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Abstract

The work described in this thesis is concerned with the study of the oxidation of
free and complexed cyanides by HyO, and a variety of dther peroxy species in aqueous
solution.

The kinetics of oxidation of free cyanide were measured between pH 9 and 10
using a cyanide ion selective electrode. Intermediates such as cyanate, and the products
of the reaction, carbonate or bicarbonate and ammonia were identified by chemical
methods and using infra-red, Raman and *C NMR spectroscopy. Factors affecting the
rate of oxidation were studied. These included the effects of pH, ionic strength, UV
light, radical traps and of carrying out the reaction in a variety of buffers. We
investigated the catalytic effects of a variety of transition metal species including salts of
Cu(I), Cu(Il), Ni(II), Fe(Ill) and Zr(IV), and the tungstate, molybdate and
orthovanadate ions. Qualitative observations were made on the oxidation of free
cyanide by persulphate and the oxidation and hydrolysis of free cyanate in the presence
and absence of oxidants.

Spectroscopic observations were made on the oxidation of the complexes
[Zn(CN)41* and [Ni(CN)4]* by H,0, and caroate, [HSOs]". The kinetics of oxidation
of these complexes by H,O, were found to be complicated, although simple kinetics
were observed for the oxidation of [Ni(CN)s}?" using triple salt
(K2S04.KHS0O4.2KHSOs) and potassium caroate (KHSO5.H,O). The reactions of
these oxidants with a variety of other cyanide complexes, including [Fe(CN)6]3',
[Co(CN)6]3‘ and [Cu(CN)g]z” have been investigated using electronic spectroscopy and
High Pressure Ion Chromatography.

A wide variety of pseudohalide complexes were prepared and characterised
using infra-red and Raman spectroscopy, and FAB mass spectrometry. These included
cyanato complexes and isomeric forms of thiocyanato species. Work was carried out on
the adsorption of cyanide complexes and copper species on inert supports in attempts to

develop a heterogeneous catalyst for the oxidation of cyanides.
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Aims of this work
The principal theme of this thesis is the use of peroxy species to oxidise (and
thus detoxify) free and complex cyanides. The first chapter covers work carried out to
study the peroxidic oxidation of free cyanide and free cyanate, the latter being the initial
‘product of the oxidation of cyanide .
In chapter 2, we consider the oxidation of cyano complexes by peroxidic
oxidants while chapter 3 concerns the other main theme of this thesis, the preparation
and vibrational spectra of pseudohalide corﬁplexes, those containing CN , NCO and

NCS'.
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Th xidation of Free anide and anate Ions bv Peroxo

Species.
Intr ion
Cyanide is a versatile material and is widely used in many varied industrial
processes. It is important for electroplating and in galvanising baths, in the
manufacture of many dyes and pharmaceuticals, photographic development and in the
extraction of metals from their ores. It is also produced as an effluent in blast furnaces,
smelters and in coking processes. ! Obviously, the well documented toxicity of cyanide
renders it necessary that all wastes containing cyanide must be detoxified prior to their
release into the environment.z'3
We start this chapter with a brief account of the main methods which have been
used to effect such detoxification, placing emphasis on the methods using peroxides
such as H,O,, [8208]2_ and [HSOs], but also including other reported industrial
oxidative procedures. In the following section we summarise the analytical procedures
suited for the determination of free and coordinated cyanide and in section 1.3 we deal
with the oxidation of free cyanide by H,0O; and other peroxidic oxidants. In section 1.4
the reactions involving the oxidation of free CN by persulphate are studied and section
1.5 concerns the oxidation and hydrolysis of free NCO, cyanate being an initial

product of the oxidation of cyanides.
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Revi f Meth f Treatment of ni

Methods for the detoxification of cyanide in effluents and wastewaters
encompass a multitude of principles. The following review briefly encompasses some
of the industrial procedures developed to overcome this potential problem and the

academic research in this area.
1.1.1. Methods involving hydrogen peroxide.

As early as 1907 Masson had discovered that aqueous solutions of KCN could
be oxidised by H202.4 He concluded that the main products of the exothermic reaction
were KNCO and K(NH4)COs, the latter formed by hydrolysis of the cyanate which
could be removed from the solution after the reaction. About one fifth of the cyanide
was converted by hydrolysis into HCO,K and NHjs and this reaction was catalysed by

the presence of peroxide. Thus the overall reactions are as follows:

CN + H,0, = NCO + H0O (1.1)
NCO + 2H,0 = [(NH4)CO3] (1.2)
CN +2H,0 = [HCO,] + NH3 (1.3)

The kinetics of the oxidation were found to be first order with respect to the
concentrations of both the peroxide and the cyanide, and addition of either KOH or
H,504 lead to retardation of the reaction. Since this early discovery attempts have been
made to study and improve the efficiency and speed of the reaction using a variety of
catalysts and conditions.

More recently an alternative route for this oxidation was discovered via a
thiocyanate intermediate, formed when thiosulphate was added to a reaction mixture of
CN and H202.5 It was thought that in this reaction H,O, reacted with [8203]2_ to

form [HOS,03] which normally decomposed into two molecules of {SO4] > as shown

15



in reaction 1.6. However, in the presence of free CN, SCN and one molecule of

[SO4]2— were formed as follows.

H,0, + [S,0:]° = [HOS,05] +OH (1.4)
[HOS,0s] + CN = SCN + [SO, " +H' (1.5)
[HOS,0s] + 3H,0, = 2[SO" + 3H + 21,0 (1.6)

Reviews of industrial processes have cited the optimum conditions for
uncatalysed oxidations of CN by H,0, to be at pH 9 tol 16 (or 4 or 57), temperature
283-353K (or >313K ') and using a HyOp: CN ratio of 0.7-2 ( or 2-3'). However the
addition of a catalyst can considerably reduce reaction times and alter the optimum
conditions.8 The favoured catalyst is a copper(Il) salt added as CuSQy4, CuCl, or
Cu(OACc); at a concentration of 10_2—104M although Cu,Cl, has also been used. In
comparative studies copper(Il) salts were found to be more effective catalysts than
NiSQy4, and additions of CrCls, SnCl,, CoCly, FeSO4, Alp(S04)3, HgCly, MnSO4 and
Pt(OAc), were found to have hardly any catalytic activity.9 Another catalyst involved a
combination of iodide ions (IOA-IO'GM) with a soluble silver salt (AgNO; >1O—4M)
used at pH 10 to 10.5, and temperatures of around 50°C. This was found to be more
efficient than the use of copper(Il) salts but oxidation was achieved more slowly. 10 On
completion of the oxidation Agl was precipitated out, the silver could thus be recovered
and the reaction could be followed potentiometn’cally.11 Other potential catalysts
proposed were soluble salts of Ag(I), W(VI).and V(V) (10'2- lO'SM) in a pH range 8.5
to 10.5 using a Hy0,:CN ratio of 0.8.12 Successful oxidation has also been achieved
using [8203]2_ with rhodanine (cyanide sulphurtransferase) as a catalyst to form SCN’
and this reaction has been studied with respect to its biological signiﬁcance.B’14

Various attempts have been made to develop a heterogeneous catalyst. One
claimed that the ions of silver(l), copper(Il) or nickel(II) adsorbed on a high surface
area (10 m2 g_l) metal oxide base such as Al;0s, SiO; or aluminosilicates gave

unexpectedly efficient catalytic results over the range of pH 4 to 12 although the reasons
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for this were not discussed. B A more sophisticated system used a resin loaded with
Cu(lI) species in conjunction with a second resin exchanger to remove from solution
any copper(Il) species that dissolved from the first bed durin g oxidation. 16
Gierzatowicz investigated the catalytic capacity of various insoluble transition metals
compounds and also metal salts deposited onto alumina and montmorillonite.17 No
catalytic activity was found and although an aqueous solution of CuSO4 was readily
adsorbed onto montmorillonite the catalysis of oxidations was attributed to copper(Il)
species being leached. The addition of SiO; to reaction solutions has been patented as a
method of stabilizing the HyO5 in the belief that foarhing observed in reactions was due
to the decomposition of H,O; and that this unneccessarily increased the H,O:CN " ratio
rc:quired.18 The basis for the ability of SiO, to act as a stabilizer was not explained.
Serpone et al. discovered that UV irradiation of solutions containing cyanide and
H;0, increased the rate of oxidation tenfold at pH 9 to 10. YA radical pathway for this
reaction was proposed involving OH', which is more reactive to CN than HO, which
is thought to be the reactive species in the uncatalysed oxidation at alkaline pH.
Intermediate NCO was detected, and the final products were NH3 and CO;. In another
study Imamura concluded that metal complexes containing Mn(II), Ti(Il), Ce(IV),
[VO4]3‘ and Cu(Il) interfered with the UV irradiated oxidation of CN by peroxide.zo
Addition of H2O; to solutions of cyanide complexes whilst they were being irradiated
did not accelerate the oxidation because the HyO, was decomposed before all the metal-

cyanide bonds were broken.
1.1.IL. Other peroxy species.

There has been relatively little study of the use of other peroxy species as oxidants

for free CN . Persulphate, Caro's acid and potassium caroate (KHSOs) have all been
. . 7,9 . ; . g .

proposed as alternative oxidants to HyO,. = Caro's acid will not oxidise organic

nitriles but is effective for the oxidation of inorganic cyanide complexes at [HSOs] : CN'

17



ratios of 1.5-1.8 and has been used to oxidise free cyanide at pH 5 and between pH 9
and 12 industrially. " The complex triple salt (K2SO4 KHS04.2KHSOs), known
industrially as Oxone (Du Pont) or Curox (Interox), has also been used at pH 9 to
oxidise strong solutions of CN within 15 minutes. 2 The stoichiometry required 15g.
of triple salt for each g. of CN (caroate: CN = 1.2). 7 The oxidation with

peroxymonosulphate (caroate) is thought to proceed via the following equations:

CN + [HSOs] + OH = NCO +[SO4q" + H,0 (1.7)

2NCO™ + 3[HSOs] + 30H = N + 2[HCOs] + 3[SO4" + 2H,0 (1.8)
If a caroate: CN ratio of 1.5-1.8 is used the overall reaction is;
6CN -+ 9[HSOs] +90H = N, +4NCO™ +2[HCO3] +9[SO4]" + 8H,0 (1.9)
If a higher ratio of 2.5 or greater is used complete oxidation is achieved.
2CN + S[HSOs] + SOH = N, + 2[HCO3] + 5[804]2' + 4H,0  (1.10)
Persulphate was only efficient as an oxidant for concentrated cyanide solutions
but was slow and did not to produce a cyanate inte:rmediate.g’m'25 A study of the
reaction catalysed by Ag(I) claimed that the final products were CO and [NO3] .26 The

gL - .20 ca -
oxidation of CN using permanganate has also been studied. The oxidation was

thought to proceed via an activated complex as below:

[MnOg + CN = [OsMn-O-CN]® = [MnOs] + NCO  (L.11)

[MnOs] + 20H = [MnO4] + H,O (1.12)

The reaction rate increased with pH and the kinetics were complicated in the range pH 6
to 9. Using 18O labelling it was calculated that 70-80% of the oxygen on the NCO
came from the oxidant.

A desirable aspect for any oxidative process is to have have a system that can be
continuously monitored. One solution to this problem was to measure the redox
potential of the effluent with a silver, gold or an ion sensitive electrode.”">** This

followed the decomposition of a measuring oxidising agent, one which reacted more

rapidly than HyO2 under comparable conditions (such as caroate, permanganate or
18



ozone) and it was this which governed the addition of proportional quantities of HyO,
to continue the oxidation. One advantage of using peroxy species is that they have

greater potential for use in continuous monitoring systems.
1.1.III. The Kastone process.
. . . 30 .
This has been used as an industrial treatment for over forty years. It involves

the use of peroxides in conjunction with formaldehyde to oxidise cyanide to glyconitrile

and then form glycolic acid amide. This then undergoes hydrolysis to glycolic acid and

ammonium hydroxide.
CN +HCHO + H,0 = HOCH,CN + OH (1.13)
HOCH,CN +H,0, = HOCH,COONH, (1.14)
HOCH,COONH, +2H,0 = NH;OH + HOCH,COOH (1.15)

A competing reaction is the direct oxidation of the cyanide to cyanate which accounts
for about 30% of the CN'.31 This process has been used to oxidise CN' in the presence
of SCN using a [Cu(CN),] catalyst.32 If zinc ions are present, as is the case in
electroplating baths, then magnesium(II) salts added as MgCl,, MgCO3, Mg(NO3),
Mg(OAc), or MgO will aid the process but the role they play was not discussed. An

‘ L 33
elevated temperature of above 50°C is advocated to reduce the reaction times.
1.1.IV. Singlet oxygen.

This is formed when HyO; is added to NaOCL>"
H,0;+NaOCl = H0 +NaCl + O, (1.16)
The kinetics of the above reaction have been measured.35 Singlet oxygen can also be
obtained by the action of Cl, or Bry on Hy0; or by spectrophotometric processes.3 637

Cyanide is oxidised to cyanate and it is claimed that all complexes except

19



hexacyanoferrates can be destroyed . A peroxide: CN ratio of 1-1.3 at pH 9 to 9.5 will

oxidise CN in solution.

1.1.V. Oxidation with hypochlorite.

This is the traditional method of detoxification of cyanide containing wastes.
The most recent kinetic study38 of the reaction concluded that both OC1 and HOCI react
with CN, but HOCI was nearly 4 x 10° times more reactive than OCI” because of the
very fast proton transfer reaction between HOCl and OH and the logical pathway of the

reaction as shown below.

H,0 + OCl - HOCl + OH (1.17)
CN +HOCI » [HO-CI-CN] = CNCl + OH (1.18)
CNCl + 20H = NCO + Cl + H,0 (1.19)

Older studies39-41 proposed that between pH 9-10 there was a three step
pathway involving the direct formation of cyanate but it appears that even at high pH
cyanogen chloride is the initial product of oxidation, but the hydrolysis of this species
to NCO is very rapid.

Below pH 9 the hydrolysis of CNCl to NCO is slow, an undesirable feature
due to the toxicity of CNCI.41 The second step of the reaction, the oxidation of
cyanate, has also been studied but this aspect is discussed elsewhere (see section 1.5).

Hypobromite is a similarly effective oxidant for both CN” and NCO'."”
1.L.VL. Oxidations with [Fe(CN)gl>.
It has long been known that free CN can be oxidised to NCO by [Fe(CN)6]3'.

The kinetics of this reaction were studied and found to be complex, but it was

concluded that the rate was independent of pH in the range 9 to 11, had a proportional



relationship with ionic strength and involved a CoNj intermediatc."'3 A more recent
study showed that the reaction is very strongly catalysed by the presence of copper(Il)
ions.44 Kinetic measurements showed a first order dépendence on the copper(Il), an
inverse first order dependence with respect to [Fe(CN)6]4- and that the reaction was
independent of the concentrations of CN” and OH . Two mechanisms were proposed to
explain these observations. The first proceeded via a postulated CuH—CuI dimer whilst

the other required a hitherto unknown disproportionation of [Fe(CN)6]3- .

I [Fe(CN) + [Cua(CN)s" = [Fe(CN)s" + [(CN)sCu -Cu' (CN)sT” (1.20)
[Fe(CN)e]> +[(CN)3Cu -Cu'(CN)s]” = [Fe(CNYs]" + 2[Cu(CN)] + CoN, (1.21)
I 2[Fe(CN)s] - [Fe(CNY]™ + [Fe(CN)]©  (1.22)

[Fe(CN)gl”  + [Cu(CN)lT = [Fe(CN)e]” + [Cu(CN)]~  (1.23)

45
In each case it was the copper that acted as the oxidant in the following reaction.
2- 2-
2[Cu(CN)4] =» 2[Cu(CN)3] + CNp (1.24)

There are no other data to support either of these, fanciful mechanisms. However in the
copper catalysed oxidation of malic acid by [Fe(CN)6]3— the proposed mechanism
proceeded via a copper(Il) complex which was then thought to be oxidised to a
copper(IIl) malate. % This dissociated oxidatively to give two molecules of formate,
two molecules of CO4 and left Cu(l). It is possible that this is the principle of the

oxidation of CN by [FeCN)6]3—. The overall equation for the reaction was as follows.
HO,CH,CH(OH)CO,H + 8[Fe(CN)s]” + 8OH =

OHCOOH +2C0; +5H;0 + 8[Fe(CN)gl . (1.25)

Another oxidant used in similar reactions is Cr(VI) which has been used in
conjunction with Cu(II) to remove CN from wastes at pH 5.47 The main product is
oxamide but some CO, and C,N3 have been detected. The optimium reaction ratio was
CN : Cr (VD) = 3 but with excess Cr(VI), kinetic measurements showed that the

reaction was sixth order in CN and independent of the concentration of Cr(VI). The
21



reaction was catalysed via a [Cu(CN)4] species and was thought to involve the overall

schematic reaction;

208 4 6CN +H,0 = 2Cf" + 3(CONHy), (1.26)

1.1.VIL. Electrochemical oxidations.

There has been wide interest in eléctrochemical oxidation of free CN and

48 -
cyanide complexes. It has been generally accepted that free CN ions are
electrochemically oxidised at the anode by the formation of CN' radicals which

- 49
decompose to CaN> in acidic solution and NCO at higher pH.

CN = CN +¢ (1.27)
2CN =» CoN» (1.28)
2CN + 20H = NCO + CN +Hy0 (1.29)

One study demonstrated the formation of NCO  at a Pt electrode by infrared
reflective absorption spectroscopy (IRRAS).50 Free NCO has an IR peak at 2170 cm’’
corresponding to ven and other peaks forming later were assigned to adsorbed CO;
(vco = 2342 cm-l) and terminal surface-coordinated OCN' species (ven = 2260 cm_l).
The oxygen was supplied by dissociated OH or H,O molecules which reacted as

surface adsorbed O atoms thus:

CNag + Oaq = NCOu (1.30)

O. + NCOyy = COy + Ny (131

There was a pH effect in which the rate of oxidation decreased as the pH
rose:.51 A study involving metal oxide electrodes recommended the use of a RuOy/TiO,
mixed electrode as the most effective in wastewater treatment of CN and SCN ';52
platinum electrodes tended to dissolve with time and Co(II) oxide/TiO; electrodes were

less efficient. Addition of Cu(ll) salts increased the rate of the oxidation reaction and it

was concluded that the catalysis occxﬁred by formation of the unstable [Cu(CN)4]2_



which formed a dimeric [Cug(CN)s]z' species prior to decomposition into [Cu(CN),1

and CoNp >
2[Cu(CN)al™ > [CuyCN)l” + 2CN (1.32)
[Cuz(CN)e]” 2 2[CuCN).] + CoNa (1.33)
[CuCN)l + 2CN = [Cu(CN)a™ (1.34)

3-
Research into the direct electroxidation of [Cu(CN)4] and other complexes is

discussed in the next chapter (see section 2.1).
1.1.IX. Oxidations by UV light.

UV light catalyses the oxidation of free CN by H,0; as discussed earlier19
(section 1.1.I). It can also be responsible for the direct oxidation of CN over
semiconductor powders such as TiO3, ZnO and CdS.54'55 It was found when using
TiO, that the rate of oxidation was independent of CN  concentration in the range 0.1-
0.00IM but there was a dependence at lower concentrations. The quantum efficiency
of this reaction was calculated as 0.06 and it was shown that at least 90% of the CN'
formed NCO . The mechanism for this is thought to be the creation of holes (p+) in the
valence band of the TiO4 by the UV excitation of electrons into the conduction band.

The proposed equations are shown below.

TiO, + 2hv = (TiOy) + 2p + 2¢ (1.35)
CN + 20H +2p = NCO + Hy0 (1.36)
O, + 2¢ + 2H,0 = H,0, + 20H (1.37)

Platinisation of the TiO, increased the activity because the platinum increased the rate of
. 56 . ..

O, reduction.  On the basis of the above equation it would be expected that the rate of

formation of HyO, would be increased, thus increasing the rate of oxidation of CN.

Above pH 11 the rate of oxidation decrease:s.57

23



Of the other semiconductor powders used Fe,0O3 and WO;3; were inactive as
catalysts but ZnO gave increased activity relative to TiO,. CdS was less active than
TiO, but when loaded with rhodium the oxidation prdceeded more swiftly (Q > 0.25)

58
and probably involved the formation of thiocyanate.

CN + S& +H,0 2+ SCN + H, + 20H (1.38)

1.1.X. Ozonolysis.

This is another oxidative reaction for the detoxification of cyanide containing
wastes. General aspects of the reaction have been re:viewed.59 Kinetics of the oxidation
of CN by O3 in the pH range 2.5-12 were determined using stopped flow method560
and showed a first order dependence with respect to the concentration of Osz. At neutral
pH the reaction was also first order with respect to CN  but this order decreased as the
pH rose such that at pH 11.2 the order with respect to CN was 0.55. It was suggested
that the reaction is not a simple bimolecular elementary reaction of O3 but that there is a
significant dependence on free radical reactions. The following mechanistic steps have

been postulated to account for this.

CN + O3 + NCO  +0, (1.39)

CN +OH + O, = NCO + HOy (1.40)
CN +OH = CN + OH (1.41)

2CN - CoNy (1.42)

CoNy  +20H - NCO +CN  +HyO (1.43)

A further study in the presence of copper and iron at high pH found that the
copper catalysed the reaction by entering into a redox reaction in which Cu(I) was
oxidised to Cu(Il) by O3 in a fast electron transfer which was more rapid than the

- 61 -
oxidation of CN by O3.  The Cu(Il) then oxidised CN to cyanogen as it was reduced
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to a cyanocuprate(l) species to provide an overall catalysis. It was found that iron
hindered the oxidation due to the formation of stable hexacyanoferrate species. There
was no build up of NCO in solution and this observation has been superficially
explained by there being an oxidation of NCO by a hydroxyl radical. The solution to
this problem involves irradiation of the solution followed by ozonation at pH 5-9. Plant
details have been suggested to ensure that maximum decomplexation occurs in the

wastestream before the ozone is added.62
1.1.XI. Other methods.

The INCO process uses SO and air at elevated temperature or at room
temperature in the presence of a dissolved copper catalyst to oxidise free CN to
NCco™

CN +S0O; + 0, +H,0 = NCO + HySOq (1.44)

The process is suitable for free and complex cyanides except those of iron and cobalt. It
also prefe,{ﬁtially oxidises cyanide in the presence of thiocyanate. o Stable complexes are
removed by precipitation with copper(Il), nickel(II) or preferably zinc(Il) salts and
additions of iron(III) can be made to maximise the cyanide removal by formation of
[Fe(CN)g]

In the CYAN CAT process HCN is liberated from wastewater by the addition of

s . . .. . 65
H,SO4 and decomposition is carried out by catalytic combustion in air.

4HCN + 50, = 4CO; +2N; + 2H,0 (1.45)

The catalyst for the reaction is an unidentified metal and the process is carried out at 350-
66 '
400°C."" Other thermal treatment of solutions can be carried out at 180°C to form

formamide and ultimately ammonium formate.

HCN + H;O -» HCONH; (1.46)
HCONH, + H;O = HCO,NH4 (1.47)
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Another proposed treatment involves the use of air as the oxidant in conjunction
with a catalyst of Cu(II) adsorbed on activated carbon. ¢ Conversion with aldehydes
and ketones is suitable over all pH for the removal of CN and moderately strong
complexes. As in the peroxide assisted process a cyanohydrin is formed. Elevated

temperature and pH 11 to 12 are required for complex cyanides.
CN + HCHO +H;0 = H,C(OH)CN + OH (1.48)

. .. . . 68 . . 69
Other processes involve the use of ionizing gamma radiation , biological treatment

.. . 10 . . . . .
and precipitation  of cyanide wastewaters but these are not discussed in this thesis.
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1.2, Review of the Analvtical Procedures used in the Determination of

Fr n mplex ni

Accurate, reliable methods for the determination of both free and complexed
cyanide species in solution are apr;;requisite for the study of the reactions between such
species and peroxides. Often it is sufficient to determine only the ionizable or available
cyanide. This is deﬁned71 as those species which can be directly oxidised by chlorine
and includes simple cyanides and weak complexes with overall stability constants up to
Bn ~ 30. However the total cyanide content, includih g that bound in strong complexes
such as [Fe(CN)g]", [Fe(CN)] "~ and [Co(CN)g] is more difficult to determine and
what follows is a review of various published methods with critical assessment of their

accuracy and facility.
1.2.1. Distillation methods.

The traditional method72 for the determination of total cyanide is to distill off
HCN from an acidified sample of the salt or complex in the presence of a decomplexing
agent (CuCl; or HgCly). The HCN is then absorbed into strong NaOH solution and the
concentration determined titrimetrically or colorimetrically. The principu! method used
is Liebig's mc:thod73 in which the cyanide is reacted with chloramine-T to form CNCI;
this reacts with pyridine-pyrazolone to form a blue complex. A variation of this is
Aldridge's method74 in which CNBr is formed by reaction with excess Bry and the
cyanogen bromide determined colorimetrically by reaction with a pyridine-benzidine
reagent. A titrimetric determination involves AgNOj3 using p-
dimethylaminobenzylidinerhodanine as an indicator. Other titrimetric determinations are

5
reviewed by Bark and Higson.7

One problem of the distillation method is that interfering species such as sulphide

and thiocyanate can be distilled over with the HCN. To overcome this sulphide can be

27



preprecipitated by adding aqueous solutions of Cd(NO3)a, PbCO371 or Bi(NO3)276 and
filtered or reduced with NaHSOs. Thiocyanates can also decompose into sulphide and it
is necessary to use MgCl, as the decomplexing agent to suppress this.

There are various procedures suggested to standardise the distillation and ensure
that all complexes are completely decomposed. The use of Zn(OAc); is not totally
efﬁcient77 but ligand exchange involving 1,2-hydroxy-3,5-benzenedisulphonic acid
(Tiron) and tetraethylenepentamine (TEP) & in HCl is effective for all complexes except
[Co(CN)G]S-. The use of EDTA in phosphoric acid has also been advocated79 to
recover free CN  even from ferricyanides and cobalﬁcyanides.

Another method of decomplexation is irradiation of an acidic sample by UV
light. This is rapid, accurate and will break down even strong complexes. It has been

80,81
used successfully as part of an automated process

1.2.I1. Electrode techniques.

The cyanide selective electrode uses a silver iodide (or Agl/Ag,;S) membrane
surface. When in contact with CN ions the following reaction occurs:82
Agl +2CN = [Ag(CN);] + T K=10"
Thus the electrode responds to CN' ion?a Nernstian manner following the equation.
E = E. + S.og[CN]
where S is the slope of a plot of E against In..[CN ] and is equal to approximately
59mV for a ten fold increase in CN concentration over the concentration range 107
10-5M83. Considering the above equation alone assumes that the electrode is only
responsive to ionic CN (at pH >11) but Mascini showed that responses at pH as low
as 7 were due to the rf:action.82
Agl + 2HCN = [Ag(CN)] +2H +T K~2.1x10""
At pH 11 the electrode will measure total CN  in the presence of excess Zn(II)

and Cd(II) ions. The stability constants of these species lie below those of [Ag(CN),]
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(82=20.9"") [Za(CNYaI” B4 = 19.62%), [CACNYAT" (Ba = 19.2°%). In the presence
of low concentrations of Cu(l) species the electrode will measure total CN but this
response falls off at high concentrations.due to the formation of [Cu(CN),] ,
[Cu(CN)s1” and [Cu(CN)aT>.Y At lower pH (6 to 8) an AgBr electrode is said to
give a better response to the above species but for metal ions forming complexes more
stable than [Ag(CN),] pretreatment is required to decomplex metals in order to
determine the total CN concentras:ion.88 This pretreatment can be carried out by heating
in the presence of EDTA to form a metal - EDTA complex or else by UV irradiation.

The presence of other ions in solution can affect the electrode response.
Selectivity constants89 indicate that the Agl electrode has the highest selectivity for CN
in the presence of Cl (106), Br (5x103 ), T (0.1), [NHy]" and [SO4]" (figures in
brackets indicate the maximum ratio of the ions X : CN in mols dm_3). Sulphide must
be absent from the solution as must any other ions which would form a highly insoluble
complex with silver.90

Low concentrations of CN can be measured accurately using an Ag,S
electrode as an indicator electrode in a known addition mo:‘:thod.91 In this a known
volume of sample is taken and the electrode potential plotted using a Gran's plot as
successive known additions of CN are made. This gives accurate response (+/- 2.5%)
even at 10_6M and in the presence of IOAM metal ions which have been pretreated with
EDTA. This indicator method has been use:d83 in conjunction with EDTA pretreatment
as the basis for a continuous flow monitor for cyanide in wastewaters. A [Zn(CN)4]2'
selective electrode has been reporte:dg2 based on a membrane of di-butylphthalate. This
works at pH 8.5 to 10 for a cdncéntration range of 10_1—104M [Zn(CN)4]2~. Another
electrode selective for [Co(CN)6]3— uses NasS to mask the effects of [Ag(CN)z]_ at a
membrane which involves a (R4P)3[Co(CN)g] complex (R—-:decyl).93 It has also been
suggested that the two abrupt potential changes associated with the formation of
[CU(CN)3]2— and [Cu(CN),] can be used as the basis of a method for determining both

3 o . 9%
CN and Cu(II) species in aqueous solution.
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1.2.1II. Chromatographic methods.

Gas chromatography has been used95 for the determination of HCN in the
presence of O3, Nj, CHy, and CO by passing through a column of celite impregnated
with polyoxyethylene-glycol at 100°C. Determination of the complexes [Fe(CN)ﬁ]S',
[Fe(CN)5]4' and [Co(CN) 6]3' has been achieved by initial UV irradiation to break them
down, followed by reaction of the released CN with Br, to form CNBr which can then
be separated at 10()-1400C.96 Ionic cyanides can also be separated using the same
principle by conversion to CNCI with hypochlorite.

Ion chromatographic determinations have been made97 for CN as ICN (made
by reaction of CN with I) and this can also be carried out in the presence of sulphide
using electrochemical determination. Using a silver working elc:ctrode98 accuracy can
be maintained down to parts per billion levels CN’ (10'9M) in the presence of
interfering species, but the only complexes which have been determined quantitatively
by this method are [Cd(CN)d,]Z' and Zn(CN)4]2-. Partial determination is possible for
[Cu(CN)3]” and [Ni(CN) 4]~ whilst [Au(CN),], [Fe(CN)]” and [Co(CN)gl” are
not detected. % Direct determination of complexes is discussed in the next chapter (see
2.2.110).

Another method to distinguish available and total cyanide involves running the
sample down a fast run ion exchange column before and after UV irradiation.ég’100
The difference in area of the peaks corresponding to CN measured potentiometrically
arises from that strongly bound cyanide which is not detected in the first run.
Irradiation takes about six minutes which is considerably quicker than for distillation

procedures and gives accurate results even for the strongly bound complexes.

1.2.1V. Other methods.

. - 3
Polarograhic procedures have been used to analyse CN down to 1.5 mg dm
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(10'7M). Using AC polarography in conjunction with complex-forming electrodes
many cyanide complexes can be determined in clear water, but accuracy is severely
impaired in sewage and turbid effluents. " "

There are various indirect methods of determination involving the use of atomic
absorption spectrometry. These can involve' the formation of an insoluble precipitate
which can then be redissolved to determine the metal concentration. In the determination
of hf:xacyanoferratesm2 the complexes are precipitated with copper and interfering
species removed by washing with HCI. The precipitate is then resolubilised by addition
of NH3; and the resulting solution analysed -directly by atomic absorption
spectrophotométry (A.A.). Another method is to form a stoichiometric complex of CN
and analyse this by A.A. The most suitable metals to form this stoichiometric complex
are copper (as a copper(I) cyanide bed103) which forms [Cu(CN) 3]2- and silver (as Ag
w001104) which would form [Ag(CN) 2] . Neither seems to be suitable for the analysis
of complex cyanides and no mention is made of the possibility of formation of the
complexes [Cu(CN)4]3‘ and [Ag(CN)3]2_ which would affect the accuracy of
determination. |

Spectrophotometric determination of CN can be carried out by bubbling
cyanide distillate into ammoniacal NiCl; solution to form the complex [Ni(CN) 4]2— and
analysing the characteristic UV absorption at 268 nm.105 This is accurate to at least
104M complex but can be subject to interference by any species which also absorbs
UV in this region. The formation of the [Ni(CN)4]2_ complex has been used as the
basis of a method to distinguish CN' from SCN  in a stopped-flow spectrophotometric

106
method.
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1 i f th xidation of Free. ni H n_Peroxi

In this section we present results of our work on the oxidation of free CN by
H0;. The following aspects in particular have been studied:
1. Products of the reaction.
ii. Kinetic data measured for the oxidation at pH 9 - 9.5.
iil. The effect of pH on the reaction and of carrying out the oxidation in specific buffers.
iv. The effects of ionic strength, sequestering agents and of carrying out the reaction in
the presence or absence of UV light.
v. The addition of copper(I) and copper(Il) salts and their catalytic effects and
observations on the addition of other possible catalysts in the reaction.

- 2.
vi. The oxidation of free CN by H;0, in the presence of thiosulphate, [S,03] .
1.3.1. Products of the Reaction.

In virtually all the published reportsL27 concerning the oxidation of CN by
H,0, it is stated that NCO is the initial product of the reaction and that this is then
destroyed either by hydrolysis to form ammonia and carbonate salts, or by oxidation to
produce N; and carbonate (or bicarbonate). The formation of formate at low pH has
also been reported.4 However, only one report gives accurate details of how the
products are analysed, and in that study H,O; and Au(IIl) interfered with the accepted
chemical method for the determination of NCO , the formation of a blue Cu(II) pyridine
complex with NCO_.19 Thus it seems that the formation of NCO has become a well
known yet unsubstantiated fact. We have shown by using a number of chemical and
spectroscopic techniques that the cyanate and bicarbonate / carbonate species are indeed

formed as products in the oxidation.
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a. Detection of cyanate using FTIR spectroscopy.

We have used FTIR to measure the spectra of soluﬁons of CN (0.05 -1M) in
Hy05 (0.05 -1M) in the region 2000 to 2300 cm_1 at pH above 9 in order to assess the
decrease in intensity of the peak at 2079 cm” which is due to the stretching vibration
(ven) of free CN 107, and to observe the formation of NCO by detection of the vy
vibration of this species which occurs at 2169 cm'1 .108 Initially only one peak at 2079
cm B was visible but after a matter of minutes a second stronger peak became apparent
at 2169 cm-l, which can be attributed to free NCO . The intensity of the von band of
NCO (e=1330 mol " dm’ cm-l) was much stronger than that of vey in CN (e = 19
molv1 dm3 cm-l) and soon this former peak obscured the latter despite the greater
concentration of CN. After continued oxidation in excess H,O5 for over two hours
the intensity of this second peak began to decrease indicating the conversion of the
NCO to other products and thus confirming that it is indeed only an intermediate in the
overall reaction. Unfortunately it was not possible to identify any further products
using aqueous solution FTIR as the CaF; plates used are opaque to IR radiation below

-1
1100 cm . These results are shown by the spectra in fig 1.3.1. overleaf.

b. Detection of other reaction products using Raman spectroscopy.

Raman spectroscopy has been used in the same way as FTIR to follow the
progress of the reaction. This technique is particularly useful for the study of this
system and other reactions in aqueous solution because the quartz or glass solution cells
used do not interfere and the Raman active vibrations of water are only very weak; thus
spectra of aqueous solutions can be measured in the range 100 to 3000 cm_l. The
spectra in fig 1.3.ii overleaf clearly show how the composition of a solution of CN'
(0.1IM) changed with time as the oxidation progressed after successive additions of

H,0; (0.05M) at pH above 10.
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Fig 1.3.i. FTIR spectra showing the oxidation of CN (0.5M) to NCO' by H,0,
(0.5M).
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In the initial solution the only peak observed in the scan ranges of 500 - 1100
cm  and 2000-2300 cm was at 2080 cm'l, and this was clearly due to the vey of free
CN'. After two hours a small peak at 2170 cm” due to the ven Of NCO' was observed
and in the lower scan group it was possible to make out one band at 1067 cm'1 which
we assigned as vcg of [CO3]2_. After four hdurs had elapsed the peak at 2079 cm” had
decreased in size and those at 2179 and 1067 cm-1 increased. After six hours reaction
in the presence of a large excess of HyO, almost all of the CN had been oxidised and
the peak at 2080 cm-1 was barely distinguishable from the baseline. Similarly the NCO
peak at 2179 cm-1 had also decreased in size indiéating that this species had largely
decomposed, either by oxidation or hydrolysis (see section 1.5). The [CO3]2- peak at
1067 cm-1 continued to grow in size and there was a weaker peak at 1025 cm_1 which
can be assigned to [HCO3] . A standard of [HCO3] (0.5M) had a weak, broad band at
around 1020 cm_l.

No peaks assignable to formate, [HCOO] were observed which Masson4
reported was formed at low pH by the hydrolysis of NCO . Bands due to nitrate [NO3]
were also sought as this was reported as a broduct of the oxidation of free SCN by
H202109 but the strongest Raman band for [NOs], the symmetric stretch, vyo at 1049
cm-1 lies very close to the symmetric stretch, vco of [CO3]2‘ at 1067 cm-l. Although
the solution was acidified to remove the carbonate the Raman spectrum failed to show
a peak that might be due to nitrate, even though this method proved successful with
standard solutions containing both K2CO3 (1M ) and KNO3 (1M). It therefore seems

unlikely that nitrate is formed in substantial quantities under these conditions.
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Fig. 1.3.ii. Raman spectra showing the progression of the reaction between CN

(0.1M) and successive additions of HyO, (0.05M) at pH > 10.
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c. Use of 13C nmr spectroscopy to study reaction solutions.

Although °C (8= 1/2)""° has a natural abundance of only 1.1%, NMR spectra
of strong concentrations (at least 0.1M) have been recorded which give further data
supporting the above results. These data and the conditions of the reactions are recorded
below in table 1.3.i. The 13C shift due to free CN occurred at § =166.7 ppm (relative
to (CH3)4Si)lu, and was clearly observed in our solutions before oxidation. This peak
was joined within one hour by a peak at § =129 ppm which could be assigned to
NCO 1 although this actually appeared as-a 1:2:1 triplet. There is no obvious reason
why this should be and we are unable to offer an explanation for this observation.

