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Abstract

Irradiation of (Co(CN)sX]J\  X' = Cl', Br\ I', N3', OH" at 313 nm in basic solution at 

10°C in the presence o f free SCN' yields the products [Co(CN)jOH]3‘, [Co(CN),SCN]3 

, and (Co(CN)jNCS]3'. Analysis of product distribution was done by HPLC using a 

C ,H column and ion pairing reagents with methanol and water as the eluent. The 

aquation/anation product ratio is independent o f X', but depends linearly on the 

concentration of SC N . A specific ion effect is observed, the aquation/anation ratio 

showing a correlation with the radius of the cation. The ratio of sulfur to nitrogen 

thiocyanato product is 10 ± 2, independent of X*, concentration of SCN', and cation, 

but is different that measured in the thermal anation of [Co(CN)jH20 ] 2', which gives a 

S/N ratio o f 4. P limiting dissociative mechanism is proposed for the 

photosubstitution, involving a five coordinate intermediate of sufficient kinetic stability 

to discriminate among entering groups. The constant S/N ratio for the 

photosubstitution leads to the conclusion that the intermediate formed in the
4

photoreaction is different from that formed in the thermal reaction. Direct anation has 

been reported previously for aquopentacyanocobaltate, but not for hexacyanocobaltate. 

Quenching of the emission lifetime of KJPt^PjOj),,] 2H20  by [Co(CN)5X]3' in the 

presence o f chloride salts shows the same order of cation assistance with cation radius 

as observed for the aquation/anation ratio.
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Chapter 1. Introduction

1.1 General photochemistry

The photochemistry of transition metal complexes is diverse and fascinating. 

There are se veral factors which are unique to transition metal photochemistry 

and contribute to the variation in the reactivity. The ligand field splitting of the 

d orbitals is influenced by the size and charge of the metal, thereby determining 

the energy ordering of the excited states. The relative energy of the excited 

states is also influenced by the ligands, and a large number of complexes can be 

made. Finally, excitation can be metal centered, ligand centered or charge 

transfer.

The photosensitivity of metal complexes has been known for a long 

time, and with an understanding of the thermal reactions and the spectroscopy 

which developed in the 1950’s and 1960’s, coordination complex 

photochemistry grew into a science. At present, the emphasis is on 

investigating primary processes, and proposing models which will organise the 

large amount of data collected over the last thirty years. Time resolved 

techniques are being refined and detection systems improved such that it is 

possible to measure the absolute rates of processes on the photochemical time 

scale, which is in the nanosecond to picosecond range, and even to the
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femtosecond range, the time scale of electronic transitions. Steady state 

experiments are important in this context, to develop an intelligent design for 

time resolved experiments.

Metal complexes whose behaviour is thought to be well understood 

have been used as probes of other systems. For example, the quantum yield for 

photosubstitution of hexacyanocobaltate is 0.3 in many solvents and under 

diverse conditions1. Lehn observed that the quantum yield was reduced to 0.1 

when it was associated with a nitrogen rmcrocycle, and used this result as 

evidence that the hexacyanocobaltate was located in the centre of the 

macrocycle, associated t trough four of its cyanide ligands by hydrogen 

bonding2. There is a great deal of interest presently in the association of 

transition metal complexes with DNA3. The metal complexes act as site or 

conformation specific probes for recognition of the DNA structure. This is done 

largely by observing the change in emission properties of the complex when it 

is associated with the DNA.

The present work concentrates on elucidating the mechanism of 

photoreaction of a series of coordination compounds with the chemical formula 

[Co(CN)3X f  , X'= CN\ Cl\ B r, I', N3\  OH\ First studied in the late 1950’s4, 

these compounds were of theoretical interest as they represented typical thermal 

and photochemical reaction types.
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1.2 Coordination compounds and photochemistry 

Coordination compounds are defined as species which have at their centre a 

positively charged transition metal ion, surrounded in the first coordination 

sphere by covalently bonded monoatomic or polyatomic groups, called ligands. 

The number of ligands surrounding the metal centre depends on the oxidation 

state and the nature of the metal involved. Experimental evidence favors the 

qualitative explanation that the geometry will be determined by the crystal field 

stabilisation energy. For example, cobalt(II) is often four and occasionally six 

coordinate but cobalt(III) is always six coordinate. The CFSE difference 

between the octahedral and terahedral geometry is very large for cobalt(lll) but 

is small for cobalt(II). The absorption of light by these compounds in solution 

typically leads to reduction of the metal centre, emission of light, or ligand loss, 

which is followed by replacement of the ligand either by solvent (photoaquation, 

when in aqueous solution) or by another ligating agent (photoanation, when the 

agent is an anion). In tliis work, the reaction discussed is photochemically 

induced ligand substitution, which will be called aquation or anation, with the 

understanding that they are photochemical processes.

1.2.1 The absorption of light

Photochemistry is defined as the study of chemical reactions following the 

absorption of light by a molecule. The first step in this process is absorption of
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Figure 1.1. Primary processes in cobalt photochemistry
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a photon, which promotes an electron to a Franck-Condon state, defined as a 

state of higher electronic energy which has the geometric configuration of the 

ground state. This "vertical transition" takes place because nuclear motion is 

slow relative to electronic transitions, the former occurring at a rate of about 

1012 s'1 while the latter occurs at a rate of 1015 s'1. Rarely, if ever, is the 

Franck-Cont on state the photoactive state. Subsequent to this "vertical 

excitation", both vibrational and electronic relaxation occur. Intersystem 

crossing (ISC) to lower energy electronically excited states of different spin type
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occurs when there is a crossing of states, that is at nuclear configurations where 

the wave functions for two states are mixed so the compound can switch to the 

surface of the lower energy state. In cobalt(III) complexes, the ground 

electronic configuration is t£g. The ground state has an overall spin of zero and 

is dierefore a singlet, as is the Franck-Condon state. It is not certain whether 

ciossover from the singlet excited state to the triplet is efficient, due to the 

coupling of spin and orbital angular momentum, or whether the perceived lack 

of overlap between the potential energy surfaces reflects the real character of the 

system. Intersystem crossing to the ground state from the triplet may lead to 

radiationless deactivation, a common fate for cobalt(III) ammint complexes 

irradiated in the ligand field bands. Another method of deactivation from the 

excited state is emission of light, although fluorescence is unknown for 

cobalt(III) and phosphorescence is a rare mode of de-excitation, seen only at 

low temperature or in the solid state for some cobalt cyanide complexes. In 

cobalt(III), the excited state t^eg has an occupied antibonding orbital which 

leads to bond lengthenings in the plane of excitation. If a bond is sufficiently 

weakened in the excited state, a small amount of thermal activation will result in 

dissociation of the ligand from the metal.

1.2.2 Ligand loss

Thermally, the ligand lost is that which has the weakest bond in the ground 

state Photochemically, the ligand to be lost is that which has the weakest bond
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in the photoreactive state. Adamson first developed the empirical rules for 

ligand loss in photochemically excited transition metal complexes. He stated 

that the axis of weakest ligand field will be labilised, and that the strong field 

ligand of the weak field axis will be lost5. Later, Vanquickenbome and 

Ceulemans6 developed a method of calculating the excited state bond energies 

for chromium(III) and cobalt(III) complexes using spectroscopically derived a  

and n  parameters for each ligand. Using the angular overlap model, the 

contributions to the ligand field from each ligand are considered additive. A 

matrix of the parameters for all ligands is set up and one set of average values 

for each axis is derived. These average values then define the symmetry of the 

state and give the order of the states with respect to their energy. The 

contribution to a particular bond strength in that state from each of the d orbLals 

is given, and the excited state bond strength calculated from equations 

containing the a  and it parameters for the ligand of interest. It should be 

remarked that the a  and k  parameters are derived from spectroscopy which 

involves transitions into Franck-Condon states. These are not therefore exactly 

the energies of the metal ligand bond at the relaxed geometry of a photoactive 

state. The authors defend their use of these parameters by suggesting that the 

initial excited state achieved will influence the course of the reaction. In 

support of this, the excited state bond energies as calculated by this method are 

found in general to have good predictive value of the ligand lost, and for the
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compounds studied here, the ligand lost is correctly predicted in every case.

The authors warn that the calculated bond energies should be considered only 

qualitative indications of relative bond strengths. For the compounds studied in 

this work, it happens that in every case except the fCo(CN)5OH]3‘ species, the 

ligand lost photochrmically is the same as that lost thermally.

1.2.3 Quantum  yield and photochemical rates

The quantum yield for any photochemical process is a measure of the efficiency 

of that process with respect to the number of photons absorbed. For example, 

the quantum yield <E> for product formation is

<P = moles product / moles photons absorbed 

However, light intensity is measured as a rate from actinometry, therefore the 

rate of product formation can also be used to calculate d>.

<E> = (dP/dt x volume)/(L, x f j

dP/dt = rate of product formation

I0= lamp intensity in einsteins s '1

{=  fraction of light absorbed = 1-10A

A= absorbance of solution = eel (Beer-Lambert law)

Efficiency is determined by the number of processes that compete with 

population of the photoactive state and that act to deplete the state via means
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other than chemical reaction, such as radiationless deactivation and emission of 

light.

1.2.4 L ight intensity measurement by actinometry

To measure light intensity, a system with known quantum yield is irradiated for 

a measured amount of time. Then analysis of the concentration of product 

formed as a function of time, together with the quantum yield, volume of 

solution, and fraction of light absorbed, will give a value for the number of 

photons of a given wavelength reaching the solution per unit time.

Chemical actinometry is at present the most accurate method of 

measuring the number of photons falling on the cell surface per unit time.

Other methods such as electronic detection are possible but must first be 

calibrated with an actinometer, since the detector response will be wavelength 

dependent and the detector will also not be situated in the same position as the 

cell. The most commonly used chemcial actinometer in the visible region is 

potassium trisoxalatoferrate(III), K3[Fe(C20 4)3], commonly referred to as 

ferrioxalate.

For the following experiments, the ferrioxalate system was used. 

Ferrioxalate absorbs light to produce free Fe(II) by the reaction with a 

wavelength dep mdent quantum yield.
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2Feu  + C p l '  2Fe2* + 2C02 

Tlie free Fe(II) is complexed with 1,10-phenanthroline, to produce Fe(II)(phen)3 

which has an absorbance maximum at 510 nm.

I _ AP ~ Ad x volume

e 5IO fa X  time X  < ^ 3

Ap = absorbance of photolysed solution 

Ad = absorbance of dark solution 

e510 = molar absorptivity of Fe(II)(phen)3 at 510 nm 

<I>313 = quantum yield of ferrioxalate aquation at 3!3nm 

f„ = 1-10'A, the. fraction of light absorbed by the ferrioxalate

1.2.5 Spectroscopy

The absorption spectrum of a complex, as mentioned previously, is a guide to 

the Franck-Condon states of the molecule. The spectroscopy of coordination 

compounds is characterised by low intensity bands in the visible region and 

higher intensity bands in the ultraviolet region. The lowest energy transitions 

for coordination compounds are usually between d orbitals, called ligand field 

transitions. They are parity forbidden and arise as a result of vibronic coupling, 

the term used to describe the interaction of vibrational and electronic energy.
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The low probability of these transitions leads to molar absorptivities in the range 

50-500 M ’cm '1. At higher energy will be found the transitions from ligand 

centered to metal centered orbitals, called ligand to metal charge transfer bands 

(LMCT) and also MLCT bands.

The ligand field states are named for the symmetry of the electronic 

configuration of the d-orbitals. For example, [Co(CN)6]3 is an octahedral 

complex with low spin d6 configuration. The ground state has the symmetry 

label ‘Aig. This designation means that the ground state electronic ',onfiguration 

is singly degenerate (A), symmetric with respect to rotation about the principal 

axis (subscript 1) and symmetric with respect to inversion about the centre of 

symmetry (g). The first excited state in the hexacyano complex is labelled 'T ,g. 

The state is triply degenerate because three transitions of equal energy are 

possible, these being dxy ~> d^, d„ --> dy2, and dyz --> dx2. The electronic 

configuration, t2i5cg is symmetric with respect to rotation about the principal axis 

and with respect to the centre of symmetry. The next excited state is 

representing transition into dx2 y2, dz2 x2, or dz2.y2, a configuration which is not 

symmetric about the principal axis, hence the subscript 2. By Hund’s rale of 

maximum multiplicity, the triplet state associated with each singlet excited state 

will be found at lower energy than the singlet. Transitions to these triplet states 

are not easily observed in the spectroscopy, as they are forbidden by both parity 

and spin change selection rules, and therefore have very low molar
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absoiptivities, but they may be easily accessible from higher energy electronic 

states by intersystcm crossing, and may be very important in the photochemistry 

of the species.

When the symmetry of the complex is reduced, as when one cyanide is 

replaced by a heteroligand, that of the electronic configurations is also reduced. 

The symmetry is now Q v, and the state 'T lg splits into two states, the doubly 

degenerate ‘E and the state 'A2. This splitting is rarely resolved in the 

spectroscopy however, especially in solution at room temperature. For example, 

in the complex K3[Co(CN)5SCN], an asymmetric band is observed at about the 

energy of the 'T ,, band in hexacyanocobaltate7. The band is interpreted as 

being the unresolved components ‘E and ‘Aj.

Emission of light from a state of different spin multiplicity than the 

ground state is called phosphorescence. Fluorescence, emission from an upper 

to a lower state of the same multiplicity, is not observed in cobalt(III) and will 

therefore not be discussed here. Of all the cobalt compounds studied, only four 

have been observed to emit at low temperature or in the solid state. In theory 

the d6 low spin configuration is unfavorable for phosphorescent emission. The 

spin allowed and spin forbidden excited states have the same equilibrium bond 

distances because they have the same electronic configuration t^e^. The 

potential energy surfaces are parallel, which implies inefficient ISC. However, 

both have different electron configurations from the ground state, and therefore
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are both expected to cross to the ground state, leading to rapid radiationless 

deactivation. Emission may be seen if the triplet is far enough separated by 

strong ligand field splitting from the ground state that the crossing between the 

triplet and the ground state is not efficient, and in fact it has been observed for 

the species [Co(CN)6]3\  ICo(CN)3N 0 2]3\  and |Co(CN)4(S 03)2]s' in low 

temperature solution8. It was found that the emission frequency is constant for 

all three complexes. Keeping in mind that the triply degenerate states of 

octahedral symmetry are split in reduced symmetry, this constant value for 

emission has beer interpreted to mean that the lowest energy triplet state in 

these complexes is the one in which excitation is in the plane containing only 

cyanide ligands. If this is the case, the photoactive state, in which the ligand is 

labilised, is at higher energy than the emitting state, due to the distortion of the 

complex by bond lengthening. No emission has been observed for the 

complexes studied in this work.

1.2.6 Photochemistry of cobalt(III) complexes

The cyanocobaltate complexes have high quantum yields for ligand substitution 

and some show emission at low temperature. The quantum yield for 

substitution of hexacyanocobaltate is 0.31, and is wavelength independent, 

suggesting that all chemical reaction occurs through a common state. 

Calculations indicate this state should be 3Tlg, in octahedral (Oh) symmetry.
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Transition from a triplet state to a singlet is spin forbidden and leads to 

emission, if other routes for deactivation are not efficient. However, the 

electronic configuration of the triplet, t2gseg is similar to the d7 state in that an 

antibonding orbital is populated, either dp or dp.p leading to bond lengthening, 

which will result in bond labilisation with a very small activation energy as in 

cobalt(ll). The photochemistry of the cyanocobaltate complexes is quite 

different from the chemistry of the cobalt(III)ammines, which undergo 

inefficient and wavelength dependent ligand substitution when irradiated in the 

ligand field bands. This is thought to be due to a lower lying quintet state 

below the photoactive triplet state, ISC into which leads to radiationless 

deactivation. Irradiation into the charge transfer bands for the ammine 

complexes leads to efficient redox decomposition and a small amount of 

wavelength dependent aquation. In contrast, the strong field cyanide ligand 

causes the quintet state to be raised in energy above the triplet, therefore, all 

photochemistry and emission is thought to come from the triplet state in the 

cyano complexes9,10.

1.3 The photoactive state in cyanocobaltate complexes

1.3.1 Sensitization studies

Experiments to determine the photoactive state of cyanocobaltates were designed 

assuming that the triplet gives rise to some or all of the substitution product.
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Because it is difficult to irradiate the triplet directly, it has been sensitized by 

energy transfer from the triplet state of biacetyl. The quantum yield for 

unsensitised reaction compared to the sensitised reaction is a measure of the 

intersystem crossing efficiency. A rate constant for this process can be 

calculated by observing the decrease in emission intensity of the biacetyl as a 

function of the quencher concentration. Then a plot of \J\, the initial intensity 

and the intensity in the presence of the quencher, as a function of IQ] will have 

a slope of K,v, by the relation

I0/I = 1 + KIV[Q], and 

Ksv -  kqT,

I0 = initial intensity of phosphoresence 

KflV = Stern Volmer constant 

[Q] = quencher concentration 

kq = quenching rate constant 

x = lifetime of biacetyl phosphorescence

The quenching of biacetyl phosphorescence by cobalt hexacyanide was first 

reported by Porter11. He measured a Stem-Volmer constant of KIV = 5.98 x 103 

M '^ kq = 2.6 x 107 M 'V 1. x = 0.23 ms), and <J>#q = 0.21 ( this value for Klv was
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corrected by Scandola and Scandola12, who measured Ksv as about 150). Based 

on these results, he proposed that ISC to the triplet occurs with complete 

efficiency and that a fraction of the population, 0.3, undergoes aquation while 

the rest is degraded by a temperature independent process.

A scries of substituted cyanocobaltates were used to quench biacetyl 

phosphorescence, and it was found that sensitized aquation occurred with a 

quantum yield slightly lower than that for direct aquation13. Quenching by the 

pentacyanocobaltates substituted by acetonitrile, pyridine, azide, water and 

thiocyanate was found to be much more efficient than quenching by 

hexacyanocobaltate, e.g. Ksv for [Co(CN)5N3]3' = 1.4 x 10s M '1. Wrighton, et 

al.n, suggest that the quenching depends strongly on the energy of the lowest 

spin allowed d-d transition, not on the energy of the spin forbidden emission. 

Because the direct and sensitized photosubstitution yields are nearly the same, it 

is postulated that the same state which accepts energy from the biacetyl reacts to 

form the photoproduct. Another experiment12 was carried out in which biacetyl 

was quenched by [Co(CN)6]3'. In this carefully done work, the Stem Volmer 

constant K,v for hexacyanocobaltate was found to be very low, 150 M '1, 

compared with the values for the substituted pentacyanocobaltates. The 

quantum yield for the sensitized reaction was measured as 0.8, therefore 

suggesting that the value of 0.31 for direct aquation really measured the 

efficiency of the ISC. This result is nuzzling when compared to Wrighton’s
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results which show that for azidopentacyanocobaltate and the thiocyanato 

complex the sensitized and direct aquation quantum yields are the same.

