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ABSTRACT

KINETICS OF SYNTHESIS AND DECOMPOSITION REACTIONS
OF IONLIC COMPOUNDS CONTAINING N-F CATICNS

Kinetic studies indicate that NF4A5F6 decomposes via an

equilibrium dissociation
N}4A3F6 e NF5 + AsF5
followed by a rapid fractional order reaction:

Attempts to identify NF5 in the decomposition products were
inconclusive. The first phase of this work has been submitted

for publication.

The reaction of bromine dioxide (probably containing some
Br03) with 02F2 yields bromine pentafluoride if the oxygen
fluoride iz in excess, but at smaller ratics bromine oxyfluorides
are produced. The stoichiometry of these reactions is being

investigated

Several samples of NHBFClO4 were prepared from
N-fluoriosopropyl carbamate and perchloric acid. Two of the

samples exploded violently during solvent removal.

11T RESEARCH INSTITUTE
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KINETICS OF THE SYNTHESIS AND DECOMPOSITION REACTIONS
OF IONIC COMPOUNDS CONTAINING N-F CATIONS

1. INTRODUCTION

The purnose of the present research is the study of the
properties of NF4+ salts, especially the mechanism of decompo-
sition, and synthesis and examination of certain perbromates,
and the study of other heptavalent bromine ccmpounds. The
study of higher-valent bromine compounds has also led us to a
cioser examination of the bromine oxides, and their reaction

with oxygen fluorides.

During the year, after consultaticn with Mr. Hanson, an
additional effort wes included, consisting of the synthesis of
fluorammonium perchlorate, NH3FC104 for use in molecular beam
experiments in collaboration with Dr. John B. Fenn at Yale

University.

2. RESULTS AND DISCUSSION

2.1 Decomposition of NFaAsF6

)

Our work on this compound has been summarized in the form
of a raper, and submitted for publication in the Journal of
Fluorine Chemistry. A copy of this paper is included in this
report as an appendix, and therefore the work will not be dis-

cussed in the text of this report.

2.2 Synthesis of Fluorammonium Perchlorate

During the course of this program, the suggestion was made
by rir. Hanson that fluorammonium perchlorate, NHBFC1O4 might be
of particular interest to us since it contains a fluorinated
cation of a base which has never been isolated. Using molecular
beam experiments, Dr. John B. Fenn, Yale Universitv, has iden-
tified ammonia and perchloric acid as the gaseous species in

the vaporization of ammonium perchlorate. Thus, one might hope
IHT RESEARCH INSTITUTE

1 IITRI-C6140-7




to identify fluoramine from the perchlorate in a similar manner.
We therefore undertook the task of preparing a sample for these
experiments, and plaaned to attemp: a matrix isolation experi-

ment &s well.

Fluorammonium perchlorate has been prepared by the reaction

of anhydrous perchloric acid with N-fluoro isopropyl carbamate:

12 CaH: 0L

i-C qis Vel

H,0C(0)NKF + HCLO0, —> NHyFCLO, + CO

3 2

The latter compour.d was obtained2 by aqueous fluorination of

i-propyl carbamate.

The HU-fluorocarbamate was prepared using this method and
isolated by vacuum distiliation. The purity was monitored by
proton nmr, and only material containing no detectable organic
impurities was used in the next step. l.rchloric acid was pre-
pared according to the method of G. F. Smith,3 and used within
24 hrs. of distillation. It was usually very pale yellow.

Two preparations of fiuorammonium perchlorate exploded
violently during transfer and drying, however, one sample was
obtained in a dry, powdered state. But, while waiting for the
matrix isolation experiment for several days, hydrolysis
occurred. and the product became visibly wet. In all three
preparations care was taken to use the purest possible fluorc -
carbamate, and the perchloric acid was used as soon after pre-
paration as possible. Although care was taken to wash the solid
carefully. a smell amount of residual i-propyl perchlorate or
excess perchloric acid remained on the solid. More likely,
even a very minute quantity of chlorine oxide in the perchloric
acid may be sufficient to initiate decomposition. In any case,
since this wvas not the main objective of our work, it was
drcpped by rgreement with Mr. Jackel and our attention was
returned t.. bpromine oxyfluorides.

