac sensitization.

Table 7. Acute Inhalation Toxicity of Tropodegradable Bromofluoroalkenes.

PR
Compound Formula Deaths” during
(post) Exposure
1-Bromo-3,3,3-trifluoropropene CF3;CH=CHBr 0
2-Bromo-3,3,3-trifluoropropene CF3CBr=CH, 0
4-Bromo-3,3,4,4-tetrafluorobutene CF,BrCF,CH=CH, 0
2-Bromo-3,3,4,4,4-pentafluorobutene CF3;CF,CBr=CH2 0
2-Bromo-3,3,4,4,5,5,5-heptafluoropentene | CF;CF,CF,CBr=CH, 0(2)
3-Bromo-3,3-difluoropropene CH,=CHCBIrF, 7
2-Bromo-3-trifluoromethoxy-3,4,4,4- CH,=CBr(OCF3)CFCF; 10
tetrafluorobutene
2-Bromo-3-trifluoromethyl-3,4,4,4- CH,=CBrCFC(CF3), 10
tetrafluorobutene

a 10 rats and a 30 min exposure at 5 volume % agent air concentrations

The Ames Mutagenicity test results'* on the more promising compounds selected based on
boiling point were equally reassuring, Table 8, as were the results of the chromosomal aberration
tests,

Table 9.
Table 8. Ames Mutagenicity Test Results.
Ames Test
Compound Formula Result
2-Bromo-3,3,3-trifluoropropene CF3;CBr=CH; Negative
4-Bromo-3,3,4,4-tetrafluorobutene CF,BrCF,CH=CH, Negative
2-Bromo-3,3,4,4,4-pentafluorobutene CF3;CF,CBr=CH, Negative
Table 9. Chromosomal Aberration Test Results.
Compound Formula Test Result
2-Bromo-3,3,3-trifluoropropene CF3;CBr=CH, Negative
4-Bromo-3,3,4,4-tetrafluorobutene CF,BrCF,CH=CHj, Negative

Inhalation toxicity and other acute exposure toxic reactions must be fully examined. Fire
suppressing events expose by-standers and firefighters briefly to the suppressant chemical. This
type of exposure is categorized as an acute event. While chronic exposure is a serious
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consideration, initial studies of toxicity are, for the most part, focused on acute effects and
toxicity. Typical initial screens are the Ames test, mouse micronucleus test, inhalation toxicity
assessments, and cardiotoxicity tests.

Cardiac sensitization is a property that has been associated with both halogenated and
non-halogenated compounds. It has surfaced as a consideration in the development of solvents,
halons, and propellants for medical inhalers, it is observed as a cause of cardiac arrest in
substance abuse by inhalation of solvents used in spray paints, lubricants, glues and hairsprays
and it is associated with some pharmaceuticals and frequently associated with volatile surgical
anesthesia agents. Known cardiac sensitizing or arrhythmogenic compounds are represented by
a wide range of chemical families including alkanes, alkenes, ethers, fluorocarbons, iodocarbons,
and bromocarbons.

The cardiac sensitization test presented in Table 10 represents the only two such test
attempted on bromofluoropropenes.’®*” While the 1 % LOAEL value observed for 2-bromo-
3,3,3-trifluoropropene is disappointingly low and the compound not useable as a halon 1301
replacement, the compound may well be able to serve as a halon 1211 replacement, usable in
unoccupied areas. Testing of 1-bromo-3,3,3-trifluoropropene was terminated due to severe
adverse effects, including tremor.

Table 10. Cardiac Sensitization Testing of Bromofluoropropenes.

Compound Formula NOAEL LOAEL
2-Bromo-3,3,3-trifluoropropene CF3;CBr=CH; 0.5 % vol. % 1.0 vol.%
1-Bromo-3,3,3-trifluoropropene CHBr=CHCF; a A

a Determination aborted due to adverse effects on dogs

While the limited toxicity data are promising, additional fluorination of these molecules
is desirable to reduce boiling points. It is unclear where the optimum in degree and pattern of
fluorination and site of bromination lies. Given the many additional compounds that have yet to
be tested hope that at least one will have acceptable cardiac sensitization and other toxicity
properties to be acceptable for use in occupied areas does not seem entirely unreasonable.

Cardiac Arrhythmia - Chemical Sensitization of the Heart to Epinephrine

Determining cardiac sensitization LOAEL and NOAEL concentrations entails
measurement of cardiotoxic effects in animals made sensitive by the administration of
epinephrine at dose levels just below the concentration at which epinephrine alone would cause
cardiotoxicity. In the experimental animal the administered epinephrine levels are
approximately 10 times greater than the concentration a human would be likely to secrete under
stress, and therefore LOAEL and NOAEL values are conservative even in high-stress situations,
with the result being an overall increased margin of safety.

The mechanism of cardiac sensitization is not understood, making design of a screening
method difficult. Some researchers have concluded that cardiac sensitization is a direct result of
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a physical-chemical interaction of the sensitizing agent with heart cell membrane structures.'®
This mechanistic hypothesis is derived from the observation that a critical blood concentration of
agent is needed to elicit a cardiac sensitization response and the effects are immediately
reversible, if they are not sufficiently severe to cause death, when the sensitizing agent is
removed. Below that critical concentration, the effect does not occur.

Cardiac sensitization LOAEL and NOAEL values of potential halon replacements are
essential to compound selection and reducing risk for occupied space extinguishment agents.
The cost of performing the test is currently in the range of $100,000, and as a result the test is
performed only rarely. Screening methods were sought in order to aid in the selection of
compounds with a higher probability of have acceptable LOAEL and NOAEL values when
actually tested. A wide variety of approaches to estimating and/or understanding the mechanism
were reviewed in the course of the overall halon replacement effort.

Any estimation method enabling a ranking of compounds would greatly facilitate
compound acquisition efforts. Methods would have to be able to distinguish between
compounds whose LOAEL values differ by 1 volume % to 2 volume % in order to be of much
use in final compound selection.

Cardiac Sensitization — Search for Trends

Cardiac sensitization is the sudden onset of cardiac arrhythmias caused by a chemical
sensitization of the heart to epinephrine (adrenaline). Cardiac sensitization is a problem that has
been associated with halogenated and non-halogenated compounds. It has surfaced as a
consideration in the development of propellants for medical inhalers, it is observed as a cause of
cardiac arrest in substance abuse by inhalation of solvents used in spray paints and hairsprays
and it is seen in some pharmaceuticals and some surgical anesthesia agents. Cardiac
sensitization is a particularly important concern in firefighting because under the stress of the
fire event, higher levels of epinephrine are secreted by the body, increasing the possibility of
sensitization. CFCs (which are closely related to the halons), a number of compounds currently
under study as halon replacements, and many of the commercialized halon replacements, are
cardiotoxins.’® These gases enter the arterial blood and cause arrhythmic cardiac rhythm
resulting in a compromised blood pumping action.

The determination of a compounds ability to cause cardiac sensitization (cardiac
arrhythmia) under conditions of an epinephrine challenge is used to assess cardiotoxicity. This
test is performed on dogs and the approach is not without its critics. It is widely accepted that
LOAEL data obtained from the dog exposure based cardiac sensitization testing are very
conservative and, perhaps as a direct result, deaths due to human exposure to halons are
extremely rare. The dog cardiac sensitization exposure based standard seems to be achieving
exactly what it was designed to achieve — ensuring a wide margin of safety to a broad spectrum
of end users.

A wide range of chemically diverse compounds are known to induce cardiac arrhythmia.
This situation has led to the hypothesis that the mechanism involved is not a chemical (reactivity
based) toxicity but instead a generalized physical property effect that just happens to cause
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cardiac arrhythmia when sufficient chemical is absorbed into heart nerve and muscle cells
membranes.®

Past clinical research on anesthesia agents may provide guidance.?*  Clinical

observations reported in medical research literature suggest a possible link between a compounds
oil/water partitioning and its tendency to initiate premature ventricular contractions (PVCs)
under normal surgical anesthesia. The mechanism of cardiac sensitization is not understood,
making design of a screening method difficult. Some researchers have concluded that cardiac
sensitization is a direct result of a physical-chemical interaction of the sensitizing agent with
heart cell membrane structures.® This mechanistic hypothesis is derived from the observation
that a critical blood concentration of agent is needed to elicit a cardiac sensitization response and
the effects are immediately reversible, if they are not sufficiently severe to cause death, when the
sensitizing agent is removed. Below that critical concentration, the effect does not occur.

An estimation method, enabling a ranking of compounds, leading to the identification of
the most promising (highest LOAEL) candidates and the identification of molecular features
associated with both the extremes of LOAEL performance would greatly facilitate a focused
compound acquisition effort. Such a method would have to be able to distinguish between
compounds whose LOAEL values differ by 1 volume % to 2 volume % in order to be of much
use in final compound selection.

The fluorocarbons and hydrofluorocarbons listed in Table 11 demonstrate a wide range
of LOAEL values.

Table 11. Fluoro/hydrofluorocarbon Cardiac Sensitization Values.

# Chemical Formula NOAEL (volume %) | LOAEL (volume %)
1 CF3CF,CF,CF; 40 >40
2 CF3CF,CF3 30 >30
3 CF3CHFCHF; 2.5 3.5
4 CF3;CHFCF3 9 10.5
5 CF3CH.CF3 10 15
6 CH;F; 20 25
7 CHF; 30 >50
8 CH,FCF; 4 8
9 CH;3CF3 4 8

10 CHF,CF3 7.5 10

11 CH3CF,H 5 15

Limited hydrofluoropropane data (Compounds 3 through 6) as well as hydrofluoroethane
data (Compounds 8 through 11) in Table 11 demonstrate no correlation between degree of
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fluorination and LOAEL value, but do suggest that fluorine (or conversely, hydrogen) position
may be a strong factor in determining cardiac sensitization effects in these HFCs.

The iodofluorocarbons, bromofluorocarbons, and bromochlorofluorocarbons listed in

Table 12 reflect increasing LOAEL values where bromine is replaced by iodine.

Chlorofluorocarbon cardiac sensitization data,

Table 13, provide no indication of relationship between degree of fluorination,
chlorination or hydrogenation and LOAEL values.

Table 12. Halogenated Fluorocarbon Cardiac Sensitization Values.

Chemical Formula NOAEL (volume %) LOAEL (volume %)

1 CFsl 0.2 0.4
2 CF3Br 5.0 7.5
3 CF,HBr 2 3.9
4 CF;Br; - -

5 CF,BrCl 0.5 1.0
6 CF,BrCF,Br - 0.1
7 CBrCIFCBrF; 0.5
8 CF3sCF,CFl - 0.1

23




Table 13. Chlorofluorocarbon Cardiac Sensitization VValues.

Chemical Formula NOAEL (volume %) LOAEL (volume %)

1 CF,CIH 2.5 5
2 CF,Cl, 2.5 5
3 CFCl; - 0.5
4 CH,=CCIH 2.5 5
5 CCI3CHs 0.25 0.5
6 CF,CICH; 2.5 5
7 CFCI,CH3 - 0.5
8 CF3CF,Cl - 15
9 CF3CCIH 1

10 CFCI,CH3 -

11 CF,CICF,CI - 2.5
12 CCIF,CFCl, 0.25 0.5
13 CF,CICF,CFHCI - 2.0

The highly fluorinated compound, CF3CF,Cl, is notable for its unusually high LOAEL of
15 volume % most values range from a low of 0.5 volume % to a nominal high of 5 volume %.