1.3.2 Efficiency of ISC

More direct evidence that the photoactive state is the triplet comes from the 

work of Nishazawa and Ford14. By irradiating into the triplet bands of 

hexacyanocobaltate, they achieved quantum yields of approximately 0.3. They 

concluded that the triplet was the photoreactive state and that the efficiency of 

intersystem crossing is approximately unity. The expeiimental difficulty 

encountered is that even at very low conversions the product [Co(CN)5H20 ]2 

absorbs most of the light at the irradiation wavelengths (at 405 nm, e = 164 and 

0.38 M '1cm"1, respectively, for the aquo and the hexacyano species; at 436 nm, e 

•= 37 and 0.080 M^cm'1, respectively). When corrections were applied, the 

quantum yields at the two wavelengths are the same.

1.3.3 Excited state spectroscopy

The transient spectrum of the triplet state for hexacyanocobaltate was recorded 

between 350 and 500 nm9. Because no permanent photochemistry was observed 

and bv^ause the ethanol substituted pentacyanocobaltate did not show the same



17

transient, the possibility that the spectrum might be that of the five coordinate 

intermediate species could be eliminated. A second paper by the same authors10 

showed that the emission from [(n-C4H9)4N]3Co(CN)6, and the transient 

absorption, decay at the same rate as a function of temperature.

1.4 Substitution in therm al and photochemistry

1.4.1 Therm al substitution mechanisms

It is necessary to explain the terms currently used to define thermal substitution 

mechanisms for coordination compounds, and to give some examples of how 

these mechanisms are observed experimentally, in order to develop some 

terminology for the photochemical mechanisms. At present there is no 

systematic survey of the mechanism of photosubstitution at the cobalt(lil) 

centre, as there is for chromium(III) chemistry, which has been described in 

such a way as to explain the distribution of products of different 

stereochemistry15. Therefore the terminology for the thermal mechanisms will 

serve as a starting point for describing the photomechanisms.

It is helpful to make use of a reaction profile, as seen in Figure 1.2, when 

discussing thermal mechanism. In such a diagram, energy is plotted as a 

function of the course of the reaction, represented in 2 dimensions by the 

reaction coordinate. The reaction type is named according to the configuration
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Figure 1.2. Reaction profile for a limiting dissociative and an interchange 
dissociative mechanism

at the point of highest energy, called the transition state. The following 

explanation applies specifically to octahedral, six coordinate transition metal 

complexes. The general description of substitution mechanisms has been called 

the intimate mechanism by Langford and Gray16, and this terminology has been 

taken up in the textbooks on inorganic chemistry. The intimate mechanism for 

substitution can be either associative or dissociative, and describes whether the 

species at the transition state has a reduced or increased coordination number.

A more detailed look at the reaction of interest is called the stoichiometric

L

L.

E

reaction  coordinate
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mechanism. For octahedral complexes, there are three types of stoichiometric 

mechanism, called interchange(I), limiting dissociative(D) and limiting 

associative(A). The I mechanism describes a situation in which no intermediate 

species forms between reactants and products; at the transition state, an 

interchange of incoming and leaving ligands occurs. The I mechanism is further 

subdivided into the Ia and Id mechanisms. The former means that the bond t ) 

the entering group is largely formed at the transition state, the latter is one in 

which the bond to the leaving group is largely broken. The limiting 

dissociative(D) mechanism describes the situation in which bond breaking 

occurs in the transition state, to form a five coordinate species of some kinetic 

stability, represented by a slight minimum in the reaction coordinate. The next 

step is addition of a ligand, which requires some small activation energy. 

Similarly in the A mechanism, a species of increased coordination number is 

formed, and with some small activation energy the leaving ligand is lost. 

Cobalt(III) complexes are known to react dissociatively, therefore only the Id 

and D mechanisms will be discussed, as well as the methods of distinguishing 

between them.

1.4.2 Photosubstitution mechanism

Certainly, the same reaction types can exist in the photochemical reactions. 

However, the further possibility in the photochemical reaction is that the species
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substituted may still be in the electronically excited state. That is, an Id 

mechanism would involve a complex which had a stretched but not broken bond 

to the leaving group. This species could either be in the electronic state 

configuration t^eg, or in the ground state configuration 4g. Similarly, the 

reaction could be dissociative, leaving the intermediate in the ground or the 

excited state electronically. The intermediate also has the possibility of being in 

a different geometric configuration than the ground state. The concept of a 

transition state does not really seem appropriate to the photochemical reaction, 

since the molecule is actually relaxing down from a higher energy state, to the 

reactive state.

1.5 Methods of probing mechanism

1.5.1 Rate laws

Rate laws are a classical way of determining reaction mechanism. By finding 

the dependence of the rate of reaction on the concentration of reactants, the rate 

law for one mechanism may be chosen over another. Rate experiments were 

conducted with the substituted pentacyanocobaltates, which were expected to 

react by a limiting D mechanism for the following reasons:

1) the negative charge on the reacting complex prevents

preassociation with the incoming negatively charged ligand,
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2) the leaving ligand, H20  or X', is labilised by the strongly n  

bonding CN" ligand trans to it, and

3) loss of a ligand reduces the steric strain experienced by 

Co(III) surrounded by six negatively charged ligands.

The mechanism for a D reaction is the following

K
M(L)SX + M(L)5 + X 

k - \

M(L)S + Y  ^  M(L)SY

When the steady state approximation is applied to the five coordinate 

intermediate ML,, the observed rate is written as

kobl = k,k2[Y] / (M X] + MY])

Under favourable conditions, tests can be carried out which may support this 

rate law. For example, adding more X to the system could result in mass law 

retardation. That is, kob, might decrease slightly as X is increased, provided k.,is 

large enough. If X is solvent, this test obviously cannot be carried out. A less
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than first order dependence in [Y] also would indicate this mechanism is 

operating. Finally, a constant value for k,/k., with different entering groups will 

indicate the D mechanism.

Figure 1.3. Kinetic treatment used by Haim to derive the rate constants for the 
individual steps in the dissociative mechanism.

£
Q

<
T—

Figure 1.3 shows a plot of the treatment of rate data applied by Haim17 to 

the substitution reaction of Co(CN)5X3' species. He derived the rate law in the 

following form,

kob, = kj[Y]/(k j/k2 + [Y])



Then,

l/kobl = 1/k, + (k.,/k2)/k,[Y]
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If k, remains constant for a series of entering ligands (Y), the reaction is 

considered D.

The experiments which have been done include the exchange of labelled 

water molecules (H2180 ) with aquopentacyanocobaltate17 ([Co(CN)5H20 ]2'), the 

anation of the aquo complex by azide (N3‘) and thiocyanate (SCN‘)9, the acid 

catalysed anation of the azido complex ([Co(CN)5N3]3')18 and the aquation of 

chloro ([Co(CN)5C1]3 ), bromo ([Co(CN)5Br]3-), and iodo ([Co(CN)5I]3‘) 

complexes19. Barca20 studied the substitution of the aquo ligand by neutral 

amines. In all cases, the hetero ligand in Co(CN)5X”' is lost, the 

monosubstitution product being the terminal step in the reaction. The back 

reaction of the substituted product can usually be neglected, either because the 

substituting ligand is solvent and thus is present in vast excess, or because the 

species formed, such as iodo complex, is very unreactive.

Haim measured a rate for H20  exchange in [Co(CN)5H20 ]2' of 

approximately 1.3 x 10'V at 40°C. For the substitution of [Co(CN)5H20 ]2' by 

N3' or SCN\ k, = 1.4 ± 0.3 x 10 V  and 1.8 ± 0.4 x 10'V, respectively. Recall 

that for the D mechanism, k, represents the dissociation of the leaving ligand 

and is expected to remain constant as Y is varied. A more recent work
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measures the volume of activation for H2180  exchange in the aquo complex.

This work is interpreted as supporting an Id mechanism21

However, the results of the substitution reaction cf [Co(CN)sH20 ]2' by the 

amines pyridine, ammonia, hydrazine and hydrazinium ion, did not follow the 

same pattern, showing first order dependence on the entering ligand at all 

concentrations. Also, Burnett22 showed and Haim23 remeasured and concurred 

that the reaction of [Co(CN)5H20 ]2' with N3" was first order in the azide ion. 

Recall that less than first order dependence in the entering ligand is required in 

the limiting second order case, that is, at low [Y], by the rate law for the D 

mechanism. The rate law for the anation of the aquo complex by thiocyanate 

has the appropriate thiocyanate concentration dependence22, and still is 

considered limiting dissociative. Burnett also has measured the acid catalysed 

anation of the azido complex by thiocyanate and found the rate dependence on 

thiocyanate concentration to indicate a limiting dissociative mechanism.

However, the measurement22 of the pH dependence of the rate of anation of the 

hydroxo comp’cx ([Co(CN)5OH]3) by thiocyanate shows that the hydroxo 

complex does not undergo direct anation. It is rather the aquo complex, which 

is in equilibrium with the hydroxo complex, which undergoes anation. Burnett 

has also communicated that he has tried, unsuccessfully, to find direct anation of 

the chloro complex by thiocyanate in highly basic solutions24. In conclusion, the 

results of rate law investigations are equivocal; Co(CN),Xn' is not proved to



25

react by a D mechanism in every case. Only [Co(CN)sH20 ]2' is shown to react 

by a D mechanism, and only in the presence of anions. Uncharged entering 

groups appear to prcassociate with the complex, widen allows them to compete 

more efficiently than anions, which may be better nucleophiles. The reaction of 

uncharged entering groups may be better explained by the Id mechanism, which 

is described next.

An Id mechanism is one in which an outer sphere complex is formed with 

the entering ligand Y. The bond to the leaving group is stretched considerably 

in the transition state. This is a high energy state during the lifetime of which 

interchange between the leaving group and entering group takes place. There is 

no formation of a kinetically stable intermediate along the way. The Id 

mechanism can be written as follows:

M(L)3X + Y 5  M(L)5X,Y (association)

M(L)SX,Y ^  M(L)SY,X (in terchange)

M(L)SY,X ^  M(L)5Y + X ( dissociation)

Again, various algebraic manipulations can be done which give the rate

dependence on [Y] or K. The initial concentration of the reactant is defined as

the sum of the free complex and that which is in the form of the outer sphere

complex,
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[L5MX]0 =

[L5MX]

The rate is

d[LsMY]/dt =

ILjMX] + l(LsMX,Y)l 

[L5MX] + KlLjMXJlY] 

[LjMX]0 / (1 + K[Y])

kK[L5MX]0[Y] /  (1 + K[Y])

and when K[Y] is large, kobJ = k. Under limiting second order conditions, that 

is low [Y], kobs = kK. K may be measured spectroscopically or alternr tively it 

can be calculated from theoretical values for the distance between ions, and their 

charges25. If for a series of reactions a different leaving group is displaced by 

the same entering group and K is calculated or measured for each and k is 

constant, an Id mechanism is implied.

An Id mechanism may give the same rate dependence as a D mechanism 

under conditions of high [Y] concentration. When K[Yj is large, kobs = k, the 

same dependence expected as for D when [Yj is large. Under certain 

circumstances, an Id mechanism may look like a D mechanism. This is called 

the kinetic ambiguity, an example of which has been discussed in connection 

with alkyl(base)cobaloximes in the presence of Lewis bases26. The authors 

report shifts in the NH bending frequency in the IR spectra of the cobaloxime in 

the presence of Lewis bases. The shifts are identified as being the result of 

outer sphere hydrogen bonded adduct formation. The authors point out that if
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the leaving group association with the complex is included in the rate law, the Id 

rate law becomes algebraically equivalent to that for a D mechanism.

M(L)SA + B K, M(L),A,B ( association )

M(L)5A + A b M(L)5A,A

M(L)5A,B M(L)jB,A ( interchange )

M(L)5B,A M(L)5B + A ( dissociation )

1 1 1 + K[A]  =   + _______  The Id mechanism.
kohs k2 kJCx[B]

Ion association is well established for the ammine complexes with halides, as 

well as non-coordinating anions, such as sulfate. It is clear that rate law studies 

may not give unambiguous answers to the problem of the stoichiometric 

mechanism.

Viaene27 studied the reaction of the aquo complex with azide and 

cyanide, hydrocyanic and hydroazoic acids. He found a similar overall rate for 

the anion Y' as for the acid HY. However, the ratio k/[Y'] decreased with 

increasing [Y] as expected for a D mechanism, whereas the ratio k'/[HY] 

increased slightly. These results were interpreted to mean that HY took up a
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position in the solvent sphere and reacted either with a different intermediate 

than the anions, or by an Id mechanism.

1.5.2 Photochemical rates and quantum yields 

Many photochemical reactions occur with in the range ot n.-n<'seconds to 

picoseconds. These time ranges are now accessible by flash photo’,  sis, through 

the use of lasers and fast detection devices. It is reasonable to assume that the 

same type », mechanisms which have been written for the thermal reactions, can 

be written for photochemical reactions. However, more pathways are possible 

photochemically. Forster, in his recent article on the primary photoprocesses in 

transition metal complexes, shows the following reaction scheme for a 

dissociative mechanism28.

ML6* represents the complex in an excited state and M L / represents the 

intermediate, still in the excited state. If the complex arrived at this state 

through intersystem crossing, then the rate constant k, is replaced by kb, the rate 

constant for reaction from ?\e state populated by intersystem crossin,, and the 

inclusion of a term for intersystem crossing efficiency, rii>c. The ra'- constant

kd
m l ;  + m l ;  +

k-d
,5 + L -  MLsS

ka I V i  / The photochemical D 
mechanismML, k-J ML,
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for bond dissociation is likely to oe fairly high for cobalt complexes, because in 

the excited state an antibonding orbital is occupied in the axis of excitation, 

making the activation energy for ligand loss small. The other possible fate for 

the excited state is simply radiationless deactivation, given by the rate constant 

kn in this diag; n. If bond dissociation occurs, the intermediate may either 

react from the excited state, with a rate constant ks to form the solvent 

substituted product, or may first decay to the ground state with a rate constant 

k \  and then go on to react with solvent. Again a simplification has been 

incorporated, to assume that the ground state and excited state intermediates will 

react at the same rate. The excited state or ground state intermediate may also 

recombine to form the starting material, with a rate constant k d. In time 

resolved experiments, some of these rates may be accessible. For example, the 

transient absorption due to the triplet state has been observed, and the rate of its 

decay measured. In steady state photochemistry, however it is the quantum yield 

of the reaction which is measured, that is, the efficiency of the reaction relative 

to all the other routes for energy loss. For the kinetic scheme written above, the 

quantum yield can be expressed as
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reaction

Simplification is possible if some rates are negligible relative to others. For 

example the excited state intermediate may react so quickly that relaxation of 

the intermediate to the ground state cannot compete, and therefore only reaction 

of the excited state intermediate occurs. The other extreme is possible, that 

relaxation may occur so quickly that only the ground state intermediate reacts. 

Finally geminate recombination may occur at a negligible rate if solvent motion 

is fast, or if a geometry change occurs in the five coordinate excited state 

species. If an excited state intermediate is formed, the activation energy for kd 

represents the bond dissociation energy of ML6*, which may be very low or zero 

when ligands are located on an axis containing an antibonding orbital. If, 

however, ML6* crosses to the ground state before ligand loss, the activation 

energy for kj will not be related to excited state bond strength.

For a dissociative reaction, it is expected that the total quantum yield will 

be constant, while the fraction of reaction by various routes will change 

depending on the concentration of competing species in solution, and the 

product distribution will be independent of the leaving ligand. It is expected
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that a reaction which is interchange dissociative will show some effect of the 

leaving group in the product distribution.

1.5.3 Therm al competition studies

Studies of the product distribution of a reaction in which two different entering 

groups aiv, allowed to compete for the reactive intermediate can help to 

overcome some of the shortcomings or ambiguities of the kinetic studies. To be 

successful, tho treatment requires a way of accurately measuring the individual 

products; also, they should be stable for the time required for analysis. 

Competition studies are made difficult by the fact that the method of detection 

is usually the change in the UV/Vis absorbance of the reaction mixture. This 

method makes it nearly impossible to study more than one anion in competition 

with water, for example, since the spectra of the complexes will be 

superimposed upon each other. In the D reaction, the product distribution 

should be constant, independent of the leaving ligand X. The expectation is that 

a common intermediate of reduced coordination number is encountered which 

has a kinetic stability great enough to distinguish among entering groups. In 

contrast, in the Id reaction the anion capture ratio is expecied to be strongly 

influenced both by the nature of the leaving ligand X and by the ability of the 

anion to associate with the complex in the outer coordination sphere. These
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ideas are reflected in the rate law for an Id reaction in which kobI = kK, and k is 

a constant for a given X.

It is generally accepted that the base hydrolysis of [Co(NH3)JX]',+ 

proceeds via the five coordinate conjugate base intermediate l(NH2)Co(NH3)4]2\  

Jackson29 measured the thiocyanate capture ratio for a series of leaving groups. 

He found that, depending on the charge of the complex, 7-18% of the reaction 

proceeded by direct anation in which both linkage isomers of [Co(NH3)5CNS]2+ 

were formed, with a capture ratio of S/N = 2.0±0.1. In contrast, the acid 

hydrolysis of the same series of compounds, which is thought to occur via an Id 

mechanism, showed a strong leaving group dependence for anation30 versus 

aquation, as well as for the S/N ratio. The mechanism implied by rate studies 

and competition studies in the experiments so far described is the same.

However, in a further experiment with substituted cobalt(III)pentammines in 

neutral or acidic solution and in the presence of S042', it was found that S 042' 

formed an ion pair with the complex and that this ion pair anated and aquated 

more quickly than the free complex31. However, the S/N ratio was constant for 

all X, and for free complex and ion paired complex. More than this, the ratio of 

aquation to anation product was unaffected by the change in S 042’ concentration. 

Jackson has interpreted his results to mean that a discrete [Co(NH3)5]3+ species 

does exist, and that it captures S 042', H20  and SCN" in a non-rate determining 

step. This result could clearly r ot have been predicted from rate studies.
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A study by Burnett and Abou-El-Wafa32 measured the competition ratio between 

water and thiocyanate for [Co(CN)s]2 generated from [Co(CN)5(N3H)]2\  They 

found that direct anation occurred with a ratio of k^/k^H jO ] of 0.14, or 

aquation/anation ratio of 13. The ratio for the linkage isomers [Co(CN)5SCN]3' 

and [Co(CN)5NCS]3' is constant at S/N = 4.

