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PRELIMINARY DATA FRCM A SURVEY STUDY OF THET ZFFZCTS
OF IONIZING RADIATION ON VOLATILE INORGANIC
CCMPOUNDS OF FLUCRINz, OXYGEN, AND NITROGEN

R. P. Nielsen, C. D. Wagner, V. A. Campanile and J. N. Wilson

Shell Development Company, Emeryville, California

Introduction

Very little has appeared in the literature concerning the radiation
chemistry of covalent inorganic ccmpounds in condensed phase. In the search
for new high energy oxidizers, it sounds plausible that ion fragmentation,
electron capture, ion-molecule reactions and free radical combination reactions

at low temperatures may be utilized.

Conversion of several per cent of low molecular weight materials by
non~chain reactions requires radiation doses of the order of 100 megarads. A
3 Mev Van de Graaff with a gold target supplies this dose to a2 small sample
in one hour. The sample can be held at any desired temperature in a Dewar
flask. Detection of products, many of them highly reactive, is accomplished
by direct distillation at low temperature and very low pressure into a time-—
of-flight mass spectrometer. Vith this basicelly simple technique, a survey
of radiolysis of many systems, both pure and binary, is under way. This
report describes results obtained thus far. '

Ezperimentala)

Horizontal X-ray source. Large doses of 2-3 Mev bremsstrahlung (up
to 100 megarad/hr) are gemerated by directing the 3 Mev electron beam from a
Van de Graaff accelerator onto a water—cooled gold target (Figure 1). The
vertical electron beam is deflected 90°, producing a horizontal beam, so that
sample placement may be facilitated (Figure 2).

Reaction vessel. Samples to be irradiated are condensed into the
cooled tip of a 4k mm o.d. thin-walled stainless steel tube. A brass slug,
silver-soldered over the end of the tube, acts as a heat sink. A metering
valve (Nupro No. SS-UM) connected to the tube with Swagelok fittings and
equipped with a Kel-F O-ring seal and a micrometer handle complete the vessel.

Sample size. A standardized sample size of 0.075 mmole of reactant
was chosen. In a binary reaction system the total sample comprises 0.15 mmole.
These amounts provide a convenient sample for analysis and are considered to
be safe in the event of an explosion in the 2 ml reaction vessel.

a) Further'experimental details may be found in Papers Presented, ARPA Pro-
pellant Contractors Synthesis Conference, IIT Research Institute, Chicago,

April 13~15, 155k4.
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Cooling provisions. The irradiztions are carried out at 77°K by
impersing the reaction vessel in liquid nitrogen within a specially constructed
vacuum flask (Figure 3) which contains a cooled side arm that is also con-
venient for accurate placing of the sample tube. A thermocouple and demand
system replenishes the liquid nitrogen as necessary.

Dosimetry. Liquid dosimeters are of too large a volume to allow
accurate determination of the dose delivered to the small (~50 pl) samples
used in this study. A new cadmium dosimeter based on photoactivation has
been developed by one of us®/ and is useful in this study. _hen cadmium
nuclei are irradiated with >1.25 Mev photons, metastable Cdlllm nuclei are
produced which decay with a 49 minute half life and emit 149 and 247 kev
photons. A 50 ul volume (430 mg) of cadmium metal which has been irradiated
for 5 minutes provides a sufficient activity count for accurate dosimetry.

Analysis. The samples under study are maintained at 77°K before,
during and after irradiation. No warming is allowed until the sample tube
has been connected to the mass spectrometer and analysis for non-condensable
gases is complete. £t 77°K the gases observed may include Fz, Nz and Op.
"hen analysis for the non-condensable gases is complete these gases are
pumped off through another valve until the pressure reaches ~0.05 mm, at
which point analysis for gases which are condensable at 77°K, but which exert
a significant vapor pressure at this temperature, is accomplished. Both NFs
and OFp are among the compounds which mey be seen at this point. The liquid
nitrogen bath is removed when these data have been collected and in its place
is substituted a 77-350°K variable cryostat. That sample is now slowly warmed
‘and sequential fractions are distilled into the Bendix time—of-flight mass
spectrometer. A rough separation is thus accomplished and the identification
of products is made somewhat easier, Excess emounts of all components ob-
served in the product mixture are pumped off at the temperature at which
they are observed before the temperature is raised and the next fraction
examined. The data thus obtained provide a qualitative indication of the
compounds produced in the radiolysis and will serve as a guide for future,
larger scale work.