Cardiac Sensitization — Chemical Attributes and Structural Predictors

Skaggs et al, performed an extensive review of toxicity prediction and screening
approaches, identifying chemical attributes employed in the development of QSARSs, predictors
of relationships between biological activity and chemical properties.** These can be classified as
property descriptors and topological descriptors (steric and structural). Table 14 through Table
19 List and provide physical attributes for selected descriptors.

Table 14. QSAR - Hydrophobicity Measures.

Hydrophobicity Measure

Octanol-water partition coefficient, KOW

RM coefficient from reverse-phase chromatography

Solubility in water

Solubility in parachor
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Table 15. QSAR - General Physical Properties.

Physical Property

Melting point

Boiling point

Vapor pressure

Dissociation constant

Activation energy

Heat of reaction

Reduction potential

Table 16. QSAR - Electronic Parameters.

Electronic Parameter

Hammett Constant, o

Taft Polar Substituent Constant, c*

lonization potential

Dielectric constant

Dipole moment

Hydrogen bonding

Table 17. QSAR - Steric Parameters.

Steric Descriptors

Molecular volume

Molecular weight

Molecular surface area

Molar refractivity

Substructure shape

Taft Steric Substituent Constant

Verloop STERIMOL constants
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Table 18. QSAR - Quantum Mechanical Parameters.
Quantum Chemical

Molecular Orbit indices
Electron density

n-Bond reactivity
Electron polarizability

Table 19. QSAR - Structural Descriptors.
Structural Descriptors

Atom and bond fragments
Substructures
Substructure environment
Number of atoms in group
Number of rings (in polycyclics)
Molecular connectivity

Skaggs et al. reported that the key to using any of these techniques is to determine a
family of chemicals for which biological indices (for example, LDsp), as well as
physical/chemical properties, molecular structure, or both, are known. In actual QSAR modeling
these sets of data are referred to as “training sets.” By the use of statistical techniques such as
multiple regression analysis (MRA), a relationship between the biological indices and
property/molecular structure is determined based on the “training set” data. The better or more
extensive the training set the more the predictions are apt to be accurate.”®

Hydrophobicity is a measure of water insolubility. Neutral, unreactive chemicals exhibit
a strong relationship between the hydrophobicity of the compound and its LCso. Hydrophobicity
is equated to the octanol-water partition coefficient (Kow) and reflects the ability of a chemical
to cross a biological membrane and correlates with toxicity because diffusion through cell walls
allows chemicals to influence internal cellular processes and biochemistry. Both the Hammett
Constant and the Taft Polar Substituent Constants are measures of substituent polarity. Steric
properties relate to molecular structure and affect the binding of molecules to biological sites.

Molecular connectivity descriptors describe the number of atoms in a compound and
their formally-bonded and spatial relationships. Molecular Connectivity Indices (MCI) associate
numerical values with structure of the molecule. Many properties are directly related to the
number and connections of atoms in molecules.”® Linear Solvation Energy Relationship (LSER)
analysis is based on the correlation of diverse chemical properties, including toxicity and
solvent-solute interactions. The analysis is based on four molecular parameters: intrinsic
molecular volume, polarity, and two measures of ability to hydrogen bond as an acceptor or
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donor. While this measure provides the most accurate QSARs covering the widest range of
chemical classes, the parameters are available on only a small amount of chemicals.?’

Molecular connectivity QSARS require that indices based on structure be determined, and
generally the amount of data needed is less than that for quantitative property-activity
relationships (QPAR). In both cases, sufficient toxicity data must be available with which to
develop correlations capable of providing toxicity estimates of unknown substances. These data
are not available in the required abundance to perform highly reliable assessments across a broad
range of compounds.

Some general (but not universal) toxicity criteria shown in Table 20 have been used to
provide a relative toxicity ranking for the candidate compounds and compound groups (alkenes,
ethers, cyclics, etc.).”

Cardiac Sensitization - In vitro Screening Method Development

To be of greatest use to the halon replacement community, an in vitro-based test protocol
capable of differentiating between halon 1301 (LOAEL 7.5 volume %) and halon 1211 (LOAEL
1.0 volume %) or trifluoromethyliodide (LOAEL 0.4 volume %) is the desired goal. This is due
in part to the need to identify compounds whose fire suppression design air concentrations are
expected to be in the range of 3 volume % to 4 volume % and whose LOAEL values are likely to
be only 2 volume % or 3 volume % higher.

The development of an in vitro cardiac sensitization screening method requires the
development and validation of a system that retains the essential components of the process of
cardiac sensitization. ldentified requirements®® for an in vitro system include a cardiomyocyte
system that:

1. exhibits synchronized and spontaneous contraction,
2. Isresponsive to exogenous epinephrine,
3. exhibits sensitivity to known cardiac sensitizers, and
4. allows exposure of sensitizing agents to system in a controlled atmosphere.
To this list must be added the ability to accurately rank compounds whose LOAELS

differ by as little as a few percent. As early as the 1960s, cardiac myocytes were used to study
the mechanistic aspects of cardiac metabolism and function.?

* Allen Vinegar, ManTech Environmental Technology Inc., Dayton, Ohio, personal correspondence to Robert E.
Tapscott, New Mexico Engineering Research Institute, The University of New Mexico, Albuquerque, New
Mexico, May 1997.

27



Table 20. General Toxicity and Cardiac Sensitization Rules.
Toxicity Ranking Criteria

Aromatics are more toxic than aliphatics.
Asymmetric molecules are more toxic than symmetric.
Straight (carbon) chains are more toxic than branched.

Ethers are more toxic than alkanes.
Short chain ethers are more toxic than long chain ethers.
Vinyl ethers are more toxic than saturated ethers.
Polyoxyethers are more toxic than mono ethers.

Cardiac Sensitization Ranking Criteria

Halogen presence is more potent than hydrogen.
Bromine presence is more potent than fluorine presence.
lodine presence is more potent than bromine presence.

In vitro Cardiac Cell Preparation Options

Isolated ventricular myocytes have been isolated or cultured while retaining their
spontaneous electrical activity,?® cultured neonatal rat heart cell cultures have been used to
investigate the effects of quinidine on cardiac cell function,” where sodium flux measurements
and myocyte contraction rates demonstrated that quinidine reduced the spontaneous beating rate
of the cells. In some preparations, contractility or “beating” can also maintained.

Types of in vitro cardiac systems are shown in Table 21. Most of these studies, however,
were not performed to assess effects of certain drugs on cardiac function, and others were
performed to determine specifics of cardiac function itself.

Skaggs et al. concluded that despite the variety of in vitro systems available to assess the
cardiac toxicity of certain agents, any model selected would have to be characterized with
respect to the expression and response of adrenergic receptors and the ion fluxes (sodium and
calcium) before cardiac sensitization validation studies could be initiated.?®
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Table 21. In vitro Cardiac Cell Systems.

Model Life stage Species Reference
Myocardial cells Fetal Human [30]
Cardiomyocytes Neonatal Rat [31]
Ventricular Cardiomyocytes Neonatal Rat [32]
Ventricular Cardiomyocytes Neonatal Dog [33]
Cardiomyocytes Adult Rat [34]
Cardiomyocytes Adult Rabbit [35]
Cardiomyocytes Adult Dog [36]
Cardiomyocytes Adult Feline [37]
Ventricular Cardiomyocytes Adult Guinea Pig [38]
Ventricular Cardiomyocytes Adult Rat [39]

Flame Extinguishment Performance Testing — Cup Burner Test Method

Because samples acquired in the course of these efforts covered a range of boiling points,
two sample introduction methods were developed and employed. Samples were handled either
as gases of liquids and their vapor partial volumes either determined (for liquids) based on the
ideal gas law with corrections for barometric pressure and ambient temperature or based on
measured volumetric flows in the case of gaseous samples. In some cases only a limited amount
of a compound could be obtained. In these cases extinguishment test results are indicated as
establishing upper bound extinguishment values. Both methods for testing of liquids and gases
are briefly described. For the most part all cup burner testing evaluated the extinguishment of n-
heptane flames by candidate chemical agents and reported data in units of volume %.
Schematics of liquid and gaseous sample introduction methods are illustrated in Figure 17.

Cup burner configuration for liquid samples. The cup burner configuration for samples
that are liquid at room temperature and pressure employed a syringe pump. A sample’s liquid
density is measured. The cooled sample is discharged by the syringe pump at a known rate and
nebulized using an ICP nebulizer, Figure 16. The dispersed mist is carried by a make-up air
flow into a heated glass column and fully evaporated. The resulting air agent mixture enters the
cup burner at a temperature between 40 °C and 50 °C. Cooling the syringe and chemical
depresses vaporization and the tendency to form bubbles within the syringe and connecting
tubing. Under these conditions, reliable rates of sample introduction can be achieved.
Barometric pressure measurements are employed in calculation of agent air concentrations.

Cup Burner configuration for volatile (gaseous) samples. The cup burner configuration
for volatile samples takes advantage of the compounds ready vaporization to fill a Tedlar sample
bag, Figure 17. The bag is contained within a pressure chamber and upon introduction of a
known flow of air into the chamber an equivalent flow of the vaporized pure chemical is
achieved into the cup burner base. Cup burner dilution air flows were established and monitored
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using mass flow meters. Barometric pressure measurements are employed as needed to calculate
effective air concentrations.

Test Agent Nebulizer - Evaporator

_— .
ICP Sample Nebulizer

Air Preheater
- Air Supply
— 1 S
|
)

Agent Supply

Figure 16. Sample Nebulizer and Air Pre-heater.
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Figure 17. Cup Burner with Liquid Sample Nebulizer and Gaseous Sample Injection.

Decision Trees for Evaluation of Candidate Compounds

A decision tree for compound testing, evaluation, and possible acceptability has been
developed. The overall decision tree procedure evaluates in turn (1) atmospheric release, (2)
hydrolysis, (3) physical removal, (4) photolysis, (5) reaction with hydroxyl free radicals, (6)
reaction with tropospheric ozone, (7) other reactions, (8) stratospheric ozone removal, and (9)
global warming, allowing decision points at each stage, Figure 18. A detailed decision tree is
shown in Figure 19 where tma is the maximum allowable atmospheric lifetime and thyd, tonys, tohot,
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ton, and toz are tropospheric lifetimes for hydrolysis, physical removal, photolysis, reaction with
*OH, and reaction with tropospheric ozone.
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Figure 19. Decision Tree for Global Environmental Impact Screening.
The maximum allowable atmospheric lifetime is first established. The vapor pressure
(Pvap) must be sufficient to permit release. Hydrolysis is then accessed from Kpyq, the hydrolysis
rate constant. Lifetimes for various physical removal processes can be estimated - for rainout,
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using o, the solubility coefficient; for aerosol scavenging, using Pysp, the vapor pressure (at
298 K); and for absorption (solution) into oceans, using 3, the (ocean) water solubility of a gas in
moles/m*-atm (essentially, a Henry’s law constant), and D, the molecular diffusivity of a gas in
water in m?/year.®

One can estimate the possibility for photolysis from o4, the absorption cross section at
the tropospheric window midpoint for solar radiation, and omax, the maximum allowable value
for this cross section. One must collect chemical information on the material of interest to
determine whether reaction with «OH, O3, or other species is possible. If reactions are possible,
the lifetimes (ton, tos, tother) due to such reactions can be estimated from kinetic rate constants
(Kon, kos, Kotner) Using a global averaging approximation. The final step, if needed, is to estimate
the ODP and GWP (from oir()), the IR absorption cross section as a function of wavelength, 1)
and compare the numbers obtained with ODPpax, and GWPax, the maximum allowable values
for these variables.

