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ABSTRACT

A series of compounds, repovted im the literature, which
can be formulated as nitrosonium salts of fluoro=-acids,
have becn ro-prepared, Several metal chloride-nlbrosyl
chloride adducts, alse reporited in the literature, have
been ro-prepared, and both these groups of compounds
have been shown to conmbaln the nltrogonium iom, N@+, by
infrarved diagnostic mothods.

The isomorphism of the nitrogenium salts of the
andions fluoroborate, chlorostannate and chloroplatinste
with their potassium analogues has been confilrmed, and
nitrogonium and potassiun fivorosulphates have been
shown to be isostracbural, These observations have been
explained structwally, with referenge to the relative
aglzes of nitrosonium and halide lous.

The free (l.e. unco-ordimated) mitrosonium ion was
found to absorb in the reglon 2160 @mgl w 2400 cm‘i. This
wide variation was partially explicable in terms of
polarisation by the anion but 4t is apparent that other
factors were imporbant, In genepal, 1t was found thal
Fluoro=acld salts gave bhe highest ndtrosonium don
stretehing froequencics, F@llﬂW@d by ony=acid salts and

chlopoeacid asalbs respoctively.



The behaviour of group IVE and VB Lewis acid
halides was observed with nitrogen oxides and nitrosyl
chloride, With dinitrogen tetroxide, all ﬁhelcémpuund@
examined, except arsenic trichloride, gave a éixture éf
products which it was not possible to separate. Aré@nic
trichloride gave a nitrosonium mi%rata—ar&@naté éaiﬁ.

In the other cases, there was evidence for the formation
of nitrogonium and nitronium salt mixtures, i% aceérd
with earlier observations 6n the behaviour of dinitrogen
tetroxide with Lewis aclds, and strong acids such as
perchloric acid, With nitrosyl chloride, the products
were elther nitrosonium ahlmrb*acid salts or moléeular
adducts,. Reactions imwalvimg nitric oxide were not
invesbigated extensively but in reactions with high
valency metal chlorides, the primary reaction step: was
always a reduction by the nitric oxide.

The behaviwuf of tramnsition metal chlorides and
oxides of the titanium, vanadiwm and chromium groups was
observed im nitrosyl chloride and dinitrogen tetroxide.
These reactions could all be explained assuming auntoe
lonisation of the solvent,

The reactions in nitrosyl ehloride yielded mainly
nitrosoniva salts of chloroe-acids, and several of the

anlons thua formed were bi« and tri~ nueleay spocies.

(ii)



The previously reported compounds N@.VCL4 and mﬂ.Vzﬂl7
were obtained and characterised as mitrogomium salts,
With niobium and tanbalum, the new compounds No.mbﬁlﬁ
and N@.Ta@lé vere prepored, containinmg the previously
unknown Nb@l@“ and @aﬁkéw aniong. The new compounds
(NO) 4 Cr, Clgy ond (Nm g Mo, Cly, were obtained. A
surprising feature of several of these lonie compounds
was thelir high volatility,.
In the reaction between chromium (VI) trioxide
and nitrosyl chloride, a now compound (Nﬁ)z Gm3 0 ¢l
was characteriged, in which chromivm has undergone a
partial reduction. Vanadium pentoxide underwvent a
gimilar reaction, but in this case 1t was not reproducible,
The reactions invoelving dinitrogen tetroxdde withansition sta ha
generally gave rise to one product only, in conbrast to
the Lewis aclid « dinitrogen tetroxide reactions, The
products were usually metal nitrate~dianltrogen tetroxide
adducts and %h@mé counld be formulated as nitrosoniuvm mebal
nitrato-salts, on the basis of their infrared spectra.
Vanadiom and chromium chlorides gave the adducts
Vﬁamﬂg’mgﬁa and GW(E®3)3.2N204 respectively, but molybdenum
trichloride gave M@{V?Q{Nﬂg?g, which may be polymeric,
No reactlion oceurred between chromium (LIL) chiloride
and elther witrosyl chloride or dinitrogen tebroxide, bub

in the presence of chromous chloride, reavtion proceeded

(iid)



readily im both instances.

No reaction was observed between high valency
metal oxides and dimitrogen tetroxide, but this may have
been due to insufficiently vigorous conditions,

The reflectance specira of the majority of the
above compounds were observed, and, in most cases it was

possible to malke sablsfactory band assignments,

(iv)
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INTRODUCTEOR

Muech of the carly work on systems dnvolving nitric oxide
complexes @éemmad from observations on two important
reactions, one in the imdu&tri&i context, the other im
analysiss

1. The lead chamber process for the commercial
production of eulphuric acid was known to proceed via a
blue crystalliine intermediste, the familiay 'chamber crystals'y
thils subsgtance was known to be an essential step to the |
eventual formation of sulphuric acid, and from it a yellow
hygroscopice efyﬁtallin@ solid was obtained, NG.ﬂS®4,
nitrosyl hydrogen sulphate, whose sgtructure arcused
considerable int@rm&@Q The outstanding ploneer in this
field was Hantzsch, who, botween 1905 and 1930, published a
series of papers on the bohaviour of nitrosyl hydrogen
sulphate in solutions of @ﬁfﬂm@ aclda, anQIthar extendod
this to nitric acid/strong acld systems. His work and
conclusions were larvgely concerned with ecryoscopic and
electrolytic, obeservations, and he was the first person to
postulate the existence of the nitrosonium ion ﬁo*.

2 o The 'brown ring!' test for nitrate ion, involving
formation cé an nnﬁtahia complex of ferrows sulphate, has

been Ffamiliar for many years but only recently has the



- constitution of this complex been unambiguously assigned.
Manchot was prominent among the early workers in this
field, and he observed that the 'brown ring' complex was
identical to that formed when ﬁﬂ;PGUﬁ suiphate solution
abgorbed nitric oxide. Manchot and his coeworkers were
able to establish the metal: nitriec oxide mole ratio in
the complex, and in 1924, electrolytic experiments
confirmed that the nitric oxide was associated with the
metal. In addiﬁiéma nitric oxide complexes of cupric
and palladium salts were studiedy from the former, by
comparicon with cuprous/carbon mnonoxide systens, a
ralationship was noted bebtween nitric oxide and carbon
monoxide complexes, which was later amplified by iHieber
and Amiw*mmx. \

Both these arcas of research began in the early
twentieth centurye. in the nincteen twenby@: another
slgnificant Tield appeared when Gall & Mengdehl, and
kheinboldt & Wagserfuhr, simulitaneously reported the
formation of adducts between nitrosyl chloride and various
matal and non-metal chlorides, These complexes, lLike
nitrosyl hydrogen sulphate,were hygroscopic solidsi they
wore susceptible to x-ray examination, and by these means
Klinkenberg, in 1937, confirmed the existence of the

nitrosonium ion in some of the adducts. Magnetic



susceptibllity determinations were carvied out by
Asmussen in 1939 but, structurally, these were much less
conclusive., Meanwbile, Angus: & Leekie, im 1935, had laid
the basis for possibly the most powerful diagnostic tools
in this field, Kaman and infras+red ﬂ?@ﬂt?@&ﬁ@pyl By
observations on the Ramen spectrum of nitrosyl hydrogen
sulphate in sulphuric acid/water solubions of varying
concentrations, they were able to assign a Raman band to
the nitro@aﬁium ién; |

After the war, studies were extended to
nitrosoniuvm ané nitronium metal fluorides, and to metal
nitrates dinitrogen tetroxide eomplexésp‘which,are
analogous to the metal chloride: nitrosyl chloride adducts
in some respectsy this will be enlarged upon in a later
chapter. Addison and his school have published a number
of papers on the diniﬁrog@ﬁ tetroxide solvent system, and
more recently, this has been extended to studies on
anhydrous transition metal nitraﬁeﬂ; which were, until
roecentbly, unknown,

Raman and infrared spectroscopy have been developed
much more than the other diagnostic methods, Ingold and
his co=-workers extended this to cover systems containing
nitroniumg N02+9 iong, and Griffith, Lewis & Wilkinson
extended infrared spectroscopy to other nitric oxide -

metal complexes, and established it as a means of



digbinguishing between types of comploxes. Cryoscopic
and conductimetric experiments have been carried out,

but these heve much wmore linited spplication.

Nomenclature.
The nitrosoniuwm ion is derived from the nitric
oxide radical molecule by loss of one electroni by gaining

an electron the nitrie oxide molecule yiolds the nitrosyl

anion., .
Thusge
- -
net ¥, ng _te No™
nitroseniun nitric nitrosyl
ion oxide anton

The jondisation potentisl for the reaction

L]

NO —— No¥  + e

iz equal te 9.5 e.v. (Hagebranm & Tate 1941).
This is much lower than the veluwes Topr nitrogen and

OXySen, vizi=

ﬁg-———a N2+ S - L= 158 » 172 eove
ﬂa“‘““*‘@z# 4+ e T o= 12,2 » 1842 e,ve depending

on the electron
122 e.ve {Baytlett 19062) state



Hence bhe niteic oxide moleeule loses an electron much
more readily than the oxygen or nibtrogen moleonlae,

The bond lesgbths of the species arelw

Nitric oxide - 1.4 A
€3
Nitrosonium fom -« 1,00 A

Pauling's values for the double and triple bond
lengths of the H = O bond are 1.18 A and 1,006 A respectively,
vhich gives nitpic ouxide & bond order intersmediste boetween
double and triple. Pauling expleined this by postulabing
that the N - 0 bond in nitric oxdde was composed of a
double bond plus a three~electron bond, The latter bond
would have abouwt half the streagith of an electron~pair
bond, and would only be emergetically feasible when the
atoms involved in the boanding are of very similar electro-
negativities, Loss of an electron from the niteic oxide
molecule would convert ﬁﬁﬁ d-electron bond into a mormal
electron~pair bond,; with consequent increase of bond order
and shortening of the N « 0 bond, ag observed in the
nitrosonium ion, This tereatment is fairly satisfactory
but a simple molecular orbital approach explains thege

observations much more elegantly,



Below is given the molecular orbital scheme for
the nitric oxide molecule” and its derivation from the

nitrogen and oxygen atoms.

otm MO K/ aeaile. O atam
//-
23 is
Is
16.

The unstarred molecular orbitals are the bonding
orbitals” and the starred are the anti-bonding orbitals.
The Is and 2s bonding and anti-bonding orbitals are
completely filled and hence these orbitals play no

significant part in the N - 0 bond. The nitrogen and



ouygen atoms counbribute 7 elecirons, in all, to the
molecular orbitals, The bonding sigma 2p orbital can
accommodate two, and the degenerate pi«2ply) and

pi=2p{z) can each accommodate two more. Hence one
electron must goe into the degenerate anti-bonding pl«2p
orbitals. The effect of placing electroms in bonding
orbitals is to draw the constituent atoms btogoether, while
elegtrons dn anti-bonding orbitals force them apart.

Hence the presence of one electron in an antd«bonding
orbital in conjunction with a triple {0+ 2T ) bomd will
be to increase the bond length somewhat compared to the
pure triple bond value. Also, eolegtron loss te yield a
cation involves the loss of the anbl«bonding electron with
consequent shortening of the W « O bond, This is
consisbent with the data already cited regarding N « O bond
lengthe in niltpic oxide and the ndtrosoniwmm lon, Addition
of an electron to the nltric oxide molecule to glve the
nitrosyl aniom, N0, must involve placouent of the extra
electron in the anti=bonding pi-2p orbitala; this is
evident from consideration of the molecular orbital schome.
This will lengbhen the N - 0 bond still further, and the
presence of two elecbrons in the antl-boading srbitals willl
cause considerable bond weakening. fhis is consistend with

the kunown properties of the nitrosyl anlony compounds in



which this species oceurs are much rarer than compounds
containing nitrogonium ions,

Being a radieal species, the nitric oxide molecule
would be expected to dimerise guite readily to give
diamagnotic species, that it does not must be largely due
to the similar electro-negativities of nitrogen and oxygen,
causing the anti«bonding unpaired electron to be well
delocalised over the whole molecule. llowever, in the
liguid phase, i.0. between -163°C and =151°C, nitric oxide
is known to be very largely dimerised; also the reactions
between diethylanine and nitric oxide in . .éthor at-78°C
can best be explained by the presence of ¢ = N « N = 0
dimer molecules. (Drage & Paulik 1960)., |

The nitrosonium lon is isoelectronic with carbon
monoxide and the ecyanide anion, The rélationship between
nitric oxide and carbon monoxide was first nobted by Manchot
(1910), and extended by the preparation of the ‘'‘pscudoe-
nick@i' carbonyis or nitrosyl carbonyis of Mi@bér and

Anderson (1032, 1033), vizie
Fe(i\!{)?z (co?z Co(NQ? (co)s Ni(00)4

In thisg lscelectronic spocies, a uvnlit decreasec in
the atomic nusber of the mebal atom ds compensated for by

the substitution of 3 nltric ouxide molecule for a carhon



monoride molecule, The compounds have very similar
properbies and gradations can be explained by the increcased
polarity of the nitrosyl (or, strictly speaking,
nltrosoniun) group.

Alshough nitrie oxide is stable towdrds dimerisation
at ordinary temperatures, 1t ieg readily oxidised to give

another paramagnetic specles, ntbtrogen dioxide,
4 L
NO T/, 0, N0,
The nitrogen dioxide radicale-molecule, is also

electronically amphoterigte

rwéf’" e wo,, ~te No,”

nitronium nltrogen nitrite
ion dioxide anion

N204
dinitrogen tetroxide
The nitrogen dioxide molecule is benty vizie

N

f\

0

with the beond angle, #, equal to 132i233 and the N « 0 bgnd
lengths being both equal to 1,204 (Clacsson et al, 1948);

addition of an electron gives the nitrite anion, which is
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also bente In this case the bond angle is bebweon 120°
and 13&“, andd the N « 0 bond distances are 1.13A (Langseth
& Walles, 1934). Tt is more difficult in this case to
consbruet a swlecular orbital emnergy level scheme similar
to the nitric oxlde schemey the simplest represenbation is
the valenee bond soheme, involving resonance between the

canonical formsse-

This gives the N « © bond & bond order somewhat
less than two, which is in agreemont with the measured
value of 1,204 clited above, A gualitative melecular
orbital plcture would place the odd elegtron in a pi«
orbltal extending over all ﬁhﬁ@@ atoms . In a molecular
orbiﬁal treatment of this molecule the unpaired electroun
+o placed in a slightly anti~bonding ﬁ?biﬁ&l {(Green &
Linnett 196L). Yhe short bond lengths in the nitrite anion
suggests some degiee of triple bonding between nitrogen
and oxygen and this is difficuit to explain im terms of

ganonical formsa such agge

N

/
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which would give rise to a much greater N « O bond length.
The nitrite anion Js much more stable and much betber
characterised than its analogue in the nitric oxide sysbem,
the nitrosyl anion.

Loss of an electron from the nitrogen dioxide
molecnie gives the linear intronium cabion ﬁﬂg%g
isoelectronic with carbon dioxide, The bond length
N o« 0, iz 1.18A4 (Briks 1950}, identical to the calculated
value for an N « 0 deuble bond, so thal this is consistent

with the formulationge

Nitrogen dionide preadily dimorises al ordinary
temperatures to dinitrogen tetroxide, m204’ and the extent
of dimerisation increases with decreasing temperature,

In the selid state the structure isse
O (] o
\ A = 126 °
N el = -1-:'64&

/// - N ow = 1.17ﬁ

o O (Broadley ot al. 1949)

and the liguid can be considered as ap equilibriumse

PV—.



This will be largely due to the absence of the unpaired
electron im the latter case. Since both nitric oxide
and nitrogen dioxide are radical molecules there should
be a ﬁtabiliﬁation in the latter case, due to the greater
possible delocalisation of the odd electron, With
removal of the unpaired electron this is no 1onger‘the
Casa. |

Both the nitrosonium and nitronium iong:ave very

susceptible to hydrolysis

wot ¢+ Hoe=>u" + nNo, =—2u8" + No,"
wre -
Nﬁ2++ H0 =K' + HNo, =" + NO

and Millem (1950b) has shown that the nitronium ion is
muehmleﬁa stable to hydrolysis than the nitrosonium ionjg
the laﬁter iz virtually unaffected By concentrations of
water which will completely hydrolyse the former. As the
above aquilibrié imply, nitrosonium and nitronium fons are
formed in systems of high acidity containing respectively
nitrite or nitrate ion.

Systems containing nitrosonium ions, undexr high
pressures of nitric oxide give species with one=electron

bonds (Seel et al. 1953; Secel & Saver 1957).

12
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N

NO + NG @ Nz@ +

2

This cation dissogiates readily in the absence of
nitric oxide but is stable for appreciable lengths of
time at normal tempémaﬁurwa and pressures in solutions of
high viscosity, It exists in two isomeric forms,
corresponding to different electronic states, one form
being blue, the other reoed. It is probable that this
cation is responsible for the blue ¢colowr of the 'chamber
crystals' of the lead chamber process,

An analogous catlon, N2@3+; formed by the

eguilibrium

afe

sha
NG -k Nﬁ)z \-—:—"'—-aNgﬁ)g

seems probable (Goulden & Miller 1950), The cation Ngos%

has two possible canonical formsse

oo oo
NO - MO, (1) and NO- No,, (a1)
and Goulden & Millen cite Ramgn spectroscopic evidence for

the predominance of species (1)

-

The nitrosonivm ion also appears to solvate im ,
nitroasyl chloride solution (Burg & MacKenzie 1952) and
in acetonitrile solubien (Fraser & Dasent 1960) but the

species formed probably idnvolve normal electron-pair bonds.



The vwypes of cowpound involving nltrosonium ilons
or the nitrosyl group have been reviewed by Addison &

Levwis (Quart. Revs. 1955); the wmain types are
' 4

-

1. Nitrosonium Salts KO X
These contain the free nitrosonium iong

exanples are NO© BF,”, NO" c10,”.

P Compounds in which the NO+ group is boaded o a
4}.

mwetval atom M4—NO

In this case the nitric oxide molecule formally
donqtes one electron to the metal and then forms a metal =
nitrosyl bondj almost invariably bonding to the metal
occurs via the nitrogen atom but some in&%éncam have been
reported in which bonding to the metal is postunlated to
ocour via the oxygen (Yamada et el 1960); also, the

compound (CBH?J - An -0 = m<:GSH? has been postulated to
: NO

form via a Gsﬁy
¥ I
Zn - 0 = N intermediate
G3H?
{(Abraham et al 1962). An example of this type of
compound is cobalt nitrosyl tricarbonyl, which was
mentioned previously in connection with the 'pseundo’' nickel!
carbonyls, In this type of compound two types of electron

imﬁereha&g@ are believed to occur between the nitrosonium

ion and the metal atomi=

14
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1. Signa~donation from the nitrosoniuvm ion to the
metal . Thisg will have the effeet of placing an excessive
negative charge on the metal abom which could be velieved by
L) 'éamk*ﬁum&ﬁi@m' Erom the mebal deorbibtals to the
vacanb aﬁ@imhomﬂing piéarhitaiﬂ of the nibtrosonium ion,
which are of a sultable slze and symmetyy to participate
in bhis form of bonding. |
This multiple bonding is believed to contribute
largely to the facility with which nitrie oxide behaves as
a ligand.
3 Compounnds in which the nlbrosyl anion bouds to a
metal atona
These are mueh less common than those of groups 1, and 23
the lower stability of the nitrosyl anion is responsible
for this. The unstable ivon nitrosyl Fa(N0)4 is believed
o have the strugturesw

3

i

(m}g——-—m@ — 0" {Griffith et al. 1958b)

The co-ordinated nitrosyl anion is also believed
Lo oegur in the nitrosopentamenine cobalt salis
[@m(ﬁﬁg?sﬁmﬂﬂ Xys which can cccur in two forms, viz, a
black Form originally believed to contain dimeric cationic
gpecies and co-ordinsted nitrosyl asnions and nitrosonium

ions, and a red series containing the monomeric cation
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with all the N0 grouping present as the nibwosyl anlon
{Criffith ot al. 1958a)., However, & recent examination
of the conductivity @ﬁwﬁﬂluﬁi@ﬂﬁ of the red isowmer has
‘shown that 4t is dimerici the black isomer was too
anstable to examine by these means (Feltham 1964) .

As will be explained dater in this chepter,
infrared spectroscopy can distinguish between thess three
possibilities, nsually without any ambiguity.

Other ﬁignifiaamﬁ types of compound containing bthe
nltrosyl grouping are
de Compounds containing a bridging nitrasyl Eroup o

Besides behaving as a cationic or asonic donor
ligand, nitric oxide can slso behave as o bridge in
binnclear complexes, Again the ndirie oxide m@l@@ul@ can
be considered as losing an elettron to the mebal atom
centres, and the effective donor group is the nitrosonium
ion, Few compounds of this structure are known, the #first
o be prepared being (65H5?3 Mn, (Nogg. (Piper and
Wilkinson 1950)

o I‘fm/ 4w\m//
ST~ \

e I
)



Again, as in the majority of uitrosyl metal
complexes, bonding from the nitrosyl group occurs via
the nitrogen atom. Fecently, a cyclopentadienyl
nitrosyl complex of chromiuwm has been prepared, believed
to contadn bridging nitrosyl groupsy also, in this case
the chromiuwm -~ chromium bond is believed tw be short

enough for metal-metal bomiing to occuriw

&)
;
ON \ / / TCp
G Cf: s 5 ;
. (King & Bisnette 1964)
“p . NO
|
Q

Structures iunvolving bridging nitrosyl groups have
been assigned in the above cases on the basis of infrared
evidence.

5 The free niﬁwémyl anton has been postunlated to
cocur in 'sodium nitrosyl', a compound first prepared by
Zintl & ﬁéwdmr (1933) aad#go&tulatad as being Na¢ NOT omn
the basis of its diamegnetism (Frazer & Long 1938). The
method of preparstion involved treatment of a sodium/

ammonia solution with dry nitric oxide, a white solid

17
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separating outy when Goubeaw & Laivenberger (1903) repeated
this they found that this compound was ldentical with

goddum hyponitrite NaﬁNzﬁzg which they depicted asiw-

[Na”" | o = g
2 © &

This compound wounld be expesited to be diamagnetic;
by exsamination of the molecular orbiltal scheme for nitrie
oxidde, it can be seen that the NO™ anion would be expected
to be paramagnetic, like the oxygen molecule with which it
is iscelectironic. The two unpaired electrons in both the
nitrosyl anion and the oxygen mnolecule axre in the two
degenerate pi-anbibanding orbitalsi unless the energy of
electron pairing is abnormally low, BHund's Rule will
operate and the elecbrons will ovcupy ﬁiéfer@nﬁ orbitals
and thus possess parallel spins.

Hence, the existence of the free nitrosyl anion
is still in question,

G, it is possible that some compounkis exist in which
the nitric oxide molecule donates two electromns to a metal
abtonm or ion and retains an unpaired electron. Such a

structure would bete

M ¢———38 N=20 M= metal atom
1f the metal centre was pavamagnetic, there would be two

paranagnetic centres in the molecule, bubt no compounds
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have been prepared which could be assigned such a structure.
As emphasised before, in practically all cases
where metal - nitrosyl bonding occurs, the linkage occurs

via the nitrogen atom; also the systems

M - N = @
are always linecar.

Nitrogen dioxide is a much less versatile group
than nitric oxide, and the compounds of main interest in
this work are those containing the free nitronium ion,
N02+: This has been well characterised by Ingold and his
school in a series of papers in 1950,

Nitrogen diexide will behave éﬂ a ligand, bonding,
like the nitric oxide molecule, via the nitrogen atom,

The co=ordinated nitrogen dioxide molecule is bent, and has
the same symmetry propertics as the nitrite ion, NO,7,
(Gatehouse 1958). Vo instances are known in which the

mitronium don behaves as a ligand,

Formation of nitrosonium ions and nitroniwm ions.

Systems in which the nitrosonium oxr nitronium ion
pceurs, or can be produced, are as followsi-
1. Blectric Discharge.

Passage of an electric discharge through nitric
oxide at low pressure causes ionisation) the ionisation

potential for this reaction is 9.5 ¢.ve The method is of



ne importance in the synthesis of pitrogonium salts ox

nitrosyl complexes.

2 Self ionisation of nitrosylating solvents
Nitrosyl chloride is beliecved to donise in the

Liquid phase, visz

L]

NoCL —=——=n0" + ci

By following the rate of dﬁlarine exchange in the
systems nitrosyl ahlaride/ﬁetramathyl oy methyl
ammoniin chloride, using radioactive chlorine, Lewis and
Wilkins (1955) concluded that the data could best be
exploined by transfer via chloride ién@ and postulated the
equilibrium  NOCle==N0" + €1™., IMitrosonium ions
probably exist to some extent in solid nitrosyl chlorid@,
the extent of ionisation being inversely proportional to
temporature. Ligquid nitrosyl chloride is deep red, as
is solid niﬁroayi chloride at ~7BQC, but the colour
lightens gradually until at ~1960é it is pale yellow,.
The nitrosoniws loun, itself, is colowrless, and any colour
in simple nitrosconium systems can be explained by charge
transfer reactions of the typese
Not X" 44— X
and 4t ig this mechanism which causes the deep colours of

the ailtrosyl halides. Hence although nitrosyl chloride

20
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is primarily covalent, some self ionlsation may ococcur,
The same applies to nitrosyl bromidey; NOBr,

Further evidence that self ifonisation may occur
comes from the structures of nitrosyl chloride and bromidej

these both have the structureiw

x
A
= 0
Nitrosyl chloyide Hitrosyl bromide
1.14A 1154 Band Length N « 0
L1.954 2. LAA " L N oeX
116° 117° Bond angle X = N = 0

For nitrogen~halogen single bonds, the radius sum
values are 1.73A (N = C1l) and 1.88 (N -« Br)s thus in the
nitrosyl halides the ﬁiﬁ&ﬁgam = halogen b@ﬁds are weaker
than single bonds, and it is quite possible that self
jonisation will ocecur. {Ketelaar & Palmer 1037).

As previously @tated; dindtrogen tetroxide

dismociates in the liquid state
Nﬁﬁ& E==EE2N02,

Besides this, there are two self~ionisations theoretically

possible alsoi=
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N0, T wo" N0,

""_"""—"—"; ‘6« ali ) “4
N0, & N0o," + N0o,".

though the latter one does nob appear Lo ogcur, in practice,.

This iz unusual, siunce the structure of the dinitrogen

tetroxide molecule dsi=-

0 0 {(Broadley & Robertson 1949)
\\\ ,// solid state.
HN—0
/ AN (Smith & Hedberg 1956) =

G 0 gas phase.

The specific conuctance has been determined, and is

y =] -1
2 ohm ~ em ~ compared to water

very smally K= 1,3 X 3.(3""':?~
\ ""8 ‘“l "”‘1 . , " 4 60
4 X 10 ohm - em — at the same temperature (18°C),
{Addison et al 1951a).
In anhydroes nitric acid, dinitrogen betroxide
dissociates almost eompletely into nitrosoniuwm and nitrate

iona; no evidence was found for the lonisation

S Y -
Ng@4<\ Rﬁz ~+ N@z

and the disae%iation inte nitrogen dioxide species was
extromely small (Millen & Watson 1957).

The equilibria

w0+ O === N0, —=u" + mo,"

have been monbioned.



23

Since dinitrogen trionide, Né@s, is formally the
avhydeide of nltrous acid, it would be expected that in
strongly acid solutions, it would give nitrosonium lons.
This is the case. The following ionisation has been
egbablisheds -

oF + auso 4

+
£ L &
NZGS + 33‘52‘&){34 —P Z2NO " Ha

by eryoscopic measurements (Gillespie et al 1950a) and
confirmed by Raman observations (Millen 1950b).

By enalogy with the above, ﬂinitrageﬂ»%atraﬂide
would be expected under similar conditions, bteo give a mixture
of nitrosonium and pltromium ions, since it is the mixed
anhydride of nitrous and nitric acids, Alzp dinitrogen
pentoxide, Nzﬁs, should yield mitronium ions only. The
same workers found this bto be the case and the following
ionigations were vevifiedie

3 4-
0¥ + aus0,” 1 (Gillespie

. 4 wn &
Ny0, + 3H,S0, — NO" + NO,™ -+ Hy0" + 3HSO

+

N 2

05 + 31*&2.‘%30 —P 2NO ~ I

2 4 3
et al 1950b)

In addition to this, dinitrogen pentoxide behaves
as a binary clectrolyte in absolute nitric acid, ilonising
thus§=-

4 -

Ny05 &= N0," + N0, {(Gillespie ot al 1950b).
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This was an exbtension of earlier work om the
nitric acid/suliphuric acld system which established the
ionisation

o + wo.” + 2ms0,”

HED 3 2 4

3 + E’Hzﬁﬁq’ —p H
(Gillespie et al 1940),

and alsoe from pioneer work by Hambzsch (1925) and
Hantzsch & Berger (1928), These latter workers studied
the niteic a@id/&ulphumic aoclid and nlbric acid perchioric

acild systems and obbtained componnds which they formulated

<o S ) . o 4 e ™
HEN{}B ][ CM)A@_' } and [ﬂZNQS :I [3‘5&:94 :l

Goddard et al {(1950) repeated this work with

a

perchloric acid and found that the compound

Hzmﬂsw . Glﬁﬁ“ gould be separated inte adlronium
perchlorate N02+ﬂ 0104* and hydroxonium perchlorate
Msﬂf»C&ﬂéﬂ, and no evidence existed for the presence of

H2$&3+ speci.es, either from cryoscopic or Raman -
spactroscopic datae. This was confirmed for the system
x-m%/u%aaz@? by Millen {:wsqm; Jw?fw observed the Reman
ay&@ﬁwa of such solutions at varying concentrations,

The production of nitronium iong in strong acid

systems in the manner described above has been utlillsed
by Kuhn (3962) to prepare nitronium salts of the Fflueohorate,

£luophosphate and fluoarsconate anlons, vizie=
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L0 aFT  (Gillespie & Millen 1047),

oHF + HNo, A N0," + 1
3 2 3

This equilibrium is exoctly analogous to the fowisation of

pitric acid in sulphuric acid. By addition of beroni:.i.. .. v

trifluoride , the veaction
BF o+ BT —bBF,

occurs and nitronium fluoborate is obtained, In practice
the reactilon is carried out in nitromethane solution and

the reaction is

+ 1,0,BF

E 3+ 2BF . 4 F 3
HF ths HN@S —-bm02nF4 5

3

Similerly sodiwn nityite has been employed as a
gource of nitrosonium ions in the formation of certain metal
nitrosyili complexes, vizt-

A stodcheimetric excess of sodiuwm nitrite will
react with bis (triphenylphosphine) nickeldibromide to give
bis (triphenylphosphine) nickelnitrosylbromide,

[(Cg Mi5) 47| JMil0OBr, anong other products. (Felvham 1960);
infrared evidence assigns an Hi-ﬁ——NG+ Linkage to.thi@
compound . Alvhough the reaction was not carried oub in
strongly acid solubion, the prescribed conditions fox
obtaining nitrosoniun ion from nitrite ion, the sodium

aitrite must have been the souwrce of nitrosonium ion.
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Diagnostic Methods for nitrosonium ions,

1. Cryoscopye.

| Besides the applications referved to above in the
elucidabion of the species present in nitric acid/strong
acid systens, bthis method is historically interesting in
that Hantzsch, on the basis of cryoscopic studies on
nitresyl hydrogen sulphate solutions in sulphuric acid,
first postulated the existence of the nitrosonium ion

species. He postulated the ionisationt=

NOHSO 4——»169”“ + HSO 4"" (Hantzech 1909)

in cases suech as

R - ok
") 3 @ 2 NG L AN ot
NEQS ¢ 3H2&@4'——4>,N@ -+ 3%@04 ¥ H3ﬂ

the value of the van't Hoff factor i enables the
nunber of lowic specios praﬂ&cﬂd per molecule of
dinitrogen trioxide to be obtained, and eryoscopy can
distinguish belween possible reaction paths which yield
differing nmumbers of ionie species, The most nobtable case
of this ccours in the nitric acid/perchloric acid system,

in which Hanbtzsch postulated the ionisation
AT * - : -
H0104 d HN93 -——4>H2&03 - 6194
giving twe ions per nitrice acid molecule,

Goddard et al. (1950) showed that the following iomisation

oseurred -
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+ o -
+ HNO, —DH, 0%  + *
g4 *HNO, —Di, NO

giving four ions per nitric acid molecule,

2HCLO

2e Conductivity and electrolytic data.

The compounds NO.A1CL,, NO.FeCl, and NO.ShClg
dissolve readily in nitrosyl chloxride solution to give
strongly conducting solutions (Burg & Campbell 1948); this
indicates that ionisation occurs in solution though it does
not necessarily infer that the solids are iania,

Bquilibrium studies provided evidence for the
existonce of NﬁAlGlé. NOCL and NOFeCl4.NOCL species, and
these were interpreted as compounds in which the nitrosonium
ion i3 solvated by nitrosyl chloride (Burg & MacKenzie 1952).
The extremely high transport number calculated for the
nitrosonium ion in nitrosyl chloride solubion implies the
enistence of a chain transfer mechanism analogous to that
ocourring in the electrolysis of water.

Pindbrogen tetroxide yilelds nitrosonivm nitrate-

complexes,; vizte-

Zn(N0g), + 2,0, —D m@“")z (Zn(10,) 2%) (hddison et al
195ib), VWhen a solution of nitrosoniuvm tetranitratozincate
e dissolved in nitromethane, e¢lectrolysis liberates nitric
oxide at the cathode. The same salt will undergo acid-base
reactions with anhydrous nitrates and these san be followed

conductimetrically -
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(0"), (zn(w0,) 27 + 2(cugm,t w0,7) ——b

(63M5» NM3+?3o(&n{N®3?42“?+2E304Féddi30n & lodge 195@&?

& reaction such as this alsp characterises the anion
of the nitrosoniwa salb,
3. Magnetic suscepbibilities

Asmussen {(1939) assembled magretic data on several
metal chiloride-nitresyl chloride adduets and elassified then
aceording to thelr molay suscepbibilities and the apparent
o ‘im@u@e@' molar suseepltibility of the atbached pitrosyl
chloride. In no instances were dofinite structure
asgignments possible. The compounds givink low Yinduced!
molay susceptibilities for nitrosyl chloride wereﬂ@ha
adducts ZnCly, NOCL, HgCl,.NOCL and MaCl,.NOCl. ALL these
aye thermally unstable with respect wo digsoclabion and
Asmussen formulated them as molecular addition compounds.
The adducts 3nﬁl¢cﬁmﬂﬁl and Ptﬂla ZNOCL were found to give
much higher induced molar susceptibilities for the

atbached nitrosyl chloride and were formulated as lonlc

nitrosoniwm salts) these were also more stable thermally.
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Ge Chloride PBxchange.

bine, cadmiuvm and mercuric chlorides react with
liquid niteosyl chloride to give insoluble adducts,

The rate of chloride exchanze between nitrosyl chiloride and
tho adduct has been followed {(Lewis & Sowerby 1956), and
they found that rapid exchange occurred betwoeen absorbed
nitrosyl chloride and the metal chloride, while slow
heterogencous exchange occurred between absorbed and

. liguid nitrosyl chloride, To account for this, the
formation of Mﬁlg* species (M = Kniadiﬁg) was postulated
and hence Nm* Mclg" were considered to be produced, The
anions of the type Mﬁis” were §uﬁt§l@te@ to be polymeric
speciess this will be considered later.

e, The systems A@ClB/Nﬁﬁl and ?0&13/N061 wers
studied; a slow exchange im the latter case indicated lack
of compound ﬁwm@ation@ while a rapid rate in the A@nglmﬂﬂl
case, together with equilibrium studies, suggested an
adduct A@ﬁ&3. 2N0CY which was pestulabed as being

Qt-‘

(no™) . w}aazm,g)a” or NOJNOCL AsCl, " (Lewis & Sowerby

1059).  This will be dealt with further, in o laber section.
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5 Inffrared and Raman Speclbroscopy.

