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I. SRy

A, Oxygen difluoride (0?2) is curremtly being inveeiigsted as a prime
fluorinating agent, both for the preparation of ¥N-F containing compounds and for
the preparation of other fluorinating agents containing the O-F lickage., Thermo-
drnamic calculations have indicated that such compounds (e.g., ca5w2) may
exhibit unusually high specific impulsss (Refersmce 1).

B. In an attempt to prepare N-F containing compouads (fluoramines), the
action of oxygen difluoride on the following nitrogen compounds has been investi-
gated: dimethylamine, tetramethyltetrazene, B-chlorethylenimine, and dimethyl-
nitrosaminz. ¥No fluoramine has ac yet been isolated from any of these reactions.

C. In an attempt to prepare O~F containing compounds (hypofluorites).
the action of oxygem difluoride om t=butyl alcobol and on t-butyl peroxide has
been investigated. It was found that t-butyl alcobol gave little or nooe of the
desired t-~butyl hypofluorite, wherees t~butyl peroxide wes unreactive toward
oxygen difluoride undar the experimental conditions esployed.

D. Experiments designed for the selection of suitsble solvent media
for oxygen difluoride indicated that Freca 113 (I,1,2-trichloro-1,2,2-trifluro~
sthane) snd Spectrowgrade carbon tetrachloride cam be used. In prrticular, no
reaction octurred betwesn oxygen difluoride and Spectro-grade carbon tetra-
chlozide duriag 25 hours at msbiemt temperature,

E. It was determined that oxygem difluoride cam be stored in dry glass
vasssis at ambisnt temperaturs for seversl wesks without decomposition or with-

¥. Caleulations show that slusimm hrydride ix sn orgassic binder, togsther
with & 1gudd oddixec, i3 capable (thecretically) of yielding specific-impules
valuse of above 290 1bf see/ibm at & chusber preseurs of 1000 peis,

CONFIDENTIAL
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" I, TECHWICAL DISCUSSION
A.  PREPARATION OF N=F COMPOUNDS

1i. Introduction

a. Interest in the use of oxygen difluoride as a fluorinating
agent for the present program has stemmed mainly from the work of 5eorge
Wright, who reported the isolation of dibutyl fluoramine from oxygen difluoride
. and dibutylami.nef and from the fact that chlorine dioxide (0(:12) can be used to
prepare chloramines so that presumably oxygen difluoride might be similarly
used to prepare fluoramines, Of further interest to the present program is the
possible use of h&pofl.uorites a8 fluorinatinrg sgents for the preparations of
fluoramines, by analogy with the gtandard method for preparing chloramines,
involving the use of a hypochlorite, However, the known hypofluorites (crjcr,
SFSOP P CF5C_102F , etc,) are not readily obtainsble, so Mcuntion has been
directed rather toward the preparation of unknown hypot.uorites (as t-butylhypo-

fluorite) from oxygen difiuoride,

b, Although :L:m be possible to prepare fluoramines by
using ox'ygen difluoride or hypofluorites, several chservations have recently
_ come to light which indicate that the synthesis of a fluoramine in this manner
may not be realized except in & small number of isolated cases (see paragraphs
11,A,2,3). In the first place, there is reason for believing that
Wright's material is not dibutylfluoramine. Also, it appears that there may be
~ a fundsmental difference in the chemistry of the reactions of oxygen diflucride
and the hypofluorites, as compared with that of the other halogen oxides and
hypohalites, These matters are discussed more fully in a later part of the
report (paragraph II,2,1 and B,3),

1

| . Ce The use of other types of fluorinating agents (?2, Hgl'g,
AgF, AgF,, 0315‘3, etc.) for the preparation of. fluoramines does not appear
promising since all such matsarials presumably resct by a free radical mechanism
involving fluorination of csrbon as well as of nitrogsmm. PFrom the standpoint of
selsctivity, oxygun Jifluoride gnd the hypofluorites app:n: to be the most
useful,

*1a privats communication with JM.B. Resson.
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d. Another possibla method, i.e., the wsaction of nitriles
with mercuric fluoride, is currently being investigated umcar Comtract AF
49(638)=25, Project No., 37507 (Reference 2).

avol.ying Hypobslites

& Halogen oxides and hypolialites other than hypoflucrites
are known to react with amines to produce the ootresponding N-halosmines by
displLacement:

nl-o-x«pkz\aoa .-—-)xl-a-n«p;é\u-x

g}/

R =B, alkali mstal, t-butyl, or X
lzodgsa,a:a&ylgmw
X=CI, Bt,O‘tI

Froa Pauling's "Table of Electromegstivitiss” (Reference 3), it may be cbserved
that in sll cases under discussican, X is lesc tlectromegstive than oxyzwa

(c1, 3.0; Br, 2.8; I, 2.5; 0, 3.5, sc that the rescticn may be logically
considered to involve = mueleophilic displatemsnt by the amine or halogen, a8
~hown below,

t.i-cﬁz +3225;a._a,31-o-?a + R RN-X

Howevzz, in the case of oxygea difiuorida or hypoflucrites the reaction may be
expected to follow a differemt course as & result of the fact that fluorine is
more slectromegative (4.0) tham oxygem (5.5). In this case one would expect tbe
sucleophilic displacsswat to occur om oxyges, as follows:

r.,_-ofi"*q-:zi}:a--pm'*-%

=1, oy =,

Page 5
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If this distinction in mechanism fs real, it will not be possible to prepare a
fluoramine from an amine, and oxygem difluoride, st a hypofluorite. This point
is now being investigated,

b. It is of interest that according to the zbove mechanism,
the reaction between oxygen difluoride and an amine would be expected to yield an
O-fluorohydroxylamine of the type Renjf/i-c?, vhich may be m-re valusble as a
monopropellant than the corresponding fluoramine, RZRBH-F.

