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AESTRACT

. +‘r -
~ ™ \ N \y hl'e) J as » ' L; r
The compound Ie(hOB)B.NZOh (AO;IC(“03)A ) was proviously
identified as the principal constituent of deposits responsible
for flow-decay of liquid propecllant N204 in steel systcims. 1In

the light of this, an extensive investigation of N°Oh adducts

“~

il O
of Fe(NOa) has been carried out including synthesis, analysis,

3

vaibrational spec¢troscopy and X-ray studics. This work indicatces
that the constituent species of the solid adducts Fe(NOg)BXNZOh

(where x is typically 1.0-1.5) are N0+, NOE(solvated by N02 or

Nzoh), Fe(NOB)ﬁ—‘and NéOh. The behaviour of these adducts has

ro
also been studied in HNO3 solution and in HNOB/N204 mixtures,

since the presence of HNO, in propellant N20h was suspected to

3

influence the physical and chemical nature of the flow-decay
deposit and may be partially or perhaps primarily responsible
for corrosion of steel.. The properties of the Fe(NOB)JxNQOa/

HNOS/N;OA system are interpreted in terms of 2 gross modification

33

A flow apparatus has been constructed sothat flow-decay

of the HNOj/NéOu phase diagram by Fe(NO xNZOh.

deposit may be collected and its chemical identity and physical
form studied as a function of the "water" (HNOB) content of

N;OL (monitored by 1.H n.m.r.). A number of projected investi-
gations is also discussed. .These include studies of dissociation
vapour pressures of Fe(N03)3XN204 to elucidate the stoichiometry
of stable adducts and scanning electron microscopy before and
after exposure to dilute solutions of NOCl in liquid NZOu for
known lengths of time. Assessment of the importance of NOCl as

a primary corrosive agent shbuld then be possible. Similar

experiments could be carried out with solutions of HNO3 in N204'
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1. INTRODUCTTON

In use as on oxidiser component of bipropellant rockets,
liquid dinitrogen tetroxide, which has been stored in iron
or steel contoiners, flows through narrow orifices or finc
mesh filters. The flow rate may sometimes deccay os a
result of clogging at such locations by a "flow-decaoy deposit”,
and this report describes work carried out at the University
of Nottingham dufing the period July 1970 to July 1971 on
the nature of this deposit. There appears to bLe, as yet, no
firm agreement as to the physical nature of this deposit.
Thus, earlier reports describe this materiul as either solidl_
or gelatinous2 in nature. However, it seems to be gencrally

agreed that the compound Fe(NO,),.N,0, (NO+Fe(N03)4) is the

)3
principal constituent o1 such deposits. This compound was

3,4

first isolated in these laboratories, and in previous work
we had demonstrated that the compound is a solid in the
presence of pure, dry liquid NzOh. Neverthelcss, Many
aspects of the chemistry of the compound remain to ‘be
examined and this necessarily forms the major theme of our '
work. One major aspect concerns the formation of‘gpls. We
have felt that this is unlikely to arise from the agency

of Nzoh alone, and must therefore be attributed to one (or

more) of the impurities present in propaellant N?Oh. . In the

present studies, it was considered that the impurity most

likely to convert FO(NOB)B'N204 into a gel is HN03’ arising
from the so-called "water" content (ca 0.1%) of the N,0, .

Indeed, it was suspected that the physical nature of the

flow-decay material may well be a function of the "water" -

A Lo




content. In an attempt to resolve the question of the
physical form of the flow-decay deposit, its precise

composition and the influcnce of "H_O content" of the N 04

2
upon its identity, a flow apparatus has been constructed
whis), is designed to permit facile collection and
identification of the deposit. 1H n.m.r. has been used to
determine the "H20 content" of the NZOu employed in flow
experiments and the observations to date are described in
Section 3.

To eliminate the flow-decay problem, the formation of
flow-decay compound must be prevented, or its properties
suitably modified so that it is retained in solution in
the propsllant Nzou. Both approaches demand the fullest
possible knowledge of the synthesis, constitution and

properties of adducts between NZOQ and Fe(NO In the

3)3'
course of these studies it became clear that although the

\

compound Fe(NOB,B.Nzou can be prepared, materials whose

composition may be written Fe(No3)BXN204’ x> 1 are the initial

products of attempts to prepare Fe(NOB)B'Nzoh’ and are only
with difficulty brought to the 1:1 composition. The nature
of these materials clearly is of great relevance to tho
technological problems of handling Nzou in steel containers.
The constitution of these adducts, and in particular the
bonding of the "additional™ Nzou was therefore considered
of great importance, and the work to date in this field is
described in Section 2. n view of the suspe?ted influence

of HNO, on the nature of the flow-decay deposit, extensive

3
laboratory investigations of Fe(NOB)BxNzoh in HNO3 solution
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and in HNOB/Nzoh mixtures have been carried nut and ore
reported in Sections 4 and 5.

This is an annual report which is written half-way
through a two-year investigation. The main purpose of the
report is therefore to describe tLL: experiments which have
been carried out, with an indication, where appropriate,
of the ways in which we hope to develop these experiments.
We have reduced "conclusions" to a minimum at this stuge
of the work, since they will be more appropriate in the
Final Report. In Section 6, however, we have outlined some
new avenues of investigation which we hope to explore
during the seéond year of the Agreement.

In concluding this introduction it must be emphasised
that great care has been taken to exclude moist air through-

out all the experimental work described in this report.




2. THE NATURE OF THE ADDUCTS BETWEEN Fo(NOBIQ AND Nzgh
J

During the course of the work described in this report,
the known methods for the preparation of Nzoh adducts of

Fe(NO have been reinvestigated and, where possible, refined.

3)3

Additionally, certain new procedures have been developed.

(i) Methods of preparation

a) The reaction of FQLCOIS and N,0, in CC1,

A solution of Fe(co)5 in CCl, was slowly added to
excess Nzoh in CClh, with stirring, at 0°C. The experimental
arrangement ensured that mixing of the reactants took place
under the surface of the Nzoh solution in order to minimise
the formation of the product FeO(N03)5 by vapour phase
reaction. A vigorous reaction_occurred and a mixture of two
products was formed, a yellow smoke (presumed to be FeO(NOB))
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 Nzoh, which effects complete conversion of

FeO(NOB) to an N,0, adduct of FG(N03)3'5 The product was
filtered and dried by evacuation.

b) The reaction of FeCl, -and N, O, in EtOAc

3

This was the first discovered synthetic route to
the compound Fe(Noj)B'N204J and was considered to be the
method of choice at the commencement of the present work. (As

substantial quantities -of the compound Fe(NO .N20h were to

3)3
be used in the laboratory experiments described in Sections &4
and 5 of this report this preparation was performed on a

relatively large scale).
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A.R.FeCl3 (50 g) was dissolved in dry EtOAc (200 ml) «nd the

solution was added to dry Nzou (200 ml). ‘The mixture was

set aside overnight. Excess Nzoh and most of the EtOAc was

then removed by evacuation (IO—Qmm) yielding o dark red
. viscous syrup. Addition of a large excess of dry Nzoh resulted
in immediate precipitation of yellow/brown crystals. These
were isolated using a filter-stick and washed with dry Nzou.
Addition of dry Nzoh to the filtrate yielded a furthcr 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 either EtOAc or McNO2 followed by
reprecipitation and washing with Nzoh.

c) The reaction of FeCl

3.NOCI and Nzgh

Metallic iron does not react at room temperature

with liquid Nzoh or mixtures with EtOAc but the addition of

small quantities of FeC].2 or FeCl, to an EtOAc solution

3
promotes a steady reaction with the metal. This behaviour
results from the production of NOCl by solvolysis of the added
chloride. NOCl reacts vigorously with metallic iron 6,7
to give FeClB.NOCI which in excess Nzou is expected tb undergo
complete solvolysis to give the corresponding compound in the

Nzoh system:

) i.e. FeCl3

.NOC1 + 4N,0, == Fe(NOS)B.NZOI‘ + bNocl.

The advantage of this reaction is that it should provid: a
direct route to the desired Nzou adduct without the addition
(and the need for subsequent removal) of an organic donor

solvent.

NOCl was condensed on to spectroscopically pure iron at
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,

-78°C ond allowed to warm slowly to room temperature. A
steady reaction occurred and a yellow-brown powder was
deposited. This was evacuated (10-2mm) overnight to remove
excess NOC1l, and a large excess of Nzoh was then added. A
gentle reaction occurred over about three days. Excess Nzoh
was then removed by evacuation (lo-zmm) and the resulting
powder tested for chloride. If necessary, the powder was
treated with further amounts of “204 until the chloride test
was negative.