By studying the Raman spectra of nitrosyl
hydrogen sulphate in sulphuric aeid/waber solutions,
Angus & Leckle {1935) assigned a displacement of
2340 @m&l to the mi&ﬁeaumium fone The intensity of the
band was highly depeandent of the concentration of sulphurie
acid and became very strong wabve a sulphuvie acid
soncemtraticn of oveér FO%s "&;he position of the band also
depended slightly on the sulphuric acid cdnﬂ@mﬁvaﬁimn,
ocenrring atb ﬂ-high@r frequency as the concentration
increased, The obscrved displacement was found to be
similar to that vecorded for the isoelectronic nitrogen
molecule, and solid nltrosyl hydrogen sulphate was found
to give a Raman displacement of 2311 emt,

Nitric omide ibself absorbs at L8777 ent (Addi.zon
& Lewis 1955) and snitrosyl chloride gives a band due to
the «N=0 bond at 1799 @mﬂx (Burne & Bernsbein 1950) 3 these
are both iufrared bandg.

Gerding & Houtgraalf (1953) have shown that the
adduct ALCL 4 4 NOCE gives a Koman displacement of 2236 cmﬁﬁ,
which is of the same order as Angus & Leckie's value for
nitrosyl h&drugan sulphatej in addition, ﬁhm’sam& compound
gives a low frequency Raman band identical to that im
Alﬂlg. NaCl « This presumably indicates the presence of the

ALC4™ ion in both cases,
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Lewis, Irvimg & Wilkinson (1958) describe a series
of compleies thmh are regarded as involving sitrosonium
lon « metald cowepdination and these all give prominent
infrared absorptions in the 1580 « 1030 ¢ l rerlon.
Conplexes of the Lype in which the nitrosyl anion is the
ligand absorb at a nuch lower frequency, imn the region of
1100 en ™ (Griffith et al 1958, a, b). The coupound
{Qsﬁsjs I, {k@)3¢ mnentioned before ag posesibly countaining
hridging nltrosyl groups glves an dufrared absorption at
1510 mm'l {(Piper & Wilkinson 1956).

From the molecular orbital scheme constructed for
the nitric oxide molecule, it is evident that the N - 9
bond i the nitrogonium ion, conslegbing of a siguna aml two
pi-bonds, is stronger than the N « O bound in nitric oxide
which iz weakened by the odd electwron having to go into
the pi-antibonding orbibale. Hence the former is shorter
and wounld bhe expected to give a highep vibw@mu@m&i
Freguency .

The mitrosonium ion iz iseelectronic with the
nitrogen molecule, and the tobtal muuber of 2s and 2p
clectrons in both cases is ten. They can both be
considered to be built up as follows, on the basis of both

atoms being in gn sp hybridized state,.



The orbitale shaded are those participating in
pi-bonding (the 2p* and 2p”* orbitals)e One of the Sp
hybrid orbitals on each atom overlaps to give what is
equivalent to the sigma-bonding orbital. Two electrons
are involved in this. The py and px orbitals on each
atom overlap to give the pi-bonding molecular orbitals.
Thus six electrons have been used in the N - 0 bond and
the other four available electrons go into the two vacant
sp orbitals” one on each atom. It is this orbital on the
nitrogen atom which is responsible for the nitrosonium ions
donor properties. These sp orbitals not involved in
bonding between the atoms could be equivalent to the
antibonding # orbitals of the molecular orbital energy

level scheme.
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When the nitrosonium ion donates these two
electrons to a metal ion, the latter is believed to get
rid of some of the excess negative charge thus acquired
via back~donation from the metal d = orbitals to the
vacant pi « antibonding orbitals which are of sultable
shape and symmetry for this. The presence of electrons
in the antibonding orbitals will lengthen the N - 0 bond
and lower the vibrational £requency. The further lowering
of the vibrational frequency in complexes involving
nitrosyl aniong is just an extension of this. In this
case, little or no metal —PHligand back-bonding can be
expected to occur simce the acceplor orbitals on the
nitrosyl anions are already ocoupied; and this will lengthen
the ¥ = 0 bond and lower the vibrational freguency of
the mode,

The cases of nitrosyl chloride and complexes
involving bridging nitrosyl groups are slightly differentg
whereas the mMetal - N = 0 bonding system in the above cases
are linear, these other cases involve bent X « N = @
gystems. On a valence band treatment this requires the

4 character, - This

nitrogen atom to have congiderable sp
will lessen the pi-bonding character between nitrogen and

oxygen, lengthening the bond, and lowering the frequency.
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The nitric oxide molecule and its derivabives
have: only one vibrational frequency, thalt corresponding

o bond stretching and 1t is bobth Raman and inffrared

active.
The data coan be sunmarised:s
Type of compound Vibrational frequency region
Nitrosonium salt (NO™ X™) 2200 - 2400 cm™t
Nitrosonium donor comple# 1580 =~ 1930 nm‘l
(11 ¢—no™)
Bridging nitrosyl complex ce 1500 cm"l
Nitrosyl donor complex 1050 « 1200 et

Lafrared data can usually be uced to asslgn structures to
nitric oxide compounds,; with little ambigulbty. bifficulty
may arise when systems conbaining nitroanjiom ions ave
examnined .

As mentioned before, the nltronium lon is Llinearse

[mewo] +

It has three vibrational modest=

O = N = @ Vl Symmetrical stretch

Raman agtive

infrared inactive.



o Vz w gdeformation Raman active
infyrared active

P 4 ,
0 = N = @ V3 «~ asymmebric stretech  Raman inactive
infrared active
These modes oceur at the foillowing frequenciesi«

-1

V1V1 - 1400 cnm (Ingold, Millen & Poole 1950)

Vg = 2350-2400 o™t

v, = 538 em*i Teranishi & Decius 1954

The infrared spectrum of the nitroniuvm ion usually
consists of bande in the following regiong, with the
assignments given.

-1

ce540 em wealk = medium (Vz)
2350 = 2400 stroug fVS)
3750 « 3800 weak (Vl & Vs)

Thus, in the presemnce of bands which could overlap
the Vg and (Vx e Vs? modes the only prominent band is the
VB fundamental, lying in the same region as that for the
free nitrosooniuwm fong hence ambiguity is possible,

Obviously if Raman gpeectra are available the
prosence of the 1400 cm™ band would definitoly confirm

the presemsce of mitrosonium ion,

35
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Oa X=ray Crystallography.
Several compounds are known which f£rom their
stoicheiometry would be expected to contain the pitrosonium
ion, Klinkewnberg (1937, 1938) studied the X-ray powderiphorogriphs
of the compounds NO,&FQ, N0.6104$ Snclé.zNOCl and PtCl4.
2NOCl, and conmpared them with the potassium analogues.
In all cases the complexes wepre isomorphous with the
potassium analogues, Sipnce the potassium salts all
contain the potassiuvm ion, it nust be assumed that the
complexes contain the nitrosonium jion, This ion dis
formally cylindrical but by rotation im the lattice
spherical symmebry can be obtained. By comparison of
nitrogsonium-fluobaate and perchilorvate with the isomorphous
hydroniun and anmonium compounds, Klionkenberg also
calculated the effective radius of vhe nitrosonium ion
in free rotation to be 1,40 ﬁ s bthis makes it larger than
the ammonium ion and very similar €o the hydronivm ion.
Obviously this method only verifies the existence

of mitrosonium ionsin compounds which have known ionic

analogues, and is thus limited in application.



CHARPTER X

STURLES ON PREVIOUSLY REPORTED

NITROSONIUM FLUORO AND CHLORU-ADDUCTS

As mentioned in the introdunction, several metal
and non-metal chlorides will react with nitrosyl chloride
to fobm adducts. (Gall & Mengdehl 1927; Rheinboldt &
Wasserfuhr 1927; Klinkenberg 1938; Partington & Whynnes
1948, 1949)., 1Im addition, nitrogen oxides are known to
react with sulphur dioxide or sulphur trioxide to yield
products. (Hart-Jones 19293 Goddard et al 19503
Lehmann & Kluge 1951; Gerding & LBriks 1952). In

éddition, several nitrosonium and nitronium fluorc-metal

or non-netal compounds have been formed. (Woolf & Emeleus

19503 Wwoolf 1950; Robinson & Westland 19563 Ciark &
imeleus 19583 Geichmann et al 1962, 1963). All of
these compounds can be formulated as containing
nitrogsonium or nitronium ions and some have been shown
to do so, by the methods of x-ray crystallography
(Klinkenberg 1937, 1938), Raman spectroscopy (Gerding &
Eriks 1952, Gerding & Briks 1953) and infra-red
spectroscopy {Geichmann et al 1962, 1963). It is

possible to examine all the adducts by infra-red
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spectroscopy, and in the present work; this was used as
a means of &etermining the bonding state of the nitrosyl
group inm the compound, As stated im the introduction,
compounds containingAthe free nitrosonium ion should
absorb in the infra-red regiom at about 2200-2400 cm‘l,
those containing this cation bonded to a metal atem at

15801030 cm'l and those containing a metal-nitrosyl

&nibﬁ boud at 1050-1200 cmfl. These ranges of
frequency are sufiicicntly separate to enable the
bonding state to be determined unanbiguously.

The compounds studied, with their nitrosonium
iom stretching frequencics are tabulated on the following
page, together with data obtained by other workors.

X éﬁditicn, 3=-ray data were obtaincd for the majority
of the camb@un@ﬁ and compared with n-ray data for the
potassiunm analegues, where possible, to establish
whether or not isomorphisa oﬂcurreé.

The infraered Raman data shows that all the
compoukis listed can be classifiod as nityogoniun salis,
though the absorption range of the free nitrosonium ion
is very large, being nearly 250 et

X-ray data on the nitrosoniun and potassiunm
salts which are iconorphous are tabulated elsevhore in
this chaptesr (table 2 }; and spectroscopiec data on the

anions studied are tabulated im tables 3 —P>5 .
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The compouinds tabulated in table 1 will be
discusged separately (regording their struciure, etc.)
starting with those giving high froguency aboorptions.
Goueral statements and conclusions will be made at the
end of the chapter.

(10) ,GoF
[RRRICIRI RS TR -}

This is not isomorphous with the potassium
analogue Kzﬂeﬁag the dufraered spectrum shows two ba?da
in the free nitrosonium ion reglon, the maim band at
2391 cm’l with a shouldesr at 2336 cm”l. Gerding &
Erike (1952) have shown that the compound (NO) (Nﬁz)

1

and 2308 em™!

($3010) gives two Raman peaks at 2277 om
and assigned the former peak to the antisymmetrical (V3)
mode of the nitronium ion, rendered Raman active by the
ion-gite symmetry in the crystal lattice, In view of
the amalytical data for (NO)2G9F6 it is most unlikely
that the same explanation holds; also, since the
reaction system was nitrosyl chloride/germanium dioxide/
bromine trifluoride;, and the nitrosyl chloride was
spectroscopically free from dinitrogen tetroxide, it is
improbable that any mechanism for the formation of
nitronium ions existed. It was not possible to

check the absence of nitronium ion by observing

the infra-red regions where the (Vl + VS)



and Vz vibrational modes were expectoed; due to the
rapidity with which (NO)ZGeﬁé attacked nujol. The
(V1+V3) reglon was examimed inm florube, and no evidence
was Found for nitronium don, Henece the most probable
explanation ig that the nitrosonium ion in (NO)EGeFé
cccupies two different types of lattice site, so that it
is in two positions of different local symmetry.

iNO)zﬁeFé is extremely hygiroscopie, decomposing
ropidly ever in the ‘dry-box' with coplous nitrogon
dioxide evolution leaving a germanium dioxnlde residue.
In vacuo, and in the complete absence of molsture it is
quito ptable, and ip thermally stable.

(wo) vr,

This compound, like (NO}zﬁeﬁﬁ, is net isomorphous
with its pobassium analogue K.Vﬁé, and also gives two
infra-red bands; one at 2391 @m‘l, with a shoulder at
2329 cm“ﬁ. The explanation is likely to be similax to
that in the instance of {No)zaaFé, the nitrosonium ion
being present in two different types of lattice position.

Like (R0)260$6 it is oxitremely hygroscopic and
rapidly hydrolyses in air to leave a vanadium pentoxide

residue; 4t is quito stable imn vacuo.
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The reaction nitrosyl chloride/vanadium
pentoxide/bronine trifluoride gives NO.VF, without an
6 Yy
45 if a metal cation, such as

sodium, is substituted for the nitrosonium cation, the

contanination by NO,VOF

madn product is Na.V®F4, and even prolonged refluxing
in bromine trifiunvoride will not give pure Na.VFﬁ.
{Sharpe & Woolf 1951). The pm-p@mbfomoﬁ the 50diuns salk of +he
hexaflucrovanadate don requires that vanadium chloride
be used instead of vanadium pentoxide in the preparation;
under these conditions pure Na.VF6 resulis, |
Aynsley et al (1954) reported the following
roaction scheme for the vanadium pentoxide/nitryi
fluoride systensi-
NO, I

—_—b VﬂFa —m—4>VF5

I

N@2VQF4 NQE¢VF@

This domomstrates that the nitroniuw ion system
can give both the fluovanadate and the oxyfluovanadate.
This tfﬁe of reaction has not been repeated using
nitrosyl fluoride, due to the difficulity of handling
this reagent, s¢ that the compound NO.V0F4 is as yet

unknown.



Reecently, reaction of nitric oxide or nitrogen
dioxide with vanadium pentafluoride suggests that

N@+ Vi and NO + VF; species may be formed, though the

5 2
reactions .

NG + VF, —pNOVE + VF (x = 1 or 2)
x 5 x 6

4

occur more readily than

NG + VF pNO - VF
X X

5 5
(Ogle et al 1964).

RO, BF
M

This compound was shown to be isomorphous with
potassium fluoborate by Klinkenberg (1937), and this was
“eonfirmed in the present work, The x-ray data reported
latterly (Sharp & Thorley 1963 ) were incorrect and the
corrected data dve given in table 2 3 the values show
a reasonable agreement with those of Klinkenberg.

The stretching frequency for the nitrosonium ion
is considerably at variance with that given by Sprague
et al {(1960) and EvansL(1963). Evans reports that the

nitronium ion V3 frequency in Noz.nF4 is 2387 cm"l

s and
sugpested that the value obtained in the present work

was due to this same mode, the nitronium ion being present
as an impurity. lHowever, x-ray data submitted by the

sane worker for the nitrosonium salt, were identical with



data obigined in the proscent work. Ye is most anlikcely
that pdtrosoniun ond nitronivm finchovsstes bave the
patke unlt eell sizes; thus the componnds in hoth cases
et have been pure nitrosoniwm flucborate and the
explasation must lie eloowhere,

Incidentally, the nitroniun ion V3 freguency
reported by Bvanes does disagree somewhat with the value

of 2388 @m"l

obtained by Cook (1960},

The x-pay data show. that substitution of
pitrosoniun ion for potassiun ien in a fluohorate
lattice increases the unit cell dimensions slightly,
The volume of the unit ecll increases, due to the
acconmedation of the larger mitrosondiue ion. The
nitrosoniun ion s eylindeical, bué it can obtain
spherical symmetry when it is allowed te rotate fveely
in a lattico, and ander these conditions, the cifective
rodiue is 1.404 (Klinkenberg 1937), which i lerger than
the value » = 3,334, for the potassium ion, Hlenee an
incresse in unit cell size would be expocted,

N@ " &ﬁl\l g;' ﬁ
R AN

This compound is not isomorphous with its
potassinn analogues; unlike the vanadate and

gerpmanates it gives guite g broad ebsorption in the
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nitrosonium ion region. Again, the existence of a
prominent shoulder indicates that two types of
nitrosonium lattice site are present in the unit cell.

| This reacted much less rapidly with mujol than
did (N0) gGeF, and NO.VF ., and it was possible to obtain
data on the SbF,” anion; this was found to absorb at

1 for

660 am“l, in good agreement with a value of 660 em
the potassium salt (Peacock & Sharp 1959). (See table 5).

N@.Pﬁﬁ

AN M

This compound gave a single sharp absorption
at 2379 cm'l in the infra-red region; it was not
isomorphous with potassium fluophosphate.

Table § tabulates data obtained in the present
work on the PF,~ amion in the nitrosonium salt, and by
other workers, with other cations, In all cases bands

1 and 720~740 om~t regions.

appear in the 830-840 em”
The undistorted Pﬁé“ ion has O, symmetry, and

six normal modes of vibration. In a non-cubic lattice,

the symnmetry will definitely be lower than ﬂh due to

lack of symmetry elements; in a cubic lattice the

symmetry will probably be O but not necessarily so.

| 5light anion asymmetry may occur which would not affect

the erystal lattice, Silver, potassium, rubidium and
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caesium fluophosphates have all been shown to possess
cubic stractures (Kemmitt et al 1963 b), and all these
glive strong absorptione in the 830-840 mm’l reglon, with
much weaker absorptions avound 720=740 cm‘l, in all
except potassium (Peacock & Sharp 19593 Sharp & Sharpe
1956}, The strong absorption was assigned to the Vq
vibrational mode. Woodward and Anderszom {1956)

measured the Raman spectrum of potassium fluophosphate,
and assigned the observed band at 741 cm’l to the Vl mode,
This is the totally symaetric streteching mode of the ion,
and is dnfra-red inactive, Thus it is possible that the
720-740 cx™! bands observed arve the V; modes in the ?Fé"
anion of the salts studied, rendered slightly infra-red
active by lowering of the ﬂh symmetry . in the

1 and 740 en™! ave

nitrosonium salt, the bands at 834 cm™
equally strong, and it could be that the PFé“ anion has
been rendered sufficiently asymmetric by the nitrosonium
ion, that the V& mode is now strongly infra-red active,

The radii of the various cations arei-

A®
K * 1.33
Rb+ 1.48
cat 1,69
Ag+ | 1.26
No* 1,40 (effective)
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It appears that, from the infra-red data, in potassium
hexafluophosphate the cation size is such that the Oh
symmetry of the anion is undistorted, whereas in the
other instamces, anion distortion and asymmetry ocecurs
in varying degrees, It might be expected that the
extent of asymmetry in the anion, measurable by the
relative intensities of the Vl and VS modes, would be
dependent on cation radius, However the nitrosoniun
salt is the only one in which large anion distertion
occurs and its effective radius lies between radius
values for the other cations; it may be that the shape
of the nitrosonium ion is responsible for the extremely
large distortion which occurs,

NO .50 ,F
B

This salt is dsomorphous with potassium
fluosulphate, and both these salts are isostructural
with the nitrosonium and potassium fluoborates. This
is agaim due to the non close packed structure of these
salts, permitting nitrosonium-potassium replacement
without structural change. In both these instances
the structure of the anion is tetrahedral or distorted
tetrahedral, and the lattice interstices in those
atrucﬁurem’ave much larger than in the hexafluo-metal

nitrosonium salts.



As would be expected for isomorphous salts, the
infra-red spectrum of the fluosulphate ion is the same
for the nitrosonium salt, as for the potassium salt
(Sharp 1957). The early preparations of nitrosonium
fluosulphate gave two bands in the nitrosonium region,

but the lower ome, in the 2280 cm™t

region was assigned
to residual anitrosonium pyrosulphate from the reaction

between this, and bromine trifluoride,

(N@)zSnFﬁ
This salt is not isomorphous with the
potassium analogue; the presence of a single band

in the nitrosonium ion region, at 2342 em™t

s indicates
the presence of only one type of lattice site for the
nitrosonium ion,

The solid is very hygroscopic, but reacts
sufficiently slowly with rigorously dried nujol to
obtain infra-red data on the snFéz' anion, fThe value
of 547 cm’l is in good agreement with the literature
value of 8§52 cm;l for potassium fluostannate (Peacock &

Sharp 1959).
N@.AsFé

DL TR Ll

Like all the other hexafluo-metal salts studied,

NO.AsF, was non-isomorphous with its potassium analogue.

47
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It gave a single infra-red absorption assignable to
nitrosonium ion, and the absorption at 700 em™L assignable

to the V3 mode of the fluoarsenate anion, is the same as

that obtained by Peacock & Sharp (1959) for the potassium
salt,

N0 .. HSO
The literature data on nitrosyl hydrogen sulphate

gives the nitrosonium ion a Raman frequency of 2340 cm‘l

{Gerding & Houtgraaf 1953), although Angus & Leckie (1935)

1

reported a value of 2311 e¢m — for the solid salt} in

sulphuric acid, they reported values of 2330-.2338 em'l
depending on the concentration of water im the sulphuric
acid, |
On heating, decomposition occurs:-
NO . HS504 ———~»(Nﬂ)2$207
and, as explained in a later chapter, attempts to prepare
(M0)2$04 have been unsuccessful,

NO ‘HE?Q and NO, MGFQ

These compounds were obtained as white solidse by
the gas phase interaction of uranium or molybdenum
hexafluorides with nitric oxide (Geichmann et al 1962)

MFg + NO —NNO.MPg (M = UyMg)
The same workers found thgt no corresponding

reaction occurred with tungstem hexfluoride, and that



nitirous oxide reacted with none of these metal fluorides.

Also, reactions of the type

WOF + MF, ———»NO.M% (M = U,Mo)

5
gave identical products, and again no reaction occurred
with tungoten. Seel & Birnkraut (1962) used the
reagent NOF (HF)s to prepare compounds of the formula,
ﬁO.Mnﬁﬁ, NG.UFﬁ and WFé.NGF. The first two are almost
definitely identical with the compounds 0f Geichmann et
al (1962). A compound of the same formula as the last
mentioned was prepared by Geichmann ot al (1963} by the
reaction |

NOF + WFé -———~i>Nﬁ.WF7
The presence of bands at 2330 em™! ana 620 cm™t
was assigned respectively to the nitrosonium cation and
the heptafluotungstate anion, and it would appear that
this is ddentical with Seel & Birnkraut's WF ¢« NOF,

Geichmann et al {(1963) also prepared the

compound nitrosonium heptaflunotungstate by the reaction

NO

SO Wﬁﬁ*———bﬂﬂ WF

2 2

7.

and the nitronivm and nitrosonium salts of the
hepta-fluo~-molybdate and uranate weve obtained by
analogous reactions, These were all identified and

characterised on the basis of their infra-red spectra.
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The same workers also found that the reaction
between nitrosyl chloride and either molybdenum or
uranium hexafluorides, gave respectively NO.Mbﬁé or
NG.UFé. They suggested that this reaction proceeded
through an unstable (Mbﬁaﬁl“) anion which readily
dissociated, Again, tungsten hexafluoride did not
react,

It is surprising that the attempts to form
pitrosonium hexafluotungstate were unsuccessful,. The
WFé' anion is quite well characterised (Sharpe 1960),
An explanation of this would probably require a
knowledge of the electron affinities Mﬁﬁ/MF6- (where
M= Mo,W,U); 4t may be that the value of this couple
for tungsten is considerably less théﬁ for molybdenum
or uranium,

Other nitronium and nitrosonium salts have been
prepared by gas phase interaction but they have not yet
been characterised (Robinson & Westland 1956), They
are the hexafluoiridates (Ne)zlvFﬁ and (Nﬁz)zirFé,
obtained thust-

2NO - IPF6 -—~%>(N0)2IrF6

2N02 + IrFﬁ*———D(NOZ)zlrFG



These presumably contain iridium (IV) which is well
characterised. On heating (Nﬂ)glvFé ane (N@z)zlrﬁé
give, respectively, (N@)erﬁs and (N@E)gers, wvhose
structures are unkaown.

Geichmann et al (1962, 1963) make no mention of
the thermal stablility of the nitrosonium metal
hexafluorides, but report that several of the
hezafluerides do tend to dissociate, though not to
lower complex metal fluorides,

NO.BiCl

4
This was ome of the first metal chloride :

nitrosyl chloride adducts to be prepared,(Rheinboldt
& Vasserfuhr 1927) by direct interaction of bismuth
trichloride with nitrosyl chloride to give a yellow=-

orange powder. This is very unstable to heat

NO-Bu Ly > Biay  + Now

The orange colour suggests that some anion-
cation interaction may occur in a case such as this,
since EiCl3 is colourless. As mentioned in the
introduction, in the absence of other chromophoric
species colour in nitrosonium ion systems will be due
to charge transfer mechanisms of the type

N X" ¢—bNO X

and the possibility of a reaction such as this being
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appreciable is, im this particular iustance, supported
by the observation thal K@.Hi@lA disseociates very
readily so that comsiderable anionecation interaction
st ocour,

(NO)deCIQ

This compound was first reported by Partingion

& Whynnes (1949), who prepared it by reaction of
palladous chloride with nitrosyl chloride at 109@33

the reaction time was § hours, In the present work

it was found that palladous chloride and liquid nitrosyl

chloride reacted almost instantaneously to give ?dClz.
2N061§, a bright red compound. An infra-red band at
2330 cm‘l)@stablished the presence of free nitrosonium
ion, and im the absence of bands characteristic of
Metal <—Nitrosonium ion banding, the compounds: can be‘
formulated [§O+]2 [Pd6142f], containing palladium (XL1)}.
PdCl

Complexes of the general formula M (M = alkald

2
metal iom) have been reported in the liﬁirature
{Sidgwick 1950), and the colours range from yellow to
brown, so in thia case it is likely that the celour in
(Hﬂ)zrd@14 arises mainly from d-d transitions in the

palladium ione
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Reactionm of palladium metal with anitrosyl
chloride gives Pd@lz.zﬁ@ (Partington & Whynnes 1949)
and this may comtain palladium ¢— nitrosonium bonds.
This type of reaction is unusual, in that the solbwvolysis
reactions imvelving nitrosyl chloride usually yields
ndtrosonium salts and net nitrosonium covalent
complexes; though gas phase reactions involving
nitrosyl chioride do yield the latter (Addisom &
Johnson 1962).
Nﬂ.ﬂlﬁi

This compound has been shown to be isomorphous
with potassium perchlorate (Klinkenberg 1937); the
presence of the nitrosonium ion has been confirmed by
the presence of a Raman band at 2313 p— (Gerding &
liontgraaf). It can be prepared by the solution of
dinitrogen trioxide in perchloric acid; as explained in
the introduction, the dinitrogen trioxide will yield
nitrosonium ion on solution and nitrosonium perchlorate
can be precipitated, It has also been prepared by
bubbling nitric oxide into an agueous sulphuric acid/

perchioric acid mixture (Cruse et al 1949).



It is very hygroscopic, and thermally unstable,
decomposing helow 100° without meltingse

2N0.6104 ——~bﬂéﬂ4 + 3@2 + Clz

Like the other nitrosonium salts which are
isomorphous with their potassium analogues, nitrosonium
perchlorate contains a tetrahedral anion; this, again,
gives lattice interstices large enough to allow
nitrosoninm-potassium substitution without astructural
change.

(Nﬂ).(ﬁﬂ2)$301® and (Nﬁ)2s207

Both these compounds are products of nitrogen
oxide/sulphur oxide reactions, The nature of these
reactions will be more fully dealt with im a later
chapter, The structure (ﬁo)'(ﬂﬂg)sgaga was assigned on
the basis of Raman data, which will be fully covered
later,

The compound nitrosonium pyrosulphate appears
to contain two nitrosonium iom lattice sites per unit
cell, since the infra-red spectrum shows a strong

shoulder at 2294 cm™t

2278 @mfl. Although the structure of the aniom is

as well as the main band at

probably based on linked 804 tetrahedra, the salt is not
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isomorphons with potassium pyrosulphate.

Nﬂ.Mhﬁla

This compound was obtained initially by the
passage of nitrosyl chloride over manganous chloride
at 260° (Gall & Mengdehl 1927)3; +this seems rather
surprising in view of the thermal instability of the
compound . Gall & Mengdehl veported a yellow powder;
the present work gave, on reaction of manganous
chloride and liquid nitrosyl chloride, a golden
product . Infra-red examination showed a band at
2271 cn~ ' and thus this compound could be formulated
NO tnC1 ",

Opiginally, Asmussen (1939), on the basis of
magnetic susceptibility data and thermal stability
observations, assigned this compound the structure
Eﬁn&@]3¢@1"3. In this case magnetic data a®@ not
conclusive since the manganese (II) ion is itself
paranagnetic, and the compound was found, also, to be
paramagnetic,

The pyridinium salt [ﬁSHSﬁH] %[Mmﬁls]“ has been
prepared (Taylor 1934) and this recrystallises from
water a$E§5HSNH]+[ﬁn@13H3@“, 50 it is possible that
the anion is monomeric; im the absence of single
erystal crystallographic data no definite conclusions

can be made about the structure of the anion,



The value obtained from the Mn-Cl stretching

1

frequency of 268 om — im NO.MnCl, agrees quite well with

the value of 282 emfl for this mode im the tetra-
chloronanganite MhCl42“ anion(p9),If the MhClg* aniom
were octahedral, the manganese-~chlorine stretching
frequency would be less than if it were tetraﬁedral;
hence the infra-red data suggests an octahedral

structure but this cannot be regarded as conclusive,
D

4

shows bands in the 445 and 430 mu regions, (Gill &

The visible spectrum of the MnCl anion

N?holm 1959), and the reflectance spectrum of NO.Mh613
shows a weak band centred about 450 mi, which may
indicate the presence of linked tetrahedral Mh6142'
units. Compounds which formally contain the MnF3"
anion are known {Sharpe 1960) though these are in fact
perovskites; no fluaménganiﬁeﬁ or manganate nitrosyl
complexes have been reported, 50 NG.Mnﬂla was reacted
with bromine trifluoride to see if any nitrosonium
fluo-manganese compound could be formed, The only
product was manganese triflucride MnFS; the
nitrosonium chloroe-manganite presumably dissocociates in

bromine trifluoride, manganese trifluoride results and

is precipitated out, It has been noted previously that



nitrosonium or nitronium fluo-metal salts are not
formed when the metallic 'base' or fluoride is
unsoluble in bromine trifluoride.,” (Woolf & Fmeleus
1950),

NG, CaCl
s B

Gall & Memgdehl (1927) wreacted cuprous chloride
and nitrosyl chloride and obtagined a product which they
Formulated Gﬁéﬁlﬁazmﬂﬁlg a similar product was
obtained from the reaction bebween nitric oxide and
cupirie chloride {Manchot 1916). The latter worker
obgerved that ethanoliec cupric solutions, on passage
of nitric oxide, became very deep blue or violet.

The aitric oxide copper mole vatiﬂ‘waa established as
being less than 1:l, and by electrolysis experiments
it was shown that the nitric oxide was associated with
the cation (Manchot 1914).

Asmussen (1939) studied the magnetic behaviour
of the compound, and, on the basis of its apparent
paramagnetism, formulated it as [ cono 2$][€1‘]2,
assuming the éﬁmplcx ion [Guﬁgﬁlto be paramagnetic due
to unpaired electrons on both the copper and nitric

oxide groups. However, Burg and MacKenzie (1952)
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@h??@d that the freshly prepared compound was
diamagnetia, Paramagnetism only came about on standing.
Partington & Whynnes (1948) repeated Gall &
Mengdehl's work, and found alse that the adduct CuCl.NOCL
was obtainable by reactiang either copper metal ox
E@pp@ﬁ oxide with aitrosyl chloride; mno structural
observations were made.
Griffith et al (2958 b) studied the infra-red
spectra of the compounds Cufczﬁﬁﬂﬂ)gﬁm €1, and
Cu{ﬂzﬂsﬂﬁ)smﬂ Br, in ethenolic selution; strong
bands in the 1850 em™1 region in cach instance indicated
that a Cu+ q—mN@* linkage was presemt and the cation
wvould thus bet-
Czﬁs.OH

l. 2+

¢, H.0 pCu ¢ N==0

25

WO H

2 SGM

The diomagrebtism of the solutions confirmed a
“Cu*\¢—-mﬁ* linkage, since cuprous ion has att
configuration and is diamagnetic.

Fraser (1960, 1961) and Fraser & Dasent (1960)

have carried out several studies dealing with cupric
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haldde/aitrie oxide eouilibels in vordions solvents.
Dy studying the eupric ehloride and bromide syabers
with nitrie oxide in othomolie sulubion, Frasee ©

Basent conciuded that wish cupric ohleride/othanoeld
ehlorido, ond that dn ewupric beonlde, bHoth nosbrsl

P v A ’ﬁ' N s
cuprie bDrondde and the jonde epccieos tally absorbed.
& structure fop the eomplox was puostnlabeldte

Nolvent -
£ = halogen
'ﬁww»%g4-x

& ™ BREARNILINTAR
'ﬁ~w$%§<%—ﬁ
K}

and Shic wes psosmwmed o dissoclabe, 6 account fer the
gondunobivity of Ghese aolations. Rowover, tho
previows oxplonstioe (Gedffith ob o) 1958) seoms moro
orobable, sinee solveticon of the coppar don by
ethowel nelecules scens o mero fearible steunotued than
that dn the disgean above.

Frasor (068} olse voported the Formation of a
postuloted cuprde flueridefmitrie oxide couplex in
beprtebubtanod; the doop violot colowr of bthis couplex

; o +§s
was sngnested an beding due 4o Baliy ™ done
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From methanol/carbon tetrachloride/cupric
halide/nitric oxide systems, the isolation of solids

corresponding to the formulas, Cubr,.N0 and CuCl

2 2
has been reported {(Mercer & Fraser 19063). These are

» NG,
black solids and give infra-red bands at 1346 eméi and
1854 cm"i respectively, which definitely classifies
them as conbaining a Ca QW»NG'“& linkages. These data ate
not consistent with the present work; in the present
work reaction of cuprous chloride with liquid nitrosyl
chloride gave, very rapidly, a black solid partially
soluble in the excess solvent, On removal of seolvent,
an ochra=coloured product remained which corresponded
to the formula CuClz.NQg the freshly prepared
compound was diamagnetic, confirming the observation
of Burg & MacKenzie (1952), and the band at 2271 cm~t
in the infra-red spectrum definitely signified the
existence of free nitrosonium ion,

It is possible that the black product in
nitrosyl chloride solution was a solvate of the compound
N@.Cuﬁlz;\;nd that the black Cumrz.NO and Cuﬂlz.Nﬂ of

Mercer & Fraser (1963) are in fact solvates, possibly

containing methanol as the ligand, Alternatively it



is possible that the ionic Nﬂ+.auC12" does exist im a
different form im solutlion, and that egquilibria of the
type

N0, CuCL 2‘“ — Nﬂ+-<!—m€351€312
exisv, and the form im which it is isolated, is
dependent upon the mode of preparation, The natare
of the solid Nﬁ+€-ﬁu@lg species could then be eithesr
+]2+

entidrely covalent or [ﬁuq—nﬂﬁ 2017

The value obtained for the Cu~Cl giretching

1 is slightly lower than the values

frequency of 245 om”
reported by Clark & Dunn (1904) for Cu(ii)-Cl
freguencies in [Cuﬁ14]2* salts, This would be
expected, since metal-ligand bond frequencies are
very sensitive to the oxidation state of the metal.