c. There is now indirect evidence vhich would indicate that
Wright's material may have been impure N,N-dibutylaminehydroperoxide, (cha9)QN‘:

chﬁg\ c,‘ag\
NeH + FaOuP  cmsmmm) N~OF + HF
/ e
CyHg C,Hy
Caﬁg\ cuag\
N0 + H0 ey /H-G-O-ﬂ + HF
Cylig C,H,

For example, Wright®’s analysis for fluorine was based on the ability of biun
material to oxidize acidified potassium iodide, with the liberated iodine then
being titrated with standard thiosulfate to the starch endpoint. Howewver, when
the work was repeated in this laberatory, it was found that the oxidizing
product contained no fluorine, as ‘maam#m from s standard volumetric method
of analysis. Wrizht!s workup procedure consisted of treating vwith. aquecus
acetic acid, a medium which has been shown in this laboratory to result in the
destruction of the O-F bond (see below). Finally, t-butrihydroperoxide has been
found to liberate iodine from acidified potassium iodide; thus NH,M-dibutylamine-
hydroperoxide might be expected to undargo this reactiom. Wright's slemsntxl

analysis does not correspond with the £flucramine, the O-fluoro-hydroxylamine, or

%Sy Dr, Jawes Robinson, under Contract AF 49(638)-25.
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the hydroperioxide; therefore, his product was presumably impers, Altbough there
is still sowme doubt concerning the nature of Wright’s reactiocan prodoct, the

fact that no fluorine was found demonstrates that it could not hewe been the
expected dibutylfluoramine,

Do Reaction of :
tetrarene, and N-Chloroethylenimine

a. When the reaction of oxygen dfluoride with dimethyliamine
was carried out by Wright's method, the mixture 4id rot oxidize acidified potas-
sium iodide, It is not clear vhy dibutylamine yielded an oxidizing product
whereas dimetbylamine did not. The only product isolated fron the dimetbylamive
reaction (in addition to dimethylamine itseif)} was acetone, in wery swall yield,

b. Tetramethyltetrazrene was considered a3 a possible pre-
curser to an N-F Type compound, even though the reaction proceeded by a nucieo-
philic displacement omn oxygen:

(@) N - N = 3-8 (C,), + OF—) (Cy), WOF + ¥, + (CA,), ¥-F

Altermatively, the teaction might not be intromolecular, in which case it would
be unlixely that an N-F compownd would form:

O-F | O-F
Ve M/E33 kS ~

X ———————-}l + N, + 3@
mf@*x—x/ \ca. 4 2 ’
> - > ﬁ) Gy
B
'\c CH
H— gfé"‘ﬂ x\?
{3@—-——-—4}; + B@

Whent this reaction was carried out om a amall scale, slightly more them 1 mole
of acid {presumably bydrogen fluoride) was found per mole of oxygpem diflucride

Page 5
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employed, In mixing the reactants, copious evolution of a gas (probably nitrogen)
occurred and the reaction mixture did not oxidize acidified potassium iodide. No
attempt was made tc isolate the reaction product from this rum,

Ce Since nitrogen and chlorine are equally electrounezative
(with values of 3.0 each), there was some question as to which of these elements
in, e,g., N=chloroethylenimine, would act as the displacing agent toward oxygen
difluoride. If chloxrine were the displacing agent, an N-F compound might be
formed, as shown below.

(v
F-0=F
i,
CH,, — ' T N-F + P=0-Cl
\ oo /
l N=-Cl cH
_ 2
CH

2

However, it appears that nitrogen,with an electronegativity of 3.0,i8 a better
nucleophile than even the more electronegative oxygen (3.5). This is apparent
in displacements on hydrogen, since ammonium salts are formed more readily than
oxonium salts, It is also true in displacements on carbon, as shown by the
formation of N~trimethyle=o-methylhydroxonium iodide from N, N-dimethyl=-O-methyl-
hydroxylar ine and methyl fodide. That the nitrogen does the displacing was
shown by i.ynthesizing the same hydroxonium iodide from trimethylamine oxide and
methyl iodide (Reference 4):

2"
aiy - I .
CH}’ cu}\ + , - /Cas
“M-0ocu, — |cH,~il ~0-CH | +I &—CH,I+0-N—CH
o] 3 3 > \ 3
/ icu/ -
Hy s 3

If nucleophilic displacement on oxygen icllows the same patitern a8 that on
hydrogen and on carbon, then no N-F compound would be obtained from oxygen di-
fluoride and Hechloxothylenimine:

Eage 6
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8%
P-0-F

.S .

~e 2\
i Ne=-Cl ———) ! NeO=? + F = Cl
yd ~

Ci cH

2 2

The reaction of N-chloroethylenimine with oxygen difluoride was carrisd ocut om a
suall scale, but unfortunately the reaction medium [Heptme - Ca0 (sat.) -
HQO] was subsequently shown to ranidly sttach the oxygen difiuoride (see Sec~
tion IV). The reaction mixture contairisd chloride ion to the extent of about
10% of that available im Nechloroethylenimine, but no further anslysis of the
reaction mixture was attemptsd, It is intended to repeat this experiment, with
the exception that N-chloropiperidine or dibutylchloramine will be used, instead
of Fechloroethyienimine, to avoid possible difficulties due to ring opening,

k.,  Regction of Oxygen Difluoride with Dimethylnitrosamine

a. Although displacement reactions involving oxygen di-
fluoride may not lead to fluoramines us discussed above, the possibility exists
that the addicion of oxygen difluoride to an unsaturated nitrogen linkage may
result in such a compound. For this purpose, it would appear that the nitrogen
should be bound to a more electronegative element (oxygen is the only possibility),
so that the fluorine would tend to become attached to nitrogen:

F
“N=04+Fe«QaF —> wfe(=0--F
(7 R
It iz of igtexest that the omly repcried reaction of oxygen difluoride in which
an N-F linkage is formed is one of this type (Refeconce 5):