14__13 _
There is no evidence for ' N- C coupling, which should also be observed in the CN

peak, and the N CO is uncoordinated, but we found that a saturated solution of KNCO

in water also gave a triplet at $=128.8 ppm. with a separation of 22 Hz. This shift was

in agreement with the value reported in the literature but we could find no mention of
the splitting.112

After one hour a third resonance was observed in the region & =165 to 173 ppm
which we attributed to the pH dependent [CO3]2'/[HC03]' species. The position of the
B3¢ resonance in [CO3]2-/[HC03]- solutions depends on the pH since the proton
exchange between [CO3]2_and [HCOs3] is rapid on the NMR timescale; the position of
fhe peak in our solutions was in agreement with published work113 and also 13C NMR
studies carried out previously in these laboraton’cs.114 A further peak occuring at 8=164
ppm. whose shift was also dependent upon the pH was observed in a number of
spectra recorded after at least two hours of reaction. It is not clear to what this was due
but we have tentatively assigned it to the exchanging peroxocarbonate [HCO4] /
[CO4]2_ species which are known to be formed by the interaction of [CO3]2- and H,0,.
However this assignment is by no means certain as the equilibrium of this system has
been studied in some detail in these laboratories over the pH range 7 to 10, above which

. . 114
no evidence for the existence of peroxocarbonate was found.  The peak at & =164
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ppm. for which we are making this assignment, was observed in our studies at pH
11.5 and since the concentration of [C03]2- would be far short of 0.1M, the initial
concentration of CN in the reaction, it would seem that the probability of
peroxocarbonate being formed in sufficient concentration to render it visible by 13C
NMR is low. However, in the absence of further data we conclude that there is still a

possibility that this peak is due to a peroxocarbonate species.

Fig 1.3.iii. ABC NMR spectrum of a solution of KCN (5.3M) with H,O, (0.1M)

after one hour of reaction at pH 12.5.
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. . 13 . .
Table 1.3.i. Resonances observed in the C NMR spectra of reaction solutions

containing CN” and HyO,. Shifts relative to & of MeSi =0 ppm.
[CN1/M [Hz0,]1/M pH Reaction Time &/ ppm

1.5 1.5 12.1 1hour 129
166
172.5

5.3 0.1 12.5 1hour 129
166.6
171

1.5 1.5 11.3 1 hour 129.9

164
167
172.5

1.5 1.5 11.5 1day 129
164
166.7
171.5
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Assignment

NCO
CN
[HCOs]/[COs1”

NCO
CN
[HCO5]/{COs1”

NCO
[HCO4]/[CO."?
CN
[HCO31/[COs]”

NCO
[HCO41/[CO4” 2
CN

[HCO3] /[COs]"



d. Isolation of solid species present in the CN [H,0, reaction.

FTIR spectra were taken of solids obtained from e\_laporation of the reaction
solutions and of precipitates formed when the reaction was carried out in mixtures of
ethanol and water. In these spectra we observed weak bands due to KNCO at 2175,
1208 and 631 cm " . Bands at 1439(s), 1061(m) and 885(m) cm’ were assignable to
K,CO3 and those at 1401(s), 1007(s), 832(s), 702(5) and 663(m) cm_1 could be
attributed to KHCOs3. The assignments for all the above bands were determined by
comparison with the spectra of the pure compounds. No peaks were observed which
could definitely be assigned to vibrations of the nitrate anion, which has been proposed
as a possible product of the oxidation of NCO'.9'109 Nor were any peaks observed
which we could attribute to the presence of formate which is thought to be a minor
product of the oxidation when carried out below pH 7.4

One reaction, carried out in a mixture of H,O and ethanol separated into two

layers after a week and the lower layer turned blue. Colourless crystals isolated from

the lower layer of this solution were found by elemental analysis to be KHCOs3.

e. Conclusions.

Using Raman, FTIR, 13C NMR spectroscopy and chemical procedures we
have shown that NCO ' is an intermediate in the reaction between CN and H,0, at pH
above 8 and that, depending upon the pH, [HCO3] or [COg]Z- is the ultimate carbon
containing product . The fate of the nitrogen is not entirely clear although we have
shown that approximately 75% of the NCO formed is transformed to NH3 above pH 8
(see section 1.5.1I). On the basis of our studies we discount the possibility of [NO3]
being formed in any substantial quantity and it seems likely that the remainder of the

. . ) . 4,19
nitrogen is evolved as Nj as proposed in the literature.
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1.3.JI. Kinetics of the Oxidation.

Although there are a number of studies concerning the kinetics of oxidations

. 35,115,116
using H,O,,

and the oxidation of CN’ using other oxidants, notably
hypochloﬁt638'39, we can find only three studies that are relevant to the oxidation of
CN using H,0,. Masson4 studied the kinetics of the reaction between equimolar
concentrations of HyO, and CN at high pH (>10). Serpone et al P measured some rate
constants for the reaction but their main study was on the effects of UV light. Data
measured by Schiller5 were fitted to a complex third order polynomial equation for the
reaction of H,0, and CN in the presence of [S 203]2'at pH 7 to 9. Bearing in mind the
factors discussed in the sections below, all Qf which have some effect on the rate and
reproducibility of reactions we have confined ourselves to a simple study of the
uncatalysed reaction using a large excess of HyO», so that the concentration of the latter
effectively remains unchanged during the reaction, and measuring the decrease in
concentration of the CN as the reaction progresses using the cyanide selective
electrode. Under these pseudo first order conditions the rate equation for the reaction

can be written in simple terms as follows.

CN + HyOp, =» products.

Rate = -d[CN]
dt

k[CN 1.[H,0,]

. o qep - 117 . .
Using Ostwald's dilution method , if a large excess of HpO9 is used, then the
concentration of this reagent will not alter sighiﬁcantly during the course of the reaction

and can be taken as a constant so simplifying the rate expression.

-d[CN] = kobs[CN']
dt

where kops = k.[H202]o. The integrated form of this expression is thus:

In.[CN ], = In[CN]; - In[CN ]y = Kobs-t
In.[CN o
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where a plot of In.{CN'], against t should be a straight line of gradientwkgps.

We have used this treatment of our results and as can be seen from graph 1.3.i
below, the data conform to a straight line. In table 1.3.i we list values measured for
kobs With calculated errors (for details of the calculation of these errors see experimental
section 1.5). These kops values are in relatively close agreement with those measured by
Serpone et al.19 for the HyO,- CN reaction carried out in the dark under similar
conditions. However, in our study changing the concentration of H,O; from 0.014M to
0.029M nearly doubled kyp, , (from 1.40 x 10~ 5™ t0 2.4 x 10™ s) whilst the results
of Serpone indicate that a twelve fold increase of k;bs was observed from quadrupling

the H,O, concentration.

Graph 1.3.i. First order plot for the oxidation of free CN (1.1 x 10_3M) by H,0,
(0.16M) with kgps = 2.93 x 10
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Table 1.3.ii Rate constants determined for the oxidation of free CN by H,0; at pH

9.0, 23°C using the cyanide electrode.

10° [CN1/M H,0, /M Kobs /
1.0 0.054 6.53x 10°
1.0 0.054 5.83%x 10"
1.0 0.054 6.36x 10"
1.0 0.054 6.61x10”

(Average = 6.30 (+ 0.14) x 10°)

1.0 0.014 1.40x 10”
1.0 0.018 | 1.89x 107
1.0 0.029 2.40 x 10°
1.0 0.057 8.30 x 10°
1.0 0.086 1.04x 10
1.0 0.160 2.05x 10™
1.0 0.500 403x 10"
10 0.018 3.82x 107
10 0.018 4.06 x 10”
10 0.018 3.89 x 10

(Average =3.92 (£ 0.14) x 10~5)

10 0.036 9.80% 10~
-4
1.1 0.16 2.92 x 10
2.9 0.16 232 x 10°
4.6 0.16 2.57x 10"
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The dependence of kqps on the concentration of HyO, found in our work is
plotted in graph 1.3.ii below and this follows a straight line indicating that the reaction
is first order with respect to the concentrations of botﬁ the CN and the H,0,. These
results are in agreement with those of Masson4 who found the overall reaction to be
second order, (first order in each reactant) when using concentrations of about 0.5M of
both H,05 and CN' at pH about 11. Under the conditions of our study, we found that
increasing the CN concentration ten fold only doubled the rate and there was no linear
relationship between our values of kops and the concentration of CN . This observation

. . . 19
is also in broad agreement with the work of Serpone et al.

Graph 1.3.ii. Plot of kg, against concentration of H,O, for the oxidation of CN

3
10 M at pH 9. Data is from table 1.3.ii above.
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1.3.II1. The effect of pH on the rate of reaction and the use of buffers.

a. Reactions in unbuffered solution.

Much of our earlier work carried out fo measure the kinetics of the oxidation of
CN’ with H,O, was hampered by irreproducible results. Some anomalous results were
obtained where first order kinetics were not observed, but these were usually found to
be due to the presence of impurities in the solutions and once strict cleaning procedures
(described in detail in the experimental section) were carried out to ensure that as far as
possible, all impurities were eliminated the occunénces of these rogue results were
reduced to a minimum. However some anomalous data were obtained in which first
order kinetics were observed but for which the kg values differed widely, and it was
apparent that some other parameter was affecting the rate of the reaction.

Most of the kinetic data discussed in section 1.3.II were collected using
unbuffered solutions due to the problems encountered in finding a suitable buffer
solution that did not itself affect the rate of reaction (see later in this section) and we
found that the anomalous results occurred when the pH of the reaction was not exactly
9. An investigation into the effect of altering the pH over a wide range in the oxidation
of CN (10—3M) by H,0, (0.054M) showed that the maximum rate of reaction was
observed at pH 9.2 (kops = 2.4 x 10.5 s_l), and the kg values for the reaction
decreased rapidly as the pH was shifted away from this value.

Qualitatively, these results were in agreement with those published by Masson4
in which he found that the rate of reaction was greatest when pure KCN (0.24M) and
H;0, (0.24M) were mixed, for which we measure the pH to be 10.6. He found that
the rate was reduced if KOH (0.12- 0.24M) were added (pH > 13.0), or if the pH was
reduced to below 1 by addition of HySO4 (0.12-0.24M).

The profile of kqps as the pH was altered in our study is shown in graph 1.3.iii
together with the theoretical curve calculated from the following expressions for either

of the two following reactions, which are kinetically indistinguishable (these have been
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taken from the analogous equations in a kinetic study of the reaction between H,O, and

hypochlorite.35
H,0, + CN =  H,O + NCO Ka (1.49)
[HO,;] + HCN - H,0 + NCO K (1.50)
Forreaction 1.49,  Kkgps = Kk,
1+H 1+ K
K1 H]
For reaction 1.50, kgps = ky, '
® 1+ X, 1+
[ﬁ]l Ky

-10_ 118 )
where K is the acid dissociation constant for HCN (6.31 x 10 M)  and Kj is the

12, 35
acid dissociation constant for HyO; (2.2 x 10 ' M).

-3
Graph 1.3.iii The effect of pH on the rate of oxidation of free CN (10 M) by H20,

(0.054M) with theoretical plot normalised to the maximum observed value of kops.
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The maximum value for kqps in our investigations was obtained at pH 9.2

118
which is equal to the pK, of HCN at 25°C although this appears to be coincidental.
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At this pH the concentration of HCN is equal to the concentration of the ion CN ; at
higher pH values the latter is the principle species and below pH 9.2 the HCN
molecule predominates. If either of these species reacts fnorc readily with HyO, then it
would be expected that the rate would increase with the concentration of this moiety,
rather than achieve a maximum at the pH where the two species have equal
concentrations. The pK, of H;O, lies at pH 11.65 (ZOOC)SS, above which the
predominant species is the ion [HO,] . Considering these factors we can suggest no
convincing explanation for the pH profile we have observed.

From the theoretical curve on graph 3.1.iii; it is clear that the rate should be
greatest at pH 10.4, whereas our data indicate that this occurs at pH 9.2. The difference
in these values is quite large and the shapes of the curves are different. Assuming that
our data are accurate it would suggest that there are competitive side reactions, possibly
catalysed by transition metals or following free radical pathways which are responsible
for the deviation of our data from the theoretical curve. Itis unlikely that the other two
possible reactions (equations 1.51 and 1.52 below) are contributing to this effect in the
pH range 9 to 10, as the values of ks we have measured for these reactions were very
much lower than those measured within our chosen pH window. At pH 2.3 we

5 . 5 -
measured kgps to be 1.6 x 10 s l, and at pH 13.0,3.1x 10 s 1.

H;0, + HCN - HOCN + H>O (1.51)

[HO,] + CN - NCO + OH (1.52)

In the kinetic study of the reaction between HOCI and H2O; to form singlet O2,
the authors35 concluded that although they were not the predominant species in
solution, the mechanism proceeded via nucleophilic attack of [HO,] (which is more
nucleophilic than H2O2) upon HOCI at the electrophilic chlorine atom. If this logic is
correct and can be used with regard to the oxidation of cyanide by hydrogen peroxide,
then the reactive species are [HO,] and HCN (i.e equation 1.50), and the attack must

take place at the carbon atom to form a cyanate (NCO ) rather than a fulminate (CNO ).
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b. The effect of buffers on the rates of oxidation of free CN' by H,0;.

The pH of reaction solutions was often observed to fall by up to one pH unit as
the oxidation progressed. This was largely due to the siight acidity of HoO, but as we
have discussed above the rate of reaction was very sensitive to the pH in the range in
which we have carried out most of our reactions. To ensure that this was not greatly
affecting the conditions and thus the overall rate of oxidation, reactions between HyO,
and CN were carried out in a number of buffers prepared by standard methods.119
This served to prevent or at least reduce the changes in pH but we discovered that in
some cases the buffers themselves had an effect on the rates. The graph (1.3.iv)
overleaf summarises the results of oxidations carried out between pH 9 and 10 in
buffers made up from phosphate, bicarbonate and borax. We found that in general
oxidations carried out in phosphate buffer followed the rates of oxidation in unbuffered
solution most closely but of the buffers used it was least effective in maintaining pH. In
oxidations carried out in buffers made from borax and bicarbonate the pH dropped a
maximum of 0.2 pH units (e.g. in the oxidation of CN (10'2M) by H20, (0.03M) in
borax the pH dropped from 10.02 to 9.88 in five hours), in a similar oxidation in
phosphate buffer the pH dropped from 10.22 to 9.55 in only two hours. By
comparison, when the oxidation was carried out in unbuffered solution the pH had
dropped from 10.22 to 9.67 after five hours reaction. It is likely that the similar drop
in pH was the reason that those oxidations carried out in the phosphate buffer most
closely resembled reactions carried out in unbuffered solution.

Oxidations carried out in borax buffer were found to proceed more slowly than
those in unbuffered solution, although the pH control using this buffer was very
efficient. We conclude that this reduction in rate was due to the formation of
peroxyborate species in solution which are less reactive towards free CN than is free
H,0,. At pH 9 to 10 the principle peroxyborate species in solution are thought to be
[B(OOH)(OH)3] and [(OH)3B(O0)B(OH)3]”.' " In studies of the oxidation of

2.
[Zn(CN)4] by H,0O; carried out in borax buffer we observed an opposite effect in
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which the rates of oxidation in the buffer were greater than those in unbuffered
solutions (See section 2.3.1). The only explanation we can offer for these observations
is that HyO; and the peroxyborate species formed ha\;c different reactivities towards
free CN and [Zn(CN)4]2-. After one day, Qxigations carried out in all the above buffers
and in unbuffered solutions proceeded almost to completion (>99% CN removed) as
measured using the cyanide electrode. However as can be seen from the graphs the
reaction profile over the first four hours of reaction was different according to the buffer

used.

Graph 1.3.iv. Oxidations of CN (10”°M) by H;0, (6.0 x 10°M) carried out in
unbuffered solution, phosphate, bicarbonate and borax buffers. (For details of buffers

see experimental section 1.6).

=

=~ 8 no buffer
N & Dbicarbonate
5 g phosphate
— ¢ borax

0 100 200 300 400
time/mins

Oxidations of CN  carried out in bicarbonate buffer (pH 9 to 10), showed the
most pronounced buffer effect on the rates of reaction. In all cases the initial rate of
oxidation was approximately the same as in unbuffered solution but after about one

hour this rate decreased and the oxidation was completely halted within three hours,
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leaving 60-70% of the CN unaffected. When the H,0, and [HCO3] were premixed
and the CN added after one hour only 7% of this was oxidised in total, indicating that
the [HCO3] was reacting with the HyO, in some way. ;I‘he logical explanation for this
is the formation of a peroxocarbonate speciesu4, which we think may be responsible
for the extra peak sometimes observed in 13C NMR spectra of reaction solutions (see
section 1.3.Lc). In this case, the [HCO3] was in excess (0.5M) and the pH was within
the range in which these species are formed (pH 7 -10) and so this explanation seems
most likely to account for the effects described. It would seem that peroxocarbonate is
less effective as an oxidant than HO, for the oxid;cltion of free CN and [Zn(CN)4]2~
(see section 2.3.1).

In all our work involving the above buffers we could not achieve sufficient
reproducibility to merit their use in the measurement of the kinetics of the oxidation of
free CN by H,O; . Some kinetic data were collected from oxidations carried out in a
buffer comprising ammonia and ammonium chloride as we found that reactions carried
out in this buffer occurred at the same rates as those in unbuffered solutions to which
NaOH was added during the reaction to maintain the pH. This buffer was effective in
controlling the pH during the reaction. In retrospect, our original decision to carry out
oxidations between pH 9 and 10 was unfortunate as this coincided with the pH range

over which there was the greatest change in the rate of oxidation
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1.3.1V. The effects of ionic strength, UV light, sequestrants and radical

traps.

In a practical sense the use of peroxidic oxidants especially at elevated pH is
fraught with potential hazards. Much of our early work was hampered because the
H,0, decomposed at a disproportionately high rate relative to the oxidation of CN .
Obviously reproducible data are essential in any study and the factors mentioned in this

section were all investigated for their potential to alter the course of the reaction.

a. lonic strength.

Reaction rates can be dependent upon the ionic strength especially when the
concentrations of the reactants are low. This is known as the kinetic salt effect and the
effect on the rate can be summarised by the equation below.121

10g Kops = log K  +  2Azaze.(D
where kons 1S the observed rate constant

koobs is the rate coefficient when all activity coefficients are unity

A is the Debye Constant in Debyes (D).

zZa.zp. are the charges on the reactants

I is the ionic strength of the solution in mol kg_l.

In simple terms, if the reactants are ions of the same charge, as would be the case at
high pH where the reactants are CN and [HO,] , increasing the ionic strength should
increase the rate as the activated complex formed when the ions collide would interact
favourably with the denser ionic atmosphere of the solution. However in the pH range
in which we have carried out our studies (approximately 8 to 10), the reactants would
be mostly H,0, and CN above pH 9.2, (the pK, of CN' 1e ), and below this value a
larger proportion of the cyanide would be present as HCN. If the reaction pathway
proceeds via these uncharged species, then the rate of oxidation should be independent

of the ionic strength but if the rate determining step in the mechanistic route involves the
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interaction of two charged particles then there should be some dependence upon this
parameter.

Our observations of reactions in buffer solutioﬁs suggested that, even with the
phosphate and ammonia buffers where there are no peroxy complexes formed the rates
of oxidations were not identical to those in unbuffered solutions (see graph 1.3.iv), and
it is possible that this difference was due to the increased ionic strength of the buffered
solution. To investigate this further oxidations were carried out in excess KCl or
NaClOy4, which are commonly used to increase the ionic strength in kinetic studies.
Oxidations carried out in excess KCl proceeded at an almost identical rate to those in
unbuffered reactions, whilst for those carried out in the presence of excess NaClOy4
there was only a very slight retardation of rate which we attribute more to the drop in
pH accompanying these reactions than to any kinetic salt effect. Thus it would appear
that in the conditions in which we have studied the oxidation of free CN by H20,,
these being a pH range of 8 to 10 and using a large excess of HyOj, the ionic strength

of the solutions does not have a measurable effect on the rate of the reaction.

b. UV light.

In his early study of the reaction between HyO, and CN Masson4 concluded
that there was some acceleration due to light. Serpone et al19 studied this effect in detail
when investigating the photochemical reduction of Au(IIl) in cyanide solutions
containing HyO, and concluded that the observed rate constants for the irradiated
oxidations of CN were about ten times greater than for the dark process. In our studies
we carried out oxidations in brown flasks, thus excluding light altogether; in UV
screened Pyrex flasks; and in open vessels under a UV lamp. We found that for
oxidations in the dark and in UV screened flasks there was little difference in the rates
compared with similar reactions in which the effect of light was not considered. It is
probable that this was because Pyrex strongly absorbs UV radiation below ca. 320 nm

and so "normal" oxidations in Pyrex volumetric flasks and beakers were effectively
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screened from short wavelength UV light. When directly irradiated by UV light,
oxidations were observed to proceed more quickly than those carried out under normal
conditions and pseudo first order kinetics were not fbllowed, i.e. a plot of In.[CN]
against time was not a straight line as is shown in graph 1.3.v below. The increase in
rate was not as great as that observed by Serpone although the power of the lamp that
we used was less, (440 W) compared to fhat in the published study (1000 W).19
Solutions of free CN irradiated by UV light did not appear to decompose to a
measurable extent over three hours indicating that the catalysis of the reaction in this
case was due to the photochemically-induced decomposition of the H,O,. However it is
known that cyanide and cyanide complexes will decompose slowly under UV
irradiation and this is used to lower the concentration of cyanide waste in areas in which

. ., 122
there is strong sunlight.

Graph 1.3.vi. First order plot for the oxidation of CN (2 x 10-3M) by HyO, (6 x
-2 3 -
10 M) carried out in the dark (kops = 6.36 x 10 s 1) and irradiated by UV light.
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c. Sequestrants.

Another factor that can affect the stability of HyO; is the presence in solution of
transition metal cations. A number of oxidations were éarried out in solutions to which
had been added Dequest 2060 (diethylenetriamine-NNN'N"N"-pentamethylene-

phdéi)honic acid)123, a metal sequestrating agent, to assess the possible effect of any
metal ions present. Initially the oxidations were completely halted by these additions but
it was found that the pH had dropped to 3 due to the acidity of the Dequest. When the
pH was corrected oxidations proceeded at the same rate but the decomposition curves
had lower errors and were more reproducible. Howéver, Dequest was found to attack
the surface of the cyanide selective electrode, thus interfering with the analysis of CN .
It is likely that the presence of impurities in the solutions is a major cause of
irreproducibility in this type of reaction and so practices were devised to ensure that all

reactions were as clean as possible (see experimental section 1.6).

d. Radical traps.

There is a possibility that the oxidation of free CN proceeds by a free radical
pathway, and this is supported by the observation that irradiation of reaction solutions
increases the rate of oxidation and similar observations for other reactions involving
H202.19’35 To test this possibility we carried out a number of oxidations of CN (10
3M) by H,0; (0.054M) in the presence of added ethanol and methanol (S%V/v). We
saw no evidence of retardation of these reactions but we were unable to conclude that
there was no radical pathway for the reaction, only that any radical species formed were
not trapped by ethanol or methanol. A more complete study would be required to

conclusively determine whether or not the reaction proceeds via radical pathways.
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1.3.V. Catalysts for the reaction between CN and H,O,.

Many metal ions are reported to have catalytic »propcrties for this reaction (see
section 1.1). We have investigated the propensity of a number of these ions to increase
the rate of oxidation. They can roughly be split into two groups: (a). copper species
which are known to be particularly active as catalysts for the CN : HyO, reaction, and
(b). other metal ions, some of which have been shown to form peroxo complexes in
solution with HyO, However it must be noted that the studies were not all carried out

using the same conditions and so not all the data are directly comparable.

a. Catalysis by copper(I) and copper(ll) species.

Of all the metal ions reported to have catalytic properties for the oxidation of CN'
by H,05 salts of Cu(I) and Cu(Il) have been used most frequently. We have used a
number of different species to investigate catalysis using copper salts. The results are
summarised in graphs 1.3.vi and 1.3.vii below.

In the reaction with added copper(II) chloride the catalytic effect was clearly
demonstrated although pseudo first order kinetics were not observed. The CN
concentration of the solution was measured using the cyanide selective electrode to be
10°M prior to the addition of the CuCl, (10'3M) but this fell to only 7.0 x 10°M when
the catalyst was added and before the addition of the H7O,. The solution turned yellow
after one hour of reaction (although this colour change has been observed within twenty
minutes in other, similar reactions), and a fine brown precipitate was observed at the
end of the oxidation, which had no IR peaks attributable to cyanide or cyanate in the
veN region (2000-2300 cm—l). The other curve on graph 1.3.vi shows the progress of
an oxidation of free CN carried out in the presence of [Cu(bipy)(CN),], one of the first
Cu(Il) cyanide complexes to be pre:pared.124 The rate of oxidation was slightly less
with this purple complex than in the oxidation carried out with added copper(ll)

chloride and there was no apparent decrease in the CN' concentration when the catalyst
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was first added. During the oxidation the catalyst changed colour to light brown and the
IR peaks in the vey region of the spectrum of [Cu(bipy)(CN),] which occurred at 2120
and 2100 crn.1 were replaced by new bands at 2220, é170 and 2108 cm_l in the IR of
the solid after the oxidation. These bands indicate that some of the cyanide in the
original complex had been oxidised to cyanate but the product was not
[Cu(bipy)(NCO),], which might have been expected, as this is a blue complex with a
single strong IR band at 2200 cm-1 (see section 3.3). From these observations we
conclude that the [Cu(bipy)(CN),] was partially destroyed by the H,O5 in the reaction,

thus releasing Cu(Il) into the solution which acted as the catalyst.

Graph 1.3.vi. The oxidation of free CN' (10'2M) by H,05 (0.09M) in the absence of
catalyst, and in the presence of added CuCl, (10’3M), and [Cu(bipy)(CN),] 10°M).
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3.
We found that [Cu(CN)4] had approximately the same catalytic activity as
aqueous solutions of copper(II) chloride and sulphate although the concentration of CN'
. . . . 3-
as measured using the cyanide selective electrode did not fall when the [Cu(CN)4]

was added, and in some experiments, occasionally increased. As in the oxidations
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catalysed by Cu(Il) salts, a yellow colouration was seen in the solution at times after 20
minutes although under the conditions of the experiment shown in graph 1.3.vii this
was not observed until 90 minutes after the addition of ihe H,0,.

There was no catalysis observed when copper phthalocyanine tetrasulphonic
acid [Cu(TsPc)] was added to reaction solutions. The characteristic electronic spectrum
(absorbance maxima at 328, 608 and 694 nm.) of this intense blue species was
unchanged after the oxidation of free CN' was complete indicating that it was unaffected
by H;0;. It is reasonable to conclude that the very strong planar, phthalocyanine ligand

prevents the formation of catalytic intermediates at the metal centre.

Graph 1.3.vii. The catalytic effects of [Cu(CN)4]" (10 M) and Cu(TsPc) (10~M)
in the oxidation of free CN (10”°M) by H,0, (0.048M).
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In copper catalysed oxidations of free CN (2 x 10-3M) by Hy0; (0.18M) in the
presence of added radical traps (5%v/v), we observed a slight retardation of the
catalysed reaction, although the rate was still much faster than an uncatalysed reaction.
This observation suggests that one possible role that the copper could play in catalysing

the oxidation of free CN is the promotion of the formation of radical species, probably
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‘OH from the H202.125 This retardation was observed using ethanol, methanol and
DMSO, although the effect was greatest with added methanol, which is shown in graph
1.3.viid. below. |

In addition to the above homogeneous studies, we attempted to use
[Cu(CN)3]2- adsorbed on basic alumina as a heterogeneous catalyst for the oxidation of
free CN by H,0,. Some Cu(Il) species adsorbed on alumina have been used
industrially.ls’17 (For full details of the preparation of this and a more comprehensive
discussion see section 3.1.II). Unfortunately we found that some of the adsorbed
complex was dissolving into the reaction solutions énd thus we could never be sure of
the concentration of the catalyst in solution. This made it impossible to assess the extent
of heterogeneous catalysis and so only qualitative observations were made. In the
oxidation of CN™ (2 x 10 M) by H,0, (0.16M) catalysis by [Cu(CN)3]° adsorbed on
basic alumina was the same as that catalysed by an equivalent concentration of

copper(Il) chloride dissolved in the solution.

Graph 1.3.viii. Oxidation of free CN (2 x 10'3M) by H,0, (0.18M) in the presence
-5
of CuSO4 (4 x 10 M), and with added methanol (S%V/v).
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A possible explanation for these observations is as follows: In solution
copper(I) ions will form complexes with CN~ ions, these being [Cu(CN),],
[Cu(CN)3]2- and [Cu(CN)4]3- and their respective concéntrations will vary according to
the ratio of Cu(I) : CN present in solution as studied by Griffiths ez al.122 If Cu(1l)
ions are added to a solution of CN at pH > 7, a transient wine red intermediate is
formed (below this pH the colouration is green) which has been studied at low
temperature using electronic spect:roscopy126 and ESR. 127 The species is thought to be

[Cu(CN)4]2- which rapidly decomposes according to the equation .
2[Cu (CN)aT™ +  2CdCNBT+ CaNg (1.53)

At room temperature, we found that absorption maxima at 205, 238 and 252 nm. due
to [Cu(CN)4]3- were formed as soon as a solution of CN (2 x IO'SM) was added to
an aqueous solution of CuSO4 (3 x 104M).

This reduction reaction would account for the apparent decrease in the
concentration of free CN, as measured using the cyanide selective electrode, when
Cu(II) salts were added to reaction solutions. That cyanide which was present as
[Cu(CN)3]2_ would not be detected by the electrode since the the overall stability of
this complex (B; = 29.2 84) is greater than that of [Ag(CN),] (B, = 20.484), (see
section 1.2). ¥ This was not of major importance in most of our reactions because the
catalyst was generally present very low concentrations relative to the concentration of
free CN and so only a small proportion of the CN was destroyed by the above
reaction.

The yellow colouration observed in the oxidations catalysed by Cu(I) and
Cu(II) species was almost certainly due to the intermediate which is formed in the
copper catalysed decomposition of HyO; to H2O and O, at pH above 8. This has been
studied in some detail using electronic spectroscopylz&129 and ESRBO at pH between
11 and 12 and is thought to be [(HO)>Cu(OOH)] which decomposes to a brown
precipitate. Unfortunately this has no characteristic absorption maxima in the electronic

spectrum which we could have used to detect its formation before the yellow colour
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appeared in the solution. The published stu_dy128 followed the decomposition of the
species using the absorption at 345nm (g = 1600 M'lcm-l) but the conditions were not
the same as in our investigations. We found that t'hc intensity of the absorption
maximum at 237 nm due to [Cu(CN)4]3- in a solution of CuSOq4 (104M) dissolved in
free CN' (10-3M) at pH 9.7 increased upon the addition of HyO, (9 x 10~4M). After 15
minutes the solution turned yellow and in the electronic spectrum there was only one
very intense absorption maximum at ca. 240 nm. The spectra are reproduced below in
fig 1.3.iv. The UV bands of [Cu(CN)3]2_ and [Cu(CN)4]3_ lie very close to the more
intense maxima of H,O5 and [(HO),Cu(OOH)], Which both occur at ca. 240 nm so
we were unable to follow the oxidation of the cyano species and could not conclusively

show which of the above moieties was a catalytic intermediate.
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Fig.1.3.iv. Electronic spectra showing the changes that occur when H;0, (9 x

- .3
10~4 M) was added to a solution of CuSOy4 (104M) dissolved in CN (10 M).
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b. Catalysis by other metal complexes.

Although salts of Cu(l) and Cu(Il) are reported to be the most effective catalysts
for the oxidation of free CN by HyO,, a number of other metal species have some
catalytic effect in the reaction.9 The following table 1.3.iii briefly summarises some of
the results obtained using a variety of other metal complexes as catalysts for the

reaction.

Table 1.3.iii Use of metal complexes in the oxidation of CN by HO, (0.16M) as

measured using the cyanide selective electrode.

Metal conc. pH  initial [CN ] % CN removed in
species ™M) M) | one hour
; ; 95 5x10° 48
FeSO4 2x10” 95 5x10° 54
CoCl, 2x10° 9.44 5x10° 50
CrCls 2x10° 949 5x10° 50
9.5 18x10° 22
Ni(NO3),  1x10° 935 18x10° 68
Ni(TsPc)  1x 10 9.45 18x10° 67
Zr(NO3)s  1x10° 90 18x10° 50

From the above table it can be seen that there was very little catalytic effect due to
FeCls, CoCl, and CrCls. These results are in agreement with the literature.9'17

When used as catalysts in aqueous solution both nickel(II) nitrate and
[Ni(TsPc)] were found to have almost identical catalytic effects, which were less than
those found with an equivalent concentration of a Cu(Il) salt. However, the electronic

spectrum of the green [Ni(TsPc)] changed during the course of the reaction and it is

reasonable to assume that it was reacting with H,O,, unlike [Cu(TsPc)] which we
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found was unaffected by HyO,. (A solution of [Ni(TsPc)] (10-5M) in H,O, (0.16M)
was decolourised when left for one week). Taking into account the absence of any
effect of H,O, on [Cu(TsPc)] and the lack of catalyéis of oxidation of CN by this
complex we can suggest the following explanation for our observations. In
[Cu(TsPc)] there is planar coordination of the phthalocyanine ligands around the metal
centre. If there is axial coordination of HyO, molecules this is likely to be fairly weak
owing to Jahn-Teller distortion effects. In [Ni(TsPc)] in aqueous solution, it is quite
possible that trans-[Ni(H207)2(TsPc)] is present, since octahedral Ni(Il) is relatively
common. There is no evidence indicating that the catélytic intermediate involves a Ni(Il)
cyanide species as there was no change in the electronic spectrum when [Ni(TsPc)] and
CN were mixed and furthermore [Ni(CN)4]2', which would be formed when an
aqueous solution of nickel(II) nitrate was added to excess CN , is a moderately stable
complex which is not easily oxidised by HO,. This reaction is discussed in detail in
chapter 2. These results are in agreement with those reported by Gierzatowicz, who
observed a greater catalytic effect using Ni(II) than with other transition metals.17 The
graph below (1.3.ix) shows how the oxidations of CN by H,O, progress in the
presence of aqueous solutions of [Ni(TsPc)] and Zr(NO3)g4.

Our work using buffer solutions indicated that different peroxy species had
different reactivities towards free and complexed cyanides (see sections 1.3.III and
2.3.1). One possible reason that Cu(I) and Cu(Il) salts are such effective catalysts for
the oxidation of free CN by HyO, is the formation of the peroxy complex
[(HO),Cu(OOH)] that we have discussed above. Graph 1.3.ix below shows that an
aqueous solution of Zr(NO3)4 (IO_SM) had a slight catalytic effect on the oxidation
reaction. The Raman spectrum of a solution containing zirconium(IV) nitrate (1g, 2.95
x 10" mols) and H,0, (0.0108 mols) in H,0 (10 cm’) had two peaks at 857 and 845
cm'1 which we attribute to the formation of a Zr(IV) peroxy complexl31, this
presumably being the reason for the catalytic activity shown by solutions of Zr(NO3)4

in the oxidation of free CN.
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Graph 1.3.ix. The oxidation of free CN (1.8 x 10'3M) by Hy0, (0.16M) (kops=
205 x 10%s™), and in the presence of [Ni(TsPc)] (10”°M ) and Zr(NOs)s (10°M).
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The complex ions [WO4] , [MoOy4] and [VOy4] all form coloured peroxy
complexes which have been characterised in solution and have been used as cocatalysts
32
in other peroxidic oxidations.1 The results obtained when they are added to

oxidation mixtures at pH 10 to 11 are summarised in table 1.3.iv. below.

Table 1.3.iv. Oxidation of CN (0.1M) by H20, (0.1M) with added ions at pH 10
to 11.

Ion Conc. / M. % oxidation after 16 hours.
- ; 90

MoO4” 0.08 72

[WO.I~ 0.006 99

VO 0.05 ;
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The red colour which formed on addition of [MoQ4] x to oxidation solutions at
pH 11 arises from the [Mo(02)4]2_ species. 132 This colour faded during the reaction
time indicating that the Mo(VI) peroxo complek was being decomposed but
nevertheless the overall proportion of CN oxidised was less than in a solution to
which only HpO; had been added. This contrasted with the degree of oxidation
achieved by the yellow [W(02)4]2-, formed from [WO4]2- and H,O,. In this reaction
nearly all of the CN was oxidised, more than was oxidised in the uncatalysed reaction.
At pH 10 the ion [VO4]3' reacted with HyO, to form [V02(02)2]3-, a yellow orange

. 133 . . e e .
species  which retained this colour even after one day, indicating it was a more stable

complex; no CN  was oxidised in this reaction.
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1.3.VI. The oxidation of free CN by H,0, in the presence of

thiosulphate ions.

It has long been known that elemental sulphur will react with CN in aqueous
solution to produce SCN* 134, and CdS has been used in conjunction with H,S and
visible light to achieve the same reac:tion.58 More recently a new reaction was reported
in which the oxidation of cyanide by H;0O; at pH 7 to 9 was carried out in the presence
of [S 203]2- ions and SCN was produced rather than NCO.’ The reactions describing
the mechanism of the reaction are given in section >1.1.I (equations 1.4 to 1.6) but to
summarise, the oxidising species was thought to be [HOS,03], formed from the
reaction between S 203]2_ and H,O,. The kinetics of the interaction between these
species in the presence and absence of free CN' were measured and the data computer
fitted to a third order polynomial expression. We have studied this reaction using the

spectroscopic techniques described in section 1.3.1 and our results are discussed below.

a. Following the oxidation reaction by FTIR.

When a solution of CN (0.1M) in [5203]2" (0.1M) was oxidised by H,0,
(1M) the peak due to the vcy of free CN at 2080 cm” was swiftly replaced within five
minutes by a new, stronger peak at 2060 cm_1 which can be attributed to the von of

1135 ..
. We have measured the extinction

free SCN which is reported to occur at 2065 cm
coefficient of this peak to be e= 456 mol” cm™ dm’ which was stronger than the vey
of free CN (e = 19 mol-1 crn-1 dm3) but not as strong as the equivalent peak in free
NCO (e = 1330 mol - cm’ dm3). When excess H,0, was added the SCN peak

-1
began to decrease in intensity and was replaced by another peak at 2170 cm , due to

free NCO . The spectra showing this are reproduced below in fig 1.3.v.
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Fig.1.3.v. FTIR spectrum showing the oxidation of CN (0.1M) by H,0;, (1M) in
the presence of added [8203]2_(0.1M).
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b. Raman spectroscopic study of the reaction.