Results

Irradiations of pure substrates. Irradiation of one-component
systems is a desirable prerequisite for the study of multi-component systems.
The irradiation of a pure ccmpound provides data which may indicate the iden-
tity of active intermediates which may then be considered for use as reactants
in mixed systems. In addition, the possibility exists that products will
result from such treatiment that will be interesting in their own right. Also,
it is necessary to obtain as much product identification data as possible in
single-component systems in order to simplify the analytical problems encoun-
tered when mixtures are irradiated.

The data in Table. 1 are presented in the following manner:
the second column lists the temperature of the sample tube from which the
products are distilled into the mass spectrometer at ~ 8 x 1076 mm; the third

e} C. D. .agner, tc be reported elsewhere.
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colum lists the products as identified by the mass spectra obtained at the
respective temperatures, and the fourth column lists ions observed but for
which no identification could be made.

Irradiations- of Binary Mixtufes. The low temperature irradiation
of binary mixtures is being studied as a unique synthetic method which may

_produce compounds which have not been previously observed because of their

low thermal stabilities. Their synthesis by purely chemical means may be very
difficult or perhaps impossible, thus the collection of data describing such
structures is a primary aspect of this study. The data below are presented

in the same manner as those above (Table 2).

DISCUSSION

The basic processes which are responsible for reaction on irradia-
tion of these covalent inorganic systems are due almost entirely to excitation
and ionization of the molecules by the secondary electrons generated in the
sample by Compton scattering. The primary species produced are excited mole-—
cule ions, and excited molecules; these species decompose to fragment ions

“and radicals and react with the bulk substrate and with one another to give

the observed products. At present little is known of the reactions of such
species at T77°K, and in this study, which is intended merely to indicate areas °
for promising further research, little emphasis has been placed on the eluci-
dation of possible mechanisms of reactions. Such information can only be
gained by considering the yields of the various products in a quantitative
manner.

Without quantitative yield data one can say little concerning pro-
posed sources of the observed products., It is even difficult without such
data to state with certainty which products appear in predominant quantities
and whether or not a chain reaction has been found. At this point it appears
that the yields are modest and are those which one would expect ‘of non-chain
processes with G values of the order of 5-10.

Some of the problems facing the investigator in a study such as
this should be mentioned before one proceeds into a discussion of the irradi-
ated systems. Many of the experimental difficulties have been successfully
solved: application of a high dose rate of photons to a small sample, adequate
cooling of the samples during irradiation, accurate dosimetry on the geometry
of small samples, micro separation of the irradiation products, and analysis
of micromolar amounts of highly reactive species via time-of-flight mass spec-—
trometry. Aspects which can be improved include a method for mixing reactants
in micro quantities at T7°K to be sure that an intimate mixture is cbtained
and perhaps a mass spectrometric method which would be capable of better
identification through higher resolution. The mass spectrometric identifica-
tion of compounds which are present in the mass spectrometer for a few fleeting
seconds in some instances is tenuous. The ambiguity in the identification of
ions from their m/q values alone is also a constant source of difficulty, as
in the case of polyoxygen fluorides, where the O4F>* ion and the HOSiF;" ion
both possess a m/q value of 102, and the difference between these masses
amounts to only 0.00l5 amu.——an unresolvable difference with a TOF mass
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spectrometer. Fortunately, most systems lend themselves to TOF mess spec-
trometry without too much ambiguity. Differences in the volatility of the
compounds encountered help to make rational decisions about the identify of
the species observed (Table 3).