NGP — New Chemical Families Initial Screening

Screening of new chemicals screening for total flooding capability and performance is a
critical feature of halon 1301. Its combined dimensionality and effectiveness are still
unsurpassed. This is situation is not expected to change for the simple reason that halon 1301 or
CF3Br is as simple a bromine-carrying compound as is possible amongst the brominated
fluoroalkanes. Any larger molecule incorporating features imparting sufficient tropospheric
reactivity will very likely have a higher boiling point with relatively diminished dimensionality
at low application temperatures.

NGP projects whose goals were identification of new chemical extinguishants as possible
replacements for halon 1301 began with general evaluations of chemical families but also built
on earlier research and testing efforts that had already identified promising chemical families.
These projects are listed in Table 22. Survey studies were followed by increasingly focused
projects. A final extremely comprehensive review of chemical families was conducted later in
the program. This review greatly extended the range of earlier surveys and helped identify many
additional chemical families.

As physical property, toxicity, environmental impact, and extinguishment requirements
of a candidate halon replacement became more defined and as options for employing agents
(liquids, gases, or as flame extinguishing enhancements to new technologies, such as the solid
propellant gas generator designs) a much more comprehensive analysis of chemical families was
undertaken to list chemical families with either a demonstrated or suspected potential to act as a
replacement flame extinguishant.
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Table 22. NGP New Chemicals Projects.

NGP Project Title

Project Type

Chemical Families
Investigated

Identification and Proof
Testing of New Total
Flooding Agents - Toxicity
and Global Environmental
Assessment

Main Group Compounds as
Extinguishants

Tropodegradable
bromocarbon extinguishants

Tropodegradable
bromocarbon extinguishants-
Il, Task 11

Fluoroalkyl phosphorus
compounds

Environmentally Acceptable
Extinguishants

Survey of selected chemicals and

development of selection

methods and property estimation

techniques

Survey of compounds containing

members of the main group
elements

Focused study of compounds
and identification of cardiac

sensitization screening methods

Focused study of compounds
and identification of cardiac

sensitization screening methods

Focused acquisition and
evaluation of compounds

Focused study of compounds
and identification of cardiac

Alkyl Phosphorus,
Silicon, Fluoro Amines,
and Fluoro Ethers

Periodic Table of the
Elements—Groups IA,
lHA, IlIB, IVB, VB,
VIB, VIIB, and VIIIB

Bromofluoro alkenes,
ethers, alkylamines,

Bromofluoro alkenes,
ethers, alkylamines

Fluoroalkyl Phosphorus

Broad coverage -
Emphasis on low

sensitization screening methods  boiling points

This very broadly scoped review and analysis was summarized in NIST Technical Note
1443.*" The goal of this review was to identify chemical families still in need of scrutiny as
potential flame suppressants and halon replacements, to list those chemical families for which
sufficient knowledge exists to select the best candidates and finally to identify those families
unlikely to contain useable alternative aircraft fire suppression and explosion inertion.

Other chemical families exhibited toxicities that were clearly outside all reasonable
limits. In some cases the chemical families colligative properties rendered the likelihood of
dispersion remote or there was simply no reason to suspect that the chemical family possessed
chemical flame extinguishment properties that were significant that would justify the cost and
effort involved in further consideration.

B. PROJECT TASKS AND OBJECTIVES

The search for alternative fire suppressants for halon 1301, was broad in scope. To
ensure that the optimal chemicals were identified a comprehensive search and assessment of a
broad array of chemical families and elements was performed. This survey began with an
assessment of available literature information on physical properties, toxicity, and, if possible,
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flame suppression. In some cases, representative compounds were obtained and flame
suppression tests run.

a) Employing the results of a broad review of chemical families compounds estimated to
be acceptable were acquired for cup burner testing.

b) Employing the results of prior reviews of cardiac sensitization estimation a further
effort to identify and evaluate potential testing methods was made.

C) Involvement in efforts to further the evaluation and possible development of an in
vitro methods applicable to the low cost assessment of the cardiac sensitization
potential (or relative performance) of a candidate halon replacement were continued

C. TECHNICAL PROBLEMS

Two historical barriers continue to impede progress. The selection of promising
compounds requires methods of estimating physical properties and toxicity as well as refined
estimates of the limits to these parameters in the fire suppression applications of greatest interest.
The limited number of compounds for which toxicity end points have been determined obviates
the determination of toxicity predictions based either on computational methods. Lastly, sources
of the chemicals of interest must be identified. Synthetic methods all require starting materials
and refined methods in order to be assured of success and often starting materials are either not
available or too costly to be employed in this work.

Cardiac sensitization screening methods are nonexistent. This, coupled with the very
limited number of related compounds for which the required dog exposure studies have been
performed, stands as probably the greatest single impediment to progress.

D. GENERAL METHODOLOGY

The methodology employed was to use the best available information to aid in both the
selection of promising chemical families as well as the selection of candidate compounds from
those chemical families. The initial selection of compounds was not limited to those readily
available or those for which existing synthetic methods exist. The chemical families identified
are generally expected to act as carriers for bromine (or iodine) which is a known chemically
active fire suppressing atom.

Identification of a particular chemical family as being promising was often based in some
cases on unproven estimates of potential short atmospheric lifetimes in order to avoid
overlooking any potential compounds.

Based on this assessment, screening methods for acute inhalation toxicity and cardiac
sensitization potential were the two immediate needs. Cardiac sensitization data are particularly
rare for the compounds of interest and very costly and difficult to obtain. Modeling approaches
for cardiac sensitization are still in their infancy. General trends relating structure and
composition to cardiac sensitization potential are incomplete and predictions tenuous. Unproven
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screening methods based on physical properties of molecules appear to come the closest to being
of reliable use and are all that is currently available. Employing both the limited trend data and
estimates of physical properties that “may” be indicators of cardiac sensitization potential a
number of chemical from the alkene and ether chemical families were selected. Application of
these two selection approaches to all other chemical families is impossible as no data exists upon
which to base a trend and it is also expected that differences in chemical functionality will have
an unpredictable effect on the tendency of a compound to initiate an arrhythmic cardiac beat.

While all chemicals identified as being of interest are indicated in the text of this report,
only a very few are off-the-shelf or catalogue items. While in some cases suppliers were able
and willing to develop synthetic methods, at their own expense, that were expected to have such
a high probability of success that quotes for delivery of small samples could be made, this was
more frequently not the case. As a general rule, most chemical targeted for acquisition required
synthetic method development, and where this was attempted it was generally but not always
successful.

The cup burner method chosen of necessity employed small quantities of chemical often
in the range of 5 g to 10 g. Extinguishment data that could be accumulated for each compound
are limited as a result. It is expected that most if not all the values for flame extinguishment
concentration reported here be considered upper bound values.

E. TECHNICAL RESULTS

The properties assessment performed provided a comprehensive list of prioritized
chemical families for study. From these families a wide range of compounds was identified, and
some were eventually acquired in research chemical quantities. These chemicals were evaluated
using a cup burner with results that generally confirmed the predictions of fire suppression
effectiveness. Those compounds not yet acquired are plentiful and should cardiac sensitization
screening become a reality, identification of optimal compounds is possible.

F. IMPORTANT FINDINGS AND CONCLUSIONS

The potential of bromofluoroalkenes, bromofluoroethers and to a lesser extent
bromofluoroimines, bromofluoronitriles and n-brominated imines and amines to act as possible
halon 1301 replacements in unoccupied, low temperature aircraft applications is worthy of
further assessment.  The initial expectation that environmentally acceptable compounds
containing chemically active bromine represented the best hope for the identification of suitable
halon replacement appears firmly supported at this point. That boiling points of likely
candidates will generally lie well above 20 °C is also a certainty. Efforts to enhance the
dispersion of such compounds for application in low temperature aircraft environments
characteristic are likely essential.

Screening methods for estimation of a chemicals tendency to cause cardiac arrhythmia
may be possible if a relationship between cardiac sensitization LOAEL values and water/octanol
values determined by HPLC-MS or GCMS methods is found. The work needed to evaluate this
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relationship has not been done. Water/octanol values determined by the shake-flask method are
not sufficiently accurate or reproducible for this evaluation.

G. SIGNIFICANT HARDWARE DEVELOPMENTS

This project did not involve any significant development of experimental hardware.

H. SPECIAL COMMENTS

One low cost and seemingly inexpensive, relatively uncomplicated test with the potential
to rank the arrhythmogenic properties of the compounds of interest as halon replacements has
been identified. This potential screening approach, if validated, would be a tremendous help and
cost savings for future efforts to identify compounds with LOAEL values comparable to halon
1301. The method could possibly at a minimum provide means of obtaining a general ranking of
cardiac sensitization effects by compounds.

. IMPLICATIONS FOR FURTHER RESEARCH

Past projects have resulted in the identification and acquisition of a number of
tropodegradable bromofluoroalkenes and bromofluoroamines with expected low atmospheric
lifetimes and demonstrated flame extinguishment performance. The need for a reliable means of
estimating cardiac sensitization is essential to down-selecting a final list of compounds for
continued evaluation, scale-up study, and manufacturability evaluations. It is recommended that
future work incorporate a study of the relationship between Log(Koy) and HPLC and GCMS
chromatographic retention-times. Comparison of compounds with known LOAEL values with
experimentally derived LOAEL values is promising. This approach is potentially low in cost
and quickly performed. It would greatly aid the continued acquisition of these interesting
compounds, with an emphasis on those with low boiling points, in quantities sufficient to allow
flame extinguishment performance characterization.
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SECTION Ill. DETAILED PROJECT DESCRIPTION

A. HALON REPLACEMENT CHEMICAL FAMILY REVIEWS

Employing NIST Technical Note 1443 as guidance, chemical families that were likely to
represent low boiling candidate compounds were selected for study.* Additional chemical
families were included based on structural or functional similarities to known flame
extinguishing compounds where examination indicated the possible tropodegradability. For
each chemical family, available fire suppression performance, available environmental
acceptability, available toxicity, and physical properties are briefly presented.