I'T RESEARCH INSTITUTE
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2.3 Bromine Oxyfluorides and Oxides

Heptavalent bromine is now known in two torms: the per-
bromates, obtained by Appelman by aqueous [luorination ol bro-

! : : 5 ; : -+ ;
maLes, fand perbromyl fluoride,” from fluorination of K8rQ, in

N, To date this is the only known method Tor preparation of

perbremyl fluoride.

Despite several attenmpts to prepare bromine heptalluoride
by direct or indirect fluorination of lower fluorides and salts,
no evidence of the existence of other heptavalent bromine com-
pounds is presently available. Tt is very likely, jundging from
the chemistry of the higher valence states ol the transition
metals, that the oxviluorides will be more stable than the
fluorides. Since the oxyfluorides are expected to be reactive

and of iimited stability at ovdinary temperatures, we are
studying the lew-temperature fluorination of bremine oxides by

oxvgen fluotides.

The tedious procedure involved in the svnthesis of per-
bromates induced us to look more closely at the bromine oxides,
which have been brieily characterized, but not studied in mueh

= §
g g

oviluorides by direct Fluoiinatilon o th S oxides: SSiince their

deta

e

It seems an obvious approach Lo prepare bromine

instability makes it necessary in any case to use low tempera-
tures, the use of dioxygen dilluoride seems especially suitable
here. Bromine dioxide has been fluorinated by f{luorine and by
Bric to bromyl Iluoridv,g Bro F. Dioxygen diflucride will
surely etflect the same reaction at a lower temperature, and
also should produce perbromyl fluoride, Bro,F, [rom Bro..

It is also hoped that cther heptavalent oxvfluorides will be

produced, such as Br()zl‘f1 oY BrOFB.

We have therefore initiated a study of the reactions of
the bromine oxides with the oxygen [luorides. The synthegis
and analysis of bromine dioxide and some preliminary experi-
ments on its reaction with dioxygen difluoride was reported

11T RESEARCH INSTITUTY
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o At that time the only identifiable fluorine -

previously.
containing product of a reaction at -126°C with an unueasured
quantity of 02F2 was bromine pentafluoride, although a less
volatile material was also present which is now believed to

have beeri bromyl fluoride.

Later experiments on BrOZ/BrO3 mixtures with less O,F,
have indicated that bromyl and possibly some perbromyl fluoride
were produced. Thus, BrOZ w4s prepared at -183°C using a
613 02/'-r2 mixture. The product was mostly yellow, but white
on the upper surfdaces. After evaporation of the excess bromine
ar -30°C, it was determined that 15.3 cc of bromire had been
consumed. corresponding to 30.6 cc BrCZ. A previously prepared
sample of OZFZ was distilled in, and the reactor brought to
-126°C for 90 min. Most of the color disappeared, and the
reactor was codted with white solid with a small spoc of pale
yellow-orange color. At the end ol this time the volatile prec-

duct consisted or 34.1 cc Oy and a rrace of F,.

f

On thawing to -78°C a further 17.6 cc 0,,1.5 cc ¥, and
9.9 cc of condensible gas were obtained. The infrared spectrum
of the cordensible gas appeared tc be mainly that ot a mixture
of [luorocarbons and 5iF , with three smaller peaks (960, 875,
and 590 cm l) which may te due to BrOj:‘(976.), SHHE S e and
606 cm'l, for the three strongest peaksLl). Overnight these
peaks disappear.d, and the color of bromire appeared. Aside
from the appearance of a small new pesk at 1280 cm l. the

spectrum was otherwise uncnanged.