F-N==G+0P2 — RF31*-02

b, Experiments were carried ocut with dimethylnit~csw.une
snd oxyzen difluoride in an effort to determine whather the above reaction could
be generalized. If the reaction of oxyzen difluoride with the nitrosamine were
similer to that with nitrosylfluoride, the product would be N, Nedimethyl-K,
N-di fluorohydrazize:

Page 7
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N Gy F
N-N=0+ GF2‘-—‘9 NN +0
, // CH /'/ N P 2
CH3 3

Although the products of this reaction have not yet been characterized, it has
been determined that when carbon tetrachloride is used as a solvent, a product
is formed which is capable of oxidizing acldified potassium iodide, When water
is used as the solvent, this product is not obtained. Work is now in progress
to isolate and identify the oxidizing matexrial,

Do Reaction of Oxygen Difluoride with t-butyl Alcohol and
Di-t-butyl Peroxide

a. Some effort has been directed toward the preparation of
hypofluorites; since it was originally believed that such compounds might be
more valuable than oxygen difluoride as fluoringting agents. In the unknown
t=butylhypofluorite, (CH3)5
reduced state than the oxygen stom in oxygen difluoride, so that side reactionms
involving oxidation (as opposed to fluorination) might be less likely with the
t-butyl compound, In addition, t-butyl=hypofluorite may be a liquid at ambient

COF, for example, the oxygen atom is in a more

temperature, and thus more readily handled than oxygen difluoride, If, however,
the arguments relative to displacement reactions in hypohalates which were
presented in paragraph II,A,2 are valid, hypofluorites cannot be expected to
yield the N=F linkage (except possibly in their reactions with tetramethyltet-

razene and a few related compounds):
G

R-O-/%" ) [R-O-% i ¥
T
]
where
R = t-C)H, CF., srs, CE5CO etc

B = nucleophyle

Page 8
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b, Attampts were made to prepare t-butylhypofluorite from
t-butyl alcohol and oxygen difluoride in the alcchol, as solveant, Iacbutylene
was isolated from this reaction, and it was also noted that 2 mol of am zcid
(probably hydrogen fluoride) were formed per moles of oxygen difluoride employed,
These results can be interpreted as follows:

r-o-r+{m3)3e-o-a ~—) WP+ (Giy)5C=-0-0-F

(cu3)3c-o-o-r —_— (cxii)ac-r+02

3 2
\ N
G{‘,’-——-—-—C - P CH3 C + HF ,
/S i yd
CH CH

Alternatively, the isobuiylene may have been formed by the acid catalyzed dehy-
dration of the alcohol:

cH, ci,,
AN HF 2
il ComOH ————— CH, C + HY
e -/
CH; ci

The reaction mixture was found to contain a product which slowly oxidizes acidified
potassium ifodide, but the separation of this material from the solvent alcohol

was noc accomplished, It was suspected that this subsiacce might be di-t-butyl=-
peroxide, but it was subsequently found that the latter compound is inext to
acidified potassium iodide under the same reaction conditions,

Ce No reaction occurred during several weeks, when t-butyl
alcohkol and oxyzen difluoride were mixed in the gas phase at smbimnt temperature,

Page 9
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d. An attempt was mede to prepsrs t-butylhypofluorite from
di-t-butyl prroxide snd oxygem difluoride in carbon tetrachloride solutiom:

"
F-O-ﬁ?
‘00 a (')C“G-OOYA( )0_0’ : 4
(Ca,); € = 0= 0 - ¢ (ciy), %5'3 e

(m3)3c-»o-o-r — (m3)2c=m2+n'r+92

However, no appreciable reaction occurred during 25 hours at asbient temperature.
6, The Se

The reactivity of oxygen difluvoride toward reveral selected
solvent media is shown in Table 1, in which the pereent recovery of oxygsa
difluoride is given for various contact times with the solvents. It appears that
oxygen difluoride is reasonably umreactive toward water, but in decomposed by
both aqueous acids and bases, The high resctivity of hexane and heptane may be
attributed to the presence of isomeric hydrocarbons containing tertiary carbon
atons, Such hydrocarbons may not be completely removed by norasl purification
proceduzes involving washing with sulfuric acid, drying over sodium or sodium
hydride, and distillation.

7.  Storage Stability of Oxygen Difluoride

Oxygen difluoride of 88,4 percent purity was found to undergo
no change in composition wvhen stored for 6 weeks in a dry Pyrex bulb, as deter-
minad by the reduction of oxygen diflucride with scidified potassium iodide, and
by infrared data (quantitative determination),

B, EXPERIMENRTAL
1,

8 With tha exception of the experiment involving dimethyl-
suine (se: below), all experiments were carried out with 0.5 to 3 millimole of
oxygen difluoride, in the foliowing msomer. Oxygen alfluoride was admitted into
an evacuated Pyrex bulb (capacity 50~100 ml) squipped with stopcocks at either

i Page 10
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end, The firsl pressure was alwgys less than 1 stmosphere. The other reactant
was then addid, sither in solution or in an excess of the reactant as solvent,
through one of the stopcocks, and the bdulb was shaken at sabient temperature
for a speciiied time, At the coniclusion of the shaking perfod, one of two
procedures was followed: (1) potsssium iodide resgemt {see below)} mss sdded
to cae bulb, the bulb again was shaken for 10 min, and the Iibersted fodine was
titrated with standard thiosulfate to the starch emdpcint, or {2} the liquid
portion of the reaction mixture was withdrsm and the liquid and gas phases were
analyzed sepaxately. In this second procedure, the gas was amnalyzed either by
addition of the potassium iodide reagent or from an infrared spectrum of the
gas. The liquid portion of the reaction nixture was fractionsted under high
vacuum, thrcugh a series of cold traps; thon the contents of each irap was
malyzed by infrared and by reduction with acidified potsssium iodide.