The structure of the [Cuﬁlzj" anion is not
knownj since it containe Cu(l) which has a at?
gonfiguration, no information can be obtained from
reflectant spectroscopic data.

N0 HeCL
N dui ]

Gall & Mengdehl (1927) prepared this by the
interaction of mereuric chloride and nitrosyl chloride,
to yield a red-brown solid, It dissociates very

readily,

61



Acmussen (1939) obtained magnetiec suseeptibility
data on thiz compound and from thRsedata, and its
known thermal instability, postulated it as being a
molecular addition compound. Lewis and Sowerby (1957)
studied the rate of chloride ion eichange between the
compound and ligunid nitreosyl chloride, and found
evidence for anionic species of the type Hgﬂlg" .
which, it was supgested, were polymeric,. The present
work confirmed the presence of iomnic species; the

1 iz in the

infra-red absorption band at 2268 om
characteristic region for nitrosonium ion.

Neo evidence was obtained to prove or disprove
the presence of polymeric anionic species, The far
infra-red spectrum gave a single absorption at

1

261 cm —, due to an Hg~Cl stretching mode.

NO.ALCL
WW,MA

Reaction of anhydrous aluminium chloride and
ligquid nitrosyl chleoride gives a white solid, soluble
in nitrosyl chloride, Thie confirmed the observations
of Gording & Hawbgvaéﬁ (1953) who obtained & similar
producty Partington & Whynnes (1948) had obtained a
lemon-yellow product melting with decompaaiti@n, This

has been explained as being due to the existence of
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two allotropic forms, the metastable one being the
latter (Addison & Lewis 1955).

Gerding & Houtgraaf (1953) obtained a Raman
displacement of 2236 en™! for the compound, and the
cémpound AlCls.NaCl, gave identical low frequency
Raman displacements to N@.Alﬁl49 confirming the
presence of ALC1 4"‘ in the latter.

1 obtained for

Because the value of 2236 cm™
the stretching mode of the nitrosonium ion was much
lower than that of the same ion in nitrosyl
hydrogen sulphate, Gerding & Houtgraaf postulated
that anion-cation polarisation ocourred in Nﬁ.AlﬂlA
to lengthen the N0 bond in the cation and thus

lowver the frequency. They postulated an equilibrium:e

xm"'.awz.{«s«—-w ALCL,.....Cl.... . NO

and the value for the nitrosonium ion stretching mode

would depend on which form, the ionic¢ or molecular,

was predominant, This type of polarisatiom probably

does oceur and will be discussed later in This chapter,
Partington & Whynnes (1948) also prepared

adducts closely related to NO.A1814, Vizie

GaCl

+NOCL; InCl,.NOC1l and ﬁlﬁls.ﬁﬂﬁl. These have

3 3

not been exanined to verdify the presence of firee
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nitrosonium ion, but it is most probable that they
are of the same structure as the aluminium adduct.
Seel & Sauer (1957) examined their behaviour under
nitric oxide pressure in sulphur dioxide solution and
observed the purple colouratiom typical of N202+ iom;
thus it can be assumed that the above adducts are

ionic compounds.

EE)gPtﬂlé

Klinkenberg (1938) hae shown this to be
isomorphous with potassium chloroplatinate; the
present work confirmed this (table ﬁ), and obtained
the nitrosonium ion fregquency as being comsistent
with the formulation (N0+)2 (PtCléz”). The compound
ies red, and fairly stable compared to many other
nitrosonium salts.

The data on the FtClﬁz' anion (table 3) show
it to be unaffected by the change in the cation;
this would be expected for isomorphous salis of
different cations,

NG . FeCl
Soeiey

This was first obtained by Rheinboldt &
Wasserfuhr (1927) by direct interaction of ferric

chloride and nitrosyl chloride, The behavicur of



the compound im nitrosyl chloride solution was studied
by Burg & MacKenzie (1952), who concluded that it
ionised in solution into NO' and 96014", the former
probably solvating to [NOCl.N0]+ specles.

The present work confirmed the existence of
the compound im the solid state as NotFeCl ",  The
reflectandd spectrum gave a broad absorption centred
about 330 muy this agrees with other data on
chloroferrates by Friedmann (1952), who observed a
Sazn}»band in selid potassium chloroferrate and in an
Fe@13/12M HCL mixture, and Gill {(1961) who studied
tetraethylammonium chloroferrate and observed strong
bands at 533 mw and 685 i s Neither authors
assigned these bands.,

The data om the Feﬁl4" anion agrees gquite well
with that for the tetraethylammonium salt (table 3);
the literature data on the chloroferrate and ~ferrite
shows the marked dependence on the oxidation state of
the metal atom.

Seel & Birnkraut {(1962) reacted irom with
nitrosyl hydrogen fluoride NBF(ﬁF)S and obtained am
adduct NOF.FeF,, which may be NG’*’F&F4"’5 if this is seo,

it is the first reported example of F6E4" iom.
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In an atbenpt to prepave Heel & Birnkraut's
compound, NO.Fol, was disselved in bromine Ihifivoride,
angl! the excess selvent romoved, he only peroduet was
forric fluerido,.

This has beon shown to be isomorphons with
potassiun chlorostonnate {Klinkenberg 1938) and the
present work confivacd this, Since the twoe salis
are isomorplous pnion-cation polarisation is likely to
bhe small, i€ presond at all.

im@}z$ﬁﬁiﬁ is a pale yellow solid; 4t is much
more stable in moist afr than dte fluv-analogus
(10) ,00F . Asmussen (1939) observed ito thermal
stobility ond fyom this and wmagnetic susceptibility
data forsmloeted it as am ionic compound (ﬁ@%)aiﬁnﬁléz").

ihe far infra-red data on the &u@lﬁﬁ” andon
{tablio 3) shows a good agreement between the potassium
and niterosoniuvm salte as would be expected, for
dgonorphous compounds.  Yhe 310 @m“& band ie
prosumably the Vg mode,

N@aﬁb@lﬁ

This compound, and the previous one, both

prepared by reaction of nitrosyl chloride with the

high valency metal chloride, in carbon teotrachloride
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solution (Bheinboldt © Vasserfuhe 1927). ﬁ@nﬁbﬁlﬁ ie
pale yellow, and stable to heat, Like the chiloro-
stannate coupleo, it is nore stable to hydrolysis than
its flue analoguo ﬁ@.SbFe. The far infra-red shows
an oheovption at 348 am?i (table 3) presunably due to
the Va modo

N0 o Bl

cenrarae——

This compound was prepored by Asmussen (1939);
Like %g@iﬁiﬁﬁﬁi; it was Found te be thermally unstable,
and the twe compounds gave similar mapgnetie proportics
which led Asmussen to formulate it as a molecular
addition compounde fiowover, the present work shows
46 to bo a nitrosceoniuw sslb ﬁ@*ﬁn@&a“, although tho
colonr suggests that agunionegation polarisation say
ﬁ@@aw. Apart from the charge transfer system

se” et e—pmot 1’
ne other chromophore is present.

The far infra=ved dota on the anion aprees
guite well with obher far infra-ved data on ZIn{I1)-Cl
band frequencies (table 4). As in O HECLy, it hasg
boen suggested Ghat the gn@x3“ andon is polymeric
(Lowis & Sowerby 1957} but no evidence for this hos

boon obbained,.



Discussion,

(N@)zTiﬁig

Like the chloro-stannate and amtimonate,
(N@)gTiﬂlé is obtained by the reaction of nitrosyl
chloride and a high valency metal chloride, in this
case titanium tetrachloride, in nitrosyl chloride
{Rheinboldt & Wasserfuhr 1927). It is very readily
hydrolysed, leaving‘a'residue of titanium dioxide,
oeven in moist air, It sublimes very readily, even
at room temperature,

It is not isomorphous with its potassium
analogue; all this suggests that a high degree of
anion=cation polarisation occurs, similar to that
postulated by Gerding & Houtgraaf fox Kﬂ.ﬂlﬁlé.

The far infra-red band at 478Icmf"l is due to
the Tiﬁlézm anion but due to the possible distortion
of the anion, it is not possible to assign this band.
Table 1 shows that the range of the NO'
absorption extends over nearly 230 cm"lg Seel (1950)
and Gerdimg & Houtgraaf (1953) explained this in
terns of partial covalent characteri-

o+

HQ B"gﬁlm HN@...@I....MCI. n""l

The partial formation of an Ne(Cl bond like this would
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lengthen the N0 bond and so lower the vibratiomal
frequency of the N0 stretching mode. This explanation
was adeguate to describe the bond frequency differences

in compounds such as NO.H$O4, NO.A1Cl, and Nﬂ.SbClé.

4
In the latter two, partial catiomn polarisation would
occur due to partial N-Cl bond formationy this
would not occur with nitrosyl hydrogen sulphate to
the same extent,

Table 1 shows that this explanation is not

adeguate. The compounds NO.B?&, NO.80,F, NO.C1l0

3 4?
(&O)QPtﬁlﬁ and (N0)26n01® are all isomorphous with
their potassium analogues. This makes it unlikely
that anion-cation polarisation occurs in these
instances since such polarisation would be very
likely to distort the lattice. Also, since in all
cases except the perchlorate, the infra~red spectra
of the anions of the nitrosonium salt and the
corresponding potassium salt are identical, it seecms
most unlikely that any polarisation occurs in these
compounds, yet their mitrosonium ion stretching
frequencies range from 2387 ¢m"1 (N@.BF4} to

2191 em™t (NO) ,SnCly .



No clear trends in nitrosonium ion frequencies
are evident ﬁrom ?ablﬁ 1 3 din general, it appears
that salts of fluno-acids give higher frequencies than
salts of oxy~acids, which im turn, give higher
freguencies that salts of chloro-acids. Also, the
observations mentioned before about the greater
tendency towards hydrolysis of (Nﬁ)zﬁnFé and NOSbF .
than their chloro-analogues, suggests that in the
latter instances, the nitrosonium ion is less
ﬁu@eeptiﬁle to nucléuphilic attack by water
moleculesy this could be due to polarisation
oceursing to lower the electiropositive nature of
the catlion, but this would probably distort the
lattice, and with (N@)ZSnﬁlé, this has been shown
not to be the case,.

Obviously the Ffactors influencing the
nitrosoniun ion stretching frequency are very complex,
and two interactions may be responsibles= |

1. Cation ~ Halogen interaction.

2. Catlon ~ Central moetal atom interaction.

in cases involving hexa~co~ordinate anions,
the latter Amnteraction is unlikely to be very
important, since the central metal atom is well

shielded by halogens; <©this will probably be the case
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with four co-ordinate anions also, Cation-Maebtal
atom interection may well be dmportant in some of
the lower chlovo-metal salts. Shielding by
halogens 1ls unlikely to be so marked and, if
pelyneric anions do ccour in any of these instances
as has been suggested {(Lewia & Soworby 1957), the
compounds could well have a layer lattice struecture
as has %e&ﬁ shown to enxist in {Eﬁ4)iﬁgﬂlg (Hormsen
1938), in which both types of interactlion are
possible,

There is little correlation bebtween the
atability of the compound, either towawrds hydrolysis
o btowards dissoclation, and its sibrogoaium ion
absorpblon frequency. The fluoroesalts showed
Little tendemcy towards disscecliation, and the
majority of the chloro-salts tend bo dissociate
fairvly readily, irrvespective of nitrosoniun ion
Frogquency. Mony of the fluorvowsalts with high
nitrosonium dlon frequencies hydrolyse extremely
readdly, but in seveval cases hydrolysis may
involve the anion, which forms oxide or oxyfluopide

species.
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All of the clilorc-adducts except (Nﬁ)thCié,
(N@}2$m$1@ and NO.ShCL, gave additional bands at
1800 mmfl, and these were originally assigned to
m@ﬁalq__-ﬁﬁ% bonding. However, the bands were not
present in fresh samples and increased dn intensity
with time; dissociation, giving nitrosyl chloride,
with subsogquent iafra-red absorption by aitrosyl
chiloride seoms a more probable explanationiw

WO MCL, —bM.CL, 4 + NOCL
though isomeric change mey occur,

The x~ray data (table 2) shows that the omnly
nitrosonium salts of hexs co-ordinate anions
isomorphous with their potassiun analogues, were twe
of bthe chlovowsalts, Nome of the fluo-salts exhibited
dosomorphism. Complex halides generally have
structures based on cleose-packing of halide ioms and
cations. The radii of the fluoride ion and potassium
ion ave equal {1.334); that of the nitrosonium iom
i 1.40 when spherdical, hence a fluoride domn lattice
is unzble to accommodato nitrosonium ions without
distortion. The radius of the chloride ion is 1,81A
and this is large onough to accommodate the

nitrogsonium don in a chloride-ion lattice, and enable
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it to achiove spheorical symmetry by rotation,
Nitrosonium fluoborate, fluosulphate and perchlorate,
isomorphous with their potassium analogues, do not
have close-~packed stractures.

The faf infra~red spectra of the anions
studied (tables 3 «b § ), do show the presence
of m@talnhaleg@n bonds, but give no information about
the structure of the anions. If an anion stf is
planar it has Bsh symmetry; if dimeric, with an
A12616 type structure, the symmetry is V, . In the
former case, three of the four vibrational modes
would be infra-red active, in the latter case eight of
the eighteen modes would be infra-red active, In
practice, several of the infra-red active modes of
the aniom of Vh symmetry are deformation modes of such
low frequency that they came below 200 em“l, the
lower froguency limit of the investigation, In
addition, decomposition in the nmujol mulls
complicated the spectra, and resolution of the
instrument was often poor, Hence only the major
infra-red bands conld be obtained,

In the chloroplatinates, the bands observed
may be the Vs(aﬁﬂ cm“l) and V4(265 cm”l) modesy these

are the only infra-red active modes of an anion of

H



of the Pﬁﬁléz“ type (Qh symmetry group) and theo va
vibration is usually the highes% { Nakamoto 1963).
Hence the bands observed in the chlorostannates and
in nitrosonium chlorcantimonate are likely to be the
Va modes also.

The 370 en™t band in nitrosonium chloroferrate

will be the V, mode of theutetrahedral, or distorted

3
tetrahedral Fe@l4" anion,

‘Since the structures of the anioms Cull,”,
an13', Hgﬂls“ and Mh013“ are unknown, it is not
possible to assign the observed bands for these

compounds .
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EXPERIMENEAL

Nitroeyl chloride was prepared as described in
the experimental section of the following chapters
bromine trifinoride was prepared by bubbling chlorine
trifluoride through bromine at c. @06, until the dark
colour of the bromine had been rﬁpiaueﬁ by the strawe
colourof pure bromime trifluoride., The reaction
usually took 1 = 1} hours for 20 - 30 mls. bromine.

It was found that reactiom proceeded most smoothly if
the initial temperature of reaction was 15° - zﬂaﬁg i.e.
about room temperature, The reaction wae allowed to
proceed at this temperature for 10 - 15 minutes,
théreafﬁer being cooled to 0%,

All the nitrosonium fluo-salts were prepared by
Woolf's method (Woolf 1950) and the potassium fino-salts
by that of Woolf & DBmeleus (1949).

(N@)aﬁeﬁﬁ

Nitrosyl chloride, in about 207 - 50% excess was
transferred by vacuumedistillation imto a silica
reaction flask contéinﬁng germanium dioxide, The flask
wags removed from the vacuum line and bromine trifluoride
added dropwise through a copper funnel, with the rﬁaaﬁion

mixture cooled Lo - 184°C (1iquid oxygen temperature).
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When an excess of bromine trifluoride had been added the
reaction was allowed to come up to room temperature,
After the reaction had stopped, the excess nitrosyl
chloride and bromine trifluoride was removed by
distillation in vacmo at 80° - 90°, A white solid
remained,

Analysis: Found N:10,9% (N@)ZGeFé requires N:ll.47.
ﬁO.VFé

This was prepared as above, using vanadium
pentoxide instead of germanium dioxide. A white solid
was the reaction product,

Analysiss Found N:6.2% NO.VF, requires N:7.0%.
The low value in this case is probably due to the
rapidity with which NO.VF¢ hydrolysed,

NO . BF
—u——ﬂA

Bromine trifluoride was reacted with boric oxide
and nitrosyl chloride, as described above. The white
product remaining was analysed,

Found N:1l,6% NO.BF, requires N:12.0%.
NO.BbF

Bromine trifluoride was reacted with antimony
pentoxide and nitrosyl chloride; after removal of
excess solvent a white solid remained,

Found N:5.0% NO.SbF, requires Nij§.2%.
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Bromine trifluoride was reacted with phosphorous
pentoxide and nitrosyl chloride; this reaction was
violent, inflaming at times. (n removal of excess
solvent a white product remained,

Analysiss Found N37.8% NOWPF, requires N:8,0%,
NQ.S@BF

Nitrosonium pyrosulphate (Nﬂ)28207 was dissolved

in bromine trifluoride., On evaporation of excess

solvent, a white solid remained.

Analysiss: Found N3ilO,5% ﬁﬂ.%@sF regquires N:10,8%,

(NQ)ESMF6

Stannous chloride was dissolved in bromine
trifluoride and excess solvent removed in vacuo at 200°C
to give stannic fluoride. This was veacted with
nitrosyl chloride and bromine teifluoride to give, on
evaporation of excess solvent, a white solid,
Analysis:s Found N:39.3% (%@)aﬁﬁFé requires N39,6%.
N@.A5F6

PRS-

Bromine trifluoride was reacted with arsenious
oxide and nitrosyl chloride. After removal of excess
solvent, a vhite solid remained,

Analysis: Found N36,1% NC.AsFg requires N:06,4%.
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NO.BiCL, .
W—n&-—u—&i

This was prepared by the method of Rheimboldt &
Wasserfuhr (1927). Nitrosyl chloride was transferred by
vacuum distillatiom into a Carius tube containing dry
bismuth trichloride, The tube was sealed in vacue and
the mixture raised to room temperature, On careful
removal of solvent, a yellow-orange powder remained.

If too high a vacuum was applied, dissociation occurred

yielding bismuth trichloride,

Analysiss N:3.6% Cl: 36.2% NO.BiCl, requires N:3.7%
Cl:  37.0%.

'(Nﬂ)afzog

Nitrogen diéxida, whose preparation is described
in the experimental section of the next chapter, and
sulphur dioxide, were separately vacuum distilled into
Carius tube, at - 184°C. After sealing the tube, the
reaction was allowed to progecd at room temperature for
24 hours (Hart-Jones et al 1929). A pink-violet solid
resulted which became white on evacuation. The éelouw

was presumably due to Nzgj-imﬁ.

Analysiss Found N:10,0% (Nﬁ)z$2ﬂ7 requires N:10.2%.
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NQMaCl

AR BN AL R T

Nitrosyl chloride was transferred by vacuum
distillation dimte a Cardus tube containing anhydrous
NANEANOUS @hl@ri@e, prepared by heating Mh@lg.ﬁﬁée at
15@6 - 200° for several hours. The tube was sealed
and the minture raised to room Lemperature; on
ovaporation of excess solvent, a golden soiid remained.
Analysiss
Found N:7.1% Cl:55,0% NG.MnCla requires N:7.3%

CLi55.1%.

KO o CI.LCI 2

Nitrosyl chloride was transferred by vacuum
distillation into a Carius tube containing cuprous
chloride, and the tube sealed off. On raising to room
temperature a black solid and solution resulted, which
on evaporation of excess sclvent gave an ochre solid,
Analysis: N:8,3% Cl:42.6% NO.Cull, requires K3:8.5%

Cl:43.1%.

NO, HeCL
i |

Nitrosyl chloride wasz transferred by vacuum
distillation into a Carius tube containing mercuric
chloride, and the tube sealed, After reaction at room

tenperature, excess solvent was carefully removed to



leave a roede-brown solid. ELf too high & vacuum was
applied during this stage, all the nitrosyl chloride was
renoved leaving mercuric chloride,

Analysiss |

Ns3.8% CL230.1% Nﬂ.ﬂgﬁ13 requires N:4.2% CLl:31.6%.

HOLALCL
M

Nitrosyl chioride was condensed omn to anhydrous
aluminium chloride in a Carius tube, and the tube sealed.
After reaction at room temperature the excess solvent
was remévad under vacuun, leaving a white solid.
Analysis:t
N3s6,7% €L370.6% ﬁ@.&l@l4 requires N:7.0% Cl:71,3%.
(mﬁ}zptﬂlé

Nitrosyl chloride was condensed on to
chloroplatinic acid Hth616. Hzﬂ in a Carius tube, and
tho tubo scaled, Aftor reaction at room tenperature
the excess solvent was removed and a yellow~brown solid

remalined,

Analysics

H35.9% Cl:45.6%  (ND),PiCl, requires N:6,0% Cli45.57.
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(NO)  PAC

0) Patl,

Hitgonyl chloride was condensed on o poalladous

ehloride im a Carius tube gnd tho tube sealed. Aftor
roagtion at room teanperatura, the oxcoss solvont was

removed, lLeaving a red-brown solid.

Mnndysios
Hi9.0% €is46.3% (WD), PdCl, requires He9. 1% CLlsg46.15,
W FeGl

Nitrosyl chleride was ﬁ@nﬁ@nwwﬁ on o anhydrous
'ferwi@ ehlovide in a Corius tube, and the tube sealed,
Aftor roaction at roon temperature, reamoval of oxeess
polvent Left o yellow-gehro selid,
Amalysiss
Hah.d¥ CL:62.0% HO.Foll, roguires Ned.2¢ Cls62.30.
(50) y8nClg |

Nitrooyl ehloride, a&@nﬁig chlioride and earbon
%@&ﬁa@hlawiﬁa wore separately distilled into a reaction
flask (100 wl.} in vacus. ey air was admitted and
the reaetion allowed to come up to room temperature,
wher o pale yellow solid rapidly separated out, -
Bxeens nibtrosyl chioride and carbon %e%ma@hlﬁri@@ were
renoved dn vacuo and the pale yellow solid renaimed,
Mnnlysias
He 88 Cls54.07 {Nﬁbgﬁuﬂlé reguires He7.28 CLls54.4%.
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Rﬁ.&hﬁﬁﬁ

OIS IO ORI T

This was prepared in a similax ménuew-to the
above, using antimony pentachloride instead of stanmic
chioride. ‘The yellow solid product obtained was
analysed,

Analysis:
N:23.7% C1:58,2% NO.SbCl, requires N:3.8% C1:58.3%.

Nitrosyl chloride was condensed on to zinc
chloride in a Carius tube, in vacno,; and the tube sealed.
After reaction of room temperature, removal of excess
solvent left a pale yellow product which tended to
dissociate on application of a vacuum,

Analysiss
H:0.,6% Cl:152,0% H@.Enﬂls requires N:6,9% CL:52.7%.
(Nﬁ)gTiclé

Nitrosyl chloride, titanium tetrachloride and
carbon tetrachloride were transferred separately by
vacuum distillation into a reaction flask. bry air
was admitted and the reaction mixture raised to room
temperature, when a pale yellow solid separated out.

Excess carbon tetrachloride and nitrosyl chioride were
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renoved in vacuo,
Anmly&i@a
NeBo.272 CL365.4% iﬁﬂ)zﬁi@lﬁ reguives N38,7% €1:66,3%.

Eroparati ﬁ@ﬁﬁmmiﬁﬁﬁiﬂm.ﬁﬂlﬁﬂb
K. Gel
M

Potassium chloride and germanium dioxide were
mixed imn & . 234 wole ratio, and placed in a silica
veaction flask, Bromine tyrifluoride was added.
dw@pwié@ ufhitil an excess was presenti the heantieﬂ
took place at wroom t@myar@tnré and the excess solvent
was removed in vacume at 200°C. A white solid remained,
Analysiss
Ge:27.4% K Gek veguires Geoid7.6%.

K.VF,

Potapsium chloride and vanadium trichlofide in
a 13l molé ratio (for prepavation, see chapter om
vanadium group meﬁalﬁ} wvere reacted in the samne manner
ap ahove, ‘A white solid was obtained.
Analysiss V‘aﬁ V2@5324~$% R.VFg requires Ve25.0%.
K.ﬁbyé

AR

Potagsium chlogide and antimony pentoxide in

a 231 nole ratio were reacted in the same manber as above
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A white solid product was chbtained.
Analysiss
8b:43.9% K.SbFg requires Shidd.4%.

K80, F

PR

Potassium persulphate K23208 was dissolved in
bromine trifluoride. On evaporation of excess solvent
as abovey; a white solid remained.
Analysis:

S%123.2% K.SOF requires S:23.2%.

3
Potassium chloride and phosphorous pentoxide
were reacted in a 2:1 mole ratic with bromine trifluoride,
and the excess solvent removed, as above, A white
solid remained.
Analysiss
F = 60.,9% KPFg requires ' = 61.9%.

Kgﬁnﬁg

Stannd e fluoride was prepared by reacting
stannous chlopride with bromine trifluoride and removing
the excess solvent at 200°C. This was then mixed with
potassium chloride €$mﬁésﬂﬁi = 132 mole ratio) and

treated with bromine triflucride as above. After
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removal of excess solvent at 200°C a white solid
remained.,

Analysis:

Sus38.1% K,SnFg requires Sns38.3%.

K.Am?a

Potassium chloride and arsenous oxide were
mixed in a 2:1 ratio and the same procedure followed
as with K GeF, etc, A white selid was obtained,
Analysis:

A133.0%  KAsF, requires AS:32,97.

Kz$nﬂlﬁ

A solution of hydrated stannic chloride was
made up in concentrated hydrochloric acid, potassium
chloride added, and thea chlorimne bubbled through with
constant stirring. The solution soon turned yellow,
and pale yellow eorystales started te be precipitated,
The reaction was stopped after 40 - 50 minutes and the
super-natant liquor allowed to settle, before most of
it was decanted. The residue was filtered by suection,
washed with glacial acetic aecid, then ethanol and
finally ether. The bulk of the ether was removed by

rapid suction, and the remainder dried in vacuo, The
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product was a pale yellow solid.
Amalysiss (
leSZ.Q% K,8nCl, requires Cl:51.9%.,

Y-ray photographs were taken in Lindemann glass
capillaries with (u-K, radiation; the photographs were
measured visually, but calculation of Sin’0 values and
indexing of powder lines were carried out on a Ferranti
Sirius Computer, using programmes developed by Russell
(1963).

Infra-red spectra were measured as mulls in
florube grease using calcium fluoride windows, It was
found that even the most reactive nitrosonium salts
were fairly stable in florube mulls, The nitrosonium
salts tended to decompose very readily in nujol, even
when rigorously dried, and also in hexachlorobutadiene,

All preparations of mulls had to be carried
out in the dry box, Spectra were measured on a Grubb
Parsons DBl spectrophotometer, using sodium chloride
optics,. All the values of nitrosonium ion freguencies
tabulated (table 1 )} were calibrated against a
polystyrene spectrum, usimg the 3.4%p.and ﬁ,zﬁp,bands

as references,



TABLE 1

COMPOUND
NO.VFg

MO.BFg

NO.SBF g
NOJPF
0450,
(NO)QSnFé
NQ-A&Fé

HSO
NG, HS 4

ﬁﬂogFé
NﬁaMﬁFé

Nﬂ.BiCld

(ﬁﬂ)zvﬂﬂlé

N0.6104

(80} (N0, ,. (5,0, )
(80) ,S,0,

NQ.MHClS

NG;@“Clz !
NG&Hg613

NG‘AICI4

(Nﬂ)gPtﬂlé
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NITROSONIUM LON STRETCHING FREQUENCILES

V(N0+) in om™t

2391s. shoulder at 2336.

2391s. shoulder at 2328.

2387s. 2341 (&%)

2385b, shoulder at 2342.

2379s. '

2377b.

2342s.

2340s.

2340 (a): 2311 (b) PgER oman

2333 Leasured as (c)

2331 sublimed films

2331b.

23308,

2313 (d) Raman spectra.

2308, 2277 (d) Raman. spectra.

2278s. shoulder at 2294.

2271b. |

2271b.,

2268b

2242s. shoulder at 23703
2236 (a) Raman spectra.

2201s.



IABLE L contd.

NO.SbCL g 2189s.,
NO.Zn€l 2187b.
NO) ,TiCl, 2165b.

ALl data obtained from the present work, except
(a) Gerding & Houtgraaf 1953.

(b) Angus & Leckie 1935.

{(c) Geichmann et al 1962.

() Gerding & PEriks 1952,

(e) Sprague et al 1960,

(£f) Evans et al 1964.

The letter i ~ indicates nitrosonium compounds found

to be isomorphous with their potassium analogues.



TABLE 2 X-RAY DATA

ORTHORHOMBEC STRUCTURES

o
Unit Cell Dimensions (A)

a b ]

N@.§F4 8.88 §5.64 7.03
1}

8.79 5.66 7.10

K.@§4 7.83 5,67 735
2)

7.85 5.68 7.37

m@.ﬁﬂqﬁ 8,71 6.20 731
K«S@gﬁ 8.58 5494 7.34 3)

8.56 5.95 733

CUBIC STRUCTURES

[¥]
a (A)
{Nﬂ)23n616 10.24
10,14
(N@)E?tmlé | 11,27
K. PtCL 11,20
2 6 2)

11,18

ALl present work except -

1) Klinkeaberg 1937.

2) Wykoff, 'Crystal Structures!.
3) Sharp 1957,

89

Unit Cell Volumes
¢ 3
(A7)
352.2

326.3

403.9
372.8



TABLE 3 ' VB MODE FREQUENCIES IN NITROSONIUM

COMPOUND
(N0)28n616
Kzﬁnﬁlé
(Nﬁ)thﬂlﬁ
KgFﬁ016
Nﬂ.ﬁb@lé
Nﬂ.?eﬁ14
($2H5)4N.Fe@1

4
(c2m5)4N 2FeCl4

SALTS OF CHLORO~ANIONS

v (cm-l)
310

312
267,300
265,300
345

370

378

282

a)
a)

lower values are
probably the V4
modes
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TABLE 4 METAL~CHLORINE STRETCHING FREQUENCIES

IN NITROSONIUM SALIS OF CHLORO~ANIONS

KO, Gu@lz

(62H5)4N 2@&814

6lgﬁuﬂlé

3
(Gzﬂs)&ﬁ 23n€1

NO.ZnCL

4

e

N@.mn613
(czws)4m zmn¢14

(VD) ,TiCLg

8 =~ gtrong n - medium

ALl present work except =

a) Clark & Dunn 1964.

245
a)
247m; 268s; 280sh, )
a
256mg 288sh.
270
a)
273s3 281m,
a)
285m3 292s.
268 a)
282
261
478

sh « shoulder



TABLE 8§

COMPOUND
NO, BF 4

Re E;E" 4
NQ,§@3F
K ™ &03%
NQ;PFé
Kopﬁé
Rb«PF 6
@ﬂd??ﬁ

Ag . Pﬁ;’é

(Nﬂ)zﬁﬂﬁél

K Snlg
NO.SbF
K.SbF,

References
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PLUORO=-ACID SALTS: INFRA-RED DATA ON ANIONS

BANDS (@m‘l}
770w, 106ls, 1075s, 1305w, 1790w. a), b)
771w, 1032w, 1058s, 1072s, 1302w, 1784w.
13008, 12828, 10708, 731s.
12098, 12775, 1073s, 732s.
8345, 740s.
845 a)’ 74i@) (Raman active)
8458, 802w, 740~720w, £)
843s, 802w, 740-720w. )

c)

830-840s, 740w. £)
547

552 9

660

660

a) Cote & Thompson 1951,

b) Bdwards et al 1955.

e¢) Sharp 1957.

d) Peacock & Sharp 1959.

e) Uoodward & Anderson 1956,

£) Sharp & Sharpe 1956.
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CHAPLER IX

SOLVENT PROPERTIES OF WETROSYE CHLORIDE AND DINITROGEN TETROXLDE

THE RITRATO « LLGAND

The majoribty of the reactions described in the
foliowing chapbters are effectively solvoelysis veactions of
metal and non-metal chlorddes, in either nitrosyl chloride
or dinitrogen tetroxide solutiony in some cases metal
bromide - nitrosyl bromide reactions hav& been attempled,

In the case of a metal chloride/nitrosyl chloride
reaction, it is possible to write the following general

equation

MCin + NOCL ———> MCLn « NOCL (1

f,0., an adduct is formed which may reaclt either with

another molecule of nitrosyl chloride or the metal chloride;
in the formeyxy case an adduct of the general Tformula

MCIn, 2NOCL is formed, in the latter case 2%61n.NOQ1..

When a variety of products are formed, it is normally possible
to manipulabe the reacblon to give a predominant yleld of

one product by varying the relablve comncentrations of the

metal chiorlde and nitrosyl chloride used,
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y With dinitrogen tetroulde solvolyses, the
\
sitvation is more complex due to the possibllity of more
reactions occurring and hence a greaber varideby of products

helng formoed. The indtilal reaction gtep is of the typei=-

Mﬁiﬂ,m a n.ﬁzﬂﬂ; —.——bm{m@g?n +  nNOCL 2

The nitrosyl chloxide may then react with the
metal chlerdde to yield adducts such as MCL, NOCL as inm
reaction . |

It ds possible thabt the nitrabte M{Nﬁg}n may undergo

geveral types of decomposition or dissociabion, vizie
I —_— N . '
u{{m%?n Mmz{ms?n»z kN0, 3
In this case the oxidation nimberof:Mincreases by two.
Also the dissocliation

: . LA
9«1(1\3@3}“——» MO (10 N0, + /2 0,

i

3?&«3 4

¢can cccur, im which the oxidation state of M is unchanged.
Reaction 3 dis obviously Ffavoured when the
original oxnldabion sbteabe of the metal is not the highest
possible; also, the M - 0 bonds formed are usually aultiple
bonde and have considerable bond strengéh. Since no such
bonding exists in the pure nitrates, this makes the
formation of the oxynitrates in vreactions 3 and 4

thermodynanically Favourable. Whether a particular metal
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nitrate will undergo reaction 3 or 4 will depend on
the relative stabilities of the oxidation states formed,
the most stable one being favoured. The nitrate and
oxynitrates formed in regotiomns 2 , 3 , and 4 are all
potentlally capable of forming adducts with dinitrogen
tetroxide; thus the variety of products which can be
formed is potentially very large. Particular cascs in
which this situatlion appears to occur will be dealt with
individually in later chapters.