1.5.4 Photochemical competition studies

Because photochemical experiments are often carried out under steady state 

conditions, competition experiments are employed to advantage in clarifying 

mechanism. Some time resolved competition studies have also been done using 

flash photolysis, in which the relative rates of evolution of products has been 

measured. This was done to determine whether the products were forming in 

competing reactions, or by some other route33.

Adamson, et al.,M used UV/visible detection to study the product 

distribution for the photosubstitution of hexacyanocobaltate in the presence of 

sodium iodide, and repeated the experiment with sodium azide. His conclusion 

was that direct anation occurred, because the ratio of solvent substituted to anion 

substituted product was constant with photolysis time and per cent conversion. 

Viaene et al.,21 compared the ratio of quantum yields for substitution of 

aquopentaeyanocobaltate by cyanide and azide and the ratio of rate constants for 

the thermal reaction, and concluded that the intermediate formed
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photochemically was the same as that formed thermally. However, he found 

that the ratio for substitution by hydroazoic acid and azide, and the ratio for 

substitution by hydrocyanic acid and cyanide, were much greater 

photochemically than in the thermal reaction. He interpreted this to mean that 

the intermediate in the photochemical reaction is formed in a solvent cage. That 

is, on the photochemical time scale, and at the temperature of the photochemical 

experiment, the solvent remains ordered about the cobalt fragment. This makes 

the intermediate relatively more accessible to the uncharged entering groups 

which can locate in the solvent sphere immediately surrounding the metal 

complex. When two uncharged groups compete fcr the intermediate, however, 

no difference can be determined between the photo and thermal substitution 

ratios. When acetonitrile is added to a solution of hexacyanocobaltate and 

methylene chloride, the competition ratio between acetonitrile and methylene 

chloride for the photochemically generated intermediate is found to be the same 

as the thermal ratio33.

Flash photolysis of hexacyanocobaltate in the presence of iodide yielded 

the result that in the first twenty seconds of reaction, only the 

aquopentacyanocobaltate is formed, followed later by iodopentacyanocobaltate. 

The same experiment with aquopentacyanocobaltate showed the immediate 

production of the anation product. Wrighton33 suggests that direct anation of 

hexacyanocobaltate does not occur.
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The results provided by competition studies for the reactions of 

cyanocobaltates show that the intermediate encountered photochemically shows 

the same competition ratio between anionic entering ligands, and between 

uncharged entering ligands as the thermal intermediate. However, 

aquopentacyanocobaltate has a much greater affinity for uncharged ligands than 

charged ligands photochemically, and hexacyanocobaltate does not appear to 

undergo direct anation at all.

1.5.5 Volume of activation

The measurement of the change of rate of a reaction as a function of pressure 

yields a value for the change in volume of a solution in going from the ground 

state to the transition state in the rate determining step by the relation,

(dlnk/dP)T = -AV*/RT 

A positive volume of activation indicates a dissociative process, since the 

transition state has a larger volume than the reactants.

AV* will be pressure dependent if solvation changes occur in going to the 

transition state, as will occur for charged species. Volume of activation 

measurements are favoured over measurements of AH and AS, because they 

measure a physical property of the system, which can be more easily interpreted 

than the rather abstract quantities AH and AS.
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Volume of activation measurements made by Palmer and Kelm 36 of the 

aquation of Co(CN)sX3', (where X' = Cl , Br\ I \ N3‘) at 40°C, and the anation of 

[Co(CN)5H20 ]2‘ by B r , 1', and NCS' are interpreted by the authors as indicating 

a D mechanism. For the anation reaction, AV$ = 8.7 ± 0.6 cn^mol'1. The 

values are not as consistent for aquation of [Co(CN)5X]3', ranging from 16.8 

cm3m o r‘ for X=N3" to 7.6 cm3m or' for X=Br'. This variation is usually 

attributed to desolvation of the substrates, that is electrostriction, but the 

temperature and ionic strength dependence of the aquation of [Co(CN)5C1]3' is 

shown to be small. Calculation of bond elongation in the transition state 

showed that it was variable depending on leaving group. Palmer and Kelm also 

calculated the partial molar volume for [Co(CN)5]2'and found it to be very 

similar for two substrates. While the evidence for a D mechanism seems 

promising, it is still rather indirect and open to interpretation. Also, more recent 

volume of activation measurements for H2I80  exchange have been interpreted as 

supporting an Id mecl anism21.

1.6 N ature of the intermediate formed in the photochemical reaction 

Evidence in the literature so far has suggested the possibility of a ground state 

intermediate in the photosubstitution reaction of the aquo complex, but the 

intermediate makes a distinction between uncharged and charged entering 

groups. The idea has been put forward that its formation occurs in a solvent
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cage, giving the solvent a better opportunity to compete than charged groups.

The effects of solvent on the reactivity were therefore investigated.

1.6.1 Solvent effects

A series of experiments were done to find the effect of solvent on the quantum 

yield for aquation of hexacyanocobaltate37,38,39,1. Using a mixture of solvents, 

Scandola and Scandola found a correlation between viscosity and quantum yield. 

This claim was disputed, after it was shown that the solvents, with which water 

was mixed, also form substitution products with virtually the same quantum 

yield of 0.3‘. Haloalkane solvents have shown the same quantum yield, 0.335. 

Kirk and Wong39 observed reduced quantum yields for water substitution in the 

presence of other solvents, but found no correlation with viscosity. They 

interpreted their results to indicate a competitive scavenging of the intermediate 

by water and the solvent.

1.6.2 Salt effects

Adamson, et al,-4 reported that ionic strength had very little effect on the 

aquation quantum yield for hexacyanocobaltate. The iodopentacyanocobaltate, 

however, showed not only an ionic strength effect but also a specific ion effect, 

the aquation quantum yield decreasing even more in the presence of T  ions at 

the same ionic strength as 1+ ions. The 2+ ions may form solvent separated ion
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pairs with the complex, causing the solvent cage to remain intact and thereby 

favoring recombination.

1.6.3 Geometry of the intermediate

Ligand field calculations indicate40 that the lowest energy configuration for the 

five coordinate intermediate is a square pyramidal ground state. The authors 

state that an excited state five coordinate fragment may form and have "a certain 

non-rigidity along the reaction coordinate" but that it will eventually be carried 

into one of the square pyramidal ground states by intersystem crossing.

1.7 Kinetic salt effect

As metal complexes are often highly charged species, the influence of charge is 

dominant in their interactions. The cyanocobaltate(III) complexes were chosen 

as suitable systems for the study of dissociative mechanism, because the 

entering anion would not preassociate with the negatively charged cobalt 

complex17. Clearly, ionic strength will have an influence on the reaction rate. 

Further, a specific ion effect is often observed in the reactions between ions of 

like charge. A detailed and clear description of the kinetic salt effect can be 

found in the article by Perlmutter-Hayman41. Both of these effects have been 

mentioned in the photochemistry of the cyano cobaltates. Adamson reported a 

decrease in the aquation quantum yield for iodopentacyar.ocobaltate with
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increasing ionic strength34. He also reported that the quantum yield wrs 

decreased more by the presence of polyvalent ions than by monovalent ions at 

the same ionic strength. He did not observe an ionic strength effect on the 

photoaquation of hexacyanocobaltate Viaene, et al.,27 has reported a slight 

decrease in quantum yield for hexacyanocobaltate with increasing ionic strength. 

Qualitatively, the kinetic salt effect states that an increase in salt concentration 

increases the rate constant of a reaction between ions of like sign and decreases 

the rate of reaction between ions of unlike sign. The foregoing observations can 

be interpreted then as an increase in the rate of recombination between the 

cobalt complex fragment and the dissociated negatively charged ligand. The 

Debye-Brpnsted equation describes the primary kinetic salt effect.

log k = log k + Debye Brpnsted equation
a

A summary of reactions between species of various charge types can be found 

in a diagram by Livingston42 which shows the linear dependence of log k on the 

square root of the ionic strength, the slope of the line being characteristic of the 

charge type. Further investigation will show that in all of the reactions between 

species of like charge, diere occurs a specific ion effect. This observation is not 

compatible with the idea that the activity of an ion depends only on its ionic 

strength, as defined by the equation for activity.
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lo g  / .  = - A z f j r

f i  = activ ity
z(. = charge on ion

I  = ionic strength, 0. c ,2 f
i

A = 0.5091 Jor aqueous solution at 25°°

However, the reason for this lies in the approximations made in the Debye- 

Huckel theory which lead to the expression for ionic strength. The interaction 

between ions is assumed to be less than kT, such that the exponential which 

contains this energy term, e‘\  can be approximated by the first term in the linear 

expansion, e"x = l+x+... While this treatment will be adequate for 1-1 

electrolytes in dilute solution, it is clear that there will be some interaction 

energy between more highly charged species at higher concentrations.

Ion pairing is often described using the Fuoss equation25

K = 47cNa3e b/3000
N = Avogadrcs number 
a = ionic diameter
b = e2/aDkT Fuoss e(luation
D = dielectric constant 
k = Boltzmann’s constant 
T = absolute temperature

which relates the thermodynamic association constant to the Boltzmann

distribution of the population having sufficient interaction energy to ion pair. K

= ca2/(l-a), and a is the fraction of the total concentration which is dissociated.

47ta3/3 represents the volume of the cation, the anion being treated as a point
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charge. eb is a weighting factor which favors sites inside the cation sphere, and 

ccxN/1000 represents the fractional number of free ions. Then 1-a = 

c a 4 ra 3ebN/30(X) leads to the association constant as written.

This leads to Davies treatment of the specific ion effect43 which uses the 

concept of ion pairs. He suggests that reaction may proceed by three separate 

paths; reactant A+B, the ion pair formed by A and the ion of opposite charge in 

the supporting electrolyte and reactant B, and A and the ion pair formed by B 

and the ion of opposite charge in the supporting electrolyte. Each of these paths 

will separately follow the Br0nsted relation, once ionic strength is corrected for 

the effect of ion pairing. The Davies treatment shows that the concept of ionic 

strength and the specific ion effect are not incompatible.

In addition to the three reaction paths described by Davies, a further 

subdivision can be made on the basis of the different types of ion pairs which 

can form. These are contact ion pairs, solvent shared ion pairs and solvent 

separated ion pairs44. In aqueous solution the most common type of ion pair is 

die solvent shared pair, although for magnesium sulfate all three types can exist 

in equilibrium45.

Whatever definition of ion pairs is used, it seems that many different 

interactions can lead to the specific ion effect. The assisting ion can be in 

contact with the reactants, in which case the smaller the size of the assisting ion, 

the greater the interaction. Or the ion might only be in the proximity of the
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reacting species. In this circumstance the volume in which it can be located is 

much greater, therefore leading to a greater probability of its presence there, 

even if its effect is less than that of the ion in contact with the reactants.

1.8 Summary of mechanistic conclusions

The Table 1.1 summarizes the mechanistic conclusions derived from 

experiments in cobalt(III) substitution chemistry. Tiie observed rate laws in die 

thermal chemistry indicate both D and Id mechanisms are operating. Also, there 

are circumstances in which the two would be indistinguishable by rate alone. It 

appears that neutral ligands react differently than charged ligands.



43

Table 1.1 Thermal substitution for cobalt(III). Summary of mechanistic 
conclusions.

Ref.

a.

b.

c.

d.

e.

f.

g-

a. ref. 26 e. ref. 17
b. ref. 29 f. ref. 27
c. ref. 30 ' g. ref. 32
d. ref. 31

Reaction

alkyl (base) cobaloximes in 
presence of Lewis base

Co(NH3)5X"f + SCN- in base

Co(NH3)5Xnt + SCN' in 
neutral solution

Co(NH3)5Xn+ + SCN’ + S 0 42’ 
in neutral solution

Co(CN)5H20 2- + SCN" 
+ N3‘
+ h 218o

Co(CN)5H20 2- + N3- 
+ CN- 
+ HN3 
+ HCN

Co(CN),N3H2' + SCN

Mechanism

Id

D

D

D

D and IH

D

Evidence

IR

S/N,
aquation/anation

ratio

variable S/N, 
aquation/anation 

ratio

constant S/N, 
aquation/anation 

ratio

constant value for 
k

k/[X] decreases 
with [X], 

k/[HX] increases 
with [HX]

rate, constant 
S/N, 

aquation/anation 
ratio

Inconsistency

rate law same as 
for D

Co(NH3)53+ 
thought not to 

exist

first order 
dependence in 
N3" indicates Id

HX reacts by a 
different 

mechanism?
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The photochemical studies show through flash photolysis, that at least for 

hexacyanocobaltate, only aquo substituted product is formed initially. For the 

aquopentacyanocobaltate, the capture of uncharged ligands relative to charged is 

greater than in the thermal reaction.

Table 1.2 Photosubstitution for cobalt(III). Summary of mechanistic 
conclusions.

Reaction 

Co(CN)63' + r

Co(CN)5H2C r + HN3 
+ HCN
+ n 3-
+ CN'

C o(CN)63' in 
haloalkanes

Co(CN)5I3' in presence 
o f inert electrolyte

Mechanism Evidence

? photolysis shows
immediate 

production of 
Co(CN)5H20 2’ and 

then Co(C N),I3" 
after 20 sec

Id, D k/fHXl «  <h/fHX1 
k/[X] cD/[X]

D rate o f formation o f
Co(CN)5X 2- in 
mixed solvents

D <J> is cation
dependent

Inconsistency

results over 
longer time 
show constant 
aquation/ 
anation ratio

Ref.

a.

a. ref. 13

b. ref. 27

c. ref. 35

d. ref. 34
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1.9 Object of the Present Work

The object of this work is to study the photosubstitution of a series of 

cyanocobaltate(III) complexes. The question of whether the reaction is limiting 

dissociative will be adressed by determining whether direct anation occurs in the 

presence of thiocyanate. The ratio of products compared to the ratio of products 

in die thermal reaction will indicate whether the intermediate is the same as that 

produced thermally. The effect of the counter ion of thiocyanate will be tested, 

to determine whether a specific ion effect occurs in this reaction.

The separation of products by chromatography reduces the possibility of 

error in determination of the quantity of product present. It has been mentioned 

diat, in the thermal reactions, formation of a polymeric product which wac 

highly absorbing at the detection wavelength leads to errors in rate 

measurements for substitution of the aquo complex by azide22,23. Also, to avoid 

the secondary thermal reaction of the aquo complex, the reactions are carried 

out in basic solution. The large percentage of solvent substituted product 

formed is present as the hydroxo complex, which is orders of magnitude less 

reactive. The question of the aquation to anation ratio determined thermally is 

addressed by carrying out the thermal reactions in the same medium as the 

photoreaction. These experiments also allowed for some comment on the 

question of whether direct anation occurs at all when the leaving group is 

negatively charged.
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The specific ion effect is adressed by reacting the iodo complex with 

lithium, sodium and potassium thiocyanate, and also with ammonium 

thiocyanate. A correlation between the aquation to analior. ratio and the cation 

is then an indication that anation occurs by a different mechanism than aquation, 

as has already been suggested by Viaene and coworkers27. A series of 

quenching experiments with an anionic emitting species,K4lPt2(p- 

P20 5H2)4],2H20 , or "platinum pop" are carried out in the presence of lithium, 

sodium, potassium and cesium chloride, following an experiment in the 

literature on the quenching of platinum pop bj  octacyanomolybdate46. These 

experiments are designed to test the cation effect for the range of cobalt 

complexes studied.
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Chapter 2. Photochemistry and Thermal Reactions of 

[Co(CN)5X]3'

2.1 Experimental

2.1.1 Synthesis and characterisation

Literature methods were used, with slight modifications, to synthesize the 

compounds. The azidopentammine complex47 IC ofN H jy^lC lj is the precursor 

for the azidopentacyano complex43, [Co(CN)5N3]3‘. An electron transfer reaction 

through the azide bridge from a cobalt(II)pentacyano species generated in situ is 

followed by ligand labilisation in the ammine complex which is now the 

thermally labile cobalt(II) species. The azido ligand is transferred to the 

pentacvanocobaltate which is in the thermally inert tervalent state. The 

azidopentacyano complex is used to synthesize the halo substituted pentacyano 

complexes by oxidation of the azide to form the aquopentacyano complex, in 

the presence of the acid halide. This method48 resulted in low yields, but had 

the advantage that the product was free from contaminants that would interfere 

either with the photochemistry or the chromatography. The aquo species could 

not be isolated by this route; azido complex was always present. A 

photochemical route34 beginning with the commercially available 

hexacyanocobaltate was used with success. Syntheses of the S- bonded50 and N- 

bonded7 thiocyanate complexes were attempted, using an electron transfer



48

reaction through the thiocyanate bridge as in the synthesis of the azido complex. 

Only trace amounts of the S- bonded thiocyanato complex were isolated.

Ail chemicals used in the syntheses are readily available in high purity 

from chemical suppliers such as Fisher, BDH and Aldrich. They were of 

reagent grade and were used without further purification. The solvents used 

were ammonia and hydrochloric acid of Fisher reagent grade, 95% ethanol, lab 

grade, and diethyl ether, BDH reagent grade. A sample of [Co(NH,)5SCN|S04 

was provided by Dr. A.D. Kirk.

[Co(NH3)5N31C12

The method of Linhard and Flygare47 was used. Two solutions containing 10 g 

CoC126H20  (0.042 mol) in 25 mL H20 , and 10 g NaN3 and 20 g (NH<)CT in 60 

mL H20  and 28 mL 30% NH4OH, were combined in a flask and air oxidation 

carried out over two hours. The solution was heated to 100°C for one hour, 

then kept on ice for seven hours. The semicrystalline, dark purple product was 

washed with 0.01M HC1 and ethanol. Yield 9.1 g [Co(NH3)sN3]C12 (0.036 mol), 

85%. The product was recrystallised from 750 mL water by the addition of 20 

mL concentrated HC1, and the crystalline material washed again with HC1 and 

ethanol.
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K3|Co(CN)5N3]

This method has been described by Fujita and Shimura48. To a slurry of 16.4 g 

[Co(NH3)5N3]C12 (0.064 mol) and 98 mL H20  was added 22.5 g KCN and 0.10 

g CoC126H20  in 70 mL H20  with stirring. Reaction occurred rapidly, the dark 

purple color of the solution changing to a golden yellow within thirty seconds. 

Stirring was continued for 20 minutes. The product was precipitated with 250 

mL ethanol and cooled on ice about two hours. Yield 21.5 g (0.062 mol) 96%.