5, In sil instances, the potassimm {odide resgent was pre-
pared by (1) adding 2.5 g of msiytical-graje potassium iodide to 10 nl of 1-M
sulfuric acid and {2} diluting the resultiny solution {with water} tc 25 =l.

a. Dimethylamine

The spparatus for the reactiom of oxygen dfluoride with
dimethylamine was a » three-nacked, standsrd-taper, round-bottomed flask
fitted with a gas inlet tube, a thermometer, a cold {-80°C) fiagur, and =
efficient trapping systes located downstresm of the cold finger. The flask was
immersed in an ice-wsier vath, and the contents were stirred meenetically.
Dimethylamine and oxygen difluoride were admitted through a calibrztad fiowmster,

Gassous anhydrous dinethylamine {49.2 mmole) was passed
through the gas inlet tube into « stirred mixture of 6 g (100 mmole) of glacial
acetic acid in 150 nl of haxme, at 0°C, over a period of 30 min. The hexane had
been previously purified by scrubbing with concenmtrated sulfuric acid, drying
overnight over sodium hydride, o finally distilling from sodium hydride.

Page 11
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Upon addition of the anine to the homozeneous hexane~acetic acid mixture, a
second layer forasd as s heavy oil., Oxygean difluoride of 88.5% purity was now
added (25.0 mwole, calculated as pure oxysen difluoride) over a period of 80 =in,
This was accomplished by evacuating the system sufficiently {76 mm) to permit the
oxygen difluoride to flow from the storage bulb, In addition to the -80°C cold
finger, three cold traps were used in the experiment. These traps wess msin-
tained at -80°C, -160°C, and -196°C during the first part of the experiment.

It was fourd taat the -196°C trap contained 0.623 mwole
of oxygui difluoride (2.49% recovery) and 0.166 mmole of carbon tetrafluoride
(1dentified by infrared). Because the original oxyzen difluoride contained
carbon tetrafluoride (in unknown amount) as sn impurity, it is not certain
vhether any carbon tetrafluoride was produced in the oxygea difluoride~-dimethyl-
smine reaction, The -160°C trap contained 0,433 mmole of s zaseous product which
wvas not identified, together with 0.13% mmole of hexane; the -80°C trap contazined
0.021 mmole of the same umidentified materizl and 0.151 mmole of hexane. Subse-
quent experiments indicated that the materisl in the =160°C trap ¥as non-
oxidizing toward acidified potassium iodide and that it gave nc acid reaction
wvith water, as determined by shakinz the gas with water and titrating the
solution with standard tenth-normal sodium hydroxide to the phenclphthalen
endpoint, The material in the =80°C trap was also nom-oxidizing,

Distilled water (100 ml) was added dropwise to the
two-phase reaction aixture (upper layar, colorless; lower layer, yeilow) over a
period of 2 hours. During this operation, the pressure in the system was main-
tained at 76 sm; the three cold traps, at =8¢. -112 (ethanol), and -156°C; and
the cold finger, at T0°C.

The -196°C trap contained 0.372 mmole of acetone identi-
fied by its infraxed spectrum and by counversion to the 2, k-dinicrophemylhy-
drazine; the -112°C trap contained 0.1%5 mmole of acetone and 0.43% mmole of
hexane; and the ~-80°C trap coutained 0.388 mmole of pure hexane. The acetone
from the -112° trap was also sonverted to the 2, k-dinitvophenylhydrazone which,
vhen recrystallized from 505 squecus methamol, melted st 124-3°C (1it. 126°C,
Aefecence §),
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washed with 5% aqueous sulfuric acid, 2% squeous sodium hydroxide, and water,
adl vas then dried over mhydrous magnesivm sulfare, This msteriasl did not
oxidize acidified potassium fodide and, presumsbly, comtsined nc dimethylfiuora-
mine, Flash distillstiom of the hexane left 0.81 g of a yellow residue, which
vas not {dentified. Ain infrared spectrum of this liquid indicated that it ey
be an amide, such as ¥, B-dimethylacetamide {from dimsthylemine and acitic acid).

The agqueous lsyer comtained 1.7372 meq of msterial capable
of axidizing acidified potassium iodide. Presumsbly, the oxidizing material was
not tha desired fluoramine, which would have besn expected o appear in the
hexzne lsyer. When made stromgly basic with 50% aqueous sodinz hydroxide, the
agueous layer yielded 18,56 mmole of dimethylawine and mo other product. This
represents z recovery of 37.89 of the dimethrylamine origin=1ly used {3C.5 mmole
of dimethylanine used up) and sbouws that less than 1.25 mocle cf the amine reacted
per mole of oxygen difluoride used. The actual stoichiometry msy be closer to
a 1:1 ratio, since oot zll of the mine could be isclsted from the selution.

be Tetramethyltetrazene

Tetramethyltetrazens a8 ptpared as previously described
(Reference 7). A sclution of 0.3 ml of the tetrazeme, in 5.0 al of Spectro-
grade carbon tetrachloride, was added tv 0.57% amcle of oxygem diflooride. A
vigorous Tsaction occurred om shaking, and e gas {probsbly nitrogen] was steadily
evolved. During the reaction, a yellow ocil separated as an adherrat filn om
the walls of the reacticn vessel. After a shaking period of 10 min, the carbom
tetrachloride ~.as withdrawn and water was added to take wp the ¢il, 3oth the
carbon tetrachloride and aqueous sciutions were subsequemtly amilyaad.

