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'Slow But Sure" 

A tortoise and a hare started to dispute which of them 

was the swifter, and before separating they made an 

appointment for a certain time and place to settle the 

matter. The hare had such confidence in its natural 

fleetness that it did not trouble about the race but lay 

down by the wayside and went to sleep. The tortoise 

acutely conscious of its slow movements, padded along 

without ever stopping until it passed the sleeping hare 

and won the race. 

"A naturally gifted man, through lack of application, is 

often beaten by a plodder" 

From "Fables By Aesop", Translated By S.A. Handford 

Penguin Books, (England), page 70, (1970) 
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Abstract 

The primary photochemical processes of lignin rich high yield thermomechanical pulp (TMP) 

have been investigated with a view to understanding and ultimately preventing the yellowing 

(photoreversion) of such paper upon exposure to sunlight. This would enable their use in longer 

life paper products and therefore represent large raw material and cost savings to the pulp and paper 

manufacturer. 
The technique of time resolved laser flash photolysis, in both transmission and diffuse 

reflectance mode, has been employed to study the photochemical behaviour of appropriate lignin 

model compounds, soluble milled wood lignin (MWL), and TMP itself. 

The photochemistry of lignin model compounds possessing ana -carbonyl functionality which 

act as photosensitisers in the yellowing of TMP has been studied. Intersystem crossing quantum 

yield studies indicate that both singlet and triplet states contribute to the overall photodegradation 

processes of such compounds. Methoxyl substitution on the aromatic ring of such molecules and 

polar environments have the effect ofbathochromically shifting the triplet-triplet absorption maxi

mum and extending triplet excited state lifetimes due to the excited state possessing predominantly 

3 (IT. IT') character. The efficient quenching of a lignin model compound triplet state with phenol 

(kq - 6.3 x 109 l.mol.s.-1) to form a phenoxy-ketyl radical pair has also been demonstrated. 

. The triplet state of MWL (in 1,4-dioxane solution) has been observed, and its absorption 

spectrum quantified, for the first time. Assignment of the first observed transient species was based 

upon its ability to sensitize singlet molecular oxygen ( ,,...( O 2 )), The triplet state is short lived due 

to it being quenched by other parts of the lignin macromolecule to form radical species, some of 

which may ultimately lead to permanent structural changes in the lignin macromolecule. 

The transient absorption observed from TMP itself was assigned as the triplet state of 

,,-carbonyl moieties on the grounds of its similarity to that observed for MWL and by oxygen 

quenching experiments. In agreement with previous preliminary studies, the removal of the phenolic 

moieties from the lignin structure was shown to increase the observed transient signal and reduced 

the extent to which the sample yellowed, both observations being consistent with the above assign

ment. The photochemical reaction of a -carbonyl triplets with phenolic hydroxyls via static quenching 

mechanisms on timescales faster than those available « 200 ns) from our apparatus are implicated 

in the photoreversion processes, the observed photochemistry being that of relatively unreactive 

chromophoric moieties. 



Chapter 1 

Introduction 



1 Introduction 

1.1 Photochemical Principles 
The Stark-Einstein Law states that 'if a species absorbs radiation then one particle is excited 

for each quantum of radiation absorbed'. Thus, when a molecule has absorbed a quantum of 

radiation (a photon), it is said to become 'energy rich' or 'excited" in the absorption process. 

The range of photon energies of interest to the photochemist are of sufficiently high energy to 

lead to electronic excitation of the absorbing species. Electronic transitions of this nature are 

quantised processes; that is to say, only a photon with a given energy will be absorbed by a 

molecule to produce an electronically excited state. This is illustrated in figure 1.1 for the 

absorption of a photon by a typical unsaturated hydrocarbon. 

* n 

n 
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Figure !.l:- Schematic Representation of the Absorption of a Photon bya Typical Unsaturated Hydrocarbon 

The molar energy of the transition, Cl. E, is defined according to equation 1.1:-

Nhc 
6.E=Nhv=-

A 

(1.1) 

where h is Planck's constant (6.63 x 10.34 J.s.), v is the frequency of radiation (s.-I), c is the 

velocity of light in a vacuum (2.998 x 108 m.s.-I), >. is the wavelength (in metres) and N is 

Avogadro's number (6.022 x 1023 mol.-I). The right hand side of equation 1.1 therefore gives an 

expression of molar excitation energy (in J.mol.-I), a quantity frequently used to describe the 

excited state energy of a molecule relative to either its ground state or to a different excited state 

of the particular molecule. 
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A fundamental relationship between the fraction of light absorbed by a solution and the 

concentration of the absorbing species at a given wavelength is described according to the 

Beer-Lambert Law:-

10 
A=loglo-=E.c.l 

I, 

(1.2) 

where 10 and I, are the intensities of the radiation entering and emerging from the sample 

respectively, A is known as absorbance, < is the molar decadic absorption coefficient (also known 

as the extinction coefficient), c is the concentration of the absorbing species and I is the path 

length. Clearly, a linear relationship exists between absorbance and the concentration in solution 

of the absorbing species. 

The quantum yield of a photochemical reaction (4) ) can be defmed in one of two ways:-

<\>= :..:n:..:.o:..:.:..:o~j...:m.;:..:..:o:..:l:..:e:..:c:..:u:..:l:..:.e:..:.s:..:u:..:n.:...d:..:.e.:..r:..:g:'!....:.o..:.:in=g..:a=p:..:.r..:o..:c:,.:e:..:.s..:.s 
no. oj quanta oj light absorbed 

rate ° j a process 
<\>=~--~~~~~---

rateoj absor ptionoj quanta 

(1.3) 

(1.4) 

A simple example to illustrate these equations is by considering the process of fluorescence (see 

section 1.1.3 for details). Equations 1.3 and 1.4 state that the quantum yield for a reaction can 

be defined in terms of a "ratio of numbers" (equation 1.3) or by a "ratio of rate constants" (equation 

1.4) for a particular photochemical process. In the absence of any competing photochemical 

processes (such as internal conversion or intersystem crossing - see section 1.1.3), and assuming 

that the molecule does not react or decay none-radiatively from the excited state, the quantum 

yield of fluorescence ( <I> / ) will be unity. Competing processes have the effect of reducing <I> /. 

From equation 1.4, the extent to which this occurs is dependent upon the relative rates of the 

competing processes. In the case of fluorescence, favourable competing processes have the effect 

ofinereasing the radiative rate constant kr (the reciprocal ofthe time taken for the concentration 

of excited states to decrease to l/e, where e is the natural number, of its original value) since:-

(1.5) 

where k~ is the fluorescent rate constant in the absence of all other competing processes (the 

natural radiative rate constant), krc and krsc being rate constant for internal conversion and 

intersystem crossing respectively (see section 1.1.3). From above and equation 1.5, it follows 

that:-

I 
1:/ = -

" 
(1.6) 
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and 

'to _ .2.. 
I A;~ 

(1.6) 

where -r~ is the natural radiative lifetime for the fluorescence process. It can therefore be shown 

that:-

(1.7) 

Clearly, the only condition which allows $ J = 1 is the situation where (k,c + k,sd = o. 

1.1.1 The Nature oCElectronic Energy Levels 
The simplest approach to describe the position ofthe electrons in a molecule is that 

they occupy molecular orbitals formed by the combination of the atomic orbitals of the 

individual atoms. Such orbitals may be bonding, anti-bonding or non-bonding in character. 

Anti-bonding orbitals are distinguished from bonding orbitals by having the notation ••• 

superscripted above the orbital description (orbitals are described in terms of being (J, " , n 

or 6 depending upon their wave function descriptions). 

Figure 1.2:-

0* 
I • • • n-' 0* 

n* 
~ • A~ 

n -.n* 
n 

n-.n* 
n 

0-.0* 
o 

Energy Level Diagram for the Aromatic Carbonyl Group Showing the Electronic Transi
tions or Most Interest to the Photochemist 
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Taking for example, the electronic transitions of a carbonyl moiety, an energy level diagram 

(figure 1.2) can be drawn to represent the electronic transitions occurring upon absorption 

of a quantum of radiation. The two transitions shown are the most widely studied by the 

photochemist, such transitions occurring in the near ultra-violet region of the elt:ctromagnetic 

spectrum. As can be seen from figure 1.2, the n -+ n' (where the "." represents an antibonding 

orbital) transition is of a higher energy than that of the n -+ n' transition. Other high energy 

transitions are possible; ego the n -+ (1' and n -+ (1' transitions occur at high energy 

(wavelengths less than 200 nm) and are therefore not easily studied. 

Electronic states of molecules are known to possess certain properties which may 

directlyclfect their chemical behaviour. A fundamental property of the electronic states of 

molecules is a term known as the spin mUltiplicity, given the symbol M. This is calculated 

as 2S + 1 where S is the vector sum of the spin angular momentum quantum numbers s 

describing the individual electrons in the molecule. The spin angular momentum quantum 

number for an electron has a unique value of 1/2, the quantised components of s along a 

particular direction having magnitude m,(h/2" ) where m, is known as the magnetic spin 

quantum number and h is Planck's constant. m, can have the values =1/2. When all the 

electrons in the molecule are spin paired, S = 0 and 2S + 1 = 1, the state being termed a 

singlet state. If two electrons have parallel spins, S = 1 and therefore 2S + 1 = 3, the state 

being described as a triplet state. As a direct result of Hund's Rule of maximum mUltiplicity 

which states that:-

(a) Electrons will occupy different orbitals wherever energetically possible and 

(b) Two electrons occupying degenerate orbitals will have parallel spins in their lowest energy 

state, 

it is predicted that triplet states will be lower in energy than their corresponding singlet states, 

an observation readily demonstrated by experiment. It must be noted that a triplet state may 

only occur if two unpaired electrons occupy different molecular orbitals since two electrons 

with the same spin in the same molecular orbital contradict Pauli's exclusion principle which 

states that no two electrons can possess precisely the same set of quantum numbers. 

1.1.2 Electronic Transitions Between States 

A frequently used pictorial description of the electronic absorption of a quanta of 

energy (a photon) uses potential energy/internuclear separation curves for the initial and 

final energy states involved in the transition. Such a diagram is shown in figure 1.3. 

A direct result of the Boltzmann distribution is that the majority of molecules in the 

lower electronic energy state are located in the lowest vibrational energy level of that state 

(11 = 0). Therefore electronic absorption occurs mostly from this lowest vibrational energy 

level. The Franck-Condon principle states[l) that "since electronic transitions are much faster 

than nuclear motion, electronic transitions occur most favourably when the nuclear structure 
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of the initial and final state are most similar". Thus, electronic transitions on diagrams such 

as figure 1.3, are drawn vertically upwards or downwards parallel to the potential energy axis. 

Figure 1.3:~ 

I 

Internuclear Distance 

Potential EnergyfIntemuclear Separation Curves for the Initial and Final Energy States 
Involved in an Electronic Transition Together with the Franck-Condon Factors for the 
Initial and Final States 

The probability, and therefore the distribution of the intensity, of an electronic 

transition is determined by the amplitude of the Franck-Condon factors of the initial and 

final electronic states at a given internuclear separation (an easily remembered rule is that 

for a given vibrational energy level 11, there will be 11 + 1 maxima and 11 nodes between 

the maxima for the vibrational wavefunction of the particular vibrational energy level). 

Absorption is assumed to take place from the position of highest Franck-Condon probability. 

Therefore, in figure 1.3, the 11" = 0 to 11' = 6 transition represents an energy correspondence 

to the highest absorption probability/intensity. A similar argument can be presented when 

one conside6 the loss of electronic energy (eg. by the radiative loss of electronic energy). 

Again loss of energy will primarily occur from 11' = 0 to a vibrational level of 11" with 

maximum Frarick-Condon amplitude. In the example shown in figure 1.3, the 11' = 0 to 11" 

= 4 transition is the most likely and will manifest itself as the wavelength of maximum emission 

intensity. Clearly, absorption or emission will occur to a greater or lesser extent to many 

vibrational energy levels of the fmal electronic energy level of the molecule for the process 

in question. This, coupled with rotational quanta (which are present for each vibrational 

energy level) gives rise to the broad absorption bands typically observed for complex 

molecules. 

The process of absorption of a photon of light to produce electronically excited states 
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can be described as the interaction between the electric field of the electromagnetic wave 

(the wave description of light can be considered as consisting of an electric and magnetic 

field sinusoidally oscillating in mutually perpendicular planes at right angles to the direction 

of propagation of the radiation) with the electrons of the molecule involved. There exists a 

series of selection rules for radiative (absorptive or emissive) transitions between states which 

can be summarised briefly below:-

(a) The radiative transition must take place with no change in total spin angular momentum; 

ie. t; S = 0 for allowed transitions. Thus, singlet-triplet absorptions are known as 'forbidden' 

transitions. 

(b) The orbitals involved must have good spatial overlap for the transition to occur. For 

example, the n"" n' transition in ketones is an allowed transition whereas the n"" n' is 

not. 

Such selection rules are, however, frequently broken and there exists many examples where 

forbidden transitions are observed. A frequently encountered mechanism whereby forbidden 

transitions are observed is known as spin-orbit coupling. Spin-orbit coupling can be envisaged 

as a mechanism whereby the electrons in molecular orbitals, being moving charges, can 

generate a magnetic field which can act locally on another electron. The magnetic torque is 

capable of flipping the spin of an electron resulting in a change in the total spin.angnlar 

momentum of the system. The jumping of the electron to another orbital is compensated 

for by a corresponding change in orbital angular momentum which serves to conserve the 

total angular momentum of the system. Such spin·orbit couplings make intersystem crossing 

between states of differing total spin multiplicity, singlet-triplet absorption and phospho

rescence emission (see section 1.1.3) more possible. 

1.1.3 The Jablonski Diagram 
The lablonski diagram (figure 1.4) can be used to adequately describe the electronic 

excited states and transitions between such states of all complex molecules. 

From figure 1.4, a series of terms are introduced which are defined briefly below:-

(a) Excited States are defined in terms of the total spin angular momentum. That is to say, 

singlet states are termed S where So is known as the ground state and SI> S2 ete. represent 

excited singlet states ofincreasing energy above the ground state. A similar numbering system 

for triplet states (T) is applied where the lowest lying triplet state is defmed as T 1. 

(b) Internal conversion (IC):- Internal conversion is the name given to the radiationless 

decay processes between states of the same spin multiplicity. The rate ofinternal conversion 

is dependent upon the energy separation between initial and fmal electronic states involved. 

For this reason, internal conversion from, for example, S2 to SI or T 2 to T 1 will occur extremely 

rapidly whereas internal conversion between SI and So is slow (due to a larger energy sep

aration). This allows such processes as fluorescence or intersystem crossing to favourably 

compete. If absorption or emission are regarded as vertical transitions on the lablonski 

diagram, then internal conversion can be described in terms of a horizontal transition. 

(c) Intersystem crossing (ISC):- This is the term used to describe the radiationless transition 
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between electronic states of differing electron spin multiplicities. The two most important 

intersystem crossing processes are the SI to T n (where n represents a higher triplet excited 

state) and the T 1 to So transitions. For the former, the energy gap (D. E S. T ) is a determining 

factor as to the efficiency ofthe process. When D. E S. T is small, efficient intersystem crossing 

via a spin·orbit coupling mechanism may occur. For example, the quantum yield of inter

system crossing (SI (n,n ') to T2 (n. n' » for benzophenone (<I> ~%P) is unity in all solvents 

with a rate constant (kISd of approximately lOll s:1 due to D. E S. T being small for this 

molecule. The presence of heavy atoms may enhance intersystem crossing quantum yields 

due to enhancement of spin-orbit coupling mechanisms. 

--
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Figure 1.4:- Modified Jablonski Diagram For Complex Molecules 

(d) Fluorescence:- Fluorescence is defined as a radiative transition between states of like 

multiplicity. Rate constants for fluorescence (kn) generally range between 106 s:1 and 109 

s:l. The magnitude of such rate constants is frequently used to explain why fluorescence 

generally does not occur from higher excited states since internal conversion rate constants 

(kId of the order of 1012 s:1 indicate that such processes will compete favourably as a 

deactivation mechanism for higher excited states. This observation forms the basis ofKasha's 

Ruld2] which states that "the emitting electronic energy level of a given spin mUltiplicity is 

the lowest excited energy level of that multiplicity". The notable exceptions to this rule are 

the fluorescence observed from azulene and some thioketones (R1R2C=S) which have both 

been demonstrated to be from the S2 energy level to So. Fluorescence generally occurS from 

the lowest vibrational energy level of the excited state resulting in the quantum yield of 

fluorescence ( <I> /I ) being independent of excitation wavelength. Also, for many organic 
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molecules, Franck-Condon factors for both the excited state and ground state are often similar 
resulting in the well known "mirror image" relationship between absorption and fluorescence 

spectra. 
(e) Phosphorescence:- The process of phosphorescence emission can be dermed as radiative 

transitions between electronic states of differing spin multiplicities. In figure 1.4, this process 

is represented by the spin forbidden deactivation of the lowest lying triplet state Tt to the 

ground state SQ. The forbidden nature of the transition (~S = 1) results in the natural 
radiative lifetimes for such a process being long therefore allowing collisional electro

nic-vibrational energy transfer with solvent molecules to compete favourably with the 

radiative deactivation pathway of the excited triplet states. For this reason, phosphorescence 

emission is more readily observed when the emitting species is frozen in a rigid glass at liquid 

nitrogen temperature (77K) thereby reducing the rate of diffusional quenching of excited 

triplet states by solvent molecules. Although many phosphorescence studies have been 

confined to solution or solid phase (rigid glasses) media, gas phase phosphorescence has also 

been detected, the most common example of which being the phosphorescence emission 
observed from biacetyl vapourl31. As a result of spin-orbit coupling, pure singlet and triplet 

states do not exist, triplet states therefore contain a certain degree of singlet state character. 
Spin-orbit perturbation is not allowed between states of the same configuration and thus, for 

example, a "( n. n') state borrows its singlet state character from the 'e n • n') state or 

'e a • n') state as opposed to the 'e n. n') state. Radiative transitions from 'e n. n') states 

are fully allowed transitions. It therefore follows that "( n • n' ) ..., So transitions are more 
allowed than '( n. n') ..., So transitions resulting in the natural phosphorescence radiative 

lifetimes (the phosphorescence lifetimes in the absence of any other deactivation pathway) 
of compounds containing lowest lying "(n. n') and "(n. n') states being ofthe order of 1 

to 10 seconds and 10-2 to 10-1 seconds respectively. 

1,1,4 Intermolecular Energy Transfer 
The processes involved in the transfer of energy from an electronically excited donor 

molecule (designated D') to an acceptor (A) can be summarised according to equation 1.8 

where A' is the excited state of the acceptor and D is the ground state of the donor. 

(1.8) 

Energy transfer mechanisms are usually classified according to the initial spin multiplicity of 

D and the final spin multiplicity of A; for example the process shown in equation 1.9 is termed 

"triplet-triplet" energy transfer. 

(1.9) 

There exists several energy transfer mechanisms for differing photochemical systems, 

the salient points pertinent to each mechanism being briefly discussed below:-
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(a) Radiative (Trivial) Mechanism:- The energy transfer mechanism involves the inter

mediate participation of a photon and can be represented according to equations 1.10 and 

1.11:-

D'-tD+hv (1.10) 

hv+A-tA' (1.11) 

Clearly, an important requirement for such a process is that the absorption spectrum of the 

acceptor,A, and the emission spectrum of the donor, D', overlap, the efficiency of the reaction 

being dependent upon extent of such an overlap and also by the quantum yield of emission 

( cl> f) of the excited donor species D'. 

(b) Collisional (Exchange) Mechanlsm:- This mechanism can be envisaged as an exchange 

of electrons between donor and acceptor molecules; an electron jumps from the donor 

molecule to the LUMO (Lowest Unoccupied Molecular Orbital) of the acceptor coupled 

with a simultaneous transfer of an electron from the HOMO (Highest Occupied Molecular 

Orbital) of the acceptor molecule into a corresponding orbital of the donor molecule. Such 

a mechanism is shown schematically in figure 1.5:-

A D 

Figure 1.5:- Schematic Representation of Collisional Energy Transfer 

+ 
+ 

Clearly, this mechanism requires the collision of donor and acceptor species in order for their 

respective electron clouds to interact so that electron exchange can take place. 

The exchange mechanism of energy transfer was quantified by Dexter[4] who derived 

the relationship (equation 1.12):-
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(2R DA) 
kEN(Exchange) = KJ e - -,-

(1.12) 

where kEN is the rate constant for energy transfer, K is related to specific orbital interactions 

between donor and acceptor, J is a spectral qverlap integral and RDA is the donor/acceptor 

separation relative to the Van der Waals radii L. As can be seen in equation 1.12, the rate 

of exchange energy transfer falls off exponentially with distance and reflects the fact that 

electron cloud interaction is required for this mechanism to proceed efficiently (electron 

charge. density as a function of distance from the nuclei can approximate to an exponential 

type function). 

(c) Coulomhic (Induced Dipole) Mechanism:- This mechanism does not require the spatial 

overlap between electron clouds of the donor and acceptor molecules in order to proceed. 

Coulombic energy transfer can be described in terms of long range coulombic forces 

experienced by Cl<, electron cloud of the donor and acceptor molecules analogous to the 

interaction of the electric field of a light wave with an electron cloud. For example, the 

oscillation of an electron in the LUMO of D' may cause and electron in the HOMO of A to 

become more energetic. The resulting dipole·dipole interaction may cause the electron in 

the HOMO of A to be promoted to a LUMO with a corresponding relaxation of the electron 

in the LUMO of D' to the HOMO yielding D. This is shown pictorially in figure 1.6:-

+ + 
+ + 

A D 

Figure 1.6:- Schematic Representation of Coulombic Energy Transfer 

Dipole·dipole energy transfer can therefore occur at distances far greater than the sum of 

the Van der Waals radii of the respective donor and acceptor molecules. Quantitatively, the 

rate of energy transfer via a coulombic mechanism (kEf) can be described according to the 

Forsted5] equation:-
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(1.13) 

where K is a constant accounting for the refhoctive index of the medium between D' and A, 

,,2 is an orientation' factor for the two dipoles (equal to (2/3)1/2 for a random 

distribution of D' and A), KDO is the radiative rate constant for the decay of the donor, RDA 

is the molecular separation and J (E A) is the spectral overlap integral. 

1.2 Light Sources For Laser Flash Photolysis 

1.2.1 Xenon Arc Lamps 
Xenon arc lamps are frequently used as analysing sources in photochemical exper

iments[61. At low pressures, discrete wavelength transitions occur corresponding to emissive 

transitions of excited atoms. At high pressures (ca. 20 atmos.), a continuum light source is 

produced which has some line transitions superimposed upon it. Typical output powers in 

the range 150 W. To 1000 W. are used for photochemical investigations. 

1.2.2 Lasers 
The term LASER is an acronym for Light Amplification by the Stimulated Emission 

of Radiation. Presented below is a brief description of the processes involved in laser action 

together with a summary of the properties of laser light which make it suitable as both an 

excitation and analysing source in photochemical investigations. The main properties oflaser 

light sources are as follows:-

(a) Coherence:- Coherence is the property which separates most clearly laser light from other 

light sources and is a result of the stimulated emission process (see later) which occulSin laser 

action as opposed to the spontaneous emission processes responsible for other light sources. 

Coherence essentially means that the phase of the light wave is correlated in both time and 

space. 

(b) Directionality:- Lasers are highly directional light sources with low divergence properties. 

(c) Monochromaticity:- Laser light sources are essentially monochromatic light sources since 

all photons are emitted as a result of an induced transition between the same two atomic or 

molecular energy levels and hence have almost exactly the same frequency (energy). In some 

cases, more than one lasing transition is possible, the desired wavelength transition can be 

selected by placing gratings within the laser cavity to only allow amplification of the desired 

output wavelength. 

A commonly adopted approach in the understanding of laser dynamics is to consider 

a simple atomic two level system with lower and upper energy levels EL and Eu with 
populations NL and Nu respectively. Absorption of a photon can occur if the photon energy 

is equivalent to the energy gap EUL (see also equation 1.1) between EL and Eu, ie., 

E UL = E U- EL (1.14) 
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We can define the power absorbed from a beam of photons with energy EUL as:-

P Ab,erb.d = h v w B w N L P (v w ) (1.15) 

where p (v w) is the power density of the incident photons and BLU is the Einstein "B" 

coefficient of the transition for the upward transition (Einstein coefficients are essentially a 

measure ofthe strength of an electronic transition). Before proceeding further, it is necessary 
to define the three possible radiative processes for a non-degenerate two level system, ie., 

absorption, stimulated emission and spontaneous emission as shown in figure 1.7:-

Figure 1.7:-

PopulatIon 

j~ 
Eu Nu 

! Is i~ 
.~ 113 B 

0( 8. w lijafi 
rn 

I r , 
EL NL 

Schematic Representation of Absorption, Stimulated Emission and Spontaneous Emission 
for a Non-degenerate Two Level Energy System 

Einstein "B" coefficients refer to absorption (BLU) and stimulated emission (BuU respectively 

where it can be shown that BLU = BUL' The Einstein "A" coefficient describes the intensity 
of spontaneous emission and is termed AUL (it is possible to calculate AUL from a known 

value of BuU. Thus, the power radiated as a result of spontaneous emission can be defined 
according to equation 1.16:-

.p SpontanoOUB = hVruAuLN u (1.16) 

Spontaneous emission is a random process, photons are emitted in all directions by excited 

state species in order to reach a lower energy state. Kinetically, the rate or loss of species 

from EU to EL is first order for a statistically large population of excited species. Stimulated 

emission is a process whereby an atom in Eu is stimulated to emit a photon of energy 

equivalent to the energy gap EUL' The process can therefore be written (equation 1.17):-
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A'+hv~A+2hv (1.17) 

The isoenergetic stimulated photon emitted is in the same direction as, and in phase with, 

the stimulating photon giving rise to the coherence property of a laser beam. The power 

radiated by stimulated emission can therefore be defined as:-

P Slimulal.d = h V w B w N u P Cv w ) 

If we divide equation 1.18 by equation 1.15 we obtain equation 1.19:-

P SlimulalOd = h V wB uLN uP Cv w) _ Nu 

PAb,orb.d hvwBwNLPCVW) NL 

(1.18) 

(1.19) 

Thus, in order for emitted power to dominate over losses by absorption and spontaneous 

emission, we require that:-

(1.20) 

Under normal conditions, the ratio Nu/NL < < 1 as a direct result of the Boltzmann 

distribution. Therefore, in order to obtain the conditions required for laser action, ie., the 

creation of a "popUlation inversion", energy must be supplied to the system. The process of 

"pumping" a laser medium can occur by one of two main methods:-

(a) Optical Pumping:- A flash tube discharge emitting at the appropriate frequency such that 

the laser material can become excited. 

(b) Electrical Discharge:- This method results in the ionisation of particles which, following 

acceleration in an electric field, collide with particles of the laser medium which subsequently 

becomes excited. 

Optical pumping is generally used for solid state lasers such as Nd:YAG lasers (neodymium 

doped yttrium aluminium garnet) while electrical discharge is generally used in gas phase 

laser (eg. Helium-neon lasers) systems. 

A drawback of the two level laser system so far discussed is that both the absorption 

and stimulated emission processes can be evoked by the same photon. Consequently, to 

avoid such problems, three and four level laser systems are used in which a popUlation 

inversion is more easily achieved. Such systems are presented in figure 1.8 for the ruby and 

Nd: YAG lasers respectively. The design of a laser cavity must ensure that the gain due to 

stimulated emission is greater than all other losses from the cavity such as absorption, 

scattering and spontaneous emission. This is achieved by arranging concave mirrors at either 
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end of the laser cavity (the output mirror is partially transparent) thus allowing many passes 

of the light through the laser medium. 
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~ 

Figure 1.8:-
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Figure 1.9:· Examples of Frequently Encountered Transverse Laser Modes 

15 



At this point, it is necessary to define the modes of oscillation (standing wave patterns) 

in an optical cavity:-

(a) Transverse Modes:- These reflect the light intensity proflle across the output mirror of 

the laser cavity. The use of slightly concave end mirrors allows the oscillation of slightly 

off-axis light propagation along the length of the laser cavity. Such modes are described in 

terms of TEMpO where TEM stands for Transverse Electric and Magnetic Fields and the 

subscripts P and Q describe the number of intensity minima across the laser beam in two 

perpendicular directions as shown in figure 19. Ideally, operation of the laser in the TEMoo 

mode is desirable as it results in a gaussian intensity proflle across the beam. This mode can 

be preferentially selected (and all other modes subsequently destroyed) by placing an iris 

concentric with the optical axis of the laser cavity. 

(b) Axial Modes:- The length of the laser cavity L is such that a standing wave condition (ie. 

a series of points of zero amplitude within the laser cavity) is achieved where an integral 

number of half wavelengths of light fit into the laser cavity, ie:-

ffi'A. 
L=-

2 

(1.21) 

where M is an integer and>. is wavelength. The mode of oscillation for each standing wave 

pattern has associated with it a frequency distribution (figure LlD). 

~ i Im 1-------"'7"-1-...... 
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v 

Figure 1.10:- Laser Intensity Profile as a Function of Laser Light Frequency 
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Such distributions, or line width result from a variety ofIine broadening processes[7). The 

parameter ~ v is defined as the line width of the laser and is equal to the full width haIf 

maximum (FWHM) of the frequency distribution. From this distribution, the quality factor 

(or Q factor) for the laser cavity can be defmed as:-

Vn 
Q=-

C!.v 

(1.22) 

where v" is the most intense emission frequency. Quality factors may be as high as lOS and 

may be achieved as a result of the narrow output bandwidth. 