Reaction 2 Aillustrates the production of
nitrosyl chloride in a dinitrogen tetroxide system.
As the concentratvion of dinditrogen tetroxide falls, the
concentration of nitrosyl chloride increases. It has
been shown that, with uraniuwm, the solvolytic behaviour
of nitrosyl chloride/dinitrogen tetroxide mixtuwres is
markedly dependent on the ratio of the components
(Addison & Hodge 196la). These workers found that dinitrogen
tetroxide will not react with uranium except in the
presence of nitrosyl chloride, but that up to a
nitrosyl chloride percentage concentration of 85%, the only
product was Uﬁz(mws?z.Nzﬂ4g At nitrosyl chloride

congentrations above thia 802612.N061 was formed,
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In metal chloride/dinitrogen tetroxide systoms,
the amount of nitrosyl chiloride formed iz dependent on
the concentration of the metal chlerdde; this ls evident
from eguation 1 . Henee the composition of the nitrosyl
chloride/dindtrogen tetroxide mixbure at any stage of such
a reaction is dependent on the original metal chlovide:s
dinibrogon tetroxide ratio, and thus the produects formed
may also be dependent on this ratio.

These are, in all cases, reactions in dimitrogen
. getroxide or nitrosyl chloride solution, in which the
reactbant specles invariably appear to be lons, in the former
case, 80" and N@sﬁ, in the latter NO© and ¢i”.  In the
gas phase reaccions are markedly different since the
reactive species are either N@z radicals or NOCL molecules.
To illustrate the difference in gas amd liquid phase

reactions, the reaction

Ni (CO) A + 2NOGY —> NiCl, + 4CO - 2NO

2
oceurs dn the liquid phese, while the same components give
dichloronitrosyinickel (L) in the gos phase (Addison &
Johnson 1962); nickel namé@nyl yeacts in the liguld phase
with @imitwaé&n bebroxide to give to m&(m&$gz.amgaa, whereas
in the gas phase the product is nickel dinitrite Ni(ﬁ@zbz.
(Addison & Sutton 1963). The subject of mimvugen.di@xida
free radical reactions in this context has been reviewed by

Addison (1962),
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When nitrabe groups are involved in metal systems
they oan exist elther as free nitrabe lons, or as bonded
nitrate -~ ligonds. Straub et al {1962) have pwrepared
dinethyl sulphoxide comnplexes of mangenese, cobalt and
wickel which combtain the anlons M{NQQ%Q &~

M = Mny, Co, N. 3 cationic complexecs conbaining the
nltrate « ligand have been postulated in 5%{\“uw; o
As{No 3% a * and Sb( NQ 3 } 4 * catdous respectively
{bohnicke 1964). ‘The first workers to cxamine the
infraved spectra of nitrabes were Miller & Wilkina (1952),
who were abtempbing to characterise the band frequencies
of the mitrate lon. They amassed a considerable amount
of speecbroscopic data bub did not make assignments of
any bamﬁm, though they noted that a héuﬁd absorption in
the 1300 « 1400 @m”& region seemed tarhé chavacteristic
of mitrate Lon.

~ The infrared spectra of nitrates havé been more
fully examined by Gatehouse et al (1957), Addison &
Gatebouse (1L960) and Katezin (19062). The symmetry
propertice of the free nitrate ion and the co=ordinated

nltrate « group are set out belowsw
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nitrate = group

Synmetey ﬂzv

By co-ordination of oune oxygen atom, the

symnebry of the nitrato ~ group is lowered, relative to

the free ion.

The nitrabe ion has 4 fundamental frequencies}

these have been assigned and the {requency ranges obtained

{(Gatehouse et al 1957; Addison & Gatehouse 1960).
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The sane workers have carried oub a siwilar analysis for

“he co-ordinated nitrato-group

NITRATQwGROUP

TYPE RAMAN  INPFRARED LANGE (@m—i) ASSTGNMENT
Ay gst | Ce 739 NO, banding
Ay (Vl) all asctive 1200=212523 N0, symmetric
e " streteh
Ay (Va) 1034970 N0 strecch
B, (Vé) : §00-7381 non~planar rock
By (V4) 153331481 NO, asymm.
" i streteh
ﬁx (vﬁk e 713 planayr rock

Effectively, cowordination of the nitrate ion, and hence
conversion into nitrato-ligamd, has split the VS vibratiap
of N03“ ion into the V, and V, modes of the nitrato-group,
the gymmetric and asymmetric stretéhing modes of the

~N0g groups alaa; the V4 vibration off the Nﬁam fon haa been
split into the V3 and V5 modes of the nityato-group, which
gives a much smaller splitting than that due to (Vé - Vl).
The lowering of the symmeblry by ea¥ordination has rendered
the symmetric N=-0 sgbrebching mode, infraved inactive in the
nitrate ion, active in the co~ordinated ligand as the

Vz vibration,
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From the preceding tables it is observed that for
both free nitrate ion and the cowordinated nitrato-group,

bands occur in the 700«750 @m*l

PEgLON. The nitprato-group
shows the V. band at a quite significantly Jower range
{781-800 @mml)th\ﬁha Vz ndbrate mode (830 &mwibn In both
imstan@e@,'baﬁds oceur 4n %h@,l@ﬁ@ en“t pogion bui the
Vl mode of the nitrate ieon is only Reaman active, hence
presence of a band in this reglon of tho iufprared spectrum
is a good indicabion of co«ordinated aitrato-groups.

Finally, the V3 band of the nitrate iom at 1390 cmfl
is split into two widely meparate bands in approximately
the 1500 cm“l and 1270 o™t regions in bthe co~ordinated
nitrato-group and this is used as the primary evidence for
the presence of co~ordinated nitrato-ligands.

The amount of the (V 4_-*1!1) splitting in the cow
ordinated ligand is dependent on the extent of deformation
n@au&@ﬁ by cowgxdination. e m&talnliggé@ bonding ia wealk,
ligand deformation will be small and the subsequent splitting
will alse boe small. Thus it is possible to use the
magnitude of this splitting as a roughly gquantitative guide
to the covalency of a nitrato-complex. Katzin (1962) has
studied the spectra of several nitrates in ﬁwiﬁutylphéaphate
solubtion and has found that even with obviously ionic

nitrates, some splitting of the V3 vibration of the nitrate
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2 & y . o
lon ccoursy; but this wes of a magnitude (less than 05 om 1)

that covld be explained by electrical asyometry. When

oy

the splitting was greater than 125 em 7, 4t was stabed thab

e
o
»

sigodficant covalency occcurpred, and the higher this
splitting, the greater the exbenbt of covalenvy.

Several compounds are known in which a €V4mvl}
splitting greater than J00 @mfi cccurs, which can be baken
to indicate high covalency in the compound. Alsw, cases
have been postulated in whﬁah the nitrabo-group behaves as
a bidentabe ligand, in trinitretomobium oxide (Field & Hamddy
19630) and anhydirous chromium trinityrate (Addison ¥ Chapman
1964) .,

Bisitrogen penboxide is kpouwn to exist iv the
solid stote as nitromium nitrate mug* ﬁ@S” {Teranishi &
beciug 1953, 1954) and in nitric aclid disscclates into the
Same ions. {Mill@ﬁ 1950b) Lt would thus be expected to
be a good roagent Lor inﬁrwﬁu&iﬁg the nitrate or nditratos
group into metallic compounds and it has boen employed for
this purpose (Schmeisser & Lutzow 1953; Schmeisser &
Eii@har 19573 FPerrareo et al., 19555 Gibgon et al. 190603
Field & Hapdy 1902, 1903a,b; Addigom ¥ Chapman 190643
Bagnall et al 1964). In gemeral, it is a much more useful
reagent for in&redﬁc&ion af nitrate groups, than is

dinitrogen tetroxide, since the side reasctions are, much
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fover. The initial reaction stage in the solvolysis of

a metal halide by dinitrogen pentoxide is
MCln %-nmgos —_—D M(Nea?n + nN0261

The nitryl chloride thus formed does not tend to foram
adducts with the metal chloride in the same manner as
nitrosyl chloride. Also the tendency to form adducts with
the metal nitrate is much smaller with dinitrogen pentoxide
than dinitrogen tetroxide, though the adduct Th(Nﬂ334~
2N205 is stable up to over 100°C (Ferrars et al 1955), and
an tﬁis case is more stable than the dinitrogen tetroxide
adduct .
' The adducts of the tLypes M(Ngs?n' N204, and

MCln, NOCL are analogous; the former refers to the
dinitrogen tetroxide solvent system, the latter to the
nitrosyl chloride system,

However, the two systems are hot entirely analogous,.
For instance, Zinc Chloride forms the adduct ZnCl,.NOCL,

which is structurally Nﬁ$. ZnCl With dinitrogen

3

tetroxide, zinc nitrate forms the adduct zn(Nﬂs)z.zméﬂés

no 1 ¢ 1 adduct in this system is kmown. Morcover,

although this adduct dissociates in solution, thus
. + Ly
“5“(3""3?2“ 28,0, —>(NO ?2 + zn(ms%

(Addison & Hodge, 1954b)
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the dinitrogen tetroxide is believed to be present merely
as a 'lattice compound! in the sollid state (Addison et al
&958); Several &mh@wpinatamaea oeour whevé analogy is
not complete, and it is thus not possible to draw too
many structural conclusions on various adducts om the
bastis of analogy with other solvent aystens.

With many of the sollid products obbtained in the
reactions described in later chapters, infrared examination
in vigorously driod nujol m@lls was not invariably accurate
due to the deconmposition and in many cases it was
necessary o determine bands due to the original compounds
by observing the time dependence of the spectroscoplic bands.
Field & Hardy (19063,b) have also n@teﬁ'ﬁhisg they reported
that nitrate-compouvnds tended to nitrate anjold aﬁﬁ

postulated a radical mechanism broakdownte

MOJNO,  ——P MO A ﬁaz

which Addison (1962) had Wepovtaﬂ; Florube was a much less
reactive mulling agénﬁ but its range was rather limited
(4000 - 1350 on™t).

The prap&%a&ianm of nitrosyl chloride, nitrosyl
bromide and dinitrogen tetroxide are described in the
axgemim@ntal section of this chapter. Although nitrie
mxidm dees come idnte a different aa%egory than these

reagents, it ieo also described here for convenience.
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BEAPERTMENTAL o

As mentioned previocusly im this chapier, it ds
highly important that nitrosyl chloride used in solvolysis
vreactions should be free of dimitrogen tetroxide, and
vice versa.

The preparations of nitrosyl chloride, nitrosyl
bromide and dinitrogen ltetroxide are described below,
NETROSYL CHLORYIDE,

Nitrosonims hydyrogen sulphate was obtained by
reantion of sulphur dlowide and nibric acld for 4 ~ 6

houvrs ab c.@°c,

HNO 3 + &?»03 £ HO LHEOC A

The yellow zolid was rapidly flilbterod by suctionj
1t was thea mized inbimately with deied sodium chloride,
During this stage the reaction was frozen down to prevent
too much loss of nitrosyl chloride due to the following

reactiong~

NO GHEO A + NaCl —D NOCL <+ NalSO 4

The npitrosyl chloride evolved was condensed in a
“irap ab n7SQCg at this temperature any hydrogen chloride
iupurities are not condensed oub,

The gas phase spectyun of the nitresyl chloride
gave bands asg followsie

1818 m, 17998, 1740 m, 738, 746, 758 (s). (ew™1)
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The fdrst three of these bande avre due to the
=0 bond stretebing mode and the gplit bands cenbred
about 746 mm“l are due o the N-LGL strebtehing vibratlion.
HERROSYL BROMIRE

The analogous reaction to the above fopr the
preporabion of nitrosyl bromide was unsabisfactorys the
N@,H$@4 / NabBr had to be heated to 50V » 60 o get steady
witrosyl bromide evelubion, and the following reactions

oooUrerad

NO LS04 <+ NaBy b NO By -+ NalsSs

4
SNO, By > 2NO ng
LrRA T - P 3 1 —_— 3
ARG 4 @2 > zm@zxr——— N2©4

The nitrosyl bromide dissociabtes quite easily, and
the nitric oxide formed reacted with atmospheric oxygen
as shown, to give nitrogen dioxide impurity, which
gondenses out ag dinitrogen tetroxide with nitrosyl bromide.
As will bhe enlarged upon later; the presence of dinitrogen
tetroxide ifmpurities had a considerable influence on the
vanadium bromides / nitrosyl bromide sysbems.

The most satisfactory method was the reaction in
vacuoe of nitrosonivm pyrosulphate and sodivm bromideg
the reaction proceeded quite steadily at 110%-130°, 1he

volatile products were cosmdensed ocub at 198%,
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(mm%zﬁza? + 2NabBy —> Nazﬁzﬁ? + 2NOBx
Obviouwsly; atb 120%=1307, nitrosyl bromide dissociates
markedly but im this systom no abtmospheric oxidabion can
cacuir, and the product appear to recombine at low

Lonperaturos.

2NOBr g 2ZNO + By

2
The imfrared spectrum gave strong bands at 1768 cm‘l
yi .
and 1760 om™" due to the =N=0 bond stretohing frequencies,
-,

and o weak band at 1880 em © due to nitric oxide.

DENITROGEN TETROXIDE,
R Lead nibrate was heated strongly, and the dinitrogen

tetroxide condensed cut in au@tana/@@z.

3yh{ﬁm3?z —P2PhO <+ aNo, + 0,

The ianfrared spectrum shows strong bands at 16908 cm"l

”‘ 9 » '3
and 1208 cm 4 due bto asymnmetyric and symmetyric stretehing
modes of the beunt niterogen dioxidep alse a weak combinational
. nid ‘ r i - m:q- L3 -_y WLy
band at 2890 em ™ dis presend,

Henee, if dinitrogen totroxide is present as an
inmpurity dn sdias.,? TLl oL A willl be ersily
distinguishable from the ges phase infraved spectrum, and
for this reazon, gas speebtra were run on every batch of

nitrosyd halides and dinitrogen Letroxide prepared.
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NIZRIC OXIDE

This was prepared as in Inorganic &yntheﬁe$9V01ﬁma 2,
P.12065 the reduction of sodium nitrite by acidified
forrous eulphate solution in the absence of oxygen,
Acidified ferrous sulphate was added dropwise to sodium
nitrite solution, the system being previocusly swept out
wibh nitrogen, the gas was evolved steadily, passed through
concentrated sodiuwn hydroxide to remove traces of niitrogen
dioxide, then passed through phosphorus pentoxide tubes
to remove water vapour; and condensed in a trap cooled down
in ligquid oxygen (at = 184%¢). The nitric oxide separated
out as a very pale blue solid. Any formation of ngﬁragan
dioxide dune to leakages in the sy&tem, was very easy to
follow because of the brown coleration produced.

Iﬁ all the above cases, the product was redistilled
in vacuo over phosphorus pentoxide at least twice, before

reactions, to remove residual moisture,
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CHAPTER ITIX

REACTIONS OF NITROGEN OXIDES AND WLTROSYL CHLORIDE WITH
LEWES ACIDS OF GROUPS LLIB, XVB, AND VL.

BORGN TRIFLUORIDE/NITROGEN (XIDES

Niﬁwag@n oxides are known Co react with Lewis
acids such as boren trifiweride (Bachwonn eb al 19553
Sprague et al 19603 Kuhny& Olah 19013 0Olah & Tolgyesi
1961 Evans et al lﬁﬁﬁ). These products can be
formulated as adducts of the reactants, and because of
their abllity te act as nitrating and nitrosylating agents,
they vere formulabed as salts contaioing nitronivm orx
nitrosoniwn ions and complex anions. |

Bachmann, from a sbtudy of the nidtrating propertles

of the B'N mampiwxa formnlated 1t as ﬁ@z% .
mﬁg,maz 5 the composition of the product was independent

of the reaction phase, L.ece gas, liquid or solute phase.
Later, Kuahn & Glahliigéi) opserved that the same complex

had altrosylabting properéies, and from Raman invesbigabions,
suggested that the LU wltid-w wag an equilibrium, vizi-

s - e -
Nﬂz Bi;‘s .NO‘?’ NO BP3.N03
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Sprague and his collieagues (19060) suggested,

from infrared and x-pray observations, that the reaction

+ X

product was NO NG, . (BFS)ZQK" 5 the anion in the

latter case was postulated to have the structure
B K 2o
AN -

B—Q —B ——F

- \,

and s0 for x-ray purposes would be very similar to the

B

tetrafluchorate don,

Pinally, Evans et al (1964) showed that the
reaction could be explained without recourse to
postulating conplex anion formation, They studied the
reaction of boron trifluoride with dinitrogemn trioxide,
tebroxide and pentoxide, and their conclusions can bo

summarized thusi-

r [ % g? !n 3
Nzﬂg/ﬂl“s > NO.BF, + borates 1
N, 0 4/3521'3 ——> NOBF, + NO, ,Br 4 + borates 2
3 ° 5 'i" 5 & ]
ma%/w:g —— N0, JBF 4+ borates 3

In all these cases the main products were
nitrosonium or nitronium flucborate with only small
guantities of borate species being formed, Reaction 2
explainsg why the BFS.N£04 adduct possesses both nitrating

and nitrosylating properties,



Other geactions involvimg boron halides which
have been studied aregw
1. Boron trichloride/Nitrosyl chloride,

0lah & Tolgyesi (19061) reported the formation of
a solid complex when these caﬁponﬂntm react at ~50°C;
the solid disisociates abt room temperature, The infrared
spectrum shows a band at 2123 cm”l and so the compound can
be regarded as ﬂﬂ* . ﬂ614“

2 Boron trifluoride/Nitrosyl chloride.

These components react in liguid hydrogen chloride
solution to give a product of composition HFs.Nﬂﬁi, which
ig orange, and sublimes with dissociation at 25%¢
{Waddington & Klamberg 1960)., The infrared spoctrum

3

showa a band at 2338 cm * which indicates froe nitrosonium

ton, hence Waddimgton & Klanberg formumlate the adduct as

o . BE

36&“ « However, Kemmitt et al (1963&?, on the
basis of infrared and nuclear resonance stidies on
haloborates, conclude that there is no definite evidence
for the existence of mixed haloborate aniun@.

Since the nitrosonium ion is colorless, the orange
colour of this complex implies that sigvificant anion -
cation charge transfer must occur,

Comparing these last two adducts with nitrosonium

fluoberate, the order of thermal stability iste«

110
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NOJBF, ) o JBF 4C1 > o BCL,

as would be expocted, The fall in the nitrosonium ion
vibraﬁiomal frogquency suggesbs that anion-cation polarisation
depends on the nunbey of chloride groups presemt in the
anione. o

In addition Waddington & Klamberg (1960) report
the compound m&* . E(Czﬁﬁ%smln s which gives én
abunormally high infrarved band at 2480 um*& which i
assigned to the nitrosoniuvm ion, but ne mention is made of

its stability.

GROUY IV H&LZKE}E;%/ NETROGEN QXIDES
The reactions of silicon and germanivm halides
have not been studied in the present worki however, DRevin

& Perrot (19§8) demenstrated that (ND),5iCL, and (Nﬁ)ZGeﬁié

could not be formed by direet interaction of silicom or
germaniun tetrachloride with nitrosyl chloride. Waddington
& Klanberg (1960) confirmed this, attempting to react the

components in liqgeid hydrogen chloride,

Stannie Chloride/Nitric Oxide,

Nitrosyld chloride reacts with gstanncus chloride
o give anitrosonium hexachlorostamate Qmﬂ)gﬁnﬂlﬁ. Iz
any intermediates such {H@%zﬁ&ﬁié ave formed, thoy do not

xist long enocugh im the presence of nitrosyl chloride



to be studied,. Nitsde oxdde ond stannic chloride wore
reacted in carbon tetrachloride to see if any such
ifntermediates could be dsolated. A white solid was
rapidly precipitated gilving a very weak abgorpbtion in the
freec nibrosoniwn jon region but ropeated analyses were
inconsistent. Ko othexr bands iun the infrared spectyum
vere observed. It appears that these reactions are best

explained thust=

ﬂm@14 e ZND — ﬁnﬂlﬁ 4+ ANOGL

SnCl 4 ¥ ZNOCL —b> (NO) o8nC1

Thus the main produet is stannous chloride, with a small
guantity of nitrosonium chlorostannate, accounting for

the woal: N0+ abzaorption.

Stannic Chloride/Dinitrogen tebroxide.

This reaction gives at least two products. Ib

vas carried oub as a possible means of obtaining anhydrous

stoannic nitrate Sn(Nﬁs%@. The reaction had already been
carried out by Partingteon & Whynmes (1949), who obtained
an adduet which they formulated SnCl4. 2.5 NO,, which
was probably a mixture of produchs,

The present work gave a white solid, insoluble in

dinitrogen tetroxide which could not be sepavated by

112

sublimation. It was highly moistwe sensitive, hydrolysing

with copiocus evolution of mitrogen dioxide, indicating
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the presence of nitrosonimm lon. The infraved spectrum
gave a sbrong band at 2200 @m“lg and bands in the 1250 cmfl
and 1600 @m"& regiong which conld be tho Vi and Vé modes
of a covalently bonded nitratoegrouns Other bands wepe
present at 1000 @mm& and 800 @mf&, The product was
Tound to contain chloride so that Lt could not be a simple

nltrato compound. It would appeay that the followlag

types of reaction cccurredis

SaCl, + 4N, 4 —_— m{mg)é + ANOCL

’u

SaCl, + 2NOCL -——4>(NQ)E$nﬁlé
n(Nﬁ&)ﬁ e N’Qé —p adducta,

The dnfrared gpectrum definitely indicabes
covalently bonded nitratoegroups but cannot he regarded
as conclusive.

En addition the scaction

. " ,, 4
&m(Nﬂg%é Drﬁnﬂ(ﬁﬂggz t N304 N /202

may ececurs this type of disseclation s known o occur with
titanium tetranitrate (Gutmann L9506). Hence, as pointed
out previously, this type of resction can yield several
producta, hmalysis, together with the above data, suggests
primarily a aixture of btetranitratobtin and mitrosondum

ehloroatannate.
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GROUP ¥ HALIDES/NITRCGEN OXIDES

Provious work in this field has been carried out
on adducts of dinitrogen betroxlde wilh arsenic and
antimony penbafluorides {(Aynsley et al 1951); phosphorus
chlorides and oxychlorides with dindtrogen totroxide
(Kiement & Wolf 1955)3 arsenic aad antimeny teichlorides
with witrosyl chloride {(Lewis & SBowerby 1957; Waddington
& Klianberg 1960)3; and the antimony pentachloride/mitric
exide reaction {ﬁ@w@m 1954).

The present work i&veivaﬁ the partial study of
the reactions of phosphorus pentafivoride with nitric oxide

and dinitrogen tetroxide.

Phosphorns pentafluoride/nitric oxide.

These react to give a very small yield of a
white product wvhich rapidly decomposes with evolution of
nitrogen dioxide fumes. No studies were possible on
%hiﬁ; but it may be similay to the HF3.ND and SGS.NO
adducts reported in the libraturej these may be further
examples of compounds conbaining one electren bonds

(bues 1952).

Phosphorus pentafluoride/dinitrogon tetroxide,
Theae react in the liguid phase very readily at
room temperature to give immediate separation of a white

@olide This gave a very complicated infrared spectbrum
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due to decomposition taking place in the Nujol mull,
Decomposition even occurred in flonbe mulls. leasuring
spectra as a function of time it was possible to assign
the following bands to the mixture of complexes believed
to be formedie
3700w, 2390s, 2360(8h), 1780w, 1700w, 1120m, 1030s, 840s,
740m, 0660m, (all Gm#li

This &uggm&t&"thaﬁ a mixture of nitrosonium and
nitronium gpecies were formed, and the following

apsignnents can be made en this basiss=

o

3700 - (v +V,) No, " don

2390 - v, N0, " ion

2360 - v ¥o"  ion

1760 - not assignable

1700 = possibly 2Vg PF(;‘

1120 ) w P o § multiple bond

1030 % stretching frequencies
840 h - probably V, PR,
740 - probably V, PFé" (strictly infrared

inactive)

660 - ¥V, N@z* ion

Nitronium fluchorate and fluwoantimonate have been shown

to give spectra agreeilng guite well with these assigmments
(Cook et al. 1960?. Values for V, of the nitronium lon
vary from 2387 en™t (Cook et al 1960) in the fluoanbimonate.,
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The existence of the nitrondum ion is supported by the
wealk combinational band at 3700 emﬁlg Coolk et.al (1960)

also report a band at 855 om™t

assigned ao V3 of the
filvophosphate don. In addition, Shorp & Sharpe (1950)
report that the spectra of the fluophosphates of |
rubidium, caesiunm and silver give bands in the 340 o™t
and 720=740 cmfl regions, As stated in a previous
chapter, the spectrun of mitreosonium fluophosphate shows

bande at 834 et and 740 L, Honce Lt seems reasonable

=1 and 740 em~t to the

to assign the two bands at 840 om
Vs and Vl modes of the fluophosphate ion. The bands ab
1120 am"l and 1030 amml suggest the formation of phosphate
entities involving P = 0 aultiple bonding, possibly
leading to polyanion formation. It will be seen that this
reaction is analogous to the boren trifluvoride/dinitrogen
tetroxide reaction in that a mizbure of nitrosonium and
nitronium speciecs are apparently formed.

Hence the behaviour of anlltrogen oxides with
Lewis Acids bears a strong resemblance o the behaviour of
nitrogen oxides in strong acid systems, which is coverediin
the introductory chapter,
Phosphorus trichloride and oxytrichloride/dinitrogen

tetroxide.
Phosphorus trichloride reacted violently with

dinitrogen tetroxide at about 0°C to give a number of
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products . One of the velatile products of ¢he reactidon
was phosphorus oxytrichloride identdified by ite melbing
point and bolling polnt, The sollid residue could not
be FPurther purified and luconsisbont analyses suggested
a mixbture of products.

Reagtion of dinitrogen tebroxide with phosphorus
oxychloride yielded one product in the solid residue,
analysing as ?@4Nﬂl.

The infrayed spestirun showed the following bandsie
3700 vw, 2380 sh, 2250 s, 1600 w, 3050 = 1000 s. (all em™t),
" @Given the formula (POQNCI) n? aind assuming phosphorus to
be in the +5§5 oxidation state, a reasonable sbirugture for
the above compound incorporating nitrosonium lons camnnol
be formulated unless nitroaium iong exiat slso.

Assuning n = £, the following formula is possiblesw

wo*] [w0,*] [ e,0,01,%]

in which the complex anion involved could have the

following structured=

0 c1 2=
/
0—P—0—F —0
/
ci. ~a

Any structures containing «0.N0 or =0.N0, groups linked to

the phosphorus atoms wonld be easily distinguishable from
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the infrared spectrum. The gas phase reaction botwoen.
phosphorus btrichloride and nitrogen dioxide has been
sbudied (Klement & Wolf 1955) and as might be expected the
reaction course is slightly different, since nitrogen
dloxide radicals are now the reavtive speciecs., The same

may possibly occur dn dindbtrogen tetroxide solution, bub,
ag has been obsorved previously, the reactive species in
bhe liguid phass always appear to be iﬁﬂé.

Klement and Wolf postulate the inltlial formation

of a highly reactive radical intermediate which can

dissociabe in bwo waysie

—P Cl P o= Q,NO

<N\

?013 + Nﬂz

?ﬂﬂl 4 NOG P@Gl 4+ NO
NG,
u “ (<9 (ot N & P
| POCL | |
0— ?-—-Q,N@ —_—d > —F -0 <+ N —PO-P-0-P-0
C.L (J" cL cl,l,

Reaction of phosphorus oxytrichloride with
nitrogen dioxide yields P,0,NCL, (Kienent & Wolf 1955),
presumably by a similar type of mechanismy no structure is
suggested foxr the species. The above mechanism could
operate in dinitrogemn tetroxide solubion with initial

cleavage of N204 speciesy or attack cowld be by nitrate don,
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gliminating chloride ifong with altrogen dioxide evenitually
cleaving from the reaction species. This would give

largely the samg ieaction pabiern.

Other reactions studied involving phosphorus chlorides
weres» |
Phogphorus pentachloride/Dinitrogen tetroxide,.
This reaction gave a white $olid; stable under
pressure, buﬁ which rapidly dissociated aﬁ room temperature

and atmosphoric pressure,

Phosphorus trichloride or pentachloride/mitrosyl chloride.
Attempbs to form PCL, N0 specles and to form

o™ yﬁl@” were not successfulg the former roaction gave

only phogphorus pentachloride; and no sign of reaction

ocoenrred in the lattor case,

ARSENIC TRICHLORLDE/NITROSYL CHLORIDE,

This reaction waz found to give two products, a red
liquid, AsCL,.N0, and a white solid stable under pressure
of nitrosyl chloxide but which dissociated at room
temperature and atmospheric pressure.

Lewis & Sowerby (1957) studied the arsenic
trichloride/nitrosyl chloride equilibrium and Ffound
evidence for the formabion of o weak complex Amﬁlg.zmﬂal;

o which the vhite zolid observed inm the present work



may correspond, Waddington & Klanberg i&@éﬂﬁ caryied
out the reaction in liquid hydrogen chloxide and obzerved
only the species Aﬂ&&é.ﬁﬁ with no other adduct formabion.
Their compound A$€14.Hﬂ was a red liguid,; with g stroang
infrared absorption at 18060 et indicating co=ordinated
nitrosoniom ion, the present work confiirms this.

The gas phase specbryum gave a strong bond ab

- w “..
1852 om

in good asgreement with Waddington & Klanbergt!s
value, The volability of the compound (boiling p@inﬁh
60° ?GQ) indicates monomeric structure, implying that
argenic s tripositive and penta « cowordinate,

The structure of this may be based on a

hexaco~ordinate arsenic atomy, with a palr of electrong

oceupying one of the positions, viziw

%

cL s

(¥

o

i
NO

As yet, there is no proof that the wnitrosyl group is
bonded to the arseuic abom via the nitrogen atom, or that

the As

NO system is linear. This system conld
possibly be similar o the anilrosyl halides, which are

bent molecules.
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ARSENIC PRICHLORIDE/DINITROGEN TETROXIDE.,

These react rapidly to give a white solid and
a little of the compound Aﬁﬂ14.mﬂ mentlioned above}
the solid amalysed as Aﬁ(N@g?g-ﬂgQéw

The postulated reaction scheme follows the

normal pattern for this type of reaction.

&3013 + 31332% —b m(mggs + 3NoC1

A&a(mﬁa?g*% mz% —“‘“fb Aa(ms}g.%%
A&%GQMS% NOCa — > AsCL é.m

Ag with the reaction products in similar aystemﬂ;
the compound decomposes in Nujold mulls, and tine-dependent
gpectra were wsed to assign the following bands to the
compound &a(Nﬂg?a.N294=~
2220my 1850wy 1L0613my 12523 461283 805s; 750w,

Assuming that the adduct is the nitrosonium salt
{N0$) iAm(mﬂg)éﬁ)g the following assignments can be madosw
2220 = vﬁz@"’" )

1850 -~ (v, + V) nitvato « group

1613 = V4 mi%wa%@wgr@mp

1252  ~ ¥V, ndtiabo-group

LOL2 Vz nitrato=~group

805 = Vg nitrato=-group

750 w VB o V

g nibrato group,
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The bands assignments are sabtisfactorily in agreement
with the ionic formulation, and the (V4 - Vl) splitting,

in the anitrato-group, of 361 am“l

» indicated a high
degree of covalency in the Aﬁ(NO3?4* anion, on Katzin's
criterion (1962).

Attempﬁé to obtain the anhydrous mnitrate
AS(N03?3 by heating the adduct were unsuccessfuly the

only products were arsenic trioxide and nitrogen oxides.

ANTIMONY PENTACHLORIDE/NITRIC OXIDE

This reaction followed initially a similar pattern
to the analogous stannic chloride reaction) i.e. reduction
Cocoursie

ﬂbﬂlg “* 2N0-—w%>$b813 -+ 2NOCL 1

Unlike stanneus chloride, antimony trichloride is
soluble im carbon tetrachloride, the reaction medium, and

the second reaction ist=
,s»sbcls + NOCL — ShCl. 4.1:@0 2

This compound wags first prepared by Waddington and
Kianberg (1900) who reacted antimony trichloride and
nitrosyl ehlaride in liquid hydrogen chloride; in addition,
the compound (N@?z $h015 was observed in this sysbten,

which was not observed in the present work.

122



123

In the present work,; also it was found that the
following reaction interflered when the antimony

pentachloride concentration was too highgw
ﬁbﬁls + HOCL —— NO.SbCL G

However, when low concentrations of antimony pentachloride
were used, it was found that practically complete reduction
(reaction (1)) occurred, before reaction 3 became

significant,
1

The infrared spectrum of SbCL,.NO gave a band at 1900 cm -,

agreeing with Waddington & Klanberg's formulation of this
as a covalent compound combaining =Sb-N=0 bonding, though,
as in AaCla.Nﬁ, bonding to the central atom could occur
via the oxygen atom.

The gas phase reaction of antimony pentachloride
and nitric oxide has been carried out, and the product
reported to be a yellow crystalline polymer (ﬁhﬁls)zmﬂ n
(Bowen 1954), but no structural data were given, He
reported that when the reaction mixture was cooled to
~196Q€, a purple colorabion appeared which vanished above
-410%¢C, Thie purple coloration is typical of fons
involving one=clectron bonds; d.e. of the type méﬁz*,

formed undey pressure of nitric oxide by the reaction

wot4 WO £=$N203% (Seel et al 19533 Scel & Sauner 1957).
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Thus Dowen's coupound is likely %o combaln nitrosonium
jons and naoy be a mixture of compounds such ag

NO.SbC1g and HO.SHCL .
ANTEMONY PENTACHLORIDE/DINLTROGEN TEYROKIDE

This reaction is difficull to study for the
reasons outlined in bthe previous chapter, i.e. many
competing reactions ocounr and most of the produacts are
solids and difficult to separabe,

Infrared examination showed evidence for
formation of nitrosonium and nitronium lons, and covalently
bonded nitratowgroups, bubt no products could be
satisfactorily isolated. Heating caused degradation
to the pentoxide with evolution of nitrogen oxides, and

no products could be sublimed out,

ADDUCTES OF ARSBENIC AND ANTIMONY PENTAFLUORIDES,

Arsenic and antimony pentalluorides have been
shown %o react with nitrogen dioxide (Aynsley et al 1951)
to form adducts analysing as &aﬁs.mﬁg and Sbﬁﬁ.mﬂg but
nothing is known of their structures. These appear to
he definitely single coapounds as ASFS.Nﬂa sublimes ab
599C without decomposition, and nitrosonium and nitronium

fiuwcarsenate sublime abt much higher temperatures than this,
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Whereas reactions of the bype MCL /N ﬁ# always
seem to Linvolve considerable replacement of chioride by
miﬁ@aﬁéwgr@upﬁ, this ccours only to a very small cxtent
A€ at all, with MP /m 204 veactions. In general MX /zsg 4
reactions (Mscentral metal or nonemetal atomy X=halogen)
can ocour in the following waysss
Le Salt formation

Mxm P NZGQ-“__>N09MKn$1 4 ﬁﬁa.wkn%1 + MOX speciep

2. Adduct Formation
\ ”;&_ — S >
MK hmgﬁé DMK N0, ¢ these could be ionic
3, Substituiion Reavtions

Mﬁ % mmzﬂé-——4>EA(N03)

The firsb two reactions do nob involve M«X bond

+ nNO X

fisgion and the pevond would be favoured by a high
concentrabtion of N@z radicals and thus by gas phase reaction.
Fluorides undeyrge these reactions ( 4 and 2 ) preferentially,
probably on account of the higher M«F bond aﬁrength,
compared to the MGt bond, Also, it is possible that
reactions of bype 3 are favoured because of the free
energy of formation of nitrosyl chloride compered
vitrosyl filuvoride.

