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SUMMARY _

The compound Fe(NC3)3.N204 was previously identified
as the principal constituent of deposits responsible for
flow-decay of liquid propellant N204 in steel systems. 1In
the light of this, an extensive re-investigation of Nzo4
adducts of Fe(NO3)3 has been carried out, including the
measurement of equilibrium vapour pressures at 10°C in the
system Fe(No3)3.nN204 for a range of values of n from
6.0 to 1.0. The compound of greatest significance in
this system is thus shown to be vf composition Fe(N03)3J.5N204.
A comprehensive study of the properties of this compound has
therefore been made and the constituent species of the solid
Fe(NO3)3.l.5N204 have been identified as NO' (solvated by
NOZ) and Fe(NO3)4-. A single crystal X-ray study has confirmed
the presence of this dodecahedral tetraritrato-ferrate(III)

anion, but determination of the structure of the cationic

species is still in progress.

The contamination of propellant N204 by the products

(principally HNO3) of its reaction with H20 was expected to

influence the physical and chemical nature of the flow-decay deposit.

‘the behaviour of Fe(NO3)3.xN204 (x = 1.0 to 1.5) in 100% HNO3

and in HNO3/N204 and HZO/N204 mixtures has therefore been
studied and Fe(NO3)3.xN204 shown to remain solid and undecomposed

up to a "water" content of 0.22 wt.% in liquid N,O,.

A flow apparatus for liquid N204 has been built and flow

experinents conducted primarily for the purpose of isolating and
identifying flow decay material. Such experiments using liguid

N,0, containing c¢a 0.1% "lI,0" and a mild stcel needle valve

4
as collection system resulted in deposition of a sclid which gave,
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after removal of ligquid N204, an infra-red spectrum and X-ray

powder diffraction pattern identical to those of Fe(NO3)3.l.5N204.

The flow apparatus has also been used to investigate the effect
of hold tank thermal conditioning and hold tank - heat exchanger

temperature differential on the rate of flow decay.

The corrosive effect on steels, of pure liquid N204 and
samples of liquid N204 containing small known amounts of
one of the common impurities NOC1, HNO; or NO has been observed

by scanning electron microscopy. The corrosive effect is shown

to follow the sequence

< No < Nocl

HNO3

The stability in contact with liquid N204 of several potential
organic additives for flow decay prevention has been assessed

by regular monitoring of mixtures by 'H n.m.r. ovcr a period of

8 months.
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1. INTRODUCTIOR

When the work described in this Final Report was
being planned and organised, some of the basic features
cf the flow decay problem were not understocd. Our
approach to the problem was largely determined by the
fact that there was no general agreement as to the physical
or chemical nature of the material which separated when ;
liquid dinitrogen tetrcxide which had been contained
in iron vessels flowed through narrow apertures. Thus,
some reports (e.dg. (l)) suggested that the compound which

separated was crystalline in form whereas others (e.g.(2))

attributed flow decay to the deparation of a viscous liquid.
The work carried out under this Contract was therefore directed
towards this particular aspect, and falls broadly under two
headings. Firstly, we considered it necessary to set up a
full-scale flow rig in our own laboratories, in order to obtain
and isolate the flow decay product. This part of the work has
been completed as far as was neceésary within the terms of

reference of this Contract. A technigue has been developed E

by means of which the "water" content of the bulk ligquid dinitrcgen

tetroxide can be determined by proton nuclear magnetic resonance.

PRRIO R SRS

The technigue has been used to monitor the purity of the tetroxide
used in the flow experiments, and the results show that when

liquid dinitrogen tetroxide within specification purity is used

in the flow epparatus, the flow decay product is a crystalline

solid. Opportunity has also been taken to examine sore of the

I ST R N

paraneters which influence the extent of flow decay {swch as

temperaturc, temperature gradient, orifice size etc.) 'This part

W

of the work gives sore indication of the physical conditions

wvhigh favour flew cccay. However, these particular observations




'

_2_

were incidentzl to our main theme, and we would not claim that
they represent a definitive inves:igstion. Nevertheless, it
is pleasing to note that the general conclusions (especially
concexning th< irportance of =~ temperature cgradient during
liquid flow) supvort those of another recent investigations

designed specifically to identify the relrant parameters >,
Our flow decay results are described towards the end of the
Report (Section 8) because it is more convenient to describe

the chemical nature of the product isolated from needle valves

after the compoinds themselves have been discussed.

The seccnd aspect of our work involves the nature of the
flow decay material, and related compounds. Earlier reports 1,2
suggested that this material was probably an adduct of iron
nitrate, Fe(NO3)3, with ainitrogen tetroxide, and formulated
this as Fe(NO;)4.N,0,, ox not Fe(NO,) , T, in accordance with
our own original description of this compound4. We have therefore
extended, and refined, present knowledge on this compound, and
Section 2 discusses preparative methods, vibrational spectra
and X-ray powder diffraction date. During this work we were
impressed by the tenacity ﬁith which NZO4 in excess of that
regquired by the Fe(NO3)3.N204 formulation‘was held in the solid,
and therefore undertook the vapour pressure study described in
Section 3. This gave clear evidence that it is the compound
Fe(NO3)3.1.5N204 which is important in this system, and which
exists in the presence of excess liquid dinitrogen tetroxide.
Further study of this compound was stimulated by the observation
that this was indeed also the material collccted from the neecdle
valves of the flow rig, and thus responsiphle for flow decay.
In Scciion 4 we d scxile an exteusive study of the propertics

of this conpound with parti~ulsr ciphasizc on the spectroscopic

propuerties Ly wcans of which the 1-1.5 ccnpound can bo distinguishced
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from the 1:1 compound. The product is represented as

N203+ Fe(NO3)4 ~. The cation has special interest since it
may be a mecie complicated entity than is represented by the
simple formulation N293+, and methods designed to prevent

flow deray may well involve attack at, or modification of, this
cation, Section 4 includes some speculation on the structure
of this cation, based on spectroscopic, and magnetic evidence.
In an attempt to establish the cation structure, a full single
crystal A-ray study of the 1:1.5 compound has been undertaken

(Section 5) but this is not yet complete.

When water is added to dinitrogen tetroxide, nitric acid
is produced and in the presence of soluble salts a second liquid
phase is salted out containing the salt and a high concentration
of nitric acid. This offers a feasible basis on which to interpret
the separation of viscous gums during flow decay and we have
been able to observe the transition in the flow decay material
from solid to gum during addition of water to the tetroxide
medium. Sections 6 and 7 describe an extensive survey of the
ciemistry of the iron compounds in solution in pure nitric acid, and
in tetroxide-nitric acid mixtures, together with the various

phase equiiibria involved.

Corrosion studies were not included in our original terms
of reference, but we have taken the opportunity (presented by
the availability of a scanning electron microscope in the University)
to examine the effect which various impuritices in liquid dinitrogoen
tetroride have on iron and steel surfaces. Scction 9 makes
refcrence to the effect of dissolved nitresyl chloride, nitric
acid and nitric coxide; the results have sone relevance when

consicering the impuritics responcible for solution of iron, and
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2. PRELIMINARY INVESTIGATICNS OxN THE MNATURE OF THE LDDUCTS

During the course cf the work described in this report,
the known methods for the preparation of compounds of composition
Fe(NO3)3.xN204(x2>l) have been reinvestigated and, where possible,

refined. Additionally, certain new synthetic procedures have been

explored.

2.1 HMethods of preparation and purification

a) The_reaction of Fe(CC),. and N0, in CCl,

A solution of Fe(CO)5 in CCl4 was slowly added to excess

N204 in CCl4, with stirring, at 0°C. The experimental arranvement
ensured that mizxing of the reactants took place under the surface
of the Nzo4 solution in order to minimise the formation of the
product FeO(NOB) > by vapour phase reaction. A vigorous reaction
occurred and a mixture of two products was formed, a yellow smoke
{(presumed to be FeO(NO3)) and a gummy solid. This mixed product
was isolated on a filter-stick, evacuated briefly to remove
solvent and excess reactants and was then left to stand for 24
hours in contact with fresh dry N204, which effects complete

conversion of FeO(NO3) to an Nzo adduct of Fe(No3)3.5 The

4
product was filtered and dried by evacuation.

b) The recection of FeCl, and N,0, in EtOAc

This was the first discovered synthetic route to the
compcund Fe(N03)3.N2046 and, at the commencement of the present
work, was considered to be the methed most likcly to be cuosen,
(As substantial guantities of the compound Fe(NO3)3.N204 vere to

ke used, this preparation was yerformed on a relatively large

scale).
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A.R.FeCl3 (50 g) was dissolved in dry EtOAc (200 ml) and the
soluticn was added to dry N,0, (200 r1). Tne mixture was
set aside overnight. Excess N204 and most of the EtOAc was
then removed by evacuation (lo—zmm) yielding a dark red viscous
syrup. Addition of a'large excess of dry N204 resulted in
immediate precipitation of yellow/brown crystals. These were
isolated using a filter-stick and washed with dry N204.
Addition of dry N204 to the filtrate yielded a further crop of
crystals. In some preparations using this method, the product
was found to contain a small amount of Fe203 (identified by
I.R. spectroscopy). This contaminant was removed by dissolution
of the product in EtOAc followed by filtration, reprecipitation
and washing with N204. It was recognised that the oxide impurity
might be present in the FeCl3 starting material or could alternatively
be formed by decowposition of the product. Thus, all solutions
used in the preparation, reprecipitation or attempted recrystalli-
sation of Fe(N03)3.xN204 compounds were filtered through fine

glass sintors before use.

¢c) The reaction of FeCl,.NOCl and N,04

Metallic iron does not react to any significant extent
at room temperature with ligquid N204 or mixtures with EtOAc

but the addition of small gquantities cf FeCl2 oxr FeCl3 to an

EtOAc solution promotes a steady reaction with the metal. 4
This behaviour results from the production of NOCl by solvolysis

of the added chloride. NOCl reacts vigorously with metallic

7
iron 'Sto give FeCl3.NOCl which in excess N204 is expected to

undergo complecte solvolysis to give the correcponding compound

in the N204 system:
. PPN 8 —N 1 1 4
i.e. Fecl3.hOCl + dN,0, ‘r,MM_re(NO3)3.N204 + 4NO0CL1L.

3

4

+
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The advantage of ti:is reaction is that it should provide a
direct route to the cdesired N204 adduct without the addéition
{(2and the need for subsequent removal) of an organic donor

sclivent.

NOC1 was condensed onto spectrosccpically pure iron at
-78°C and allowved to warm slowly to room temperature. A
steady reaction occurred and a yellow-brown powder was deposited.
This was evacuated (lo-zmm) overnight to remove excess NOC1,
and a large excess of N204 was then added. A gentle reaction
occurred cver about three days. Excess N204 was then removed

by evacuation (10 2

mm) and the resulting powder tested for
chloride. If necessary, the powder was treated with further

amounts of N204 until the chloride test was negative.

d) Attainment of the composition Fe(NO,),.N,0,

The initial product arising from each of the above preparative

methods contains an amount of N204 in excess of that required by

the formulation Fe (NO 'N204 (NO+Fe(NO3)4_) and usually exhibits

3’3
bands due tc molecular N204 in the infra-red spectrum (sce Section

2.4). The actual NZO4 content of individual products was

monitored by use of the analytical techniques described in Section
2.2,

The precise composition Fe (NO
2

3)3.N204 may be achieved where

necessary by evacuation (lO_ mm at about ZOOC; of the initial
products of the above reactions for several days during which
time the "N204 content" of the compound may be monitored by
intermittent nitrite analysis (Section 2.,2) and infra-red
spectroscopy (Scctien 2.3). The reluctance with which this iron

compound loses the N204 which is in cxcess of the above formulation

is onc of its moust striking features and onc which isg rot

N
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encountered to any comparable extent in N204 adducts of other

metal nitrates.

An alternative possible method of preparation of Fe(NO3)3.
N204 was prompted by the observation that dissolution of

Fe (WO LXN,O, in MeNO, (in which it is highly soluble) released

3)3-%XH,0, 2

NOZ' it was hoped that vacuum distillation of the resulting

solution might bring about the separation of Fe (NO .N,O

3)3 274°
After several days evacuation (lc-zmm Hyg, 25°C) the residue
was a homogeneous-looking brown solid. The infra-red spectrum,
and X ray powder pattern (Table 2.2) were very similar to those

of Fe (KO ‘N204 (Fig. 2.1), and although analysis also indicated

33
this composition , a small but significant carbon content (0.5-
1.0%) was found. This method for the preparation of Fe(NO3)3.N204

was therefore reluctantly abandoned.

2.2 Analysis
The following procedures were adopted in the analysis of
the products obtained by the methodsof Section 2.1.

a) Total nitrogen by the Kjeldahl method.

Total nitrogen content was determined by a modified
Kjeldahl method using Devarda's A%lcy. Adducts were first
hydrolysed in alkali to ensure retention of all nitrogen in the
form of NO3" and N02~. Hydrolysates were prepared by a
"closed-bottle" technique in which a known weight of sample was
placed in a thirn-walled glass bulb which was broken in a sealed
vessel, in the presence of a known volume of 2M sodium hydroxide.
Aliquots of this solution were then treated with Devarda's Alloy
and further sodium hydroxide in a Kjeldahl apparatus and the

libcrated NI, wog steain distilled into a known volwme of staLdarﬁ

3

boric acid which was titveted against standard HCL using a rixtuore

of bromocrceal green ond methyl rod as judicstor.
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bh) §294 content by Ce(IV) titration of NO2

Further aliquots of the above hydrolysate were used.
Each aliquot was added to a known excess of acidified standard
cerium(IV) sulphate splution which was back~titrated against
standard iron(II) ammonium sulphate solution. N204 (or NO+)

yields an equimolar amount of NO2 on alkaline hydrolysis.

¢) Iron by atomic abscyption.

Iron determinations were carried out by means of a
Southern Analytical A3000 Atomic Absorption Spectrometer.
Solutions of adducts were prepared in dilute nitric acid and
diluted appropriately. A calibration curve was obtained using
solutions of known iron concentration. These were prepared by
dissolution of spectroscopically pure iron in dilute nitric
acid to give a nominally 100 ppm stock solution which was then
diluted with dilute nitric acid to obtain standards in the

concentration range required for optimum sensitivity.

2.3 Vibrational Spectrum of Fe(NO313;§294

a) Infra-red spectrum

The infra-red spectrum was recorded on a Perkin-Elmer
457 spectrometer using AgCl window$. Nujol mulls were prepared

in a dxy box.

A typical spectrum of the compound Fe(NO.g)3.N204 is
shown in Fig. 2.1 and the bands are listed and assigned in

Table 2.1. This spectrun provides evidence for formulation

as NO+[Fe(N03)4] " since it is virtually identical in the covalent

nitrate regicn to that of the corpound (Ph4As)+[Fe(NO3)4]—

which was shown to contaein a discrete anion of deodecahedral

. , ; : , 9
(D?d) symaetry by means of a single crystel X-ray junvestivation,
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TAELE 2.1 %

Vibrational Spectrum of Fe(NO3L3_._l\I_29_4

Infra-red (cm 1) Raman (cm 1) Assignment
Nujol mull (C2V bidentate nitrate
; ' model)
: 2298 m, sp 2302 s No* stretch
2230 vw, sh Not stretch
; 1598 s 1608 s )
! ) \)1 N~-O stretch
‘ 1548 vs, b 1570 s )
L 1295 s, b 1263 mw \)4 NO, antisymm. stretch
:
{ 1018 s, sp 1030 m \)2 NO, symm. stretch
}
¢ 798 s, sp 784 m \)6 out of plane bend
$
{ 764 vs,sp 769 m V; NO, antisymm. bend
' { 364 m metal-oxygen stretch

¢
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Four symmetrically bidentate nitrate groups are disposed
around iron(IIX) in this anion. No evidence for the presence

of NO. ion or nitrato-species other than Fe (NO ~ is obtained

3 34
from the infra-red spectrum of Fe(N03)3.N204. The bands attributable

to the anion Fe(NO in Fe(NO3)3.N204 are thus assigned in Table

3)4
2.1 ip terms of bidentate bonding of nitrate groups (i.e. C2v
symmetry of the FeOZNO unit). The presence of two bands assigned
to NO+ is discussed below (Section 2.4).

b) Raman spectrum

The Raman spectrum of Fe(NO3)3.N204 was recorded using a Cary 81
spectrometer and a Spectra-Physics 125 He-Ne laser as an exci:ation
source (output approx. 60mW at 632.8 nm). The samplc was contained
in a sealed glass cell. The observed bands are listed and assigned
in Table 2.1l. Further support for the bidencate nitrate assignments
given in this Table is obtained from the sequence of relative
intensities of the three highest-frequency Raman shifts
attributable to nitrate fundamentalsat ca 1600, 1250 and 1000 cm-l,
i.e. the sequence:- strong, weak, strong. This agrees with the
general observation that for symmetrically bidentate species the

1

band at ca 1250 cm (the N-O anti-symmetric stretch) is weak

and without exception the leest intense of the three bands lO.
In the case of unidentate nitrato-complexes, however, this band
is generally fairly-strong and is by no means the least intense

of the three bands.