The -78° residue did not appear to distill at room tempera-
ture, but melted to a clear colorless liquid which bubbled
slowly. producing (overnight) 36.4 cc Oy 142 ¢ brz. and
10:0 cc Sin { AR spectrum) Using the SiF, value %o calculate
the fluorine, and to correct the oxygen valve, this becomes:™
26.4 cc 02, 14.2 ¢c Brz

roughly to the compositio HrOZFG

and 20.0 cc F,, corresponding very
-

I'T RESEARCH INSTITUTE
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The mass balance is incomplete due to uncertainty about
the nature of the condensible products obtained at -78°C, anu
the oxygen values seem excesrcively high. In future experiments
attempts willi be made to obtain a mass balance by measuring the
amount of OZFZ, fractionating the condernsible material, and

avoiding contact with stopcock grease as much as possible.

Work is also in progress on bromine tioxide, Br03. This
interesting compound can be prepared only at higher temperatures,
best at 0°C, where it is stable only in the presence of ozone.

To date, poor yields have prevented much progress with this
compound, but larger samples sh:uld be obtainable with a new,
thin-walled reactor under construction. When larger samples
are available, the reaction with 02F2 dand the hydrolysis of
BrO3 are plarned. It is expected that fluorination will yield
BrO4F and the BrO3 will hydrolyze to a mixture containing bro-

mate and perbromate ions.

3. FUTURE WORK

3.1 Heptavalent Bromine

Worlc will continue during 1972 on the synthesis and re-
actions of Br03, directed at preparing BrOBF and HBrO4 by EnEs
new route and . preparing new oxyfluorides. At the same time,
the reactioan of BrO2 with 02F2 and 04F2 will be examined closely
to determine if oxyfluorides higher than BrOZF are obtairable

by this method.

It may be worthwhile at this point to examine the reac-
tions of 0,F, with the bromine fluorides. Von Grosse's
HOZBrFSH should be re-examined to see if any evidence can b$2
found for the existence of an oxyfluoride in this reaction.”
It is expected, however, that the major effort in this area

will be with the bromine oxides.

I'T RESEARCH INSTITUTE
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3.2 The Dichloroflucronium Cation Cle+

As described in our recent proposal, work will be initiated
this year on the decomposition of the interesting new salt.13’14
C12F+ASF6-. This salt is at least fermally related to the '"base"
C12F2,
luoride. No such ?%mer has yet been established, although the

which, if it exists, would be the dimer of chlorine mono-
Trouton's constant, 28.0, may suggest association. This is
taken from old data, however, and could indicate nothing more

than the presence of ClF3 as an impurity.

We plan to examine the infrared spectrum of the decomposi-
tion productes of C12FAsF6 by matrix isolation techniques, as well
as that of chlorine monofluoride. Vapor pressure measurements
of a carefully purified sample of ClF should also yield a more

reliable Trouton’'s constant.

Work on this problem will probably be initiated during the

second quarter of the program.

5 IITRI-C6140-7
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THE DECOMPOSITION OF NF4ASF6

SUMMARY

NF JhSF decomposes smoothly at 175°C and

4
above, to the starting materials NF3' F, and
AsFg. The decomposition has bezn followed by

total pressure measurements, and found to obey

the equsation

This has been interpreted in terms of an

equilibrium dissociation step:

NF4ASF6 = NF5 + ASFS

followed by irreversible decomposition of the

unstable NFS:

NFS ey NF3 + F2

The latter step is taken to be a 3/2-order

reaction:

2 .2
ac - ° PP,

where Pn is the partial pressure cof NF5 and

Pa that of ASFS. Taking the equilibrium into

9 IITRI-C6140-7




account, the above equation is integrated to
yield:

p 32 _ (p9¥2 . GA

a a) eq

An attempt tc identify NF¢ in the products
by matrix isolation methods yielded. basides
the expected NF , and AsFS, an unknown minor
product which appeared not tc contain nitro-

gen.

10 IITRI-C6140-7




THE DECOMPOSITION OF NF4ASF6

by

Irvine J. Solonon, James N. Keith
and Alan Snelson
IIT Research Institute
Chicago, Iilinois 60616

INTRODUCTION

The stability of the recently reported
tetrafluorcammonium saltsl’2 is quite remarka-
ble in view of the low basicity of difluor-
amine3’4 and the absence of detectallle basic
properties in nitrogen trifluoride.4 The
existence of such salts is particularly in-
veresting since the conjugate bezse, nitrogen
pentafluoride, is not known, and 1is expected
to be extremely unstable. The case 1is
analogous to that of the dioxygenyl salts,
such as 02BF4, which have been shown5 to be

derived from the very unstable base O2F:

@) tar - T2

2 Ry

B, (1)

We thus have stable salts of very un-
stable bases, which can be prepared only by
the use of forcing conditions, such as glow

discharge or high pressure methods.