K3[Co(CN)3I]

The syntheses of the acido substituted complexes are described by Flor and 

Casabo49 1 g KN02 was added slowly, with stirring, to a solution of 1.5 g 

K3[Co(CN)5N3j (0.0043 mol) in 4 mL H20  and 7 mL HI. The solution was 

heated to 35-40°C with stirring for 15-20 minutes. 40 mL of ethanol was added 

and the mixture cooled for several hours on dry ice. An oil formed, from which 

the supernatant was decanted. It was then warmed, mixed with 5 mL ethanol 

and cooled with dry ice again. The ethanol was poured off the oil, and the same 

process repeated three or four times until the product became more granular.

The dark orange brown powder was then filtered and washed with ethanol and 

ether. Yield 0.25 g (0.0006 mol), 13%.
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K3[Co(CN)5C1]

A suspension of 0.75 g K3[Co(CN)5N3] (0.0022 mol) in 2.5 mL HC1 and 2 mL 

H20  was stirred and heated to 35-40°C. Addition of K N 02 caused the solution 

to turn a darker orange yellow, still a little cloudy. After twenty minutes, there 

was still undissolved yellow material present. The addition of 13 mL ethanol 

caused a lemon yellow precipitate to form, which was filtered, and washed with 

cold ethanol and ether. Yield 0.25 g (0.00073 mol), 33%.

K3[Co(CN)5Br]

A solution of 1 g K3[Co(CN)5N 1 (0.00287 mol) in 3 mL H20  and 5 mL HBr 

was heated with stirring to 35°C. Careful addition of 0.4 g of K N 02 caused the 

evolution of brown fumes which bubbled from the solution. After tv/enty 

minutes, cold ethanol was added to precipitate the product and the solution was 

kept on ice overnight. The pale orange brown precipitate was washed with 10 

mL cold ethanol followed by ether. Yield < 50%.

K3[Co(CN)3SCN]

The method used to make the halogen substituted pentacyano cobaltates could 

not be used to synthesise K3[Co(CN)5SCN] because HSCN is highly unstable. 

An attempt to synthesize the complex using the method above with KSCN and 

acetic acid yielded only a pale yellow, almost white precipitate. Instead, an
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electron transfer reaction using [Co(NH3)3NCS]S04'2H20  and Co(II) was used 

successfully but with very low yield.

To a solution of 0.54 grams of KCN dissolved in 2.7 mis of H20  was 

added 560 mg of [Co(NH3)3NCS]SO4'2H20, obtained as a by product from a 

reaction to produce the cis and trans tetraammine dithiocyanates51. A small 

crystal of Co(N03)26H20  was added. The solution was stirred, then 0.70 g 

Ba(acetate)2 -idded to remove S 042' as BaS04. The supernatant was added to 14 

mL absolute ethanol cooled to 0°C in a salt and ice bath. A small amount, less 

than 10 mg of precipitate formed, which was allowed to dry in the flask.

Enough product was isolated to carry out chromatography, UV/vis, and infrared 

analysis. A subsequent attempt to repeat the reaction yielded more product, 

which when analysed chromatographically showed a mixture of S and N bonded 

isomers in a ratio of about twenty to one.

K3[Co(CN)3NCS]

This complex has been isolated by extraction with methylene chloride from 

mixtures containing mostly the S bonded isomer7. An attempt was made to 

synthesize it using the same method as for the S bonded isomer, starting instead 

with the S bonded thiocyanato pentammine, synthesized by A.D.Kirk by the 

method of Creaser, Buckingham, and Sargeson52. No product could be isolated, 

in two or three attempts. A synthetic method suggested by Haim53 was to react
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K2[Co(CN)5H20 ] with KSCN thermally, and to concentrate the solution on a 

rotory evaporator. The assumption w as that the N-bonded isomer is the more 

thermodynamically stable, and that the kinetically favored S-bonded isomer 

would isomerism with heating. An attempt to use this synthetic procedure 

produced the S and the N bonded isomer in a four to one ratio.

K2[Co(CN)5H20]

Methods available for synthesizing K2|Co;CN),H20] include the oxidation20 of 

K3[Co(CN)jN3] with K N 02 in HC104, but the photolytic method of producing 

this species34 was found to be the most successful. 150 mg K3[Co(CN)6l 

(0.00045 mol) was dissolved in 50 mL distilled water to make a solution of 

about 0.009 M, and irradiated at 313 nm by a Hanovia 100W high pressure 

mercury lamp while being magnetically stirred. The photolysis was carried out 

for greater than 24 hours. The round bottomed flask was covered with foil 

except for a small opening to admit the light from the lamp. The progress of 

the reaction was monitored by observing the disappearance in the UV/vis 

spectrum of the peak at 313 nm and the appearance of a new absorption 

maximum at 380 nm. When the reaction was considered complete, after about 

24 hours, the solution was acidified to pH 2 vith HC104 to convert all free CN 

to HCN. Nitrogen gas was bubbled through the solution, to drive off the HCN 

formed. The gas mixture was bubbled through 10 M NaOH to neutralise the
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HCN. The aquo complex cannot be isolated as a solid, with alkali metal 

cations, and the silver salt is very unstable. Therefore, HPLC is a useful 

method of tesing the purity. It was found that when a solution of about 0.009M 

K2ICo(CN)jH20 ] was tested by HPLC, the presence of unreacted K3[Co(CN)6] 

or polymeric species23,54 which are generated during the photolysis, are visible.

A chromatogram of the aquo complex and the suspected polymeric impurity is 

shown in Figure 2.1.
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Figure 2.1 Chromatogram of the aquo complex and polymeric impurity.
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This product could be destroyed by photolysis for about 2 hours at 360 

nm. It was observed that when the photolysis was attempted in acidic solution, 

with a nitrogen purge and no stirring, more of the suspected dimeric or 

polymeric species were seen to have formed. This may be a consequence of 

poor mixing, leading to secondary photolysis, since the N2 purge was the only 

mixing used in this experiment.

Sample purity for all the complexes was determined by the molar absorptivity in 

the UV/visible spectrum, and from chromatography. Table 2.1 shows the molar
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absorptivitics and the wavelength maxima of the complexes synthesized, and the 

literature values.

Table 2.1 Wavelength maxima and molar absorptivities for the 
complexes [Co(CN)sX]3

X Tl
/vTn*x

nm

lit.

val.

£‘■•'max

M‘1cm"1

lit.

val.
£ 313

Ivf'cm'1
£ 2 6 5

M^cm'1

ref.

n 3- 380

280

220

380 749

8363

10830

600 1996 5452 a.

r 500

408

334

500

330

107

255

2930

96

2960

1151 18411 b.

Br' 398 398 172 177 530 6757 c.

c r 390 392 201 200 97 c.

a. ref. 32
b. ref. 34
c. ref. 49

To measure molar absorptivities in the UV/visible spectra, accurately weighed 

samples were dissolved in a measured volume of distilled water, then filtered 

through a 0.45 pm cellulose filter into a quartz cell. To bring all peaks within a 

measurable range, one or two dilutions of the original sample were made. The 

samples were protected from light, to avoid photochemical reaction.
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Samples were prepared for chromatography by dissolving the sample in 

distilled water and filtering as above before injection. These samples were kept 

on ice in the dark, to avoid thermal or photoreaction, which would have resulted 

in the appearance of the aquo species as a major product.

2.1.2 Photolysis methods

Photolysis was carried out using a PEK 100W high pressure mercury lamp in 

front of a Bausch and Lomb grating monochromator. The sample is contained 

in a 1 cm2 quartz cell, which is held in position by a thermostatted cell holder 

connected to a Lauda RC-6 constant temperature bath. The cell position for 

maximum light absorption is found by putting a solution of quinine sulfate and 

0.1 M H2S 0 4 in the cell, and optimising the emission. The sample in the cell is 

constantly stirred to avoid secondary photolysis of solution near the surface.

Light intensity is determined by ferrioxalate actinometry55. A 3 mL 

volume of 0.06 M ferrioxalate in 0.1 M H2S 0 4 is irradiated for 30 seconds to 1 

minute. Two samples and a dark blank are analysed. Solutions are transferred 

to 25 mL volumetric flasks and 6 mL of 0.1 M 1,10-phenanthroline in 0.1 M 

H2S 0 4 is added. Also, 5 mL of 1 h sodium fluoride is added, as it is found to 

decrease the time required for complete complexation of the free iron by 1,10- 

phenanthroline56. The solutions are made up to 25 mL with distilled water and 

allowed to develop over half an houi. The absorbance at 510 nm is measured
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and light intensity calculated from the equation given below. Reproducibility of 

about 2% was achieved between samples. The lamp output fluctuates from day 

to day, however, therefore it is necessary to carry out actinometry with the 

experiment of interest, in order to be sure of the lamp output at any given time. 

Unless specified otherwise, all photochemical experiments were carried out at 

pH 13, and at 10°C, to avoid secondary thermal reaction of the photo products. 

To test for thermal reaction, samples which had not undergone any photolysis 

were analysed after several hours. Also, photolysed samples were kept for as 

long as two hours and analysed again. No signigicant change in the photo 

product ratios was observed. For any experiment, the photolysis time never 

exceeded 2 hours.

Quantum yield determination was done by photolysing a sample and 

analysing aliquots at measured intervals, by HPLC. The per cent conversion as 

a function of time was determined graphically, and this value divided by the 

lamp intensity as a function of time, to give the quantum yield. Th„ 

determinations were done at low temperature to avoid thermal reaction of the 

more labile chloro and bromo complexes. The medium was always 0.1 M in 

hydroxide, to reduce the thermal reactivity of the aquo species, which is the 

major product the reaction. The aquo species at pH 13 is in the hydroxo form 

to the extent of 99.7%, and has a ra*e constant for substitution of approximately 

10'6 s'1, three orders of magnitude less reactive than the aquo species. The
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quantum yields of all the complexes were measured in 2M sodium thiocyanate 

and 0.1 M sodium hydroxide. An example of a typical quantum yield 

measurement is given below.

A 3 mL sample of 7.13 x I0'3M [Co(CN)5I]3', which was totally 

absorbing at the photolysis wavelength, was photolysed over 16 minutes and a 

100 pL aliquot removed every two minutes for analysis. The total per cent 

conversion was 5.8% which combined with the starting concentration and a 

lamp output of 1.26 x 10'8 E s '1, gives a quantum yield of about 0.095.

Graphical analysis yields a slightly lower value of 0.088.

The quantum yield for the iodo complex was also determined in 2 M 

sodium perchlorate. The quantum yield of the azido complex was determined as 

a function of thiocyanate concentration in 1,2, 3, and 4 M sodium thiocyanate, 

tne ionic strength held constant with sodium perchlorate.

The product distribution in the photochemical reaction was measured in 2 

M sodium thiocyanate and 0.1 M sodium hydroxide for all the complexes. The 

iodo complex was used to measure the aquation to anation and S bonded to N 

bonded product ratios as \ function of cation. An example is given below.

A 4.31 mg sample of [Co(CN)5I]3' was dissolved in 2.6 mL of 0.1 M 

lithium hydroxide and 2 M lithium thiocyanate. Reaction was carried out to 

90% conversion and the per cent of each product formed determined by 

normalisation of the peak areas. The experiment was repeated with sodium,
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potassium and ammonium thiocyanate. Barium and calcium thiocyanate were 

also used in neutral solution at low temperature. These experiments could not 

be done in base because the alkali earth ions form insoluble hydroxides. 

Tetrabutyl ammonium thiocyanate was also attempted, but it was found to give 

extra peaks in the chromatography which obscured the product peaks. 

Recrystallisation of the salt under nitrogen using distilled methylene chloride did 

not improve the chromatographic results.

The product distribution was also measured as a function of thiocyanate 

concentration for the azido complex, in the experiment mentioned above, to 

determine quantum yield.

2.1.3 Thermal reactions

The thermal reaction of the hydroxo complex was carried out in the following 

way. The aquo complex sample was first tested by chromatography for the 

presence of other species absorbing at 380 nm. The suspected polymeric 

product was present, and was eliminated by photolysis as previously described. 

The UV/visible spectrum of the aquo sample was used to calculate its 

concentration, using the literature value for the molar absorptivity34. For 

example, a sample of the aquo complex was found to have an absorbance at 380 

nm of 0.285 in a 1mm cell giving a concentration of 9.4 x 10'3 M. A 

micropipet was used to combine 500 pL of the aquo complex with the same
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volume of 4M sodium thiocyanate and 0.1 M sodium hydroxide, both of which 

were kept at 40° C before mixing. Aliquots of approximately 100 pL were 

removed every 20 minutes for 2 hours, and analysed by chromatography. The 

thermal reactions of the acido ubstituted pentacyanocobaltates were carried out 

in 2 M sodium thiocyanate and 0.1 M sodium hydroxide at 23°C. For example, 

10.6 mg of the iodo complex was dissolved in 2 mL of the medium to give a 

concentration of 1.2 x 10 2M. Aliquots of the sample were removed every 

twenty hours or so and analysed by HPLC.

2.1.4 Chromatography

A Varian Model 5000 High Pressure Liquid Chromatograph was used with a 

CSC-S ODS2 10pm 25 x 0.46 cm Clg reverse phase column and a Varian 

"Varichrom" variable wavelength detector, attached to a Houston Instrument 

Omniscribe chart recorder and a Hewlett-Packard 3390A integrator. The 

instrument is controlled by a microprocessor which can be used to program a 

series of timed events, including starting and stopping the pur.p, eluent flow 

rate, the percent solvent to be delivered from each reservoir and the maximum 

and minimum allowable pump pressure.

To prepare the stock solution for the eluent, 42 g citric acid was 

dissolved in about 250 mL water, then 33 mL hexylamine was added. The 

solution was made up to 500 mL with organic-free water then filtered through



a 0.45 pm cellulose filter. Eluents were made up to a concentration of 50 mM 

hexylamine, and 40 mM citric acid, adjusted to pH 6.5 ± 0.2. To make the 

eluent, 50 mL of the stock solution was diluted to about 400 mL with either 

water or methanol, and the pH adjusted with concentrated ammonia and 1M 

HC1 using a Fisher combination electrode and Fisher pH meter. The solution 

was made up to 500 mL in a volumetric flask and then filtered through a 0.45 

pm cellulosic filter, leaving the eluent under vacuum for about 10 minutes. The 

eluents were put into flasks or bottles which had been thoroughly washed with 

soap and water, and eluents more than three days old were filtered again or 

discarded, as it was found that microbial growth is favored by the high amine 

content.

For the complexes used in this work, there are charge transfer bands with 

high molar absorptivities at short wavelengths. However detection at 

wavelengths less than about 240 nm is not practical, because the eluent itself is 

strongly absorbing in this region. The fraction of light left for absorbance by 

the species to be detected becomes so low, that the signal to noise ratio becomes 

unacceptably high. For most species, peaks were detected at 265 nm, the 

wavelength maximum for the charge transfer bands in the cobalt thiocyanato 

products. The aquo complex, which has a low molar absorptivity at all 

wavelengths, was detected at 380 nm, where its molar absorptivity is 301 M"1
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A 30 pL sample is taken up into a Hamilton microsyringe and loaded 

into a 10 pL sample loop. Use of at least 30 pL to load the sample loop is 

recommended by the manual, to allow for complete rinsing of the loop thereby 

giving an undiluted sample.

Figure 2.2 Chromatogram of the azido complex, showing the aquo and
thiocyanato products.
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A gradient was used to run the chromatograms, typically beginning with 

5% methanol for the first 3 minutes, then increasing to 25% methanol from 3 

minutes to 16 minutes. These times were chosen to minimise the time required 

to elute the linkage isomers of the [QKCN^SCN]3" while still allowing them to 

be resolved. To optimise peak size for accurate analysis, the absorbance range 

was changed during the run. A typical example is shown in Figure 2.2. At the 

end of the day, the eluent was run at 100% methanol for about ten minutes, to 

remove any species that might be more strongly bound to the column.

Difficulties with the system included two problems, the source of which 

were never completely determined. The first was drifting baseline in the 

chromatogram. This seems to be related to instrument maintenance, including 

pump pressure and lamp alignment. The presence of peaks, called artifact 

peaks, which do not represent components of the sample, has been investigated 

in the literature57. This problem is particularly prevalent when running 

gradients. Typically an artifact peak will appear within two to three minutes 

after the change in methanol concentration has been initiated. The gradient was 

adjusted so that the artifact peaks did not interfere with the peaks to be 

analysed.

The elution of peaks was recorded on both a chart recorder and an 

integrator. The peak area could be reproducibly measured by the integrator in 

most cases; optimisation of the peak width and threshold parameters according
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to the recommendations in the manual for the integrator allowed measurement 

of most peaks, but especially for the small broad peaks which represented the 

N-bonded thiocyanato product, cutting and weighing of a photocopy of the 

chromatogram was the only method that would give reproducible values for the 

peak area. This is due to the oscillations in the baseline which become large 

enough at low sensitivity that the integrator cannot distinguish them from a 

small broad peak. The peak area is related to the concentration of the 

compound in the following way:

. .. _  absorbance range x areaconcentration a  *
molar absorptivity

The resulting value, which represents the concentration of the product, can be 

u^id to calculate product formation in terms of percent photolysis, and product 

ratios can also be determined. While it is possible in principle to calculate the 

absolute concentration of the species represented by the peak from the peak 

area, this was not usually done. The combined errors in dilution of the sample 

prior to analysis and nonreproducible injection volumes made the error rather 

higher than it is by area normalisation. The assumption inherent in using this 

method is that all the products formed are visible in the chromatography
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2.2 Results

2.2.1 Kinetics of the thermal substitution of [Co(CN)5X]"‘ species

The pseudo first order rates for the thermal substitution of some of the 

pentacyanocobaltates were measured, and the results are collected in Table 2.2, 

together with some pertinent values from the literature.

Table 2.2 Rates of thermal substitution of [Co(CN)5X]'r

X pH medium T(°C) k(s-1) ref.

h 2o 6.4 H2180,NaCI04, 1=1 40 1.3xl0'3 b.

6.4 N3\HC104,NaC104, 1=1 40 6.07X10-4 d.

OH 13 2M NaSCN,0.1M NaOH 40 2.4x10‘6 a.

10.1 0.9M NaSCN, 1=1 40 1.7xl0‘6 b.

13 2M NaSCN,0.1M NaOH 23 2.2x10‘6 a.

Cl 13 i t 22 2.0x1 O'5 a.

Br 13 i i 22 9.4x1 O'6 a.

I 13 i t 22 3x1 O'7 a.

- NaC104, 1=1 40 6.2x1 O'7 c.