As the data demonstrate, a large variety of products may be expected
in the irradiations of compounds containing the -NF and -OF groups. In mst
of the irradiations of these fluorine-containing compounds, elemental fluorine,
Fo, is observed as a product. In those cases vwhere no Fpo is found, one may
wish to examine the system in order to see if either the starting material(s) .
or one of the products is likely to be attacked by Fo at 77°K . Thus, in the
case of SFg, where one might expect one or both of the following reactions on
irradiation,

2SFe

FsS-SFs + Fa
st = SF4_ + Fo,

no product is observed. One hypothesis that might be suggested for this
result is that these reactions may proceed in the reverse direction spontane-—
ously at T7°K, the temperature at which the irradiation is performed. A test
for this hypothesis would be the successful trapping of the intermediates
before the reverse reaction occurs. Using NFs, no reaction occurs with SFg
on irradiation:

.SFg + NF3 = no products observed.

In the presence of OFz, however, it is found that products are generated in
the irradiation,

SFG +OF‘2 = 0=SF4 + 2F2,

+hus, it appears that either an irradiation product of OF> attacks SPg
successfully, or some sulfur-containing intermediate has been trapped. In
any case, the sulfur-oxygen bond formed resists attack by fluorine and a
product is observed. :

) Similar behaviocr is exhibited in the case of SOz. Alone, SOp gives
no products on irradiation. In the presence of either NF5 or OFz, however,
reaction occurs and all the fluorine which one would normally see from NFs or
OF> alone appears in the products, SOzF2, SF,40, and (possibly) SFs. In the
case of SiF,, no reactionhhas yet been effected, either alome or with possible
trapping agents (NF3 and OFz). .

The nitrogen oxides seem to be fairly regularly interconverted on
irradiation. An exception to this is that nitriec oxide never appears among
the products at 77°K, where we know from experience that it can be observed
in a produet mixture and quantitatively pumped off. In systems which generate
both NO and 0o, it is probable that the NO is lost in the reactionm,

NO +1/2 0o = NOm,
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which requires little activation energy. In order for us not to see NO in
these systems, the above reaction must oceur belore analysis.

The interesting phenomenon of oxygen hold-up occurs in the irradia-

tion of dinitrogen tetroxide. Whereas no Oz is cbserved at T7°K on analysis

of a sample of irradiated N204, when the temperature is raised to about
175°K, Oz and NO are evolved. Since we have not observed .the trapping of
oxygen in the solid Nz04 lattice previously, it appears that at 175° a decom-
position is occurring; no additional data are yet available concerning the
compound(s) which may be the source of this decomposition.

The irradiation of CFsCl in the presence cf Xe appears to give a
higher product yield than does CFaCl alone. Also, more products are observed,
as might be expected from a higher conversion. Xe thus exerts a synergistic
effect and may act as an efficient energy transfer agent. Carbon dioxide seems
to display a similar effect in the irradiation of NFsj.

The products from nitrosyl fluoride and nitrosyl chloride show
that a great many processes must occur when these systems are irradiated.
Although no oxygen is observed among the prcducts, in the case of O=NF all
of the O,F» species normally seen from OFz are produced, though CF> itself
is not seen. If oxygen or-QOFz are products, they must be quantitatively used
in secondary reactions. The great variety of N-F compounds and nitrogen
oxides produced in these systems add to the confusion, but most striking is
the precduction of apparent dimers (and possibly trimers) of the nitrosyl
halides, (0=NF)2 and (0=NCl)z, for which no structure is yet suggested. Many
such structures can be written.

The two systems which have been most thoroughly studied in this
work are the NF3 and the OF> systems. These materials were both irradiated
early in the program and then frequently again both alcne and admixed with
other reactants. The prcducts of these irradiations, by virtue of the fact
trat they involve only two elements each, are confined to a small number:

NF5 No, Fo, C_i_é"Nng, trans-NzFa, and NpaFg
OF2 Oz, Fa, 02F2, 0aFz2, and 04F2(?) .