Lasers can be divided into two main categories, namely continuous wave (CW) and 

pulsed lasers. Time resolved laser flash photolysis techniques rely on the rapid population 

of a high concentration of excited state molecules and thus employ pulsed lasers as excitation 

sources. The process of Q-switching is frequently used to genenite a high intensity short 

time duration laser pulse for such purposes. An alternative definition of the quality factor 

Q is given by:-

energy stored by mode 
Q = 2n v x ----"-"----""----

n energy lost per second from mode 

Figure 1.11:· 

Onset of 
Q-SwItchlng 

Typical Temporal Profile for a Q-Switched Laser Pulse 
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The process of Q-switching therefore involves moving from a high loss, low Q situation 
to a low loss, high Q situation in the laser cavity. This is achieved in modern lasers with the 

use of electro-optic shutter placed within the cavity which generally takes the form of a Pockels 
cell. Briefly this optical shutter prevents laser action when an electric field is applied to the 
material and there exists a low Q-factor in the laser cavity. At this point the laser material 
is pumped to produce a good popUlation inversion. When the voltage across the crystal is 
briefly turned off, the gain in the cavity rapidly increases and laser action can occur resulting 
in a high Q-factor and rapid depopulation of the upper lasing level of the laser material in 
the form of a single high intensity laser pulse of time duration generally of the order of 10.9 

to 10-8 s. A typical temporal profile for a Q-switched laser pulse is shown in figure 1.U,laser 
pulse-widths are quoted as the FWHM of this temporal profile. 

1.3 Singlet Oxygen 

Oxygen is unlike any other ho",onuc1ear diatomic molecule. It possesses an even number 
of electrons resulting in it being paramagnetic in its ground state. A simple molecular orbital 
diagram of ground state molecular oxygen is shown in figure 1.12. 
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Figure 1.12:- Molecular Orbital Diagram for Ground State Molecular Oxygen 
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As can be seen from the singly occupied In; orbitals, the ground state of molecular oxygen is 

triply degenerate and is given the term symbol 3 r~. There are two possible arrangements of 

the two electrons in the In; orbitals. 

(a) The electrons are spin paired in the same orbital leading to a double degenerate state. 

(b) The electrons are spin paired in separate orbitals with the state being singly degenerate. 

These two states are known as the '6. and 'r; excited singlet states of molecular oxygen and 

lie 95 kJ.mol.·! and 158 kJ.mol.·! above the ground state. Excitation into the' r; excited state 

is followed by rapid relaxation to the '6. excited singlet state. It is the '6. state which is 

referred to as "singlet oxygen" and the state from which, due to its appreciable natural radiative 

lifetime (ca. 0.93 h.(81), reaction may take place. Although singlet oxygen can be generated via 

chemical means with the use of the hyperchlorite/peroxidel91 reaction or via the electriea1 

discharge in the gas phasel!OI, by far the frequent method of generation is.via organic dye sensitised 

energy transfer to ground state molecular oxygen. 

The triplet·singlet energy gap for molecular oxygen results in ground state molecular 

oxygen quenching the lifetime of almost all lowest lying triplet states of organic dyes as shown 

in equations 1.24 and 1.25:-

(1.24) 

(1.25) 

where 3D' is the excited triplet state of an organic energy donor molecule. As can be seen, not 

all quenching leads to singlet oxygen formation. The quantum yield of singlet oxygen production 

(</> • ) can be determined via a technique known as thermallensingwhich utilises the heat generated 

from the non .radiative deactivation pathways of excited states in solution[1l1. The quenching 

of the lifetim e of an excited state together with the formation of singlet oxygen are strong evidence 

in favour of the excited states being that of the triplet state of the molecule under examination. 

It must however be noted that, if the singlet state lifetime of the molecule under investigation is 

long or high oxygen concentrations are present, processes such as oxygen enhanced intersystem 

crossing (equations 1.26 and 1.27) or donor excited singlet state sensitization of singlet oxygen 

(equation 1.28) may also occur which and may confuse the initial assignment. 

(1.26) 

(1.27) 
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(1.28) 

Reaction 1.27 can only occur if the singlet-triplet energy gap of the donor molecule is greater 

than 7880 cm.-! (ca. 95 kJ.mol:!), the (0,0) excitation energy of singlet molecular oxygen. A 

practical demonstration of the assignment of the first nanosecond timescale observed excited 

state of milled wood lignin (MWL) using singlet oxygen as a' diagnostic tool can be found in 

section 5.4.4 of this thesis. 

Although the radiative deactivation of singlet oxygen shown by equation 1.29 is an inefficient 

process with a phosphorescence quantum yield ($ p ) of ca. 1tr6, the development of infra-red 

sensitive germanium photodiodes has allowed detection of this process directly under many 

experimental conditions. 

k rad 

02(It. g ) -4 02( 3L~)+hv(1270nm) 
(1.29) 

Details of such apparatus can be found in section 3.7 of this thesis. Not only can the lifetime of 

singlet oxygen ( -r" ) in a variety of environments be directly determined via this method, the 

singlet oxygen phosphorescence emission intensity (in pulsed laser experiments) extrapolated to 

zero time following the laser pulse ( I ~ ) as a function of laser intensity can be used with an 

appropriate standard compound to determine singlet-triplet intersystem crossing quantum yields 

of unknown compounds (see sections 4.3.2 and 5.4.5). 

There exist both physical and chemical deactivation pathways for singlet oxygen in fluid 

solution. Physical quenching processes can be divided into three broad deactivation mechanisms. 

(a) Solvent quenching:- The lifetime (1:" ) of singlet molecular oxygen is severely shortened in 

certain solvents such as water, hydrocarbons and alcohols. This appears to be directly related 

to the absorption of the solvent at 7880 cm:! (see above), the singlet oxygen itself deactivating 

via an electronic-vibrational energy transfer mechanism. This has been clearly demonstrated by 

deuteration of solvents reducing the absorption of such solvents in the 7880 cm:! region of the 

spectrum. A comprehensive list of singlet oxygen lifetimes in a variety of solvents can be found 

in the literaturel!21, 

(b) Charge Transfer Quenching:- Certain groups of compounds have been suggested to quench 

singlet oxygen via a charge transfer or partial charge transfer exiplex as shown by equation 1.30:-

(1.30) 

where A is a suitable quencher. Such groups of quenchers include phenolsl131, aminesl!41, and 

sulphidesl!SI, although some of these compounds may also quench via chemical reaction (see 

later). 
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(c) Energy Transfer:- Quenching via energy transfer mechanisms as shown in equation 1.31:-

(1.31) 

where A is an acceptor with a triplet energyofless than or close to 95 kJ.mol.-l. The most widely 

known and studied compound with such properties is P -carotenell6], the sensitised production 

of triplet P -carotene (A ~~x at ca. 515 nmIl7]) being clearly demonstrated to occur via an energy 

transfer mechanism with singlet oxygen acting as the energy donor molecule. 

Singlet oxygen is known to undergo chemical reaction with a variety of substrates (see 

above). Probably the best known example of such a reaction is that with 1,3-diphenylisoben

zofuran (DPBF) as detailed by figure 1.13:-

Figure 1.13:-

o 
I ---"1." o 

The Reaction of Singlet Molecular Oxygen with l,3-Diphenylisobenzofuran (DPBF) in Fluid 
Solution 

Since, under suitable conditions, this reaction is quantitative, the bleaching of the absorption by 
DPBF (monitored at 420 nmIlS]) has been used to study singlet oxygen in a variety of systems. 

Also, and of direct relevance to the theme of this thesis, is the chemical reaction between singlet 

oxygen and phenols to yield the phenoxy/ hydroperoxy (H0 2 • ) free radical pair (see section 

5.4.5 for details). 

1.4 The Nature of Reflection From Diffusing Media 
The reflection of light from any surface can be split into two discreet components namely 

specular (regular or mirror-like) reflection and diffuse reflection. Specular reflection can be 

regarded as taking place at the boundary of condensed phases where the equations to describe 

specular reflection derived by FresneIl19] have been shown to apply. Many discussions of these 

equations can be found in the literaturel20,21,22] and thus will not be discussed here. Diffuse 

reflection of light is observed from any matt surface and arises from light penetration into the 

interior of the sample whereupon it undergoes partial absorption and mUltiple scattering at the 

boundaries of the individual particles making up the sample. Various theoretical studies have 

attempted to predict the intensity of diffusely scattered light as a function of penetration depth 
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into the sample with some success. The attenuation of the diffusely reflected light (I) due to 

absorption within the sample, as a function of penetration depth can be predicted by the Bou

guer-Lambert equation (equation 1.32) which states:-

1=/(O)exp(-Kx) (1.32) 

where K is the absorption coefficient and x is the mean penetrated layer thickness. From the 

form of this equation the intensity of the diffuse light is shown to decrease exponentially with 

penetration depth into the sample. This is an important observation when one is considering 

excited state populations as a function of penetration depth for samples subjected to diffuse 

reflectance laser flash photolysis experiments (see later). 

The Lambert cosine law[22l (equation 1.33), where", is the angle of incidence and e is 

the angle of observation, predicts that the intensity of diffusely reflected light B emerging from 

a diffuse scatterer should be of equal intensity at all angles with respect to the surface normal. 

Figure 1.14:-

(
/(0)) B = -n- coscrcos8 

Normal to 
Sample Surface 

(1.33) 

Spherical Indicatrix of Diffusely Reflected Radiation from a Non-Absorbing MattSurface 

According to Equation 1.33. (Experimental Points are for Sulphur in the Infra-Red[23]) 

The predicted "indicatrix" is thus a sphere with the diffusely reflected light being unpolarised 

irrespective of the polarisation of the incident light. Equations 1.33 has been shown exper

imentally to hold reasonably well for highly scattering samples[24,23l when ex and e are small, 
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Deviation from the Lambert cosine law does occur when a and e are large, the indicatrix of 

intensity as a function of angle to the surface normal becoming more of an oblate ellipsoid than 

a sphere (see figure 1.14). 

This observation can be explained in one of two ways:-

a) A matt surface consisting of small crystallites orientated at all possible angles with respect 

to the macroscopic surface, the combined specular reflection from all such surfaces being 

responsible for the scattering of the incident radiation. 

b) Diffusion oflight occurs by m ultiple scattering by individual particles within the sample interior. 

Of the two postulates, the latter seems to be the more favoured explanation[251, However, 

J entzsch(26) suggested that a contribution from both specular and diffusely reflected light does 

occur, the exact contribution of each being a function ~f the nature of the sample under 

investigation. 

When an opaque sample selectively absorbs some incident radiation, the situation in terms 

of the relative contributions from diffuse and specular reflected light to the overall reflectance 

from such a sample are further complicated. As has been discussed above (see equation 1.32), 
the regular reflection component approaches unity for strongly absorbing samples. Thus, for an 

absorption band, the two components of the reflected light can be regarded as opposing one 

another and both must be considered when the spectral intensity distribution from a sample is 

being studied. 

A generally observed rule for weakly absorbing diffusely reflecting samples is that the 

smaller the particle size of the sample the lighter the material appears. This can be explained 

by a decrease in the penetration depth of incident light thus reducing the apparent absorption 

of the sample. Kortum and Voge![27] confirmed this observation experimentally with weakly 

absorbing crystals of hydrated copper sulphate (CUS04.5H20), the observed absorption relative 

to a white reflectance standard from CUS04.5H20 decreasing with decreasing particle size. For 

weakly absorbing samples, the contribution to the observed reflectance spectrum by regular 

reflection is small. However, when one considers strongly absorbing samples such as potassium 

permanganate crystals (KMn04), where light penetration into the sample interio" are extremely 

small due to strong absorption, a different effect is observed. Firstly, the observed absorption 

spectrum is less affected by particle size compared with CuS04.5H20 and the increased pro

portion of regular reflection in such a strong absorber makes the observed absorbance less than 

would be expected on the basis of diffuse reflection alone. Also, the absorption increases with 

decreasing particle size indicating that the amount of regular reflection is also decreasing, this 

effect outweighing the decrease in penetration depth. By removing the c,ontribution due to 

regular reflection completely by cross polarising the analyser relative to the incident radiation 

two observations for a sample of KMn04 can be measured. The absorption of the sample is 

increased relative to the unpolarised absorption indicating that there is considerable contribution 

from the regular reflectance component for this sample and the absorption also becomes 

independent of particle size in keeping with the fact that the penetration depth of incident 

radiation for strongly absorbing samples is extremely small. 
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1.5 Kubelka·Munk Theory 

The Beer-Lambert law (section 1.1) defines the relationship between the absorbance (A) 

and the concentration of a ground state absorber (CA> for transparent media_ As mentioned 

previously, opaque "optically thick" samples do not transmit light and therefore the Beer-Lambert 

law cannot be applied to such samples. The most widely applied theory which relates 'absorption" 

and concentration for such samples is the theory derived by Kubelka and Munk[28,291, a brief 

description of which is presented below. 

The Kubelka-Munk theory assumes that the sample in question contains randomly dis
tributed absorbing and scattering particles whose dimensions are far less than the layer thickness 

and that the sample is illuminated with a monochromatic light source. A suitable starting point 
for the derivation of the Kubelka-Munk equation is the two differential equations 1.34 and 

1.35[28,3OJ which describes a light flux in a thin slice of thickness dx at a distance below the 

irradiated surface of the sample. 

dJ (x) = -(K + S)/(x)dx + SJ (x)dx 

dJ(x) = (K + S)J(x)dx - SJ(x)dx 

1(0) 

J(O) 

x-O 

I(x) 

dx ,.,.-

J(x) 
l4iliiii-

------~ 
+x 

(1.34) 

(1.35) 

Figure 1.15:- Schematic Representation of a Layer of Absorbing and Light Scattering Particles 

By convention, the two perpendicular light fluxes lex) and J(x) describe the light flux into (the 

+x direction) and out (-x) of the sample. Hence, at the surface of the sample x = 0 and at an 

unirradiated depth into the sample x = d. The initial intensity of the light source entering the 

sample (x = 0) is defined as 1(0) and the intensity of light emerging from the sample is defmed 
as J(O). These definitions are shown diagrammatically in figure 1.15. 
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The parameters K and S refer to the absorption coefficient and scattering coefficient respectively 
both of which take the units of reciprocal distance (usuaJly cm.-I). The absorption coefficient 

KA of an absorber A with concentration CA and naperian extinction coefficiente. is defined as 

in equation 1.36:-

(1.36) 

where e. and CA have the units I.mol:lcm.-I and mol.!.-I respectively. The parameter w is a 

geometry factor which accounts for the angular distribution of diffusely reflected light. For ideal 
diffusers w = 2[311. Note from equation 1.34 that when S = 0 then:-

d/(x)=-K/(x)dx (1.37) 

which is the familiar Lambert law for transparent media. 

Equations 1.34 and 1.35 can be solved for a layer so thick that any further increase in the 

layer thickness does not affect the reflectance from the sample which yield:-

lex) = /(O)exp(-bSx) (1.38) 

and 

J(x) = R/(O)exp(-bSx) (1.39) 

where 

b=(K
2

+2KS)o.S =(_l __ R) 
S 2R 

(1.40) 

and R is the reflectance from surface of the sample (x = 0). Thus, dividing equation 1.39 by 

equation 1.38 for when x = 0 gives:-

R=J(O) 
/(0) 

(1.41) 

When the transmittance ofthe sample (T) is equal to zero then the reflectance R is defined 

as R _, the reflectance of an optically thick sample. 

Further manipulation of equations 1.38 and 1.39 give the familiar form of the Kubelka

Munk equation (equation 1.42):-
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(1.42) 

The parameter F (R .) is referred to as the Remission Function, a unitless quantity which is 

directly proportional to the concentration CA of an absorbing species A. If we take logarithms 

of equation 1.42 we obtain:-

(1.43) 

The validity of equation 1.42 was tested by Kortum et a/[32] who recorded the transmission 

spectrum of a didymium glass nIter relative to clear glass nIter and compared the observed 

spectrum with the reflectance spectrum obtained by grinding the didymium nIter to a fine powder 

and measuring the reflectance spectrum relative to a ground-up dear glass nIter. Using 

log 10 F(R.) as the ordinate scale for the reflectance spectrum, the two spectra were almost 

superimposible (displaced from each other by 10glOS on the ordinate scale) demonstrating that 

the assumptions made in order to derive equation 1.42 are small and in most cases can be 

neglected. 

The Kubelka-Munk theory thus provides a parameter ( F (R _) ) which is directly 

proportional to CA for opaque samples in a similar manner to the Beer-Lambert law where the 

absorbance (A) is proportional to CA for transparent non_ diffusing samples. 

The scattering coefficient defined in the Kubelka-Munk equation (equation 1.42) has no 

equivalent coefficient in the Beer-Lambert law for transparent media and thus merits a brief 

discussion here. The Kubelka-Munk equation provides no information concerning the variation 

of S as a function of wavelength (A ) since it assumed a monochromatic light source for its 

derivation. Experiments performed by Kortum et a/[32] demonstrated that the scattering 

coefficient was inversely proportional to the root mean square particle diameter (Cl 2
) 0.5 for a 

BG36 glass nIter ground to different particle sizes and that the scattering coefficient increased 

as the wavelength of the incident light decreased. Further experiments by Kortum and Oelkrug[33] 

using a variety of materials showed that for samples where (Cl 2
) 0.5 < A then S is proportional 

tOA- 2 .6 tOA- 3 .6• Also, when (Cl 2
)0.5 - A thenSisproportionaItoA- 1 and for (Cl 2

)0.5 > 

A then S is proportional to A - I to A 0. These observations approach the predicted theory for 

light scattering from samples where (Cl 2) 0. 
5 

< < A where the scattering is known as Rayleigh 

scattering and S is proportional to A - '. 

1.6 Diffuse Reflectance Laser Flash Photolysis 
Laser flash photolysis experiments involve the photochemical generation of transient 

species which absorb light in a different wavelength region to the ground state. If we consider 

a ground state absorber (A) with concentration CA which, following pulsed laser excitation, 

produces a population of excited states (T) with concentration CT with a quantum yield h for 

the conversion then from equations 1.38, 1.39 and 1.40 it can be shown that:-
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de 
_T (x) = K'cj>T( I +R')/'(O)exp(-b'Sx) 
dt o. 

(1.44) 

'" 
where the superscript e indicates the excitation wavelength, Kc is the naperian absorption 

coefficient at the excitation wavelength, Re is the ground state reflectance at the excitation 

wavelength and [' (0 ) is the laser intensity. As can be seen from equation 1.44, when the 

percentage of ground state molecules converted to the excited state (T) is low, the concentration 

of transient species immediately following the laser pulse falls off exponentially as a function of 

penetration depth x into the sample. 

The observable parameter in diffuse reflectance laser flash photolysis experiments is the 

fractional reflectance change at an analysing wavelength (a) as a function of time (toR(/» 

defined according to equation 1.45:-

!1R(t)=!1J(t) R~-RHt) 
J(O) R~ 

(1.45) 

where R Z is the sam pie reflectance at the analysing wavelength before excitation and R c (I) is 

the reflectance corrected for emission at time t after excitation. In keeping with the convention 

of the Kubelka-M unk theory (see section 1.5) where J represents the intensity of diffusely reflected 

light emerging out of a scattering sample, we can define the intensity of diffusely reflected light 

before laser excitation as J(O) and the change in diffuse reflected light intensity at time t following 

the laser pulse as to J (I). In some cases, the percentage reflectance change is used instead of 

the fractional reflectance change and is defined as 100 to R (I). 

The analysis of data obtained from diffuse reflectance is not as straight forward as that for 

transmission laser flash photolysis experiments. A knowledge of the concentration of excited 

states (CT) as a function of penetration depth into the sample must be known so that the correct 

analytical model can be applied to the data. This distribution is depende.nt upon many sample 

parameters including the concentration of ground state molecules before laser excitation (C A (0) 

), the molar extinction coefficient of the ground state molecules at the laser excitation wavelength 

( EA), the reflectance (R: ) and scattering coefficient (Ss) of the support material, and the 

excitation pulse intensity ([' (0». Detailed below is a brief description of these effects, a full 

discussion of which can be found in the literaturd34,3SI. 

There exists two limiting cases for the concentration profiles of excited states as a function 

of depth into the sample together with an intermediate type profile shown diagrammatically in 

figure 1.16. 

Case A:- The transient concentration CT falls off exponentially with increasing penetration depth 

into the sample. This applies to samples with low conversion of ground state molecules to the 

excited state and is also more likely when ['(0) is low and EA is high resulting in the laser 

pulse being significantly attenuated upon penetration into the sample. The Kubelka-Munk 

equation (equation 1.42) cannot be applied to such a system as a prerequisite of its use for 
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absorption measurements from diffuse media is that the concentration of the absorber be ran

domly distributed as a function of penetration depth into the sample. What is needed in this 

case is a solution to equations 1.38 and 139 at the analysing wavelength (superscripted a) where 

the absorption coefficient Ka varies exponentially with x. The equations have been solved by Lin 

and Kan[36] who give (equation 1.46):-

where 

and 

1 
Y y(y+J )u 2 

+ -u+ ~,-:..,.."..,. 
R = Ra ~ ~(~+J)2! 

B y+J (y+J)(Y+2)u2 
1 + - u + ':"':"""":"'-:-:-:0-'--

~ ~(~+J)2! 

y- (b'R~rl 

Re 
o=y+ [-

b' 

(1.46) 

(1.47) 

(1.48) 

(1.49) 

This series converges for all values of u and thus, for diffusely reflecting/absorbing samples which 

exhibit low percentage conversion of CA to CT or small reflectance changes following pulsed 

laser excitation, equation 1.46 can be used for analysis of data obtained from such samples. 

It has been shown that, from the solution to equations 1.38, 1.39 and 1.40 given by Lin and Kan 

(equation 1.46), 6 R (/) is proportional to CT provided that 6 R (/) < 0.1. For 6 R (t) values 

up to 0.3 deviation from linearity is small but becomes significant as 6 R (/) -> 1[37]. Thus, for 

a given decay function for the transient (f(t» defined 'as in equation 1.50, f(t) can be obtained 

directly from the experimental values of 6R(/)/6R(0) where 6R(O) is the reflectance 

change at zero time following the laser pulse providing that the proportionality between CTand 

6 R (/ ) (equation 1.45) has been established. 

(1.50) 

Under certain experimental conditions, the fall-off in CT as a function of:x.~not described by 

equation 1.44, an alternative analytical method for the data obtained from such samples being 

required as discussed below. 
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Figure 1.16:-

I 
1 u 0.5 

~ 

Sample Depth 

Schematic Representation OCThe Two Limiting Types Of Transient Concentration Profile And 
An Intermediate Between The 1'wo Formed By Laser Excitation Of Solid Samples 
Case A:- Exponential Profile, Case B:- Plug Profile, Case C-Intermediate Profile. The Dashed 
Line Represents The Penetration Depth Of The Analysing Light 

Case B:· A combination of low ground state concentration of absorbing species (C A (0) ) which 

possess a low extinction coefficient ( eA) at the laser excitation wavelength coupled with high 

laser fluences lead to the formation of a 'plug' of excited states close to the sample surface (see 

figure 1.16) which extends deeper into the sam pie depth than is probed by the analysing light 

source (dashed line in figure 1.16). Upon reaching a certain depth into the sample, Or rapidly 

falls off in a sharp sigmoid type behaviour, this narrOW depth transitional phase separating the 

plug of excited states from totally photochemically unconverted molecules. 
For a homogeneous distribution of excited state species, the Kubelka-Munk theoryl28.29] can be 

applied to such experimental data where Or is proportional to F ( R • ) I - F (R • ) o' Details of 

the analytical procedure applied to such data can be found in section 3.8.2. 

Case Co· In such intermediate cases, the excited state concentration profile as a function of 

penetration depth into the sample is a combination of a plug type behaviour and also that of an 

exponential fall-off. That is to say, close to the surface of the sam pie there exists a total conversion 

of the ground state which rapidly falls off deeper into the sample eventually with an exponential 
type behaviour. However, the analysing light is of sufficient intensity to probe both regions of 

the concentration profile (dashed line in figure 1.16) and therefore neither of the analytical 

method described above can be applied to such data. In such a case, the transient concentration 

profile is calculated via computer simulation following input of parameters such as laser intensity 

(I' (0) ), scattering coefficient of the support material (Ss), concentration and naperian extinction 
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coefficient of the absorbing species A (CA and E A respectively). From the transient concentration 

profile, the reflectance change as a function of time (I';. R (I ) ) after the laser pulse observed from 

the sample is calculated using estimated values for the naperian absorption coefficients of the 

ground and excited states at the analysing (a) wavelength (E~ and E~ respectively). Kinetic 

analysis is performed by assuming the form of the decay function f(t) and calculating the decay 

of I';. R (t) from the transient concentration profile. The decay constants are then varied until 

a match between the calculated and observed decay curves is obtained. Further detail,s of this 

procedure can be found elsewherel37J. 
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Chapter 2 

Wood and Lignin Chemistry 



2 Wood and Lignin Chemistry 

2.1 Introduction 
A knowledge of the chemical composition of wood is essential in understanding the 

chemical and photochemical behaviour of such a complex natural material. It is beyond the 

scope of this thesis to give detailed anatomical and morphological descriptions of woody tissue. 

However, it is felt that some information relevant particularly to the photochemical behaviour 

of lignin as a result of its chemical structure is required to explain fully some of the aspects of 

the results presented in chapters 5 and 6 of this thesis. 

2.2 Gross Structure of Wood 

2.2.1 Chemical Composition 
The chemical constituents of wood have been well documented in many articles to 

which the reader is referred for further details[38.391. The major cell wall constituents of wood 

are found to consist of cellulose, hemicellulose and lignin. Although the cellulose content is 

approximately equal between softwood and hardwood species (ca. 41 % to 45 %), it is observed 

that hardwoods contain less lignin than their softwood counterparts, typical lignin content 

for softwoods being approximately between 25 % and 35 % and for hardwoods between 18 

% and 25 %[401. The occurrence of all three major chemical components in the cell walls of 

woody tissues are not confined to discreet morphological regions, rather that intimate 

cross-linkages occur between the lignin and the carbohydrate fractions of the material which 

structurally benefit the tree in terms of strength and stability (see section 2.3). Although the 

precise nature of such intimate cross-linking is not fully understood or quantified, articles 

detailing experiments and key lignin-carbohydrate linkages can be found in the literatu
r0[41,421. 

As is well known, the chemical structure of cellulose is based upon a regular repeating 

unit with chemical formula (C .H 1005). arranged in a structural conformation known as a 

(4-0-{3-D-glucopyranosyl-D-glucose) sub-unit as shown in fignre 2.1. 

As can be seen for the linkage of two glucose units to form a cellobiose unit, each sugar unit 

is linked between the 1 and 4 position by a fJ linkage. Unlike hemicellulose and lignin, 

cellulose is a linear chain crystalline polymer, each repeating unit adopting a chair confor

mation (for energetic reasons) with all three hydroxyl moieties and the primary alcohol 

functionality occupying the equatorial positions in the ring system. 

Hemicellulose is a complex mixture of polysaccharides which closely interpenetrates 

between the lignin and cellulose fractions of the wood tissue. Unlike cellulose, hemicellulose 

does not contain a single repeating unit in a linear chain-like fashion but is characterised by 

being considerably branched and also by having a lower molecular weight than cellulose itself. 

Many reviews of the structure and biosynthesis of hemicellulose exist in the literature to 

which the reader is referred to for further detail1431. 
The third major wood component, and by far the most significant in terms of 

photodegradation of wood and paper products, is lignin. Lignin is a three dimensional cross 

linked heterogeneous "polymer" intimately cross linked with the cellulose and hemicellulose 

corn ponents of the wood material. 
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OH 

Figure 2.1:- Repeating Sub-Unit of Cellulose Based on the Cellobiose Repeating Structural Unit 

Unlike cellulose, lignin is essentially confi~ed to vascular plants which develop specialised 
tissue for aqueous solution transportation and mechanical support; for example, fungi, algae 

and mosses do not contain ligninl441. The roles of lignin within the tree are mainly of a 
reinforcement and strengthening variety, it is lignin which gives wood its unique elastic and 

strength properties and its ability to also withstand the large compressive forces enabling 

trees to grow to such considerable sizes. Unlike cellulose, lignin has no single repeating 
sub-unit in its structure rather comprising of a structure with an empirical formnla based 
upon a ~ phenylpropane sub-unit. Extraction oflignin from the carbohydrate matrix involves 

a certain degree of chemical modification to the structure (see section 5.1). Analysis of 
chemically extracted lignin known as milled wood lignin (MWL) yield empirical formulae of 

C ,H ,."02.,,C OMe ) •. ,. and C ,H ,.,,02 .•• C OMe ) •. " from two different sources of spruce 
MWL145,461. 

2.2.2 General Features of Wood Cell Structure 
A brief overview of the main cell structure type found in softwood species (known as 

tracheid cells) is presented below in order to describe the chemical relationship between 
lignin, cellulose and hemicellnloses found in such cells. Tracheid cells (or fibres) are long 

hollow tubular structures which are tapered and sealed off at each end. The length of such 
cells in softwoods species such as Black Spruce (picea mariana) are, on average, around 3.5 
mm long and extend in the direction of the tree length. Typical length to width ratios are of 
the order of 100: 1. The first tracheids formed in the growing season have the greatest fibre 

width and thinnest cell walls, a region known as the earlywood or springwood growing rone. 
A growth zone follows, known as summerwood or latewood, where cell wall thickness is 

greatly increased corresponding to a mOre strength orientating role for such tracheid cells 
relative to earlywood which is more suited to the conduction of water and nutrients through 
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the tree from the roots to developing shoots. Figure 2.2 shows the cell wall organisation of 

a typical softwood tracheid. 