The above vibrational spectroscopic results are in good

agreement with previous work on the compound Fe(NO3)3.N204.4’ll.

2.4 The infra-red spectrum of Fe(NO3_)_,.xN294

The infra-red spectrum of the imtial (uncvacuated)
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E FPigure 2.2
E Change in I.R. snectrum on altering the composition of Fe(“°319XH204
Sy 4
5 Wavenumber (cm 1) )
3090 2300 2200 1600 1400 1200
¢ | | | | 1 | !
i
. 3 f

(a) Sample of Fe(N03)3xN204 as prepared from NOFeCl4.

i
' ' (b) Sample as abcve after 3 days evacuation (10-2mm).

(c) Same sample after 6 days evacuation (lo—zmm).

. . -2
(a) Same sample after 2 wecks cvacuation (10 “mm) .,
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products of the preparative reacticns described in Section 2.1

showed a very intense band at 2230cm 1

(Fig. 2.2(a)), togeiher
with bands due to molecular R204.* On evacuation of a preduct
from the KUFeCl,/N,0, reation (10 %mm) for 3 days the molecular
K,0, bands and the band at 2230cm ! decreased in intensity and

a further banéd appeared at 2298 cm-l

(Fig. 2.2{(b)). After evacuaticn
for a further 2 déys the two bands in the NO' region were of
ccmpa{?ble intensity (Fig. 2.2(c)) and .after %_weeks the

229/!??)and vas the more intense with the 223(/)?mband as a shoulder

(Fig. 2.2(d)). It may be noted that the bands attributable to

the Fe(NO3)4- anion are uninfiuenced by the mode of preparation

of the compound or by the presence of N O4 in excess of the

2
formulation Fe(NO3)3.N204 This provides a clear indication that
the "excess" N204 is not associated with the Fe(NG;)4- moiety.
Previous work in these labeoratories supports the contention that
Fe(NO3)4_ has the same structure whatever the cationic species

associated with it.ll

On dissolving the evacuated compound ip ethyl acetate and
reprecipitating with N204, the spectrum reverted to that of Fig.
2.2(a). These observations lead to the conclusion that excess
N204 is associated in some way with the no* cation,perhaps in
an analogous manner to that known for\?iethylnitrosaminel3' 14
in which two mclecules of this solvent coordinate to NO+, producing
a consequent shift in the infra-red stretthing frequency of the

latter. This led to the prediction that the compound

+ J - + M . Q : 15
BN204)2Nq1 Fe(NO;),” (Fe(NOj),.3,0,) micht be fairly stable.

Alternatively, NO+ perhaps associates with NO2 to form thce

16,

species (N07)NO+ which Goulden and Millen lguggested was

present in solutions of 1‘129(1 in 100% KNO, on the basis of a
. -1 17
4at cheut 1740, 1200 and 740 cm L
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Raran spectroscopic study. Thus, it was acknowledged that

[tw0,)20] "re wo,) " (Pe (50,) ,.1.5%,0,) might also be an

3)s
identifiable species in the Pe(N03)3.:»:K204 system. Whatever
the precise nature of. the association causing the change in ~ot
band position, the net result is the same i.e. 2 lowering of
the N=0" bond order and thus 2 lowering of the energy of
vibration is brought about by electron donation to ro*.

The stoicaiometry of the species giving rise to the lowered

1

NO* band at ca 2230 cm - is investigated in Section 3, and a

study of its properties forms Section 4. The band observed

1

at ca 230C cm — (Tatle 2.1, Fig. 2.1, Fig. 2.2) is assigned

At .
to the "free" KO cation.

It is also relevant to note at this point that association
of NOC1l and N0+ is considered to occur in certain metal halide-

nitrosyl chloride adducts.l8

In section 4.10 the vibrational
spectrum of a compound containing the species (NOCl)NO+ is
investigated, and possible structures for this cation are

considered.

2.5 Formulation of the adducts between Fe(NO3L, and N294

as _Fe (NO,) ,.xN,0,

The vibrational speciraof material of analytical composition

Fe(NO;) ;.N,0, support the ionic formulation N0+Fe(NO3)4-.

However, the initial product from each of the preparative routes

described in Section 2.1 had a higher NZO content than that

4
for Fc(NO3)3.N204, and these products were for convenience written

as Fe(NO » XN However, the infrared spectra of these

3)3-2M,0,.

materials (Section 2.4) indicate that they contain FC(NO3)4~,

274

no* and/or no! associated with N,U {depending on the N204
content) and (usually, but not always) molecular N?04 itsel

kd
H
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it is shown later (Section 4.2) that the molecular ﬁ204 seen
in svch infra-red spectra cau be attributed to cdecomposition

in contact with mulling agents.

an

Although the mayimum value cbserved for x in the

e

formulation Fe(}103)3.x1€204 is ca 2.5 (¢bserved for the product
from the reacticn of Fe3(C0)12 and R0, at 0°c), more typical
values for x arising for products from the preparative methods

described above are in the range ca 1.0 to ca 1.5.

The molecular species present in these products are
no¥, not (coordinated) and Fe(RO3)4- and the stoichiometry and
nature of the coordinated NOY species are discussed in Section
4 below. However, for brevity, the designation Fe(NO3)3.xﬂ (0]

274
will throughout this report refer to materials of this nature,

where the value of x was not precisely determined but lay within

the region 1.0 to 2.5. The formula Fe (1O .N.O, will be used

313-829%

only for materials aralyticaily close to the 1l:1 stoichiometry.
In the next Section (3) it is desirable to distinguish further
situations where the numbexr of "Nzo4 molecules” ia the "N204
adduct" of iron(III) nitrate is known with a fair degree of
precision, but is variable. This number is represented as n and

the resulting systems are designated Fe(N03)3.nN204.

2.6 X-ray powder diffraction data

X-ray powder photographs were obtained as a matter of
course for all samples produced in preparative and in "extraction"
experiments (Section 7.5), wherever this was possible i.2. when
the material was reither too wet nor gel-like. The rcasons for
taking powder photographs of products from the preparative
experiimerts were two-fold, Firstly, to estehlish characterisiic

Y-ray powder photogrephs for the adducts Fc(ﬁo3)3.xN?O; and
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Secendly to cbserve any correlation between the change in

the ¥-ray powder pattern and the change in the valve of x.

The powder patterns were optained vsing a Phillips
X-ray powder diffractometer with an llcm camera and either
CuKy oxr Feky rasdiation. Typical d-spacings anéd intenmsities

are recorded in Tavles 2.2 and 2.3.

The pcwder patterns observed may be classified into two
distinct groups. The patterns listed in Table 2.2 all
result from preparations in which the final product was
evacuated for some time prior to examination (except for c).
The analysis of samples a,b and c corresponded to Fe(no3)3.‘£¥204

these sanmples

and fexhibited characteristic bands in their infra-red spectra
{Section 2.3a). In the nitrosonium (N0+) region of these

1 (m,sp) with

spectra, the dominant band occurred at 2298cm
a very weak shoulder at ca 2230 em L. It is of interest to note
that previous wcrkers at Rocketdynelprcduced a sample (8) vhich

also gave the characteristic powder phctograph of the 1l:1 adduct.

The patterns listed in Table 2.3 are clearly of a different
type and arc characteristic of samples which have not been
evacuated after preparation. Agéin, each of these compounds
has & typi.al infra-red spectrum which differs significantly
in the nitrorsonium region from that observed for the samples
in Table 2.Z. A strong broad band occurs at ca 2230 cm"l and

1

the sharp 2298 cm — band observed in the 1:1 adducts is

absent. Sample (a) was analysed and shown to be of composition
3.1.5N204, this compound is further dicscussed in Sections
3 and 4.

Fe(NO3)
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In sunmary, it is now possible to identify powder
photographs characteristic of the distinct compounds Pe(N03)3.N204
3) 3. lo 5N204o
photograph indicating the presence of both these phases has only

and Fe (KO It is perhaps surprising that a powder
been obhserved for one sample (Section 7.5b) during the present
studies. However, the sensitivity of X~ray powder photography

is only snfficient to allow detection of 5 - 10 of a second
phase and this sensitivity is further reduced by CuK, irradiation

of samples containing iron.
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VAPOUR PRESSURE STUDILS ON THE NOFG(NO3L42§294_SYSTEM

30

3.1 Experimental.

(a) Apparatus

In an attempt to obtain evidence for stable compositions
in the Fe(N03)3.nN204 system other than the well~known n = 1,

by vapour pressure measurements, the fcllowing design considerations

had to be taken into account:
i) N204 has a narrow liquid range at atmospheric pressure,
-11 to +21°.

ii) At the lower temperatures, the vapour pressure is low, making

difficult the measurement of possibly small changes in the

vapour pressure over a solid containing N204.

1i1)At lower temperatures, any adducts formed in the Fe(N03)3.
nN204 system will be more stable than at higher temperatures.
iv) The attainment of the equilibrium vapour pressure will
be slower at lower temperatures, as the limiting factor
in this attainment is likely to be the transport of Ny0,
through the solid lattice.
v) N,O, vigorourly attacks mercury and greases except
for fluorochlorocarbon greases (e.g. 'Kel-F'),
vi) The moisturg—sensitive nature of the Fe(NO3)3.xN204 requires
special precautions for transfer into the apparatus used

for vapour pressure measurement.

Accordingly, the apparatus shown schematically in TFig.
3.1 was constructed. The Fe(NO3)3.nN204 system to be studied
was conteined in vessel A (Fig. 3.2) which fitted tightly
into the sample compartment B, allcwing A to be broken by
ror tion of Lhe excenced stepper in the B2 neck of B after
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a spiral gavge, €, and the calibrated bulb D was usct to

"a“ chonqe the cowposition of the syotenm as later describod. The
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Fig.3.lApparatus for the Measurement of the

i
Vapour Pressure of Fe(NO3)3.nN204.
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whole apparatus was immersed in a water bath, which contained
a copper coil through which cooled, 1,],l-trichloroethane was

circulated. The cooling of the refrigerant was controlled by

] the temperature in the water bath, which was stirred at a '
constant rate. This enabled the water bath to maintain

a given temperature to ¥ 0.2%.

Taps T, and T2, and the stopper in B were greased with

2

1

a small amount of degassed (3 weeks, 25°C, 10 “ mm Hg) 'Kel-F'

grease. Initially a temperature of 0°C was selected (S.V.P.
of N,0, ca 26 cm Hglg)as a reasonable compromise between the
conflicting design considerations, but preliminary experiments
showed that the 'Rotaflo' P.T.F.E. taps incorporated in the

apparatus, leaked slightly at this temperature. They were,

however, completely satisfactory at lO°C, and this temperature

was used for the vapour pressure studies.

(b) Standard procedures

The thermostat arrangement used, allowed an appreciable
change in the temperature of the water bath used for cooling the
sample ot ca O.2°C). The thermal cycling of this bath followed

the pattern:

1001 — —

s T s time {(min)

In order to obtain reproducible conditions in those measurements
where the pressure change with temperature was appreciable compared

wi%h the pressure change with time, measurements were taken when

the thermometer reading was 10.0% during the slow heating portion
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W g AT TR

of the thermal cycle, arrowed on the above diagram. This
method has the advantage that all thermal hysteresis
effects can be eliminated, and that significant results
—~an be obtained even though the 10.0°C measured on the

thermometfer may not correspond precisely with that of the

arreme L on o

sample. Throughout this section references to a temperature

of 10.0% carry this meaning.

e evaes & AEe

In those measurements where the pressure change with

time was large compared with the pressure change with

temperature, namely in the study of the initial rate of

evolution of N204 from a solid containing Nzo4 when the
pressure abcve the solid was suddenly decreased from its

equilibriumn value, it was convenient to make these measurements

5 . A ————

during one of the heating portions from ca 9.6 to ca 10.1%%.

Lt

 r—————

The experimental arrangement was such that the full

-

scale deflection of the spiral gauge corresponded to approximately
9 cm Hg and hence a change in pressure in B of this magnitude
could be followed without change in the ‘'backoff' pressure in

C.

(c) Calibration of the apparatus

The volume of bulb D was found, before construction of

the apparatus as in Fig. 3.1, by filling with water at a

known temperature and weighing the water contained in it. The

volume was 300 ml.

The spiral gauge used had a sensitivity of approximately
90° per atmosphere, and an optical lever approximately
one metre long provided a scale reading change of 3,57 cm per

cm Hg. The calibration was linear up to at least 8 cm Hg

oy o 45 A R S N e st Ll P et il
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pressure difference, and independent of the absolute pressure

in the outer jacket C.

The volume of the sample compartment B and the associated
tubing (ie, up to Tl) was found by filling B with nitrogen at
a known pressure. Bulb D was evacuated, T2 closed and Tl
opened and the new pressure measured. This was repeated several
times with different initial pressures of gas. A Boyle's

law calculation neglecting non~ideality corrections provided

a sufficiently accurate value for the volume of B (120 ml).

(d) The Density of N204 vapour at 10°C

The gaseous dissociation N204;£:2N02 has been the
object of considerable study(19,2¢21@nd references therein).
These studies were directed towards determination of
thermodynamic functions for this reaction, and were not
generally concerned with systems close to the saturation
vapour pressure, although very accurate values for the
vapour pressure over a range of temperature have been
recordecil““9 . In the present work the initial pressure
readings were to be at the S.V.P. and the composition
of the system being studied was to be change by successive
removal of known amounts of N0y In view of the necessity
for accurate knowledge of the amount of N204 removed,
it was considered desirable to measure the density of N204
vapour as a function of pressure, rather than rely on
interpolation of the literature values of Kp, assuming
this to be independent of pressure, and assuming the behaviour
to be ideal at all pressures. This was performed by filling
bulbs B and D with N204 (which had previously been dried by

distillation from P205 and then multiply degassed) to a

selected pressure, measured with the spiral gauge and a

B o i £ ST R A inae P . P ‘y
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suitabie back-off pressure in C. Fhen the temperature in
the cooling bath reached 10.0°C the pressure was measured,
T, was closed and the N204 in D was condensed into a
previously weighed ampoule, flamed sealed and reweighed.
This was repeated for several different pressuresof N204.
At pressures appreciably below the S.V.P. (ca 44 cm Hg at
10% ]3) the pressure was a monotonic function of temperature,
and hence the valve recorded at 10.0°C was taken as
representative of the-equilibrium behaviour of the system.
Close to the S.V.P., however, the pressure changes during
the thermal cycling were sudden and the values recorded at
10.0°C or successive cycles were not as reproducible as

those at lower pressures. This behaviour was ascribed

to superheating and supercooling of the sample. The

_error in the pressure readings close to the S.V.P. was small

(ca 0.6 in 43 cm Hg) but it was decided that when the
composition of the system Fe(N03)3.nN204 was to be changed
at vapour pressures close to the S§.V.P., the N,0, should be
distilled into a weighed ampoule, sealed and reweighed. At
lower pressures the calibration obtained above provided a

convenient and accurate measure of the change in composii-~n.

(e) Sample Preparation

The sample vessel A shown in Figs. 3.1 and 3.2 containing

Fe (NO +nN,0, of accurately kuown n was prepared as follows.

3’3

Fe(NO3) 'N204 was loaded into A (which had been previously
3

weighed) in a dry-box, by means cf a funnel to avoid the

deposition of solid on thé constriction, and then capped,
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removed from the dry-box and weighed. It was then attached
to a vacuum line and several times degassed. Za approximately
known pre-selected weight of degassed N264 was distilled onto
the sample, the vessel was flame sealed at the constriction
and the weight of N204 distilled into the sample was found

accurately by difference.

The vessel was then set aside for several weeks at

25°%C to allow equilibration.