A modification of this experiment which is currently under
investigation involves reaction of iron with Nzou containing
a smoll proportion of NOCl which should function as a
catalyst. Thus the initial product should be FeClB.NOCI from
which NOCl.will be regenerated by the above solvolytic reaction.
The reaction should continue until all the iron has reacted,
provided NOCl is retained in solution. This modification will
allow reaction with metallic iron to be completed in a single
stage and should facilitate the complete elimination of chloride
without the necessity for repeated treatment with NZOQ.

d) Attainment of the composition I*e(NOB_lB_._y_zg_4

As stated in the Introduction, the initial product
arising from each of the above preparative methods usually
contains an amount of Nzoh in excess of that required by the
formulation Fe(NO,;),.N,0, (N0+Fe(N03)h-) and exhibits bands
due to molecular Nzou in the infra-red spectrum (see Section
2(iii) a)). The actual N,0, content of individual products
was monitored by use of the analytiéal techniques described in
Section 2(ii).

The precise composition Fe(N°3)3'N2°h may be achieved where

necessary by evacuation (10-2mm at about 20°C) of the initial




products of the above reactions for several days during which
time the molecular NZOh conient of the compound may be
monitored by intermittent nitrite analysis (Section 2(ii) b))
and infra-red spectroscopy (Section 2(iii) a)). The
reluctance with which this iron compound loses the N204 which
is in excess of the above formu'ation is one of its most
striking features and one which is not encountered to any
comparable extent in Nzoh adducts of othe£ metal nitrates.

(ij) Analysis

The following procedures were adopted in the asnalysis of
the products obtained by the methods of Section 2(i).

a) Total nitrogen bv the Kjeldahl method

Total nitrogen content was determined by a modified
Kjeldahl méthod using Devarda's Alloy. Adducts were first
hydrolysed in alkali to ensure retention of all nitrogen in the
form of NOB— and NOZ-' Hydrolysates were prepared by a
"closed-bottle" technique in which a known weight of sample was
Placed in a thin-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 liberated NH3 was steam distilled into a
known volume of standard boric acid which was titrated against

standard HCl using a mixture of bromocresol green and methyl

red as indicator.

b) N20b content by Ce(IV) titration of NOZ:
Further aliquots of the above hydrolysate were used.
Fach aliquot was added to a known excess of acidified standard

ceric sulphate solution which was back-titrated against

standard ferrous ammonium sulphate solution. Nzou (or NO+)




2 on alkaline hydrolysis.

c) Iron by atomic absorption

yiclds an equimolar aomount of NO

Iron determinotions were carried out by means of a
Southern Analytical A3000 Atomic Absorption Spectromcter.
Solutions of adducts were prepared in dilute nitriec 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.

(iii) Vibrational Spectroscopy

a);lnfra—red spectra

infra—red spectra of the so0lid adducts were recorded

on a Perkin-Elmer 457 spectrometer using AgCl cell windows.

Nujol mulls were prepared in a dry box. Infra-red spectroscopy

was used to follow the removal of molecular Nzou in excess of

that required by the formulation Fe(NOB)J’N204° The presence

of molecular Nzoh is recognised by the appearance of bands at

1740, 1251 and 742 em™ ).

A typical spectrum of the compound Fe(N°3)3’N2°& is
shown in Fig. 2.1 and the bands are .listed and assigned in
Table 2.1, This spectrum provides evidence for formulation as
NO+[Fe(N03)4]- since it is virtually identical in the covalent
nitrate region to that of the compound (PhuAs)+[Fe(N03)4]- ‘
which was shown to contain a discrete anion of dodecahedral
(Dzd) symmetry by means of a single crystal X-ray investigation
recently completed in these laboratories.9 Four symmetrically

bidentate nitrate groups are disposed around iron{III) in this

3

anion. No evidence for the presence of NO ion or nitrato-




Table 2.1.

" Vibrational Spectrum of Fe(N0313;§294

Infra-red (cm-l) Ranan Qcm-1) Assignment

Nujol mull

2298 w 2302 s NO' stretch

2230 w,b _ No* stretch

1598 s 1608 s

v, N-O stretch

1548 vs,b 1570 s

1295 s,b 1263 mw vy NO2 asymm. stretch
1018 s,s 1030 m Vo NO2 symm. stretch
798 s,s 784 m V6 out of plane bend
764 vs,s 769 m Vs NO, asymm. bend

364 m metal-oxygen stretch
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epecies other than Fe(NOB)h_ is obtained from the infru-1red
spectrum of FG(NOB)B'N204' The bands attributalLle to the
presence of this anion Fe(N03)4~ in FG(NOB)B'Nzoh are thus
assigned in Table 2.1 in terms of bidentate bonding of mitrute
groups and are uninfluenced by the mode of prepurclion of the
compound or by the presence of N204 in excess of this
formulation.

The infra-red . spectrum of the initial (unevncuatcd)
products of the pfeparative reactions described in Section 2(i)
showed a very intense band at 2230 e (rig. 2.2{(a)), together
with the expected bands due to molecular N204.8 On evacuation

of the compound (10-2

mm) for 3 days the molecular N204 bands
and the band at 2230 cm-1 decreasel in intensity and a further
band appea¥ei at 2298 em™ ! (Fig. 2.2(b)). After evacuation
for a further 3 days the two bands in the vo* region were
of comparable intensity (Fig. 2.2(0)) and after 2 weeks the
2298 band was the more intense with the 2230 band as a
shoulder (Fig. 2.2(d)). On dissolving the evacuated compound
in ethyl acetate and reprecipitating with Nzoh the spectrum
revertéd to that of Fig. 2.2(a). These observations lead to
the conclusion that excess Nzou may be associated in some way
with the NOo* cation in an analogous  manner to that known for
digthylnitrosamine"xnin which two molecules of this solvent
. coordinate to Noﬁ producing a consequent shift in the infra-
red abSorption band.

This leads to the prediction that the compound

[(N2°A)2N01+F°(N03)h- (Fe(NO 2N204) may be a recognisable

3)3'
entity. Alternatively vo* may associate with NO2 to form the

12,1
species'(NOa)NO+ which Goulden and Millenz’jsuggested as

being present in solutions of N,0, in 100% HNO, on the basis
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Figure 2.2
Change in I.R. =pectrum on altering the composition OvaO(N0313£§2gh

Wavenumber (cm"1)
30100 :.»)loo :I",:oo 16100 14?0 1280

(a) Sample of Fe(No3)BXN2Oh as prepsred from NOFeCl,.

(b) Sample as above after 3 days evacuation (10_2mm).

s

-Q

(c) Some sample after 6 days evacuation (10 “mm).

e e sy T

(d) Same samploe after 2 weeks evacuation (10"2mm).
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of a Raman spectroscopjc study. Thus,‘the specdies
[(NOZ)NO]+Fe(N03)h- may also oe an idqntifiublo cntity. ,Wh%tu
ever the nature of the assocjntion causing the chonge in no* ’
band position, the pet result is the same i;e. a loweyiné of

the N-0' bond order anq thus a roweting of the enCrgy;of
vibration. lx oo i :

It is also relevant to note that association of NOCI aod

i : : :
NO* is considered to occuk in certain metal halide-nitrosyl
chloride adducts.jh Thusiit is apparent that‘the=N0+ idn
i 1
displays a willingness to enter into associations of this type. ,

! !

b) Raman spéctra

The Ramban spectrum of Fe(NO N0, was recorded

1

3)3
using a Spectra-Physics 125 He-Ne laser as an excitation’
!

source (output approx. 60mW at 632 8;nm) . The sample was

contained in a sealed glass ‘cell. The observed bands are listed'
I

and assigned in Table 2.1, Further support for the bidentote:‘
nitrate assignments gjven in thiSiTable;is ootaiped frop thes
sequence of felatiJe intonsitieé of the tﬂree highést-frequency
Raman shifts attributable to nitrate rundamentals at ca 1600
1250, and 1000 cm 1; i.e. the sequence;~ strong, weak strong.
This agrees with the general observation that for symmqtrically ,
bidentate species the band at ca 1250 cm -1 (the N-0 anti- |
symmetric stretch) is weak and without exception the least
intense of the three bands. ;In the case of unidentate nitrato-

i )

complexes,'hohaver, this band is geperally fairly strong and is
by 1o meang tho leost intense of the three bandsJ;SThe.alternntive
N ! : ! t .

