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Abstract

The photochemistry of MeCpMn(CO)3 dispersed in polymer films at low temperatures was

investigated using infrared or UVANisible detection. The photolysis of the isoelectronic
ArCr(CO)3 complex in low temperature polymer films was then studied for comparison
purposes and because the parent tricarbonyl bands were obscuring some of the bands
arising from the photoproducts in the manganese system. As the higher energy infrared

bands arising from the photoproducts in both tricarbonyl systems were masked the

photochemistry of Cr(CO)g dispersed in polystyrene at low temperatures was examined.

The solution photochemistry of the MeCpMn(CO); and ArCr(CO)3 complexes in ambient

temperature toluene was investigated by laser flash photolysis, 355 nm excitation, with UV/vis
detection. The mechanism and kinetics of the reaction of the pnmary photoproducts with both
monomeric and polymeric pyndine ligands was then examined. As different trends were

observed for the manganese and chromium tricarbonyl systems, the interaction of the

Cr(CO)s(toluene) fragment with the various pyridine igands was investigated.

A polymer-anchored chromium tricarbonyl complex was prepared and its photochemistry was
studied by laser flash photolysis. The kinetics of the reaction of the polymer-bound primary

photoproduct with pyndine ligands was then examined.

xu
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1 Introduction

iron pentacarbonyt was synthesised in 1830 independentty by L. Mond in England and
M Berthelot in France. Since then metal carbonyls have been a widely studied area in
transition metal organometallic chemistry Metal carbonyl derivatives of at least one type
are known for each of the transition metals. Table 1.1 lists the elements known to form

photoreactive metal carbonyl complexes [1].

The drain on the world's natural supplies of coal, oil. gas, and rubber was recognised
earlier in this century and the search for altemative sources of these matenals began in
eamest This impetus for new process technology came dunng a penod of rapid
development in the organic chemistry of the transiion metals. Fischer, Wilkinson,
Ziegler, and Natta developed catalytic systems that won them Nobel pnzes in chemistry.
Industry has built on their fundamental discoveries to create about two dozen major
processes that are catalysed by soluble transiion metal complexes. In most of these
industnal processes the transiton metal complexes are used to convert the simple
molecules of methane, carbon dioxide, water, and hydrogen to industnally useful organic
molecules or polymers. The most favourable charactenstic of homogeneous catalysis
that has led to its widespread adoption by industry 1s selectmity, the ability to produce
pure produds in high yield. This charactenstic is especially important in the production of
pure phamaceuticals and polymer intermediates The most impressive example of this
selectvity is the hydrogenation of prochiral olefins to produce single optical isomers in
more than 80% yield This process is used commercially to produce L-dopa which is
used in the treatment of Parkinson's disease [2]. in the synthesis of L-dopa a substituted
cinamic acid 1s the prochiral olefin and a rhodium(l) complex bearing an optically actve

phosphine ligand is the catalyst



Table 1.1: Photoreactive metal carbonyl complexes

Group V Group Vi Group Vil GroupVill

M(CO)gT Cr(CO)g Mn5(CO)1¢ Fe(CO)g Co4(C0O)42 Ni(CO)4
(Nb(CO)] | Mo(CO)g | Tcp(CO)p | Ru(CO)s | Rhg(CO)pp

[Ta(CO)gl | WI(CO)g | Rep(COng | Os(CO)s | Irg(CO)s2

The application of homogeneous catalysts to industnal processes has led to extensive
studies of the reaction mechanisms imvolved One of the first catalytic processes
developed was the "oxo" process. In this process a cobalt carbomyl 1s used as the
catalyst in the hydroformydation of alkenes (Reaction 1 1). About 500 million tonnes of
aldehydes and aldehyde demvatives are produced annually using this method

CHp==CHyp ————> HCO—CHy—CHg 11

One of the most important catalvtic processes developed has been the synthesis gas
reachon. Synthesis gas (CO / Hp mixture) can be produced from coal and organic
wastes, as well as from hydrocarbon feedstocks Hence chemistry based on synthesis
gas is relatively independent of the source The synthesis gas-based chemistry I1s
versatile in its applicatons and uses homogeneous catalysis to good advantage. The
presence of water in the synthesis gas mixture can lead to the production of hydrogen

va the water gas shift reaction (Reaction 1 2)

CO + Hy0 === (0, + H, 12



An industnal method for the low pressure polymerisation of ethylene or propylene was
developed by Zeigler and Natta using ransition metal salts Wilkinson {3] developed a

method for the reduction of olefins using reversible os-dihydro catalysts (Scheme 1.1).
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Scheme 1.1

These homogeneous catalysts have in some cases being "heterogenised" by
anchoring them to polymer supports [4]. Haag and Whitehurst [5] were the first to

introduce the idea of binding known homogeneous catalysts to solid phase supports.
They investgated the catalytic use of salts of Pt(NH3)42+with polymenc sulfonate

counterions and later the catalytic applicatons of heterogeneous species obtained by

the co-ordination of RhCl; to polymers containing pendant phosphine units. Since then

there has been intensive research in this area [4] The catalyst functions mechanistically

as if it were in solution, but physically t operates as a separate immobile phase which



eases catalyst recovery. In the binding of the metal complexes to the polymer supports,
the desirable charactenstics of homogeneous catalysts are maintained, such as
catalyst recovery and high selectivity under mild reaction conditions The activity and
selectvity of these catalysts may be controlled by attaching different igands to the metal
or varying the solvent Enhanced activity has also been reported for polymer bound
systems. Grubbs and Kroll [6} in their investigaton of the reduction of olefins with a
polymer supported rhodium catalyst showed that the activity was greatly increased over

a surface reduction reaction with RhCI(PPhg)3 and that the specificity for the polymer

supponed rhodium catalyst was much greater than for its unsupported analogue.

The applications of metal containing polymers are not just confined to organometallic
catalysts. Areas of application cumently under investigation {7] range from entfungal
agents and insecticides to the biomedical field where they may be used as tumour

detectors or as carners for controlled-release drugs.

The mechanisms of many of these catalytic processes are stil unclear, but in many
instances the initial step appears to be the generation of a vacant co-ordination site at
the metal centre Further reactons are then initiated at this vacant ste. A site of
coordinative unsaturation is perhaps the single most important property of a
homogeneous catalyst [8]. However itis now widely recognised that in many cases. the
species produced in predominant concentration after metaHigand bond fission are not
co-ordinatively unsaturated but are specifically solvated Cr(CO)g has served as a
model for studies of solvation in coordinatively unsaturated intermediates. it has been
found that upon Cr—CO bond fission in C{CO)g the Cr{CO)g species produced reacts
very rapidly with solvent to gve the Cr(CO)s(sobvent) species in which the solvent

molecule occupies a position in the inner coordination sphere of Cr{CO)s and forms a

coordinate covalent bond with the metal atom [9]



The generation of a vacant coordinaton site by photolysis and the subsequent reaction

of polymenc or monomeric ligands at these sites Is the basis of this thesis

The reactivity of metal carbonyl complexes cannot be explained without understanding
the nature of the metal carbomy bond. The bonding between CO and a metal compnses
a combinaton of both o— and x-bonding interactions [10] The overlap of a filled carbon
o-orbital with an orbital of appropriate symmetry on the metal (Figure 1.1(a)) leads to a
higher concentration of electron densty on metals in their iow oxidation states. The metal
therefore reduces this charge density by ofHoading electrons back to the Iigand This is
only possible if the igand has surtable acceptor orbitals, such as those on the CO ligand
(carbon monoxide 1s among the most important and extensively studied x-acceptor
hgands). This results in a delocalisahon of the d—x electrons from the metal into the x*
CO orbital which grves nse to m-back-bonding (Figure 11(b)). As the extent of back
donation from the metal to the CO ligand increases, the metal to carbon bond becomes
stronger and the carbon to oxygen bond becomes weaker Thus the multiple bonding
can be exemplified by shorter M-C and longer C-O bonds as compared to M-C single
bonds and C-O tnple bonds respectively. As a result the carbonyl stretching frequencies

in the infrared are shifted to lower values.



Figure 1.1: Schematic diagram of bonding between CO and a metal
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1.1 Photolysis of Metal Carbonyl Complexes

Since the use of light as a synthetic tool became important in the late 1950's, the
photochemicel reactons of metal carbonyl compounds have found wide application in a
vanety of syntheses. The first substantial review on the photochemistry of metel
carbony)is eppeared in 1969 [11] From then on research into the photochemistry of metal
carbonyl compounds has expanded, mainly because of the importance of such
compounds as catalysts in several organic transformations Photodecarbomylation can
be used to investigate the pnmary photoreactions of metal carbonyls and the reactnity

of their photoproducts.

in general the pnmary photoinduced reacton of metal carbomyls involves the

monodecarbonylation process as shown in Reaction 1.1 1.

M(COly —— > M(CO}q + CO 1.1.1

One important feature of this reacton is its high quantum efficiency and also the reactve
nature of the decarbonylated complex. The high quantum efficiency can be explained by
examining the molecular orbital diagram of the bonding between the metal and the

carbon monoxide ligand (Figure 1.1.1). From the diagram it can be seen that the highest

occupied orbital subset are the metal based tog orbitals, while the lowest unoccupied

orbitals are the 0*, 1 e those orbitals which are strongly antibonding with respect to the o~
interaction of the carbonyls The photoinduced promoton of an electron from the t2g
orbrtal subset to the o* orbrtal removes electron density from those orbitals contributing
to the back-bonding interaction and populates an orbital which 1s strongly anti-bonding
with respect to the carbomyl o—interaction The result of this is efficient labilisaton of a
carbonyl ligand



Figure 1.1.1: Simplified molecular orbital diagram shawing the interachan of a CO

molecule with a d® metal
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Chemistry involving ligand exchange and substittbon dominates the excted state

processes of M(CO)g complexes The photochemical formation of M(CO)sL is achieved

by the sequence outlined in Reactions 1.1.2 and 1.1.4.

M(CO)g —— > M(CO)s + €O



M(CO)5 + CO > M(CO)g 1.1.3

M(CO)S + L > M(CO)sL 1.14

The importance of Reaction 1.1 4 lies in the high quantum efficiency () of the process
(see Figure 1.1.1) Inrhally the reaction was so efficient ® was thought to be close to unty

[12] however subsequently ® was calculated to be 0.67 [13].

The photochemistry of monosubstituted derivatives of the group 6 hexacarbonyls is
influenced by the nature of the unique ligand In compounds such as M(CO)sL (L =
pyridine). the pyndine has poor x-acceptor abilty, although the lowest energy transtion
has some metal to hgand charge transfer character (MLCT) Since the pyridine is a poor
x-acceptor, the back donation to the CO Zans to it increases with a resultant increase in

the metal-carbon bond order. Thus on photolysis, the pyridine is lost preferentially. In the
case of a good x-acceptor (L = PPhg) where the lowest energy transition 1s pnncipally a

hgand field transtion, photoexpulsion of CO rather than PPhg occurs. This occurs

because PPhj 1s a better x-acceptor than pyridine and as a result the metal to

phosphine bond is stronger

The primary photoreaction of M(CO),Lx complexes, therefore involves ligand

substitution of erther L or CO (Reacton 1.1.5 or 1.1.6).

hv
M(CO)ply —————> M(CO)pqYL, + CO 115

hv
M(CO)pLy — > M(CO) LqY + L 116

10



1.1.1 Matrix Isolation

The development of matnx isolation techniques by George Pimentel [14] greatly
enhanced the study of reactve fragments generated on the photolysis of a stable
molecule. The reactive or unstable photofragment i1s trapped in a ngid, chemically inert
sold at low temperatures, its Ifetime may be extended almost indefinitety it is unable to
diffuse through the solid matrx if the matrix 1s rigid enough and the temperature
sufficientty low ft will not, therefore, react with other species in the matnix, afthough the
photofragment can interact with the "inert" matnx matenal. The only other possible decay

pathway, unimolecular decomposition, may be blocked if the temperature is sufficiently

low.

The matrix isolation method has proved to be a parbcularly productve area in the
photolysis of metal carbomd compounds [15]). The spectroscopic charactenstics of the
carbonyl ligand are useful in elucidating the structure of transition metal carbonyl

complexes Such wvibrations in the infrared spectrum between 2000 and 1750 cm-! are

very intense and the matnces (ie noble gases, N, and polymers) usually have a

spectral window in this region.

The metal carbonyls also have intense-charge transfer electronic absorption bands in
the UV region Although these bands are of secondary interest from the point of view of
stucture determination, the photolysis products may be readily studied by the
combination of UVAMis and ir spectroscopy. The sharpness and simplicty of matrix
spectra have led to the extension of matrnx isolation to the study of stable molecules in
an environment free of intermolecular perturbatons in which only ground electronic and

vibratonal states are populated

1



Sheline and coworkers [16] were the first to persent infrared evidence for the generation

of the coordinatively unsaturated intermediate M(CO)g (M = Cr. Mo, or W) The infrared
spectra were obtained after photolysis of M(CO)g at 77 K in methylcyclohexane glasses.
These workers stated that the photofragment had a substantal lifetime, but it is now
universally accepted that what was observed was the formation of the M(CO)s—
(methylcyclohexane) complex The spectra obtained supported the assignmentof a Cg,,
structure to the M(CO)g species. Later Tumer [17] photolysed the group 6 hexacarbonyls
in low temperature matnces (pure argon and argon doped with CO). This work also
supponed the assignment of a Cy,, symmetry to the pentacarbonyl fragments produced
by photolysis of the M(CO)g species.

The wvisible spectra of photoproduced M(CO)5 have been shown to be very senstive to

the nature of the matnx media [18]. The differences in visible band maxima are shown in

Table 1.1 11[18]. This variaton in the visible band maxima is a result of the interaction of

the matnx matenal in the vacant coordination site on the M(CO)5 fragment.

Since the diffusion of the CO molecule away from the metal atom is unlikely, on
phototysis the photoproduct undergoes a rearrangement so as to lie in a position from
which rapid CO recombination will not occur (Scheme 11.11) [19] The excited
pentacarbomyl fragment rearranges and s frozen in a spatal onentation such that there
is a matrx molecule and not a CO molecule in the sixth coordination site of the metal On
visible photolysis of the pentacarbomyl a photochemical rearrangement is possible to
reestablish the original spatial postton of the ligands relatve to the photoejected CO

such that thermal recombination 1s possible (Reachon 1.1 1.1) [19).

The implication that the carbonyl fragment and CO share the same matnx cage 1s

supported by the observation of spectral features which indicate perturbation by CO.

12



Table 1.2: Vanation in visible band with vanous matnx media

Band Maxima
Matrix Cr(CO)s Mo(CO)5 W(CO)5
nm nm nm
Ne 624
SFg 560 450 461
CFyq 547
Ar 533 429 437
Kr 518
Xe 492 413 417
CH, 489 411 413

x*
hv >l< rearrange K
—_— —_—

C c
0 0

Scheme 1.1.1.1

M(CO)y === M(CO)yy *+ CO

13
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Matrix 1solation also has some limitations' firstty t cannot easily be used for charged
species, secondly very litle kinetc informaton can be obtaned because of the
restricted temperature range and limited diffusion. Finally the solid matrix cage can
effectively block pathways in photochemical reactons. Despite these limitations, matnx
isolation has been used to generate a large number of transition metal fragments
containing carbonyl groups. The frequencies of their IR absorption bands have been
measured and this data forms a "speciral ibrary” which has played a central role in the

interpretation of ime resohlved infrared experiments

Liquified noble gases have proved to be very useful solvents for stabilising thermally

reactve fragments. The noble gases have also heiped in the investigation of metal

carbonyl systems Studies by Simpson er a/ [20] on the UV photolysis of Cr{CO)g

dissolved in hquid Xe, or hquified Kr doped with Xe, resulted in the production of a
relatively long Iived species (4, = 2 s at 193 K} identfied as Cr{CO)5(Xe) Jackson era/

[21] produced thermally labile metal carbonyl compounds coordinated to an alkene and
either N, or Dy in liquid Kr or Xe doped with N, or D, Liquified noble gases allow

studies of the activation parameters of reactve metal carbonyl compounds and

therefore offer a great advantage over matnxisolation techniques

1.1.2 Polymer Films

Low temperature matrices such as inert gases, methane, or N, and liquified noble gases

require the use of very expensive lowtemperature equipment and high-vacuum
systems One way to study the photochemical reactions of a carbonyl complex without
the necessty of the expensive cryogenic and vacuum equipment is to use glassy

matenals such as isopentane and methylcyclohexane [19] or polymer films [22] A

14



soluton of the stable parent carbonyl is made in the case of isopentane and
methylcyclohexane, they are rapidly frozen to a glass at liquid nitrogen temperature
between two sapphire windows in a suitable cold cell In the case of polymers, a film of
the polymer with the metal carbomyl dispersed within can be cast on a sepphire disk and
then cooled to hquid nitrogen temperature These techniques have some limitations,
firstty the infrared bands of the photofragments are usually broad which reduces therr
value for structural characterisation since overlapping bands make assignments difficult
Secondly there is evidence that these glassy matenals are not "inert* matnces and may
interact in a significant way with the carbonyl fragment. However, in our case this is not a
limitation as we are interested in the interaction between the photofragment and rts
emvironment When the polymer films are cast from solvent some solvent may remain in
the film and interact with the photofragment Also studies invalving 1sotopic ennchment
are impossible Finally the polymeric materials may contain large cavites at low
temperatures and diffusion of photoejected CO away from the photolysis site occurs
relatively easily

Polymer films have provided a means of trapping unstable intermediates resultng from
photolysis In one of the first studies Massey and Orgel [23] found that a
methyimethacrylate polymer containing a small amount of M(CO)g (M = Cr, Mo, or W)

assumed a yellow colour when iradiated at room temperature with UV light They
proposed that the M(CO)g fragment had been formed. On leaving the iradiated matrix in
the dark the parent hexacarbonyl slowly reformed, but when the polymer was cooled by
liquid ntrogen the pentacarbomyl species remained trapped in the polymer matrix. Later,

Mcintyre [24] reported that the thermal back reaction (Reaction 1.1 2.1) following flash
photolysis of Cr{CO)g in a polystyrene film occured at a much slower rate than in solution.

15



CH{CO)5 #C 0 rrrmrrrerce > C1(CO)6 i

«Sydohe*, * 317 dm3mol‘1s'l
W - =05dmWs-1

Since then metal carbonyl photofragments have also been generated by photolysis of
the parent molecules in frozen glasses, matrices, and polymer films. De Paoli and his
coworkers [22] reported studies of the photochemical reactions of pentacarbonyliron
with olefins in a PTFE (polytetrafluoroethylene) room temperature matrix The reaction
with the dienes. butadiene, and isoprene inthe matrix produced not only dienetricarbonyl
but also bis(diene) monocarbonyliron compounds. With ethylene and acetylene they
observed the formation of ethylenetetracairbonyliron and acetylenetetracarbonyliron.

Hitam €t a2 [25] used films of polyvinylchloride to investigate the photochemical
reactions of (Cp)Mo(CO)3(CH. ) at temperatures inthe range 10-293 K On irradiation they

observed the formation of (Cp)Mo(CO).(CH.) as the primary photoproduct and
(Cp)Mo(CO)3* as a second primary photoproduct Further irradiation produced the
(Cp)Mo(CQ)3C! species. The photolysis scheme is sumarised in Scheme 1.1.2.1.

Hooker and Rest [26] studied the reactions of the metal hexacarbonyls M(CO)6 (M - Cr,

Mo, or W) in polyvinylchloride film matrices over the temperature range 12- 298 K The
photoreactions observed are summarised in Scheme 1122 These workers also
carried out a comparative study with hydrocarbon glass and paraffin wax matrices and
proposed the following advantages of solvent cast polymer film matrices, ttis possible
to isolate at cryogenic temperatures, unstable species which may also be studied in
frozen gas matrices, thermal reactions of such species may be monitored over a wide
temperature range and these spedes may be related to mechanisms of reactions in

16



solution which are also obsenved in the polymer films at room temperature

o
(CPIMOCOI,CH;  ———»  (CPIMO(CO)y  + CHy

(i) (1) (i) (i) (uin

(CP)Mo(CO)CH; + CO (Cp)Mo(CO)5ClH
(i) hv 300 < A < 370 (1i) warming up (i) Cl radicals in PVC

Schems 1.1.2.1

M(CO)g ‘___L—“ M(CO)s + CO
(1) (i)
() THF (v) THF
=-CO
{v) CO

-THF
M(CO)5(THF)

(i) hv (\<350nm) at 12 K (1) hv (\>400nm) at 12 K (i) Warming to 200 K (v} Warming between 100

and 200 K (v) thermal ncn above 200 K (vi) hv (A<350nm) at 298 K (reaction observed in soluton)

Scheme 1.1.2.2
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Hooker and Rest [27] have also camed out photolysis of methyt- and acetyt dicarbonyt

(n>-cyclopentadienyfiron complexes in PVC film matrices at 12 - 200 K (7>
cyclopentadienly = Cp) The photoinduced decarbonylaton of (Cp)Fe(CO),(COCH3)

was observed to be thermally reversible, and the photolysis of (Cp)Fe(CO),(CHg) leads
to the reversible formation of the new species (Cp)Fe(CO)(CH3) The decarbomylated

species could not be generated in frozen gas matnces even under vigorous irradiaton
conditons They suggested that this was because of a rapid back reaction in the closely
confined gas matrix environment. Polymer films provide a more cavernous medium [19]
where the photofragments can diffuse apart as a result the "cage effect” is less

important

The photoreactions of (Cp)M(CO)3(CHg) and (Cp)M(CO)3(CoHs) (M = Mo or W) in PVC

film matrices over a wide temperature range (12-200 K) have been studied [28] It was

found that on photolysis (A > 300 nm} at 238 K the methyl complexes undergo homohtic
cleavage of the M-CH3 bond to form (Cp)Mo(CO)3Cl In the molybdenum complex

clevage of the M-CHz bond also occurs at 12 K and the complexes (Cp)Mo(CO);Cl and
CpMo(CO)3H are generated on warming the matnces [28] Photolysis of the equivalent
ethylene complexes at 12 K leads to loss of CO. The photoproduct rearranges
photochemically or thermally to form sans {Cp)M(CO),(CoHgH Photolysis of the
tungsten-ethylene complex at 238 K leads directly to the Za7s-{Cp)W(CO)a(CoHgH The
matn product from photolysis of the molybdenum complex at 238 K is Mo(CO)g

One of the prime objectives of applying the matnx isolaton technique to metal carbonyt
complexes 1s to learn something of the intermediates in soluton photochemical
reactions. This can be seen from the fact that most of the publications compare the

matrix results with similer expenments carried outin solution [18]
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1.1.3. Laser Flash Photolysis

The technique of flash photolysis was developed in the 1950's by Nomsh and Porter [29]
as an attempt to identify the reactive Intermediates present in photochemical systems.
When the flash 1s of sufficient intensity the concentraton of the transient intermediates
can be followed by their absormption spectra. and kinetic data may be obtained The
mechanisms of many photochemical reactions have been studied and determined from
the information given by flash photolysis expenments. Transition metal carbonyls are
well surted to flash photolysis techniques because they are moderatety soluble in non-
polar solvents, have reasonably high UVYNis and ir extinction coefficients and have high

quantum yields for their photochemical reactions (Reaction 1.1.3.1).

M(CO)g ——> M(CO)5 + CO ¢ =067 1.1.3.1

The pentacarbonyis of group b are among the most widely studied intermediate species
[30] itis generally accepted that the pnmary decay of photohytically excited M(CO)g (M =
Cr. Mo, or W) is the photodissociation of CO to form the intermediate M(CO)g species
(Reaction 1.1.3 1) M(CO);5 Is a 16 valence electron coordinatively unsaturated species
which reacts with normally inert substances such as Xe or Np As a result in the presence

of a coordinating ligand or solvent molecule, the substitution product M(CO)sL is formed.

Nasielski o/ &/ [30a] were the first to report the formation of this transient species. They
observed the presence of two transient species having absorptions in the visible region

Kelly ef &/ [30b] later assigned the first observable species on flash photolysis of
Cr{CO)g in cyclohexane as a Cr{CO)g complex In further studies the first observable

species was identfied as the solvent coordinated pentacarbony! fragment [30c] Later

Simon and Peters [9a] examined the pnmary photoproduct of Cr{(CO)g in both neat and

mixdures of THF and cyclohexane The primary intermediate they observed was the
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solvated pentacarbonyl complex in which one solvent molecule occupies the
coordination site created by the elimination of CO. The rate of exchange of cyclohexane
from (cyclohexane)Cr(CO)g by THF to form (THF)Cr(CO)s was found to be bimolecular {(k
= (4+1) x 107 dm3moi-1s-1). The transient absorption spectrum, observed 25 ps after
photolysis, was assigned to a solvent coordinated Cr(CO)5(S) (S = solvent complex) No
evidence for uncoordinated Cr{CO)g was obtained in the solution phase photolysis of
Cr{CO)g Since then work has centred on the inital reactvity of the photogenerated
species with the solvent molecule Simon and Xie investigated the flash photolysis of
Cr(CO)g in cyclohexane and methancol solutions [3b] The rise time in MeOH solution was
longer than in cyclohexane (25 ps compared to t < 0.8 ps) It was concluded that the
longer nse tme in MeOH was a result of solvent reorganisation, resultng In the
coordination of a solvent molecule to the vacant site of the reactve Cr(CO)g
intermediate. Thus any excted state processes or wvibrational relaxaton of the
photofragment must occur on a faster timescale in cyclohexane than in methanol. These
workers also investigated the effect of solvent structure on the photogenerated spedles
[8c.d] Cr(CO)g was photolysed in pentanol because of the availability of both hydroxyl
and alkyl groups for coordinaton to the reactve intermediate [9c). 50% of the
photofragments are intially occupied by the hydroxyl group of the alcohol.
Rearangement of the inally formed alkyl complex to the more stable hydroxyl complex
occurs during the first nanosecond following photolysis (Scheme 1.1.31). This
rearrangement process was considerably faster in 2-propanol than in 1-propanol a nse
tme of 100 ps as compared to 400 ps [9d] Rearrangement in 2-propanol occurs by a
unimolecular displacement process, as coordination of any of the alkane groups results

in a metaksolvent bond which is in close proximity to the hydroxyl group of the molecule.