The weight of Fe(KO3)3.N,0, to be used was specified

by the desired spacing of the points on the vapour pressure

vs. composition plot; the minimum possible change in n corresponds

to 309 ml of Nzo4 vapour at the pressure at which the N0,
is removed from the system. A change in n of 0.5 when the
system develops a pressure close to the S.V.P. of Nzo4
requires about 5 g of Fe(NO3)3.N204 to be used. The
weight of N,0, to be distilled into the sample vessel may
be found from the weight of Fe(NO3)3.N204 and the desired
initial n.

(£) The dissociation vapour pressure of Fe(NO,),.nN,0, at 10%

The sample vessel A containing Fe(NO3) .nNZO4

3

prepared as described above was placed in the sample compartment

B (Fig. 3.1), after making a scratch with a glass~knife

at the bottom of the narrow neckv The stopper to B was
replaced, and the whole apparatus evacuated for 3C minutes.
Then Tap Tl was closed, B was surrounded by a Dewar

flask containing liquid nitrogan and the stopper to B was
rotated to break the neck of A, The Dewar containing liquid
nitrogen was then removed from B. The water bath contaeining

the whole apparatus was filled and allowed to attain its
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regular thermal cycling at close to 10%c.

P Bl L e e

The pressure developed at the initial composition

was measured by means of the spiral gauge and a suitable‘'back-

AT T SO

A I

off' pressure in the outer jacket C. Wwhen constant readings

(i A

on several successive thermal cycles were obtained, the system

R

was deemed to hawereached equilibrium, and the pressure

at 10.0°C was recorded.

e 1 4 wesared

The composition of the system was altered by expansion of the

Nzo4 vapour in B into bulb D by opening T,, followed

AXMERS L PRRITT N IR

by estimation of the amount of N204 in bulb D as described
above. At a convenient time Tl was closed and the new

system, with a changed n was then allowed to equilibrate.

On opening Tl to alter the composition of the systenm,

CR e e sbeve S Senm e

the pressure of N204 dropped to approximately one quarter of

its previcus value. The-rate at which the solié evolved N204
to re-a‘tain its equilibrium vapour pressure was followed
(2) to determine the initial rate of evolution, and
hence compare the ease with which N0, was lost

274
from Fe(N03)3.nN204 at various values of n.

. s v———————

(b) To monitor tiie increase in pressure over the
whole period to the equilibrium value, and hence
to determine how soon a sufficient approximation

to the equilibrium value was reached.

st v —— o o
g bE u ,

The composition of the solid, n(solid), could be calculated
by making a small corrcction to n (system) (found from the
initial composition and the amount of N204 removed), to allow
for the N204 in the vapour phase above the solid. All thc

quoted figures of n in the tables and graphs refer to n(solid).

PP AR 3 AV R A ot S T I B e e, Buiaa Ay v o R




3.2 Results and Discussion

(a) The density of N,C, vapour at 10%c

The measured density of N2°4 vapour is shown on Fig.
3.3 and tabulated in Section 3.3. The curve was calculated
as follows. For the gas phase dissociation
—
N0, 5= 2¥0,

K_is defined by
P 2

where p and p represent the partial pressures. If
NO, N204
a fraction« of the N204 dissociates at a given temperature,

and if it is assumed that the mixture behaves ideally, then

Pnoz =24,

1+4
and p =1-=-4 .P
i R

1+

where P(=pNo2 + Py o ) represents che total pressure developed

274
by the system.

Then KP = 4&??

2
(1-4)

So if Kp is known at a certain temperature« may be found as
a function of P, However, if the system behaves ideally then

the density d will be given by

a = 1 o
— @ N204
1+
vwhere doN 0 is the density Nzo vapour would have at the
2”4 4

temperature and pressure considered, if it did not dissociate
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and behaved ideally. This is easily calculable.
A value for KP of 0.041 atm. at 10.16°C was interpolated

E ] from the data of Giauque and Kemp 13 The curve in Fig. 3.3

PRSI
- W, Th

is calculzted from this value of Rp and the assumption of icdeal

; behaviour. The agreement between the experimental and rather

crudely approximated calculated values is close for all except
the highest pressuvre reading (which was subject to some
inaccuracy in the experimental value due to superheating - and

supercooling). This is very satisfactory and the calculated

density at low pressures, where the deviations from ideality
would be smaller, and for whici accurate density measurements
would be difficult to obtain, was used with confidence. The
agreement Of the experimental figures with the values calculated
using a model assuming ideal behaviour do not imply that the model

used was correct. This agreement may be fortuitous, and due

to the counterbalancing of the effects of two erroneous assumptions.

However, the literature doec indicate that the variation of Kp*with P

is negligible below 0.35 atm. at -40 to 0% 21 , though at

25°C and above, Kp does vary slightly with P, and this deviation

has been attributed to non—-ideal behaviour 20.

(b) The dissociation vapour pressure of Fe(NO,) ;.0 0,

The ‘equilibrium' vapour pressures derived from the

results of two separate experiments are shown in Fig. 3.4 and

tabulated in Section 3.4, In Fig. 3.4 the crosses ccrrespond
to run 1 and the circles to run 2. Marked decreases in the
vapour pressure of Fe(NO3)3.nN204 occur close ton = 1.5

and n = 1.0. The decrease at n = 1.0 is reasonable, as

Fe(NO3) (ie, NO+Fe(N03)4-) might be expected to have

3+M2%
a very low vapour pressure of N204. Again, the closeness

of the value for n(solid) tc 1.0 when the vapour pressure

. e e
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falls sharply may be taken as an indication that the

accumulated handling errors are not large.

An indication that pressures close to equilibrium
are being attained is presented in Fig . 3.5
The results will be considered in turn for the four regions:

n=1.5, n>1.5, 1<n<1l.5 and nV1.

(i) n=1,5

In each experiment a sharp fall in the vapour pressure
of Fe(NO3)3.nN204 occurred close to n = 1.5. 1In one case

(Fig . 3.6) a solid with n

1.543 under 18 cm Hg of N204
had approximately three quarters of this vapour phase

N,Oy rapidly removed. (The calculated t=0 figure is on the
basis of an isothermal expansion at 10°C of the contents
of bulb B into B plus D). The solid remained stable and
showed only very slight evolution of N2°4 in 20 hrs.

That the same solid is in equilibrium with 18 cm Hg

of N0, and 7 cm Hg of N,04 is a clear indication of

the existence of a vertical step in the P vs n diagram ie.

there is a single condensed phase, a solid with n = 1.5,

which is in equilibrium with vapour.

The work described in Section‘z pointed to the
affinity of NO'Fe(NO,),” for N,0,, and it was noted
that the infra-red spectrum of Fe(NO3)3.xN204 was
consistent with its containing N203+. (N203+Fe(N03)4—
= Fe(NO3)3.l.5N204). The preparation and investigation
of some properties of the species Fe(NO3)3.l.5N204

is described in Section 4.
(ii) n>1.5
There is some evidence from the 'equilibrium' data

n...z}wé{ns»rm«mww s A 4 E . '/




- 37 -~

Fig. 3.5

Equilibration of Fe{NOs)3.n NoOy
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Pig. 3.6

The effect of lowering the vapour pressure of

- 38 -

NoOy over Fe(NO3)s_ 15 NaOy
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(Fig. 3.4) thét Fe(NO3)3.l.5N204 retains further N204,
though precise interpretation of this data is difficult.
Consideration of the rate of evolution of N,0, from
Fe(NO3)3.nN204 when the pressure of N0, is suddenly
lowered (Fig. 3.7) provides more convincing evidence for
this association, in that the rate of evolution of N204
from Fe(NO3)3.nN204 with n = 1.5 to 1.7 is significantly
less than the rate of evolution with n>1.7. However,

as the rate of evolution is plotted against the initial

n, and not the surface n, interpreation of these data is

also difficult. It is tempting to speculate that Fe(N03)3. Y

1.7‘3N204 might be a significant species in this systen,
although its high dissociation vapour pressure makes it

unlikely that the 'extra' 0.25N204 is strongly bonded.

It is of interest to note that for n above ca 2 the
vapour pressure is very close to the S.V.P. of N204. However,
up to at least n = 3,1, the attainment of the equilibrium

vapour pressure is not so rapid as to imply the presence of

free liquid NyOye.
(1ii) 1¥n<l.5

The vapour pressure over this region is substantially
constant (Figs. 3.4 aind 3.8). This behaviour would be
requirdd by the phase rule if two phases, with n =1 and n = 1.5,
were present in differing proportions over this range. Although
it is not permissible to infer that there are two phases in
this region, it may be deduced that whatever 1is the constitution
of Fe(NO3)3.nN204 with 1<n<l,.5, tlhe chemical potential of the
NO, in the solid remains substantially constant over this

range. The most likely explanation of this behaviour would seem

!

RO

qmuma AT

o T




- "
A 5 - meam e - e - .
- b et s mmeviaremelvmieaen s vye A -

(iptyur) u
gc ke 6l
_ _ »

58S QG| © =,
295 0210~

[ e © e,

:

D>
I
€
-i— -
\
LY
~
-
LY
~
\~~.
1
0]
O

[
~

- 40 -~
\
-
§~~~‘~
i
©
-
uiw /B4 wd

Umm om 00\0\\

0
% \
1 }
¥ 0
(4] N

\

_

29S8 ov Oummemmarmmmsments> O

SUWNY JO SpOoIdad UID1J8D JaliD .
"YOZNU'E(EON)Sd WOJ} POSN JO UOIINIOAS JO 9jba oy} L°c “BTa 1

KRR SRS i 2




......

(sJdu) swip
oL 8 e 174 S O
T ] ] I I T10
SJ
( cmmv o—0O o 0—0—0
B 74 -l
Ol ———0—098
= e SUED) —o-0—° oL
c (UL __o— € - o .
. o .
% O\O\O\O o ;
§ A A‘
M\ O\OO\O\O w i
' \ €I
. thJ 4n|u. AWLLANva\\\\ c n.v...v‘ te)
! - . ~
—0 i
S 8 .\o\\\\o
28 (saugp) SHECS) ——o —0 Jg ﬁ
B °
m 896°0 0L6°0 v -9
. 0L6°0 086°0 €
.m 086°0 €66°0 z
W €66°0 - S00°T 1
L (TeuT3) (TeT3ITUT) sAIND -4 . |
® u u i !
o
=

e " Y Arcdshlser




—— AT ~PoRARS N A Aty g AT

Lsas

22

L&

U
5

to be that materials with 1€n<1.5 are mixtures of two different

phases, with n =1 and n = 1.5.
(iv) nwvl

The significance of the sharp drop in vapour pressure at
n = 1 has been noted above. Fig. 3.8 gives an indication that,
although equilibrium is not being reached, a marked change
in the properties of the system is taking place with a very
small change in n. Hence it is reasonable to conclude that

at n = 1 there is also, ideally, a vexrtical drop in the P vs n

diagram.

3.3 Conclusions

Evidence has been found for the existence of the compound
Fe(NO3)3.l.5N204 at 10°c. The preparative, analytical,
spectroscopic and X-ray powder diffraction results for materials
Fe(No3)3.xN204 described in Section 2 are thus rendered more
easily intelligible in the light of the existence of this
new compound. There is no evidence for the formation of
compounds Fe(N03)3.nN204 with n greater than about 2. The
slight affinity of Fe(NO3)3.1.5N204 for N2°4 will decrease
at higher temperatures. It thus appears likely that the
limiting composition of Fe(NO3)3.nN204 in contact with liquid
N204 (ie. in situ flow-decay material) at normal ambient
temperatures can, for all practical purposes, be taken

as Fe(NO3)3.1.SN204.
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3.4 Appendices

TABLE 3.1

The density of N,0, as a function of pressure at 10°c

e e

i Pressure Measured Calculated %
[ Density Density g
(cm. Hg) (mg/300 ml) (mg/300 m2) ;
14.15 179.4 180.1 %
20.32 265.8 266.6
25.35 336.5 338.0
29.55 398.2 398.4 :
30. 40 ' 412.3 410.6 | H
33.45 458.6 454.5 %
f 35.70 . 490.5 487.2 ? |
g 40.27 557.5 553.4 i ?
42.95 605.3 592.9 j
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, TABLZ 3.2
) Vapour pressures of Fe(NO;),.nN,0,, run 1. z
' :
n ‘Equilibrium’ Time allowed }
pressure to equilibrate !
(cm. Hg) (hr.) ¢
5.751 44.15 8 é |
5.316 43.75 16 ]
4.884 43.70 .4
4.464 43.70 70 |
4.032 43.40 13 3
3.608 43.50 24 ;
3.183 43.35 24 g
2.750 43.05 24 i
2.344 42.85 26 i
1.951 41.90 16 ‘
1.600 36.90 170 ‘
1.543 18.00 19 :
1,534 - 6.95 20 %
1.490 6.15 24 A
1.452 6.05 24
1.429 6.00 89
1.374 5.91 43
1.238 5.82 218
1.083 5.71 96 J
0.993 5.22 48

0.968 - 0.88 25
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3.070
2.959
2.850
2.741
2.631
2.525
2.414
2.306
2,199
2.092
1.985
1.875
1.772
1.669
1.590
1.561
1.554
1.549

TABLE 3.3

Vapour pressures of Fe(NO,),.nN,0,, run 2

‘Equilibrium’ Time allowed
pressure tc equilibrate
(cm. Hg) (hr.)
43.70 1%
43.65 2
43.60 1l
43.55 1%
43.45 1
43.65 13
43.45 1%
43.35 1
43.5C 43.
43.20 sk
43,15 19
42.85 4
42:50 16
41.75 5%
39.35 24
25.00 93
11.05 48
7.35 360
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4. PROPERTIES OF F'e(NO3)_all.5N294

The vapour pressure studies on the F'e(NO3)3.nN'204 system
indicated that the compound F’e(N03)3,1.5N204 was stable at
10°C if maintained under a pressure of at least 6 cm Hg of
8204. The work described in this section was an’attempt to
prepare, characterise and investigate some properties of this

material at room temperature.

4.1 Preparation

A sample of Fe(N03)3.xN204 prepared as described in Section

2 from FeCl3/Et0Ac/N204 was dissolved in the minimum volume of
ethyl acetate at room temperature. The resulting viscous
solution was filtered in a closedsystem throﬁgh a 30 micron
(*Porosity 3') glass sinter and evacuated for 18 hours (10".2
mmHg, 20°C). Excess liquid N204 was poured onto the resulting
syrup. The mixture was shaken, and then maintained at -20°C

for several hours when a brown, crystalline and apparently
homogeneous solid was formed. This was filtered in a closed

system, the solid (ca. 2g) washed well with liquid N,0, and

4
then tipped into a Schlenk tube while excluding air by means

of a countercurrent of nitrogen. The Schlenk tube (of volume
ca. 100 ml) was removed to a vacuum line, cooled to -196°C

and degassed, and then a small amount of N2°4 was condensed
onto the solid. (In terms of the overall composition of the
system this amount was insignificant; it served only to increase
the vapour pressure of N204 over the solid). The solid was
allowed to warm to room temperature, and the intensity of the

brown colour of the vapour above the solid was noted visually.

The vapour was allowed to expand into an approximately equal
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evacuated volume, whereupon the intensity of the brown cclour
of the vapour decreased considerably. The vessel containing
the solid was then sealed, and the vapour pressure of_N204 ’
as moritored by the intensity of the brown colour did not
increase noticeably during 24 hours. Analysis of the solid
at this stage showed that Fe(No3)3,1.5N204 was produced
(N(IXIX)= 5.48%, Pe(N03)3,1.5N204 requires 5.52%).

The solid was dark brown, and slowly developed a slight
atmosphere of N2°4‘ It was totally soluble in water. It
may be noted that a product analysing as Fe(NO3)3,1.5N204

was noted previously4 but was not further characterised.

4.2 Infra-red and Raman spectra

The infra-red spectrum in nujol and halccarbon‘mulls
was measured on a Perkin-Elmer 457 spectrometer. The spectrum
in nujol is shown i: Fig. 4.1l. The Raman spectrum of the sadlid
was measured using a Spectra-Physics 125 He-Ne laser, 632.8nm line,
and a Cary 81 spectrophotometer. The infra-red and Raman
spectra are compared in Tables 4.1 and 4.2 with some compounds
containing the tetranitratoferrate (III) anion. It is
immediately recognised that Fe(N03);,1.5N204 contains Fe(N03)4-,
and does not contain any '€rece! No* in contrast- to Fé(N03)3.N204.
There is no evidence for molecular Nzo4 in the solid from the
Raman spectrum, and the rate of development of the Nz-o4
bands in the infra-red spectrum of a nujol mull (Fig. 4.1) also
makes it appear likely that Fe(NO3)3,1.5N204 contains no
molecular N204. All the NZO.4 seen in the spectrum is
attributable to sample decomposition in contact with nujol.