method of distinguiahing uni- and bidentute bonding inrnitrnto-‘

b
.

complexes by means of depolarisotlon ratios is not applicablo

to aolids, but ia described for solutions in HNO

5 in Soctioq u(iii)
t 5

+
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Liy) Formulation of the adducts betweoen Fu(NOqu and N
J

as_Fo(N0,).xN,0,

The vibrationul spectrum of material anolytically

2

‘)
4

Fe(NO ,0), hos shown it to be NO+Fe(N03)4-. However, the

.N
3)3
initial product from each of the preparative routes described
in Section 2(i) had a higher N,O0, content than that for

Fe(NO .N204, and these productswere for convenience written

3)3
as Fe(NOB)BxNzoh. However, the vibrational spectroscopy of

these materials indicates that they contain Fe(NOB)h—, No* and/or

a 'modified' NO¥ band (depending on the NZOA content) and

(usually, but not always) molecular Nzoh’ The maximum value
so far observed for x in the formulatien FO(NOB)BXNzoh is ca

2.5, in a product from the direct reaction betwecen Fe3(00)12

and Nzou. Tt would seem that the best representative

formulation at this time is:

4

+ N T -
[NOT, NO"(solvated) ] De(hog)h . N,0,

However, for brevity the designation Fe(N°3)3XN2°4 will
throughout this report refer to materials of this nature, and

Fe(NO .Nzoh will be used only for materials analytically

3)3

close to the 1:1 stoichiometry.

ix) X-ray powder photography

X-ray powder photographs were taken as a matter of course
for all samples produced in preparative and in "extraction"
experiments, described in Section 5(iv), wherever this was

possible i.e. when the material was 12ither too wet with Naou

"nor gel-like, The reasons for taking powder photographs of

products from the preparative experiments were two-fold.
Firstly, to establish a characteristic k-ray powder photograph

of Fe(NO .N204 and secondly to obsorve any correlation betweon

3)3
the change in the X-ray powder pattern end a change in x in the




molccular formula Fe(NOB)qu?OH.
The first objective was achicved (sec Table 2,2) but no
significant results were obtaincd for the sccond and o further

careful and detailed study to this end will be perflovmed in
the near future as follows. An X-ray photograph of powder in

contact with liguid N'Oh will be run followed by a scries of

2
photographs of samples obtained after cvacuation for increasing
lengths of Iime, |

The powder patterns wcre obtained using a Phillips X-ray
powder diffractometer with an 11 cm camera and CuKa radiation.
After measurement of films the data wass fed into the computer
along with the programme:- "d-spacing: etc. from powder
photographs", J.M. Spink, Nafional Physical Laboratory, 1965,
which has been modified by A.J. Hooper and D.J. Wood in this
Department, for a KDF9 computer. Typical d~spacings and
intensities are recorded in Table 2.2 (a-d).

These results are in agreement with an earlier report
that the compound Fe(NOB)B'N204 exists in at least two
crystalline forms. One pattern is obtained repeatedly from

the preparations using EtOAc, FeCl, and N,0, (Table 2.2(a))

3
but a quite different photograph is obtained from the product

of the FeClB.NOCI/N204 reaction (Table 2.2(d)). The results

obtained for the FeClB/EtOAc/Nzoh product agree with those of
earlier workers1 for the same reaction. Also, the pattern
observed for the FeClB.NOCI/Nzou reaction product is identical
to that of the compound prepared from Fe(CO)5 and N,0, and
recrystallised from Nzou by Soxhlet extraction.1

A further important point arises from the present results.
The poewder pattern of a product obtained by treatment of
Fe(NO

2ou in HNO, with dry N204 (see Table 2.2(c) and

3)3°¥ 3




I

16

Table 2,2,

X-itav Diffraction Pouder Patterusof Adducts Belween Fe(\'OBlj

ani N,,gf‘

(a) re(xo N,0, from FeClB/ (v) Fe(XNO .Nzoh from FeClB/

3)3° 3)3
EtOAc/Nzou preparation EtOAc/Nzoh preparation,

recrystallised from MeN02

d-spacing (R) Intensity d-spacing (R) Intensity

6.3 100 6.3 100
6.9 5 5.8 30
5.7 80 5.6 80
5.2 50 5.3 10
.9 20 5.1 70
4.7 20 4.9 5
L. 44 20 L.e6 5
4,23 30 .1 20
3.98 2 3.93 2
3.66 70 3.65 70
3.43 60 3.4 50
3.20 30 3.19 Lo
3.11 4o 3.06 50
3.06 50 2.96 70
2.98 60 2.90 2
2.9 2 2.43 ) 20
2.44 30 2.31 5
2.55 20 2.25 60
2,12 5

2.08 5

2,04 5

1.98 3

1.93 5
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Table 2.2 (coni'd.)

(c) Fe(xno .N,0, from FeClB/ (d) Fe(xoO X, 0, from I'cCl,.NOC1

3)3 3)3' 3
EtOAc/NZOh preparation, /Nzoh preparation

recrystallised from HNO3/

N,0,
d-spacing (R) Intensity d-spacing (R) Intensity
6.3 100 7.3 80
5.7 70 7.0 80
5.1 60 6.2 90
k.8 5 5.6 20
k.6 30 5.05 2
k.42 2 k.56 100
4.21 5 k.36 2
3.61 50 4.03 5
3.41 . 50 3.74 ko
3.21 30 3.55 30
3.08 ko 3.38 50
2.98 50 3.22 50
2,61 5 3.01 2
2.43 30 2.80 20
2.27 30 2.66 2
2.57 20
2.42 30
2.28 10

2.18 30




Sections 3(iv) a) and 5(v)) i.e.
AAOB/NQOQ mixtures, is identical
prepared Ly the Poc13/nt0Ac/xzoh

recrystollised from nitromethane

a sample recrvstallised from

with thoat of Pc(xoj)g.xgoh
i v A v
method. Also, Fc(303,3.520h

has a powder pattern identicol

with that prepiared from FeClB/BtOAc/N204 (Table 2.2(b)).

(vi) Sinle eryvstil X-rav investigation (Dr. E. Xunn)

Crystals suitable for the X-ruy investigation were grown
Trom EtOAc/NOOh mixtures. These were filtered and washed with
dry Nzoh and were then loaded, still wet with Nzoh, into

0.3 mm X-ray tubes into which a small zmount of dry X Oh had

2
becen distilled. This excess Nzoh was necessary for the
maintenance of the crystalline form during the time that the
tube was in the camera. The tubes were then sealed.

Data has been collected on a crystal of Fe(NO,) . xN,0,

3)3
using the Hilger Linear Diffractometer. The crystal is
monoclinic and belongs to the space group P2]/c; The unit cell
dimensions are a = 10.218, b = 19.873, ¢ = 14.3378,p = 123%13",
A totul of 1800 reflections have been recorded about

the a- axis for values of h from O to 11. The cell dimensions

and the estimated density indicate that there are probably

two molecules in the asymmetric unit.

An carlier batch of crystals showed triclinic symmetry

but the crystals were unsuitable for further data collection.
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3.  THE FLOW APPARATUS \ND EXPERINDLLS

(i) Construction

One of the aims of this research is to investigete the
nature of material csusing flow-decay throupgh smal!l orifices.
. It wos decided that the problem should be examined by two
approaches:
a) The construction of a f{low-decay apparatus, by means of
which we hoped to isolate flow-de¢coy deposit.

s Fe(? d in HN
b) The study of e(VOB)Bxhzoh in HNO

3 and HNOB/Nzoh

mixtures.
The former approach is described here, and discussion of the
latter is deferred until Sections 4 and 5.

Design of the flow apparatus was based upon a system which
has been used by previous worker52 to demonstrate flow-~decay.
A schematic diagram of the flow anparatus is presented in Fig. 3.1.
Having decided upon the desigr of the flow apparatus it was
necessary to choose suitable materials for its construction.
Glass and fluorinated rliastics were unsuitable for fabrication
of tanks and pipewo:k because of fragility end constructional
difficulties. Also, if the apparatus was built in glass or
plastic, it would be necessary to saiurate NZOh used for flow
runs with iron in order to induce flow-decay. It was thought

. at this time that inclusion of metals other than iron in the
svatem should be avoided, and to this end mild steel was used
in preference to stainless steel in the construction. Since
our workshop staff had considerable experience in the machining

of Teflon cone valves for use in fluorine systems, valves of

this type were adapted for incorporation into the apparatus.
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The quontity of glass in the systom was reduced to o minison
and wus eventually used only in Lhe construction of the hold
tank level indicator and in the flowncters. This glass haod
been tested to pressures for in excess of those to be usod
in flow experiments.