Halons 1301 and 1211 are unique chemicals. Their chemical structures are both based on
a single carbon atom. Early developers of fire suppressing volatile agents, through variations in
fluorine bromine and, in the case of halon 1211, addition of chlorine, were able to create non-
flammable, highly effective fire suppressants. Of these two mainstays of volatile fire
suppressants, developed halon 1301 is unique in having an extremely low boiling point and
overall very favorable toxicity.

With the focus on aircraft application and with severe limits to boiling point as a criterion
to chemical selection in place, the results of this extensive review and chemical testing has
yielded a limited list of candidate chemical families.

1. Bromofluoroalkenes - High Priority Chemical Family

Bromofluoroalkenes have received and continue to receive attention as possible
halon replacements. The range of alkenes studied includes the ethenes, propenes, butanes,
isobutenes, and pentenes. The bromofluoroalkenes present a wide range of chemical structures.
The degree of fluorine substitution greatly affects boiling point and extinguishment performance.
It is unclear where the optimum in degree and pattern of fluorination and site of bromination lies.
In view of these extremely promising results current research focused on the many additional
compounds that have yet to be tested, Table 23.

a) Cup burner and boiling point performance

Past research has demonstrated that tropodegradable bromofluoropropenes have cup
burner flame extinguishment performance ranging from a low of 2.6 volume % to 4.5 volume %.

b) Atmospheric lifetime and GWP and ODP impact

Short atmospheric lifetimes of tropodegradable compounds result from one or more of
the following: (1) reaction with tropospheric hydroxyl free radicals; (2) photolysis; (3) reaction
with tropospheric ozone; and (4) physical removal (rain-out).*?
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Table 23. Bromofluoropropenes

Formula Chemical Name
CF,=CBrCF; 2-bromo-1,1,3,3,3-pentafluropropene
CFBr=CFCF; 1-bromo-1,2,3,3,3-pentafluropropene, (E) (2)
CF,=CHCF,Br 3-bromo-1,1,3,3-tetrafluropropene
CFH=CBICF; 2-bromo-1,3,3,3-tetrafluropropene, (E) (2)
CHBr=CFCF; 1-bromo-2,3,3,3-tetrafluropropene, (E) (2)
CH,=CBTrCF; 2-bromo-3,3,3-trifluropropene
CFH=CHCBrF, 3-bromo-1,3,3-trifluropropene, (E) (2)
CHBr=CHCF; 2-bromo-3,3,3-trifluropropene, (E) (2)
CFBr=CFCF;H 1-bromo-1,2,3,3-tetrafluropropene, (E) (2)
CFBr=CHCF; 1-bromo-1,3,3,3-tetrafluropropene, (E) (2)

CHF=CFCF,Br
CF,=CBrCF,H
CFZZCBl’CFHZ
CFH=CBrCF;H
CFZZCFCBl’HZ
CFH=CFCFBrH
CF,=CHCFBrH
CH,=CFCF,Br
CFZZCFCFZBY
CHBr=CFCHF,
CFBr=CFCFH,
CBrF=CHCHF,
CHBr=CHCHF,
CFBr=CHCFH,
CHBr=CFCFH,
CF,=CFCFHBr
CHBr=CHCHF,
CFBr=CHCFH,
CHBr=CFCFH,
CH,=CHCF,Br
CFBr=CFCHjs
CH,=CFCFHBr
CF2=CHCHgBr
CFH=CHCFHBr
CHF=CFCH,Br
CF,=CBrCHj;
CHF=CBrCFH,
CH,=CBrCF;H

3-bromo-1,2,3,3-tetrafluropropene, (E) (2)
2-bromo-1,1,3,3-tetrafluropropene
2-bromo-1,1,3-trifluroprropene
2-bromo-1,3,3-trifluropropene, (E) (2)
3-bromo-1,1,2-trifluropropene
3-bromo-1,2,3-trifluropropene, (E) (2)
3-bromo-1,1,3-trifluropropene
3-bromo-2,3,3-trifluropropene
3-bromo-1,1,2,3,3-pentafluropropene
1-bromo-2,3,3-trifluropropene, (E) (2)
1-bromo-1,2,3-trifluropropene, (E) (2)
1-bromo-1,3,3-trifluropropene, (E) (2)
1-bromo-3,3-difluropropene, (E) (2)
1-bromo-1,3-difluropropene, (E) (2)
1-bromo-2,3-difluropropene, (E) (2)
3-bromo-1,1,2,3-tetrafluropropene
1-bromo-3,3-difluropropene, (E) (2)
1-bromo-1,3-difluropropene, (E) (2)
1-bromo-2,3-difluropropene, (E) (2)
3-bromo-3,3-difluropropene
1-bromo-1,2-difluropropene, (E) (2)
3-bromo-2,3-difluropropene
3-bromo-1,1-difluropropene
3-bromo-1,3-difluropropene, (E) (2)
3-bromo-1,2-difluropropene, (E) (2)
2-bromo-1,1-difluropropene
2-bromo-1,3-difluropropene, (E) (2)
2-bromo-3,3-difluropropene

The parentheses indicate cis (Z) and trans (E) isomers.

Atmospheric lifetimes of some alkenes have been estimated to be on the order of a week
based on atmospheric OH radical reactions. The bromofluoroalkene, 2-bromo-3,3,3-
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trifluoropropene has been estimated to have atmospheric lifetimes of as low as 4 days.*”
Compounds with extremely low atmospheric lifetimes have proportionally less impact on global
atmospheric warming and as they do not survive long enough to reach the stratosphere they also
have little impact on stratospheric ozone depletion.

C) Toxicity studies on tropodegradable bromofluoropropenes

Extremely promising inhalation exposure acute toxicity testing of several alkenes
demonstrated no adverse effects by the tested compounds.**

While the limited toxicity data are promising, additional fluorination of these molecules
is desirable to reduce boiling points. Unfortunately increased fluorination (of double bonded
carbons in particular) may significantly, and possibly adversely, affect observed cup burner
values and toxicity. Overall, the bromofluoroalkenes have been promising, though their boiling
points may well limit their application in fire suppression at the lowest temperatures.

2. Phosphorus Acids and Esters - High Priority Chemical Families

The fire suppression performance of a number of phosphates and phosphonates has been
previously reported.**® The estimated extinguishment concentrations were not determined
using a cup burner, but instead were determined using a screening method based on Flame
lonization Detector response to each agent (Table 24). The gas chromatograph flame ionization
detector (FID) technique method utilized allows estimation of the hydrogen flame
extinguishment performance of a compound; however, FID extinguishment values and cup
burner extinguishment values are not equivalent.

The data presented in Table 24 indicate that in general the non-fluorinated phosphates
and phosphonates are likely to be excellent extinguishants. Principal drawbacks to these
compounds are their high boiling points and their flammability.

A recent NGP-sponsored project, titled Fluoroalkyl Phosphorus Compounds attempted to
overcome these drawbacks.*” Incorporation of highly fluorinated alkyl substituents in the
structures of these phosphonate and phosphate structures was expected to yield a reduction in
boiling point and inherent flammability (

Table 25). The following discussion from that final report is presented here for the
convenience of the reader.

The breakdown products of compounds P(OCH3)(CF3), and P(OCH>CF3)(CFs). in air are
predicted to be oxidation products containing P=0O and P-O-fluoro-alkane groups. These types
of compounds should be pursued, as the extinguishing performance of P(OCH,CF3)(CFs); is a
remarkable 1.8 volume %.

The observed air instability and markedly lower cup burner extinguishment of some P*®
phosphonates suggests that a strategy utilizing the heat and pressure of a solid propellant gas
generator to disperse the compound could result in an effective agent/dispersal method.
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Table 24. DERA Extinguishment Testing of Phosphorus Acids/Esters.

Compound

Structure

FID
Extinguishment
conc. (volume %)

Trimethyl phosphate

Dimethyl methylphosphonate

Diethyl methylphosphonate
Dimethyltrifluoroethyl phosphate
Diethyltrifluoroethyl phosphate
Diethylpentafluoropropyl phosphate
Diethylhexafluoroisopropyl phosphate
Diethylheptafluorobutyl phosphate
Diethyloctafluoropentyl phosphate
Bis(2,2,2-trifluoroethyl)-2.2,3.3,3-
pentafluoropropyl phosphate
Tris(2,2,2-trifluoroethyl) phosphate
Tris(2,2,3.3,3-pentafluoro-1-propyl)
phosphate
Tris(2,2,3,3,4,4,4-heptafluoro-I-butyl)
phosphate

O=P(OCHs);

O=P(OCHj5),CHs

O=P(OC;Hs)CHjs
O=P(OCHj3),0CH,CF3
O=P(OC;Hs),0CH,CF;
O=P(OC;Hs),O0CH,CF,CF;
O=P(OC;Hs),OCH(CFs3),
O=P(OC;Hs),0CH,CF,CF,CF;
O=P(OCH;Hs),0CH,CF,CF,CFCF,H

O=P(OCH,CF;),0CH,CF,CF;
O=P(OCHZCF3)3
O:P(OCHQCF2CF3)3

O:P(OCH2CF2CF2CF3)3

0.6t02.8
0.7
0.9
0.7
0.7
0.7
0.7
0.6
11

0.7
0.8
1.0

1.8

Table 25. Fluoroalkyl Phosphorus Compound Flame Extinguishment Results.

Compound — Formula (Boiling Point)

Cup Burner
Extinguishment

Observations on
Exposure of Test
Agent to Air

Tris(trifluoromethyl) Phosphonate, O=P(CF3)s,

(32 °C)

No flame lift-off or
extinguishment
@ 5 volume %

No white fumes, does
not ignite cloth

Bis(trifluoromethyl)methoxy Phosphite,

P(OCH;3)(CF3),, (55 °C)

Not tested

White fumes, ignites
spontaneously

Tris(2,2,2-trifluoroethoxy) Phosphite, P(OCH,CF3)s,

(130 °C)

3.1 volume%

No fumes, no ignition

Bis(trifluoromethyl) trifluoromethoxy Phosphate,

4.6 volume %

Some fumes, no

O=P(OCHG;)(CF3),, (42 °C) ignition
Bis(2,2,2-trifluoroethoxy) trifluoromethyl Phosphite, 0 Some fumes, no
P(OCH,CF=),CFs, (111 °C) 3.0 volume % ignition

Bis(trifluoromethyl) 2,2,2-trifluoroethoxy Phosphite,

P(OCH,CFs3)(CFs3),, (25°C @ 7 kPa)

1.8 volume %

Ignites cloth, no
spontaneous ignition,
fumes strongly

Bis(trifluoromethyl) 2,2,2-trifluoroethoxy
Phosphonate, O=P(OCH,CF3)(CFs),, (130 °C)

Flame lift-off, no
extinguishment
@ 5 volume %

No white fumes, does
not ignite cloth

Tris(trifluoromethoxy) Phosphonate, O=P(OCF3)3, (52

°C)

Synthesis
unsuccessful
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Phosphonates P(V), having only -CF3 groups are possibly too stable to react in a flame.
When compound 1, tris(trifluoromethyl) phosphonate O=P(CF3);, was tested at 5 volume %, no
evidence of flame lift-off was observable. Compound 4, a phosphonate, showed lift-off and
flame extinguishment well below 5 volume %. Compound 7, also a phosphonate, showed lift-
off, but no flame extinguishment, at 5 volume %. Limited data (compounds 1, 4, and 7) also
suggest that phosphonates may need sufficient hydrogen atoms in their structures to enable
compound breakdown in the flame zone in order to become chemically active as combustion
suppressants.