The chemistry involved, however, is complicated. We see in the first case
that by some means that all of the fluorine atoms have been stripped from
NFa, producing Na.

The mass spectrum of NF5 shows NF3+, NFo* and NF* as predominant
ions with significant yi2lds of N* and even F* as well;(4) the formation of

the fragment ions is presumably accompanied by formation of Fp and.F.

Similar products may arise from the initial excitation of NF during radioly-
sis in the condensed phase, but here the detailed course of events may be
modified by collisions between excited species and surrounding molecules.
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Recombination of ions and electrons should lead to the formation
‘NF> and :NF radicals. Formation of :NF, radicals and F~ ions may occur
also by the exothermic process

NFs + e~ = °*NF2 + F7 .

Formation of NoF, can clearly occur by reccmbination of *NF» radicals; NaFao
ray form similarly from :NF radicals - though the energy release will favor
decomposition of the product. The exothermic cross-coupling radical reaction

:NF + *NF2 - -NoFs* - NoFo + °F

is also a possibility. A possible route to Np and Fp is provided by the
related reaction

:NF + :NF - N2F2* - No + Fp

in which the first step makes available about 4 ev of excitation energy.
Still other possibilities are provided by ion-molecule reactions such as

NF* + NF; = NFo' +<Fp

which may be slightly exothermic, and by reactions of F~ with any of the
positive ions mentioned above.

Similar reasoning ean be made to account qualitatively for the
products obtained from OFs. The task ahead will be to gain more data con-’
cerning these systems, to obtain more concrete evidence for the mechanism of
the reactions and to attempt to devise experiments in which some of the inter-
rediate species postulated may be trapped and identified.

Conclusion

The technique described and the results obtained serve to indicate
that low temperature radiation synthesis is indeed a tool which may prove to
be of value in the study of endothermic oxidizing agents of low thermal
stebility. Although no quantitative product distribution has been measured,
and some of the products are still not identified, the guidelines established
by a survey study such as this will be of great value in choosing systems
worthy of further study. The mass spectrometric analysis scheme for the
preduct mixtures will provide a monitoring system in guiding the separation
of larger amountsof the irradiation products. Other techniques, such as gas~
liguid chromatography, infrared and U.V. spectroscopy, as well as NMR, will,
of course, have to be applied in the characterization of those compounds
which we have until now deemed "uncharacterized”.
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Table 1

i ]
j Compound |Temp,
; Irradiated | °X

Products Identified
(In Approximate Order
of Abundance)

Ions Observed-
Source Unidentified

NFg 77 |Na, Fo (see Fig. L)
100 _C_i__E—NgFg, trans-NoFo
1 Eh NoFa

NoFq 77 N2, Fz2, NF3

105 cis-NoFo, trans-NoFs

FNO 77 N2, NO

123 [Nz0, cis-NpFa,
trans-NoFa

161 |O2Fz, OgFz; O4F2 (?)

NaFs (2)
223 | NpO,, NOSF (?) NaF', 02",
NZQ:)(Z) N2§+,(2)
NOF ,+N202F ',
NgO{g
293 o NsO2F ', plus those
observed at 223
C1NO "77 | Nz, NO
195 | N2Q4, Nz0O, Clz + +
2%2 N20C1¥, N202C1
N20 77 | N2, Oz
2Lh N2Og
!
wo o7
124 N=0
i 243 | NaOg
|
_
N20s ¢ 77 | Nz {no Og)

£ 176 ! NO,. Op, trace Nz0

2) Thisz species evolved from @ decompoSition 4L this

(Continued)-
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Table 1 (Contd)

Prcducts Identified
(In Approximate Order
of Abundance)

Ions Observed-
Source Unidentified

Compound |Temp,
Irradiated | °K
OFz 77
107
128
176
219
S0z
S02F 2 83
143
253
SFg
SiFg4
CF3Cl 77
293
CCls 208
293

Fa, Oz

COFs,(3) 0,,(2) Fal2)
oFa(2)

02,(2) F,(2) co(3)

OaFz, OoFz, Oz,(2)

C15,(3) 0uFs (2)
OzF2, OgzF2 (trace),

0s,{(2) cc1Fg
(trace)(®)

No preducts observed
to 350°.