The reaction between CN (1.5M), [8203]2' (1.5M) and H,O, (portions of
0.5M) was followed at intervals for four hours using Raman spectroscopy in order to
detect other intermediates and products in the reaction. Initially the only peaks observed
in the spectrum, run from 500-1 100cm” and 2000-2300cm ™ occurred at 2020cm
due to vey of free CN and at 670 and 1002 em” due to [8203]2-. After one hour of
reaction a shoulder had appeared at around 2'0600m'1 which we attribute to the von of
free SCN _.135 In the lower scan group a peak appeared at 7550m_1 which was most
probably the dncs of free SCN and a strong peak at 981cm, which coincided with
vso for [SO4]2-and a weaker band at 622 cm_1 which was assigned to 850.136 The peak
that can be seen in the spectra below in fig 1.3.vi. at 998 cm‘1 was due to unreacted
[S205]” in the solution.

After two hours reaction the shoulder at 2060 cm'1 was more pronounced as
more SCN was formed in the reaction. The vibrations due to [SO4]2_ at 982 and 619
cm’ had increased in intensity and the only other peak was at 749 cm” (5nes of free
SCN ). After four hours and when excess H,O, had been added to the reaction the CN'

peak at 2080 cm” had disappeared to leave the residual SCN visible as a peak at
2066cm” and a new peak appeared at 2170 cm”’ which indicated that the SCN” was
being oxidised to NCO . The peaks visible in the lower scan group were the same as
discussed above at 981 and 612 cm’ due to [SO4]” and 744 cm™ (NCS"). The spectra

recorded in this study are reproduced overleaf in figure 1.3.vi.
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Fig.1.3.vi. Raman study of the reaction between CN (1.5M), [8203}2' {(1.5M) and

H;0; (portions of 0.5M).

M‘W‘NJ «f,«mq‘.{"&‘m\, ) M/‘
t M“"’““"W?“Mwﬁm} Vot

Eacicy REC.CC

1ee.c0

S00.00 glc.cl 1100.CC
i
1
i
{
it
i
!
1
- k
— \TEM‘:#__ Y
9C3.0C N (v} 1L CT

N
= 1:

1
\M
116¢.¢2

$92.¢9 80s. 00

| Y
I
1
!
i !
| |
b
i
0 hours ]' \
[ A
1 A 9 \’\\
7 Yo e V\«J:.‘wwww\,.ij_\qw\ A P J\k" ~
22256 215.66 2300. 05
/ \
K
1 hour /
/-///
2098. 00 215&;. oo 2300.C8
1t
il
I
i
1
o
/|
|
1
2 hours \
\
e \\Nw\ \’WWW.,_
'!CC'::.OD 215‘3‘.(30 2300.cC
Fr T
.
1
/ |
\\ 1@
\ / \
\ i
\‘\‘l ’] \
4 hours /," 4 [ \
I -\l‘ﬂ‘ W J’ \
& T \\\»\Ahw
WY P

69

M23.6C

23cc.co



c¢. Study of the reaction by 13C NMR. )

When the 13C NMR spectrum was measured 6f a solution of CN (5M) and
[8203]2_ (5M) in  Hy0O; (1.5M) after thirty minutes of reaction, the following shifts
(relative to Me4Si) were observed. At 166.5 ppm lay a shift due to free CN, and at
134.5 ppm a second resonance that we attribute to free SCN  in accordance with the

; 112 ; ) -
literature.” No shifts attributable to NCO or carbonate were observed.

d. Conclusions.

We have confirmed that SCN ' is the initial product of the oxidation of free CN'
by H,05 in the presence of [8203]2—, and have shown that this intermediate will be
further transformed into NCO, if H,O, is in excess, and finally to ammonia and
carbonate as discussed in section 1.3.1. If the [8203]2' is in excess the final product is
SCN .

In a direct comparison of the oxidation of CN (2 x 10'3M) by H20; (0.18M)
with a similar reaction containing [8203]2_ (5x 10_3M), we observed that the rate of
oxidation of cyanide was greater if [8203]2' was present (see graph 1.3.x below) but
first order kinetics were not followed and the HyO, was used up more rapidly .
These observations are in agreement with the published study in which kinetic data
were fitted to a third order polynomial and the rate of decomposition of H,O, by
[8203]2-was also measured.5 It is worth noting that in our study no consideration was
made of the competing reactions between H202 and CN ', and also H,O, and SCN,
which might have some influence on the complexity of the data measured. There are
separate studies on the latter reaction which are discussed in more detail in section 1.5

.. . . . . 109,137,138
as the conditions were not comparable to those in our investigation.
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Graph 1.3.x. The oxidation of free CN (2 x 10‘3M) by H0, (0.18M) at pH 9.3 and
in the presence of [S,05]° (5 x 10° M).
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1.4, Oxidations of Free CN __using Persulphate.

The only published references to the oxidation of free CN” mention that [8208]2'
is effective only in strong solutions. 922428 1t is also reported that cyanogen (C;N»)
and not NCO is formed as an intermediate which then decomposes to form nitrate
and COa,.

We carried out a short study of the oxidation of free CN by persulphate in
buffer solutions using the cyanide selective electrode. At low concentrations of CN'

3 2- -2
(10 M), with an excess of [S20g] (5 x 10 M) the following results in table 1.4.1

were obtained.

Table 1.4.i. The oxidation of CN (10°M) with [S,05]" (5 x 10 M).

Buffer pH % Oxidation.
(0.1M) 5 hours, uncatalysed. 2 hours, CuSO4 (10 M)
- 8.25-8.48 23 . 59

phosphate 8.01-8.90 30 90

borax 8.57-8.64 26 100

bicarbonate  8.64-8.93 - 35

It is clear from these figures that the degree of uncatalysed oxidation was
approximately the same in borax and phosphate buffers as it was in unbuffered solution
but that in carbonate buffer no oxidation occurred without a catalyst being present.

At high concentrations (CN and [8208]2_ both 0.1M), no peak attributable to
NCO was observed in the IR spectrum even when CuSO4 (4 x 10-3M) was added.
Both oxidation mixtures turned yellow in colour and a brown precipitate was formed.
The elemental analysis showed %C, 27.61; %H, 2.74 and %N, 30.86 which
corresponds to that of oxamide (CONHj3);, an intermediate in the hydrolysis of

139
cyanogen  (requires C, 27.27; H, 4.54, N, 31.81%). The IR of the brown solid had
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aband a 2162 cm‘l, indicating that some cyanide, or cyanogen was also being trapped
in the lattice.

The Raman spectrum of an aqueous solution 6f [S2Og]2- (0.1M) at pH 9 had
two strong peaks at 836 em’ (vo.o) and 1076 cm’ (vs()).MO This spectrum changed
little within one day even at pH 12, ihdicating that the [8208]2- species is relatively
stable in solution at high pH, although after three days there were peaks due to the
formation of [SO4]2_ indicating that decomposition was occurring slowly (see section
2.41IV). When CN (0.1M) was oxidised by [S 208]2- (0.5M) with added copper(I)
sulphate (10-3M), a third peak at 982 cm” rapidly appeared which could be assigned to
the vsym of [SO4]2-.136 No peak attributable to NCO was observed.

- 2.
The data collected show that oxidations of free CN by [S,0g] proceed slowly

unless a catalyst is present and confirm that NCO is not a reaction intermediate.
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1 i f th xidation of Fr n Hvdrogen Peroxi
and Peroxy Salts,

In this section we consider our studies on the reactions of free NCO in the
systems that we have used to investigate the oxidation of free and complex cyanides.
We start by summarising the published literature concerned with this subject, and in the
second part of this section we discuss our own studies under the following headings.

a. Spectroscopic and chemical investigations to determine the extent to which NCO is
oxidised and/or hydrolysed by H;O,. |

b. Quantitative studies of the reactions of NCO with H,O; in the presence and absence
of catalysts such as Cu(II) salts using both quantitative FTIR spectroscopy and Dionex
HPIC.

The final part of this section concerns our observations on the effect of other oxidants,

notably OCI, triple salt and [8208]2' on solutions containing NCO .

1.5.1. Review of the published work concerning the reactions of free

NCO  in aqueous solution.

There is apparently no published study of the oxidation of free NCO by H,0,.
However, a number of observations have been made with respect to the fate of NCO in
the oxidation of free CN by H202.4'19 Of the NCO' formed in this reaction, it is
reported that 60-80% is hydrolysed to form ammonia and bicarbonate via the carbamate

ion as shown in the equations below.

NCO + H,O - [H,NCOO] (1.54)

[H,NCOO] + Hy,O = NH; + [HCOs3] (1.55)

Oxidation of NCO is thought to account for the remaining 20-40% but there is no
. . . 419,109 ) )
agreement as to the final products of this reaction. Both N> and nitrogen oxides

have been proposed as the final form of the nitrogen although no contributary evidence
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was supplied. A study of the oxidation of free SCN by HyO, in alkaline solution
showed that the initial product was NCO ™ and the formation of [NO3] was also
reported, although again there was no explanation of \how this was detected.m9 The
following equation would account for the formation of N; but not the nitrogen oxides

mentioned above.
2NCO + 3H,0, - N, +2[HCO3] + 2H,0 (1.56)

The hydrolysis of NCO  has been studied in the pH range 0 to 7 and also in strong
41 -1

base.1 The rate constant for the first equation below was measured to be 0.047 min

at 18°C. Rate constants were also determined for the second reaction which

predominates in alkaline solution but only at high temperatures, i.e. 70-94°C.

NCOH+ H;0O -» NH3 + CO, A (1.57)

NCO + 2H,0 - NH; + 2[HCO;3] (1.58)

The oxidation of free NCO by hypochlorite has been the subject of 2 number of

studies at different pH. At high pH (>11), the rate of reaction at room temperature was
. - 142 . .

neglible even in the presence of excess OCl . At pH < 9.5 the following series of

. 143
reactions were pI‘OpOSCd.

NCO + 2H,0 +  [NHg + [COs” (1.59)

2[NHg + 30CI + 20H = Ny + 3CI + SH,0 (1.60)

The first of these reactions was catalysed by the presence of excess hypochlorite. The

overall reaction was second order (first order with respect to each reactant) and at pH 9
3 11 .

to 10, and at 18°C, the ks was measured to be 0.13 dm mol s , which decreased to

3 1 -
0.03 dm’mol s at pH 7.1-7.5.*

Anodic oxidation of NCO' at a Pt electrode has been studied using Infra-Red
50 - -
Reflective Absorption Spectroscopy IRRAS). A band due to free NCO at 2170 cm :
.. . -1
decreased in intensity and gave way to two new peaks, a strong band at 2342 cm

which was attributed to CO; and a second weaker band at 2260 crn-l which was

assigned as HOCN coordinated to the electrode via the nitrogen atom.
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1.5.IL Studies of the oxidation and hydrolysis of free NCO with H,0,.

a. Chemical and spectroscopic studies.

When a solution of NCO (0.1M) was oxidised by H,0, (1M), the FTIR peak
at 2170 cm’™ disappeared very quickly within one hour. The formation of [HCO3] and
[CO3]2— has been shown by both Raman and 13C NMR spectroscopy and is discussed
in section 1.3.I. At pH 12, NCO (0.1M) is fairly stable in solution and by using
quantitative analysis of the peak at 2170 cm'1 (see the experimental section 1.6 for
details of this method), the concentration of the solution was observed to decrease only
to 0.098M in twenty four hours. This diminution of the NCO concentration continued
slowly and after three days the concentration was 0.096M and 0.095M after three
weeks. That the hydrolysis reaction becomes faster as the pH is lowered can be seen

from graph 1.5.i.below.

Graph 1.5.i. The hydrolysis of NCO (0.1M) in aqueous solution at different pH

using quantitative FTIR analysis of the intensity of the peak at 2170 cm_l.
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In the two solutions at lower pH there was a rise in the pH from 4.9 to 6.9 and

6.9 to 7.1 over the course of the reaction, which is presumably due to the formation of
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[HCOs]. In order to measure the proportion of NCO which was decomposed with
formation of NHj oxidations of KNCO (0.5g) were carried out at pH 10.97 using
excess HyO, in a flask through which argon was paséed into H,SO4 (1M) to collect
any NHj3 evolved. After the reaction had been stirred ovemiéht, and the FTIR spectrum
run to ensure that there was no NCO remaining in the solution the concentration of
NH3 was determined by titration of the HySO,4 with NaOH. The results are summarised
in table (1.5.1) below together with values measured for solutions in which KNCO
was added directly to H,SOy4 to ensure that all decomposition was via hydrolysis as a
check that this titration method was accurate. Thé average value of 76.5% of the
nitrogen in the NCO converted to NH3 agrees well with literature values4’19 and
indicates that the hydrolysis of NCO is indeed catalysed by the presence of H,O, at
high pH.

Table 1.5.i. Percentage of KNCO (0.5g, 6.17 x 10_3mols) which decomposes with

the formation of NH3 when reacted with excess H,O, (0.045 mols) at pH 11 as

calculated by titration.
Run % of KNCO forming NHj
1 70
2 77
3 82
4 77
Av= 76.5
Blank 100
Blank 99

b. Quantitative studies of the decomposition of NCO .
We have used two methods for the quantitative analysis of NCO . The first of

these involved the quantitation of the peak area or peak height at 2170 cm'l in the FTIR
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spectrum. This was carried out using the quantitation method on the Perkin Elmer 1310
spectrometer and is discussed in the experimental section 1.6. It was possible to use
this method because the peak at 2170 cm” s very stfong and so analyses could be
made of solutions containing as litdle as 10°M NCO',

The second method of analysis was by Dionex High Performance Ion
Chromatography (HPIC) and was suitable for solutions of NCO  having concentrations
in the range 10_3-10-6M. The principle of the Dionex technique is discussed in detail in
section 2.2.II1 with regard to the analysis of cyanide complexes using
spectrophotometric detection, although in this study a different anion column was used
and the detection was conductometric. Full experimental details of the method are given
in the experimental section at the end of this chapter. The complexity of the technique
and the time required to run samples, which had to be free of all organic and metallic
species to protect the anion column rendered this unsuitable for routine work and it was
only used in conjunction with FTIR to check the relative accuracy of the two methods.
Results indicated agreement between the two approaches of  5%; this relatively small
difference could easily be accounted for by the dilution required for samples run on the
Dionex. The Dionex trace in fig 1.5.i below shows that a solution containing NCO
(retention time = 2.37 min) also contained other anionic species in the reaction solution.
By running standards it was possible to determine that F (RT = 1.29 min), CI (RT =
1.78 min) and [SO4]2- (RT = 5.70 min) were present but we cannot conclusively
identify [NO3] (RT = 3.79 min) although this ion is probably responsible for the peak
at RT = 3.89 min.
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Fig.1.5.i. Dipnex trace showing the peaks due to anionic species in solution during

. 4 3
the oxidation of NCO (2.5x 10 M) by H,O, (2.5 x 10 M).
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Using FTIR analysis reactions of NCO (0.1M) with different concentrations of
H,O, were carried out and the results are summarised on the graph (1.5.ii) below. In
table 1.5.ii we list the concentration of NCO" remaining~ and the stoichiometry of H,O,
consumed per mole NCO at different time intervals during the oxidation reactions.
There seems little pattern in the stoichiometric figures, but by looking at the

concentration data it is clear that the rate has some dependence upon the concentration of

H;0; used.

Graph 1.5.ii. Curves showing the decomposition of [NCO 71 (0.1M) in reaction with

H,0O, at pH 9.25 t0 9.8.
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Plots of the above data for first and second order kinetics with respect to both H,O»
and NCO did not give straight lines althdugh the difference in the theoretical (as
predicted from equation 1.56 above) and measured stoichiometries (see table 1.5.ii)
indicate that the overall kinetics are likely to be the result of the competing oxidation
and hydrolysis reactions. This is also possible because of the catalytic effect that H,O»
appears to have on the hydrolysis reaction. The results were further complicated by the

experimental problems we encountered due to the decomposition of H,O,, which
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should be stable in aqueous solution at pH 9 to 10. Additions of Dequest (1%) were
made to some solutions to ensure that transition metal impurities were eliminated but the
decomposition of the oxidant continued to be erratic. The decomposition of H>O; in

- - 44,145
solutions containing [HCO3] and [CO3]2 has been studied.1 !

Table 1.5.ii. Progress of reactions between NCO (0.1M) and H,O, at pH 9.5.
T=0 T= 1 hour T= 2 hours T= 3 hours

[H,0,1/M pH [NCO'] /M stoich [NCO] /M stoich [NCO ] /M stoich

0.1 9.4-9.6 0.083 4.0 0.078 1.1 0.0661.6

0.2 9.79.8 0.071 2.5 0.037 1.76 - -
0.5 9.35-9.6 0.041 1.2~ 0.019 2.0 0.009 4.6
1.0 9.25-9.5 0.018 1.95 0.004 8.75 0.000 -

stoich = Ratio of HyO0,: NCO in the period of the reaction elapsed since previous

reading.

The addition of an aqueous solution of copper(Il) chloride (1()_3M) to a solution
containing NCO (0.8M) and H;0, (0.8M) lead to an overall decrease in the amount of
NCO removed from solution in two hours of reaction. Graph 1.5.iii below shows that
the initial decrease in NCO concentration was actually faster than in reactions where no
Cu(Il) had been added, but this rate of decrease in NCO was short lived and after two
hours reaction (in which 33% NCO disappeared compared to 50% in other reactions)
no further removal occurred. This was probably because of the complete decomposition
of H,0O», presumably catalysed by the presence of Cu(Il) although we did not observe
the yellow colouration characteristic of the formation of the [(HO),Cu(OOH)] species
(see section 1.3.v). At the end of this reaction the concentration of Cu(Il) ions in
solution was approximately the same as at the beginning as measured using semi-

quantitative colourimetric Cu(Il) test strips. In some reactions to which copper(Il)
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chloride had been added, the final solution had a blue hue to probably arising from the
formation of Cu(II) ammine species or possibly to a Cu(Il) cyanato species,

[Cu(NCO)4]2- or [Cu(NCO)3] (see section 3.1.II).

Graph 1.5.iii. Oxidation of free NCO (0.8M) by Hy0, (0.8M) in the presence of an

aqueous solution of CuCl, (10-3M).
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In conclusion, the reaction of Hy0, and NCO at pH >9 appears to involve
both oxidation and hydrolysis. Approximately 75% of the NCO undergoes hydrolysis
to NH3 and [HCO3] in a reaction that is catalysed by H,0;, and 25% 1s oxidised by
the H,O, to products, the nature of which we have not been able to determine. The
kinetics of the overall removal of NCO are complicated and the addition of Cu(II) salts

catalyses the decomposition of H,O,, thus reducing the proportion of NCO' destroyed.
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1.5.III. The reactions of NCO with triple salt, persulphate and

hypochlorite.

a. Oxidations with triple salt.

Our studies using FTIR analysis indicate that NCO (0.1M) was completely
destroyed by triple salt (K2S04.KHSO4.2KHSOs5, 0.09M = 0.18M [HSOs]) within
sixty minutes. More significantly, 60% of the NCO was removed before ten minutes
had elapsed but whether this was due to oxidation of N CcO by [HSOs] , or to
hydrolysis by the H" associated with the triple sélt was not clear. Despite strong
buffering using phosphate (0.2M) or borax (0.2M) buffers, the pH always dropped
from 8.5 to around 7 during the reaction which prevented us from measuring accurate
kinetic data and this fall in pH would have promoted the hydrolysis reaction. When the
reaction was carried out in NaOH (0.6M) to ensure that the pH remained above 10 the
triple salt decomposed so rapidly that only 22% of the NCO was destroyed after one
hour and no further reaction occurred. The decomposition of [HSOs] at pH >8 was
rapid even if Dequest was added to remove transition metals from the solution, and this
decomposition is discussed in more detail in section 2.4.IV However, the
decomposition was observed to occur more quickly in solutions which contained NCO
indicating that the latter species was somehow accelerating the demise of [HSOs] .

The removal of some NCO , even when the reaction was carried out at high pH
using triple salt, indicates that there is certainly some reaction between [HSOs] and
NCO, although at lower pH the destruction of the NCO was probably almost all due to

hydrolysis.

b. Oxidations with persulphate.
- ) . '
When equimolar concentrations of NCO and [S705] (0.1M) were mixed in
the pH range 8.5 to 10.5 there was no apparent reaction as assessed by using FTIR

-3
spectroscopy. When an aqueous solution of copper(II) sulphate (10 M) was added the
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solution turned yellow-green and a black precipitate was formed. The IR of this solid
had bands at 1295, 1114 and 1064 cm'l, indicating that [SgQg]Z- was present, possibly
as CuS;0g. In the reaction the pH dropped from 9 to 7 and after two hours the
concentration of NCO had dropped from 0.1 to 0.079M, although it was not clear
whether this was due to oxidation by the [8208]2_ or hydrolysis because the pH had
dropped. In borax buffer at pH 9.5 with an aqueous solution of copper(Il) sulphate (4
X 10-3M), only 5-10% oxidation occurred in six hours and the concentration of [8208]2'
after this reaction time was measured by titration with [MnO4] to be 0.093M. No
precipitate was observed. From these observatiéns we conclude that if NCO is

2-
oxidised by [S;0g] then the reaction is very slow under the conditions of our study.

c. Oxidations with hypochlorite.

Our observations using FTIR as the method of analysis merely confirm the
published work.” " At high pH (>11), then oxidation of NCO (0.1M) by OCI” (IM)
was slow but after four hours 30% of the NCO  was removed. When the same reaction
was carried out at pH 9 then the rate increased such that 65% was destroyed in two
hours. Qualitative comparison with the reaction of NCO with H,O, showed that the
removal from solution of NCO' occurred much more rapidly if OCI was used as the

oxidant.
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1 Experimental
Section 1.3. General spectroscopy.

IR spectra were run on a Perkin-Elmer 1720 Fourier Transform spectrometer.
All FTIR spectra of aqueous solutions were run using CaF, plates with Teflon spacers
of thickness 0.05 mm. (see section 2.5 for details of the method by which this
thickness was determined). Spectra of solid samples were run using KBr discs or as
nujol mulls between KBr plates. |

Raman spectra were run using exciting lines at 488 and 514.5 nm.from an
Innova 70 CRL Ar)r laser, and at 647 nm. on a 90 CRL Kr laser, with a Spex Ramalog
5 instrument and Spex Datamate acquisition unit. Solid samples were run pressed onto
KBr discs or on a custom built BGSC Raman microscope.146 Solutions were run in
sealed glass capillaries or in spinning quartz solution cells.

13C NMR spectra were run on a Jeol FX 90Q Fourier transform spectrometer
and a Bru ker WM250 Fourier transform spectrometer. We used 10 mm NMR tubes
with an internal reference of 1,4 dioxane (8 = 67.8 ppmM?) in D,0 to act as a lock.

11 . .
B NMR spectra were run on the above instruments using 10 mm NMR tubes

with an internal reference of Na[BOzH)4] 6=1.3 ppmz w) in D70 to act as a lock.

31
P NMR spectra were run on the Jeol FX 90Q Fourier transform spectrometer

in D70 to act as a lock by Miss Julia Poat.
Section 1.3. Quantitative studies of the oxidation of free CN by H,0,.
Free CN was analysed using an EDT ISE304 cyanide selective electrode in

conjunction with a standard single junction reference electrode filled with saturated

KCl. Both electrodes were connected to an EDT ECM202 pH/ion meter. The cyanide
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electrode was calibrated with known concentrations of free CN in NaOH (0.1M) and a
calibration curve drawn on logarithmic graph paper. The calibration was repeated after
each kinetic experiment. .

Solutions were made up in millipore water (triply distilled and deionised) using
Analar reagents wherever possible. The oxidations were carried out in glassware that
had been pickled in conc. HNOj, rinsed with millipore water and Decon solution (a
surface active cleaning agent 5%) to ensure that as far as possible there were no
contaminants. The reaction flasks were stirred in a constant temperature thermostatic
bath and aliquots removed at intervals. For CN' anaiysis, the aliquots were mixed with
their volume of NaOH (0.2M) to raise the pH of the solution and MnQO; (ca. Smg)
added to destroy the H,O; before the electrode was used.

Analysis of HyO, was carried out qualitatively using colourimetric test strips
supplied by Merck, and quantitatively using iodometric titration as described below.
The aliquot was added to a flask containing iced H,SO4 (2M, 100 cm3) and to this was
added K1 solution (5%, 10 cm3), and a few drops of saturated ammonium tungstate
solution. The flask was then left in the dark for five minutes for the colour to develop.
Once the orange-brown colour had fully appeared, the solution was titrated against
0.1M Convol Nay[S,04] solution, using starch indicator once the solution was straw

coloured. The relevant equations for this titration are as follows.

A +[0] +4H" + I, +2H,0 (1.61)

I, + 2[S,04]" >+ S0 (1.62)

Buffer solutions.
These were prepared using published methods119 and as follows.
Borax buffer was prepared from Na[B(OH)4] (0.125M, 100 cm3) and NaOH (1.43M,
14 cms) made up to 250 (:m3 with water for a pH of 9.50.
Bicarbonate buffer was prepared from [HCO3](0.5M, 20()cm3) and NaOH (1.43M,

17.5 cm’) made up to 250 cm’.(pH = 9.50).
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Phosphate buffer was prepared with Ko[HPO4] (10.5g in 250 cm3) and NaOH
(1.43M, 0.2 cm’). (pH. = 9.00) _

Ammonium chloride buffer was prepared from NH4Ci (2.61g) and NH3 (0.88 s.g., 1
cm3 ) made up to 100 cm3. (pH = 9.00).

Different volumes of NaOH were added for different pH buffers.

Ionic strength, UV light , radical trap and catalytic experiments.

In reactions investigating the effect of ionic strength we used Analar KCl and
NaClO,4 (1M) in oxidations of free CN (10 °M) by H,0; (0.16M).

In investigations into the effect of UV light solutions were irradiated using a
Blak-Ray 440W UV lamp.

Radical traps were ethanol, methanol and DMSO, added to the reaction

solutions to 5% V/v. Catalysts and NaJS,03] were added as described in the text.
Section 1.4 Oxidations with persulphate.

Raman and FTIR spectroscopic studies were carried out as described above.
Determination of CN' was made using the cyanide selective electrode. Na{S,0g] and

K{S,0s] were Analar grade and supplied by BDH Ltd.
Section 1.5. Ocxidations of free cyanate.

Chemical and spectroscopic studies.

FTIR studies were carried out as described above.
Determinations of the proportion of NCO that decomposed via NH3 were carried out
using the published procedure.19 The oxidation of a solution of KNCO (0.5g in 10 cm3
0.05M NaOH) by H,0;, (30%, 50m3) was carried out overnight in a flask with an

3
argon bubbler and an exit tube into HpSO4 (1M, 20 cm ). After checking to ensure that
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no NCO remained, the H;SOy4 was titrated against NaOH (0.18M) to determine the

concentration of (NH4);SO, and thus the amount of NH3 formed.

Quantitative studies.

We determined the concentration of free NCO' in solution by two methods; A
quantitative FTIR method was available on the Perkin-Elmer 1310 FT spectrometer,
which could be calibrated over the range 0‘2-10_3M NCO' using suitable standards.
This was quick and convenient and so the majority of determinations were carried out
by this method. Aliquots were removed from solution and injected into the FTIR cell
without additions of MnO; to destroy the H,O,.

Dionex HPIC analysis of NCO was carried out using a AS4 anion coumn with
AG4 guard. The eluent was NaHCO3 (0.005M) and Na,COs3 (0.0025M) with a
regenerant of HySOy4 (0.0025N).

An aliquot was removed from the reaction solution, and MnQO, added to destroy
any remaining H7O,. All solid matter was filtered off and the aliquot injected through a
0.45 pm disposable filter into the Dionex. Detection was conducto metric and data were

recorded on a Dionex 2470 integrator.
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Th xidati i mplex Peroxidi i

Intr ion

Cyanide in industrial effluent streams is often present in the form of metal
cyanide complexes. The stability of these complexes varies according to the nature of
the metal ion involved and the complexes have a different reactivity towards the
oxidants discussed in the first chapter. This second chapter includes the studies carried
out on a selection of metal cyanide complexes using the oxidants H,O, and [HSOs].

The first section provides a brief overview of the published values of the
stability constants for a number of cyanide complexes and the effectiveness of methods
currently used to detoxify solutions containing these moieties. In section 2.2 we discuss
the techniques we have used for the direct determination and quantitative analysis of
cyanide complexes and in the final sections 2.3 and 2.4 we deal with our own studies

on oxidations of such complexes.
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2.1, Review of Stability Constants and Current Methods Used in the

Treatment of ni mpl
2.1.1. Stabilities of cyanide complexes.

The effectiveness towards cyanide complexes of many of the published
methods for the detoxification of cyanides (see section 1.1), is largely dependent upon
the thermodynamic stability of the complex concerned. Weak complexes, generally
regarded as those having overall stability constants of up to B, ~ 20, will react as though
the cyanide present is completely dissociated to free CN' . Moderately strong complexes
(Bn ~ 20 -30) are generally only partly affected and those complexes with B, > 30 are
regarded as strong and are unaffected by normal treatments.*® This classification is
only general and in specific cases, for example in reactions of peroxides with copper(I)
cyano species, different reactivities occur. Table 2.1.1 below lists published values for
the stabilities of a number of complex cyanides relevant to this work. Stability constants
of several other cyanide complexes have been reviewed in a recent critical survey of the

) 148
methods used to determine them.

The toxicity of aqueous solutions of cyanide complexes is believed to be
dependent upon the amount of free CN present and thus has a direct relationship to the
stability constants of the complexes. There are published values for the toxicities of a

. 149 . . 150
number of complexes towards animals” ~ and aquatic organisms.
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Table 2.1.i. Values of total stability constants (B,,) for cyanide complexes.

Complex Ion Bn/M™" Reference.
[Fe(CN)6I™ 35.4 151
[Fe(CN)s]* 43.6 151
[Cr(CN)6I™ ~35 152
[Cr(CN)g]" ~21 153
[Co(CNYeI™ ~50 154
[Ni(CN)a1™ 303 155
[P{(CN)4T* ~40 156
[PA(CN)aI* 42 157
[Zn(CN)41* 19.62 85
[CA(CN)4I* 19.2 86
[Hg(CN)a~ 38.97 158
[Cu(CN)aT> 30.7 84
[Cu(CN)s1> 29.2 84
[Cu(CN),] 23.9 84
[Ag(CN)I 20.4 84
[Au(CN)z] 37 84
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2.1.II. Chemical oxidation of cyanide complexes.

Hydrogen peroxide will oxidise weak cyanfde complexes in an apparently
similar way to CN but there has been little work assessing these reactions
quantitatively. As early as 1913 Grusse discovered that treatment of [Fe(CN)6]3" with
H;0; at high pH produces only [Fe(CN)6]4', a reduction, and at low pH the reverse
reaction occurs. He also observed some dissociation of [Fe(CN)6]3' and postulated the

overall equation below.'

13[FC(CN)5]3'+ 6H;0 + 90H = Fe(OH); + 6NH3 + 12[Fe(CN)6]4_ +6CO, (2.1).

At pH 5, oxidation by Hz02, PbO; or Ce(IV) of [Ru"(CN)g]> produced an
absorption in the electronic spectrum at 1094 nm. and this was attributed to the
presence of a cyanide bridged dimer [(CN)5RuH-CN—RuHI(CN)5]6'.160 Some aquation
of the complex and the formation in solution of free NCO was observed. In a
comparable study at pH 6 using Ce(IV) as the oxidant, [Ru(CN)6]4' produced only
{Ru(CN)5]3' which aquated and apparently dimerised to the above species. Direct
reaction of [Ru(CN)6]3_ with HO, was said to produce the complex
[Ru(CN)s(CNO)]4' as an intermediate but in this process the H,O; acted only as a
catalyst and decomposed after the intermediate was formed. Although written as a
fulminate, CNO’, it is not known if the ligand was this or a cyanate NCO , nor is it
clear which atom was bonded to the ruthenium atom.

A study of the reaction between [Cr(CN)6]4' and H7O; in alkaline cyanide
solution showed that it followed pseudo first order kinetics and a mechanism was
proposed which involved the formation of the species [Cr(CN)5H20]3' . No mention
was made of further stepwise removal of CN, or of the effect of the oxidant upon the
free CN” in solution.

The catalytic activity of copper(II) species in the reaction between HoO, and
cyanide species has been discussed (see section 1.1). This makes it a relatively

straightforward process to detoxify mining wastes containing high concentrations of
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[Cu(CN)4]3' (12.9ppm), [Cu(CN)3]2' (67.2ppm) and [Cu(CN);]" (0.9ppm). In these
cases the concentration of total cyanide in the wastewater was reduced from 300ppm to
10ppm by direct dosage with H202.122 »

UV irradiation has been proposed as a method of decomposing stable cyanide
complexes prior to oxidation with H202.163 Stepwise aquation of the complex
[Co(CN)6]3' to yield free CN™ can be promoted using UV light and the kinetics of this
dissociation have been mcasured,lm with similar results obtained for [Fe(CN) 6]3' and
[Fe(CN)s]‘i'.165 A kinetic study of the photochemically induced decomposition of
alkaline solutions of both [Fe(CN)6]3' and [Fe(CN )5]4' concluded that the reaction rate
was independent of the concentration of cyanide complex, but that this rate could be
varied by both the pH and the intensity of irradiation. Both complexes dissociated via
the complex [Fe(CN)5(HzO)]3' and eventually produced CN™ and Fe(OH)3 which could
be removed from wastewaters by circulation through a manganese zeolite absorption
column.'®® This was an important observation since many complexes are resistant to
direct attack by H,O, and so must undergo a prior dissociation to ensure complete
oxidation. The addition of EDTA or a similar chelating agent to solutions of cyanide
complexes, particularly containing [Ni(CN)4]2', has been used as these chelates bind
preferentially to the metal and thus decomplex the cyanide.167 A number of kinetic
studies have been carried out to measure rates of dissociation of [Ni(CN)4]2- using

. . - 168 . . 169,170
different competing scavengers such as I and triethylene-tetramine; such

studies were also carried out in different pH ranges.m’ln‘173

Another strategy is to oxidise catalytically a substantial proportion of the cyanide
complex in solution with H,O, and Cu(Il) salts and then precipitate out those
complexes (particularly [Co(CN)g]” , [Fe(CN)l", and [Fe(CN)g]>~ ) which are not
destroyed in the first part of the reaction with the remaining copper(ll) species. tra Any
metal species in solution after the reaction can themselves be precipitated by

trimercaptotriazene which has low toxicity and forms complexes of low solubility with

nickel(II), copper(II) and mercury(II). An alternative precipitation agent is stearyl
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dimethyl-benzyl-ammonium chloride which can be used in conjunction with ferric
sulphate and an anionic polyacrylamide to coagulate the ferrocyanide precipitate and
hasten its separation from solution.175 1
Caro's acid (H,SOs) has been used to oxidise the complexes [Zn(CN)4]2',
[CA(CN)4T™, [Cu(CN)4T, [Ag(CN),]’, and [Ni(CN)4]* using a three fold excess of
oxidant for each molecule of cyanide; no details were given as to conditions and
reaction times but the method was said to bring the level of cyanide down to 0.1mg CN
dm™.? Using [S,0g]" as the oxidant [Fe(CN)s]* was oxidised to [Fe(CN)g]* in a
second order rcaction”G, and in concentrated a@ucous salt solution [Mo(CN)g]4'
formed [Mo(CN) 3]3'. There was however, no suggestion that free CN was present in
the solutions, so it is likely that an outer sphere oxidation occurred in these cases. 1
However, a study of the oxidation of [Mn(CN)6]3' to [Mn(CN)6]2' using persulphate in
excess cyanide suggested that a radical [SO4] species was formed which oxidised the
free CN to cyanogcsn.178 This radical has also been proposed as an intermediate in the
Cu(Il) catalysed decomposition of [S20g] "
Oxidation of [Ni(CN)4]2' with HOCI, triple salt (K;SO4.KHS0O4.2KHSOs),
PbO, or by electrochemical methods produces [Nim(CN)4(H20)2]' in which the trans-
H,0 molecules are readily replaceable. 180 This Ni(IIl) complex has been characterised
by EPR, electronic spectroscopy181 and the kinetics of its formation using HOCI, Cl,,
and Cl,0 have been measured. "2 It is most stable in acid solution (ti2 = 28 minutes at

pH 1 to 3 and at 25°C), and it decomposes according to the following overall reaction.
8[Ni(CN)4(H,0),] + 100H = 7[Ni(CN)4]2'+ 4NCO + Ni(OH), + 20H,0 (2.2)

Hypochlorite is said to be effective in oxidising all cyanide complexes including

4-34 (B6=43.6151) although some studies report that the hexacyanoferrates

[Fe(CN)s]
[Fc(CN)G]A'_ and [Fe(CN) 5]3_ are in fact not oxidised. > This oxidant has been used to
measure the overall stability constants of the complexes [Zn(CN)4]2', [Cd(CN)4]2',
[Cu(CN)al”, [Ag(CN)2], and [Ni(CN)4I> ;*®* the complexes were oxidised with a
known excess of NaOCl which was then back titrated with As;O3 to give an indication
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of the stabilities of the complexes. The time taken to oxidise [Cd(CN)4]2v, and
[Zn(CN)4]2' was less than five minutes whilst a reaction time of fifty minutes was
necessary for [Ni(CN)4]2-. Another method for the 'oxidation is to bubble Cl, gas
through the solution at 70°C 7 or to use the hypobromite ion, in a reaction which was
first reported in 1909.42 This oxidises [Fe(CN)5]4' to [Fe(CN)6]3' and then destroys
the latter complex, yielding NCO'. More recent studies have found that at 75°C in OH’

(0.05 -0.5M), the overall reaction is as follows.
[Fc(CN)6]3' + 60Br + 30H = Fe(OH); + 6NCO + 6Br 2.3)

If the concentration of OH ' is raised to above 1M then reduction of [Fe(CN)6]3' to

[Fe(CN)5]4'occurs. It is stressed that OCl™ will not oxidise [Fe(CN)6]3' under these

.. 185,186
conditions.

2.1.111. Electrochemical oxidations.

Electroxidation of wastewaters containing cyano complexes of copper(Il),
zinc(Il) and cadmium(II) has been studied.187 The rates of decomposition were
measured and there was found to be a an inverse pH effect. The products included
(NH4),CO3, NCO' and urea. In strongly alkaline solution (pH>12) [Cu(CN)4]3‘ was

directly oxidised to NCO™ and CuO was precipitated. The overall reaction was.188
[Cu(CN)4]3' + 100H =» CuO + 4ANCO + 5H,0 + 9% (2.4

In solutions of pH 7 to 11 the [Cu(CN)4]3' dissociated and it was the CN  that was
electroxidised to NCO and brown azulmin polymer (HCN),. It was suggested that this
occurred via the formation of cyanogen.