The residual gas was found to be nom-axidizing, and
consequently contzined neither unreacted oxygen difluoride mor other gaseous
products capable of oxidizing acidified potassiim iodide. 3Both the carbom
tetrachloride and aquecus sclutions were foumd to be nom-axidizing. The carbom
tetrachloride solution was alvo mow-acidic, but the ajueous solution contained
61% of the 2 mole of acid expected if all of the fluorime in the oxysem difivor-
ide smployed hed bess rowwert=: o uyirogen fluoride,

Page 13
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Ce R=-Chloroethyleninines

N-chlorocethylensmine was prepsred as previously described
(Reference 8). A blank experiment was conducted in order to test the reactivity
of N=chloroethylenimire with the system heptane-water-calcium oxide {sat.).
Heptane was employed as part of th¢ solvent system so that both R-chloroethyleni-
mine and any Nefluoroethylenimine formed would be protected, to some exteat, from

: TP S N N f9% 2 LYt e Lo e hm et Bt o fm o Yo o
tiie aqueOUs vasc ViCEUSE (1) M~ChuliTamiL@s &ie roowa L0 pe uastablée in & basic

solution, and (2) N-chloramices zre miscible with organic solveats, but immiscible
with vater. Aqueous calcium oxide (i.e., calcium hydroxide) was employed to
neutralize any hydrogen fluoride formed, becsuse ethylenimi:: derivatives, in
general, undergo ring opening in zcid solution. Calcium oxide {or hydroxide) was
preferable to sodium hydroxide, since a saturated solution of the former compound
contains only 0.2 percent of the hydroxide (cf. above remark relative to the
stability of N-chloramines to aqueous base).

When 3 ml (42,5 mmole) of N-chloroethylenimines in 25 ml
of n-hextane (Phillip's A.S.T.K. grade) was added to a suspension of 3.3 g
(50 mmole) of calcium oxide in 50 ml of distilled water, and the two-phase systeam
was shaken for 5.5 hours at ambient temperature, 964 of the N-chloroethylenimine
was recovered as determined by oxidation of acidified potassium iodide, After
acidification, the asqueous layer gave no precipitate of silver chloride with
aqueous silver nitrate., The distribution of the N=chlorcethylenimine was deter-
mined to be 65.5% in the hexane layer, aad 35.5% in the aqueous layer.

A suspersion of 0.28 g (5.0 mmole) of reagent-grade
calciua oxide in 4 ml of water and a solution of 0.3C ml {0.33g8 = %.0 mmole) of
N-chlorcethylenimine in 2 ml ¢f heptane were successively added to 2.19 smole of
oxygen difluoride, and the reaction vessel was stiaken for 15 min at smbient
temperature until the excthexmic resction cessed. The suspension was withdrawm
and centrifuged.

An infrared analysis of the gas phase indicated that all
of the oxygen difluoride had reacted. When the aquecus,centrifuged layer was
acidified with acetic acid and titrated with staamdard aqueous silver nitrate,
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0.57 wmole of chloride icz vwes found. It was subsequemntly shown that both heptane
and calcium oxide-water destroy oxygen diflucride rapidiy (see Tsble 1). However,
the partial recovery of chlorine as chloride iom in the presest experiment showed

that cesctions of oxygem difluoride with H-chloroethylemimine had occurred to
some extent,

d. Dimethylnitrosamine in Aqueous Solution

Dimethylnitvossmine wes prepared from dimethylsmine and
aitrous scid by standard techniques (Reference 9). A solutiom of 0,60 ml
(8.1 mmole) of the nitross compound in 10 ml of distilled water wss added to
1.39 mmole of oxygen difluoride; sad the mixture shskem for one hour at asbieat
tewmperaturs. The reaction was only miidly exothermic. The clear amd colorless
liquid wes vithirsm, and both liquid and gas were subsequently analyzed.
Beczuse of the presemce of water, infrared spectra could not be takea directly.

The gas phase was fractiomsted through -850 snd -196°C
traps. The -196°C trap comtzined 0.13 mmole of material, snd sm infrared
malysis showed the absence of oxygen difiuvoride and the presemce of an umiden-
tified material sbsorbing at ¥.3, k.5, and 12.55 sdcrons. This msterial did not
oxidize acidified potassium iodide and comntsined no hydrogea fluoride as deter-
afned by titration of its aqueous solutiom withi standard base. The -80°C trap
contained a liquid with a vapor pressure of sbout 15 mm at 18.5°C; it wes
(probably) mostly water. The materisl in this trap was neither axidixing nor
scidic.

The liquid phase wes not further treated vhem it wss
found to contain 2.54% mmole of acid {probably hydrogem fluoride), represemting
9L.4% of the 2 mole of acid expected per mole of oxygen difinoride employed, if

all of the fluorine in the oxygea difluoride had beem converted to hydrogem
fluoride,

e, Dimethylnitrosamine in Carbon Tetrachloride Solutiom

A solution of 0,60 =l (8.1 mmoie) of dimethylnitrosamine
im 10 ml of Spectro-grade caxbom tetrachloride was sdded to 1.36 mmole of oxygem
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difluoride, and the mixture was shaken for 3 hours at ambient tesmperature, During
the mildly exothermic reaction, a yellow oil separated in saall asmount. The
liquid (excluding the yellow 0il) was withdrawm and both liquid and gas were
subsequently analyzed.

An infrared spectrum of the gas phase revealed the
absence of oxygen difluoride, as well as the presence of at lesst two new
materisls, Apparently, one of these was the sam as that obtained in the aqueocus
reactions (see above) snd showed absczption maxima st 4.3 sod 5.5 microns;
absorption at 12,55 zdcrons was masked by carboun tetrachlcride. The other
material “showed maximum absorption at 5.6 microne, The gas phase wss fraction-
ated through the -80 and -196°C trep, and the -196°C trap was found to contain
both of the new materials, This fraction was found to be both oxidizing and
acidic, and since the material absorbing at 4.3 microns was shown in the exper-
iment {in aqueous solution) to be both non-oxidizing =nd non-acidic (see sbove),
it may be concluded that the material that was sbsorbing at 5.5 microns was
responsible for these observatiocns. The ~80°C trap contained nearly pure carbon
tetrachloride, as determined quantitatively from its infrared spectrum, The
yellow oil which had separated during the reaction sppeared as 2 semisolid mess
having essentially no vapor pressure sfter the removal, by fractionatiom, of the
gas phase froxm the reaction vessel, This residue was not examined further.