Only tris(trifluoromethyl) phosphonate, O=P(CF3); approached the desired boiling point
range. In the trade-off between higher degrees of fluorination to reduce the boiling point and
moderate hydrogenation for efficient fire suppression, there may limited further promise in this
family of compounds. This conclusion must be tempered by the observed low cup burner test
value (1.8 volume %) of bis(trifluoromethyl) 2,2,2-trifluoroethoxy  phosphite,
P(OCH,CF3)(CF3), and the tentative conclusion that it is likely that air reaction is converting it
to a very efficient flame suppressant. It cannot, however, be concluded at this point that the air
oxidation produces a complete conversion to a single compound or that the reaction is complete
by the time the products enter the flame zone.

The more volatile phosphine P (I1l) compounds with -CF; groups tend to be
spontaneously flammable, while those with fluoroethoxy groups were relatively stable (e.g.,
compound 3). While the higher boiling compounds clearly are not of practical value by
themselves for aircraft application, they could be incorporated in solid propellant gas generation
devices where adequate heat is available to fully vaporize, disperse, and possibly initiate the
thermal breakdown of the compound (Table 26).

Table 26. Estimated Low Temperature Limits.

- : Estimated Lowest
0
ialclll régupoéztrg;) Temperature at
Compound, Formula ~up Which Extinguishing
Extinguishment .
Value (volume %) Congentratlon is
Achievable (°C)
Bis(trifluoromethyl)methoxy Phosphine,
55, NA -38
P(OCHj3)(CF3).
Tris(2,2,2-trifluoroethoxy) Phosphite,
P(OCH,CFs)s 130, 3.1 30
Bis(trifluoromethyl) trifluoromethoxy 42 4.6 .32
Phosphonate, O=P(OCHj3)(CF3) T
Bis(2,2,2-trifluoroethoxy) trifluoromethyl
Phosphine, P(OCH,CF3),CF3 111,3.0 15
Bis(trifluoromethyl) 2,2,2-trifluoroethoxy ~100. 1.8 <5
Phosphine, P(OCH,CF3)(CFs), T -
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The possibility that some of these compounds, e.g., (bis(trifluoromethyl) 2,2,2-
trifluoroethoxy phosphite, P(OCH,CF3)(CFs3),), decompose on air exposure to yield highly
effective flame extinguishants is tantalizing, and the opportunity to implement such compounds
with gas generating dispersion aids may well be worth investigation. Compounds with higher
volatility (higher fluorine content) tend toward spontaneous flammability.

Several directions for further work in this area present themselves. While the testing
reported here exposed real limitations to phosphorus compounds as fire suppressants, it also
provided, as initially hoped, a basis for more focused research of promising compound structural
areas.

Given the observation of dramatically lower extinguishment concentration demonstrated
for (bis(trifluoromethyl) 2,2,2-trifluoroethoxy phosphite, P(OCH,CF3)(CF3),) and the possible
lower extinguishment for the untested tris(trifluoromethyl) phosphonate, O=P(CF3)s, several
compounds may demonstrate cup burner extinguishments of 1 volume % or lower. If
achievable, such low cup burner values would have the effect of raising the estimated boiling
point limit to 61 °C for agent application under -40 °C ambient conditions. This could open up
several new opportunities for use of very highly effective extinguishants (Table 6) if the time
were available to for the chemical to achieve its equilibrium vapor pressure.

The current compounds of interest are summarized in Table 27. Further consideration of
these compounds was suspended pending the results of acquisition and testing of more promising
chemical families.

Table 27. Fluorophosphorus Compounds of Interest

Phosphorus 111 Compounds Phosphorus V Compounds
P(OCH3)(CFH2): O=P(CHF,)3
P(OCH3)(CHF2), O=P(CHF;)(CF3),
P(OCF;)(CF3), O=P(CF3)(CHF2),
P(OCF3)s O=P(CFH,)(CFs),
P(CF3)3 O=P(CF3)(CFH2),
P(CH3)(CF3), O=P(CF3)3
P(OCHF;)(CF3), O=P(CF3)2(CF)
P(OCFH,)(CF3),

3. Fluoroamines - High Priority Chemical Family

Fluoroamines (and bromofluoroamines) are undoubtedly the most promising of the
nitrogen-containing compounds as potential halon replacements. There is evidence that some
could have low atmospheric lifetime, low toxicity, and good fire extinguishment capability.
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Table 28. Fluoroamine Boiling Points.

Compound Boiling Point (°C)
N(CF3)3 -10
N(CF3),CF=CF, 13.7
N(CF3),CHj3 11to 12
N(CF3),CF,CF3 20.5
N(CF3),CF,CHF; 32.0
N(CF3),CH,CH3 33to 34
N(CF3),CH,CHj3 33.3
N(CF3),CH,CF3 38
N(CF3)(CF,CF3), 46
N(CF3),CH,CF,H 50 to 52
N(CF,CF3)3 70.3

Amines are derivatives of ammonia (NHs) and have the general formula NRR’R”, where
at least one of the nitrogen substituents is an alkyl group. The others can be hydrogen atoms.
Due to toxicity concerns, the only compounds of interest are amines containing three alkyl
groups. Moreover, to decrease toxicity and corrosivity (by decreasing polarity) and to decrease
flammability, the alkyl groups should be at least partially fluorinated.

Research from the National Industrial Research Institute of Nagoya has focused on
fluoroalkylamines, with an emphasis on perfluoroalkyl derivatives, as fire suppressants.”® All of
their fluoroalkylamines inhibited flame propagation less efficiently than CFs;Br, but more
efficiently than HFC-227ea.

A thorough assessment of the atmospheric impact of fluorinated amines and of
bromofluoroamines (based on estimations and calculations) has been presented.*® For example,
the compound (CBrF,)(CF3)NCHj is estimated to have an atmospheric lifetime of 10 days and
an ODP of 0.006 relative to CFC-11."

Testing of N(CF3)3 as well as non-perfluorinated N(CF.x)Hx)s derivatives are targeted.
In addition, the amine N(CF;),CF=CF; is expected to have a lower atmospheric lifetime due to
the presence of its -CF=CF, group, making this compound of especially strong interest for
acquisition and testing (Table 29). Further consideration of these compounds was suspended
pending the results of acquisition and testing of the more promising brominated chemical
families.
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Table 29. Fluoroamines of Interest

Compound
N(CF3).CF.H N(CF;H)2(CFHy)
N(CFs).CFH; N(CF3)(CF2H)(CHs)
N(CF,H),CF;3 N(CF2H)(CFH2)(CFH,)
N(CF2H)s N(CF3)(CFH2)(CHs)
N(CFs3),CHjs N(CF,H)(CF;H)(CHs)
N(CFs)(CF2H)(CFH) N(CFs)s
N(CF3)(CFH2). N(CF3)2(CF=CF)
4, Brominated Fluoroamines - High Priority Chemical Family

Bromofluoroamines (and fluoroamines) are undoubtedly the most promising of the nitrogen-
containing compounds as potential halon replacements. There is evidence that some could have
low atmospheric lifetime, low toxicity, and good fire extinguishment capability. Boiling points
of bromofluoroamines range down to as low as 40.6 °C (Table 30). Cup burner extinguishment
studies of a very limited number of compounds have demonstrated excellent extinguishment
performance (

Table 31).
Table 30. Bromofluoroamine Boiling Points.
Formula Boiling Point, °C
(CF3)2,NCBrF, 40.6
(CF3)2,NCF,CBrF; 59.5
N(CFg)z(CHFCFZBr) 712
N(CFs3)2(CH,CF;Br) 80
Table 31. Tropodegradable Bromofluoroamines.

Compound, Formula Bmh(r:g;omt %/l:)?uEr;rlljer[’]/i));
Bis(trifluoromethyl)-2-bromo-1,2,2-trifluoroethyl 72 2.4*
amine, N(CF3)2(CHFCF,Br)

Bis(trifluoromethyl)-2-bromo-1,1,2-trifluoroethyl 72

amine, N(CF3)2(CF,CFHBr)

Bis(trifluoromethyl)-2-bromo-2-fluoroethylamine, 80 2.4
N(CF3)2(CH,CF,Br)

* Results of a 60/40 blend of N(CF3),(CHFCF,Br) and N(CF3),(CF,CFHBr)
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In order to achieve a lower atmospheric lifetime fluorination of the alkyl substituents can
not be complete. With this restriction in mind several bromofluoroamines compounds are of
interest and were sought (Table 32).

Table 32. Bromofluoroamines of Interest.

Compound
N(CFH,)(CF,H)(CFHBY) N(CFs),CFHBr
N(CH3)(CF3)(CFHBr) N(CF3)(CF,H)CF,Br
N(CH,F)(CF3)(CH.Br) N(CF3)(CF,H)CFHBr
N(CF,H)(CF;H)(CH:Br) N(CF,H)(CF;H)CF,Br
N(CFHy)(CF;H)(CH.Br) N(CFH2)(CF3)CF,Br
N(CFH2)(CFH,)(CFHBr) N(CF2H)(CF,H)(CFHBT)
N(CHs)(CFH,)(CF2Br) N(CFH,)(CF3)(CFHBr)
N(CH3)(CF.H)(CFHBr) N(CF3)(CF,H)(CH,Br)
N(CF,H)(CF,H)(CFHBr) N(CH3)(CF3)(CF,Br)
N(CFH2)(CFH,)(CFHBr) N(CHs3)(CF;H)(CF,Br)
N(CFH,)(CFH,)(CF,Br)

5. Manganese and Tin Compounds - High Priority Chemical Family

There are practically no data on fire suppression properties of manganese-containing
compounds. Manganese acetylacetonate is a very effective inhibitor based on data obtained
from an ethanol/air counter-flow burner experiments. It was found to be more effective than iron
pentacarbonyl on a molar basis.®® Methylcyclopentadienyl manganese tricarbonyl (MMT) is
well known as an antiknock fuel additive.

The fire suppression efficiency of tin-containing compounds is expected to be high. The
ratio of effectiveness of SnCl, relative to CF3Br is 5.7, based on flame speed measurements in
hydrogen/air and hexane/air flames.”**?> The fire suppression efficiencies of the following tin-
containing compounds have been investigated: SnCl,, SnCly, Sn(CHs)4. Further consideration of
these compounds was suspended pending the results of acquisition and testing of the more
promising brominated chemical families.

Table 33. Tin Compounds.

Compound Boiling Point (°C)
Sn(CHa)4 78
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6. Bromofluoropropene Oxides - High Priority Chemical Family

No studies of the flame extinguishment properties of brominated fluoropropene oxides
have been reported. These compounds are expected to be stable under storage and may
decompose readily in the flame front to liberate the chemical fire suppressing bromine atom.
Their atmospheric lifetimes are expected to be short, but this needs to be confirmed.