CN, + 20H % NCO + CN + HO (2.5)

In another study a transient purple colour attributed to [Cu(CN) 4]2' was observed
and Cu(CN), was deposited at the anode. 189 The above studies on copper cyanide

complexes aside, there is little literature on the oxidation of cyanide complexes of other
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transition metals. The electroxidation of [Ru(CN) 6]3'forms the dimeric [(CN)sRu-CN-

Ru(CN)s] 6- 160 180

and [Ni(CN)4]* forms a nickel (III) species [Ni(CN) 4(Hy0)o]” " as

discussed above.
2.1.III1. Precipitation and thermal oxidations.

Precipitation of the cyano complexes of zinc, cadmium and copper onto basic
anion exchange resins has been studie:d.70’190 The tetrahedral complexes [Zn(CN)4]2'
and [Cd(CN)4]2' were absorbed on the resin at cohcentrations of 13.1 -13.5 g metal
dm”. With copper complexes it was exclusively [Cu(CN),]  that was adsorbed on the
column (up to 17.2g copper dm’3) despite the presence of [Cu(CN)3]2' and [Cu(CN)4]3'

in the solution. It was thought that this preferential adsorption was due to the linear
structure of [Cu(CN),] enabling it to lie very close to the resin sites. About 61-85%
regeneration of the columns was achieved using NaSCN as a regenerant. In a similar
study using [Co(CN) 6]31 a number of isomers of this complex and related aquated
species such as [Co(CN)s(HzO)]z' were found to poison the resin.191

The thermal oxidation in air of cyano complexes of zinc(II), cadmium(Il) and
copper(II) has been achieved using an activated carbon catalyst and Cu(Il) salts to
initiate the reaction.m’:l92 Thermal analysis of the decomposition of strong cyano
complexes found that NCO' was produced and that CO, was evolved as the temperature
was increased.193 The INCO process involving SO, and air at high temperatures is also
effective in the removal of all complexes except those of iron and cobalt.® Similarly
conversion with aldehydes and ketones is suitable at all pH for the removal of both free

CN and moderately strong complexes; see section 1.1.
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2.2 Methods for the Direct Analysis of Cyanide Complexes.

Almost all of the analytical techniques discusséd in section 1.2 require that the
cyanide be present as CN, and so for the quantitative analysis of cyanide complexes
the cyanide must first be decomplexed either by a traditional distillation from an acidic
solution’” or by irradiation of the complex with an intense UV light source.>” As these
processes can be lengthy and complicated to carry out, we have investigated a number

of techniques with which we can detect and analyse cyanide complexes directly.
2.2.1. FTIR of aqueous solutions.

Measuring the FTIR of aqueous solutions is potentially a very useful technique
for detecting the presence and form of cyanide complexes as the infrared active stretches
of the cyanide ligands, ven lie in the region 2000 - 2300 cm'l, an area free from
virtually all other bands which could interfere with the spectra. We have measured the
positions of the bands and their extinction coefficients using the Beer- Lambert law for
a number of cyanide complexes and the results are given in the table 2.2.i below.

For those complexes where the extinction coefficient is above about 1000 mol ™!
dm® cm™ it was possible to detect the presence of species down to concentrations of
10'3M provided there was no interference. For free CN and those complexes where the
extinction coefficient is low, qualitative detection only was possible at concentrations
below 10'2M. However, the use of FTIR in following oxidation reactions of cyanide
complexes is restricted because the product of the oxidation of cyanide is NCO; the
ven of this species lies at 2169 cm-1 108 (see also section 3.I) and this peak has a high
extinction coefficient (1330 mol'ldm3cm'1), and so soon obscured the peak of the

cyanide complex, thus rendering the analysis inaccurate.
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Table 2.2.i. FTIR data measured for cyanide complexes in aqueous solution using

matched CaF; plates (cell path 5.2 x 10'3 cm.). Literature values are in brackets.

Species ven / cm™ ¢ / mol" dm® em™’
CN 2079 19 29"
NCO’ 2170 1330

SCN’ 2066 456

[Ag(CN),T 2135 ; 264"
[Ag(CN)3~ 2105 | - 379"
[Ag(CN)T 2092 ; (556"
[Ni(CN)aT* 2124 | 937 (1070
[Co(CN)el” 2127 1941 (1748"7)
[Fe(CN)6]™ 2115 | 1164 (1180")
[Cu(CN)I 2125 ; (165"
[Cu(CN)s]” 2094 1100 (1090™%
[Cu(CN)aI™ 2076 - (1657"%
[Zn(CN)4I* 2149 gs (1139
[CA(CN)a)” 2140 - 75"%
[Au(CN),I 2146 540
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2.2.I1. Electronic spectroscopy of cyanide complexes.

The cyanide ion lies at the end of the spectrocﬁemical series and in complexes,
d-d transitions can occur in the ultra-violet and visible regions (190 - 450nm.). The
assignment of these transitions is regarded as difficult in comparison with those for
complexes containing other ligands because there is often dispute as to the exact nature
of the species in solution 197, but as they give rise to intense spectral bands which obey
the Beer-Lambert law, they can be used to aﬁalyse for the complexes at concentrations
as low as 10'5M. We have measured the positioﬁ and intensities of the princip 4/
absorption maxima for a number of cyanide complexes and the results are tabulated
below. Published values are included in brackets where available.

The use of the absorption at 268 nm of [Ni(CN)4]2’ has been proposed as a
method for determining the concentration of free CN by distillation of the cyanide
solution into an excess solution of aqueous ammoniacal NiClz.105 However, the
accuracy of any technique of this nature is dependent upon the presence or absence in
solution of other species which also absorb in the same region. Although we have used
this method successfully, particularly for the quantitative analysis of [Ni(CN )4]2'
during oxidations by triple salt and KHSOs, we found that other oxidants such as
H,0, and [S 208]2' absorb strongly in this region and thus obscure the absorptions due
to the complex under study. To overcome this we have had to add MnO, or Catalase
(see experimental section) to destroy the H,O; prior to analysis, or alternatively use the
Dionex HPIC procedure (see section 2.2.1I1 below) to separate the various species in
the solution so that the concentration of the complex under study could be determined

accurately.
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Table 2.2.ii. Electronic spectra of cyano complexes. Literature values are in brackets.

-1, 3 -1
Complex Absorption Maxima / nm. Extinction Coefficient € /mol dm c¢m

[Fe(CN)l® 261 1185 (11578

285(sh) 1137

304 1529 (1338'%%)

322 1057

420 897 (493"
[Fe(CN)l* 267(sh) | 2100
[Co(CN)gI> 215 | 2550

239(aged solution) 245

258(fresh solution) 170

312 230
[Co(CN)sH,01" 215 21500

239 7350

386 (380"°) 210 (226)
[Ni(CN),* 268 11315 (16150%%%

286 4725 (4820°%

310 810  (770°%)
[PA(CN)a1” 205 | 8750

212 7250 (9000°%)

21 5800 (7200°%)

240 1100 (1200™%)
[Cu(CNY,I 223 9000
[Cu(CN)31> 205 21000 (21000%")

223 9000 (11000*")

234 10600 (11500*""
[Cu(CN)a1™ 238 11000

252(sh) 3550
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2.2.III1. Dionex high pressure ion chromatography.

Since this method has been used in much of work involving the study of
oxidations of complexes a relatively detailed descrption of it is given here. The principle
of the technique used here is the separation of cyanide complexes from each other and
also from other species present in reaction solutions by injection of a sample through a
pellicular ion exchange column at high pressure so that each complex can be
quantitatively determined.

Using a different anion exchange column from that in this study, separation and
simultaneous analysis of mixtures of cyanide complexes has been achieved with both
spectrophotometric81 and conducto metric detection.” Separation of the complexes
[Cu(CN)T™ , INI(CN)4]%, [Au(CN),], [Fe(CN)g> and [Co(CN)e]l”™ was carried
out using an eluent made up of 28% ¥/w acetonitrile, LBu4NOH (2x10'3 M) and 22%
¥ /w NaHCOj3 in H,0 which gave the best separation and most efficient recovery from
the column. Other published chromatographic methods’>%° are discussed in section
1.2.II1. We have also used Dionex HPIC for the analysis of NCO' but this work is
discussed in section 1.5.11.

The column used in this study was comprised of a resin base of
polystyrene/divinyl benzene beads coated with sulphonic acid groups which bound the
anion exchange material to ensure a high surface coverage:.202 Separation of species in
the sample was achieved by competition between the mobile phase anions for the
cationic sites on the resin, and the subsequent elution occurred due to the presence of a
mobile phase counterion which was in equilibrium with the resin as an ion pair. In this
study an optimised isocratic eluent comprising NaClO4 (0.12M), NaOH (0.01M) and
NaCN (0.005M) was used. The NaCN was present to maintain the integrity of the
complexes as they passed through the column, preventing their dissociation to
complexes of a different size and charge which would have different elution times, and

preventing the formation of hydroxide complexes which might have bound irreversibly
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to the cationic sites on the resin, hence reducing the efficiency of separation and
damaging the column.

The NaOH is a standard component in anion ckchange eluents. It ensured that
species under analysis were present as anions and would thus be separated in passing
through the column. In this analysis it was also vital to maintain the cyanide in solution
as CN and prevent the formation of HCN for safety reasons. The function of NaClOy4
was to elute the cyanide complexes from the column by replacing them at the cationic
sites on the resin. It is repom:d203 that, by using a gradient of increasing concentration
of perchlorate, better separation can be obtained but for our purposes, in the absence of
an ion gradient pump an optimised continuous concentration of all the above eluent
components was used. Detection was spectrophotometric and could be set at a variety
of wavelengths in the UV and visible regioné, according to the electronic spectra of the
complexes studied. This method would detect most cyanide complexes when set at 215
nm. A full discussion of the practical details involved in the optimisation of the eluent
and detection is included in the experimental section.

The following table lists the retention times of a series of cyanide complexes
injected throught the column in the optimum eluent at different flow rates with the
detector set at 215 nm. The retention times were not fixed and could vary according to
the operating pressure of the machine and the composition of the solution but the

approximate timescale and order of elution is correct.
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Table 2.2.iii Retention times for cyanide complexes at three flow rates in the

optimised eluent. (see also fig.2.2.ii. for Dionex trace).
Complex Bna Retention Time (minutes)

*FR=0.5 FR=1.0 FR=1.5

[Ag(CN),] 20.4 . 1.83 -
[Cu(CN)aI™ 30.7 4.99 2.65 1.83
[Cu(CN)s1™ 29.2 4.99 2.65 1.83
[Ni(CN)41™ 30.3 7.11 377 2.48
[Au(CN)o] 37 - 3.0 .
[PA(CN)a]™ 42 - 5.2 ;
[Fe(CN)e” 35.4 8.44 4.41 3.16
[Fe(CN)gl" 43.6 8.44 4.41 3.16
[Co(CN)¢l™ 50 15.53 8.15 5,17
(aged) 6.13 3.24 2.22

* FR = flow rate in cm° min .
a = Refs as for table 2.1.1

Eluent = NaClO4 (0.12M), NaOH (0.01M), NaCN (0.005M).

It is clear that the complexes eluted in an order of ascending stability constant
but the following observations need to be noted.
a). The complexes {Cu(CN)4]3‘ and [Cu(CN) 3]2' eluted as one species with a retention
time of approximately 2.6 min. ( FR= lem’ min‘l). It is reasonable to assume that they
both eluted as the [Cu(CN)4]3' complex since the excess CN' in the eluent would have
converted the [Cu(CN)3]2' species to [Cu(CN)4]3'.
b). The complexes [Fc(CN)6]3' and [Fe(CN)é]A" also eluted at the same rate (4.4

. 3 .- 203 ) .
min, FR= lcm™ min ). It has been suggested”™ ~ that this was due to the reduction of
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[Fe(CN)6]3' to [Fe(CN)¢] 5 but this does not occur naturally in alkaline solution and
there is no reason for it to occur whilst passing through the column. Residual
[Fe(CN)gl x”, observable as a tail on the [Fe(CN)6]3' upeak was not observed and we
concluded that the sites on the column have the same attraction for both complexes,
hence their elution times were the same.

c). No peaks due to the complexes [Cd(CN)4]2' and {Zn(CN)4]2' were seen. This was
because they have no absorption maxima in the UV region and so cannot be detected by
this method, although they would be separated from other species on passage through
the column. |

d). Freshly prepared solutions of [Co(CN)6]3' eluted as one peak at 8.15 min.
However when the same solution was injected after 24 hours two peaks were observed
at 8.15 and 3.24 mins. This second peak is likely to be due to the natural aquation of

[Co(CN)g]> as follows.
[Co(CN)]>  +H,0 - [Co(CN)sH,0]F +CN° (2.6)

The two species have also been observed by Pohlandt using different columns and
dctection.69'81 The electronic spectrum of [Co(CN)6]3' changed as the the solution aged
and this can be seen in Figure 2.2.i below. Fresh [Co(CN)6]3- had absorption maxima
at 215, 258 and 312 nm. As the complex aquated the 258nm absorption shifted to
become a shoulder at 239nm. The spectrum of a solution containing a much higher
concentration of [Co(CN)stO]Z—, prepared by irradiating [CO(CN)6]3' with UV light,
had maxima at 386 nm and approximately 215 nm. 1% The latter absorption had a much
larger extinction coefficient (e = 21500 mol,'1 dm3cm~1) compared with that of fresh
[Co(CN )6]3' (e= 2550 mol ‘dm’cm’ ). This accounted for the peak at 2.6 min having
an appreciable intensity even though only a small proportion of the [Co(CN) 6]3' had
undergone aquation. When the detector was set to 330 nm only one peak due to
[Co(CN)5H20]2' at 2.48 min was observed since [Co(CN)s]S— does not absorb at this

wavelength.
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»F ig 2.2.i. Electronic spectrum showing how the absorptiqn maxima of [Co(CN).s]B'

change as the complex aquates to [Co(CN )5(11120)]2'.
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2 ies on idati f n mplex ing H,0,,

In this section we present the results and oBservations of our work on the
oxidation of cyano complexes using HyO,. The work will be discussed in the following
subsections:

i. A comparison of the reaction of H,O; with the complexes [Zn(CN)4]2' and
[Ni(CN)4]2'using FTIR, Raman and 13C NMR spectroscopy, including studies on the
precipitates formed in the above reactions.

ii. A discussion of the kinetic data measured for tﬁe oxidations of [Zn(CN)4]2- and
[Ni(CN)41” with H,0,.

iii. Observations on the effect of HyO, upon other complexes and mixtures of cyano

complexes.
2.3.1. Oxidations of [Zn(CN),]> and [Ni(CN)4* with H,0.,.

It is apparent from section 2.1.II that there has been very little work published
concerning the destructive oxidation of cyano complexes, despite the industrial
relevance of this topic. Thus there is no clear rationale which can be used to predict the
efficiency with which H,O, can be used for treatment of solutions of cyanide
complexes, or the kinetics and mechanistic routes by which the oxidation of complexes
can be achieved. We have concentrated much of our effort on the study of the oxidation
of [Zn(CN)4]2' and [Ni(CN)4]2'which are suited to comparison with each other
because they are both four coordinate, although the former is tetrahedral and is
regarded as being a weak complex, (B4 = 19.62 85) whilst [Ni(CN)4]2' is square planar

and moderately strong, (84 = 30.3 155).

107



a. Spectroscopic studies of the oxidation of [Zn(CN)4 ]2' and [Ni(CN)y4 ]2' by HyO;.

The FTIR spectrum of an aqueous solution of [Zn(CN) 4]2' (IM) at pH 11 had
a single peak at 2151 cm in the region 2000 - 2300cm™ which is known to be due to
the asymmetric cyanide stretch (ven) of the molecule.zo4 Upon the addition of H,O,
(1.6 M) this peak was rapidly obscured by a broad peak at 2170 em” due to the
formation of free NCO . Because of the proximity of these peaks and the strength of the
NCO peak, it was not possible to follow the rate of disappearence of the [Zn (CN)4]2‘
by FTIR. The peak at 2170 cm’ remained after one day and was accompanied by a
weaker, broad absorption centred at about 2220 cm” which we tentatively assigned to
the presence in solution of coordinated NCO', probably as [Zn(NCO)4] % The FTIR
spectrum of an aqueous solution of [Ni(CN)4]2- (0.1M) has avcen band at 2124 cm-l;
known to be due to the asymmetric cyanide stretch. 205 H;0, (1M) was added to this
solution the band at 2124 cm ™ was joined by a band at 2170 em” due to ven of free
NCO, although this peak was never broad enough to completely obscure the cyanide
peak. Both of these peaks persisted for 24 hours and there was no evidence of a
further peak which could be assigned to a coordinated cyanato species (see fig 2.3.1).
Comparison of the spectra indicated that less [Ni(CN)4]2' was oxidised and thus that
less NCO was formed overall than was the case with [Zn(CN)4]2".

In the Raman spectrum of an aqueous solution of [Zn(CN)4]2- (0.25M) at pH
10, there was one peak at 2151 cm” assigned to the symmetric stretch (vCN).ZO4 Two
hours after the addition of HpO; (1M) this peak was still apparent and no peak due to
the formation of NCO™ was observed, although the vony vibration of NCO' is less
intense in the Raman than that of CN , (see section 1.3.I). However, a peak did appear
at 1070 cm” which we assigned to the symmetric CO stretch of [C03]2', one product

of the decomposition of NCO . A peak due to H,0, at §74 em’ was also observed. A
similar study of the oxidation of [Ni(CN)4]2- (0.1M) by H,O2 (3M) at pH 8 was

hampered by the appearence in solution of a blue precipitate (see below). The peaks due

108



to the ven of [Ni(CN)‘;]Z_ at 2136 and 2145 cm'1 gradually decreased in size but we
| observed no band due to NCO” and only a very weak band at approximately 1065 cm’
which we attributed to the formation of [CO3]2'. We saw no 'band at 1025 cm'l due to
[HCOs] , which would also have been formed at this pH although the spectrum was

rather noisy in this region .

Fig. 2.3.i. FTIR spectrum showing the incomplete oxidation of [Ni(CN)4]2' 0.1M)

by HO, (1M).
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The >C NMR shift of an aqueous solution of [Zn(CN)4]* (1.2M) occurred at
=147 ppm (reiative to Me4Si). Within one hour of the addiﬁon of HéOz (1.5M), there
appeared shifts due to NCO™ (5= 129 ppm), and [HCO3]/[COs]> . Those due to these
latter species were pH dependent and gave shifts at 8 = 165.5 ppm (see fig 2.3.ii) at pH
9.8 and & = 169 ppm at pH 10.5. In a spectrum run after three hours of reaction (pH =
10.5) there was an additional shift at § = 162 ppm which we assign as being due
possibly to the species [HCO4]’/[CO4]2' in accordance with the discussion in section

1.3.L

Fig.2.3.ii. >C NMR spectrum of the oxidation of [Zn(CN)4]*" (1.2M) by H,0,

(1.5M) at pH 9.8 after one hour.
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When the oxidation of an aqueous solution of [Zn(CN)4]2' (0.35M) or
[Ni(CN)(® (0.IM) by Hp0, (0.35M) was carried out in the presence of [S;03]>
(0.1M) at pH >10, the formation of SCN was observed by i‘ts characteristic ven peak
at 2066 cm " in the FTIR. As in the oxidation of free CN (see section 1.3.VI), free
SCN was oxidised by excess HoO, to NCO (2170 cm’l).109 After one day, a broad
band at 2212 cm® was observed in the solution of [Zn(CN)4]> only which we

attribute to the presence of coordinated NCO'™ (see fig.2.3.iii below).

Fig.2.3.iii. FTIR spectra showing the progress of the oxidation of (Zn(CN),;]z'
(0.35M) by H0, (0.35M) in the presence of [SsOs]> (0.1M).
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b. Precipitates formed in the oxidations of [Zn(CN)4 ]2' and [Ni(CN)y ]2'.
When the above solution of [Zn(CN),J> (0.35M), HyO; (0.35M) and [S203]°

(0.1M) after one day of reaction was poufed into eihanol, a white precipitate was
formed which, after filtration and drying, had infrared peaks at 2219 and 462 cm'1
which we attribute to Zn(CN),. There was also a weak peak at 2080 cm’ which could
have been due to KCN, indicating that some dissociation of [Zn(CN)4]2' had taken
place.206 There was a further peak at 2290 cm’" which was in the region expected for a
coordinated cyanate species, or possibly a polymeric cyanide. However, confirmation
of the presence of a coordinated cyanate complex was not possible as the broad peaks
due to [SO4]2- at 1180 and 619 cm” ! would have obscured any other cyanate bands,
which occur in the region around 1300 cm’ (vco), and between 600 and 700 em’”
(5Nco).207 The presence of [SO4]2' also meant that elemental analysis did not give
useful data and so on the basis of the IR evidence we conclude that the precipitate
contained principally Zn(CN), with a cyanaté species and [SOy4] > trapped in the lattice.
A white precipitate was also formed from the aqueous [Ni(CN)4] 2 solution which had
bands at 2169 and 448 cm'l characteristic of Ni(CN),, and also strong bands at 1176,

1128 and 619 cm'l, possibly due to K2SO4. There were no bands attributable to any
form of cyanate species although the pH of this solution had dropped to 5.7, and so it is
likely that any NCO would have been swiftly hydrolysed.

In a number of oxidations of [Zn(CN)4]2- by HyO, a white precipitate was
observed in the solution. The IR spectrum of one such solid after filtration and drying
showed strong peaks at 2217 and 464 cm’. These peaks were assigned as ven and
dzncN of Zn(CN), and this assignment was confirmed by comparison with the
spectrum of a sample of the authentic compound prepared from aqueous Zn(NO3); and
KCN. Similarly a blue precipitate was also seen to form in the oxidation of [Ni(CN)4]2'
by Hy0,. The IR of this solid had a peak at 2172 cm™" and 462 cm™~ which is in
agreement with published values for Ni(CN) 2208; we also observed these peaks in the

spectrum of a prepared sample of Ni(CN),. However, this species was observed less
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frequently than was the Zn(CN),, presumably because the oxidation of [Ni(CN)4]2'
takes place to a lesser extent under the conditions used in our experiments. The exact
conditions that favour the formation of these precipitates have not been identified
although it seems likely that incomplete oxidation occurs if a low excess of oxidant, or
an excess of the complex is used. These precipitates were often observed in oxidations
to which Cu(II) salts had been added as catalysts. As the presence of Cu(II) would
catalyse the decomposition of the HoO, hence lowering the excess of oxidant used this
would be expected to favour the formation of such precipitates. (See section 2.3.111 for
a discussion of other precipitates formed in oxidatiohs of cyanide complexes catalysed

by Cu(Il) salts).

¢. Conclusions.

In conclusion, these observations show that the behaviour of the complexes
[Zn(CN)41> and [Ni(CN)4)> with HyO, at pH >9 is broadly similar and follows
approximately the same course as the uncatalysed and catalysed reaction with of CN
and H,0O,. However, even from these qualitative data it is apparent that [ZnCN)4]2'
undergoes oxidation more easily than does [Ni(CN)4]2'. Incomplete oxidation of both
complexes can occur, especially if the oxidations involve a high concentration of the
complex or the reactions are catalysed by Cu(Il), since this results in precipitates of
white Zn(CN), and blue Ni(CN),. There is evidence for the formation in solution of a

Zn(1I) cyanato species but we can find no sign of an analogous Ni(II) cyanato species.
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2.3.J1 Kinetic data for the oxidation by H,0, of [Zn(CN)4]> and
[Ni(CN)q1>" .

Because of the problems that we have had both in the measurement and
interpretation of the data we have generated for these systems this section is split into
two parts. In the first part we discuss the observations made when oxidations of
[Zn(CN)4]2' were carried out in buffers and the second part involves a discussion of

possible mechanistic routes drawn from both the literature and our own work.

a. Oxidations of [Zn(CN )4]2 " by H,0, carried out in buffers.

Some work was carried out to investigate the effect of maintaining the pH of
oxidations of [Zn(CN)4]2' by using a variety of different buffers. These buffers were
the same as those used in similar work studying the oxidation of free CN (see section
1.3.1IT) although with these complexes the results were different.

In all the oxidations of [Zn(CN)4]2' _(10"3M) by Hy0, (0.18M) carried out in
borax, bicarbonate or phosphate buffer solutions (pH = 9.5) the oxidation occurred at a
faster rate than was observed for analogous oxidations in unbuffered solutions, as is
clearly shown in graph 2.3.i. below. The rates of oxidations carried out in the
phosphate buffer, which is known not to react with HyO, under these conditions were
closest to those carried out in unbuffered solutions but 10-20% more of the [Zn(CN)4]2'
was oxidised in this buffer over five hours. In the bicarbonate buffer, about 65% of the
complex was oxidised within 2 to 3 hours but after this no further oxidation took place
despite the continued presence of HyO, in the solution. This latter observation is similar
to that made for oxidations of free CN in this buffer, and which we tentatively
suggested was due to the formation of peroxycarbonate ([HCO4]/[CO4] ) species in
the solution which curtailed the reaction (see section 1.3.III). As can be seen from
graph 2.3.i, oxidations of [Zn(CN)4]2' carried out in borax buffer at pH 9.5 proceeded

at a much faster rate than those in other buffers and in unbuffered solutions, such that
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all of the complex as measured using the cyanide electrode was destroyed within two to
four hours. In some oxidations in borax buffer the solution turned cloudy just before
all the cyanide was removed from solution. This tufbidity was probably due to the
formation of Zn(CN), and its formation is discussed in section 2.3.1. above. The
reason that the oxidation proceeded more rapidly in a borax buffer is not immediately
apparent. The "'B NMR of a solution of borax (0.125M), HyO, (0.74M) and
{Zn(CN)4]2' at pH 9.88 after two hours of reaction had two shifts at 8= 3.27 and
5=3.6 ppm relative to EtyO.BF3 (8= 0 ppm). These have been assigned to the species
[B(OOH)(OH)3]” and [(HO)3BOOB(OH);]” respectively and their B shifts lay at the
same positions as reported by Powell et al.209 for a solution of [B(OH)4] (0.5M) at
pH 9.9. This would suggest that the [B(OH)4] - H,0, equilibrium is not greatly
shifted by the presence of [Zn(CN)4]2', and it must be assumed that either

[B(OOH)(OH)3] or [(HO)3BOOB(OH)3]2' has greater reactivity towards [Zn(CN)4]2'

than towards free CN'.

Graph 2.3.i. The oxidation of [Zn(CN)4> (10°M) by H,0, (0.18M) at pH 9.5,
and in bicarbonate, borax and phosphate buffers. (For details of buffers see section

1.6)
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b. Discussion of the data collected regarding the oxidations by H07 of [Zn(CN)a]”
and [Ni(CN)4J"".

Comparison of the data collected using the cy;anide electrode for analysis of
[Zn(CN)4]2’and electronic spectroscopy to analyse for [Ni(CN)4]2‘ confirm the
qualitative observations discussed in section 2.3.I above, that [Zn(CN)4]2' is oxidised
more rapidly by HyO5 than is [Ni(CN)4]2' . The graph (2.3.ii) below shows the
decomposition curves of free CN', [Zn(CN)4]> and [Ni(CN)4]> (10°M) in the
oxidation reactions of each with excess HyO, (0.16M). However, although the
conditions of the oxidations of the complexes were .similar to those used for free CN,
we have been unable to fit the data to simple straight line plots using the theory outlined
in section 1.3. for first order reactions, or for second order plots for which a straight

line should be obtained when 1/[conc] is plotted against time.

Graph 2.3.ii. The oxidation of CN, [Zn(CN)4]%, and [Ni(CN)4]* (~10°M) by
H,0, (0.09M) at pH 9.
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In the oxidation of these species, we encountered great problems in obtaining

reproducible data, and the concentration of the HyO, was observed to drop much more

116



quickly than was the case for the oxidation of free CN', as can be seen from the reaction
stoichiometries listed in table 2.3.i. Obviously the lack of comparative kyps values
precludes a full discussion of kinetic data but considefation of the available literature
concerning the relevant chemistry of these complexes is helpful in explaning some of
the observations and in suggesting mechanistic routes for the oxidation.

The stoichiometries listed below were calculated using the ratio of the
concentration of H,0, consumed to total cyanide concentration (as CN') oxidised. The
most likely reason for the wide variation in the stoichiometry of the reaction is the
presence of species in solution that catalysed fhe decomposition of the H,O;.
Precautions carried out to ensure that solutions were as clean as possible are described
in the experimental section of the first chapter (section 1.6). It was not possible to add

Dequest to sequestrate metal species as this interfered with the analyses.
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Table 2.3.i. Conditions and stoichiometries of some oxidations of [Zn(CN)4]2'

(electrode analysis) and [Ni(CN)4]2' (UYV analysis unless stated) by Hy0,.

Complex Conc./M H;0,/M pH H,0,:CN’
[Zn(CN) > 1x10°%  0.045 9.5-8.3 10
[Za(CN)a)” 1x10°%  0.090 9.5-8.5 25
[Zn(CN)a)” 1x10°%  0.19 9.5-8.0 6
[Zn(CN)© 1x10°% 027 9.5-8.2 7
[Ni(CN)]© 2x10*  0.16 10.0-8.7 130
[Ni(CN)l© 2x10*  0.16 122-11.4 750
INiCN))™ 2x10%  0.16 9.1-9.6 290
[Ni(CN)al”  2x 107 0.16 9.4-8.1 34
INi(CN))® 5x10%  0.08 9.4-9.9 8
INiCN))® 5x10% 016 9.3-9.4 160
INiCN))® 5x10% 032 9.2-10.2 720
INiICN)1® 5x10% 048 9.2-10.8 440
[Ni(CN))™ 5x10%  0.08 7.8-8.9 3
[NiCN)® 5x10%  0.16 7.7-8.6 11
[Ni(CN)MI© 5x10°% 0.32 6.8-7.9 106
INi(CN)l® 5x10% 048 7.3-8.1 330
INi(CN)T® 1x 1077 032 9.1-9.2 327
INi(CN)® 1x 1077 032 9.1-9.2 540
Ni(CN)® 1x10°° 15 9.1-9.2 750
[Ni(CN)® 1x10°  0.09 7.1-8.3 69
[Ni(CN)l® 1x107 0.45 7.1-8.9 132

* Dionex analysis A in [ClO4] (10°M).
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The oxidation of cyanide complexes could proceed by two routes; (a), a direct
oxidation of the cyanide whilst it is still coordinated to the metal or (b), oxidation of
free CN following its initial dissociation from the comblcx‘

The principal problem with the first of these mechanisms is that it would require
a change of coordination in the complex from a M-CN to a M-NCO moiety, i.e. a metal
carbon bond would have to be broken and a metal nitrogen bond formed. We have
observed evidence from FTIR spectra for the formation of of [Zn(N CO)4]2' (see section
2.3.1.a) which we feel is responsible for the broad peak at 2216 cm'l, sometimes
observed after the complete oxidation by H,0; of [Zn(CN)4]2'. We have also isolated
what we believe to be [Cu(NCO)3] on alumina, observed as a blue colour after the
oxidation of [Cu(CN)3]2' adsorbed on alumina and which has a peak in the IR at 2245
crrfl (for details of this see section 3.1.II). However, we have observed no evidence
for the formation of other metal cyanato species (such as [Ni(NCO)4]2') in reaction
solutions, although the preparation of such complexes is not always possible in
aqueous solution as they tend to dissociate or form polymeric precipitates (see section
3.3). Neither of the above observations conclusively proves that the attack by the
oxidant occurs at the complex, as both of the; above cyanato complexes can be formed
from the metal ion and free NCO' in solution. ‘

In consideration of the second possible mechanism (the oxidation of free CN
following its dissociation from the complex) it is useful to refer to those published
studies that concern the dissociation of cyanide complexes, particularly
[Ni(CN)4]2_.168—173 These studies have mainly been carried out at pH below 8 and
involve complex mechanisms to explain the kinetics, which are thought to be fifth
order, (i.e. first order with respect to the [Ni2+] and fourth order with respect to
[CN.]).169 As the conditions were different to those used in this present study (pH 8 to
10), the data cannot be compared directly although some inferences can be drawn from
the proposed mechanisms given in the literature. The degree of dissociation of

[Ni(CN)4]2' at equilibrium increases as the pH is lowercd154’173, and at pH >7 the
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equilibrium is shifted almost completely to the left hand side of equation 2.7 below

which is given by Persson as:'
[Ni(CN), > = [Ni(CN)s] +CN™ = = = Ni°¥ +4CN°  (2.7)

At higher pH the rate of formation of [Ni(CN)4]2_ is considered to be too fast to
be measured easily and any aquation of the complex would also be very fast. The
aquation of other cyanide complexes has been shown. to be fast on an NMR timescale
since scrambling of labelled CN™ occurs but cannot be measured by Be nMrM Our
own measurements using the cyanide electrode have shown that in a solution of
[N i(CN)4]2' (IO'ZM) at pH >10, the concentration of free CN detected by the electrode
is only 2.5 x 10™M.

A different published study168 used I as a scavenger for dissociated CN to
measure the dissociation of cyanide complexes from pH 3 to 8. The observed first order
rate constant for the dissociation of [Ni(CN)4]2'was found to be 4.8 x 10~ s'l, which
is of the same order of magnitude as we have observed for the oxidation of this
complex by HoO,. The observed first order rate constant for the dissociation of
[CA(CN)41* at pH 10.19 was also measured to be >10° s, indicating that
dissociation would occur so quickly that this complex would be oxidised as free CN
and this should thus be the rate determining step for the reaction, rather than the
dissociation of the complex. Our studies have been on [Zn(CN)4]2', which has a
similar overall stability constant (84 = 19.6285) to [Cd(CN)4]2' (Bg = 19.286), and it
would be reasonable to assume that the dissociation of [Zn(CN) 4]2' is of the same order
as that of [Cd(CN)4]2'. However the data that we have measured has not reflected this
as we have been unable to calculate first order rate constants for this oxidation, which
would be expected if the oxidation were solely of free CN . In the published studylég,
data for the dissociation of [Fe(CN)g]”, [Co(CN)s]>” and [Pd(CN),]” indicate that the
kobs values are in the region 107 - 107 s which is much slower than the rates that we

have measured for the oxidation of free CN and thus provides an explanation for their
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stability to oxidation by HyO,.

There are other possibilities in these reactions, one being the oxidation of Ni(II)
to Ni(II) by the HyO,, which has been shown to océur in other complexes such as
[Fe(CN)sl* ™ and [Cr(CN)6]* ' using HyO,, and also to [Mn(CN)g]> ' and
[Mo(CN)g]4' 17 using [S 203]2' as the oxidant (see section 2.1.II). If triple salt is used
then Ni(III) species can be formed from [Ni(CN)4]2' 180 (see section 2.4.11.), but there

is no possibility of this occurring to [Zn(CN)4]2' and so the mechanism of the oxidation

of this latter complex would have to be different.
2.3.II1. The oxidation of other cyanide complexes using H;0,.

We have investigated the effects of H,O, on other cyanide complexes using
FTIR and Raman spectroscopy for single complexes and Dionex HPIC to follow the
oxidation of mixtures of complexes. FTIR is the most suitable method for observing
qualitatively the oxidation of such cyanide complexes because the high extinction
coefficient that we have measured for free NCO (e = 1330 mol'ldm3cm'l) means that
its formation should be observed even if only a small proportion of the complex, whose
concentration is of the order of 0.1M, is oxidised. The table below (2.3.ii) summarises
the results obtained based upon the observation of free NCO at 2170 cm’ in the FTIR

spectra of solutions of cyanide complexes (0.1M) before and after the addition of H,0O

(0.3-0.6M).

In the FTIR spectrum of an aqueous solution of [Cd(CN)4]2‘ (0.1M) there were
peaks at 2140 and 2148cm'1, indicating that some dissociation of the complex had
occured to [CA(CN)3]"."*® Upon addition of HyO, (0.1M), both of these peaks were
rapidly obscured as formation of free NCO gave rise to a peak at 2170 cm’ Similarly
the complex [Mn(CN)6]3'(O.1M), which had an asymmetric stretch at 2112 cm'1 also

had a peak due to free CN at 2068 em” indicating hydrolysis had occurred according
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to the following equation.
[Ma(CN)©  + 3H;O = 3CN +3HCN + Mn(OH); (2.8)

Upon the addition of HyO, (0.6M) there was immediate effervesence and a brown
precipitate of Mn(OH)3; appeared. The oxidant was destroyed within five minutes and
very little (<5%) of the CN~ was oxidised, although NCO was observed in the FTIR.

This was due to the catalytic decomposition of the H,O, by the released metal.210

Table 2.3.ii Observations made in the FTIR spectra of cyanide complexes (0.1M)

oxidised by H,O; over 24 hours.

Complex H,0, /M Ocxidation observed
[CA(CN)4* 0.1 yes
[Mn(CN)gl* 0.6 yes
[Ag(CN),] 0.5 yes
[Cu(CN)J 0.064-0.64 yes
[Fe(CN)¢I> 0.32 < no
[Fe(CN)g] " 0.32 no
[Co(CNY6]™ 0.8 1o

When solutions of [Cu(CN)4]3— (0.1M) were oxidised the initial peak at 2076
cm” was replaced by one at 2093 cm'l, due to [CU(CN)3]2- and sometimes a weak
third peak at 2125 cmhldue to [Cu(CN);] could also be seen. The band due to free
NCO usually obscured this latter peak and so it was not always observed. This
complex was oxidised very swiftly, which was surprising in view of its overall stability
constant (B4 = 30.7 84). Possible reasons for the facility of this oxidation, which
renders copper species useful as catalysts are discussed in section 1.3.V.