02, CF2

CO» (trace)(s)
SOF.-; 5 SFG

No vroducts observed
to 350°.

No products cbserved
to 350°.

CF4

CaFg, CF2Clp, Clp,
and CpoCloFs or
C2C1Fs.

Clz

C2Clg, plus a Cg
species, probably

¢ C3Clg.

S04F", 50.Fs"

2) This species
temperature.

evolved from a decomposition at this

3) From the action of the sample on the Kel-F grease
on the O-ring seal.
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Table 2

Compound
Irradiated

Temp,

Products Identified
(In Approximate Order
of Abundance)

Ions Observed-
Source Unidentified

NF3 & Op

NFg

NF3

NFg &

NF5

& CFz

& N20

& N2Og

7’7
100

1b3

211

253

193

7
111
148

20l

S0

Fa, (2) 0y, (2) FNO
N20, cis-NoFa,
trans -N2F2, NOSF
[

c1s,(2) OFs,(2) 0aF2
OFs, (2) 0,(2)

N204

N2. 02, Fa

01s—u2% ) traﬂ“—ugrg
COFg

02, (3) N0

OzF2

N204

N2, 02) F2
ES_-Nze, trans-NoFo,

FNO, Cla,(®) NOSF (7)
N2Qsa

N2

Li_S_—NZFg, trans-NoFo
(large amounts)
NoF4. (large amounts)
N=O '

NsOs, FNO

ng, Faz, trace Op
E_i_S_-NgFg, trans-NoFo
NaF4, N0, FNO

NFOz (?)

N204

NO©, Na 20",

NoFT, OFF

NOZ »

NO

Nz, NF

+ + +
02", N2", NFz

This species
temperature.
From the action of the sample on’ the Kel—F grease

-on the O-ring seal.

evolved from a decomposition «t this

{ Continued)
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Table 2 (Cont'd)

Tcmp,

Products Identified

{

Mixture X Icns Observed-
Irradiated jid (In Approximate Order i Source Unidentified
of Abundance) f
NFs + S0o 17 Nz, Fo
99 CiS—Nng, trans-NoFao
123 N2Fg, S02F2,
SF. (trace), Coo(3)
169 SOF4 (?)
NFs + SFg No products other than| those of NFs alonc
observed up to 350°. :
NF3 + 8iF, (Same as above)
NF3 + CClsy 77 Nz, CFq4
128 NoFy, cis-NoFo,
trans—NgFg, CClng +
173 Clz, NFoCClz (?) ~—> NC1 , NFpCCl
NFCClg s
195 CClaF
293 C=Clg G
NFa + C2Ha| 77 N2
' 89 . CiS—NgFg, trans-NoFo
156 CHF=CHF + +
186 CeHes, NFoCH=CHF (%) ——> NFs , 3100
: CHNF ",
> CoNFa™,
CollF2HY,
CollFoHz*
NFs + COz Inercased yiclds of
normal NFz irradia-
tion products as
well as scme COFgp !
i
WPartaleliz 77 | iy, oF, |
1130 | NoFs, cis-NoF, ;
i (traccs) trans- !
! NaFo (traces) !
293 CF3CHpF, FoNCHoCF3 (?)*———> NF2 , CF3 ,

CoNFo* 1
CgNFzH 5

! (wcak intensitics)

3) Frcm the actlon cf the sample on the Ke¢—F grcase on the
U-ring scal.