When the liquid portion of the reaction mixture was
fractionated through the =30, =80, and -196°C traps, an additional quantity of
the oxidizing material appeared in the -196°C trap. The combined yield of the
two products - hich were absorbing at 4.3 and 5.5 microns wag about 20 mole %,
based on the oxygen difluoride. The =30°C trap contained the bulk of the carbom
tetrachloride solvent, the =30°C trap contained unrescted dimethylnitrosamine,
and the non-volatile residue (about 0.15 ml) was shown to comprise a solution
of Kel-7 grease (which had been uged to lubricate the stopcocks of theé reaction
vessel) in carbon tetrachloride. All of these identifications were based co
infrared spectra, with spectra of the pure materials being available for com-
parison. The total of the acid produced in both the liquid cud gas phases,
during the run, smounted to 28% of the theoreticsl 2 =mole of hydrogen fluorids
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(cf. preceding experiment). BHowever, since products readily hydrolyzable to
hydrogen fluoride may have been formed in this experiment (and, indeed, in ail
of the other experiments}, it is not inown to what extest hydrogen fluoride
vss fomedasm&xduﬂngﬂwtwtianpmpu‘.

Se Reaction of Oxygen Difiucride with Selected Oxvgen Compounds
&, Tertisry~butyl Alcchol
In this experiment, t-butyl alcohol was employed Loth

&s the reactant and the solvent, To 3.46 mmole of oxygen difluoride was added
7.5 al of the redistilied alcohol, and the mixture wse shaken at smbient tem~
perature of 7-1/2 hours. Previous experinents with this system had indicated
WW&&MMy:W,MM»aMMm<dmmy
7 hours was required for the complete conversion of the oxygen difiuoride, The
liquid was withdrawn at the couciusion of the run.

Aa infrared anzlysis of the gas phsse showed oniy t-butyi
alcobol and carbon tetraflucrfde, the latter being sn impucity ia the oxygen
difluoride. The gas was non-oxidizing.

The liquid phase was found to contain 0% cf the 2 mole
of acid expected if 211 of the fluorine in the oxygen difluoride had beem con-
verted to hydrogen fluoride. The liquid was fractionated through the 0, -40,
-89, md =196°C trap, and the subsequent workup of the trap yielded the following
results: The ~156°C trap contained 1.56 mmole of iscbutylens (identified by
comparison of the infrared spectrus with that of pure ischutylepe), and 0.81
mmole of unidentified material. This fraction wes both nom-acidic and non-
oxidizing, The ~80°C trap ccatained 1,25 mmole of t~butyl aleobol ana 1.07
mmole of unidentified materisl. This non-oxidizing fraction contained 0.0%
meole of acid. The -40°C trap contained the bulk of the alcobol, and an
infrarod spectrum of the tailings showed only the alcohol. The fraction con-
tained 3.87 mmole of acid and slowly oxidized acidified potassium iodide. That
this oxidizing power was not due to di~t-butyl peraxide (which has about the
same volatility st low temperatures as the alcobol) was shown when a sample of
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tebutyl peroxide (assay 97%) failed to oxidize under the ssme conditions.
Attempts to separate the oxidizing material from the alcohol were unsuccessful.
The 0°¢ trap contained nothing, and the residue (0,095 g) was not treated
further,

When oxygen difluoride (41 mm) and t-butyl alcohol (39 mm)
were stored in a l-liter bulb for 6 weeks, no chamnge was observed in the infrared

spectrum, It was also noted that the mole ratio of the two reactants remained

constant during the storage period.
b. Di-t-butyl Peroxide

A solution of 0,3 g (2.1 mole) of di~t-butyl percxide
(assay 974) in 2 ml of Spectro-grade carbom tetrachloride was added to 0.63h
mmole of oxygen difluoride, After a shaking period of 25 hours, approximately
0% of the oxygen difluoride was reccvered, Since the peroxide was not completely
pure, it is umcertain as to whether the oxygen difluoride reacted with the perox-
ide to a small extent during the allowed veaction time,

i, Solvent Media for Oxygen Difluoride

Various solvent media were examined for reactivity with oxygen
difluoride, In eaci: instance, the solvent was added to the oxygzen difluoride,
the mixture was shaken for an allotted time, and finally potassium iodide reagent
was added without the prior removal of the solvent. The results of these
experiments are given in Table 1, Esszntially, complete recovery was chtained
fyom water, carbon tetrachloride, Freon 113, and the carbon tetrachloride-acetic
acid mixture,

C. METHODS PROPOSED FOR PREPARATIGH OF LIQUID FUELS CONTAINING
ALUMINUM HIDRIDE

i. Introduction

The encouraging results cbtained by the use of alumimm metal
n solid propellanis has 1ed to the consideration of ccmpounds of aluminum, or
other metals that might be soluble in high-energy fuels for liquid bipropellants,

|
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such a3 hydrazine or dimethyl hydrazine, 1In ihe folloving sections, theoretical
calculationz are presented for one possible candidate, alveinum uydride, for
possible use in liquid-bipropellant systems or in hybrid rockets.