Figure 2.2:· 

Secondary wall 
inner layer 

Secondary wall 
middle layer S2 

~~~§~r~ pprimarv wall 

Schematic Diagram representing the Gross Structure of a Softwood Tracheid 

As can be seen, the cell wall is split into morphological regions and consists of the primary 

(P) and secondary (S) wall layers. The primary cell wall is formed during the initial stages 

of the differentiation of the woody cell, the secondary cell wall layer being formed on the 

inside of the primary cell resulting in the thickening of the woody cell wall. That is to say, P 

grows in area but not in thickness whereas S grows in thickness and not area. The secondary 

wall (S) is further divided into three well defined sub-regions known as the SI> S2 and S3 

layers. Typical thicknesses of the P, SI> S2 and S3 are found to be 0.0151' m, 0.21' m, 2.51' m 

and 0.11' m respectively. Differences in the distribution of cellulose, hemicellulose and lignin 

have been shown to occur between these discreet cell walllayers147J. The primary cell wall 

is found to be rich in lignin and hemicellulose and can be regarded as the transition zone 

between the intercellular substances and the secondary cell wall. The intercellular substance 

is more commonly known as the middle lamella region (ML) and is essentially made up of 

lignin and hemicellulose with no cellulose present. Since differentiation between the P and 

ML layers is often difficult, the term compound middle lamella (CML) is often used to 

describe this region. 

As has been stated earlier, cellulose in woody cells is primarily a polymeric crystalline 

substance with a fIXed repeating unit. In the tracheid cell walls, the polymer orientates itself 

in the form of cellulose microfibrils. The relationship between these cellulose microfibrils, 

hemicellulose and lignin can be envisaged as the hemicellulose forming a matrix between the 
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cellulose microfibrils and Iignins being an encrusting substance solidifying the cell wall 

structure. The differentiation of the secondary cell wall is based upon the orientation ofthe 

cellulose microfibrils relative to the longitudinal axis of the tracheid itself. 

Figure 2.3:- Schematic Diagram of the Microfibril Orientation in the Primary Cell Wall and the Different 

Layers of the Secondary Cell WaU[481 
Po and Pt arc the ouler and inner part of the primary wall respectively; 512 and 523 are 
intermediate layers between 51 and S2 and between 52 an 53 respectively 

As can be seen in figure 2.3, the orientation of such fibrils in the SI and S3 layers of the 

secondary cell wall are at a large angle to the longitudinal axis whereas the S2 layer contains 

microfibrils at only a small angle to such an axis thus giving added strength to the cell wall. 

The distribution of lignin within P and S layers also varies considerably. Numerous studies 

have been conducted which demonstrate not only that the concentration but also the type of 

lignin present in such regions is variable. The differences in lignin structure between 

morphological regions of the wood tracheid are discussed fully in section 6.3.2. Shown in 

figure 2.4 is the concentration of lignin across two cell walls and one middle lamella region 

of earlywood Black Spruce tracheids measured by UV microscopy at 240 nm[491. 

As can be seen, the middle lamella region shows a peak in the concentration of lignin, the 

distribution of lignin across the secondary cell walls being uniform throughout. However, 

given that the secondary cell wall region constitutes 87 % of the cell volume, most of the 

lignin is contained within this region. 
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Figure 2.4:-
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Concentration of Lignin Across Two Cell Walls and One Middle Lamella Region of 
Earlywood Black Spruce Tracheids Measured by UV Microscopy at 240 nm 

2.3 Bio-Genesis and Chemical Composition of Lignin 
In spite of extensive research into the lignification process taking place in woody tissues, 

a full understanding of the processes involved is still incomplete. It was FreudenberglSOl who 
first clearly demonstrated that the initial precursor to softwood lignin was based upon a ~ 

phenylpropane glycosidic molecule (and analogues for hardwood species) known trivially as 
coniferin, the structure of which is shown in figure 2.5. 

Coniferin is characterised by increased solubility in aqueous media and also is reasonably stable 

to oxidation since the phenolic moiety is protected by the glucosidic linkage. It is these properties 
which allow easy storage (without premature polymerisation) and transport (when required) of 

coniferin through the water conducting systems of the tree to the site of lignification. 

An enzymatic decoupling of the glycosidic linkage by fJ ·glucosidase leads to the commonly 
known C9 precursor unit coniferyl alcohol, first established as a precursor to the lignification 
process by KlasonlSII. 

The processes leading to such a precursor molecule can be traced back to the absorption by the 

tree of gaseous carbon dioxide from the atmosphere, the bio·synthetic pathways of which have 
been detailed in many reviews in the literaturelS2,531. Also shown in figure 2.5 is the nomenclature 

first proposed by Sarkanen and LudwiglS41 in order to describe the random coupling reactions 
occurring between the canonical forms of tbe phenoxy radical of the ~ phenylpropane lignin 

precursor which ultimately lead to the lignin macromolecule. Thus, following liberation of 
coniferyl alcohol from coniferin by the enzyme fJ -glucosidase, the coniferyl alcohol precursor 

3S 



undergos an enzymatic dehydrogenation reaction to generate the corresponding phenoxy radical 

as shown in figure 2.5 which sets in motion the formation of the entire lignin generating poly

merisation process. The random coupling reactions leading to the heterogeneous lignin structure 

arises from the existence of five canonical forms of the phenoxy radical. From these species, a 

total of 25 theoretical inter-unit linkages between ~ monomer units are possible. Due to steric 

or thermodynamic constraints, only 15 combinations form stable couplings, some of which being 

more favourable than others. The couplings which form stable products are shown in table 2.1 

according to the nomenclature of Sarkenen and Ludwigll7J. 
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Figure 25:- Chemical Structure of Coniferin and the Enzymatic Dehydrogenation of Coniferyl Alcohol to 
Yield Phenoxy Radical Species 

The initial step in the formation of the lignin macromolecule is the formation of dimeric 

structures known a "dilignols" via coupling of the form indicated in table 2.1. Following this, so 

called "end wise" polymerisation occurs where either a ~ "monolignol" unit couples with the 

phenolic end group of a di- or oligolignol structure or, two end-group radicals couple to form a 

stable linkage. Such mechanisms have been shown to occur (rather than coupling of monolignols 

with each other to form dimeric structures) by the limited number of coniferyl alcohol and 

coniferaldehyde end group present in Bjorkmann lignin obtained from spruce and is probably 

the result of a restricted supply of monomers in the lignifying cellls31. The net result of these 

processes is a three dimensional crosslinked "heterogeneous" polymer. The probability, and 

therefore the frequency of a coupling reaction occurring between C9 monomer units is primarily 
governed by the electron spin density of the delocalised unpaired electron at one of the five 

positions shown in figure 2.5. 
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Ra 
Rb 
Rc 
Rd 

Re 

Table2.!:-

Figure 2.6:-

Ra Rb Rc Rd 

Unstable fJ -0-4 4-0-5 1-0-4 
fJ-0-4 fJ-fJ fJ-5 fJ-1 
4-0-5 fJ-5 5-5 1-5 
1-0-4 fJ-l 1-5 1-1 

Sterically Hindered or Thermodynamically Disfavoured 

Coniferyl Alcohol Phenoxy Radical Coupling Modes 
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Coupling of Phenoxy Radicals Leading to Prominent Inter-unit Linkages in Lignin 
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Theoretical calculations together with experimental observations with 4-hydroxycinnamyl 

alcoho1l551 have demonstrated that the highest electron spin density is located at the phenolic 

oxygen atom resulting in the highest probability of forming an aryl-ether linkage (ie. a fJ -0-4 
linkage) between two ~ precursor radicals greater than any other inter-unit linkage. Of the 

other linkages, coupling reactions between two Rb radicals and Rb and Rc radicals (figure 2.5) 

to produce stable dimeric structures known as fJ -fJ and fJ -5 linkages are the most likely (figure 

2.6). As can be seen, the precise nature of the fJ -0-4 linkage is determined by the availability 

of phenolic, sugar or water in the vicinity of the reaction. 

In all three linkages, there exists a quinomethide intermediate which may stabilise through 

intramolecular or external addition of hydroxy containing moieties. The mechanisms involved 

in the addition to the quinomethide intermediates do not require the radicaIisation of a phenolic 

moiety therefore allowing addition of non-phenolic hydroxy moieties as seen in figure 2.6 for 

fJ -0-4 linkages to yield ether or ester type linkages. The frequency of addition is dependent upon 

the nucleophilicity of the hydroxy carrying compound. Thus, it is found that phenolic hydroxyl 

groups add at a higher rate than aliphatic hydroxyl groups or water. The intimate contact between 

quinonoid intermediates with cellulose and hemicellulose in the cell wall of the wood tracheid 

therefore make possible the formation of lignin-carbohydrate linkages in the form of ether or 

ester type linkages. The linkages which lead to fJ -5 structures are almost entirely internal, 

intramolecular addition to the phenolic hydroxy group of the reaction partner to the quinomethide 

leading to the coumaran-type structure as shown in figure 2.6. A similar reaction also occurs in 

the case of fJ -fJ combinations which lead to pinoresinol-type structures also shown in figure 2.6. 

As seen in table 2.1, other linkages between ~ phenylpropane sub-units .are also possible 

including the 5-5 biphenyl type linkages. However, it has been shown that fJ -0-4 linkages are 

by far the most frequent inter-unit linkage present in the lignin macromolecule. For example, 

a study by Erickson et aZ[561 demonstrated that fJ -0-4 linkages contribute up to 50 % of linkages 

in the lignin macromolecule. Full classification of Spruce MWL have been summarised in the 

literature[57]. Computer simulated models for the structure of lignin based upon the phenyl

propane sub-unit 4-hydroxycinnamyl alcohol have been reported in the literaturel581, the most 

extensive of which involved 94 phenylpropane sub-units with a molecular weight in excess of 

17000[591. Cross correlation with classical analytical techniques applied to lignin structure 

determination have resulted in a simulated structure which closely resembles the structure of 

lignin isolated from a single tree species, Loplolly Pine (Pinus taeda)[601. In nature, the net result 

of such radical linkages is a macromolecule with a molecular weight greater than 106, that is 

intimately linked to the cellulose and hemicellulose fractions of the wood tracheid cell wall. It 
must be noted that the structural description given above is based upon a coniferyl alcohol 

precursor unit. Large differences exist between softwood lignins based on such a guaiacyl 

(4-hydroxy-3-methoxycinnamyl alcohol) unit and that of hardwood lignins which are based on 

both guaiacyl and syringyl (4-hydroxy 3,5-dimethoxycinnamyl alcohol) sub-units thus making 

linkage frequencies different in hardwood lignins than those observed for softwood lignins. 
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2.4 Pu\ping and Bleaching of Wood Fibres 
There exists a wealth of information concerning the pulping and bleaching processes 

applied to wood to produce paper products. It is beyond the scope of this thesis to attempt to 

cover all aspects ofthe various processes involved in producing the various grades of commercially 

available paper. The author therefore refers the reader to the review book edited by Casey for 

further detail[61,621. However, it is felt that a brief description of the three major categories of 

paper widely available will be of use to the reader. 

(a) Chemical Pulp:- To the pulp and paper manufacturer, lignin is regarded in many ways as 

the unwanted ingredient of wood which requires removal from the cellulosic matrix in order to 

produce high brightness, photostable white papers. This process of lignin removal begins at the 

pulping stage of paper making and continues into the bleaching stages of the manufacturing 

process. The Kraft or sulphate pulping process was the last classical chemical pulping process 

to be developed around 1879 and has since come to dominate pulp production methods 

throughout the world. The pulp process involves the cooking of wood chips under alkali conditions 

with a sodium sulphide/sodium hydroxide mixture which dissolves the lignin from the cellulose 

and hemicellulose fractions of the woody tissue. The result of such a process is an initially highly 

coloured wood pulp with a lignin content of approximately 3 %. The production of high brightness 

papers therefore requires the removal of residual lignin during bleaching. Single stage bleaching 

processes are seldom used today, multistage processes being the standard practice. Many 

bleaching stages involve the use of chlorine based chemicals (such as chlorine/water, hypochlorite 

and chlorine dioxide together with alkali extraction stages) to remove the residual lignin. 

Given the aromatic nature of a lignin macromolecule, it is not surprising that analysis of 

waste water outflows from chemical pulp producing paper mms contains a mixture of chlorinated 

organics which have been shown to have carcinogenic and mutagenic effects upon fish and other 

river dwelling creatures[631. Among the most toxic found were 3,4,5-trichloroguaiacol, 

3,4,5,6-tetrachlorguaiacol and dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin)[64I, all of which are 

produced in high levels via the bleaching process. 

The net result of full chemical removal of lignin is a Kraft paper with an ISO[651 brightness 

of greater than 80 % which has good strength properties. However, the price to pay in terms of 

paper yield is high; yields ranging between 40 % and 55 % being typical for such paper grades. 

It is both economic and environmental pressure which has led to the development of other pulping 

and bleaching methods which utilise the wood raw material more efficiently and release less 

potentially toxic by-products into paper mm waste water outflows. 

(b) Semi-chemical and Chemi-mechanical Pulps:- Such pUlping processes where developed 

with the objective of producing pulps in yields higher than those obtained in full chemical pulping 

methods where raw material and production cost savings can be achieved. Typical yields for 

these processes are between 65 % and 90 %. Although all fibrous materials can be pulped by 

the semi-chemical pulping process, the majority of species used in this process are hardwood 

species. Semi-chemical and chemi-mechanical pulping processes are essentially two stage 

processes:-
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(i) Mild chemical treatment (with or without heat). 

(ii) Mechanical refining to complete separation of pulp into fibrous material. 

Such pulping methods occupy an intermediate region between classical chemical pulping pro

cesses and pulping process leading to the production of so called "high yield pulps" via mechanical 

pulping processes. The most widely known and used semi-chemical pUlping process is the so 

called NSSC process (Neutral.sulphide.semi-.chemical Process). The two stages (as mentioned 

above) of this pUlping process involve firstly the cooking of wood chips in a mixture of sodium 

sulphite (Na2S03), sodium carbonate (Na2C03) and sodium bicarbonate (NaHC03) giving 

partial dissolution of the lignin fraction from the pulp matrix. Following this, mechanical action 

has the effect of breaking down the pulp into fibres which can be used for paper making. The 

net result is a pulp which resembles a chemical pulp in terms of fibre composition when examined 

under a light microscope. Semi-chemical and chemi-mechanical pulps are generally used in 

paper products which do not put a large emphasis on brightness properties although it is possible 

to bleach such pulps to ISO brightnesses of 80 % by conventional bleaching methods. This 

however is expensive and, given that such pulps contain a high percentage oflignin (ca. 10 % to 

14 %), is also depends heavily upon the source of the raw material itself. Thus, semi-chemical 

pulps are used for low grade paper products such as corrugated cardboard and together with 

other pulp grades in the production of newsprint and telephone directories etc. 

(c) Mechanical Pulps:- The principal grade of mechanical pulp discussed here is known as 

thermomechanical pulp (TMP), the photochemistry of which is discussed in chapter 6 of this 

thesis. As the name suggests, TMP is produced by the steaming of raw wood chips for a short 

period at an elevated temperature. The precise conditions of this processing stage are dependent 

upon the source of the raw material and also the size of the wood chips involved but typically 

two minutes of steaming at 120°C is sufficient to soften the wood chips prior to mechanical fibre 

separation. Mechanical production of wood fibres is achieved by a process known as disk refining, 

details of which can be found elsewherd66J. Briefly, rotating disk refiner plates containing 

different sizes of breaking bars grade the pulp fibre depending upon its size. Crude fibres enter 

into the centre of the disk refiner (breaking zone) and leave via the periphery following size 

grading by one or two refining zones towards the outer ofthe plates. The result of these processes 

are TMP fibres which can then be bleached to acceptable brightness levels for use as paper 

making material. The TMP fibres have not been significantly altered chemically during the 

pulping process which means that pulp yields of between 91 % and 95 % can easily be achieved. 

Clearly, the presence of lignin in the fibres gives undesirable optical properties to such papers 

which can be improved by multistage bleaching processes. The only commercially used bleaching 

system for mechanical pulps is that based upon a hydrogen peroxide/sodium hydroxide bleaching 

mixture. Addition of sodium silicate (N3.!Si04) has the effect of buffering the hydrogen peroxide 

at a pH where it is most effective and is often added to the bleaching mixture. Two stage bleaching 

with alkaline hydrogen peroxide and sodium silicate under certain conditions can yield pulps with 

an ISO brightness of greater than 85 %. Care must be taken that the pulp is chelated with, for 

example, ethylenediamine tetra·acetic acid (EDTA) prior to the addition of the peroxide since 

metal ions (especially manganese (IV), copper (11) and iron (III) )[67.68J present in the pulp and 

water catalyse the degradation of hydrogen peroxide and therefore reduce the efficiency of the 
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bleaching process. Much work has been documented upon the optimum conditions for peroxide 

bleaching[69,70]. Important factors include temperature, pH, pulp consistency and reaction time, 

aU of which determine the efficiency of the bleaching process. For example, the bleaching of 

TMP sam pies used for photochemical investigations in chapter 6 were bleached with 4 % alkaline 

hydrogen peroxide at 60°C for two hours at 20 % consistency to yield an ISO brightness of 75 

%. 
~ .. 

Under alkaline conditions, the reactive species responsibl", initiating the bleaching pro-

cesses for TMP has been shown to be the hydroperoxy anion, HOl . The removal of coloured 

chromophoric moieties believed to be present in the lignin fraction of TMP, such as 

coniferaldehyde end groups and ortho and para quinones have been demonstrated with the use 

of appropriate lignin model compounds[71,72,73,74,7SI. The resulting destruction of conjugation 

in the lignin macromolecule therefore decreasing absorption of light by the TMP sample in the 

visible part of the electromagnetic spectrum (wavelengths greater than 400 nm). Coniferaldehyde 

end groups are believed to undergo side change cleavage between the Q - and fJ -carbon atoms 

as shown in figure 2.7[76] whereas destruction of quinones is believed to take place via rupturing 

of the ring system present in the quinone chromophore leading to the formation of series of 

carboxylic acids[73,77]. As mentioned previously, brightness levels close to those obtained for 

chemical pulps are obtainable for TMP under the correct bleaching conditions. However, their 

share of the high quality writing and printing paper market cannot be realised until the problem 

of photoreversion or photoyeUowing as a result of their high lignin content (see later) is overcome. 

CHO HO-O H9=0 He-O 
I u I I -
~ F ~O ~O 

. He _ Q:OH _ !iCY _ HO-O-OH A ~ -HO ~ ~ A 
V~ o~Vo~V~ OH OH OH OH 

Figure 2.7:-

'f=O 
• He=O 

Reaction of Hydroperoxy Anions with 4-Hydroxy-3-methoxycinnamaldehyde Demonstrating 
the Cleavage of Coniferaldehyde Type Side Chains Present in Unbleached TMP 
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Thus TMP and other high yield pulps are principally used in the short life-span paper product 

markets such as newsprint, telephone directories and advertising hoardings where optical 

brightness is not a primary consideration in the choice of paper grade required. 

2.5 Market and Environmental Trends in the Pulp and Paper Industry 
In recent years, two distinct trends in the development and application of pulping and 

bleaching techniques have occurred:-

(a) A decrease in the use of sulphur containing species in the pulping and chlorine containing 

species in the bleaching of chemical pulps. 

(b) Increase demands for high yield mechanical pulps with acceptable optical and mechanical 

properties. 

The former is the direct result of environmental considerations and new legislation to control 

the waste output into river outflows, the second attributable to the diminishing supply of raw 

material available to the industry. Shown in figure 2.8 is the projected worldwide demand for 

paper in the early 21 SI century. 

Figure 2.8:-

4 

3 

2 

1 

1970 1990 2010 

Year 

Projected World-wide Demand For Paper Products into the 21st Century 

As can be seen, demand for paper and paper board is seen to increase steadily from approximately 

220 million tonnes per year at present to approximately 350 million tonnes in 17 years time. 

Under closer examination, when such a projected increase is split into the major categories of 

commercially available paper grades (table 2.2) it is seen that the highest (compound annual) 

average percentage increase in demand will be for high quality letter and printing papers. 
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1985 2010 % Annual Growth<l) 

Newsprint 28.1 45.4 1.9 

Printing and Writing 51.4 118 3.4 

Other Paper and Paperboard 113.1 178.6 1.8 

Total 192.6 342.4 2.3 

Table 2.2:· World Paper and Paperboard Consumption and Growth Rate by Product 1985 to 2010 (millions 
of lonne,)[781 

(1) Compound Annual Average 

This market share has been traditionally filled by chemical pulps (section 2.4). However, due 

to environmental regulations and raw material availability, coupled with the low percentage paper 

yield (ca. 50 %) obtained from chemical pUlping and bleaching processes, high yield 

semi-chemica~ chemi-mechanical and mechanical pulp grades will become increasingly 

important in meeting the demands of the consumer while making optimum utilisation of available 

raw materials. The fundamental problems associated with such grades of paper is their tendency 

to turn yellow upon exposure to sunlight (wavelengths greater than 300 nm) by a process known 

as photoreversion or brightness reversion. Until this problem has been overcome or the consumer 

attitude towards preferring white photostable papers can be changed, expansion of high yield 

pulps into the long life paper product market will not be achieved. 

2.6 Photoreversion of High Yield Thermomechanical Pulps 
Detailed below is a brief overview of the initial research directed towards the light stabi

Iisation of high yield thermomechanical pUlps. Reviews of the published literature relevant to 

the photochemistry of lignin model compounds and MWL can be found later in sections 4.1 and 

5.4.1 respectively. 

Research into the mechanisms by which high yield thermomechanical pulps degrade under 

irradiation with near ultraviolet light has been extensive over the past 50 or so years. It is only 

in the last 20 years that a dramatic intensification of research into the photoreversion of high 

yield pulps has taken place, driven on by the environmental and economic pressures exerted 

upon the pulp and paper industry worldwide. In that time, the application of photochemical 

techniques to an area of research initially dominated by the wood scientiSI$ interested in the 

yellowing of paper has become ever more prevalent, culminating in a symposium at the 203rd 

American Chemical Society meeting in San Francisco[79] devoted entirely to the photochemistry 

of high yield pulps. 

Much of the early literature was of the form of empirical observations upon the effect of 

sunlight on lignin rich paper products (and also wood chips) such as newsprint. This initial 

research established the importance of light, oxygen, humidity and temperature in the yellowing 

mechanisms, and demonstrated that the degree of yellowing was related to Iiguin content of the 

wood[80,81,82.83.841. It was Learywho linked the loss ofmethoxyl content in wood during irradiation 

with colour formation, and was the first to propose the formation of ortho-quinone type moieties 

as one of the colour contributing species[851, an observation recently confirmed by Lebo et 01 

with the aid of 31p n.m.r. Spectroscopy[86I. More recently, much research has been directed 
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towards the carbonyl groups present in lignin. These consist of conjugated aromatic, aliphatic 

and quinone type moieties. Experiments have demonstrated that, when these groups are totally 

reduced using sodium borohydride, light induced yellowing is reduced, but not stopped. Leary 
continued his work to demonstrate the interaction between the et -carbonyl and the phenolic 

hydroxyl groups present in the lignin. By fully reducing the carbonyl groups with sodium 

borohydride, and then fully methylating all phenolic hydrogens, colour formation was reduced 

to levels just above those observed with Kraft type pulps. The fact that pulps which have been 

fully reduced and methoxylated still undergo photoinduced yellowing suggests the existence of 

at least one more reaction mechanism leading to photoyellowing (see section 4.1 for details). 

The aim of this thesis was to investigate more closely the photochemical behaviour of 

et -carbonyl and phenolic hydroxyl groups present in the lignin macromolecule, and also to 

consider the other modes of photochemical reactivity oflignin which lead to the yellowing process. 

One must bear in mind that much ofthe evidence substantiating the phenolic hydrogen abstraction 

mechanism was largely based upon model compound studies in fluid solution. The molecular 

dynamics which exist in the solid phase are likely to be much removed from such solution phase 

systems which allow easy molecular diffusion of yellow photoproduct forming intermediates 

(such as free radical species) in order that they may react. In the actual pulp environment itself, 

chromophoric groups are held fairly rigidly by the 3-dimensional polymer matrix thus making 

material diffusion almost impossible. Therefore, although model studies play an important role 

in the elucidation of the photoyellowing mechanisms involved, experiments conducted with the 

pulp materialitself are essential if the ultimate aim of photostabilising such pulps is to be achieved. 

The results presented in this thesis cover both approaches to the problem of the photo

yellowing of lignin rich paper samples together with an intermediate photochemical system 

involving chemically extracted soluble lignin (milled wood lignin or MWL). Therefore, the results 

presented in this thesis have been divided into three chapters, namely experiments with 

a-carbonyl lignin model compounds, milled wood lignin (MWL) and high yield thermome· 

chanical pulp (TMP) itself. The technique of time resolved transmission laser flash photolysis 

has been applied to both lignin model systems and MWL. It is the development of diffuse 

reflectance laser flash photolysis (DRLFP) (sections 1.6 and 3.8.2) which has enabled the 

photochemical generation and study of the short lived transient species of lignin chromophores 

within the TMP matrix itself to be studied for the first time in detail. The results of DRLFP 

studies are presented partly in section 5.5 for samples ofMWL adsorbed onto a microcrystalline 

cellulose substrate and in chapter 6 for samples of TMP itself. 
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Chapter 3 

Experimental 



3 Experimental 

3.1 Ground State Absorbance And Ground State Diffuse Reflectance Spectra 
All ground state absorbance and ground state diffuse reflectance spectra were recorded 

using a Phillips PU-8800 dual beam UV-Visible spectrophotometer_ All solution phase spectra, 

unless otherwise stated, were obtained by placing samples in 1 cm x 1 cm quartz cuvettes. 

Ground state diffuse reflectance spectra were recorded using a 12" integrating sphere 

attachment (Pye Unicam). All internal surfaces of the integrating sphere (with the exception of 

the specular reflection beam dumps) were coated using an aerosol of white reflectance coating 

(Eastman Kodak Ltd.). At least three coats of the reflectance coating were applied to all internal 

surfaces ensuring an optically thick layer (ie. any increase in the number of coats of white 

reflectance standard will not increase the intensity of the diffusely reflected observed from the 

integrating sphere) of the material throughout. Samples were placed in .2 cm diameter, 1 cm 

pathlength quartz cuvettes and mounted in the integrating sphere with the aid of a purpose made 

circular metal plate which had a circular recess the same diameter as the sample cells. The metal 

surface closest to the spectrophotometer beam was covered with a matt black card to prevent 

stray specular reflected light from reaching the photomultipIier. An aperture approximately 1 

cm in diameter was cut in the card to allow light to the sample. Sufficient packing densities were 

used to ensure that all samples were optically thick at all wavelengths investigated (typically 300 

to 700 nm). 

Ground state diffuse reflectance spectra were recorded relative to a barium sulphate white 

reflectance standard (Eastman Kodak Ltd.) which was given a reflectance value of 100 %. 

3.2 Steady State Emission Spectra 
All steady state emission spectra were recorded using a Perkin Elmer series 3000 fluor

escence spectrometer. Solution phase emission spectra were recorded using right angle emission 

collection geometrywhiIe solid sample emission spectra were recorded using front face geometry. 

Appropriate interference and cut-off filters were used to prevent sample excitation light from 

reaching the photomultipIier detector. 

3.3 Preparation ofThermomechanical Pulp Samples 
All thermomechanical pulp samples were prepared in the laboratories of the Pulp And 

Paper Research Institute Of Canada (PAPRICAN), Pointe Claire, Quebec, Canada. 

These samples were of thermomechanical pulp (TMP) obtained from black spruce (Picea 

mariana). Following milling and chipping of the wood, pulp fibres of 20 % consistency were 

bleached to an ISO brightness (the reflectance at 457 nm relative to a white reflectance stan

dard[65J) of approximately 75 % by treatment with a 4 % v Iv solution of hydrogen peroxide at 

600 C for 2 hours. Pulp samples were studied in one of two forms, either as pulp handsheets or 

as a fine powder and were prepared by the following methods:-

a) TMP handsheets with a diameter of approximately 15 cm were prepared by taking the 

appropriate mass of bleached pulp fibres suspended in approximately 20 I. of de-ionised water. 

The suspension was then placed in a stainless steel British Sheet machine and stirred to give a 

"homogeneous" distribution of fibres in the vessel. A valve at the base of the vessel was then 
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opened allowing rapid removal of the water from the vessel. The pulp fibres become trapped on 

a 74 J1. m teflon mesh to yield a hand sheet of even fibre density and thickness across the whole 

area of the sheet. The hand sheets were then air dried at room temperature. Depending upon 

the amount of pulp fibres initially used, handsheets of variable thickness and density can be easily 