Pressurisation of the systcecm was eflected by means of a
cylinder of high purity nitrogen. The gas was passed through
a Negreiti and Zambra pressurec regﬁlatjng valve into a 5
gallon ballast tank. Nzoh was held in a 5 gallon hold tank
and was passed under pressure through one of two flowmeters
(depending upon the flow-rate required) and through the heat
exchanger, which comprised a 20ft mild steel coil inside a
cooling jacket supplied with coolant from an Ultra-Kryomat
TK30D circdlating refrigerant unit. From here, the cooled liquid
Nzoh was passed through a test section (see Section 3(ii)) 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. Fach tank was
also fitted with a pressure gauge. A by-pass line was
constructed between the two tanks, allowing N,0, to be passed
directly from tank to tank i.e. circumventing th. test section,

heat exchanger and flowmeters if necessary.

A ¢ 7linder of N204 was connected to the apparatus by means
of steel tubing and the hold tank was filled using the internal
cylinder pressure to force the liquid into the system., Several
of the Teflon valves showed signs of leakage, necessitating
.tightening ¢f pipe connections and valve stems and upon
manipulation, most of the remaining valves showed secepage of

N204. The valves immediately on each side of the test section




e
ic

«,
Leaked persistently and defied all efforts to arrest this by

tightening, These valves were therefore replaced by steel
valves. During the time uscd Tor commissioning the opporatus,
most of the Teflon valves gave further trouble and a decision
wos made to reploce these by steel ball valves with Teflon
16

seats. 1t hos subscequently been discovered that other workers
have found Teflon to be porous to NQOA, however, since
instoallation of the «tecl ball valves no further trouble has
been experienced.

Some temporary inconvenience was also encountered because
a few galvanised joints and unions had inadvertently been
fitted. It is well known that N20u reaedily dissolves zinc and
the product is the adduct Zn(N03)2.2N204 which was precipitatced
~in the pipes. The pressuring systcem has been modified to give
more precise control, and the apparatus was tested for leakage
up to the muximum working pressure (60 psi).

ijil Test sections and flow experiments

a) Gauze filters

o
~
Previous workers observed viscous gel formation on

this type of test section and an attempt has been made to
reproduce this phenomenon. The test section comprisea a

thimble of stainless steel gauze (100 or 400 mesh or 10yu)
contained in a thick glass envelope. The end flanges of steel
were ccennected through a gasket of rubber with a Teflon insert
so placed that the rubber portion made no contact with Nzou.

IFlow runs using various pressure and temperature differentials
and flow-rates wesre performed using a 100 mesh gauze but at

no time was any flow-decay material observed in the test section.

The test section was illuminated using both transmitted and
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reflected lignt and the gauze was obscpvaed using o wicroscopo,
Trouvle was experienced with the Teflon gosicel mataorial,

since It wous apparent)y porous towards NxOM and alloved aciach
of the rubber portion and subsequent mujor leobuge. Tt wos
then decided to change to needle valve test sectious in
further attempts to induce flow decay, but it should be
emphasised that the approosch using gauve Tfilters hoss not been
discarded and may be re-examined at a later date using Tiner

mesh gauzes.

b) Needle valves

The use of necdle valves was prompted by the
observation of a brown solid deposit on a needle countrol-

valve adjacent to the previous gauze test section. The

~quantity of this material was too small to allow any charactler-

isation but it was thought likely that more of this solid
might be accumulated by using a needle valve test section.
While a suitable steel needle valve was being modified for
use as a test section, a Teflon-in-glass stopcock was
temporarily fitted and some experiments were performed with
this. Again, using the full range of variables, no flow-decay
material was observed in the test section; perhaps a not too
surprising result 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 diicvctly, using a

microscope. ''nder the conditions available, no accumulation

of flow-decay material on the needle was observed and it

became apparent that some modification of the apparatus would

be necessary to induce flow-~decay. The Nzoh in the flow
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- modified to include heating and temperature recording equipment
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apparatus was Lound by 111 n.m.r. (see Section 3(:i'i.i) b(zlow)

to contain 0,12% "wates," which conpared closely to the usual
speceification of propellant NZOh and should be sufficient

to bring about flow-dacay if the presence of HN03 in the

systoem is, in fact,. the ceuse. It is possible however that

the specics responsible for attack on steel vessels may be

NOCL (see Section 6(ii) »)) present as an impurity in

propellant specification Nzoh' The N204 used in the above
experiments was stated by the manufacturers to be chloride

free and qualitative tests confirmed this. Previous workers !
obscrved that if the hold tonk was "conditioned" with Nzou‘

by worming to ca 3500, flow-decay could be induced with : !
relative ease. The flow apparatus is at present being’ | !

! '

and further discussion of this is deferred until Section 6(ifi).

- 1 :
(iii) Determination of "water" content of liquid N_.O, by "H j.m.r.
22k

At the commencement of the present research programme, the

necessity for a rapid and convenient method of detefmiﬁing

the "water" content of samples of 'liquid Néou used in the s
i 1 i i

i

flow apparatus and in other laboratory in&estigations was
. . : !

imnmediately recognised. The use of proton n.m.r. for this
' o171 ! C
purpose has been reported previously. 74 8. Initial

experiments in these laboratories were coﬂduqted_using a

Varian HA 100 (100 MHz) n.m.r. spectrometer, on account of
its higher sensitivity than the 60' MHz PefkinjEimer R,10 =~
spectrometer, also available in this Depar%ment7 However it

is necessary with the 100 MHz instrument to incorporétefwitﬁ

! h H
the sumple a standard proton containing material to provide a b
i ]

suituble locking signal. Benzene and,chloroform were tricd

! v [
i f



capi}laryt For these reasons, subsequent eétimations'wcre '
. :

I
\ ' i 1 ! r
s, internal standords (i.c. dissolvcad in (e Nb0“> arsd tetra
) | )
smethyl silone ¢s an external standacd (i.c. not Jiss olv :d in
: | ,

ﬁhe.l\‘zohT hut‘placcd'in %ho gomple tube in a small glugs
) ! ! .
capillary). Houcver, noue of thoro wus entircely satjsfnntoﬂy, !
beuzeno~beoause of hitration (uud hénce incguu;o of the pootou
.conteno of the N, OQ) in somples uith uigh water content;.
ohloroform borauso of the pr0\1mJLy of the "watnr"land ' !

chloroéform resonancbb, which' proﬂuvcd attenddnf dlf11ou1f1e i
1

in locking and,intogration of signals, and tetrn’methyL silane
; 1 . ' . | N , ]
because of the diminution of the sample volume (and hence
] | t 1

! i ! ;

"water"’signal) by displacement on jnsertion of the glass ' , 1
H : . 1 : '

i
carried out on the Perkin-Elmer R.1Q (60 MHz) spectromecter,

o : P
- ‘whﬁch'operate? in ,@a non-locked mode, snd hence needs no '
S ! 1

4 i ! | !
refepence dtandard. ‘ ' : ' '
!

‘.. A serie; of calibration gtandards was proéared‘ffom smoll

[ o R !

wéﬂghed amounts.of water (5 figure balance) and weighed,

amolnts of dry (i e.’dlstilled from phprhorlc oxide) N, Oh ! ' ,
] )

N.m.r. samples in O. 7 mm wall- ;hickness sodi: glass tuoes were

27 . evacuated and scaled! 1Thosé tubes were |
' . ! !

found to be quite safe under the oondit1ons used, each scaled

‘!. f

sample was heated to h0°c before ostlmation (n m.r. probe

frozen in liquid N

tomperaturo 31 C), but no,tube explodod. Within oxporimcnoaL
AR .

f

error’'a linear calibration graph of signal integrol'against

- %"water" oonteﬁt was obtained. Néoh distilled: from ohOSphorfc
! : : ! .