Decomposition occurred in a similar manner when halocarbon oil

was used as a mulling agent, but was slower. Nitrate ion was

v -
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The infra-red spectrum of Pe(NO3L3,1.5N2

TABLE 4.1

0, and related compounds

in nujol mulls (cm.12

Assiggggnt

(sz bidentate nitrate
model)

¥ AY)
1 %%

2v4
no*
coordinated No+
2v2
coordinated No+
Nzo 4

coordinated NO*

vl (N=0 str.)

94 (NO2 antisym. str.)

N0,

v, (NO2 sym. str.)

v6 (NO3 out of plane)

Vg (No2 sym. bend)
N0,

Vg (NO, antisym. bend)

Increases with time

Fe (HO,) ,,1.58,0, PhAs’'Fe (N0}, NO'Fe(NO.) "

2730 Wb

2570 w.b

2298 m sp

2235 vs b (A) 2230 ww b

2040 vw b

1940 W b

1785 w b (A)

1735 b (B)

1710 w b (A)

1600 s sp 1598 mw 1598 s spi

1560 vs vb 1542 s 1548 vs b;

1300 vs b 1287 s ) 1295 s b )

1280 sh; ;

1255 vs b 1255 ;

1250 sp (B)

1020 vs sp 1014 s 1018 s sp
803 m vsp 801 m 789 8 sp)
800 s vsp ;
784 w vsp g
770 s sp 766 s 764 vs sp
746 sp (B)

717 vw
695 vw
() Decreases with time (B)
References: N,0, 12 Ph4As+Fe(NO3)4’ 11

e wagne ey ks vde Wb

[ S S ac e T P R '

e

o cenm

-

e mmde e

e



yo3axys usbixo-tezon uw y9g
bueq wis Zon) Ea w69,
(euetd 3o 3no fony 24 m pgy
(*a3s wks Zopn) % W 0£0T
*I38 ‘wisijue Nozv Fo MU €921
(
(
(*238 0=N) Ta M § oLst
( su OT9T
+ON pe3RUTPI. 0D
+ON ds s zoez
(Teopow s3ex3Tu
e3e3ueprq “%y) ()
JUSWUBTE Y nvdmozvmm+oz

SpUNOdWoD pezerox pue Toc

3

09%¢

g

oLL
88L
sw 0£0T1

B

Mu OGST
sm ggct
S GT9T

(q)
RASTEE N

*Pa3eHTISIAUT 30N

g & »
o
0
~

M 0SST
S 88ST
M4 OT9T

()

NS 17t 1€0M 53 BTIo5 305

¢y FIEvVL

wﬂmozvmm+m«vmm
T.WO

unIjoads ueuey 94y

1T 3F3x

dIom sSTY3

ds w
ds u

ds s

(e)

()
(e)

[4°2
69L
S8L
0e01
SSCT
0ssT
08ST
0091
0sze

Y otRE T E TS oSS

235 %Mwﬁir&; BRgem

ol




~——T———y

-51.—

absent, and there was no evidence for the presence of other nitrato-
iron species than Fe(N03)4-. Hence the cationic species contained
in Fe(N03)3,1.5N204 is of empirical formula N203+, and contains

at least one N~O bond of bond order close to 3. The

bands attributable to this cation are those marked (A) in Table

4.1. Possible structures of this species will be discussed '

in Section 4.5.

4.3 Magnetic moment

The effective magnetic moment measured by the Gouy
technique was 5.8 B.M. at 15°C, and measured by thé Faraday
method waé 5.6 B.M. at 16°C.These values are compared with
similar figures for other compounds containing tetra-

nitratoferrate(III) in Table 4.3.

Table 4.3
Mag. Moment Temp. Ref.
B.M. oC
Fe(N03)3,1.5N204 5.8 15
5.6 l6
+ -
Ph4As Fe(NO3)4 5,85 18 11
+ -
EtNH Fe (NO,) , 5.96 20 22
+ - K
Et4N Fe(NO3)4 6.03 20 22
Not Fe (Nog) .~ 5.83 16.5 4
+ -
NO2 Fe(NO3)4 5.82 19 4

"Spin only" value for 5 unpaired electrons, 5.92 B.M.

The room temperature moment of Fe(NO3)3,l.5N204 is
consistent with its containing Fe(N03)4' and a diamagnetic

cation, (eq. N4062+,ratherthan N203+ which is expected to

contain 1 unpaired electron.) However, this conclusion cannot

necessarily be drawn from the measured moment for the
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following reasons:

A) A lattice containing a paramagnetic anion,
viz. Ee(N03)4- as well as N203+ might have
a lowered magnetic moment by antiferromagnetic

coupling.

B) Sufficient interaction between N203+ units in
the lattice to cause spin pairing could arise
without the existeuce of significant bonding

between them.

Some resolution of these alternatives might be provided
by a measurement of the magnetic moment at various temperatures.
However, this was not undertaken, as the crystal sfructure
determination on this compound which is reported in Section 5
should provide direct information on the nature of the cation
without the uncertainties involved in interpretation of

magnetic data.

4.4 MBssbauer spectrum

The MOssbauer spectrum is shown in Fig. 4.2. The peaks
at -0.15 mm sec t and +1.15 mm sec ! with respect to pd/>co
are assigned to Fe(N03)3.2H20 (see Fig. 4.3), which is formed
when Fe(NO3)3,1.5N204 decomposes in the presence of water
vapour (see Section 4.6). The remainder of the spectrum is
a singlet at an isomer shift of +0.55 mm sec-l. This is
assigned to tetranitratoferrate(III) and the lack of
guadrupole splitting indicates that the anion has close
to cubic symmetry. The width at half height of this line
is ca 1.0 mm sec-l and is hence appreciably broadened from

the Heisenberg line width (ca 0.15 mm sec Y), which may
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Non-planar species similar to I, II and III, although possible,
are considered less likely because the opportunity for w -
i overlap would pe lost.

Whatever the cationic species, the assignment of the bands

1

X at 1785 cm ~ and 1710 cm“l is difficult. Their low intensities

argue against assignment to fundamental modes of any of the

structures, I, II or III.

The coordination of NO* by NO, has been postulated

2
! previously to explain the Raman spectrum of N204/HNO3 mixtures

5 16

and the presence of the species N203+ was proposed. A

later investigation of the magnetic susceptibility of the
mixtures showed them to be diamagnetic, so that the presence
23

of an N203+ monomex seems unlikely.

4,6 X-ray powder diffraction data

The X-ray powder diffraction pattern was measured using
a Phillips X-ray powder diffractometer camera of radius 1l cm
and FeKes radiation. Interplanar spacings and visually
estimated intensities are listed in Table 4.4. Some preliminary
attempts were made to index this very complex pattern, using
a computer programme capable of indexing orthorhombic or higher

symmetry systems. No satisfactory indexing was obtained.




The usual technique of obtaining X-ray powder diffraction

patterns of moisture sensitive compounds involves f£illing

2

degassed (ZOOOC, 10" mm Hg, 16 hr.) capillary tubes with the

solid in a dry-box, sealing with silicone grease before
; removal from the dry-box, followed by flame sealing of the
tube. A number of powder photographs of Fe(NO3)3,1.5N204
has been obtained and in several cases, a set of lines
' additional to those arising from Fe(NO3)3,l.5N204 is seen,
The intensity of these additional lines progressively increased
' as consecutive powder photographs were run on the same tube

of sample. This extra set of lines was caused by gradual

decomposition due to improper sealing of the X-ray tubes.

The material giving rise to the extra set of lines was

3)3.2H20 by comparison with X-ray powder

data for an authentic sample of this compound prepared by

N
the published methodzﬁ . Interplanar spacings and intensities

i identified as Fe(NO

for Fe (NO .2H20 are recorded on Table 4.5 Extra lines

3)3
were also occasionally observed due to the presence of an
unidentified compound thought perhaps to be a hydrate of

iron(III) nitrate lower than Fe(NO .2H20. Interplanar

33
spacings and intensities for this material are also listed

in Table 4.5.

The difficulty of sealing tbe Lindemann glass (lithium
beryllium horate) X-ray capillary tubes when containing
iron compounds has been prev:iously noted in these laboratories,
and the problem was solved by multiple running of several

sample tubes filled in the usual way and then flame sealed.




TABLE 4.4

\ d-values for Fe(NO3_2.3,l.SN204 prepared from PeCl3/EtOAc/N294

d R) Intensity
: 9.9 2
) 9.3 20
' 8.2 10
B 7.6 6O
= 7.20 70
‘ 6.81 30
6.31 80
} 5.65 30
| 5.45 5
, | 5.20 15
: 4.86 2
, 4.61 100
] s 4.42 30
. 4.27 30
' 4.10 50
3.77 70
l 3.60 60
3.44 60
3.36 5
3.28 40
; 3.18 25
' , 3.08 20
! 3.00 20
! 2.81 50
2.68 10
2.60 20
2.45 50
2.40 15
2.34 15
2.31 15
2.21 50
2.14 15
2.07 10
1.99 15
1.91 5
1.87 10
1.84 10 v
1.81 10

1.76 15

)
1
|
i
}
?
)
3
!
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TABLE 4.5

d-values for Fe(XO,),.2H,0 and unidentified decomposition preduct

of Fe(NO,j.,1.5N8,0, in air.

-
p}
-~

, Fe(N0313.2H29 Unidentified product
d-Spacing(g) Intensity d-spacing (X) Intensity
6.57 80 7.32 70
6.10 80 7.01 80
i 4.95 5 6.16 80
i 4.08 40 5.58 15
! ! 3.75 2 5.05 10
3.68 20 4.56 100
3.59 20 4,36 5
3.44 5 4.03 15
; 3.35 100 3.75 40
! 3.20 15 3.56 40
3.15 15 3.38 50
2.99 10 : 3.22 50
2.81 15 3.01 2
2.73 5 2.80 15
2.67 5 2.66 2
2,51 10 2.57 15
2.48 10 2.42 20
2.43 2 2,29 10
2,35 30 2,18 20
2,30 2
2.22 5
2.06 20
1.98 20
1.90 10
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An alternative and more convenient method was developed,
in which the X-ray cepillary tube was removed from the
dry-box, sealed with silicone grease, and then sealed
at a length suitéble to fit into the X-ray camera with
melted 'Apiezon L' grease, which has a melting point

slightly above room temperature.

It is of interest to note that before the compound
Fe(NO3)3,l.5N204 had been isolated and identified, its
characteristic X-ray diifraction pattern was alsc observed

in the products of reactions involving:

A) The recrystallisation of Fe(N03)3.xN204 from

MeNOZ/NZO4 mixtures (cf,recrystallisation from
MeN02 (Section 2.1) which gives the pattern

of Fe(NO3)3.N204).

B) The recrystallisation of Fe (NO .N,0, from

3)3°N20,
HNO3/N204, on occasion (see Section 7.5).

C) The initial product of the reaction of NOFeCl,
and N204 (see Section 2.1 and Fig. 2.2).

4.7 The reaction of Fe (NO 1.5N,0, with N29

313015850,

4

The studies on the vapour pressure of Fe(N03)3.nN204,

described in Sec:zion 3, indicated that there was some association

of Fe (NO l.5N204 with further N204. An attempt was

3)3!
made to study this assoclation by means of X-ray powder
photography. Fe(NO3)3,l.5N204 was loaded into a capillary

tube in a dry-box and liquid N204 was pipetted onto the solid.
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The tube and contents were then isozen in liquid nitrogen,
sealed with silicone grease, remcved from the dry box while

still immersed in liquid nitrogen, and flame sealed.

No discernible change in the powder pattern occurred
over 4 months, and hence the further N204 associated with
Fe(NO3)3,l.5N204 , indicated by the vapour pressure studies,
appears to be present as weakly bound lattice N204 or

NO2 molecules. This is consistent with its high dissociation

vapour pressure.

4.8 The evacuation of Fe(NO3_)_3,l.5N2_Q4 at room temperature

The effect of evacuation on Fe(NO3)3xN204 has been
followed by infrared spectroscopy (Section 2.4, Fig. 2.2). The
initial product employed in these studies may now be identified
as the compound Fe(NO3)3,l.SN204. The bands attributable

to molecular N204 seen in Fig. 2.2 are now attributed to sample

decomposition in contact with nujol (see Section 4.2 and Fig.

4.1).

4.9 Attempts to coordinate NO+ by N294 in compounds other than

+ -
NO_ Fe (NO,) ,
The vibrational spectrum of Fe(NO3)3,l.5N204 showed only
three bandc assignable to its cationic component. It was hoped

that other not compounds would form 'adducts' with NO2 and that

in these cases the anion vibrations might not obscure the

vibrational spectrum of cationic species such as U203+ or N,O 2+.

476

No evidence could be obtained for the reaction of NO+BF4-

(by IR and X-ray diffraction) or NO*HSO

4 (by IR) with liquid

g .

RN, N

A




N204 even after 16 hr. contact at room temperature. NO+SbC16~

was reacted with liguid N204 for 20 minutes at room temperature.
The product was incompletely soluble in water, and its infra-
red spectrum indicated the presence of nitrato-groups in

the product. No bands definitely attributable to a

coordinated cationic species were seen.

4.10 The coordination of NO+ by NOC1l.

The conductance of NO+ salts in NOCl1l has been considered

to involve the species No*.Noc1 18,25 . There is no

agreement at present however on its stnrture. It has been

represented as linear25 N
\N/

The compound FeCl3.2NOCl has been shown to exist18 .
It was considered on (insufficient) magnetic evidence not to

6

t
or C Ci\Nép ('W' shape) .

be a nitrosyl~iron complex, and it was suggestod 2 that it

should be represented as (NO+.NOC1)FeCl4—.
The vapour pressure of the NOFeC14—NOCl system at 0%
is shown in Fig. 4.4. The phases present in the FeCl3.nNOCl
system are indicated in this Figure (Sl=FeCl3.NOCl, 52= FeClB.ZNOCl,

L = liquid, V = vapour).

Pure iron sheet (5g.) was dissolved in NOCl (ca
100 ml.) which was maintained at -15°C for 16 hr., by which time
reaction appeared to have ceased. It was then maintained at -33%
and most of the NOCl was evaporated under vacuum, It was
then heated to 0°C and gently evacuated until there was
just no liquid phase visible. The composition should at
this point be FeCl3.2NOCl (see Fig. 4.4). The prcduct was
removed to a dry box, and was noted to be liquid at room

temperature. A sample was pipetted into a Raman cell, capable
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of withstanding several atmospheres pressure, which was then
removed from the dry box and flame sealed. Several samples
were placed between AgCl plates, and an infra-red spectrum
obtained,

Vibrational spectroscopic data for the product are shown

1 1

in Table 4.6. The band at 2170 cm ~ (IR), 2186 cm — (R)

is attributed to NOFeCl4, formed by sample decompositioa,
due to the high vapour pressure of NOCl developed by the
product. No" in N0+Fecl4- produces a band at 2200cm—l 42 « The
rest of the spectrum indicates that FeC13.2NOCl contains
FeCl4" and NONOC1. The Nz0o' frequency is lowered to 1950
1 1

em 1 (cf. 2235 em * in NOt.NO., in Fe (NO 11.58,0,)

2 33
indicative of strong bonding between the No' and NOCl. The
bands assigned to the "NOCl" component of the species No™.Nocl
are compared in Table 4.7 with those of NOCl. NOCl liquid is

known to be associated 18

; NOCl solution in N204 and NOCl
gas will be progessively less associated. This trend is

shown in the vibrational frequencies in Table 4.7.

The polarisation and frequencies of the bands render
unlikely any centrosymmetric structure and the 'W' shaped

structure for the ion NO+.NOC1.

The evidence available at present indicates the most

likely structure to be I or II:

Cl + Cl

[age - PP
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TABLE 4.6

The vibrational spectrum of FeCl.,.2NOCl.