When H,0; (0.32M) was added to an aqueous solution of [Fe(CN)g]” (0.1M)
at pH 9 a peak at 2044 cm’1 appeared, indicating the formation of [Fe(CN)5]4'. This
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reaction, which was first reported by Grusse'™ in 19 13, can be reversed to reform the
[Fe(CN)ﬁl3~ if carried out at low pH. It will occur naturally at pH 7 to 10 but the
process is relatively slow and it is obvious from the FI‘IR that the reaction was speeded
up in the presence of H,0,. Using FTIR, we found no evidence for the formation of
NCO, nor did we observe any evidence for the presence of SCN when the reaction
was carried out in the presence of an excess of [S 203]2’. Similarly, we were unable to
detect the presence of any oxidation products when [Co(CN) 6]3' (0.1M) and H,0O,
(0.8M) were mixed at pH 12. This conclusion is reached despite the fact that
[Co(CN)6]3' is known to aquate in solution to gi\é [Co(CN)5(H20)]2' as shown in

equation 2.9 below (see section 2.2.11I).
[Co(CN)s]”  + H,0 o  [Co(CN)s(H,0)]© + CN (2.9)

This aquation, which releases free CN™  is presumably responsible for the
results that we measured using the cyanide electrode in solutions of [Co(CN)G]S'
(below 10'2M). During calibration of such solutions we measured a potential
corresponding to a small concentration of free CN. (At a concentration of 10”M
complex this potential corresponded to approximately 4 x 10°M free CN ). This
potential dropped rapidly on addition of H,0, (0.09M), indicating that the CN was
being oxidised, but over a period of one day following the addition, the concentration
of CN' appeared to rise again to its original value. A possible explanation is that, in
solution, {Co(CN)5]3‘ aquates according to the equilibrium above. Upon addition of
H,0,, the free CN  is oxidised and excess oxidant decomposes, whereupon the

equilibrium is restored and the concentration of free CN increases again.

b. The formation of precipitates in oxidations catalysed by CuCls.
When an aqueous solution of copper(I) chloride (10'2M) was added to
[Fe(CN)5]3' (0.1M) and H,0; (0.18M) a red-purple precipitate was formed. The IR

spectrum of this precipitate had a peak at 2089 cm'l, indicating that cyanide was
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present, presumably as a ferricyanide or ferrocyanide but the precise form was not
clear. Similar precipitates were observed in other reaction solutions where Cu(ll) salts
were added at a relatively high concentration. The following table summarises the IR

data in the vcon and vyc regions of these solids.

Table 2.3.iii IR data (in cm'l) for precipitates formed from reaction solutions with an

aqueous solution of copper(Il) chloride (IO_ZM).

Species in solution | Precipitate

with CuCl, colour vcen VMC
Ni(CN)al® (10°°M) + HpO, (0.16M).  grey 2185 463
[Zn(CN)a)™ (0.IM) + HpO, (L6M).  white 2217, 2157,2136 465
[Zn(CN)4]® (0.1M) white 2138 478
[Co(CN)6I” (10°M) + HyO, (0.00M).  blue 2188, 2128 467,417
[Fe(CN)sI” (10°M) + HoO, (0.09M).  red 2099, 2080 489
[Fe(CN)al" (10°M) + HyO, (0.09M).  red-black 2079 475

Analyses of these precipitates did not agree with values calculated for the direct
combination of the complexes with Cu(Il) or for double salts such as KCu[Fe(CN)¢]
proposed in the 1it<:rature.211 The precipitation with Cu(ll) of those cyanide complexes
which are stable to copper catalysed oxidation with HO, has been proposed as a

method of completely removing cyanide from effluent solutions.174
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2.3.IV. The oxidation of mixtures of cyanide complexes.

We have carried out a number of oxidations using H,0, of solutions containing
mixtures of cyanide complexes to assess whether the order in which the complexes are
oxidised is related to their overall stability constants. The analysis of these solutions
involved both separation of the complexes and their detection, so we used the Dionex
HPIC method which is ideally suited to analyses of this type. All other published
methods are useful only to analyse for available or total cyanide and the spectroscopic
methods used herein are unsuitable as the absdrbance maxima measured in the
electronic spectra, and the peaks measured by FTIR and Raman spectroscopy are too
close to each other to enable quantitative data to be gained.

The following graphs show how the concentration of each species in the mixtures

changed during the oxidation.

a. Mixture one.

The oxidation of mixture one proceeded in order of increasing overall stability
of the constituent cyanide complexes. The peak at retention time (RT) of 2.3 minutes
due to [Cu(CN)3]> (Ba= 29.2%%), which would elute as [Cu(CN),I> (Ba= 30.7°%)
because of the excess free CN  in the eluent, disappeared within two hours of the
addition of Hy05. The [Ni(CN)4J> (RT= 3.3 min, Bs= 30.3"°) was steadily oxidised
from the time of addition of the oxidant and the peak had disappeared after four hours.
Meanwhile the two complexes with high stability constants, [Co(CN) 6]3' (RT =5.1
min, Bg= 50" and [Au(CN)y]” (RT = 3.0 min, By= 37°%) were unaffected by the
H>0O,, even after four hours. However, after only half an hour of reaction the apparent
concentration of the [Co(CN)g]”™ had fallen from 2.5 x 10 "M to 2 x 10™M, and that
of the [Au(CN),] to 2.25 x 10‘4M after which the peaks corresponding to both
complexes regained their initial heights. The reason for this apparent drop in the

concentrations was not clear although it might have been due to a change in the
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conditions of the Dionex, such as a drop in the working pressure and thus casts doubt
upon the apparent concentrations of the other two complexes at these times. A peak at
RT = 2.6 min which we have shown to be due to the formation of [Co(CN)5(H20)]2’

was observed in the solution after 60 minutes. There was no indication that this species

was oxidised.
Graph 2.3.iii The oxidation by H,O5 (0.16M) of mixture 1, comprising [Cu(CN)3]2'
(1.0 x 107'M), [NI(CN)41> (2.5 x 10™*M), [Au(CN),] (2.5 x 10°*M), [Co(CN)6]>"

2.5 x 10™M).
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b. Mixture two.

When no [Cu(CN)3]2' was present, the second mixture was unaffected after
two hours of oxidation by H,0, (0.16M), indicating that [Ag(CN),] does not act as a
catalyst despite its similarities with [Cu(CN)3]2', being below copper in the Periodic
table and having the ability to coordinate two, three or four molecules of CN. This
indicates that the important catalytic property in this reaction would seem to be the

ability of copper salts to change their oxidation state between Cu(Il) and Cu(l), which is
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not a general property of silver salts. Upon the addition of [Cu(CN)3]2- (1x 10‘4M),
oxidation did occur but the order was not according to the overall stabilities of the
complexes. From graphi .3.iv it can be seen that the [Ni(CN)4]2; (RT =3.3 min, B4 =
30.3"%%), was oxidised more quickly than the [Ag(CN)] (RT= 1.82, B, = 20.4%%),
whilst the [PA(CN)4]”" (RT = 5.2 min, B4 =42"") was unaffected even after five
hours of reaction. The reason for this appaerently anomalous sequence of oxidations is

not known.

Graph 2.3.iv. The oxidation by H,O5 (0.16M) of mixture 2, comprising [Ag(CN),]
2.5 x 10°°M), [Ni(CN)41* (2.5 x 107*M), [PA(CN)4]>" (2.5 x 107*M) and
[Cu(CN)s]* (1x10™M).
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c. Mixture three.

In the uncatalysed oxidation of mixture three this anomalous result was again
observed. The [Ni(CN)4]2' was oxidised first, (>90% within four hours), followed

by [Ag(CN);] (> 90% in six hours) whilst [Au(CN),] (10%) and [Pd(CN)4]2'
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(<5%) were almost unaffected. When an aqueous solution of copper(Il) sulphate
(IO'SM) was added as a catalyst, the order of the oxidation was the same but the times
by which [Ni(CN)4]2' and [Ag(CN),] were complétely oxidised were halved. Both
[Au(CN),] (30%) and [Pd(CN)4]2' (10%) were oxidised to a greater degree in three
hours when the copper(Il) sulphate was presént. When an aqueous solution of iron(II)
sulphate (IO'SM) was added there was no noticeable catalytic effect. However, when an
aqueous solution of [WO4]2' (104M) was added the [Ag(CN),] disappeared much
more quickly than any other complex (>90% within ninety minutes). The only
explanation that we can offer for this surprising reéult is that the complex formed by
[WO4]2' and H,O,, [W(02)4]2' (see section 1.3.V.b), has some specificity for

[Ag(CN),] and thus this oxidation occurs more quickly.

Graph 2.3.v The oxidation by HyO, (0.16M) of mixture 3, comprising [Ag(CN),]
2.5 x 10°°M), [Ni(CNY1* (2.5 x 10™*M), [PA(CN) 4] (2.5 x 10°*M),[Au(CN),]"
2.5 x 10°°M).
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Conclusions.

From the data collected in both the preceeding sections it seems that the
effectiveness of H,O, as an oxidant for cyanide complexes decreases as the overall
stabilities of the complexes increase. The principal exceptions to this are the complexes
[Cu(CN)4I” , [Cu(CN)3]” and [Cu(CN),]” which are oxidised at a faster rate than is
free CN . Possible reasons for the catalytic effect of copper salts are discussed in

section 1.3.V.
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2 xidati ing Tripl It an ipm r

The practical problems associated with the use 6f H,0, are great and we have
encountered difficulty in measuring reproducible data when using this oxidant due to
catalysed decomposition by trace impurities. As we have discussed in the preceeding
section, HyO, is not a sufficiently powerful or effective reagent to oxidise to any great
extent those cyano complexes of higher overall stabilities than [Cu(CN)4]3- B4 =
30.7)84, although we have observed some evidence for the copper catalysed oxidation
by H,0; of [Au(CN);]” and [Pd(CN)4]” in mixtures of complexes.

A more powerful peroxidic oxidant is the caroate ion [HSOs] which can be
formed by the careful addition of HyO; to H,SO4 at low temperature to make Caro's

acid.?™

HySO4 + HO; = H,;SOs5 + HyO (2.10)
If this is then carefully neutralised with KoCOs3 , the salt KHSOs can be precipitated.

H)ySOs + KoCO3 = KHSOs5 + HyO + CO, (2.11).
This can be recrystallised to yield the monohydrate, KHSOs.H,O. A simpler
alternative method of obtaining a solid sample is to pour the neutralised solution into
excess ethanol whereby "triple salt", KoSO4. KHSO4.2KHSOs precipitates out. This is
available commercially as Curox (Interox) and Oxone (Dupont). The advantage of both
of these solids is that they can be weighed out and added to reaction solutions with
comparative ease. Full details of the preparation of these compounds are given in the
experimental section, 2.5. For the purposes of this thesis, triple salt and KHSO35.H,0
will be used to describe the specific forms of the oxidant and caroate will refer to the
ion, regardless of the form in which it was used.

In this section we first discuss the observations made on the oxidation of
[Ni(CN)4]2’ using both of the above forms of the caroate ion, and then the kinetic data

recorded for these oxidations, followed by observations made on the oxidation of other
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complexes in section 2.4.11L. In the final subsection we discuss the studies made into

the form and decomposition products of the caroate ion.
2.4.1. Oxidations of [Ni(CN)4]2' using caroate.

a. Studies of the reaction solutions.

A study of the oxidation of [Ni(CN)4]* using both triple salt and
KHSOs5.H,0 has been carried out . This reaction proceeded visibly more quickly than
did the oxidation of [Ni(CN)4]2' by H,0O7 under équivalent conditions. In the FTIR
spectrum of a solution of [Ni(CN)4]2' (0.1M) and triple salt (0.2M) at pH 10 the peak
at 2124 cm’™" due to the ven of the cyano complex was rapidly obscured by a broad
band at 2170 cm™ due to the formation of free NCO”. The appearance of this peak
occurred within five minutes, much more rapidly than was observed in the reaction of
[Ni(CN)4]2‘ with HyO,. However, the NCO™ peak disappeared within two hours,
demonstrating the equally swift removal of this species by hydrolysis in the acid
environment created by the addition of triple salt.

The Raman spectrum of aqueous [Ni(CN)4]2_ (0.1M) had two peaks due to
ven at 2136 and 2145 cm_l.zo5 The intensity of these peaks decreased after the
addition of triple salt (0.32M) but no peak due to NCO™ was observed probably due to
the rapid hydrolysis of this species when the pH dropped from 10 to 2. In the other
region scanned (500 - 1100 cm'l) the most intense peak occurred at 982 cm’, which
was due to the symmetric stretch vgg of the [SO4]2', present in the triple salt, and also
the final product of the decomposition of the [HSOs] . The only other peak visible after
one day of reaction was at 1048 cm” and we concluded by comparison with a standard
spectrum that it was due to [HSO4] . There were no peaks which could be attributed to
either [HCOs3] or [CO3]2', presumably because the drop in pH to around 2 that
occurred when the triple salt was added caused CO; to be evolved and thus removed

from the solution (see fig 2.4.1 below). However when the above reaction was carried
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out with additions of NaOH made after each addition of triple salt to correct the pH to
between 8 and 10 the main peaks are as listed above with additional peaks due to

[HCO;3] at 1034 cm™, [COs]” (1063 cm™), and [SO4> (835, 1077 and 1125 cm™).

Fig. 2.4.i. Raman spectra showing the oxidation of [Ni(CN)4]2' (0.1M) by triple salt
(additions of 0.32M) at pH 2.
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It was possible to follow the course of the oxidations using the characteristic
absorption maxima of the [Ni(CN)4]2' at 268 and 286 nm in the electronic spectrum.
We could find no evidence in the such spectra of an aBsorption at 255 nm, reported by
Li Wang et al. " and attributed to the formation of [Ni" (CN)4(H,0),], although in
correspondence with the principal author of this paper213, we were informed that the
formation of this rather transient species is only observed when excess triple salt is
used and if the pH is kept below 3 to slow down the rate of decomposition of the
[Nim(CN)4(H20)2]' complex. We did however observe the absorption maximum at

255 nm. using NaOCl as the oxidant at pH 3.

b. Precipitates formed during the reactions.

The nature of the nickel containing species after oxidation appeared to differ
according to the concentrations of the reactants. If the ratio of [HSO5] : CN was small
(<5) or if a high concentration of both reactants (>0.5M) was used, then a blue
precipitate was observed. If the reaction was carried out at a low pH (<5) then this
precipitate would dissolve in excess HyO and was probably due to the formation of
nickel(IT) sulphate species. The IR spectrum of this blue solid had strong peaks at 1119
and 617 cm'1 and, upon addition of BaCl; solution to a solution of this solid, a white
precipitate was formed which was insoluble in H2SQOy, suggesting both chemically and
spectroscopically the presence of [S 04]2'. The Raman of this solid had no peaks due to
cyanide in the region 2000- 2300 cm-l, andv the principal peaks occurred at 897, 982
and 1060 cm'1 from which we conclude the composition to be a mixture of nickel(II)
sulphate and bisulphate. If the pH of the reaction was above 8, the caroate
decomposed and incomplete oxidation occurred, resulting in a blue precipitate which
would not redissolve. The IR of this solid had a strong band at 2172 cm™ which
coincided with vepn of Ni(CN),. There were also bands at 1119 and 619 cm’ which
indicated that sulphate was present but elemental analysis of the blue precipitate showed

the composition to be C (15.32%), H (2.56%) and N (17.82%). These values were
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aproximately equivalent‘to a composition of Ni(CN),.2H,0 (requires 16.35% C,
2.72% H and 19.09% N). If a large excess of triple salt was used then no such
precipitate was observed although slow evaporation of strong solutions yielded crystals
of nickel(II) sulphate. The solutions were generally green in colour after all oxidation
was complete, indicating the presence of [Ni(HzO)6]2+.

In studies to determine the kinetics of oxidation of [Ni(CN)4]2' carried out at
low concentration (z104M), using triple salt (> 10-3M), pH stat equipment was used
to maintain the pH. This used a pH electrode connected to a pump which added acid or
alkali to the reaction solution when the pH of the sblution drifted beyond preset levels.
During these kinetic oxidations a fine black precipitate was sometimes observed, and
this was particularly noticeable around the NaOH inlet of the pH stat. When the
oxidation was carried out in an aqueous solution of NaOH (0.2M), the black precipitate
was seen in the solution after ten minutes of reaction. The solid turned green after
collection by centrifugation and oven drying at 80°C. Its IR spectrum showed peaks at
2129 and 2172 cm’™" indicating the presence of cyano groups but elemental analysis

indicated only traces of C and N. It is likely that this black precipitate was a nickel

. . . . . 214
hydroxy species contaminated with some cyanide or possibly cyanate.

¢. Conclusions.

To summarise these observations, complete oxidation of [Ni(CN)4]2' by triple
salt or KHSOs.HyO produces NCO which will rapidly be removed by hydrolysis if
the reaction is carried out at low pH. If the oxidation is incomplete, blue Ni(CN), is
precipitated out or it is possible to form a black solid of indeterminate structure if the

reaction is carried out at high pH (>11).
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2.4.11. Kinetics of the oxidation of [Ni(CN)4]2' using caroate.

The salt KHSOs5.H50O is the most suitablé form of caroate for kinetic
measurements as it is less acidic than triple salt. However we encountered problems of
irreproducibility due to the instability of the caroate ion at elevated pH (>7) using both
KHSO5.H,0 and triple salt. In this section the kinetic data we measured using
KHSO5.H70 and triple salt are discussed separately. The concentration of the
[Ni(CN)4]2' was measured using the peak at 268 nm in the electronic spectrum, which
was not obscured by absorption due to the oxidanf (with HoO5 this method was not
possible unless the oxidant, which absorbs strongly in the UV was first removed using
MnO; or Catalase). The peroxide concentration was measured by iodometric titration

with [8203]2- (see experimental section 1.6).

a. Kinetic data measured with KHSOs.H50.

A number of oxidations were carried out in unbuffered solution using the pH
stat to maintain the pH at 8 for reactions between [Ni(CN)4]2' 2x 104 M) and at least
a ten fold excess of KHSOs.H,O. The data listed in table 2.4.1 were obtained using
electronic spectrophotometry. In addition to these results there were other oxidations for
which first order kinetics were not observed. The reasons why only some reactions
appeared to follow these kinetics are not clear although the problems associated with
the use of both triple salt and KHSO5.H,0 are discussed below. The results suggest
that there is no simple first order relationship with respect to the concentration of
oxidant when measured in unbuffered solution. However the wide variation in
stoichiometries calculated for these reactions, and the problems encountered in some

oxidations for which straight line plots could not be drawn prompted an investigation

into the use of buffers.
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Table 2.4.i Kinetic data measured for unbuffered oxidations of [Ni(CN)4]2' (2 x

10™*M) by KHSOs.H,0 at pH 8.

[HSOs]'/ x 10° M Kobs/ X 10° 5" [0,17: [CNT
1.9 278 19.8
3.9 7.64 23.7
5.5 7.96 8.06
8.0 9.66 13. 6

We used phosphate buffer (0.075-0.1M) for the majority of our studies of the
oxidation of [Ni(CN)4]” by KHSOs. The >'P NMR shift of [PO4I" (0.5M) at pH 8.1
had one resonance at 8= 5 ppm , which was neither shifted nor split when an aqueous
solution of KHSO5.H70 (0.25M) was added, indicating that no peroxophosphate
species was formed in the solution. Both the chemical shift of the [PO4]3‘ and the
absence of splitting upon addition of the peroxide are in agreement with the published
results for the [PO4]3'/ H,0, system which show that there is essentially no chemical
reaction between phosphate and HyO; in the pH range to 12, on the basis of *'p NMR
studies.'*® In this buffer some oxidations were carried out in a quartz UV cell,
thermostatted at 23°C whilst in the spectrophotometer, thus removing possible errors
which could have arisen from taking aliquots from the reaction and transferring them to
the cell.

The following table (2.4.i1) summarises the conditions of some of the reactions
carried out in this study. From the table it can be seen that there are a number of
incongruous results but the overall trend is an increase in rate approximating to the best
fit line on graph 2.4.i below and a reaction stoichiometry, [HSOs] : [CN] of between
10 and 27. This is far in excess of the four mols [HSOs] required per [Ni(CN)4]2' by

the overall stoichiometric equation.

[Ni(CN)J]* + 4[HSOs] = Ni** + 4NCO™ + 4[HSO4] 2.12)
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Table 2.4.ii. Data recorded for the oxidation of [Ni(CN)4]2' 2x 104M) using
KHSOs5.H70 in phosphate buffer (0.1M).

1

[HSOs /x 10°M  pH  temp /°C  kope / x 10° & [HSOs] : [CN]

2.9 8.00-7.95  22.5 1.16 -
412 1791 24.7 1.14 0. 31
441 801793 23 1.6 ;
588 791785 238  1.63 20.3
7.65 801784 23 2.68 i
823  7917.64 23 2.26 5.8
100  8.00 22.5 4.07 i
10.6 791 24.0 2.83 -
124 791 23.0 4.02 i
126 80 22.5 5.04 :
140  8.08 23.3 4.5 14.0
140  8.17.6 22.7 4.69 10.75
165 791749 237 4.90 25.0
165 80 22.5 6.25 i
17.6 8.07 23.8 392 26.9
200 80775  23.0 5.67 26.3
212 80 22.5 7.67 i
241 807755  24.0 4.75 23.8
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Graph 2.4.i Plot of ky,s against concentration of [HSOs] for the oxidation of

[Ni(CN)4]2' 2x 10'4M) in phosphate buffer at pH 8.
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The best fit line on graph 2.4.i above is consistent with kinetics that are first
order with respect to the KHSOs.H,0, although the scatter is rather wide. One reason
for this might be due to photocatalysis caused by the UV lamp, which irradiated the
reaction solution throughout as the cell was left in the spectrophotometer. However,
no apparent effect was observed in oxidations carried out with the cell removed from
the light beam for a period during the reaction. Nevertheless, photochemical reaction
pathways involving the [HSOs] radical are known215 and we have shown that
oxidations of [Ni(CN)4]2' by triple salt are slowed down by the addition of radical traps
(see next section). The most likely reason for the wide variation in the observed
stoichiometries is catalysis caused by transition metal species in solution. Measures
taken to ensure that these impurities were kept to a minimum are described in section
1.6.

Some oxidations were carried out in buffers made up from borax (0.1M) and
carbonate (0.1M) but none of the data from these oxidations would fit first or second

order plots. The reasons for this are not clear although it is likely that the formation of
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peroxy species in solution plays some role in the oxidation, as we have observed in the

oxidation of CN" with H,O, in these buffers (see section 1.3.11I).

b. Kinetics measured using triple salt.

Initial work to measure the the kinetics of the oxidation of [Ni(CN)4]2' by
caroate was carried out using triple salt, (K,SO4.KHSO4.2KHSOs) as the oxidant.
Triple salt is very acidic due to the presence of KHSOy4 and so reactions were caﬁed out
using pH stat equipment which automatically. added NaOH when the pH dropped below
a preset level. Using initial concentrations of [Ni(CN) 4]2' 2x 104M) and triple salt (2
x 10 >M = [HSOs] 4 x 10°M) at pH 8.3, a plot of In.[Ni(CN)4]> against time was a
straight line indicating that the reaction was first order with respect to the [Ni(CN)4] 2'.
The gradient of the straight line was 1.23 x 10'4 s which we took to be Kobs-
Comparison of the values of ks measured using KHSOs5.H,O (see table 2.4.ii above)
and triple salt indicated that at low concentrations of [HSOs] (< 4 x 10'3M) the rates
of oxidat_ion wére essentially the same, but as the concentration of the oxidant was
increased, then the oxidations by triple salt proceeded more quickly than those with
KHSO5.H,0. Kinetics with respect to the [Ni(CN)4]2' were first order using both
oxidants but the data were only poorly reproducible (see graph 2.4.i above). As the
concentration of triple salt was increased the values of kobs increased in a curve, rather
than a straight line (see graph 2.4.ii below). This indicates that either the reaction was
not first order with respect to the triple salt, or that some other effect was causing the

slight deviation from the expected kinetics.
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Graph 2.4.ii. Plot of ks against concentration of triple salt (Oxone= 2[HSOs] ) for

the oxidation of [Ni(CN)]*(2 x 107*M) at pH 8.3.
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Using the equation in section 1.3.IV governing the effect of the ionic strength
on the rate of reaction it can be deduced that for two reaction species of a similar charge,
namely [Ni(CN)4]2' and [HSOs], an increase in the ionic strength should result in an
increase in the observed rate, which is in agreement with our data. This is because the
activated complex formed when these species combine would be more stable in an
environment of higher overall charge.121 In these oxidations the increase in the ionic
strength comes about from the dissociation of the K;SO4 and KHSOy in the triple salt.
To test this theory, oxidations of [Ni(CN)4]> (2 x 10"*M) using triple salt (2 x 10°M)
were carried out in solutions containing different concentrations of K,SQOy, added to
alter the ionic strength. In these oxidations the ko, values increased with ionic strength

but the data did not show a quantitative trend. This is illustrated in graph 2.4.iii below.
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Graph 2.4.iii. Plot of kg, against ionic s&ength for the oxidation of [Ni(CN)4]2' @
x 10°*M) by triple salt (2 x 10°M) at pH 8.6 with added K,SOs.
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Another possible explanation for the irreproducible data and the deviations from
first order kinetics could be the inability of the pH stat to maintain the pH. As the
concentration.of tﬁe triple salt was increased, then so did the concentration of KHSOy4
and the total volume of NaOH (0.02M) required to maintain the pH of the reaction was
larger, thus introducing an increasing systematic error into the analysis. To overcome
this, the concentration of the NaOH was raised (up to a maximum of 0.2M) but even
small incremental additions of this stronger alkali caused the pH to rise above 9
whereupon there was visible decomposition of the triple salt, seen as effervescence in
the solution, and in some solutions a black precipitate was observed as discussed in
section 2.4.1.b above. A third possibility is the presence in solution of impurities that
could cause the decomposition of the [HSOs] . During all our work we took
precautions to ensure that the solutions were as clean as possible but the addition of the
sequestrant Dequest was not possible as it interfered with the analysis of the
[Ni(CN)4]2'. The measures that we used are described in section 1.5.

A short pH study of the oxidation of [Ni(CN)4]2_ by triple salt showed that the

141



rate of oxidation increased dramatically as the pH was lowered below 9 (see graph

1.4.1v) which stressed the need for the pH control to be absolute.

Graph 2.4.iv. The effect of pH on the rate of oxidation of [Ni(CN)4]2' 2x 10'4M)
by triple salt (2 x 10’3M).
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The reasons for this pH effect are probably twofold. The first is the increased
stability of the caroate at pH below 8 which results in less oxidant being consumed by
decomposition, and the second is the increasing rate of dissociation of [Ni(CN)4]2' as
the pH is lowered, (for a discussion of published data pertaining to this effect see
section 2.2.II). In an attempt to overcome this problem oxidations were carried out in
buffers, which would act not only to maintain the pH but also ensure that the reactions
took place in an environment of a high, effectively constant ionic strength. The buffers
used were made up of borax, bicarbonate and phosphate, and these were as used in
section 1.3.III. Despite the excess concentration of buffer over the concentration of
reactants the pH control in the region 8 to 8.5 was poor and, as with the oxidations
carried out with KHSOs.H,O, those oxidations of [Ni(CN) 4]2' carried out in the borax

and bicarbonate buffers did not follow first order kinetics, i.e. plots of ln.[Ni(CN)4]2'
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against time were not straight lines. It was not clear whether the reason for this was due
to the variable pH or because peroxy species were being formed in the same way as
between HyO, and bicarbonate or borax. |

There are a number of mechanisms for the decomposition of [HSOs] involving
free radicals such as [SO4] and [OOSOs} 215, and it is possible that the oxidation of
[Ni(CN)4]2' proceeds via a free radical pathway. To investigate this we carried out a
series of oxidations at high pH with additions of ethanol, methanol and DMSO (4%
“/v). The results are summarised in graph 2.4.v. below. We found that over four hours
all the triple salt had decomposed and 60% of thé [Ni(CN)4]2' was oxidised in the
standard, whereas in the oxidations carried out in the presence of the radical traps, all
oxidation had ceased after three hours and the amount of [Ni(CN)4]2- oxidised was

less overall in ethanol (35%), methanol (27%) and DMSO (22%).

Graph 2.4.v. Oxidations of [Ni(CN)4]> (2 x 10™M) by triple salt (2 x 10°M =4 x
10°M [HSOs]) at pH 11.5 to 12 with additions of ethanol, methanol and DMSO (4%).
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Similar reactions carried out at pH 8 to 9 using additions of ethanol were also

deccelerated indicating that there is some radical pathway by which the oxidation
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occurs, but it is unlikely to be the only mechanistic route.

We carried out no detailed study of the effect of adding Cu(II) salts to oxidations
of [Ni(CN)4]2' with triple salt. However, qualitativebbservations indicated that the
oxidation of [Ni(CN)4]2' proceeded more rapidly when aqueous solutions of both
copper(Il) chloride and sulphate were added and the solution turned green in most
cases. This colour was also observed if aqueous copper(Il) chloride (0.1M) was added
to a solution of triple salt (0.5M) at pH 7 and it is possible that this is due to the
formation of an intermediate similar to that formed when Cu(Il) salts are added to

. . 129,130
solutions of HyO, (see section 1.3.V). ?

c¢. Conclusions.

In conclusion, oxidations of [Ni(CN)4]2' carried out using both triple salt and
KHSO5.H,0 appeared to follow first order kinetics with respect to the concentration of
both [Ni(CN)4]2' and that of the oxidant but our data were poorly reproducible due to
the effects of a variety of other parameters, including the pH and ionic strength of the
solution, which affected the rate of reaction, and the presence in solution of species
catalysing the decomposition of the [HSOs] ion. The mechanisms of this oxidation
almost certainly involve some sort of free radical species and could well follow similar
pathways to those discussed in section 2.3.1I for the oxidation of cyanide complexes by
H,0,. It is likely that there are competitive reactions involving oxidation of complexed
cyanide and free CN which has dissociated from the complex. In the specific case
involving [Ni(CN)4]2‘ and triple salt, a published study has identified a Ni(IlI) species
[Ni(CN)4(H,0),], which has been characterised by electronic spectroscopy and
ESR.180’181 According to the stoichiometry of the reaction this decomposes as shown

in the following overall reaction to produce free NCO .
8[Ni(CN)4(H,0);] +100H = 7[Ni(CN)4]2' + Ni(OH),+ 4NCO + 20H,0 (2.13)

It is not clear whether this is only formed at pH <3 or if the lifetime of this

species is too short to be measured by ESR at elevated pH. However, this oxidation of
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the metal provides a potentially viable alternative route for the oxidation and the
stoichiometry of the above equation would partially explain the high stoichiometries of
the reaction which we have measured and are listed in table 2.4.ii above. However,
there was no consideration given to the oxidation of free CN by triple salt in the
published studylso and it is possible that the NCO' observed in this reaction is due to

this latter reaction rather than the decomposition of the [Ni(CN)4(H,0),] complex.

2.4.III. Observations on the effect of caroate on other cyanide

complexes.

Using electronic spectroscopy, we found that solutions of [Fe(CN)6]3' and
[Co(CN)5]3' (both 10'3M) were unchanged one day after treatment with a solution of
triple salt (lO'zM) at both high (>10) and low (<2) pH. In those reactions carried out
at low pH, the concentration of the triple salt was unchanged after twenty for hours, but
all the oxidant had decomposed in those solutions of high pH. No oxidation was
observed when an aqueous solution of CuCl, (104M) was added to the above reactions
and stirred for four hours.

We concluded that these complexes, which have very high overall stability
constants, were resistant to oxidation by triple salt and at high pH the decomposition of
the triple salt was so fast that the natural conversion of [Fe(CN)6]3' to [Fe(CN)5]4'
was not catalysed by the triple salt, unlike the observation that HyO, will catalyse this

process at high pH (see section 2‘1.H).159
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2.4.1V. The form of caroate in aqueous solution and its decomposition

at high pH.

In this section we report the Raman studies that we have carried out to
investigate the decomposition of caroate at high pH. It is reasonable to assume that at
low pH and high concentration, caroate is largely present as Caro's acid H,SOs, which
is known to dissociate into HO, and H,SO4 when the concentration is reduced as

shown by the equation below.””

H,;SOs5 + HyO =  H,SO4 + HyO, 2.14)

However, this simple dissociation does not account for the increased reactivity that
caroate exhibits towards cyanide complexes. We have measured the Raman spectra of
aqueous solutions of caroate, Caro's acid, persulphate and sulphate at a variety of pH
values to try to elucidate the nature of the sulphur containing species in solution and
identify the active form of the caroate ion. Table 2.4.iii overleaf lists the bands observed
in these spectra, and their assignments. The crystal structures have been determined for
both triple salt’'® and KHSOs.H,0" (see fig. 2.4.ii) and thorough investigations of

their vibrational spectra have also been publis.hed,mg'219

Fig. 2.4.ii. The structure of the [HSOs] ion .>"’
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Table 2.4.iii. Bands observed in Raman spectra (400 - 1150 cm’Y) of solutions of [HSOs]™ and associated species.

Species pH 8so 8S0O3 8pso VvSOH VOO VOO VSO V$=0 vSOsH
H,0, 10 - - - - - - - 877(10) - - -
[SO41% 10 - 4502) - 610Q1) - - - - 982(10) - -
[HSO4] 3 430(1) - 553(5) 595(1) - - - - 982(10) 1053(8) -
[S204]% 8 - - 560(2) 628(1) - 806(3) 837(7) -  982(1) 1054(1) 1078(10)
13 - 457(2) 558(1) 620(1) -  802(3) 836(6) -  981(10) 1060(2) 1079(7)
1it140 418 - 564 - - - 85 - - . 1084)
[HSOs]" 1 - 450(3) - 5902) - - - 878(8)981(3) 1060(10) -
9.5 - 450(5) - - - - - 880(7)982(10) - -
104 - 450Q2) - - - - - 880(1)982(10) - -
13 - 451(2) 610(1) 800Q2) - - 982(10) - -
(1it?18 416 - 568 607 - - - 8718 - 1057 J)
H,SO0s 0.5 4244) - - 592(4) 771Q) - - 880(5)983(6) 1056(10) -
(1i??? 28 - - 580 7714 - - 886 960 - 3
Triple salt 1 423(2) - - 610(1)770(1) -  838(1) 883(5) 982(8) 1063(10) 1077(1)
3 423(4) 440(2) 563(1) 609(1) 768(3) -  836(1) 883(5) 981(8) 1060(10) 1077(1)
8.5 - 45302 - 613() - - - 875(8)980(10) 1062(2) 1080(2)

12 - 452(2) - 609(1) - 836(2) - 981(10) 1053(1) 1077(3)



From the spectra there are no additional bands which might suggest the
formation of some intermediate species which would account for the reactivity of the
[HSOs] ion. However, the spectra do show how thé bands due to this ion rapidly
decreased in intensity and eventually disappeared as the [HSOs] decomposed to
[S 04]2' when the pH was raised.

Even at pH 1 the bands at 450 and 981 cm’ provide evidence for the presence
of [SO4]2' in the solution of [HSOs]', although it is likely that this was due more to
impurity in the original sample rather than décomposition of the caroate at this pH. The
two strongest bands at 1060 cm’ assigned as vszé and 878 cm'l( vo.-o) agreed well
with the published study of [HSO5]-.218 When the pH was raised carefully to 9.5, the
strongest band was at 982 cm'l, and the characteristic [HSOs] peak at 1060 cm”
disappeared, although the o_o band at 880 em” remained, albeit weaker. This latter
peak was barely visible when the pH was raised to 10.4 and had disappeared
completely at pH 13, clearly showing the rapid decomposition of the caroate.

A similar pattern was observed in the spectra of solutions of triple salt as the pH
was raised, although the [SO4]2’ and [HSO4] present made these spectra much more
complicated. At pH 1 and pH 3 the most intense band was at 1063 cm’ due to v so of
the caroate. This band had almost disappeared when the pH was raised to 8.5, and the
most intense band was due to [SO4]2' at 982 cm™. The voo occurred at 836 cmt 10
and was visible up to pH 8.5 but had disappeared in the spectrum run at pH 12.

The existence of a small proportion of persulphate (~8%) in samples of triple
salt was reported by Thompsonzzl, and this was also detected in the uncatalysed
decomposition of [HSOs]'.222 This was explained by the formation and subsequent
decomposition of the intermediate pictured below in fig.2.4.ii., although it could also
have occurred by the combination of [SOg4] radicals which can be formed in such

. 215,221
reactions.
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Fig.2.4.ii. The uncatalysed decomposition of [HSOs]  to form [S,05]>.>*>
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In our studies we observed bands at 836 cm ™ in the spectra of triple salt at all
pH except 8.5, and a weak band at 800 cm’ was seen in the spectrum of [HSOs] at
pH 13 which is similar to a band at 802 crn_1 in the spectrum of {8208]2' at this pH.

The Raman spectrum of H,SOs had bands in agreement with the published study.219
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Section 2.2.1. Quantitative FTIR spectroscopic measurements.
All measurements were carried out on a Perkin Elmer 1310 FTIR spectrometer.

a. Calculation of the path length of CaF cells.
This was carried out uéing the published method.”> In brief, the IR spectrum was
taken of the empty cells fitted with Teflon spaceré of thickness 0.05mm. The actual
pathlength was calculated from the fringes observed in the IR spectrum using the
following equation.
t = n/2xAV

where, t = pathlength in cm.

n = no of fringes

AV = difference incm between ﬁl;st and last fringe.
We measured the pathlength of the cells to be 0.052 cm. and this value was used in all

quantitations carried out on the FTIR machine.

b. Calculation of absorption coefficients for cyanide complexes.

These were calculated from the Beer-Lambert Law which states the following.

Absorbance = gxcxl
. . . -1 3 -1
where € = molar absorption coefficient in mol “ dm™ cm .
. 1.3
¢ = concentration in mol ~ dm".

1 = pathlength of cell in cm. (taken as 0.052 cm as from above).
The values of absorbance were measured using the callibration program for quantitive
analyses on the Perkin Elmer 1310 FTIR speétrometer.
N.B. This method was also used to calculate the molar absorption coefficients of free

CN’, NCO and NCS' as quoted in the text.
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Section 2.2.I1. Electronic spectroscopy.

Spectra were run on a Philips PU8740 UV/V is~ single beam spectrophotometer
using a 1 cm quartz cell. Molar extinction coefficients were calculated using the Beer-
Lambert law (see above). Temperature controlled reactions were carried out in the
Philips thermostatic cell holder connected to a thermostatic pump. For experimental

details regarding the pretreatment of reaction solutions, see section 2.3 below.
Section 2.2.II1. Dionex HPIC.

For details of the analysis of free NCO using the Dionex, see section 1.6.

Cyanide complexes were analysed on a Dionex 2010i machine using an AS5 HPIC
column with an AGS5 guard as specified in the literature.*® All solutions were made up
in millipore water which had been triply distilled and passed through millipore

deionisation columns. The conductivity of this water was 18 MQ cm.

a. Optimisation of the eluent.