made. Samples typically used were a thickness of 5.5 x 10-2 cm with a fibre density of 0.44 g.cm:3• 

Due to the compressible nature of pulp handsheets, samples are often described in terms of their 

basis weight (mass per unit area). Typical sample basis weights were ofthe order of 2.4 x 10-2 

g.cm:2• 

b) Powdered samples were prepared by grinding bleached TMP fibres to approximately a 40 

mesh powder in a Wiley Mill. Samples of this type were packed into quartz cuvettes at a sufficient 

packing density to ensure optical thickness at all wavelengths of study. Under these conditions, 

the optical properties of this form of pulp sample were the same as those for an optically thick 

handsheet. 

3.3.1 Methoxylation Of Thermomechanical Pulp 

The methoxylation ofTMP to produce pulp samples of varying lignin phenolic hydroxyl 

content was achieved according to the method of Erickson et a/[87] as follows; 10 g of peroxide 

bleached TMP (see section 3.3) was suspended in 600 ml of a nitrogen purged equivolume 

solvent of water, ethanol and dimethoxyethane. The pH of the solvent was adjusted to 11 by 

addition of 10 % w Iv potassium hydroxide solution. To the suspension was added the 

appropriate volume of dimethyl sulphate to give the required methoxyl content. Under the 

conditions of the treatment, 90 ml and 125 ml of dimethyl sulphate giving methoxyl contents 

of 7.23 % and 8.13 % by mass respectively. The pulp suspension was stirred for 71/2 hours 

maintaining throughout a constant pH of 11 by further dropwise addition of potassium 

hydroxide. The pH was then adjusted to 3 by addition of 0.5 M phosphoric acid and stirred 

for a further hour after which the pH was adjusted to 6.5 with potassium hydroxide. The 

pulp was then filtered, triply washed with distilled water and air dried. The determination 

of lignin phenolic hydroxyl content was according to the method of Gellerstedt et a/[88J. 

Analysis of pulp samples for methoxyl content were performed at the Schwarzkopf Micro

analytical Laboratories, Woodside, New York .. 

3.4 Preparation Of Milled Wood Lignin 

Milled wood lignin samples were prepared and analysed in the laboratories of the Pulp 

And Paper Research Institute Of Canada (PAPRICAN), Pointe Claire, Quebec, Canada. 

Black Spruce wood chips were ground to between 20 and 40 mesh in a Wiley mill. To the 

ground wood was added acetone (analytical grade), the slurry being allowed to stand for two 

days before a further solvent extraction using 10 % v/vwater/acetone. The extracted wood in 

the solvent phase was then air dried and ground to a fine powder in a ball mill[891. The wood 

meal was then dispersed in a cosolvent of 4 % v Iv water I l,4-dioxane (analytical grade) and 

stirred under oxygen and light free conditions for approximately three weeks. The resulting 

solution phase was decanted off from the remaining solid material. The solvent from the solution 

phase was then removed by rotary evaporation, the lignin residue remaining being dried under 

vacuum at between 50 and 60oC. At this stage, the extracted lignin was still in a fairly crude form 

and therefore required further purification. This was achieved by successive precipitations firstly 
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in an aqueous based solvent system followed by an organic based solvent system as follows[90,911; 

the lignin was dissolved in a co-solvent of 10 % v/v water/ ethanoic acid (analytical reagent). 

This solution was then added dropwise to water (ca. 250 ml of water per gram of lignin) to 

precipitate the lignin. The precipitate/solvent suspension was then centrifuged to separate the 

precipitate from the solvent, residual solvent being removed by freeze drying. The residue 

remaining was then redissolved in a co-solvent of 66 % v/v 1,2 dich1oroethane/ ethanol (both 

analytical reagents). Approximately 20 ml of solvent per gram of lignin was required for this 
phase of purification. Lignin was then precipitated by dropwise addition of the solution to freshly 

distilled dry diethyl ether (250 ml per gram of lignin). Completion of the purification process 

was achieved with two further washings with diethyl ether (analytical reagent). The lignin was 

then thoroughly dried initially using a stream of dry air and finally under vacuum over phosphorus 

pent oxide. The lignin remaining was faintly cream coloured and free from ash. It is this material 

that is known as milled wood lignin (MWL). Analysis of the MWL showed it to have a mean 
molecular weight of approximately 25,000. All experiments with this material were performed 

without further purification. 

3.5 Model Compounds Adsorbed on Microcrystalline Cellulose Powder 
Cellulose powder (20 I' m mean particle size, A1drich Ltd.) was dried under vacuum (65 

mBar) at 7()oC overnight prior to use. A known mass of the cellulose was weighed into a 100 ml 

beaker and immediately covered with the appropriate solvent being used in the sample prep

aration to avoid moisture uptake. To the resultant slurry was added a solution of the molecule 

to be adsorbed to give a known surface concentration in the range 5 x 10-6 to 1 x 1()4 mol.g.-1 of 
cellulose powder. Samples were then magnetically stirred, the solvent being allowed to slowly 

evaporate until only residual solvent remained. Samples were then dried under vacuum (65 

mBar) at 3()OC for at least 12 hours. All samples were stored in a vacuum dessicator prior to 

experimental investigation. 

3.6 Nanosecond Laser Flash Photolysis 

3.6.1 Apparatus 
There are two nanosecond laser flash photolysis apparatus in use in Loughborough. 

Both sets of apparatus are built around pulsed Q-switched Neodymium doped Yttrium 

Aluminium Garnet (Nd:YAG) lasers whose fundamental wavelength is located in the 

infra-red at 1064 nm. This wavelength is not the most useful for photochemical investigations 

involving paper pulp samples and therefore it was necessary to generate harmonics of the 

fundamental wavelength by passing it through appropriate frequency doubling/mixing 

crystals. For convenience, and to reduce equipment set-up time, one set of apparatus has 

become dedicated to transmission laser flash photolysis investigations, the other set-up being 

used for diffuse reflectance laser flash photolysis and time resolved singlet oxygen lumines

cence studies (section 3.7). With the exception of a few subtle differences, the two sets of 
apparatus are identical in their construction and the method by which the data acquired from 
laser flash photolysis experiments is collected and stored for further analysis. Outlined below 
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Q-switched Nd:YAG laser with a two stage (oscillator/amplifier) dye laser associated with 

it. 
The diffuse reflectance laser flash photolysis apparatus is built around a Lumonics 

HyperYAG HY200 Q-switched Nd:YAG laser_ A schematic diagram of the apparatus used 

for diffuse reflectance laser flash photolysis is shown in figure 3.1. 

The laser pulses generated by these instruments are gaussian with respect to time and 

have full width half maxima (FWHM) of approximately 20 and 8 ns respectively. Second 

harmonic generation to give 532 nm can be achieved by passing the fundamental through a 

deuterated caesium dihydrogen arsenate crystal (DCDA), frequency mixing of the 532 nm 

light with the remaining undoubled 1064 nm in a potassium dihydrogen phosphate (KDP) 

crystal resulting in the generation of the third harmonic at 354.7 nm. The fourth harmonic, 

located at 266 nm, is obtained by frequency doubling the second harmonic in an ammonium 

dihydrogen phosphate (ADP) crystal. 

The excitation wavelength used almost exclusively for the photochemical studies 

described in this thesis was 354.7 nm with occasional use of the 266 nm harmonic (see section 

4.4). 

The analysing source used on both systems is a 300 W xenon arclam p (Optical Radiation 

Corporation). Appropriate filters were placed between the arc lamp and the sample to cut 

off unwanted wavelengths. The use of an arc lamp pulsing unit (Applied Photophysics Ltd.), 

provides the lamp with an extra pulse of voltage resulting in an increase in the intensity of 

the analysing source approximately 1 ms in duration. The pulse profile has a region, 

approximately 500!,s long, where the lamp output intensity is flat with respect to time. This 

region provides approximately a tenfold increase in the intensity of the analysing source. 

The detection systems comprise of an f/3.4 grating monochromator (Applied Photo

physics Ltd) which has fully variable (0 to 8 mm) 21 mm height bilateral slits front and back 

and an R928 side window photomultiplier tube (Hammamatsu Ltd.). The accelerating voltage 

applied to the photomultiplier tube was supplied by a 412B high voltage supply (Fluke). 

Spectral resolution is related to the monochromator slit width£921 as defined in equation 3.1:-

S pectraIResolulion/(nm) - Slitl/idth/(mm)x4.6S (3.1) 

In all cases, both the front and rear slit widths were set to 1 mm giving a spectral resolution 

of 4.65 nm (FWHM). The signal from the photomultiplier tube is directed into the input of 

one of two digitising devices; a 2432A digital oscilloscope (Tektronix Ltd) which has a 

maximum single shot digitising rate of 4 ns per point or a 7612D transient digitiser (Tektronix 

Ltd.) with a 7A13 differential comparator plug-in (Tektronix Ltd.) which has a maximum 

single shot digitising rate of 5 ns per point. Both devices have the facility of a programmable 

number of pre-trigger points which were set as 28 and 24 points respectively out of a total 

data record length of 512 points. Communication of these devices with an IBM compatible 

personal computer is achieved via a PC2A general purpose interface bus (GPIB) (National 

Instruments) running communication software provided by National Instruments and 

Tektronix. 
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Both sets of apparatus have shutters placed between the laser and the sample and the 

analysing source and the sample. Opening and closing of shutters is controlled by the 

computer via a DT2808 digital/analogue analogue/digital (D/A A/D) card (Data Trans

lation Lld). 

3.6.2 Data Collection 
The software used to control and operate both sets of apparatus and to acquire and 

store data records has been written in Loughborough by Dr. D.R. Worrall, Dr. G.P. Kelly 

and Mr. PA. Leicester. 

The timing of the events leading to data collection for both flash photolysis apparatus 

is controlled by one central timing unit built in Loughborough consisting of a quartz oscillator 

and a series of analogue delay modules. 

The initial step in the data collection sequence is the triggering of the computer. Once 

triggered, the computer then instructs the digitiser, over the GPIB board to arm its timebase 

and trigger upon receipt of its next signal. The next event is the' opening of the shutters 

located between the laser and the sample and the analysing source and the sample. This 

depends upon which data set is to be collected. The baseline is collected with only the 

analysing source shutter opened, transient absorption (analysing source and laser shutters 

opened), emission trace (laser shutter only opened) and top line (no shutters opened). The 

correct opening of the shutters is achieved by the computer setting the correct bit pattern 

over the DT2808 board which either enables or disables the shutter opening depending upon 

which data set is being collected. For digitising sweeps ofless than 500!,s, the arc lamp ean 

be pulsed to give extra light intensity (see above). The timing box triggers the pUlsing unit 

to pulse after the shutters have been opened, the "plateau" region coincides with the next 

event in the collection sequence, the firing of the laser. The two digitising devices operate 

in slightly different ways. Taking the example of the 7612D, the digitiser initially records a 

full data record of pre-laser trigger points in a time gate of 2 nS for each data record point 

to give a total record length of 512 pre-trigger points. The laser firing results in the "triggering 

of the digitiser to digitise the photomultiplier signal and overwriting the pre-trigger data 

record excluding the pre-programmed number of pre-trigger points, the result of which is a 

data record comprising of both pre and post laser data points. 

The triggering of the digitiser by the laser is achieved in one of two ways; the JK2000 

laser triggers the digitiser by reflecting some of the laser pulse off a glass slide into a fibre 

optic cable which in turn is incident upon a photodiode, the HY200 laser triggering the 

digitiser via a photodiode triggered itself by residual 1064 nm light leakage from the end 

mirror of the laser cavity. Following the completion of the digitisation of the signal obtained 

from the photomultiplier, the data is transferred to the computer over the GPIB, displayed 

on the screen and then stored for later analysis. This is the complete data collection cycle. 

The computer then waits for the next signal from the timing unit for the sequence to begin 

again. During routine data collection, a single collection loop takes approximately 1.6 s. 
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3.7 Singlet Oxygen Luminescence Detection 
The detection of the phosphorescence emission at 1270 nm resulting from the radiative 

relaxation of the lowest lying excited singlet state of molecular oxygen ( 't..) was achieved using 

a singlet oxygen luminescence detector similar to the one described by Keene et al[931. The 

detector consists of a reverse biased germanium photodiode (Judson J16-8SP-1205M) coupled 

to a 55 dB gain pre-amplifier (Judson PAIOO). The rise time of the diode detector (the time 

taken for the signal to go from 10 % to 90 % of its peak amplitude) was of the order of 500 ns. 

Samples were placed in quartz cuvettes and excited with the 354.7 nm harmonic of the Nd: YAG 

laser. A filtering system was required in order to prevent light of unwanted wavelengths from 

reaching the detector. This consisted of a 2" square BG38 (Oriel Scientific Ltd.) placed after 

the laser harmonic separator to filter out residual 1064nm from the laser and a long pass infra-red 

silicon filter (Oriel Scientific Ltd. filter 57900) placed in front of the photodiode preventing all 

wavelengths below 1100 nm from reaching the detector. The detector was placed close to the 

face ofthe sample cuvette, the luminescence being detected perpendicular to the exciting source. 

The signal from the detector is digitised and stored by the computer for future analysis. 

For these experiments, typical laser pulse energies of less than 2 mJ.cm:2 were used, the 

laser energy being attenuated by a solution of sodium nitrite in deionised water with the required 

absorbance at the laser excitation wavelength (354.7 nm). 

3.8 Analysis of Data Obtained From Flash Photolysis Experiments 

As stated in section 3.6.2, four data traces are recorded during flash photolysis experiments. 

Further data manipulation is then required to obtain the desired parameters of absorbance 

change as a function of time ( tl. A (t) ) for transmission flash photolysis experiments and 

reflectance change as a function of time (tl. R (t) ) in the case of diffuse reflectance experiments. 

3.8.1 Transmission Laser Flash Photolysis 
The data manipulation required for transmission laser flash photolysis is as follows; a 

data array corresponding to the signal intensity following the laser pulse, corrected for 

emission, is generated by subtracting the emission trace (E) from the transient absorption 

trace (TA). Reliable emission corrected data can only be obtained ifthe emission trace does 

not overload the photomultiplier (ie. the emission trace remains on screen or after the 

photomultiplier has recovered from the overload). The dynamic range of the screen is 

calculated by subtracting the top line (TL) from the baseline (BL) ensuring that the change 

in transmission is independent of the position of these two traces on the screen. The 

transmission change at time t after the laser flash (tl. T (t) ) is then defined as in equation 

3.2:-

LH(t)= 1- (TA-E) 
(BL-TL) 

SI 

(3.2) 



( 
1 ) I ((BL-TL») 

L\A(t)=loglo l-L\T(t) = oglO (TA-E) 
(3.3) 

The parameter required from transmission laser flash photolysis experiments is the 

change in absorbance as a function of time, t.A(/) ,which from the Beer-Lambert Law 

(equation 1.4), t.A(/) is given by equation 3.3. 

Figure 3.2:e 
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Schematic Diagram aCThe Experimental Data Traces Recorded For Transmission Laser 
Flash Photolysis Experiments Showing The Relationship Between 6T(t), 1(0) and IC(t) 

3.8.2 Diffuse Reflectance Laser Flash Photolysis 
The Beer-Lambert Law can only be applied to non-scattering systems which allow 

transmission of the analysing light through the sample. Highly scattering/absorbing samples 

require a flash photolysis apparatus geometry optimised for the detection of changes in the 

intensity of diffusely reflected analysing light emerging from the sample. This intensity change 

can then be used to probe the excited state absorption, emission and kinetic properties of 

molecules found in such non-homogeneous non-transparent media. The geometry required 

for such studies is shown diagramatically in figure 3.1; details of which can be found in section 

1.6. 

As with transmission laser flash photolysis experiments, four data traces are recorded 

for diffuse reflectance laser flash photolysis namely baseline (BL), top line (TL), transient 

absorption (TA) and emission (E). In this case the transient absorption corresponds to a 
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change in the intensity of diffusely reflected analysing light from the sample following pulsed 

laser excitation. As previously, the dynamic range of the screen (BL-TL) and emission 

corrected absorption as a function of time (TA-E) are both calculated (see figure 33). 

The observable parameter in diffuse reflectance laser flash photolysis experiments is 
the fractional reflectance change as a function oftime (to R (t ) ) defined according to equation 

3.4:-

(3.4) 

where Rb is the sample reflectance before excitation and Rc(t) is the reflectance corrected 

for emission at time t after excitation. 

Figure 3.3:-
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Schematic Diagram Of The Experimental Data Traces Recorded For Diffuse Reflectance 
Laser Flash Photolysis Experiments Showing The Relationship Between Rt" Rc(t), J(O) 

and I:::.J (t) 

The intensity of diffusely reflected light before laser excitation (J(O» is proportional to 

(BL-TL) and the change in diffuse reflected light intensity at time t following the laser pulse 

toJ(t) is equal to (BL-TL)-(TA-E). In some cases, the percentage reflectance change is 

used instead of the fractional reflectance change and is defined as 1 OOL'> R (/). 

As has been seen in section 1.3, the analysis of data obtained from diffuse reflectance 

is not as straight forward as that for transmission laser flash photolysis experiments, a 

knowledge of the concentration of excited states (eT) as a function of penetration depth into 

the sample being required so that the correct analytical model can be applied to the data. 
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The distribution of CT is depenmnt upon many sample parameters including the concen

tration of ground state molecules before laser excitation (CA(O)), the molar absorption 

coefficient of the ground state molecules at the laser excitation wavelength (E A ), the 

reflectance (R~) and scattering coefficient (Ss) of the support material, and the excitation 

pulse intensity (le). As a consequence, there exists two limiting cases for the concentration 

profile of excited states as a function of penetration depth into the sample which require 

different data treatment methods. The shape of the concentration profiles for these two 
limiting cases are shown diagramaticallyin figure 1.3. Details of the derivation ofthe analytical 

methods applied to the data and of the Kubelka-Munk equation can be found in sections 15 

and 1.6 of this thesis. 

When the transient concentration ~ falls off exponentiallywith increasing penetration 

depth into the sample (Case A in figure 1.3), L'. R(I) is directly proportional to ~ provided 

that L'. R (I) < 0.1. For L'. R (I) values up to 0.3 deviation from linearity is small but becomes 

significant as L'. R (I) .... 1[37]. Thus, for a given decay function for the transient (f(t)) defined 

as in equation 3.5, f(t) can be obtained directly from the experimental values of 

L'.J (1)/ L'.J (0) providing that ~ ex L'. R (I) has been established. 

}(t)= Cr(t) 
Cr(O) 

(3.5) 

For a sample where a homogeneous "plug" of excited states close to the sample surface 

(case B in figure 1.3) which extends deeper into the sample depth than is probed by the 
analysing light source (dashed line in figure 1.3) data analysis is achieved by applying the 

Kubelka-Munk theory (section 1.2). The Kubelka-Munk equation[28.29] relates the diffuse 

reflectance of an optically thick sample R _ to the absorption coefficient K and scattering 

coefficient S according to equation 3.6:-

( I - R )2 K 
F(R )= = 

= 2R= S 

(3.6) 

The unitless quantity F (R _) is often referred to as the remission function[941. 

Therefore,accordingtotheKubelka-Munktheory,CTex F(R .), - F(R .). as defined 

in equations 3.7 and 3.8 (see also figure 3.3):-

F(R ) = (I-Rc(t»2 
=, 2Rc(t) 

(3.7) 
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( I R )2 
F( R ) = - b 

~ b 2R b 

(3.8) 

where F ( R • ) I is the remission value at time t after the laser pulse and F (R .). is the 

remission value before the firing of the laser. 

The arrangement of experimental conditions such that excited state profiles inter

mediate to the exponential and 'plug' type profiles discussed above are generally adopted. 

In such a case where an intermediate excited state concentration profile does occur, the 

iterative method of obtaining excited state parameters detailed in section 1.3 (case C) is 
applied. 

3.8.3 Extraction of Transient Absorption Spectra From Flash Photolysis 

Data 
The change in the absorption for solution phase studies or reflectance for solid state samples 

(11 A (I) and 11 R (I) ) respectively are collected at each analysing wavelength required giving 

a series of kinetic traces at all digitised times following the laser pulse. In order to obtain 

transient absorption spectra, points are selected at desired time delays following the firing 

of the laser. The analysis program then reads each kinetic trace sequentially in the flash 

photolysis file and extracts a value of 11 A (I) or 11 R (I) at the selected delay point in the 

kinetic trace. Following completion, a display of the observed spectrum at each selected 

delay is produced which can then be stored as a file for future inspection. 

3.9 Materials 

All solvents (benzene, cyclohexane, n-hexane, methanol, ethanol) acetonitrile and 

N,N-dimethylformamide) were of spectrophotometric grade (Aldrich Ltd.) and were used as 

received. For milled wood lignin studies, l,4-dioxane was distilled with calcium hydride to remove 

water prior to use. 

Benzophenone (Aldrich Ltd. Gold Label), naphthalene (Aldrich Ltd. Scintillation Grade), 

perylene (Aldrich Ltd. Gold Label), phenol (Aldrich Ltd. Gold Label), methoxybenzene (Aldrich 

Ltd. Gold Label), para-methyl phenol (Aldrich Ltd. > 99 %), 4-methoxyacetophenone (Aldrich 

Ltd. > 99 %), 3,4,5-trimethoxyacetophenone (Aldrich Ltd. > 99 %) were all used as received. 

The lignin model compounds 3,4-dimethoxyacetophenone (Aldrich Ltd. 98 %) and 

4-hydroxy-3-methoxyacetophenone (Aldrich Ltd. 98 %) were purified by vacuum sublimation at 

a pressure of ca. 1 x 10-5 mBar. The lignin model dimer molecule 3,4-dimethoxy

a-(2-methoxyphenoxy)-acetophenone was kindly prepared by Mr. N. Muradali at PAPRICAN 

according to the method of Alder et al[95] and triply recrystallised from ethanol (Aldrich Ltd. 

Spectrophotometric Grade). The phenolic lignin model compound telt-butylguaiacylcarbinol 

was synthesized by Dr. H. Tylli (University of Helsinki) according to the method of Roberti et 

al[96] and was purified according to Forsskah[[97] by column chromatography and recrystallisation. 

Milled wood lignin (MWL) and thermomechanical pulp (TMP) samples were prepared 

as detailed in sections 3.4 and 3.3 respectively. 
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Oxygen and nitrogen were supplied by B.O.C. Lld and were water-free. 

Microcrystalline cellulose powder (Aldrich Ltd. 20 I'm mean particle size) was used as 

received. 
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Chapter 4 

Experiments With Lignin Model Compounds 
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4 Experiments With Lignin Model Compounds 

4.1 Introduction 
As has been discussed in section 2.6, early work relating to the photoyellowing of lignin 

rich high yield mechanical pulps demonstrated the role of lignin, oxygen and moisture in the light 

induced processes leading to brightness loss with time. In order to prevent such undesirable 

processes, chemists and wood scientists began to address the complex photochemical reactions 

present in such a chemically intricate molecule as lignin. Many empirical studies involving 

steady-state irradiation of potential yellow product forming chromophores followed by product 

analysis have been documented and postulates formed as to the relevance of such studies to the 

photochemistry oflignin present in its natural form[84,98,991. It was Kringstad[841 who frrst pro

posed that ortho-quinones were one of the chromophores responsible for the yellow colour of 

mechanical pulps following exposure to near UV light (300 nm to 400 nm). This has recently 

been confirmed by Lebo et al using phosphorus (31p) NMR spectroscopy[861. Throughout the 

lignin macromolecule, many diverse chromophoric structures exist which play no direct part in 

the photoyellowing processes since they do not absorb light at wavelengths greater than 300 nm 

(cut-off wavelength of natural solar irradiation[IOOI). The chromophores present in the lignin 

structure which absorb at wavelengths greater than 300 nm that have been most widely studied 

are ring conjugated carbonyl moieties and ring conjugated carbon-carbon doubkbonds. Since 

we are interested in bleached TMP where all ring conjugated double bonds (coniferaldehyde 

type structures) have been removed from the lignin structure (section 2.4), the remainder of the 

discussion here will be concerned with the photochemical behaviour of the Cl -carbonyl moieties. 

Model studies involving the photochemical behaviour of coniferaldehyde lignin model com

pounds can be found in the literaturel101,I021. 

The photochemical interaction between Cl -carbonyl lignin model compounds with phenolic 

hydroxyl moieties also present in the lignin macromolecule have demonstrated that the hydrogen 

atom abstraction of phenolic hydroxyl hydrogens by excited states of Cl -carbonyl moieties is an 

efficient process and leads to a phenoxy-ketyl free radical pair. The fate of such species is 
dependent upon both substitution patterns on the aromatic ring system and also the availability 

of ground state molecular oxygen[!03,1041. The reaction pathways leading to yellowphotoproducts 

in the form of ortho and para quinones and other coloured oligomeric materials are still not fully 

understood. Many of the studies involving Cl -carbonyl and phenolic lignin model compounds 

were performed in fluid solution[105,106,I07] where free diffusional mobility of reactive species 

and dissolved oxygen are considerably enhanced relative to diffusional processes in TMP fibres 

where oxygen diffusion is considerably slower11081. Consequently, direct photochemical com

parisons between the behaviour of lignin model compounds and chromophores present in TMP 

can only be made with this observation in mind. 

The role of singlet molecular oxygen ( '6. (0 2 ) ), sensitized by excited triplet states of 

Cl -carbonyl moieties has also been studied[I09,llOI. The ability of singlet oxygen to abstract 

hydrogen atoms from phenolic hydroxyl moieties has been demonstrated in fluid solution[11l,112) 

leading to the formation of a phenoxy free radical and a hydro-peroxy radical( HO 2' ), the 

phenoxy radical possibly going on to form yellow photoproducts. The observation that high yield 

pulp samples actually photobleach upon exposure to singlet oxygen[1l3) serves to highlight the 
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problem of extrapolating results obtained in fluid solution with those of lignin in its native 

environment. A summary of the photochemical interaction between a-carbonyl triplet states 

and phenolic hydroxyls known to be present in the lignin matrix which ultimately lead to the 

formation of ortho and para quinones is shown in figure 4.1:-

3 

o~ h' .- O~OMO . OMe 
OH OH 

3 

OH 

O~OMO '0 O~ 
r$tMO ~OMO • o + --0+0 

OMe 
L OH L OH 

L = Lignin 

Figure 4.1:- A Summary of the Photochemical Interaction Between a -carbonyl Triplet States and Phenolic 
Hydroxyls Present in the Lignin Matrix 

More detailed reaction schemes can also be found in the literature1103]. The observation that 

treatment of milled wood lignin (MWL) with sodium borohydride (ie. removing all a -carbonyls) 

reduces the extent of photoyellowing clearly implicates the a -carbonyl moieties as a photo

sensitiser in the lignin degradation mechanismI114]. The observation by many workers that, 

following chemical replacement of all lignin phenolic hydroxyls with methyl or acetyl groups (ie. 

removal of a primary source of phenoxy free radicals), high yield pulps still undergo photoyel

lowing suggest the presence of at least one more colour reversion mechanismI83,115]. When TMP 

is both reduced and alkylated, decrease in the extent of brightness loss to levels just above those 

observed for Kraft pulps is observedl1l61. It was Gierer and Lin who first demonstrated that 

non-phenolic a-carbonyl phenacyl-aryl-ether type lignin model compounds (section 2.3) under 

air equilibrated conditions yellowed upon exposure to simulated solar irradiationI115]. Many 

subsequent studiesI1l7,118,119,120] into the photochemical behaviour of such .B -0-4 aryl-ether 

linkages both in solution and adsorbed onto lignin free paperI121,122,123] have since been 

documented in the Iiteraturell24,125,126]. In solution, the photochemistry of this type of molecule 

is dominated by efficient inter-molecular f3 -phenyl quenching of the excited a-carbonyl triplet 

state yielding extremely short triplet lifetimes of the order of a few hundred picoseconds to a few 

hundred nanoseconds depending upon substitution patterns upon the aromatic rings, electron 
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donating groups on the ring systems having the effect of extending the triplet lifetime. In addition 

to the efficient quenching mechanism, a degradation mechanism involving the photochemical 

cleavage of the COO bond to yield a phenoxy-phenacyl free radical pair is also observed, a 

phenomenon enhanced by electron donating groups on the aromatic ring systems. Studies 

involving the quenching of all photochemically generated triplet states suggest that such a cleavage 

reaction may occur from both excited singlet and triplet manifolds[I24J, a result which has been 

recently confirmed by chemically induced dynamic nuclear polarisation (CIDNP) spectrosco

pylI27J. A summary of the proposed photochemical behaviour of fJ -0-4 lignin model dimers is 

presented in figure 4.2:-
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Figure 4.2:- Proposed Photochemical Behaviour of fJ ·04 Lignin Model Dimers in Fluid Solution[120] 
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Product analysis following the photochemical degradation of et -(2-methoxyphenoxy) 

-3,4-dimethoxyacetophenone are consistent with the following mechanisms:-

(a) Scavenging of phenacyl and guaiacoxyl radicals by hydrogen donors 

(b) Ortho and para couplings leading to phenacyl-guaiacols isomeric to the starting material 

(c) Dimerisation of phenacyl radicals 

(d) Formation of yellow oligomeric materials 

(e) Radical recombination to regenerate the starting material 

As can be seen from both figures 4.1 and 4.2, substituted phenoxy type radicals are formed 

by at least three mechanisms in solution. The fate of such a radical species is dependent upon 

the availability of oxygen or a good hydrogen donor to deactivate. Also, photodegradation product 

distribution shows some solvent dependency indicating that the environment in which the phenoxy 

radical is formed plays a role in determining which deactivation process will dominate. 

Other model compounds systems have been studied in solution under steady state 

irradiation conditions. Irradiation of et -0-4 lignin model dimer molecules have also been shown 

to photodegrade via a cleavage reaction involving the et -carbon to oxygen bond, again yielding 

a phenoxy free radical species[1281, In all of the above mechanisms, a vast array of identified 

products are recovered as a result of random couplings between free radical species, some of 

which give the irradiated solutions a yellowish colour. 