IR R
(em™ 1) (cm 1)
2170 s b 2186 s b(p)
1950 vs vb ca.2000 vw sh
1595 s b a
500 m b 490 w b(p)
c 332 m sp(p)
c 260 s b(p)
c 101 w
* FeCl,” in NaFeCl,: v,330 en’t
v2106
v3385
v4133

a too weak to be observed
¢ not investigated

(p) polarised

Assignment

'free’ NOT
not.Noc1, not
not.NOCl, NO str.
not.NoCl, NCl sty
FeCl4- (Vl, Al)*
No*.Noc1, Nocl bend

FeCl4—(v2)*

s{p) Ref 27
m
w diffuse

w
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» 2 nujcl mull cave no evidence of coordination of LG SkCl

with NOCl, rLut cn repeated running ci the sare rrull,

with a slight preference for II for the following reasons:-

A) The transport number observed for NO+ in
solutions of NO+FeCl4° in NOCl is estimated

as about 0.9.18

The mode of association
depicted in I cannot easily account for

th.s high value, which seems to imply

a special type of chain mechanism for conduct=nce
by NOT akin to the "proton switch" mechanism

in certain protonic solvents eg. HZSO4. Svch a

mecnanism is more readily visualised in terms

of associative mode II eg.

+
0 Ck 0 0. C

N N “N —> N

AN N

Cl 0

B) The non-observar :e of the NEO+ stretch in the Raman

7 SN ? 7N
N

spectrum is striking in view of the high bond order,
This effect is also noted in NOCl, and it may

be that the low intensity is caused in each case by

the proximity of the chlorine atom. (In N,03, whose

structure is as I, but replacing Cl by 0, the

2
N=0 stretch is strong ? .

An attempt was alsc made tc obtain the compound SbClS.zNOCl,

by gradual evaporatior of a solution of NOSbCl6 in NOC1
at -15°C. when the product was just complecely solid, it weas

-ansferred tc a dry box. An infra-red spectrum of the product

(o)

.

nrca

o)
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band at about 1920 cm ~ increased in intensity. This may

be due to the formation of NOCl from NO+SbC16_ either

by contact with nujol or by the heat of the infra-red beam,

with subsequent coordination of NOCl to no*.




l
»

SECTION 5

Single Crystal X-Ray study of Fe(NO3)_3,l.5N2_O_4

A sample of Fe(NO3)3.xN204 prepared from FeCl3/EtOAc/
N204 as in Section 2 was dissclved in ethyl acetate and
the solution was filtered. On addition of a large excess
of liquid N204 to this solution, yellow, plate-like
crystals were deposited. These were filtered off and
discarded. Excess N204 was added to the filtrate which
was left to stand overnight at -20°C. The product was
a batch (ca C©.2g) of discrete, cube-shaped crystals.
Several of these were mounted into X-ray tubes along with a
little liquid N204,inside a dry-box. The tubes were then
frozen in liquid nitrogen and removed from +he dry box.
They were then sealed in a flame, great care being taken
not to allow any contact with moist air., Weissenberg
photographs indicated the space group to be le/c.
1731 reflections were collected to a Bragg angle oxf 20°
on a 4-Circle Diffractometer. The calculated unit cell
dimensions are:~ a = 10.419 , b = 19.930. , ¢ = 14.4358,
@ = 128° 53' in substantial agreement with those calculated
for a different crystal used in a preliminary study, (Ref.
15 p.18)ie. a = 10.218, b = 19.873, ¢ =

14.3378, B= 123°18"

A Patterson map yielded the coordinates of the iron
atoms, and a Structure Factor calculation to derive signs
to be uvsed with the observed Structure Factcrs in
calculctane the Fourier Synthesis, weas carried out. This

farst Fcuricr Synthcsis was intrrpreted in terrs cf 25
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atoms (2 iron atoms, 17 oxygen atoms and 6 nitrogen atoms).
These 25 atoms and their coordinates were then put into

a Structure Factor calculation and this information was
used to compute a Difference Fourier map. Examination

of this map yielded a further 9 atoms.

The disposition of these 34 atoms has been interpreted
as follows:~ There are 2 iron atoms per asymmetric
unit , and four nitrate groups associated with one of these
iron atoms each exhibit bidentate coordiration and are

arranged in the same relative orientation as found for

30

the compound Ph 4As+Fe (MN03) ,” . F2(NO,)4,L1.5N,0

3)3 A

thus becomes the second compound for which dodecahedral coordiration

th

of Fe(III} by eight oxygen atoms has been established.

There is some doubt, however, at the moment as to the exact
arrangement of the nitrate groups about the second iron atom.

Three of the nitrate groups appear to be in the expected

positions but the situation of the fourth is still uncertain.

It is thought prcbable that the uncertainty in the

location of this last nitrate group is affecting the interpretation

of the remaining peaks in terms of a reasonable configuration

for the cation.

It may be necessary to collect additional data using
another crystal to assist this refinement of the last nitrate
group. It had been hoped to complete the structure in time
tn include a full statement in the Final Report. This
will not now be the case, but the work will be ccntinued.

We belicve that the structurc of the cation, and its positicn




b

in the crystal may well be very relevant to the

{ separation of flow-decay material.




6. SOLUTIONS OF Fe(NO3L,.xN 0, IN 10C% EHNO

2=4 3

6.1 Introduction

Since nitric acid is one of the contaminants of
propellant N204 which may be involved in the production
of the flow-decay material, it was of interest to examine
the nature of Fe(NO3)3.xN204 in 100% nitric acid. This
adduct forms apparently stable brown solutions in
100% HNO3 and the infra-red and Raman spectra of such
solutions were recorded in order to ascertain the species

present.

Before discussion of these spectra, however, it is
relevant to consider briefly the role of 100% HNO3 as a
reagent and sclvent, its preparation in a pure state and

its infrared and Raman spectra.

'100%" HNG3 is a mixture of the free acid, acid

anhydride and water in accordance with theequilibrium

2HNO P N02+ + NO,

3 + H,O

3 2

for which several lines 2f physical evidence are available.3
The reagent has been used with little suaccess in the
preparation of anhydrous nitrates and its reactions with
the anhydrous chlorides CrClz, CrCl3, MnClz, FeClz, Feel3:
CoClz, NiClz, and CuCl2 prcduce only hydrated nitrate§%4

In spite of this, 100% HNO3 has peen used with success in these
laboratories in the recrystallization of anhydrous nitrate

32

complexes, e.g. NO +Au(NO3)4_ and K+Au(NO3)4-.

2




. . -
6.2 Preparation of 100% hI\aO3

100% nitric acid is prepared using the apparatus
illustrated in Fig. 6.1. A mixture of fuming HNO3
and concentrated H SO4 (1:2,v:v) is heated to 4c®¢

2
-2

(10 mm) at which temperature 100% HNO, distils

3
into the receiver. Yields are improved if both

the condenser and receiver are ccoled to ca -20°c.
Acidimetric assay of the product was typically (100.51095)%.
Products which did not fall within these limits, or which

shovad the presence of a trace of sulphate (BaCl, test)

wizre re~distilled.

6.3 The Vibrational Spectrum of 100% HNO3

The infra-red spectrum of 100% HNO 5 wes recorded on a
Perkin-Elmer 457 spectrometer using a specially designed
Kel-F solution cell fitted with silver chloride windows
separated by a Teflon spacer (ca 10p). The Raman spectrum
was recorded on a Cary 81 spectrophotometer using a Spectra-
Physics 125 He-Ne laser as an excitation source (output
approx. 60mW at 632.8 nm). Samp}es for Raman spectrcscopy
were contained in glass capiliary cells (¢ca 1 mm i.d.) and
were filled and sealed ir a dry-box. Depolarisation ratios
were determined in the usual manner., The values were
ob+tained by caiibration of the sample cell with CC14. The
polarisation ratios for the bands of this compound are

accurately known.

The bands attributable to 100% nitric acid are listed in
Table 6.1 and are illustra*ted n Figs. 6.2 (infra-red) and

6.3 (Raman). The infra-red spectrum is as expected for
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TABLE 6.1

Vibrational spectrum of 100% HNO3

Infra-red (cm %) Raman (cm 1) Assignment
[
‘ g 3900 m
) 3250 vs, vb HNO, v, (O-H str.)
: 2600 sh HNO3 2v4
2365 m, sp (
( wat .

| g 2355 sh ( NO,, V3 (antisym. str.}
f 3 1670 vs, br 1683 w (dp) HNO; v, (NO, antisymestr.)
P |

} 1539 w HNO3 2v8

i 1400 w ( nof v (sym. str.)

. ( 2 1
[ f : ( HNO, v, (0O-H in plane bend)

‘ 1300 vs, vb 1308 vs (p) HNO3 v4 (NO2 sym, str.)
L ' 1058 w NOE vl (sym. str.)

: 920 vs, b 929 vs, (p) HNO, v (NO, bend)

765 s HNO3 Vg (NO2 out of plane)
700-400 vs, vb 681 s (p) HNO3 V6 {(N-OH str.)
614 m (dp) HNO3 v7 (O-N-OH bend)

(p) polarised; (dp) depolarised.

* HNO3 assignments after G. E. McGraw, D. L. Bernitt, and

I. C. Hisatsune J. Chem. Phys. 42 237 (1365).




a unidentate covalent nitrate and is accordingly assigned
in the CS point group. A point of particular interest is
the appearance of bands at 2365 and 2355 cm‘-l which can be
assigned to the antisymmetric stretching vibration of the
nitronium ion (N02+). These have been observed by earlier
workers33 and provide evidence for the 'self-ionisation' of
the acid. The associated NO3— band would be expected at

ca 830 em t but is invariably weak and is not observed

ia this case.

The Raman spectrum of 100% nitric acid is again as
expected for a unidentate covalent nitrate. It is similar
to the spectrum reported by earlier workers34 and also
provides evidence for the 'self-ionisation' of the 100% acid.
Weak bands observed at 1400 and 1058 cm"l are characteristic
of N02+ (vl symmetric stretch) and NO3 -(vl symmetric N-O
stretch) respectively and can be varied in intensity by
adding species which repress the self-ionisation of HNO,. For
example, addition of very small quantities of water to the
100% acid diminishes the intensity of both the 1400 and
1058 cm~l bands. Further addition of water allows the normal
ionisation >f the dilute acid to proccad. When N02+ is
added to the pure acid, the 1058 cm * band disappears and
similarly the 1400 cm"l band disappears if nitrate ion

is added.

6.4 The Vibrational spectrum of soluti s of Fe(NO;),.xN,0,

in 100% HNO

3

The bands attributable to Fe(NO3)3xN204 in 100% HNO3

are listed in Table 6.2 and are illustrated in Figs. 6.4
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TABLE 6.2

T
¥

Vibrational spectrum of Fe(NO3L3§§ZQ4 in 100% HNC., solution ;

1 1

Infra-red (cm ) Raman (cm ) Assignment
(C2V bidentate nitrate model)

2295 s 2298 m N0t stretch |
! 2240 sh Not stretch ;
i 1605 ms (p) vl N=O stretch :
g 1250 w (dp) vy NO2 asymm. stretch
; 1010 s, b 1028 ms (p) Vo NO, symum. stretch
' 795 s, sp 785 m ve out of plane hend

(p) polarised; (dp) depolarised.
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(infra-red) and 6.5 (Raman). The bands in each spectrum

are consistent with the presence of a covalent nitrato-
svecies of iron which may be identified with some confidence.
The bands in the covalent nitrate region are virtually
identical with those found for the solid Fe(NO3)3.N204 ¢
(see Table 2.1 and Fig. 2.1). This contains the

dodecahedral anion Fe(N03)4_, in which four bidentate nitrate

groups are symmetrically disposed around iron (III).

Strong evidence for the formation of Fe(N03)4_ ions

f£rom Fe (NO XN,0, dissolved in 100% HNO3 has therefore been

3)3¥9,0,
obtained and the stretching frequency of the expected Not

1 1

counter ion is observed at 2295 cm ("free') and 2240 cm

('coordinated'). No bands definitely attributable to
molecular N204 were seen. Hence the coordinated nitroscnium
ion discussed in Section 4.5 appears not to decompose

in nitric acid. No change in the Raman spectrum of
Fe(N03)3xN204 in 100% HNO3
24 hours confirming the high stability of the above ionic

was observed over a period of

species in this medium.

The further spectroccopic method for identifying
the mode of coordination of nitrate groups in solution
species, requires measurement of the depolarisation
ratios of the three bands assigned to N-O stretching
fundamentals (at ca 1600, 1200, 1000 cm—l) in the Raman

10

spectrum. The polarisation sequences predicted for

unidentate and bidentate nitrate groups are as follows:

Band (cm 1) ca 1600 ca 1200 ca 1000
Unidentate (CZV) dp p P
Bidentate (C2v) o) dp p

p = polarised, dp = depolarised.
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The polarisation sequence observed for Fe(NO3)3xN204
in 100% HNO3 is p, dp, p which indicates that the anion

Fe (NO in HNO, solution still contains nitrate groups

3y 3
bonded in a bidentate fashion.

When Fe (NO XN,O, is dissolved in 100% HNO3, the band

3)3 274
observed at ca 1050 cm—l in the pure acid disappears, whereas

the band at 1400 cm_l shows a slight increase in intensity.
This behaviour might be expected, as the 'free' NO' in

Fe (NO .XN,O, on dissolution can react with NO3- (from the

3)3+¥N30,
'self ionisation' of HNO3), forming N204, which can then

coordinate to mcre'free' N0+. This behaviour has been

observed with solutions of NO+HSO4_ and NO+ClO4— in HNO3.16

This decrease in the concentration of NO3— will lower the

intensity of the 1050 cm‘_l band, and allow further dissociation

of HNO3, hence increasing the intensity of the 1400 cm-'1

(N02+) band.

14

6.5 _°N n.m.r. of NO*Fe(NO,),” in 100% HNO,

The 14N n.m.rx. spectra of 1l00% HNO4 and several

concentrations of NO+Fe(NO3)4_ in HNO3 were recorded. Quite
low concentrations of NO+Fe(NO3)4- caused broadening and an
up-field shift of the HNO; resonance and higher concentrations

of NO+Fe(NO ~ broadened the signal to such an extent that

3y
it became unobservable. Thus no structural information on
the nature of these solutions could be gained by this

technique.
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7. BEHAVIOUR OF Fe (NO,) xK,0, IN HNO./N O, MIXTURES

7.1 HNO3L§294 phase diagram

The HNO3/N204 phase diagra£5’3615 illustrated in Fig.7.1.

The points of r-~levance to the study of flow decay problems
are: I. A relatively small amount of nitric acid of about 7 wts

at 25°C is sufficient to give rise to a second phase. This
amount of nitric acid may be expressed as about 1.2 wt % water.
ZI. The second phase which is formed on gradual addition of
nitric acid to N204 contains almost all of the nitric acid and
consists of about 46 wt % of nitric acid at 25°C. III. The slope
of the mutual miscibility curve is large, A concentrated
homogeneous solution of HNO3 in N204 at 30°C, if cooled to‘ZOoC,
would give about 5% of a second phase, containing about

46 wt % of HNO3.

Experiments described below (Section 7.2(b)) indicate
that the nitric acid~rich phase has a greater density than

the N204 rich phase.

7.2 Effect of Fe(NO,). xN,0, on the HNO3Z§294 phase system

a) General considerations

Fe(NO3)3xN204 is very solukle in nitric acid although
1
virtually insoluble in N204 . There is alsu spectroscopic

evidence (Section 6) that Fe(NO3)3xN204 is ionised in nitric

acid as Fe(NOJ)4- and No*. These considerations, and the simplicity
of the HNO3/N204 phase diagram, make it seem likely that

behaviour analogous to the water-ether—-inorganic salt system

might occur: a high affinity of the salt for water, and hence

of water for the salt, lowers tbe solubility of the ether in *he
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water. The ether is therefore "salted out" from the agqueous
phase. Likewise, the addition of a highly nitric acid-soluble
material (e.gq. Fe(N03)3xN204) to an HNO3/N204 mixture was expected
to bring about the separation of a second phase containing a large
amount of nitric acid. Several experiments described below,

ca 2g Fe(NO,),.Ny04 in
have ghown that a solution 03723 10 g 1802 HNO, will dissolve
only about 50% of its volume of N204 before a second less dense
phase separates. {Compare HNO3, which will dissolve abcnit 100%
of its volume of N204). Higher concentrations of Fe(NO3)3.N204

limit the solubility of NZO in the HNO3 phase even further.