Nelson and Joly [32] using femtosecond time resoluton have demonstrated that

cleavage of the C+-CO bond in the photodissociation of Cr{CO)g occurs in less than 250 fs,
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CrCOly ——> CrCO)s{elky) + CHOO)s(hydroxy)

Cr(CO)s(alkyl) === Cr(CO)s

> Cr(CO)s(hydroxy)

Scheme 1.1.3.1

There are some mitations with UVA1s spectroscopy used for determining intermediates
generated by laser flash photolysis. These anse from the general broadness and lack
of resolvable fine structure in the electronic ebsorptions of most organometaliic species
The use of time resohved infrared detechon, 1n additon to kinetic data, gives valuable
structural iInformation from the frequency and intensity of the infrared bands associated
with a particular transient species This is especially true of the metal carbonyls as the
absorptions in the CO stretching region are a direct indication of the geometry of the

molecule [30,33).
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Chapter 2

Photolysis of MeCpMn(CO);, ArCr(CO);, and Cr(CO)g in Low
Temperature Polymer Films



2.1 Photolytic studies of CpMn(CO)3. MeCpMn(CO)j3 in low temperature matrices

The CpMn(CO)3 (Cp = n>-cycopentadienyl) complexes are stable and have the db
electronic configuration which 1s nert to thermal substitution beceuse the tp4 orbital
subset is filled and the next available orbrtal is the o* antibonding orbrtal. The carbon

monoxide ligand can be replaced photochemically as descnbed earlier (Figure 11 1).

The primary photoreaction of CoMn(CO); is loss of CO which leads to monosubsttuted

products (Reachon 2.1.1).

CoMn(CO)4 T’ > CoMn(CO),L + CO 2.1.1

it i1s likely that Reaction 211 will proceed for any L having any nucleophilic character.
This fact is demanstrated by the large number of examples in Table 2.1.1 [1-8]. Further
loss of CO from CpMn(CO),L has been observed in several cases notably for L = z-
acceptor lgand as can be seen from examples grnen in Table 211 Complete

decarbonylation has been observed in the formaton of CpMn{benzene) [8] The
CpMn(CO), moiety functions like awvice or clamp for the capture and stabilisation of L [3]

While oxidative addition to photogenerated coordinatrvely unsaturated intermediates is
common, there appears to be no definitve data to show that erther photooxidation or

photoreduction of the metal 1s a pnmary photoprocess upon UV or wisible excitation

However the coordinatively unsaturated intermediate CpMn(CO), ts susceptble to

oxidative addition as shown in Reaction 2.1 2 [10] The resulting product 1s a distorted

square pyramid and formally seven coordinate.
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Table 2.1.1: Photosubstitution reactions of CoMn(CO)5 [10]

Entenng group. L Products Ref
Tetrahydrofuran CpMn(CO),L 1
(PhoPCHaCHa)SN CpMn(CO)L 2
Pyridine CpMn(CO),L 3
Pipendine CpMn(CO),L 4
S0, CpMn(CO),L 5
PPhg CpMn(CO),L 6

CpMn(CO)L,
1,3-Butadiene CpMn(CO)L 7
Benzene CpMnL 8
Q
P ?m;gr—* (OC)ZT e 212

A number of low temperature studies have been carried out on CpMn(CO)5 and related

complexes. Rest ef &/ [11] presented evidence for the formation of the coordinatively
unsaturated species ML(CO), {ML = Cr(nBCgHg). Mn(n8CsHs), Fe(n4CaH,)} on the UV

photolysis of ML(CO)3 complexes in argon and methane matrices, and dinitrogen
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complexes ML{CO),(N5} in nitrogen matnces at 12 K The principal substituton process

is outlined in Scheme 2.1.1.

hV LI
> MLCO)T* > ML(CO),

ML(CO)3 > ML(L)(CO),

Scheme 2.1.1

Braterman and Black {12] photolysed CpMn(CO)3 in a 31 methyl cyclohexane/nujol

mture at 80 K because of solubility problems in isopentane/methyicyclohexane
glasses They reported the disappearance of the parent tricarbomyl peaks at 2061 and

1938 em™! simultaneously with the appearance of two peaks at 1955 and 1886 cm-?
which were assigned to the dicarboryl species CpMn(CO), In the presence of

diethylether (ether) they observed the formaton of CpMn(CO),(ether) and
CpMn(CO)(ether), [12b] MeCpMn(CO); was reported to behave similaty (MeCp =

methylcyclopentadienyf).

Photolysis of CpMn(CO)3. CpCr{CO)>(NO). and CpV(CO)(NO), in either low temperature

matnces or ambient temperature solutions (hexane, tetrahydrofuran, cyclooctene) was
camed out by Herberhold efa/ [13]. These workers observed the elimination of CO as

the pnmary photoreaction. The photogenerated species were characterised by therr | R.
absorptions and by therr secondary reactions in "reactve® matnces such as 13CO, Ny,

or coordinatng solvents.
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Later Hill and Wnghton camed out a study on the photochemistry of CpMn(CO)3z In

hydrocarbon glasses at 12 K [14]. They reported the prnmary photoproduct to be the
dicarbonyl species with concomitant production of free carbon monoxide From the

guanttative measurement of increase in CO absorption and decrease in the absorptions

of CpMn(CO)3, they measured a net loss of one CO molecule for each molecule of

CpMn(CO)3 consumed (Reaction 2.1 3)

CoMn(CO)5 > CpMn(CO), + CO 213

These workers also determined the rates of reaction and actrvation parameters for the

reaction of the dicarbornyl complex with trisubstituted silanes. The dicarbonyl species
reacts with the R3SiH species, which i1s doped in the frozen matrix upon warming the

glass

The methyl denvatrve, MeCpMn(CO),, which i1s used in this study has been reported to
behave in a similar manner to the CpMn(CO)5 species [12b,15]. The greater general

avallabiity and lower cost of MeCpMn{CO)3, an ant-knock agent used in automobile

fuel, has fed to its use 1n many studies 3]

2.2 Photolytic studies of ArCr(CO);3 in low temperature matrices

The earliest observatons of the photoreactvity of ArCr(CO)5 (Ar = #S-arene) were made

by Strohmeier and von Hobe who proposed the reaction mechanism shown in Scheme

2.21[16).
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ArC(CO), + CO

ArCr{CO)g v, ArCr{CO)3*

Ar + Cr(CO)3

Scheme 2.2.1

This scheme was based on expenments in which the ArCr(CO)3 complex was irradiated

in the presence of 14CO and '4CHabelled arene. Incorporation of the labelled species

was observed for both the arene and CO.

Rest &7 &/ [11] investigated the photochemistry of ArCr(CO)3 in frozen gas matrices
(argon, CH4 or Ny) at 12 K Photolysis of ArCr{CO)5 in argon and methane matrices grves
nse to bands in the infrared region which can be atinbuted to CO and the unsaturated
ArCr{CO)s(matrix) spectes There was a slight vanation in the bands between the two
matrices Photolysis of the parent tricarbonyl species in N, matrices resulted in the ..
formaton of the ArGH{CO),(N;) complex The dintrogen complex unlike the
CbFe(CO),(N5), did not undergo photoreversal upon iradiation at longer wavelengths

There was no evidence for photoejection of the arene ligand even when ArCr(CO)3 was

photolysed in a CO matrix

Hill and ¥nghton [14] studied the thermal reactity of trisubstituted silanes with the
coordinatively unsaturated spectes ArCr{CO),. produced at low temperatures by

phototysis Phototysis of ArCr(CO)3 at low temperatures (85-157 K) in inert organic

solvents leads to dissociative loss of CO to form the 16 valence-electron dicarbonyt

species. The unsaturated ArCr(CO), species was characterised by means of infrared
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spectroscopy On warming the matrix doped with R3SiH, the dicarbonyl species reacts

to form the 18 valence-electron oxidatrve addition product ArC(CO),H(SIR3)

2.3 Results and Discussion

Intally 1t had been hoped to microencapsulate the metal carbony! in a polymer
surround Microencapsulation would have been an ideal way to study the
photochemistry of these species By microencapsulating the metal carbomyl the
environment in which the photofragments exist can be controlled. Thus any
photochemical reaction that occurs could be easily followed It was hoped to observe
the formation of the dinuclear species (Reacton 2 3 1-2 3.2). which Creaven &/ &/ [17]
detected on laser flash photolysis. by photolysis of microencapsulated MeCpMn(CO),,

and to develop a possible method for its synthesis and ulimate isolation.

MeCpMn(CO)g —

> MeCpMn(CO), + CO 231

MeCpMn(C0),S + MeCpMn(CO)g

> (MeCp)Mna(CO)s 23.2

A film of the microcapsules was cast on a sapphire disk. The disk was then exposed to
broad band radiation from a short erc mercury lamp for 5 second exposures and the
change in the spectrum was recorded (Figure 2 3 1) A decrease in the parent tncarbonyi
bands (2011 and 1914 cm-1) was observed untl after a period of 30 seconds iradiation

the bands had completely disappeared. No new bands were observed
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Before photolysis the film was wviewed under a microscope (mag. x 40) and
microcapsules were observed However on viewing after photolysis there appeared to
be a breakdown in the microcapsules on the film. A second film was prepared, this tme
photolysis was carried out using light of A 390 nm Similar results were obtained except

over a longer imescale (380 secs compared to 30 secs as seen previously)

On photolysis it appears that the microcapsule is being broken down with subsequent
release of the MeCpMn(CO); species This is confirmed by the fact that there 1s a

decrease in the parent bands and there is no new species forned Also the microscopic

evidence shows an apparent breakdown of the microcapsule.

The microcapsulation process proved to be dificult and imeproducible as a result no

further experiments were undertaken with the microcapsules.
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Figure 2.3.1: Infrared spectra of the encapsulated MeCpMn(CO)3 complex before

photolysis (A) and after photolysis (B)

% Transmission (arhitary Scale)

Wavenumbers (cm*])
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2.3.1 Photolysis of MeCpMn(CO)3 in Polymer Films

As a resutlt of the ireproducible nature of the microencapsulation process t was decided
to disperse the metal carbonyl species in a polymer film and to expose the resulting
polymer to UV iradiation at low temperature (120 K) The photoproducts were detected
using Ir spectroscopy. By using low temperatures any reactive intermediate formed will

be stahilised in the frozen matrix, thus were the dinuclear species to be formed it would

have a substantal lifetime.

Table 2 3.1.1 shows the stretching frequencies observed by Braterman and Black [12a]
for CpMn(CO)3 and CpMn(CO), in low temperature hydrocarbon glasses

Table 2.3.1

Compound »CO cm -1

symmetnc antisymmetnc
CpMn(CO)3 2026 1938

CpMn(CO), 1955 1886

Photolysis of the tncarbonyl complex in polymethylmethacrylate (PMMA) films (Figure
2.3.1.1) resulted in the production of matnx isclated CO (band at 2132 cm1) and a band
at 1848 cm- which has been assigned to the dicarbonyl species Dunng the course of
these experiments there 1s a concomttant decrease in the parent tricarbonyl bands at
2015 and 1930 cm™! What is probably been observed is the depletion of the parent
complex to torm the dicarbonyl polymer species (Reaction2 31 1)
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MeCpMn(CO)3 —————> MeCpMn(CO)o(PMMA) + CO 2.31.1

The higher energy band of the dicarbonyl complex in the infrared spectrum 1s obscured
by the bands arising from the parent complex. As a result the assignment of the band at

1848 cm! to the dicarbomyl complex cannot be taken as absolute

A dispersion of the metal carbonyl in a styrene-co—4-vinyl pyridine (5 1) polymer film was
then photolysed using broad band radiation in order to observe the photochemical
reactions In the absence of the C=0O groups on the PMMA polymer backbone (Figure
2 3.1.2). Also the coodinatively unsaturated species has been shown to be sensttive to
the matnix occupying the vacant coordination ste [18] Therefore by changing the
polymer matrix there may be a shift in the infrared bands ansing from the dicarbomyl
polymer complex. On photolysis the production of matrix isolated CO was agaun
observed (band at 2128 cm-1). and bands at 1875 and 1845 cm-'appeared These
bands continue to grow until a photolysis time of 17 minutes has elapsed when the the
band at 1875 cm™! begins to decrease in intensity while the intensity of the band at 1845
cm-! remains constant The polymer was then warmed to room temperatutre (Figure
2.3.1.3). and the CO band and the band at 1872 cm™! disappeared, giving partial
regeneration of the parent tricarbonyl compound (Reaction 2.31.1) The band at 1872
cm-1 1s again probably the result of the formation of the dicarbony! polymer complex.
Only parhal regeneration of the parent species was observed as most of the CO boils off

on warming the polymer film (Reaction 2 3.1.1).

MeCpMn(CO)z(copol) + CO ——> MeCpMn(CO)3 + copol + CO 2311

copol = poly(styrene-co-4-vinylpyndine)
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The complexation of the dicarbonyl species with the pendant nitrogen on the polymer
backbone (Complex 2 31.1) gves rise to the band at 1845 cm™1 This was verfied by

carmying out the photolysis in polystyrene on which there 1s no pendant nitrogen (Figure
2.31.4)

'—@N —Mn(CO),(MeCp)

23.1.1

VAV

The observed CO stretching frequencies for this complex are at 1326 and 1863 cm- [19]
\The band at 1928 cm-1 1s obscured by the parent tncarbonyl bands and the shift in the

second band from 1845 to 1863 cm! 1s possibly a result of the effects of the low

temperature and the polymer matrix.



Figure 2.3.1.1: Changes observed in the carbonyl region of the infrared on photolysis of
MeCpMn(CO)3 in a PMMA film at 120K
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Figure 2.3.1.2. Changes observed in the carbonyl region of the infrared during the

photolysis of MeCpMn(CO)3 in a styrene-4-vinyl pyridine copolymer at 120 K
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% Transmission (arbitary scale)

Figure 2.3.1.3: Changes observed inthe infrared spectrum on warming the copolymer

film from 120 Kto room temperature.
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Figure 2.3.1.4: IR spectrum of the photolysis of MeCpMn(CO)3 in a polystyrene film at

120K
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A film of the MeCpMn(CO)3; complex dispersed in polystyrene was cast and the results of

the photolysis were recorded using the absorbance mode on the infrared
spectrophotometer (Table 2 31 2) The absorbances were recorded to see If there was

a relationship between the intensity of the free CO band and that at 1873 cm-1

Table 2.3.2: The absorbance recorded at the relevant wavenumbers in AU at vanous

phototysis tmes at T = 120 K and then the absorbancss recorded on warming the film.

»CO (cm™)

Time 2128 2018 [ 1933 1873

0s = 17178 | 17683 -

10s 07725 | 16851 17825 | 10407

20s 07274 | 16317 | 17033 | 11358

120s. | 07853 | 13920 | 15143 | 11484

YWarmin

173K | 07603 | 14237 | 15302 | 11258

223K | 07400 | 15107 | 15884 | 08923

273K - 1.7747 | 18027 -

As the photolysis time increases the intensity of the CO band (2128 cm-1) and the band of
the species at 1873 cm™! increase Atthe same tme the bands of the tncarbonyl species
decrease in intensity On warming the film the CO 1s released from the matrx, the species

at 1873 cm™! disappears and there is partial regeneration of the parenttncarbonyl There
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is a ten-fold difference in their retes of decey. the band at 1873 cm™! hawing the faster

deceay rate.

From the infrared data obtained the complex giving rise to the band at 1873 cm™1 1s

probably the MeCpMn(CO), polymer species. The higher energy carbonyl band 1s

unfortunately obscured by the parent bands [12a.20].

in order to obtain more information UV s detection was used in conjuncton with the
infrared detecton The A\ ., of MeCpMn(CO)3 in polystyrene was found at 324 nm On
photolysis a band appears at 504 nm (Figure 2 31 5) This band continues to grow until a
photolysis time of 120 secs has elapsed On waming the film from 120 Kto 273 K (Figure
2 3.1 6) there was a shiftin the observed bands (324 and 504 nm) to shorter wavelengths.
On reaching 273 K the spectrum retumed to fts pre-photolysis form. The broad band

centred at 504 nm 1s thought to be a result of the weak interaction between the
MeCpMn(CO), species. generated on photolysis. and the aromatc units on the polymer

matrx (Reaction 2 3.1 3)

MeCpMn(COJg — > MeCpMn(CO),(PS) + CO 2313
Amax = 504 nm

41



Figure 2.3.1.5: UV/vis spectra of the photolysis of MeCpMn(CO)3 in polystyrene at 120 K

Figure 2.3.6: UV/vis spectra obtained on warming film from Figure 2.3.1.5to 273 K



2 3 2 Photolysis of ArCr(CO)5 in Polymer Films

As the parent bands of the MeCpMn(CO); species were obscunng bands ansing from

the photoproducts 1t was decided to use a different tricarbonyl system, in the hope that
the photoproduct bands could be more readly distinguished Arene chromium
tncarbonyl was photolysed in a polystyrene film at 120 K infrared or UVjvis detection
were used The chromium species was phototysed for comparison with the manganese
tncarbony! system and to see if any information could be obtained which would help in

the elucdaton of the latter system

On photolysis (Figure 2 3 2 1) there i1s a decrease in the tricarbonyl parent species (1970
cm-1 and 1886 cm1) with subsequent appearance of CO at 2130 cm-! and the species
at 1847 cm'! The latter species has shifted from 1872 cm™! in the MeCpMn(CO),
expenment this 1s because of the fact that there 1s a higher electron density on the metal

in the chromium system

On warming {Figure 2 32 2) the CO band and the band at 1847 cm™! disappear A new
species I1s also observed with & ¥CO at 2083 cm-1 which is stable as it remains after
warming to 273 K The parent tncarbonyl species is also parhally regenerated. The film
was recooled to 120 K and a second photolysis was caried out The species with a
band at 2083 cm-1 disappeared. there was generaton of CO and the species at 1847
cm-1 with & concomitant decrease In the tncarbomyl species. On reheating ageaun the CO
1s released from the matnx and the species at 1847 cm-! disappears with paral

regeneration of the parent tncarbomyl species, as well as the appearance of the band at

2083 cm™1.



The photochemically generated species gving nse to the band at 1847 cm™! is

probably the dicarbomyt ArCr(CO),(polymer) complex (Reacton 2.34) the higher

frequency band being obscured by the parent tricarbonyl bands The species gmng
nse to the band at 2083 cm-7 1s possibly a result of an interaction between the parent and

photoproduct as they are released from the matrix on warming the film (Reaction 32 2 2).

AICr(CO)3

> ArCr(CO)o(potymer) 2321

AICr(CO), + ArCHCO)3 ———> Ar,Crp(CO)s 2322

The UVMs spectra reveal very Iittle information as the bands from the arene complex

are very broad What 1s probably being-observed is the formation of the dicarbonyl
polymer complex (Figure 2 32 3, Reaction 232 1)
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Figure 2.3.2.1: Changes observed in the infrared spectrum of ArCr{CO)3 upon

photolysis at 120 K.
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Figure 2.3.2.2: IR spectrum on warming the chromium system after photolysis
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Figure 2.3.9: Changes observed in the UVMs spectrum dunng the photolysis of the

arene chromium system at 120 K.
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2.3.3 Photolysis of Cr(CO)g in Polymer Films

As some bands arising from the photoproducts were obscured in both tncarbomyl

systems studied twas decided to use the Cr{CO)g complex, since this system has been

widely studied and is well understood. A film of Cr{CO)g In polystyrene was cast from

THF and photolysed at 120 K for companson purposes in particular with work camed
out by Rest &ra/ [21]. On photolysis there is a decrease In the parent Cr(CO)g complex

(2020 and 1375 cm-1) with the formation of CO (2130 cm-1) and pentacarbonyl fragments
at 2070, 1945, and 1820 (sh) cm! (Figure 2331). On reheating to 123 K partal
regeneration of the hexacarbonyl species is observed with a resultant decrease in the

CO and pentacarbonyl fragments.
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The UVAis spectrum {Figure 2 3 3 2) shows the appearance of a band at 460 nm. This
band can be assigned to the interaction of the Cr(CO)s fragment with the polymer matrix

when compared with the bands recorded by Rest and his coworkers [21] for a similar

Interaction (i e 2080, 1949, and 1922 (sh) cm™1, UVAis 420 nm) Rest also found evidence
for the existance of Cr(CO)gTHF as the films used were soaked in THF prior to

photolysis. Whereas the films used in this experiment were cast from THF solution.

Figure 2.3..3.1: Infrared specira of the photolysis of Cr{CO)g in & polystyrene film at 120K
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Figure 2.3.11: UVMAvis spectrum of photolysis of Cr{CO)g in polystyrene at 120K.
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The postion of the visible absorption band of Cr(CO)g I1s extremely sensitve to the

matrix it has been reported to vary from 624 nm for Ne to 430 nm for Xe [18] In this work
the absorption band of the Cr{CO)g species in polystyrene was found at 460 nm (Figure

2 33.2). This shift in the visible absorption band in different matnces is a result of the
stereospecific interacton between Cr{CO)s and the species octupying the sodh

coordination site

2.3.4 Conclusion

Photolysis of the microencapsulated metal carbonyl complex resulted in the breakdown
of the polymer surround with the release of the MeCpMn(CO); species.



Studies on the photolysis of CpMn(CO)3 and ArCr(CO)3 in low temperature matnces

have shown the formation of the dicarbonyl complex as the pnmary photoproduct [11-
15] This complex is then stabilised by the interaction of a matrx molecule in the vacant
coordination ste. The results of our studies on the photolysis of MeCpMn(CO)g
dispersed in low temperature polymer films also indicate the formation of the dicarbonyl
complex as the pnmary photoproduct The primary photoreaction is therefore loss of CO

with the resulting formation of a polymer complex (Reaction2 34 1)

hv
MeCpMn(CO)3 ——— > MeCpMn(CO),(polymer) + CO 2341

In the polymethylmethacrylate film the pendant oxygen on the polymer backbone
Interacts with the dicarbonyl complex Whereas in the poly(styrene-co-4-~vinylpyndine)
the dicarbonyl fragment can erther interact with the pendant nitrogen atoms or the
aromatic units on the polymer backbone Unfortunately the infrared bands of the parent
tncarbonyl species mask the higher energy bands of the dicarbomyt complexes that are

formed

Photolysis of ArCr(CO)3 dispersed in polystyrene at 120 K resulted in the formation of the

polystyrene dicarbonyl complex (Reacton 2.3 4 2)

ArCr{CO)3 > ArCr{CO),(PS) + CO 2342
On warming the film containing the arene chromium species to room temperature a
second species was observed. This specles I1s possibly a dinuclear complex formed
from the interaction of the parent and photoproduct as they are released from the matrix

on warming the film (Reacton 23.43) Rest and his coworkers [22] have recently
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reported the formation of this dinuclear species (Reaction 2 3.4 3) on the photolysis of
ArCr(CO)3 in Nujol mulls at 77 K.

AICr(CO), + ArCr{CO)5 > ARCry(CO)s 2343

Again as in the MeCpMn(CO)3 system some of the infrared bands are masked by those

arising from the parent complex. As a result identifying the products formed is difficult
therefore laser flash photolysis of these complexes in toluene was used to help in the

elucidation of their photoproducts.

Investgation of the photolysis of Cr{CO)g dispersed in low temperature polystyrene films,

resulted in the formation of the pentacarbonyt polymer complex as reported by Rest &f
a/ [21] (Reaction 2.3.4.9).

hv

Cr(CO)g > CrCO)5(PS) + CO 2.3.44

The wisible absorpton band of Cr{CO)g 1s extremely sensitve to the matnx [18] In the

photolysis of Cr(CO)g camed out in polystyrene the band for Cr(CO)s was found at 460

nm.
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Chapter 3

Flash Photolysis of MeCpMn(CO);, ArCr(CO);, and Cr(CO)g in
Toluene Solution



3.1 Solution photolysis studies of CpMn(CO)3. MeCpMn(CO)4

Photolysis of CpMn(CO)3 in solution 1s known to result in photosubstitution of CO to yield

substituted derivatives in the presence of an entenng nucleophillic group [1-8] (Table
211)(Reaction311)

—V ., CoMn(CO)L + CO 31.1

CpMn(CO)3 + L
The addition Reaction 3.1 1 was reported to occur with a quantum efficiency of unity for

the replacement of a CO ligand by diphenylacetylene [3]. The quantum efficiency for the
replacement of a CO ligand by pyridine was later calculated to be 0 65 [10].

Herberhold and his coworkers [11] investigated the photochemistry of the half sandwich
carbonyl complexes of manganese, vanadium, and chromium in ambient temperature
solutions (hexane. tetrahydrofuran (THF). cyclooctene). Photolysis of CpMn(CO)3 in
hexane which 1s an inert solvent led to photodecompositon and loss of all CO ligands.
whereas photolysis in the donor solvent THF leads to stabilisaton of the CpMn(CO),
fragment in the form of the wine red complex CpMn(CO),(THF) Iradiation of the

tncarbomy! species In cyclooctene also resulted in the formation of the monosubsttuted

derivative.

The production of the CpMn(CO), species as a photochemical intermediate has been
suggested in many studies because the quantum yield of formaton of CpMn(CO)zL L=
nucleophillic ligand) is independent of the concentration of L [10]. The photosubstitution
reactions with tnphenylphosphine (PEts) as an entenng ligand were studied by
Herberhold &7 a/ [11] They reported the rate of disappearance of CpMn(CO)3 upon

photolysts in solution is not significantly influenced by the concentration of PEtg, although
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the ratio of mono and drsubstituted products depends on the concentration of igand. No

evidence was recorded for the ejection of a cyclopentadienyl hgand

The results recorded by these workers [10,11] are characteristic of the photochemical
substitution reactions of metal carbomyls in solution They generally proceed with high
quantum efficiency and are independent of the nature and concentration of the incoming
hgand. The primery photochemical reaction involves the dissociative loss of CO
(Reaction 3.1.2).

CpMn(CO)g —

> CpMn(COj, + CO 312
The flash photolysis of CpMn(CO)3 in alkane solution has been studied by Creaven era/
[12). Two transient species were observed, the first was identfied as CpMn{CO),S (S =
cyclohexane or n-heptane). This solvent complex reacts with CO, Ny, and PPhg with
similar rate constants to the comesponding group 6 pentacarbonyls in cyclohexane The
second species was tdentified as CpyMn,(CO)5 formed by the reaction of CpMn(CO),S
with unphotolysed CpMn(CO)5 (Reactions 3 1.3-3.1.4)

CpMn(CO)3 > CpMn(C0),S 3.1.3

CpMN(CO)S + CpMn(CO)3 —————> (Cp)aMny(CO)s 3.1.4

Recent work on the CpMn(CO)3 complex has centred on the metaHigand bond
dissociation energies in CpMn(CO),L complexes Klassen ef &/ [13] in an effort to
understand why CpMn(CO)3 readily undergoes photochemicel ligand substitution but is

inert to thermal substitution, examined the Mn-L bond dissociation energies tn a number

of manganese complexes. They found the strength of the Mn-CO bond in CpMn(CO)a to



be remarkably high when compared to other known metal-CO bonds, but consistent with

the observed reluctance of this complex to undergo thermal CO substitubon reactions

3.2 Solution photolysis studies of ArCr(CO)3

Strohmeier and von Hobe [14] were one of the first to investigate the photochemistry of

the ArCr(CO)5 complex Upon photolysis they found that ArCr{CO)3 will undergo carbon

monoxide or benzene exchange processes (Scheme 2.2.1).