2. Preparation and Properties of Alusimum Hydride
Aluwinue hydride was discovered, by E. Wiberg and O, Stecher

in 1942, az a product of the resction caused by passing an electric current
through a mixture of tripethyl alwmmim sud hydtogen (References 10, 11, and 12).
It iz formed as g high-molecular-weight polymer of the generzl composition
(AI%)KQ A more convenient method of preparstion is that discovered by A, E,
Finkolt sad co~workers (Reference 13), which consists of edding ethereal
aluxinum chloride to finely powdered lithium hydride. The soluble lithium
alumimum hydride first forums; however, on further addition of alumiixaz chloride,
a solution of monowmeric alumimias hydride is obtained:

h-l.iﬂ-}&lﬁl., .m_y. 14a1n
/
) ether
3 I.iAth + A}.G}.S ——= mj <+ 31iC1

The latter solution iz not stable; it soom deposits 3 white solid in which the
atomic ratio of alumimm to hydrogen still is 3:1, but from which the ether
cannot be completely removed without logs of hydrogen., The precipitation of the
alumimm hydride as a high-molecular-weight polymer can be prevented or reversed
by adding alumimm chioride to the system, or by esploying tetrahydrofuran as
solvent., Another techmique which has been employed recently (Reference 14) for
preventing polymerization employs the rapid filtration of the ethereal soiution,
as prepared by the method of Finhnlt, into vigorously stirred pemtane or ligroin,
neither of which is a solvent for alumioum hydride. The product obtained ia this
saoner can be freed from the last traces of hydrocarbon, without decomposition,
by vacuum drying.

Depenxiing on the dagree of polymsrizatiom, the compound {'A‘LH.J
*-zu&‘emmgnvmwabmlw C. Abowve theseé temperastures, itm
rapidly and quantitatively into silvery-~white metallic alusinum plus hydrogen:

{5}33}: i‘g‘ﬁ,a xl + 23 32
Pags 19
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It reacts vigorously with water, evolving bydrozen:

AI.B3 + 5120 -3 Al (m)B + Ea

Se Thermochamical Calcuigtions

In the preceding quarterly report is presented the possibility
of utilizing aluminum in liquid fuels, The basis of the utilization of alusinus
is that one may formulate propellant systems to cbtain the high heat of for-
mation of A1203, which is solid or liquid at chamber temperatures, and still
produce large amounts of gas for propulsion. This is possible because the
equilibriunm

is far to the left below 3500°K. This allows formulatioms to be made in which
suly the metal and csthon sre oxidized (the carbom only to C0), leaving H, gas

to give overall low-molecular-weight products. A thermodynamic anslysis of other
mei:al oxides indicates that only aluminum and beryllium will not react with
hydrogen at high temperatures so as to allow this type of formulation. The
toxicity and scarcity of beryllium preciudes its use; therefore, aluminum is
found to be the best metal for use in rocket fuels,

When considering the various formulaticms, it beeowes inmediately
obvious that aluminmum hydride, A].EB, will be even better than alumimes metals as
a fuel, For 27 g of aluminum, the hydride has only 3 additional grams of
hydrogen, but this 3 g produces 1.5 mele of gas. The hydride, slthough rzla=
tively reactive, could probably be protected by incorporating it in a polymer
such as polyethylene or rubber, This solid fuel could then be used in a hybrid
system in which the solid is cast in the chazber and a liquid oxidizer is intro-
duced as needed.

Table 2 presents the results of calcoulations made on systems
containing Am3 monomar, in a polymer, with the oxidizers IRFilA, 90% 3202, and
cm}?. All three formulations assumed a sclid phase consisting of &%

AtY  and g}% g, |

o £
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fomedmwmﬁlzog The wost interesting result of the calculaticns is
that hydrogen peroxide is the best oxidizer. This is due to the moge fzvorsbie
stoichiometry of the system, i.e., to the greater B/O ratio in the oxidizer.
mwoffwmdmcfﬂzojuwlmmtitmmm
in beats of formation of the oxidizers; thus, the best impulse is obtsined from
m,mmmmmmnzaﬁﬁzmmmmef-mmgaf
formation of the oxtdizer. Ithammmtingmwumazﬁmmgs
oxidizer, the flame tempersture is 024X vs 316:°% for the 90% peruxide systen;
yet, the specific impulse is 20 units lower tham that of the percxide system, It
is a general chavacteristic of systems containing large amounts of hydrogen
that one obtains lower chamber temperatures for a given specific impulse, becsvse
of the very large heat capascity of hydrozen ges. It is somewhat fortumate that
afzmammwmwmﬁew,mmnmm
vith which the most experience in hybrid rockets has been gzined., Am additional
calculation, the results of which are also presented in Tzble 2, wasz made ou the
mm%-mﬁfgﬂmwm,ummlieait&nﬁm
mwmpmm“mly&laﬂiaﬁﬁe.

The calculaticas shown zbove were msde assuming a chamber
pressure of 1000 psia. Gemerally, one calculates solid-propellant systems at
mmﬁmmdwmcma,mm;m
to best op xate a hybrid would depend om s cosplete analysis of the systes.
Table 5 presents the results of calculations made ocn one hybrid system at
chamber pressures of 700 and 1000 pria., The relative impulsze calculated here
is general for most systems - that zt 300 psia is 0.07 times that st 1000 peia.
Other relative values are 0,5k at 500 psia and 0.98 at 750 peia.

Table 3 compares almmvvith,Au% in a2 hydrogen peroxide
hybrid system.

The thermodynamic calculsztions ziven azbove szy nothing about
the physical characteristics of the fuel system - the (-mzo)x used in the
calculations could be a liquid hydrocarbon, as well as 2 solid polymer of
poiyethylene or rubber, so that slurry fuels having these high specific impulses
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are possible, In making slurry fuels of reactive materials such as u.a}, the
biggest problem will be that of obtaining pure hydrocarbons that are free of
water and dissolved oxygen. Experience has shown that with slurries of alkali
metals prepared during varicus additive prozrame, they tend to react with the
unsaturated compounds in JP=i4 to give colored precipitates which prevent flow
into the reaction chamber (Reference 15),

. The enthalpy of formation of m3(c) was estimated to be
-2.6 keal/mole, by simply subtracting the enthalpy of formation of Lﬂ'!( c)?
«21,6 keal/mole, from that of LiAlHk(c) s =22 keai/mole, This calculation
is equivalent to sssuming that the heat of reaction of LiE with AI.H3 to fuorm
LiAlR) is zero. Genmerally, the heat of formation of the propellant markedly
affects the calculated impulse so that sccuracy of data is quite important;
however, in the systems calculated here, the heats of reactions are quite high,
2.0 or more keal/g, and the heats of formation axe overshadowsd by the large
heat of formation of A1203. Before much work is done with propellant formue-
lations, an accurate value for the heat of formatiom of Am.5 must, of course,
be determined experimentally.