Considering fluorides, boron trifivoride and
phosphorus penta=~fluoride came dnto categoery 1 , with

arsenic aand antimony pentafluorides inm cabegory 2 .
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Both the reactlion types involve the fluveride behaving

as acceptorsy electrostatically the latber two will be

the stronger acceptors bhecause of the lower electronegativity
of the arsemic and antimony abom, but it is difficult to

see how this favours wN@E co~ordination, rather than
fluoride fon co~ordination. Conclusive statements are

not possible without a knowledge of the structures of

the Asﬁs,mﬁz and ﬁh?s.mﬂg adducts, Also, 1 is possible
that under exnactly identical reaction conditions, all

these compounds would react similarly.

NETROGRN OXIDE/SULPHUER OXXDE REACTIONS

These reactions can be consldered as coming into
the same category as the ones previously discussed, siunce
sulphur dioxide and trioxide can bobh behave as lewls
acids; gulphuy trioxide; in pavtieunlar, is highly analogous
4o boron trifivoride and phosphorus pentafluoridete

Do

) A
L » v !

T
4

PP, + " ——DPF,”
W

BF, + R

Sulphur dioxide also tends to behave similarly
but in this case the sulphite species produced ave very

suaceptible to oxidation to give sulphabes,
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Reactions bebween sulphur trioxlde and nitrogen
oxides have been extensively covered by several workers
(Goddard et al 1950: Lehmamnn & Kluge 1951; Gepding &
Briks 1652), and are highly similar so the aitrogen
oxide/sulphuric acid systems studied by other workers and
discussed in the introductory chapber.

The peaction bebtween sodiuw nltrite and sulphur
triloxide yields on vacuum distillation N§03.3$ﬁ3§ and
similer treabment of the pobassium nitrate/sulphur trioxide
migture yields ﬁ2&§@&5@3 {(Lehmann & Kluge 1951}. The
latter product disscciates at 60PC to N205’3Sﬂ3 and
sulphur tirrioxide; also some N394.3363 is Yormed,

Gerding & Eriks (1952) examined the N,0,.350

2042350,
adduct and from the Raman specbrum assiguned the structuve
(Nﬂ*)(z«ag"*’)(a‘sg%@g“)g bands at 1400 em ™+ and 2277 em+
were assigned to the V, and Vg modes of the nitronium ion,

and an absorption at 2308 cm”1

was assigned to the
nitrosoniwn ion.
Similarly, the other complexes were assigned Lhe following

structures
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. + . 2
Wy ;0 380, - (wo, )‘_g (s 404 "‘w
dn ?ua L G 5{.5 G E E-
a8 € ¥
N,0;.450, (z«soz )z {"*4913 )
. Y o D .
H,0 4350, (N0 *?ig g%amz*g G+ B
o e e 2 ¥
IO £ 250, (wo,")  (us,0, e ) G

G - Goddaprd eb al 1050
G+ B o« Gerding & Belks 1952

L + K «» Lehmann & Kluge 1951

It will be seen thabt these reactbions fall inbo the
same pabtern as the nitrogen oxide/strong acid reasctions in
that dinitrogen trioxide adductes yield only ndtrosoniun
compounds dinltrogen pentoride edduet give only snibromium
compounds, and dinitrogen tebroxide gilves mined spoelies.

The reaction between sulphur dioxide and dinitrogen
tetroxide {Hart«Joaes et al 1939) is slighitly different,
due to the susceptibility of sulphur dioxide to oxidations
the product is piltrosonium pyrosulphate (Nﬁ)?& G7, 50 an
oxidation=reduction muat haove ocourred.

e is significant Chat ali the snitrosounium and
nitroniuw sulphates prepared so far, conbain polymeric
anionic spocies. MJ(N%?2$04 is known ﬂﬁartwﬁame& et al

1929),; neither has (N03)580,; been isolated in the solid
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sbate, though in the former case the hydrogen sulphate
N@.ﬁﬁﬁé is well knowrn. No explanations have been pub
forwvard for this, though poseibly the high tendency of
ﬁﬁa tetrahedra to catenate is comtributary; the role of
the cations is not clear.

Lehmann & Kluge (1951) have put forward tentative
reaction mechanisns for the ﬁélﬁ& formed involving initial
adducts Formation, followed by heterolytic dissociationg
this seems unlikely in the instances where sulphur
trioxide is reacted with nitrates or nitrates, Also,
taking the formation of nitrosonium pyrosulphate as an
example, the reasction proceeds fairly slowly, and a
mechand, si involving ions might serve @qually; pince the
goncentrations of jons in liguid dinitrogen tetroxide

and sulphur dioxide are known to be small,

Selenium Oxide/Nitrogen Oxidos. .

One of the earliest nitrosoniuwm salts to be made
was (N@?aﬁaﬁé {Lenher & Matthews &9@6?'wh0 prepared it
by reaction of excess liguid dinitrogen tetroxide with
83% selenic acidi a blue solid erystallises out,
d@énmpoﬁing shove =13°C, The deecp bilue colour suggests
that this may nob be (Nﬁ%)g ($m042“) but may contain

covalently bonded nitrosonium groups also this coloration
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could be due to the N,0," lom, but this would put the
seleniuwa atom in unusual oxidation state.

whe gelenitum analogue to nitrosyl hydiogen
sulphate was prepaved by Meyer & Wagmer (1922) by veaction
of excess diunitrogen Urioxide with pure selenic acid,
This is analogous to the dissociavion of diniltrogen
trioxide in sulphuric acid to give ﬂ0¢ and H$04” ions.
NO.HSe0, is much more sbtatic than (M@§2$a64 but less g0
than the hydrogen sulphate.

The reactions of selenium tyioxide with nitrogen
oxides are similar to those with sulphur trioxide except
that no mixed nitrosoniuwm-nitronium species could be

formed, (Kempe et al 1904).
3&03/%0 g —b (angz&aesﬂw
Se 3/3'1‘2@3 —_— (m? 2@‘?3@20?

The latter product, with a limited amount of water,
gave No¢.ﬂﬁazﬂ7“. These compounds were all assigned their
gtructures on the basis of Raman spectra.

Attempts to prepare nitronium selenate or the
hydrogen selenate were unsuccessful (Goddard et al 1950).
The compound (Nag ) (HS@zﬂ?“) vas formed, possibly

bocanse the dissociationd-

4+ -
2 (o, ) (15 ) -——b(l"@;? (Mﬂez%“? + HNO,

OTOURE ¢



EXPERIMENTAL

Stannie¢ Chloride/Nitvic Oxide.

Nitrie oxdde, fTormed by the reduction of sodium
nitrate solution with ferrous sulphate (Lunorganic
Syntheses Vol 2, p.i26), was bubbled into stannic chloride/
carbon tetrachloride solution for approximately 30 minutes.
The white sbilid analysed largely as stannous chloride.

Foundi~ 5mt33.1% CL165.0%3Stannous chloride

requires Snid6.8%C1:163.2%,

Stoonic Chloride/Dinitrogen tetroxide.

Excess dinitrogen tetroxide was prepared as
mentioned bofore, amd redistilled twice over phosperus
pentoxide in vacuno, before being condensed imbo a Corius
tube containing distilled stanuvie chloride, frozem down
in vaouo, The tube wag gealed off and the reaction
mixture allowed to come up to room temperature., The
gascous products were pumped off after iroezing down the
reacbion again and opening the Cardius tube, and the solid
residue examined. The analysis of Creghly prepared
samples corresponded roughly to a L ¢ 1 (Nﬂ)28n616.
sn(Nﬁa?é mixture,

Caleulateds Sn 31.4% C128.3% tobal N 12.9% mﬂs“ 33.0%

Found 2 Bn 33.1% CLl24.7% total N 15,2% NO 30.0%

3

L -
ﬁ\i:;,‘;ﬁiﬁﬁ*"" R T e L
.

3

131



132

Phosphorus Fentafivoride/Nitric Oxide.

Phogphorue pentafluopide was prepared by heating
Phosflorogen {OzarkeMahening Col.ltd.,) and condensing oub
the impurities in a@&t@m@/@@zg it was puwrified by
redistillation at e.=78%C, Wieric oxidde was prepaved ag
before and the two reactantes condensed inbto a bomb in
vacuoj at «196° €.  The reaction was allowed to come
up to room teaperature, then the boub was covacuated and

the solid produet examined.
Phosphorus Penbafluoride/Dinitrogen tetroxide.

The twe reactants were prepared as before,
redistilled separately in vaowo over phosphorus pentoxide
and condensed into a Carius tube atb wlgé“@. After raising
to room temperature, ab which stage reaction occwrred,
the sysbtem was recocoled to 198° and the gas products

pumped off and the solid produeits examined

Phosphorus trichloride or Phosphorus oxychloride/
dinitrogen tetroxide.

Eh@ﬁ@h@ﬁéﬁ btrichloride and dinitrogen tetroxide
were condensed in a Carius tube as in other ﬂyﬁtemé énd
the reaction allowed to come to0 room temperature,
Phogphorus oxychldrid& waé isolated amongst the volatile

products by fractionation in vacuo, after removal of
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excess dinitrogen tetroxide and nitrosyl chloride at

«23°¢ (carbon tetrachloride slush bath) and characterised

by its melting and boiling pointas (11t“1.25663 found

0.9%C. (1M.P.) s 1it: 105,1°C found: 205.0°C (B.r.))
Th@n&ulid product from the phosphoius a#&&hloride/

dinitrogen tetroxide reactlion, obbained im the similar

manner to the other reactions, and was analysediew

Found (%) ?321.&9“ Nt 2,86 CLs25.50. (PQANQl)“:raquiras
Pe21,38 Ne 9,790 Cl225.49

Argenic Trichloride/Nitrosyl Chloride
Nitrosyl chloride, prepared as previously, was
dried over phosphorus pentoxide in vacuo and condensed,
in excess, dinto a Carius tube Gontaining distilled
arsenic trichloride, inm vacus at ~196°C. The regotion
mixture was raised to room temperature. On evacuation
of the reaction mixture the thhe solid wap soon to
dissociate. The red liquid was condensed in a trap ab
*?%QC, and the system opened to the atmosphere, On
raising the room temperabure, excess nitrosyl chloride
boiled off.
Analysis of red liguid: Found(%)As: 20,0 Cl: 56.2
| Ns 5.8
Awﬂlﬁ.ﬂﬁ regquires Ast 29,8 Cls: 56.4
N o5
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Arsenic Trichloride/Dinitrogen Petroxide.
Arvsenico trichloride and dinitrogen tetroxide
were separately vacuunm distilied into a Carius tube,
which was then scaled,and the: rosction mixture raised
to room temperasture., A white soldd rapidly precipitated
out at room temperabure, Afber QVaeﬁatiﬂm of excess
solvent, this was transferred to the dry box and
exanined,
Analysis Founds Ams 21,0 N: 19.5 N932 71.1
AE(NQS%S’zmagé required Ass: 21,3 Nt 19.9 NO,3 71.3

AnGimony P@mtaahlbwida/ﬁiﬁri@ Oxide.

A stream of nitric oxide was bubbled through am
antimony pentachloride (5 gms)/ carbon tetrachloride (100 mls)
solution for 30 « 40 minuﬁeaaﬂ The yellow smolid product
was flitered by suction in a dry box, then vigorously
- removed of all traces of solvent in vacuo, It was then

exanined by infrared spectroscopy, and analysed.

Analysis found (%) Sb & 39,3 CL 3 47.0 N s 4,06

At concentrations of anbimony penbachloride imn
the region of 10 gms/100 mls carbon tetrachloride, or
above, significant quantities of Nﬂ.ﬁbCié started to bhe

Formed.
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Antimony pentachloride/Dinitrogen tetroxide.

These were reacbed in a Carius tube in a similar
manner to the Smﬁl4/mé@4 reaction, amd the gaseous
products removed in vacuwo, and the solid products examined,

Analyses of the reaction product mintuwres were
highly inconsistent; but there was considerable residual

chilorine in all cases.

Pinitrogen ﬁetrexide/&ulphur ﬁiﬂxid&.

These reactants, aseparately dried in vacuoe, were
condensed in a Carius tube and reacted at room temperature
for about 24 « 30 hours, Tthe solid residuc had a purple
tinge due pwmbably to Nﬁ®2+ ion formation; on pumping down

this vanished, leaving (N@}z$267

Found (%) N s 11.5 S s 26,0
Caleulated for (mnvggaz% N 3 117 S s 26,9
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CHAPTER IV

REACTIONS OF NITROGEN OXIDES AND NITROSYL HALIDES
WITH COMPOUNDS OF TITANLUM AND ZIRCONIUM

The Group IV Elements Titanium, Zirconium.

The first studiés on thﬁ'behaviour of titanium
compounds in nitrosylating systems were by Rheinboldt &
Wasserfuhr (1927), who prepared (NO),1iCl, by reaction
of titanium tetrachloride and nitrosyl chloride in
carbon tetrachloride solution. This has been shown,
in Chapter I, to be (N@+)2(Ti0162“).

Partington & Whynnes (1949) demenstrated that
the same product (N0)2T1016 was obtained from reacting
nitrosyl chloride with either titanium tetrachloride or
trichloride,

In addition they carried out the reaction
between dinitrogen tetroxide and titanium tetrachloride
and reported that the products were probably a mixture
of the adduct (NO)ZTiCIG and titamium dinitrate
%i(ﬁ@s)z. The existence of the latter compound seems
highly guestionable since the Titanium (II) oxidation
state is a very strong reducing agent, and with a

highly oxidising group like the nitrate aniom present,

3
. f
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immediate oxidation~reduction of the type

Ti(NO,), —b 70, + N,0,

scems very probable.
The formation of (Hﬁ)2@i916 would be due to
reactions of the type

TiCl, + 4N, 0 ——%-Ti(N@s)é + 4NOC1

4 274

2NOCYL + TiClL, —b (N9)2Ti€116

4
Gutmann & Tannenberger (1956) confirmed the formation
of (N®}2@i616 in the titanium tetrachleride/dinitrogen
tobtroxide reaction systemy they sbtempted to propare
titanium ﬁatéanitrate by reaction of the taﬁraiadéd@
with dinitrogen tetroxide,

Tild -+ 4&26

— 'Ei(Nﬁg) + 4NO + 212,

4 4
Witrosyl iodide is unknown, hence no undesirable
Qideurea@tionﬁ, involving a nitrosyl halide, could
occur, They belicved that titanium tetranitrate was
a product of this veaction but above 10°C it
dissociated.

. : g Lo
T3(N0,) . —> TAO(NO,), + N0, + §0,.

L

The residue, titanium oxydinitrate, was a white
hygroscopic solid. Ho stractural studies have been
carried out on this compound. It is interesting to
note that it apparently shows no tendency to form

adducts of the type Tiﬁ(ﬁ@s)z.mzﬂ4,



However, the compound Ti(NO,),, tetranitrato-

3)4
titanium, has been prepared by the reaction of
hydrated titanium tetranitrates with dinitrogen
pentoxide (Field & Hardy 1963 b). Infra-red
examination showed the compound to be covalent,
containing nitrato=groups. The splitting VAmVl was
401 cm"l, showing the compound to be highly covalent.
It has a low melting point, 58°C, as would be
expected for a highly covalent compound. Field &

Hardy noted that im mujol mulls, the compound

deconposed even over the period during which the

spectLrum was run. This has been moticed with similar

compounds in the present work. Reaction with

n-dodecane gave alkylnitrate and nitroalkame fractions,

probably due to the tendency of nitrato-groups te

radical dissociation,
o . .
M-O-—N<0__-—{>M~€}+NQZ
as has been mentioned by Addison (1962),

(o) yHiFy

The preparation of nitrosonium fluotitanate

(ﬁ@)gfiﬁé has been attempted previously by the reaction

of titanium metal with bromine trifluoride to yield

titanium tetra~fluoride followed by further treatment
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with bromine trifluoride and nitrosyl chlioride

{(Woolf 1959). It was found that the product was a
mixture of (Nﬂ)gﬁiﬁﬁ and T1F4.x Br?s. | In the
present work nitrosondum chlorotitanate was dissolved
in bromine trifluoride, and The excess of solvent
removed, The product, as with Wooli, was a mixture

of (N0).TiF. and TiF,.xBeF,. Infra-red examination
2 6 3

4
shoved a band at 2308 cm‘l, which would almost
cortainly be due to nitrosonium ion im (N0)2T1F6;
the bromine trifluoride impurity is probably present
as (BrF,") (¥iF ®7).  The Brr,” ion has been
postulated as ocourring in the bromine trifluoride
solvent system (Woolf 1950). |
Zipconiun
By direct reaction of zirconium tetrachloride
and nitrosyl chloride, Devim & Perrot (1958)
obtained (N@)23r016. The present work confirmed
this; (N0)23r616 is a pale yellow powder, fairly
hygroscopic, and an infra-red band at 2188 cmfl
confirmed the existence of free nitrosonium ion so
that the compound could be formulated (N0+)2(Zr6162"),
Reaction of zirconium tetrachloride and

nitrosyl chloride in bromine trifluoride gave

(N0+)2(sz62“); this was confirmed by the presence
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of an infra=-red band at 2310 cm"l. It was cbserved

that the fluo-=salt was wmuch less stable to hydrolysis
than the chloro-zalt, This has been noted before in
the cases of the corresponding stannates and
antinonates. Also, in the present ease, the
nitrosonium don absorption again occurs at a much
higher frequency im the fluo=- than the chloroe
derivative.

No reactions were carried out between
zirconium tetrachloride and dinitrogen tetroxide, but
the reaction with dinitrogen pentoxide is kmown teo
give tetranitrato-zirconium, Er(ﬁ03)4 (Field & Hardy
1962).,

4N205 + ZrCl 4———-—-{>Zr(1\l‘03) 4 + wozcl

Like ite titanium analogue, the zirconium
compound has been shown to contain co-~ordinated
nitra?o—groups. In this case the V4~V1 splitting is
approxzimatbely 350 cm“l, considerably less than that
observed in the titanium compound, but still indicative
of strong covalent character.

In all the above examples imvelving the group
IVA metals, the mebals are imvariably im the -+4
oxidation state, which is much the most stable state

for these metals,
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EXPERIMENTAL
(me)gﬁiagé

?hiﬁ'pr@paratiﬁn is deseribed in the experimental
section of Chapter I,

(NO)ETiFﬁ

Nitrosonium chlorotitanate was prepared as.
before, and about 1.5 gm placed in a silica reaction
- £lasky +then bromine trifluoride was added, with the
mixture cooled down to about -20° (carbon tetrachloride
slush-bath) ., The mixture was allowed to rise to
room temperature and the excess bromine trifluoride
was then removed im vacuo at 80°-90%C, A white,faintly
brown powder remained. Hydrolysis, and addition of
silver nitrate solution, showed that some bromine was
present.,
Analysis:
N:12.9% Ti:23.2% (NO),TiF, requires N:l4.6% Ti:25.0%

(xo

&Z!’Clé

Nitrosyl chloride, dried by distillation over
phosphorus pentoxide in vacuo, was transferred into a
Carius tube containing zirconium tetrachloride, by
vacuum distillation, The tube was sealed and the

mixture allowed to rise to room temperature, when



- reaction took place. The mixture was frozen down
and the excess nitrosyl chloride removed in vacuo.
A yellow solid remained,
Analysis:
Ne7.4% C€L:158.6% (N0)23r816 requires Ni17.7% CL:158,5%
(Nﬂ)zZrﬁé

Nitrosyl chloride, dried as before, was
transferred by vacuum distillation into a silica
reaction flask containing zirconium tetrachloridej
this was removed from the vacuum system and cooled to
- 184°C, then bromine trifluoride was added. The
mixture was allowed to come up te room temperature,
when reaction took place, then the excess volatile
products were removed in vacuo at 80°-90°C. A white
solid remained,
Analysiss
N:10.3% F342.8% (N@)zsz6 requires N:10,6% F:43.2%
In this case the product showed no trace of bromine.

Infra-red spectra were measured, as previously,
on a Grubb Parsons DBl spectrophotometer, and the
spectra were measured as mulls in florube grease. The
gquoted nitrosonium ion frequencies were calibrated

against polystyrene.
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CHAPTER V

THE QROUP VA METALS. VANADIUM, NIXOBXUM, TANTALUM

Lo Vanadinm,

Vanadium is known to exist in the oxidation
states -1, 0, +2, +3, +4, +5. In addition, it has a
strong tendency £or form vanadium-oxygen multiple bonds
of high bond strength in systems containing oxygen-donor
EroUpRSs . The stability of the vanadium-oxygen bond
has a dmportant effect im vanadium preparative chemistry.
When dealing with a system containing vanadinm-oxygen
bonding, it is often very difficult to obtain oxygen-~free
vanadium compounds., Hence, the best characterised
state of vanadium (IV) is as the vanadyl, vo2t cation;
also, several vanadium (V) compounds containing the
VO (IIT) group are well known, ¢.g. the oxytrihalides
Vﬂ?s and V@Cl3, and more recently, compounds containing
the V02+ group have been characterised, (Pantonin et
al 1960),

"It has been noted, in chapter I, that the V-0
boads in vanadium pentoxide can be broken by nitryl

fluoride (Aynsley et al 1954, & Hetherington and



Robinson 1957) and by the nitrosyl chloride/bremine
trifluoride system (Woolf 1950). Probably in the latter
case vhe fluorinating agent is nitrosyl fiunoride, since
the simple vanadium pentoxide/bromine trifluoride system

gives the oxytsrifluoride VOF If this is the case,

3'
the fluerination reactions could be of the typei=

Yor

-

e D A 3] 1 n
2HOF —> VFg + N0 (Or 20

ae L
2 P 62}

3 2 " ®

vor

+ ZNOF -——ﬂ>V&5 4+ HO -+ ﬁﬁz

The free energies of formation of the nitrogen

oxide species NO and NO, may be the driving force of

2
the reaction, supplying the energy for V-0 boad cleavage.
This suggests that pure alkali-netal hexafluorovanadates
could be obtained by a reaction system of the type

NaVo Q/N@Cl/ﬁﬁ?.a .

Another method of 'deoxygenatvion’ of vanadyl’
compounds was discovered im the course of the present
work, in an attempt to prepare anhydrous vanadyl
chloride VOCIQ. The use of thionyl chloride as a

dehydrating agent to convert transition metal chloride
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hydrates into the anhydrous transition metals is well
known {Inorganic Syntheses, Vol. 5, p.153), and this
method was abtempted using vanadyl chloride hydrote
and t£hionyl chloride. The eupected reaction

Vﬂﬂlg.Sﬁ*izﬁ 4 550CL, — VGCE}_z + 55&{32 *+ Sﬂzﬁo

2
did not oecur.

Instead; the products were venadium trichloride,

a little vanadium tetrachloride or oxytrichloride, and

sulphurie acid, It was difficult to ascertain whether
vansdium tetrachloride or oxybrichloride was produced.
Both are volatile compounds, and in the pure stete the
latter is yellow and the Hormer red, Howevesr, when
vanaddum oxytrichloride is slightly impure, it readily
turns red and so is difficult to distinguish visually
'?ca@'i:w@@n the two.

The rebotion may have proceeded either by

‘&) imitial formation of anhydrous vanadyl

dighloride, then reaction of this giving vanadium

trichloride,
or b) simultancous removal of the onow-oxysen with
one or more of the water molcocules.

The structure of the aguated vanadyl iom is /
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0 Oﬂz
yd 2
Hz@ —"—'/-"'* vy ——— 03‘?2
HBO 0H2

with the V=0 bond length much shorter tham the V»QHZ
bond lengths. The visible and ultraviolet spectra of
the vanadyl ion have been satisfactorily interpreted
on this basis (Ballhausen & Gray, 1961)., Hence it is
possible that the V-QHZ bonds would be cleaved before
the V=0 ﬁond is cleaved. The presence of sulphuric
aoid indicates that the sulphur has been oxidised from
+4, in thionyl chloride, to +6. The corresponding
reduction is

v(av)o?t ——p v3*(a11)

It was not possible to stop the reaction at an
intermediate stage to obtain anhydrous vanadyl chloride,
which suggests that reaction b , above, may be the
omne that occurs,

However, for a proper reaction mechanism study,
the reaction between anhydrous vanadyl chloride and
thionyl chloride would meed to be examined; dimn addition,
the other products of reaction would have to be identified

more accurately than in the present instance.
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Vanadium-nitrosoniun complexes are known,

The compound Kg V(GN)SNG gives am infra-red band at
1575 em™' which is abtributed to a V  No* linkage.
(Hieber & Jahn 1958),

Almo, the nitvrosonium and aitroniune fluoro-
vanadates have been mentioned previously (Chapter K);
In the literature, the reactions between mitri¢ oxide
and vanadium tetrachloride in liquid, solution and
gans phases have been reported (Whittaker & Yost 1949);
no structural informabion was glven.

The Systenm Vanadinm Trichloride/Nitrosyl Chloride,

These compounds reaclt readily to give a
mixture of purple solids, identified as NG.VCIA and
N@.Vgﬂl?; both these compounds were reported by
Whittaker & Yost (1949). They arise from the
reaCtlons 3w

NO,CL + Vﬁ13-m4>NO.V6l

4

HOL.VCL, -+ VC1 ——4>NG.V201

4 3 7

There was no evidence for compounds of the type
(ﬁ@)2VC15 or (N®}3V®16. The proportions of the
compounds formed obviounsly depended on the ratios of
the original componenta, In dilute solutions

{(VC1,:NOCL mole ratio = ¢.1:3) the bulk product was

K!
N@.VCI4. When the ratio of the components approached
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unity, the formation of N@.V2317 was favoured; din all

cases, however, both products were formed and an
equilibriua

NO.VEL, + V€1, 4= NO.V,C1

4

may have existed.

7

Whittakeyr & YTost found that bubbling nitiric
oxide through ligquid vanadium tetrachloride gave
N@.Vgﬁl73 when the vanadium tetrachloride was in
carbon tetrachloride solution the product was E@.VCIQ.
This agrees with the pregent work, im that the former
congtibutes a high vanadium tetrachloride concentration
giving the dimer, while the lower conceantration gives
the monomer form.

N@.Vﬁlg

This compound was isolated as a very deep
purple cry&téllim@ solidy; it was found to be excecdingly
hygroscopic and hydrolysed appreciably even when being
handled inm the dry-box,

It sublimed completely at 3GO~SSQC, in vacuo,
and this was taken Gto imply the existence of covaleni

species probably containing V4—N0" bonds.
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The infra-red spectrum gave a band at 2179 cm"ls

and a further band at 1800 cm”lg time~dependence studies
showed that the latter band was a decomposition band,
probably due to nitrosyl chloride. The N=0 boand in
nitrosyl chloride absorbs at 1799 cm”l (Burns &

Bernstein 1950), This behaviour has been obhserved

before in the compounds NO.A1014, NO.Xnﬂls, Hﬁ.ﬁgﬂlg,

NO,BiClL,, NO.MnCIB and NO.Feﬁl4g in all cases it was

4
attributed to the same behaviour,

The 2179 cm’l band is at the lower end of the
free nitrosonium region, which indicates considerable
interaction; this interaction would explain the
volatility of the compound, while the predominantly
ionic formulation at room temperature can account for
the solubility in polar solvents such as nitrosyl
chloride and sulphur dioxide, and the insolubility in
non~polar solvents, e.g. carbon tetrachloride, as
reported by Whittaker & Yost (1949).

The existence of the nitrosonium ion
necessitates the species be formulated (§O+)(VCI4').
The V014'3anion contains vamadium (IIX); in this
oxidation state the outer electronic state of the

vanadium ion is dz, and it should give a characteristic

ded absorption spectrum,
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The vanadium (IT¥I) iem bas been obtained in
totvahedral co-ordination by aubﬂtitutien‘in a
CBA1614 host lattice, im which the aluminium is assumed
to be tetrahedrally surrounded by chlorine atoms (Gruen
& Gut 1961). In addition, (ﬂgﬂg)éN'vclg has beén
reported (Scaife, 1959) and its ultraviolet and visible
spectrun ie stated as being markedly different from
octahedrally coe-ordinated vanadium (IXX¥), but no details
of band positions were given,

Calenlations for a d® field in a tetrahedral

1 and

enviroament predict two 3% levels at 16,000 em”
9,000 em™ (625 my. and 1,110 mu) and a 5T, level at
5,000 o™t (2,000 mu); this is based on pure crystal
field caleulations assuming V3+ and C1- ions (Liehr &
Ballhansen 1959).
Table 1 and the disgrams of spectra (Diagrams

1 —+b4 ) indicate that wide discrepancies exist
betweeon theoretical data and the experimental data on
the compounds cited, This is explained as being due
to vanadium-chlorine covalent bonding, which will
ebviously affect the energy level system of the aniomn.
{Gruen & CGubt 1961). This explanation can alsc be
used to account for the further discrepancies observed

in the H@.V@ld compound,
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In the spectrum of VCIA“ in NO.VCl,, the bands
at 670 mu and 960 m. are very similar to the 667 nye
and 985 @M.bandﬁ of the Vs%/cs&1614 sgystem, In
Hﬂ.Vﬁ14, the band at 370 mu could be due to octahedral
vanadium (III) species, brought about by hydrolysis.

The other bands, at 580 R andd 420~430'gu.ara
probably characteristic of VCl4* in NO.VCL,.

Irregularities in the VCL,” anion in NG.VCl, can
be brought about in two waysi-

1) HNitrogonium ionechlorine interaction can
distort the tetrahedral symmetry of the anion, and thus
the energy levels af'tha.anien will be affected.

2) Nitrosomium Yon-Vanadium Interaction.

If this occurred, a structure based partially on j-co-
ordination would be formed, and this would affect the
energy levels of V@14” anion very much.

Despite these, it seems highly probable that NO,VCL 4
containg the VCLQ* anion, albeit non-tetraliedral due to
interactions of the types 1) and 2) above,

Reaction of H@.Vﬂld with tetraethyl ammonium chloride

gave bilue crystals of (62H5}4N.V614.

NOVCL, + («::2}1{5)41\3.(:1 -—t>(czz N.VCL, 4+ Hocl.

15) gN.VEL,
This has been prepared by Scaife (1959). From Table 1

and the &pectré diagrans, (Czﬁs)4N°VC14 bears more
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resemblance to the VoT/CeAlCL, than to NO.VCL,. In

4
particular the 580 i, aitd 420-430 wu are absent,

indicating that they are characteristic of N@.V@lé.,

NG.?ECI?

This compound was, like HG.VCI4, isolated ag a
deep purple crystalline solid; it was extremely
hygroscopic, and hydrolysed to give a green solution,
vauadium (TET).

It gubiiumed at a higher tenmporature than
OV, fece at 66%70%C, This is in accord with the
ohpeorvations of Whitboher & Yost, who reported that
N@.V@&é was more volabtile than ﬁﬂ.Vg$1?~

- The fiafro~rod spectran was dadicative of o feres
nitwrosoniun dion, with a strong band ocourring ab
2300 en™, nobably higher tham in NO.VCL,.  The
volatility otill sugpests consdderablo snion-cabion
interactiona.

She conpound can bo Formulatod (ﬁﬁ}*{?ﬁﬁﬁ?ﬁ*,
with the andon consistdng of two Vﬁi& tetrahadra
bridged by one chlorine abome

¢ -
\\‘v ]

2’/ Da
€
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It is unlikely that the V-ClV bond is linear. in
fact,; this bond angle will prnbablylbe much nearer the
value for the tetrahedral angles If the anion be
looked upon as two VCIs units linked by a chloride ionm,
this latter will probably be 593 hybridised, domating
one pair of electrons to each of the V@ls units,
Lleaving two lone pairs, On this basis,; assuming
absence of steric interaction between the VClS groups,
the VeCl-V will be slightly less than the tetrahedral

angles

-1

There is no spectroscopic evidence that, in the V2617

anion; vanadium is six-co-ordinate.

Some similarities should exist between the V614“ and

V2@17" anions but important differences are likely

due to the different symmebries. A comparigon of the

spectra of NO.VCl, and N@.Vzﬂlw shows this.

4 /
The most important differences are -
1) The disappearance of the band C.670 my. present

both in NO.VCL, and the V3'/csaica 4 Systen,

4
2) The disappearance of the 420-430 sy shoulder
present in Hﬁ,Vﬁia, and the appearance of a shoulder
at 490 mu.
3) The splitting of the 580 mu band of NG.VC14 into

two components in NO.V,Cly; at 570 @;&auﬂ 620 M o



This may be an instance in which interaction between the
two VﬁlB groups causes splitting of one of the transitions.
It is not sufficient to account for the

differences in the spectra of NOJVCL, and NO.V Ci

4 7

terms of the different symmetries of the two ions.

As has been pointed out, the VC1,” amion in NO,VC1

4 4
probably undergoes considerable distortion due to anione
cation polavisation; +this distortion will effect the
trangitions in the d-d specirunm. Anion-cation
polarisation is probably very important in NGO, V2017
as its volatility would suggest; it is very unlikely
that polarisation by the nitrosonium ion will affect the
twoe anions equally. in particular, the greater size
of the V ﬁ17 anion will alter the charge distiibution
throughout the lattice., This may be one of the causes
of the large difference between the nitrosonium ion
stretching frequencies in the two cases. Since the
ratios NO'T:Cl and NOT:V ave diffeient in both CaBes,
these types of interaeﬁiongaﬁe most unlikely to affect
both anions equally.

The reactions between vanadium trichloride and
nitrosyl chloride invariably yielded a small quantity

of a pale green residue., This residue was involatile,
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anad hydeolysed with olld effervoscenns. The iafra-red
spestrun showsd a steong bami ab 2320 ﬁmml and rathop
beoad baads ot aboud 3100 @mﬁﬁ gEed LO0G ammi. Mo obthor
bonds wero presend.

36 secnms reasonable o asalgn the 8320 ﬁm”i
band o free nitrosoniun fong  the beads at 13100 &mﬁi
and 2000 @m"i nay bave besa due to vanadinneonygen donble
bontls e It has bBeon shown thadt ?@naﬂiQMmmxyg@m Bonding
systens do obsorb in this reglon {Darreclough et al 1989).

smalysis sugoests that tho product ds mainly
w@¢Vﬁ$&&c However, the altrosyl ehieride/vaaadiun
onytrichloride gives ne ovidence oF compound Yormablon,
g0 that the cxlstonce of %@.?@ﬁ&% 46 bighly donbbéfal.