As discussed in the text (section 2.2.IIT) a positive concentration gradient of
perchlorate was recommended to achieve maximum separation and elution of cyanide
complexes from the column. An alternative to this was to use a fixed concentration
optimised to give the best peak separation for the complexes being studied. Experiments
to ascertain the effect of changing the relative concentrations of each of the components
showed the following:

Decreasing the concentration of NaCN resulted in shorter elution times without
affecting the separation. From a safety aspect it was desirable to keep the concentration
of NaCN as low as possible whilst maintaining an excess of cyanide to ensure the
integrity of the complexes being studied. Increasing the concentration of NaOH lead to

considerably faster elution, but the separation of the complexes was reduced and so a
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relatively low concentration of this componént was used although this had to be held
sufficiently high to ensure that the pH of the eluent did not drop. The concentration of
NaClOy4 was kept high throughout these experiments t;ecause maximum elution of the
complexes from the column was required to prevent a build up of material retained on
the column.

From the above results the optimum eluent for the complexes listed below was
made up of NaClO4 (0.12M), NaOH (0.01M) and NaCN (0.005M). This eluent was
pumped directly into NaOCl solution to destroy all cyanide present from both the eluent
and sampleé. Flow rates were altered as required but since this tended to change the
shape of the peaks all quantitative data were recorded using a flow rate of 1 em’ min'l,
which was found to give the optimum separation. At this flow rate the working presure

of the instrument was between 400 and 440 psi.

b. Detection of cyanide complexes

This was carried out using a spectrophotometric cell with a UV detector set at
215 nm. The data were recorded on a 2470 integrator set up as follows; attenuation +
1024mv, chart speed 0.5 cm min'l, peak threshold = 8000. Samples were injected
through disposable millipore filters (0.5um) or through Whatman cellulose nitrate filters
(0.45um) fitted in a syringe type stainless steel filter holder to ensure no that particulate
matter entered the system. Lowest detection limits using the above conditions and the
detector set at 0.2 absorbance units (AU) were 10°M for all complexes except
[Fe(CN)6]3' which could be detected at 104 M. The 0.02AU setting on the detctor
could be used if the machine had been running for 2 to 3 hours but with this the

baseline tended to drift and so frequent recallibrations were required.

c. Common impurities.
All samples gave extra peaks due to impurities in the solutions which absorb in

the UV region and could be detected even at very low concentrations. This was
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particularly pronounced in samples of solutions from oxidation reactions but fortunately
the impurities present were not retained on the column and were the first species to
elute. Running standards of the following likely impurities confirmed that they were

detected and eluted at the following times.

HCO5 1.1 min
NCO 1.1 min
NO5" 1.16 min
NO, 1.79 min

Despite efforts to calibrate the large peak at 1.1 min for NCO™ and HCO3 the
intensity of this peak was consistently much greater than would be expected for the
concentrations of these species present in oxidation samples. It was concluded that
other unidentified impurities also elute at this time, possibly including small
concentrations of unreacted oxidant (H,O5), and so unfortunately this method was not

suitable for the simultaneous analysis of NCO and cyanide complexes.

d. Procedure used for the regeneration of the column.

This was carried out when results indicated that material retained on the column
was affecting data collected from the Dionex. The column was flushed with millipore
H70 (10 minutes at 1 em’ min"l). The guard was placed after the the separator column
in the system and the whole apparatus flushed with aqueous Na;CO3 (0.1M) for 30
minutes (1 om’ min_l), and then overnight with HCl (1M) which was pumped straight
into a solution of strong alkali to prevent any cyanide being evolved as HCN. The acid
was washed out of the system using millipore HyO (10 minutes) and then aqueous
Nay;CO3 (0.1M for 10 mins) and H,O was pumped through for 10 minutes again.
Finally the guard was replaced in front of the separator and the whole system flushed

with eluent for 30 mins.
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Section 2.3 Oxidations of Cyanide complexes with H;0,.

a. Observations using FTIR, Raman and B¢ NMR spectroscopy.

These were carried out using the same procedures as outlined in section 1.6, for the

oxidation of free CN' by H,O,.

b. Analysis of [Ni(CN)4 ]2’ and [Zn(CN)y4 ]2- in studies of the kinetics of oxidation by
H,0;.

We were forced to use different methbds of analysis to measure the
concentrations of [Ni(CN)4]2' and [Zn(CN)4]2_ in oxidations of these complexes. The
overall stability constant (B4) of [Zn(CN)4]2' is 19.6285 which is less than that of
[Ag(CN),] (B2 = 20.484), the complex which is formed at the surface of the cyanide
electrode. Thus the cyanide in this complex should be detected as free CN™ by the
electrode. Published results®" concerning the addition of Zn(II) ions to solutions of
free CN indicate that excess Zn(II) can be added without affecting the the calibration
curve of the electrode. In our own electrode calibrations of solutions of [Zn(CN)4]2'
we found that at low concentrations of the complex (< 2 x IOAM), the potential
difference measured by the electrode corresponded to a free CN™ concentration of four
times the concentration of [Zn(CN)4]2' ; i.e. all the cyanide in the complex was
detected as free CN'. Above about 2 x 10™*M the amount of cyanide detected by the
electrode dropped to approximately three times the concentration of [Zn(CN)4]2' ,
implying that the Zn(II) was affecting the electrode. However a calibration for
[Zn(CN)4]2' gave a straight line over the range 10-10°M of the complex which
enabled us to use the electrode for the analysis of [Zn(CN)4]2' in oxidations with
H,0,.

It was not possible to use the electrode to analyse for [Ni(CN)4]2' since the
overall stability of this complex (B4 = 30.3"*) is higher than that of [Ag(CN)4]” and at

the working pH of the electrode (>12), dissociation of free CN from the complex was
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only of the order of 2.5%; i.e. in a solution ‘of [Ni(CN)4]2' (1x IO'ZM) the potential
measured by the electrode  corresponded to a free CN concentration of only 2.5 x
10"*M. However the characteristic absorbance maximﬁm at 268 nm in the electronic
spectrum was ideal for the analysis of [Ni(CN)4]2’ at concentrations below 2 x 10'4M,
provided HyO,, which absorbs strongly in the UV up to around 300 nm, was removed
from reaction solutions prior to analysis using MnQO as discussed in section 1.6. Some
data were also collected using the Dionex HPIC method which separated the
[Ni(CN)4]2' from other species likely to interfere, but MnO, was still added to these
solutions to remove H,0, and thus prevent itsvdecomposition with the possible

formation of O, bubbles whilst in the column.

b. Oxidation of other complexes.

The procedure for carrying out the oxidations of all complexes was the same.
An aliquot (50m3) was removed from the reaction and diluted with NaOH (0.2M,
50m3) to quench the reaction and raise the pH to >12. A small quantity (ca. 5-10 mg) of
MnQO, was added to destroy the HyO,. Suitable aliquots were also removed from the
reaction for analysis for HyO,, carried out by iodometric titration with [S 203]2' ( details
given in section 1.6.). Precipitates formed were generally removed by centrifuging the
solution, washed at least twice with water and oven dried at 80°C. Analyses were
carried out using electronic spectroscopy for single complexes, on the Dionex for

mixtures, or using FTIR for semi-quantitative data.
Section 2.4. Oxidations using triple salt and KHSOs.H,0.

a. Observations using FTIR and Raman spectroscopy.
These were carried out using the same procedures as outlined in section 1.6 for
the oxidation of free CN by H,0,. Triple salt K2SOQ4. KHSOQ4.2KHSO5 was supplied

as Oxone (BDH chemicals), or Curox (Interox). Potassium caroate monohydrate,
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KHSO5.H0 was prepared as outlined below.

b. Analysis of [Ni(CN)4 ]2 "in studies of the kinetics of hoxidation by caroate.

All analysis of [Ni(CN)4]2- was carried out using the peak at 268 nm.(e =
11315 mol 'dm cm™ ) in the electronic spectrum of this complex.

For unbuffered reactions carried out using the pH stat to maintain the pH by
addition of NaOH (0.02-0.2M) a suitable aliquot was removed from solution and
transferred directly to a quartz UV cell. There was no interference due to absorption by
the [HSOs] and so addition of MnQO, was not re(iuired to quench the reaction. For
reactions carried out at low pH (<5), where the rate of reaction was significantly faster,
Catalase (~10mg) was added to remove the oxidant as MnO; dissolved in the solution at
low pH. Catalase was supplied by Sigma.

For buffered reactions, (see section 1.6 for details of buffers), the reaction was
carried out in the UV cell and the concentration of [Ni(CN)4]2' determined automatically
by the UV machine every ten minutes.

Radical traps CH30H, CoH5OH and DMSO were added to reactions at
concentrations up to 4% ' /v.

The concentration of [HSOs] was determined by iodometric titration as detailed
in section 1.6. We found that there was no need to add ammonium molybdate solution
to catalyse the release of I as this occurred very rapidly upon the addition of the

[HSOs]'.

Section 2.4. Preparation of KHSOs.H,O and Raman studies of this salt

in aqueous solution.

a. Preparation of KHSOs.H50.
Hydrogen peroxide, H,O, (86% 280m3) was slowly added to HoSO4 (98%

700m3) whilst stirring in an ice-salt bath. The temperature was kept below 10°C
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throughout. On completion of the addition the solution was stirred for 10 minutes prior
to analysis by ceric sulphate titration to determine the concentration of free H,O,
(4.62%), and by KI/[8203]2’ titration to determiné the concentration of H,SOs
(52.05%).

To the solution of Caro's acid was added, carefully to maintain the temperature
below 5°C and whilst stirring with an overhead stirrer220, a 50% "/fw solution of
K>COs3 (30g in 30cm3 H,0). Following this addition the reaction mixture was stirred
for 45mins at OOC and then filtered. The filter cake was washed with ethanol (2 x
500m3) and dried overnight under vacuum. (Yield = 11g, 15% calculated from
concentration of HySOs, Literaturezzo claims that a yield of 60% is possible). A portion
was recrystallised from warm HyO, (60%) to yield the monohydrate.

The final product was analysed as follows:
Titration with CeSOy4 (0.1N) for % free HyO, Found 0.00. (calculated 0.00%)
Titration with KI/[S203]” (0.1N) for %[0;]” Found 20.00 (18.82%)
Potassium analysis %K Found 1891 (22.94%)

A second portion was precipitated from the solution on addition of ethanol. The
analyses were found to correspond to those of triple salt. i.e. free HO,, 0.00 (0.00%),

[0217, 10.05 (10.42%).
b. Studies of this salt by Raman spectroscopy.

These were carried out in quartz spinning solution cells using the same general

procedures as outlined for Raman spectroscopy in section 1.5.
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Chapter 3,

The Preparation and Spectral Characterisation of

P hali mplex
Intr ion

The term 'pseudohalogen’ was introduced by Birckenbach in 192522 and its
derivative term, pseudohalide refers to those species containing one or more of those
groups which can exhibit halide-like properties. The pseudohalide ions studied herein
are cyanide (CN"), thiocyanate (NCS"), and cyanate (NCO") . The group also includes
azides (N37), fulminates (CNO), selenocyanatés (SeCN") and dicyanamides
(N(CN)7). Cyanides were the first pseudohalides described in the literature; as early as
1704 Prussian blue was prepared by Diesbach and KCN made by Scheele in 17 82223,
whilst alkali metal salts of cyanates and thiocyanates were first obtained in the early
nineteenth century. 226 Since then they have been the subject of much investigation and
are regarded as negative, polyatomic monoanions within which there is substantial
delocalization of the ionic charge and also high symmetry. The chemistry of transition

153 and all the pseudohalides has been reviewed.!®

metal cyanides

The first section of this chapter deals with our studies on those cyano species
which we have prepared and used in the work discussed in the second chapter of this
thesis. This includes work investigating the adsorption of these complexes on alumina
and other solid supports. In section 3.2 we consider the work carried out on
thiocyanato complexes. We have prepared a number of homoleptic and mixed

complexes, using vibrational spectroscopy to determine the mode of bonding. The final

part of this chapter concerns our investigations into cyanato species.
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In this section we describe the preparation and spectral characterisation of a
number of cyanide complexes, with particular attention to those of Cu(I) and Cu(Il).
The various aspects of this work will be discussed in the following subsections.

i. Notes on the preparation of the complexes and tables of spectral data recorded from
the IR and Raman spectra spectra of the solid species, and the FTIR, Raman and 13C
NMR spectra of these complexes in aqueous solution.

ii. The adsorption of a number of cyanide complexes‘on alumina and other supports and
observations made on reactions of these adsdrbed species with HyO,.

iii. Mass spectral data for a number of cyanide complexes.
3.1.1. Preparation and spectral characterisation of cyanide complexes.

In this section we present the spectroscopic data measured for a number of
cyanide complexes prepared during our period of study. We begin with spectral data
we have measured for a number of cyanide complexes of Cu(I) and Cu(Il) and then

discuss the preparation and characterisation of a number of other cyanide complexes.

a. Complexes of Cu(l) and Cu(II).

Because of the catalytic properties of éopper species in the oxidation of free and
complexed cyanide, particular attention was paid to the preparation and characterisation
of the cyano complexes of Cu(I) and Cu(Il). A full discussion of the reaction between
Cu(Il) salts and free CN is presented in section 1.3.V. and the formation of the
transient [Cull(CN)4]% intermediate has been studied in the literature. 2% 13° We were
unable to prepare pure samples of Cu(I) cyano complexes from Cu(ll) salts, and when
a solution of concentrated KCN was added dropwise to a cold aqueous solution of

CuCi; (1.5M) at pH 7.5 the light brown precipitate that formed upon the first addition
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of CN  rapidly redissolved to give a deep red solution when the CN™ : Cu ratio was
equal to four. These observations were in agreement with an early study of the reaction
by Glasner and Asher.??’ The FTIR spectrum of this solution had a peak at 2076 cm™,
which could be assigned to {Cu(CN)4]3', and also a band at 2169 cm™! which we
attributed to the formation of free NCO™ from the hydrolysis of CoN; as shown in

equation 3.1 below.
2[Cu(CN)41* - 2[Cu(CN)s]* + CoN, 3.1)

CyN; +20H =» NCO + CN* + HO (3.2)

Although the red colour faded within five minutes to leave a yellow solution the relative
intensities of the two FTIR peaks barely changed over the following two hours. The
spectral data for the complexes we have prepared are presented below in table 1.3.i.We
have only measured the bands in the von region as full spectroscopic studies have

already been published.?28-233

We have also prepared some mixed cyanide complexes of Cu(Il), which occur
infrequently in the literature.!?* These were prepared to investigate whether or not they
had the same catalytic activity as other Cu(II) salts in the oxidation of free and
complexed cyanides but unfortunately proved prone to attack by HyO, (see section
1.3.VI). The following table lists the complexes prepared and the spectroscopic data
recorded for them. Unfortunately we were unable to measure the Raman spectra of
these species as they were either too dark or decomposed in the laser beam when the

Raman microscope was used.
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Table 1.3.i. Data measured in the von region of the IR and Raman spectra of Cu(l)
cyano complexes together with 13C NMR shifts (relative to 8 MeySi = 0) for these

species in aqueous solution.

Complex IR (em')) Raman (cm'l) & (ppm)
Solid Solution Solid Solution Solution
CuCN 21171 217224 2171 170728 - - -
K[Cu(CN),} . 2125 212524 2127 - 154
2110 (2109.5%%) - 2112 21122% 2112 (2113203}
2090 (2088%%%) - 2090 (2091%%%) - (2106%*%)
K[Cu(CN)3] 2110 211733 . 2111 2109 (2109.5%3%) 156
2089 (20972%) 2093 (2094%%%) 2089 2096 (2096%%
K3[Cu(CN),] 2093 (20945%) . 2093 2093231y 2096 (20943779 162

2081 (20812%) 2076 2076%%) 2080 (2081%) 2080 (20797  (622'Y)

2040 (204250 - 2038

Table 1.3.ii. IR data measured for substituted Cu(II) cyano complexes in the solid

state. Literature values are in brackets.'?*

Complex Colour v¢nN (cm'l) smcen  (em™h)

[Cu(phen)(CN)INO3.H,0 turquoise 2136,2083 (2136) 373,364

[Cu(phen)o(CN )j- green 2141,2100,2083 359
-[Cu(phen)(CN),].6H,0 (2140,2100,2082)

[Cu(bipy)(CN),] purple 2120,2100 371,359

[Cu(bipy)(CN)]NO3.H,0 brown 2148,2131,2098 368,360
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b. Other cyanide complexes.
The preparations of these complexes were carried out using published

234236 or modifications of these methods except with Ko[Zn(CN)4], for

methods
which a new preparation was developed using ZnO as a starting material. Full details of
all the preparations and the elemental analyses carried out are given in the experimental
section of this chapter. Table 3.1.iii below lists the principal bands measured in the IR
and Raman spectra of these complexes with comparative literature values. The data that
we have measured are incomplete but full vibrational assignments have been published

for all the complexes.204205.237
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Table 3.L.iii. Spectroscopic data for cyano complexes in (cm™)with literature values

in brackets.

Complex

Ka[Ni(CN)4]

Ko[Pd(CN)4]

Ka[Pt(CN)4]

K[Ag(CN)2]

Ka[Zn(CN)4]

K2[Cd(CN)4]

IR

Raq.

IR

1Ragq.

Raq.

IRaq.

Raq.

VCN

2121,2127

2124

2145,2136

2137

2136.2122.2095

2140,2096

2135

2143,2108,2097
2154,2107
2150

2154

2146,2100

Key. 1IRagq.- IR of aqueous solution.

Ragq. - Raman of aqueous solution.
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(2127%%)

(2123295

(2143%7h

(21342%)

(2134,2123%%)

(2140737

2135237

(2145%%7)
(2152204
(2149°%%

(2152%%4

(21462%%

d¢cN

415

453

470

406

391

357

(40575

(4512%%)

4852%)

(3552%%)

(3152%)



3.1.II. Adsorption of cyanide complexes on alumina and other supports.

We have investigated the capacity of a number of cyanide complexes to adsorb
on alumina and other supports such as montmorillonite, bentonite and ion-exchange
resins. This was carried out in connection with the work reported in section 1.3.V.
with a view to develop a heterogeneous catalyst system for the oxidation of cyanide.
Similar studies have been reported in the literature. 1517 1n this study we have used IR
spectroscopy to determine the position of the voy vibrations of species which were
adsorbed on these supports. Unfortunately we wére unable to measure the Raman
spectra of the adsorbed species even with the aid of a Raman microscope because of

flourescence by the supports.

a. Adsorption onto alumina.

Some work was carried out using the literature preparative methods?33
(crystallisation on to the alumina by evaporation to dryness of a solution of the relevant
complex), but it was more useful to determine which complexes would adsorb on to
alumina from solution. (i.e slurrying a dilute solution with alumina and filtering; see the
experimental section (3.4) for details of the method). All the complexes were mixed
with different types of alumina and after filtration, washing and drying the IR spectra
were run to establish whether any of the complex had been adsorbed. The results are
summarized in table 3.1.iv. below which shows the IR peaks measured in the ven

region .
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Table 1.3.iv..IR bands observed (cm™) in the ven region of cyano complexes

when adsorbed on different types of alumina and for their aqueous solutions.

Species Basic Neutral Acidic Solution
[Cu(CN)3}* 2090 - 2090w 2094
[Cu(CN)41> 2077 - - 2076
2091 - - -
[Ag(CN),T 2090 - - 2092
2125sh - - 2125
2140 ; - 2140
2161 - - -
[Au(CN),I 2104 - - -
- 2143 2140
[Ni(CN)41* - 2121 2122 2124
- 2127 - -
[PA(CN),]* 2108 - 2109 -
2117 - 2126 2134
[Co(CN)el> - - 2126 2127
[Fe(CN)g]> - - 2026 -
) ] 2050 2044
- - 2115 2118
[Fe(CN)g]* - 2026 2027 -
- 2044 2044 2044
- 2114w 2115 2118
CN- - - - 2065
NCO - 2170 2170w 2170
- 2245 2250w -
NCS* 2063 2068 2065 2065
2120 - 2114 -
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The cyano complexes of zinc, cadmium and mercury all appeared to decompose
when stirred with alumina. The [Zn(CN)4]2'solution went grey and [Cd(CN)4]2'
brown. A solution of [Pd(SCN)4]2' adsorbed on basic -alumina gave IR peaks at 2111
and 2067cm™L. Comparison of the ven bands observed for the solutions of the
complexes and those measured for the adsorbed species suggest that in most cases the
solution species remains unchanged upon adsorption.

The form of Nay[Cu(CN)s] supported on basic alumina at various loadings was
investigated using IR spectroscopy, f.a.b. mass spectrometry and scanning electron
microscopy by Duke et al 238 They concluded tﬁat at high loadings (2 mmol g)
Na[Cu(CN)3] is present as discrete crystals on the surface of the alumina and the IR of
this adsorbed species has peaks at 2110 and 2090 cm’l. At lower loadings it is
dispersed over the surface with the IR spectrum in the vcn region of the adsorbed
species closely resembling that of aqueous [Cu(CN)g]z' (209Ocm'1). Our results
support the above conclusion for lower loadings, but the presence of a second peak at
2077 cm’! in the IR of [Cu(CN)4]3' adsorbed onto basic alumina suggests that some
of this species was adsorbed as [Cu(CN)3]2'. The three peaks observed in the IR of a
solution of [Ag(CN),l" suggested that the three species [Ag(CN),]™, [Ag(CN)3]2'
and [Ag(CN)4]3' were present and that all these were adsorbed onto basic alumina.
The fourth peak at 2161 cm™ in the IR of the. adsorbed material might have been due to
AgCN precipitating onto the support.

The adsorption of complexes of higher stability occurred on neutral or acidic
alumina, rather than on the basic form. The reason for this is not clear as there is no
obvious link between the stability of a complex and the form of alumina to which it will
be adsorbed. When [Ni(CN)4]* was adsorbed on neutral alumina, the IR spectrum
showed two peaks at 2121 and 2127 cm’! which were in agreement with our
observations (see table 3.1.iii) and the literature for the solid compound.205 In
solution, [Ni(CN)4]2' has one IR active band at 2134 cm! but when it was adsorbed

on acidic alumina two bands appeared at 2126 and 2109 cm’l, while on basic alumina
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these lay at 2117 and 2108 cm™. The complex did not adsorb onto neutral alumina.
When [Fe(CN)6]3' was adsorbed on acidic alumina or when [Fe(CN) 6]4' adhered to
neutral and basic alumina the peaks at 2115 cm™ and at 2050 and 2026 cm! in the IR
spectra indicated that both species vx;ere adsorbed. However these observations for
[Fe(CN)¢]* and [Fe(CN)g]* were at variance with a study by inelastic electron
tunnelling spectroscopy (IETS) which concluded that ferric cyano complexes were
uniformly reduced to ferrous complexes at the surface.?*® A different study by IR
spectroscopy published results that were broadly similar to ours for the adsorption of a
number of cyano complexes on acid modified alumina.?*?

The adsorption of free pseudohalides has also been investigated using IETS and
the results confirm our observations for these ions.?*! The SCN™ ion adsorbs as Al-
NCS giving an IR peak at 2065 cm™ and at concentrations of around 10°M SCN’, it
will also bind as Al-SCN. This probably explains why we observed two peaks in the
IR spectrum of SCN™ adsorbed on both basic and acidic alumina. Similarly the two
peaks that we observed upon the adsorption of NCO™ can be explained by Al-OCN
bonding giving rise to the peak at 2145 cm™ and AI-NCO, that at 2250 cm™!. No
evidence was found to indicate that CN”~ was adsorbed in the pH range 7 to 12241,
which is in agreement with our results.

We attempted to use electronic spectroscopy to quantitate the adsorption of
complexes onto alumina but we were only able to assess approximately the loading
because equilibration of the various species in the solution introduced inaccuracies into
the analysis. This was estimated to be 1.4- 2.1 x 1073 mols [Cu(CN)2]3' g'1 basic
alumina and 1.8 - 2.2 x 10 mols [Fe(CN)g]>" g acidic alumina. All the adsorbed
complexes were leached from the alumina if stirred in aqueous solutions, and this also

prevented accurate assessment of the loading.
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b. Reactions of adsorbed complexes with H,0;.

In all cases where the cyano complexes appeared to be adsorbing onto the
alumina, we investigated the reactivity of the adsorbatés towards HyO,. With adsorbed
[Ni(CN)4]% , NCO™ and SCN" the IR spectra of the alumina after reaction with H,O,
(0.16M) had no peaks in the vcn region, indicating that the complex was leaching
back into the solution or oxidation had occurred. When [Pd(CN)4]2' adsorbed on
alumina was stirred in a solution of HyO, (0.16M), the only peak that persisted after
the reaction was at 2108 cm’!. The spectra of [Fe(CN) 6]3‘ and [Fe(CN)6]4' adsorbed
on alumina indicated that although further equilibration had occurred during the
reaction with H>O; there was no evidence for any destructive oxidation.

When a solution of HyO, (0.16M) was slurried with [Cu(CN)3]2’ adsorbed on
alumina the solid turned blue within ten minutes and the H,O, decomposed rapidly
accompanied by vigorous effervescence, and the solution turned brown. The IR of the
blue solid had a single broad peak at 2245 cm™ and we conclude that this was due to
the formation of a cyanate species, [CuH(NCO)x]Z"‘. A similar peak was observed
when a solution of blue [Cu(NCO)3]” was adsorbed on basic alumina and it seems
likely that this was the adsorbed species in both cases. Repeated treatment of the
product with HyO5 lead to decolourisation and the IR of the final white solid had no
peaks in the vy region. These observations could be explained by two mechanisms.

In the first, the adsorbed [Cu(CN)3]2' dissociates from the alumina and is
oxidised as discussed in section 2.3.111. The Cu(II) species thus produced then form a
complex with the NCO™ and are readsorbed as [Cu(NCO)3]". Although this mechanism
is reasonable the distinctive colour change suggests that the whole oxidative process
might occur without desorption of the [Cu(CN)3]2'. Thus adsorbed (Cu(CN)g]z'
could be oxidised by H205 to form adsorbed [CuH(N CO)s]’, and the Cu(Il) species
could then be desorbed by further oxidation and hydrolysis of the NCO™ groups.

This second possible mechanism, which we prefer, is supported by two

observations. In the oxidation of [Cu(CN)3]* by H,0O, at any concentration we have
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observed no blue colouration in solution which could due to the formation of
[Cu(NCO)3]" and when alumina was added to the reaction solution there was no
adsorption of either [Cu(CN)3]1* or [Cu(NCO)é]'. Secondly, the adsorbed
[Cu(CN)3]2‘ decomposed over one to two weeks and turned green-blue in colour. The
IR spectrum of this degraded material had peaks at 2259 and 2170 cm™}, probably due
to cyanate as well as those due to cyanide at 2113 and 2094 cm’! indicating that aerial
oxidation of adsorbed species may have occurred. This was also observed by Duke ez
al > Although these observations provide the most convincing evidence that complex
cyanate species can be formed in the oxidation of [Cu(CN)s]* by H,0O, we have not
conclusively proved that this occurs unless the [Cu(CN) 3]2' is adsorbed, so we cannot
be sure whether the alumina is changing the mechanism or just trapping the
intermediate cyanato complex. Our study of the reaction was made more complicated
by the leaching of adsorbed species from the alumina as we could not be certain of the

exact effect that this had on our observations.

c. Adsorption of cyano complexes onto other supports.

A little work was carried out using bentonite, montmorillonite and silica as
supports for cyanide complexes. None of these appeared to adsorb [Cu(CN)g]z'
sufficiently to give IR peaks. Montmorillonite was turned light blue by adsorption of
[Fe(CN)5]3' at an estimated loading of 10 mol [Fe(CN) 5]3‘ g'l. The IR spectrum of
the adsorbed complex in the vey region had a single peak at 2083 cm™ which does not
correspond to either [Fe(CN)¢]?~ or [Fe(CN)6]4', and this was contrary to the report

in the literature?4?

of a peak at 2140 cm™! which was assigned to Ca3[Fe(CN)4]a.
Bentonite was turned khaki green by [Fe(CN) o (~5x 10" mols g'l) and the IR
spectrum of the adsorbed complex had peaks at 2120, 2080, 2060 and 2025 cm™!
indicating the presence of both [Fe(CN)¢]*>" and [Fe(CN)6]4' . We were unable to

measure the Raman spectra of either of the above as the supports both flouresced.

Silica did not adsorb [Fe(CN)¢]* .
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Two ion exchange resins were also examined for their ability to adsorb
[Cu(CN)3]*> and aqueous solutions of copper(II) sulphate. It is reported that the resin
CR-20 has high specificity for copper?*3, although the reference does not state the
form of the copper. It has also been used to adsorb molybdenum peroxo species to
form a heterogeneous catalyst for use in conjunction with H,0,.2* When stirred in a
concentrated solution of copper(Il) sulphate the resin turned blue and the adsorption
was measured by electronic spectroscopy 'to be in the range 0.5 - 1.0 x 1073 mols
Cu(ID) g’l. This colour change was also observed in a solution of [Cu(CN)4PF (0.5M)
and the IR of the solid after washing and drying had one weak IR band in the VCN
region at 2090 cm™!. This suggested that some adsorption of [Cu(CN)4)*" had
occurred but it appeared that most of the adsorption was by Cu(II) species. When the
loaded resin was stirred in a solution of H20, (0.16M) it turned green, the IR peak at
2090 cm™ disappeared and the solution turned yellow as the oxidant decomposed. The
final concentration of Cu(Il) species in the solution was measured using test papers and
found to be 3.2 x 103 M indicating that the metal was leaching from the resin. When
the process was repeated, 3.2 x 10* M Cu(lD) species were leached and the resin was
only faintly coloured which indicated that nearly all of the adsorbed species had been
leached away. |

Amberlite IRC-60 cationic resin became green when stirred in a solution of
aqueous copper(Il) sulphate (0.1M). Uptake was estimated to be 2.5 x 107 mols
Cu(l) g'1 resin. When stirred in H,O, solution (0.1M) there was no decomposition of
the H,0, within one day despite approximately 1.5- 3.0 x 10 M Cu(II) being leached
off as measured using copper ion test papers. If stirred in CN~ solution (0.1M) the
resin turned white and approximately 80% of the CN~ was removed from the solution.
The IR spectrum of the resin had peaks in the vy region at 2128 and 2087 cm’!
indicating that some of the CN™ was adsorbed onto the support as [Cu(CN),]" and
[Cu(CN)4]3'. However, the solution contained 5.0 x 10*M Cu(l) after this which

showed that some leaching had occurred
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On the basis of results from all our experiments no solid support was found to
which Cu(II) ions would adsorb irreversibly under the conditions that we used, such
being the crucial property for a heterogeneous catalyst: L1517 However, in industrial
situations the concentrations of reactants, particularly that of the H;O,, would usually

be much lower and so it is possible that desorption of the catalyst would be less of a

problem.

3.1LIII. Mass spectrometry of cyanide complexes.

A recent publication245

showed that fast atom bombardment (f.a.b.) mass
spectra of cyanide complexes showed considerable fragmentation. The spectra revealed
the existence of several families of ions from each complex, each family giving
sequences of peaks corresponding to the sequential loss of neutral CN and (CN),
fragments. According to the report, the complexes studied included those of Fe, Cr,
Mn, Ni, Mo and W in various oxidation states. We examined the f.a.b. mass spectra
of some of the complexes used in the course of our work to determine whether they too

gave useful data. The following tables give data measures from the negative f.a.b.

mass spectra of complex cyanides.
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Table 3.i.v Masses and percentage relative abundances (normalised to the base peak)

in the negative f.a.b. mass spectra of complex cyanides.

Mass (% Base) Assignment.
K[Ag(CN),]
359  (26) [KAg,(CN)4T
294  (31) [Ag2(CN)sT
159  (100) [Ag(CN).J
Ka[Cu(CN)s]
245 (2 [K2Cu(CN)4T
206  (8) [KCu(CN)4I
180  (15) [KCu(CN)3I
156  (7) [KCu(CN),I
141 (5) [Cu(CN)3T
115  (100) [Cu(CN)2T
K[Au(CN);]
249 (100) [Au(CN)21
K3[Co(CN)s]

The negative f.a.b. mass spectrum of this complex was very complicated, with
peaks comresponding to the three ions below and the successive loss of CN (26) and
KCN (65) fragments from each. This is similar to that observed by Jennings et al 243

for other cyanide complexes. The spectrum is reproduced in fig.3.1.i. overleaf.

Mass (% Base). Assignment
55 @) [K7C02(CN)14]
3329 [K3Co(CN)e]
137 (100) [Co(CN)3T
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Table 3.i.vi. Masses and percentage relative abundances (normalised to base peak)

observed in the negative f.a.b. mass spectrum of Ko[Ni(CN)4].

Mass (% Base) Assigmﬁent.
443 (10) [K3Nip(CN)s]
415 (5 [K3Nip(CN)7]
391 (3 [K3Niz(CN)6l
378  (10) [K2Nig(CN)7I
32 (13) [K2Nig(CN)el
350  (6) [K2Niz(CN)g]
324 (7) [K2Nip(CN)s]
285 (3 [KNiz(CN)s]”
259 (@) [KNip(CN)4J”
220 () -[Nig(CN)4I
194 (9) [Niz(CN)3]
142 (2 [Nip(CN)I”
333 (4 [K3Ni(CN)el
293 (4 [K2Ni(CN)g]
267  (8) [K2Ni(CN)s]
240  (6) [K2Ni(CN)4l
214 (D) [K2oNi(CN)3J
201 (35) [KNi(CN)4I
175 (15) [KNi(CN)3J
163 (2) [KoNi(CN)T
136 (58) [NI(CN)3]
110 (100) [Ni(CN)o]
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Conclusions.

It is evident that with the exception of the K[Au(CN),] complex, these cyanide
complexes all give good negative f.a.b. mass spectré which exhibit the successive
fragmentation of CN and KCN species from the parent ions. This is in agreement with
the published study.245 However, this study did not discuss the peaks due to
combination of fragments to form higher order species which then gave similar
fragmentation patterns. In the spectrum of K[Au(CN),] there was only one peak, that
of the [Au(CN),] ion at m/z 249 and no fragmentation or combination peaks were
observed.

It was planned to extend this study to include some of the cyanide complexes
adsorbed on alumina as has been reported by Duke et al. 238 However, we had not

received the results of these studies at the time of press.
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The thiocyanate ligand is ambidendate; i.e. can t;ind through the S atom forming
thiocyanato species or the N atom to broducc isothiocyanato complexes. (The
nomenclature used in this thesis is according to convention whereby the term
thiocyanate refers to the ligand, irrespective of the mode of bonding. Thiocyanato and
isothiocyanato will be used in reference to species in which the bonding has been
determined). Although infra-red spectroscopy246 has been used to distinguish between
these modes of bonding there are few analogoué data on Raman spectra of such
complexes. The only detailed studies of the mode of bonding by Raman spectroscopy
are those by Preetz and co-workers on [Os(SCN) 6]3 - 247, [Os(SCN)G]Z’ 248,
[Ir(SCN)6I>" 2%, [Rh(SCN)6I* 2%, and [Ru(SCN)¢]* .2°! In this section the
Raman and IR spectra are reported of a number of typical thiocyanato species for which
the mode of bonding has been determined by X-ray crystallography, !N NMR, !3C
NMR or other techniques. Our measurements have been made on the solids and their
solutions in order to establish the effectiveness of Raman spectroscopy in the
determination of the bonding mode.

We begin this section with a discussion of the symmetry of the complexes, the
published literature concerning this subject and the factors affecting the mode of
bonding in thiocyanate complexes. In the second subsection we present our own

results and discuss them with respect to the literature.
3.1.1. Symmetry and bonding in thiocyanate complexes.

a. Symmetry of thiocyanate complexes.
First it is useful to consider the numbers of bands expected in these complexes
using group theory for the appropriate point groups. In N-bonded isothiocyanato

complexes there is a linear MNCS unit. Thus [M(NCS)¢]™ complexes have octahedral
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Op symmetry as shown by the X-ray structure of (Et4N)3[Fc(NCS)6]252, and
tetrahedral [M(NCS)4]™ complexes have T4 symmetry as in K3[Co(NCS)4].3H20 (fig
3.2.ii).253 The seven coordinate complex K3[U Oz(NCS)S] has pentagonal bipyramidal
Dsp symmetry.254 In the S-bonded thiocyanéto analogues the MSCN unit is bent to an
angle of around 100° due to the lone pair on the sulphur atom.?>> For octahedral
thiocyanato complexes, [M(SCN)g]™ the point group will be distorted octahedral, D34
symmetry, shown by the X-ray crystal structure of K3[Rh(SCN)¢] (ﬁg.3.2.i.).256 For
square planar thiocyanato [M(SCN)4]™ the symmetry is Dy, as for example in

K,[Pd(SCN)4], (fig 3.2.iii) .27

b. Spectral characteristcs of thiocyanate complexes.

The linear triatomic ion SCN™ (C.y) has [(3N-5) = 4] four normal vibrations,
two stretches (ven and ves) and a doubly degenerate deformation (Sncs). All are IR
active and the fundamentals as measured for NaSCN?*® are listed below in table 3.2.1.
On coordination all of these and additional modes should be found in the spectra of
thiocyanate complexes. In this work we consider these main four ‘fingerprint' modes
which shift on coordination, and the shifts can be considered as characteristic of the

mode of bonding. The ranges of frequencies found (in cm™) are as follows:

Table 3.2.i. Frequency ranges for the fingerprint modes of thiocyanate complexes.