. . W '.
oxide was shown in this manner to have a very low "wator"

) i - . ! : . :
:

conténq‘which was difficult to mebsure accurately, but was
corfainly-lesq than O, 01% ‘N 04 distilled in this wny will be

dolcribod throughout this report as"dry N 04

!
H 1 B B H
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b, servrions o zhglgjljhiggh [N _100% TINO

p
3

(i) Prepapaiion of 10Q§_uxoq

. . . . .
10G% nitric acid is prepared using the apparatus illustrated
. in ¥ig. 4.1, A mixture of LTuming IINO3 and councentrated H,

5 s , 1, A0 ISy . v
(1:2) is heated to 407¢ (1¢"%mm) at which temperature 100

2”0
%

HNO3 distils into the receiver. Yields are improved ifl both
. o
the condenser and receiver are cooled to =20 C.
The 1007 acid behaves as a mixture of the free acid, acid

anhydride and water in accordance with the equilibrium

; — _ . . R i~ T vy
PINO, = N0, + H,O0 (h205 ionised to NO," and NO, )
19
[ for which several lines of physical evidence are available.

The reagent has been used with little success in the preparation
of anhydrous nitrates and its reactions with the anhydrous

] chlorides OrCl CrCl,, MnCl FeCl FeCl

2’ :), 2! 3’ 2,
) 20
Cu012 produce only hydrated nitrates, In spite of this,

CoC1l NiClz, and
100% IINO3 has been used with success in these laboratories in
the recrystallization of anhydrous nitrate complexes, e.g.
N02+Au(N03)4“ and K+Au(NOB)4-. 21 Since nitric acid is one of
the contaminants of propellant Nzou which may be responéible

+  for the production of the flow-decay material, it was of

intercst to examine the nature of Fe(NO Nzou in 100% nitric

3)5%

acid., This adduct forms apparently stable brown sclutions in

100% HNO3 and the infra-red and Raman spectra of such solutions
were recorded in order to ascertain the species present. Before
ttiscussion of these spectra, however, it is relevant to

consider briefly the infra-red and Raman spectra of 100% HNO

3
{ itself.
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Vibavisiennd speoreescopy_or P07 A0

The iotra-ved spcotbrim of 1007 HNO. was racorded o a
Perivin=Elmer 157 speeiromeier using o speciolly designed
Kel-! sclutiou c¢eell titrved with silver chiloride windows

scepuracted by o Teflon spuocee (2010p).  The Raman speebrum

sas recorded on a Cery 81 spectvophotouetrer using a Spuciva-

o

o=

Physics 127 He-XNe laser as an cxcitotion source (outpet

approx. 60my ot 632.8 um). Samples for Raman spectrescopy

were contained in glass cugillary cclls Q:gl mm i.d.) end vere
filled and secaled in u dry-box. Depeolsrisation ratios were
determined by observing the spectruwm with tlie plane of the
polarisced incident light parallel and perpendicular, respectively,
to the axis of the polaroid analyser. The values were not
obtained directly, but the sample cell was calibrated using
accurately knownstandurds.

The bunds attributusble to 100% nitric acid are listed in
Table 4.1 and are illustrated in Figs. 4.2 (infra—red) and 4.3
(Raman). The infra-red spectrum is as expected for a unident-
ate covalent nilrate and is accordingly zssigncd in the Cs ,
point group. A point of particular interest is the appearance
of bands at 2365 and 2355 cm—1 which con be assigned to the
antisymmetric stretching vibration of the nitronium ion (N02+).
This has been observed by earlier worker522 and provides
cevidence for the self-ionisation of the acid. The associated
NO,” band would be expected at ca 830 em”™) but is invariably

3

wcak and is not observed in this case.

The Raman spectrum of 100% nitric acid is again as

expected for a unidentate covalent nitrate. It is similar to

2
the spectrum reportcd by earlier workers 3 and provides further



R

R
Mivesbiens! socsiens of a7t o0
Infra-red (cm-‘) Rimman (tm-l) Asad SETH
340D m
3250 vs,vh \.',; C-1 str-tch
2600 sh
2365 m,sp
2355 sh
1670 vs,br 1683 w,dp vy NOz asymm., stretch
1539 w 2 x Ve
1400 w X02+ symm. stretch
1300 vs, vh 1308 vs, p vy N02 symn. stretch
1058 w NOB" (NO stretch)
920 vs,b 929 vs,p v, N-OH stretch
765 s Ve out of plane bend
700-400 vs,vb 681 s,p Vg N02 bend
614 m,dp Vg N-OH bend

v, very; s, strong; m, medium; w, weak; sh, shoulder; sp, sharp;

b, broad; p, polarised; dp, depolarised.
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Cvitlieoon o the seli-iunication of the 1005 aeid, weals bands

{ N}
. - - - . L3 » * .1'
observad ot MO Lnd 1058 om | are chorocteristic of xO,,
-
(symm&tri~ stretch) and NOB (N—O stretch) rexpectively and
care he varced in inteusity by adding specics which repress the
sell-ionivation of HXOB. For exoemple, addition of very small
. - N o’ - . . . . .
gquanlitics of walerr to the 1065 acid diminishes the intensity
. . ) . -1 . A ‘b
of boih the 1400 aund 10538 cm bamdis, TMarther addition of
wafer ollows the normal ionisation of the dilute acid to
> ) + . 5 . - -
proceed, When ho? is added to the pure acid, the 1038 cm

. . ; -1 .
band disoppeoars and similorly the 1400 c¢m band disappecars

if nitrate ion is oadded.

(iii) Vibrational spectroscopv of solutions of Fe(N0313£§294

in 160% 1INO.
J

‘he bands attributable to Fe(NO,).xN_.O, irn 100% IINO,

The bands attributable to Fe(N 3)3xh2u4 % 1IN0,
are lisi»d in Table 4.2 and are illustrated in Figs. 4.4 (infra-
red) and 4.5 (Raman). The bands in both spectra are consistent
with the prosence of a covolent nitrato-species of iron which
may be identified with some¢ confidence. The bands in the
covalent nitrate rcgion are virtually identical with those

found for the solid Fe(N .Nqoh (see Table 2.1 and Fig. 2.1).

03)5
As mentioncd in Section 2(iii), this is known to contain the
dodccohedral anion Fe(NOB)h—, in which four bidentate nitrate
groups are symmetrically disposed around iron(III).

Strong evidence for the formaticn of FG(NOB)M— ions from
Fe(NOB)BxNzo4 dissolved in 100% IINO, has therefore been
obtained and the stretching frequency of the expected NO+
counter ion is also observed (2295‘cm-1). The shoulder on this
band at 2240 cm-'1 may be indicative of the persistence in HNO

3
solution of NO' ligation by the excess N,0,, (or N02) implied
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Table 1.2,

Yibrational spectirum of Fe(N03135§09h in 100% 1IN0, solution

3
-1 -1 .

Infra-red (cm™ ) Raman (cm™ ') Assignunent
2295 s 2298 m NOY stretceh
2240 sh NO* stretch

1605 ms,p v N-O stretch

1250 w,dp vy, NO2 asymm. stretch
1010 s,b 1028 ms,p Vo NO2 symm. stretch
795 s,sp 785 m Ve out of plone bend

s, strong; sh, shoulder; sp, sharp; b, broad;

m, medium; w, weak; p, polarised; dp, depolarised.
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in the formula FG(NOB)BXN 04, as proposed earlier for solids

1

(section 2(iii)). No change in the Raman spectrum of ,

Fe(NO xN,0, in 100% HNO, was observed over a period of 24

3)3 3
: . : J :
hours confirming the high stability of the above ionic species

in this medium, ' ’

The fureher spegtroscopic methed for idenfif;ing the' mode
of coordination of nitrete groupe in solution species,’referred
to in Section 2(iii) b) requires measurement 'of the depolar-
isation ratios of the three.bands aseigned to stretching

fundamentals (at ca 1600 1200, 1000 cm”™ ) in tHe Raman
15

spectrum. The polarisation sequencespredlcted for unldentate

and bidentate nitrate groups are as follows: ?

i

Band (cm™ ) 1600 " ,1200 ¢ 1000
Unidentate (sz) dp p p
Bidentate (sz) ’ pA ‘ dp I p. |

P = polﬁrlsud dp depolarised

H
The polarisation sequelce observed for Fe(NOB)jXN2Oh in
is p, dp, p:which indicates that the anion Ee(NOB)h_

i

100% HNo3

in HNO3 solution still contains nitrate groups bonded in, a
X ,

l
bidentate fashion,

When Fe(NO,),xN,0, is dissolved- in 100% HNQ,, the band

3)3 3!
observed at ca 1050 cm"1 in the pure acid diséppears, whereas
the band at 1400 cm-1 shows a marginal increase in intensgity.
A possible cause of this is the partlal oxidation of yot to
N02+ wvhich then causes a euppressipn of the self—;Onisation

!

of the acid.
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Y ! ! !