The conmponnd io probably feovmed whenm the
vanadidvn teichloride/mitrosyl ehloride solid reaction
product miznture fo Stransferred in the deyebox, from the
Caprdna tube to the sublimer.  Although Lhis eperation
was coerricd ont an rapidly as pessible it was dnevitable
that: sone eontaet with slightly melst air cocurved
ond so hydeolysis conld take place.

Phe infra-vea spoctroscopic data suggeste vory
strongly that the Vﬁiéw and Vgﬁl?m anlons are aweh wore

suscoptibio te hydrolysis Chan do the nitrosonium don.
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Whittaker & Yost (1949) isolated one further
conpound from the nitric oxide/vanadium tetrachloride
reaction system. In the gas phase, the two compounds
reacted to give Vzﬁls.(ﬁﬁ)s. No such compound was
isolated in the vanadium trichloride/ nitrosyl chloride
reaction.

The difference between gas and liguid phase
reactions inveolving nitrosyl chloride nitrogen dioxide
has already been noted, In the liquid phase, these
behave as ionising solvents

Noc1 «<=No" + c1”

2NO, — N,0,5= not + NO "
whereas in the gas phase, they behave as molecular or
radical-molecular species, However nitric oxide

behaves both in gas and liquid phase reactions as a

radicalemolecule., Thus with the vanadium tetrachloride/

nitric oxide system the species should be independent of
the phase, but apparently the mechanism of reaction does
depend on the phasey it is pussible that the compound
v,Clg(1i0) ; contains V +—no" linkages.

The extreme volatility of ioniec compounds such
as NO,VC1

and NO.VZCR is obvicusly interesting, but it

4 7
has been noticed previously, in the case of (NO)ETiCIG;

this ionic compound sublimes readily at room temperature,
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It is not cssential that the species existing in gas and
s0lid phases are didentical, and it is possible that
Nﬂ.V614 sublimes as a five'c@»mrdimat@ covalent species.
Thisrh#s been postulated to occur with the adduct
Fe(NGQ}S.N2@4, wvhich, it has been suggested, exists im
the vapour phase as Fe(N@)(§03}4 involving penta-
co=ordinate ivon similar to iron pentacarbonyl {(Addisen
et al 1958).

It is wnlikely that NOVCL, sublimes with

4
dissociation, though thisz could occur with (N0)2@1616

NG;V@lﬁ-——D‘Vﬁl + NOCL A

3

(N@)g?1016 —fy TLCL, + 2NOCL B

4

In reaction A , dissociation would lead to deposition
of dnvelatile vanadium trichloride. In B , both

titanium Stetrachleride and aitrosyl chloride ave

volatile and dizsociation could vccur, with recombination

on coding,. Hence, it seeuns probable that N@.Vﬂia and
N@.Vzﬂly do exist in the vapour phase as molecular
species, though in the solid state they are definitely
iondiec, with somo covalent character.

It is possible, that in reaction A , NQ.VC14
may dissogiate to give Vﬁig monomer units, which might
sublime, and recombine with nitrosyl chloride on

condensing.
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Normally, vanadium trichloride is polymeric at room
temperature (Wells, 1962, p.345).
In this context, anhydrous cupric nitrate;

CuNOQ sublimes at 150*2@9063 the solid state

32
infra~red spectrum indicates covalently bonded nitrato-
ligands {(Addison & Gatehouse 1958) and this was
interpreted as suggesting the existence of Cu(NOs)z
monomer speecies in the solid state. However, a
crystallographic examination of anhydrous cupric
nitrate indicates that it can be formulated as a
polymeric structure of the type:s-

cu(io,) T s NOo,” (Wallwork 1959).

The classic example of a volatile ionic compound
is ammonium chloride. This exists in the solid state
as (RH&+)(CI“), and sublimes as NH, and HCL molecular
speciesi=

R, . €17 —> nny + HCL
Thus the velatility of a compound may not be too

clear an indication of its structure in the solid state,

since the possibility of structure change coincident
with phase change has to be takem into account. In
particular, high volatilily: of a solid cannot

noecessarily be assumed to be due to covalent, probably
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mnonomeric species existing in the solid state.

It may be that an ionic compound will be volatile,
if the ions are so situated in the erystal lattice to
permit appreciable orbital overlap as the magnitude of
thermal vibrations increase. Obviously, only under
gspecial circumstances will this kind of orbital overlap
give rise to covalent boand formation, and it will require
the presence of particularly suitable anions or cations,.
This is well illustrated by taking ammonium chloride as
an example. When the magnitude of thermal excitation
is low (i.e. at room temperature) there is little
opportunity for H-Cl bond formation. However, as
thermal cxeitation increases, the constituent awmonium
and chloride ions will approach more closely, until
orbital overlap between hydrogen and chloride species
is sufficient to permit H-ClL bond formation,

However, it would he interesting te observe the
gas phase spectra of these volatile nitrosonium salts,
and, @&é@@ially, the solid state spectra in the region
of the sublimation temperature.

Both NO.V614 and NQ.V2€17 dissolve quite
readily in nitrosyl chloride to give rise to solutions

which are very deeply coloured reddish«brown. N@.V€14
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and NO.VECI7 will almost certainly be ionised in such
solutions, and the Vﬂlé" and V2617* ions may give rise
to VC1 52“ or higher species, or possibly more highly
polymeric anions.

Vanadium Oxytrichloride/Nitrosyl Chloride.

No reaction appeared to tgke place between
these components., There was no solid residue, and
gos phase spectra indicated only unchanged nitrosyl
chloride and vanadium oxytrichloride.

Vanadium Tetrachloride/Nitrosyl Chloride.

As with the previous system, no reaction took
place between nitrosyl chloride and vanédium tetraw-
chloride, Both starting materials were recovered
unchanged.,

Thug, it appears that nitrosyl chloride will
not attack four~co~ordinate vanadium chloro-species;
this may possibly be due to steric reasons though it
does seem unlikely,

flowever, it is quite possible that chloride
exchange occurs between the species in the Vﬁl4/ﬂnﬂl
and V@@ls/ﬂﬁﬁl systems, and this could be verified by
tracer studies of the type carried out by Lewis &
Sowerby (1957).
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Vanadiwm Trichlovide/Dinitrogen Tetroxide.

This reaction yielded a yellow-orange solid
product V NBQQ’ which was originally considered to be
vanadium trinitrate V(N03)3 formed thus

vel, + 3N

3 20 47 v{NO + 3NOC1.

3)3
However; chemnical evidence and magnetic evidence
showed that the compound was definitely vanadium (V)}
it reacted with water to give an orange solution which
could be easily reduced with sulphur dioxide; and it
was observed o have zeromagnetic moment; indicating a
a? configuration,
The following series of reactions is proposed;
to explain the VCI3/N204 reactiont=
1) Imitial formation of V(N03)35 as above; this

compound could have a covalent structure of the type:=-

ORNQ. ONO
The nitrato~ligand is a potential oxidising agent; and
the oxidation ¢f vanadium (XIII) to vanadium (V) would

be accompanied by V.0 double band formation which would

facilitate the reactioni-

2) /



2) v(nog), —b VO,.NG, + N,0,
The compound VﬂzyNﬂa'had been prepared by Pantonin et al
(1969) and has been shown to contain V-0 double bonding,
probably in the form of the Vﬁz$ ion, Then adduct

formation could occurse

3-¥39,

This adduct is of the same empirical composition as

Vﬂzﬂﬂg + N2ﬁ4 -$'V02.ﬁ0

V(Nﬂa)s. The compound V@2N03.N204 is fairly hygroscopic,
but gquite easy to handle in the dry-box, The infra~red

spectrum gave bands in the following regionst-

3360 w 1014 vs

2326 m 793 s

1601 m 713 w

1301 m 600 w

1256 s

1149 w {all numbers in cmfl)

1081 w 8 - strong m - medium w = weak

The 2326 cm“l band was assigned to the free
nitrogonium ion; on thisz basis, the compound was

formulated (NQ)+(V92(N@3}2)”, and the bands assigned thus:-

3300 - water band
2320 - V,{ nitrosonium ion
1601 V‘,3 nitrato-group

1301
Vi nitrato-group
1256

162
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1149
1081
1014 - V-0 gtretching mode
793 w Vg nitrato-group

713
660
The 1301 om

VS' Vs nitrato-group

1 band was originally assigned to

nitrogen dioxide, present as a decomposition product,
The symmetrical stretching mode of nitrogen dioxide
absorbs at 1298 ¢m"1, as stated in Chapter II.

1

lowever, ne asymmetric mode at about 1700 em — is
1

present, so it is unlikely that the 1301 cm™ — can be
assigned to the dinitrogen dioxide molecule. It is
more likely that the V; level is split; both the

1301 cmfl and 1250 et

bands were tov intemse to be
overtone or combinational bands, and neithexr were they
due to decomposition products.

. The 1149 cn~lband could not be assigned; it was
weak, and may have been am overtone or combinational
band of low frequency modes. The 1081 ca~t band may
have been an abnormally high aitrato ~V2 mode; this

1 1

mode usually absorbs between 970 cm — and 1034 cm .

However it is more likely that the very strong

1

absorption centred about 1014 cm™ ', and assigned to
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the V-0 bond, contains the V, mode of the nitrato-group,

2
The 793 en™! band £alls with the region for the
V@ vibrational mode of the nitrato~ligand, and the lower

bands at 713 g

and 660 om™t may be due to the VS and
VS modes of the same ligand,

Hence, the infrared spectrum of VﬂzNOS.Nzﬂ4
can be dinterpreted satisfactorily im terms of a
(N0)+(V02(N03)3)“ structure, with the anion containing
covalent nitrato-greups. Yhe VA—Vi splitting of
300-350 en™! means that this anion is highly covalent;

there is no tendency for a dissociation of the type

l - - 3 "" L
‘V‘)z“‘ms)a) —=> VO, NO, + NO, —> Vo, + 280 4

There is ne infra~-red evidence for nitrate ion, The

1 ana 830 cm™t regions,

absence of bands in the 1390 om”
corresponding to the VQ and V@ modes respectively,
indicates that this iom is not present.

The uranyl aitrate-dinitrogen tetroxide adduct
has been studied (Addison et al, 1964), and the infra-red
spectrum was observed to give bands in the 2200 cm“l and
2300 em™t regions, No chemical evidence was found to
support a nitrosonium ion structure such as (NO)*
-{Lmz(ms)g)“, although the anion (U0,(NO,) 3)" is known

-1

to occur in other compounds, The 2200 om — and 2300 @m"l

hands were assigned as overtones or combinational modes



on account of their weakness. However, Addison ct al
also observed that the dinitrogen tetroxide of the
adduct Uﬁz(ﬁﬁs)z.Nzﬂé was ocasily replaced by other
ligands such as pyridine, and that electrolysis
experiments demonstrated that the uranium was present
in the cation.

It is possible that the VOZNﬂs.Nzﬂ adduct has
a similar structure; however, the 2326 cm'l band in
this adduct is too strong to be assigned to an overtone
or combinational mode, and the only possible
fundamental modes fallimng in this region are the
nitrosoniun VS mode and the nitrosonium Vi mode, The
former cannot be entirely raled out, but the absence of
a combinational band in the 3700 cm"1 region suggests
that nitronium ion is not present.

The anion Vﬁz(mo3)2 “ may have a tetrahedral
struciure, and be essentially monomeric

?Nﬁz

TN
ONQZ

oy the vanadium could be octahedrally surrounded by
exygen-atons, giving rise to a polymeric structure

which could involve simple V-0V bridges and vanadiume

165
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nitrato-vanadium bridges alsote=

N N N g
AN

If the straucture were of this nature, the vanadium-

oxygen band freguencies suggest that they are double
bands, non-bridging, and so would occupy the axial
positions of suech a structure, in which case the
equatorial positions would be occupied by nitratoe-

groups, Vizie

U, ﬂO N

/\ o/\a
\/

As has been meationed, the compound VO Nﬂs is known
(Pantonin et al 1966)3 it was thought that this compound

might be obtained from VO N@ ﬁd by heatingi~

VO, NG

23 4 bVO.HO + N,O

3 274

The adduct V@zﬂﬂa}ﬁgﬂd was heated in vacuo up to 200%¢
for 4-5 hours- the only solid product was vanadium
pentoxide, though a anixture of nitrogen oxides, largely

nitrogen dioxide, were evolved.
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It has been reported that the reaction
v%(ma)2.»;2@4——»1:02(2«703)2 + Nz%
requires highly specific conditions {(Addison et al 1964),

and the same probably applies te the Vﬁzﬂﬁ3.N294ﬁiaﬁociation.

Vanadinm Oxychloride/Dinitrogen Tetroxide,

This reaction was carried out in an attempt to
prepare vanadyl oxytrinitrate, by the following type of
reactionte

voC1

+ 3N,0 —vva)(ms)z + 3NOCL.

3 4
V@(Nﬂg)s has been prepared by the reaction of dinitrogen
pentoxide with vanadium oxychloride or vanadium pentoxide

VOCL, + 3N,0, —D>VO(NO,) , + 3N0,CL

3

Vzﬁs + 3&205 —*ﬂ>2V0(Nﬂ3)3 (Schmezs§g§4? Lutzow

and 1s a pale golden liguid,; boiling under reduced
pressure at 28%-30°,

Evidence of reactiom in the VOClS/N204 system
came from examination of the gas phase spectra during the
course of the reactiony the spectra indicated the
presence of nitrosyl chloride,

After the reaction was complete, and the nitrosyl
chloride and dinitrogen tetroxide removed as much as
possible, a yellow=brown liguid remained, which was

believed to be Vﬁ(ﬁﬂs)g.
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However, a gas phase spectrum showed only weak

1

bands in the 1000-1050 em — region, where vanadium-

oxygen bands normally absorb, Strong bands in the

1 1

17006 em”— and 1300 em™ regions indicated nitrogen

dicoxide, and a very strong band was present at 1370'em“l.
These were thought to be due te the following series of
reactions i«

V&CIQ - 3N2@4 —p VO(NO + 3NOCL

33
VO(NO,) 5 + N0,  — VO(NO,),.N,0,

In the gas phase, the postulated addﬁcﬁ‘Vﬁ(Nﬂ3)3.N2®4 may

dissociate te yield the wreactanis, Thus, bands due to

nitrogen diexide will be present in the gas phase.
Finally, reaction bebween the sodium chloride

cell windows and the VO(NO may ocourie

3)3
’m(ﬁ%)s + 3¥aCl —b VOCL
1

3 + 3NaN03o

The styong band at 1370 cm~ may be due to nitrate iom
formed in:d sodium nitrate by the above reaction;
however, if this were the case, gaseous VO(IXII) species
would still be present as vanadium oxytrichloride, and
hence infra-red abaorﬁtions in the 1000-1050 cmfl mark
would be expected.,

The liquid was evaporated to dryness and a red

solid remained, which was found ©o be Vﬂz.nﬂs, as
prepared by Pantonin et al (1960).
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This was postulated to be formed thusge
Vﬁ(wﬂg}g —D vaa.wwg + wzﬁs
or, alternatively, the yellow-brown liquid could have

beon a solution of VO,NO, in dinitrogen pentoxide, and

2773
evaporation to dryness merely removed the solvent, In
either instance, this suggests that Vﬂgﬁﬂg does mnot

form a dinitrogem pentoxide adduect, i.e. the nitronium

iom analogue to (NO)+(V@2(H03}2)" does not exist,

Vanadium Dibromide/Nitrosyl Bromide,

These compounds react to give an ochre~yellow
solid Vﬁrsﬁﬂ, which is hygroscopic and hydrolyses to give
a vanadium (III) solution., It gives a very simple
infra-red spectrum with bands at 1923 cm—l and 1768 cm'l;
bands occurring lower in the infra-red region are
compatible with reaction between Nujol, the mulling
agent, and the nitrosyl group on the compound,

1 and 1768 cm“l are in

These bands at 1923 cm”
the region characteristic of metal nitrosonium ion
beonding; the presence éf two bands in the region implies
that the vanadium {— nitrosonium ion system is in two
different environments in the molecule, This
immediately suggests a polymeric structure, since

monomeric Vﬂrsﬁﬂ would have nitrosonium ion present in

one environment only, Both the frequencies are well



above those recorded for bridging nitrosonium iong
(Piper & Wilkinson 19563 King & Bisnette 1964) so the
nitrogonium ions present must all be terminal.

Early attempts to carry out this reaction gave'a
yellow-brown product, or mixture of products; the main
constituent of this was finally identified as the adduct

VQEHQB'NZOA'

This product resulted from preparations involving

nitrosyl bromide prepared by the Nﬁ.ﬂ$04/ﬁaﬁr reactiong
as explained in Chapter II, this method yielded
appreciable guantities of nitrogen dioxide, giving
«initrogen tetroxide in a liquid phase reaction, Thus
the nitrosyl bromide was appreciably contaminated with
dinitrogen dioxide, and this was confirmed by a gas
phase spectrum of the mitrosyl bromide used,

In this context, the systems uranium/NOCL and
uranium/N204 have been reported imn the literature
(Addison & liodge 1961 a), together with uranium/NOCL/
N204‘sygtems. It was found that this latter system
yielded only Uoz(Nﬂg)z, unless tba nitrosyl chloride
poercentage composition was 85% or over; in addition,

uaz(ma N0, was still one of the products of reaction

32 N2%
until the nitrosyl chloride concentration rose above

98%. Hemce, if slightly impure mitrosyl chloride gives

170
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rise to nitrates or dinitrogen tetroxide adducts, it is
reasonable to assume that Nﬁﬂr/N204 mixtures will behave
in the samo waye This seems the most valid explanation
of the formation of Vﬂgﬁgg'N2Q¢3 the reaction Vﬁrz/ﬂﬁﬂr
occurs less readily than the reaction Vﬁrz/mza%, again,
probably due to vanadium-oxysen double bond formation
supplying the free energy for reaction,

Vanadium Pentoxide/Nitirosyl Chloride.

Under specific conditions, the mature of which
were not elucidated, vanadium pentoxide will react with
nitrosyl chloride, over a period of 3«5 hours to give a
very deep blue solid, This reaction proceeded as stated,
on the first attempt, but later attempts, even on heating,
gave no reaction at all, although the nitrosyl chloride
‘solution became very faintly green due, presumably, to
slight solution of vanadium pentoxide. It is possible
that the reaction was brought about catalytically by
small quantities of sdsorbed species on the ingide of
the Carius tube,

The blue product was not obtained in sufficient
yield for analysis; however, infra-red analysis gave a

very simple spectrumge

2300=2350 em™t m.
1800 cm‘l W
-1

900~920 cm e
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Time dependence spectra showed the 1800 L

band to be &4d&00mpﬁﬁiﬁiﬂﬂ band, presumably due to
nitrosyl chloride. The 900920 et band, a broad
absorption, is assigned to vanadium-oxygen banding,
though it is markedly lower than the analogous mode
in VO,NO N0

273 Y8
a lower oxidation state in the Vgﬁslﬂﬁcl reaction

this may be because the vanadium is in

product,

There is noe doubt that reduction has oceurreds
‘the intense colour could be that associated with the
vanadyl ion im compounds such as vanadyl sulphate.
Alternatively it could be due to charge transfer
occurring between different oxidation states of
vanadium in the same ion,

Niobium,

Niobium is known in a less wide range of
oxidation states than is vanadium, The +3 and +5 are
the best characterised with niobiua (IIX) being
reducing, Vanadium (IEI) shows no such tendency.
Thus, all the compounds dealt with im this section are
compounds of niobium (V).

The compound NG.NbFa is knowny it was
propared by reaction of niobium pentoxide and nitrosyl

chloride in bromine trifluoride (Clark & Emeleus 1958).
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In the present work, this reaction was repeated but
using niobium pentachloride instead of the pentoxide.
The compound was the same; 1t was very hygroscopic,
and the presence of an infra-red absorption band at
2390 om~t confirms the structure as (NO)+(NbF6)“.
There are no examples of the anion NbCL,~

% roported inm the literature; hence the reaction betwoen
nitrosyl chloride and niobium pentachloride was carried
ont, A pale yeollow solid was isolated which gave an
infra-red absorption at 2174 um"lg the intensity of
this band diminished very rapidly with time and it was
observed that the reaction product did dissociate very
rapidly. Thus the reaction

NOCL + NbCL . —— m“".mmﬁ”

5
was proposed, with the high nitrosonium ion - chlorine
interaction giving rise to the ease of dissociation, and
the low freguency {free nitrosonium ion stretching
frequency.

The high instability of E@.ﬁbﬁlé suggests that
the niobium (V) ion is not large enough to accommodate
six chlorine atoms distributed hexagonally around it,

Niobium pentachloride consists of monomeric ﬁbﬁls uniba,

¥ This wos lofer found lobe incorrect : see Adams,Catt, Davidson + Crarmtt,

J.Cham $oc. , 1963,2.199,
The author Ehanks D K.W. Bagnal for poinking out this ervor
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with the five chlorine atoms arranged in a trigonal
bipyramid about the niobium atom (Skinner & Sutton 1940).
The reactions involving niobium pentachloride
with dinitrogen tetroxide {Bagnall et al 1964) and
dinitrogen pentoxide {(Field & Hardy 1963 a) are reported
in the literature,
The latter reaction proceeds readily to yield
the compound, niobium oxytrinitrate Nb@(ﬂ03)3.
KbCl . + Aﬁzﬂ

—p Nbﬂ(mﬂs) + 5N02C1

5 5 3
No temdency for ﬁb@(ﬁﬂg}s.ﬁzﬂs or Nbﬂls.ﬂﬂzﬁl
adduct formation was observed. Infra-red examination of
the compound showed that covalent nitrato-ligands are
present, and that niobium-oxygen double bonds exist also.
The compound Nh@(ﬁ@s)g starts to decompose when heated
in vacuo up to 12@“@@ Field & lardy postulated it as
containing niobium-oxygen double bonds and Nb-o-Nb |
bridging groupss those briéging groups may be present

ag bridging nitrato-groups, vizte
N 1
N

0
\
Nb — Nb



Niobium pentachloride will only react with dinitrogen
tetroxide in the present of ionising solvents, to give
solvated Nb@zﬁﬁg species (Bagnall et al 1964).

Assuming that the reactions in both cases involve attack
by nitrate dom, it appears that the concentration of
nitrate ion provided by dinitrogen tetroxide

aunto~ionisations=-

L

3

is unsufficient to cause formation of niobiunm mitrate

B
m—
Ny0, &= N0 + NO

or nitratow-species. In the prosence of ionising
solvents such as acetonitrile a species of the

empirical formula NbOENﬂ3.6.67Me€N iz formed, which in
modest air picks up water to give Nbﬁzﬁﬂs.ﬂ.6?MQSN.0.30H20.

Fogp Nb@z.N@ +0.067Mell, the formulate

3

O 4NO 0.NO LU

2 2

2

0 =—xb — @\m»/ﬂ\‘mb
| ) \\\\\\\\‘0////" \‘\\\\\\*<)////’
MeCN MeCN

is suggested (Bagnall et a2l 1964). 1Im the presence of

noist air, a water molecule bonds to the central

5o

niobium atoat. o .. ¢
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Tantalum.

In the present context, the chemistry of
tantalum is very similar to miobium. It forms a
nitrosoniun finoro-salt %Q.Tawé which was first prepared
by Clark & Emeleus (1958); in the present work, the
infra~red spectrum of nitrogsonium f£luorotantalate was
shown ¢o give a strong band at 2391 cm'l, confirming
the struacture as (Nﬁ)%(Tavé)";

The reaction between nitrosyl chloride and
tanbalum pentachloride gives NO.T&Cléc

NOC1 + TaCls —-«~b>ﬁ0;@&ﬁ16~

Infra~red examination of the complex gave an absorption
band at 2165 cm“l, which is at the lower end of the
scale for nitrosonium ion frequencies. Unlike the
niobium analbgue$ it is fairly stable to dissociation
although the slipghtly lower nitrosonium ion frequency
implies a greater degree of anion-cation interaction
than with Nﬁ.ﬁh@lé. The enhanced stability of
N@.Ta@lé cannot be explained in terms of ionic radii
of tho niobium (V) and tantalum (V) species, since the
latter would be expected to be rather smaller and so
would be less able to accommodate chlorine atoms

octahedrally about it. lowever, tantalum has extra
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orbitals avallable which may be able to accommedate the
chlorine atoms.

Metathetlical preaction of tetraethyl ammonium
chloride and ﬁ@,%a@&@ in liguid sulphur dioxide gave

beautiful white needle~like crystals of Qﬁ?ﬁ5)ﬂ§,@aﬂiéq
b >
‘ “1‘, :,: - uL ) . 1] 4 .
(CyH ) MaTally + NOCL  —D (CyHy) N TaCly + NOCL

The infra-red spectrum confirmed the presence of
(@2m5)4w* ion, and hence verified the presence of the
previausiy unknown TaCl,™ anion.

Bagnall et al (1964) carried out the reactions
of tantalum peﬁtachlariﬁe with dinitrogen tetroxide and
dinitrogen pentoxide; both reactions were analogous to
the aiobium rsactioﬁs

TaClg + 4N, 0, —P %0(1&93)3 + 5N0,C1.

- Tantalum oxytrinitrate, like its niobium
analogue,.eontains covalent nitrato~groups which may be
present as bridging groups. It has less thermal
gtability than niobium oxytrinitrate which is postulated
as being due te weaker bridging nitrato-groups.

Reaction of tamtalum pemtachloride with dinitrogen
tebroxide proceeds only in the prés&nme af.iunising

solvents, and the species produced are solvated @aoznas



specics; these presumably have snalogous structures to
those proposed for the nioblium anglogues.

it is ﬁotabie that in the niobium and tantalum
pentachloride reactions with dinitrogen tetroxide do
not yield mitrosonium ion species; this may be because
in acetonitrile solution, the nitrosonium ion is

solvated and is less easy to fit in a crystal lattice.
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1. Vanadium Trichloride,

Vanadyl dichloride hydrate was prepared by gently
boiling vanadium pentoxide in concentrated hydrochloric
acid for 40«50 minutes (.ssmgﬁck (1950, p.820) ) then
evaporating to small bulk. After cooling, methanol was
added to the deep blue solution and evaporation to small
bulk repeated, tn repeating this procedure 2«3 times,
vanadyl chloride hydrate eventually separated out omn
cooling as a very dark blue mass with little evidence of
eryastallinity.

Calenlated for VQCI#.SHQQ €1:30.2% Found CL:28,7%.

* The rather low chlorine value indicates that
meth&hai may be co-ordinated on to the vgnadyl ion also.
About 5«6 gms. of the hydrate, or mixed
mothanolate-hydrats, were refluxed with 50 mls. thionyl
chlovide for 13=2 hours; the bulk of the thionyl chloride
was distilled off, and a further 25«30 mls. fresh thionyl
ahlemiﬁe addgd, and the mixture refluxed for another
40=60 minutes, A purple residue remained, and the
thionyl chloride was coloured orange-brown, which may
well have beem due to dissolved vanadium oxytrichloride.

The bulk of the thionyl chloride distilled off readily ab
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750~8ﬁa, but a sgummy residue remained. Heating up to
150°C would not remove this effectively se it was

- decided that the residual liquid would probably be
sulphuric acid since it gave a positive test with
barium chloride solution; this could be formed either
by hydrolysis of sulphur trioxide or sulphuryl chloride

5‘3@3 + H.?.@ —-i>§'§2§:“304
392@12 + Mﬁgﬂ —Dﬁ¥2$04 4+ 2HCL,

Red=brown vapours at these most elevated
temperatures indicated the presence of vanadium
oxytrichloride, Wha'solid was then filtered as dry
as possible by suction, washed twice with thionyl
chloride, dried by suctiom, and then finally washed 3
tines with dry carbon disulphide, and dried by suction
again, Removal of all traces of residual acid was
ensured by storing the purple product in vacuo over
sodium hydroxide for 18-24 hours. (Yield = 3.5~4 pums.
vanadiua trichloride -~ about 90% based on a vocl,,. 51,0

— VCla conversion) .

Amalysiss
Found V:32.8% C€1:067.3% VCl3 requires Vs32.8% C€1:67.27
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Vanadium Terichloride/Nitrosyl Chloride.

1—1 5 gma. vanadium trichloride, prepared as
above, was transferred to a Carius tube in a dry box
to avolid hydrolysis. This was evacuated and about a
threefold excess of nitresyl chloride condensed on to
the vanadium trichloride by vacuum distillation. The
tube was sealed and the reaction mixture allowed to rise
0o roon temperature. A very deep red-brown solution
resulted, after vigorous reaction between the two
c@mpan@n%a; On evaporation of the residual liguid by
vacuum distillation a purple solid remained which was
observed to sublime very early into the cold trap. ‘o
avoid too great o lose of the product, the residual
nitrosyl chloride was removed at e.~2@°ﬁ, cooling the
Qariué tube in a carbon-chloride slush bath, Still
under vacuum, the Carius tuﬁe was transferred to a
dry=-box, and the solid transferred as rapidly as bmaﬁible
to sublimer and re-evacuated once more., The purple
s01id sublimed readily onto a probe cooled to ~-78°¢ with
solid carbon dioxide; sublimation of one fraction
appeared to be complete at 30@~35“G and a small purple
reasidue s8till vemained., Alter removal of the most
volatile fraction, the residue was heated and found to

sublime at 66%-70%, A very small green residue still



remained but this could not be sublimed further.

The purple fraction subliming at 30%-35° analysed

as N@.?@14e

Waunq ;Nsé.O%: Cl:62,4% NO.VCL, requires N36.24 €L362.6%.
The purple fraction subliming ab 66°-70° analysed

aﬁ,ﬁ@,V2C17,

Found N:3.2%  Cl363.5% ,N@.V2017 requires N33.0% Cl:163.,8%.
The infra-red spectrum of NO.VCl, was found to

‘give a strong absorption at' 2179 em™L; that of NO.V,CL,

- gave a strong absorption of 2309 em™t,
Iin the above veaction the maim product was

RO VEL, with only a little NQ.V2017.

4
Vhen, instead of using a threefold excess of

nitrosyl chloride for the reaction, the mole ratio was

made approximately waity, the reaction behaved slightly

differentlye. After removal of excess solvent and |

transfer of the reactiom mixture to a submlimer,

sublimation up to 35@6 gave only a very tiny yield of

the product NG.VGI4. The bulk of the reaction mixture

sublimed at 66°-70°, again leaving a small quantity of

a green residus, In this instance the analyses were -

Fraction 1)  30°-35°

Found Wi16,0% €1:162,8% ‘NO;V$14 requires N:16.2% CL:62.6%.
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Fraction 2) 66°-70°
Found Ns3.5% C€1:63.6% NO.V,Cl, requires Ni3.6% C1.63.8%.

Fraction 1) gave a stromg infra-red absorption at
2178 um“lg Fraction 2) gave a strong infra-red absorption
at 2312 nm"l. Thus the twe products are the same in
both instances.

The green residue was observed to dissolve in
vaber with mild effervescence; analyses were

1) Ns5,1% Cl:58.2%.

2) Ns§.9% €1355.9%.

N@.vac14 requires Ns5.9% C1:59.4%.

The infra-red spectrum of the green residue gave

o sharp band at 2325 o™t

1

» and further broad bands in

the 1100 om — and 1000 em"ﬁ regions,
Tetracthyl ammonium chlorovanadate,

046 gns (0.002 moles) ﬁﬂ.V&la and 0,33 gns.
{0,002 moles) (ﬁzﬂs)ém.ﬁl were put in a Carius tube.
This operation was carried out im the dry-box as rapidly
as possible to avoeid hydrolysis of ﬁ@.v&14. It was
transferred to the vacuum system and evacuated. Sulphur
dioxide, from a cylinder, was dried by vacnum distillation
over phosphorus pentoxide, and then transferred similarly

into the Carius tube, The tube was sealed, and the
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reaction mixture raised to room temperature, The
reaction was shaken for 24 hours after which time the
sulphur dioxide had turmed brown due te the formation
of nitwéﬁyi chloride.

(Qghs) N.CL 4 NO. vc1 —p{C, Hs) N.VCL, + NOC1

4
The sulphur dioxide amd nitrosyl chloride were

removed in vacuo, leaving blue (C 5)4N Vﬂl This

was washed with liguid sulphur diozide in a Carius tube

to remove any Gtraces of the reactants that may have

been left.

Amalysis: C:28,1% Hi8,5% CL:142,1% N:3.8%

iagms)@m,v§14 reqguires Cs28.,07% H16,07 CL342.87 N:de2Z.

Vanadium tetrachloride/Nitrosyl chleoride,
Vanadium tetrachloride was prepared by heating
vanadium trichloride ia vacuo

2VC13 ——P> VCL, + VCL

4 2

The volatile vanadium tetrachloride fraction was
condensed im a cold trap (-184°C) as a red solid, By
vacuum distillation, twice, over phosphorous pentoxide
i¢ was thoroughly dried and then transferred similarly
into a Carius tube, Nitrosyl chloride was vacuum=

distilled separately into the same Carius tube and the

tube sealed, After paising to room temperature, the



roacbion nixture was frozen ﬁawa and the tube opened
and ovacnabad, Ho selid produst was formed,

The gas wixbture weo analysed by infra-red
my&mﬁ&&&mﬁ@y and the spectrum was identical to that of
nitrosyl chiloride. A «0id trap at ¢.~20"C condensed
on® a red lﬁquiﬁewhieh was vanadium tetrachloride; a
furchor coldd trap a$‘~73“@ condensed out nitrosyl
chloride,

ihore vas no evidence for any reaction,

Vanodinn Oayivichlopide.

This enn be preopaved by hoating o maxmmm@_aﬁ
vanading pentexide and alaminiun trichloride ad 460°¢,
{Inergonic Syntheses Vol, 6, p. 119).

Yo, b DATEY . 1T O A
¢£@5 f&&ﬁlg —p EEQG&S ‘32@3

Phe volatile vemadive onyteichloride distils off,

The prosent nethed iz o very slight modifieation

of this da that the reaction was caerried out im vacue
and Ghas praseeded readily at a such lower tomperature
(160% = 180°%C).  snhydoons eluminium trichloride was
gublimed in vacuo to rid it of moisture traces. It was
thon intinoteoly ground up with an

exeens of vanadinn pentoxide, provionsly heated to

Eﬁﬁgmaﬁﬁﬁ fop 2«3 hours, The mixbture was then
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evacuated, and the temperature raised slowly to 160°,
If the temperature increase was made too rapid it was
found that instead of reaction occurring to give
vanadium oxytrichloride, aluminium trichloride
sublimed out of the reaction mixture. Barly trials
shoved that aluminium trichloride always tended to
sublime out, to some extemt, and collect in the cold
trap used for condensing vanadium oxytrichloride out,
To eliminate this undesirable effect; the tube between
the reaction flask and the cold trap was partially
packed with dried glass wool; this measure was
successful, After vanadium oxytrichloride stopped
distilling over, it was redistilled twice over
phosphorus pentoxide in vacuo to dry it and used for
reactions, Vanadium oxytrichloride so obtained is a
yellow liguid, freezing to a yellow solid, and very
hygroscopic, If any traces of moisture are present
during the preparation the product has a distinct
reddish colouration,

Amalysis:

Found V:29,3% C1:61,2% VOClL, requires Vi20.,4% Cl3161.4%.