Cup burner values for these monobrominated compounds should be similar to halon
1301, with specific values possibly reflecting the location of the bromine in the molecule.
Boiling points for the bromoperfluoropropene oxides (oxiranes) are estimated to be between 0
°C and 10 °C. They can potentially be synthesized in a single step from existing
bromofluoropropenes by a partial oxidation of the alkene bond. CF,(O)CFCF,Br (3-bromo-1,2-
perfluoropropene oxide), CF,(O)CBrCF; (2-bromo-1,2-perfluoropropene oxide), and
CFBr(O)CFCF; (-bromo-1,2-perfluoropropene oxide) were successfully sourced.

7. lodinated Alkanes - Medium Priority Chemical Family

lodides are efficient fire suppressants with low atmospheric lifetimes (Table 34).

Table 34. Flame Extinguishment Comparison Data.

Cup Burner Flame
Formula Extinguishment,
volume %
CF3Br 2.9
CFsl 3.0
CoFsl 2.1
CsF/I 3.0
C4Fol 2.8
CeFusl 2.5
Cs Fy7l 1.9
C4Fsl; 2.1

While boiling points of some iodoalkanes are low enough to make them of interest as
possible fire suppressant for aircraft applications (Table 35), further consideration of these
compounds was suspended pending the results of acquisition and testing of the more promising
brominated chemical families.
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Table 35. lodoalkane Boiling Points.

Formula Boiling Point (°C)
CFsl -22.5
CHF,l 21.6
CH,FI 53.5
CH;sl 42.5
CoFsl 12
CF3;CHal 55
CHF,CF;l 39.4
CsFl 41.2
C4Fol 67

Previously the only iodoalkane known to have a sufficiently low toxicity and acceptable
properties to be applied to fire protection needs was CF3l. Because this compound’s LOAEL is
0.5 volume %, it is unacceptable for use in normally occupied areas.

While CFsl has been well studied as a possible fire suppressant, little effort has been
applied to other compounds in this family. Again, further consideration of these compounds was
suspended pending the results of acquisition and testing of the more promising brominated
chemical families.

8. lodinated Alkenes - Medium Priority Chemical Family

These compounds have been completely unstudied as fire suppressants. To the best of
our knowledge, no extinguishment studies have been carried out on any iodoalkene. The effect
of the double bond on extinguishment is uncertain; however, it is possible that some highly
halogenated, lower molecular weight alkenes are flammable.>®

The potential compounds of interest (Table 36) are expected to possibly have stability
and toxicity problems and therefore further consideration of these compounds was suspended
pending the results of acquisition and testing of more promising chemical families.

Table 36. lodinated Alkenes of Interest.
Compounds
CF,=CFI CFH=CHI
CF,=CHI CH,=CFI
CFH=CFI
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9. Brominated Ethers - Medium Priority Chemical Family

Only two studies of fire suppression by of hydrobromofluoroethers (HBFES) have been
carried out. CH,=CBr(OCF;3)CF,CF3, which is unsaturated, has a cup burner extinguishment
concentration of 3.8 volume %.%*° CHs;-O-CF,CHBIF has been estimated to have a heptane cup
burner flame extinguishment value of 4.2 volume %.%

Cup burner performance and boiling points for CH,Br-O-CF3, (3.2 volume %, 39 °C to
41 °C) and bromomethyl difluoromethyl ether, CH,Br-O-CF,H, (3.6 volume %, 70 °C) are
promising (Table 37). Substituting additional fluorine for a hydrogen on CH,Br-O-CF; may
yield a compound (two structural isomer are possible) with a boiling point in the vicinity of
20 °C to 30 °C, suggesting that additional fluorination is worth a try. Ethers may well have
superior long term materials stability with respect to the alkenes.

Table 37. Brominated Fluoroether Flame Extinguishment Data.

- . Cup Burner
Compound Formula Bmh(r;gg:;’omt Flame
Extinguishment
Bromomethyl trifluoromethyl ether CH,Br-O-CF; 39-41 3.2 volume %
Bromomethy!l difluoromethyl ether CH,Br-O-CFH 70 3.6 volume %

The boiling points for brominated fluoro-ethers are generally higher than desirable (Table
38). This has led to a focused effort to study the C, bromofluoroethers.

Table 38. Brominated Fluoroether Boiling Points.

Formula HBFE (or HFE) Boiling Point (°C)
CH3-O-CF=CBrF 67
CH3-O-CF=CBrF 59
CH3CH,-O-CF,CH,Br 70
CF3-O-CH,CH,Br 78.5
CH,BrCH=CFCF,-O-CH3 74
CH3CH,CH,-O-CF,CHFBr 75.2
CHF,-O-CF,CHBrF 73
CH3CH,-O-CF,CHBTr, 65
CH3CH,CH,-O-CF,CHBr; 72.2

Based on available data there are several brominated fluoro-ethers whose extinguishment
and boiling points may be suitable, TABLE 39. Synthetic approaches to some of these
compounds have been reported and suppliers were sought.>*

49



Table 39. Brominated Fluoroethers of Interest.

Compound
CF,Br-O-CHyF CHFBr-O-CF;
CHFBr-O-CHF; CF,Br-O-CF;

CF2Br-O-CHF;

10. Fluorinated Aldehydes and Ketones - Medium Priority Chemical Families

Fire suppression data are almost completely unknown for fluorinated carbonyl
compounds. A major exception, however, is dodecafluoro-2-methylpentan-3-one,
CF3CF,C(O)CF(CF3),, which has a propane cup burner heptane extinguishment value of
3.5 volume %.” This can be compared with values of 3.6 volume % for halon 1211 and
43 volume % for halon 1301 with the same fuel.”® Unfortunately, data for n-heptane
extinguishment with this perfluorinated ketone have not been reported. Hexafluoroacetone,
CF3COCFs3, has a cup burner extinguishment value of over 6 volume %.

In the absence of the recent results reported for CF3CF,C(O)CF(CF3),, there was little to
recommend the fluorinated ketones as extinguishants. This is still true for the aldehydes;
however, at least some of the fully fluorinated ketones may have acceptable environmental and
toxicity characteristics. Little is known about the fire extinguishing capabilities although studies
are under way.

These two families are not under consideration, as they lack a chemical fire suppression
feature. Further consideration of these compounds was suspended pending the results of
acquisition and testing of more promising chemical families

11. Phosphorus Halides and Phosphonitriles - Medium Priority Chemical
Families

There are some enticing flame data on phosphorus halides (Table 40). Thus, despite the
expected or known high toxicity and corrosivity of these compounds, it would be valuable to
verify the flame suppression data. Further, it would be useful to examine the possibly more
stable, totally fluorinated compounds, PF; and O=PF;. Boiling points for some phosphorus
halides are encouraging (Table 41).
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Table 40. Phosphorus Halide Cup Burner Flame Extinguishment.

Compound Efficiency Relative to
Halon 1301
PCl; 6.71t06.9
PBr3 4.61t06.9
O=PCl3 5.2
S=PCl; 8
S=PBr3; 6.7to0 6.9

Table 41. Phosphorus

Halide Boiling Points.

Compound Boiling Point (°C)
PF3 16.5
PF,Br 23.9
PCl; 30.5
PBr3 38.8
O=PF; -39.7
O=PF,Br 30to 32
O=PCl; 34.4

Attractively low cup burner flame extinguishment concentrations have been found for
several phosphonitriles (Table 42).2%* The first of these compounds was even more efficient at
extinguishing an opposed flow diffusion flame.®> A number of polyfluoroalkoxy-substituted
compounds (e.g., PsN3(OCH,CF3)s) have shown very good extinguishments characteristics,***
although their boiling points are far too high for consideration as halon 1301 alternatives

Table 42. Phosphonitrile Flame Extinguishment.

Cup Burner

Compound Extinguishment Value
(volume %)
P3NsFs 1.08 + 0.07
PsN3CIFs 0.91 +£0.02
P3N3CloF, 0.96 £ 0.08

Further consideration of these compounds was suspended pending the results of
acquisition and testing of more promising chemical families
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12. Iron Compounds - Medium Priority Chemical Family

These compounds contain Fe bound to inorganic or organic ligands.

The flame inhibition efficiency of iron-containing compounds is high. The coefficient of
effectiveness of iron pentacarbonyl and ferrocene relative to CFsBr is 50 to 100 based on flame
speed measurements in methane/air and hexane/air flames.>**>®  Measured extinction
concentrations for iron pentacarbonyl are 1.7 volume % (ethanol flame®’) and 0.23 volume %
(methane flame).>®

The list of iron containing compounds for which flame suppression and/or extinction data
exist include: iron pentcarbonyl, ferrocene, and iron acetylacetonate, (KsFe(CN)s.3Hz0,
KasFe(CN)s, Naz[Fe(CN)sNO].2H20, NasFe(CN)s.10H20, Fe(CFs-CO-CH=CO-CF3)s3).

The high flame inhibition effectiveness of these compounds has already been established,
but no fires have been suppressed by an iron-containing compound. There is also the issue of
their effective delivery to the fire, which is being addressed in other NGP projects. Further
consideration of these compounds was suspended pending the results of acquisition and testing
of more promising chemical families

13. lodine Containing Ethers - Low Priority Chemical Family

Nothing is known about the effectiveness of the iodinated derivatives. There is no reason
to believe that the suppression capabilities will significantly differ from those of the
fluoroiodoalkanes, the hydrofluoroiodoalkanes, or the equivalent brominated compounds.

The lightest iodine-containing ether, iodomethyl methyl ether (iodomethoxymethane) has
a relatively high boiling point of 122 °C at 101 kPa (1 atm).*® It is expected that due to the
higher molecular weight (all compounds must contain at least two carbon atoms and an oxygen
atom) and the presence of iodine, compounds will have properties that are less than suitable for
total flood application. Further consideration of these compounds was suspended pending the
results of acquisition and testing of more promising chemical families.

14, Bromofluoro-Alcohols - Low Priority Chemical Family

Boiling points of the brominated fluoro-alcohols are higher than is desirable for a total
flooding agent and even possibly too high for use in streaming agent applications (Table 43).
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Table 43. Bromofluoro Alcohol Boiling Points.

Boiling Point
Compound (o%)
CBrF,CH,OH 67
CF3CHOHCH,Br 124
CHBrFCH(OH)CF; 124
CHFBrCF,CH,0OH 149
CF3CBrFCH,0OH 97
CF3;CHBrCH,OH 108
CF3CH(OH)CHBrCHg3 66
CF3;CBrFCH(CH3)OH 112
CF3CBrFC(CHs),0H 128
CF3;CH(OH)CHBrCH,CHjs 94
CF3;CH(OH)CBr(CHs)CHs 68
CF3CBrCIC(CHz3),0H 137
CF3CBr,C(CH,),0H 152
CF3CHOHCHBT, 156
CBr,FCH,0OH 85

CF3CHOHCH,Br is reported to have an n-heptane cup burner extinguishment value of
4.1 volume %%, and it is also reportedly to extinguish the H/CH, flame in a GC/FID at
3 volume %.% A cup burner value of 4.87 volume %, is reported for the dibromo compound,
CFsCHOHCHBI,.%'  Further consideration of these compounds was dropped in favor of
acquisition and testing of more promising chemical families.