%, BEHAVIOUR OF Fé(NO

5)yxN,0, "IN HNO./N, 0, MIXTURBS .
- (1) HNO Z_;ob phaso dlagram » r
: > 4 os -
The HNO /N 0 phase dlagrqm 24224 :llustrated in I
4

Fig. 5.1. 'The'p01nts of relevance to the study of flow

decay problems are. I.A relatively small amount of nitric

!
)

aoid of about 7 wt % at 25 C is sufficicnt to g;ve rise 10 !

a second phase. This amount of nitric acid may be

! ) ! 1

expressed as about 1.2 wt % water. II.The second phase

which is formed ,on gradual,addltion of nitric acid to
i } " !
N 04 contains almost all of the nitric acid and consists' !

of about 46 wt % of nitric :‘id at 25 C kIII.Tho sliop=

of the mutual miscibllity curve is large A concentrated

! I i
:homogeneous solution of’HNO3 in NZOd at BOQC, if coopled A
’ . ‘ . ! f , ]
| to’20°C, would give about 5% of a second. phase, containing
) | . ' '

3 ! b

!

Lé wt'% of HNO
' ExpeJiments described below (Section 5(11) b)) indicate

that the nitric acid- rlch phase has a greater density than

. ' .
'the Nzo& rich phase. - ) :

i i !

(11) Effect of.Fe(NO

313xh20h on the HNOil_2 4_Phase system

. a) General conqigerations o

Fe(N03)3XN204 is’ very aoluble in nitric acid (See
1

Section 4(111), above), and virtually insoluble in N Ou

, Also there is spectrospopic evidence (Section Wrijii))

[

that Fe(NO xN oh is ionised in nitric acid as Fe(NO )h

3)3
and NO+ These considerations, and ‘the simplicity of the:
HNO /N 04 phaae diagram, make it seem likely thbt

behaviour analogoua to the water ether-inorgunio salt aystem '
might oecur: a high affinity of the solt for water, 'and

!
!

JRUI. . R
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hence of water for the salt lowers the solubility of the
ether in the water. The ether is therefore "salted out™
from the aqueous phase. Likewise, the addition of a
highly nitric acid-soluble material (i.e. Fe(N03)3XN204)
to an HNOB/N204 mixture was expected to bring about the
secparation of a second phase containing a large amount
of nitric acid.

b) Experimental study

Fuming nitric acid was dropped into stirred N at

2%
15°C, and the fate of each drop observed with a low-power
microscope. About 5 ml of nitric 1cid could be added to

80 ml N204 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.

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

3)3
(gghQ mg/ml) was then dropped into 80 ml dry N,0,, with
stirring, atg§1090. On the addition of only one drop of

the solution a second phase was formed, which did not fully
dit<olve on stirring, but adhered to the glass, with a

small contact angle. This contact angle increased over
about 20 minutes, while maintaining stirring, and the second
phasa still adhered tenaciously to the side of the flask,
Several more drops were added, and these showed similar
behaviour., After one day the viscosity of the drops had
increased to a maximum kthey were no longer moved by the

motion of the magnetic stirrer) and were stable under these

conditions for over a week. After docantation of the top
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phase, the lower phase was treated with a slow stream of
dry nitrogen until there vus no immediately visible NO2
evolved on allowing to stand. The I.R. spectrum of the
resulting clear, pa2le brown, viscous liquid was then
recorded (sample between AgCl plates). The spectrum

indicated the presence of HNO.,, NO' (broad band), and

39
Fe(NOB)h-. Bands typical of molecular N,0, were absent
(see Sectior 2(iii)). On addition of dry liquid N,0,
(ca40 ml) to this viscous liquid (ca 20 mg) complete
conversion to a dark brown solid occurred in about 2 hours.
The I.R. spectrum (Nujol mull/AgCl) of the brown solid

was consistent with its being Fe(NO xN204.

3)3
(iii) Spectroscopic studies of Fe(N0313§§29h in

HNOBZEZQh mixtures

a) Preliminary investigations

On account of the experiments described above, attention
has been focussed on the denser, nitric acid~rich. phase of
the HNOB/NZOh system, and solutions of Fe(NOB)BxNZOh in
this mixture. The results now described were obtained
before the development of an appropriate I.R. cell. The
characteristic I.R. spectrum of solutions of Nzoh'in HNO3
(Fig. 5.2) and of solutions of Fe(NOB)uxNzoh in HNOB/N2Ou
mixtures (Fig. 5.3) were obtained between 4000 em™! and
2 windows
separated by a PTFE spacer. This assembly was filled with L

1000 cm” ! using a cell which consisted of CaF

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

solution of FO(NO3)BXNZOQ in HhO3 containing some Nzoh

was obtained by adding Fe(Noj)ijzoh to the two phase

HNOj/Nzoh mixturo, and taking a sample of the lower phase.
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The I.R. spectrum of the solution of Nzoh in HNO3

(Fig. 5.2) shows the characteristic HNO, bands (seec

3
Section 4(ii)) and the bands attributable to molecular

N20h.8 A broad band at about 2220 cm-1 is also seen. This
12,13

has been observed in Raman studies of HNOB/NZOh mixtures

and attributed to the ion N203+, which may be considered

as a nitrosonium ion ligated by NO thus lowering the

2’
absorption frequency below the value close to 2300 cm-1

for "free" NO*. 20

The I.R. spectrum of the solution of Fe(NOB)BxN204 in

HNO3 containing some NZOh is shown in Fig. 5.3. Bands

tfpical of HNO, and Nzoh are seen. The remainder of the

3

spectrum shows the characteristic bands of Fe(NOB)h—

! 1, 1000 cm-1), an NO* band at 2300 cm-1,

(1600 ecm™ ", 1550 cm™
and also the broad band at 2220 cm—1, assigned above. The
relative intensities of the 2300 cmm1 and 2220 cm-1 bands
varied with the concentration of Nzou in the solution.

b) Projected spectroscopic studies

Raman spectral studies of Fe(NO N,0, in HNO3 (Section-

3)3x

4(iii)) will be extended to solutions of Fe(NOB)JxNZOu

in HNO, containing various amounts of Nzoh, in order to

1
study the influence of Nzo“ own. the appesarance of the
spectrum in the NO' region. Other Fe(NOB)BxNzoh/HNOB/Nzoh
systems of interest spectroscopically are the viscous
materials whose preparation is described in Section S(iv)
below.

Complementary I.R. studies are now possible as a

suitable Kel-F cell with AgCl windows has been developed

(see Section 4(iii)).
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(iv) Extraction of solutions of Fe(N0313§§294

~ HNO, by N,0,
The qualitative study described in Section 5(ii) b)

indicated that a viscous HNO, solution of Feo(NO

3 | 303
had considerable stability in contact with a large amount

of N204, and that this HNO, phase was, however, converted

3
to a solid on further treatment with dry N20u. In order
to place these.observationg on a more gquantitative basis,
a series of experiments has been carried out in which

solutions of Fe(N°3)3XN2°4 in HNO, were submitted to

3
progressive extraction of the nitric acid by dry Nzou, either
batch-wise or continuously in a liquid-liquid extractor

designed for this purpose.

a) Batch-wise extraction

0.68 g Fe(NO N,0, and 14.43 g 97% nitric acid were

3)3'
placed in a Schlenck tube fitted with a PTFE tap. A
weighed amount of dry N,0, (c2 5C g) was added to the nitric
acid phase against a countercurrent of N2 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.

2°

This process was repeated with a further seven portions of

Nzoh. The results are presented in Table 5.1.

The salient feutures of these results are:

I. The presence of 0.7 g Fe(N03)3°N204 in 14 g
HNO, lowers the solubility of Nzoa in the nitric

3
acid from about 14 g to about 8 g.
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Table 5.1

Batch-wise extraction of Fe(NOBLB_:_I_\I_zO,, in HNO

After
Extraction
No.

Approx. Wt.
time to of

equil-

lower

~-ibrate phase

5 min

20 min

40 min

16 hr

16 hr

16 hr

16 hr

5 days

(e)

Wt.
of

N.O
lgs%

added

(g)

58.00
55.45
55.89
57.79
65.49
56.72
67.04

€2200

- \{
3 by dry h294

Vt. Appearance of lower phase
of

top

phase

removed

(g)
- Clear mobile solution
50.13 "
65.91 "
62.30 "
62.36 Dark red/brown, viscous.

Did not adhere strongly to glass.