Many of the studies involving lignin model compounds have been performed in solution 

under steady-state irradiation conditions. It was the aim of the currently described section of 

work to investigate the time resolved transient photochemistry of a simple 'o-carbonyllignin 

model compound in an attempt to gain insight into the behaviour of such a chromophore when 

present as part of the lignin macromolecule itself. The model compound chosen for this purpose 

was acetoveratrone (3,4-dimethoxyacetophenone). Although transient data concerning this 

compound can be found in the literaturel120I, little is specifically known as to the effect of solvent 

upon its transient behaviour in terms of triplet-triplet absorption maxima, absorption coefficient 

and triplet state lifetime. Such studies may serve as useful indicators in the assigument of the 

short lived transient species observed following pulsed laser excitation of MWL (in solution and 

adsorbed onto microcrystalline cellulose) and also from TMP itself. 

4.2 Excited State Photochemistry Of 3,4-Dimethoxyacetophenone in Fluid 

Solution 

4.2.1 Triplet-Triplet Absorption Spectra and Triplet Lifetimes 
The molar absorption coefficient of3,4-dimethoxyacetophenone in all the solvents used 

in the following studies at the laser excitation wavelength (354.7 nm) is extremely small « 
30 I.mol.-1cm:1) and therefore it was required that a ground state concentration of 

approximately 10-2 mol.I:1 was required in order to gain sufficient absorbance at this 

wavelength to perform flash photolysis experiments. The transient absorption spectrum of 
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3,4-dimethoxyacetophenone in degassed benzene solution is shown in figure 4.3 at four time 

delays following the laser pulse. 
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Figure 4.3:-
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Transient Absorption Spectrum of 3,4-Dimethoxyacetophenone in Degassed Benzene 

Solution at Four TIme Delays Following the laser Pulse 
Del'yTime,.re (I) 0.6 1", (2) 3.5 1", (3) 8.6 1" .nd (4) 46.6 1" 

The spectra are characterised by a single I. mox located at ca. 365 nm which does not change 

with time delay following the laser pulse, and a broad structureless absorption extending to 

beyond 600 nm. By attenuating the laser energy to ca. 1 mJ.cm.-2 per pulse, a clean first 

order fit (global fit of 4 individual traces) to the transient decay (analysing at 370 nm) is 

observed (figure 4.3) yielding a lifetime for the transient of 40 I's '" 0.5 I's. The transient 

decays with the same kinetics at all analysing wavelengths indicating that the absorption 

spectrum is due to a single transient species. The lack ofIong lived transient species following 

decay of the initial transient signal demonstrates the inertness of this excited state to 

photochemical reaction, a point further demonstrated by the superimposition of the ground 

state absorption spectrum following exposure of a sample of3,4-dimethoxyacetophenone (in 

degassed benzene) to approximately 400 laser pulses (ca. 25 mJ.cm.-2 per' pulse). The 

spectrum is assigned as absorption from the lowest lying triplet state of 3,4-dimethoxyace

tophenone. The lowest lying triplet state is assigned as the 3 (n, n') state based on the 

following evidence:-

(a) The triplet-triplet absorption spectrum and I. mox position are similar to those observed 

for 4-methoxyacetophenone in cydohexane solutionl1291. Also, 4-methoxyacetophenone has 

been shown to have a 3 (n, n') lowest lying triplet statell30,131] in all solvents. 
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Cb) No room temperature phosphorescence is observed for this molecule in benzene solution 

indicating that the natural radiative lifetime is long. 

The triplet-triplet absorption spectrum of3,4-dimethoxyacetophenone was also obtained in 

acetonitrile and N,N-dimethylformamide. As with benzene, a single transient species at short 

time delays after the laser pulse was observed (figures 4.4 and 4.5). However, a small residual 

absorption following decay of the triplet state observed at long time delays following the laser 

pulse was observed which reflect a small degree of photochemical reactivity of 3,4-dime

thoxyacetophenone in these solvents . 
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Figure 4.4:-
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The position of the triplet absorption A. mox is observed to be red shifted relative to its position 

in benzene by ca. 15 nm to 20 nm to ca. 380 nm. First order fits to the kinetic traces (using 

low laser intensities) at the absorption A. m• x yield triplet lifetimes of 16 )JS '" 0.5 ,",S in 

acetonitrile and 20 ,",S '" 0.5 ,",S in N,N-dimethylformamide respectively. 

Relative to solvent effects, electron donating groups (such as methoxyl or methyl 

moieties) present on the aromatic ring of acetophenone derivatives have a considerable 

influence in determining the nature of the lowest lying triplet state of such compounds. 

Acetophenone itself is well known to have a lowest lying triplet state that is 3 (n. n') in 

nature whereas 4-methoxyacetophenone has a lowest lying 3 (n. n') statdl291. For methoxy 

substituted acetophenone derivatives, electron donating moieties also determine the energy 
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separation between the lowest lying triplet 3 (n, n') state and the T 2 state which has 3 (n , n') 

character. 
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Figure 4.5:-
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Transient Absorption Spectrum of 3,4-Dimethoxyacetophenone in Degassed N,N-Dime
thylformamide Solution at Four TIme Delays Following the Laser Pulse 
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For example, the triplet lifetime of 4-methoxyacetophenone in N,N-dimethylformamide was 

observed to be approximately 6.5 I's. This may be explained in one of two ways:-

(a) The removal of the methoxy moiety in the three position on the aromatic has the effect 

of reducing the energy gap (~E T ) between the two almost iso-energetic 3 (n, n') and 

3 (n, n') triplet states. 

(b) Increased coupling between the two triplet states as a result of changing the mixing 

coefficients of the two triplet states (section 1.1.3) will have the effect of shortening the triplet 

lifetime ("t T ) due to an equilibrium population of upper 3 (n, n') states being present as 

~ ET decreases. 

Unequivocal assignment of transient absorption spectra shown above as that of the 

triplet state of 3,4-dimethoxyacetophenone was obtained by sensitization experiments with 

perylene and naphthalene as triplet energy acceptors. Shown in figure 4.6 is the transient 

absorption spectrum for triplet naphthalene in de-oxygenated benzene sensitized by 

3,4-dimethoxyacetophenone. 
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Figure 4.6:-

(1) 

400 450 500 
Wavelength I nm 

Triplet-Triplet Absorption Spectrum of Naphthalene Sensitised By 3,4-Dimethoxyaceto

phenone in Degassed Benzene Solution 

Time Delays are (I) 1.83 1.lS, (2) 10.0 1", (3) 26.4 1" and (4) 160 1" 

The concentration of naphthalene (0.1 mol.l;I) was such that all the photoinduced triplet 

states of the lignin model compound are quenched instantaneously on the timescales of these 

experiments. The characteristic sharp absorption bands of the naphthalene triplet state ( 

11. ~~, = 400 nm and 425 nm) are observed and are in good agreement with the literature!132]. 

In the following section, the quenching oflaser induced triplet states with a high concentration 

of naphthalene (0.1 moI.I;I) has been used to determine the singlet-triplet intersystem 

crossing quantum yields ($, ) of the lignin model compounds under investigation in the 

present study. All acetophenone derivatives have a triplet energy close to or slightly above 

300 kJ.mol;I[133] therefore quenching by naphthalene whose triplet energy is located at 255 

kJ.mol;I[I34] is a process which takes place with unit efficiency[135]. 

4.2.2 Singlet-Triplet Intersystem Crossing Quantum Yields 

The intersystem crossing quantum yields (q" ) were measured for a series of aceto-

phenone derivatives that are structurally similar to the a -carbonyl chromophoric moieties 

found in native lignin. Benzophenone is well documented to have a intersystem crossing 

quantum yield of 1 in benzene solution[136] and therefore was used as a standard for these 

experiments. 

The triplet quantum yields were measured by two methods, a reaction scheme appli

cable to both techniques being detailed below where K is the ketone (or benzophenone) and 
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N is naphthalene present at a concentration (0.1 mol.l.-I ) sufficient to quench all 

photo-induced ketone triplet states. 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

troll 

'';.(02) --> 3L~(02)+hv(l270nm) 
(4.6) 

In the absence of oxygen, the change of absorbance at 425 nm (,; A "'am) due to the formation 

oftriplet naphthalene (equations 4.1 to 4.4) as a function of laserintensity (the laser intensity 

was attenuated by means of sodium nitrate filters of known absorbance at the laser excitation 

wavelength) is monitored for a benzophenone/naphthalene sample and also the keto

ne/naphthalene sample under identical conditions. Each of the samples was optically 

matched at the laser excitation wavelength to ensure an equal number of photons absorbed 

by each sample, typical absorbances being approximately 0.5 at 354.7 nm. From equations 

4.1 to 4.4, the triplet quantum yield ($ T ) for the unknown ketone (K) is obtained according 

to equation 4.7:-

q,K= slopeK x(l-lO-Ahzp 

T slopeBzp (1- lO-Ah 

(4.7) 

where the first term is the ratio of the slopes of ,; A '25am (extrapolated to zero time after 

the laser pulse) as a function oflaser intensity for the unknown ketone (K) and benzophenone 

(Bzp) respectively. The second term in equation 4.7 accounts for small differences in 

absorbance (A) between samples at the excitation wavelength (354.7 nm). In all cases, 

correction factors no greater than 1" 0.05 were required. 

In the presence of oxygen (all samples were air equilibrated), equations 4.5 and 4.6 

also apply whereupon the singlet oxygen luminescence intensity (I ~ ), extrapolated to zero 
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time following the laser pulse, as a function of laser intensity are plotted and equation 4.7 

applied to the resultant data. For the luminescence data collection, the samples were 

contained in 1 cm " 1 cm quartz cuvettes, the singlet oxygen luminescence being detected at 

right angles to the direction of the laser (see section 3.7 for details of the singlet oxygen 

luminescence detection system), 

The samples studied were benzophenone, 4-methoxyacetophenone, 3,4-dimethoxyaceto

phenone, 4-hydroxy-3-methoxyacetophenone, 3,4,5-trimethoxyacetophenone and 

a -(2-methoxyphenoxy)-3,4-dimethoxyacetophenone. Representative plots of I ~ as a 

function oflaser intensity for the sensitizers benzophenone, 3,4-dimethoxyacetophenone and 

a-(2-methoxyphenoXY)-3,4-dimethoxyacetophenone are shown in figures 4.7, 4.8 and 4.9 

together with the best least squares straight line fit to the data. 
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Linear regression analysis was only performed at sufficiently low laser intensities to ensure 

that the plots of I ~ as a function of laser intensity were linear which were found to be up to 

4 % of the full laser intensity of ca. 28 mJ.cm.-2. At high laser intensities, deviation from 

linearity was observed for such plots (figure 4.10) due to absorption of the laser pulse by the 

naphthalene triplet state resulting in a less than predicted yield of singlet molecular oxygen, 

an observation also noted by other workers[137l. 
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Figure 4.8:-
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Figure 4.11:-
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together with the Best Straight Line Fit to the Data from figure 4.7 

• 

1 2 3 4 5 6 

Laser Intensity I mJ. cm ~ 

A Plot of!:J. A m.", as a Function of Laser [ntensitywith Benzophenone as Sensitizertogether 

with the Best Straight Line Fit to the Data 

69 



S 

~ 
<I 

Figure 4.12:-

Figure 4.13:-

.1 

.08 

.06 

.04 

.02 

0 
0 1 2 3 4 5 6 

.08 

.06 

.04 

.02 

Laser Intensity I mJ. cm .0.2 

A Plot of 6A 41S 
... as a Function of Laser Intensity with 3,4.Dimethoxyacetophenone as 

Sensitizer together with the Best Straight Line Fit to the Data 

o~--~----~------~~--~--~ o 1 234 5 6 
Laser Intensity I mJ • cm ;-2 

A Plot of!:J. A m .. • as a Function or Laser Intensitywith 4-Hydroxy-3-methoxyacetophenone 

as Sensitiser Together with the Best Straight Line Fit to the Data 

70 



Figure 4.14:-
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Corresponding representative plots of ~ A 425'm as a function of iaser intensity are 

shown in figures 4.11, 4.12 and 4.13 for the sensitizers benzophenone, 3,4-dimethoxyaceto

phenone and 4-hydroxy-3-methoxyacetophenone together with a higher laser intensity plot 

for benzophenone sensitization (figure 4.14). 

A similar curvature of such plots is observed when analysing by the D. A '25.m method. 

Unfortunately, direct comparison of the extent of curvature at high laser intensities between 

I ~ and D. A .25.m is not possible due to the data sets being recorded on two different flash 

photolysis systems. The results of the studies are shown in table 4.2 (P.T.O.). 

As can be seen, all acetophenone derivatives have triplet quantum yields which 

approach unity with the exception of the P -0-4 lignin model dimer molecule which has a 

triplet quantum yield of approximately 0.5, an observation in agreement with other wor

kers[I381. This observation supports the evidence of Palm et al who proposed that 

photodegradation of this molecule occurred via the singlet and triplet excited states[127], and 

also those of Schmidt et al[1241 based on the fact that the addition of sufficient triplet state 

quencher (l,3-butadiene) to quench 99 % of photoinduced triplet states failed to prevent 

photodegradation of this molecule. 
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<P ~(1) 

Ketone l~ !:l. A 425ltm 

Benzophenone 1.00(2) 1.00(2) 
4-methoxyacetophenone 0.98 0.98 
3,4-dimethoxyacetophenone 0.96 0.94 
3,4,s.trimethoxyacetophenone 0.91 0.94 
4-hydroxy-3-methoxyacetophenone 0.94 0.92 
et: -(2-methoxyphenoxy)-3,4-dimethoxyacetophenone 0.50 0.55 

Table 4.2:- Summary of Results Determining 41~ for a Series of Lignin McxJe1 Compounds in Benzene 

Solution by Two Different Methods 

(1) An error of. 10 % is estimated for these measurements 

(2H ~ = las standard[1361 

It must be noted that, the triplet quantum yield upon successive methoxylation does 

show a decreasing trend, an observation in agreement with Wagner et aJ!1391 who obtained 

a triplet quantum yields for 4-methoxyacetophenone in benzene of 0.98 relative to aceto

phenone ($7 = 1[1361). However, it must be borne in mind that, given that the estimated 

error in these measurements is '" 10 %, this observation may simply be experimental error. 

4.2.3 Triplet State Molar Absorption Coefficients 
The molar absorption coefficient of triplet 3,4-dimethoxyacetophenone and the lignin 

model dimer a-(2-methoxyphenoXY)-3,4-dimethoxyacetophenone were measured in 

degassed benzene solution relative to that of the benzophenone (Bzp) triplet at 525 nm ( • 

= 7220I.mol.-lcm.-l)[1401. In all cases, a fast digitising time base was employed such that the 

change of absorbance (t. A) at zero time after the laser pulse could be read directly from 

the data trace. The change in absorbance at the A. mox of the transient absorption (A.~:x) 

for each optically matched sample (absorbance approximately 0.2 at the laser excitation 

wavelength) was recorded three times at a series of laser intensities (100 % laser intensity 

= ca. 25 mJ.cm.-2). The results were average and plotted as shown in figure 4.15 for ben

zophenone and 3,4-dimethoxyacetophenone. 

Each data set was fitted with a linear least squares fitting routine to obtain the best 

straight line fit to the data, the molar absorption coefficient for the unknown ketones (K) 

being calculated according to equation 4.8. As previously (equation 4.7), the second term 

on the right hand side of the equation accounts for the small differences in absorbance at the 

laser excitation wavelength (354.7 nm), the third term accounting for the less than unity value 

of the triplet quantum yield for the dimer molecule. For calculation of the molar absorption 

coefficient of the dimer molecule, a triplet quantum yield of 0.53 (ie. an average of the values 

obtained from table 4.2) was used. A summary of the results is presented in table 4.3. 
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( 1 lO-A) ",Bzp 
E~m"= slopeK x - BzpX_'I'_T_x7220 

slopeBzp (1- lO-Ah ~~ 

(4.8) 

k mn 

Ketone ~T A.~~x/nm " (3) 
I.m.al,-Iem.-i 

Benzophenone 1(1) 530 7220(4) 
3,4-dimethoxyacetophenone 1 365 12500 
Cl: -(2-methoxyphenoxy)-3,4-dimethoxyacetophenone 0.53(2) 395 8900 

Table 4.3:- Triplet Molar absorption Coefficients of the Lignin Model Compounds 3,4-dimethoxy

acetophenone and a-(2-methoxyphenoxy)-3,4-dimethoxyacetophenone in Benzene Sol

ution 

(I)., = 1[136) as standard 

(2) Average of the Values Obtained in table 4.2 
(3) An error of * 10 % is estimated for these measurements 
(4). = 7'.20 I.mol.-1cm:I[140) as standard 
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Figure 4.15:-
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Plots of t::. A at the Transient Absorption Maxima ()o.~~. ) as a Function of Laser Intensity 

for Denzophenone and 3,4-Dimethoxyacetophenone Together With the Best Straight Line 
Fit to the Data. 
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A similar value for the molar absorption coefficient of triplet 3,4-dimethoxyacetophenone in 

N,N-dimethylformamide was also observed. Typical error in the values quoted in table 4.3 

are ca. '" 10 %. The values for the molar absorption coefficient of acetophenone derivatives 

are in good agreement with the literaturel1291. It is interesting to note also that the absorption 

maximum of the triplet state of the dimer molecule is bathochromically shifted by some 30 

run relative to that of 3,4-dimethoxyacetophenone in benzene solution, a point which will be 

discussed later in this chapter (section 4.4). 

4.2.4 Triplet State Quenching by Phenol and Methoxybenzene 

The photochemically induced phenolic hydroxyl hydrogen atom extraction by excited 

triplet states of aromatic ketones has been demonstrated to be an efficient process for both 

3 (0, 0') states and 3 (n. 0') states[1411. The quenching rate constant for a predominantly 

3 (0, 0') carbonyl triplet 4-methoxypropiophenone was found to be greater than those 

observed for benzophenone itself. This may be attributed partly to the existence of an 

equilibrium popUlation of 3(n,o') and 3(0,0') states (6E T ;, 12 to 17kJ.mol;1) and 

also to the fact that the lowest lying 3 (0 , n .) state possesses some 3 (n, n') characterl1391. 
In the lignin macromolecule, substitution effects and the polarity of environment are 

conducive to the lowest lying ,,-carbonyl triplet state being predominantly. of 3 (n, 0') 

character resulting in greatly reduced reactivity towards alcoholic or hydrocarbon hydrogens 

within the lignocellulosic matrix[142,143,l44,145,1461. The rate constant (k') for the decay of the 

triplet state of 3,4-dimethoxyacetophenone in the presence of the quencher (0) is related to 

the rate constant for triplet state decay in the absence of a quencher (kd), the quenching rate 

constant kq and the quencher concentration ([0]) according to equation 4.9:-

(4.9) 

Thus, a plot of k' as a function of [0] should be linear with slope equal to kq and intercept 

kd• The triplet state decays were obtained by simultaneously fitting four kinetic traces with 

a first order function of the form (equation 4.10):-

ACt) = ACO)e -(k"pt) + B (4.10) 

where A(t) is the change in absorbance (analysing at 365 nm) at time t after the laser pulse 

and A(O) is the absorbance at zero time following the laser pulse. The term B accounts for 

a small amount of residual absorption due to the formation of the keiyl radical of 

3,4-dimethoxyacetophenone which decays on a timescale at least two orders of magnitude 

longer than that of the triplet state and can therefore be regarded as a baseline offset on the 

timescale of the experiment. In the case of phenol, B also has a contribution from absorption 

by the corresponding phenoxy radical. The results of the data analysis are shown in tables 

4.4 and 4.5 and are shown graphically in figures 4.16 and 4.17. 
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[phenol]/ 10-'mol.I.- 1 k' 1I0's.- 1 

Table 4.4:-

4.34 2.56 

8.67 5.21 

13.01 8.15 

17.34 11.09 

21.68 14.73 

Experimental Rate Constants (k') as a Function of Phenol Concentration for the Quenching 
of Triplet 3.4-Dimethoxyacetophenone in Benzene Solution 

[M ethoxybenzene]/ I 0-2mo 1.1.- 1 k'1I0's.- 1 

Table 4.5:-

2.61 0.73 

5.23 1.60 

7.85 1.96 

10.46 2.91 

13.08 3.58 

Experimental Rate Constants (k') as a Function of Metboxybenzene Concentration for the 
Quenching of Triplet 3,4-Dimethoxyacetophenone in Benzene Solution 

The quenching rate constant for 3,4-dimethoxyacetophenone (absorbance at 354.7 nm 

~ 0.1) by phenol or methoxybenzene in benzene solution were determined to be 6.3 x 109 

and 2.6 x 106 I.mol.-1s.-1 respectively. The data demonstrates that the triplet states o( 

3,4-dimethoxyactophenone is efficiently quenched by phenol even though it has been dem

onstrated that it is predominantly of a 3 (n, n') nature. Quenching by methoxybenzene 

proceeds at a considerably slower rate than phenol via a mechanism not involving the triplet 

state of methoxybenzene given that the triplet energy ofmethoxybenzene (340 kJ.moL-I[I341) 

relative to the acetophenone derivatives (approximately 300 kJ.mol.-1) make efficient 

triplet-triplet energy transfer an energetically unfavourable process. 

The above data demonstrates the efficiency of the quenching mechanism between 

aromatic '" -carbonyl triplet states and phenolic functionalities. Given the considerable 

spectral overlap of the phenoxy-ketyl radical pair at 365 nm, it was not possible to determine 

the quantum yield of the free radical pair from these experiments. Estimates of such yields 

using a substituted phenol with a phenoxy radical whose absorption maxima is sufficiently 

red shifted to allow detection with only minor interference from the respective ketyl radical 

(eg. p-cyanophenol,1I. m.x = 443 nm[147]) have shown that the quantum yield of phenoxy-ketyl 

free radical pairs is of the order of 0.55 when determined for a p-methoxypropiophenone/ 

p-cyanophenol system in degassed benzene solution[1411. 
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This suggests that the quenching of the triplet state of3,4-dimethoxyacetophenone by phenol 

in the above experiments to yield the corresponding phenoxy-ketyl free radical pair may be 

an efficient process. 

4.3 Photochemistry of 3,4-Dimethoxyacetophenone Adsorbed Onto Micro
crystalline Cellulose 

A series of samples of varying concentration of3,4-dimethoxyacetophenone adsorbed onto 

microcrystalline cellulose were prepared according to the method detailed in section 35. Shown 

in figure 4.18 are the ground state diffuse reflectance spectra for these samples together with the 

ground state diffuse reflectance spectrum of blank cellulose itself. Shown in figure 4.19 are the 

respective uncorrected (see later) Kubelka-Munk spectra (see equation 3.6) for this series of 

samples. 
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Figure 4.18:-
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Ground State Diffuse Reflectance Spectra ora Series or Samples of3,4-Dimethoxyacetophenone 
Adsorbed onto Microcrystalline Cellulose 

From these spectra the following points can be noted:-

(a) The absorption lambda maxima for 3,4-dimethoxyacetophenone adsorbed onto microcrys

talline cellulose are located at 274 nm and 307 nm and are located at wavelengths almost identieai 

to those observed in polar solvents (~m" in ethanol are 274 nm and 304 nm respectivelyll48I). 

(b) A similar ratio of molar absorption coefficients ( e 274nm/e 307nm ) for 3,4-dimethoxyaceto

phenone both in solution and when adsorbed onto microcrystalline cellulose is observed. 

(c) At the loadings of 3,4-dimethoxyacetophenone studied, there is little or no ground state 

absorption at the usual laser excitation wavelength of 354.7 nm. Consequently, following pulse 
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laser excitation at this wavelength, no easily detectable reflectance changes using diffuse 

reflectance laser flash photolysis were observed for this series of samples. 
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Figure 4.19:-
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Corresponding Kubelka-Munk Spectra for a Series of Samples of 3,4-Dimethoxyacetophenone 
Adsorbed onto Microcrystalline Cellulose 

As mentioned in section 3.1, all ground state diffuse reflectance spectra were measured 

relative to a barium sulphate white reflectance standard. The reflectance of the white standard 

is set to 100 % prior to the recording of sample reflectance spectra. However, when quantitative 

values for the Kubelka-Munk Remission Function (F eR.) ) (see section 1.5) are required, such 

an assignment is not valid given that the absolute reflectance of barium sulphate is less than 100 

% at all wavelengths of interest to the physical photochemist. At wavelengths between 400 run 

and 800 nm, an absolute percentage reflectance value of 97.5 % as given by Middleton and 

Sanders[149] is typically used for such quantitative studies (under ideal contaminant free condi

tions, absolute reflectance measurements of greater than 99 % have been observed for highly 

purified samples of barium sulphatel1S0,IS1]). 

The dynamic range of the spectrophotometer is determined by assigning the white standard 

as having a percentage reflectance value of 100 at all wavelengths of study and then measuring 

the reflectance of a matt black sample of carbon black. In practice, a reflectance of between 4 

% and 7 % for such a sample is observed relative to the barium sulphate standard. Across the 

whole visible region of the electromagnetic spectrum, a reflectance of 5 % is observed for the 

carbon black sample (see figure 4.18). What is required therefore, is a reflectance correction 

method which accounts for the non-ideal behaviour of both the white and black standards in 

order to obtain quantitative values ofF eR.) for the series of samples under study here. Given 

that for the wavelength region 400 nm to 800 nm, the reflectance of both the white and black 
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standards do not change relative to each other, the correction procedure is therefore relatively 

simple and is summarised as follows:-

For a sample of measured percentage reflectance Robs, the reflectance corrected for the white 
standard (R f ) is given by:-

R c _ Robs 100 - x--
W Rwbs 

(4.11) 

whereR W''' is the absolute percentage reflectance of the barium sulphate at a given wavelength. 

By a similar argument, the percentage reflectance of the black standard corrected for the white 
(R ~ ) is given by:-

R c RobS 100 = x--
B B Rf",bs 

(4.12) 

It therefore follows that the percentage reflectance of a sample corrected for both 'the white and 
black standards (Rf,.) is given by:-

C R~-R~ 
R VB = ( _ R~ ) 

I 100 

(4.13) 

The correction of ground state diffuse reflectance spectra at wavelengths below 400 nm is however 
complicated by the fact that the absolute reflectance of barium sulphate does not remain constant 

but gradually falls to a value of ca. 93 % at 250 nm. The absorption maximum located at 274 
nm (figure 4.19) observed for the series of samples of3,4-dimethoxyacetophenone adsorbed onto 
microcrystalline cellulose was used to test this correction procedure, the results of which are 
shown in table 4.6 and graphically in figure 4.20. The values for the percentage reflectance of 

the white reflectance standard at 274 nm was estimated to be 93.0 %. The measured reflectance 
of the black standard at this wavelength was observed to be ca. 6.2 %, the corrected reflectance 

data detailed in table 4.6 being based upon these values. 

As can be seen in figure 4.20, the application of the correction technique detailed in 
equations 4.11 to 4.13 produces a linear behaviour between ketone concentration and F (R .) 

and serves to emphasise the necessity to correct reflectance spectra for the non-ideal behaviour 
of reflectance standards. As we will see later in this section, the intensity of laser induced 

reflectance changes as a function of ketone loading (figure 4.22) are therefore less likely to be 
explained simply by errors in the determination of ketone concentration on the surface of the 

cellulose. Also, the fact that a linear behaviour is observed is indicative of the fact that the highest 
loading of ketone has not produced a surface coverage of a full monolayer[IS21. 
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Figure 4.20:-
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Table 4.6:-

2.0 

1.6 
v 

1.2 

0.8 

V Uncorrected Data 

0.4 --- . Corrected Data 
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[Ketone] I 10 -lImo!. g ~1 

Plots of Corrected and Uncorrected Kubclka·Munk Remission Function (FeR .. ) ) Values 

(measured at 274 nm) as a Function of the Concentration of 3,4-Dimeth~xyacetophenonc 

Adsorbed onto Microcrystalline Cellulose 

R274nm F(R.)"C Rl;. Rf,s F(R.)c 

59.05 0.142 63.49 60.88 0.126 

53.02 0.208 57.01 53.94 0.197 

50.34 0.245 54.13 50.85 0.238 

43.40 0.369 46.67 42.86 0.381 

35.09 0.600 37.73 33.28 0.669 

29.89 0.822 32.14 27.29 0.969 

21.17 1.468 22.76 17.69 1.986 

Data Relating to the Correction of the Values of the Kubelka-Munk Remission Function 
(F(R_> ) at 274 nm for a Series of Samples of 3,4-Dimethoxyacetophenone Adsorbed onto 
Microcrystalline Cellulose 

R274 nm = Observed Reflectance at 274 nm 
F(R .. )UC = Uncorrected Kubelka-Munk Remission Value 

Rf.. = Reflectance Value Corrected for the White Reflectance Standard 
R~.. = Reflectance Value Corrected for the White and Black Reflectance Standards 
F(R.)' = Corrected Kubelka .. Munk Remission Value 
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As had been mentioned, the lower molar absorption coefficient of 3,4-dimethoxyaceto

phenone at the laser excitation wavelength typically used in these studies did not yield a transient 

absorption which could easily be studied by diffuse reflectance laser flash photolysis. It was 

therefore necessary to make use of the fourth harmonic of the Nd:YAG laser (266 nm) as an 

excitation source. Diffuse reflectance laser flash photolysis using 266 nm laser excitation has 

scarcely been reported in the literature. Wilkinson et al obtained the transient difference spectrum 

for a series ofketones adsorbed onto the hydrophobic zeolite silicalite!IS31. However, no reference 

can be found reporting the direct excitation of adsorbed molecules on a microcrystalline cellulose 

support material using 266 nm laser excitation. The transient difference spectrum observed 

following 266 nm (ca. 9 mJ.cm.-2) pulse laser excitation of3,4-dimethoxyacetophenone (1.04 x 

10-5 mol.g.-1) adsorbed onto microcrystalline cellulose is shown in figure 4.21 together with the 

transient difference spectrum of blank cellulose sample recorded under identical conditions . 
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Figure 4.21:-
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Transient Difference Spectrum of3,4-Dimethoxyacetophenone (1.04 x 10-5 mol.g. -1) Adsorbed 
onto Microcrystalline Cellulose and the Transient Difference Spectrum for a Blank Cellulose 
Sample Recorded Under Identical Conditions 
Spectra Were Obtained at a lime Delay of3J.lsAfter the Laser Pulse 

As can be seen, the transient absorption A.mo< for the ketone sample is located at 400 nm and 

is assigned as the triplet-triplet absorption spectrum of 3,4-dimethoxyacetophenone on the 

grounds of its similarity to the triplet-triplet absorption spectrum of this compound found in 

solutionl120l. The transient observed for blank cellulose shows a broad structureless absorption 

with no easily identifiable absorption A. mu, Assign. ment of the transient species responsible 

for this absorption is difficult but possibly maybe attributed to one (or both) of the following 

species:-
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(a) Microcrystalline cellulose, during its formation may result in the formation of residual 

carbonyl moieties which, following laser excitation form excited states (or excited state photo

products) which absorb in the visible region of the spectrum!1541. 

(b) Direct photolysis at 266 nm leads to the formation of free radical species via cleavage of the 

oxygen bridge between two linked monomer units!1551. 

For a sample of 3,4-dimethoxyacetophenone adsorbed onto cellulose, the percentage of 

the total laser excitation pulse absorbed by the cellulose support material itself can be calculated 