‘Yaroskii efa/ [15) and Trembovier efa/ [16] have described spectral changes which
occurred dunng irradiation of ArCr{(CO)3 in cyclohexane solution It was concluded that
the speciral data are compatble with the formaton of free arene and chromium
hexacarbonyl during the reaction. Trembovier and coworkers [16] also determined the
quantum yield of photodecomposition as a function of light intensity and proposed the
simultaneous occurrence of three photodecay processes, with different dependencies
on hight intensity However no conclusions about the detasled photolytc reactions were

drawn.

An extensive range of carbonyl substituted compounds of the form ArCr{CO),L can be
prepared by the UV photolysis of ArCr(CO)3 in hydrocarbon solvents in the presence of

suitable nucleophiles [17]. ¥nghton and Ginley [18] investigated the mechanisms of

photosubstitution They found that the quantum efficiency for the formaton of
ArCr(CO),(pyndine) from ArCr(CO); and pyndine was independent of the iradiating

wavelength (¢ = 0.72 +/~ 0 007 at 313, 366, or 436 nm) and of the concentration of pyndine.
The quantum yield for the photosubstitution of a CO ligand in (1.3.5.-Me3zCgH3)Cr(CO)3 by

N-dodecylmaleimide was calculated to be 03 +/~ 009 at 313 nm and no evidence was
found for the photolabilisation of the mesitylene ligand [19] Photolysis of ArCr{CO); like
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the phototysis of the analgous CpMn(CO)3 complex in general leads to loss of only the
carbonyl ligand Disubstituted LM(CO)L, (LM = ArCr or CpMn) complexes only seem to

result from photolysis of LM(CO),L when L 1s a reasonable x-acceptor igand 1e PPhg

[20].

Wrighton and Heaventy [21] investigated the efficiency of photosubstitution of ArCr(CO)3

' according to Reaction 3 2.3.

hv

ArCr(CO)3 > ACH{CO),L + CO 323

(Ar = benzene or mesnylene, L = pyridine)

The results observed were consistant with dissociative loss of CO as the primary

photoreacton Also, the nearly quanttetve chemical yield (8072 ++ 007) of
ArCr{CO),(pyndine) implied that if arene group exchange occurred at all under these

conditions it was a very minor part of the photochemistry

Exchange of the arene ligands was believed to proceed 72 the one step dissociation

of the excited molecule to give Cr(CO)3 and arene. However studies by Gilbert 74/ [22]

in cyclohexane with 313 nm iradiation have shown that benzene exchange is inefficient

(Pcas = 012) compered with carbomyl exchange ($o, = 0.72) This value is in

accordance with that reported by Wnghton and Haverty [21] Competition expenments
suggest that the species ArCr(CO), may be the precursor in the exchange of the

benzene ligand as well as the CO exchange [22]. On flash photolysis in cyclohexane

solution a weakly absorbing transient species was recorded, which they considered to

be the primary species ArC(CO), This species reacted further within one millisecond to

form a second transient species The formaton of both transients was quenched i the
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solution was saturated with CO at one atmosphere pressure so they concluded that
exchange with benzene involves the primary species as an intermediate and does not

occur through a one step dissociation of the exated molecule [22]

Bamford e/ a/ [23] reported results of the photolysis of ArCr{CO)3 in 1sooctane and

methyl methacrylate solutions which were consistant with the findings of Wrighton and
Haverty [21] and Gilbenrt efa/ [22).

Although both the arene and carbomyl higands can be replaced by nucleophiles, thermal
conditions generally favour arene displacement while photolysis usually leads to CO
loss Strohmeier and Stancco [24] camied out intial work on the exchange of vanous
substtuted arene ligands with the arene moiety in the ArCr(CO)3 complex. These
exchange reactions were determined to be equilibrium processes and were carried out
at high temperatures in sealed tubes. Additon of donor solvents such as THF or
benzontnle catalyses the arene exchange after allowing equilibrium to occur at

reasonable rates and temperatures (at 140°C or below)

More recently Traylor e/ &/ [25] investigated the thermal exchange of arene ligands.
They camed out a kinetic study of the displacement of benzene or substituted benzenes
from their chromium carbonyl complexes by other substtuted benzenes. The reactions
were carried out at 170°C in vacuum sealed NMR tubes They stated that the exchange
process occurs v7a 8 18 to 174 hapticity change at the arene ligand resutting in a simple
stepwise displacement of the arene (Scheme 3 2 1). The catalytic ligand L can be any
two electron Lewis base, including ketones, nitnles, carbonyl groups (M-C=0), alkenes

or even another molecule of arene

58



Scheme 3.2.1

3.3 Results and Discussion

3.3.1 Laser flash photolysis of MeCpMn{CO)3 in toluene sclution

Laser flash photolysis experiments of MeCpMn{CO); were carned out at room

temperature in toluene solution, the exctation wavelength was 355 nm Toluene was
chosen as the solvent because of its aromatic character and its ability to solvate the
polymenc ligands. The interaction of the photofragments with toluene could then be
compeared to the photochemical reactions in the aromatic polymer film (ie polystyrene,

discussed in Chapter 2).
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The UVAvis spectrum of MeCpMn(CO)3 in toluene 1s shown in Figure 3.311 The

extnction coefiicient of MeCpMn(CO)3 in toluene was calculated to be 626 54

dm3mot-temt at 354 nm

The spectrum of the onty observed species recorded at the time of flash and 15 s after

the flash i1s shown in Figure 33 1.2 its A, is centred at 360 nm. This species was formed

immmediately in the flash and ts nsetme is too rapid to be detected with the equipment

availlable. The decay of this complex was investgated.

Figure 3.3.1.1: UWi»is spectrum of MeCpMn(CO)3 in toluene
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Figure 3.3.1.2: UVAJis difference spectrum observed following the flash photolysis of
MeCpMn(CO)3 in toluene solution under an Ar atmosphere
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The MeCpMn(CO)3 system in toluene 1s not fully reversible under an Argon atmasphere.

As can be seen from Figure 3.3.1.3 there is some depletion of the parent tncarbomyl

during the course of the experiment
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Figure 3.3.1.3: UVMs spectra of MeCpMn(CO)j; in toluene recorded before and after

the flash photolysis experiment
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3.3.1.1 Primary Photoproduct

The effect of saturating the solvent with CO was investgated. Under a CO atmosphere
the system was found to be completely reversible as would be expected if the primary
photoprocess involves CO loss. The UVAis difference spectrum of the transient species

recorded under a CO atmosphere is shown in Figure 3.3.1.4.
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Figure 3.3.1.4: UVAs difference spectrum of MeCpMn(CO),(toluene) recorded under

10atm CO
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The lifetime of the transient species was decreased upon addition of CO to the system,
whereas s yield was uneffected Figure 3.315 shows the decay of the observed

transient species under both argon and carbon monoxide atmaspheres

if the primary photoreaction is loss of CO then the yield of the pnmary photoproduct
would be unaffected by the addition of CO This 1s because the formation of the primary
photoproduct 1s a result of the photophysical processes. Secondly the presence of CO

In solution ensures that the backreacton of the photolytically formed species proceeds



eficientty. As both of these conditions are satsfied (Figure 3315) the pnmary

photochemical reaction 1s given by Reacton 33 1 1

MeCpMn(CO)3 ————> MeCpMn(CO), + CO 3311

Figure 3.3.1.5: Decay of the observed transient species under (&) argon and (b) CO

atmospheres (see Sechon 5 2 1 for explanaton of axes)
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The MeCpMn(CO), species upon formation coordinates to a solvent molecule acting as

atoken ligand. This fact has been reported by several workers for other systems Perutz
and Turer reported the vanation in the UVAis maxamum of the pentacarbonyl fragment
was due to the interacton of the coordinatvely unsaturated species with varying
solvents [26). Simon &f a/ investigating the photochemical reactons of Cr{CO)g in
methanol, found that the risetme of 25 ps was due to the coordination of the
pentacarbonyl by methanol [27] Creaven e/ &/ [12] observed the formation of the
CpMn(CO),S species as the pnmary photoproduct on the photolysis of CpMn(CO)5 in

cyclohexane solution. Several studies in low temperature matrices have also identfied

the CpMn(CO),S (S = matrix species) as the pnmary photoproduct [11,28,29,30)

A

Thus from the expenmental results obtained and the observations stated in the literature
it can be concluded that the transient specles observed is the dicarbomyl toluene

complex (Reactons 331.1 and 33.1.2)

MeCpMn(CO), + toluene > MeCpMn(CO),(toluene) 3312

The lifetime of the primary photoproduct at & given concentration of MeCpMn(CO)3 was

determined before and after the additon of carbon monoxide and the difference was
used to calculate the rate constant for the reaction of the species with carbon monoxide.
The concentration of carbon monoxide in toluene was determined from its solubility at
various pressures of CO [31] (see expenmental section for detasled calculations). The

rate constant for the reaction was calculated to be 1 18 x 103 dm3mol-1s-1 (Table 33 1.1
and Figure 3 316) This is two orders of magnitude slower for the equivalent reaction in

cyclohexane (3 2 x 10° dm3mol-1s-7) [12] This is because the Mn-solvent bond is much

stronger in toluene than cyclohexane
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Table 3.3.1.1: The effect of CO on the Iifetme of the pnmary photoproduct
MeCpMn(CO)5] = 1 63x1 0-3M (Kops = 1 Order decay of pnmary photoproduct)

[CO]X10-3 M | Kops = (Kons AT)
1868 2355
377 433!

5 65 650!
753 304 s

Slope = 1181 ¢ 48 43 dm3mol-1s-), Intercept=-464+ 0.2 s°7;

Conelation coefficent = 0 93832

Figure 3.3.1 6: Plotfor second order rate constant for MeCpMn(CO),(toluene) + CO

kobs

0 1 1 1 1 1
1.86 2.86 3.868 4.86 5.868 6.86

[COl x 10-3 M
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3.3.1.2 Effect of Power of Laser on Concentration of Pnimary Photoproduct

In order to confirm that the formation of the MeCpMn(CO), species was a result of a

single photon event, an expenment was carried out in which the intensity of the laser
pulse was varied The absorbance of the pnmary photoproduct should vary linearty with
the power of the laser. This was found to be the case, as can be seen from Figure 337
where the relative power of the laser was plotted against the absorbance of primary

phoioproductformed.

Figure 3.3.1.7: Plot showing the variation in the ebhsorbance of the
MeCpMn(CO),(toluene) species with relative laser power

Absorbance

0.25

0.2

0.16

0.1

o A 1 i 1
2560 360 450 6560 660 760

Applied voltage (V)
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3 3.1.3 Effect of Parent Concentration on Primary Photoproduct

Increasing the parent concentration (MeCpMn(CO)3) under an argon atmosphere results
in an increase in the amount of pnmary photoproduct (MeCpMn(CO),(toluene)) formed in
the flash. The rate of decay of the MeCpMn(CO),(toluene) species 1s unaffected by the
parent concentraton as shown in Table 331.2. All the decay rates are within
experimental error of each other. This indicates that the primary photoproduct does not

react with the parent to form a dinuclear species as observed in cyclohexane (Reacton

33.13)[12]

CpMn(CO),(cyclohexane) + CpMn(CO)3 —————> CpoMno(CO)s  3.3.1.3

Table 3.3.2: Effect of parent concentration on the lifetme of the primary photoproduct

MeCpMn(CO)3] Kops fOr decay of
10-3M Primary Photopdt

082 320

107 465

1.21 3.17

165 432

68



3.3.1.4 Activation parameters for the reaction of CO with MeCpMn(CO)2(toluene)

The activation parameters were determined using the Anhenius and Eyring equations

(Section 5.3.8) k2 was used instead of for the reaction of MeCpMn(CO)2(toluene) with

CO. k2 » k"j/tCO]. The parameters are listed inTable 3.3.1.3. The experimental data is

summarised in Table 3.3.1 .4 and shown graphically in Figures 3.3.1.8.

Table 3.3.3: Activation parameters for reaction of MeCpMn(CO)2(toluene) with CO

44.12 kImol'l
AH'™ 41.55 fcJmol"1
AS* * -42.93 Jmo|-1K-1
AG** 54.34 kdmol"1

AG*was estimated at 298 K

From the data we can see that the activation energy for the reaction is relatively low and

the activation entropy implies an associative process. Thus the reaction of

MeCpMn(CO)2(toluene) with CO involves a transition state in which the CO molecule

binds to the dicarbonyl complex before displacing the toluene molecule (Scheme

3.3.1.1). The activation energy determined forthe reaction of MeCpMn(CO)2(toluene) with

CO is slightly higher than that determined in other systems. Creaven calculated the

activation energy to be 30 + 4 kdmol'l for the reaction of CpMn(CO)2(S) with various

ligands including CO in alkane solvents [32], Wrighton reported a similar value (33 £ 4

kJmol'l) for the oxidative addition of a range of R3SiH compounds to CpMn(CO)2 in low
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temperature matrices [30]. This slight diference in the activation energies is probably a
result of the stronger Mn-S bond in toluene compared to alkane sotvents [32] and the

Mn-matrix interaction [30)

Joluene
MeCpMn(CO)y(toluene) —22 - MeCpMn(CO) ———% MeCpMn(CO)q
’ ’m

Scheme 3.3.1.1
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Table 3.3.1.4: Expenmental data for the determination of the actvation parameters for

the reacton of MeCpMn(CO),(toluene) with CO

TK | yTK103 ka Lnkp | Ln(kxT)

287 348 33360 b 84 118

293 34 1431 61 727 159

299 334 1760 96 747 177

303 330 2803 45 794 222

308 325 3407 70 813 240

318 314 5867 20 8 68 292

323 3.10 6848 61 8683 305
Arrhenius Plot Eynng Plot
Slope = -5306 + 265 Slope = -4837 + 260
Intercept = 2533+ 009 intercept = 1860+ 009
Correlation coefficient = 093381 Correlation coefficent = 0 93325
E,q = 441221 kdmal? AH?! = 415512 2 kJmol-!

ASt = -42 33+ 075 Jmol-1K-1
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Figure 3.3.1.8: Anhenws plot (@) and Eynng plots (b) for the reacton of
MeCpMn(CO),(toluene) with CO.

ink?2

6.5 1 I 1 i 1 A 1
3.09 3.14 319 324 320 334 339 344  3.49
1/T K x 10-3
® ke

2.95

2.45

1.85
1.45
0 95 i 1 1
3.09 3.19 3.29 3.39 3.49
1/T K x 10-3
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3.315. Laser flash photolysis of MeCpMn(CO)3 in toluene in the presence of

pyridine

The aim of this work was to compare the reaction of monomenc and polymenc pyndine
ligands with the dicarbony toluene species The pyridine in solution displaces the
toluene from the pnmary photoproduct to form the pyndine dicarbomyi complex
(Reactions 3314 and 3315) The MeCpMn(CO),{pyndine) complex formed s red-

orange in colour.

MeCpMn(CO)3 __h_v__) MeCpMn(CO),(toluene) 3314

MeCpMn(CO),(toluene) + pyndine —————> MeCpMn(CO),(pyridine) 3315

The growth of the band at 430 nm in the UVAis spectrum (Figure 3 3 1 10) indicates the
formation of the pyndine complex dunng the course of the expenment This i1s confirmed

by refermng to work carned out by Giordano and Wnghton on the photosubstitution of CO
by pyndine in CoMn(CQ)3 and related complexes [10]

The rates of reaction of monomenc and polymenc pyndine with the dicarbonyl toluene
complex were then imvestigated (Table 3315) The actvaton parameters for this
reaction (Reaction 3 3.1 5) were also determined The polymenc pyndine was in the form
of poly(styrene-co-4vinylpyridine) The mole rato of styrene to 4-vinylpyndine was

vaned to form potymers of different ioadings of binding sttes (pendant nirogen atoms)
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Figure 3.3.10: Changes observed in the UVMms spectrum of MeCpMn(CO)3 dunng the

course of a flash photolysis experiment in the presence of pyridine
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As can be seen from the second order rate constants determined (Table 33 15), the
rates of reacton are higher for the copolymers than for free pyndine in toluene solution.
The second order rate constants also increase within the polymenc ligands as the
loading of nitrogen on the polymer backbone decreases One would have expected the
polymeric ligands to have lower rate constants because of diffusion constraints posed
by the polymer coils in solution, especially in the case of the lower loading polymers
where the amount of polymer in solution is increased to mauntain pyndine concentration

Intially 1t was thought that the difference in rates may be a result of a difference in the

Gibbs free energy of actvation (AGf) or the activation energy itself (E, ) for the reaction
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Therefore the activation parameters for the reacton of the dicarbony! toluene complex

with the monomeric and polymenc ligands were determined.

Table 3.3.1.5;: The second order rate constants determined for the reaction of

MeCpMn{CO),(toluene) with both monomenc and polymenc pyndine higands.

Ligand ko (dm3mol-1s1)
Pyndine 093x108
51 copol 196x108
10-1 copol 254x103
201 copol 261x108
30 1 copol 289x103

copol = poly{styrene-co-4-nyipyndine)

Tables3316t033110 and Figures 3311010 331 15 gve the expenmental data and

graphical representations of the second order rate constants
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Table 3.3.1.6 and Figure 3.3.1.10: Second order rate constant for the reaction of

MeCpMn(CO)2(toluene) with pyridine

Kobi 7/«

FVrIM x10'2 kao*s'l

0.62 14.2
1.23 2211
1.85 26.8
2.47 31.83

[pyridine] x 10-2

Slope - 931.93 +86.33 dm3mol'ls’l
Intercept* 9.36 + 1.2 s*1

Correlation coefficient m 0.99153

Table 3.3.1.7 and Figure 3.3.1.11: Second order rate constant for the reaction of

MeCpMn(CO)2(toluene) with 5:1 copol

FVrIMxIO*2 kob* s'1

0.80 17.87
1.24 26.84
1.84 37.77
2.33 48.31

0.7» 12» 179 2.20
feyrMin*] x H>-2 M

Slope *1959.9 +47.01 dm3mol’1s'l
Intercept =2.26 £ 0.55 s'1

Correlation coefficient * 0.99943
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Table 3.3.1.8 and Figure 3.3.1.12: Second order rate constant for the reaction of

MeCpMn(CO)2(toluene) with 10:1 copol.

hob* /=
fPyrIM x10°2
0.58 11.14
1.12 23.47
1.69 30.80
2.89 66.63
3.99 96.73 Ipyridfci*] x 10-2 M

Slope =2537.3 £141.64 dm3morls"l
Intercept - -6.37 £ 391 s1

Correlation coefficient- 0.99536

Table 3.3.1.9 and Figure 3.3.1.13: Second order rale constant for the reaction of

MeCpMn(CO)2(toluene) with 20:1 copol.

(PyrIM x102
0.84 8.68
1.73 27.45
2.46 47.06
3.37 73.03
4.03 90.55 [pyridine] * 10-2 M

Slope - 2610.3 +82.88 dm3mol*,s*1
Intercept - -15.56 + 2.10 s*1

Correlation coefficient - 0.99849



Table 3.3.1.10 and Figure 3.3.1.14: Second order rate constant for the reaction of

MeCpMn(CO),(toluene) with 30.1 copol

PyMx10-2 | Kobss™!
278 17.94
298 2325
314 27 50
3.34 3350
357 40 83

kobe /e

Slope = 2894.4 + 73 93 dm3mol-1s-?

intercept = 6292+ 0 45 57

Correlation coefficient=0 95902

.97

7 3.37 57
pyridine] x 10-2 M
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3.3.1.6 Activation parameters for the reaction of MeCpMn(CO),(toluene) with

pyridine ligands

The activation parameters determined for the reaction of the dicarbomyl complex with

both monomerc and polymeric pyndine are summansed in Table 331.11

In the case of the reaction of free pyndine with the dicarbonyl complex, the activaton
parameters are based on kp (kp = k. /[py?]). In the case of the polymenc ligands it was

decded to use k,, for the calculations. k., was used because #t appeared that the

rates of reaction observed were not dependent on pyridine concentration alone but were
also affected by the concentraton of potymer in solution Because in the lower loading
polymers, which had the higher rates of reaction, the amount of potymer in solution had to

be increased to maintain the concentration of pyndine in solution Therefore in the case

of pyndine k., = ko[pyridine] for polymenc ligands t may be possible that kobs =
kz([potymer] + [pyr])

Table 3.3.1.11: Actvation parameters for the formation of MeCpMn(CO),(pyndine) on

flash photolysis of MeCpMn(CO)3 in the presence of pyridine igands in toluene solution

Ligand Ea kdmol? | AHf kdmol! | ASfJmol1K-! | AG? kJmol-!
Pyridine 53 60 5112 -333 52.11
51 copol 49 96 47 42 5193 62 89
10-1 copol 53 83 5130 -4430 6450
20 1 copol 46 23 4399 5402 63 07
30:1 copol 41.64 39.08 -85.26 54 49
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The actvaton energies for the monomenc and polymenc pyndine higands are
essentially the same with the two lower loading potymers (20.1.30 1) having the lowest
activation energy This corresponds to the second order reaction rates for the reactions
if two reactions of similiar activation energies proceed with different rates, there should
be a difference in ther entropy of activation. As can be seen from Teble 3311 the
negative value of AS? for the polymenc ligands indicates the associatve nature of the
transition state Inthe case of monomenc pyridine the low negative value would seem to
indicate that the reaction 1s not associatrve. Although the values of AS? for the polymenc
ligands are within experimental error of each other there 1s a definite trend as the loading
of mitrogen on the polymer backbone is decreased {except for the 101 copolymer) The
lower loading polymers being involved in a more associatve process. The values of
the Gibbs free energy of actvation are practically the same (monomenc pyndine being
shghtly lower), so there 1s no difference in the spontanerty of the process regardless of
whether the pyndine is monomeric or polymernic in nature These results would imply that

the differences in k,, with the potymenc ligands s not the result of a difference in

reachon mechanisms for these processes

As the trend in k,, can not be attnbuted to a drfference in the AG! for the reactions, it is

probably the result of a polymer effect in soluton. One possibility could be thatthe parent
tncarbonyl diffuses into the polymer coils and then on photolysis the concentration of

pyndine close to the reaction is high because of polymer coiling.

However the most ikely explanation 1s that after formation of the MeCpMn(CO),(toluene)

complex, the toluene is displaced by pyndine and there is also some interacton
between the dicarbonyl complex and the polymer backbone. Possibly the aromatic untts

on the polystyrene backbone interact with the dicarbonyl complex. However this would

&0



require that the dicarbonyl complex be able to distinguish between the solvent toluene

and polystyrene.

Table 3.3.1.12: Experimental data for the determination of the activation parameters for

the formation of MeCpMn(CO)2(pyridine) for 1.24x1 O2 M pyridine intoluene

TK 1/TKxIO-3
292 3.42
299 3.34
303 3.30
307 3.26
314 3.18
318 3.14
323 3.09

Arrhenius Plot
Slope «-6447.1 +£317.73

Intercept - 30.06 +0.09

Correlation coefficient - 0.99398

E”, =53.60 2.7 kmol-1

k2 s*1

3141.94

4908.06

6218.55

8916.94

14354.03

15879.84

28391.13
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Ln k2 Ln(k2/T)
8.05 2.38
8.50 2.80
8.74 3.02
9.10 3.37
9.57 3.82
9.67 391

10.25 4.48

EyrinaklQl

Slope--6148.5 + 324.27
Intercept = 23.36 + 0.09

Correlation coefficient - 0.99312

AH#=51.12 £ 2.2 kJmol*1

AS* =-3.33 £ 0.6 Imol-1K'1



Figure 3.3.1.15: Arhenwus (@) and Eynng (b) plots for the formaton of
MeCpMn(CO),(pyndine)

Ln k2
(2) >

7’9 H 1 1 - | 1 1
3.09 3.14 3.19 3.24 3.29 3.34 3.39
1/T K x 10-3

®  LnkesT

22 ' 1 ;
3.09 3.19 329 339
1/TKx 10-3
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Table 3.3.1.13: Expenmental data for the determination of the actrvation parameters for

the reaction of MeCpMn(CO),(toluene) with 5 1 copolymer of styrene and 4-vinylpyndine.

[pyndine] = 1.64x10-2 M

TK TKx103 | ke, s Ln Kops Ln (Kooe/T)
290 345 3509 356 21
298 336 5383 399 171
303 330 82 32 441 -130
309 324 110 34 470 -1.03
313 319 181 88 520 -0 54
318 314 21295 536 040
323 310 261 07 556 021
Arrheniys Plot Eyning Piot
Slope =-6009 3 £ 327 31 Slope =-5703 8 + 327 77
intercept=2424:0.10 Intercept=1751 £ 0.1
Correlation coefficient= 0 39265 Correlation coefficent = 0 88185
Epa= 4996 £ 27 kdmol™! AH? = 47 42 £ 2 7 kdmol-1

AS? =-5193+ 0.8 Jmol-1K-?
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Figure 3.3.1.16: Arthenius (a) and Eyning (b) plots for the formation of MeCpMn(CO),(5 1

copol) ‘
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Table 3.3.1.14: Expermental data for the determination of the actrvation parameters for
the formaton of MeCpMn(CO),(pyndine) on the photolysis of MeCpMn(CO)3 in the

presence of a 10 1 copotymer of styrene 4-vinylpynidine in toluene soluton [pyridine] =

168x102M
TK 1/TKx 103 Kobs LN Kops Ln (kowe/T)
288 347 12.75 255 -312
293 341 22.45 in -2 57
299 334 3389 352 -2.18
308 325 7276 429 -144
313 318 89 76 450 -125
318 314, . 111 48 471 -105
323 310 154.69 504 074

Arheniys Plot Evring Piot

Slope =-64752 + 304 89 Slope 6169 9 + 306 26

Intercept =25 15 + 0.1 Intercept=18.43+ 0.10

Correlation coefficient = 0 3345 Comelaton coefficient = 0 3939

E,q= 5385+ 25 kdmolT AH? =5130+ 2.5 kJmaol-!