1l IITRI-C6140-7
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As 1n the case of the dioxygenyl salts,
neither svnthetic route is conducive to
kinetic studies. but it is possible to obtain
some kinetic information or the thermal decorpo-
sition by pressure measurements. As with
OZBF4 the kinetic data indicated the ex-
1stence of an equilibrium dissociation which
controls the rate of decomposition,

attenpts were maede to obtain infrared
spectra of primary dicssociation products by
matrix isolation techniques, but it was not

possible to draw definite conclusions.

BXPERIMRNTAL

Materials and Equlpment: All synthetic

work and the Jinetic and isotopic exchange
studies were performed in metal vacuum lires
of the type used for reactive fluorinec com-
pounds. Transfers of solid NF4ASF6 were made
in & nitrogen-filled drybox.

Nitrogen trifluor:de was purchased fron
Alr Products and Chemicals, Inc. and arsenic
pentafluoride from Ozark-Mahoning Co. Fluorine
(Matheson Co.) was passed through sodium

fluoride prior to use. Isotopically enriched

nitrogen {95% l5N, Merck Sharpe and Dhome) was

12 IITRI-C6140-7




a0

s,
fluorinated in a glow discharge resction et
-196°C to foru lSNFB.

re | o . 5 3 5
Prgpara{i?n ShE NE4ASF6. NF4A5 g Was pre

pared 1n & glow discharge reaction at -80°C,
using & reactant rat’s of F2:NF3:A5F5=1.5:1:1.
The Eyrex glow dischar je tube was evacuated
and removed from the vacuum line by sealing
the connecting tubing. and opened in & dry-
box to transfer the contents. Analysis of the
thermal aecomposition products iandicated the
presence of NF | F2 end ASF5 in equal amounts.
Hydrolysis produced s 2:1 mixture of NI-T3 and
U,

kinetlc Measurements: The thermal de-
composition of NF4ASF‘b was followea by measure-
ment of the total pressure in a passivated
100 cc Munel cylinder by means cf a Wallace-
Tiernan F£145-780 vacuum gau 2. The cylinder
Ftaifel = latstsneleE, Walichny. i el e e g e e <k Aot
Lindberg Hevi-Duty tube furnzce, using a
copper-constantan control *“hermocouple. A
record of *he temperature of the sample (by
mweans of & thermocouple taped directly to the
cylinder) was kept on a Varian millivolt re-

corder.

5 IITRI-C6140-7




Infrared Spectra: The infrared spectrs

of the starting naterials and of the decompo-
sition products were reccrded using & Perkin-
Elmer model 621 Grating Spectrophotometer.
Conventional matrix i1solation equipment was
used consisting of a cesitw 1odide window
mounted in a copper block attached to a cola
finger which can be rotated to position the
window. The Dewar was of metal constructicn
the outer jacket being filled with liquid
nitrogen surrounding the liquid relium-filled
cold finger. The furhace consisted of &

IS8 el mun e n g St b e thioa tedE by n duicitieon s
The terperature was measured by means of a

thermocouple.

RESULTS AND DISCUSSION

As in the siawilar case of Gr3 % the rate

4 /
of decompositicn ot NF,ASF . in a sealed con-

tainer decreases steadily Guring the reaction,
and the initial rate is restored upon removal

of the decomposition products by evacuation.

The data are well represented by the equation:

/
p3’2 Sl N i) (2)

14 IITRI-C6140-7




The parameters of this equation were computed
by the Method of Least Squares, using a
Hewlett-Packard Model 9100B electronic calcu-
- SiEeis The dsta zre presented in Tables 1-7.
It 1s evident that an equilibrium step is
involved in the decomposition reaction. just
x5 with the dioxydenyl salts.. It ds oxtremely

unlikely that the synthetic reaction

S SRR AR T S e

2 L3 4ASFO ( 3)

1s involved here considering the rather ex-
treme conditions reguired for this reactiocn.
It is more likely that &n equilibrium dissoci-

ation step is involved.