VCN vcs dNcs VMN/S

NaSCN3Y7 2053 748 486,471 -
N-bonded 2120-1950 880-760 490-450 270-260
S-bonded 2130-2080 720-690 440-400 320-290

Although there is overlap between these ranges the mode of coordination,

whether the complex is N bonded or S bonded can usually be deduced using the
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relative values of ves and Sncs. Another factor, the intensity of the CN stretching
vibration, has also been used?> as a criterion for the bonding mode. This uses the
observation that the integrated absorption intensities for N bonded species are larger
than for the equivalent concentration of Afrec SCN" anion whilst the integrated
absorptions for S bonded species are lower. This has been used successfully for
solutions of complexc526° and also qualitatively to distinguish N and S bonded
complexes in the solid state.2*® Bands below about 260 cm™ have been tentatively

assigned to dpy and y1s modes in accordance the work of Preetz. 2721

35 concluded from analysis of the force constants in free SCN” in

Jones'
aqueous solution that both bonds have multiple bond character and this is evident from
X-ray data. 261 On coordination, the bond order between the C and the coordinating
atom (N or S) would be expected to decrease and consequently that in the other bond
should increase with a resulting effect on the intensity of the vibrational frequencies.
Thus in an N bonded complex the intensity of the vcs band increases relative to the
intensity of the vcs band of free SCN™ at the same concentration whilst the relative
intensity of ven in the complex decreases. This was true for solutions of [Zn(NCS)4]*
as measured by Raman spectroscopy262 and with [Hg(S CN)4]* the reverse occurred;
the intensities of vy increased and those of ves decreased relative to those for SCN™.
This was thought to be due to the greater covalency in the M-SCN bond favoured by
the Hg(II) ion as compared with the more ionic M-NCS bond preferred by the
Zn(II) 263

c. Factors affecting the mode of bonding

Transition metals can be broadly classified into hard (class a) and soft (class b)
acceptorszm, based on the stability constants of their complex halo-anions in solution.
For hard metals the order of the strength of their attachment is F* » CI'> Br> I', and
this order is reversed for soft acceptors. This approach indicates that hard metals such

as first row transition metals prefer the hard N end of the thiocyanate ligand whereas
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soft polarisable metals, those in the latter half of the second and third transition series,
are bonded via the S atom; however it must be stressed that the distinction is by no
means clear cut. .

Inversion of one or more of the thiocyanate groups can occur in metals which
are borderline in this classification. This intermediate character has been shown for
[Cd(SCN)4]2' 262 and [Os(SCN)G]Z' amongst others.?*® Some typical group b metals
such as Pd(I) and Pt(II), also exhibit this tendency and can have thiocyanato and
isothiocyanato isomers in mixed complexes where the other ligands are good = -
acceptors.26%266 This can be explained as follows: In a normal M-SCN bond the S
atom has two empty antibonding r-molecular orbitals which can act as good n-
acceptors for electrons from the filled nonbonding p molecular orbitals on the metal to
stabilise the M-S o bond. If other ligands on the metal are good n-acceptors (e.g. PPhs,
AsPhs, bipy, phen) then these will destabilise the metal-sulphur backbonding and the
energetics of the system could thus favour a. metal-nitrogen bond. When these ligands
are also bulky (e.g. PPh3) then steric factors are also important, for the M-NCS unit is
linear whereas the M-S-CN is bent to around 100°, so making the latter less

favoured.2%4

Another factor affecting the mode of coordination of species in solution is the nature

of the solvent. Burmeister2%’

classified these into three groups. Class I solvents have
high dipole moments, high dielectric constants and are good coordinating solvents.
They promote covalent interactions and so favour the formation of S bonded
thiocyanates. Examples of such solvents are N,N dimethyl formamide, DMSO,
acetone, acetonitrile and benzonitrile. Solvents such as benzene, carbon tetrachloride,
dichloromethane and nitrobenzene are classified as class II and have low dielectric
constants. They favour ionic bonding such that S bonded complexes tend to isomerise
to the N bonded forms and naturally N bonded species retain their configuration. A

third group (class III) includes methanol and ethanol which do not give characteristic

effects. This is thought to be because of the time delay occuring due to the hydrogen
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bond cleavage required before any isomerisation can occur. Isomerisation of S bonded
species to their N bonded counterparts can also be effected by heating the solid

compounds at temperatures in excess of 120° for a short period.265

3.2.IL Results and discussion of our studies on thiocyanate complexes.

a. Homoleptic thiocyanate complexes.

We have prepared a number of homonuclear thiocyanate complexes and
measured their IR and Raman spectra to confirm the mode of bonding. The results for
six coordinate complexes are summarised in table 3.2.ii below. In table 3.2.iii we
present the IR and Raman data measured for four coordinate species and table 3.2.iv
concerns spectral data for other homoleptic thiocyanate compounds that we have

prepared.

i. Six coordinate complexes.

Of those complexes studied X-ray crystal structures have been determined for
K3[Fe(NCS)]1%°? and K3[Rh(SCN)¢]*° (see fig 3.2.i) which confirm the mode of
bonding and the symmetry assumed in table 3.2.i. For the N bonded complexes we
would expect one IR active (T1,) and two Raman active ven (A g, polarised and E,,
depolarised) modes and an equivalent number of vcs and vyn modes. In the dncs

region one IR (Ty,) and one Raman (Ty,) active band should be observed.
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Table 3.2.ii Vibrational spectra for six coordinate thiocyanato and isothiocyanato complexes.

Complex
(EuN);[Cr(NCS)s) ﬁm
R
Rt
(EtyN)s[Fe(NCS)s] R
IR
R
R*
K4 [Ni(NCS)¢].4H,0 IR
IR263
R
(EygN)[Ni(NCS)¢] ﬁm
R
R*
K3[Rh(SCN)g] Inli246
R
R?.SO
R*

Key: R*- solution in acetone
R#%- solution in acetonitrile

-1
ven (em )

2082vs

2078
2125(8),2084(10),2077(8)
2120(4),2074(10)

2057vs
2098,2052
2110(7),2049(10) -

2117vs,2100sh
2123,2101
2139(9),2122(10),2053(5)

2100sb

2112,2103
2124(9),2104(9),2098(10)
2098(1)

21025,2084s,2050s
2110,2098,2084
2114(5)

2098

2120(10)

a - obscured by solvent band.

-1
ves (em )

830vw

2;40(3)

822

830(6)

765s,748m
766
776(4),750(1)

779s,722m
828
778(10)

a

748m,710w
705,695
750(1)709(3)
700

707(1)

Sncs(em™)

484s
483

486(1)
488(1)

481m
479

;193 (5)

486w470m ;
469
467(2)

472m
470
472(4)
474(1)

486m,471w,453w,443m
471,452,438

460

467(2)

VM.-X (cm'l) SM_X(Cm.l)
364s

364

264(1) 239(3)
257(1) 233(4)
353vw,348vw281w,273w

- 256(3)
326(1),283(7) 255(3),230(3)
- 219(10)
240

283m

281(10),262(7)

283,267

308(6)p,275(10)p,261(9)dp



(EyyN)3[Cr(NCS)s]

In the IR spectrum of the solid purple salt (Et4N)3[Cr(NCS)¢] we saw one
band in each of the four fingerprint regions as prcdicfed in the theory. In the Raman
spectrum of the solid we observed three bands in the vcy region, but the third peak
which occurred at 2084 cm! did not appear in the Raman spectrum of a solution of the
complex in acetone, indicating it was probably due to solid state splitting. Although
two bands are predicted in each of the other two stretching regions vcs and vy only
one rather weak peak was observed for each vibration and the one at 840 cm™! did not
appear in the Raman spectrum of the solution. The second predicted vibrations (Eg)
were probably too weak to be observed. One band was seen in the Raman spectra of
both the solid (486 cm‘l) and its solution (488 cm’l) corresponding to the Sncs

vibration.

(Et4N)3[Fe(NCS)s]

Similar characteristics were observed in the spectra of the red salt
(EuyN)3[Fe(NCS)¢] . In the vey region we saw a single strong peak at 2087 cm™ in the
IR and two bands at 2110 and 2049 cm™ in the Raman spectrum of the solid, although
curiously the latter were not observed in the Raman spectrum of the solution. The only
vibrational band which we could assign to the vcg vibration occurred at 830 cm’! in
the Raman spectrum of the solution. Four very weak peaks were seen in the IR in the
region where we expected vy vibrations to occur but in the Raman only one peak
was observed at 256 cm™ and as this fell outside the frequency range for a metal-N
stretch as listed in table 3.2.ii. we have tentatively assigned it to a Fe-N (§un)
deformation mode using the example of Butje and Preetz who assigned a band at 246
cmltoa SosN mode.?*® In the same region of the Raman spectrum of a solution of the
complex in acetone there were four bands, two at 326 and 283 cm’! which we attribute
to vmN vibrations and two at 255 and 230 cm™! to & MN. In the 3ncs region we saw one

IR band at 481 cm™ and one Raman band only was observed at 493 cm™! in the

182



spectrum of the solution in acetone 1in this region.

(EtyN)4[Ni(NCS)s] and K4[Ni(NCS)s].

Direct comparison of the IR spectra of the solid blue complexes
(EtyN)4[Ni(NCS)g] and K4[Ni(NCS)4] showed them to be very similar although more
bands were observed in the vcp region than are predicted. For the potassium salt there
were two IR bands and three Raman bands (one more than predicted in each case) and
the tetracthylammonium salt gave a single broad IR band and three Raman bands. In
the Raman spectrum of the [Ni(NCS)5]4' ion in acétone there was only a single weak
band at 2098 cm!in the ven re gion.

There were two IR bands in the vy region of both salts but they occurred at
surprisingly low frequencies for an N bonded complex (<780 cm!). However, as the
positions of these bands in the complexes were in close agreement to each other and
the bands in other regions occurred at frequencies expected for an N bonded species it
is likely that the literature value of 825 cm™! 248 was a misassignment although it was in
the region expected for the Sycg vibration of an N bonded thiocyanate. We observed no
spectral features in the vyN region of either complex and the literature value of 240
cm 2* is more likely to be due to a Sy deformation mode. In the dncs region of the
spectra we observed bands which were as predicted plus one extra weak IR peak at 486

cml in the potassium salt.

K3[Rh(SCN)s].

As mentioned earlier the X-Ray crystal structure of K3[{Rh(SCN)g], shown in
fig. 3.2.1 below has been determined and the D34 symmetry confirmed.?>® The group
theory predicts two IR and two Raman bands for all the stretching modes and also for
the dncs deformation. In the IR spectrum of the solid we observed one extra ven
band at 2050 cm!, and two additional peaks in the 8ncs region at 486 and 471 cm’!

which could have been due to free SCN™ trapped in the lattice (see table 3.2.ii),
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although the elemental analyses of this complex were good (see experimental section
3.4). In the Raman spectrum of the red solid we observed only one vey band at 2114
cm’!, one veg band at 709 cm™! and no discernible SNés bands although this vibration
generally appears to be weak in the Raman. The Raman spectrum of a solution of this
complex in acetone yielded one each of the vcn, ves and Sncs modes and three strong
bands in the vy region at 308, 275 and 261 cm!, one more than observed by Fricke
and Preetz®? for the isomeric system [Rh(NCS),(SCN)s. n] . However, in his study
a peak at 306 cm’! was seen in the IR of (BuyN)3[Rh(NCS),(SCN)4] and assigned
to a Sncs vibration. If this is a correct assignment ihen the complex that we prepared
was actually a mixed species in solution, (this band was not seen in the Raman
spectrum of the solid) despite the fact that the acetone solvent is in class I and should
thus have been expected to stabilise the Rh-SCN conformation (see section

3.2.1.c).2¢7

Fig.3.2.i. The structure of the [Rn(SCN)g]*" anion.2
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ii. Four coordinate complexes.

Crystal structures have been dbtained for all the four coordinate complexes studied
herein. The anions in N bonded isothiocyanato species, Ko[Co(NCS)].3H,0%%8 and
Kg[Zn(NCS)4]269 are tetrahedral with linear M-NCS units whilst a square planar
configuration is found for the anions in the thiocyanato complexes Ko[Pt(SCN)4] 279

and Ko[Pd(SCN)4l, (see fig.3.2.11). 257 The vibrational data are listed in table 3.2.ii.

K2[Co(NCS)4] and (EtyN)2[Co(NCS)4].

For these N bonded tetrahedral species group theory predicts one coincident IR
and depolarised Raman active (T7) band for each of the modes vcn , ves dncs and vvn
plus one extra Raman active mode (A; for the stretching vibrations and E for the Sncs

mode).

Fig.3.2.ii. The structure of the [Co(NCS)4]2‘ anion.?>?

In the ven region of the blue solid Ko[Co(INCS)4] two coincident bands were
seen at 2090 and 2071 cm! in both the IR and Raman spectra; it was possible that
solid state splitting made the A; mode IR active in this region. The tetracthylammonium
salt was also deep blue but had only one peak in the vcy region of the IR spectrum at

2063 cm™! which was not coincident with any of the three Raman peaks observed.
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However, the Raman spectrum of a solution of the [Co(NCS)4]2‘ ion in acetone had
peaks which confirmed the predictions of the group theory, the polarised A; mode
occurring at 2103 cra™! and the depolarised T vibration at 2079 cm™.

In the vcg region solid K3[Co(NCS)4] again had two IR peaks, one of which
lay at 819 cm™, very close to the Raman band at 816 cm™.. The spectra of the solid
’tetraethylammonium salt had only one weak IR peak at 842 cm™! and two strong
Raman bands at 838 and 834 cm™!. The Raman spectrum of the solution species in this
region had only one polarised band at 826 cm!; the depolarised band was presumably
too weak to be observed in the Raman. In the other stretching region vy, the expected
behaviour was followed more closely. Solid K[ Co(NCS),4] had one IR (at 292 cm™)
and two Raman bands (296 and 287 cm™)) whilst solid (Et4N)2[Co(NCS)4] had a
single strong IR band at 307 cm™, but no peaks were observed in the Raman. In the
Raman spectrum of the solution the depolarised T, vibration was observed at 295 cm ™!
and the polarised A; mode at 287 cm™.

Three weak bands were observed in the dncs region of the IR spectrum of solid
Ko[Co(NCS),], but only one weak peak was seen at 497 cm™ in the Raman which did
not coincide with any of the IR bands, but was very close to the band observed at 496
cm!in the Raman spectrum of the solution. It can be seen from table 3.2.iii that the IR
bands that we observed for the above complexes were in close agreement with the
literature values?*® but few of these values agreed with the bands observed in the
Raman spectra of the solid complexes or the [Co(NCS)4]2' ion in solution indicating
the effect that solid state splittings have on the vibrational spectra of the solid

complexes.

(Et4N)7[Zn(NCS)4]
This white complex had very simple vibrational spectra. The IR spectrum of the
solid had a single band in each of the fingerprint regions, all of which were in close

agreement with the literature values.?*® In the Raman spectrum of the solid there were
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two strong bands in the vey region. The lower of these lay at 2069 cm! and was close
to the IR band at 2073 cm’l; we thus assigned it to the T mode. In the vcg region there
was one moderately strong Raman band which was also prébably due to a T mode
due to its proximity to the IR band at 833 cm™. In the Sncs region we saw one weak
band in the Raman coincident with the IR band at 483 c¢cm’}, and thus also assigned as
T,. There was no Raman band in the vy region and the peak at 284 cm™! in the IR
was very weak. In the Raman spectrum of a solution of salt in water we saw a single
depolarised band at 2110 cm! in the ven region and one very weak peak at 831 cm™ in

the vcs area. No other bands were observed.

K3[Pd(SCN)4] and (EtgN)2[PA(SCN)4].
For these square planar thiocyanato complexes we expect two Raman (A,

polarised and B 14, depolarised) and one IR active (E,) band for each stretching mode.

Fig.3.2.iii. The structure of the [PA(SCN)4]* anion.?>’

In the ven region of solid Ko[Pd(SCN)4] we saw two strong IR bands at 2125
and 2093 cm™ and three Raman bands whilst there was only one band in both the IR
(at 2108 cm™) and Raman spectra (at 2110 cm™) of the tetracthylammonium analogue.
We observed one IR and two Raman bands in accordance with the theory in the vcg
region of solid K5[Pd(SCN)4], but there were two bands in both the IR and Raman
spectra of (EtsN)o[Pd(SCN)4]. The two IR bands at 302 and 206 cm’! in the vpg

region of the spectrum of the solid potassium salt agreed with the literature?*® but no

187



bands were observed in the Raman spectrum of this salt. However, in
(EtsN)2[Pd(SCN)4] we saw one IR band at 294 cm™! and two peaks in the Raman at
275 and 260 cm’. .

In the region of the bending modes we observed four IR bands in the spectrum
of K5[Pd(SCN)4] all of which agreed with those reported in the literature®*®, but no
Raman bands. There were two IR peaks at 431 and 418 cm™! and one Raman band (at
498 cm) in this region of the spectra of the tetracthylammonium analogue. The Raman
spectrum of the [PA(SCN)4]* ion in acetone had one ven band (at 2110 cm™), one
ves band (705 cm™!) and one Sncs band (466 cml), none of which was strong
enough to enable us to carry out polarisation studies, but the two peaks in the vy area
were more intense and we ascertained that the band at 281 cm™! was polarised and thus

Ajg whilst the other band, at 263 cm’! we attributed to the depolarised B,y mode.

Ko[Pt(SCN)4] .

The spectra for this complex were very similar to the Pd(II) analogue. In the
ven region there were two IR bands and two Raman bands in the spectra of the solid,
but only one strong band at 2123 cm™ in the spectrum of the solution in acetone. In the
ves region we saw one band only at 698 cm™ in the IR, at 701 cm™! in the Raman of
the solid complex and at 703 cm™! in the spectrum of the solution. The vy region of
the spectra was different from that in other complexes; we saw no IR bands, two weak
Raman bands were observed in the spectrum of the solid and three Raman bands at
312, 302 and 278 cm’! in the spectrum of the solution.The first two of these were both
polarised and the latter depolarised.

There were three peaks in the Sncp region of the IR spectrum occurring at 478,

438 and 428 cm! which agreed with with the literature 2%

although we did not observe
the fourth reported value at 472 cm™. Only one very weak band was seen at 466 cm ™!
in the Raman spectrum of the solid and this was not strong enough for us to observe it

in the spectrum of the solution.
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Table 3.2.iii Vibrational spectra for four coordinate thiocyanato and isothiocyanato complexes.

Complex VON (cm'l)
Ko [Co(NCS),].2H,0 R 2090s,2071s
R 2085,2067
R 2090(10),2071(9)
(Et4N)o[Co(NCS)4] IR 20635
R* 2065
R 2091(8),2053 (10),2044(9)
R* 2103(5)p,2079(6)dp
(EtyN),[Zn(NCS)4] IR246 2073vs
R 2072
R 2102(8),2069(10)
R* 2110(8)dp
Ko[Pd(SCN)4] R 21255,2093s
R*  2122,2093
R 2130(2),2125(10),2101(8)
R* 2116(5)
(Et4N)o[Pd(SCN)4] IR 2108vs
R 2112,2109
R 2110
Ko [P(SCN),] IR 21275,2097s
R¥  2130.2100,2052
R 2129(10),2103(9)
R* 2123(10)
Key: R*- Raman solution in acetone

Rag- Raman solution in water

-1
ves (cm )

836w,819w
820
824(3),816(6)

842w
844,838
838(9),834(8)
826(10)p

833w
837
840(6)
831(1)

704m
709,703,697
707(5),699(1)
705(3)

699m667m
698,694
697,668

698w
697
701(3)
703(2)

Snes(em™)

477w, 470w ,454w
478
497(1)

482m
481

496(2)

483m
482
484(1)

474m,468m,4425,432s
474,468,442,432

;166(1)

431m418w
465,433,429,418
498

478w,438m,428m
478,472,438,427
466(1)

-1
vmx (em )

292m
286
296(1),287(1)

307s
311

295(5)dp,287(4)p

284w
287

302m,286s
300,286

281(10)p,263(3)dp

294m
294
275,260

293,283
292(1),257(1)
312(5)p,302(3)p,278(8)dp

SM.x(cm'l)

237(1)221(10)



iii. Other homoleptic thiocyanate complexes. -

The data for these complexes are presented in table 3.2.iv. overleaf.

K3[UO(NCS)s].

The X-ray crystal structure of the caesium salt of this complex has been
determined®* and confirms that the symmetry of the anion is pentagonal bipyramidal.
On the basis of this symmetry, group theory predicts that there will be one IR band
(E1") and two Raman bands (A;', polarised and E,', depolarised) in each of the
stretching regions vcn, vcs and vpmn. |

In the IR spectrum of the solid K3[UO,(NCS)s] we observed three IR bands in
both the ven and ves regions but none in the vy region. The Raman spectrum of the
solid was more complex with four bands in both the vcyn and veg regions and two in
the vin. The Raman spectrum of a solution of the complex in acetone had three bands
in the ven region although it was possible that one of these, at 2055 cm™! was due to
free SCN'. In both the vcs and vy regions we saw two bands in agreement with the
predictions of group theory but these peaks were not strong enough to enable us to
carry out polarisation studies. There were four bands in the IR spectrum of solid
K3[UO,(NCS)s] which we could assign to 8ycs vibrations although three of these
were weak. No bands were seen in the Raman spectra of either the solid or solution in

acetone which we could attribute to the dncg vibration.

K[Cu(NCS)3] and Pd(SCN),.

It is likely that both of these species are polymeric or at least contain bridging
thiocyanate groups as reflected by the high frequencies (above 2140 cm™) of the ven
bands.!*® The structure of K[Cu(NCS)3] might be similar to that of K[Cu(NCO)s3] in
which there is a pseudo-tetrahedral arrangement of ligands around each metal atom (see
section 3.3.1I). Unfortunately the dark green colour of the complex prevented us

measuring the Raman spectrum but in the IR of the solid two bands occurred in each of
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the fingerprint regions except the vcy region in which the single band at 2148 cm!
was very broad. All the bands occurred at frequencies consistent with the anion
containing N bonded isothiocyanato ligands. »

In the spectra of PA(SCN), there were coincident Raman and IR bands at 2158,
772 and 474 cm™!. A second IR band was also observed in the ven (at 2123 cm™),
ves (at 714 cm™Y) and  Sycs (424 cm‘l) regions but no peaks were observed that could
be attributed to vpms. In the Raman spectrum of this yellow solid there were, in
addition to the coincident bands mentioned above, bands at 430, 284 and 233 cm’!

which we attributed to the vibrations 8ncs, vms and Sys respectively.
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Table 3.2.iv. Vibrational spectra for miscellaneous thiocyanato and isothiocyanato complexes.

Complex

K3 [UO(NCS)s]

K[Cu(NCS);]

Pd(SCN),.2H,0

Key: R*- Raman solution in acetone.

IR
IR

R*
LR

IR
R

-1
ven (em )

2090m,2057s,2032w

2090,2055

2089(5),2061(5),
2047(5), 2028(7)
2099(1),2055(2),2046(1)

2148s,br

2158s,2123sh
2175(1)2162(2)

.1
ves (em 7)

828m,805w,770w
813,802
837(10),820(4),
812(4),805(3)
848(6),813(1)

798m,746w

772w, 714w
772(1)

Snes(em™)

484s,476w,470w,403w
482,408

469s,440s

474w 424w
475(1),430(1)

-1
Vm.x (em™)

568(2),231(1)

281(3),272(1)

343vs,256m

-284(3)

Sp.x(em™)

214(1),193(1)

227(10)

233(1)



b. Mixed thiocyanate complexes.

We have prepared a variety of substituted thiocyanate complexes of
palladium(I), platinum(II) and copper(Il) . Where possible both isomers were
prepared to compare the differences in their vibrational spectra. The results for the
Pd(II) complexes are summarised below in table 3.2.v.while table 3.2.vi. concerns the
complexes of Pt(I) and Cu(Il).

The symmetry of these species is much lower than for the homoleptic
complexes above and so treatment of the group theory is not included. However, it is
re:ported139 that for complexes of the type [MLz(NCS)z] based on a square planar
structure like Kj[Pt(SCN)4] the skeletal point groups are C,y for cis complexes and
Doy, for their trans analogues. Using these pbint groups,we predict for cis complexes
A1y and By modes which are each both Raman and IR active for each of the modes in
the stretching regions (ven, ves and vyvn). For centrosymmetrictrans complexes we
should find A, (Raman polarised, infrared inactive) and B, (IR active only) for each
of the ven, ves and vyn modes. The only X-ray crystal structures determined which
clarify the bonding of the mixed species studied here are that of trans-[Pt(py),(SCN),]

). 272

(see fig.2.3.iv which is square planar and [Cu(py),(NCS),] which is reported to

have a tetragonal bipyramidal structure and must therefore contain bridging thiocyanate

groups.?”

[Pd(phen)(SCN),].

Because of the bidentate nature of the phenanthroline ligand this complex is
obviously cis and this was demonstrated by the observation of coincident bands in the
IR and Raman spectra at 2106 and 2090 cm™ in the vy region and at 460 and 416
cmlin the Sncs region. All the bands seen in both the IR and Raman spectra occurred
in the frequency ranges expected for an S-bonded thiocyanato complex although we did
not see bands that agreed with those reported in the literature in either the vcs or vivs

regions.274 The formation of an S-bonded thiocyanato species was expected from the
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preparation carried out at low temperatue (> 60°C) but the complex turned brown and
decomposed when heated at 150°C and no isomerisation took place unlike as reported

in the literature.

[Pd(bipy)(SCN),] and [Pd(bipy)(NCS),].

Both these isomers were prepared; the brown isothiocyanato complex was
obtained by heating the yellow thiocyanato complex at 150°C for thirty minutes. In the
vcN region the only differences that occurred in the vibrational spectra upon
isomerisation were the loss of the peaks at 2072 crvn'1 in the IR and 2078 cm™ in the
Raman spectra of [Pd(bipy)(SCN),] and the appearence of a peak at 2101 cm™ in the
Raman spectrum of [Pd(bipy)(NCS),] . In the vcs region the IR bands at 706, 644 and
647 cm™ in the spectrum of [Pd(bipy)(SCN);] were replaced by two at 850 and 843
cm™, changes which clearly showed the change in the mode of bonding. In the vy
region, one of the two IR peaks and one Raman peak at 322 cm™ disappeared and were
replaced by new peaks at 291 and 256 cm! in the IR spectrum and 282 and 274 cm ! in
the Raman. However, the presence of a strong band at 270 cm’l, (a frequency
indicating N-bonding) in the Raman spectrum of [Pd(bipy)(SCN);] and IR bands at
431 and 417 cm™ which were indicative of an S-bonded species in the spectrum of
[Pd(bipy)(NCS)2] suggested that despite the low temperature preparative method used
to favour the initial formation of the the thiocyanato complex and the colour change
accompanying the isomerisation, both the complexes were mixed to some degree. An
initial attempt at the preparation of the S-bonded species resulted in the formation of the
pink complex [Pd(bipy),][Pd(SCN)4] which demonstrated the variety of possible

species that could be prepared by the same general method. 2%
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Table 3.2.v. Vibrational spectra for substituted thiocyanato and isothiocyanato complexes of palladium(II).

Complex

[Pd(phen)(SCN), ]

[Pd(bipy)(SCN);]

[Pd(bipy)(NCS),]

[Pd(py)2(SCN),]

[Pd(AsPh3),(SCN),]

[Pd(AsPh3 ,(NCS),]

214

R =

R
R2’75

IR

IR274

-1
VeN (cm )

2115m,2106m,2088s

2116
2107(8),2092(6)

21235,21045,2072m

2117
2121(3),2078(1)

2125s,2101s
2115,2100
2125(4),2101(5)

2116s,2104s
2112
2118(3),2104(1)

2119m,2072mbr
2119
2121(10),2097(3)

2090s
2085
2101(1),2094(1)

Key: a - Band obscured by organic ligands

-1
ves (em )

716s
695

718(2),708(2),702(2)

706w,664m,647m
700

850w,843m
865
844(1)

8545,848m
854

SNCS (cm'l)

460w,431m,416w
418

460(1),416(3),399(1)

430w,425w,414m

448w,431m,417m
458
466(2)

432m
436,424

414vw
418

VM-X (cm'l) SM_x(Cm-l)

327m,302w
319
279(10),263(2) 231(1)

327w,278w
319

322(8),270(10) 234(2),207(5)

- 291m,256vw

261

282(9),274(10) 234(8)

304w,291w,269w

576(1),270(10) 207(3)

326w,311m,300w
311
340(2),328(5),279(8)

337m,329m,315w
265
337(1),269(3) 232(1)



[Pd(py)o(SCN),] .

It is reasonable to assume that the structure of this complex is the same as for
the Pt(II) analogue, which we did not prepare. The structure of the latter complex is

shown below in fig.3.2.iv.

Fig.3.2.iv. The structure of [Pt(py)a(SCN),].2"2

The spectra of [Pd(py)2(SCN),] agreed well with each other and also with
those reported in the literature.2’* The SNcs band at 432 cm™! in the IR was the best
confirmation that the complex was S-bonded and coincident IR and Raman bands at
216 and 2104 cm’! suggested that this complex adopts a cis conformation,
Unfortunately the presence of ligand vibrations obscured any bands in the vcs region
but in the vys region we saw three bands in the IR and two bands in the Raman, one at
270 cm! coinciding with an IR band at 269 cm!. The complex decomposed on heating

and so no isomer was prepared.

[Pd(AsPh3),(SCN),] and [Pd(AsPhsz),(NCS),].

Both [Pd(AsPh3)2(SCN),] and [Pd(AsPh3z)(NCS),] were prepared; the
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isothiocyant eisomer was formed by heating the S-bonded analogue at 150°C for thirty
minutes. In the IR spectrum of [Pd(AsPh3)2(SCN);] the ven bands at 2119 and 2072

cm™! disappeared and a single strong peak at 2090 cm™ was observed in the IR of
[Pd(AsPh3)2(NCS),]. In the Raman spectra of the S-bonded thiocyanato complex there
were two bands at 2121 and 2097 cm™ which were replaced by weak bands at 2101
and 2094 cm™! in the spectrum of [Pd(AsPh3)2(NCS);]. No vibrational modes™ were
observed in the vcs region of the S-bonded species as there were strong organic ligand
vibrations in this region but in the IR of [Pd(AsPh3)2(NCS),] there were two peaks at
854 and 848 cm™! which were a good indication that isomerisation had occurred.
Similarly, the IR band at 414 cm™! in the spectrum of [Pd(AsPh3)2(SCN),]
disappeared when the complex was heated, but any new bands would have been
obscured by ligand vibrations in this region of the spectrum.

There were three bands in the IR spectra of both isomers but although these
bands were at different positions there was no apparent shift to frequencies indicative
of N-bonded species in the complex after heating. The lack of coincident IR and Raman
bands lead us to believe that the complex adopts a trans conformation like the Pt(1I)
analogue (see below), and this appears likely from consideration of the relative size of
the AsPhs3 ligand compared with that of pyridine which we concluded has a cis

structure (see above).

[PY(bipy)(NCS)2].

This orange complex was prepared at room temperature and the IR bands

observed occurred at frequencies expected for an N-bonded species. The band at 2116

1 -1 267

cm™ was different from that reported in the literature at 2095 cm , and we saw no
band at 844 cm™! in the vcs region as reported, but the peaks that we observed at 854
and 758 cm! were at frequencies expected for an isothiocyanato complex. This
disparity suggests that the complex we prepared differed from that reported in the

literature, although there were insufficient data to determine which of the complexes
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was a mixed species. A single peak was observed in each of the other two fingerprint
regions, occurring at 469 cm™ (3ncs) and 324 cm™ (vvp). Unfortunately this complex

fluoresced and so we were unable to measure the Raman spectrum of the solid.

[Pt(AsPh3),(SCN),] and [Pt(AsPhz),(NCS),].

It was not possible to determine the structures of these complexes as there were
insufficient bands in the vibrational spectra to demonstrate whether a cis or trans
structure was adopted. The IR spectrum of the solid complex [Pt(AsPh3)2(SCN),] had
two bands in the vey region, and one of these, at 21‘26 cm’l, lay very close to the only
Raman band observed in this region at 2124 cm™!. We saw only one IR band in the
vcs region at 862 cm’), which was in agreement with the literature value?6 although
this occurred at a frequency expected for N-bonded complexes, but any bands at
lower frequencies would have been obscured by the AsPh3 bands at 735 and 695 em’l,
There was one band at 874 cm™! in the Raman spectrum of the S bonded species which
we could attribute to a veg vibration. It is likely that this complex was actually a mixed
species with some N-bonds. In the vpys region there were three IR bands and two non
coincident Raman bands. No bands attributable to Sncs vibrations were observed as
strong ligand bands at 475 and 468 cm! occurred in this region.

There was little change in the vibrational spectra upon isomerisation although
there was a clear colour change from bright yellow to a much lighter hue when the S-
bonded complex was heated at 150°C to form [Pt(AsPh3),(NCS),]. In the vcy region
the two IR peaks and one Raman band observed for [Pt(AsPh3)2(SCN),] became a
single strong IR band at 2107 cm™ and two moderately strong Raman bands at 2122
and 2110 cm! in the spectra of the N-bonded isomer. The vcs band at 861 cm!in the
IR was unaltered from that observed in the spectra of [Pt(AsPh3),(SCN),] although
the Raman band at 874 cn™' was not observed in the spectrum of the isothiocyanato
complex. One non-coincident band attributable to vyqn was observed in both the IR and

Raman spectra of [Pt(AsPh3),(NCS),].
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Table 3.2.vi. Vibrational spectra for substituted thiocyanato and isothiocyanato complexes of platinum(II) and copper (II).

Complex

[Pt(bipy}(NCS)21

[Pt(AsPh3 )»(SCN), ]

[Pt(AsPh ,(NCS), ]

[Cu(bipy)(NCS),]

[Cu(py)2(NCS))]

veN (em™)
R 2116s
R* 2095
R FLUORESCES.
R . 2126m,2090s
R* 2090
R 2124(2)
R 2107s
R 2122(8),2110(5)

IR 2093s,2078s,2043s
R 2092(2),2050(2)

IR 2155m,2092sbr
R 2099(1),2093(3)

a- bands obscured by organic ligand bands.

ves (em™) Sncs (em™)

854w,758m 469mbr
844

862w,a a
861
874(1) -

861m a

820w,814w 468m,420m
814(3),769(10),738(1) 478(1),435(9)

825m,692s 477m,468m,434s
863(1),822(1) 478(10)

vmx (em™h) m.x(cm’h)

324s

369m,342w,323w

318(2),291‘(4) 235(3)

339m
347(1) 242(1),232(10)

291w
254(2) 230(3)

319s
288(2),245(8)



[Cu(bipy)(NCS);] and [Cu(py)2(NCS),].

Both these complexes were prepared at room temperature and as Cu(Il) is
regarded as a hard metal centre it is to be expected .that they would be N-bonded
species. The blue solid [Cu(bipy)(NCS),] had vibrational bands characteristc of an
isothiocyanato complex. In the vcn region we saw three strong IR bands and two
weak Raman bands, one of which was coincident with the IR band at 2093 cm™!. A
coincident IR and Raman band also occurred in the vcs region at 814 cm™! and there
was one extra peak at 820 cm™! in the IR spectrum, and two in the Raman at 769 and
738 cml. We observed single peaks in the IR (th 291cm™!) and Raman (254 cm™)
spectra attributable to vpy and a further peak at 230 cm™ in the Raman spectrum
which was possibly due to a Sy deformation.

The complex [Cu(py)2(NCS),] was also blue but had bands indicating that
there were bridging and S-bonded thiocyanate groups. One of the two IR bands in the
veN region occurred at 2155 cm!, which indicated that the solid contains bridged
thiocyanate groups'? and in the vcg region the two IR peaks lay at 825 cm™!, as
expected for an isothiocyanato species and also 692 cm™, a frequency associated with
an S-bonded complex (see table 3.2.1). In the Raman spectrum of this compound there
were two weak bands in each of the above regions, one of which was coincident with
an IR band at 2092 cm™! in the vey region and also at 822 cm™! (vcs). The presence of
these bands suggested that the complex adopted a cis configuration as coincident bands
were observed in these regions for other complexes with cis structures such as
[Pd(phen)(SCN),] and [Pd(bipy)(NCS),]. In the vy region we observed one strong
band at 319 cm™ in the IR spectrum and two bands at 288 and 245 cm™ in the Raman

spectrum.
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3.2.II1. Conclusions.

We have measured vibrational spectroscopic &m for a number of thiocyanate
complexes and our results, particularly the new Raman data we have recorded confirm
the conclusions regarding the modes of bonding reported in published
work.26%274.275 Wwe set out to assess the suitability of Raman spectroscopy as a
technique to help indicate the mode of bonding in these complexes but have found that
the bands in the fingerprint regions (ven, ves and Sncs) are all rather weak in the
Raman and so we conclude that IR spectroscopy is‘better suited to this task. The vmn
bands are often strong in the Raman and if the frequency of these bands is considered
then this is a useful technique for their determination. However, there could be some
confusion in distinguishing vyN stretches from Syn deformations which occur at
lower frequencies. In our work we have assigned all vibrations below about 240 cm™
as dmN modes in accordance with Preetz and coworkers in their studies of
thiocyanate complexes of Ru(IID®! and Os(I11).2*8

Of the four fingerprint vibrations we consider the vcs mode to be the best to
use in determination of the mode of bonding in thiocyanate complexes as the frequency
ranges expected for N and S bonded species lie furthest apart. All of the N-bonded
isothiocyanato complexes had vcg vibrations above 770 cm™! and all the S-bonded
thiocyanates had most bands. below 720 cm’l. The major exceptions to this are the
salts of [Ni(NCS)6]4' for which we observed a band as low as 722 cm™! in the IR
spectrum of the solid complex (Et4N)2[Ni(NCS)s]. We saw a band at 748 cm!in the
IR and 750 cm’! in the Raman spectrum of solid K3[Rh(SCN)e], although we have
discussed the possibility of there being some isomeric N-bonded species in this
complex taking into consideration the work of Fricke and Preetz. % There is too great
an overlap between the expected frequency ranges of the S and N-bonded species in the
other fingerprint regions for determination of the mode of bonding to be conclusive,

although the different numbers of bands, arising from the different symmetries of the
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complexes, can provide valuable evidence which can aid this determination.
Our studies on the mixed complexes of Pd(II) and Pt(II) have shown that both
S and N-bonded isomers can be prepared but the vibrational spectra often suggested

that there was a mixture of both bonding modes in the prepared samples.
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In this section we present our results concemihg the preparation and spectral
characterisation of a number of cyanate complexes. These complexes were of particular
interest to us because of their possible role in the oxidation of cyanide complexes by
H,0, and other proxy species. Our results on this topic are presented after a short
introduction in which we outline the spectral and bonding characteristics of the cyanate

ligand.
3.3.] Symmetry and bonding in cyanate complexes.