AS? =-4430 + 0 88 Jmol-1K-?
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Figure 3.3.1.17: Armhenius (a) and Eynng (b) plots for the formaton of
MeCpMn(CO)»(10 1 copol)

2.2 L 1 1
3.09 319 3.29 3.39
/T K x 10-3
®) __Ln kobs/T
-0B

-2
)
-3
-8~5 1 i 1
3.09 3.19 3.29 3.39
VT K x 10-3
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Table 3.3.1.15: Expenmental data for the determination of the actrvation parameters for
the formation of MeCpMn(CO)(copol) on the photolysis of MeCpMn(CO)z in the

presence of a 20.1 copolymer of styrene~co-4~vinylpyndine [pyridine] = 2.30x 10-2 M

TK 1/TKx10-3 Kobs Ln Kobs Ln (kobs/T)
294 340 40 37 370 =198
298 336 58.68 407 -163
303 330 69 06 424 -1 48
308 325 11057 47 -102
313 318 13428 490 -0 85
318 314 179 47 519 057
323 3.10 22893 543 -0 34
Arheniys Plot Eynng Plot
Slope = -56560.7 + 288 88 Slope =-5281 3129317
Intercept=22.67 + 0 08 intercept=16.06 + 0 08
Cormelation coefficent = 0.93332 Conelaton coefficient = 0 99241
Ep = 4623 2 4kJmol™! AH* = 43 99 1 2.4 kJmol!

AS? = 6402 + 06 Jmol-1K-1
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Figure 3.3.1.18. Arhenius (a) and Eunng (b) plots for the reacton of
MeCpMn(CO),(toluene) with 20.1 copolymer of styrene-co-4-vinylpyndine in toluene

(ﬁ) Ln kobs
55
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3_5 [l 1 1
3.08 3.19 3.29 3.39

/T K x 10-3

_2.1 1 1 1 :
3.09 3.19 3.29 3.39
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Table 3.3.1.16: Expenmental data for the determination of the actrvation parameters for
the formation of MeCpMn(CO),(copolymer) on the photolysis of MeCpMn{CO)3 in the

presence of a 30 1 copolymer of styrene-co-4-vinylpyndine in toluene solution [pyndine]

=210x102M

TK 1/T Kx10-3 Kobs Ln Kops Ln(kops/T)
294 340 2550 324 -2 45
298 336 28 65 336 -234
308 325 5018 3.92 -1 81
313 318 81 11 4.40 -135
322 311 100 30 461 -117
Arthenius Plot Eyring Plot
Slope =-5006 + 492 37 Slope =-4700 8 + 492.85
Intercept=2023+012 Intercept=1351+012
Correlation coefficient = 0 38561 Correlation coefficient = 0 38391
E = 41641 40kmol? AH? =33 08 + 4.1 kJmol!

AS?=-8526 + 10 Jmol- 1K1
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Figure 3.3.1.19: Arrhenus (a) end Eynng (b) plots for the reacton of
MeCpMn(CO),(toluene) with 30.1 copolymer of styrene-co-4-vinylpyndine
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3.3.1.7 Flash photolysis of MeCpMn(CO)3 in toluene in the presence of

Methylpyridine.

Because of the trend obsenved (ie potymer bound pyridine reacting quicker than the
monomeric pyndine) # was decided to investgate the reaction of the
MeCpMn(CO),(toluene) with a substituted pyridine (i e. 4-methyt pyridine) The electronic
nature of the pyndine ligand 1s changed by its substtuents These changes have a
substantial effect on the order of the low ying energy states in these complexes As the
pynidine substituent becomes more electron withdrawing the MLCT transition shifts to
fonger wavelength [33,34] Thus by companng the second order rate constants
determined for the reacton of 4methyl pyndine with the toluene complex to the rates
determined for the monomenc and polymeric pyridine ligands One could determine if
the change in the electronic nature of the pyndine ligand due to polymensation was |

gmving nse to the enhanced reaction rates observed for the potymeric lgands

The rate of reaction of MeCpMn(CO),(toluene) with 4methylpyndine was calculated to

be 1.29 x 103 dm3mol-1s-1. This reaction rate is quite similar to the rate determined for
pyndine but 1s slower than all the rates determined for the polymeric ligands (Table
331.17)

From Table 3.3 1.17 it could be concluded that the trend observed is not a result of some
change in the electronic nature of the pyndine hgands brought about by the
polymensaton process As the rates for the monomeric pyridine hgands {pyridine and 4-

methylpyndine) are qurte similar when compared to the rates for the polymenc ligands
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Table 3.3.1.17: Second order rate constants for the reaction of MeCpMn(CO),(toluene)

with pyndine ligands

Pyndine 08x103

Methylpyridine 129x103

51 copol 1.96 x 103
10 1 copol 254x 103
20.1 copol 2.61x103
30.1 copol 289x103

Table 3.3.1.18 and Figure 3.3.1.20: Determination of second order rate constant for the
reaction of MeCpMn(CO),(toluene) with 4-methyipyndine

kobs /e

100

lpyridine] M | Kops 87
” L
139x102 29.14
204x102 40.84 so
354 %102 62 51 w0}
406 x102 53 34 20 . , ., ,
138 238 3.38 430 8.36
6 02 x 102 8150 l4-mepyridine] x 10-2 M

Slope = 1282 3+ 119 83 dm3mol-1s-!

Intercept= 12601445

Correlation coefficient = 0 88735
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The actvation pearameters for the reacton of MeCpMn(CO),(toluene) with 4-

methylpyndine were calculated as shown in Table 3319 As in the case of pyndine ky

was used In the determination of the activation parameters for the reaction of 4-

methylpyndine with the toluene complex (ko= k . /lpyndine])

Table 3.3.1.19: Activaton parameters for the reaction of MeCpMn(CO)5(toluene) with 4-

methylpyndine

E yq = 66.51 kdmol-1
AH? = 6416 kJmol-!
AS? = +35 50 Jmol K-
AG? =55 58 kJmol-1

Table 3.3.1.20: Compansion of the activation parameters determined for pyridine and 4
methyl pyndine

Ligand Epa kdmol? | AHI kJmal! | AS? Jmol K-V | AG? kJmal!

Pyndine 5360 5122 -3 33 52.11

Mepyridine 66.51 6416 +35 50 55 58

Mepynidine = 4-Methylpyndine

a3



From Table 33120 we can see that the AG! values are the same 55 58 kJmol1 for 4

methylpyndine compared to 5211 kJmol! for pyndine therefore the two reactions

proceed at similar rates, although there i1s a shght difterence in values of E,4 The only

meyor difference i1s in the AS? values, for pyndine tt was -3 33 Jmol-’K-1 such a low
negatve value cannot be cassified defintely as associative or dissociatve 1t 1s
probably an interchange process Whereas for 4methylpyridine ASf was determined to

be +3550 Jmol-1K-1, this value indicates a dissociative mechanism Therefore the

reacton of MeCpMn(CO),(toluene) with 4-methylpyndine 1s & dissociatve process

whereas the same reaction with pyndine cannot be classified defintely ether way
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Table 3.3.1.21: Expenmental data for the determination of the actrvation parameters for
the formaton of MeCpMn(CO),(4-methylpyndine) on the photolysis of MeCpMn(CO)3 in

the presence of methylpyridine in toluene solution [pyridine] =191 x10-2 M

TK 1/T Kx 103 k2 Lnky Ln kaf/T
293 3N 1538 22 7.34 166
298 336 2343 43 7.76 206
303 3.30 417382 834 262
308 325 6508 30 878 305
314 318 10482 20 926 351
318 314 1281257 9.46 370
323 310 19416 75 987 410
Arthenius Plot Eyting Piot
Slope =-7999 3 + 27057 Slope =-7716.9 + 265 02
Intercept = 3467 + 0.07 Intercept = 28 03 + 0.07
Conelation coefficient = 0 93715 Correlation coefficient = 0 33706
E, = 6651218 kdmol! AHf =6416 + 2 13 kdmol-!

AS* = +35 50 Jmol-1K-1
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Figure 3.3.27: Arrhenius

(8 and Eynng (b) plots for the reacton

MeCpMn(CO),(toluene) with methylpyndine
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3.3.1.8: Photolysis of MeCpMn(CO)3 and pyridine in the presence of polystyrene

in toluene solution

From the second order rate constants and the activation parameters determined for the
monomeric and polymeric pyridine ligands, it appeared that the enhanced rate
constants were not a result of a change in the Gibbs free energy of activation or the
electronic nature of the pyridine ligand. Therefore itwas then decided to investigate the
effect of adding polystyrene to the solution prior to the flash photolysis experiment This
experiment was carried out because itappeared the amount of polymer in solution was
affecting the rates of reaction (i.e. lower loading copolymers with more polymer in

solution were reacting quicker).

The second order rate constants for the reaction of MeCpMn(CO)2(toluene) with both free

and polymer bound pyridine were determined in the presence of polystyrene (1% w/V

polystyrene intoluene) (Table 3.3.1.22).

Table 3.3.1.22: Second order rate constants determined for the reaction of

MeCpMn(CO)2(toluene) with pyridine ligands ina 1% w/v polystyrene solution intoluene.

Ligand k2 dm3mol*1s*1
Pyridine 2.82x10-3
5:1 copol 3.12x10-3
10:1 copol 3.28x10-3
30:1 copol 6.22x10-3
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Table 3.3.1.23: Companson of the second order rate constants determined in toluene

soluton and In 1% wN polystyrene In toluene solution for the reaction of
MeCpMn(CO),(toluene) with the pyndine hgands.

ko dm3moi-1s-1

Ligand Toluene' Polystyrene?
Pyndine 093x103 282x103
51 copol 196x 103 3.12x103

10 1 copol 254x103 328x103

30 1 copol 289x103 622x103

1 = hgand in toluene solution, 2 = igand + 1% polystyrene in toluene solution

From Table 33123 it can be seen that the rate of reaction in a solution containing 1%
polystyrene increases dramatically This would seem to imply that the pnmary
photoproduct as well as reacting with the pyndine ligand also interacts in some way with

the polymer backbone, possibly with the aromatic unts on the polymer backbone.
Surpnsingly. from the results obtained t appears that MeCpMn(CO),(toluene) can

distinguish between toluene and polystyrene

The experiment was repeated for pyridine using a 5% wiv solution of polystyrene in

toluene The second order rate constant was determined again for the reaction of

MeCpMn(CO),(toluene) with pyrnidine in the 5% solution The rate constant was found to

be 3 24x 103 dm3mol-1s-1



The value determined was greater than that for the reaction of MeCpMn(CO),(toluene)

with pyndine in toluene solution and in a 1% polystyrene solution (Table 331 24) Thus
even in a 5% polymer soluton the reaction rates are quicker than in a toluene solution
this would seem to confirm that the pnmary photoproduct interacts with the polymer

molecules in solution as well as reacting with the pyndine hgands

Table 3.3.1.24: Companson of the reaction rates for the reachon of
MeCpMn(CO)5(toluene) with pyridine in toluene and polystyrene solutions.

Solution kp dm3mol-1 57!

Toluene 0.83x103
1% PS 282x103
5% PS 324x103

PS = wiv polystyrene in toluene

Tables 3.3125-3.3.129 and Figures 33.122 - 3.3.1 26 give the experimental data for

determining the second order rate constants in polystyrene solution.
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Table 33125 and Figure
MeCpMn(CO),(toluene) + pyndine In 1% polystyrene solution

33122

Second order rate constant for

[pyndine] Kops 7
1.14x102 M 2363
177x102M 4450
430x102M 117.45
582x102M 155 75

kobs /s

166
1o}
Y16}
0}
66

401

16

A i |

112

Slope = 2824 6 + 74 53 dm3mol-1s-1

Intercept=-6 68+ 2 851

Correlation coefficient = 0 99933

e

312 412 812

{pyridine) x 10-2 M

Table 3.3.1.26 and Figure 3.3.1.23: Second order rate constant for the reaction of
MeCpMn(CO)x(toluene) with 51 copol in 1% polystyrene solution

[pyndine] Ke 5!
2.38x102M 3825
313x102M 6009
332x10-2M 65 22
426x102M 96.83

Slope = 3122 £ 105 72 dm3moi-1s-1

Intercept=-3707 + 1 42 5!

Cormrrelaton coefficient = 0 99886

kobs /s

837 887
[pyridine) x 10-2 M
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Table 3.3.1.27 and Figure 3 3.1.24: Second order rate constant for the reaction of
MeCpMn(CO),(toluene) with 10.1 copol in 1% polystyrene solution.

[pyndine} Kobs 87!
124x102M 3034
151x102M 41 51
190x10-2M 5193
216x102M 6199
246x102M 70 90

Slope = 3278.1 + 120 48 dm3mol-1s-

Intercept=-9.44+1.18 5"

Correlation coefficient = 0 99798

kobs /s

70T

40F

26

A 1 —t 1 i

128 143

163 183 203 223 243
{pyridine) x 10-2 M

Table 33.1.28 and Figure 3.3 1.25: Second order rate constant for the reaction of
MeCpMn(CO),(toluene) with 30 1 copol in 1% potystyrene solution.

kobs /s

[pyridine] Kobs 57!
1.13x102M 68.90
1.55x102M 82 06
187x102M 115.33
215x102M 128 02
2.45x10-2M 147.30

1601

130

1lor

70p

60

L 1 XY 1 -

112 1.32

Slope = 6216 8 + 604 5 dm3mol-s-1

Intercept=-5.44+6.2 5!

Comrelation coefficient = 0 98611

152 172 102 2)2 232
{pyridine) x 10-2 M
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Table 3.3.1.29 and Figure 3.3.1.26. Second order rate constant for the reacton of
MeCpMn(CO),(toluene) with pyndine in 5% polystyrene soluton

kobs /s

[pyndine] Kobs 871 170

101x102M 3789

1201

177x102M 5853

2.81 x10-2M 93 26 70

405x102M 12413 20 . . ; !

009 199 209 3.0 400
544x102M 18418 (pyridine) x 10-2 M

Slope = 3240 2 £+ 189 23 dm3mol-1s-
Intercept=123:669s!

Cormrelaton coefficient = 0 99492
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3.3.1.3 Flash photolysis of MeCpMn(CO); and pyridine in a 15% wi of

polystyrene in toluene

An expenment was camed out to see how much polystyrene could be added before the
second order rate constant failed to increase or if it continued to increase as the
concentraton of polymer in soluton was increased Perhaps it could be possible to use
a high concentration of polymer in solution to stabilise the photofragment at room

temperature in a similar way to polymer films at low temperatures.

As can be seen from the data recorded (Table 3.3 130 and Figure 331 27) the rate of
reacton recorded in the 15% polystyrene solution 1s slower than the rates recorded for
the less concentrated polystyrene solutons. This is probably because of diffusion
constraints posed by the polymer colls in solution. The large concentration of polymer
coils in solution hinder the pyndine ligand in gaining access to the pnmary photoproduct
thus slowing the rate of displacement of the toluene molecule and formaton of the

dicarbonyl pyridine complex.

Table 3.3.1.30 and Figure 3.3.1.27: Rates of reaction of MeCpMn(CO),(toluene) with

pyridine in 15% wjv polystyrene solution in toluene.
kobe /3

[pyndine] KobeS ™! 2o

180}

215x102 M 106.16

303x102M 11197 160

455x102 M 146.26 120

518x10-2M 218.40 00 " , . .
233 288 363 4238 513

{pyridine} x 10-2 M
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3.3.1.10 Summary

Phototys:s of CoMn(CO)3 1n low temperature argon and methane matnces [11,28,29] and

in alkene solution [12] have shown loss of CO as the primary photoprocess In our

studies on the soluton photochemisty of MeCpMn(CO)3 in toluene at ambient

temperatures, loss of CO was also ocbserved as the primary photoprocess to generate
an unsaturated MeCpMn(CO), species which was coordinated to a solvent molecule
This primary photoproduct was not observed to react further unlike photolysis in alkane
solution [12] which results in the formation of a dinuclear species by the reaction of the

prnmary photoproduct with the parent complex (Reaction 3 3.1.6).

CpMn(CO),S + CpMn(CO)3 —————> CpoMno(CO)s 3316

The reaction kinetics of MeCpMn(CO)3 with monomeric and polymenc pyndine ligands

were investigated using flash photolysis in ambient temperature toluene solutons The
pnmary photoproduct MeCpMn(CO),(toluene) was observed to react faster with the
polymeric hgands In the case of the copolymers the rate increases as the loading of 4
vinylpyridine on the polymer backbone decreases (as the loading of 4vnylpyndine
decreases the amount of polymer in solution 1s increased to maintain the concentration
of pyridine). The activation parameters were determined and showed that this effect was
not a result of a difference In the Gibbs free energy of activation, as the AG’ values
determined for all the reactions were within expenmental error of each other It was then
thought that the electronic nature of the pyridine may be affected by the polymerisation
and this may be the reason for the increase in reaction rates. This was discounted by

using substtuted pyndine hgands (ie 4methyi pynding).
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One possible explanation for this observed increase in reaction rates for the polymenc

hgands 1s that the MeCpMn(CO),(toluene) species can react with a pendant nitrogen or

an aromatc centre on the polymer backbone This interacton with the polymer
backbone was confirmed by carrying out the flash photolysis of MeCpMn(CQO); and

pyndine in a 1% solution of polystyrene, which resufted in an observed increase in the
rate of reaction for pyridine with the MeCpMn(CO),(toluene) complex These results

imply that the MeCpMn(CO), species can distinguish between toluene and polystyrene

A possible reacton mechanism for this process is shown in Scheme 33.1.2 The
interaction with the polymer backbone has a stabilising effect on the dicarbomyl species
for a short penod possibly similar to the reactions in low temperature polymer films and
matrices but on a much shorter imescale The polymer is then displaced by a pendant

nitrogen from the polymer backbone.

MeCpMn(CO),

hv toluene

v

MeCpMn(CO),{toluene)
pyndine (ky) copol (ko)
v pyndine (k3) -
MeCpMn(CO),(pyndine) < MeCpMn(CO),(copol)

copol = poly(styrene-co-4-vinylpyndine), pyndine = pendant nitrogen on copolymer backbone

Scheme 3.3.1
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Assuming a steady-state concentraton of MeCpMn(CO),(copolymer). the rate law

corresponding to the mechanism in Scheme 331 21s,

dMeCpMn(CO)x(pyndine)}/dt = [MeCpMn(CO)y(toluene)l(k¢[pyndine] + ky[copol])

In terms of the pseudo-first-order rate constant, k. this equation may be wntten as,

Kops = (Ki[pyndine] + ka[polymer])

This would account for the increase in the reachon rates as the amount of polymer in

solution was Increased This effect has also been seen in other systems, the reaction of

W(CO)5 with polymenc pyndine igands was observed to be faster than the reaction with
free pyndine (35] This trend was also observed for the reaction of M(CO)s (M = Cr, W, or

Mo) with both monomeric and polymeric tnphenylphosphine igands [36]
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3.3.2 Laser Flash Photolysis of ArCr(CO)3 in Toluene

it was decided to further investigate the reactons of the monomenc and polymenc

hgands, by studying the photochemical reachons of the ArCr{CO); complex in the
presence of such hgands First one had study the ArCr{CO)3 complex which is

isoelectronic to the manganese system. The experiments were conducted in toluene at

ambient temperatures and are similar to those already descnbed for the MeCpMn(CO)3

system.

Figure 3321 shows the UVMs spectrum of ArCr{CO); In toluene The extinction

coefficient of ArCr{CO)5 in toluene was calculated to be 3016 4 dm3mol-Tem-1 at 354 nm.

Figure 3.3.2.1: The UVNis spectrum of ArCr(CO)3 in toluene
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3 3 2.1 Primary Photproduct

The UVs difference spectrum of the first observed species upon flash photolysis of
ArCr(CO)3 in toluene is shown in Figure 3322 The spectra were recorded at the time of

the flash and 600 us after the flash The A, of this species is at 400 nm, the other

significant feature in the transient spectrum is the negative band centred at 355nm This
negative band can be assigned to depletion of the parent tncarbomyd complex From the
spectrum (Figure 3 3.2 2) one can also see a second species (&) growing in around 500

nm.

Figure 3.3.2.2: Transient UVAns difference spectrum of the first and second observed

species
Abs
01 .
0 084
006
0.04
(&)
0.02F
p
O <
-0.02
_0.04 in] . 1 ] 1
280 330 370 410 450 480

Wavelength (nm)

—— Time of the flash —8— 8600 us after flash
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The effect of saturating the ArCr{CO)3 toluene solution with CO was then investigated

The UVinis difference spectrum of the transient species recorded under a CO
atmosphere 1s shown in Figure 3323 As can be seen from the spectra (when
compared to those recorded under an argon atmosphere Figure 3 3 2 2) the formation of
the second species i1s inhibited {a) Figure 3 3 2 4 shows the effect of CO on the transient
species, as can be seen from the traces recorded the lifetime of the transient species is

decreased upon addition of CO to the system, whereas the yield 1s unaffected

Figure 3.3.2.3: UVMs difference spectrum of first obsernved species recorded under

@

_0 04 i Y .t i 1
290 330 370 410 460 490

Wavelength (nm)

—— Time of the flash —8— 600 us after flash
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Figure 3.3.2.4: The decay of the first observed species under (a) argon and (b) CO

atmospheres (see Secton 5 2 1 for explanation of axes)
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if the pnmary photoreaction is loss of CO then the yield of the pnmary photoproduct
would be unaffected by the addiion of CO This is because the formation of the pnmary
photoproduct 1s & result of a photophysical process. The lifetme of the primary

photoproduct 1s decreased because the back reaction of the photolytically formed
species Is favoured by the presence of CO in solution. As in the MeCpMn(CO)3 system,
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both ot these conditions are satisfied (Figure 3 3 2 4) the pnmary photochemical reaction

is therefore given by Reaction33 21

hv
ArCr(CO)3 ——— > ArCr(CO), + CO 3.3.21

As with the MeCpMn(CO), species, the ArCr(CO), complex coordinates to a solvent

molecule The sohvent molecule occupies the vacant coordination site as a bound

higand. Work carried out by several workers in low temperature matnces have indicated

that loss of CO to form ArCr{CO),(matrix) complex is the pnmary photoreaction {11,28,30].

Thus from our expenmental results for both the manganese and chromium systems and

from results in the Iterature, t can be concluded that the first observed species is the

pnmary photoproduct ArCr(CO),(toluene) (Reactions 3.32.1-3322)
ArCr(CO), + toluene ——> ArCr(CO),(toluene) 3322
The rate of the back reaction of the photolytically formed species (Reaction 3 3 2 3) was

determined by measunng the rate of decay of the pnmary photoproduct in the presence

and absence of CO and using the difference to determine the rate constant

ArCr(CO), + CO —> ArCr(CO)5 3323

¥yhich was determined to be 3.71 x 105 dm3mol-ls-?! Table 3321 shows the

expenmental data and it1s represented graphically in Figure 3325
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Table 3.3.2.1 and Figure 3.3.2.5: Second order rate constant for the reaction of
ArCr(CO),(toluene) with CO

kobs /8
[CO)x10-3 Kope(CO) -
dm3mol-1 Kobe (A
188 356 4 51
377 13376 51
565 17245 ¢-1 0 : . . . B
17 27 37 47 57 &7 77

753 2552 4 g-1 {CO) x 10-3 M

Slope = (371 £ 0 41)x 105 dm3mol-1s-1
intercept=-25319+171.67 s-1

Correlation coefficient = 0 98814
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3.3.2.2: Activation parameters for the reaction of ArCr{CO),(toluene) with CO

The actrvation parameters were determined from the Arrhenius and Eynng equations

[37] The equations are shown in detaul in Secton 538 E,, was determined from a plot

of Ln ko versus 1/T AH? and AS? were determined from a plot of Ln (kx/T) versus 1/T (kp
= Koo/ [COD

The parameters calculated are listed in Table 3322 The experimental data s

summansed in Table 3 3 2 3 and shown graphically in Figures 3.326

Table 3.3.2.2: Actvation parameters for the reaction of ArCr(CO),(toluene) with CO

E,q = 4421 kdmolt
AH? = 41 79 kJmol-1
AS? = +17 08 Jmol- 1K1

AG! = 46 88 kdmol-?

From the data in Table 33.22 we can see that the actrvation energy for the reacton 1s

low and is qurite similiar to that determined for the same reaction in the MeCpMn(CO)5

system. The positrve value for the activation entropy implies a dissociatve process

However as the value for AS? 1s small and because of the concentration of toluene In the

reaction vesse! an interchange mechanism is more hkely (Scheme 332 1)
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Joluene
ArCr{CO)ftoluene) — X2 ArCr(OO)z\\ —» ACrCO);

00)

Scheme 3.3.2.1

Table 3.3 2.3: Experimental data for the determination of the actrvation parameters for
the reaction of ArCr{(CO),(toluene) with CO [CO] =7 53x 102 M

TK 1/Tx10-3 k;;_)(ﬂ]6 Lnky Lnko/T

293 341 171 14 35 867

298 336 2.49 1473 902

308 3.25 368 1512 939

313 319 482 1539 964

318 314 766 1585 1009

323 310 973 16 09 10 31
Arthenius Plot Eynng Plot
Slope =-5317.1 £ 400.15 Slope =-5026 3 + 389 61
intercept=3249: 011 Intercept=25811011
Correlation coefficient = 0.9888 Correlation coefficient = 0 9888
Eq=44211342 kJmaol-1 AH? =41 79 + 331 kJmol-1

AS?=+1708 2 0 8 Jmol-1K-!
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Figure 3.3.2.6. Arthenius (8) and Eyming (b) plots for the reaction of ArCr(CO),(toluene)

with CO

(e) In k2
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16
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3.09 3.19 3.29 3.39
/T K x 10-3

(b) In (k2/7T)

8.6 4 L L
3.09 3.19 3.29 3.39
/T K x 10-3
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3.3.2.3 Effect of power of laser on concentration of primary photoproduct

Confirmation that the ArCr(CO),(toluene) species i1s formed as a result of a single photon

excitation of the parent tncarbonyl complex, was obtained in a similar way to that for the

MeCpMn(CO)3 system (Section 33.12) As with the manganese system, a plot of the

absorbance of the primary photoproduct {ArCr(CO),(toluene) vaned hinearly as the laser

power was varied The results are shown graphically in Figure 332 7

Figure 3.3.42: Plot of relatrve power of the laser versus the absorbance of the pnmary

photoproduct
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3 3 2.4 Formation of the second species

A second species was observed growing in on the same timescale as the decay of the
pnmary photoproduct In the transient UVAas difference spectrum (Figure 332 2) this
species can be seen best at 500 nm Figure 3327 shows the oscilloscope trace

recorded for the formation of this second species

Figure 3.3.2.7: Trace recorded for the formation of the second species (see Secton

5 2 1 for explanation of axes)

P aa
—— P g g ey "
(b e e g B ) Pr —

117



33.25 Effect of parent concentration and CO on the formation of the second

species.