4

b] Experimental Study

Fuming nitric acid was dropped into stirred N204 at
15°C, and the fate of each drop observed with a lcw-powex
miscroscope. About 5 ml of nitric acid could be added to
80 ml N0, before the separation of a second phase occurred.
When separation did occur, the second phase was denser than
the bulk N204. The globules which formed showed little
tendency to agglomerate or to adhere to the glass walls

of the flask.

L solution of Fe (NO xN,0, in fuming nitric acid

3)3 274

(ca 40 wng/ml) was then dropped into 80 ml dry N204, with
stirring, at ca 10°c. On the addition of only one drop of
the solution a second phase was formed, which didnot fully
dissolve c¢n stirring, but adhered to the glass, with a
small contact angle., This contact angle increased over
about 20 minutes, wihilemaintairning stirring, and the second
phase still adhereu tenaciously to the side of the flask.

Several more drops were added, and these showed similar

behaviour. After one duy the viscosity of the drops had
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increased to a maximum (they were no longer moved by the
motion of the magnetic stirrer) and were stable under these
conditions for over a week. After decantation of the top
phase, the lower phase was treated with adlow stream of
dry nitrogen until there was no immediately wvisible NO2
evolved on allowing to stand. The I.R. spectrum of the
resulting clear, pale brown,; viscous liquid was then
recorced (sample between AgCl plates). The spectrum
indicated the presence of HNOB, Noi (2230 cm-l,broad), and
Fe(NO3)4~. Bards typical of molecular N,0, were absent.

274

Thus, it may be suir-,ised that a solution of Fe(NO3)3.l.5N204

in nitric acid had been produced, and that the 'coordinated

No™ species N,0 2+ does not decompose to 'free' No" and

6

N,O in nitric acid.

4
On addition of dry liquid N2O4 (ca 40 ml) to this viscous liquid

(ca 20 mg), complete conversion to a dark brown solid occurred

in about 2 hours. The I.R. spectrum (Nujcl mull/AgCli) of the brown

solid was consistent with its being Fe(NO3)3xN204.

7.3 Spectroscopic studies of Fe(NO3L3§§294 in HNO3£§294 mixtures

on account of the experiments described above, attention
was focussed on the denser, nitric acid-rich phase of
the HNO3/N204 system, and solutions of Fe(NO3)3xN204 in
this mixture. The c.,aracteristic I.R. spectrum of solutions of }

N204 in HNO3 (Fig. 7.2) and of soluticus of Fe (NO .xNZO

3)3 4

in HNO3/N204 mixtures (Fig. 7.3) were obtained between 4000 cm-l
and 1000 cm~l using a cell which consisted of CaF2 windows
separated by a PTFE spacer. This assembly was filled with

the solution in a dry box and was firmly clamped. A solution

e i ini N,O, was obtarned
of FC(N°3)3XN2C3 in HNO3 centaining some N,0,
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by adding Fe(NO3)3xN204 to the twn phase HNO3/N204 mixture,
shaking, and taking a sample of the lower phase. The infra-
red spectrum of solutions of N204 in HNO3 showed bands

attributable to HNO3 (see Section 6) and bands attributable

to N20412. A broad band at about 2220 cm—l was also
23

seen. This has been previously noted in I.R. and Ramanls' 17

studies on the N204/HNO3 system and assigned to NO.+N02.

Tre I.R. spectrum of a solution of Fe(NO3)3xN204 in

HNO3 containing some N0, is shown in Fig. 7.3. Bands

typical of HNO3 and N9O4 are seen. The remainder 2f the
spectrum shows the characteristic bands of Fe(NO3)4-

(1600 cm ¥, 1550 cm Y, 1000 cm Y), an No¥ band at 2300 cm” %,

and also the broad NO+ band at 2220 cmnl. The relative

intensities of the 2300 cm ¥ and 2220 em ! bands varied with

the concentration of N204 in the solution. This behaviour
may be contrasted with that above (Section 7.2 (b)) in
which it appeared thet the coordinated cation producing the

band at 2220 cm.-l did not dissociate to molecular N204 and
‘free' Not.

7.4 Extraction of solutions of Fe(NO,);xN,O, in HNO, by N,0,

The qualitative study described in Section 7.2(L)
that a viscous HNO3 solution of Fe(NO3)3xN204 was reasonably

stable in contact with a large amount of N204, and that this

HNO3 phase was, however converted to a solid on further treatment

with dry N204.

quantitative basis, a series of experiments has been carried

in HNO., were submitted

out in which solutions of Fe(NO3)3xN204 3

to progressive extraction of the nitric acid by dry N204,

indicated

In order to place these observations on a movre
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either batch-wise or continuously in a ligquid-liquid extractor

designed for this purpose.

a) Batch-wise extraction

0.68 g Fe(NO3)3.N204 and 14.43 g 97% nitric acid were
placed in a Schlenk tube fitted with a PTFE tap. A
weighed amount of dry N,0, (ca 50 g) was added to the nitric
acid phase against a countercurrent of N, and the system
allowed to equilibrate (i.e. until the proportions of the
two phases did not change). The upper phase was then
decanted as completely as possible through the PTFE tap
and the remainder was removed by means of a stream of dry
N,. The lower phase was weighed and its appearance noted.
This process was repeated with a further seven portiens of

N;0,. The results are presented in Table 7.1.

The salient features of these results are:
. L. The presence of ca 0.7 g Fe(NO4)4.N50, in ca 14 g
HNO, lowers the solubility of N204 in che nitric
acid from about 14 g to about 8 g.
II, The second and subsequent extractions progressively

de crease the lower phase weight.

I1X. The lower phase ultimately solidifies, and the weight

of the product is about 15% greater than that of

the Fe(NO3)3.N204 starting material, It may be

noted that this weight increase corresponds to that

expected if all the Fe(NO3)3.N204 is converted to

Fe(NO3)3.l.5N204 and this latter compound has very

low solubility in the top, N204 rich phase.
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The properties of solids obtained by extraction

procedures are discussed below,

b) "Continuous" extraction

A series of experiments carried out with a liquid-liquid f
extractor (Fig. 7.4) were performed to verify the
qualitative results of the batch-wise extraction, to allow

intermittent monitoring of the "water" content of the upper

| (N204) phase by lH n.m.r. (Technique described in Appendix 1),
and to facilitate the production of solids and viscous liquids

in Fe(NO3)3.N204/HNO3/N204 systems,

Fe(NO3)3.N204 and 100% HNO3 were weilghed into tube A

(Fig. 7.4) and the apparatus was assembled as drawn. Distillation
{ i of N,0, occurred without heating, but a convenient rate of
distillation could be dtained by gentle heating of the flask B.

When a sample of the top phase was required for lH estimation,

distillation was discontinued and the top half of the inner funnel

i C removed to allow the lower phase to achieve equilibrium with

a homogeneous upper phase, When the phase boundary in the sample

tube A2 no longer fell, a sample of the top phase was transferred

to an n.m.r. tube as rapidly as possible by means of a pipette

and the tube was flame sealed. A sample of the viscous lower :
phase was, in one experiment, removed from the apparatus a

! short time prior to solidification. On treatment with water it

effervesced, evolved NO2, and was totally soluble,

t
P In another experiment an attempt was made to isolate a sa-

mple of the viscous lower phase. The upper phase (0.07%

"water", estimated by lH n.m.r,) was decanted off, and it

was observed with interest that the lower phase imnediately

solidified.
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E In a further experiment the appearance of the lower
- phase was noted as a rfunction of the "water" content of the
f upper phase on progressive extraction. The system was allowed
24 hours to come tc eguilibrium before each sample of
é the upper phase was taken for quantitative examination by
% 1H n.m.r. The results are recorded in Table 7.2.
{
%
Table 7.2.
T } Continuous extraction of Fe(N03L3§§294 in HNO3 by dry N294
! Sample % 'water" content Lower phase appearance
i i of upper phase
I
% 1l 0.6 Clear, red/brown mobile ligquid
? 2 0.24 ‘
f 3 0.15 " X
: 4 0.13 "
§ 5 0.19 ' Increased viscosity
6 0.12 Extremely viscous liguid
7 0.17 Solid

The possibility that equilibrium between a given sample
of the upper phase and the lower phase was not achieved in

24 hours must be recognised. It can be seen, however, from

B apna

Table 7.2 that a progressive diminuticn in the water"

content of the uppcr phase was noted as extraction proceeded
undex the above conditions, with the exception of sample 5

which showed an anomalcusly high value. This may have heen an
indication that equilibrium was not being acliieved. Furthexrmore,
if equilibrium conditions wexre achieved, solidifiation should
take place gradually, with the co-occurrence of s0lid and viscous

liguid. This was never obhserved; during extraction experiments
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the solidification of viscous liquids tcok place rapidly

and completely.

2 pronounced increasze in the "water” content of the upper
phase (sample 7) occurred on separation of solid, presumably
as a result of expulsion of nitric acid from the liquid phase
on solidification. This is a further indication that eguilibrium
vas not being attained, since under equiiibrium conditicns the
"water" content of the upper phase should decrease monctonically

with progressive extraction. (See Section 7.6).

¥t is noteworthy that the soiid Fe(NO3)3.xN204 produced
on complete extraction was then stable in contact with N234
of "water" content as high as 0.17%. Experiments to find the
raximum"water"” content for solid stability, when eguilibrium

is achieved, are described in Section 7.6,

7.5 Solids produced from extracticn experiments

In every experiment so far performed, the extraction

of Fe(N03)3xN204 in HNO. with dry N,0 ultimately led to

3 4
the formation of a solid. The solids were all dark brown,

and showed a tendency to evolve NO,. Samples which had been
treated with a gentle stream of dry N, were lighter in colour and
showed less tendency to evolve NO2 than those where the so0lid .

was isolated by decantation only. Each solid was completely

cr almost completely water~soluble,

a) JTufra-red spectra

A tynical spectrum is shown in Fig. 7.5, obtained as a
nujol mull between AgCl plates.
The spectrum is very similar to that for Fe(NOQ)3xNQO4,

x> 1 {See Section 2}. The main features of interest are the
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No¥ region (2200-2300 em ~!) and tkc ubsence of nitric acid.

The relative intensities of the band at 2300 cm-l and the broad

band centred at 2220 cm !

varied from sample to sample, and
in some cases no 2300 cm-l {'free’ NO+) band was observed.

No evidence was found for any other iron-containing species
than Fe(NO3)4 .

b) X-ray powvder patterns

In two experiments a solid was produced whose X-ray
povder pattern was very similar to that for the starting
material - i.e. Fe(NO3)3.N204 produced from FeCl3/EtOAc/N204
{see Section 2.6 ). In two other cases the X-ray powder
pattern of the product was very similar to that of Fe(N03)3.l.5N204
produced from FeCl3/EtOAc/N204 (see Section 4.6). In one further
case, the product had an X-ray powder pattern which appeared
3)3-N0,-
However, the film quality was poor because CuKy radiation, which

to be that of a mixture of Fe(NO3)3.l.5N204 and Fe (NO

causes fluorescence with iron compounds, was used, in addition

to which the material appeared to be rather amorphous.

¢) Analysis
The following analytical methods viere employed:-

Fe The atoric absorption method described in Section

2.2(c).

§2Q4 content Two methods were used to obtain N204
content, each using the technigue of seaied bottle hydrolysis
in aqueous alkali (described in Section 2.2), followed by

estimation of Noz- produced.

3
Estimation of nitrite by U.V. spectroscopy 37 was

attractive, as the method could potentially give a direct
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estimation of nitrate, and hence total nitrogen, as well as
nitrite. However, very high results for nitrate and

nitrite were invariably obtaincd by this method, and in soie
cases the soluticns were visibly yellow. Both effects were
attributed to the presence of soluble hydroxo-iron (IXI)
species, the U.V. absorption of which would augment that due
to nitrate and nitrxite. The alkali concentration used

for the hydrolysis of the solid was therefore varied, in the
hope that conditions might be found under which complete
precipitation of iron as hydroxide/hydrated oxide would occur.
However, no conditions which gave chemically reasonable

or raproducible results could ke found.

The method eventually used for determination of N204

content was that described in Section 2.2(b). This was

found to be quite satisfactory.

The analytical results for several solids obtained from
extraction experiments (Section 7.4) were consistent with

compositions Fe(NO3)3xN20 ‘where x = 1.0-1.5. For each solid,

4
the Fe content gave a higher value of x than the NOZ— determination

but the atomic absorption method for Fe was of significantly

lower accuracy than the titration of NO2 by CelIV).

d) Conclusions

All the evidence available at present pcints to the

3)3.xN204 from

HNO3 by extraction with sufficient dry N204 to produce a

recovery (i.e. recrystallisation) of Fe (NO

solid. fThe I.R., X-ray and analytical data all tend to indicate
T 1 2 '

that the 'extra' 0.5 N204 in Fe(NO3)3.l.5N204, which appears

to be the initial solid product of the extraction experiments,

is lost more readily than that from Fe(NO3)3.1.5N204 obtained




from the Fecl3/EtOAc/N204 preparation. This observation is
in accord with the fact that the X-ray films of Fe(NO3)3.xN204
recrystallised from HNO3/N204 are more diffuse and have a
high;r background than those of Fe(NO3)3.xN204 recrystallised
from EtOAc/Nzoé. It is concluded that the forme. are less

crystalline. It is also relevant to note at this point that

products from the reaction of iron carbonylc witn liquid N,0,

give diffuse X-ray powder patterns and readily lose "excess"

N204 to yield Fe(NO3)3.N204.

7.6 The phase behaviour of the NOFe(NO,),/M,0,/H,0 system:

a lH n.m.r. study.

Attempts to find the maximum "water" content of N204
in contact with whicﬁ Fe(NO3)3.xN204 will remain a solid,
described in the extraction experiments (Secticn 7.4), wvere
rather unsatisfactory. In particuiar, it was strongly
suspected that equilibrium conditions were not attained in
these experiments. In the more recent investigations descriked

here, the equilibration process could be monitored, and equilibrium

data has been obtained.

a) Experimental

Fe(NO,)B.xNZO4 (ca 0.05 g was weighed into an n.m.r.

tube and N,0, (ca 2g) containing a known small amount of water

was syringed onto the solid, and :tha tube flame sealed. At

the same time a sample of this wet N204 was syringed into another
» M.r. tube in order to estimate its "water'"content. Further
water was then added to the N204 and a second pair of tubes filled
1n a similar fashion. A total of 8 pairs of tubes were filled.

The tubes containing solidwere allowed to equilibrate for 8 months,

while slowly rotating cach tube about an axis perpendicular to

i*3 length to facilitate this equilibration.

+
.

~~
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The behaviour of the solid in each tube was noted
vigurltiy and the 1H content of the upper (Nzo 4) phase was

monitored by “H n.m.r. at intervals during the 8 months.

The equilibrium results are shown in Fig., 7.6.

The appearance of the solid in the tubes with N204
of low "water" content {less than ca 0.2 wt %) did not change,
remaining a fine, free-ilowing, yellow powder. The solids
in the tubes with H,0 content ca 0.2 to ca 0.6 wt% all changed
guite markedly in appearance. In the tubes of lower water
content in this range, the solid had darkened in colour and
there was some agglomeration of the particles of the powder,
whereas, in the tubes of higher water content, three phases
were present; the N204 phase, a dark brown gum and particles
of a dark brown solid. In the tube with highest original
water content (ca 0.9 wt %), the solid changed completely and
rapidly (a few days) into a mobile brown gum. This change
in appearance was much more rapid than in the tubes of water

content 0.2-0.6%, which took several months for equilibration.
b) Results

The salient features of the results presented in Fig. 7.6

are:
I. Up to a "water" content of G.22 wt %, the water
content of *the top (N204) phase is the same as

the initial "water" conent of the N204 added -

i.e. the solid Fe(NO -XN,0 is not combining

3)3 4
with any proton containing species.
II. Above 0.22 wt %, a 4 phase (solid, 2 liquids, vapour)

system is obtained: the phase rule requires that

for tlhree components at a constant temperature the
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system should be invariant - ie. the composition
of each phase is fixed. Thisbehaviour is completely

in accord with the visual observations.