15. Fluorinated and Brominated Nitriles - Low Priority Chemical Family

There is no evidence or reason to believe that the nitrile group itself possesses an intrinsic
(chemical) fire suppression capability. Nonhalogenated nitriles are known or are expected to be
flammable. Fluorination may well reduce flammability and these compounds would act mainly
as physical suppressants. The addition of bromine or iodine would impart a chemical flame
inhibition property to nitriles.

A cursory examination of the possibility for inherent fire suppression capability of the
nitrile group is being pursued and two compounds have been targeted for acquisition. The low
boiling points of both compounds are unique, Table 44. CF3;CN is potentially the lowest boiling
possibly tropodegradable compound vyet identified, and CF,BrCN is the lowest boiling
brominated potentially tropodegradable compound yet identified. A positive fire suppression
test result in either case will stimulate a closer look at this family though toxicity is a concern.
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Table 44. Low Boiling Fluorinated and Brominated Nitriles.

Compound Formula Boiling Point
Trifluoroacetonitrile CF;CN -67C
Bromodifluoroacetonitril CF,BICN 3

e

16. Copper Compounds - Low Priority Chemical Family

The existing data on the fire suppression efficiency of these compounds is contradictory.
CuO was found to be ineffective for suppression of a methane flame?® and was characterized as
a thermal inhibitor.* Cuprous chloride (CuCl), however, was found to be an effective inhibitor
in methane flames. The inhibition effectiveness of CuCl relative to CF3Br is 4 to 12 based on
flame speed measurements in methane/air flames.*® It is reported that copper acetate
monohydrate, copper carbonate, Cu,O, CuO, CuCl, and CuCl, are all ineffective at suppressing
the ignition of methane/air flames.*?® Further consideration of these compounds was dropped in
favor of acquisition and testing of more promising chemical families

17. Sulfoxides - Low Priority Chemical Family

Since the nonhalogenated compounds are generally flammable, and only the highly
halogenated compounds are of interest. No fire suppression tests have been conducted on these,
and there is no evidence indicating that the -S- group itself possesses an intrinsic chemical fire
suppression capability. A sulfur dioxide cycle has been proposed to inhibit combustion by
removal of hydrogen atoms.*” Added bromine or iodine would impart chemical flame
suppression effectiveness.

The sulfides suffer from several drawbacks: no distinctive fire suppression efficiency and
potential toxicity, reactivity, and materials compatibility problems. However, the possibility that
atmospheric lifetimes could be very short for brominated compounds makes a screening study of
the smaller bromo-fluorosulfides desirable.

Table 45. Sulfoxide Boiling Points.

Compound Boiling Point ( °C)
CH3-S-CH3 37.5
CF3-S-CF; -22
CF3-S-CoFs 6.3
CF3-S-CsF+ 38.6
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B. DOWN-SELECTION OF CHEMICAL FAMILIES FOR STUDY

Past research has identified chemical families with the potential to satisfy environmental
concerns regarding ODP and GWP criteria while also satisfying the need for a chemically active
fire suppressant mechanism.®>  Very limited toxicity testing has significantly advanced the
candidacy of the tropodegradable bromofluoroalkenes. This testing has also served to highlight
one of the most serious challenges facing continued progress in the halon replacement effort.

These families are all further reviewed in this section with respect to the general boiling
point limits expected to define applicability to aircraft fire suppression. Additional brominated
chemical families were also identified as having low boiling points and possibly shorter
atmospheric lifetimes. The combined list of chemical families (Table 46) served as the focus of
compound acquisition and extinguishment testing.

Table 46. Potentially Low Boiling Chemical Families.
Chemical Family

Bromofluoro propenes and ethenes

Bromofluoro dimethyl ethers or methyl ethyl ethers
Bromofluoromethylamines and n-Bromofluoromethylamines
Bromofluoroimines

Bromofluoropropene oxides (oxiranes)
Bromofluoro acetonitriles

C. SELECTED CHEMICAL FAMILIES COMPOUND ACQUISITION

With the results of past evaluations as a guide selection of chemicals from the previously
identified families of greatest interest (listed below) was initiated. The search for chemicals and
efforts to acquire and characterize extinguishment performance in each case is described for each
of the listed chemical families.

The low temperature conditions experienced by aircraft whether located in extreme
climates or in flight at altitude greatly impact selection of chemical agents and their methods of
discharge. While some estimates of fire suppression application needs are as low as -60 °C more
recent analysis seem to suggest that application temperatures in the -20 °C range could be more
representative of actual aircraft fire suppression application needs.

Regardless of the chemical family under consideration, low boiling points are most easily
achieved by keeping molecular weight to a minimum (while avoiding flammability of the
compound). These goals are somewhat in opposition as non-flammability can only be achieved
through sufficient, usually 50 %, substitution of fluorine atoms for hydrogen atoms in the
molecular structure. Too much fluorination in a molecule, while generally but not always
imparting a lower boiling point and decreased flammability, can result in increased atmospheric
lifetimes. This is an issue that affects ethers in particular.
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1. Brominated Fluoroalkenes

Brominated fluoroalkenes are of great interest. Of the compounds previously acquired,
extinguishment and toxicity results are for the most part promising. With the focus on the lowest
boiling alkenes, the direction of compound acquisition and testing focuses primarily on tetra-
fluorinated and pentafluorinated bromopropenes and some selected bromofluoroethenes (Table
47).

Table 47. Bromofluoropropenes and Bromofluoroethenes.

Compound Name Formula Boiling Point (°C)
1-Bromo-1,2,3,3,3-pentafluoropropene CBrF=CF-CF; 2710 28
2-Bromo-1,1,3,3,3-pentafluoropropene CF,=CBr-CF; 25 to 26
3-Bromo-1,1,2,3,3-pentafluoropropene CF,=CF-CBrF; --
1-Bromo-1,3,3,3-tetrafluoropropene CBrrF=CH-CF3 -
1-Bromo-2,3,3,3-tetrafluoropropene CBrH=CF-CF; 32t0 34
2-Bromo-1,3,3,3-tetrafluoropropene CHF=CBr-CF; 291t0 31
3-Bromo-1,1,3,3-tetrafluoropropene CF,=CH-CBrF; 321033
2-Bromo-1,1,3,3-tetrafluoropropene CF,=CBrCF,H -
1-Bromo-1,2,3,3-tetrafluoropropene CFBr=CFCF;H --
3-Bromo-1,1,2,3-tetrafluoropropene CF,=CFCFHBr --
1-Bromo-1,2,2-trifluoroethene CF,=CFBr
1-Bromo-1,2-difluoroethene CFH=CFBr 20 to 24 (est.)

These chemical families of bromofluoropropenes represent a wide range of structural
possibilities and variations of physical properties. The tetrafluorinated and pentafluorinated
bromopropenes alone represent 17 unique compounds, some of which are cis (Z) and trans (E)
isomers of one another (Table 48).
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Table 48. Tetra- and Pentafluorinated Bromopropenes.

Formula Chemical Name
CF,=CBrCF; 2-bromo-1,1,3,3,3-pentafluropropene
CFBr=CFCF3 1-bromo-1,2,3,3,3-pentafluropropene, (E) (Z)
CF,=CFCF,Br 3-bromo-1,1,2,3,3-pentafluropropene
CF,=CHCF,Br 3-bromo-1,1,3,3-tetrafluropropene
CFH=CBrCF; 2-bromo-1,3,3,3-tetrafluropropene, (E) (2)
CHBr=CFCF3 1-bromo-2,3,3,3-tetrafluropropene, (E) (2)
CFBr=CFCF;H 1-bromo-1,2,3,3-tetrafluropropene, (E) (2)
CFBr=CHCF; 1-bromo-1,3,3,3-tetrafluropropene, (E) (2)
CHF=CFCF,Br 3-bromo-1,2,3,3-tetrafluropropene, (E) (2)
CF,=CFCFHBr 3-bromo-1,1,2,3-tetrafluropropene
CF,=CBrCF;H 2-bromo-1,1,3,3-tetrafluropropene

Identifying brominated fluoroalkenes boiling well under 30 °C requires consideration of
ethene-based candidates. In some ethenes (e.g., CF,=CFBr), a high degree of fluorination results
in flammability on exposure to air, so the outcome of this approach was not promising. In fact,
only one ethene remained as a possible candidate for consideration under this project. Reported
nonflammability of 1-chloro-1,2-difluoroethene directed attention to the acquisition of this
compound’s brominated analogue: 1-bromo-1,2-difluoroethene.

a) Preparation of 1-Bromo-1,2-Difluoroethylene

A review of approaches to this compound yielded positive results. The published
literature route was determined to represent the best method of preparing 1-bromo-1,2-
difluoroethylene and the compound was successfully prepared. The literature approach® is
outlined as follows:

Br, SbF3 Zn
CHF=CBr, -> CHFBrCBr; > CHFBrCFBr, -> CHF=CFBr

This process has two major drawbacks. Firstly, it involves the use of highly corrosive,
toxic and difficult to handle antimony trifluoride. Secondly, the starting material, CHF=CBr, is
not commercially available and a synthesis for it had to be developed. In theory there are other
potential ways to make bromo-1,2-difluoroethylene, but experience indicated that this
combination of reactions represented the best practical chance of success.

The cup burner extinguishment performance of 1-bromo-1,2-difluoroethene is not
remarkable. Interestingly, the compound 1-bromo-2,2-difluoroethene, CHBr=CF,, which is a
structural isomer, is flammable. While 1-bromo-1,2-difluoroethene cup burner extinguishment
performance of 8.4 volume % is outside the desired range for continued consideration, these
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results did demonstrate the effects of structural isomerism on flammability in these very small
molecules. While 1-bromo-1,2-difluoroethene serves as a bromine carrier, this was clearly not
sufficient to assure an acceptable cup burner value.

Table 49. Low Boiling Bromofluoroalkene Cup Burner Values.

Cup Burner
Compound Boiling Point (°C) Extinguishment

(volume %)
1-Bromo-pentafluoropropene 27 3.1
2-Bromo-pentafluoropropene 25 3.5
3-Bromo-1,1,3,3-tetrafluoropropene 33 3.3
2-Bromo-1,3,3,3-tetrafluoropropene 29 3.5
2-Bromo-1,1,3,3-tetrafluoropropene 29 3.3
1-Bromo-2,3,3,3-tetrafluoropropene 30 (est.) 3.3
2-Bromo-3,3,3-trifluoropropene 3210 34 3.1
1-Bromo-1,2-difluoroethene 20 to 24 (est.) 8.4

Trifluorinated, tetrafluorinated and pentafluorinated bromopropenes all are good
extinguishants with no indications of flammability. =~ A further down-select of the
bromofluoropropenes  would require atmospheric lifetime and toxicity testing.
Bromofluoropropene boiling points significantly lower than 25 °C are extremely unlikely. If
adequate means are found to disperse these compounds they may yet prove useful in some
aircraft applications.