The observed rate constants for the formation of this second transient species were

recorded as the concentraton of ArCr{CO)3 in solution was vaned. They are gven In

Teble 3324 and shown graphically in Figure 3328 It can be seen from the data
recorded that the rate constant increased linearty with the concentration of ArCr(CO)3

Table 3.3.2.4: Values of kg for the formaton of the second species at varying

concentrations of ArCr{CO)3
[ACHCO)g] Kobs
223x104M 248 63
232x104M 27343
399x104M 452.41
497x104M 468.04
6.48 x 104 M 627 67

Slope = 925 2 154x 10% dm3mol-1s-1
Intercept = 25.80 £ 49 77 s-1

Carrelation coefficient = 0 3610
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Figure 3.3.2.8. Plot showing the vanation in k., for the formation of the second species

with varying concentration of ArCr(CO)4
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The effect of CO on the formation of this species was also investigated. The flash
photolysis expenments were camed out In argon and CO saturated solutons The
overlaid traces in Figure 3 32 3 show that the formation of the second transient species
1s suppressed in CO saturated soluton. This would imply that the second transient

species i1s formed wathe ArCr(CO),(toluene) species. Therefore it was concluded that

this second species 1s & dinuclear complex formed from the reaction of the dicarbomy

fragment with the parent tricarbonyl, as was observed on the photolysis of ArCr(CO)3 in

cyclohexane solution (Reaction 3 3.2.4).



ACr{CO),{toluene) + ArCr{C0)g ~——————> ArpCra(CO)s 3.3.24

Figure 3.3.2.9:Trace (a) shows the formation of the dinuclear species and (b) is the trace

recorded under a CO atmosphere (see section 5 2 1 for explanation of axes)
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3.3 2.6 Activation parameters for the formation of the dinuclear species

The achvaton parameters for the formaton of the dinuclear species were determined
from the Armthenus and Eynng equatons They are listed in Table 3326, the
expermental datai1s givenin Table 3326 and Figure 3329

Table 3.3.2.5: Activation parameters for the formation of the dinuclear species

Esd = 3432kJmol!
AH? = 31 76 kdmol?
AS? = -2079 Jmol-1K-?

AGH 37 96 kdmol-1

The activation energy of the reaction 1s low at 34 32 kJmol-1. The negative value of AS?
implies an associatrve process, which supports the idea of a dinuclear species The

AG! for the reaction 1s similar to the value recorded for the reaction of the

ArCr(CO),(toluene) complex with CO and pyrndine ligands.
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Table 3.3 2.6: Expenmental data for the determination of the activation parameters for

the formation of the dinuclear species [ArCr(CO)3] =2 93x 104 M

TK | 1/TKx103 | kox10° | Lnky | LnkyT
293 341 1.15 13.96 8 28
_238 336 151 1423 853

303 330 161 1429 8 58

308 325 182 14.41 8.68

314 318 263 1478 .03

318 314 343 1505 929

323 310 450 15 32 954
Arrhenius Plot " Eynng Plot
Slope =-41278 + 420 9 Slope =-38204+ 4135
Intercept=2799+01 Intercept=2126+012
Correlation coefficient = 0.9745 Correlation coefficient = 0 9719
E,o = 3432 £ 35 kdmol! AH? =31 76 + 3.4kJmol-!

AS* =-2079 ¢ Jmol- 1K1
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Figure 3.32.9 Arhenus (8) and Eynng (b) plots for the formation of the dinuclear

speces.
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3.3.2 7: Formation of the third species

Following the decay of the pnmary photoproduct a third transient species was observed
on a longer tmescale The trace recorded for the formation of this species 1s shown in
Figure 33210, the inttial part of the trace shows depletion of the parent complex this is
followed by a return to the baseline absorbance recorded for the parent complex. This
implies that either the parent tncarbany is being reformed or a species with a similar UY
absorbance spectrum is being formed Reformation of the parent complex would take

place on a faster timescale which would match the decay of the dicarbony toluene
fragment It is possible that the arene exchange product (toluene)Cr(CO)3 is being

formed as the UVMs spectrum of (toluene)Cr(CO)5 in toluene (Figure 3 32 11) 1s 1dentical
to the spectrum of ArCr(CO)3 in toluene (Figure 33 2.1), this would explain the return to
baseline absorbance recorded for the parent complex In studies on the photolysis
products of ArCr(CO); loss of the arene group has been reported as a pnmary
photoreaction [14] Gilbert ef a/ [22] reported that the arene exchange product was
formed wa the dicarbonyl species as the addition of carbon monoxide to the system

considerably suppressed the exchange process

124



Figure 3.3.2.10: Oscilloscope trace recorded for the formation of the third species (see

section 5 2 1 for explanation of axes)
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Figure 3.3.2.11: UVMms spectrum of (toluene)Cr(CO)3 in toluene
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3.3.2.8 Effect of parent concentraton and CO on the formation of the arene

exchange product

The effect of varying the concentration of ArCr{CO)3 in solution on the rate of tormation of

the arene exchange product was investigated (Table 332 7). As can be seen from
Table 332 7 increasing the parent concentration in soluton has no effect on the rate of
formation of this complex. Therefore it would sppear that the reaction mechanism does

not involve the parent tncarbony

Table 3.3.2.7: Effect of parent concentarion on the rate of formation of the arene

exchange product

[ArCr(CO)a] M KopsS™!
188x10-4 6299
197 x104 10472
258x10-4 13016
293x 104 106 84
308x104 106 34
332x104 108 37
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The formation of this arene exchange product was also investigated in a CO saturated

solution Figure 332 12 shaws the effect of CO on the formation of the arene exchange

product.

Figure 3.3.2.12: (a) Formation of the arene exchange product under argon (b) similar

trace recorded under a carbon monoxide atmasphere (see Section § 2 1 for explanation

of axes).
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From the trace obtained under an Ar atmosphere (Figure 3 3 2 12) one can see that there

1s depletion of the parent complex followed by a return to the baseline absorbance

Under a CO atmosphere the depletion of the parent complex 1s greatly reduced . from

this reduced depletion there i1s also a return to the baseline absorbance This would

seem to imply that the arene exchange process occurs g the dicarbonyl solvent

complex as proposed by Gilbert e7a/ [22] (Scheme 332 2)

~Cr
OC ‘ \w

Co

hv/toluene
EE——
<o CHa
Cr
oc” 1
CcO
X o
co = 3
- \T o
/
g
OC/?\/,/
CO
Scheme 3.32.2

These workers [22] proposed that from the dicarbonyl solvent complex ring slippage

occurs to form two 14 interactons with the metal centre The arene ning 1s then displaced,

a CO molecule 1s captured from solution and the toluene forms an 18 interaction to give

the (toluene)Cr(CO)3 complex One problem with this mechanism is that the concentration



of CO in solution 1s so low (1 e the only CO in solution are those knocked off on photolysis
of the parent complex) Therefore the final stage of the reaction going from the 74 1o n®
complex i1s going to be very inefficient Yet the trace recorded for the formation of this

species (Figure 3 3 2.10) appears to show a relatrvely efficient process.

it may be possible, that as well as seeing the solvent complex as the pnmary
photoproduct. there 1s a second pnmary photoproduct which is not detected i.e. an 4
tncarbonyl solvent complex the arene exchange product 1s then formed from this
species (Scheme 332 3) In a CO saturated solution this n? species may pick up a CO
molecule to form an n? tetracarbomyl complex which can then reform the parent
tncarbony! (Scheme 3 3 2 4) This would account for the reduction in the arene exchange

process under a’carbon monoxide atmosphere.

The pnmary photoreaction of the AW(CO)3 complex which has a similar electronic

spectrum to ArCr(CO)3 does not involve photoinduced exchange of CO and has been

reported to be possibly isomenston of the 76-arene bonding to a n-arene bonding

[14.38] The photochemistry of the M(CO)g complexes ( M= Cr, W, or Mo) have all been

reponted to be simifar Therefore it 1s proposed that the arene exchange process occurs

via a 774 complex rather than the dicarbomyt sobvent fragment
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3 3 2.9 Flash photolysis of ArCr(CO)5 in toluene in the presence of pyridine

The interactions of the monomeric and polymeric pyndine higands were further
investigated by companng the results obtained for the manganese system with a
second system Therefore the reaction of the ArCr(CO),(toluene) complex with pyndine
hgands was investgated to see If the trend observed in the manganese system was

observed with the chromium tncarbonyl complex

The solvent complex reacts with the pyndine in solution to form the ArCr(CO),(pyndine)

complex (Reactons 3325-3326)

ACHCO)3 —™——> ArCr(CO),ftoluene) + CO 3325

ArCr(CO),(toluene) + pyndine

> ArCr(CO),(pyridine) 3326

This complex appears to be stable and as can be seen from Figure 33213 all of the

parent tncarbonyl s converted to the ArCr{CO),(pyndine) complex dunng the course of

the experiment to yield a red-orange colour product Figure 3 32 14 shows the decay of

the ArCr(CO),(toluene) compiex followed by the formation of the ArCr(CO)x(pyndine)

species

in Figure 332 13 it1s noteworthy that the 1sosbestic point at 350 nm is preserved to very

high fractonal conversions. This rules out any further net photoreacton of the

ArCr(CO),(pyndine) complex on the same timescale
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Figure 3.3.2.13: Changes observed in the UVMs spectrum of ArCr(CO)3 duning the

course of a flash photolysis expenment in the presence of pyndine in toluene
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There was no evidence to suggest that arene group exchange occurs in the presence of

pyndine Wnghton and Haverty [21] reported a nearly quantitatve chemical yield of
ArCr(CO)x(pyndine) which implies that if arene exchange takes place it 1s a minor

component of the photochemistry
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Figure 3 3.2.14: Shows (a) the decay of the ArCr(CO)5(toluene) complex followed by (b}

the formation of the ArCr(CO)x(pyridine) complex (see section 521 for explanaton of

axes)
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The rates of reaction of monomeric and polymenc pyndine ligands were investigated
(Table 332 8) The actrvation parameters for Reaction 3 3 2 b were also determined As
in the manganese system the polymenc pyndine lgands were in the form of
poly(styrene-co-4-vinylpyrnidine) with the mole ratio of styrene to 4-vinylpyndine vaned
The interacton of a substtuted pyrdine with the ArCr(CO)»(toluene) complex was also
investigated to see the effect f any of & change in the electronic nature of the pyridine

ligand

Table 3.3.2.8: Second order rate constants for the reacton of pyndine hgands with the

ArCr(CO),(toluene) complex

Ligand ko (dm3mol-1s)
pyndine B33x10°
mepyndine 830x10%
5.1 copol 593x10°
101 copol 492x10°
30 1 copol 650x105
40.1 copol 12.12x105

mepyndine = 4-methylpyndine, copol = poly{styrene-co-4-vimyipyndine)

From the second order rate constants calculated one can see that the free pyndine
complexes react with similiar rates. which in general are quicker than the polymenc
hgands The trend that was observed in the manganese system where the lower loading

polymers complexed with the dicarbonyl species at higher rates 1s not apparent
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Although the two lowest loadings heve faster formation rates than the high loading
polymer and only the lowest loading copolymer has a higher rate of formaton than the

free pyndine complexes

The expenmental data for the determination of the second order rate constants 1s given

in Tables 332 9-3.3 2.14 and shown graphically in Figures 332 15-33.2 20

Table 3.3.29 and Figure 3.3.2.15: Second order rate constant for the reacton of
ArCr(CO),(toluene) with pyndine

[pyndine] | Kobs 57!

139x102M | 13930

228x102M | 19960

303x102M | 29606

468x102M | 39742

556x102M | 48220 {pyridine] x 10-2 M

Slope =833 ¢ 05x 10° dm3mol-1s-1
Intercept = 22623+ 177116 51

Correlation coefficient = 0.99464
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Table 3.3.2.10 and Figure 3.3.2.16. Second order rate constant for the reacton of
ArCr(CO)o(toluene) with 5 1 poly(styrene-co-4vinylpyndine)

kobe /8 Thoussnds
20

[pyridine] KopsS™!

177x102M | 74765

207102 M 8657 8

261102M 12126

303102M 15134

6 1 1 i
17 22 27 32

333102M | 16619 Byridine) x 10-2 M

Slope =593 + 0 3x 105 dm3mol-1s-1
Intercept = -3254.4 + 376 67 s~

Correlation coefficient = 0 99661

Table 3.3.2.11 and Figure 332 17: Second order rate constant for the reacton of
ArCr(CO),(toluene) with 10 1 poly(styrene-co-4-vinyipyndine)

16 kobs /s {Thousands)

[pyndine] KopsS!

123x102M | 83305

151102 M 97549

182102M 11744

211102M 12277 ° ' : ’ :

o] 06 1 16 2 26

[pyridine) x 10-2 M

236102M 14106

Slope = 492 + 0 4x 105 dm3mol-1s-1
Intercept = 2364 8 + 376 78 51

Correlation coefficient = 0 98941




Table 3.32.12 and Figure 3 3.2 18. Second order rate constant for the reaction of
ArCr(CO),(toluene) with 30 1 poly{styrene-co-4-vinylpynidine)

kobs /8 { Thousands)

[pynidine] KobsS™?

20t
170x102M | 97777

iI-34

242102M 13513

10+

280102M 17622

32310-2M 19914 6 L . : .

16 2 26 8 36

377102M 22756 [pyridine] x 10-2 M

Slope =650 * 0.34x 105 dm3mol-1s-1
Intercept = -1436 + 540 s-1

Correlation coefficient = 0 99585

Table 3.3.2.13 and Figure 3.3 2.19: Second order rate constant for the reaction of
ArCr(CO),(toluene) with 40 1 poly(s yrene-co-4vinylpyndine)

kobs /38 (Thousands)

[pyndine] KobsS™!

660x103M | 10101

804x103M | 11489

9.40x103M | 12457

110x102M | 15087 5 . : "

0.6 076 1 126

[pyridine] x 10-2 M

125x10-2M | 17215

Slope =1.21 201 x108 dm3mol-1s-1
Intercept = 17422 + 80 51

Correlation coefficient = 0 98336
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Table 3.3.2.14 and Figure 3 3 2.20. Second order rate constant for the reaction of
ArCr(CO)o(toluene) with 4-methylpyndine

kobs /8 {Thousends)
66

[mepyr] KobsS!

966x10-3M | 10350

204x10-2M | 17159

33310-2M 29157

408102M 36768 5 . . ' 1 .

08 18 28 38 48 68
[4me-pyridine] x 10-2 M

58010-2M 49283

Slope =823 ¢ 0 32 x 105 dm3mol-1s-1
Intercept=16482+ 1202 1 5!

Cortrelation coefficient = 0 99774
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33.210 Activation parameters for the reacton of ArCr(CO),(toluene) with the

pyridine ligands

The actrvation parameters for Reacton 3 3 2 6 were determined using the Arrhenius and

Eynng equations as descrbed in Section 538 As in the manganese system, In

determining the actvation parameters k, was used for the free pyndine while kg was
used In the calculations for the polymeric ligands (kp = kyp/[pyndine]) The parameters

determined are summarised in Table 332 15 The experimental data is grven in Tables

33216-33221 and shown graphically in Figures 332 21-332 23

Table 3.3.2.15: Actvation parameters determined for the reaction of ArCr{CO),(toluene)

with pyndine ligands

Ligand | Easakdmol! | AH?kJmol | AS* Jmol'K-1 | AG* kdmol-
1 1

Pyndine 35 61 3298 -1815 38 39
Mepyr 4108 38 49 -191 39 06
51 copol 3504 3272 52 60 48 38
101 copol 30 42 2795 -7214 49 45
30 1 copol 3067 2818 -7269 49 84
40 1 copol 30 54 2798 -69 09 48 57
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As in the manganese system the actvation energies (E,,) determined for the reaction of

the monomenc and polymenc igands with the dicarbonyl complex are essentially the
same with the higher loading polymers having the lower values The entropy of
actrvation (AS?) varnes from the monomeric to polymenc ligands As can be seen from
Table 33215 the large negatve value of AS? for the reaction of the polymenc ligands
indicates the associative nature of the transition state The low negative value of ASY for
the monomeric pyndine ligands imphes a less associative process than for the
polymeric hgands The values of the Gibbs free energy of activation (AG*) for the
polymeric igands are practically the same which are higher than the monomeric higands
The lower value of AG! for the free pyndine hgands imphes a more spontaneous

process This compares to the second order rate constants which are higher for the

monomernc ligands.



Table 332 16. Expenmental data for determining the activation ‘parameters for the

reaction of the ArCr{CO),(toluene) complex with pynidine [pyndine] =131 x 102 M

TK 1/TKx103 | kox108 Ln ks, Ln ko/T

288 347 075 1353 787

293 34 089 1370 8 02

298 336 117 1397 828

302 33 126 1405 8 34

308 325 192 1447 8.74

312 32 213 1457 883

318 314 262 1478 902

323 310 387 1517 939
Arthenys Plot Eyung Plot
Slope =-4283 + 248 Slope =-3966 7 + 244 21
Intercept=2833+ 008 Intercept=2158 + 008
Correlaton coefficient = 0 9906 Correlation coefficient = ( 9882
E o = 35612207 kdmol-! AH? = 3298 + 2 07 kJmol

AS#=-18153: 071 Jmol- 1K1
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Figure 33 2.21. Arrhenius (a) and Eyring (b) plots for the reaction of ArCr(CO),(toluene)

with pyridine

(8) Ln k2

13.9

13.4 . - :
3.09 3.19 3.29 3.39
/T K x 10-3
®) Ln k2/7

7 T 1 1 1

3.09 3.19 3.29 3.39
1T K x 10-3
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Table 3.3.2.17 Expenmental data for determining the activaton parameters for the

reacton of ArCr(CO),(toluene) with 61 poly(styrene-co-4-vinylpyndine) in toluene

[pyndine] = 303x 10-2 M

TK | 1TKx103 | Kpe X104 | Lnky, | Lok JT

288 347 121 940 373

293 341 162 969 401

299 334 226 1003 432

303 330 259 1016 445

308 325 318 1037 464

312 321 402 10 60 4 86

318 314 471 10 75 500
Arthenws Plot Eyning Piot
Slope =-42148+ 178 45 Slope =-33369+177 3
Intercept=2407 + 0 05 Intercept=17.43 + 0 05
Correlation coefficient = 0 89555 Correlation coefficient = 0 99437
Epq= 350441 48 kJmol-! AHf=3272+1 47 kdmol-!

AS? = 5260+ 041 Jmol- 1K
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Figure 3 3.2 22 Arhenws (a) and Eyring (b) plots for the reaction of ArCr(CO),(toluene)

with 5 1 poly(styrene-co-4-vinyipyndine)

(a) In kobs
10.8
104
10
g6
9'2 1 1 1 i 1 1
3.13 3.18 323 3.28 3.33 3.38 3 43 3 48
/T K x 10-3
(b)
In kobs/T

3 6 i i 1 1 1 J
3.13 3.18 3.23 3.28 3.33 3.38 3.43 3.48
/T K x 10-3
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Table 3.3.2 18: Expenmental data for the determination of the actrvation parameters for

the reaction of ArCr(CO),(toluene) with 10 1 poly(styrene-co-4-vinylpyridine) in toluene

[pyndine] =123x10-2 M

TK | YTKx103 | Koy X107 | Lnkge, | Lnkgs/T

291 344 099 920 353

288 334 130 948 378

303 330 164 970 399

308 325 216 998 425

313 318 248 1012 437

320 313 278 1023 447

323 310 354 10 47 470
Arrthenus Plot Eynng Plot
Slope =-3659 4 + 240 54 Slope =-33624: 2352
Intercept =21 78+ 007 Intercept=1508 £+ 0 07
Correlation coefficent = 0 98937 Correlation coefficient = 0 98799
Epq= 304220 kJmol T AH =27 95 + 1 95 kdmol!

AS? =-7214 + 058 Jmol-1K-1




Figure 3 3.2.23: Arthenius (a) and Eyning (b) blots for the reaction of ArCr(CO),(toluene)

with 10 1 poly(styrene-co-4vinylpyndine)

(8) In kobs

10.36

1011

9.86

9.6

9.36

9.1
3.08 3.19 3.29 3.39

VT K x 10-3

(b)
In kobs/T

4.65

4.4

4.16

3.9

3.656

3.4 : > :
3.09 3.19 3.29 3.39
/TKx 10-3
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Table 3.3.2 19: Expenmental data for the determination of the activation parameters for

the reaction of ArCr{CO),(toluene) with 30 1 poly(styrene-co-4-vinylpyndine) {pyndine] =

120x102M

TK | 1TKx103 | KX 104 | Lnkg,, | Lnk,,/T

293 341 090 9N 343

238 336 109 930 360

302 3 149 961 390

308 325 152 963 390

N2 32 216 998 424

318 314 251 1013 437

324 309 295 10 28 451
Arrthenius Plot Eynng Plot
Slope =-3689 1 + 286 84 Slope =-3389 + 290 83
Intercept=2172+008 Intercept=1502+ 008
Correlation coefficient = 0 98521 Correlation coefficient = 0 38206
E,q= 306712 4kJmol! AH? = 28 18 £ 2 42 kmol-!

ASt=-7268+067 Jmol-1K-1
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Figure 3 3 2.24: Arrhenus (a) and Eynng (b) plots for the reaction of ArC/(CO),(toluene)

with 30 1 poly{styrene-co-4-vinylpyridine)

(&)

in kobs

10.3

10.06

9.8

9.566

9.3

9.06 : : :
3.08 3.18 3.28 3.38

/T K x 10-3
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In kobs/T

4.6

4.36+

T

3.80

3.6

3.36 . . —
3.08 3.18 3.28 3.38

/T Kx 10-3
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Table 3.3 2 20: Expenmental data for the determination of the activatron parameters for

the reaction of ArCr(CO),(toluene) with 40 1 poly(styrene-co-4-vinylpyndine) [pyndine] =

031x102M

TK | UTKx103 | Ko X104 | Lnky, | Lnke/T

291 344 144 958 390

297 337 184 382 413

303 330 218 899 428

308 324 292 1028 455

313 319 354 10 48 473

318 314 410 10 62 486

325 308 546 10 91 512
Artheniys Plot Eynng Plot
Slope =-3673 + 136 63 Slope =-336591+1222
[ntercept=2218 + 004 Intercept=1545+003
Correlation coefficient = 0 33656 Correlation coefficient = 0 99672
E,q=3054+11kJmoH AH* =27 98 + 10 kJmol!

AS? =-6909 2 025 Jmol-1K-1
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Figure 3.3 2.25: Arrhenius (&) and Eynng (b) plots for the reaction of ArCr(CO),(toluene)

with 40 1 poly(styrene-co-4wvinylpyridine)

(a)
In kobs
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10.26
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975
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Table 3.3.2 21. Expenmental data for the determination of the activation parameters for

the reaction of ArCr(CO),(toluene) with 4-methylpyndine [methylpyndine] = 0 44 M

T 1/T Kx10-3 ko x 105 Ln kp Lnky/T

287 348 516 1315 7.49

233 34 6 63 13 41 773

298 336 834 1363 794

303 330 116 1386 825

308 324 144 1418 8 45

315 317 206 1454 879

323 310 351 15 07 929
Arhenws Plot Eyning Plot
Slope = 4940 8 + 242 86 Slope =-4629 6 + 233
Intercept=3027 + 008 Intercept = 2353+ 008
Correlaton coeficient = 0 93401 Correlation coefficient = 0 99373
E o= 4108 2 202 kdmol! AH? =38 49+ 1 91 kdmol-T

AS?=-191+067 Jmol- 1K1
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Figure 3.3.2 26. Arthenwus (a) and Eyning (b) plots for the reaction of ArCr(CO),(toluene)

with 4methyipyndine
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33.2.11 Flash photolysis of ArCr(CO)3 in the presence of pyridine in 1% wiv

polystyrene in toluene

From the second order rate constants determined for the reaction of the varous pyndine
figands with the ArCr{CO),(toluene) complex it appeared that the polymer in solution was
not enhancing the reaction rates as was observed in the manganese system. To confirm
this and to observe the effect of polymer molecules in soluton on the reaction rates it
was decided to carry out the flash photolysis expenment in a 1% wiv polystyrene in

toluene soluton

Table 332 22 compares the second order rate constants determined for the reacton of

the ArCr(CO),(toluene) complex with pyridine in both toluene and polystyrene in toluene

solutions

Table 3.3 2.22: Companson of second order rate constants

Ligand Solution kp dm3mol-1s-]
pyridine toluene 833x10°
pyndine 1% PS 6 89 x 10°
51 copol toluene 593x105

1% PS = 1% wv solution of polystyrene in toluene

51 copol = 5 1 poly(styrene-co-4-nylpyndine)
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As can be seen from Table 33222 the rate of reacton of ArCr{CO),(toluene) with

pyndine in polystyrene soluton was determined to be 6838 x 105 dm3mol-'s-! This
value is slower than that determined for the monomenc pyndine ligand in toluene
solution but is faster than the similiar reaction with the polymenc pyndine higand These
results are completely different to those determined for the manganese system, where
all the second order rate constants determined in polystyrene solution were quicker than

those determined in toluene soluton

Table 3 3 2 23 details the data recorded for the flash photolysis expenment camed out in

potystyrene solution, the data i1s shown graphically in Figure 33227

Table 3.3.2.23 and Figure 3.3 2.27: Expenmental data for the determinaton of the
second order rate constant for the reaction of ArCr{CO),(toluene) with pyndine in 1% wiv

solution of polystyrene in toluene

kobe /s { Thousands)

[pyndine] KopsS™! sl
224x102| 191x104 56}
410102 | 363x10% “r
%\-
683102 | 492x104
265+
860102 | 530x10% . . ,
ryy 4 2 > .
347102 | 721x104 “ eyridnel » B2 o2

Slope = 689 + 0 47 x 105 dm3mol-1s-1
Intercept = 4863 + 2858 6 s

Correlation coefficient = 0 83308
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33212 Summary

The flash photolysis of ArCr{CO)3 in toluene resulted in the formation of three transient
species The pnmary photoreaction was loss of CO to generate the coordinatively
unsaturated species ArCr(CO),, which was coordinated to & solvent molecule The
primary photoproduct ArCr(CO),(toluene) was then obseved to react with an
unphotolysed parent complex to form the dinuclear species Arp,Cry(CO)s (Reaction

3327) An arene exchange process was also recorded to yield the (toluene)Cr(CO)a

motety (Reaction 332 8).
ArCr(CO),(toluene) + ArCr(CO)3 ———————> Ar,Crp(CO)g 3327

hv
ArCr(CO)3 —> (toluene)Cr(CO)3 + Ar 3328

The reaction kinetics of ArCr{CO) in the presence of both momomenc and polymeric

pyridine hgands were investigated using flash photolysis in ambient temperature toluene
soluton These expenments were camed out in an attempt to further investigate the trend
observed in the manganese system where the rates of reacton increased as a result of

potymer concentration in solution

Unlike the manganese system, the monomenc pyndine kgands were observed to react

quicker than the copolymer complexes with the prnmary photoproduct
ArCr(CO),{toluene) The copolymers react slower than the free pyndine except for the