according to equation 4.14:-

F(R ) co/ 
w 1 R 101 %Absorbed=---,--,x( - w) 

F(R w)'OI 

(4.14) 

where Fe R.) ,,/ and F (R. )'" are the Kubelka-MunkRemission values (calculated according 

to equation 3.6) for the blank cellulose and the cellulose/ketone samples respectively and 

(I - R .) '" is the total percentage of light absorbed by the sample at the laser excitation 

wavelength (266 nm). It is therefore calculated that for sample whose transient difference 

spectrum is shown in figure 4.21, the cellulose itself is only absorbing approximately 7.5 % of the 

laser pulse directly whereas for the blank cellulose sample (see figure 4.19), approximately 38 

% of the laser pulse is directly absorbed. It can therefore be concluded that the transient 

difference spectrum shown in figure 4.21 for 3,4-dimethoxyacetophenone adsorbed onto 

microcrystalline cellulose is due almost entirely to the excited state of the ketone itself with very 

little interference from the directly photogenerated cellulose transient species. 

The A. mox of the triplet-triplet absorption spectrum is independent of time following the 

laser pulse and is located at 400 nm, red shifted relative to its position in polar solvents (section 

4.3.1). Given that the ground state diffusion reflectance spectra demonstrated absorption A. max 

almost identical to those observed in polar solvents, it can be concluded that the cellulose surfaces 

has further lowered the transition energy between T 1 and T N relative to non-polar and polar 

solvents. It has not been established whether T 1 or T N has been affected most. 

The transient decays via corn plex kinetics which reflect: the heterogeneiry of the adsorption 

sites on the surface of the cellulose. The first empirical half-life of transient signal is approximately 

2 ms. Subsequent second and third empirical half-lives of 15 ms and 32 ms are observed. Even 

though the samples were not deoxygenated prior to the experiment, it is observed that the lifetime 

of the triplet state is greatly extended (by approximately a factor of 100) when adsorbed onto 

microcrystalline cellulose. This is the direct result of the ability of cellulose through its rigidity 

and large capacity for hydrogen bonding to protect excited states of molecules from quenchers 

such as molecular oxygen(1561. This property is further enhanced when the cellulose support 

material has been thoroughly dried (as is the case here) prior to usel157.1581. The intensity of the 

transient signal, extrapolated to zero time following the laser pulse (obtained by using a fast 

82 



digitiser time per point sweep and reading directly of the signal intensity), as a function of ketone 

loading is shown in figure 4.22:-
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Figure 4.22:-
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Transient Signal Intensity as a Function of 3,4-Dimethoxyacetophenone Concentration 
Adsorbed onto Microcrystalline Cellulose 

As can be seen, the relationship is non-linear and is accounted for by a triplet-triplet annihilation 

deactivation pathway for the ketone triplet at higher surface loadings. The observed kinetics of 

decay for this series of samples does not change with ketone loading and therefore it is concluded 

that the process is one primarily of a static nature where two excited triplets annihilate instan

taneously on "'''iimescales of these experiments (equations 4.15 to 4.17). 

" 
(4.15) 

(4.16) 

(4.17) 

The resultant singlet excited state (equation 4.15) intersystem crosses for a second time to yield 

a triplet state detected in our experiments. Such a curvature as seen in figure 4.22 has been 

observed for other organic substrates adsorbed onto solid support materials[1591. It is interesting 

to note that curvature occurs at ketone surface coverages of approximately 5 % of a monolayer 
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for a concentration of 5 x 10"6 moles of ketone per gram of support material suggesting that 

adsorption on the cellulose surface is not homogeneous; some highly preferred sites on the surface 

being occupied by an aggregation of a few ketone molecules in intimate proximity to each 

other[I60J thus promoting static triplet-triplet annihilation deactivation pathways at higher surface 

coverages. 

Re-recording of the ground state diffuse reflectance spectra for samples of 3,4-dime

thoxyactophenone adsorbed onto microcrystalline cellulose which had been exposed to many 

(approximately 400 pulses at ca. 9 mJ.cm.-2 per pulse) laser pulses demonstrated that these 

samples had not degraded significantly, an observation consistent with the low reactivity of ( 

'(0.0') ) states towards aliphatic alcoholic O-H bonds (see section 5.43)[1611. It may be 

concluded therefore that adsorption onto a cellulose support material has the effect of exteoding 

the triplet lifetime of 3,4-dimethoxya~tophenone but does not initiate photodegradation via a 

hydrogen atom abstraction from alcoholic or hydroxyl moieties abundant in the support matrix. 

It is therefore suggesttJ h4"photoydlowing of TMP itself via this particular reaction pathway does 

not significantly contribute to the overall yellowing process. 

4.4 Conclusions 
Some fundamental photochemical parameters for simple lignin model compounds have 

been determined in a variety of solvent systems and when adsorbed onto a microcrystalline 

cellulose support material. It has been shown that methoxyl substitution upon the aromatic ring 

of acetophenone type model compounds has a marked effect upon the ~ mox ofthe triplet-triplet 

absorption spectrum of such corn pounds and also upon the lifetime of the triplet excited state. 

The lowest lying triplet state for 3,4·dimethoxyacetophenone has been shown to be of a pre

dominantly' (0. n') character in all solvents/environments which can account for its apparent 

lack of reactivity in solution and when adsorbed onto microcrystalline cellulose. 

A quenching rate constant of 6.3 x 1Q9 I.mol:1s:1 was observed for the quenching of triplet 

3,4-dimethoxyactophenone by phenol demonstrating the high susceptibility towards phenolic 

hydroxyl moieties of '( 0 • 0') states. This observation may be accounted for by the mixing of 

the almost iso-energetic '( n • 0') states. 

Pulsed laser excitation of 3,4-dimethoxyactophenone adsorbed onto microcrystalline 

cellulose yidded a transient assigned as the triplet state of the compound which had an absorption 

maximum at 400 nm. The transient decayed via complex kinetics reflecting the heterogeneity of 

adsorption sites on the cellulose surface. 

The main implications of these studies to the photochemistry of milled wood lignin (MWL) 

and thermomechanical pulp (TMP) outlined in chapters 5 and 6 are:-

(a) Substitution patterns on aromatic rings of a-carbonyl moieties has the effect of producing 

triplet states with predominantly '( o. 0') character. 

(b) Such triplet states show extended lifetimes relative to '( n . 0') in fluid solution. 

(c) Triplet-triplet absorption maxima are bathochromically shifted in polar environments. 

(d) Reactivity of '( 0.0') states is greatly reduced towards alcoholic hydrogen atoms present 

in the cellulose fraction of TMP fibres. However, quenching rate constants for a -carbonyl 

'( o. 0') states by phenolic hydroxyl hydrogens preseot in the lignin fraction of the TMP fibre 

are equal to or slightly greater than those observed for the corresponding 3 (n. 0') states. 
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(e> Certain substitution patterns such as o-carbonyl {3-0-4Iignin model dimers are able to 

undergo homolytic cleavage reactions from both the singlet and triplet manifolds to generate a 

free radical pair which may react further to produce yellow photoproducts. 

In chapter 5, an intermediate photochemical system between lignin model compounds and 

TMP itself is studied in the form of milled wood lignin (soluble lignin) in both fluid solution and 

when adsorbed onto microcrystalline cellulose. 
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ChapterS 

Photochemistry of Milled Wood Lignin 



5 Photochemistry of Milled Wood Lignin 

5.1 Introduction 
The extraction and chemical characterisation of lignin separated from the polysaccharide 

components which make up wood fibres has been extensively studied in a desire to quantify its 

chemical composition and understand its complex chemical and photochemical reactions. The 

lignin macromolecule can be described in terms of being a three dimensional "heterogeneous" 

polymer intimately cross-linked to the cellulose and hemi-cellulose components of the wood 

fibre_ Because of this, and the fact that it is such a large molecule (molecular weights range 

between 2000 and 106 for lignin isolated from the other wood components[162), any attempt to 

extract lignin in a non. chemically-modified form is, in practice, an impossibility .. 

Many methods of obtaining lignin in a form free from polysaccharides have been developed 

over the years. The methods of extraction fall into two main categories:-

(8) Insoluble Iignins are obtained by treating the wood fibres with stro·ng mineral acids such as 

72 % sulphuric acid (to yield Klason lignin) or fuming hydrochloric acid (to yield WiIlstatter 

lignin). These acids have the effect of dissolving the polysaccharide components of the wood 

material and leaving the lignin fraction as an insoluble residue. Treatments such as 72 % sulphuric 

acid and fuming hydrochloric acid to yield Klason Iignin[163] and WiIlstatter Iignin[l64) respectively 

come into this category. Such lignin preparations however tend to undergo extensive conden

sation reactions during their extraction and therefore are not representative of the lignin 

macromolecule in its native form. 

(b) Soluble lignins are obtained by dissolving the lignin fraction of the wood fibre out of the 

carbohydrate matrix with the use of appropriate organic solvents. This method has the advantage 

over insoluble lignin isolation in that it suffers much less chemical modification upon extraction. 

As seen in section 3.4, the milled wood lignin (or Bjorkmann lignin) uoolin these studies was 

extracted by essentially a two stage process. Breaking of chemical bonds (lignin/lignin, lig

nin/ carbohydrate and carbohydrate/carbohydrate) was achieved by mechanical means in a ball 

mill. This is followed by mild solvent extraction (with acetone or acetone/water mixtures) and 

further purification processes, details of which can be found in section 3.4. Fmally, the purified 

MWL is bleached with 4 % v/v hydrogen peroxide at approximately 60°C for 2 hours. The 

resulting material is almost free from carbohydrate « 0.05 %) and is free from ash. 

It must be emphasised that there is always a trade-off between yield of lignin extracted 

and the degree of chemical modification which has occurred. The yield of MWL in this case is 

approximately 50 % but, more importantly for this research, it has undergone little chemical 

modification during the extraction and purification processes. MWL is regarded as being the 

most representative lignin preparation relative to the lignin found naturally in wood fibres[l65l. 
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5.2 Ground State Absorption Spectrum of Milled Wood Lignin 

Milled wood lignin is soluble in some organic solvents such as 1,4-dioxane and N,N-di

methylformamide. It is also possible to maintain MWL in solution in a cosolvent of metha

nol/1,4-dioxane (90/10 v/v) provided that the lignin is fIrst dissolved in the 1,4-dioxane and the 

methanol added after dissolution. 

The ground state absorption spectrum ofMWL (180 g.l.-l) in 1,4-dioxane is shown in fIgure 

5.1. 
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Figure 5.1:- Ground State Absorption Spectrum ofMWL (180 g.l.-l) in 1,4-Dioxane 

The h m ox located at 278 nm is in a typical position for softwood MWL in 1,4-dioxane solution[l66l. 

Strong absorption below 250 nm is observed for MWL, another absorption peak being observed 

at ca. 205 nm[167] not shown here due to strong absorption by the solvent at this wavelength. The 

absorption extends beyond 400 nm which, for concentrated solutions of MWL in 1,4-dioxane, 

gives the solution a slightly yellow appearance. By comparison with appropriate lignin model 

compounds, assignment of absorption bands to specifIc chromophores present in lignin have 

been documented in the literaturell681. The phenylpropane 4 precursor to the lignin macro

molecule in softwood species was first shown by Klason[511 to be predominantly the gnaiacyl 

moiety trans-coniferyl alcohol (4-hydroxy-3-methoxycinnamyl alcohol) (see section 2.3). 

Proceeding along this line, Aulin-Erdtman and Sanden[l681 studied the ground state absorption 

spectra of this type of phenylpropane unit and assigned the absorption bands below 300 nm in 

lignin as being due to such guaiacylpropane moieties. 

The difference absorption spectrum (Cl E , ) oflignin obtained by measuring the absorption 

spectrum under alkali and neutral conditions and subtracting one from the other has been used 
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in the past as a method of estimating the phenolic hydroxyl content of lignin11691. Taking this 
procedure a stage further, Alder and Marton obtained difference absorption spectra (D. E, ) for 

lignin sam pies which had been ionised and reduced by treating the sample with alkaline sodium 
borohydride[1701. From the D. E, spectrum they assigned four different types of conjugated 
carbonyl groups present in lignin by their rate of reduction and their.A. mox in the D.E, spectrum. 
These are summarised in table 5.1, a full description of the formation, structure and nomenclature 
of the lignin macromolecule is presented in section 2.3. 

Carbonyl Type Structure X.IlI/nm Reduction Half-Life 

(1) C-CH-CH-CHO 418 Fast (20 min.) 
(2) R-O-4-G-CH-CH-CHO ,ca. 300 Very Fast (1 min.) 
(3) C-CO-R 345·3S5 Slow (2.24 hours) 
(4) R-O-4-G-CO-R 303-314 Fast (2·28 mins.) 
(4) G-CHa-CO-R ca. 312 Fast (1·8 mins.) 
(4) R- 0-4-C-CH,-CO- R 290 Fast (2.5 mins.) 

Table 5.1:· d£, and Rates of Reduction of Conjugated Carbonyl Moieties Found in Unbleached Milled 

Wood Lignin (according to Alder and Marton(1701) 

G = guaiacyl unit 
R = linkage to another phenyJpropane unit in the lignin structure 

R-O- 4 = linkage to another phenylpropane unit through the oxygen in the 4 position of the guaiacyl ring 

From this data, and the D. E, data, it was concluded that lignin absorption at wavelengths greater 

than 300 nm is in part due to conjugated carbonyl moieties in the propane side chain of the 
guaiacylpropane units of the lignin macromolecule together with other side chain groups including 
conjugated carbon-carbon double bonds, biphenylsll7l1 and stilbene type moietiesll721, These 

chromophoric assignments were based upon MWL preparations which had not been bleached 
with alkaline hydrogen peroxide as is the case for the sample under study here. Following such 
treatment, removal of the coniferaldehyde end groups is achieved with unit efficiencyl72,74,1731 

leaving the a-carbonyl type moieties (structure 3 in table 5.1) as the primary photochemical 
absorber at the laser excitation wavelength of 354.7 nm. 

5.3 Steady State Emission 
The steady state emission spectra of milled wood lignin in 1,4·dioxane solution at three 

excitation wavelengths are shown in figure 5.2. In each case the absorbance at the excitation 
wavelength (due solely to the MWL- see figure 5.1) was approximately 0.05 to minimise self 
absorption effects. As can be seen, excitation into different parts of the absorption tail produces 
different emission lambda maxima and can be attributed to the fact that more than one absorbing 
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chronWhore is present in the MWL sample; excitation at 300 nm, 350 nm and 400 nm producing 
emission maxima at 363 nm, 410 nm and 482 nm respectively. It is interesting to note that, even 
at wavelengths greater than 400 nm, easily detectable fluorescence spectra can be obtained. The 
nature of the chromophore responsible for such emission is, as yet, unknown although studies 
into the fluorescent nature of appropriate lignin model compounds have been documented in 

the literaturelI74•175I. 

From a practical standpoint, the detection of absorbing transient species in the 400 nm to 
500 nm region of the spectrum following pulsed laser excitation of MWL in l,4-dioxane solution 

(see section 5.4.1) are made more difficult as a result of this prompt emission due to it having 
the effect of overloading the photomultipIier detector at short timescales (0 to ca. 100 ns) following 
the laser pulse. Consequently, all transient measurements were made using a pulsed arc lamp 
analysing source (see section 3.6.1 for details) and, given that emission is non-directional, an iris 
was placed on the detector side of the sample cell which allowed the collimated analysing light 
source to enter the detector, at the same time removing a large proportion ofthis prompt emission. 
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Figure 5.2:-
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Steady-State Emission Spectra for MWL in 1,4-Dioxane Solution Excit dng at a yariety of 
Wavelengths 
Excitation Wavelengths are (1) 300 nmj (2) 350 nm and (3) 400 nm 

A similar prompt emission signal is observed from handsheets of bleached thermome
chanical pulp, details of which can be found in section 6.2 of this thesis. 
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5.4 Transmission Laser Flash Photolysis Studies of Milled Wood Lignin 

5.4.1 Summary of Previous Work 
Attempts to understand the processes leading to the photoyellowing of high yield 

thermomechanical pulps and other wood products which contain high percentages of lignin 

have been complicated by the fact that the system under study is a natural material making 

full quantification of its chemical and photochemical behaviour in its native form extremely 

difficult. Photochemists and wood scientists have directed many of their research efforts 

towards studying a ppropriate lignin model corn pounds in fl uid sol ution and then extrapolating 

these results to the behaviour oflignin in its natural form. This approach has its merits and 

much useful information has been obtained from such studies. However, the study of lignin 

itself is essential in order to fully understand the processes involved in the photoyellowing of 

lignin rich thermomechanical pulps. A useful intermediate between model compounds in 

solution (and adsorbed onto cellulose fibres) and lignin contained within wood fibres has 

been the study of MWL in fluid solution. 

Lin and Kringstad studied the effects of steady state irradiation upon the lignin 

macromolecule in fluid solution. A variety of analytical methods were' . utilised including 

UV /visible spectroscopy[84), gas· liquid chromatography[176) and electron spin resonance 

(ESR)[l77J. From these studies, the importance of ground state molecular oxygen upon the 

photoyellowing mechanisms was established. Under deoxygenated conditions, structural 

changes were observed in the lignin sample without the formation of yellow photoproducts. 

However, if the sample was then exposed to oxygen and irradiated further, yellowing to the 

same extent as from a sample exposed to oxygen without the degassing phase was observed. 

Comparison of the changes in the absorption spectra ( l> e ) observed before and after 

irradiation for MWL and lignin model compounds demonstrated that ,,-carbonyl moieties 

and carbon·carbon double bonds conjugated to an aromatic ring structure were the principle 

photoinitiators in the yellowing processes[1141. Byfully reducing samples ofMWL with sodium 

borohydride and then hydrogenating over a palladium catalyst, photoyellowing was prevented. 

In a separate experiment, it was shown that methoxylation ofMWL (ie. removal of all phenolic 

hydroxyl groups present in the lignin) greatly reduced the rate of the photoyellowing pro· 

cess[1151. 

These experiments established the link between ,,·carbonyl moieties, carbon-carbon 

double bonds, phenolic hydroxyl groups and dissolved oxygen in the photoyellowing of MWL 

in solution. However, in the restricted environment of the pulp matrix, the relative efficiencies 

of the degradation pathways leading to photoyellowing may indeed be different to those in 

solution. For example, a residual ESR signal is observed from MWL in the solid phase 

attributed to the presence of a population of stable organic free radical species within the 

lignin structure which immediately disappear upon dissolution of the MWL in an organic 

solvent[178). 

Theories proposed to explain the degradation ofMWL in solution involving the excited 

state photochemistry of ,,·carbonyl moieties abstracting hydrogen atoms from phenolic 

hydroxyl moieties also present in the lignin molecule have been proposed by many 

authors[82,179,116) as the initial stage in the photoyellowing process and are now generally 
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accepted. However, no reference can be found in the literature identifying the transient 

absorption spectrum due to the triplet-triplet absorption of such a-carbonyls present in 

lignin. Neumann and co-workers studied the photochemistry of low molecular weight (M r 

< 1000) lignin, extracted from rice husks, in 1,4-dioxane/water (50/50 v/v) solutions[I80.1811. 
The excitation source was a 30 ,.. s flashlamp, the time resolution of the apparatus being 

approximately 50,.. s. A transient absorption with absorption maxima at 410 nm, 460 run and 

490 nm was observed. Similarities between this transient absorption and the transient 

absorption spectra obtained by flash excitation of suitable model compounds such as vanillin 

(4-hydroxy-3-methoxybenzaldehyde) and 4-hydroxybenzaldehyde led to the assignment of 

the transient absorption obtained from the lignin sample as being due to the l'henoxy-ketyl 

free radical pair generated by hydrogen abstraction of phenolic hydroxyl hydrogen atoms by 

the triplet state of the a -carbonyls present in lignin. The intensity of the radical signal was 

decreased upon addition of oxygen, the oxygen providing a competing deactivation pathway 

for the carbonyl triplets via an energy transfer mechanism .. The addition of ascorbic acid (a 

well known radical scavengerll821) also decreased the transient signal intensity. However, 

the authors found no evidence for the formation of singlet molecular oxygen ( ''''.< O 2 )) via 

a triplet carbonyl energy transfer quenching mechanism[1031. 

5.4.2 Transient Difference Spectrum of Black Spruce Milled Wood Lignin 
As was observed in section 5.4.1, MWL in solution is susceptible to photodegradation 

in the presence and absence of dissolved oxygen in the solvent. Thus, to avoid problems 

associated with degradation product build-up, the sample was changed between collection 

of each data point in the transient difference spectrum. 

The intensity of the transient signal observed from MWL following laser excitation at 

354.7 nm is extremely small and thus a high laser energyw'<>s, required in order to detect the 

transient. The energy density used was approximately 15 mJ.cm.-2• 

The transient difference spectrum ( '" AT) for MWL in 1,4-dioxane solution (absor

bance ~ 0.75 at the laser excitation wavelength, approximate concentration ~ 330 mg.l.-I) is 

shown in figure 5.3 at two time delays following the laser pulse. 

The time resolved transient difference spectrum at short time delays (ca. 200 ns) following 

the laser pulse (trace 1, figure 5.3) shows two absorption maxima at 395 nm and 425 nm, an 

isobestic at approximately 370 nm, and ground state depletion which peaks at approximately 

340 run. The transient different spectrum recorded at long time delays after the laser pulse 

(ca. 2.3,.. s) has a 11. mox at approximately 385 nm, the absorption band at 425 nm having fully 

decayed on this timescale. This suggests that the transient different spectrum recorded at 

short time delays after the laser pulse in the 380 to 600 nm region of the spectrum com prises 

of at least two transient species, each decaying with a different rate constant. The shift in 

11. mox for the peak initially at 395 nm to 385 nm at delays after the fast transient has fully 

decayed is attributed to the short lived transient species absorbing more at 395 run than at 

385 nm, the superimposition of the transient absorption for both species giving the red shifted 

11. m ox at 395 nm at short time delays after the laser pulse. 
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Figure 5.3:-
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The transient decay trace recorded at 425 nm can be fitted to a biexponentiai decay 

model yielding rate constants for the decay of the two transient species of 2.85 x l()li s.-1 and 

4.71 x lOS s:1 for the fast and slow components respectively. As has been stated above, the 

transient difference spectrum for the slower component was recorded 2.3,.. s after the laser 

pulse. This is approximately 6.5 times the lifetime of the fast transient and therefore is solely 

due to the time resolved difference spectrum of the slower component. From these two 

spectra, it is possible to deconvolute the transient absorption due to the fast component from 

that of the slow component by simply subtracting off the absorption due to the slow 

component. On the timescale of the experiment, the slow component of the transient decay 

can simply be regarded as a baseline offset to the absorption spectrum of the fast component. 

The result of this subtraction is shown in figure 5.4. 

The transient difference spectrum for the fast component only shows a 11. m.x at ca. 425 om 

and a broad structureless absorption which extends to wavelengths· greater than 600 nm. It 

is interesting to note that the observed absorption band has a similar (but not identical) 11. m ox 

and spectral shape to the transient absorption observed from flash photolysis of ther

momechanical pulp studied in diffuse reflectance mode (see section 6.3 later). 
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per pulse) 
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At wavelengths below 370 nm, the kinetics of the transient decay are different to those 

observed at longer wavelengths, only a small decay due to the fast component being observed. 

Following its decay, no change in absorption with time is observed suggesting that the 

absorption change induced by the laser at these wavelengths may be permanent and due to 

photodegradation of the lignin macromolecule in solution. Further evidence supporting this 

postulate is found from examination of the ground state absorption spectrum of a MWL 

sample before and after exposure to the laser as shown in figure 5.5. 

The MWL sample was exposed to approximately300 laser shots (with shaking every 10 shots) 

to obtain a change in the ground state absorption spectrum easily detectable on the spec

trophotometer. By subtracting the ground state absorption spectrum of the MWL sample 

before exposure to the laser from the absorption spectrum after exposure to the laser, it is 

possible to produce a difference absorption spectrum due to permanent changes in the lignin 

sample (6.A' ). This is shown in figure 5.6 and is similar to the. ones obtained by other 

authors[841 . 
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/lA' Spectrum for a Sample of MWL in Aerated 1,4-Dioxane Solution Which had Been 

Exposed to Approximately 300 Laser Pulses (laser energy density = 15 mJ.cm.-2 per pulse) 

A maximum change in ground state absorbance is observed at approximately 340 nm and a 

small residual absorption at wavelengths greater than 400 nm due to lignin photoyelIowing 

is also observed. The wavelength of maximum change in ground state absorbance is almost 

identical to the maximum change in absorbance (6. AT) observed in the single shot flash 

photolysis experiments suggesting that the two observations are indeed linked. However, 

inspection of the width of the depletion band observed in the time resolved experiments 
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shows that at wavelengths less than 340 nm the transient difference spectrum does not follow 

the change in absorbance measured by the spectrophotometer. This can be rationalised if 

the transient observed on slow timescales (trace 2 in figure 5.3) has more than one absorption 
band below 395 nm, the observed transient signal in this region of the spectrum being the 

difference between the change in the molar absorption coefficient of the ground state due 

to degradation and the molar absorption coefficient of the photoinduced transient species. 

5.4.3 Time Resolved Transient Absorption Spectra Of Phenoxy Radicals 

in Benzene Solution 
A relatively clean and simple method of obtaining the transient absorption spectra of 

phenoxy and other free radical species in solution has been developed by Scaiano and 
co_workers[147.161.183[. The method involves the photogeneration of tert-butoxy radicals ( 

'BuO' ) by direct photolysis of a solution of 50/50 v/v di-tert-butylperoxide ( 'BuOO'Bu 

)jbenzene at 354.7 nm. Under these conditions, the absorbance at the excitation wavelength 

(due solely to the 'BuOO 'Bu ) was approximatelyO.31. The tert-butoxy radical then abstracts 

the phenolic hydrogen from the phenol (with rate constant k3) to yield the corresponding 

phenoxy radical and tert-butanol. This process is in competition with the pseudo-first-order 

decay of the tert-butoxy radical with rate constant k~" as summarised by equations 5.1 to 

5.3:-

hu 

'BuOO'Bu ~ 2t-BuO' 

eo' 
2 

'BuO· ~ Products 

k, 

t-BuO' + PhOH ~ t-BuOH + PhO' 

(5.1) 

(5.2) 

(5.3) 

where equation 5.2 accounts for the decay of 'BuO' other than by reaction with the phenol 

and PhOH is the phenol (or substituted phenol) under study. The rate of build-up of the 

absorption, as a function of time, due to the phenoxy radical ( Ph O' ) follows pseudo first 

order kinetics according to equation 5.4:-

(5.4) 

where ke,l' is the experimentally observed rate constant for the absorption build-up due to 

the phenoxy free radical. Thus, a plot of kexp versus [PhOH] should be linear with slope k3 

and intercept k~". 
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From equations 5.1 to 5.3, it can be shown that the concentration of 'BuO' and PhO' as 

a function of time are according to equations 55 and 5.6 respectively:-

['BuO']' = ['BuO' ]oe -(k 2+k 3(PhOH])' (5.5) 

[PhO'], = [PhO' ]~( 1- e -(k'+>3(PhOH])') (5.6) 

where [PhD 'J. is the concentration of phenoxy radicals at the plateau region of the kinetic 

trace. The kinetic analysis of the experimental data to determine i<exp' ie., the rate of growth 

of the phenoxy radical as a function of time, can be achieved by fitting the data with a 

mono-exponential with baseline kinetic function IJ (I» as shown in equation 5.7:-

let) = Ae -(>,,,1) + B (5.7) 

whereA = -[ PhD 'J. and B = [PhD 'J. respectively. At t = 0, f(t) = 0; it therefore follows 

that, from equation 5.7, B = - A. 

Experiments to determine kexp were conducted at low laser energy densities such that 

the decay of the ten-butoxy radical followed a pseudo first order decay mode, the primary 

deactivation pathway (other than by reaction with the phenol) being detailed in equations 

5.8 and 5.9:-

'BuO· +'BuOO'Bu ~'BuOH + 'CH 2(CH 3)2COO'Bu (5.8) 

(5.9) 

According to Scaiano et aI, the formation of propanone and the methyl free radical via a 

.B -cleavage reaction (equation 5.9), is believed to be of little importance relative to the 

deactivation pathway shown in equation 5.8[147]. 

The time resolved absorption spectra observed for phenoxy radicals derived from 

substituted phenols are dependent upon both the nature and position of substituents on the 

aromatic ring of the phenol. As a general, though not strictly obeyed rule, substituents in 

the ortho position to the phenolic moiety give a blue shift in the observed A. mox relative to 

phenol itself (A. m • x = 400 nm), whereas substitution in the meta or para positions tend to 

shift the A. m.x to the red ofthat observed for phenol itself. The molar absorption coefficients 

observed for phenoxy radicals also depend upon substitution patterns on the aromatic ring. 

For a given substituent, the maximum observed molar absorption coefficients tend to follow 
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the order para> meta > ortho. Relative to the molar absorption coefficient of the phenoxy 

radical of phenol itself (E mu ~ 2000 l.mol·l .cm.-I)11471, para substituents tend to give larger 

molar absorption coefficients whereas substituents in the meta or ortho positions tend to 

yield decreased molar absorption coefficients for their respective phenoxy radicals. The 

phenoxy radicals, generated in MWL by hydrogen atom abstraction of a lignin phenolic 

hydrogen by the excited triplet state of a -carbonyl moieties, are derived mainly from 

guaiacyl-phenylpropane type lignin sub-units which contain the phenolic hydroxyl group in 

the 4 position, a methoxy group in the 3 position and a C3 propane side chain in the 1 position 

of the aromatic ring (see section 23). 