III. On increasing the initial "water" content further,
all the Fe(NO3)3.xN204 becomes converted to a gum,
and hence the system is no longer invariant. The
added water partitions itself between the N204—
rich phase and the iron-rich phase: it can thus be
seen that the maximum slope of the third portion of
the graph (Fig. 7.6) must be unity. This has been
assumed in Fig. 7.6, allowiny the ratio of Fe:H for the
gum to be calculated from the amount of Fe(NO3)3.xN204
originally present. A maximum estimate of this ratio
is approximately 1:4., A reasonable formulation for
the gum, consonant with this figure and the known

stability'of Fe (NO in nitric acid, would be:

3)4

+ -~
H,NO, [Fe (NO,4) 4], 2HNO

2 3

c) Conclusions

A. Any flow decay material which separates from N204

of "water" content less than 0.22% will do so as a solid.

B. Specification"watef'content N204 is 0.1%, but up to
0.2% is considered acceptable for propellant use. The closeness
of this figure to that now determined for solid stability and
the vagaries of some arnalytical methods for the “water" content
of liquid N204imply that gummy or gelatinous iron nitrate

phases may well arise in certain instances, in the presence of

"specification” N704. This may be the explanation of the results
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obtained by TRW 2 ¢ in which they encountered flow-decay
material as a gelatinous phase.

. We have found lH n.m.xr. to be & convenient, accurate

and reproducibler method for "water" estimation, and consider

it likely to be superior to chemical methods of analysis.

7.7 Rationalisation of the behaviour of the Fe(N03lﬂ.xN204/
3 =

HNO,/N,0, system
In summary, the main features of the work described in
Sections6 and 7 are:

1. Fe(NO3)3.xN204 dissolves in 100% HNO3 and HNO3/N204

mixtures to give N0+, a modified Not ion (which is also found
in Fe(NO3),.1.5N,0,), and Fe(NOj),™.

II, Treatment of a solution of Fe(N03)3.xN204 in HNO3
with dry N204 leads ultimately to the recovery of solid

Fe(N03)3.xN204 from the solution.

III.Solutions of HNO4 in N204 have been prepared where

the concentration of HNO3 is too small for the Fe(NO3)3.xN204

to separate out a liquid, HN03—rich phase. In the analogous

system in which water replaces nitric acid, the maximum

"water" content is 0,22%.

ig i
Iv, Fe(NO3)3.xN204 is stable in contact with N204

containing a small amount of HNO3or "H20" and is not converted,

for instance, into a hydrated nitrate or hydroxy species.

It appears most fruitful to interpret the properties of

the Fe(NO3)3.xN204/HNO3/N204 system in terms of a gross

modification of the HNO3/N204 phase diagram by the Fe(NO3)3.xN204.

The observed behaviour 1§ qualitatively that expected for any :‘onic

v w s Taskbihe -‘*‘»m‘**‘*‘“«\%bw“g.;g;é
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salt in the HNO3/N204 system, The ionisation to No™ and
Fe(NO3)4~(I) and the lack of chemical reaction except for

strong ligation of NO+ is consistent with this idea. Points

II, III and IV above are also comprehensible, since at a suitably

low HNO., content in the HNO3/N204 system only one liquid phase

3
is obtained and it is likewise expected that below some

critical HNOj3 content in a Fe(NO3)3.xN204/HNO3/N204 systen,
only one liquid phase would again be obtained - i.e. Fe(NO3)3.xN204

would remain a solid.




The design of the flow apparatis was based upon a system

2 o demonstrate flow-decay.

ubiich bes Seen used by previous workers
Z schematic ciagram of the flow apparatus is presented in Fig. 8.1.
Gizss and £lworinzted plastics were unsuitable for fabrication

2£f tznks anG pipswork because of fragility and contructional

Riso, if the apparatus was built in glass or
pilastic, it would have been necessary to saturate N204 used

It was

for fiow rums with irom in order to induce flow-decay.

is tiie that inclusion of metals other than iron

g
8
F
o
t
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in the syste= should re avcided, and tc this end mild steel was
Since

oecr workshop staff had considerable experience in the machining

of ¥Yeflion
this type

&
apparatus.

cone values for use in fluorine systems, valves of
were at first adapted for incorporation into the

The guantity of glass in the system was reduced

=minipum and was eventually used only in the construction

et
o
N

the holéd tank level indicator and in the flowmeters. This

(&
(20}

giass had been tested to pressures far in excess of those to

be used in flow experiments.

Pressurisation of the system was effected by means of a
cylinder of high purity nizrogen. The gas was passed through
a Negretti and Zambia pressure regulating valve into a 5
gallon ballast tank. N204 was held in a 5 gallon hold tank and
vas passed under pressuvre through one of two flowmeters (depending
upon the flow-rate required) and through the heat exchangexr, which

comprised 2 20 ft. mild steel coil inside a cooling jacket supplied
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with coolant from an Ultra-Kryomat TK30D circulating refrigerant
unit. From here, the cooled liquid N204 was passed through
a test section (See Section 8.2) and into a catch tank. Both
the hold and catch tanks were fitted with relief valves so
that a constant predetermined pressure could be maintained

during flow experiments. Each tank was also fitted with

a pressure gauge, A by-pass line was constructed between the
two tanks, allowing N204 to be passed directly from tank to tank

ie. circumventing the test section, heat exchanger and flowmeters

if necessary.

A cylinder of N204 was connected to the apparatus by means
of steel tubing and the hold tank was filled using the internal
cylindar pressure to force the liquid into the system. Several
of the Teflon valves showed signs of leakage, necessitating
tightening of pipe connections and valve stems and upon
manipulation, most of the remaining valves showed seepage of
N204. The valves immediately on each side of the test section
leaked persistently and defied all efforts to arrest this
by tightening. These valves were therefore replaced by steel
valves., During the time used for comr issioning the apparatus,
most of the Teflon valves gave further trouble and these were
replaced by steel ball valves with Teflon seats. Other
workers38 have found Teflon to be porous to N204. However,

since installation of the steel ball valves no further trouble
has been experienced,

8.2 Test sections and flow experiments.

. . 2 .
a) Gauze filters. Previous workers observed viscous

gel formation on this type of test section and an attempt was made

to reproduce this effect. The test section comprised a
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thimble of stainless steel gauze (100 or 4CO mssh or 10p)
contained in & thick glass envelcpe. 7The steel ené~flanges
were connected through a2 Neoprene gasket carrying a Tefion
insert so placed that the Neoprene made no contact with Hzcé.
Flow runs using various pressure and temperature diffexencials
and flow rates were pericrimed using a 10G mesh gauze. The
test section was illuminated using both trancmitted and
reflected light and the gauze was observed using a microsccpe,
but at no time was any flow-decay matexial cobserved. Trouble
was experienced with the Teflon gasket material, since it

was apparently porous towards N,0, and allowed attack of the
Neoprene portion and subsequent major leakage. It was then

decided to change to needle valve test sections in further

attempts to induce flow decay.

b) Needle valves. The use of needle valves was

prompted by the observation of a brown solid deposit on a

needle control-valve adjacent to the gauze test section. The quantity

of material was coo small to allow any characterisation but it
was thought likely chat more of this scolid might be acrumulated
by using a needle valve tesc section. VWhile a suitable steel
needle valve was being modified for use as a test section,

a Teflon-in-glass stopcceck was temporarily ficted and some
experiments were performed with this. However, using a full
range of variables, no flow-decay material was opsexrved in the
test section. Perhaps this is not surprising, since adherence

to a Teflon surface is probably difficult.

A stainless steel needle valve was fitted with glass
windows so that the needle could be viewed directly, using a
microscope. Using the apparatus as described above (without
a temperature differential) no accumulation of flow-decay material

on the needle was observed. The N?O4 in the flow apparatus
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was found by H n.2.r. {Appendixz 1) to contain 9.1z% "watex

Y"i

wiich compares cicsely with the wsual specvfication of propelliant

Ve habt odinNg
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uase flow-decay i
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ohsarved that if the hold tapk was "conditicned

a

workers *
NG, by warming to eg 35°C, flow-decay could be induced
i with relative case It was decicded therefore to modify the
flow apparatus tc incorporate heating eguipment in the hold
tank.

8.2 Modification of the figw apraratus.

S T bt Y o Y T e

The f£low apparatus was reconstructed using 216 stainless

steel tubing and during this reconstruction certain modifications

s AP A

cnents were scrupulcusly

CIAY

were made. Refore assembly, ail comp

cleaned and degreaced. The hold tank was fitted with a

[T

500 watt stainless steel immersion heater to facilitzate
! heating and conrditioning of N204. The temperature of the N204 ;
wvas moaitored using a British Rototherm vapour pressure

thermometer which also controlied the output of the heater. i
The N204 was still stored in the original mild steel vessels :
but the jevel-indicator was replaced by a glass indicator of

more robust construction which wus fitted at either end with

shut-off valves. Thus, in the event cf breakage the valves

could be closed and major leakage prevented, A similar indicator

and set of valves was fitted to the catch tank.

8.4 Further flocw experiments

a) Stainless steel needle valve test section

The N204 in the hold tank was heated at 35°C for two days
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to eliow it to conéition., The stainless steel sight glass
aeedlie valve dascribed sarliier (Section 8.2(d)) was used
without mcdification as the test section in this set of

flow experiments. In the first set of runs the coaditions

Pressurxe {psi)} Temperature(OC)
Bolé tank 3¢ 35
Catch tank 3
Heat exchanger 24,8

During the run time of ca 1 hr. the hold tank was
emptied through the test section ané into the catch tank,
but no indication nf a fali in flow rate was cobserved. It
was considered that the temperature of the heat exchanger
might have been tco uigh to induce any dissolved nitrato-
iron species tc precipitate from the NZO4 if indeed a process
akin to precipitation occurs. Accordingly, the ilemperature
of the heat exchanger was lowered to 20.1°C and a second
flow run commenced. During this experiment the flow rate
of N0, was observed to fall from 170 ml min"t to 66 ml min
over a period of ca 3 hr. On further lowering of the heat
exchanger temperature to 15°C the flow rate fell from 170 ml
min'-l to 40 ml min-l in a time interval of 11 to 30 minutes.
The value 40 ml min“l corresponded to a scale reading of
zero on the particular flow meter in use, whilst 170 ml min -1
was the maximum of this scale. A decrease in flow rate from
170 to 40 m: min“l is subsequently referred to as "fnll scale

decay". Several flow experiments were conducted under these

conditions and the flow decay observed was consistent and
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although the main purpose of these flow experiments
was to isolate and study the flow dscay material, araphs
cf flow rate against time were plotted. These graphs
shoved that flow rate decayed smoocthly with time and a
typical plot is iliustrated in Figure 8.2. A nunber of
fior runs were thep completed in corder tc accumulate
material on the valve needle. At no stage was an obvious
deposit visibX* on the valve needle on lcoking through the
sight glass. Rear the end of this series a large and
almost instantaneous increase in flcw-rate occurred during
an otherwise normal run. It seemed likeiv that some of the
flow~decay compound had become dislcdged. The test secticn
was drained and dismantled as follcws. Valves 1 and 2 (Figure
8.3) were closed, thus isolating the test section from the
remainder of the system. A 250 ml two~necked flask was fitted
to the stainless steel ground joint A, and valves 3,4 and 1
were opened. The second neck of the flacsk was fitted with a
phosphoric oxide guard tube to act as a vent and to prevent
ingress of moisture. Vhen all of the liquid N204 had
drained into the flask, valve 7 was closed and the flask
transferred to jeint B. Valves 5,6 and 8 were opened and
the remaining N204 was drained. Valve 8 was closed and
the flask was replaced by aphosphoric oxide guard tube. A
supply of dry nitrogen was connected to joint A and valves 7
and 8 were opened. The svstem was flushed with dry nitrogen
to remove the bulk of the remaining N204. Valvees 4 and 5

were closed, the couplings were separated and the test section

removed to a dry hox.
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Gtcinless Sieel Needie Valve

A Pressure Temp
‘Hold tank 39psi 35°C
i Catch tank 10 psi
Heat exchanger 16°C
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n dismaptling the valve, the peedle was found to be

o

coated with a very thip film of a white naterial anc only

a minute ring of a brown substance had been deposited at

a point on the needle where some scoring of the metal surfice
was apparent i.e. at the point of contact with the valve seat.
Insufficient material was available for study but it was cbvious

that no gelatinous materi-:l had been deposited.

Another 30 runs were performed under similar conditions
to those mentioned above. After these, the test section was
dismantled and the main deposit orn the walve needle was again .
a white plastic material. Althouch insufiicient of this was
available for infra-red spectroscopy it was apparent that the
material was Teflon in the form of sl avings from the valve
packing. A small ring of an off-white substance was observed
on the needle seat and this was examined by infra-red
spectroscopy. The spectrum was of poor quality because of the
small quantity of solid arailable but bands assignable to the

Fe(NO3) ~ ion were clearly visible. The N204 used wvas

4

found by 'H n.m.r. (see Appendix 1) to contain 0.12% "water”.
In order to remove the contamination of the system

by Teflon and assist the deposition of flow-decay compound a

new mild steel test section was designed. This was a needle

valve (Figure 8.4) with a packing of harder Teflon, which

also incorporated a needle of larger cross-sectional! area than

that used previously. The valve needle was lightly abraded

before assenbly to provide a "key" for the deposition of flow-

decay compound.

b) Mild steel needle valve test section

The hold tank was replenished with fresh N204 which
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was conditioned at 35° for two days. At the beginning of

this new series of experiments the conditions were as

follows:-
Pressure (psi) Temperature %
Hold tank 39 35
Catch tank 4
11.3

Heat exchanger

Under these conditions a rapid (full-scale) decay

(from 170 ml min‘.l to 40 ml min-l) occurred. A total of 68

flow runs were performed and in 52 of these the flow had

decayed to 40 ml min -1 within 2% min. In no case did the

full-scale decay process require longer than 8 minutes and

the sudden increase in flow observed in a previous experiment
(Section 8.4 (a)) did not occur.

At the end of this series of flow experiments the

test section was drained and flushed as before and removed

to a dry box.

and lustrous valve needle was found to be coated with a brown

solid.
the needle at the point of contact with the valve body,

8.4). It was thought likely,however, that these solids werxe

of identical composition, the yellow form being a more finely

divided modification of the brown form.

to separate these components, but the infra-red spectrum of the

mixed solids was recorded and found to be identical to that

of Fe(NO3)3

was available for X-ray powder photography and a further series

of runs was initiated to produce nore flow-decay compound.

During this further series of experiments an attempt was

On dismantling the valve, the originally clean

A ring of a yellow-white so0lid had accumulated around
(Fig.

It proved impossible

.xN204 (x ca 1.5) (Figure 8.5).Insufficient material
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a) I.R. spectrum (nujol mull) of material isolated
from valve needle.

L 1 1 1 1 1 1 1 1 ]
b) I.R. spectrum (nujol mull) of Fe(N03)3.l.5N204
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made to establish the dependence of flow-decay upon temperature.
These runs were divided into seVen groups, using conditions

outlined in Table 8.1.

Flow series 1

Prior to the initial run of this series the heater in
the hold tank was switched off, allowing the temperature of
the tank to fall. During early runs when AT was still close
to lOOC, the time for "full-scale decay" was ca 2% minutes
but as AT fell to 3° this time increased to ca 7 minutes.
Graphs of flow rate against time were plotted and some of these

are illustrated in Figure 84,

Flow series 2

After series 1 the N204 was returned to the hold tank
where it was re-conditioned for 15 hrs. at 35°C. The heat
exchanger was held at a temperature of 29° whilst the hold
tank was again allowed té cool down. Results were essentially
similar to those of the previous series although it was
interesting to note that the flow rate decayed slowly even

at zero temperature differential.

Flow series 3

30 runs were completed in this series, under conditions
known to produce rapid flow decay, in oxrder to accumulate
flow decay material on the valve needle, thereby removing as

much as possible of this from the N204.

Flow series 4

The N,0, used in the previous series was re-conditioned

4
for 19% hrs. and a further 20 runs were completed. During

these runs the time for “"full-scale decay" varied somewhat
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erratically. Although this could be interpreted in terms
of rapid re-conditioning but poor mixing within the hold
tank, such a conclusion would be contrary to the findings
of Series 2 where the N,O0, was conditioned for

274
only 15 hrs. and erratic behaviour was not observed.

Flow series 5

After series 4, the N204 was returned to the hold tank
and a new series of flow runs was commenced immediately. The
time for "full-scale decay" was long at the start of this
series (170 to 40 ml min~% in ca 20 minutes) but became
appreciably shorter (ca 4 min.) in later runs. This

behaviour is illustrated in Figure 8.7, which provides evidence

for the rapid restoration of iron content of N,O, at

33° (ca 1 hr).