65.71 Dark brown, very viscous
Adhered strongly to glass

56.99 Dark brown solid

67.15 "




IT. The second and subsequent extractions progressively

decrease the lower phase weight.
ITII. The lower phase ultimately solidifies, and the weight
of the product is about 10% greater than that of
the F°(N°3)3'N2°4 starting material.
The properties of solids obtained by extraction
procedures are discussed in Section 5(v) below.

b) Continuous extraction

A series of experiments carried out with a liquid~liquid
extractor (Fig. 5.4) were performed to verify the
qualitative results of the batch-wise extraction, tc allow
intermittent monitoring of the water content of the upper
(N204) phase by "M n.m.r. (techniqﬁe de.cribed in Section
3(iii)), and to facilitate the production or solids and

viscous liquids in Fe(NO Nzoh/HNOB/Nzoh systems,

3)3'

Fe(NOB)u.NZOh and 100% HNO, were weighed into tube A

3
(Fig. 5.4) and the abparatus was assembled as drawn.
Distillation of N204 occurred without heating, but a
convenient rate of distillation could be obtained by gentle
heating cf yhe flask B. When a sample of the top phase was
required for 1H estimation, distillation was disconéinued
and the top half of the inner funnel C removed to allow the
lower phose to achieve equilibrium with a homogeneous
upper phase. When the phase boundary in the sample tube A
no longer fell, 8 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 sealed.

Several experiments have shown that a solution of ca

2¢ Fe(NOJ)h.N20u ir cs 10 g 100% HNO, will dissolve about

3




e Methcol

—- at -10%C

Fi-gure 5.4
Liquid-liquid extractor
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50% of its volume of Nzoa before a‘sécond’less dense phase.
separates. Higher concentrations of_Fé(NOB)B.Nzoh limit

the solubility of N,0, in the:HNo3 phase even further.

A sample of the.viscous lower phase was, in one '

experiment, removed from the abpafatus a short time prior

to solidification. On treatmenp with water it effervesced, '

.

M

evolved NO and was;totally'solubie.

21
In another experimeht!an attémpt'was made to iéolatg' ,
a sample of the viscous lbwer-bhqsg. The upper -phase (0707%
water, estimated by 1.H nim.r.) was;decanted off,‘but it was |
observed with interesf that the lower ‘phase immediateiy

solidified.
In a2 further experiment the appearance'of'the lower |

phaso was noted as a function of the "water" content of the

1

upper phase on progressive extraction.' The system‘was

allowed 24 hours to come fo equilibrium before each éample

of the upper phase was taken.for quantitative exﬁmination by
1H n.m.r. The results are recorded in Table 5.2.

Continuous extraction of Fe(NOBlBEEZOQ-in HNO, by dry N,0,

Sanple % "water" content - Lower phase‘appeérapce
of upper phase

1 c.6 Clean, red/brown mobile liquid,

2 0.24 "

3 0.15 " .o

4 0.13 " | : | o
5 0.19 Increased viscosity

6 0.12 Extremely viscous liquid

7 0.17 Solid




The possibility that equilibrium between'a given sanple

B

of the upper phase and the lower phase was not achieved in

: 24 hours must be recogniseu. It can be seen, however, from .

‘ Table 5. 2 that a progressi;e dininution in the "water"

content of the upper phase was noted aa extraction proceeded’

under the above conditions with‘the cxceptionfof sample '5 |
P ;

l ! ' .
which showed an anomalously high value. This may'be an

. indication thbt equilibrium was not being achieved.‘ A

pronounced increase in the "water" content of the upper phaee
i

(sample 7) occurred on separstion of solid presumably as a,
‘result of expulsion of nitric' acid from the liquid phase on

Asolidification. It is noteworthy that this solid'was then

stable in contact with N Oh of "water" content as high as
0.17%. |

I,

‘Further experiments using the liquid- liquid extractor

[}

are in :progress, and further attemptd will be made to isolate

]
!

., and characterise the viscous lower phase.

1 + -

lc) The stobility of geks in the Fe(NOBLaﬁzghﬂiNojl

N,0, _system - projected work

' M ST

In view of the rather long times necessary to allow

equilibretion during the *continuous' extraction technique,

end the difficulty of ensuring that equilibrjum was reached,

“experimente are planned whereby mixtureb of Fe(NO3)3xN20u,

HNO3 and N Oa will be sealed in n. m.r. tubee. The "water"

content of thevtop phase may then be monitored as elrunction
‘of time, the eppeerence of the lower phase observed as a

function of time, and the eppearence of the lower phaee noted
as » rnnction of the "water" content of the upper phase with

‘ !
which it is in (true) equilibrium.




50

(v) Solids produced from extraction experiments

In every experiment so far performed, the extraction

of Fe(NO N204 in HNO, with dry Nzoh ultimately led to

x

3)3 3
the formation of a solid. In one experiment a solid was
produced whose X-ray powder pattern was identical to that

for the starting material - i.e. Fe(NO 20, produced

303N
from FeClB/EtOAc/Nzoh (See Table 2.2().

The solids were all dark brown, and showed a tendency
to evolve NOZ' Samples which had been treated with a gentle
stream of dry N2 were lighter in colour and showed less
tendency to evolve NO2 than those where the solid was

isolated by decantation only.

a) Infra-red spectra

A typical spectrum is shown in Fig. 5.5, obtained as a
nujol mull between AgCl plates. The bands at 2930 cm“,
2860 cm—1, 1460 cm~' and 1380 em™! are nujol absorotions.

The remainder of the spectrum is very similcr to that

for Fe(NO N,0,, x> 1 (See Section 2(iii)). The main

3) 5
features of interest are the NO' region (2200-2300 cm-1) and
the absence of nitric acid. The relative intensities of the
band at 2300 cm"1 and the broad band centred at 2226 cm_1
varied from sample to sample, and in some cases no 2300 cm-1
('free' NO') band was observed. Although not evident in
Fig. 5.5, weak bands assignable to the most intense
absorptions of IINO3 were seen in some cases. No evidence for
any iron-containing species other than'Fe(NOB)h- was found.

b) Analysis
The following analytical methods were employed: -
Fe The atomic absorption method described in Section

2(ii) c) was used.
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yzgh conteﬁg Two methods were used to obtain N204
content, each using the technique of sealed bottle hydrolysis
in aqueous alkali (described in Section 2(ii)), followed by
estimation of N02- produce ..

Estimation of nitrite by u.v,. spectroscopy27 was
attractive, as the method could potentially give a direct
ostimation of nitrate, and hence total nitrogen, as well as
nitrite. However, very high results both for nitrate and
nitrite were invariably obtained by this method, and in some
cases the solutions were visibly yellow. Both effects were
attributed to the presence of soluble hydroxo-iron(III)
species ("ferrites"), the u.v. absorption of which would
augment that due to nitrate and nitrite. 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 reproducible results, could
be found,

The method eventually used for determination of Nzoh
content was that described in Section 2(ii) b). This was
found to be quite satisfactory.

The analytical results for several solids obtained by
extraction experiments (Section 5(iv)) indicated compositions

Fe(NO xN,0, where x = 1.0 - 1.5. TFor each solid, the Fe

3)3
content gave a higher value of x than the NOZ- deterrination

but the atomic absorption method for Fe was of significantly

lower accuracy than the titration of N02— by CeIV.

Instrumental improvements will allow future Fe
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determinations to be carried out with comparable accuracy

to the N02- analysis.

c) "Water" content of solids

If 'wat. r"estimation on solids becomes necessory, a
quantitative 1H n.m.r. procedure may be applicable.
Fe(NOB)B.Nzoh is highly soluble in MeNO,, and the solutions
may be amenable to estimation by 1H n.m.r., possibly using

the protons of MeNO, to provide a locking signal.

2
Difficulties may arise from line broadening in the

presence of high concentrations of paramagnetic iron(III)

species (dS, high spin in Fe(NOB)u-) and the selection of

suitable standards will also pose problems. Nevertheless,

the potentialities of the method will be examined.

d) The stability of solids in the Fe(N03135§22hZ

HN03£§2OQ system - projected work

The work described in 5(iv) indicates that Fe(NO xN,0,,

3)3
remains a solid in the presence of Nzou containing small
amounts of HNO3 (0.17% "water" content). However,
equilibration is apparently slow, and the technique described
in connection with the "continuous" extraction experiments

is not ideal for determination of the limiting "water"
content of Nzou necessary for stability of the solid. This
will be studied in the manner proposed for exomination of

the stability of gels in these systems (Section 5(iv) c)).