NF4A5Fb = NFd + ASFS (4)

This 15 rollowed by decomposition of the un-
staple NF5

]
NFS et NF.3 T F 5 50

The form of ‘quation 2 indicated that this
step must be considerably more complex than
indicated by Equation 5. A 3/2 order reaction
will produce the correct results:

@
L R (6)

15 1IT?I-C6140-7
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Table 1

DECOMPOSITION OF NFgAsFg
PREESTe

Time, Totel Pressure, .nm.

min. obs calecd.
00 0 0 0.0
2 8 five 0.7
LI 3 IRE
[y ) 82 1E=6
22 22 A1
8.4 Dol ol
04,7 5 < i
IF 27530 el E5
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Ta

ble

)
<

DECOMPOSITION OF NF4A5F6
AT 1950

Time

min,

0

9]

. 0

5

Total Pressure

Mt ,

obs

0

0,

(§0)

L5

L3

le.

L8

22

3

)

17

calcd,

i

s

o

[0

@&

S

Sl

lo.

]

4

b

O
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Table 3

DECOMPOSITION OF NF4ASF6
7T A0S

IR et Cene ) F e EEsUERED . T
R e T
0.0 LIAge LERE
iy 0.7 1856
10 1t 253
20 ] Sl
45 4.7 4.8
&) e i+ fe)
il 2kl S S
14 1 S D=5
2553 14.7 l4.¢
3o.4 7). 7 L7 io)
42.4 5 110
49.3 2l e
(10 24.7 24.5
80.8 S =) LS
§3.6 ] & e
EORNS 34.7 34.8
131.7 40.7 41.0
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Table 4

DECCMPOSITION OF NF AsFg

AT 218.5°

Time, Total Pressure, mm.
min. obs. calcd.
0.0 0.0 4.8
Jiml 4.7 U2
3k S, 7 10.8
5.9 14.7 14.9
10.8 285 21.1
15.0 26.7 PHH
18.6 30.7 29.4
RS 34557 33,1
o5 42.7 4C.9
40.7 49.7 48.3
47.5 54.7 53.4
54.7 59 58:5
64.5 65.7 G5!
71.0 687 69.4
30.0 74.7 75.0
89.9 79.7 81.0
100.2 84.7 87.0

19
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Table 5

DECOMPOSITION OF NF4ASF6

A 22192

Time, Total Pressure, mn.
min. obs Galicel
0.0 0.6 52
1.0 Seict THE
Zitenil B 10.0
4.6 14.7 14,2
THE O 5 16.9
10.5 24.7 23.4
14.2 29.7 At
18.2 3457 S2E
28.0 44.7 43.0
34.8 ST6LS T 49.4
39.6 ik 5] Sl
46.0 59.7 BISR 2
52.8 64.7 ©4.8
59.6 69.7 70,1
P55 74.7 76.0
75.6 99T 81.9

20 IITRI-C6140-7




Table 6

DECOMPOSITION OF NFy45Fg
DN 222
IN PRESENCE OF AsFg

Time. Total Pressure, mm.

min. ~ obs. ~ calcd.
0.0 99.0 99.5
24.9 107.7 Q)i 5)
0.9 110.0 100w
43.9 11556 114.9
57.0 L0 18] 119.4

[1TRI-C6140-7




Table 7

DECOMPOSITION OF NFgAsFg
IS0
IN PRESENCE OF NF

Time  Total Pressure, mu.
in. obs. calca.
0.0 B 1504
4:a e e 112.6
7.4 L. 0 114.0
9.6 115.0 115.2
) L16.,0 e
SrTel 1R g 1083
X P20 0 203
213 ) 122.4
35.5 i 125.2
44.0 128.0 [ )
58.7 R 132 9
Tl ks 136.8
B4.3 141,06 14C.5
1603 145.0 144.9
131.9 1530 5d
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i |

where Pn = NF5 pressure and Pa = AsF5 [PlEESEIIre
Since Pn is controlled by the equilibrium,

ke o /P
n eq a
il 2
RV R 1,2 {9}
1

Taking dpP = dPa, and integrating:

]
[\

7 oy
kl}\e“lt \ dl

~:ms Oof the experimental gquantities:

(3)
3 // 2 G S / 2 : _é
o g

o

< S )
wT - 296) leeqL

<cept for the experiment in whia~h NF3 wée s

added-

where PC 1s the calculated partial pressure
due to the NF 4 added at the beginning of the

exper iment  and PT is the total pressure.

The rate constant cannot bz deternined
separately from the equilibrium constant. The
products of the constants leeq’ presented 1in
Table 8, can be computed from the slopes of
32

2
(Ve LR Pg)3/“ or (PT - PC) : Vil s

90
Arrhenius plot of these products yields, for

the sum of the overall heat of sublimation

3 TITRI-C6140-7




Taeble 8

KINETIC CONSTANTS

Temperature,

222
e b

RIS (NF3)

-

3 i
holc”zllter

1% K *
Sire FONLUCER
_Ob:_ calcd.

3.78 3.79

28.5 P, 5

64.1 b9 .6

248 230

296 309

281 309

85.1 209
—3/2Scc_l.-—“"_
24 IITRI-C6140-7
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and the activation energy for the decompo-
sition of NFS, a value of 41 kcal/mole.

In an attempt to cbtain support for the
postulate that WP ds preseat as an: 1nter-
mediate, matrix isolation studies were per-
formed with NF4AJF6.

reference speccera of NF3 and Ast WelrL €
obtained. and compared with the literature
The spectra wele 1n satisfuctory sgreement,
ond no evidence of significant 1mpurities wa:
seen, several runs werc made with NF4A“E6,
decomposing at different temperatu.es. <The
results are shown in Tabie ©.

In the experiments which produced strong
spectra. new peaks were ob:ierved at 1043, 825,
332, and 309 Cm'l, which did not appear to be
due to dgvertones, matrix effects, etc. A
search ¢f the literature did not disclose a
likely impurity to which these peaks could bhe
attributed.

Examination of the spectra of the products
from lSNF4AsF6. however, revealed the presence
of the same new peaks, with the cane relative
intensities., The fact that no. isotopic shift

is observed indicestes that the source of these

25 IITRI-C6140-7




Table 9

INFRARED SPuCTRA IN NoON MATRIX

Frequency, cm—i o
. 4NF4ASF6 lSNP",‘}I*.SF-é iil\lli3 i—S—NF_3 %\_.?FS
1649 1043
1027 1020 L 1027
15C3.5 1004
899 B985 899 894
878.5 878
8z7 B2 55
809 208 809
782 782 7825
642 638
489 490 489
398 SBEES 398
3e7 367 367
Sl DSl
309 307

no
(o)}

IITRI-C6140-7




pezks is not a nitrogen compound derived from
the NF4ASF6, but an impurity ccmmon to the two
samples or resulting from inueraction of the
decomposition products with the materials of
the apparatus. We have not been able to
identify this impurity. nor has any evidence

of NF5 been found.

CCNCLUSIONS
NF4ASF4 decomposes smcothly sbove 175°C
at a rate which decreases as the reaction
proceeds. in a manner similar to that of
028F4. The data can ne correlated with a

mechanism consisting ot an equilibrium dis-

soclation:
1 " 53 = o .)
NF ,A5F NE, + AsF, (4
tollowed by decomposition of NF5
BEe e e {5)

This process must be sonewhat more complex
than indicated above. since the data indicate
that the overall order is 3/2. A process
which is first order in NF5 and 1/2 order in

hst_ will fit the data

5
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B - wpp AR

dt l na 0)

The implication of this mechanism, that NF5
exlsts as an intermediate in this process, was
not supported by matrix 1solation studies. It
would be expected. however, to be very unstable,
and to have only transitory existence.
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this research was provided by the Office of
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