SCN 13 NaCI04,Na0H, 40 3.7x10‘7 b.
0.18M NaSCN

a. this work
b. ref. 17
c. ref. 19
d. ref. 22
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The rates calculated represent the chromatographically measured disappearance 

of the reactant, the rate constant k being determined from the slope of a gra[ h 

of ln[A] as a function of time. [A] represents the concentration of starting 

material at any time t. Tins treatment is based on the integrated first order rate 

equation, ln[A)t = ln[A]0 - kt. Figure 2.3 shows a typical graph from which k is 

calculated.

Figure 2.3 First order dependence of the thermal substitution reaction of the bromo 
complex.
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The products of the substitution reaction in basic solution are the hydroxo 

complex and the two isomers of the thiocyanato complex. These products are 

thought to form consecutively, that is the starting material forms the hydroxo 

complex, which then goes on to form the thiocyanato species. To probe this 

mechanism, the reaction rate of the hydroxo complex was also required.

The anation of the hydroxo complex has been measured at 40°C and also 

a measurement was made at 23°C and 2% conversion. Two mechanisms are 

possible for the reaction of the hydroxo complex to form the thiocyanato 

complex, and conflicting results exist in the literature concerning these 

mechanisms. The earliest results17 support the view that while the majority of 

the reaction occurs through the aquo complex in equilibrium with the hydroxo 

species, 10 to 15% of the reaction occurs by direct anation. That is the 

hydroxide ligand itself is lost. These results have been challenged by Burnett22, 

who showed that all the product formed could be accounted for by reaction 

through the aquo species. The results obtained in the present work were used to 

do a calculation, assuming that all reaction occurred through the aquo complex. 

In this way a rate constant was obtained for the substitution of water from the 

aquo complex, which can then be compared with the values in the literature, 

which range from 1.8 x 10'3 s '1 to 6 x 10‘4 s '1, as seen in Table 2.2. The 

calculation is based on the rate law derived from the mechanism for substitution 

of the aquo species, as shown below.
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ki
CoCCN^Rp2'  ^  Co(CN)j + H p

k-!

Co(CN)5_ + SCN Co(CN)5SCN3-

t _ kjtSCN]' 
k°b* “ ^

— l- + [SCN]* 
ka

Values for k.,/k? were measured graphically by Haim17 to be 2.95 at 40°C and 

ionic strength equal to 1, and to be 5 at 20°C and ionic strength 5. The pK, of 

the hydroxo complex has been measured as 10.5, giving at pH 13 a 

concentration of the aquo complex which is 0.315% that of the initial hydroxo 

species concentration. Using these values and the observed rate constant of 2.4 

x 106 s '1 for anation of the hydroxo complex in 2 M NaSCN, the value of 2 x 

10'3 s '1 is obtained for k,. This value is outside the range reported for the 

substitution of the aquo complex but the precision of the measurement is not 

sufficient to suggest that the rate constant obtained in the present work is 

different than for example, the value of 1.8 x 10'3 s '1, which was measured by 

Haim for the substitution of the aquo complex by thiocyanate. The single result
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for the hydroxo complex at 23°C yielded an observed rate constant of 2.2 x 10'6 

s ‘, which was used in the subsequent calculations, to model the behaviour of 

the pentaeyanocobaltates at 22°C.

The thermal substitution reactions of the chloro, bromo, and iodo 

complexes were modelled, assuming a consecutive reaction, in which the 

reactant forms only the hydroxo complex, which then goes on to form the 

anation product, as described above. The observed pseudo first order rate 

constants for substitution of the complexes are used in the calculations, along 

with the measured rate constant for the anation of the hydroxo complex.

The value of k, is obtained as explained previously from a plot of ln[A] 

as a function of time. The intercept of this plot gives a value for [A]0 which is 

used in the subsequent calculations. The calculated concentrations of the 

reactant [A], the hydroxy complex [B], and the thiocyanato complex [C] are 

obtained from the integrated rate equations.

[A] = [Al e k|t

[B1 = [A],

[C] = [Al

- i .  e -1'1 + - A .  e ' ^
k j-k j

k j-k j  ^ i“^2
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The plots seen in Figure 2.4, Figure 2.5, and Figure 2.6 show the experimentally 

derived values as points and ihe calculated values as lines. The initial 

concentration of the hydroxo complex was non-zero for the ehloro and bromo 

complexes, and this was taken into account in the calculations, although it 

amounted to less than 1% of the total reaction mixture.

Figure 2.4 Experimental points and model curve for the thermal substitution 
reaction of the bromo complex.
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A typical set of values for real and calculated concentrations of reactants and 

products is shown in Table 2.3. Fcr the bromo and chloro complexes 

(Figure 2.4 and Figure 2.5), a reasonable fit to the data is obtained for the 

reactant and the hydroxo complex.

Figure 2.5 Experimental points and model curve for the thermal substitution 
reaction of the chlnio complex.
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It can be seen however, that the amount of thiocyanate product present is greater 

than the amount predicted by the model of consecutive reaction. If the 

modelling treatment were taken a step further, the theoretically predicted 

concentration of the thiocyanato complex could be increased by postulating
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direct anation. However, direct anation would not cause the curvature of the 

theoretical line to change, and for both the chloro and the bromo complex, 

curvature of the experimental and theoretical lines is different. For the iodo 

complex,the simple model of consecutive reactions predicts a lower 

concentration of the hydroxo complex than observed, and a higher concentration 

of the thiocyanato complex than observed. Such a result is explained by the 

very low reaction rate of the iodo complex, which is of the same magnitude as 

the aquation of the thiocyanato complex. Back reaction of the thiocyanato 

complex is occurring, and a correct model of the iodo system requires taking 

account of this.
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Figure 2.6 Experimental points and model curve for the thermal reaction of the 
iodo complex.
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Table 2.3 Experimental and calculated concentrations for the thermal
anation of [Co(CN)5Br]3‘ at 23°C, 2M NaSCN, 0.1 M NaOH.

[Co(CN)5Br]3' [Co(CN)5OH]3- [Co(CN)5SCN13

expt’l calc’d expt’l ■ calc’d expt’l calc’d

0.0262 0.0262 9.33e-5 9.33e-5 0 0

0.0257 0.0258 4.03e-4 5.17e-4 l.le-5 l.le-6

0.0253 0.0253 8.37e-4 9.75e-4 1.9e-5 4.5e-6

0.0250 0.0249 l.lle -3 1.34e-3 2.2e-5 8.8e-6

0.0247 0.0246 l.37e-3 1.70e-3 3.0c-5 1.45e-5

0.0242 0.0242 1.92e-3 2.04e-3 3.5e-5 2.13e-5

0.0238 0.0239 2.33e-3 2.40e-3 4.8e-5 2.99e-5

2.2.2 Photosubstitution of [Co(CN)sX]B-

2.2.2.1 Aquation to anation ratios

The ratio of aquation to anation product and the ratio of sulfur to nitrogen 

bonded product, were measured as a function of per cent conversion of the 

starting material. A typical feature of these observations is the higher value of
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the aquation to anation ratio at very low conversions. It is not certain whether 

this represents a trend in the chemistry, or only refects the real difficulty of 

measuring peak areas which are small and re; retent such a small percentage of 

the total reaction mixture. The results at less than 10% conversion are shown 

with error bars in Figure 2.7. The error bars were generated by injecting each 

sample three times, to give a range of values for the ratio. The large error 

inherent in each determination makes it impossible to make much of the 

apparent curvature at small conversions.

Figure 2.7 Aquation to anation ratio for the photosubstitution of the iodo complex 
in 2 M NaSCN, 0.1 M NaOH.
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Higher conversions of starting material were required to measure the ratio of 

sulfur to nitrogen bonded thioeyanate product. This ratio also was found to be 

independent of the extent of conversion of the starting material, and constant, 

within experimental error, through the series of cobalt compounds studied, as 

seen in Table 2.4.

Table 2.4 Photo and thermal product ratios in 2M NaSCN, 0.1M NaOH

complex aquation/ photo thermal
anation S/N ratio S/N ratio

ratio

K3ICo(CN)5C1] 10.613.0 8.511.4 4.3*

K3[Co(CN)5I] 10.1 ±2.4 9.311.3 4.7

K3[Co(CN)5Br] 13.212.5 8,811.5 4.5

K3[Co(CN)5N3] 8.811.5 8.711.5 4

K3[Co(CN)5OH] — 7.311.4 4

K3[Co(CN)5CN] — 8.1 - -

a. The thermal ratios measured have an estimated error of ± 1.

The thermal ratios for the sulfur to nitrogen bonded product represent the 

substitution of the hydroxo complex, as mentioned at the beginning of mis 

section.
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2.2.22 quantum yield measurements

The total quantum yield for each of the complexes was calculated from the rate 

of conversion of the starting material measured from chromatography, and the 

rate of photon absorption as measured from actinometry.

*  -  w u *

[P] -  product concentration

U .  = l o *  f a

I0 = light intensity, EiT1 

f4 = fraction of light absorbed 

-  1 -1 0 'A, A = absorbance

A typical graph o product formation as a function of time is shown in 

Figure 2.8. It was found that these graphs were linear to high conversion, as the 

starting compounds have in general much higher molar absorbance at the 

irradiation wavelength than the products. The slope of the graph is proportional 

to dlPJ/dt.
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Figure 2.8. Quantum yield determination from the rate of conversion of the chloro 
complex as a function of time.
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The assumption is made that all the products are visible in the chromatography, 

such that the total normalised area of the peaks represents the total concentration 

of all species present. The quantum yields obtained are given in Table 2.5. The 

aquation and anation quantum yields are calculated from the measured total 

quantum yield and the average of the measured aquation to anation ratios. Some 

selected literature values of quantum yields are given under various conditions.

Table 2.5. Substitution quantum yields for the series of compounds [Co(CN)5X]3‘

anationaquation ref.

Cl 0.22 0.2 0.019 0.25,nat.pH

0.080 0.008 0.09,2M

a.

0.088 b.

OH

Br 0.098

NaN03

0.0024

0.091 0.007 0.69,nat.pH

c.

a.

N, 0.072 

CN- 0.31 b.

SCN 0.2 d.

a. ref. 63, but value is thought to be 4 times too high.
b. ref. 34
c. ref. ( h - reports loss of cyanide with a quantum yield of 0.06.
d. ref. 65
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22.23  secondary photolysis

Especially at the very high conversions required to study the ratio of S to N 

bonded thio'cyanate, it was of interest to know whether any secondary photolysis 

might be contributing to a distortion of the observed product ratios. A computer 

program was available to make this calculation for the consecutive reactions 

A--> B—> C, based on the equation derived by Wirth and Linck58,

[Q = QT + f  -  1 -  Tf)
[B] if  - f )

where f  » is the extent of photoreaction. The equation for T, a ratio

of relative absorptivities of the reactant and product, was modified slightly to 

multiply each product by the fraction of light it absorbs as part of the product 

mixture.

4, x e x ejsc”tCi1 
^  Se,[cf1

®RX X SRX

The application of this treatment to the system studied here is 

questionable for the following reasons. The reactant forms not one but three
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products in the primary photolysis step, and secondary photolysis will not 

remove the products from the system. For example, the hydroxo complex 

represents about 90% of the primary product formed. When it undergoes 

secondary photolysis, it is likely to form itself again in a 90% yield. The two 

anation products have unknown aquation quantum yields, just as the hydroxo 

complex does. If the aquation quantum yield for the S bonded and the N 

bonded species are of the same magnitude, however, they would also undergo 

secondary photolysis to the same extent, thereby not changing the initial S/N 

ratio. Perhaps the best indication that secondary photolysis does not interfere is 

the linearity of the conversion as a function of photolysis time at low 

conversions.

Some values for the degree of secondary photolysis at 20% conversion are 

given in Table 2.6. To calculate these values, a quantum yield of 0.2 was 

assumed for the thiocyanate product and 0.1 for the hydroxo product.
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% -.cccndary 
photolysis at 20% 
conversion

X e 313 <D T r o h Trscn ROH RSCN

I' 1151 0.088 0.15 0.09 1.7 1

Br- 530 0.098 0.3 0.18 3.4 2

Cl' 97 0.22 0.73 0.43 8 5

n 3- 1996 0.072 0.11 0.06 1.2 0.7

2.Z.2A The product ratio as a function of thiocyanate concentration.

The ratio of aquation to anation product was measured for the photosubstitution 

of the azido complex as a function of thiocyanate concentration at constant ionic 

strength. The results are shown in Table 2.7. It is observed that, within 

experimental error, the total quantum yield remains constant while the ratio of 

aquation to anation decreases linearly with increasing thiocyanate concentration.



Table 2.7 Photosubstitution of [Co(CN)sN3]3' at constant
ionic strength and varying thiocyanate concentration.

(NaSCN] (NaClOJ total aquation/
anation

0 4 0.070* —

1 3 0.072 11.3

2 2 0.072 8.8

3 1 0.081 6.0

4 0 0.069 4.4
a. The error in quantum yields is estimated at 10%.

Similarly, for the iodo complex, the quantum yield in 2M sodium perchlorate 

was measured as 0.080 ± 0.008, while in 2M sodium thiocyanate, the total 

quantum yield is 0.088 ± 0.009. For the azido complex in 4M NaSCN, it can 

be estimated that the error in the total quantum yield measurement is about 

10%. Assuming a 10% error in the aquation/anation ratio, the range of values 

for the per cent anation reaction is 18.5 ± 2%. That is, in the lower limit, the
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anation, if an additional process, would require the quantum yield to be 

increased by about 16%, outside the error limits for the quantum yield. This 

rather approximate treatment suggests that anation is a process which is 

competitive with aquation, rather dian one which occurs by a process or via an 

intermediate which would, in the absence of tlte substituting anion, not occur.

2.2.2.5 Product distribution as a function of cation 

The ratio of aquation to anation product as a function of the cation of 

thiocyanate was measured, as was the ratio of S to N bonded thiocyanato 

product. These measurements were quite difficult in the exj>eriments using 

lithium thiocyanate because so little anation product was formed. The method 

used to calculate the ratios, was to plot the per cent product as a function ot (ta

per cent conversion of the starting material. The product ratios could then tx- 

determined as the ratios of the slopes of the lines as seen in Figure 2.*)
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Figure 2.9 Percent products as a function of percent conversion for 
the iodo complex in 2 M lithium thiocyanate.
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This treatment was not used for the ammonium thiocyanate data, for which only 

two determinations were made. The cation of SCN' is found to change the ratio 

of aquation to anation product, while the ratio of suit ir to nitrogen bonded 

thiocyanato product remains constant. Values are gi\cn in Table 2.8.
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cation hydrated djon-water aquation/ S/N ratio 
radius (nm) anation 
(nm) ratio

Li+ 0.6 0.208 9.9±1.4 12.0±1.6

Na+ 0.4 0.2356 6.4±0.6 12.7±1.1

K+ 0.3 0.2798 4.1 ±0.6 11.3±1.1

n h 4+ 0.25 0.305 2.5±0.5 10.6±2.5

CaJ+ 0.6 0.242 5.4±0.4*’ 9.5±1.2

a. All measurements were taken at pH 13 except that in 1 M Ca(SCN)2, 
which was at natural pH.

Also, it is found that the value of ln(aquation/anation) as a function of the 

reciprocal of the hydrated cation radius is linear, as seen in the graph in 

Figure 2.10 . Figure 2.11 shows the product ratio as a function of the 

reciprocal of the ion radius in solution. The linear relationship between the 

reciprocal of the ion size or its hydrated size, and reactivity, indicates the 

importance of ion pairing in the reaction that produces the anionic substituted 

product.
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Figure 2.10 Aquation to anation product ratio as a function of the 
hydrated cation radius.
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2.2.2.6 Calculated excited state bond energies

The excited state bond energies for each of the cobalt compounds are shown as 

calculated using V.C. theory, in Table 2.9. The ligand predicted to be lost by 

the theory, and that actually lost, are the same for every compound, with the 

exception of the hydroxo complex. The predicted ligand lost is cyanide, but 

only loss of hydroxide was observed.

Table 2.9. Excited state bond energies and quantum yields for [Co(CN)5Xjn‘

X I*(Co-X) I*(Co-CN) ligand
lost

quantum
yield

CN" 18126 11474 CN" 0.3
(ax) (eq)

C1 6870 9946 c r 0.22

Br 6188 9780 Br' 0.098

I 5390 9640 T 0.09

n 3- 7192 9493 n 3- 0.072

CH 11319 11240 CN‘ 0.0025

The method of calculation is explained in the introduction and the sigma 

and pi parameters required are found in reference 6. As mentioned previously, 

te bond energies calculated are only qualitative values, and are meant to indicate 

the relative ordering of bond energies within a single complex. Then, for 

example, because the Co-Cl bond is of lower energy than the Co-CN bond in 

the chloro complex, it is expected that chloride will be lost rather than cyanide,
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and this is in fact what is observed. It is interesting to note, however, that 

although the excited state bond energy of the Co-Br in the bromo complex is 

lower than the Co-Cl bond strength in the chloro complex, the quantum yield 

for the bromo complex is lower.
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Chapter 3. Quenching of [Pt2(ju-P2OsH2)4]4' by [Co(CN)5X]3'

3.1 Experimental

3.1.1 Preparation of Potassium Tetrakis(p-pyrophosphite-P,P’)diplatinate(II) 

Dihydrate, K4[Pt2(p-P20 sH2)4]2H20

Fresh 97% phosphorous acid (Aldrich) stored under nitrogen was used in the 

synthesis. The source of K2PtCl4 was the lab of Dr. K. Dixon where it was 

synthesized from recycled platinum wastes, and reprecipitated as a pink semi

crystalline powder from ethanol. Distilled water and reagent grade methanol 

were used, as well as Fisher reagent grade diethyl ether.

The method of Roundhill59 was used with some modifications. A 

solution of 0.8 g R2PtCl4 and 3.0 g H3P 0 3 in 4 mL distilled vyater in a 25 mL 

beaker, covered with a watch glass, was heated with stirring to 100°C for 3 

hours. The water which evaporated was replenished periodically. The solution 

gradually changed color, from red to brown, then to a pale golden yellow. A 

black precipitate, probably elemental piatinum, accumulated on the stining bar, 

which was rt placed twice during the synthesis. The solution, when evaporated 

in an oven as recommended, gave a dark colored precipitate. When evaporated
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in a Schlenk tube on a vacuum line, a yellow solid was left behind. Washing 

the sample with methanol in the presence of air, caused it to turn purple, an 

indication that the complex is being oxidised60. Therefore the procedure was 

modified and the sample washed ivith methanol and ether in a glove box under 

nitrogen, resulting in the isolation of a yellow powder. This sample was stable 

when kept from air, but when the vials containing sample were repeatedly 

opened, it decomposed over several weeks, turning from green to purple and 

finally to black.