The transient absorption spectrum of the phenoxy radical of the mono-substituted 

phenol, 4-methylphenol, is shown in figure 5.7. The phenoxy radical ofthis mono-substituted 

phenol is well documented in the literaturell471 and was therefore initially studied as a 

reference compound . 
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Transient Absorption Spectrum of the Phenoxy Radical of 4-Methylphenol (4 x 10-3 

mol.l.-1) in SO/SO v Iv di-tert-butylperoxidejbenzene Recorded at Three Delays After the 
Laser Pulse 

TIme Delays Arter the Laser Pulse; (I) 310 ns, (2) 730 ns, (3) 1.5l's (The Plateau Region 

of the Kinetic Trace) 

The A. mox,located at 405 nm, is in good agreement with the literaturelI471. Close inspection 

of the spectrum suggests that there is also another weak absorption band with a A. m ox located 

at ca. 575 nm. 

By varying the concentration of 4-methylphenol and fitting the data according to equation 
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5.7, k~' and k3 defined in equations 5.2 and 5.3 respectively were obtained for para-me

thylphenol by plotting kexp as a function of [P hO H] as shown in figure 5.8 and tabulated in 

table 5.2. 
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Table 5.2:-

2.0 1.39 

4.1 2.38 

8.2 3.95 

10.2 5.10 

16.3 7.11 

20.4 8.92 

Experimentally Determined Rate Constant Q-u,) as a function of [Ph OH] for 4-Mcthyl

phenol in SO/SO v/v di-tert-butylperoxide/benzene analysing at 405 om 

From this data, k2 and k3 were determined to be 6.4 x HP s.-I and 4.1 x lOS l.mol.-I s.-I 

respectively and are in good agreement with the literaturell47,I61l values of 5.7 x 105 s.-I and 

5.5 x lOS l.mol.-1 s.-I. 

The phenolic lignin model compound tel1-butylguaiacylcarbinol (1-(4-hydroxy-3-

methoxy)-2,2-dimethylpropan-1-01) has been frequently used as a gnaiacyl-phenylpropane 
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phenolic lignin model compound to simulate the interaction with photochemically excited 

triplet states of ,,-carbonyl moieties under steady state irradiation conditions[105,107,1841. The 

molecule contains a methoxyl group ortho to the phenolic moiety in the 3 position of the 

aromatic ring (ie. a guaiacyl type substitution pattern) together with a primary alcohol group 

on the ,,-carbon of the side chain attached to the ring system para to the phenolic hydroxyl 

group. The ten-butyl group attached to the fJ carbon of the side chain attempts to simulate 

a bond to the lignin macromolecule. 

The quenching rate constant (kq) for hydrogen atom abstraction of phenolic hydroxyl 

hydrogen atoms by aromatic carbonyl triplet states «( n, n') or (n, n') ) are of the same 

order of magnitude as those observed for tett-butoxy radicals, both of which are considerably 

faster (by approximately two ordel}of magnitudel1611) than the rate constants observed for 

hydrogen atom abstraction by carbonyl triplet states and ten-butoxy radicals from alcohols 

or hydrocarbons (eg. kq for the reaction ten-butoxy radicals with propan-2-ol and 1-pheny

lethanol have both been determined as 1.8 x 106I.mol:ls:l)[1611. Thus, the rate constant for 

the hydrogen atom abstraction of the alcoholic hydrogen on the ,,-carbon of the side chain 

by 'BuD' relative to that of the phenolic hydroxyl hydrogen is kinetically unfavourable. 

Therefore, it is assumed that the reaction of 'BuD' with ten-butylguaiacylcarbinol will result 

in almost exclusive attack upon the phenolic hydroxyl hydrogen to yield the corresponding 

phenoxy radical species . 
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Figure 5.9:-
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The transient absorption spectrum of the phenoxy radical of telt-butylguaiacylcarbinol in 

50/50 v/v degassed di-telt-butylperoxide/benzene is shown in figure 5.9. As can be seen, 

much fine structure in the absorption spectrum is observed below 400 nm with" mu located 

at 335, 380 and 395 nm together with a broad absorption band with "mu at approximately 

660 nm. This red shifted absorption band is due to absorption by the phenoxy radical and 

was assigned as such on the grounds that its rate offormation was • identical to that of the 

formation of the absorption bands located below 400 nm as seen in figure 5.10:-
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Figure 5.10:-
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Transient Absorption Traces Analysing at 395 nm and 660 nm for a Sample of tert-Bu
tylguaiacylcarbinol (6.6 x 10-3 mOI.l:I) in SO/50 v/v di-tert-butylperoxide/benzene 

A similar absorption band has been observed for the phenoxy free radical of ortho-me

thoxyphenol obtained by a similar method to the one detailed above. A plot of the 

experimentally observed rate constant kexp for the rise of the transient signal due to the 

phenoxy radical as a function of telt-butylguaiacylcarbinol concentration is shown in figure 

5.8 and tabulated in table 5.3. The analysing wavelength used was 395 nm to avoid a small 

absorption due to 'BuO' observed at wavelengths less than 350 nm. 

From this data, k2 and k3 were determined to be 7.6 x 105 s.-I and 1.38 x lOS I.mol.-Is.-I. 

The lower value of k3 is consistent with those observed for ortho substituted phenols which 

generally have lower rate constants for hydrogen atom abstraction than for para substituted 

phenols, attributed mainly to some stericeffects between 'BuO' and the phenol. For 

example, the rate constants for hydrogen atom abstraction (k3) for 2-methoxyphenol and 

4-methoxyphenol are 1.7 x 108 and 1.6 x 109 1. mol.-1s:1 respectively[147]. 
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[PhOHjl I 0- 3 mol. L-' k u .1l0·s. -, 

Table 53:-

6.6 1.72 

9.8 2.04 

13.2 2.67 

16.4 3.02 

Experimentally Determined Values ofkexp as a function of [PhOH] for tert-Butylguaia
cylcarbinol in S0/50 v/v di-tert-butylperoxide/benzene analysing at 395 nm 

5.4.4 Assignment of the Transient Species Observed Following Laser 

Excitation of Milled Wood Lignin in 1,4.Dioxane Solution 
As has been demonstrated in section 5.4.2, lignin undergoes photodegradation reactions 

upon exposure to UV light at 354.7 nm. This results in a loss of absorption in the wavelength 

region 280 nm to 370 nm (with a maximum ground state absorption at ca. 340 nm) and a 

corresponding increase in absorption following exposure to the laser at wavelengths greater 

than 370 nm, the maximum increase in absorption being observed at ca. 400 nm, the 

absorption band extending to approximately 550 nm giving even relatively weak solutions of 

MWL a yellowish tinge following exposure to the laser . 
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Figure 5.11:-
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From the laser flash photolysis experiments, it has been established that at least two transient 

species are observed following pulsed laser excitation at 354.7 nm. The greatly differing rate 

constants for their decay enabled the transient difference spectra of the two species to be 

determined as seen in figures 5.2 and 53. The rate constant observed for the decay of the 

longer lived transient absorption was found to be unaffected by the presence of oxygen and 

was determined as 4.71 x 105 s:l. Therefore, at time delays greater than approximately 81'S 

after the laser pulse, the observed transient difference spectrum should follow that of the 

laser induced changes in the ground state absorption spectra (see figure 5.6) measured before 

and after photolysis. The normalised transient difference spectrum, recorded 311's after the 

laser pulse for a sample of MWL in aerated l,4-dioxane solution are shown 'in figure 5.11 

together with the ground state <lA' spectrum as from figure 5.6 (section 5.4.2). 

It can therefore be concluded that the ground state depletion observed under steady state 

irradiation conditions is similar to the time resolved transient difference spectrum observed 

at time delays greater than four lifetimes of that of the slowest observed transient species. 

A consequence of this observation however, is that the observed time resolved transient 

difference spectra also contains an absorption term due to the permanent changes in the 

lignin sam pie induced by the laser and, as such, may well be distorted by this extra absorption 

term. This will be most markedly observed in regions ofthe spectrum where large permanent 

absorption changes occur, ie., around 340 nm. 

We have seen in section 5.4.3 that the transient absorption spectrum of the phenoxy 

radical of a non ·carbonyl phenolic hydroxyl lignin model compound tert-butylguaiacyl

carbinol has many absorption features at wavelengths below 400 nm with 11. mox located at 

330 nm, 380 nm and 395 nm together with absorption minima located at 365 om and 390 nm. 

That is to say, the absorption spectrum of the phenoxy radical of tert-butylguaiacylcarbinol 

at wavelengths below 400 nm is characterised by large changes in molar absorption coefficient 

over narrow wavelength ranges, the most marked example of this being the change in the 

molar absorption coefficient by almost a factor of 4 between 330 nm and 365 nm. The large 

changes in molar absorption coefficient for a transient species of this nature superimposed 

upon a permanent ground state depletion region similar to the one observed for MWL in 

l,4-dioxane solution may explain the nature of the sharp transient feature observed for the 

slower transient species which has an absorption minimum at ca. 340 nm. At wavelengths 

below 340 nm, the molar absorption coefficient of the long lived transient species is increasing 

at a faster rate than the rate of the change in absorbance (as a function of wavelength) due 

to permanent changes in the lignin sample resulting in the sharp decrease in the laser induced 

absorbance change in this wavelength region. At wavelengths between 340 nm and 370 nm 

the change in absorbance due to permanent changes in the MWL sample (<l A P ) is much 

greater than the absorption due to the laser induced transient (~A T) whereas at wavelengths 

greater than 370 nm, <l AT> > <l A ' • It is the balance between the molar absorption coefficient 

of the long lived transient species and that of the permanent change in the absorption spectrum 

of the,lignin sample as a function of wavelength which, when combined, give the observed 

spectral features of the transient difference spectrum of the long lived species. 

The photogeneration of phenoxy free radicals in samples of MWL has been demon

strated by comparison with the observed ESR signals and steady state product analysis data 
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obtained from phenolic lignin model compounds in the presence of Cl -carbonyl lignin model 
compound in solution[84,I77], One of the mechanisms proposed for the generation of the 

phenoxy radicals has been hydrogen atom abstraction of the phenolic hydroxyl hydrogen by 
the triplet excited state of Cl -carbonyl moieties present in the lignin macromolecule leading 

to the formation of a phenoxy-ketyl free radical pair. The absorption spectra ofketyl radicals 

obtained by a hydrogen atom abstraction reaction with cyc10hexane by the triplet state of 

acetophenone derivatives have been documented in the literaturel129], Such spectra are 

characterised by weak absorption maxima at ca, 400 nm and 450 nm with a molar absorption 

coefficient of the order of 700 Lmol:1cm:1, At wavelengths below ca, 340 nm, strong 

absorption is observed with an absorption maximum located at a wavelength below 300 nm. 

The transient different spectrum for MWL observed at time delays greater than ca, 11' s in 

the 400 nm to 500 nm wavelength range may be further complicated by weak absorption of 

ketyl free radical species which may explain the broadness of the observed absorption band, 

Due to the smaIl changes in absorbance observed for MWL foIlowing laser excitation (fignre 

5.3), the kinetic data obtained at such wavelengths is not of sufficient quality to establish 

whether the decay in absorption in this wavelength region is due to more than one radical 

species, possibly further complicated if both the phenoxy and ketyl radical species have similar 

deactivation rate constants. However, the sharp increase in the transient absorption observed 

at wavelengths less than 340 nm, may be attributed to the sharp increase in the molar 

absorption coefficients of both the phenoxy and ketyl radicals in this spectral region, 

By comparison of figures 5.3, 5,6 and 5,9, it can be seen that only a smaIl wavelength 

shift and slight broadening of absorption bands in the transient absorption spectra of the 

phenoxy radical of phenolic lignin model compound tert-butylguaiacy1carbinol and the 

corresponding ketyl radical superimposed upon the permanent absorption changes observed 

for MWL foIlowing laser damage are required to assign the transient differencespectrum of 

the long lived species as being due to absorption by phenoxy (and possibly ketyl) radicals 
whose time resolved transient absorption spectrum are distorted by the permanent absorption 

changes observed for MWL foIlowing laser damage, The absorption band broadening may 

explain the apparent lack of an absorption band associated with the phenoxy radical at 

wavelengths greater than 600 nm as discussed in section 5.4.3, The fact that it is not observed 

for a sample of MWL can possibly be attributed to a combination of two effects, either the 

absorption band has, due to the nature of the lignin sample, been shifted to a longer wavelength 

or has been "smeared out" over a broader wavelength range to give an absorption band which 

was not detected in the flash photolysis experiments. Examination of time resolved transient 

absorption data at wavelengths greater than 650 nm for MWL suggests a hint of such an 

absorption band but reliability in the data obtained at such wavelengths, due to a combination 

of small absorbance changes coupled with small signal to noise ratios, does not afford 
confidence in stating the observation of such an absorption band, 

It has been suggested by other authors that the lifetimes of the triplet states of 

photochemically generated Cl -carbonyl moieties present in MWL are extremely short (less 

than a few microseconds) in fluid solution[180,18I], There is no reference to the observation 

of the triplet-triplet absorption spectra of MWL in solution in the literature, The transient 

differen«spectrum observed following laser excitation ofMWL in 1,4-dioxane solution shows 
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a short lived transient species with lifetime under air equilibrated conditions of approximately 

350 ns. A series of experiments involving laser excitation of MWL in the presence of varying 

concentrations of molecular oxygen in l,4.dioxane were undertaken to assign the short lived 

transient species and are presented below. 

Other authors have found no evidence for the triplet ex ·carbonyl sensitized formation 

of singlet oxygen following pulsed excitation ofMWL in 50/50 v/v 1,4-dioxane/water solutions 

using DAB CO (1,4.diazabicycio·(2,2,2)·octane) as a chemical quencher of singlet oxygen[1031. 

Only small quantities of singlet oxygen are generated from MWL samples in aerated 

'l,4-dioxane solutions (see later). The radiative lifetime of singlet molecular oxygen in 

1,4-dioxane solution measured by time resolved luminescence was determined to be ca. 26 

I's= 11's, in agreement with other authors[18S.1861. The short singlet oxygen lifetime in the 

presence of water (ca. 4.41' s in pure waterll87] • an estimate of the lifetime of singlet oxygen 

in 50/50 v/v 1,4-dioxane/water is calculated to be ca. 81'S assuming a mole fraction of 

1,4·dioxane in 50/50 v/v 1,4·dioxane/water of 0.17 and a linear relationship between mole 

fraction of two miscible solvents and singlet oxygen lifetime[187]) coupled with the low singlet 

oxygen concentration generated by MWL and the relatively inefficient reaction of DABCO 

with singlet oxygen[1881 may therefore explain the lack of chemical quenching observed by 

these researchers. 

The quenching of excited triplet states of acetophenone and its derivatives by molecular 

oxygen in fluid solution has been demonstrated to be an efficient process[18.124.1891 with 

quenching rate constants (k~' ) in excess of 109 1.mol:1s.·I• A simplified kinetic scheme to 

describe the quenching of such triplet states is shown in equations 5.10 to 5.14:· 

hv (5.10) 
lK -+ lK' 

lK' 
~T 
-+ 3K ' 

(5.11) 

k,sc 

(5.12) 

(5.13) 

(5.14) 
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where h is the intersystem crossing quantum yield with rate constant kisc, k ~l and k ~i 

are the oxygen quenching rate constants for the triplet ketone with and without production 

of singlet oxygen ( ILl. • (0,) ) and k.J is the decay ofthe triplet state in the absence of quencher. 

The singlet state lifetimes of a.carbonyl type compounds in solution are extremely short (of 

the order of a few picoseconds) and thus, quenching of the ketone singlet state by molecular 

oxygen wo.s· ignored given the range of oxygen concentrations used in the study (up to ca. 

10-2 mol.l.·I). 

The efficiency of singlet oxygen production ( $ • ) by energy transfer from the triplet 

state of the ketone is related to the quantum yield of triplet formation ( ~ T ) and the number 

of triplet ketone oxygen quenching events which lead to the formation of singlet oxygen (S.) 

according to equation 5.15:· 

where, 

kO, 
S = ql 

~ kO, kO, 
ql + q2 

(5.15) 

(5.16) 

The total triplet quenching rate constant (le ~ is therefore simply equal to the sum ofk ~l and 

k~~ outlined in equations 5.13 and 5.14. 

It has been established in section 4.3.2 that ~ T for a ·carbonyllignin model compounds 

such as 4-methoxyacetophenonell361, 3,4-dimethoxyacetophenone, 3,4,5·trimethoxyaceto· 

phenone and 4-hydroxy·3-methoxyacetophenone are unity within experimental error. Values 

of S. for acetophenone derivatives in benzene and acetonitrile are depen<k!nt upon the 

electron donating/withdrawing properties of substituents on the aromatic ring. For such 

compounds, the presence of electron donating methoxy groups on the aromatic ring result 

in lower values for S. (and therefore $. ) relative to the unsubstituted acetophenone parent 

molecule. For example, S. for acetophenone and 4-methoxyacetophenone have been 

measured as 0.35 and 0.27 in benzene and 0.52 and 0.42 in acetonitrile solution!181. It is not 

unreasonable, therefore, to assume that the a ·carbonyl triplet moieties proposed as being 

generated following 354.7 nm laser excitation of MWL will have S. values of a similar 

magnitude. 

The deactivation of singlet molecular oxygen (see section 1.3) CLl.) to the ground state 

in fluid solution can be studied by monitoring the weak (0,0) vibronic band of the 

phosphorescence emission (" mox centred at 1270 nm!I8S,1901) as a function of time for the 

process outlined in equation 5.17:· 
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(5.17) 

where krad is the radiative decay rate constant for the process. The apparatus and detection 

systems required for this purpose are described in section 3.7. 

Under many circumstances, the rate constant for the decay of the triplet (~) is small 

relative to the quenching rate constant multiplied by the oxygen concentration for air 

equilibrated solvents (k ~ [ 0 2] ) and therefore the determination of singlet oxygen yields from 

triplet sensitizers usually does not require any greater concentration of oxygen in solution 

tha. present under air equilibrated conditions where, typically, greater than 95 % of the triplet 

sensitizer molecules are quenched by oxygen. Clearly, as ~ increases and approaches k ~ [0 2 ], 

a correction factor will need to be applied to the data to account for triplet decay processes 

(other than quenching by oxygen) competing with the quenching process. 

Hence, for a photoinduced triplet state with decay constant ~ and quenching rate constant 

k~, the rate ofIoss of triplet states ('K' ) as a function of time is according to equation 5.18:-

(5.18) 

It therefore follows that the concentration of singlet oxygen extrapolated to zero time after 

the laser pulse (['0 2]0) can therefore be defined as:-

(5.19) 

where, for a given laser energy ['K']o h s. is a constant Cl' The observed phosphorescence 

emission intensity extrapolated to zero time after the laser pulse (I ~ ) can therefore be 

expressed as:-

(5.20) 

where C2 is a proportionality constant relating the observed signal intensity in digitiser pixels 

to ['0 2]0 formed by quenching energy transfer. 

From equation 5.20, the predicte·d shape of plots of I ~ as a function of oxygen concentration 

are of a growth curve reaching a plateau region where k ~ [0 2 ] > > ~ due to ~ becoming 

insignificantly small. If we define Cl C2 = CrOT then from equation 5.20, with suitable 

manipulation, it follows that:-
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(5.21) 

Therefore, plots of I f I ~ versus 1/[021 should be linear with slope equal to k.f C TOT k ~ 

and intercept I/CTOT' Such data therefore provides a measure of the ratio of k. f k ~ for 

triplet states with high values of~. 

From flash photolysis experiments of MWL in 1,4-dioxane solution under variable 

oxygen concentrations, the fast transient (with lifetime equal to ca. 350 ns under air 

equilibrated conditions) is sensitive to the concentration of oxygen in the solution whereas 

the long lived transient species is insensitive to the presence of oxygen suggesting that the 

fast transient is indeed the triplet state of primarily Q -carbonyl moieties present in MWL. 

However, for the unequivocal assignment, singlet molecular oxygen ('6. (0 2 ) must also be 

produced, the concentration of which is defined according to equaiion 5.19. 

The variation of oxygen concentration in solution, except for the air equilibrated and 

oxygen saturated samples (achieved by bubbling the sample with a stream of oxygen for ca. 

20 minutes), was achieved as foIIows; each sample was degassed using three freeze-pump

thaw cycles to a final pressure above the solution of no greater than 1 x 104 mB·ar. The 

degassed sample was then connected to a cylinder of pure, moisture free oxygen via a plastic 

tube which had itself been purged with oxygen from the cylinder for a minimum of 5 minutes. 

The sample was then exposed to the required pressure from the cylinder for a minimum of 

5 minutes, during which the sample was shaken vigourously to aIIow equilibrium to be reached 

between the oxygen pressure above the solution and the oxygen concentration in the solvent. 
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The concentration of oxygen in oxygen saturated 1,4-dioxane solution was assumed to be 6.10 
x 10.3 mol.l:1 at 2()OCl1911, oxygen concentrations for cylinder pressures greater than 1 Bar 

above the solution were calculated assuming that the partial pressure above the solution is 
proportional to the concentration of oxygen in solution. The linearity of the oxygen cylinder 
pressure gauge was established by measuring the absorption of the charge transfer bands of 

the oxygen/benzene charge· transfer complex at 321 nm, 330 nm and 340 nm. The absorption 

spectra (measured against air background) are shown in figure 5.12 assuming a concentration 
of oxygen in oxygen saturated benzene of 9.02 x 10-3 mol.!.·1 at 2()OC11911. 

At all absorption maxima, good linear fit to plots of absorbance as a function of oxygen 
concentration were observedll92l. A representative plot is shown in figure 5.13 for the 

absorbance measured at 340 nm . 

E 
t: 

~ 
1ii 
g 
~ 
B 
4( 

Figure 5.13;· 

. 13 

.11 

.09 

.07 

.05 

.03 
0 0.5 1.0 1.5 2.0 2.5 

[0 -l! -1 2]/10 mol. I. 

A Plot of Absorbance at 340 om as a Function of Oxygen Concentration for the Oxy
gen/Benzene Charge-Transfer Complex 

The concentration of oxygen in an air equilibrated l,4.dioxane solution (given that 

oxygen concentration in a oxygen saturated solution equals 6.10 x 10-3 mol.l.-I) should be 
equal to 1.28 x 10-3 mol.!.-I. As we will see later, anomalous behaviour of the singlet oxygen 

luminescence intensity (I ~ ) was observed for an air equilibrated MWLsample in l,4-dioxane 
solution. A simple experiment to establish that the correct oxygen concentration in solution, 
calculated from above, in the presence of nitrogen was performed with the aid of a Stern
Volmer plot for the fluorescence quenching of perylene (1 x 10-5 mol.l:1 ) in l,4-dioxane 
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solution. The excitation wavelength was 400 nm and the fluorescence intensity as a function 
of oxygen concentration in solution was monitored at 443 nm and 469 nm together with the 

integrated area under each emission curve, the variation of oxygen concentration being 
achieved according to the method detailed previously for the benzene/oxygen charge-transfer 
complex studies. From the ground state absorption spectra ofthe perylene it was shown that 
no charge transfer complex with oxygen was observed at the concentrations of oxygen used 

in these experiments. Perylene has a relatively long singlet state lifetime in the absence of a 
quencher ranging from 4.8 ns to 6.4 ns[193,194,1951 and is thus sufficiently slow to be quenched 

by oxygen present in the solution. From the Stern-Volmer plod1961, the oxygen concentration 
in the air equilibrated solvent was shown to be as predicted from above. Thus, under air 

equilibrated conditions, the solubility of oxygen in l,4-dioxane solution is not affected by the 
presence of nitrogen. 

The lignin model compound a -(2-methoxyphenoxy)-3,4-dimethoxyacetophenone has 
been shown to have an extremely short triplet lifetime in l,4-dioxane solution (ca. 183 ns[I241) 
with an oxygen quenching rate constant of ca. 3 x 109 1. mol.-1s.-1 in ethanol solution[I241. 
Thus, in l,4-dioxane under air equilibrated conditions, only ca. 41 % of triplet states are 
quenched by oxygen since ~)~.l This molecule was therefore chosen to test the relationship 

between lll~ and 1/[021 defined in equation 5.21 for a range of oxygen concentrations . 
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Due to the sensitivity of the singlet oxygen luminescence detection system, very low 

laser intensities « 3 mJ.cm.-2) were required for the collection of the luminescence data 

ensuring absorption by the photogenerated triplet state at the laser excitation wavelength 

(354.7 nm) was sufficiently small so as not to produce a non-linear relationship between 

singlet oxygen luminescence intensity (extrapolated to zero time after the laser pulse), l~, 

as a function of laser intensity (see also section 4.3.2). The laser energy was attenuated by 

means of a sodium nitrite filter with known absorbance at the laser excitation wavelength. 

The singlet oxygen luminescence intensity data was collected with five randomly chosen 

laser intensities for each series of samples to monitor the extent to which the samples had 

degraded as a result of exposure to the laser. This was achieved by plotting I ~ as a function 

of the laser intensity for each of the samples. Under the experimental conditions used here, 

degradation was found, in all cases, to be negligible. Plots of I ~ as a function of [021 for 

o-(2-methoxyphenoXY)-3,4-dimethoxyacetophenone in 1,4-dioxane solution are shown in 

figure 5.14. 

As can be seen, the intensity of the singlet oxygen luminescence signal (I ~ ) initially increases 

rapidly as a function of oxygen concentration and then flattens out at higher oxygen con

centrations to give a plateau region where kd becomes small relative to k~[ 0 21 as predicted 

by equation 5.20. 

From this data, values of 1/1 ~ as a function of 1/[021 were obtained and are tabulated in 

table 5.4:-

1 / I ~ (2) as a Function of % Laser Intensity(3) 

11[0 2 1(1) 1.60 3.11 5.00 6.89 8.71 11.43 14.16 

780.64 10.50 6.65 3.87 2.48 2.14 1.70 1.31 

163.93 4.72 2.72 1.68 1.27 1.02 0.80 0.64 

136.61 4.23 - 1.53 - 0.91 - 0.57 

91.08 4.26 - 1.61 - 0.89 - 0.56 

63.05 4.55 - 1.47 - 0.83 - 0.52 

Table 5.4:- Data Relating 111: as a Function of 1/[02] forQ:~(2-methoxyphenoxy)-31~imethoxy

acetophenone in l,4-Dioxane Solution 

(1) l.mol.-1 

(2) Arbitrary Units / 10-4 

(3) 100 % laser intensity = 12 mJ.cm.-2 
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The corresponding plots of III ~ as a function ofl/[02l are shown for four laser intensities 

in figure 5.15 together with the best straight line fit to the data. 
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Figure 5.15:-
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phenoxy)-3,4-dimcthoxyacetophcnone in lA-Dioxane Solution 
Curves 1 to 4 represent 1.6,5.0,8.7 and 14.2 % of the Full Laser Intensity (100 % Laser 
Intensity = 12 mJ,cm.-2) 

From these plots, the following values ofk.1 k~ were obtained as presented in table 55:-

% Laser Slope Intercept (l/Intercept) (k.lk~)(I) k.(2) 

Intensity /10.7 /104 /1fJ3 /1O-3I.mol.-1 /1fJ6 s.-1 

1.60 8.95 3.44 2.91 2.60 9.08 

5.00 3.41 1.18 8.47 2.89 10.00 

8.71 1.84 0.70 14.25 2.62 9.15 

14.16 1.10 0.45 22.47 2.47 8.63 

Table 5.5:- Summary of the Fitted Data From Figure S.15 For a-(2-methoxyphenoxy) -3,4--dime-
thoxyacetophenone in 1,4-Dioxane Solution 

(1) From equation 5.21,kd/k~ = Slope x Cl/Intercept) 

(2) Calculated assuming k ~ = 35 x l091.mol.-1s:1(see below) 
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An estimate of k ~ equal to 3.5 x 109 I.mol-l .s:1 was obtained by transmission laser flash 

photolysis experiments (monitoring at 395 nm) for a deoxygenated and air equilibrated sample 

of '" -(2-methoxyphenoXY)-3,4-dimethoxyacetophenone in l,4-dioxane solution. The values 

of k.! obtained from the singlet oxygen data are of the order of 30 % larger than observed 

for the direct measurement ofk.! by laser flash photolysis experiments where k.!·was observed 

to be 6.65 x 1()6 s:l. This may be attributed to the error in measuring k~ by the laser flash 

photolysis technique. 

More importantly, from these experiments, it has been demonstrated that singlet 

oxygen luminescence intensity as a function of oxygen concentration does behave as predicted 

by equations 5.20 and 5.21 for a molecule whose triplet lifetime is less than 300 ns. 

As seen in section 5.2, MWL in l,4-dioxane solution undergoes permanent changes 

due to the photoreactivity of groups present within the macromolecule. Thus, for the 

corresponding set of singlet oxygen experiments with MWL, the lowest laser intensities 

required to observe singlet oxygen luminescence signals were used for data collection. As 

detailed above, a series of laser intensities were recorded in random order which demon

strated (via plots of I~ verses % laser intensity being linear) that degradation during data 

collection was indeed minimal under these experimental conditions. 
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Under similar conditions to those used for the lignin model compound, the intensity 

of the singlet oxygen luminescence signal following laser excitation of samples of MWL in 

l,4-dioxane solution (absorbance at 354.7 nm = 0.6) as a function of oxygen concentration 
were obtained and are shown in figure 5.16. 

III ~ (2) as a Function of % Laser Intensity(3) 

1/[02}1) 6.86 10.30 13.34 17.02 

780.64 2.15 1.76 1.51 1.15 
163.93 1.65 1.20 0.92 0.83 
117.10 1.45 1.04 0.75 0.66 
81.97 1.21 0.85 0.67 0.57 
63.05 1.15 0.87 0.62 0.60 
51.23 1.07 0.84 0.59 0.52 

Table 5.6:- Data Relating Ill: as a function of 1/[02] for MWL in l,4-Dioxane Solution 

(1) l.mol.·1 

(2) Arbitrary Units /104 
(3) 100 % laser intensity = 12 mJ.cm.-2 
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Table 5.6 shows the luminescence data manipulated for application to equation 5.21 for the 

four different laser intensities used in the study. The corresponding plots of 111 ~ as a 

function of 1/[021 for MWL obtained for a series of four laser intensities recorded in random 

order are shown in figure 5.17. 
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From the fitted data plots shown in figure 5.17 the following parameters were obtained and 

are tabulated in table 5.7:-

% Laser Intensity Slope Intercept (l/Intercept) (k./k~) (I) 

/10-7 /HrS /10" /10-3 I.mol.-I 

6.86 5.16 8.12 1.23 6.36 

10.30 3.18 6.71 1.49 4.74 

13.36 2.84 4.37 2.29 6.50 

17.02 2.48 3.99 2.51 6.22 

Table 5.7:- Summary of the Fitted Data From Figure 5.14 For MWL in l,4-Dioxane Solution Excluding 
the Air Equilibrated Data Points 

(1) From equation 5.21, kdlk~ = Slope x (l/Intercept) 
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As can be seen, a large deviation from linearity is observed for the MWL sample under air 
equilibrated conditions which was not observed for the corresponding model ketone under 
identical conditions. The same data, plotted without the air equilibrated sample is shown in 
figure 5.18 together with the best straight line fit to the data. 

5.4.5 Estimation of Triplet Quantum Yield For Milled Wood Lignin 
The singlet oxygen luminescence data obtained for MWL in 1,4-dioxane clearly 

demonstrates that as the concentration of oxygen in solution is increased a corresponding 
increase in the amount of singlet oxygen is produced consistent with the assignment of the 
short lived transient species with A. mox at 425 nm being due to absorption by photoinduced 