3
Vanadium Oxytrichloride/Nitrosyl Chloride,

Vanadium oxytrichloride, prepared and dried as

above, was transferred by vacuum-distillation into a
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Carius tube, and nitrosyl chloride transferred similarly
into the same Carius tube, The tube was sealed and
raised to room temperature. After cooling and re-opening,
the tube was evacuated, No seolid residue remained, A
gas phase infra-red spectrum of the volatile material
showed bands in the 1708-1810 em“l region, a band in the
1030 emt region and a triplet centred about 760 nm"l.

A cold trap at -20°C condensed out vanadium oxytrichloride,

and one at =78°C condensed out nitrosyl chloride., There

was no evidence for any reaction,

Vanadium 9richloride/Dinitrogen Tetroxide,

Vanadium trichloride was prepared as described
carlier in this section. Dinitrogen tetroxide was
prepared as in Chapter II, 2«3 gms. of vanadium
trichloride were placed in a reaction vessel (50 mls,
approximately), which was evacuated. An excess of
dinitrogen tetroxide was condensed on to the trichloride
in vacuo at -18496, and the reaction allowed slowly to
WaIHt, As soon as the dinitrogen tetroxide melted,
reaction was observed between the components, The
reaction was allowed to proceed slowly and samples of
gas were taken off for infra-red analysis ﬁubing the

reaction, The residual solid product was a pale yellow
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brown powder Vﬁg 9°
Analysiss

Found V:24.5% N320.,9%4 VN requirves Vi24.6% N:20,3%.

3%
This product was heated in vacuo to 200°¢, A mixture of
nitrogen oxides condensed in a cold trap and the residue
was vanadium pentoxide.

Analysis:

Found Vi54.8% V,0. requires V:55.5%.

Vanadium Onytrichloride/Dinitrogen Tetroxide,

Vanadium oxytrichloride and dinitrogen tetroxide
were condensed separately into a small reaction flask,
by vacuum distillation, The reaction mixture was
allowed to warm up slowly and reaction appeared to take
place when the components melted, Samples of the gas
products were taken off from time to time, Ixcess of
the highiy volatile residue were removed in vacuo,
keeping the reaction mixture at -20°C to avoid loss of
volatile fractions in the reaction mixture, A yellow-
brown liquid remained, Gas phase infra-red spectra
showed no evidence of V=0 linkages so it was evacuated
to dryness and a red-brown solid obtained, analysing as
V@zﬁﬂa.

Found 8 m@z“:ss.o% Vi4243% VO, N0, requires Vi35.2%
Nﬂg"adz.ﬁ%.
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Vanadiwa Bromide VEPE.

A stream of bromine, diluted with nitrogen, was
bubbled through concentrated sulphuric acid bo dry it,
It was then passed slowly over metallic vanadium heated
to 3@@6~4®@°. Reaction ocourred immediately and a
mizture of vanadium bromides V%rs and Vnmz sublimed out
of the reaction mixture. Heating was comtinued for a
reasonable length along the reaction tube to ensure
complete decomposition of vanadium tribromide to the
black dibromide, The latter condensed out om the
coocler parts of the reaction tube, On completion of
reaction the tube was swept out with dry nitrogen and
transferred to the dry-box,. !

For preparation of the red vanadium tribromide
the bromine was heated to about 200° before passing over
the vanadium, The product sublimed out as red scaly
plates.

Analyses
Black V:28,2 Dri71.0 Vip
Red Vsl8,0% DBriB2.1% Vbr

o requires V:128,6% Br:71.4%.

3
Vanadium Dibronide Vﬁrgfmitvaﬁyl Bromide.

requires V:17.3% Br:82,7%

Vanadiua dibromide was prepared as above, and

nitrosyl bromide as im Chapter II, The latter was dried by
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vacuum distillation over phosphorus pentoxide and
traﬂsf&r?eﬁ gimilarly iato a Carius tube containing
vanadium dibromide, The tube was sealed and the
reéction raised to room temperature. On removal of
excess nitrosyl bromide by evacuation, an ochre-

yellow solid remained, It amalysed fairly well as

VﬁrsNﬁ.
Found Ve20,070 Ns3.9% Br: 75.0%
VBr,NO requires Vi20.8% N:4.4% Br:74.7%.

It was quite susceptible to moisture, and its

infra-red spectrum changed significantly with time,

Vanadium Pentoxide/Nitrosyl Chloride,

Vanadium pentoxide was rigorously dried at
300-400°C and put in a Carius tube, This was evacuated,
and a two-three felé excess of mnitrosyl chloride was
transferred into the tube by vacuum distillation, The
tube was sealed and allowed to come up to room temperature.
On several occasions when this reaction was attempted,
no reaction occurred and the starting materials were
recovered intact, Ou one occasion, however, removal of
oxcess nitrosyl chloride left a small quantity of very
deep blue compound, Unfortunately insufficient was

available for analysis. Its infra-red spectrum was



ob&@rvéd. It hydrolysed vigorously with evolution of
nitrogen dioxide, |

The specific conditions which were responsible
for the formation of the deep blue solid were not

elucidated,

Vanadium Pentoxide/Dinitrogen Tetroxide,

RBipgorously dried vanadium pentoxide was put in
a Carius tube, evacuated, and dinitrogen tetroxide
vacuun distilled into the same tube. The tube was

secaled and the reaction mixture raised to room

temperature. The dinitrogen tetroxide solution was very

pale green, but lifle vanadium pentoxide had dissolved,
When the tube was'awacuated, the gaseous products were
exanined by infrae-red spectroscopy.

The vanadium pentoxide was recovered unchanged.

Nioﬁium Pentachloride/Nitrosyl Chloride.

Nitrosyl chloride was transferred by vacuum
'diﬂtillatian into a Carius tube containing niobium
pentachloride (Stauffer Chemical Coy.), and'the tube
sealed, The reaction mixture was raised to room
temperature, On careful evacuation of the volatile

products a pale yellow solid remained. Its infra-red
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spectrum was measured,

Analysis:

Ne3e7% C€l:64.4% NO.NbCl, requires N:4.2% C1:63.4%.
The wide discrepancy will be due to the ease

with which the compound N@.Hb&lé dissociates.

Tantalum Pentachloride/Nitrosyl Chloride.

Nitroasyl chloride was transferred by vacuum
distilliation inte a Carius tube containing tantalum
pentachloride (Stauffer Chemical Coy.). The tube was
sealed and the reaction allowed to rise to room
tenperature, After cooling, the excess nitrosyl
chloride was removed in vacuo. A white solid remained,
fairly stable to hydrolysis.

Analysziss
N:3.1% C€1:49,7% NOTaCly requires W:3.3% C1:50,1%

Nitrosoninm Fluoniobiate.

This was preparedvby Woolf's method (1950).
Nitrosyl chloride was transferred by vacuum distillation
into a Silica reaction flask containing niobium
pentachloride, The flask Qa& removed from the vacuum
system after the admission of dry air, and then bromine
trifluoride was added dropwise to the mixture cooled to

-184QC. After an excess of bromine trifluoride had
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been added,the:yeaction mixture.was ‘aliowed to warm slowly to
room temperature, Reaction occurred vigorously, and
after eémpletian of reaction, the volatile products were
removed in vacuo at 80°-90%, A white solid remained,
Analysiss

N15.5% F:47.2% NO.NbF. requires N:5.9% ©:48.1%.

Nitrosonium Fluobantalate.

© - Nitroayl chloride was transferred by vacuum
distillation into a silica reaction flask containing
tantalum pentachloride, ry ajr was admitted imto the
Vaﬁuﬁm system and the flask removed, The reaction
mixture was cooled to -184°C and bromine trifluoride
added dropwise from a stainless steel capsule, After an
excess had Been added, the mixﬁure‘wa$ allowed to warm
slowly to %onm temperatura, After the reaction had
eeaéeﬁ; the veolatile products were removed in vacuo at
8@@;96@. A white solid rémained.
Analysis:s o
N34.1% F:34.2% NO.TaFg requires Ni14,3% F:38.1%.

Tetracthylammonium chlorotantalate.,
0,88 gn. (0,002 moles) NOTaCl, and 0.33 gnm.
(0,002 m@les)(czng)ém.cx were placed im a Carius tubej

this was then evacuated and sulphur dioxide, dried by
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distillation over phosphorus pentoxide, was vacuum |
distilled into the tuhe; which was then sealed. After
coming up to room temperature the regction mixture was
shaken for 24 hours after which time beautiful long
white needles crystallised out.

(ﬁgﬁﬂg)ém.Cl*l~ NO.TaCl, ——-D(szis}4r€.‘l‘aclé + NOCL

The excess sulphur dioxide and nitrosyl chloride
were removed in vacmoj the crystals of (C2H5)4ﬁ.Ta€16
w@r@'washed with liquid suiphur dioxide in a Carius
tube bhefore analysis.

Amalysis Found Ci17.0% N13.4% Clsgl.2%.
(ﬁzﬁs)ﬁﬁ.%aClﬁ requires Cel?{s% H33.8% Cl:40.,6%.

Reflectance spectra wero taken of NG.VC&A and
Nﬁ.vzﬂl7. The compounds were diluted with rigorously
dried potassgium chloride and the mixtures finely
ground and the reflectance cell holder packed with the
mixture, This operation had to be completed rapidly
to avold excessive hydrolysis, Hydrolysis could be
observed by the appearance of a distinet green
eolourétien in the mixture.

Reflectance spoctra were run on a Hilger-Watts
Upvispek Photoelectric Spectrophotometer Model H700 307,

boetweenr the 1imits 200 M and 1000 @M'.
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Infra-red spectra were ran on a Grubb Parsons
DPBl Spectrophotometer. 1n.tha.easea of NO.VGld,
' wﬁ@.vzﬂlya NOJNBCL,, NOJNBF., NO.TaCl, and NO.Talg the
@Es&rvmﬂ nitposoniun lon bands were calibrated against
a polystyrene spectrum,

In instances where reaction with a mujel mnll
was not paplid, nujol was used a2s the mulling agent.
In all obher cases, and invariably for calibrated peaks,

florubo was used,
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‘BABLE 1

Calculated Values

for tetrahedral a® system,
(Dg = =500 cm™t)

(Liehr & Ballhausen 1959)

3
625 m Tl
1110 m
- 3
2000 m ﬁz

(€, Hg) N VC1,

675 m
870 m

955 m

V3+ in

CSA1614 host

lattice

RO, VCL

(Gruen & Gut 1961)

667 m
985 m
1064 m
1212 m

NO.V2C17

940 m
865 m
750 m
620 m
570 m
490 m

420=-430 n
580 m
870 m
870 m
960 m

196

4

(sh,)



197

CIIAPTER VI

CHROMIUM AND MOLYDDENUM

Although a number of compounds contailning
chromium or molybdenum = nibtric oxide bouds ave known,
very little dis kunown off the behaviowr of comnpounds of
molybdenun and chrominm in niﬁﬁaﬁih@ and nitrosylating
solvents.

Chromfun-nitrosonium fon bonds have bheen
characﬁ@wiaed by infraved spectroscopy in a serics of
covalent compounds of the general formula (No)gcr(m»csﬂs?.x

where £ = «(L - Dy - SCH - @HS b G?ﬁ‘si - C’Hzc;"

- ,ﬁgmg - ﬂéﬂg. (Lewlis ot al 1958). The same diagnostic

method aleso characterised the vamv% bond im the complex

anion [Qw(ﬁﬂ)gmﬂj 3~ (Heher & John 1058),

The complex caﬂion[:ﬂr(ﬁzﬂ)g Nﬂ] * is posbtulated

gt L .
as containing Cr” <= N0 linkages {Avdon & Herman 1962).
Terminal and bridging aitrosonium ion ligands are

believed to be present in the binuclear complexi=

wo A e
\\Cr’///f \\\\gf (King & Bisunetie 1964)
/// \\\\“N”/// \\me |
™ Cp }!
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Infivored spectroscopy has been used bo
characterdse the molybdenum - nitrosgnium ion bond in bhe
covalent aﬁmgiﬁé &R@?.Fﬁm%ﬁ@%z.i’ﬂ}ﬁgﬂgg, {Lewis et al
1058} and in the amlonic species Ma{am}smﬁ 3=
(Higber & John 1058),

NMtrosoniun salts of fluoro-acids of molybdenuwm,
tungsten and uraniuwa have been prepared {(Geichmana et al
1963, 19633 Seel & Birakraut 1962) and have been
dia&uﬁﬁ@d in @h@gﬁaw Xe Seel & Dirnkraut prepared
NO o MOF 5 NQ;W?? and NO,UF, walog t&@ meballiic olements |
and the reagand ﬁﬂF(HF)gs attenpbs, using the same reagent,
to obtain nitresoniun flusrechromates weire unsuceessiul,
the only products being fszwmzaiumm.fhmx'id&}

In the present work, the behaviour of chyromic
and chromous chierides with nitrosyl chloride and
dinivrogen tetroxide was observed o and this waes partially
exbended to chromium eoxides and oxychlorides.

Molybdenum waeé covered in an analogous mannei .

- REACTIONS OF NETROSYL CHLORIDE WITH
CHROMOUS ANB CHROMIC CHLORIDE,

Chromice chlogide will not reagt with nitrosyl
chloride, even after shaking for 2 = J wecks, or on
heating up to 1@00@5 chromous chloride reacts aluost

ingtantaneonsly with liguid mitrosyl chleoride to give a

t
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yellow product {Hﬁ}gﬁwaﬂlgg which conbains only
Chromium (TLX).

When é trace {(i.c, co 1%) 0f chromous chloride is
added to chromic chloride the resuliant mixture will
react very readily with ligudd miér@&yl chloride to give
the same product {Nﬁ?gﬁrzﬁlg,

This ability of chromous chlordde to activate
reagtions involving chromic chleride is well knowni the
commonest example of this b@i@g the hehaviour of chromic
chloride in water. in the absecnece of chromous chloride,
chromic chloride ds highly insoluble in water, but in
the presence of a trace of the chromous salt(Sidgwick (1950)
gquotes the vatio 1 part in 40,000), chrvomic chloride
dissolves rendily and @ryat&lliﬁeé aut as the hexabydrate,
The ablliby of other reduelng agenis, such as feryrous and
gbannans chlovides, to similarly asctivate the dissolution
of chromic chloride was observed by brucker as early as
AVININ

Taube and Myers (1954) studied the activation of
chromic chloride and chromic iodide and the chlorochromate
(xxx) crci®t anion by chromous chloride, and in all of
these cases postulated the formation of an activated

binuglear complex with a halogen bridge, visis
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Hence chromium (FIL) passes into solution as the
Cr$12+ species, and Taube and Myers alse cite evidence
that the retained chlorine in this cation did mot pass
through the solution, Hence the most reasonable
mechanism da atometransfer via a bridged complex,

It is very probable Cthat the same type of
mechanisn is responsible ﬁe@ the behaviour of chromous/
chromic mintures in nibrosyl chloride,

The compound {mﬁégﬂwzﬁlg glves one prominent
infrared absorpbion band at 2229 @mﬁl. This is ia the
free nibrosonium ifon abgorpbion reglon, and the abasence
of other bands indicates that all the nitric oxide groups
are pregent as nitresonium ions, Hence the coupounds
mnst be formulated {Nﬁ*)3 (Grzﬁlggm)o

The ﬂrgﬁlggm apion has beon charagterised in
the compound Gaaﬂrzﬁlg (Wessel & ILjdo 1957).

Complex chloyides of this type are built up from
a close=packed halogen lattice with catiomns, in this
ingtance caesium ions, Titting into lattice holes, and

ehromiwn fons £itting into certaim pairs of octahedral

200
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holes o malnbtain the sbolchelometey. Hence cach
chromiwn don ls ocbtahedrally surrounded by six chloride
tons and the strucbure of the anlon is thus one of bwo
Cell, octahedra linked acrosa a face, i.¢., Shere are

three bridging chlorine atoms, Vizte

- -
¢l ci ci 3~
ca \c.x- ~ m.\ c /__~ 1
3 - \a:a / \e:::é,.

The chromium {LIX) iom has a a3 external
configurationy and heéﬁa gives rise to a chavact@ristic
ultraviolet spectium, in the presence of a perturbing
electrostatic field, i.e. in a ligand field.

The spectrum of chromic chloride, Gwﬂlg, and the

(ﬁnglQ) 8"  anion should be fairly similar, since in both
cases the chromiunm fom is in an octahedv al field of aix
chloride ions, Differences may arise in the two instances
due vos-
a? In the szﬂlgg" anton, Cr = CL = Cr bridging &&y
disbort the symmetiy of the GrClé unite from the perfect
octahedral structure, Since this type of bridging will
he absent in chromic chloride, the chromium lom in this
Latter insteonce will be in & more regular octahedyal

anyironuend .
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b) Distortions of the 6?36193" anlon enfowrced by
the crystal latbtice im which it is set) such distortions
could remove the symmetry of the anlon and give use to
band splittings.

The ultraviolet and visible spectra of
(N0) 4 Cr,CLy and [{ﬂzii“;% ‘@'N] 4Cr,Cly ave given; inm addition,
the main bands are Gabulated (table 1 ), together with
ﬁh@sé given in the literature for chromic chloride
(Jorgensen 10062),

The teté&éthyl amnonium sall was prepared by the

following mebtathetical reaction in liquid sulphur dioxidete

3(C,Hg) 4 TCL + (W0) 4CiryCy biLgHs) 42«] 4O, Gy + 3HOCL
lgﬁzﬁsgaﬁ]Sngﬂlg separated oulb as a red-brown solid.

The visible and ulipraviolet spectra of chromium
{(IIT) complexes are best nnderstood from a consideration
of the energy levels of a d3 ion im a ligand ficld (asec
diagram) «

In chromic chloride the main bandsg ave assigned
as shown in table 1 {Jorgensen, 19062, pp.290 = 201).

o sy b A 4 i 4 n :

By comparison, the '3.3 —b aﬁkg translbion in [{&;2&5) @iﬂ 3
Gwzbig oceurs ab 720 muw , and in (mo}sﬁyzﬁlg it soems
likely thalt the triply split bands centyed about 695 Sy

are due to this same transition.



The other allowed transition arising from ground
atate terms, the4@1«-—%>4Az ocours at 529 mw in chromic
chloride. It seomy likely that the 490 %Mdband in
[§G2H5?4N] 3 Srzﬂlg is due to a 4T1~4>4A3 transition.

- The shoulder at 540 muin the spectrum of (Nﬁ)scrzﬁlg
ieo likely to be due to a forbidden transition and the
atrong band at 420 ngi@ probably due to the éTl"—DdAZ
bransition. ELf this is the case, it is notable that
this transition is shifted to gignificantly higher
engrglies in both instances of the CrZCIQS" anion, than
in chromic chloride.

The weaker bandas, in [ﬁczﬁ5?4m] 3CP2619 and

(Nﬁ)36r36193 above 900 mw may be due to forbidden

tyansitions of theo QTI o 2

Congsideration of the energy diagram of a ds iomn

enablos a tentative assigmment of the 540 mu band in

(N0) ,Cr,Cly to be made, to a v, —p A, transition, which

is strictly Lorbidden.

Thus, the spectroscopic evidence indicates that
the Cr26193“ anion in both the above instances are based
on bridsed CrClg octahedra but the band splitiings and
band displacenents observed, indicate that significant

loss of symmetry has almost certainly occurred,

203
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CHROMOUS AND CHROMEC CHLORIDES/DINLTROGEN TETROXIDE,

As with nitrosyl chloride, no reaction occurred
between chromic chloride and dinitrogen tetroxide, even
when the products were shaken together for several dayse
The reaction was unaffected by ?hﬁ presence of ionising
solvents, such as acetonitril@ and nitromethane. ‘“his
demonstrated that an increase in nitrate ion concentration
did not affect the reaction, |

The auto-ionisation

. “ )
N,0, == N0 + NO,

s small, bubt this would be considerably increased in an
fonlsing solvent, which would probably complex the
nitrosonium ion, and thus drive the equilibriuvm towards
the right hand side.

' Chromous chloride reacted quite rapldly with
liguid dinitroeogen tetroxide to give a pale green selid
and a green solution. The solid analysed as an adduct
of anhydrous chromium nitrate, Cv(maggg. 2N,0,.  This
has also been reported in the literature ag being formed
in the chromiuwm hexacarbonyl/dinitrogen tetroxide reaction
{Addigon & Chapman 1964).

Chromic ahlﬂriﬁég with aboub 5 = 6% chromous
chloride, reacts with dinitrogen tebroxide, but much more

slowly tham with nitrosyl chloride, The reaction product
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is, again, the some as in the sgystem Llanvolving chromouns
chipride only, but the reaction in this case requiraes
shaking for 3 ~ 4 hours at room temperature,

This iz uwnderstandable, remembering the electron

transfer reaction by which chromic ion goes into eolutiongw

. - G 2+
CoCl, At L €1,0r \‘qu
!
2c1™ + cp?™ 4 cfca?t

2 .
2 cationlie

Le@e chromic ilon goes into solubion as the CrCl
speciesy this will only margin&lly affect the reaction
rate in the formation of (Mﬂ%gcrzﬂlg since there is no
necessity to cleave the Cp =~ CL bhond, as the (Erzﬁlg) 3=
anion only involves Cy = ClL bonding. However, in the
reaction involving dinitrogen tetroxide, the situation
is difﬁarentQ

The fast reaction step is probably the
'golubilisation' of chromic ion as the @rGi2¢ speciesi the

slow reaction step ls the substitutlon reaction of the

typesm

crcalt o Ny0, —b Cw(mg)z"’“ + NOCL

o CrCa®™ NO,” —> ar(m%)% + ca”
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giving chromium nltrate or anltrato spocies which will
eventually give the product c@{mﬁg?fzmzﬁé.

The chromous chloride/dinitrogen tetroxide reaction
will be different because in this case there are: no chromic
ppecies top go into solubtionj bthe reacbant species will be
elther Qv2+h Lons or Gr$1+ ions. I the latter react with
nitrate don from dinitrogen tetroxide aubeionisation, it
is very likely that an oxidationereduction reaction will
take place, to give chioride~free chromium (ILL) species
Vizge

3] o 4

afo o ~— . e o
Yol Jo NG e - L N ow - 4+
el N@$ —_— 9/,N 0 = G &1—p$’/N ¢ - Cr <4 CL

A(///

No, + Op = o + 17,

Naturally this is only a schematie r@pr@semtation;
since the chromiuwn is very likely to be more highly coe=
ordinated that the above mechanism shows,.

The infrared spectrun of the am(mug?s.zmzoé was
examined, and its behaviour im Nujol mull found to be

highly uvnusual. in a Florube mull two prominent bands

were present at 2336 em™¥ and 2278 cm™Y, with a further
strong band at 1471 cm“l. When the spectrum was run

wl L

in Najol mull, the bands ab 2336 cm ~ and 2278 cm™

disappeared aluost completely, even when the spectrum
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was ruan as qu&m%@'aﬂ posalible. & sharp bend appeared

-1,

ab 1751 em” s and the 1471 em ™ peak scemed to be

largely unaffectedy; though this was diffficult to verify
aa Mnjol itself abserbs wvery strongly ab 1460 mm“& and
L3797 @mml approximabely, and, in all the speotra of
Q?QE@3?3‘2N294 run dn Nujol, a high level of absocirption
due to the compound was ohserved in the 1540 -~ 1330 ﬁm”l
region, but the location of band peaks was difficult to
agscertali..

6 would have been expected that the remainder
of the bands in the infrared spectrum of Sr(Nﬁsbg.zmgﬁé
would show a time-dependence with regard to bheir
- pelabive inbonsities, such a dependence enabilimng
deconmposition product bands to be eliminated. However,
this was not the cases v

The iafrared spectrun in Nujol showed further
bands abie

L297e, 1250m, 116%w, 1012s, 800m, 7i9s.

The relative intensities of these bands were

little affected by tine, Henoa, either all the bands

mentioned above are decomposition bands, or else only

wd, 1

the speeies respongible for the 2336 em ™™ and 2278 om
bands ere affected by Nujol. Provided the Nujol wag

thoroughly dry, no obvious signs of decomposition were
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apparent in GW(HQS?S.ZNzﬁ@/ﬁujol mslis, even over s period
of tiwme; bubt obviously this is nob conclusivey decomposition
produchs of chromium {ITI) would be sxpected to be greon.

The refloctanel spectrun of @w(ﬂﬁg}g.zNzﬁé vas
oboerved bthe complete time Lfopr a run over the 200 YA -
1600 @A~@egimn was 30 « 40 minubes, and pracbically no
decomposition ocourred over this peried, if all the
componenbs, including the cell and the potassiuvm chloride
diluent, were gpigorously dried beforehand, and the
nonwenbry of ailr assured; during the ceourse of the run,
The bands in the spectrum of C?(ﬁ03)3.2N30é are tabulated
in table 2 . Bands and assigasents for the [@W(@xakaﬁe)é]z”
anton (Jorgensen 1962, pp 200 < 201) are tabulated also.
En the lattex iﬁ@&&nmeg chromiwm (ILT) is konown to be in
an octahedral eaviromment of oXygen atoms, and the same
is poseible in the case of %w{Nﬁﬁ)g.zﬁg 4°

By comparison with the data oa the [ﬂr(@xalat@)sjg"
anion, the following assigmments can be made for the
compound ﬁm(ﬂﬂg}g.z 904  The strong band at 610 mp can
&

wer gzl e N ¥ £i~
be assigred Lo the t By transition, and it seems

Likely that the shoulder at 680 mw will be due to the

Laporte « forbidden 3%1$ EE.-~P4A2 transition. Unfortunately
this means that the broad absorpbion centred about SH00 @Nu

cannot be chavacterised,
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The higher energy bands arce more complicated to
asalgng it is very probable that one of the bands at
460 i ox 400 mw can be assigned to the 4T1 -4>4A2
tranpition, in which both terms arise from the 4y ground
stabe. Since both these bands have intensities of the
same order of magnitude, they are both likely to be
allowed transitions. It is possible that the 4Tl level
has been split due to loss of symmetyy, and that bolh
these bands arise from the same transition, 4T1 ——b4A2.

The band at 320 mu may be due Go the 4T1(4P)-_p4ﬂ2
transition, but the intensity suggesta that a aharga;
transfey process may be responsible for this band,
possibly involving 'adducted' dinitrogen tetroxide.

However, ﬁhér& is ﬁuéfiaienﬁ evidence to show that
the reflectance spectrun of Cr(Nﬁ3?3,2N204 can be
interpreted in terms of chromium existing in an octahedval
enviromment, probably distorted, and probably of oxysen
atomgs, though the possibility of some co-ordination via
nitrogen cannot be ignored.

If the chromiwn is six-cowordinate, and this
seems highly probable, the nitrato-groups are most likely
to be behaving as bidentats ligands, either bridging or
donating to just one chromiuwn iox.

It is not possible to assign o structural fermula

unanbiguously. The infrared dabta are inconclusive, and



the following possibilitics existie

+ 2 o
{0 ?Ze (E?{N@a?g}
arp

y S - .
(Mo 3 (&x(ﬂ@s?éz . mgﬂa.

If tadducted' dinitrogen tetroxide is present ag in the
1a€£er form&latinn, it may behave ag a ligand, and may
poasibly donate via the nitrogenwatom,

It scems unlikely, from thermal decomposition
studies, that the latter structure is the correct one.
Such a structure wonld be expected to decompose according

to the equation

(ms*?‘,(crimo3§4“?. NQGQ-wP(NU@?.(CW(Nﬂs)d*? + 20,
Ne evidence was found for such a dissociationy the products
of thermal decomposition could not be characterised, bub
secemed to consist largely of chromie @%ide Qrzﬂ3. No
formation of tbe anhydrous trinitrate, Cr(Nﬂg?s, occurred
by these means, and this is in accord with the observations
of Addimon & Chapman (10064).

However, chromic tfiniﬁrat@ has been prepared by
the latter werkers by the reaction of dinitrogen

pentoxide with chrominm hexacarbonyl this demonstrates,

againg that in generals; reaction of a metal compound with

210
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dinitrogen penboxide affords g botier route to the
anhydrous metal nitrate; than does reaction with
dindtrogen tetroxida.

Addisen ¥ Chapman (1964) have shown that chromivam
trdnltrate ie a covalent compound, containing co~ordinated
nitrato=~ligands; on the bazis of the infrared spectrum

off the compound,

CHROMIUM TREOXIDE, Cprl, + NETROSYL CHLORXIDE,

3
Chromivwa trioxide reacts fairly readily with
liquid nitrosyl chloride to give s shiny black erystalline

product, analysing as (Nﬂ)g Gmgﬂﬂﬂl.

It dissolves in water with effervescence to give
a yellow-brown solution which comtains bhoth Cr{IXr) and
Cr (VI) mpecies. Redox titrations showed thet the ratio
of th@ﬁapaﬂi@& was Cr(VI) ¢ Cr (LX) = 2 : 1, which makes
the overall' oxidabion a%ane of chrémium in +his compound
equéi to +5: It is rather unlikely that echrominm exists
in the +5 oxidation state in the compound (Nﬁ?a Cra04C1,
and a mixzture of Cr(IIl) and Cr(VI) is much more lilkely.
In addition, such a structure waul& explain the intense
colour of the compound as boelng due to Cp(RIL)—ACr(VE)
charge transfer reactions.

The infraved spectyrum of the compound is very

pinple and the bands are tabulated below, with other
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compounds conbainlng chroniuwme~onygen linkages for

comparl son.
K3Cr©4 K23r307 QPGB Crﬂzﬁlz (NO?QC?BQSCI
all values in cm T
8885s 9348 065s 1026a 2340m
850m 900s 890m 009m 964
878s 847s 887m
746 broad,vs 820=794 eplit,s.

In (mﬁazﬁrgﬁga&, the band at 2340 am“l is indicative of
free nitrosonium ion, and the sbsence of bands in the
1600-2000 mmﬁl regilion shows that metal = nitrosomium ion
honding does not ogour.

The lower freguency bonds in the infraved spectrum
of (N@?ggraﬁgc; show a marked similarity to chromiwn
tedoxide, Crﬁgﬂ which consists ﬁtructuvalgy of linked

C@ﬂé tetrashedra (Dystrom & Wilhelmd 1950), vizie

///@\\\\Cr'///‘Q\\\\Cw'///fO\\\\Gr’///
FANA /\

O 0 o 0

hence it scems probable that (m0)28w30361 incorporates

Cr(VL) in this type of environment, with the Crx(VI)o4



unlts having ﬁﬁv SYMNLEY o

E2@$34 countains discrete [@mﬁé ]2" tetrahedra
{(Zachariasen ¥ Ziegler, &93&? and Kzarzﬂ? contains the
Qw2ﬂ72" anlong; which consigts of two Cm@4 betrahedira

Ilaked via one corner {(Bystrom & Wilhelmi 1951).

213

Honoe it can be inferred from Lhe infrared data that

in'imﬂ}zﬂmsﬁgaﬁa Cr0, unlts ave doubly linked, either to

one anobher as in chromium btrioxide, or to other units,

Reflectance data on (ﬁ@)zﬁmgﬂgﬁl gave bands in

the following regionssew

760 mw Shy w

710 @ w

57{) W 533’2‘.3 1

350w & (See alse Dlizgram 4)

The band at 710 mp is characteristic of Cr{XIX) inm an
cctahedral environment. Thiec band prosumably is weak

becaunse Cp{ILL) is in a tadlube! state in the compound
Diagrag 4 $hmwé that éh@ intensity of absorption
Lnoresses with decrease in wavelength {(increasing energy),
and it is likely that this inercase is due to chargoee
transfer reachions between Cr(IIL) and CriVI). A black
compound K Gmgﬂg 1o known., It has been shown to conbtain
tetrahedrally cowordinated Cr{VI) and octohedrally
co~ordinated Cr(XXr). ‘“These mr(vz)oé and Gr(&ﬁl)ﬂﬁ undlés

Aink together to form layers of composition Gm3@8 in which
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the ratio Cr{VI) : Ce(XIX) i equal to 2 3 1. These

layers are held by potassium fons (Wilhelmi, 1958).
Tn Kﬁwgﬁas the andon s thus polymeric,

E@rgﬂg A= and n probably has a very large value,

n.’?
2

The anion Crg0gCL could conedet of C17 and

el . L 1 ®, A
Cwsﬁg anions, with the latter having the same structure

A

as in Kﬂfsﬂga Alternatively, Lo ﬂaﬁl unlts may

"3
xigt which would give rise to palymeric structures.
Assuming octahedrally co~ordinate Cr{IXL) and tetrahedrally
co-ordinate Crl{Vi) it is not possible to comstruct a
satisfactory moncomeric Gwsﬁgml 4= anion. Also, the
iafraved evidence suggesbts thal the symmetry of the
Cm(VE)@a units is similar to that in chromiuwm trioxide,
i.0 the unlts link to two obther units via two oxygem
QCOmE g™
Q\\ )
/////Cr
N § | o- - -
Such considerations probably necessitabe a structure
of the type shown below, involving bridging oxygen and

chlorine atoms, visie
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ca
\ /\(mm/ \Q /
! .
’/(Vl)\ / (ve) _
!\G/ .\0
ci

|

The chlorine atems bridge between 3”393 unite.
This compawres with the astrueture of the Grgﬂg“ layers in

K&Jﬁ"gé}g g =
4]

/// O
e ~y — ~¢p (Wi 1helmi
\ /{V@j\ /{lfk)\u /{V.E.)\\ ~ 1958).

Lt

in the latber lnstance, Cr = 0 « Cr wridging causes
polyanion formation along the same axdis as the chromium
iongy dun the former imstance, Cr » Cl -« Cpr bridging causes
polyanion formation porpendicuiar to the plane of the
chromiun ions, but it ie apparent from the diagrams that
such structures ave clesely related.
X ' . 4= and
However, distinction bebtween the Cp Ogll
- - [
ngﬂg + CL types of structure would requive a Full

crystallogpaphic study.
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g

Since the compound K&wsﬂg ie koown, it was
thought to be of interest to hoeab {Nﬁ}zﬂwsﬁg 0% to atbempt

to bring aboub the reactionge

le.2s to atiempt to obbain the nitrosopium analogue of
ﬁ6r3ﬂ8u On heabing to Qﬁﬁmﬂb nitrosyl chloride was
evolved, btogether with nitrogen dioxide; a blackishegreen
wresidue remained which seemed to be a misture of

G$3@3 and Qm@z. It appears that a redox peaction probably
oceurred bebween nlitfosenivm lon and chromium (VI).

There was no evidence for the formation of Hﬁ.ﬂraﬁgg
nitrosyl chloride and anlterogen dioxide were evolved
simnultaneously .

This reaction is sinilar in some regpeects to the
Vanadiuvm pentexide/nitrosyl chlovide reactdon mentioned
in the lest chaplber. Unfortunately a proper comparison
is nob possible sisce the produets vere not identified in
the Eétter case, but 4t is apparent that in both iunstances

the nitrosyl chloride has behaved as a reducing agent.