40 1 poly(styrene-co-4-vinylpyndine) complex which has the fastest rate of reachon The

cause of the enhanced reaction rates in the manganese system is probably a result of
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an interaction between the polymer backbone and the dicarbomyl complex This
interaction does not appear to be occuring in the ArCr(CO)5 system as the reaction rates
determined for the polymenc ligands are slower than those for the free pyndine
complexes and the rates determined in polystyrene solutions are slower than in toluene

solutions

A possible explanation for the different trends observed between the MeCpMn(CO)3 and

ArCr(CO)3 could be that the steric effect of the larger arene ring system, compared to the

cyclopentadienyl system. hinders the polymer in gaining access to the metal centre
Therefore in the chromium system the reaction scheme (Scheme 3324) does not
involve the formation of a polymer complex with the ArCr(CO)»(toluene) species as was
observed in the manganese system (Scheme 3312, Secton 33110) There is only
formation of the dicarbonyl nitrogen complex whether free pyndine or polymenc pyndine

ligands are in solution
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AICH{CO)4

hv toluene

v

ArCr(CO),(toluene)

pyndine

v

ArCr(CO)x(pyndine)

pyrnidine = monomeric or polymeric pyndine ligands as described earlier

Scheme 33.2.4
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3.3.3 Flash photolysis of Cr(CO)g in the presence of monomenc and polymeric

pyndine ligands

it was thought that the different rends observed for the reactions of the monomernc and
polymenc ligands between the metal systems may be a result of the nature of the metal

as well as possible stenc hindrance Therefore # was decided to investigate the

reactions of the Cr(CO)g compiex in the presence of pyndine igands in toluene solution

at room temperature The photochemistry of the Cr(CO)g system has been widely

studied and reported in the Ifterature [27.39] as a result only the interaction of the

pentacarbonyl fragment with the pyndine ligands was studied here

Previous research by our group [35] on the W(CQ)g system in the presence of pyndine

Iigands in toluene followed a similiar trend to that obseved in the manganese system in

this work. The W(CO)g fragment was observed to react quicker with the polymenc

pyndine hgands than the free pyndine entities

The UVAs spectrum of Cr{CO)g 1s shown in Figure 3 331 and the changes that occur in

the spectrum upon the formation of the pentacarbony! pyndine complex dunng the

course of the flash photolysis expenment can be seen
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Figure 3 3.3 1: Changes observed in the UVAMs spectrum on the flash photolysis of
Cr(CO)g In the presence of pyndine in toluene

Absorbance( RW)

10D 40D soo Eoo ~Go EBB
WNavelernpthinml

3.3.3.1 Reaction rates of Cr(CO)g(toluene) with pyridine ligands

The rates of reacton of monomenc and polymenc pyndine ligands with the

pentacarbonyl toluene complex (Reaction 3.3 3.1) were determined for comparsion with

the reaction of the ArCr{CO)(toluene) complex with simiiar ligands As with the

manganese and chromium tncarbonyl systems (Sections 33 1 and 3 3.2) the polymenc

pyridine ligands were in the form of poly{styrene-co-4vinylpyndine)
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Cr(CO)s(toluene) + pyndine > Cr(CO)5(pyndine) 3331

pyrndine = monomeric or polymeric pyndine ligands

As can be seen from the second order rate constants determined for Reacton 3331

(Table 3331), the rates of reaction are higher for the copolymers than for the free

pyndine in solution

Table 3.3.3.1: Second order rate constants for the reacton of Cr{CO)g(toluene) with

varous pyndine ligands

Ligand ko dm3mol-1s-1
pyndine 075x10°
4-mepyndine 092x10°
51 copol 096x10°
10 1 copol 144x10°
30 1 copol 107 x103
40 1 copal 352x105

4-mepyndine = 4-methylpyridine, copol = poly{styrene-co-4-vinylpyndine)
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The second order rate constants determined follow the same trend as observed in the
MeCpMn(CO)3 system As can be seen from Table 3331 the 301 coploymer does not
fit into the trend, but its rate of reaction with the pentacarbonyl complex 1s faster than the
free pyndine and the 51 copolymer, so it probably can be accommodated within
expenmental error Changing the electronic nature of the pyndine (reacton with 4-
methylpyndine) appears to enhance the rate constant but not to the same degree as the
polymenc ligands A similiar trend was observed in the manganese system where the 4
methylpyndine complex had a higher rate of formation while in the ArCr(CO); the
presence of the methyl group on the pyndine ligand did not appear to affect the rate of

formation of the dicarbonyl pyndine complex {Table 333 2)

Table 3.3.3.2: Rates of reaction of pyndine and 4-methylpyndine with the primary
photoproducts

ko dm3mol-1s-?
Primary photopdt Pyndine Mepyndine
MeCpMn(CO),(tol) 090x 1083 129x103
ArCr(CO)p(toluene) 833x105 830x105
Cr(CO)s(toluene) 7 50x 104 915x104




Thus in the chromium hexacarbonyl system as was observed in the manganese system
we see an interaction of the pentacarbonyl fragment with the polymer backbone as well

as with the pendant nitrogen atom

Tables 3333-3337 and Figures 3332 -3 336 give the expenmental data used in
determining the second order rate constants for the reaction of the pentacarbonyl

fragment with the various pyndine ligands.

Table 3.3.3.3 and Figure 3.3.3.2: Second order rate constant for the reacton of
Cr{CO)s(toluene) with pyndine

kchs /e (Thouserds)

1T e
[pyndine] KopeS™? \ L

3r - p
063x102M | 607.1 P

2t il
135x102M | 11997 -
163x102M | 11773 I

|

335x102M | 22021 0! ; - : i 5 ,
627x102M | 40003 (pyridine) x 10-2 M

Slope = 750 + 0 46 x 104 dm3mol-1s-1
Intercept = 42 24 + 207 0 -1

Carrelation coefficient= 0 99441
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Table 3.3.3.4 and Figure 3.3.3.3: Second order rate constant for the reacton of
Cr{CO)s(toluene) with 5 1 poly(styrene-co-4-vinyipyridine)

kobe /¢ (Thoueande)

[ B —
[pyndine] KopsS™! or . -
035x10-2M 576 asr /
111x102M | 9447 3 7
7

215x102M | 20045 15r /
370102M| 3608 | T o
547x102M | 52324 (pyridine) x 10-2 M
666x102M | 65216

Slope = 355 + 0 31 x 104 dm3mol-1s-1
Intercept=2967+ 170 s

Correlation coefficient = 0 99796

Table 3.3.3.5 and Figure 3 3 3.4: Second order rate constant for the reacton of
Cr(CO)s(toluene) with 10 1 poly{styrene-co-4-vinylpyndine

xohs /3 (Tr Zosardn)
[pyndine] kobss-1 o ) S “/h;"‘.
o
053x102M | 94172 o 7
T !
102x102M | 19450 al o |
7
157x10-2M | 22536 ‘ P
i ’//
206x102M | 29316 L
0 i 1 4 -l L
_ 0 Q& 1 16 2 28
267x102M | 4277.0 (pyridine) x 10-2 M

Slope =144 1 0.16 x 105 dm3mol-1s-1
Intercept = 209.71 + 276 1 s°1

Correlation coefficient = § 9812

163



Table 3.3 36 and Figure 3.3.3.5: Second order rate constant for the reaction of

Cr(CO)s(toluene) with 30 1 poly(styrene-co-4-vinyipyndine)

kolx /s
1 3200 B - B
[pyndme] kobss- - -

2.:»' T -
425x103M | 53204 -

1600 o
883x103M | 12530 o
146x10-*M | 15638 e T
190x102M | 22696 “s S ” : >

(pyrigine) ¥ 10-2 M

250x10*M | 29263

Slope =1 07 + 0.07 x 105 dm3mol-1s-
Intercept = 14312 +134.20 51

Correlation coefficient = 0 89202

Table 33.37 and Figure 33 3.6° Second order rate constant for the reacton of
Cr(CO)s(totuene) with 40 1 poly{styrene-co-4-vinyipyndine)

kot /s (Thousads)

[pyndine] | KobsS™’ '% . S
164x103M | 70378 4:2( e '
433x103M | 17632 ; L
892x103M | 33215 15'( //,/
129x102M | 44155 o ; "
180x102M | 66125 (pyridine) X 10-2 M

Slope =352 0 14x 105 dm3mol-1s-1
Intercept=138.94+17971 s

Correlation coefficient = 0 99772
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3.3.3.2 Activation parameters for the reachon of Cr(CO)g(toluene) with the various

pyridine hgands

The actvation parameters for the reacton of the pentacarbonyl complex with both
monomenc and polymenc pyndine hgands were determined and are summansed n

Table 3338 As with the MeCpMn(CO),(toluene) and ArCr(CO),(toluene) complexes, ky

was used in determining the actrvation parameters for the reaction of the free pyndine

ligands with the pentacarbonyl fragment, whereas k,, was used in the calculations for

the polymeric hgands

The actrvation parameters were determined to confirm that the quicker reaction rate for
the potymenc ligands with the pentacarbonyl complex was not because of a difference
in the actrvation energy of the reaction, but was a result of an interaction between the

pentacarbonyl fragment and the polymer backbone, as was the case in the reaction of
the MeCpMn(CO),(toluene) complex with the pyndine hgands The actvaton

parameters for all three systems (MeCpMn(CO)3, ArCr(CO)5, and Cr(CO)g) could then be

compared

As can be seen from Table 3 3 3 8 the actrvation parameters determined for the reaction
of the pentacarbomyl complex are quite similiar for all the pyndine ligands implying that
the trend observed 1s not a result of a difference in these parameters The energies of
actrvation (E, ) are relatively low and within expenmental error of each other The highly
negatve AS! values imply an associative process, the degree of associatvity 1s
increased for the polymenc hgands. The Gibbs free energy (AG#) 1s simiiar for the
reaction of the free pyndine hgands which 1s lower than that recorded for the polymenc

ligands The polymenc ligands all have simiiar AG? values
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Table 3.3.3.8. Summary of activation parameters for the reaction of the Cr(CO)s(toluene)

complex with the various pyndine ligands

Ligend Epkdmol? | AHY kmal! | AS? Jmol 1K1 | AG kJmol!
Pyndine 3290 30 44 46 23 4422
Mepyridine 3389 3128 -42 44 4383
51 copol 29 61 27 11 -94 42 55 25
10 1 copol 3329 30 89 -79 71 54 64
30 1 copol 38 40 35 81 5196 5427
40 1 copol 3260 3010 7777 53 28

The expenmental data used in the determination of the actvabon parameters is given in

Tables 3 33.9-33 3 14 and shown graphically in Figures 3337-333 12
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Table 3.3 3.9: Expenmental data for the determination of the activation parameters for

the reaction of Cr{CO)s(toluene) with pyndine [pyndine] = 421 x1 0-2M

TK 1/TKx 103 | kax105M | Lnky Lnko/T

293 341 093 11 44 576

297 337 113 1164 594

303 330 129 1177 6 05

308 325 152 1193 620

314 318 213 1227 b 52

318 313 273 12 52 675

325 308 358 12 79 701
Arthenius Plot Eynng Plot
Slope =-3956 6 + 265 83 Slope =-3661 7 + 265 43
Intercept =24 89 + 0 08 Intercept=18 20 + 0 08
Correlation coefficient = 0 3889 Correlation coefficient = 0 38711
Epq= 32801221 kimol-! AH? =30 44 £ 2 21 kdmol?

AS? =-46 22 + 0 6 Jmol 1K?




Figure 3.3 3.7: Arthenius (8) and Eyning (b) plots for the reaction of Cr(CO)s{toluene) with

pyndine

(@ Ln k2

1281 -

12.3

I !

11.3 .
3.07 317 3.27 3.37

/T K X 10-3

(b)
7.1

Ln k2/T

6.85

6.6

6.35|

6.1

585¢

5_6 H 1 J
3.07 3.17 3.27 3.37

/T K x 10-3
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Table 33.3.10 Expenmental data for the determination of the actrvation parameters for

the reaction of Cr(CO)s(toluene) with &-methylpyndine [mepyndine] =264x1 02M

TK | 1/TKx10-3 ke Lnky | Lnka/T

290 345 2082 38 1128 561

297 337 315210 1169 600

303 330 4248 46 1199 627

308 325 5552 69 1226 653

314 318 6344 27 1239 6 64

318 313 7646 78 1258 6 81

324 309 3306 10 12 84 7 05
Arhentus Plot Evung Plot
Slope =-4088 2+ 21853 Slope =-3762 6 + 217 23
Intercept = 25 45 + 0 07 Intercept =18 66 + 0 07
Comelation coefficient = 0 39293 Correlaton coefficient = 0 89177
Epe=33991182kJmol? AH? = 31281181 kdmol

AS? =-42 .44 + 058 Jmol-1K!
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Figure 3.3.3.8: Arrhenwus (8) and Eyning (b) plots for the reaction of Cr{CO)s(toluene) with

4-methylpyndine

(® 1n k2
13

125

12

11 —L L :
308 318 3.28 338
1/T K E-3

55 - — ;
308 318 3 28 3.38
1/T K E-3
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Table 3.3.3.11. Expenmental data for the determination of the activation parameters for

the reaction of Cr{CO)s(toluene) with 5 1 poly(styrene-co-4-vinylpyndine) [pyndine] = 1 21

x10-2M

TK UT Kx1 0'3 kobss-1 Ln kobs Lnkobs/T

292 342 1042 71 6395 127

297 337 1226 55 711 142

304 329 151975 733 161

309 324 2026 44 761 188

315 317 2500 28 782 207

324 309 3320 92 811 233
Amrhenus Plot Eyning Plot
Slope =-35619+ 139 47 Slope =-32603 + 14502
intercept=1911:004 intercept=12.40+ 0 04
Correlation coefficient = 0 39695 Correlation coefficient = 0 98607
Eou=2961 116 kJmol! AH? = 27.11 £ 1 21 kdmol!

ASH =-94 42 + 058 Jmol-1K-1
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Figure 3.3.3.9: Arrhenius {a) and Eyring (b) plots for the reaction of Cr(CO)s(toluene) with

5 1 poly(styrene-co-4-vinylpynidine)

® | n kobs

6.8 1 L 4
308 318 328 338
1I/T K x 10-3
Ln kchs/ T

208 318

(>
s

338

(13 ‘
o

T Kxl
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Table 3.3 3.12: Expenmental data for the determinaton of the activation parameters for

the reaction of Cr(CO)g(toluene) with 101 poly(styrene-co-4-vinylpyndine [pyndine] =

101x102M

TK | UTKx103 | keS| Lnkyy | Lnky/T

291 344 1256 60 714 146

298 336 148117 730 160

303 330 1956 87 758 187

308 325 2571 86 7 85 212

312 32l 315434 8 06 231

318 314 3548 37 817 241

324 309 5054 40 853 275
Auhenius Plot Eynng Plot
Slope =-40043 + 2766 Slope =-37158 + 26488
Intercept=2084+008 Intercept=1417 + 008
Correlation coefficient = 0 98828 Correlation coefficient = 0 98753
E,a = 3329 £ 2 30 kJmol! AH? = 3089 £ 2 20 kJmol-!

AS#=-78.71 + 0 67 Jmol 1K1

173



Figure 3 3 3.10. Arrhenius (8) and Eynng (b) plots for the reaction of Cr(CO)g(toluene)

with 10 1 poly{styrene-co-4-vinyipyndine)

(a) Ln kobs
8.8

7.5

7 L 1 N
308 318 3.28 3.38
1/T K x 10-3

1.3 1 1 1
308 318 328 33
I/T K x10-3
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Table 3 3.3.13. Expenmental data for the determination of the activation parameters for

the reaction of C{CO)s(toluene) with 30 1 poly{styrene-co-4-vinylpyndine) [pyndine] =

181x102M

TK | 1/TKx103 | Kopys | Lnkgy, | Lnkg, /T

292 342 136122 722 154

299 334 207408 764 194

303 330 2572 36 785 214

308 325 3008 41 8 01 228

313 318 4249 81 8 35 261

318 314 514213 8 55 278

324 308 6311 35 875 297
Arrhenws Plot Eyung Plot
Slope =-46189+121 48 Slope =-4306 8 + 134 34
intercept=2305+003 Intercept=16 31+ 004
Correlation coefficient = 0 99827 Correlation coefficient = 0 99758
E,u= 38401101 kdmol! AHf=3581 £ 112 kJmol"!

ASf=-6196 2033 Jmol-1K-1
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Figure 3.3 3.11: Arthenius (8) and Eyning (b) plots for the reaction of Cr(CO)s(toluene)

with 30 1 poly{styrene-co-4-vinylpyndine)

®  Ln xobs

7.1 1 ' 1
308 318 328 338

I/T K x 10-3

Ln kobs/T

1.4 : 1 i
308 318 3.28 338
’ I/T K x 10-3
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Table 3.3.3.14.Expenmental data for the determination of the activation parameters for

the reaction of Cr{CO)s(toluene) with 40 1 poly(styrene-co-4-vinylpyndine) [pyndine] =

892x10-3M

TK 1YTx103 | Kepes! | Lnkg, | Lok, /T

297 337 2817 9 794 225

303 330 3528 61 817 245

307 326 4016 76 830 257

313 319 5221 81 856 2 81

317 315 6232 40 874 298

325 308 8891 43 903 33
Arthenius Plot Eynng Plot
Slope=-39211+18925 Slope =-36206 + 199 32
Intercept=2111+004 Intercept=1441 + 004
Correlation coefficent = 0 99537 Correlation coefficient = 0 33399
E,a=32602157 kJmol-1 AHf = 3010+ 166 kJmol-!

AS#=-7777 033 Jmol-tJ?




Figure 3.3.3.12: Arrhenius (a) and Eyring (b) plots for the reaction of Cr(CO)s (toluene)

with 40:1 poly(styrene-co-4vinylpyridine).

Ln bobs

1/T Kx 10-3
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3.3 33 Summary

The reaction kinetics of Cr{CO)g in the presence of both monomenc and polymeric

pyndine ligands were investigated using flash photolysis in room temperature toluene
soluton These expenments were camed out to investigate the trends observed in the

reaction rates of the MeCpMn(CO),(toluene} and ArCr{CO),(loluene) with the vanous

pyridine ligands

The second order rate constants determined for the reaction of the Cr(CO)g(toluene)

complex with the vanous pyndine ligands follow the same trend as observed in the
manganese system Thus in the chromium hexacarbonyt system we are also detecting
an interaction of the pentacarbonyl fragment with the polymer backbone as well as with

the pendant nitrogen atoms (Scheme 3 3.3 2).

The actvaton parameters for the reacton of the Cr{CO)s(toluene) complex with the
monomeric and polymenc hgands are quite simitiar to those for the same reaction with
the ArCr(CO),(toluene) species This would seem to imply that the different trends

observed in the reaction rates between the MeCpMn(CO)3 and ArCr{CO)3 systems 1s not

a result of a difference in the Gibbs free energy of activation because of the different

metal centre

The reason the “polymer effect” observed in the manganese tncarbonyl and chromium
hexacarbonyl systems does not occur in the arene chromium tncarbonyl system could
be because of stenc hindrance, the arene ring is larger than the cyclopentadienly nng
As both nng systems sit above the metal, the large polymer molecules are hindered in

gaining access to the metal centre in the case of the arene system Thus the observed

increase in the rate constants recorded for the MeCpMn(CO),(toluene) and
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Cr(CO)s(toluene) fragments due to the interacton of the solvent complexes with the

polymer backbone does not occur in the ArCr(CO)5 system

Cr(CO)s
hv toluene
Cr(CO)s\Etoluene)
pyndine V \opol (ko)
- pyncine (k3) )
CHCO)s(pyncne) < CHCO)5(copo)

copol = poly(styrene-co-4-vinylpyridine), pyrnidine = pendant nitrogen on copolymer backbone

Scheme 3.3.3.2

As with the manganese system the rate law coresponding to the mechanism in Scheme
3332 was determined by assuming a steady state concentration of the pentacarbony

copolymer complex Therefore the rate law s,

d[Cr(CO)g)(pyndine)l/dt = [Cr(CO)s(toluene)](k¢[pyridine] + ko[copol])
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Therefore in terms of the pseudo-firstorder rate constant kgye this equation may be

wrtien as,

kobs = (kq[pyndine] + kp[polymer])

3.3.4 Conclusion

Photolysis of the isoelectronic LM(CO)3 (LM = MeCpMn or ArCr) in low temperature argon

and methane matnces and alkane solvents have shown loss of CO as the pnmary
photoprocess In our studies on the solution photochemistry of these compounds in

toluene, loss of CO has also been observed as the primary photoreaction The resultant

unsaturated LM(CO), species coordinates to a solvent molecule (Reactions 3341-

3342)

LM(CO)g — > LM(CO), + CO 33.4.1

LM(CO), + toluene ————> LM{(CO),(toluene) 3342

In the MeCpMn(CO)3 system the MeCpMn(CO),(toluene) fragment does not react further
to form a dinuclear species as was observed for MeCpMn(CO),(cyclohexane) [12]
Therefore the only species observed on the flash photolysis of MeCpMn(CO)3 in toluene
is the pnmary photoproduct MeCpMn(CO),(toluene) In the investgaton of the ArCr(CO),
system in toluene the pnmary photoproduct ArCr{CO),(toluene) was observed to react

with the parent complex to form the dinuclear species AroCry(CO)5 (Reacton 3 34 3)
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ArCr{(CO)(toluene) + ArCr{CO)3 ——————> Ar,Cra(CO)s 3343

Loss of the arene higand has also been reported to result upon the photolysis of
ArCr(CO)3 [14] These results were reported for expenments where the photolysis was
carried out in the presence of 14C labelled CO and arene group Incorporation of both
carbonyl and arene ligands was recorded The loss of the arene ligand was reported to

be inhibted in the presence of CO implying that it occurs & the dicarbonyl complex In

the examination of the photolysis of ArCr(CO)5 in toluene arene exchange was also

observed However it is proposed that the exchange process occurs via an 114 nng

shippage interachon rather than the dicarbomyl complex as previously reported [22)

The reactvity of the coordinatively unsaturated LM(CO),(toluene) complexes towards

monomenc and polymeric pyndine igands was investgated by measunng the reaction
kinetcs and actvaton parameters for the reacton The MeCpMn(CO),(toluene)
fragment was observed to have a higher rate of reachon with the polymenc ligands than
with the free pyndine This increase in the observed rate constants i1s probably a result of

an interachon of the dicarbonyl complex with the polymer backbone as well as with the

pendant nirogen atoms

The results recorded for the ArCr(CO),(toluene) complex were the opposite of those

observed for the manganese system The monomenc pyndine complex had a higher
rate of reaction than the polymenc ligands with the dicarbonyl toluene complex The
lower reaction rates for the polymeric ligands 1s probably a result of stenc hindrance

caused by the presence of the arene group which prevents access to the metal centre



The activation parmeters for the reactons in the MeCpMn(CO)z and ArCr(CO)5 systems

were Investigated to confirm thet the trends observed were not a result of a difference in
the Gibbs free energy of activation for the reactions The reaction of the Cr(CO)g(toluene)
species with the pyndine ligands was investigated to see if the different trends observed
between the manganese and chromium trcarbonyl systems was a result of the metal
centre This was discounted as the reacton rates observed for the pentacarbony
complex followed the same trend as was obsenved for the manganese dicarbonyl

fragment

In general the ArCr(CO)»(toluene) complex is the more reactive it reacts with the pyndine
higands two orders of magnitude quicker than the MeCpMn(CO),(toluene) species The

activation energies for the formation of ArCr(CO),(pyndine) complexes are on average

15 kJmol-! lower than the comesponding manganese complex. This may partaily
account for the differences in reactivity The large negatve ASY values for both metal
systems indicate the associative character of the rate determining step However there
is a large error inherent in the AS? value which means no definite conclusions can be
made ¥¥nghton and Hill [30] observed a trend in reactvity of the LM(CO),(matnx)
species which appeared to correlate with the electron density on the metal atom They
suggested that the reactivity differences may be a result of the smaller size of the

chromium atom which leads to higher electron density on the metal atom and thus

increased reactivity
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Chapter 4

Flash Photolysis of Polystyrene Anchored
Chromium Tricarbonyl



41 Introduction to polymer-bound metal carbonyl complexes

Polymer-bound metal carbonyl compounds have an important role to play in many
organometallic catalytic systems [1] These polymer-bound metal carbonyls exhibit the
unique selectivity and reactvity of their homogeneous counterparts even under mild
conditions The ease of separation from the products 1s increased thus facilitating the
recyching of the catalysts Other advantages reported for polymer-bound systems
include enhanced hydrogenaton actvity of immobilised ttanocene [2] and

[I(COYCI(PPh3),) [3]. greater positional selectvity in both hydrogenatons [2.3] and

hydroformylations [4], and increased selectvity based on substrate size considerations

[3]

Several methods can be used to activate the catalyst for instance polymer-supported
organometallic complexes can be photoactvated to generate catalically actve
intermediates which remain immobilised to the resin bed [5] The generation of
coordinatively unsaturated metal complexes play a fundamental role in many
organometallic and catalytic systems [6] These systems can be generated by thermal,

photochemical, or electrochemical means [6,7)

A wide range of catalytic uses for potymer-supported metal carbonyl complexes have
been reported Moffat in 1970 reported the catalysis of hydroformylation reactons
utiising a poly-2-vinylpynidine/Co(CO)g system [8] He also emphasised the use of this
system as a "catalyst reservoir suitable for the release of small amounts of cobat

carbonyl under hydroformylation condrtions, followed by its uptake after completion of

the reactions [9)
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Several workers have investigated the cdordinaton of phosphine ligands to rhodium
complexes Manassen has described the catalysis of hydroformylaton and
hydrogenatons using polymenc rhodium complexes [10] The catalysis of hydrosilation,
hydrogenaton, and hydroformylation reactions has been descnbed by Capka e/a/ [11]
also by employing rhodium complexes coordinatrvely bonded to polymenc phosphine

ligands

Pittman and his fellow workers have camed out companson studies on hydroformylation
{
reactions catalysed by polymer attached and homogensous rhodium carbonyl

complexes [12] They reported enhanced selectivity for the polymer-supported catalyst

There have also been studies carmed out on polymenc chromium complexes Cross-

linked polystyrene anchored-Cr(CO)3 moieties have been used in selectve methy

sorbate hydrogenations (1]