Flow series 6

The N204 was conditioned for 21 hrs. at 35° and then cooled
to room temperature (230). The temperature of the heat
exchanger was increased from ca 10° to ca 20° in 5° steps.

Flow decay was very slow under these conditions and had
almost stopped when the heat exchanger temperature had reached

20°,

Flow series 7

The hold tank was again held at 35° and the temperature
of the heat exchanger was raised in 5° steps from -5° to +15°
during the course of the series. At low heat exchanger temperatures
(-50) the decrease in flow rate was relatively slow, possibly
aue to premature deposition of flow decay compound in parts of

the system other than the needle valve (e.g. in the heat exchanger).
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o = g .
t +5° and +10° flow rate decreased more rapidly, then
again more slowly as the tempsrature was raised to +15°.
After this series of flcw experiments the test section was

drained and flushed with dry nitrcgen and transferred to

a dry pox. Orn dismantling the valve, a distinct ring

of & yellow solid was observed on the needle,together

with a corresponding ring on the valve seat. After removal

and collection of this small amount of solid, it was evident

that once again there was insuificient to allow both infra~
i red and X-ray examination. The solid was therefore zxamined
‘ by X-ray powder diffraction,since the earlier sample from the
' same needle valve had been investigated using infra-red spectroscopy.
The film obtained was measured and d-values calculated. These
values are presented in Table 8.2 together with d-values for -
Fe (NO

1.5N Fe(NO3)3.2H20 and also the solid isolated by

33 2047

previous workers 1 from their flow apparatus. On inspection

of the data (Table 8.2) it can be seen that the powder pattern
of the flow decay material is virtually identical witn that

of Fe(NO3)3.l.5N204 with the exception of a small number of
lines which increase in intensity with time. These lines can
be assigned with confidence to the compound Fe(NO3)3.2H20

by comparison with those for a synthetic sample prepared from

3 and 100% HNO3 24 . This hydrate is evidently

e Sm e R ars S —— hem a e -

anhydrous FeCl

produced slowly due to imperfect sealing of the X~ray tube.

PRt

It is also worthy of note that an X-ray powder photograph
obtained by previous workers ! for their flow decay compound

is very similar to that obtained in these experiments.

8.5 Summary of results

1. No flow-dccay was observed using gauze filter test

sections { 100 mesh).
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d-spacings &) of fiow-decay cozpound comsared with Ehocse of

3:.3==

Pe (x0,),1 SNZO‘LEe(NO3),.ZEZO and flow-decay cozpound isolated by
a2 =
1
Rocketdyne workers™.

Flow-decay compouné Fe(l"03)31.5}§204 Fe(R‘O3)3,282024 Rocketdyne coz=—
(presenc woOTrk) pound
a I da I a I da I
9.9¢2 2 9.95 5
2.21 10 . 9.28 20
8.11 2 8.23 1c
7.56 50 7.56 40 7.51 s
7.15 80 7.20 70 7.17 Vs
6.78 2 6.81 20
*¥6.55 50 6.56 80
6.31 50 . 6.31 90 6.28 vs
*¥6.04 .50 6.10 80
5.63 30 5.65 30 5.61 s
5.39 10 5.45 5
5.14 30 5.20 15 5.16 m
4.90 5 + 4,86 5
4.59 100 ‘ 4.61 100 4.58 v.vs.
4.41 40 4.42 30
4.23 40 4,27 30
*4.09 70 4.10 40 4.08 40
3.75 50 3.77 60
3.58 50 3.60 50
3.44 40 3.44 60
*3.34 90 3.36 10 3.35 100
3.27 30 3.28 40
3.20 20 3.18 30

* lines observed to increase in intensity with tinme.
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2.

tn

6.
7.
8.

No flow-decay was cbserved usincg needlie valves

{mild and stainless steel), without condéitioning

of uzoé.

Plow-decay was cobserved with both stainiess and

rild steel needle valve test sections zfter
conditioning K0, at 35%.

The flow rate decays smoothly with time.

As the temperature differential AT (T hold tank -

T heat exchanger) decreases, so the time for "full-
scale decay"” increases.

Some flow decay is still observed when AT = O.

at 35°C, the N,0, re-conditions rapidly (ca 1 hr).
Flow-decay compound has been conclusively identified
by infra-red spectroscopy and X-ray powder diffraction

as Fe (NO .1.5N20

3)3 4
Optimum conditions for producing flow decay were:
Pressure differential 35 psi

Hold tank temperature 35°%¢

Heat exchanger temperature +5° to +10°%




9 CORZDSION STUDIES BY SCAMNNING ELECTRON MICROSCOPY

tudies have been carried out on the effects of pure
licuid Nzoé, and liquiad ﬁzoé containinc ssall, Xnown arounts
0f the most common impurities presernt in propellant grade
Nzoé, on mild steel and 316 stainless steel szmples. These
corrosion stuéies were conducteé in sealed vessels at

ambient temperature.

9.1 Experimental

The N,0, used in these experiments was prepared by

2
the thermal decomposition of analytical reagent grade Pb(HO3)2
and was dried by passage through a colamn packed with phosphoric
oxide. Nzo4 prepared by this method <ontains less than 35
p-p.I". KOCl and will hereafter e referred to as ‘pure’
N,0,-

Metal samples were treated with cne of the following reagents ’
A-D:

(A) pure N204

(B) pure N20 containing NOCl, obtained directly from

4
a cylinder {(British Drug Houses Laboratory Gas Service)
and dried by passage through a column packed with
anhydrous CaCl2

(C) Pure N,0, containing 100% HNO,,the latter prepaced
in the manner described in Section 6.2

(D) Pure N204 containing NO obtained from a cylinder
(Air Products) and not further purified.

The metal surfaces were prepared by abrasion with emery

paper followed by treatment on a polishing whecl, using

initially 8 micron, and finally 1 micron diamomd paste.
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L series of photographs (=zcgnification 2,500) of the
polished metal suriace of both mild aad stainless steel samples
were taken to establish e characteristic surface Eicregraph.

E typiczl mild steel surface was genperally featureless except
for fine scratch-marks and & larce number of small black marks,
assuzed to ke pits in the surface. A typical stainless steel
surface appeared to ke almost featureless, with only very

fine scratch marks and very faw pits.

Metal samples were degreased and placed in a specially
thickened ylass vessel sezled by a PTFE tap (Fig. 9.1).
Remgval of the PTFE plug allowed the small steel samples
of suitable geometry and éimensions for scanning electron

microscopy to be inserted through the barrel of this tap.

(A) Pure N294
About 25 g of pure N204 was distilled onto each steel
sample and the vessels were sealed and left for the regquisite

period of time.

The N204 was removed by evacuation and initially the
surface of the metal was examined on the Scanning Electron
Microscope. On some samples there appeared to ! .: a surface
film. It appeared possible that this might be due to a
small amount of impurity remaining on the metal surface after
evacuation. It was decided that more meaningful results could
be obtained by washing any film from the surface, using
de-ionised water and analytical reagent grade acetone
before microscopic exawnination. If this film was in fact
a reaction product there should be evidence of attack on the

suriace of the metal, whereas if the film was solely due to

impurity the surface of the metal should remain unchanged.
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(B} KOCl in %.,0

Solutions of KOCl in l\’204 were prepared by distillation
of known weights of XOCl and N204 into the reaction vessels.
Concentrations of 5.0, 1.0, 0.4 anéd 0.1 wt % NOCl were used.
The soletions were then £rozen in liquid nitrogen and the

steel samples were added to the vessels against a counter current

of dry nitrogen.

(C) 100% HKO, in N,0,

Weighed amounts of 100% HNO, were pipecited into the

3
reaction vessels in a dry atmosphere and the regquisite
amounts of N204 were distilled into the vessels to give

0.1 and 0.4 wt % HNO_, solutions. These solutions were then

3
frozen in liquid nitrogen and the steel samples were added

against a counter current of dry nitrogen.

(D) NO in N,0,

5.0, 2.0 and 1.0 wt % solutions of NO were prepared
by collection of the calculated volume of gas at 1 atmosphere
in a dry bulb of the correct volume, followed by distillation
of this gas and the requisite weight of N204 into the vessel,
The steel samples were &gain added.against a counter-current

of dry nitrogen.

9.2 Results
(a) Mild Steel
(a) Pure N,0,
Pure N204 had no detectable effect on the surface of

mild steel over a period of 24 days.

(B) NOC1 in N,0,

The mild steel sample in 5% NOCl solution showed

At A S e e B e 4



Y aemees o« wewa o v

-

- 131 -

signs of corrosion within 24 hours and after 1 week a
heavy deposit of brown powder had formed on the surface
(the first sign of attack appeared to be the formation

of very small droplets of a second liquid phase, which
solidified after 1-2 days). An infrared spectrum of this
brown deposit was obtained and all the features expected

for Fe(NO xN204 were clearly discernable.

3)3'
The surface of the mild steel sample in 1% NOCl showed

tarnishing after 1 day but even after 1 week no deposit

was visible to the naked eye. When examined under

the scanning electron microscope, however, a deposit was

clearly visible and when this was removed by washing the

surface of the metal showed clear evidence of attack.

After immersion in solutions containing 0.1 and 0.4 %
NOCl for 6 days a small amount of attack was discernible
on the mild steel samples when viewed with the scanning electron
microscope. The amount of corrosion was comparable in both

cases. RAfter only 3 days immersion, attack zould noc be detected
with certainty.
The attack on these mild steel samples appeared to
be very localised i.e., there was considerable "pitting".
It therefore appears likely that the attack is initiated

at the small holes present in the polished surface.
(C) HNO, in N,O,

The samples were immersed for 24 days. Upon examination

by scanning electron microscopy no sample showed any sign

of attack.
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(D) RO in N O

The steel samples were immersed for 14 days. Upon
examination at the end of this period there were definite
signs of corrosion of the mild steel sample which had been
in contact with the 5% NO solution. The attack appeared

to be more widespread than in the case of the NOCJl solutions,

and there were very many small pits in the surface.

(b) Stainless Steel

In the parallel series of experiments using stainless
steel samples the only sign of attack appeared on the surface
of the sample which had been immersed in 5% NOCl1l for 3
weeks, and even in this experiment the amount of attack was

very small.

9.3 Conclusions

I. It is clear that whenever NOCl is present in N,O,
in concentrations 20.1 wt% there will be attack on any mild
steel present in the system, and stainless steel will also

be attacked but at a much slower rate.

II.The fact that nitric acid impurity has no corrosive
effect is not surprising in view of the essentially covalent

nature of the HNO3 molecule in NZO solution.

4
III.The corrosive effect of dissolved NO has particular
interest, and could be significant. When a metal reacts with
liquid N204 the first stage is the transfer of electrons from
Not to the metal atom in the metal surface. The second stage

involves removal of that metal ion (eg.Fen+) so formed, from
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the metal lattice into solution. With N204 this second
stage does not occur for the naked ion, which must bg
coordinated in some way before transfer from the metal
surface to solution can take place. Of all the

transition metals, iron is the only case in which a simple
metal nitrosyl (Fe(NOh) has been identified and many other
complexes are known in which the NO group is coordinated

to iron.
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Earlier workers demonstrated that the addition of

selected orgenic solvemts ¢o liguicé % 04 can substantially

ovwrecome fiow-cecay. They expressed concern, however, as

to the desirzbility of Icag term contact of the liguid in view

of possible reactions batween ﬁzoé and these solvents.
o stvdy chese lonc term effects a series of sealed
r.m.r. tubes was set up, each tube containing dry liquid

i)
RO, {<0.01t "E,0") ané & distilled organic solvent in the

ratic o cz 3:1 y/v. The 'H n.m.r. spectrum of these mixtures
waes recordsed pericdically over nimmonths, together with the

visanal zppearance. The results are presented in Table 10.1.

¥ae sclivents chosen for study were generally those which

are known te bring about ready dissolution of N0+(Fe(NO3)4):

TABLE .10 .1

Organic Solvent Observations 'H n.m.xr, spectrum
Tthyl Acetate a a
Xitromethane a a
Zcetonitrile a a
Propaneciol-1,2-carbonate c a
benzonitrile c a
Kitrckenzene c o
Sulghelarne c b

miTxan d -

d d

ret, | d -
& NG chenge i siight change over 9 months

“

C grecn cclouy . -+ ¢vidence of ieazction

(Y 7Y
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The 'H n.m.r. spectrum of diethyl ether/N,0, was
not obtained because the sealed tube exploded. On addition
of N204 to 1,4-dioxan, a white solid phase formed. This
solid was stable in contact with N204 but dissolved on
agitation. The resulting solution transformed to a gel
on standing at room temmerature, but became mobile on slight
warming, N204 and 1,4-dioxan are known to fecrm a 1:1

molecular addition compouné which is a white crystalline solid4l.

The 'H n.m.r. spectrum of pure sulpholane shows basically
a doubleF (with each peak slightly split). The only modification
to the ‘K n.m.r. spectrum of sulpholane in N204 was a slight
change in the splitting of the doublet. There was also a
solid deposit in the tube, (sulpholane is itself a solid at

room temperature).

The 'H n.m.r. spectrum of nitrobenzene was largely
unchanged except for the appearance of a very small peak

at about 4.5 p.p.m. downfield of the main signal.

The green colour which developed immediately on mixing
propanediol-l,2-carbonate or benzonitrile with N204, may
have arisen from relatively weak molecular interactions between
the components of the mixtures, since the 'H n.m.r. spectra
were unchanged, even after 9 months contact and the solvents

had been carefully dried before use.

It is therefore confirmed by 'H n.m.r. that two of the
additives knownl to be effective in the elimination of flow-
decay (i.e. acetonitrile and ethyl acetate) are substantially

inert to N over long periods of time. Nitrorethane hos also

2%
been shown to fall into this category, contrary to the findings

of the koc}etdyne workers! yho also reported the insolubility
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of NOFe(NO3)4 in nitromethane. This again is contrary to

L TR S ORI ﬁ‘h’"“ 2

observations in these laboratories, where the suitability of

LR AD PN

nitromethane for the recrystallisation of NOFe(NO3)4 was

O TN

investigated ( Section 2.1(d)) .
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APPENDIX

Determination of *he "water" content of ligquid N294 by 'H n.m.r.

At the commencement of the present research pugram,
the necessity for a rapid and convenient method cf determining
the "water" content of samples of liquid NZO4 used in
the fiow apparatus and in other laboratory investigations was
immediately recognised. The use of proton n.m.r. for this

39,40

purpose has been reported previously Initial experiments

in these laboratories were conducted using a Varian HA1OO

(100 Mhz) n.m.r. spectrometer, on accouut of its higher sensitivity

than the 60 Mhz Perkin-Elmer R.1l0 spectrometer, also available
in this Department. However, it is necessary with the 100 MHz
instrument to incorporate with the sample a standard proton
containing material to provide a suitable locking signal.
Benzene and chloroform (dissolved in the N204) were tried as
internal standards, and tetramethylsilane as an external
standard (i.e. not dissolved in the N204, but placed in the
sample tube in a small glass capillary). However, none of
these was entirely satisfactory; benzene because of nitration
(and hence increase in proton content of the N204) in

samples with high "water" content; chloroform because of the
proximity of the "water" and chloroform resonances, which
produced attendant difficulties in locking and integration of
signals, and tetramethyl silane because of the diminution

of the sample volume (and hence “"water" signal) by displacement
insertion of the glass cpillary. For these reasons, subsequent
estimations were carried out on “he Perkin-Elmer R10O (60 MHz)
spectrometec, which operates in a non-locked mode, arnd hence

needs no refercnce standoxd.
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% series of calibration standards was prepared from
small veighed amounts of water (5 figure balance) and w2iyghed
amountsof dry N204 (distilled from phosphoric oxide): N.m.r.
samples in 0.7 mm wall-thickness soda glass tubes were £rozen
in liquid Nz, cvacuated and sealed. These tubes were found
to be quite safe under the conditions used; each sealed
sample was heated to 40°C before estimation (n.m.r. probe
temperature 3l°C), but no tube exploded. Within experimental

error a linear calibration graph of signal integral against

$"water" content was obtained. ¥,0, distilled from phosphoric

oxide was shown in this manner to have a very low "water" content

which was difficult to measure accurately, but was certainly

less than 0.01%. N204 distilled in this way is described

throughout this report as "dry N204".
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