CHEOME UM TRE%KI@EfﬂENE?R@&EN TEERGKIDE,
Chroniun trioxide wlll diseolve very slightly in
dinitrogen tetpoxide o give a green solublong the exbend

of solubilon scems to be greaber than with vamnadium
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pentoxide and dinitrogen tetroxide..

It was hoped that formation of CmOZ(N03)2 species
might occur, but gas phase spectra indicated only the
presence of nitrogen dioxide; and no information about
the dissolved species was obtained. No solid product
was formed and the sollid residue conslsted entivrely of
chromium trioxide.

It is possible that the conditions were not
vigorous enough for reaction to occur, Gibson é Katz
(1951) hav e earried out the reaction between uranium
twimxid@ and dinitrogen tetroxide, at 90°C and under a
pressure of 14.5 atmospheres of the latter, to obtain
U02(N03?2‘ N204o

Chromyl nitrate, Grg(mﬂs%zg has been prepared by
the reaction of chromyl chloride or chromium trioxide with

dindtrogen pentoxidese

Gr@z + 'Néﬁg —"-‘Darﬁz(mmg?g

ﬂr@zﬂlg -+ Zﬁzﬁﬁ————ﬁﬁrﬁz(mﬁs) + zmozcl

(Schmeisser & Lubzow, 1954)
It was obtained ag a volatile red liquid and thus is most
likely to oxist as monomeric species at room temperature,
with the nitrate groups behaving as unidentate ligands.

This contrasts strongly wibth Uﬁg(mﬂs)z, which is a solid
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(Gibson & Katz 1951, Gibson et al 1900, Addison et al
1964),; and may contain the U022+ cation (Addison et al
1964) .

~ No examples sre known of the ffree chromyl cation
2

Cr@z

CHROMYE CGHLORIDE:
REACTIONS WETH NITROSYL CHLORIDE AND DENITROGEN TETROXIBE,

These reacblions have wot been fully investigated,
and merit further study. The reaction ¢r03612/mé@4 was
hoped to yield chromyl ndtrabe, thusse

6r0,CL, + 2,0, —P Cr0, (N0,4), + 2N0C1 1
& very small quantity of a blue-green smolid was recovered}
gas phase gpectra indicated that only o mixtoere of nitrogen
dioxdde and nitrosyl chlopide vas present, thus showing
that some reactlon had occurred, but there wag no evidence
for the formation of nitrabo-ligands or chromnyl groups.

However the presence of nitrosyl chleride does
suggest an inltlal reaction of type 1 ; above, bub if
ohronyl nitrate was formoed, further reaction conld oceup
between

a) Cw@zﬂﬁﬁ3}2 and N towards adduct formation.

2041
b) Cmﬁzﬂlz and the NOCL formed.



Ihe reactlion b@%weem chromyl chleride and
nltrosyl chloride yielded a very amall quantity of a
bright green solid; as with the @r%@lﬁ/mzﬁ4 reaction
product, ne analysis was possible. The colour definitely
suggests that reduction of chremium (VI) has occurved.

In both these instances, the infrared spectra of the
reaction products are identical, thus two eiffects could
have occurredis

a) The two reactions could yield largely identical
products, due to favourable secondary reactions occurring
in one of the instances.

b) Reaction could have occurred in Nujol mull, thus
méking most of the bonds decomposition bands,

The latter possibility does seem rather unlikely,
since cven in florube, which is highly unreactive, both
products gave identical spectra.

It is very probable that reduction of chromium (VI)
ocenrs in the main reaction but the oxidation state which

chromium finally attains is not known,

ATTEMPTED REAGTION
INVOLVEING METALLIC CHROMEUM,
The reaction between vanadium and dipiitrogen
tetroxide in aceboniflile solution to gilve V02N03 (Pantonin

et al 1960) has been mentioned in the previous chapter.
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When the analogous chromiuvm reaction was atbempted,
no reaction cceourred elther in pure dinitrogen tetroxide
0r with ionlsing solvenbs, ©.g. nitromethane and

acebonitrile,

MOLYDDENUM

The trend towards enhanced stabillity of higher
oxidation states with increasing atomic number; as observed
in the ¥Yanadium-niobiuwnetantalum geries, is repeated in
the chromiuwn-nolybdenum-tungsten series. The oxidation
states +3 and +0 are particularly well characterised in
chromiwn, and this is alse the case with molybdenum,
However, with the latter the 4 and +5 oxidation states are
much better known, bolth as halides and oxyhalides and in
complex anions.

Ae has been pointed oub, systems are known in
which molybdenun-nitrosonium covalent bonds exist, both in

purely covalent species such as NG.M&.(CQ)Z(HZCSESP and
3",

anfonic species such as (Mn(@ﬁ)sﬁm
The nitrosonium salts NQ.MQFE (Geichmann et al 1963
Seel @ Birkkvant 1962} and mm.M¢F7 (Gedehmann et al 1963)
are known, The latter workers have also obbtained the
nitronium salt NG, MoF,e  Apart from this, no other
nitrosonivie or nitronium halowmolybdates have been reported

in the literaturo.

220
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In addition,; libtitle work has been peported regarding
nitrates amd complex nitrates of molybdenum and tmngaﬁémg
although the data on chemisbry of uraunyl nitrabte ﬂelxzmch
bebter covered, ahd has been reviewed {(Comyns 1960)., The
_inﬁram@d wpéctrum of the wranyl nitrate hydrabtes have been
exanined (Gatehonse & Comyns 1058}, .

The present woirk covers the behaviocur of molybdenun
chlorides in nitrosyl chloride; to a more limited extent,

the behaviour in dinitrogen tetroxide scolution is examined,

MOLYDDENUM TRICHLORIDE/NITROSYL CHLORIDE,

Molybdenuws trichloride reacts with liguid nitrosyl
chloride to give a mixture of producits; these were
ldentifled as molybdenum tetrachloride MGG&é’ and a deep
purple, volatile solid of the formula (Nﬁ)s Mo, Clyge
They were conveniently separated by vacuum sublimabiong
the gas phase specira gave no evidence of volatile

molybdenurenlitrosonium species.,

(N0} BogCly,

This compound ig very deep purples it is volatile,
publiming in vacuo at 90°~93“s. It bears no resemblance
to the compound (N0)30r2619g except that it is a polymeric

species,



222

The infyrared gpectrum is very simplej a sharp,
strong bond is present ab 2175 cmﬁl, with a weak
decomnposition baad at 1802 amwl. in the spectrum observed
in a Nujol mull, a further band is observed at LO0C @m”l.

The 2175 amwl band is definitely due to the frec

1 will be due to

nitrosonium ion, NG+, and the 1803 om”
formation of nitrosyl chioridej the N« boud in the latter
absorbs at 1799 amwl (Burns & Burnstein 1950).

It was possible that the 1000 Qmwl band could be
due to a molybdenuwm=nitrosyl apion structurej the nitrosyl
group in such o system is known to absorb in the 1050«
1400 amﬁi region,. However, it is nmore likely that this
is due to molybdenum - oxygon bond formation by reaction
of the complex with Nujol. Chromiuvm=oxygen bond
frequencies £all in the range 590 cm*i - 1020 am“lg depending

on the bond multiplicity, and the antisymmetric stretching
1

?:‘ w\gw
¢

frequency of the uranyl UO& cation appears at 930 cm
{Gatehouse & Comyns 1958)3 hence it is likely that
s lybdenun=onygen multipi@ bonds will appear in the 900w
1000 amﬁ& rogion.

The compound (Nﬁ%3M®3@11& is extremely hygroscopilc,
but can be handled in the drye-box faivly readily. It is
like the vamadium compounds NQVﬁiﬁ and N0V2817 in this

respect.
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The absence of bands in the 1600 = 1909 ot} <
infraved reglon implies that all the nitrosoniuvm ions
must be vncowovdinated. Henge the compound becomes
(Nﬁ }3 (Mo, Gliga*). It does seem surprising that a
compound with such a high molecular weight should be
volatile, but it wmay sublivme with disscciation and

tructure change; this possibility has been discussed
with respect to the cosmpounds NO,. VCE4 and NO.V CAT in the
previous chapter.

The above formula (N0 ) {Mﬂs,llg ") necessibates
molybdenun being present in more than one oxidation state}
sinee the three molybdenum atoms in cach anion have a
vobal oxildation state of ¥, it seems most ive@asonable that

molybdenum 42 and +3 should be preseant, in the ratiot-
molybdenun (L) 3 molybdenum (IXL) = 2 & 1

Both molybdentm {EK} and molybdenum (TII) have
Lngomplete outer electron @mh'%alﬁg the extermnal

~ , )
configuration of Mo(XI) is 4&4

, that of Mo(IIL) is 4a°;
hence they should give wise to characteristie é-ﬂ
absorpbion specbra. The avallable gpectyoscopiec data 4n
the lilterabure cover:. only molybdenum {(¥11) (Hartmann 19573
Jorgensen 1959.) in avionic species such as the octahedral
M@ﬁlésﬁ and ﬁ@&isimzﬁ?zﬂ. Molybdenum {(E£XL) has an external

ﬂ3 electronic configuration, and hence will give vrise to
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a similar energy level diagram to chromium (IIX);

however since molybdenum is in the second transition
series, it gives rise to a higher Dg value than does
chromiwn (Jorgensen, 1962, p.1ll4), so that for the same
ligand the two cations Cr(Iil) and Mo(III) will yield
different Pq values. H@nae,walthough t&é energy diagrams
are similar, the magnitude of tramsition energies may
differ, and this is observed. In chromium (III), the
forbidden 2T2~m—b4A2 transition is of similar euérgy to
the 4%2-—$§A2 transition, while in molybdenum (LIT),

the latter occurs at a much higher energyj this is
consistent with molybdenum (ITI) having a higher Dg value,

The reflectance apectru& of (N@}a Mo, Cl,, was
chgerved; the spectrum is shown (Diagram §), and the main
bands are tabulated in table 3 with the ﬁaﬁa for the
M06163” anion for comparison,

It will be scen that the spectrum of (NO)3M036110
is fairly consistent with the presence of octahedral
M06163* units,; especially with regard to the bands at
680 mu  and 425 R o By ecomparison with the data for the
MQC&@S" anion these can be assigned to the 4@1-—%>4A2 and
4W2 ~4>4&2 transitions respectively.

The other bands may be due to the molybdenuwa (ILI)
ion, for which ne literature data could be found; it is

unknown in the monomeric state.
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Attempts to observe the refiectance spectrum of
molybdenun tetyachloride were wnsunecessful beocanse of
the tendency of this compound to oxidise, evem in dry
conditions, to give molybdeaum (V) species.

However, the svallable data does sugpest the
presence of octahedral M@Clés* units. The inbense blue-
violet colour of the compound could be due to charge
transfer reactions b@%weén molybdenum (¥f) and (ITI)
sSpacios.

L£ the anlon is mom@m@ria[jM@36110] 3“9 its

gtructure may boge

ClL

Cl Cl j Gl Cl
\(ﬁﬁ.’/ \‘ﬁﬁx?/ N Gt ;/
cx/ \m/ \Cl/ \Cl

C1

which gives rise to octahedrally co~ordinated molybdenum
(IXL), amd four co~ordinate molybdenum (II) species. A
' mnrehhighly polymeric constitution would cccur with further
chlorine bridging from the MG(IE?C14 units, and an increase

in co~ordination number of the Mo(IL) ion,
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When the reaction between molybdenum trichloride
and nitrosyl chloride is stopped at am intermediate stage,
the product isolabed is mainly wmolybdenum tebtrachloride,.

This suggests that the prigsary reaction is of the

Lypes~

MoCl, - NOCL — M@ClA 4+ NO

3

which may occur via am unatable intermediate NG.M@Cld
the nitric oxide thus formed may give species such as

N@.Muﬁl39 thus s~

NG 4+ Mol —P NG JHMoCL

3 J

and reaction of ND.M0014 and NQ.M0613 species could

QCOUR =

2 N0 ,.Moll CL

+ m.M@m[i —p  {N0) 3 Mo 10

3 3

if such a mechanism is correct, tho formation of the
gomplex species ls dependent on initial formation of
nitric oxide,

Alternatively, the reasction counld proceed from a

primary disproportionation of the types=

*+ MoCl

A +
2 MoCl, “== MNoCl 2

4
with molybdenum tetrachloride precipitating out, and the
monomeric MﬁcaCl2 species reacting as above with nitrosyl

chloride,
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MOLYBDENUM DICHLORIDE/NITROSYL CHLORIDE,

Ho reaction occurred bebtween these components,.
This is understaandable sinee the species present in
molybdenun dichloride are [MméClgj 4t sations ana €1°
anions.

The structure of the former invelves considerable
metal-metal bonding, as well as wmetal~chloride bonding.
64 de thus a very stable unit and difficult to disrupt.

Similarly, no reaction occuryed with dinitrogen

vetroxide.

Molybdenum Teichloride/Dinitrogen Tetroxide.

Molybdenum trichloride reacts steadily with
dindtrogen tetroxide to yleld a very pale green soldid
M@G(Nﬂgg3; this compound is insoluble in water, awd fairly
sbable to heat, decomposition starting at 130°% - 140%

L0 vacuo.

Only the owe selid product was observed fyom this
reaction; although gas phase spectira of the volatile
vogidues at the end of the reaction indicated that nitrosyl
chloride was present, no molybdenuwn tetrachlerdde or
molybdenum nitrosyl chlovides were present, It will be
sesen that the product, manlike the products from many other
dinltrogen tetroxide solvolysis reactions; is nob an adduct

o & nltrosondum salé. Ibs inactivity towards water



228

verifice the latber ptaboment.

The inflrored speetrum shows only a wealk absorption
in the 232002400 mm”l‘w@giﬁma and it appears thet this
abasorption s due to a cosbinational opr overtone node,

The intensity of this absorption is imdependent of the
malliing agent veed, this iz contrary to the behaviour of
the compound Qyﬁmﬁg?goﬂﬁgﬁé.

The infraved spectrum gave bonds as follows, with

assignnents ge

3376 w, "

2330 wa

2304 w.} (VE o Vg + V&?v nitrato group (split).
1597 m. - Vé - nitrate group

1408 w, - 2v3 oL mvs ndtrato group
1299 m, w v& pibratowgroup

1349 w, -

1017 w. -

974 s. - V, mitrato group

917 vs. = Mo~ bond stretching mode
800 we o Vé « nitrabo group

719 vs. - VS,Vg - nitrato group

These bands can be assigned falely satisfactorily
on the basis of a styucbure iovelving co-ordinated
nitrato-groups and molybdenum-oxygen smulbiple bhonding, as
showny the {véavi) splitbing is 208 ﬁm”ﬁ indicating a high

degree of covalent bonding.
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The structure may be monomeric, but it is more
likely that 44 is polymeric ag has beon suggested fop
niobium onybtrinitrate (Fileld & Hardy 1963,a), with a
&%wu&%u&e that may davolive pdtratosgroups actlog as

beidging ligands, vizie

0 O
~y |

or /// \\

d
E&;////// \\\\\\\Eﬁa ///Q @\\

Mo Mo

Aagsuming that in the above systems the nitrato=
groups are planapr, they will both have the same syametry
(ﬂzw) and will thus be indisbinguishable from their
infrared spectra.

The reflectance spectrum of MOG(N03)3 was mbﬁerved
and compared with that for 6mmmnium pentachloro~oxymnolybdate
(M), - MoOCLy  (Gray & Heme 1062).  “here is litile
similarity between the two sets of data, but this could
mean that in Mu@(ﬂﬂz?s, the molybdenun ions are not six
cowordinate, and hence the energy diagrams of the two
species will be comngiderably diifercent.

From a compardson of reflectance daba for
M@ﬁ(ﬁ03?3 with that for molybdenum (IXL) species (diagrams

5 and 6 ), the reflectance data suggest that the



230

compound conbaing molyhdenum (X E?) apecies, but the
analytical data do not support this.

The reaction steps were probably of the typese
Mol , -+ N v 3NOC

Nnt;s 3N 2] 4 — MO(N03?3 + {NoCL

The Mb(N03)3 could then decompose in two waysi~

Mo (i0,) , —b MoO(N04) + Ny0g. (o N0 + 1/9 0,)

4

310(1‘10323,>-—> Ivioﬁz(mosa - Nzo 4

The aclybdenyl species formed would then have to
react with dinitrogen tetioxide, offoctively abstracting
nitrate ions-

Meu(mca ) o M 4 — ma{m ) + ARG

oxr

Moﬁz(Nﬂaz * 2Hp0, —D> rfioﬂ(Nﬂa) 3 F N,04 {or NO + rm,,)

There appeavred o be no tendency for adduct

formabion of the typestw
mao(m.,)d. N 4 3 Mo (Nug},mz b ﬁa(}(Nﬂa).N OA

¥ would appear that if such adducts fowm, they
dissociabe very readily. Possibly if meﬂ{mﬂs}s does
have a polymeric structuwre, this will nol be condueive

te nitrosoniun compound formation, and any adducts fermed
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will'bé.jQSt 1lattice éomppﬁndsi, with the diniffdgéﬁfl "

tetroxide casily removed by heat or redutced pressufe}f

Molybdenum Pentachloride/Nitrosyl Chloride.

These components reacted quite readily-to give
NO Mo Clg; this was a grey powder which hydrolysed very -
readily in moist air to give dioxymolybdenum dichloride
M00,Cl,} in dry air, dissociation into the original
components occurred very readily. |

The infrared spectrum showed a band, which

-1,

weakened rapidly with time, at 2180 em ~, indicabting free

nitrosonium ion, Hence the compound can be formulated
NQ* MoCl 6‘" .

The ease of dissocliation is similar to that

observed with NO.NbCl.; this was discussed in the previous ..

chapter,
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TAPY?.
REFLECTANCE SPECTRUM OF THE Cr” Cl_" " ANION
(NO) .Cr, C1 r(CH) .N1l,Cr,Cl- CrCl, + Assigiuaents
-3 i 9 U 75 433 - 9 3 (Jorgensen 1962)
@/ ) @\/) (mM/ )
950 ) 930 a 760 ah *T , *E->"A
920 ) a 720 a 730
885 ) 490 a 529
665 ;
695 S 8
730 )
540 ah
420 a
TABLE 2
REFLECTANCE SPECTRUM OF Cr (NO,) ..2NgO..
Cr (NOg) j.2N*0" |Cr (oxalate>2]”™ + ASSIGNMENTS (Jorgensen
(a”) (**)
900 broad 696 e
680 Sh 571. o K %
6X0 418. /o
540 "m

460 mj broad
400 m.

320 8.



TABLE 3

REFLECTANCE SPECTRUM OF THE [MO§C116J ANION

(NO>3 MOjCljo (Jorgensen, 1957» 1962)
(«™)

870 m 1036 *Tjj, *E ~ en,

750 m 676 *T,

680 # 506

640 8 407 *T 4> A,

560 8

425 8

TABLE d

REFLECTANCE SPECTRUM OP MoO (NO, ),

MoO (NO, ), NH* g(MoOClg) (Gray & Hare 1962)
{ay. ) («y-)
930 m 725
685 m 435
590 = 375
520 w 312
400 ah 280
240

211

233
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EXPERIMENTAL
CHROMLUM

Chromic Chloride/Nitrosyl Chloride.

Nitrosyl chloride, dried by vacuum distillation
over phosphorus pentoxide, was vacuum distilled into a
Carius tube containing 1 = 1.5 gms anhydrous chromnle
chloride. ‘The tube was sealed, and the reaction mixture
allowed to riseé to room temperature, No reaction
occurred, even on heating, and the original materials were

recovered without change.

Chromoué Chloride.

Chromous Chloride, CrClz, was prepared by\passing
hydrogen chloride gas, dried by bubbling through
concentrated sulphuric acid, over metallic chromium at
900 ~ 1000°%. The reaction was carried out‘in a silica
tube, The chromous chloride sublimed from the reaction
tube and was condensed in a receiver at room temperature.
On completion of feaction, the system was flushed with dry
nitragen; and the receiver containing chromous chloride
sealed and transferred %o the dry-box

Analysis Cr 3 42.3 C1 & 57.6
CrCl, required Cr ¢ 42.3 C1 3 57.7
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Chromous Chloride/Nitrosyl Chloride.

Nitrosyl chloride was dried by distiliation over
phosphorus pénﬁaxide and then vaecuum distilled into a
Carius tube containing chromous chloride., The tube was
sealed and the reaction mixture raised to room temperature.
Reaction was rapid at this temperature and a yellowsbrown
solid separated out, When the excess solvent was removed
in vacuoy, a yellowsbrown residue remained, lThis was

transferred to the dry-~box for further handling.

Analysiss N = 7.9 Ce ¢ 20,0 €1 s 61.9
(Nﬂ)acrgﬁlg requires He= 8,2 Cr 3 20,2 Cl : 62,2

Chromous Chloride/Chromic Chloride/Nitrosyl Chloride.,

A mixture of uhromia chloride (¢ 1.5 gmus) and
chromous chloride {¢ 0.05 gns) was made up in the dry<box
and transferred te a Carius &ﬁbe, and then evacuated.
Dry nitrosyl chloride was vacuun distilled onto the mixture;
the tube sealed, and the reaction allowed to come up to
room temperature., Reaction was very rapid, and a yellow=
byown solid precipitated out, On removal of excess
solvent, a yellow-brown solid remained,

 Analysis: N: 8.3 Crs 20,0 Cl 3 62,0
(NU23C”2619 requires Ne 8.2 Crs 20,2 CL 2 62,2
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Chromic Chlopide/Dinitrogen Tetroxide,

Bry dinidrogen tetroxide was vacuum digtilled
into a Capius tube conbaining anhydrous chromic chloride.
The tube was sealed and the mixture allowed to rise to
room temperature, No reaction occurrod. The mixture
was heated up to 1@0@6, but no reaction occurred.

This procedure was repeated, distilling dry
acotonitrile into the Carins tube, as well as dinitrogen
totroxide. o reaction occurred in this instance or

when nitromethane was used.

Chromous Chloride/Binitrogen Tetroxide

Dry dindtrogen tetyoxide was vacuun disbilled
into a Carius tube containing chromous chloride. The
tube was sealed, and when the mizbture gose o room
tenperature, rapid ream@i@m occurred, a green selid being
precipitated out of solution. The excoss solvend vas
vemoved by vacuum distillation, and the gré@n soldid

transferred o the dry«hon for further examination.

Analysis. Crs 11.8% Tobal Ni 23.2% H@3“367.8%
m"fiﬂﬁsﬁyiﬁ' 20, vequires Grs 11.7% Total N3 21.7% Nﬁs”m&%.?%

Chromic Chloride/Chromous Chioride/Dinitrogen Tetroxide,

A mixture of chromic chloride (c¢.l.5 gms) and

chromous chloride (¢.0.1 gms) was made up in the dry-box,
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and transferred to a Carius tube, then transferred to

the vacuum line, Bry dinitrogen tetroxide was distilled
into the Carius tube, and the tube sealed. On raising
the mixbure to room temperature, Slow reaction occurred,
while at 40°=50°C the rate increased; at room temperature,

complete resction required 3 « 4 hours in a 'shaker!,

- -

Analysis = Cr ¢t 11.,3% Total N s 21.97% ﬂﬁs—s 68,0%
e::p(mg)s‘wz% requires Crill.7% Total N: 21,7% R{}g”séﬁ.?%

Chromiwn Trioxide/Nitrosyl Chleride.

bDry nitrosyl chleride was vacuum distilled into
a small reaction flask (c,50 mls) containing 1.5 = 2.0 gns
chromd um tﬁioxide Gr03. Pry air was admitted to the
reaction mixture, and the flask removed from the vacuum
system, It was allowed to warm up under atmospheric
pressure with a caleium chloride guard tube, At about
0%¢, fairly vigorous reaction took place, and a black solid
was formed, Removal of excess solvents andAthe volatile
reaction products left a very shiny black crystalline solid,
vhich was transferred to the dry box for further handling.

Chromate was analysad by preaipliaiion as baéium
chrematey total chromium was analysed for by oxidation of
the ¢hromium (in) to chromium (VI) with sodium peroxide

Ngg%? and precipitation. of this, plus the ordginal clromate,
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as barium chromate.
Analysis ¢ Found

Nt 7428 Cr{VL) 3 27.1% Tobtal Cr & 41.,1% CL 3 9.5%

(Nﬂ)za Crsogﬁl requires ,
N 2 7.4% Cr(VI) t 27.5% ‘“otal Cr 3 41.,2% C1 : 9.A%

Chromiun Trioxide/Dinitrogen Tetroxide.

Dry dinitrogen tetroxide was vacuum distilled
into a Carius tube containing chromium trioxide. The
tube was sealed, and the reaction raised to room temperature.
The dinitrogen tetroxide turned fairly bright green, but
the chromium trioxide appeared to be only very slightly
soluble,

Gas phase infrared analysis of the dinitrogen
tetroxide gave no indication of chromyl linkages being
present; and complete removal of the solvent in vacuo

left only a residue of chromium trioxide.

Chromyl Chloride,

Chromnyl chloride was preparved by a method analogous
to the preparation of vanadium oxytrichloride {(provious
chapter « experimental section).

Anhydrous alusinium trichloride was sublimed to
purify it and remove traces of moisture. A solid mixture

of anhydrous AlCl,; and 40 =~ 50% excess of chromium trioxide,
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4
} o

&naording to the equation below, was made up.
38r93 b 2A1@13 -*—ﬂ>30v02612 + Alzas

This mixture was ground up intimaﬁély,in the dryml
box, transferred to a 100 mls reaction flask, then
evacuated, Even at room temperature, chromyl chloride
distilled slowly out of this mixture, and the rate became
guite rapid at 70°u~ 806°C, The chromyl chloride was
condensed in a trap acntaihiug phosphorus pentoxide, and

redistilled in vacuo to dry it thoroughly.

Analysis Found Cr{as chromate) & 38.5% Cli 45.4%

Cro,Cl, requires Cr ¢ 33.6% Cl ¢ 45.8%

Chromyl Chioride/Witrosyl Chiloride

Chromyl chloride, prepared as previously explained,
was vacuum distilled into a 50 ml. reaction flask; dry
nitresy} chiloride was vacuum distilled separately into
the same flask, Dry aiyr was admitied, and the reaction
allowed to risge to room temperature protected from moisture
with a caleium chloride guard tuba. No wvigorous reaction
occurred but around 0% a small quantity of solid
swpavateﬁ out.ts Gas phase infrared e¢xamination of the
yolatile residue indicated only excess of : I 'NOCI 1 presenb,

The volatile residue was removed in vacuo and the gireen
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solid residue exanined. There was insufficient fop

analysia, bub infrared data were obtained.
Chremyl'Chloride/ﬁinitrbgen Tetroxide,

Chromyl chloride and dinitprogen tetroxide were
separately distilled in vacuwo inbo the same reachtion
flask, dey air admitted, amd the minture allowed to pise
bo room temperatuwe protected from moisture with a
caleium chloride guard tube.  Aftey completion of reaction,
a small solid residue was observed, Inflrared examination
of the velatile residue indicated that a mixture of
dinitrogen tetroxide hnﬁ nitrosyl chloride was present but
no evidence was observed for chromyl groups or aaFﬁrdinated
ni.trato~groups.

" After removal of the volatile residue, a blue-green
solid remained. insufficient was vrecovered for analyﬂis,

but infrared data weéve obtained.

Chromiun/Dinitrogen Tetroxide/Acetonitrile.

Dinitrogen tetroxide was vacunum distilled into a
Carius tube containing metallic chromiwn, and acetonitrile
separately distilled inte the same tube, The tube was
then sealed; and the mixture raised to room temperature,
No reaction was observed. On heating to 80°C for 2 =~ 3

hours no reaection could be initiated;



nedther counld shaking at room tempergbure for 2 - 3 weeks,
initiate a véaction.
Molybdenum Trichloride/Nitrosyl Chloride.

Nitrosyl chloride was vacummedistilled in about
3 3 1 stolcheiometric excess into a Carius tube containing
molybdenun terichloride. - The tube was sealed and the
reaction allowved o rise to roon tewperature, when gteady
reaction ocourred. The veaction was left for Z4 hours.

The tube was opened and excess golvent prenoved in
vacno, maintaining the reactiou mixture at «20°C (earbon
tetrachleride slush bath) to avoid loss of the volatile
reaction product, Whenﬁall the excess nitrosyl chloride
had been removed, the solid regidue was transferred rapidly,
in a dry-box, into a sublimer. The volatile fraction
sublimed out at 90%« @Sﬂﬂ, as a very deep blue«purple solid.

Analysis Nt 5.5 Mo t 39.1% CL 3 48.7%
(W0) 5 Moy Cly, required N s 5.7% Mo 3 39.3% C1 1 48.4%

The pale brown product was involatile up to 200°C,

Analysis Mo ¢ 40.,0% €1 8 59.5%
MoCl, requives Mo 3 404305 CL ¢ 59.7%

Molybdenmunm Twichloride/Dinitrogen Tetrozide,
Dinitrogen tetroxide was vacuum distilled into a
Carius tube containing molybdenunm trichloride, and the

tube sealed, The mixture was raigsed to room temperature

241
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and a steady reaction was obsepved to ocour, which came
to completion in 3 « 4 hours.  On removal of excess
solvent & very pale green solid remained, which was

transferred to the dry-box for further handling.

Analysis Mo ¢ 31.5% Nog” 1 61,08
MoD(NO,) , requires 1Mo ¢ 31.,9% Nﬂgﬁ s+ 61.9%

Molybdenun ?enﬁadhiariﬁe.

A stream of chlorine; from a cylinder, was dried
by bubbling through uancentmaﬁéd sulphuric acid, then
passed over molybdenum metal heated to 200° = 250° in a
long reaction tube, The molybdenum pentachloride was
formed immediately and sublimed off the reaction éurfaee,
condensing on the cooler parts of the tube, On
completion of reaction the tube was swept ouﬁ'with nitrogen,

then transferred to ﬁha dry«hox .

Analysis | Mo 3 35.15% CL & 64.82%
MoCl, vequires Mo 3 35.10% €1 ¢ 64.90%

Molybdenun Pentachloride/Nitrosyl Chloride.

Nitrosyl chloride was vacuum distillied into a
Carius tube containing molybdenun pantaehleride; prepared
as above., The tube was sealed and the mixtuwe raised o
room temperature, when reaction was observed to occur.

The excess solvent was removed in vacuo, and the pale grey
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golid residus examinod.

Analysis W8 3.8% Mo & 27,.8% Ci & 62.,1%
WO MoCLy roquires W 3 4415 Mo ¢ 28.3% C1 ¢ 62,87

Infrared speciira were measvred on a Geabb-Farsons
DBL spectrophotemeter in Nujol mulla, The free
nitrosonium ion bonds of {(NO).Cr.Cl, and {(NO) Mo ,.Cl.. were
R T33O
calibrated in fiorube mullis against polystyrene £ilm,
Since the sbructure of Cr(NO }3.2N2@4 was not definitely

Lt
“L ponds were not

ascerbained, the 2336 cn™} and 2276 om
calibrated.

ALL veflectance spectra were measured, diluted in
potaseiun chlorlde; on a Hilger Wabtiso Uvispek
Spectrophotoneber Model H700 3073 the dry=-box was

invariably used for moking up the refllectance sanples,
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ABSTRACST

A series of compounds, reported in the literature, which
can be formulated as nitrosonimwm salts of fluo§o~acidﬁ,
have been we«prepared,. . Several metal chloride~-nitrosyl
chloride adducts, also reported in the literature, have
been re-prepared, and both these groups of compounds
have been shown to contain the nitrosonium ion, Nﬁ*, by
infraved diagnostic methods,.

The isomorphism of the nitrosonium salts of the
anions fluweroborate, chlorostannate and chloroplatinate
with their peotassium an%lagu&m has been confirmed, and
nitrosonium and potassiuvm fluorosulphates have been
shown to be isostructural. These observations have been
explained structurally, with reference te the relative
sizes of nitrosonium and halide ions,

The free (i.e. unco-ordinated) nitrosonium ion
was found to absorb in the reglion 21060 am”l - 2400 cm‘l.
This wide variation was partially explicable in terms of
polarisation by the anion but it is apparent that other
factors were important, In general, it was found that
fluoro~acid salts gave the highest nitrosonium ion
stretehing frequencies, followed by oxy-acid salts and

chloro=~acid salts respectively.



The behaviour of group IVE amd VB Lewis aecid
halides was observed with nitrogen oxides and nitrosyl
chloride. With dinitrogen tetroxide; all thefcompoundm
examined, except arsenic trichloride; gave a mixture of
products which it was not possible te separate, Arsenic
trichloride gave a nitrosonium nitrato-arsenate salt.

In the other cases, there was evidence for the formation
of nitresenium and nitronium salt mixtures, in accord
with earlier observations on the behaviour of dinitrogen
tetroxide with Lewis acids, and strong acids such as
perchloric acid, With nitrosyl chloride, the products
were either nitrosonium chlero~acid salts or molecular
adducta,. Reactions involving nitric oxide were mnot
investigated extensively but in reactions with high
valency metal chlorides, the primary reaction steps was
always a reduction by the nitric oxide,

The behavieour of transition metal chlorides and
oxides of the titanium,‘vanadium and chromniuvm groups was
observed in nitrosyl chloride and dinitrogen tetroxide,
These reactions could all be explained assuming autoe-
ionisation of the solvent.,

The reactions in nitrosyl chloride yielded mainly
nitrosonium salts of chloro-acids, and several of the

anions thus formed were bi~ and tri- nuclear species.



The previously reported compounds NG.V014 and NO.V2C17
were obtained and characterised as nitrosonium salts,
With niobium and tantalum, the new compounds NO.NbClé
and NO.TaC16 were prepared, containing the previously
unknown NbCl,™ and TaCl,” anions. The new compounds
(NO)3 Cr, Cl9 and (NO)3 Mog 6110 were obtainod, A
surprising feature of several of these ionic compounds
was their high volatility.

In the reaction between chromium (VI) trioxide
and nitrosyl chloride, a new compound (N0)2 CP3 08 Cl
was characterised, in which chromium has undergone a
partial reduction, Vanadium pentoxide underwent a
similar roaction, but in this case it was not reproducible.

The reactions involving dinitrogen tetroxide
generally gave rise to one product only, in contrast to
the Lewis acid - dinitrogen tetroxide reactions. The
products were usually metal nitrate-~dinitrogen tetroxide
adducts and these could be formulated as nitrosonium metal
nltrato=-salts, on the basis of their infrared spectra,.
Vaﬁadium and chronium chlorides gave the adducts
VO,NO0,.N,0, and Cr(mg) 3+2N,0, respectively, but molybdenum
trichloride gave MO(V)O(NUS)g, which may be polymeric,

No reaction occurred between chromium (ILII) chloride
and either nitrosyl chloride or dinitrogen tetroxide, but

in the presence of chromous chloride, reaction proceeded



>

readily in both instances.

No reaction was observed between high valenecy
metal oxides and dimitrogen tetroxide, but this may have
been due to insufficiently vigorous conditions.

The reflectance speectra of the majority of the
above compounds were cobserved, and, in most cases it was

possible to make satisflactory band assignments.