Fahey demonstrated that potyenes can be hydrogenated to ther corresponding
monenes with remarkably high selectivity using {PPhg),RuClx»(CO), [13] Pittman
anchored this catalyst to a polymernc supporn and essentally confirmed Fahey's results

(4]

Pittman and Smith [15] reported examples of sequential multstep organic reactions by
binding two catalysts [(PPh3)oNIi(CO)p] for cyclooligomensation and [(PPhg)3RhCH] for
hydroformylation to the same crosslinked polystyrene resin Cycloohgomensation of
butadiene to 1.5-cyclooctadiene, 1.5.9-cyclododecatriene, and 4-nkycyclohexane by
the supported nickel carbonyl catalyst occurred first This was followed by the selective
hydroformylation of the exocyclic double bond of the winylcyclohexane species

catalysed by the bound rhodium complex Similar results were obtained when the



catalysts were attached to separate polymenc resins and mixed n the reactor
interaction of the two catalysts with each other was prevented by the polymer supports to

which they were anchored

Another possible use of organometallic potymers involves their use in prepanng highly
dispersed metal or metal oxdes within polymer films [16] By decompaosing an
organometallic molety which 1s chemically attached along the polymer chain one might
be able to prepare tiny metal or metal oxde particles within the polymer matrix
Dispersions of oxides are of great imponance for practical applicatons They are

encountered in parnts, fillers, soils, magnetc tapes, and corrosion products [17]

Organometallic complexes with catalytic actvity have been incorporated into polymers
In a vanety of ways Most often a preformed polymer s functionalised so that a catalytic
complex can be attached This may be camed out by denvatising the polymer with a
hgand which in tum 1s used to bind the metal [4] Examples include the preparation of

chloromethylated styrene resins followed by treatment with metal carbonyl anions to

grve o-bonded transition metal to polymer linkages (Scheme 41 1) [18)

Phosphine linkages are the most widely used means of attaching metal complexes to

the polymer backbone Phosphines may be introduced by reacting chioromethylated
resins with LIPR, as descnbed by Evans et al [19] They reacted lithum

diphenyiphoside (i e. Li*PPhy7) with tinear and crosslinked chioromethylated polstyrene

to gve polymers () and (If) according to Scheme 412 Functionalised polymers have
also been prepared using brominated polystyrene (Scheme 41 2)
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The metal carbonyl complexes are then anchored on the polymer backbone using
ligand replacement reactions Most commonly carbonyl substituton or phosphine
exchange reactions are employed Ligands can be replaced erther thermally or
photochemically [18] Scheme 41 3 [4] illustrates several ligand replacement reactions

used to prepare polymer-anchored metal carbonyls

(B)-Prh:Mo(CO). +  (P)—PPhy)2MolCO),

M Q)

N A or N
®_Pphz)zRuC|z(CO)z RuCix COly PPhy)y b RhCiPPhyy ®—Pph2)1RhC]

IrCitCONPPh;y)
/—~——’» (P)—PPhy),ir(COICI

(P)—PPh,Rh(CO),CI  </RRCQ:CE
+  (P)~PPh,);Rh(COCI

(®-PPhaRuCl,  <EXh By pp, KON (B) ppy,Fe(CO),

Aor he
o)) | \N\escom, ®-rrnaiFacon,
(P—PPh,)yPdCly  ~F2FhCNLCh \ NHCO 1 PPhy),
CrCQhn® arene)
hr

o (P—PPhy);Ni(CO);
RhH{CONPPh )y
\—————"%  (P)—PPh,),RhH-

lco,«co». (CONPPhy),

(P>—PPhyCr(CO),(arene)

-~
(L]

.2.3
10

-

(B PPh;);,CHCOWCHACON
lA

(B—PPh,Co(CO);—Co{CO)yPh,P—F)

Scheme 4.1 3




Tatarsky o7 &/ [20] reported the anchonng of arene chromium complexes through a
photochemical hgand substitution reaction in which one of the CO groups 1s replaced by
a phosphine ligand covalently bound to the polymer (Reaction 41 1) Thus preventing

leaching of the Cr moiety into solution in the course of the catalytic reaction, which would

occur f the Cr(CO)5 group was attached directly to the phenyl nngs of the polymer

support

P-@CHZPth + ACr(CO)3

hv

P‘@'CHzP'C('A’

Polymers do not always require functonal modification to provide hgands to bind metal

complexes The metal carbonyl can complex directly with the polymer An example of
this 1s the reaction of Cr{CO)g with polystyrene [1,21] Polystyrene anchored Cr(CO)3 units

can be prepared by reflxang Cr{CO)g with polystyrene in dimethoxyethane according to

Reacion 412

DME
P + Cr(CO)g > P (P + 300 412

Cr(CO)5

Metal pentacarbonyl complexes of 2- and 4- polyvinylpyndine have been prepared by
reacting homopolywvinylpyndine or a vinylpyndine coplymer with M(CO)s (M = Cr, Mo, or



W). generated » sy erther photochemically or from some labile complex such as

M(CO)s(EtOH). ta give polymers of the form M(CO)5(P(4-YP)) or M(CO)5(P(2-VP)) [22]

Another synthetic approach to construct polymer-bound metal carbonyls involves the
preparaton of a monomer, which contains the ligand or the ligand-metal complex The
monomer is then polymensed to generate the appropnate resin This method has
several advantages over anchonng the metal carbonyl directty to the polymer First the
concentration of the monomer can be controlied and polymers containing a wide range
of ligand concentrations can be prepared Secondly, the nature of of the polymer matrix
can be vaned depending on the comonomer Third, the degree of cross-linking can be
systematically vaned, and finally distnbution of ligand or metal complex thraughout the
resin beads 1s assured at the microstructure level There are also problems associated
with this approach Monomers containing transtion metal complexes may undergo
undesirable reactions with radical, basic or acidic intthiators which preclude optimum

potymensaton behawviour [4]

A vanety of organometalic vinyl monomers have been synthesied and both homo- and
copolymensed (23] Examples include (1) 7°-vinylcyclopentadienyl-manganese
tncarbonyl.  (2)  nSvinylcyclopentadienyichromiumdicarbonyintrosyl,  (3)  75-
vinylcyclopentadienyttungstenmethyitncarbonyi, (4) n8-styrenechromium-tnicarbomy

A A A
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Ptman and Marlin {24] described the preparataton of the monomer 75-2-
phenylethylacrylatechromiumtricarbonyl (PEAC) and its subsequent copolymensation
with styrene, methyl acrylate, acrylonitnle and 2-phenylethyl acrylate The PEAC
monomer was prepared as in Scheme 41 4 {24] and was then readily copolymensed

(Reacton 41 3)

24 v refux
@ CHaCHROH + Cr(CO)g e > @ CHaCGH0H

Cr(CO)q
CH=CHOO
benzene
(e}
/)
CHHOC
CH=CH,
C(CO)g
PEAC
Scheme 414
-[-(c‘szz-H%F-qCHz-)-l-
AIBN //C\
PEAC —_—
* CHZ:CH Ethyl acetate © OCHZCHZ@ 413

Cr(CO)3

R = CgHg. “COOCH3. CN. ~COOCHCH>CgHs. AIBN = azobisisobutyronitrile

Kelly and Long [22]. in their preparation of copotymers of M(CO)s(vinylpyndine) (M = Cr,

Mo, W) with vinylpyndine, styrens, or methyl methyacryiate, first prepared the monomer



complex and then caused it to copolymense with the other vinyl monomers The

monomers were prepared as in Scheme 415

M(CO)g —é—‘é;—» M(CO)5(EIOH) —YE——  M(CO)sVP
Scheme 415

Vinylpyndine copolymers of the complexes resulting from Scheme 4.1 5 were formed by
heating vinylpyndine solutions of the metal complexes with free-radical inthator AIBN at

800C [22]

Hawing previously investigated the photochemistry of ArCr{CO)5 in cyclohexane [25] and

in toluene as part of this thesis, we were interested in the photochemistry of the
polystyrene-anchored chromium tncarbonyl complex. It was hoped to simplfy the
photochemistry of the ArCr(CO); complex by anchonng it on a polymenc support The
Ifetme of the highly reactive intermediates generated on fiash photolysis should be
increased by attaching them to a polymer backbone Also formation of the dinuciear
species which poisons the catalyst may be prevented by the ngid polymer supports As
well as improving the recovery of catalysts different polymer supports could also be
used to iImprove the solubility of the metal complexes in more freely available solvents

and possibly lead on to the photochemistry of such compounds in water
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4.2 Results and Discussion

Polymer-anchored chromium tricarbonyl was prepared by refluxing polystyrene with
chromium hexacarbonyl in dimethoxyethane Four polymers with different loadings of
styrene to chromium trcarbormyl units were prepared (31, 61, 81, 1001) The
photochemistry of these polymers was investigated by flash photolysis in room
temperature toluene solutions As similar results were obtained for the different loading
polymers they are taken together in this secton Expermental difficuttes were
encountered in working with these polymer systems, because of the high extincton
coefficient of ArCr(CO)3 the resulting concentration of the metal complex in solution was
low Therefore any impunties in the polymer matnix or partculate matter remaining as a
result of the method of preparaton of the polymer-anchored species will have a

profound effect on the results obtained.

Figure 421 shows the UVMs spectrum of polymer-anchored-Cr(CO)3 in toluene, the

changes that occur in the spectrum during the course of the expenment can be seen (i e

the system Is notvery reversible under an argon atmosphere) The spectrum is identical

to that of ArCr(CO)3 recorded in toluene (Figure 332 1)

On the fiash photolysis of polymer-anchored chromwum trncarbony! in toluene three

transient species were observed
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Figure 4 2.1: UVAs spectrum of polymer-anchored-Cr(CO)3 in toluene

Absarbance( AU)

QR 208 40 500 BEDOL ‘R0 BBO
Wavelenpth{nm)

4.2.1 Primary photoproduct

The UViis difference spectrum of the first obsenved species recorded under an argon
atmosphere 1s shown in Figure 422 The spectra were recorded at the tme of the flash
and 640 us after the flash. As with the ArCr{CO)3 system, the A, is at 400 nm, the
depression centred at 335 nm s a result of a depletion of the parent complex. a second

specis can be seen growing in around 500 nm From companson of the spectra

recorded with the ArCr{CO)3 system it can be assumed that this first observed species 1s

the dicarbonyl complex. However unlike the ArCr(CO)3 system, in the polymer system

two species were observed decaying at 400 nm, the decay of the of dicarbomy solvent
complex was followed by a slower decay of a second species Figure 42 3 shows the

trace recorded for the decay of the two species
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Figure 4.2.2: Transient UVAnis difference spectrum of the first observed species
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As with the other systems investigated the effect of saturating the soluton with CO was
examined This was carned out to confirm that the pnmary photoproduct was loss of CO,
i this 1s the case its yield would be unaffected by the addition of CO and s lifetime
decreased because the back reaction of the photolytically formed species Is favoured
by the presence of CO in soluton Figure 42 4 shaws the effect of CO on the initially
formed species as can be seen from the recorded oscilloscope traces the
conecentration of the species formed was not affected by the presence of CO in solution
The rate of decsy of this first formed species or the second decay is unaffected by the
presence of CO (Figure 42 4 and Table 42 1) Although the system does appear to be

more reversible as the residual absorbance 1s lower.



Figure 4 2 3. () the intial quick decay of the dicarbonyl solvent complex followed by (b)

a second slower decay (see Section 5 2 1 for explanation of the axes)
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Figure 4.2.4: The effect of CO on the decay of the two species observed at 400 nm
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Table 4.2.1: The effect of CO on the k ,, value for the decay of the dicarbonyl complex

and the second species

(a) 31 Paly(Styrene-Cr(CO)a) (b) 6 1 Poly(Styrene-Cr(CO)3)
[ArCr(CO)5] =348 x 104M [ArCr(CO)3] =257 x 104 M
1CO} dmBmol? | Kops(l) | Kops(?) [CO)dm3mol-! | Kobs(1) | Kons(@)
0 743051 | 281s? 0 8050 s-1 | 139s1
188x10-8 782071 | 1695 188x103 747071 | 203s?
377x10° 6880 -1 | 243s°1 377x103 9280 57! | 133s-]
566x10-3 6950 s-1 | 202s-1 566x10-3 823051 | 315s-1
753x103 8140s! | 312s°! 753x10-3 85301 | 303s"!
(c) 8 1 Poly(Styrene-Cr{CO)3) (d) 100 1 Poly{Sytrene-Cr(CO)3)
[ArCH{CO)3] =257 x 104 M [ArCr(CO)5] =282 x 104 M
[CO) dm3mol? | Kobs(1) | Kobs(2) [CO dmBmol1 | Kops{1) | Kops(2)
0 4880 ! | 105571 0 533051 | 138s-]
188x10-3 4860571 | 11351 188x10-3 368051 | 15757
377x103 4960 1 | 1308”1 377x10-3 48401 | 184s°)
566x10-3 5660 s | 153s°! 566x10-3 432051 | 1675
753x10-3 472071 | 201s™! 753x10-3 452051 | 490s-!
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From Table 42 1 one can see that saturating the solution with CO has litle to no effect on
the rate of decay of erther of the species It may be that the pnmary photoproduct 1s a
mixture of a solvent complex (the fast decay) and a dicarbonyl polymer species (the
slower decay) Access of the CO to solvent complex may be prevented by the large
polymer molecules in solution while the dicarbonyl polymer species may preferentially

react further with the polymer backbone to camy out arene group exchange salong the
polymer

4.2 2 Effect of parent concentration on the primary photoproduct

increasing the concentration of the polystyrene anchored chromium tncarbonyl complex
in solution results in an increase In the concentration of the dicarbomyt complex formed.
However the effect of increased parent concentration on the rate of decay of the

dicarbonyl complexis notvery clear (Table 42 2)

In the case of the higher loading polymers (31, 6 1, 8 1) increasing parent concentration
grves aresultantincrease in the decay of the dicarbonyl complex. Although there 1s not a
definite trend, in most cases the lowest concentration of parent has the lowest value of
Kops fOr the decay. and the highest concentration has the highest value The\ rate of
decay of the dicarbomyl complex in the 1001 polymer appears to be unaffected by the
concentration of parent in the soluton. Therefore it would appear that the dicarbonyl
complex generated in the higher loading polymers reacts further with unphotolysed
tncarbonyt units to possibly form a dinuclear species Whereas in the 100 1 polymer no
further reaction appears to take placs, this is probably because the chromium untts are

on average going to be further apart in the lower loading polymer



As can be seen from Table 42 2 the decay of the longer lived species in all cases does

not depend on the concentration of the parent in soluton

Table 42.2: Effect of parent concentration on the rate of decay of the dicarbonyl

complex
(&) 31 P(Sy-Cr(CO)3) (b) 6 1 P(Sty-Cr(CO)3)

[PSty-Cr(CO)a] | kepe(l) | Kops(@) [PSY-Cr(CO)al | kopsll) | kops(@
294x104M 605051 | 116g) 098x104M 398051 | 2675
348 x104M 743051 | 28151 209x1049M 5950s-1 | 745!
386 x104M 6100s-1 | 865! 257x104M 7480s-1 | 99s-1
475 x104M 9030s-1 | 119s-! 289x104M 706081 | 62s?

344x104M 8050s-1 | 139s1
(c) 8.1 P(Sty-Cr{CO)3) (d) 100 1 P(Sty-Cr(CO)3)

[PEY-CrCO)a] | kops(1) | Kops() [PSY-CrlCO)a] | Kkope(1) | Kons(2)
238x104M 5970s-1 | 204s1 208x104M 336551 | 2 4s1
257x104M 4880s-1 | 106s1 282x104M 5390s-1 | 138s!
261x104M 8940s-1 | 2551 334x104M 587051 | 83s1
428x104M 8790s-1 | 181¢°1 407 x104M 3330s-1 | 78s°?
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4 2 3 Effect of power of the laser on the concentration of the primary phtoproduct

To determine if the primary photoproduct was formed as a result of a single photon
excrtation of the parent polymer tncarbonyl complex An expenment was carmed out
whereby the relative power of the laser was vaned and the initial absorbance of the
dicarbonyl complex was recorded For the four polymer complexes the formation of the
dicarbonyl complex was seen to vary inearly with the laser power (Figures 42542 8),

charactenstic of a single photon event

Figure 4.2.5: Plot of relative laser power versus concentration of primary photoproduct

for 31 P(Styrene-Cr{CO)q)
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Figure 4 2.6. Piot of relatrve laser power versus concentration of pnmary photoproduct

for 6 1 P(Styrene-Cr(CO)q)
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Figure 4 2.7: Plot of relative laser power versus concentraton of pnmary photoproduct

for 8 1 P(Styrene-Cr{CO)3)
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Figure 4 2 8: Plot of relative laser power versus concentration of pnmary photoproduct

for 100 1 P{Styrene-Cr{CO)3)
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4 2 4 Formation of the second transient species

On flash photolysis of the higher-loading polymers (31. 61, 8 1) a second species was
observed growing in on the same timescale as the decay of the dicarbonyl complex In
the transient UVMs difference spectrum (Figure 4 2 2) this species can be seen best at
500 nm, although this 1s not necessanly the A\, of the complex at this wavelength
absorbance ansing from the pnmary photoproduct 1s low In the case of the 1001

polymer the grow-in of this second species was not observed

4.2 5 Effect of parent concentration and CO on the rate of formation of the second

transient species.

The formaton of this second species was observed at 500 nm and on the same
timescale as the decay of the pnmary photoproduct The transients recorded for the
formation of this species proved to be very noisy and imeproducible Nevertheless, in
general, it appeared that the rate of formaton of this species depended on the

concentration of the parent complex in solution (Table 42 3)

As can be seen from Table 4.2 3 in general as the concentration of parent in solution 1s
increased the rate of formation of this second species also increases Also at low
concentrations of the polymer-bound parent complex its formation 1s not detected This
would imply that the fomation of this second species involves a reaction with the parent
complex In CO saturated solution the formation of this second transient species appears
to be reduced, as can be seen from the overlayed oscilloscope traces in Figure 42 9
recorded under argon and carbon monoxde atmospheres This would seem to imply
that the formation of this second species is wa the dicarbomy fragment, as under a CO

atmosphere the Iifetime of the dicarbonyl fragment 1s greatly reduced Therefore, allied
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with the fact that its rate of formation 1s also related to the concentration of parent in
solution, what 1s probably been observed 1s the formation of a dinuclear species on the
polymer backbone (Reaction 42 1) The metal centres could be either on the same or

different polymer coils

Table 4 2.3. Effect of parent concentration on formation of the second transient species

(8) 31 P(Styrene-Cr(CO)3) (b} 6.1 P(Styrene-Cr(CO)q)
[P(Sty-Cr(CO)al | kgpe S [PSty-Cr(CO)a] | kype s
098x104M —_ 061x104M —
268x104M 7928 289x104M 7154
297x104M 8898 306x104M 8497
396x104M 5599 314x104M 9995
475x104M 9581 436x104M 8053
(c) 8 1P(Styrene-Cr(CO)3)
[P(Sy-Cr(CO)a] | Koy
098x104M —
237x104M 6495
261x104M 6547
428x104M 9372
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Figure 42.9: Effect of CO on the formation of the dinuclear species; trace recorded

under (a) argon atmosphere (b) CO atmosphere
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4 2 b Formation of the third transient species

A third species was obsenved growing in at longer timescales The rate of formation of
this species was on the same timescale as the decay recorded for the polymer
dicarbonyl species (Figure 423) Figure 4210 shows the trace recorded for the
formation of this species Intially we see depletion of the parent complex followed by the
grow in of this third complex Figure 4211 shows the transient UVMs difference
spectrum recorded, the spectrum s similar to that of the dicarbonyl complex. depletion of
the parent on the flash can be seen at 330 nm, broad maximum absorbance centred at

380 nm 340 nm proved to be the most surtable wavelength for analysis of this species

Figure 4210 Oscilloscope trace recorded for the formation of the third species (see

Section 5 2 1 for explanation of axes)
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Figure 4 2 12 Transient UVs difference spectrum recorded for the third species

Absorbance (AU)
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Wavelength (nm)

— Time of flash —— 40000 us

4 2 7 Effect of parent concentration on the rate of formation of the third transient

species

The effect of increasing the concentraton of the parent in soluton on k,, for the

formation of the third species was investgated The results are summansed in Table

424
As can be seen from Table 42 4 the concentration of the parent complex in sclution

does not appear to have an effect on the rate of formation of this third species Therefore

this ransient species 1s notformed as a resutt of a reaction involving the parent complex.
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Table 42 4 Effect of parent concentration on the formation of the thid species

(@) 31 P(Sty-Cr(CO)3) (b) 61 P(Sty-Cr(CO)3)
[P(Sty-Cr(CO)3] Kobs [P(Sty-Cr(CO)3) Kobs
237x104M 297 571 209x10-4M 150 57!
297x104M 30371 288x104M 139671
396x104M 216 s 306x104M 205 s
475x104M 206 57 314x104M 189 ¢!
436x10-9M 138577

(c) 8 1 P{Sty-Cr(CO)q) (c) 100 1 P(Sty-Cr(CO)3)
[P(Sty-Cr(CO)4] Kops [P(Sty-Cr(CO)3] Kobs
237x104M 226 57! 208x109M 261 ¢-1
261x109M 308s! 282x104M 167 571
351x104M 281! 334x104M 188!
428x10-4M 216571 407x104M 240!




4 2 8 Effect of CO on the formation of the third transient species

The effect of CO on the formation of the third species was investigated by obseming the
rates of formaton at vanous cancentratons of CO 1n solubton The results recorded are

givenin Table 425

From Table 425 it can be seen that increasing the concentration of CO in the solution
grves a resuftant increase in the rate of formaton of this species In the three lower
loading polymers (61, 81, and 100 1) the effect 1s more pronounced than in the 31
potymer This third species I1s probably an arene exchange product along the polymer
backbone, resuling in regeneration of the parent complex The oscilloscope trace
recorded for this species (Figure 42 10) intally shows depletion of the parent complex
followed by a grow in to the baseline recorded for the parent absorption The final stage
in the arene exchange reacton is the dicarbonyl 714 complex going to the tncarbonyl 76
complex the rate of conversion of these species would be enhanced by the presence of

CO n solution
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Table 42 5 Effect of CO on the formation of the third observed transient species

(8) 3 1 P(Sty-Cr(CO)3) (b) 6 1 P(Sty-Cr(CO)3)
[P(Sty-Cr{CO)3)] =294 x 10-4 M [P(Sty-Cr(CO)3)] = 314x 104 M
[CO)dm3mol-? Kobs [COJdm3mal-! Kobs
0 147571 0 t 199!
188x10-3 152 71 188x10-2 360 -1
377x108 235 -1 377x10-3 454 -1
565x103 297 71 565x10-3 506 571
753x10-3 358 -1 753x10-23 654 s
(c) 81 P(Sty-Cr(CO)y) (d) 100 1 P(Sty-Cr(CO)3)
[P(Sty-Cr(CO)x)] =261 x104M [P(Sty-Cr(CO)3)] = 334x 109 M
{CO}dm3mol-! Kobs [COldm3mal-1 Kobs
0 11071 0 188 s°1
188x10-3 307 7! 188x10-3 385 s-!
377x10°8 389 -1 377x10-3 37651
753x10-3 616! 753x103 610 s-1
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42 3 Summary

On flash photolysis of polystyrene-anchored chromium tncarbonyt in toluene (355 nm
excitation), the formation of three transient species were observed The first of these 1s a
dicarbonyl complex followed by the formation of the dinuclear species and an arene
exchange product Scheme 42 1 summanses a possible mechanism for the formation of

these species

From Scheme 421 on flash photolysis as well as the major pnmery photoproduct
solvent complex (A). one also gets formation of a minor photoproduct (B). where the
polymer-bound dicarbony! species forms an 712 interaction with an arene on the polymer
backbone The solvent complex can then react with an unphotolysed tnicarbonyl unit on
the polymer to form a dinudlear species The dicarbonyl 12 polymer species (B)
rearranges to form two 14 interactions on the polymer support, this complex then picks

up a CO molecule and displaces the first arene group (i e the Cr{CO)3 unit moves along

the polymer backbone)
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42 10 Flash photolysis of polystyrene-anchored chromium tncarbonyl in toluene

in the presence of pyndine

As with the other systems investigated (MeCpMn(CO); ArCr(CO)53 and Cr(CO)g) the

reaction of the pnmary photoproduct with both free and potymenc pyndine ligands was
examined It was thought possible that by photolysing the polymer-bound chromwum
complex in the presence of the polymenc pyndine ligands one would form a double
membrane which could be then opened by photolysing at a different wavelength
(Scheme 42 2)
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co co
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Therefore the reaction kinetics and actrvation parameters for the reaction of the polymer-
bound dicarbonyi complex with the vanous pyridine ligands were investgated The
second order rate constants determined for the reacton of the polymer-bound

dicarbonyl species with the pyndine ligands are givenin Table 42 b

Table 426 Second order rate constant for the reaction of the vanous P{Styrene-

Cr{CO),(toluene) complexes with pynidine

Polymer kodm3moli-1s-
31 325%105
B 1 349x10°
81 350x105
100 1 363x105

31 6181,100 1 = P(Styrene-Cr(CO),)

As can be seen from Table 426 all the rate constants determined are practically the
same The different loadings of chromium tricarbonyl units on the polymer backbone
does not appear to affect the rate of reaction with the pyndine ligand The rates
determined are lower than for the similar reaction of the ArCr(CO),(toluene) species with

pyndine, which was determined to be 833 x 105 dm3mol-ls-! This difference 1s

probably a result of the effect of the polymer coils in soluton shghtly hindenng the

reaction possibly by increased viscosity
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The reaction rates for the reaction of the polymenc pyndine ligands with the polymer-
bound dicarbonyl chromium complex were not determined as reproducible data was
not forthcoming from the flash photolysis experments The two polymer complexes did
not appear to interact in solution 1e two large molecules trying to gain access to a
relatvely small reaction centre Long time prepatatve photolysis of the polymer-bound
chromium tcarbormyl complex in the presence of the polymernc pyndine ligands also

failed to yield the desired product.

Tables 427-4210 and Figures 4212-4215 gnve the expenmental data for the

determinaton of the second order rate constants for the reacton of P(Styrene-

Cr(CO),(toluene)) with pyndine

Table 427 and Figure 4212 Second order rate constant for the reaction of 31
P{Styrene-Cr(CO),(toluene)) with pyndine

obs /s (Thousonas)

[pyndine] KopsS ™!