Figure 3.1 The emission and absorption spectra of K4jPtj(pop)4) 2HzO in distilled water
1.0 1.0

0.8 0.8

emission

0.6 Abs x 108
C

ic
s 0.4 .2

0.2 0.2

0.00.0
600200 300 400 500

wavelength (nm)



92

The compound was characterised by its UV/visible spectrum with peaks 

at 244, 264, and 368 and a shoulder between 430 and 440 nm. The peak 

positions and relative magnitudes correspond to those reported in the literature. 

The emission due to phosphorescence is observed at 514 nin, with a lifetime of 

9 ps in degassed distilled water. These results correspond to literature values60 

of 514 nm and 8.7 ps. The emission and absorption spectra as measured are 

reproduced in Figure 3.1.

3.1.2 Preparation of solutions

The chloride salts LiCl, NaCl, KC1, and CsCl are all BDH Analytical Grade 

reagents, used without further purification. The 70% HC104 used to make up 

the 0.01 M HC104 is Fisher reagent grade, diluted with water froTn a Sybron- 

Bamsted system designed to remove ionic and organic impurities. The 0.01 M 

HC104 was used to make up the chloride salt solutions. Solutions were at first 

stored in glass containers, but later in polyethylene bottles, as it was suspected 

that impurities leaching from the glass containers act to quench the emission 

from [Pt2(p-P20 5H2)4]4\  The evidence for this is that samples of [Pt^p- 

P20 5H2)4]4' often had reduced emission lifetime in old acid or salt solutions, but 

were not quenched by freshly made up acid, distilled water, or by the addition 

of solid chloride salts.
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3.1.3 Methods for lifetime measurements

A schematic diagram of the apparatus used for measuring emissit n lifetime is 

shown in Figure 3.2. The light source is a homebuili pulsed nitrogen laser, with 

a pulse width of about 7 nanoseconds and energy of about 1.5 mJ. The cell is 

held in position by a thermostatted cell holder connected to a Lauda RC-6 

refrigerating bath. Emission from the sample is detected by a Hamamatsu R- 

928 photomultiplier. The photomulliplier is preceded by a Jarrel Ash 82-410 

monochromator, which in turn is preceded by a solution filter containing 

K2Cr20 7 solution to cut out any light of wavelength less than about 500 nm, and 

a neutral density filter of 10-30% transmittance, to reduce the emission intensity 

reaching the photomultiplier. The emission signal is recorded on a Tektronix 

2230 storage oscilloscope, the average of 32 traces analysed using a weighted 

least squares program run on an Atari 1040 microcomputer.
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Figure 3.2 Lifetime apparatus
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The emission from a nitrogen laser has a wavelength of 337 nm, at which 

wavelength lPt2(p-P20 5H2)4]4' has a molar absorptivity of only 1200 M '1cm'1, 

compared with that of 1Co(CN)5IJ3' of 2900 M '1cm'1. The quencher concentration 

is expected to be about 10"3M, to quench the lifetime of [ P ^ p - P ^ H ^ ] 4* to half 

its initial value, while the concentration of [ P ^ p - P ^ H ^ ] 4* needs to be about 

3 x l0 4M to achieve an absorbance of 0.3 at 337 nm. But in this ratio, the iodc 

complex is absorbing 90% of the light, leading to the possibility of photolysis of 

the quencher, as well as a decrease in the emission intensity from the emitter in
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the presence cf increasing quencher concentration. Therefore it was considered 

desireable to find a way of irradiating [Pt2(]j-P20jH 2)4]4' at its emission 

maximum of about 370 nm. Quinine sulfate in ethanol absorbs strongly 

between 320 nm and 340 nm (log e = 4) and has fluorescence emission at 374 

nm with a lifetime of 8.6 nanoseconds, which is short enough to avoid distortion 

of the emission decay curve of the [Pt2(p-P20 5H2)414‘, and can therefore be used 

as a wavelength shifter. The |Pt2(p-P20 5H2)4]4 solution was put into one side of 

a partitioned quartz fluorescence cell, and the quinine sulfate solution in the 

other side. By focusing the laser on the quinine sulfate solution, 370 nm 

fluorescence is generated which in turn excites preferentially the [Pt2(p- 

P A H 2)4]4- as seen in Figure 3.3.
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Figure 3,3 View of the split fluorescence cell, containing quinine sulfate in 
ethanol which absorbs the laser emi, sion. The fluorescence from quinine sulfate 
then is absorbed by [Pt2(P20 3H2)4]'''.
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4
P'r(pop)4 

h v
514 nm

I

The [Pt2(p-P20 5H2)4]4 emission at 514 nm is then detected, and analysed. At 

370 nm, [Ft2(p-P2OsH2)4]4' has a molar absorptivity of 33,500 M^cmf1, compared 

to 1,000 M ‘c m 1 for the iodo complex, which is the highest molar absorptivity 

of the quenchers at this wavelength. Concentrations in the range of 3 x 10‘5 M 

of [Pt2(p-P20 5H2)4]4 were used, to give an absorbance of about 1 at 370 nm. 

Then the minimum fraction of light absorbed by the platinum complex in the 

presence of a quencher is 0.5.

[Pt2(p-P20 5H2)4]4‘and the cobalt complexes were precisely weighed (±

0.05 mg) in milligram amounts on a Perkin-Elrner AD-2 electrobalance, and 

dissolved in a weighed amount of an aqueous solution of 0.01 M HC104, 0.5 M 

in the appropriate chloride salt. Each of the bulk solutions was purged with
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97

microbi'rette
containing
0.001 M[Co(CN)5X]3 
inC O i M  H C I 0 4  
and 0.5 M KGI

nitrogen purge

quinine
sulfate

Ft2(pop)4 
in 0.01 M HCI04 
and 0.5 M KCI

nitrogen for about five minutes, the time of purging established by the time 

required to bring the lP^(p-P20 5H2)4]4' emission lifetime up to a constant value. 

A weighed amount of the 10'5 M [Pt2(p-P20 5H2)4]4' solution was put into the. 

fluorescence cell. Nitrogen was bubbled through the solution during the 

experiment, to exclude air and to mix in the quencher additions. The quencher 

solution was taken up into a microburet, fitted with a capillary tube to allow 

delivery of pL aliquots of quencher into the solution (Figure 3.4). The initial 

lifetime of the [PtjCp-PjOjH^J4* solution was measured, and was typically 

between 7.5 and 8.8 ps in the medium described. Each lifetime measurement 

consisted of collecting 30 or so traces on the storage oscilloscope, and the time
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averaged trace was then analysed by weighted linear regression on a plot of the 

log of the emission intensity versus time over the linear range of the data. For 

each aliquot of quencher added, the lifetime was determined a minimum of 3 

times. To test for stability of the system, these measurements were occasionally 

made over time intervals of 15-20 minutes, and were found not to vary with 

time. For each experiment, between four and ten additions of quencher were 

made overall, to reduce the lifetime of the emission to approximately half of its 

initial value. Each quenching experiment was carried out at least 3 times. The 

chloro and iodo complexes in LiCl gave very irreproducible quenching rate 

constants and so were analysed in 5 experiments.

To explore the possibility that heavy metal impurities might be acting to 

quench [Pt2(p-P20 5H2)4]‘'', a quenching experiment with iron was carried out.

The rate constant for the quenching of [Pt2(p-P20 5H2)4]',‘ by FeCl3 was measured 

in 0.01 M 1IC104, in the same manner as in the experiments described ^bcve. 

The quenching rate for the iodo complex was then measured, first in the 

presence of 0.01 M HC104 and 0.5 M KC1, and then in the presence of these 

reagents and 1.6 x 10‘6 M FeCl3.

The effect of the concentration of KC1 was measured, by adding aliquots 

of KC1 from the microburette to a solution of 10'5 M [Pt2(p-P20 5H2)4]4', and 3 x 

10'3 M LCo(CN)5N3] \  in 0.01 M HC104.
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3.2 Results

3.2.1 Values for kq

The value of kq is calculated using first order linear regression, from the slope 

of a Stem-Volmer plot of x'1 as a function of quencher concentrati <n. The value 

T1, rather than x jx  was plotted as a function of quencher concentration to 

determine whether a constant value t 0 could be obtained, given that the initial 

value of x in the absence of quencher was quite variable, ranging from 7.5 ps to 

8.8ps. The initial lifetime was occasionally as low as 5ps, but in this situation 

the experiment was not continued. It was found that the solution of acid or the 

chloride salt might be responsible, and when new solutions were made up or 

solid salt added to the platinum pop, the lifetime was not reduced. .Solutions 

were kept in polyethylene bottles, after which the problem of very short 

lifetimes was not encountered.

Table 3.1 gives the value for the log of the quenching rate constant, log 

kq, for each of the cobalt complexes, in the presence of each cation. It was 

found that hexacyanocobaltate had no quenching effect in combination with any 

of the cations. The relative quenching rates measured in the presence of any 

cation were in the order RI3' > RN33‘ > RBr3' > RCl3', where 

R=Co(CN)5.
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Table 3.1. Log kq for the quenching of [Pt2(P20 5H2)4]4" emission by [Co(CN)5X] 
in 0.5 M LiCl, NaCl, KC1, and CsCl

3-

cation X = N, r Bi" Cl"

Li+

Na+

K+

Cs+

8.0±0.1 8.0910.16 7.410.1 6.810.2

8.010.1 8.1510.01 7.4810.02 7.1210.12

8.0510.03 8.4610.05 7.9310.02 7.4810.05

8.410.1 8.7810.08 8.3810.04 7.8410.01

3.2.2 The effect of changing the cation

For each cobalt complex, quenching efficiency increases with a change in 

cation, in the order Li+ < Na+ < K+ < Cs+ as seen in Figure 3.5. Figure 3.6, 

Figure 3.7, and Figure 3.8 illustrate this influence as a function of parameters 

which are often used to describe the specific ion effect. These are hydrated 

radius, polarisability, and the ion radius in solution, as described by Marcus61.
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Figure 3.5 Quenching of [Pt2(P20 5H2)(,l4' emission by [Co(CN)5I]3* in the 
presence of 0.5 M chloride salts
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Figure 3.6 The log of the quenching rate constant as a function of the reciprocal 
of the hydrated radius of the cation.
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Figure 3.7 The log of the quenching rate constant as a function of the 
polarisability of the cation.
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Figure 3.8 The log of the quenching rate constants as a function of the ionic 
radius of the cation in aqueous solution.
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3.3.3 Shape of the quenching curve

The Stem-Volmer plot is expected to be linear if die quenching mechanism is 

collisional, and if quenching results from the deactivation of a single excited 

state. In the experiments done in the present work, slight curvature is evident in 

all the SV plots recorded, as illustrated by Figure 3.9. In the series shown, the 

curvature is most pronounced in the plot for lithium chloride, where the 

curvature seems to extend to the end of the plot, an* ’ least for cesium chloride, 

which seems nearly linear from the beginning.

Figure 3.9 Stem-Volmer plots for the quenching of [Pt2(P20 20jH 2)/' emission by 
the chloro complex in 0.5 M lithium, sodium, potassium and cesium chloride.

0 2 0

0 .5  M LiCI 0 .5  M NaCI0.16

0.14

01
0.12

(0
E 0.120 20 30 40 SO10 30a>

0.16U3IO
0.5 KCI 0 .5  CsCI0.20

0.16

0.16 0.14

0.12 2 6 64



104

As seen in Table 3.2, there is r > correlation between the degree of curvature 

observed and the initial lifetime, the lithium chloride solution having the most 

obvious curvature and the highest initial lifetime. There is no obvious 

correlation between the imti <1 emission intensity I0 and the curvature, although 

clearly the initial intensity decreases by a factor of three for the lithium chloride 

solution and by 30% for the sodium chloride solution. The latter effect would 

be observed if preassociation of the reactants occurred, which is defined as static 

quenching. While these values do show a decrease which could be interpreted 

as static quenching, they are not completely reliable since the laser output is not 

expected to be very stable, and because the program was not set up to record 

these values accurately.



Table 3.2. Lifetime quenching and initial light intensity measurements for 
the quenching of [Pt2(P20 20 3H2)44 by the chloro complex in 0.5 M chloride salts.

cation [Co(CN)sCl]3 t ( jjs ) I0(arb, units)

LiCl 0 8.79 0 .2 1

7.2e-4 8.68 0.18

1.6e-3 8.18 0.23
2.5e-3 7.57 0.12
3.3e-3 7.15 0.1

3.6e-3 6.9 0.09

4.4e-3 6 .6 0.08
5.1e-3 6.12 0.07
5.4e-3 5.97 0.06

NaCl 0 7.95 0.42

9.5e-4 7.35 0.4

1.8e-3 6.55 0.38
2.7e-3 5.99 0.34

3.5e-3 5.52 0.33

4.0e-3 5.28 0.31

KC1 0 7.8 0.07
6.5e-4 7.5 0.35

1.47e-3 6.45 0.12

2.24e-3 5.63 0.14

2.95e-3 4.93
3.46e-3 4.5 0.11

CsCl 0 7.9 0.08

1.5e-4 7.5 .1

3.6c-4 7.0 .09

5.6e-n 6.24 .09

7.5e-4 5.7 .09
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3.2.4 The effect of added Fe(III)

The quenching rate constant for FeCl3 with [Pt2(p-P20 JH2)4]4' was measured ;n 

0.01 M HCIO* as log k(|= 10.0 ± 0.2 , two orders of magnitude greater than the 

quenching due to cobalt complexes. A email amount (1.6 x 10‘6 M) of FeCl3 

added to the [P tjC p-P ^H jlJ4' solution to be quenched gave the result shown in 

Figure 3.10. It shows decreased quenching in the presence of the Fe(!II), 

without noticably increasing the amount of curvature seen in the initial part of 

the plot. To model the influence of Fe(III) on the system, the following 

equation was used to generate a set of values for 1/t, given values for the initial 

lifetime, the quenching constants for the cobalt complex and for Fe(III), and an 

association constant K for Fe(III) and the cyanocobaltate.

1/T = l / t0 + kq[Fe] + k;iCo]

[Co] = concentration of cobalt complex

[Fe] = concentration of free Fe(III), given by the relation

[Fe] = [ F e U  ( 1 + K[Co]/(l - K[Co])

K = [Fe][Co]/[FeCo]

The assumption is made that the free Fe(III) present is causing quenching of the 

[Pt2(p-P20 5H2)4]4'. As the cobalt complex is added, it initially associates with 

the free Fe(IIl), in which association it does not act as a quencher. When the 

free Fe(III) has been completely taken up by the cobalt complex, normal 

quenching by cr balt(III) begins to take place. The line of the model curve in
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Figure 3.10 was calculated using the known concentration of Fe(III), and t 0 =

10 ps.

Figure 3.10 Experimental points for quenching by the iodo complex alone, and 
in the presence of ferric chloride, and modelled curve for quenching by the iodo 
complex, assuming association between the iodo complex and ferric ions.
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It was found that if the real lifetime of platinum pop is assumed to be 10 

ps, and the association log K = 4, the experimental curve can be modelled 

exactly by calculating what concentration of Fe(III) must be present to have 

decreased the initial lifetime from 10 ps to what is observed. Figure 3.11 shows
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the line generated by the model as a good fit to the experimental points. 

Unfortunately, these parameters do not seem to generalise to other data obtained 

and therefore cannot be said to accurately reflect the real behaviour of the 

system.

Figure 3.11 Model curve and experimental points for the iodo complex.
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Another model for the system makes the iron(III)/cobalt(III) ion pair a 

very effective quencher, consistent with the observed cation effect on the 

quenching efficiency. In this model, there are three quenchers in solution: free
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iron(III), being the most effective, but decreasing in concentration as the 

iron(III) is taken up by association with the cobalt(III); the iron(III)/cobalt(III) 

ion pair, and the free cobalt, in association with the singly charged cation of the 

medium. This interpretation also suffers from the lack of correlation between 

the initial lifetime being reduced and the degree of curvature observed.

3.2.5 The ionic strength effect

A Brpnsted-Bjerrum plot of the quenching of [Pt2(p-P20 5H2) J 4' in the 

presence of a changing concentration of KC1 is shown in Figure 3.12. The 

slope is positive as expected, but the size of the slope is much smaller than 

predicted by the Brpnsted-Bjerrum theory, being only 1.2 when a slope of 12 is 

predicted. The slope is expected to be positive because the increasing strength of 

the ion atmosphere reduces the electrostatic repulsion between reactants of like 

charge.
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Figure 3.12 The quenching rate constant for the iodo complex as a function of the 
ionic strength.
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Chapter 4. Discussion

The object of this work has been to determine whether the photosubstitution 

reaction of the pentacyanocobaltates occurs by a limiting dissociative 

mechanism, and if so whether the intermediate is formed in the excited state or 

the ground state. In this work, a constant product ratio has been demonstrated 

for the photosubstitution of the pentacyano complexes, which is good evidence 

for a dissociative mechanism. Also, the product ratio is independent of the 

leaving group, which indicates a limiting dissociative route. That is. the leaving 

ligand shows no influence on the subsequent substitution reaction, because it is 

completely dissociated, before substitution takes place. A constant quantum 

yield for substitution in the presence of a varying concentration of thiocyanate 

shows that the thiocyanate and the water are competing for the same 

intermediate. The ratio of aquation to anation changes with the cation of 

thiocyanate, which indicates cation assistance in bringing the anion into contact 

with the intermediate. Finally, regarding the question of whether the 

intermediate encountered is in the excited state or the ground state, it is 

observed that the ratio of thiocyanato linkage isomers has an average value of 

10 ± 2 in the photosubstitution reaction, while thermal substitution reaction of 

the aquo complex gives an S/N ratio of 4. Unfortunately, a direct comparison
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of the photochemical and thermal S/N ratios is not possible. The ratio of 

thermal aquation to anation product is very high. Therefore, most of the 

thiocyanato product observed comes from the reaction of the hydroxo product, 

and obscures the S/N ratio for direct anation.

The specific ion effect was further demonstrated in the quenching of 

"platinum pop", a four minus ion, by the cobalt complexes in the presence of 

chloride salts of the alkali metal ions. For all of the complexes, cadon 

assistance is necessary for the quenching to occur, and the effect is proportional 

to the cation size. The concept of ion pairs is useful to explain the quenching 

phenomena, and can be applied to the pnotosubstitution reactions as well.