(vi) Rationalisation of the behaviour of Fe(NO

31355294

in Hwojgyzob mixtures

In summary, the main features of the work described in
Sections 4 and 5 are:

I. Fe(NO N,0, dissolves in 100% HNO, and HNOB/Nzoh

3) 3% 3
mixtures to give NO', a modified NO' ion (probaubly N203+),
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and Fe(NOB)u-.

II. Treatment of a solution of Fe(NO XN,0, in HNO

3)3 3

with dry Nzou leads ultimately to the recovery of a solid
Fe(NOS)BxNZOu from the solution,

I1I. Solutions of HNO, in N204 have been prepared

3
where the concentration of HNO3 is too small for the f_
Fe(NOB)BxNZOu to separate out a liquid, HNO;-rich phase. ]

IV. Fe(NOS)BxNzoh is stable in contact with N,0,
containing a small amount of HNO3 and is not converted,
for instance, into a hydrated nitrate or hydroxy species.

At this time, it appears most fruitful to interpret

the properties of the Fe(NO Nzoh/“N°3/N2°u system in

3)3%
terms of a gross modification of the HNOB/N204 phase diagram

by the Fe(NO xN,0,. The observed behaviour is

3)3
qualitatively that expected for any ionic salt in the
HNOB/NZOQ system. The ionisation to NO' and Fe(NOB)h"(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 consistent with this model, since at a 3

suitably low HNO,_, content in the HNO3/N204 system only one

3
liquid phase is obtained and it is likewise expected that

below some critical HNO, content in a Fe(NO

3 3)3xN2°h/HN°3/

Nzou system, only one liquid phase would again be obtained -

i.e. Fe(NO N,0, would remain a solid.

3) 5%
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6. PROJECTED INVESTIGATIONS

(i) Dissociation vapour pressures of the FG(NOBlBEEZQH system

. a) Relevance of these studies

The work described in Section 2 indicated the propen-
sity of Fe(NOS)B'NZOQ i.e. N6+Fe(N03)4_ for retention of
further Nzoh which results in the modification of the
vibrational spectrum and X-ray powder pattern, and the
stabilisation of crystalline form. The type of interaction
whereby the additional Nzoh is retained and the possible
existence of stable adducts between Fe(N03)3 and N,0, other
than the 1:1 compound are therefore subjects of considerable
interest aﬂd possible relevance to the maintenance of iron in
supersaturated solution in N204.

Possible models discussed above (Section 2(iii)) indicate

that Fe(N03)31.5N20u (N203+Fe(N03)4-) or Fe(NO,),3N,0,

3)3
((Nzoh)2N0+Fe(N°3)h-) may be recognisableentities, and either:
would be consistent with the observed physical and chemical

properties of Fe(NO xN,0,,.

3)3
Measurement of dissociation pressures of Fe(NOB)ijzoh
should elucidate the stoichiometry of stable adducts in this

system.

b) Measurement of vapour pressures

Vapour pres: res of N204 adducts have previously

been measured in these laboratories.28’29

However, these
.studies were carried out at elevated temperatures, with a
view to obtaining vapour pressure vs. temperature curves and
thus dissociation temperatures. It is known'aothat at about

35°C Fe(NO,),xN,0, begins partially to convert to NO

+Fe(N03)4-,

3)3 2




which may conveniently be sublimed from'Fe(NOB)BxNZOu at
80“0/10-2 mm Hg, leaving a high proportion of an oxide nitrate
residue.h Hence vapour pressure studies in the Fe(NOB)BXNZOQ
system must necessarily be restricted to temperatures below
35%.

The required information in the present work is a plot of
vapour pressure against x in the formulation Fe(NOJ)BXNzok’
at a constant temperature. The investigation planned involves
the study of @ system of accurately known initial composition
approximating to Fe(NOB)BhNZOh. The vapour pressure of this
system will be measured after successive removal of known
amounts of NZOu, measured volumetrically.

An apparatus is at present under development which takes
into account that long times may be necessary to attain the
equilibrium vapour pressure, particularly as the composition

approaches Fe(NO .Nzou, and that pressure measurements over

3)3
the range 0.1-800 mm Hg may need to be made.

(ii) Corvosion studies using a Scanning Electron Microscope

Much of the work performed so far has been based on the
assumption that the Nzou is saturated with iron. With the
aid of a scanning electron microscope we intend to inQestigate
the corrosion (i.o. dissolution) of iron. It is suspected
that the NOC1l in propellant specification Nzoh may be the
primory corrosive agent causing the iron to dissolve.

a) General chemistry of NOCl attack on iron

As noted esrlier, (Section 2(i) c)), NOCl reacts with
iron to give the compound FeClB.NOCI which undergoes solvolysis

to give Fo(NO N,0, and NOCL;

3)3'

FeCl,.NOCl + 4N

-—¥ N
3 20, T Fe(NO 20 + 4NoOC1

3)5N
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Since the equilibrium in the equation lies far to the right,u

the NOC1l is regenerated and a cycle may be set up,

Fe + NOCl ————3 [NO+F9014_]

Nzoh

NOC1 + Fe(NOs)B.Nzou

and, therefore, only a trace amount of NOCl is necessary to
form (relatively) large smounts of Fe(NOB)S.NZOh and thus
there need be no relationship between the amount of NOC1
present in the solution and the amount of éorrosion finally
observed. Also, the NOCl produced by solvolysis of FeClB.ﬁOCI
will be produced at the iron surface and is immediately

available for further reaction.,

b) Study of metal samples

A series of solutions of NOCl in Nzoh will be
prepared with known NOCl content (ranging from 0-600 ppm).
Samples of steels will be prepared in a form suitable for
examination by the scanning electron microscope, and these will
be examined after immersion in NOCl/NZOQ mixtures for known
lengths of time. Similar experiments-could be carried ‘out with
.HNOB/NZOu mixtures.

(iii) The flow apparatus

The flow apparatus is at present being modified 36 that
Naou in the hold tank can be heated. An immersion heater is
being fitted as well as a temperature controller and readout
supplied by British Rototherm Ltd. While this work is in
progress, the pipework and unions are being replaced with now
lines of 316 stainless steel.

The test section involving & stuinless steel necdle valve
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will continue in use but in future experiments the hold tank
will be "conditioned" by heating the N,0, to ca 35%. 1t
may prove that"water"is not the cause of flow-decay in the
Nzou system, It is possible that the presence of NOCl as a
contaminant may initiate corrosion. Future experiments,
therefore, may include the use of Nzoh deliberately
contaminated with small quantities of NOC1.

{iv) M8ssbauer spectroscopy

This technique is applicable to a reletively sma;l
number of elements. However, 57Fe happens to be the most
widely investigated of all M8ssbauer nuclides. The spectra
of an extremely large number of iron compounds have now been
recorded and the technique provides valuable information
concerning‘the electronic environment of the Fe nucleus. 1In
this respect it provides a valuable adjunct to other
spectroscopic methods which focus attention on the lighter
atoms in molecules. M8ssbauer studies on dinitrogen tetroxide
adducts of iron(III) nitrate and derived species will provide
complementary evidence from a structural viewpoint to that
furnished by e.g. vibrational spectroscopy. A Mdssbauer
Spectroscopy service is now available to us and advantage will
be taken of it whenever appropriate during the second year of
the contract.

(v) 1I‘N n.m.r. spectroscopy

The Nottingham laboratories are almost unique in the U.K.
in possessing equipment for recording the 12'N nuclear magnetic
resonance spectra of nitrogen compounds. Many diamagnetic
covalent nitrato-species, inéluding some dinitrogen totroxide

+ -
adducts e.g. Au(N°3)3’N2°h (NO Au(NOB)h ) have already been
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studied in these lsboratories by this technique and a
compilation of 1I*N n.m,r. information on such molecules is
already available. Likewise, the 14N spectra of oxy-nitrogen
species, e.g. NO¥, Np0y» N,05, NO -, NOZ— etc. are now well
known. IQN spectra of Fe(;II) nitrato-species are expected
to be complicated by the effects of Fe(III) paramagnetism and
a preliminary measurement on a solution of Fe(NOB)B'N204 in
HNO3 shows only one extremely broad resonance to high field
of the normal covalent nitrate position and is thus relatively
uninformative. Nevertheless, further 1I‘N studies (possibly
over a range of temperature) of this and related iron
nitrato-systems will be undertaken in order to exploit the

capability of the technique for providing information on the

nature of species in solution.
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