2. Bromofluoro Ethers

Prior work had concluded that the bromofluoroethers would likely be effective flame
suppressants and that their environmental performance, as measured by atmospheric lifetime,
possibly acceptable. Toxicity estimates were also favorable. The focus on low boiling
compounds focused consideration on bromofluorodimethyl ethers and a few bromofluoromethyl
ethyl ethers. Compounds having at least a one-to-one ratio of fluorine to hydrogen again
provides some assurance of probable nonflammability.

With variation in site of bromination and fluorinating, a large number of structural
isomers are possible even with this very limited range of ethers. The number of compounds was
reduced through a selection process which focused on the most symmetrically substituted
compounds (lower expected boiling point) and those compounds expected to be the least polar
based on calculated octanol-water partition coefficients. This latter criterion is generally
expected to select the least toxic compounds. Even with such limiting selection criteria, the
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resources available to prepare compounds were sufficient to allow only a few compounds to be
prepared.

With compound selection criteria based on an upper limit cut-off of 30 °C for the boiling
point of a compound to be considered, the number of brominated fluoroethers becomes very
limited, and unfortunately those of greatest interest, the bromofluorodimethyl ethers, are not
readily synthesizable due for the most part to a lack of starting materials.

Synthesis of the brominated dimethyl ethers was first presented at the 1991 HOTWC.?
Further clarification and elaboration from the author of this report enabled the successful
synthesis of bromodifluoromethyl difluoromethyl ether, CF,Br-O-CF,H.” This information
indicated that as elemental bromine will not substitute into these ethers in good yields without
decomposition, the more reactive interhalogen compound, bromine chloride, should be
employed. In this method, equimolar amounts of chlorine and bromine form bromine chloride
on short pre-irradiation of the halogen mixture prior to introduction of the fluorinated ether. A
small excess of bromine suppresses virtually any chlorination, but too large an excess of bromine
significantly slows the rate of reaction. Stepwise bromination of the dihydryl fluoroether, HCF,-
O-CFH is observed under these conditions. Additional synthetic information provided valuable
insight and enabled the successful synthesis of adequate amounts of CF,Br-O-CF,H for very
limited extinguishment testing. That information included:

1. Employ a high pressure Hg lamp. The high pressure lamp gives a pressure broadened
spectrum unlike the older medium or low pressure lamps and therefore provides an increased
rate of reaction. Medium and low pressure lamps do not sufficiently promote this reaction.

2. Eliminate all O, and H,O from the bromine and chlorine reactants and the
bisdifluoromethyl ether. Remove all oxygen (both O, and H,O) from all glassware and
photolysis equipment. These are extremely important steps, and failure of the reaction will result
if they are not followed.

3. Adjust the Br,/Cl; ratio such that Br; is in very slight excess to Cl,. The amount of
Br, employed is approximately stoichiometric to the halocarbon (fluoroether) being brominated.
This method was reported to require only a couple of hours of photolysis. In the reaction,
chlorine abstracts hydrogen, and bromine then adds to form the product. If too high a Br; to
halocarbon ratio is employed, the reaction slows down due to light absorption. If too much
chlorine is present, chlorination of the ether occurs instead of the desired bromination.

It was emphasized that the reaction is tricky and several attempts will likely be needed to
optimize the synthetic conditions. With recycling of unreacted reactants, a high yield may well
be achieved.

The cup burner extinguishment performance (Table 50), of the sample of approximately
6.5 volume % bromodifluoromethyl difluoromethyl ether was initially calculated as if the sample
were 100 % pure. If the observed 3.7 volume % extinguishment value is corrected for the actual

* Personal communication of the authors with Dr. J. Adcock, University of Tennessee, June to July 2005.
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65 % purity of the sample, an extinguishment value of 2.4 volume % is obtained. It is unlikely
that the major impurity in this sample (bisdifluoromethyl ether) contributes significantly to
extinguishment at its effective low concentration of 0.9 volume %. The remaining impurities in
this sample included predominantly chlorinated analogues to the desired product. Based on
these results, bromofluoromethyl trifluoromethyl ether (CFHBr-O-CF3) would also be of
interest. However, the fluoroether starting material (CFH,-O-CF5) is not available.

Bromofluoro ethers exhibit some of the lowest boiling points of any of the compounds
tested. The toxicity of ethers is relatively low and the ether linkage has a relatively low
biological and chemical reactivity. There are an abundant number of structural isomers, and
boiling points as low as 20 °C to 24 °C appear to be possible. Limited atmospheric lifetime
estimates® suggest the possibility of acceptable performance over a range of many of these
compounds.

Table 50. Bromofluoro Ether Cup Burner Testing Summary.

Boilin Cup Burner
Compound, Formula . og Extinguishment
Point (°C)
(volume %)

1-Bromo-1,2,2-trifluoroethyl trifluoromethyl ether, 42 < 45
CF3OCFBrCF;H '
2-Bromo-1,1,2-trifluoroethyl trifluoromethyl ether, 37 < 45°
CF3OCHFCF,Br '
Bromomethy! trifluoromethyl ether, CH,Br-O-CF; 39 3.2
Bromodifluoromethyl difluoromethyl ether, CF,Br-O- 20to 24 3.7 (2.4)°
CFyH? (est.) A

a Impure sample: 65 % bromodifluoromethyl difluoromethyl ether, 25 % bisdifluoromethyl ether, 10 % other ethers
b Estimated extinguishment value, based on 65 % purity

¢ Upper limit extinguishment value.

3. Bromofluoropropene Oxides

The propene oxides (or oxiranes) were expected to be low boiling compounds. As
carriers of bromine there was potential for them to exhibit acceptable flame extinguishment
properties as well. Testing indicates that perfluoropropene oxide has a cup burner value of
9.6 volume %.%* 1t’s toxicity is unknown. These compounds are expected to be stable under
storage and may be readily attached by OH radicals. Their atmospheric lifetimes may well be
short, but this suspicion is unconfirmed.

There are three possible bromine locations in the pentafluorinated propene oxide
molecule. Further isomerism due to the formation of one or more optically isomeric carbons
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results in further isomeric complexity. This complexity yields a total of eight unique
compounds, as shown in Figure 20.

@) O

o)
CF3 CF3 CFoBr
FBr F, F,

F Br F

1-Bromopentafluorooxirane 2-Bromopentafluorooxirane 3-Bromopentafluorooxirane
(4 optical isomers possible) (2 optical isomers possible) (2 optical isomers possible)

Figure 20. Structural and Optical Isomerism of Bromopentafluoropropene Oxide.

These compounds might also potentially be synthesized in a single step from existing
bromofluoropropenes by a partial oxidation of the alkene bond. These compounds are expected
to be stable under storage and may be readily attached by OH radicals. Their atmospheric
lifetimes may well be short, but this is unconfirmed.

Synthesis of 3-bromopentafluorooxirane has been reported. A brief survey of the
literature also revealed that 30 volume % hydrogen peroxide in a basic medium had been used
successfully in the epoxidation of fluorinated alkenes such as hexafluoropropene.®

Of these only 3-bromopentafluorooxirane has been reported (USP 5,557,010),
CAS# 181951-69-9. Examination of this patent reveals no experimental data for its production,
although it does reference an earlier patent (USP 3,536,733), which describes reaction of oxygen
with perfluoroallyl chloride at 160 °C and 2 MPa to give a 28 % vyield of 3-
chloropentafluorooxirane, again with no mention of addition to perfluoroallyl bromide.

The use of oxygen at high pressure is impractical for small-scale manufacture, so the
supplier initiated a brief study into alternative methods for epoxidation of
bromopentafluoropropenes that would be suitable for the manufacture of 10 g to 100 g of the
corresponding oxiranes.

A brief survey of the literature also revealed that 30 volume % hydrogen peroxide in a
basic medium had been used successfully in the epoxidaiton of fluorinated alkenes such as
hexafluoropropene. (See, for example, Angew. Chem. Int. Ed. Engl. 24, (1985) 161-179.)

CFBr(O)CFCFs (-bromo-1,2-perfluoropropene oxide) was eventually successfully
synthesized and its flame extinguishment properties determined (Table 51). Given the
unspectacular cup burner results, further investigation of the bromofluoropropene oxides was
halted.
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Table 51. Bromofluoropropene Oxide Cup Burner Testing Summary.

Cup Burner
Compound Boiling Point (°C) Extinguishment
(volume %)
2-Bromopentafluorooxirane 20 (est.) 4.9
1-Bromopentafluorooxirane Unknown Not Acquired
3-Bromopentafluorooxirane Unknown Not Acquired
4, Bromofluoro- and N-Bromofluoroamines, Imines and Nitriles

Bromofluoroamines have been studied previously. However, the boiling points of
acquired compounds representing bromine and fluorine substituted dimethyl ethyl amines were
well outside acceptable volatility limits. Bromofluoronitriles, as well as the related n-brominated
amines, imines and nitriles were not considered as candidate fire suppressants until recently.
This is in large measure due to a lack of availability of starting materials and facilities willing to
attempt the chemistry.

Synthetic approaches to some of these nitrogen-containing compounds have been
reported.®®®"®® Several compounds have very low boiling points and warrant further study and
confirmation. The two compounds, n-bromobistrifluoromethylamine, ((CF3).N-Br, boiling point
22 °C) and N-bromo-difluoromethanimine, (CF,=NBr, boiling point 14 °C) have low boiling
points near the screening limit, and bromodifluoroacetonitrile, (CF,BrCN, boiling point 3 °C) is
well below the boiling point criterion. These compounds may be toxic. However, as possibly
environmentally acceptable compounds with boiling points lower than 30 °C are very rare, initial
evaluation is warranted. The synthesis of the first two of these compounds, as well as other
related bromofluoro- and n-brominated amines, imines, nitriles (Table 52) was attempted.

Attempts to source two compounds that, due to their low boiling points, are of particular
interest have made significant progress. Published syntheses for (CF3),NBr, boiling point 22 °C,
and CF,=NBr, boiling point 14.7 °C, indicated that preparation of these compounds is feasible in
relatively high yield.**®"*  Availability of the useful intermediate, perfluoro-2-azapropene,
could provide access to a wide variety of possibly low boiling n-bromofluoroalkylamines and
bromofluoroalkyl amines, imines, and nitriles.

The attempted preparation of N-bromodifluoromethanimine, CF,=NBr, has been reported
by Hennek and Thrasher.” Their attempts involved the intermediate cyanogen fluoride, F-CN.
They identified two literature methods. One involving the pyrolysis of cyanuric fluoride passed
through either an impermeable graphite pipe held at 1300 °C to 1400 °C " or alternatively
passing the compound through a platinum tube at 1100 °C,”* and the second route to the
compound involving the pyrolysis of a perfluoro alkylimine (Figure 21).” They chose the latter
method as, according to the literature, it offered a high yield method of obtaining cyanogen
fluoride and avoided the use of additional high-temperature equipment.
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Also identified as a source of trace quantities of cyanogen fluoride is the pyrolysis of
difluoromethyl azide (HCF,N3).”® The method employs inexpensive starting materials but was
not attempted because of the inherent danger associated with azides.
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Figure 21. Formation of Cyanogen Fluoride.

Hennek and Thrasher describ