4.1 The rate of thermal substitution and the question of direct anation

It is necessary to measure the rate of the thermal substitution reaction under the 

conditions used for photolysis in order to determine whether corrections need to 

be made for secondary products formed thermally. In fact, the rate of thermal 

substitution at the temperature at which photolysis was carried out, that is 10°C, 

was unmeasurable within the time frame of the photochemical experiment. A 

second purpose in measuring the thermal subr‘.itution rate was to determine 

whethei under these highly basic conditions direct anation of the comp'exes 

might be evident. In neutral solution, the aquo product reacts so quickly to 

form the anation product, that any direct anation of the starting material would
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be completely obscured. It was hoped that the rate of anation in basic solution 

might be faster than th° rate at which the aquo complex in equilibrium with the 

hydroxo complex reacts.

In the literature which has gone before on this subject32,33, direct anation 

has been shown only for uncharged leaving groups, H20  and HN3. Burnett 

showed, for example, that the anation of the hydroxo complex could be 

completely accounted for by reaction through the aquo species in equilibrium 

with it. In a personal communication24, Burnett also stated that he had found no 

evidence of direct anation of the chloro complex in basic solution.

The results obtained in the present work for the thermal substitution 

reactions of the chloro, the iodo and the bromo complex at 22°C in 0.1 M 

sodium hydroxide and 2 M sodium thiocyanate, were modelled as a consecutive 

reaction, assuming no direct anation. In this model, the reactant forms the 

hydroxo species which subsequently reacts to form the thiocyanato product. It 

was observed that the experimental data was not completely in agreement with 

the model. For the chloro and bromo complexes, more of the anation product 

was present than predicted, while for the iodo complex, there was both more 

hydroxo and less thiocyanato product than predicted by the model of 

consecutive reactions. This last result can be explained in terms of a back 

reaction of the thiocyanato product to form the hydroxo species, at a rate which 

becomes significant at the very slow reaction rate of the iodo complex. For the
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bromo and chloro complexes, the excess of thiocyanate product observed does 

suggest a small percentage of the reaction occurs by direct anation, with a 

pseudo first order rate constant of 1 x 10 '7 s '1. Based on Haim’s measurement 

of the ratio of rates for aquation versus anation17, it is expected that the pseudo 

first order rate constant for direct anation should be at least 7 x IQ 6 s '1. It must 

be concluded that if direct anation occurs, the intermediate formed is different 

from that formed by the aquo complex, such that the ratio of aquation to anation 

product is different for loss of the bromide ion than for loss of the aquo ligand.

A different product ratio for a d'fferent leaving ligand is not consistent 

with the conventional view of limiting dissociative mechanism. Viaene27 

suggested that an uncharged entering group could substitute by an interchange 

dissociative mechanism, while the anion would have to encounter the 

intermediate in a limiting dissociative mechanism Substitution by an anion 

requires the intermediate to be free of the "solvent cage" in order to intercept 

the anion, which cannot be present in the outer coordination sphere due to 

unfavorable interactions with the negatively charged complex. Anionic leaving 

groups may further reduce or prevent direct anation first by being reluctant 

leaving groups, thereby shortening the lifetime of the intermediate and also by 

creating an even greater negative charge in the area where substitution occurs. 

The small amount of product which could be accounted for by direct anation 

represents less than one percent of the total product. For the iodo and azido
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complexes, the primary reaction is so slow that back reaction of the thiocyanato 

complex completely defeats any search for direct anation. While direct anation 

has not been shown previously for any pentacyano species with a charged 

leaving group, Jackson31 has demonstrated this phenomenon for pentammine 

species in neutral solution, where the more stable intermediate, 

[(NH2)Co(NH3) J 2+, is not expected to form. The implication is that under the 

conditions of a labile leaving group and the stabilising influence of the sulfate 

ion, even the very unstable intermediate [Co(NH3)5]3+ can be observed. The 

sulfate is thought to stabilise the intermediate [Co(NH3)5]3+ by ion pairing, to 

give it sufficient time to discriminate between the two ends of the SCN' with 

which it reacts. An alternate explanation of this behaviour is that the sulfate 

acts to orient the SCN‘ in the solvent sphere. The evidence in Jackson’s work 

for the presence of a five coordinate intermediate is that independent of the 

leaving group, the same ratio of S to N bonded thiocyanate substituted product 

is obtained.

The constant ratio of S to N bonded thiocyanato product for the thermal 

reactions studied in this work for all tCo(CN)sX]3' is simply a reflection of the 

fact that the species being anated is [Co(CN)5H20 ]2‘ in all reactions. However, 

Burnett and Abou-El-Wafa32 report the direct anation of [Co(CN)5N3H]2' by 

thiocyanate, with a constant ratio of S to N bonded thiocyanate of 4. While the 

substitution reaction may proceed by two mechanisms, one for anation and the
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other for aquation, it is generally accepted that the intermediate intercepted by 

the anion is probably free of the influence of the leaving ligand and is 

equilibrated with its surroundings. Such an assumption raises the issue of why 

the thermal and photochemical S/N ratios are different, in the present work.

Direct anation thermally has been observed to occur in the present work, 

with a very high ratio of aquation to anation. A different product ratio for the 

same intermediate as that formed by for example the aquo complex, can be 

accounted for by proposing that, although the solvent and the anion compete for 

the same intermediate, they react by different mechanisms, which are influenced 

by the environment differently.

4.2 Photochemical substitution reactions and the question of direct anation

The photochemical substitution reactions in 2 M thiocyanate proceed with 

approximately ten per cent direct anation, in contrast to the thermal reaction, for 

which less than one per cent of the product could be accounted for by this route. 

Therefore, the aquation to anation ratio for the photoreaction is smaller than that 

for the thermal reaction. This is in contrast to Viaene’s results27for the photo 

and thermal substitution of the aquo complex, for which he observed in the 

photoreaction a larger ratio of uncharged to charged ligand substitution. The 

ratio in the present experiment is constant within experimental error,
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independent of X‘ or the extent of conversion. It does change however, with the 

concentration of thiocyanate, and also as a function of the cation.

The only complex which has been previously tested photochemically 

which has a negatively charged leaving group is hexacyanocobaltatc, which 

Wrighton showed does not undergo direct anation. The idea that direct anation 

should occur when the leaving group is negatively charged is not expected, 

based on this result and on the thermal reactions. The experiments done in this 

work show that anation product is present at less than 2% conversion of the 

starting material, in a ratio with aquo product that remains constant up to high 

conversions, that is greater than 30%. Thermal reaction can be ruled out as the 

source of the anation product, as can secondary photolysis at low conversions.

It is observed as a general trend that the ratio of aquation to anation product is 

higher initially than after about ten per cent conversion. This may only reflect 

the difficulty of measuring very small product peaks at such low conversions. 

The reason that hexacyanocobaltate did not show direct anation may be that the 

cation assistance which appears to occr.. for all the complexes studied here, is 

probably not very efficient for hexacyanocobaltate. Evidence for this is that the 

aquation quantum yield is reported to show little or no effect from changing the 

ionic strength34.

The ratio of aquation to anation product is independent of the leaving 

group. Conventionally, this is taken as evidence of a limiting dissociative
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mechanism. However, although the ratio is relatively constant within this group, 

it is not the same, for example, as the thermal aquation to anation ratio for the 

same complexes, nor is it the same as the ratio k.x/k2 , which is 3, in 1 M 

sodium thiocyanate ( which would be about 1.5 when corrected to 2 M sodium 

thiocyanate), measured by Haim for the thermal anation of 

aquopentacyanocobaltate. Again this lack of correlation is not in conflict with 

the idea of a dissociative mechanism, if the idea is accepted that the solvent and 

the thiocyanate, in competition for the same intermediate, may substitute by 

different mechanisms, which will be independently influenced by the reaction 

conditions, such as temperature, ionic strength, or the nature of the cation of the 

supporting electrolyte. The experiments carried out in this work show that the 

ligand lost is not a strong influence on the product ratio. However, the idea that 

substitution by solvent is interchange dissociative is not supported by this result. 

The higher proportion of anation photochemically also does not support the Ij 

mechanism for solvent substitution, assuming that the solvent molecules around 

the complex do not reorganise appreciably in the time of the photodissociation 

of the ligand, giving the solvent a better chance at substituting than the anion. 

These results might be interpreted to show that in the photochemical experiment, 

when an anionic group is lost, substitution by an anion is slightly favoured, but 

when an uncharged group is lost, substitution by another uncharged group is 

favoured. The photochemically produced intermediate is not thermally
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equilibrated in terms of geometry or charge distribution, and it may retain some 

characteristics that it had while bonded to the ligand lost, for long enough to 

influence the incoming group. Another interpretation of the increased fraction of 

anation photochemically is the idea that the excited state species has more than 

enough energy to eject the leaving ligand, and therefore will send it off with 

translational energy, adequate to transport it away from the intermediate. The 

incoming anion is now not subject to the electrostatic repulsion of the ligand 

lost, and can approach the intermediate more easily.

When the concentration of SCN' is varied from 1 M to 4 M while 

keeping the ionic strength constant, it is observed that the aquation to anation 

product yield increased with decreasing thiocyanate concentration, while the 

total quantum yield remains constant, within experimental error. The error in 

total quantum yield measurement could not be reduced to less than about 10% 

using our methods, due to the rather small size of the aquo product peak. Even 

given this large error, calculation shows that anation is not an additional process 

which occurs through a different route than the aquation, but rather occurs by 

scavenging the same intermediate as that encountered by the solvent molecule.

It is clear, however, that anation is facilitated by cations.

The ratio of sulfur to nitrogen bonded thiocyanato product is constant 

independent of the leaving group X’, the per cent conversion, and the cation, but 

is different from the thermal S/N ratio. The lack of influence of the leaving
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ligand is expected in this substitution, as it is thought that in order for an anion 

to substitute, the anionic leaving group must be distant from the site. The 

cation does not influence the ratio of S bonded to N bonded product, which is 

an indication that the different S/N ratio photochemically does not arise due to 

the specific ion effect. For this product ratio also the idea of a species which is 

not thermally equilibrated in terms of geometric or alternatively electronic 

configuration, can be invoked. It is not possible to offer any evidence that can 

decide between these alternatives, since the thermal S/N ratio cannot be 

measured. Substitution by the nitrogen end of thiocyanate would be more 

favored for the intermediate formed by the aquo complex if it retained some 

influence from the ligand lost, while substitution by the sulfur end is more 

favored by an intermediate which has lost a charged ligand. Bonding between 

water and the cobalt centre occurs through the lone pair on water, and charge 

transfer occurs only at very high energy. For the acido substituted complexes, 

however, both a  and n  bonding occur, leading to charge transfer between the 

metal centre and the ligand. When the acido ligand is lost, the charge 

distribution in the cobalt intermediate before equilibration would favor the S end 

of thiocyanate, which acts as both a a  and it donor, over the nitrogen end, 

which is essentially a a  donor. The sulfur end is said to favor soft or class b 

metals, while the nitrogen end favors hard or class a metals. In this case a finer 

distinction is being made, regarding the charge distribution in the metal
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complex. That thiocyanate is particularly sensitive to the electronic environment 

can be seen from the observation that the pentacyanocobaltate favors, the sulfur 

end of thiocyanate, while the thermodynamically stable isomer of the cobalt 

pentammine is the N bonded isomer. The change in the S/N bonded ratio in the 

photo versus the thermal substitution mechanism may be a result of the 

intermediate being in an electronically excited state when it encounters the 

thiocyanate. Because the excited state has an occupied antibonding orbital, the 

charge is more diffuse and therefore more polarisable. This is behaviour more 

like a class b or soft metal, which would favor the S end of thiocyanate.

Calculations for secondary photolysis of the products formed is 

complicated by the fact that the photolysis of the hydroxo species will likely be 

the hydroxo itself, plus the thiocyanato product in a ratio of about ten to one. 

Secondary photolysis of the thiocyanato product would likely create the same 

ratio of products and theoretically should lead to a distortion of the aquation to 

anation ratio and to the S/N ratio. The treatment we have presented here 

however, assumes that product is being removed from the system so that it no 

longer absorbs at the photolysis wavelength, but in reality this is clearly not the 

situation. The linear relationship between time and per cent conversion is 

probably the best indication that secondary photolysis is not significant.

Table 2.9 shows the Co-X and Co-CN bond strengths in the excited state, 

as calculated from Vanquickenborne and Ceuleman’s theory. It is observed that
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the predicted ligand lost and the aciual ligand lost is the same in every case, 

except the hydroxo, for which cyanide loss is predicted but only hydroxide loss 

is observed. This agreement is expected since there are no extenuating 

circumstances which would dominate over the crystal field strength of the 

ligand, such as the ligand lost being bidentate. Vanquickenborne and Ceuleman 

state that these bond strengths are qualitative values only since they are 

calculated from a  and rc parameters derived from the Franck-Condon state, not 

from the photoactive state of the molecule. It is found that the quantum yield is 

exactly opposite the order of the excited state bond strengths for Co-X; the 

weaker the excited state bond strength, the smaller the quantum yield. The 

values reported here are generally lower than those found in the literature but 

have the same relative order of quantum yields. It is interesting in light of 

Forster’s remarks28 to speculate on the significance of $ .  His suggestion is that 

if bond dissociation occurs with crossing to the ground state, the excited state 

bond energies are not of significance.

4.2.1 The specific ion effect

Adamson and coworkers suggested that anation proceeds photochemically 

by the formation of a triple ion24. The cation assists the addition of thiocyanate 

to the five coordinate intermediate, by reducing the electrostatic repulsion 

between the two negatively charged groups. The intimate mechanism involves
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an initial ion pairing with the complex, followed by ligand loss and substitution 

of thiocyanate. The specific ion effect was demonstrated in the anation of the 

iodopentacyanocobaltate. It was found that the ratio of aquation to anation 

product decreased , from 9.9 ± 1.4 to 4.1 ± 0.6 as the cation of thiocyanate was 

changed, from lithium to potassium. The ratio measured in the presence of 

ammonium thiocyanate is 2.5 ± 0.5. This value is slightly higher than expected 

based on the idea that the hydrated ion size will determine the ratio. 

Unfortunately the tetrabutyl ammonium thiocyanate proved too difficult to 

handle, and other ammonium salts were not available, to extend this range. It 

has been reported that tetrabutyl ammonium ion acts to orient thiocyanate with 

the sulfur end toward the ammonium ion, at least in the solid state. More 

highly charged cations could not be tested under the basic reaction conditions 

required to block the thermal reaction, because the divalent alkali, earths form 

insoluble hydroxides. However, an approximate value of 5 was obtained for the 

aquation/anation ratio in 1 M calcium thiocyanate. The ionic radius of calcium 

is midway between that of sodium and potassium and the hydrated radius is the 

same as that of lithium. It is interesting that the value of the natural log of 

aquation/anation ratio is also midway between the values for potassium and 

sodium.

Davies has interpreted the specific ion effect in terms of ion pair 

formation between either of the reactants and the assisting cation. Several
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reaction paths are then available, each with a characteristic rate constant. It is 

clear that some paths will be more probable than others. For example, ion 

pairing between the cobalt complex and the cation is probably extensive. The 

association constant for hexacyanocobaltate and potassium ion is 0.1 in dilute 

solution62. In 2M potassium thiocyanate, this means it is 95% in the associated 

state. It is likely that the cobalt complex has at least two cations associated 

with it, in the experiments at 2 M thiocyanate. There is not likely to be 

extens*ve association between the thiocyanate anion and the cations, however.

A possible reaction mechanism for anation is the following. The cobalt 

complex has an effective charge of 1- when associated with two monovalent 

cations. With the loss of a negatively charged ligand, the effective charge of 

the complex is reduced to neutrality, and approach of thiocyanate is no longer 

hindered by electrostatic repulsion. Association constants for cations increase 

down the series of alkali cations, and this is consistent with the observation of 

greater cation assistance. It is expected that calcium ion would have a much 

higher association constant- than the monovalent ions. It is interesting therefore 

that the product ratio is correlated rather closely with the ionic radius.

The reasonable correlation of the product ratio with hydrated cation size se.ms 

to support the idea that there are Coulombic interactions between the cation and 

the reacting species, [Co(CN)5I]3', or the five coordinate intermediate, 

ICo(CN)5]2'. The axes of this plot in Figure 2.10 are derived from the equations
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upon which the free energy of the substitution reaction is thought to depend.

The ion pair is the reactant, either in the free or ion paired state. In the free 

state, aquation will occur, while in die ion paired state, anation is possible.

AG = -RT InK,

K . mtP]

A
r, + r2

Association depends on electrostatic attraction by the product of the charges 

and the reciprocal of the sum of the radii of the ions involved. Therefore a plot 

of the log of aquation to anation as a function of cation radius is meant to show 

the linear relationship between these two equations.

Davies has suggested that the function of the assisting ion is to reduce the 

charge of the activated complex, thereby increasing the probability of its 

formation. This argument does not explain why different ions of the same 

charge will have a larger or smaller effect on the reaction. A reduced radius 

will not only mean increased charge dens'ty at the surface of the cation, but will 

allow the two negatively charged reactants to approach each other more close y.



126

The cation acts to reduce the electrostatic repulsion between the reacting 

species, and the higher the charge density at its surface, the easier this will be.

Although the effect of the cation on the quantum yield was not tested in 

this work, Adamson33 jorted that not only the ionic strength of the solution 

affected the quantum yield for aquation of the iodo complex, but also the charge 

of the ions of the inert electrolyte. More highly charged ions reduced the 

quantum yield more than did monovalent cations of the same ionic strength.

This result implies that, rather than assisting the departure of the leaving ligand, 

the cation promotes recombination of the ligand lost with the cobalt 

intermediate. Thermal cation assistance has not been demonstrated for the 

complexes studied in this work, but it is quite likely that the thermal anation of 

(Co(CN)5H20 ]2* occuts by this mechanism. Therefore the likely explanation of 

the S/N ratio in the photoreaction which is different from that of the thermal 

reaction is that the intermediate encountered is in a different geometric 

configuration, or a different electronic configuration than the ground state, rather 

than the possibility that cation assistance occurs photochemically but not 

thermally.

Calculations6 predict that a square pyramidal species with the excited 

state electronic configuration should have some stability along the reaction 

coordinate, but will undergo efficient intersystem crossing to the ground state 

species, also predicted to be square pyramidal. The excited state electronic
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configuration is t^eg in octahedral symmetry. In the square pyramid, crystal 

field splitting gives an orbital occupation of dxy2dyr2dKdz2. The singly occupied 

d^ orbital is on the axis where substitution will take place. The SCN' ligand is 

sensitive to electronic configuration, the sulfur end being more positively 

charged. If the excited state intermediate is encountered, the expectation would 

be that the sulfur atom of thiocyanate would bond more easily to this 

intermediate than the nitrogen end. In support of this view, it is seen that the 

S/N ratio for substitution of [Co(NH3)5X]"+ is 2. In this intermediate, it is 

expected that there will be very little negative charge at the site of substitution. 