161

250x10-2M 5666

10F
406x102M 9080
592x102M 16268 6f
655x102M 18535 0 . N . . ,
1 2 3 4 -} -]

{pyridine] x 10-2 M

Slope =325+ 028x 105 dm3mol-1s-1
Intercept =-3090 7 + 887 8 51

Correlation coefficient = 0 89274
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Table 428 and Figure 4213 Second order rate constant for the reaction of 61
P(Styrene-Cr(CO),(toluene)) with pyndine

kabe /8 (Thousands)

m -
[pyndine] KobsS™! poy &
153x102M 5500 zor
353x102M 12032 ef
10or
523x102M 17422
3
703x102M | 2481 o R — . . . ,
15 26 a8 40 [L¥.] 0.6 78 85
863x102M 30010 foyridine] x 10-2 M

Slope =349+ 015x10° dm3mol-1s-1
Intercept =-157 + 503 s°*

Comrelation coefficient = 0 99301

Table 423 and Figure 4214 Second order rate constant for the reacton of 81
P(Styrene-Cr(CO),(toluene)) with pyndine

kobe /8 (Thousands)

[pyndine] KobsS! =1

164x102M 4632 24

364x102M 10769 10

534x102M 15753 o

738x102M 25773

% 26 se 4‘0 u‘a 68 76 a6 ae
961 x102M 31597 lpysidine) x 10-2

Slope = 3502 02x 105 dm3mol-1s-1
Intercept =-1637 + 1256 s~

Correlation coefficient = 0 99506
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Table 42 10 and Figure 42 15 Second order rate constant for the reaction of 100 1
P(Styrene-Cr{CO)»(toluene)) with pyndine

kobe /8 (Thousands)
40

[pyndine] KopsS™!
o] o
233x102M 8959
584x 102 M 18796 2or
867x102M 29850 10}
990x102M 37028 . .
2 4 .4 8 10

{pyridine) x 10-2 M
Slope =363 + 0 35x 105 dm3mol-'s-!
Intercept= 635 7 + 2045 51

Correlation coefficient = 0 9308

4211 Activation parameters for the reachon of P(Styrene-Cr(CO),(toluene)) with

pyridine

The activaton parameters for the reaction of the polymer-bound dicarbony! complex
with pyndine were determined using the Arthenius and Eynng equations as descrnbed in
Section 3314 The parameters determined are summansed in Table 4211 The

expenmental datais givenin Tables 4212-42 15 and Figures 42164219
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Table 4211 Actvation parameters determined for the reacton of the different

P(Styrene-Cr(CO),(toluene)) complexes with pyndine

()
Polymer | Eackdmol! | AHfKJmol! | AS*Jmol- 1K1 | AG?kJmol-!
31 4073 38 09 -15 80 42 80
51 36 68 3418 -2313 41 07
81 40 84 3814 -1073 4134
1001 29 90 27 46 -44 84 40 82

(b) Activation parameters for the reaction of ArCr(CO),(toluene) with pyndine

Eakdmol! | AHfJmol! | AS*TImol- K1 | AG#kJmol-!

35 b1 3298 -1815 38 39

The actrvation parameters determined for the reaction of the vanous polymer-anchored
chromium complexes with pyndine are all qute similar The actvetion energies are
practically identical for the higher loading polymers (316 1. and 81). while the 1001
polymer has a slightty lower value The negatrve value of AS* in all cases indicates the
associative nature of the reactions The Gibbs free energy (AGY) of each reaction 1s the
same Iindicating that the different loadings of chromium units on the polymer backbone
does not directly affect the formation of the pyndine complex From Table 4211 (b) we

can see that the activation parameters determined for the reaction of ArCr(CO),(toluene)

with pyndine (Secton 332 10) are more or less the same as those determined for the
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reaction of the polymer-bound species Therefore it can be concluded that there are no
major differences in the activation parameters for the reaction with pyndine, when the

chromium tricarbonyl unitis anchored on a polymer support or is free in solution

Table 42 12 Expenmental data for the determination of the activation parameters for

the reaction of 3 1 P{Styrene-Cr(CO)(toluene)) with pyndine [pyndine] = 6 85 x 10-2 M

TK L yTkx103| ko Lnkas | Lnko/T

268 347 94674 11 46 580

293 34 172829 12 06 b 38

300 333 201359 1221 651

305 328 302689 1282 630

309 324 399909 12 80 717

313 318 464070 1305 730

318 314 538255 1320 743

325 308 676145 1342 7 64
Arrhenius Plot Eyring Plot
Slope =-4898 2 + 370 Slope = -45809 + 368
Intercept=2862+013 intercept=2186+013
Correlation coefficient = 0 3834 Correlation coefficient = 0 9881
Eaq=4073 231 kdmol? AH? =3809 £ 31 kJmol!

AS?=-1580+11 Jmol-1K-1




Figure 4216 Arrhenius (a) and Eynng (b) plots for the reaction of 31 P(Styrene-
Cr(CO),(toluene)) with pyndine
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Table 42 13 Expenmental data for determing the actrvation parameters for the reaction

of 6 1 P(Styrene-Cr(CO),(toluene)) with pyndine [pyndine] =523 x10-2 M

TK | 1/TKx108 | kox10% | Lnkp | Lnk/T

291 344 256 12 45 678

298 336 432 12 98 728

303 330 493 1311 739

309 324 610 1332 759

313 319 8 38 13 64 789

318 314 107 13 88 812

324 309 123 14 02 824
Artheniys Plot Eynng Plot
Slope =-4411 422417 Slope =-41106 + 237 4
Intercept=2769+007 Intercept=2098 + 0 07
Correlation coefficient = 0 9926 Correlation coefficient = 0 3918
Epq = 3668 2 2 0 kdmol-! AH? =3418 2 2 0 kJmol!

AS¥ =-2313 062 Jmol 1K1




Figure 4217 Arhenus (8) and Eynng (b) plots for the reaction of 61 P(Styrene-
Cr{CO),(toluene)) with pynidine
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Table 42 14 Expenmental data for determining the activation parameters for the

reaction of 8 1 P(Styrene-Cr(CO),(toluene)) with pyndine [pyndine] =531x102 M

TK | 1/TKE-3 ka Lnky | Lnka/T

291 344 [ 222x105| 1231 6 64

298 336 | 357x105] 1279 709

303 330 [496x105]| 1311 740

308 325 |587x105| 1328 755

313 319 | 736x105] 1351 776

318 314 [ 102x106] 1384 808

324 309 }131x106) 1409 830
Arhenius Plot Eyung Plot
Slope =-4911 9+ 175 Slope =-45878 £ 177
Intercept=2925+ 005 Intercept = 22 47 + 0 05
Correlation coefficient = 0 3968 Correlation coefficient = 0 9963
E,q=4084 145 kJmol! AH* = 3814+ 1 47 kJmol-

ASf =-1073 + 042 Jmol- 1K1
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Figure 4.2.18: Arrhenius (a) and Eyring (b) plots for the reaction of 81 P(Styrene-

Cr(CO)2(toluene)) with pyridine.

1/T K x 10-3

O o

1/T Kx 10-3
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Table 42 15 Expenmental data for the determinaton of the activation parameters for

the reaction of 100 1 P(Styrene-Cr(CO),{toluene) with pyndine [pyndine] = 584x10-2 M

TK 1/Tx10-3 k2 Ln k2 Ln k2/T

298 336 425x10%| 1296 726

304 328 538x105} 1320 7 48

309 324 688x105| 1344 771

314 318 810x10°]| 1360 7 86

319 313 102x106| 1384 807

324 308 108x106 | 1390 812
Artheniys Plot Evring Plot
Slope =-3596 9+ 168 3 Slope =-33028+ 1686
Intercept=2505+004 Intercept=1837+004
Correlation coefficient = § 9956 Correlation coefficient = 0 99483
E,q=2990¢14kJmol! AH? =27 46 + 1 4kJmol"!

AS? =-4484 4+ 032 Jmol- 1K
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Figure 42193 Arhenws (a) and Eynng (b) plots for the reacton of 100 1 P(Styrene-
Cr(CO)o(toluene) with pyndine

(® Lnk2

1376

13486

13186

12 86 L :
308 318 328

17T K x 10-3

(b)

776

7 66

735

7 16 1 1 1 1 1
308 313 318 323 328 333

/T K x 10-3

230



4 3 Conclusion

The flash photolysis of polymer-bound chromium tncarbonyl in toluene at room
temperature was investigated On photolysis three transient species were observed, the
pnmary photoproduct appeared to be a mixure of a dicarbonyl solvent complex and a
dicarbonyl 72 polymer complex The solvent complex which had & faster decay rate
than the polymer complex. appeared to react with unphotolysed tncarbonyl units on the
polymer backbone to form the dinuclear species P(Styrene-Crp(CO)g) (in the case of the
higher loading polymers only) This dinuclear species was not formed in the 1001
polymer system probably because the chromium units on the polymer backbone are

further apart making access by the dicarbonyi fragment difficult

Saturating the solution with CO had no effect on the rate of decay of the pnmary
photoproduct. Although the presence of CO in soluton does hinder the formation of the
dinuclear species the solvent complex binds with CO 1n preterence to the unphotolysed
parent molecule The rate of formaton of the arene exchange preduct 1s enhanced in a
CO saturated solution, this I1s possibly because the final stage of arene exchange along
the polymer backbone involves binding of a CO molecule to reform the parent

tncarbonyt

The second order rate constants determined for the reaction of the potymer-bound

dicarbonmyl complexes with pynidine are identical for the different polymers but are lower

than the rate of the same reaction invoming the ArCr(CO)3 species This 1s probably

because of hindrance from the potymer coils in soluton The actvaton parameters

determined for the reachon with pyndine are practcally the same for the different

polymers and compare well to those determined for the ArCr(CO),(toluene) complex

This implies that there 1s no change in the energy of activation between the reaction of
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the polymer-anchored chromium and the ArCr{CO),(toluene) species with the pyndine

ligand

Comparing the photochemistry of the polymer-anchored chromium tncarbonyl
complexes with that of the ArCr{CO)5 species one can see slight differences between the
systems In the free chromium system there is only formation of the dicarbonyl solvent
fragment as the pnmary photoproduct whereas in the polymer-bound species there i1s
also a dicarbony! potymer complex formed To prevent the formation of the dinuclear
species the loading of styrene to chromium units on the backbone must be low (ie
100 1) Thereis very little difference between the reaction of the polymer-bound and free

ArCr(CO); complexes with pyndine, the rates are shghtly lower but the activation

parameters are the same

The results obtained for the photochemistry of these potymer systems proved difficult to
reproduce because of pariculate matter in the systems, therefore the general trends

were recorded and discussed
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Chapter 5

Experimental Section



5 1 Matenals

Methylcyclopentadienyl manganese tricarbonyl (MeCp)Mn{CO)3) supplied by Strem

Chemicals, styrene supplied by Merck, and 4-Vinylpyndine supplied by Riedel de Haen
were distiled under reduced pressure and stored at -300C untl required Methyl
methacrylate supplied by Riedal de Haen, pyndine (gold label) obtained from Aldnch,
benzene chromwun tncarbonyl (ArCr{CO)3) and chromium hexacarbonyl supplied by
Strem Chemicals were used without further punficaion Azoisobutyronitrile (AIBN) from
Merck was recrystallised from anhydrous methanol and stored at 49C untl required
Chloroform used in casting films was reagent grade Anhydrous toluene (99%+) with a
water content < 0005% supplied by Aldnch was used in the laser flash photolysis
expenments 1,2-Dimethoxyethane from Riedel-de Haen was refluxed and distlled from
hithium aluminium hydnde pnor to use Argon, nitrogen, and carbon monoxide gases

supplied by Insh Industnal Gases Ltd (IIG) were used without further punfication

5 2 Equipment

Infrared spectra were recorded on a Perkin-Elmer 383G grating spectrometer with an
intemal polystyrene spectrum as calibration The instrument 1s fitted with presample

chopping and so compensates for sample emission, important in vanable temperature

analysis Peak maxima are accurate to + 3 cm-!
A vanable temperature infrared Specac model 2100 solids sample holder (Figure 52 1)

in conjunction with a Specac model 20100 automatic temperature controller was used for

low temperature infrared studies Liquid nitrogen was used as a coolant

236



A HewlettPackard 8452A diode array spectrometer was used to record UVMisible
spectra, peak posttions are accurate to + 2 nm For low temperature UVvisible studies

the Specac sample holder was fitted with quartz windows (Figure 52 1)

Figure 521 Sample holder used for low temperature studies

=Y

(a) sapphire disc
(b) disc support
(c) liquid nitrogen port
‘ (d) thermocouple
e e Lz (e) outer cell windows (NaCl)
qo’ (f) vacuum jacket
] 1 (g) to vacuum
' (h) path of monitoring IR beam
or photolysis beam

Thermogravimetnc data was recorded using a Stanton Redcroft TG-750 instrument A

platinum crucible was used All thermal analysis was carmed out under a flowing nitrogen

atmosphere (15 mLmin-1)
For centnfuging a Sorval RC-5B refngerated superspeed centnfuge was used

An Onel 100 W short arc huigh pressure mercury lamp was used for low temperature

photolysis expenments
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52 1 Laser Flash Photolysis

A schematic diagram of the flash photolysis instrumentation is grven in Figure 522 The
excitation source 1s a Q-switched Nd-YAG (neodynium doped yttnum aluminium gamet)
laser (Spectron Laser Systems), which operates at 1064 nm but can be frequency
doubled or tnpled or quadrupled to generate a second, third, or fourth harmonic
frequency at 532, 355, and 266 nm respectvely The power of the laser pulse can be
vaned by applying different voltages across the amplifier flash tube At 355 nm, the
power output was typically 30-40 mJ The pulse time varies from 5 to 10 ns The crrcular
laser pulse (ca. 4 mm in diameter) is directed via two Pellin-Broca pnsms onto the
sample cuvette When the pulse passes through the power meter, situated after the
second pnsm and before the sample holder, the oscilloscope 1s tnggered The
monrtonng light source was an Applied Photophysics 40804, air cooled 275 watt xenhon
arc lamp arranged to be at nght angles to the laser beam A UV filter (cut-off at 400 or 345
nm) was placed between the xenon arc lamp and the sample holder to prevent
phototysis of the sample by the monitonng beam The output of the lamp is focussed on
the front surface of the sample cuvette and the emerging beam 1s focussed through two
crcular lens onto the sit of an F/3 4 monochromator supplied by Applied photophysics
The light detector was 8 Hamamatzu 5 stage photomuttipher which was operated at 850
vofts The signal output was connected via a vanable load resistor to the transient
analyser, a Philips PM 3311 oscilloscope, later replaced by a Hewlett Packard 54510A

model The oscilloscope 1s partalty controlled by an Olveth PCS 286 computer
connected by an IEEE interface

A basic outline of the program which allows the kinetic traces to be recorded stored and

analysed is given below
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An expenment 1s one of monitonng ebsorbance changes Laser flash photolysis
produces a transient species whose absorbance 1s recorded as a function of tme
Intialty lo the amount of hight being transmitted through the solution before the laser flash,
is recorded This 1s achieved by recording the voltage comesponding to that light
detected by the photomultplier tube when the shutter 1s open, less the voltage
generated by stray ight |5 1s directly proportional to this voltage The laser is fired when
the shutter 1s open Finng the laser tnggers the oscilloscope Thus the resulting trace
shows the change in voltage with tme which corresponds to the change in optical
density as species are formed or decay A typical trace s shown i Figure 6§23 The
trace 1s then stored with the tmebase and voltage settings of the osalloscope This
stored data can then be used to calculate |, the amount of light being transmitted at any
tme t An absorbance spectrum of the transient species 1s obtained by recording
transient signals at different monttonng wavelengths The absorbance readings can then
be calculated at any time after the lash The oscilloscope is set at a delay to enable the
absorbance (corresponding to the absorbance of the parent matenal at that wavelength)
to be recorded before the laser pulse A transient difference spectrum 1s then obtaned

from a plot of absorbance versus wavelength
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Figure § 2 2 Schematic diagram of the Laser Flash Photolysis system
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Figure 52 3 Typical traces recorded by the oscilloscape (a) shows the decay of one

species and (b) shows the grow-in of a second species
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5 3 Procedures

5 3 1 Preparation of sample for laser flash photolysis expenments

Samples of MeCpMn{CO)3 ArCr(CO)3; Cr(CO)g and the potymer-bound Cr(CO)3 in
toluene for flash photolysis were prepared, so that the absorbance of the sample at the
wavelength of excitation (355 nm) was between 06 and 10 absorbance units (AU)
Samples were degassed by three cycles of a freeze-pump-thaw procedure followed by
a liqud pumping phase in a specially designed degassing bulb attached to a
fluorescence cell Argon or CO to a pressure of one atmosphere was then added
depending on requirements The concentration of the carbomyd compound in solution
can be determined from UVAMs absorption by utilising its known extinchion coefficient at

its wavelength of maxamum absorption

For Arthenius expenments, the sample cell was immersed in a thermosatated water bath
and allowed to equilibrate |5 was measured at the monitonng wavelength and the
system readied for analysis pnor to the sample being heated so that the transient data
could be recorded immediately on remowving the cell from the water bath The sample

was heated from room temperature to 50°C, a transient being recorded for analysis
every 50C

5 3 2 Synthesis of microcapsules

Outined here 1s a general method for the synthesis of microcapsules The metal

carbonyl was dissolved in an organic solvent (n-hexane) to form a dilute soluton This

soluton was then mechanically dispersed in water to create an emulsion To this
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emulsion a 10% solution of monomer, azoisobotyronitnie (AIBN), and surfactant (SDS)
were added N, was bubbled through the reacton modure, it was then heated to 80°C
and maintained at that temperature until polymensaton was complete (4 hrs) The

product was centnfuged and then freeze dned

Formaton of the microcapsules proved to be a very difficult and irreproducible process
Desprte using several different methods of adding the ingredients, different heating

rates, and several intiators a reproducible and high yield could not be achieved

The best method for producing microcapsules 1s described here 2 mL ofa 1 1 mixture of

MeCpMn(CO)3 (6 24 mmol) and n-Hexane was dispersed in 600 mL of Mill-Q H,0 using

a mechanical stimer The solution was degassed by purging with N, The temperature

was increased to 800C, 0 43 mmol of the monomer (methyl methacrylate), 1% AIBN and
0 05% surfactant (sodium dodecyt sulphate) were added The reaction mixture was kept
at ca 800°C for 4 hours After polymensation was complete the solution was allowed to

cool and then centnfuged at 9220g for 20 mins The peilet was washed in petroleum

ether, to remove any MeCpMn(CO); that was not encapsulated, and recentnfuged The

residue was then freeze dned

5 3 2 1 Evidence for the existance of microcapsules

The charactenstic tncarbonyl bands were present at 2011 and 1814 cm*1 in the infra red
spectrum, bands for polymethyimethacrylate were also observed (band at 1721 cm1 in
Figure 5 3 1) Microscopic examination (mag 10x0 25) showed spherncal shaped objects
with debns attached to the side of the sphere Thermogravimetnc analysis of the

microcapsules revealed one clear weight transition This 1s a result of the breakdown of

243



the microcapsule and release of the metal carbomyl species compared to the TGA of

the bulk potymer where this weight change is not present (Figure 5 3 2)

Figure 5 31 Infrared spectrum of the microcapsulated metal carbonyls
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Figure 532 (a) TGA trace of microcapsulated metal carbonyl (b) TGA of
polymethylmethacrylate Heating rate 50C min-1
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5 3 3 Casting of Films for Photolysis

() Films of the microcapsules were cast from a suspension of the microcapsule in n-
Hexane The suspension was cast on a sapphire disk and the solvent was allowed to
evaporate, leaving the microcapsules on the disk The disk was then photolysed at

room temperature

() The potymer films for low temperature photolysis were cast on a sapphire disk from a
solution of the polymer and MeCpMn(CQ)3 or ArCr(CO)3 (20 1 by weight) in chloroform
The disk was allowed to dry overnight in the dark. Any remaining solvent was removed
under reduced pressure Sapphire disks were used because of their robustness and

resistance to thermal shock.

5 3 4 Synthesis of Polymers and Copolymers

Polystyrene and poltymethylmethacrylate were prepared by free radical bulk
polymensation A mixture of the required monomer (styrene or methylmethacrylate) and
initiator (AIBN) was purged for 20 mins with nitrogen gas The modure was brought to 70-
809C for 2hours with constant stimng untl polymensation was complete The resulting
glassy matenal was dissolved in the minimum volume of chloroform and precipitated
into a large excess of petroleum ether The polymeric matenal was collected by filtration,
washed with petroleum ether and dned under reduced pressure overnight Copolymers
of styrene 4-vinylpyndine were prepared in the same manner except that different mole
ratios of styrene to 4-vinylpyndine were added to the polymensation mixture These
copolymers were prepared in 51. 101, 201, 301, and 40 1 mole ratios of styrene to 4-

vinylpyndine The % nitrogen content was determined by microanalysis carried out by
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UCD miaoanalytical laboratoiy. The % nitrogen for each polymer is listed in Table 5.3.1.
From the microanalysis values the nitrogen content per gram of each polymer was

determined.

Table 5.3.1: Nitrogen content of the various copolymers

Copolymer % Nitrogen
51 2.29
101 1.09
201 0.85
301 0.42
40:1 0.31

5.3.5 Preparation of polystyrene-anchored chromium tricarbonyl

Polystyrene-anchored chromium tricarbonyl was prepared as described in the literature

[1.2], Polystyrene was refluxed in dimethoxyethane with Cr(CO)6. After refluxing the

mixture the solvent was removed under reduced pressure. The resulting green glassy
type material was dissolved in the minimun amount of chloroform and precipitated into a
large excess of petroleum ether.The olive coloured polymeric material was collected by

filtration and dried under reduced pressure overnight. The polymer was characterised
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% Transmission

by its infrared and UVAis spectra (Figures 53 3 and 5 3 4) Terminal carbony! stretching

frequencies were found at 1375 and 1870 cm-!, aromatic C-H stretch at 3019 cm-! and

aliphatic C-H stretch at 2919 cm™1, the A_,, recorded in toluene was at 320 nm this 1s

similiar to the unbound ArCr(CO)5 complex in toluene

Figure 533 Infrared spectrum of the polystyrene-anchored chromium tricarbomyl

complex

. o B?
o
m -
26 - 7e
[\ :
64 Se - 6a
=3
5z &4 b5z
-
"
41 12 a1
i
Wavenumbers (cm-)
1 T 1 I;s 5‘:— k] T T T T 1 T T R T T T T T 3:
Taod caoa 1500 1200 2o

248

cs4

1c



Figure 534 UVAis spectum of the polystyrene-anchored chromium tricarbomy

complex

4 P(Styrene)Cr(CO); 1n toluene
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Drferent loadings of chromium tncarbomyl on the polymer backbone were achieved by

changing the stoichiometry of the reaction modure and the refluxtime see Table 53 2

The amount of chromium tncarbonyl anchored on the polymer was determined from the

extincton co-efficient of ArCr{CO)3 A known amount of polymer was weighed out and

dissolved intoluene the absorbance at 354 nm was read and from this the concentration

of ArCr(CO)3 present was determined Which can then be used to work out the loading of
the ArCr(CO)3 units on the potymer backbone
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Table 532 Weights of reactants used in the preparation of vanous loadings of the

polymer-anchored chromium tricarbonyl complex

Loading | Wwat PS | Wat Cr(CO)g | Refluxtime |  Solvent
3 29 29 48 hrs 150 mis
b1 29 19 36 hrs 150 mis
81 1g 025qg 24 hrs 60 mls

1001 2 59 0 25g 24 hrs 100 mis

Solvent = dimethoxyethane
Loading = Loading of styrene to ArCr(CO), units on the polymer backbone

5 3 6 Determination of solubility of CO in toluene

Solubilty of CO in toluene at 250 expressed in mole fraction = 7 98 x 104 [3]
1 Lire of toluene = 867g. 1 mole oftoluene = 92 07g

=> 9 42 molesflitre

# moles of CO

= 798x104
# moles of CO + # moles of toluene

=> x=(7 98 x 10-4)x + ((7 98 x 10-%)(3 42)) {x = # moles of CO}
=> x=(798x104)x+752x10-3
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=> (x-(798x10-%x) =752x103
=> x(1-798x10"4)=752x10-3

=> x = 752x103
1-798x10-4

=>x = 753x10-3 moles of CO/ Litre of toluene at 1 atms



5 3 7 Determination of extinction coefficients

5 3.7 1 Extinction coefiicient of MeCpMn{CO)3 in toluene at 354 nm

The extinction coefficient was determined from a plot of concentration of MeCpMn(CO),

versus optical density at 354 nm (Table 5 3 3 and Figure 5 3 5)

Table 53 3 and Figure 5 35 Expenmental data for the determination of the extinction
coefficient of MeCpMn(CO)5 at 354 nm in toluene

OD e 354 nm
MeCpMn(CO)3l | 0D at354 | 'of
1261
nm
l -
0 0 a7l
05...
05x10-3M 0291 AU
026 -

‘3 1 1 A A 1
1010 M 0614 AU o0 - , " . -
1510 M 0919 AU (MeCPMn(COX3) X 10-3 M
20103M 1261 AU
251035 M 1557 AU

Slope = 628 54 ¢ 6 25 dm3mol-1cm-?

Intercept= 0011001

Correlation coefficient = 0 9398
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5 3 7 2 Extinction coefficient of ArCr{CO)3 at 354 nm in toluene

The expenmental data for the determination of the extncton coefficient of ArCr{(CO)3 in

toluene at 354 nm s givenin Table53 4 and Figure 5 36

Table 5 3 4 and Figure 5 3.6
OD e 354 nm
[ACr(CO)al | 0D at 354 *T
2 b
nm
185
0 0 L
30x104M | 0867AU as}
60x104M| 1858AU o s s o
90104 M 2 666 AU (ArCr(CO)3) x 10-4 M

Slope = 3016 4 + 70 81 dm3mol-1em-?
Intercept=-468 + 005

Correlation coefficient = 0 93945
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5 3 8 Determination of activation parameters

The activation parameters were calculated from the Arrhenius and Eynng equations [4]

The Arrhenius equation 1s grven by
Likops

E,/(RT) + Ln(a)
T = Temperature in Kelvin

E,q = Activation energy in Jmol-1

R = Universal gas constant

A = Frequency factor

Therefore a plot of Ln k,, versus 1/T should give a straight line of slope £, /R

The Eynng equation 1s given by

Ln{kep/T) = (AHI/RT) + (ASHR) + Ln(Kh)
AH? = enthalpy change of actvation

AS! = entropy change of actrvation

K = Boltzman constant

h = Pianck constant

Therefore a plot of Ln(k,,/T) versus 1/T gives a slope of -AH!/R and an intercept of

AS'/R + Ln{K/h)
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