(Continucd)
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Table 2 (Cont'd)

! |
. Preducts Identified
Mixture | Temp, . Ions Observed-
Irradiated|{ °K (In g?ngﬁigzzze?rdcr Source Unidentified
OFs + Np 7 Oz, Fz, NF3
107 cis-NzF2, trans-N2Fz
Na, (2) 0y, (2)
OF2(2)
128 | N0, CCs, Na,(2)
0z, (2) oFz, (2)
NO=F (?) +
191 NoOg NoF
OF2 + 02 7 (No Fz'obéervcd)
93 O3
135 | siF,, (%)
173 | 00z, (3) coFe, (3)
02,(2) FZ(Z)
192 O3F2, OoFz,
_(2) . (2)
. \
QF2 + Nz0 T7 Fz, N2, G2
132 | cors, () Fro,
NOSF (7)
199 N=204
OF
ﬁo(s) 7 Oz, Nz, Fz, OFz, NF3
158 | Ns0, COF»,(2)
SiF4, (%) FNO,
"NOF (7) .
195 N204 NoF
OFz + N20a| 77 | Oz, F2
> 151 i 05, (2) coz, (3)
\ ! COFa, (®) NOZF (?)
|“« ; 193 ! 0gF2, FNG, 02
L\‘ 2) ThlS spcc1cs cvolvcu {rom a dccompogltlon at this
'« temperature.

%) From the action of the sample on the Kel-F grease
on thc C-ring seal. .

L) Impurity.

5) HMixturc exploded before irradiation.
analyzed in the usual manncr.

Products were

(Continuecd)

st
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Table 2 (Cont'd)

Mixturc Tcnp,
Irradiated °K

Products Identified

(In Approximatc Order
of Abundancc)

Ions Observed-

!

! - s
Source Unidentified
-

OFz + SOz 7

OF>

OF2

OF2

OF2

+ SiFg

+ CClg

110
] 143

+ SFg 7

137

161

+ C02 7
103
120

133
181

220

CFaCl + Xc | 77

17
11

1583

0oF, P2, SF2 (7)

SOFa, SFs, SOF., SFe

c0s{3) (trace)

02) Fo

OaF2, COz,(3) 0s,(2)
Fs,(2) oFs(2)

SOF ¢

Ho products othcr than
alone observed up to

Poor data - ambiguity

distinguishing OF frp

( grace Oz
2 Slarge anmount)
COF2

02, (2) oFa(2)
02F2, CiF2

5, (2) ors, (2) cos(2)

CF4

Cls, CoFe, CFaCla

C2ClaFs3, CaCloFa,
CC1lsF, XeFa (7) —

- ot s, 5

(weak inten-
sitics)

those of OFs
5SO°.

exists in
n 33C1.

+ +
CO4Fs , CO4F5 ,
COoFa, Co20Fs™,

0202F2+, COF3+:
4+ *

CO2F2 , C203 ,
+

CO=F

> Xe (2) ~132;
XeF (2) ~151;
XeFs (2) ~170

Clz + Xe No products observed up to 350

2) This Q‘xcus .volved from a duCOﬂpOolthn at this
temperaturc.

3) Frem the action of the samplc on the Kel-F grease

on the O-ring seal.
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Brergonce ordor of conpounias cobserved in mass spectromater
(P=8x10Crm) and their respective approximate distillation

temperatures.

Compound Temp, °K Compound Temp, °K
Nz 77 NoFq 130
02 T7 FN=0 150
Fo 17 SCz 150
NI 7 SFg 160
NO 77 C1-N=0 200
OF2 7 N2Og4 200
CFy 77 CCl, 210
CoHa 90

NoFo 100

Xe 100
CHoCF2 100

S0zF2 105

SiFg4 110

CF5C1 110

COF2 120
N20 125
CoH2 125

‘: CO2 125

; SiFy 125 . ]
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Figure 3. SPECIAL DEWAR FOR HOLDING SAMPLE DURING

IRRADIATION AT -196°
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