This would favor substitution by nitrogen, the end of SCN' at which more 

negative charge resides.

4.3 Quenching of [Pt2(p-P20 5H2)J4' emission by [Co(CN)sX]3'

The quenching experiments were inspired by a work in the literature on 

the quenching of fPt2(p-P20 5H2)4]4' by octacyanomolybdate in the presence of 

chloride salts46. It was hoped that these experiments might clarify the nature of 

the cation effect observed in the photosubstitution experiments with the 

cyanocobaltates. A trend in the quenching rate as a function of the hydrated 

cation size is observed in these experiments, for the iodo, chloro, and bromo 

complexes. The result for the azido complex is equivocal. The interesting
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exception is hexacyanocobaltate, whicn does not show quenching in combination 

with any of the cations.

4.3.1 Nature of the quenching process

The mechan „n of quenching in these experiments is collisional. In the 

collisional mechanism, energy is accepted into a state of lower energy than that 

of the donor. The cobal' complexes are known to quench the phosphorescence 

of biacetyl and so have triplet states of energy lower than that of the biacetyl 

emission. The low temperature solution state emission of hexacyanocobaltate is 

observed at approximately 625 nm, with a calculated 0-0 transition from the 

triplet to the ground state at about 600 nm. If the triplet is the accepting state in 

the cobalt complexes, it is likely that collisional quenching is the mechanism 

operating in this system. No quenching occurs in the absence of inert 

electrolyte and quenching is more efficient as the hydrated radius of the cation 

decreases. The cation assistance which was observed for th^ photosubstitution 

reaction is clearly operative in the quenching reaction as well. The correlation 

of the ionic radius, hydrated radius and polarisability of the cation are all 

reasonably good for the chloro, bromo and iodo complexes. The azido complex 

does not show the same trend, the results for the azido in potassium chloride 

appear to "fall off the line", if a trend like that for the other complexes is 

expected. Another interpretation of the results for the azido complex is that
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lithium, sodium and potassium do assist quenching but only cesium begins to 

make a difference in the efficiency with which quenching occurs. In the 

biacetyl quenching experiment, it was found that hexacyanocobaltate was a very 

inefficient quencher compared to the substituted pentacyanocobaltates tested. 

Wrighton suggested that the energy for the first ligand field band was the guide 

to the quenching efficiency, and that the energy to this band was too high, at 

380 nm, in hexacyanocobaltate, to accept the energy from the donor. In the 

series studied here, the lower the energy of the first ligand field band, the more 

efficiently the compound quenches. An explanation of quenching rates in the 

range observed here is that the energy matching between the excited states of 

the donor and acceptor are not exact, and decrease from the iodo and azido to 

the chloro complex. Finally, for the hexacyano complex, a threshold value has 

been reached such that energy transfer can no longer occur. There is no 

spectroscopic evidence to support this view, as the triplet state energies of these 

complexes have not been measured.

Several interpretations are possible for the curvature in the Stern-Volmer 

plots. The curvature may be caused by metal ion impurities, as discussed 

previously. If a low concentration of Fe(III) was present in solution, it would 

would initially have the effect of quenching the emission. When the cobalt 

quencher is added, it will associate strongly with the Fe(III), effectively 

preventing the cobalt complex from acting as a quencher until all the Fe(III) has



130

been taken up. The difficulty with this explanation is that even in the first 

aliquot, the cobalt complex is at 10“ M concentration. If the Fe(III) associates 

with an association constant K=10\ all the iron will be effectively removed 

from the solution with the first addition of cobalt complex.

Another possible explanation of the curvature is preassociation of the 

acceptor and donor, a situation that would result in static quenching. Static 

quenching results in a decrease in the initial emission intensity. The data 

collected in this experiment does not disprove such a theory, as the values for I0, 

the initial intensity do for some experiments decrease with increased quencher 

concentration. However, the home built system used cannot be relied upon to 

have constant light intensity over time and has not been set up or tested for the 

accuracy for the I0 values. Preassociation leading to a static quenching mode 

would have to occur as a triple ion. Association constants for hexacyanoferrate 

with alkali ions increase in the order Li+ < Na* < K+ . It may be expected that 

this order should also prevail for a triple ion, and that therefore the 

preassociation in the presence of CsCl should be greater than that observed in 

LiCl. This type of preassociation should be observed as an increase in curvature 

in the Stern-Volmer plots, even if I0 values cannot be used to detect it.

However, no trend in the curvature has been observed.

A third possibility which would lead to the parabolic curvature observed 

in the olots is that the quencher is quenching two states in the [PfeOi-PjAH^]4',
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that is the state which emits phosphorescence, and the state which populates die 

phosphorescent state by ISC. (Pt2()j-P20 5H2)4]4' has a higher energy state which 

emits fluorescence at 403 nm. Assuming the origin of this state is somewhere 

between die strong absorption band at 370 nm and 403 nm, this state could in 

fact transfer energy to the first ligand field band of the cobalt complexes. 

Singlet singlet energy transfer is nonadiabatic, but does occur.

A fourth possible explanation for the curvature is that more than one 

species is acting to quench the [Pt2(p-P20 5H2) J 4\  Many combinations of ion 

pairs and associations of more than one cation with both the platinum pop and 

the cobalt complex are possible, each with a different quenching efficiency.

The superposition of more than two different lifetimes can result in a sum of 

exponential curves which appears to be a single exponential. If the relative 

amounts of die several species changes through the quenching experiment, this 

would lead to the curvature observed. It would be an interesting extension of 

these studies to explore these models of the curvature, but the phenomenon is 

peripheral to die work at hand.

4.3.2 The specific ion effect

It was observed in Chapter 2, that the ratio of photoaquation to 

photoanation was related to the size of the cation. By plotting the quenching 

data as a function of various parameters related to the cation, it was also found
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that the size of the cation had a linear relationship to the log of the quenching 

constant, while the same could not be said of the Stoke’s radius or the 

polarisability. This is also in contrast to the quenching experiment with 

[Mo(CN)814', in which the Stoke’s radius provided a linear relationship with the 

value of log kq. The results found in this work confirm that the function of the 

cation is to hold the two negatively charged reactants in close proximity, or to 

reduce the electrostatic repulsion between them by means of a high charge 

density at the surface of the cation. It is not clear whether a preassociation of 

the triple ion occurs, which would lead to static quenching, or only a 

preassociation of the cation with one or the other of the reactants, which then 

goes on to react with the other, free ion.

4.3.3 The ionic strength effect

The effect of changing the ionic strength of the solutions was tested by 

quenching [Pt2(p-P20 5H2)4]4" emission with the azido comples at a constant 

concentration, while increasing the concentration of KC1. A roughly linear 

relationship between log k,, and the ionic strength was found, and the quenching 

increased with an increase in ionic strength, as would be expected for the two 

species of like charge. However, the size of the effect was much smaller than 

predicted by the Bronsted-Bjerrum theory, as would be expected at the high 

ionic strengths used, from 0.1 to 1 M. The reason for this is undoubtedly ion
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association. The value of 1.2 means that there is a high degree of association 

between the platinum pop the extent that both complexes have an effective 

charge of about 1-.

4.4 Summary

This work has shown that the specific ion effect accounts for the anation of 

pentacyanocobaltate complexes with a negatively charged leaving group. In 

contrast to work which has gone before, photosubstitution shows a larger 

proportion of anation than the thermal reaction. The photochemically produced 

anation product ratio is different than the thermal ratio, also in contrast to the 

results for hexacyanocobaltate and aquopentacyanocobaltate in the literature. It 

is suggested that the thiocyanate entering group is sensitive to changes in the 

electronic or geometric configuration of the intermediate, and thus is influenced 

by these characteristics of the intermediate, when other entering groups would 

not be. The conclusion from these experiments is that the cyanocobaltate 

complexes do substitute by a limiting dissociative mechanism, and that the 

intermediate is either in an electronically excited state when it encounters the 

anion, or is in a geometric configuration which is different from that of the 

ground state. The experiments completed in this work do not distinguish 

between these two possibilities, but theory favors the former.
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It has also been shown that a very small fraction of direct anation occurs 

thermally. This is consistent with the generally accepted view that the 

cyanocobaltate complexes form a five coordinate intermediate.

4.5 Future work

The steady state experiments completed in this work, are good preparatory work 

for flash photolysis studies. If the sam 1 experiments can be carried out in a 

short time frame, it will be clear whether direct anation is taking place. The best 

candidate for this experiment is the chloro complex, which has a low molar 

absorptivity in all regions of the spectrum, while that of the thiocyanate product 

is 17100 M^cm'1 at 265nm.

The photoanation of the aquo complex and other complexes with an uncharged 

leaving group should be measured, to determine whether the thiocyanate isomer 

ratio is influenced by the charge of the leaving ligand. Other uncharged ligands 

can easily be substituted for water; the DMSO-pentacyano compound is isolable 

and relatively easy to make24.

Provided the experiment is carried out at low temperature, the anation 

experiment can be done with higher valent alkaline earth cations in neutral 

solution. This would extend the range of cations studied, and may show which 

ion pairing scheme is the most appropriate to describe the system.
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An attempt could be made to study product ratios in solvents other than water. 

Less polar solvents would increase the amount of ion pairing which occurs, 

increasing the fraction of product substituted by the anion. Beginning with the 

premise that it is the electronic configuration of the cobalt complex which 

determines the isomer ratio, the same ratio should be obtained independent of 

solvent. It has been reported35 that the ratio of S to N bonded thiocyanate 

product in acetonitrile is about 1. These experiments must be done at low 

temperature, since the solvent substituted products are likely to be quite labile. 

Treating the photolysed solution with base would fix the solvent substituted 

product as the hydroxo product, rendering it thermally inert.

The synthesis of the N bonded thiocyanato product by charge transfer reaction 

with the S bonded thiocyanato pentammine would represent a great 

improvement over the methods currently available to synthesize this complex.

If this product will not form, it is an indication that the geometry or electronic 

configuration of the cyanocobaltate is the influence which determines which end 

of the thiocyanate will bond.



136

References

1. Nakamaru, K.; Jin, K.; Tazawa, A.; Kanno, M. Bull. Chem. Soc. Jpn. 
1975, 48, 3486-3490.

2. Manfrin, M.F.; Moggi, L.; Castelvetro, V.; Balzani, V.; Hosseini, M.W.; 
Lehn, J.M. J. Amer. Chem. Soc. 1985, 107, 6888-6892.

3. Kirsch-De Mesmaeker, A.; Orellana, G.; Barton, J.K.; Turro, N.J. 
Photochem. Photohiol. 1990, 52, 461-472.

4. Adamson, A.W.; Sporer, A.H. J. Amer. Chem. Soc., 1958, 80, 3865-3870.

5. Adamson, A.W. J. Phys. Chem. 1967, 71, 798.

6. Vanquickenborne, L.G.; Ceulemans, A. Inorg. Chem., 1978, 17, 2730.

7. Gutterman, D.; Gray, H.B. J. Amer. Chem. Soc. 1971, 93, 3364.

8. Zuloaga, F.; Loeb, B. / .  Phys. Chem. 1977, 81, 59-61.

9. Viaene, L.; D’Olieslager, J.; Ceulemans, A.; Vanquickenboine, L.G. J.
Amer. Chem. Soc., 1979,101, 1405.

10. Viaene, L.; D’Olieslager, J. Inorg. Chem., 1987, 26, 960-962.

11. Porter, G., J. Amer Chem. Soc., 1969, 91, 3980-3982.

12. Scandola, M.A.; Scandola, F. J. Amer. Chem. Soc. 1972, 94, 1805.

13. Wrighton, M.; Bredesen, D.; Hammond, G.S.; Gray, H.B. J. Chem. Soc. 
Chem. Comm. 1972, 1018.

14. Nishazawa, M.; Ford, P.C. Inorg. Chem. 1981, 20, 294.

15. Kirk, A.D. J. Chem. Ed., 1983, 60, 843-852.

16. Gray, H.B.; Langford, C. Ligand Substitution Processes', Benjamin:
Reading, MA, 1974.

17. Haim, A.; Wilmarth, W.K. Inorg. Chem. 1962, 1, 573.



18. Haim, A.; Wilmarth, W.K. Inorg. Chem. 1962, 1, 583.

19. Haim, A.; Grassi, R.; Wilmarth, W.K. Inorg. Chem., 1967, 6, 237.

20. Barca, R.; Ellis, J.; Tsao, M-S.; Wilmarth, W.K. Inorg. Chem. 1967, 6, 
243.

21. Bradley, S.M.; Doine, H.; Krouse, H.R.; Sisley, M.J.; Swaddle, T.W. 
Aust. J. Chem. 1988, 41, 1323.

22. Burnett, M.G.; Gilfillan, W.M. J. Chem. Soc. Dalton Trans. 1981, 1578- 
1582.

23. Haim, A. Inorg. Chem., 1982, 21, 2887-2889.

24. Burnett, M.G. Personal communication, 1989.

25. Fuoss, R.M. J. Amer. Chem. Soc. 1958, 80, 5059-5061.

26. Ewen, J.A.; Darensbourg, D.J. J. Amer. Chem. Soc. 1976, 4317.

27. Viaene, L.; D’Olieslager, J.; De Jaegere, S. Bull. Soc. Chim. Bclg. 1976, 
85, 89-102.

28. Forster, L.S. "Primary Processes in Transition Metal Complexes". In 
Advances in Photochemistry, vol.16; D. Volman, G. Hammond, D. 
Neckers, Eds.; John Wiley and Sons: New York, 1991; pp.215-248.

29. Jackson, W.G.; Hookey, C.N. Inorg. Chem. 1984, 23, 668-673.

30. Jackson, W.G.; McGregor, B.C.; Jurisson, S.S. Inorg. Chem. 1987, 26,
1286-1291.

31. Jackson, W.G.; McGregor, B.C.; Jurisson, S.S. Inorg. Chem. 1990, 29, 
4677-4683.

32. Abou-El-Wafa, M.H.M.; Burnett, M.G,; McCullagh, J.F. J. Chem. Soc. 
Dalton Trans. 1986, 2083.

33. Wrighton, M.; Hammond, G.S.; Gray, H.B. J. Amer. Chem. Soc. 1971, 
93, 5254.



138

34. Adamson, A.W.; Chiang, A.; Zinato, E. J. Amer. Chem. Soc. 1969, 91, 
5467-5475.

35. Milder, S.J.; Miskowski, B.M.; Gray, H.B. J. Amer. Chem. Soc. 1984,
106, 3764-3767.

36. Palmer, D.A.; Kelm, H. Z. anorg. allg. chem. 1979, 450, 50-56.

37. Scandola, M.A.; Scandola, F. J. Amer. Chem. Soc., 1972, 94, 1805.

38. Sabbatini, N.; Rossi, R.; Scandola, M.A.; Scandola, F. Inorg. Chem.,
1979, 18, 2633-2634.

39. Wong, C.F.C.; Kirk, A.D. Can. J. Chem. 1976, 54, 3794-3799.

40. Vanquickenbome, L.G.; Ceulemans, A. J. Amer. Chem. Soc., 1977, 99, 
2208.

41. Perlmutter-Hayman, B. "The Primary Kinetic Salt Effect in Aqueous 
Solution" In Progress in Reactio n Kinetics, vol.6; Jennings, K.R ;
Cundall, R.B. eds.; Pergamon Press: New York, 1972; pp.239-268.

42. Laidler, K.J. Chemical Kinetics, third ed.; Harper and Row: New York, 
1987, p. 199.

43. Davies, C.W. "Salt Effects in Solution Kinetics". In Progress in Reaction 
Kinetics, vol.l; G. Porter, Ed.; Pergamon Press: New York, 1961; pp.161- 
186.

44. Conway, B.E. Ionic Hydration in Chemistry and Biophysics; Elsevier: 
Amsterdam, 1981, p.438.

45. Robinson, R.A.; Stokes, R.H. Electrolytic Solutions', Butterworth: London, 
1955.

46. Yamaguchi, S.; Sasaki, Y. Inorg. Chem., 1990, 29, 493-495.

47. Linhard, M.; Flygare, H. Z. anorg. allg. Chem., 1950, Band 262, 341.

48. Fujita, J.; Shimura, Y. Bull. Chem. Soc. Jpn., 1963, 36, 1281.



139

49. Flor, T.; Casabo, J. Synth. React. Inorg. Met.-Org. Chem., 1986, 16, 795.

50. Burmeister, J.L.; Inorg. Chem., 1964, 3, 919.

51. Kanamori, K; Kawai, K. Bull. Chem. Soc. Jpn„ 1982, 55, 764-768.

52. Creaser, I; Buckingham, D.A.; Sargeson, A.M.; Inorg. Chem., 1970, 9, 
655.

53. Stotz, I.; Wilmarth, W.K.; Haim, A. Inorg. Chem., 1968, 7, 1250.

54. Haim, A.; Wilmarth, W.K. / .  Amer. Chem. Soc., 1961, 83, 509-516.

55. Hatchard, C.G.; Parker, C.A. Proc. Roy. Soc.(Loidon), 1956, A235, 518.

56. Kirk, A.D.; Namasivayam, C. Anal. Chem., 1983, 55, 2428.

57. Hammers, W.E.; Aussems, C.N.M.; Janssen, M., Journal of
Chromatography, 1986, 360, 1-12.

58. Wirth, G ; Linck, R.G.; J. Amer. Chem. Soc. 1973, 95, 5913-5919.

59. Roundhill, D.M.; Alexander, K.A.; Bryan, S.A.; Dickson, M.K.; Hedden, 
D. 61. Potassium Tetrakis[dihydrogen diphosphito(2-)]diplatinate(II) in 
Inorganic. Syntheses, vol. 24; J. Shreeve,Ed.; John Wiley: New York, 
1986.

60. Gray, H.B.; G runlhr’er, P.J.; Butler, L.G.; Che, C.M. Inorg. Chem.,
1985, 24, 4662.

61. Marcus, Y.; Chem. Rev., 1988, 88, 1475-1498.

62. Ferranti, F.; Indelli, A. J. o f Solution Chemistry , 1974, <9. In
Stability Constants o f Metal Ion Complexes, Part A: Inorganic Ligands, 
compiled by Erik Hogfelt. IUPAC Chemical Data Series, No. 21. 
Pergamon Press: New York. 1982, p.75.

63. Carassiti, V.; Balzani, V. Photochemistry o f Coordination Compounds. 
Academic Press: London, 1970.

64. Wrighton, M.; Gray, H.B.; Hammond, G.S.; Miskowski, V. Inorg. Chem.,



140

1973, 12, 740-743.

65. Endicott, J.F.; Ferraudi, G.F. J. Phys. Chem., 1976, 80, 949.