Occasionally, an application calls for a chemical systeam
that will produce large amowumts of gas at moderate temperatures, say in the
range of IOOO-ISOGOK. A system that appears to have a good potential here is
AIHB and aqueocus ammonis solutions. With formulations in which only the Al is
oxidized to produce A120§, Hpy and ﬂg, it is possible to produce 7.0 mole of
gas per 100 g of msterials in the system at tewperatures in the desired range.
The liquid could be dripped onto & bed of the hydride and the system 80 designed
that the solid A1203 would remain in the generator. Excess A133 in the generator
would ensure that the reaction produced the desired products. The gases would
also have a reasonable heat of combustion with air; thus, additional energy
could be obtained this wzy., In fact, the system might be used as z combustible

gas-generator system, One caicuistion is presented in Table 5.
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III. FUIURE WOEX

A, In the immediate future, an attempt will be made to isclate and
with dioethylnitrosamine., Attentiom will aiso be directed to a2 further inves-
tigation of the oxygen difiuvoride~dimethylamine resction, without the use of ao
agqueous workup procadure, in an attempt to igclate %@E)z”¢otb&m¢

B. Thermochesricsl esleulations of posgible higheperformamnce systems
will be continued.

C. Elbow-notor tests will be initisgted on representstive hiph fuels with
perchloryl fluoride.
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TATIE 1

SOLVENT MEDIA POX OXYGEN DIFLUORIDE

vent Oxygen Difiuvoride
2ok —% Recovered Tine, hr
n-Heptane (Phillip's ASTH) E—

3 0.5

n-Hexane (Purified) 1 0.5
Carbon tetrachloride (Spectro Grade) 99 1
Carbon tetrschloride {Spectro Grade) 99 5
Carbon tetrachloride (Spectro Grade) B =S
Freon = 113, CCLF = C CIF, 100 1
Water 3 :
Saturated calcium hydroxide (0.2% Ca0) 1 1
Water/acetic acid (5:1i 7o 1
Carbon tetrachloride/acetic acid (5:1) 99 1

Table 1
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TABLE 2

COMPARISON OF VARIOUS OXIDIZERS IN A HYBRID
SYSTEM USING A].ﬂ3 AS SOLID FUEL

oxtdizer mma SO 0% 10,
Eropellant Composition
.A.my we % 313 .0 $1.5 53.9
Binder, wt % 93 740 104 0.0
Oxidizer, wt % 53.4 65.0 k8.1 46,
Specific Impulse, lbf-sec/lbm
(1000/14.7 psia) 299 289 39 312
Chanmber Temperature, K 3481 ho2k 3164 3533
Exhaust Temperature, °k 2387 819 2026 2562
Chamber Composition
mole/100 g A1205 (1) 0.%79 0,000 0.686 0,596
AL 05 (o y* 0.l%2  0.367 0.046  0.302
H, 2,861 1l.120 4,281 4,007
H 0.199  0.413  0.1%6 0,334
co C.66k  0.499  0.7hO
HC1 0.511
cl 0.124
1 0.634
N, 0.433
Total mole of gas/100 g ::?—_99 ;;f-é ;-2;; m

*Rgcently published data show that Al O, does not exist as a vapor, but dissoc-
“iates to Al0 and A1,0. These data ing evaluated and will be used, if
necessary, to correct the calculated impulse values. Preliminary calcuiations
with thzse new data indiczte an incressed theoretical valuve because of the
greater number of moles of gas that are formed in the dissociation process than
are formed in the vepceization process.
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Report ¥o. 1288

EFFECT OF CHAMBER PRESUURE Ol THE CALCUIATED
SPECITIC IMPUISE OF THE SYSTEM: A].Ey t.;x.ﬂ,j‘?} (@Q)&:

Propellant Comnogition, wt §

AJ.Hjs B0

Rinder To0

Oxidizer £5.0
Chamber pressuwre, peia 1000 300
Chamber temperstur:, 'K ook 383
Exhaust temperatura, "X B19 2905
Specific impulse, lbfewec/lbm 2o 250

Chamber composition
52 1,120 1.079
E Gi‘k’lﬁ 0.5@7
co 0.499 0,499
HC1 0.5:1 0870
C1 0.124% $a155
m’ 0'6;5& Ossﬁ‘
Total gas 3.768 3,850
“able 3
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COMPARISON OF Al AND AIHE

Ta

AS SOLID FUELS IN

HYBRID SYSTEMS USING }1202 AS OXIDIZER

Solid fuel

Wt % solid fusl’

wt % binder, (m?_)x

Wt % oxidizer, 0% B0,

Specific impulse, lbfe-sec/ldm

(1000/14,7 psia)

Chamber temparature, %%

Exhsugt tewperatura, %

Chgwbar comgosilfion
moles/100g Al 0. le)

Total moles of gan

Sl

AL _
8,0
.5
5.5

0.NL2
3,120
0,000
1460

k592

ALH,
N
¥.5
10.4

4.1

Q.46
G.046
b,281
g.1k6
0740

5213

— I S B U e e ]
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*%saithcx* conpogition was optimiznd for the pavticular components; but both sre

estinuted to be noar optimm,
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HRETTRS

Sruvem 0,564 Al‘zls
0,636 M08, s

Gor amatlon Tarnaratime, °%
! msustion Mroducts

: F 1800 21,0,
w4 L00E, fig%{ﬁ}

Tobel ges8

BrgC of Copbustion

with &ix, Reafle
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RE GASoCEREEATOR SYSITH

1495

0,607

n’
D

0.91

To2T

8,600
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