In principle the cyanate ligand is ambidentate like the thiocyanate ligand but in
practice only a few examples of O-bonded cyanates with very hard, highly charged
metal centres have been reported on the basis of evidence from their IR spectra276
including the complexes [Re(OCN)g]> and [Mo(OCN)g]*>". 2’7 The overwhelming
propensity for the formation of N-bonded species in preference to the O-bonded
analogues probably arises because both sites on the cyanato ligand are hard and, unlike
the sulphur atom on the thiocyanato ligand, there are no low lying vacant d orbitals on
the oxygen. Vacant n* orbitals lie on the nitrogen atom thus rendering it the preferred
end for coordination?’8 and the nitrogen is less electronegative than the oxygen so it
might be expected that the o-donor orbital on the former will provide better overlap
with the metal acceptor orbital than that on the oxygen. Those species which do form O-
bonded cyanate species have vacant or partially filled d orbitals with the appropriate
symmetry to interact with filled =n-bonding orbitals on the cyanate,
e.2.[Zr(OCN)4]%. 278

The symmetry factors determining the number of spectroscopically active
vibrational modes have been discussed above in section 3.2.I with respect to

thiocyanate complexes. The linear free cyanate ion is characterised by three
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fundamental vibrations; vy at 2165cm™, veg at 1203 cm! and the doubly degenerate

8Nco at 628 and 635 cmL. The veo is shifted from the calculated value of 1254 cm!
due to Fermi resonance with the first overtone 28nco which is also expected in this

163
arca.

In transition metal complexes all these vibrations shift to higher wavenumbers.
The ven band is generally found above 2200 cm, veo around 1330 cm™! and the
Snco above 650 cml. Metal nitrogen stretches (vmn) tend to lie in the region 300-200
cm'L. 297 In O-bonded complexes there is little difference in the position of the vcn
bands, the vco bands shift to lower wavenumbers (1070-1300 cm™!) and the
deformation modes occur between about 590 and 630 cm™’.!*® The bands are very
intense in the IR and are correspondingly weak Raman scatterers; they are indeed so
weak that it is often not possible to measure the Raman spectra of cyanate
complexes.280 However electronic spectra, magnetic propertics?‘m, 14N and 13C NMR
data!'?>?2 have been measured and indicate that N bonding occurs in most complexes.

Work on mixed complexes of PA(II), PtID?* and Cu()?’® similar to those
described earlier?®’ for thiocyanato complexes has shown that, despite the presence of
bulky, electron withdrawing ligands (AsPhs, py, bipy) which promote isomerism in

the thiocyanato species, the N-bonded isocyanato species only are found.
3.3.I1 Results and discussion.

We have prepared a number of homoleptic and mixed isocyanato complexes to
confirm the identity of the donor atom and, where possible to measure the Raman
spectra for those complexes where these have not previously been measured. The
results for homoleptic cyanato complexes are summarised in table 3.3.1, and in table

3.3.ii we present the data measured for substituted complexes.
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Table 3.3.i Vibrational spectra for isocyanato complexes.

Complex VCN(cm'l)
K, [Co(NCO),] R 2220,2200,2188sbr
R 2229,2208,2191,2167,2120,2098
R 2245(2)2180(3)
(Et4N),[CoNCO),] IR 2225sbr
R3 2217,2179
R 2271(2),2182(1)
R* .
(EtysN),[Zn(NCO),] R 2193sbr,2091s
R¥ 2200
R .
Raq -
K[Cu(NCO);] IR 2268sbr,2216sbr,2151s
RY  2270,2251,2220,2163,2150,2105
R -
Reg  2175(2)
K[CANCO)3] IR 2249sbr,2214s
IR 2246,2203,2151,2140,2113,2088
R .
AgNCO R 2185vsbr
R® 2170
R 2292(1),2215(1)
Key: R* - Raman solution in acetone

Rag- Raman solution in water

-1
Veo(em )

1344s
1347,1078
1348(10),1304(2)

1345m,1338s

1335
1333(10),1300(1)
1356(5)dp,1334(5)p

1333m,1305w
1333

1359(2)
1350(1)

1345m,1316w,1292w
1348,1318
1357(3),1306(4)
1350(3),1320(3)

1328w,1298w
1368,1350,1300,1291
1372(2),1357(6),1306(6)

1349m,1303m
1350
1332(8)

Snco (em™)

654m,642s,631s,623s
657,635,628
619(1)

611s
620,617
613(3)
612(1)p

627s
624,615

703m,660s,647s,609s
660,622,609
739(4),697(1)

633(1)

697m,6645,648s,613s
658,646,620

654s,618w,594s
657,598

-1
VMmN (em )

384s354s

348s
345
344(2)

320w

328
381(4),352(10)
359(1)

345s
400,355,340,320
382(2),361(1),351(10)

288s
290,280
382(2),351(5)
374w,305w

380(2),352(4)

Sun(em™)

230(10)

221(10)

220(10)



a. Homoleptic complexes.

The only X-ray crystal structures that have been detefmined of the complexes
studied here are those of K[CA(NCO)3]23* (see fig3.3.ii) and AgNCO (fig 3.3.i).28°
That there are few structures is probably due to the relative difficulty of preparing the
complexes in a pure state and to their instability. K[Cd(NCO)3] has a bridged structure
in which each NCO™ bridges with with three metal atoms. A bridged structure occurs in
AgNCO in which the cyanate group is bound to two metal atoms with a Ag-NCO-Ag

angle of around 98° as shown in fig.3.3.i. below.

Fig. 3.3.i. Structure of AgNCO.285

We assume that the symmetry of the anions in (Et4N)o[Zn(NCOQO)4],
K5[Co(NCO)4] and (EtyN)o[Co(NCO)4] ére the same as for their isothiocyanato
equivalents. If this is so they should have tetrahedral symmetry with A; (Raman
active polarised, IR inactive) and T9 (IR and Raman active, the Raman being
depolarised) bands in each of the stretching regions, ven, vco and vyn; in the Snco
region there should be E (Raman active, depolarised, IR inactive) and T, (IR and

Raman active, the Raman being depolarised) bands.
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K3[Co(NCO)4] and (Et4N o[ Co(NCO)4].

The vibrational spectra of the potassium salt were rather more complicated than
those measured for the tetracthyl ammonium anaiogue, as was also seen with
K4[Ni(NCS)¢] and (Et4N)4[Ni(NCS)g] (section 3.2.1I). This effect was also observed
for K73[Co(NCO)4] and (EtyN)2[Co(NCO)4] by Forster and Goodgamc:280 and was
attributed to the loss of symmetry in the former due to strong interactions between the
O atoms and K ions. Another reason could be that the larger tetracthylammonium
cations separate the complex anions more effectively so that coupling of vibrations
between the anions are reduced. The IR spectrum of solid K7[Co(NCO)4] had three
bands in the ven region and two peaks were seen in the Raman (theory predicted one

IR and two Raman). In the literature®07-246:280

the number of bands reported for all
the homoleptic isocyanato complexes was consistently greater than the number
predicted which suggests that the salts crystallise in rather more complicated lattices
than do the analogous thiocyanate complexes. However, we observed the predicted
number of bands in both the Raman (two) and IR spectra (one) for the vco vibration in
these salts and two strong peaks were observed at 384 and 354 cm™! which we attribute
to viNn- We saw four strong bands in the IR which we assign to dnco but only one
very weak band occurred at 619 cm™ in the Raman of the solid.

The number of bands observed in the spectra of (Et4N)2[Co(NCO)4] were
closer to the predicted number although we saw one extra vcg band at 1345 cm ™! in the
IR spectrum of the solid and only one weak IR band in each of the vyyn and dnco
regions. In the Raman spectrum  of [C_o(NCO)4]2' in acetone we saw only two
moderately strong vco bands and one weak vco band. No peaks were observed in

either the von or vun regions.

(EtN )2[Zn(NCO)y] .
The IR spectrum of white solid (Et4N)2[Zn(NCQO)4] had one extra band in

each of the veN, vesand vy regions, presumably due to solid state splitting. There
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was a single strong Snco band at 627 cm!

in the IR but in the Raman spectrum of the
solid, no bands were seen which could be attributed to either‘ ven or Snco- There was
one rather weak Raman band at 1359 cm™! which we assigned as vcg and the two
bands at 381 and 352 cm™! occurred in the region expected for vyy. In the Raman

spectrum of a solution of the complex dissolved in water, we saw only two weak

bands at 1350 and 359 cm™L. No bands were observed in the vy and Snco regions.

K[{Cu(NCO)3] , K[CA(NCO)3] and AgNCO.
It is reasonable to assume that K[Cu(NCQ)5] has the same bridged structure as
K[Cd(NCO)3] and it is reported that this latter structure has a pseudotetrahedral

arrangement of ligands around the cadmium atom. ¥ (see fig 3.3.i1) below.

Fig. 3.3.i. Structure of K[Cd(NCO)3].2%4

Their spectra were both very complicated with a number of strong, broad ven
bands above 2200 cm’! which might obscure any other bands reported in the
literature.2%” No Raman active bands were observed in this region apart from a very
weak peak at 2175 cm Lin the solution of copper(Il) chloride (0.5M) in excess KNCO

(3M). The bands in the other regions were close to those reported in the literature and
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the Raman spectra gave similar bands of lower intensities for all modes. The most
intense Raman band in K[Cd(NCO)3] occurred at 221 cm'l‘ and we assigned this to
SMN, rather than to a vy mode which would be bdth weaker and occur at higher
wavenumbers. The IR spectrum of AgNCO agreed well with that reported in the
literature®®® but the ven at 2185 cm™ was rather low for a bridging species. The Raman
bands observed in this region were very weak but much higher than the IR bands,
occurring at 2292 and 2215 cm™. In the spectra of all the above complexes it was the
vmN and v bands which were the strongest in the Raman and correspondingly these
were the weakest in the IR. The strongest IR modes were the other vibrations, the ven

and Snco.

b. Mixed Complexes.

Only a few mixed complexes have been prepared and of these the only crystal
structure determined has been that of [Cu(py)2(NCO),] which has trans square planar
symmetry and a bridging bond of the type Cu-NCO-Cu?®* out of plane to make the
copper effectively six coordinate (see fig.3.3.iii below). We expect the same
symmetries, and thus the same numbers of bands in the vibrational spectra as discussed
in section 3.2.II for the mixed thiocyanate complexes. The effect of changing the
organic ligand on the veny mode in Pd(II) cyanato complexes has been examined in

detail by Norbury and Sinha?®*2%8

and contrasted with similar effects in thiocyanate
and selenocyanate complexes. It is true to say that the ligands used in this work were
not sufficiently bulky or electron withdrawing to effect a change in coordination and
our results agree with the literature values. 283,288\ believe that the Raman spectra

are the first to be measured on cyanate complexes of this nature, and they support the

above conclusions.
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Table 3.3.ii Vibrational spectra for substituted isocyanato complexes.

Complex

[Pd(bipy)(NCO),]

[Pd(phen)(NCO), ]

[Pd(Asph3),(NCO),]

[Pd(py), (NCO)

[Cu(py),(NCO)

[Cu(bipy)(NCO), ]

VCN(Cm'l)
IR 2203sbr
R%38 2215.2195
R 2202(1)
IR ) 2236sbr,2204s
RZ328 2240,2202
R R
IR - 2217sbr
IR%E3288 9220-2210
R 2230(1)
IR 2206sbr
IR%328 2202
R 2213(1)
2204sbr
R*® 2208
R 2220(2)2195(10)2181(8)
IR 2200sbr

R 2236,2189
R 2219(2),2180(1)

-1
Vco (Cm )

1343m,1323m,1308w
1340
1337(2),1323(10)

1348m,1340m,1323w
1340

SNco(Cm.l)

624w,587m
587

616w,590s
600

1351(5),1340(3),1318(10) 566(3)

1348m
1340-1325
1352(2)

1338m,1301w
1332
1355(sh3),1343(10)

1325s
1320
1339(1),1328(9)

1341m,1326w,1309m
1322,1310

1344(2),1327(10),1314(3) 662(2),650(2),639(2)619(2)

618w,605w,586m
585,471,466

654m,626m,588s
586
658(4),625(6),607(1)

672w,639m,625m,611s
625,611

653(5),638(6),625(7),614(8)

641m,630m,616m
617,606

-1
vpmN (em ™)

421m,391m,370vw
389,374
393(2),378(3),302(4)

383s
380,353
378(4),316(1)

338m

340
361(8),336(6),327(10)
405m,300m
408,406,269
434(2),350(10)
437m,374s

378
420m,377m,350m

2-’:81(4),371(2),352(6)



[Pd(bipy)(NCO),].

As the 2,2-bipyridyl ligand is cis-bidentate this complex obviously adopts a cis
conformation and in the spectra there were similarities with the analogous
isothiocyanato complex, such as the observation of coincident bands which in this
complex occurred at 2203 cm!in the ven region, at 1323 cm!in the vco region and
also in the vy region at 391 cm! (see secﬁon 3.2.1Lb for the coincident bands that
were observed in the vibrational spectra of [Pd(bipy)(NCS),]). The band at 2203 cm’!
was actually the only peak observed in the vy region ence of of both the Raman and
IR spectra, although the band was very strong and broad in the IR, and weak in the
Raman.

In the vco region we observed three IR and two Raman bands; the one at 1323
cm™! was more intense in the Raman than it appeared in the IR. There were three IR

and three Raman bands in the vy region whilst in the dnco region we saw two bands

in the IR at 624 and 587 cm ! but none in the Raman.

[Pd(phen)(NCO),].

This complex also has a cis structure by virtue of the cis bidentate
phenanthroline ligand, although only one band was observed at 1340 cm! that was
coincident in both the IR and Raman spectra. There were two vcn bands at 2236 and
2204 cm™ which were in good agreement with those reported in the literature ®3 but no
Raman bands were observed in this area. Three bands attributable to vcg vibrations
were seen in both the IR and Raman spectra, and as in the above complex, the Raman
active bands at 1351, 1340 and 1318 cm’! were more intense than the IR active bands,
which lay at 1348, 1340 and 1323 cm™.. A single strong band at 383 cm ! was seen in
the vpmn region of the IR spectrum, and there were two weak Raman bands. In the
Snco region we saw two IR bands at 616 and 590 cm™ and in the Raman, one at 566

cm'l .
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[Pd(AsPh3)(NCO),].

The vibrational spectra of this complex were much simpler than for the other
mixed isocyanato complexes prepared. We observed a single IR band at 2217 cm! in
the vcn region and also a weak Raman band at 2230 cm’l. In the vco region of this
complex there was one moderately strong IR band at 1348 cm™ and one weak peak in
the Raman spectrum at 1352 cm™. The sinélc IR band at 338 cm™! in the vy region
agreed well with those reported in the literature®®® and in the Raman spectrum of this
area there were three relatively intense bands at 361, 336 and 327 cm’l. In the IR
spectrum there were three bending modes but, as fof [Pd(bipy)(NCO);], we saw none

in the Raman.

[Pd(py)2(NCO),].

There was only a single coincident band observed in the IR and Raman,
occurring in the Syco region at 626 cm™ in the vibrational spectra of this complex and
in comparison with the number of coincident bands observed in the spectra of
[Pd(bipy)(NCO),] (three) it seems likely that both this complex and
[Pd(AsPh3),(NCO),] adopted trans structurés in agreement with the literature.?3® The
spectra were similar to the complexes discussed above; in the vcy region a single
strong peak was observed at 2206 cm™ in the IR and there was one weak Raman band
at 2213 cm™. We saw two moderately strong IR bands and two weak Raman bands in
the vco region. The spectra of the remaining fingerprint regions were more complex,
with two IR and three Raman bands in the vy region and three bands in both the

Raman and IR spectra of the §nco area.

[Cu(py)2(NCO),]
As mentioned above the X-ray crystal structure of this complex has been
reported287 to be square planar with a trans conformation and a bridging Cu-NCO-Cu

out of the plane (see fig.3.3.iii). Our observations agree with the above determination
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and other literature.?’® There were no coincident bands in the stretching regions
élthough in the 3nco region one band was secr; at 625 cm’! iﬁ both the Raman and IR
spectra and a second was seen at 639 cm™ in the IR and 638 cm™ in the Raman. One
effect of bridging is the shifting of bands to higher wavenumbers than usual, and as
the highest vcn band lay at 2220 cm’l, comparable to the highest bands in the

complexes of PA(IL), it seems likely that these complexes also had some bridging.

Fig.3.3.iii. The structure of [Cu(py),(NCO),].2%7

Another indication of bridging is large splitting of bands (30-50 cm™)!3? and
this was apparent in the dnco region where the highest of the four IR bands occurred at
672 cm’! and the lowest peak lay at 611 cm™. In the Raman spectrum of this region
there were bands at 653 and 614 cm™! and in the vy area the two bands were at 437
and 374 cm™L.

The other aspects of the spectra of this complex were similar to those we have
described above. In the vcg region there was one IR band at 1325 cm™ and two peaks

in the Raman, one of which was strong at 1328 cm™. In the vy areas there were four
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bands in both the IR and Raman spectra and only two IR bands were observed in the

VMN Tegion.

[Cu(bipy)(NCO),].

This complex is, like its PA(II) analogue, cis and there were coincident bands
in each of the stretching regions at 2200 cm! (ven), 1326 cm’! ( vco) and in the vyn
region a band that appeared at 350 cm™ in the IR and 352 cm! in the Raman.
Elsewhere in the IR spectrum we observed bands in agreement with the literature 2’8
with extra peaks at 1341 and 641 cm™’. The Raman spectrum corroborated the IR data
and the general trends observed for the Raman bands of these mixed isocyanato
complexes; two weak vcn bands at 2219 and 2180 cm’), three vco bands one at 1327

cm™ which was strong. There were also three vy bands and four peaks attributable

to dnco.

Conclusions.

Our studies on cyanato complexes have confirmed the results of previous

investigations24

6.278.280 that N-bonded complexes are formed in both homoleptic and
mixed complexes of those metals used in this study. We have measured new Raman
data for these complexes, but have found that generally bands in the ven and dnco
regions are weak, if they are visible at all whilst the bands in the 8nco region are
usually intense.

Homoleptic cyanato complexes are difficult to prepare, but polymeric and
bridged molecules such as K[Cu(NCO)s] can be formed in aqueous solution and the
apparent absence of these species in the oxidation reactions of cyanide complexes
suggests that the mechanism of oxidation does not proceed via the formation of cyanate

complexes. We cannot conclude whether the observations made for the oxidation of

adsorbed complexes, in which adsorbed [Cu(NCO)3]” was formed were due to the

214



presence of the alumina (see section 3.1.II).

Mixed cyanate combléxcs can be prepared using the same general methods as
their thiocyanate analogues and their vibrational sbcctra have more bands than
homoleptic complexes, confirming that despite the presence of bulky, n-accepting

ligands the N-bonded isocyanato species are always formed.
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3.4 Experimental,

Section 3.1. Preparation of cyanide complexes.

K[Cu(CN),].

This was prepared by evaporation of an aqueous solution of equimolar KCN
and CuCN, after heating until the solution was clear yellow, to yield light yellow
crystals.2%? N.B. The sodium salt proved easier to pfepare than the potassium analogue
which tended to decompose to CuCN and Ky[Cu(CN)3] (yield = 100%).

(Found: C, 15.51; H, 0.00; N, 18.06; K,26.00%. C,N,KCu requires C, 15.53; N,
18.12; K, 25.28%).

K>[Cu(CN)3].
This was prepared using the above method but using different ratios of

reactants.289

(Found: C, 16.41; H, 0.00; N, 18.96; K 33.99%,. C3N3K,Cu requires C, 16.40; N,
19.13; K, 35.59%).

K3[Cu(CN)4].
This was prepared using the above method but using different ratios of

rcactants.289

(Found: C, 16.92; H, 0.00; N, 19.32; K 41.66%,. C4N4K3Cu requires C, 16.87; N,
19.68; K, 41.18%).
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Preparation of Cu(ll) cyano complexes.

The complexes below were prepared using the published methods.1%*

[Cu(phen);(CN)]NO3.H20.

Turquoise powder (yield = 39.9%).

(Found: C, 56.78; H, 3.14; N, 15.15%. C25H;8N¢04Cu requires C, 56.65; H, 3.42;
N, 15.86%).

[Cu(phen),(CN)][Cu(phen)(CN),].6H,0.

Green solid (yield =27.3%).

(Found: C, 52.68; H, 2.84; N, 14.10%. C39H3N¢O¢Cuy requires C, 54.86; H,
3.75; N, 14.75%).

[Cu(bipy)(CN)2INO3.

Brown powder (yield = 39.9%).

(Found: C, 50.82; H, 3.00; N, 18.60%. Ci4}13N503Cu requires C, 52.30; H, 3.50;
N, 17.34%).

[Cu(bipy)(CN)2].

Purple powder (yield = 12.4%).

(Found: C, 52.35; H, 2.84; N, 20.16%. C13HgN,Cu requires C, 53.00; H, 2.94; N,
20.61%).

K>[Ni(CN)4].

This was prepared using the published method?** from NiSO4.6H,0 (60g,
0.23 mol) in Ho0 (200 cm3) to which was added KCN (30g, 0.46mol) in H,O (60
cm’). The precipitate of Ni(CN), was washed with H,O and filtered overnight. To the
filter cake was added KCN (28g, 0.43mol) in H,O (30 cm?) to give a red solution
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from which orange crystals of K3[Ni(CN)4] (47g, 0.18mol = 80%) were precipitated
by the addition of ethanol (200 cm?}.Thcse were filtered off, washed with ethanol and
dried in vacuo. - ‘

(Found: C,19.89; H,0.00; N,26.48; K,31.97%. C4N4K,Ni requires C, 20.0; N,
26.67; K, 32.50%). |

K3[Zn(CN)4].
Zinc oxide, ZnO (3.24g, 0.04 mol) was added to a solution of NaOH (4.5M,

100 cm>) and the suspension heated to boiling for fhiny minutes. To the hot solution
was added KCN (10.42g, 0.16 mol) dissolved in the minimum of hot water and the
solution stirred whilst hot for ten minutes until most of the cloudiness had disappeared.
This hot solution was filtered to remove unreacted ZnO and when cool, poured into
acetone (300 cm?>) whereupon a white precipitate was formed. This was filtered off
(2.08g) and the mother liquor reduced under vacuum to yield a further portion of
Ko[Zn(CN)4] (7.68g). The crude portions were recrystallised from hot water and
ethanol and dried in vacuo. (total yield = 98%) ‘

(Found: C,19.57; H,0.00; N,22.62; K,31.70%. C4N4K7Zn requires C, 19.39; N,
21.56; K, 31.58%).

K3[Cd(CN)4].

This was prepared using the method of Dickinson.”¢ To Cd(NO3),.4H,0 (3g,
9.73 mmol) in H,0 (20 cm’) was added NH,OH (2 cm?, 35%) and the white
precipitate formed removed by centrifugation. After washing this solid twice with
water, a solution of KCN (2.6g, 39 mmol) in H,0O (10 cm’) was added and the
mixture stirred until it became clear, whereupon it was added to ethanol (100 cm3) to
precipitate out the white product. This was filtered, washed with methanol (25 cm’)
and dried in vacuo. (yield 1.97g 7.9 mmol = 69%).
(Found: C,16.14; H,0.00; N,18.66; K31.20%,. C4N4K,Cd requires C, 16.29; N,
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19.00; K, 31.33%).

K3[Pd(CN)4].3H,0.

This preparation was a modification of that reported by Stefano and Burmeister
for K,[Pd(SCN)41.2% An aqueous solution (20 cm®) of PdCl, (0.5g, 4.7 mmol) and
KCN (1.23g, 19 mmol) was stirred and heated until it was completely clear. The liquor
was transferred to a basin and left to evaporate to dryness. The white solid was
redissolved in the minimum of hot water (<5 cm>) and ethanol added dropwise until
cloudiness was observed. The solution was transfefrcd to the refrigerator and left for
the white product to crystallise out. The crystals were filtered and air dried. (Yield
0.347g 1.0 mmol = 21.6%).

(Found: C, 13.96; H, 1.74; N, 16.21%. C4HgN4K,03Pd requires C, 14.02; H, 1.75;
N, 16.36%).

K>[P{(CN)4].H,0.

This was prepared using the above rﬁcthod from PtCl; to form yellow crystals
which turned white on exposure to the air.
(Found: C, 11.75; H, 0.26; N, 13.41%. C4H,;N4K,0Pt requires C, 12.10; H, 0.50;
N, 14.17%).

K[Ag(CN),].

A solution of AgNOs3 (2g, 12 mmol) in H,O (30 cm®) was added to KCN
(0.77g, 12 mmol) in H,0 (20 cm3). The resulting white precipitate was centrifuged
off, washed twice with water and stirred in a solution of hot aqueous KCN (0.77g,
12 mmol in 20 cm? H,0) until all had dissolved. The solution was transferred to the
refrigerator and left to crystallise out overnight. The first batch (1.23g, 6.2 mmol) of
colourless crystals were taken for analysis after filtration and drying in vacuo, but a

second portion of solid (0.96g, 4.8 mmol) was precipitated by pouring the liquor into
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ethanol (100 cm®). (Total yield = 91.7%).
(Found: C, 11.00; H, nil; N, 12.25; K19.28%,. C;N,KAg requires C, 10.08; N,
11.76; K, 19.60%). '

Section 3.1.II. Adsorption methods.

Cocrystallizations were carried out using the published method.?*® Other
adsorptions were carried out by slurrying alumina (as supplied by Aldrich) in a solution
of the cyanide complex (0.1M) overnight. The alumina was filtered, washed three
times with water and transferred to an oven to dry at 80°C. IR spectra of the adsorbed
species were run as KBr discs between 2000 and 2300 cm™!. Electronic spectroscopy
was used to measure the concentration in solution of the cyanide complex before and
after adsoption in order to calculate the loading.

Oxidations were carried out using the complex adsorbed on alumina (1g) stirred
in a solution of HyO, overnight or until the oxidant had decomposed as measured
using peroxide test strips (Merck).

Montmorillonite K10 and Bentonite were supplied by Aldrich and Amberlite
IRA-904 standard grade by BDH. CR-20 ion exchange was made by Mitsubishi

Chemicals and lent to us by Interox Ltd.
Section 3.1.III. Mass spectrometry.

Negative f.a.b. mass spectra were run on a VG 7070E machine with a Xenon

gun by Mr John Bilton. The matrix for all samples was a glycerol water mixture.
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Section 3.2. Preparation of thiocyanate complexes.

a. Homoleptic thiocyanate complexes.
Unless otherwise stated the following complexes were prepared using the methods

published by Sabatini and Bertini. 24

(EyuN)3[Cr(NCS)s]

Light purple crystals.

(Found: C, 44.23; H, 7.58; N, 15.36%. C30H50N§S6Cr requires C, 45.54; H, 7.64;
N, 15.93%).

(Et4N)3[Fe(NCS)s]

Deep red microcrystalline powder.

(Found: C, 44.62; H, 7.58; N, 15.57%. C3oHgoNgS¢Fe requires C, 45.35; H, 7.55;
N, 15.87%).

K4[Ni(NCS)s] .H20

To NiBrp.3H,0 (1.0g, 3.7 mmol) in acetone 20 cm3) was added a solution of KSCN
(2.13g, 22 mmol) in HyO (5 cm?) and acetone (30 cm?), and the resulting green liquid
stirred for one hour. The white precipitate formed was filtered and the solution reduced
under vacuum to dryness. The solid was taken up in acetone (50 cm3), refiltered and
reduced again. This process was repeated three times until both the solution and
precipitate were blue. The solution was then poured into ether (100 cm?) and the blue
precipitate filtered and dried in vacuo. (yield 0.60g = 28%).

(Found: C, 13.22; H, 0.60; N, 13.71%. CgHaNgOS¢K4Ni requires C, 12.41; H,
0.34; N, 14.48%).
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(Et4N)2[Ni(NCS)s]

Light blue crystals (yield= 17%). .

(Found: C, 49.23; H, 8.86; N, 15.16%. C38H80N108gNi requires C, 49.24; H, 8.60;
N, 15.09%).

K3[Rh(SCN)s]

This was prepared using the method of Barbieri.2%¢

83.8%).

to form red crystals (yield =

(Found: C, 12.18; H, nil; N, 14.03; K, 18.94%. CgNgSgK3Rh requires C, 12.72; N,
14.84; K, 20.67%).

K3[Co(NCS)4] 2H,0

Deep blue crystals prepared using the method described above for K4[Ni(NCS)g].
(Found: C, 11.82; H, 0.99; N, 12.83%. C4H4N40,54K,Co requires C, 11.85; H,
0.99; N, 13.80%).

(Et4N)2[Co(NCS)4]
Deep blue crystals (yield 21%).

(Found: C, 43.20; H, 7.53; N, 15.36%. C20H40NeS4Ni requires C, 43.51; H, 7.25;
N, 15.23%).

(EtyN)2[Zn(NCS)4]

White microcrystalline powder (yield = 85%).

(Found: C, 42.48; H, 7.28; N, 14.74%. Co0H4oNgS4Zn requires C, 43.09; H, 7.18;
N, 15.06%).

K[Pd(SCN)4]

Red orange crystals prepared by the method of Destefano and Burmeister.>>
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(Found: C, 11.57; H, nil; N, 12.88; K, 17.45%. C4N4S4K,Pd requires C, 11.52; N,
13.44; K, 18.06%).

(EtsN)2[PA(SCN)4]

Red crystals (yield = 57%).

(Found: C, 38.97; H, 6.16; N, 13.86%. Cy0H40NgS4Pd requires C, 40.09; H, 6.73;
N, 14.03%). |

K3[Pt(SCN)4]
Golden yellow crystals prepared by the method of Destefano and Burmeister.?3

(Found: C, 9.89; H, nil; N, 10.73%. C4N4S4K,Pt requires C, 9.50; N, 11.08%).

K3[UOy(SCN)s].2H,0

Yellow-orange needle crystals prepared according to the published method.?! (yield

66%).
(Found: C, 8.70; H, 0.34; N, 10.07%. CsH4N5S5K304U requires C, 8.41; H, 0.56;
N, 9.81%). '

K[Cu(NCS)3]

To CuCl; (0.5g, 3.7 mmol) in H,O (50 cm’) was added a solution of KSCN ( 1.44¢,
14.8mmol) in Hy0 (20 cm?). The dark green precipitate was filtered and dried in
vacuo. (0.45g, yield = 44%).

(Found: C, 13.18; H, nil; N, 14.94%. C3N3S3KCu requires C, 13.01; N, 15.18; K,
14.10%).

[Pd (SCN)2] 2H,0

Palladium chloride, PACl; (0.59g, 3.3 mmol) was heated in conc. HCI (s.g.1.18 5
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cm3) until all the solid had dissolved. To this solution was added a saturated aqueous
solution of KSCN (1.3g 13 mmol in approx 5 cm® H,0) and the liquid stirred for one
hour. The orange precipitate formedwas filtered and ajr‘dried.

(Found: C, 9.82; H, 0.45; N, 10.93%. Cy;N,S,Pd requires C, 9.30; H, 1.55; N,
10.50%).

b. Mixed Thiocyanate Complexes.

The following complexes were prepared using the methods of Burmeister and

Basolo.263

[Pd(phen)(SCN )]

Orange solid, decomposed on heating.

(Found: C, 42.23; H, 1.87; N, 14.07%. C,2HgN4S,Pd requires C, 41.76; H, 2.00;
N, 13.91%).

[Pd(bipy)(SCN),]

Light-yellow solid, turned brown due to isomerisation when heated at 150°C.

(Found: C, 37.28; H, 1.24; N, 14.49%. Ci4HgN4Sde requires C, 38.04; H, 2.13;
N, 14.79%).

[Pd(py)(SCN),]

Bright yellow solid.

(Found: C, 36.72; H, 2.26; N, 14.59%. C1,H19N4S,Pd requires C, 37.84; H, 2.65;
N, 14.71%).

[Pd(Asph3)(SCN),]
Yellow solid, turned orange on heating at 150°C due to isomerisation.

(Found: C, 56.33; H, 3.58; N, 3.96%. C3gH3oN,S,AsPd requires C, 54.33; H, 3.62;
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N, 3.36%).

[PY(bipy)(NCS),]

Orange solid prepared at room temperature.

(Found: C, 31.81; H, 1.73; N, 11.36%. C14HgN4S,Pt requires C, 30.84; H, 1.71; N,
11.99%).

[Pt(Asph3)y(SCN);]

Bright yellow powder, which turned light yellow upon heating at 150°C due to
isomerisation.

(Found: C, 50.19; H, 3.21; N, 2.85%. C3gH30N2S,AsPt requires C, 49.41; H, 3.27;
N, 3.03%). |

[Cu(bipy(NCS)2]

Copper (II) chloride, CuCl; (0.5g, 3.7 mmol) and KSCN (1.44g, 14.8 mmol) were
stirred together in acetone (50 cm®) for thirty minutes and the dark green precipitate
filtered off. To the solution was added dropwise a solution of 2,2 bipyridyl (1.15g, 7.4
mmol) in acetone (10 cm?) whilst stirring vigorously. The green precipitate whch
formed immediately was filtered off and a second, crystalline portion was formed in the
flask during the filtration. Both solids were dried in vacuo. (total yield 0.59g, 44%).
(Found: C, 42.39; H, 3.11; N, 16.80%. C14HgN4S,Cu requires C, 42.92; H, 2.38;
N, 16.69%).

[Cu(py)2(NCS);]

Copper (II) chloride, CuCl, (0.5g, 3.7 mmol) and KSCN (1.44g, 14.8 mmol) were
stirred together in HyO (50 cm?) and pyridine (0.59g, 7.4 mmol) was added dropwise.
A dark green precipitate was formed and the solution was stirred for ten minutes before
filtration. The solid (0.50g, 1.5 mmol = 40%) was dried in vacuo. When heated at
150°C the compound decomposed and turned brown.
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(Found: C, 42.52; H, 2.85; N, 15.24%. CyoH;0N4S,Cu requires C, 42.66; H, 2.96;
N, 16.59%).

Section 3.3. Preparation of cyanate complexes.
a. Homoleptic complexes.

(Et4N)2[Co(NCO)4] 3H20

A solution containing CoCl,.6H,0 (1g, 4.2 mmol) and KNCO (2.05g, 25 mmol) in
H,0 (20 cm’) was stirred whilst a solution of Et4NBr (1.79g, 8.5 mmol) in ethanol
(20 cm?) was added. The liquor was left in the freezer for blue crystals to appear
which were filtered, washed with absolute ethanol and dried in vacuo (1.11g, 2.1
mmol = 49%).

(Found: C, 45.05; H, 8.26; N, 15.23%. C,Hy¢N¢O7Co requires C, 46.07; H, 5.03;
N, 16.12%).

K3[Co(NCO)4].2H,0

A saturated aqueous solution of KNCO (2.56g, 31.5 mmol) was added to a solution
of CoCl,.6H;0 (2.5g, 11 mmol) in acetone 15 cm?). A white precipitate was formed
which was filtered off from the blue filtrate. The solvent was removed under vacuum to
yield blue crystals (0.844g, 2.5 mmol = 23%) which were washed with ethanol and
dried in vacuo.

(Found: C, 14.11; H, 0.23; N, 15.79%. C4H4N40¢Co requires C, 14.08; H, 1.17; N,
16.42%).

K[Cu(NCO)3]

This was prepared by the method of Ripan.m It was precipitated as a blue solid from
aqueous solutions containing CuCl; and KNCO in a ratio of NCO™: Cu greater than
four. Below this ratio the product did not analyse as below.

(Found: C, 15.24; H, nil; N, 17.60%. C3N303KCu requires C, 15.75; N, 18.38%).

K[Cd(NCO)3]

An aqueous solution of KNCO (0.80g, 9.9mmol) and Cd(NO3),.4H,0 (1.0g, 3mmol)
was stirred for one hour after which a white precipitate was observed. To the solution
(70 cm®) was added ethanol (50 cm?) and the resulting white precipitate was filtered
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and dried in vacuo.
(Found: C, 12.51; H, nil; N, 14.43%. C3N303KCd requires C, 13.00; N, 15.16%).

(EtsN)2[Zn(NCO)q]

This was prepared using the published method of Forster and Goodgame.28
(Found: C, 49.31; H, 8.44; N, 17.34%. Cy0H40Ns04Zn requires C, 48.62; H, 8.20;
N, 17.00%).

1

Ag(NCO)

This light sensitive white solid was formed as a precipitate in reactions between AgNO3
and KNCO.

(Found: C, 8.20; H, nil; N, 9.44%. CNOAg requires C, 8.00; N, 9.33%).

b. Mixed cyanate complexes.

[Pd(phen)(NCO),2]
Palladium chloride, PdCl; (0.2g, 1.1 mmol) was dissolved in 1:1 ethanol/ H,0O (100
cm’) containing KNCO (0.37g 4.5 mmol). After filtration of the solution to remove
unreacted PdCl, a solution of 1,10 phenanthroline (0.21g, 1 mmol) in ethanol (20 cm3)
was added and the mixture stirred for 15 minutes. The light yellow precipitate formed
was separated by centrifugation and washed with ethanol and acetone before drying in
vacuo.

(Found: C, 43.42; H, 2.02; N, 14.13%. C1,HgN4O,Pd requires C, 45.41; H, 2.16;
N, 15.14%).

[Pd(bipy)(NCO)2]
This yellow solid was prepared in the same way as [Pd(phen)(NCO),].

(Found: C, 40.31; H, 2.64; N, 15.72%. C14HgN40,Pd requires C, 41.62; H, 2.89;
N, 16.18%).

[Pd(py)2(NCO);]
This light yellow solid was prepared in the same way as [Pd(phen)(NCO),].

(Found: C, 40.68; H, 2.12; N, 15.87%. C12H;9N4O2Pd requires C, 41.38; H, 2.87;
N, 16.09%).

[Pd(AsPh3),(NCO),]
This bright yellow solid was prepared in the same way as [Pd(phen)(NCO),].
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(Found: C, 56.84; H, 3.59; N, 3.35%. C36H39N20,AsPd requires C, 56.86; H,
3.78; N, 3.49%).

[Cu(bipy(NCO),]

A solution of KNCO (0.48g 5.9 mmol) in H,O (10 cm®) was added to a solution
containing CuCl, (0.3g 2.3 mmol) and 2,2' bipyridyl (0.4g, 2.3 mmol) in H,O (50
cm?). The resulting blue precipitate was filtered and dried in vacuo.

(Found: C, 47.21; H, 2.37; N, 18.35%. C14HgN40,Cu requires C, 47.45; H, 2.63;
N, 18.45%).

[Cu(py)o(NCO),] ~

This was prepared using the method reported by Davis and Logan.? Pyridine (0.58g,
7.3 mmol) was added dropwise to a solution containing CuCl, (0.5g, 3.7 mmol) and
KNCO (1.2g, 14.6 mmol) in water (20 cm?). The deep blue solid was extracted with
chloroform (200 cm®) and the solvent removed under vacuum to leave a blue powder.
(Found: C, 46.91; H, 3.13; N, 18.15%. C12HoN40,Cu requires C, 47.14; H, 3.27;
N, (18.33%).
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