triplet state of MWL. Since the primary photochemical absorbelS at 354.7 nm are the 

a-carbonyl moieties present in MWL, the triplet-triplet absorption spectrum is assigned as 
principally due to the absorption by such moieties. 

An assumption in the derivation of equation 5.21 is that the triplet state decays with a 
single rate constant~. However, given the heterogeneous nature ofMWL, many different 
absorbing chromophoric groups may lead to triplet states and as such this data treatment 
cannot be applied to MWL samples where triplet state decay is likely to follow a distribution 
of rate constants attributable to the heterogeneity of the sample. As the concentration of 
oxygen is increased, the width of this distribution becomes significantly smaller and 

approximates to a single decay rate constant whenk~Cc>;];II~ which yields the straight line 
region of the I / I ~ verses 1/[021 plots. From the linear fits to such data, an estimate of the 
quantum yield of triplet state production can be obtained, the intercept on the Y axis for such 
plots being equivalent to where all the photogenerated triplet states from MWLare quenched 

by oxygen, ie. the plateau region of the plots of I~ as a function of [021 extrapolated to 

infmitely high oxygen concentrations. The efficiency of singlet oxygen production, S., (and 
therefore $. since $ T = 1[136]) for benzophenone in benzene has been determined to be 
between 0.29 to 0.35[137.197]. The quantum yield of triplet formation for MWL can therefore 

be estimated according to equation 5.22 from the ratio of the slopes of plots of I ~ and 
1/0roT versus [021 for benzophenone and MWL respectively recorded under identical 

conditions. 

<j>MIIL = SlopeMLv'L
x 

Sf%p 

T SlopeBzp S~"L 

(5.22) 

The slope of the benzophenone plot requires a minor correction to account for the fact that 
under aerated conditions, assuming that k:zp equals 1.64 x lOS s.-I,k:zp equals 2.50 x 109 

I.mol.-1s.-1 and [021 equals 1.9 x 1()"3 mol.1.-1 for air equilibrated benzene1135.191.1981, only 

approximately 96.5 % of triplet states are quenched by oxygen. The luminescence intensity 
as a function of percentage laser intensity are tabulated in table 5.8, plots of the data together 
with the best straight line fit are shown in figure 5.19. 
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IVl(J4 Arb. 

% Laser Intensity(l) MWL(2) Bzp(3) 

6.86 1.23 6.30 

10.30 1.49 9.37 

13.34 2.29 12.36 
17.02 2.51 15.49 

Table 5.8:- Data of I ~ and l/OrOTvcrsus Laser Intensity for Benzophenone (in benzene) and MWL 

(in l,4-dioxane) 

(1) 100 % laser intensity :I 12 mJ.cm.-2 

(2) Extrapolated to infinite oxygen concentration 
(3) Air equilibrated sample 
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Figure 5.19:- Plots of I ~ and 1/CrOT versus Laser Intensity for Benzophenone (Bzp) in benzene and 

MWL in l,4-Dioxane Together With the Best Straight Line Fit to the Data 

The value of S. for MWL is assumed to be similar to the value obtained for substituted 

acetophenones; ie. 0.27 and 0.42 for 4-methoxyacetophenone in benzene and acetonitrile 

respectively[181. If we assume that S. for benzophenone in benzene is 0.32 (average of the 

values stated above) and assuming a lower S. limit of 0.27 for MWL in 1,4-dioxane then, 

from the above data, the range of values obtained for <I>~WL are 0.19 when S~WL equalsO.27 

and 0.05 when S ~WL equals 1. This range of values does not appear unreasonable when one 

considers the nature of the MWL sample. MWL chromophores such as ,,-carbonyl moieties 
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absorb strongly at 354.7 nm and have high triplet quantum yield ranging between 0.5 and 1 

depending upon substitution (see section 4.3.2). However, other chromophoric moieties 

present in MWL such as, amongst others, substituted biphenyls[t99,200] and some phenolic 

hydroxyl moieties[201] absorb to an extent at 354.7 nm and have lower triplet state quantum 

yields (eg. h = 0.32 and 0.39 for pheno][202] and bipheny][203] respectively) than those 

observed for ex -carbonyls. 

At high oxygen concentrations, quenching processes leading to the deactivation of the 

triplet state dominate over other deactivation pathways such as phenolic hydroxyl hydrogen 

atom abstraction to generate a phenoxy-ketyl free radical pair which can then go on to produce 

yellow degradation products via a multi-step process. Even when a high percentage oftriplet 

states are quenched by oxygen, permanent changes in the ground state absorption spectra of 

MWL samples are observed suggesting the possibility of another degradation mechanism 

not involving the triplet manifold. As was seen in section 4.1, photochemically induced bond 
cleavage of ex -carbonyl f3 -0-4, and non-carbonyl ex -0-4linkages present in the lignin structure 

(leading to the production of phenoxy and other free radical species) can take place via the 

singlet state, the radicals may then deactivate to ultimately generate yeJlow photoproducts. 

Also, biphenyl strictures have been found to be susceptible to photodegradation as shown by 

ForsskahH107J for 2,2' dihydroxy- 3,3'-dimethoxy-5,5'-dimethylbiphenyl in dimethoxyethane 

under steady state irradiation conditions and Castellan who studied a series of biphenyl 
derivatives adsorbed onto lignin free paped204]. Phenolic groups which absorb above 300 

nm (the cut -off wavelength of the suns radiation at ground level) may also be a source of 
phenoxy radicals via direct photolysis[205.206] which can then deactivate by, possibly, reaction 

with ground state oxygen to form yellow photoproducts. 

The differing roles of singlet oxygen in the ultimate production of yellow photoproducts 
ofMWL have been considered by many authors[107.109.207J. Quenching of singlet oxygen via 

a hydrogen atom abstraction reaction with phenolic hydroxyl hydrogen atoms to yield phenoxy 

radicals has been proposed as a deactivation pathway for singlet oxygen[111.1121. However, 

no evidence in support of this mechanism from the singlet oxygen luminescence data was 

obtained, the singlet oxygen radiative lifetime was unaffected by the nature of the sensitizer 

(MWL or ex -(2-methoxyphenoxy)-3,4-dimethoxyacetophenone). This may simply be due to 

the low concentration of phenolic hydroxyl moieties in the solution, other deactivation 

pathways for singlet oxygen such as electronic-vibrational energy transfer into the vibrational 

energy levels of solvent molecules or other lignin bonds of appropriate energy (around 7880 
cm.-1)[208] competing favourably with radical formation. 

S.S Diffuse Reflectance Laser Flash Photolysis Studies Of Milled Wood 

Lignin Adsorbed Onto Microcrystalline Cellulose 
The mobility of molecules and dissolved gasses within a solvent based sample can lead to 

high quenching rate constants for such processes as oxygen quenching (section 5.4.4) and 

hydrogen atom abstraction (section 5.4.3) ultimately leading to the degradation of the MWL 

sample. However, in the rigid cross-linked environment of the pulp fibre, the mobility of even 

small molecules such as oxygen is severely restricted and therefore, photochemical degradation 

is likely to take place more via static rather than diffusional quenching processes. 
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A logical progression from the work detailed above was to examine the effect upon the 

photochemistry of MWL when placed in an environment where diffusional processes become 

restricted due the nature of the support material. The ground state diffuse reflectance spectra 

of pure microcrystalline cellulose (section 3.5) and a sample ofMWL (ca. 5.5 mg.g. ~1 of cellulose) 

adsorbed onto the microcrystalline cellulose are shown in figure 5.20:-
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Ground State Diffuse Reflectance Spectra of Microcrystalline Cellulose and MWL (ca. S.s 
mg.g. -1 of cellulose) Adsorbed onto Microcrystalline Cellulose Support 

The MWL sample was adsorbed onto the cellulose from a concentrated solution of MWL in 
1,4-dioxane, the excess solvent/MWL being removed by filtration through a sintered glass filter. 

This method of adsorption was found to produce a more homogeneous sample relative to the 

method employed for lignin model compounds adsorbed on cellulose outlined in section 3.5. 

The corresponding Kubelka-Munk spectra are shown in fignre 5.21. 

As can be seen in figure 5.21, the Kubelka-Munk spectrum ofMWL adsorbed on microcrystalline 

cellulose is almost identical to the absorption spectrum observed in 1,4-dioxane solution, a k max 

at ca. 280 nni and a broad absorption tail stretching to approximately 450 nm which gives the 

sample a pale yellow appearance. 

The transient difference spectrum for a sample of MWL absorbed onto microcrystalline 

cellulose measured by diffuse reflectance laser flash photolysis (k .. = 354.7 nm) at three time 

delays following the laser pulse are shown in figure 5.22. 
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Figure S.21:- Kubelka-Munk Spectra of Microcrystalline Cellulose and MWL (ca. 5.5 mg.g.-1 of cellulose) 

Adsorbed onto Microcrystalline Cellulose 
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Figure 5.22:- Transient Different Spectrum of MWL Absorbed onto Microcrystalline CeIl~lose 

Spectra were recorded at time delays (a) 8.4J.l.s, (b) 87.5 J.l.sand (c) 190p s after the laser pulse 
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The "mu of the transient absorption is located at ca. 440 nm and is independent of the time 

delay following the laser pulse. The spectrum is characterised by a broad structureless absorption 

band extending to wavelengths greater than 650 nm. The shape of the transient absorption 

spectrum is similar to that observed for the triplet·triplet absorption spectrum of MWL in 

l,4-dioxane solution (section 5.4.2), the 11. mu being bathochromically shifted by ca. 15 nm when 

adsorbed onto microcrystalline cellulose. The transient difference spectrum shows no 

dependence of 11. mox with time following the laser pulse up to delays of ca. 200 I' s suggesting 

that the transient absorption up to this time after the laser pulse (and on longer delays) is due 

to a single absorbing species. The decay of the transient follows complex kinetics reflecting the 

heterogeneity of both the absorption sites on the cellulose surfacd2091 and also the nature of the 

MWL sample itself. 

A transient kinetic decay trace (analysing at 450 nm) built"up by measuring the transient 

absorption on four digitiser timescales between 40 ns per point and 21' s per point is shown in 

figure 5.23:-
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Decay of the Transient (analysing at 450 nm) Observed Following Laser Excitation of MWL 
Adsorbed Onto Microcrystalline Cellulose 

An estimate of the first, second and third empirical half-lives (t \12 ) for the transient were 

obtained by the following method; The reflectance change at zero time after the laser pulse (ie. 

!J.J(O)/ J(O» (see section 3.8.2) was estimated from the fast kinetic traces, and the baseline 

offset (due to permanent absorption changes at 450 nm induced by laser damage to the sample) 

was estimated from the longest timescale measurements. The first, second and third empirical 

half-lives were found to be 11.61' s, 66.21's and 931' s respectively emphasising the non-exponential 
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decay of the transient absorption signal. 

From the shape and position of the ~ mu of the transient spectrum relative to that in 

l,4-dioxane solution, the transient is assigned as due to absorption by the lowest lying triplet state 

of MWL. The red shifted ~mu (relative to MWL triplet in l,4-diox~e) is attributed to the 

adsorption of the MWL onto the cellulose surface. A similar phenomenon was also observed 

for the lignin model compound 3,4-dimethoxyacetophenone when absorbed onto microcrystalline 

cellulose as seen in section 4.4. The transient difference spectrum shows no change of ~ mu 

with time except in intensity (in contrast to MWL in l,4-dioxane solution) and may be attributed 

to the inability of reactive chromophores to diffuse together on the cellulose surface. The 

extended lifetime of the observed triplet states relative to the solution phase can, in part, be 

attributed to the properties of the support material which is able to protect (especially when 

moisture is removed) none chemically reactive triplet states from quenching by molecular 

oxygen[157,t60l. The fact that the transient absorption does not return to the pre-trigger light 

level is indicative of the sample degrading following laser excitation. This suggests that some 

irreversible photodegradation of the sample is taking place either via triplet sensitization to 

generate radical species which form yellow photoproducts or, from other degradation pathways 

which do not proceed through the triplet state manifold such as direct photolysis of none 

a -carbonyl chromophores absorbing at 354.7 nm or singlet state a -carbonyl sensitized bond 

cleavage of f3 ·0-4 aryl·ether bonds present in the lignin macromolecule. 

5.6 Conclusions 
The photochemistry of MWL in l,4-dioxane has provided much useful information on the 

photodegradation processes involved in the photoyellowing of lignin. The transiimt difference 

spectrum assigned to absorption by the lowest lying triplet state(s) of a -carbonyl moieties present 

in MWL has been observed for the first time and identified on the strength of its ability to sensitize 

singlet molecular oxygen. An estimate of the triplet quantum yield (<I>~WL ) following laser 

excitation at 354.7 nm has also been obtained relative to that ofbenzophenone. Following decay 

of the triplet, a long lived transient species whose lifetime is unaffected by the presence of oxygen 

has been assigned as absorption due to free radical species produced by triplet a -carbonyl 

hydrogen atom abstraction of phenolic hydroxyl hydrogen atoms or via other mechanisms such 

as a ·carbonyl excited singlet state homolytic cleavage of f3 -0-4 linkages present in the MWL 

sample. Other mechanisms such as direct photolysis of biphenyl, phenolic hydroxyl and a -0-4 

linkages present in the MWL sample are also possible mechanisms which lead to photoyellowing 

since quenching of a high percentage of the MWL triplets by oxygen fails to prevent permanent 

chemical and structural changes in the lignin macromolecule in solution. Adsorption of MWL 

onto microcrystalline cellulose has demonstrated that a bathochromic shift in the transient 

absorption spectrum of MWL in a restricted environment is similar to the one observed for lignin 

model compounds adsorbed onto microcrystalline cellulose. A single transient species with ~ mu 

at ca. 440 nm is observed which decays by complex kinetics. The spectral shape and ~ mu of 

the transient absorption is similar to that of the triplet state of MWL in l,4-dioxane solution, 

bathochromically shifted due to interactions (eg. hydrogen bonding[1561) with the support 

material. The bathochromic shift in ~ m.x and the lack of observation of transient species which 

can be assigned to the absorption by free radicals from MWL when absorbed onto cellulose serve 
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to emphasise the important role of the environment in which such as sample is studied, marked 

differences in the photochemical behaviour being observed between the solution and solid phase. 

As we will see in chapter 6, the significance of these observations will become apparent when 

attempting to interpret transient reflectance data observed from samples of thermomechanical 

pulp itself where lignin is present in its natural environment as part of the pulp fibre. 
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Chapter 6 

Photochemistry of High Yield Thermomechanical Pulp 



6 Photochemistry Of High Yield Thermomechanical Pulp 

6.1 Introduction 
As has been seen in chapters 4 and 5, much useful information concerning assignment and 

behaviour of chromophores believeJ l-.be involved in the photoyellowing processes of lignin can 

be obtained from lignin model compounds and MWL in both the solution and solid phases. 

However, it must be borne in mind that the behaviour of such cbromophores within the three 

dimensional heterogeneous thermomechanical (TMP) fibre may be considerably modified due 

to the very nature of the material itself. Study of the photochemistry of such moieties actually 

within their native environment is therefore essential for understanding of the photodegradation 

processes involved. The development and application of time resolved diffuse reflectance laser 

flash photolysis has proved a powerful analytical tool in the study of such systems (see for example 

reference 210 and references therein). The first observation of short-lived transient species 

obtained following pulse laser excitation of bleached TMP at 354.7 nm have recently been 

observed in Loughborough and published in the literaturd37,211 J. Preliminary results concerning 

the effects of oxygen, phenolic hydroxyl content, sodium borohydride reduction and peroxide 

bleaching upon the photochemistry of TMP samples were obtained. Based upon this evidence, 

the assignment of the observed transient species was that of the triplet state of Q -carbonyl 

moieties present in the lignin macromolecular component of the TMP fibre. 

The aims of the work described here were to study these effects more closely and attempt 

to correlate the observed transient data with that observed for MWL and appropriate lignin 

model compounds studied in solution and adsorbed onto microcrystalline cellulose. The studies 

detailed below were performed on TMP samples in two forms; powdered, and optically thick 

hand sheets (see section 33). Direct comparison of TMP in these two forms demonstrated that 

there was no difference in optical properties provided that the powdered samples were packed 
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Figure 6.1:- Ground State Diffuse Reflectance Spectrum of Peroxide Bleached Th1P 
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Figure 6.2:· 
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into cuvettes at sufficient packing density to ensure optically thick samples at all wavelengths of 
study. The ground state diffuse reflectance spectrum of an optically thick peroxide bleached 

TMP hand sheet is shown in figure 6.1 measured relative to barium sulphate. The spectrum is 
characterised by a broad structureless decrease in reflectance upon going from 700 nm to 300 
nm. Below 300 nm, strong absorption by the sample is observed reflecting the aromatic nature 
of the lignin component of the TMP sample. The corresponding Kubelka-Munk spectrum is 

shown in figure 6.2. The weak absorption above 400 nm for such samples give them their slightly 
yellow appearance. A Kubelka-Munk Remission Function value (FeR .)of ca. 3 at 300 nm is 
observed corresponding to absorption of approximately 88 % of the light at that wavelength. An 

absorption maximum located at ca. 280 nm is observed which is typical for lignocellulosic materials 

(see section 5.1 for details). Some ofthe problems associated with measuring ground state diffuse 

reflectance spectra at wavelengths below 300 nm have been discussed in section 43 of this thesis. 
In addition to the non-ideal behaviour of the white and black reflectance standard at these 
wavelengths, the fluorescent nature ofthe lignin fraction of the TMP sample (see section 5.3 and 

section 6.2 below), which is collected with equal efficiency to the diffusely reflected light by the 
iritegrating sphere may result in a small distortion effect upon the absolute shape of the reflectance 
spectrum. However, it is anticipated that this is not sufficient to significantly effect the position 
of the absorption maximum observed in Kubelka-Munk Remission spectrum shown in fignre 6.2 
(it is worthy of note that absorption maxima for MWL in l,4-dioxane solution and when adsorbed 
onto microcrystalline cellulose are, within experimental error, identical as shown in figures 5.1 

and 5.21). 

124 



6.2 Steady State Fluorescence Spectra ofBIeached Thermomechanical Pulp 
Other authors have investigated the effect of photoyellowing upon the fluorescence 

intensity and spectra observed from TMP[212,213J . 
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Uncorrected Fluorescence Spectra ObSCIVed for Bleached TMP exciting at (a) 300 nm, (b) 350 
nm and (c) 450 nm 

It was found that, following peroxide bleaching, a large increase in the emission intensity is 

observed off-setting the yellowness of the bleached TMP samples. Uncorrected fluorescence 

spectra observed for the bleached TMP used in the present study exciting at 300 nm, 350 nm and 

450 nm are shown in figure 6.3. As can be seen, excitation at 450 nm, where only weak ground 

state absorption is observed, yields an easily observable fluorescence emission spectrum with 

h m .. located at ca. 520 nm. Excitation at 300 om yields a fluorescence maximum at 420 om 

whereas, following excitation at 350 nm, two fluorescence peaks of almost equal intensity are 

observed at 435 nm and 445 nm. The variation of position of the fluorescence h mox cannot be 

attributed to a Raman scattering effect but rather serves to reiterate the observations in section 

5.3 for MWL in 1,4-dioxane solution; ie., that the fluorescence h mu changes with excitation 

wavelength as a direct result of excitation of a number of fluorescence yielding chromophores 

all of which are present with differing environments within the lignin macromolecule. The 

chromophores responsible for the observed emission have, so far, not been clearly identified, 

although studies of the fluorescence spectra observed from lignin model compounds have been 

documented in the literatureIl74.1751. 

The prompt emission with h m .. at 425 nm and 445 om obtained foIIowing354.7 nm laser 

excitation of TMP samples has the undesired effect of preventing the determination of transient 

absorption spectra at time delays less that ca. 150 os following the laser pulse due to the overload 

and recovery of the photomultiplier detector used in such experiments. 
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6.3 Diffuse Reflectance Laser Flash Photolysis Studies ofThermomechani· 

cal Pulp 
Due to the susceptibility of TMP to undergo photoreversion following laser excitation at 

354.7 run, the transient difference spectra detailed below were recorded using a fresh sample of 

TMP for each transient absorption measurement. As we will see later. contrary to previous 

initial observationsl2l1J, the intensity of the laser induced reflectance change observed at 450 nm 
at given time t following the laser pulse (t1J(/)/ J (0) ) falls off initially at a fast rate and then 
levels off to a signal size of approximately 60 % of its original intensity following approximately 
400 laser pulses (pulse energy = 18 mJ.cm.-2 per pulse). 

The transient different spectrum obtained following 354.7 nm pulsed laser excitation of 

TMP is shown in figure 6.4 at two time delays following the laser pulse. The spectra were recorded 
using a single laser shot for each point in the absorption spectrum to eliminate any accumulative 

effects due to product build-up/sample degradation. At all time delays following the laser, the 
spectrum has a A. mox located at ca. 450 nm with a broad structureless absorption extending to 
wavelengths beyond 700 nm. At wavelengths below 450 nm, the transient absorption signal 

decreases rapidly with wavelength as a consequence of increased TMP ground state absorption. 
As with MWL, the transient decays via complex non-exponential kinetics typical of a hetero
geneous population of excited statesl2141. Under air equilibrated conditions, the transient decay 
can be followed to time delays approximately 0.25 s after the laser pulse. Even at such long times, 
the transient signal fails to recover to the pre-laser absorption level at all analysing wavelengths 
due to build-up of photoproducts which absorb over a broad wavelength range between 350 nm 
and 700 nm. The ground state diffuse reflectance spectrum of a fresh TMP sample and a TMP 

sample which had been photoyellowed by exposure to 400 laser pulses is shown in figure 6.5 . 
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The ground state difference reflectance spectrum (.:l. R cs ), obtained by subtracting the 

reflectance spectrum of the damaged TMP sample from that of the unphotolysed sample, is 

shown in figure 6.6 together with the residual single shot transient absorption measurements 

recorded ca. 0.25 s. after the laser pulse. The relative intensities of the two spectra have been 

normalised for ease of comparison. As can be seen, the residual transient absorption follows 

that of the C; R cs spectrum inferring that they are one and the same absorption and not 

attributable to a very long lived transient species. The .:l. R cs spectrum has a A. mox at ca. 440 

nm which gives the photodegraded TMP its characteristic yellow appearance. 

The photoyellowing process leads to an absolute increase in absorption at the excitation 

wavelength of some 3 % to 4 % (see figure 6.6). The increased absorption at this wavelength 

does not, however, affect the observed transient difference spectrum observed from a thoroughly 

photoyellowed TMP sample, the observed spectrum simply being reduced in intensity relative 

(by ca. 40 %) to that observed from a fresh TMP sample. This decrease can be interpreted as 

due to both an inner filter effect of the yellow TMP degradation products and also by a con

sumption (by photochemical reaction) of the chromophores giving the transient absorption signal. 

Assuming that the yellow TMP degradation products are formed with the same distribution 

within the pulp fibre as the chromophores that are consumed, then the magnitude ofthe decrease 

in the transient absorption signal is too large to be explained simply by an inner filter effect. 

Even if the coloured moieties were formed preferentially at the surface of the TMP sample 

(perhaps as a result of oxygen accessibility), the decrease in the intensity of the transient signal 

is still too large to be accounted for by a inner filter phenomenon alone. Thus, it is concluded 

that some consumption of laser absorbing chromophores is taking place .. 

6.3.1 Effect of Oxygen on the Thermomechanical Pulp Transient Decay 

Kinetics 
The quenching of aromatic ,,-carbonyl triplet states by molecular oxygen has been 

shown to be an efficient process in solution for both lignin model compounds and MWL. 

The mobility of oxygen and accessibility of triplet carbonyls to quenching processes involving 

oxygen within the TMP fibre is greatly reduced due to the densely packed three dimensional 

cross-linked nature of the lignin-cellulose macromolecule. In an earlier publication[21ll, an 

increase in the intensity of the transient reflectance change (observed at 450 nm) of some 20 

% was observed following the removal of oxygen from a TMP sample relative to that observed 

for a TMP sample under atmospheric conditions. Under these conditions, no evidence of 

dynamic quenching of the transient signal was observed, the reduction in the intensity of the 

transient being attributed to static quenching processes requiring no diffusion of oxygen to 

the site of photochemical reaction. However, under enhanced oxygen atmospheres, dynamic 

quenching of the TMP transient by oxygen is observed. The samples used in the study were 

prepared in the following way; powdered TMP was packed into a quartz cuvette and then 

thoroughly degassed by evacuating the sample to a pressure orca. 8 x 10-5 mBar. The sample 

remained exposed to the vacuum line for at least 3 hours to ensure that all moisture and 

oxygen w ... s removed from the TMP fibres. Either pure oxygen or nitrogen were introduced 
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into the cuvettes in a similar fashion to that detailed in section 5.4.4, to a pressure above the 
TMP sample of approximately 2 Bar • 
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Figure 6.9:-
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The transient kinetic decay of samples of TMP under such oxygen and nitrogen 

atmospheres are shown in figures 6.7 to 6.9 on three different digitiser tiniescales. The data 

was obtained with a 450 nm interference filter over the entrance slit of the monochromator 

to minimise the prompt emission overload of the photomultiplier at short times after the 

laser pulse. As can be seen in figure 6.7, the transient signal intensity for both oxygen and 

nitrogen TMP samples at short timescales are, within experimental error, identical suggesting 

that static quenching of the transient (or its precursor) is not significant in this system. It 

must be noted however, that reliable transient kinetic data cannot be obtained on timescales 

less than approximately 150 ns after the laser pulse and it is on these timescales that fast 

static quenching processes are likely to be taking place. As can be seen, the kinetics ofthe 

decay of the transient in the presence of oxygen are slightly quicker than those for nitrogen 

equilibrated samples, suggesting the presence of dynamic quenching for this system under 

enhanced oxygen atmospheres. Whether this can be attributed to penetration of oxygen into 

the pulp fibre or simply due to more efficient quenching of excited states generated on or 

near the surface of the fibre has not been established. As has been mentioned previously, 

the transient decay for both samples is non-exponential but can be quantified according to 

their empirical half-lives, t 112. An estimate of the transient reflectance change at zero time 

after the laser pulse (D. J (0) / J ( 0) ) was obtained from data recorded on a timescale of 4 

ns per point. The intensity of the signal following decay of the transient at long time delays 

after the laser pulse (to obtain the residual permanent absorption due to photoyellowing) 

W'os; obtained for the current set of samples by a similar method to that detailed in section 
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5.5. The first, second and third empirical halflives for DRY TMP under oxygen and nitrogen 

atmospheres are tabulated in table 6.1:-

Transient Empirical Half Life /I'S 

Sample 1st 2nd 3rd 

TMP + Nitrogen 5.8 140 >1000 

TMP + Oxygen 4.5 32.5 127.5 

Table 6.1:- First, Second and Third Empirical Half4lives for Dry TMP Under Oxygen and Nitrogen 
Atmospheres 

The accuracy of the half-lives quoted in table 6.1 are prone to some errors such as the 

estimation of the transient reflectance change at zero time after the laser pulse and also that 

of the residual absorption following total decay of the transient species. The data does 

however, together with figures 6.7 to 6.9, demonstrate clearly that dynamic quenching of the 

TMP transient species by molecular oxygen is indeed occurring when enhanced oxygen 

atmospheres are placed above the TMP sample. 

In a separate experiment, TMP samples were saturated with water and then bubbled 

overnight with a stream of oxygen or nitrogen to investigate the effects ofTMP fibre swelling 

on the empirical half-life of the transient species. The observed first empirical half-lives 

obtained for oxygen and nitrogen saturated}YEI TMP samples were found to be 0.651's 

and 0.91' s respectively. Subsequent half-lives were also found to be susceptible to the presence 

of dissolved oxygen in the water. The large decrease in first empirical half-lives for such 

samples with or without the presence of oxygen may be attributed to the following:-

(a) The TMP readily absorbs water leading to swelling of the pulp fibre matrix. Dissolved 

oxygen will therefore be able to penetrate into the wet bulk fibre more easily thus enhancing 

quenching of the laser induced excited Cl -carbonyl triplet states. 

(b) Swollen pulp fibres allow greater mobility of chromophoric moieties and therefore make 

deactivation (by photochemical reversible or non-reversible reaction pathways) more effi

cient. This postulate is applicable to pulps with and, especially without, the presence of 

dissolved oxygen in the water. 

The overall net effect is a large decrease (by ca. a factor of 10) in the observed transient 

first empirical half-lives for both oxygen and nitrogen saturated wet TMP samples relative 

to those observed for TMP under dry conditions. 

From previous studies, the intensity of the TMP transient signal was shown to decrease 

in proportion with the extent of sodium borohydride reduction of the TMP. This, coupled 

with the dynamic quenching of the transient signal by molecular oxygen[215j detailed here 

are consistent with assignment of the observed transient as due to absorption by the lowest 

lying triplet states of the aromatic Cl -carbonyl moieties present in the pulp fibre. The x. m.x 

of the transient is red shifted by over 80 nm relative to the x. mox for triplet-triplet absorption 
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of a lignin model compound (3,4-dimethoxyacetophenone) in benzene solution. However, 

we have observed a progression of red shifted 1-. m.. for 3,4-dimethoxyacetophenone when 

placed in polar solvents (1-. m .. in acetonitrile = 385 nm) and adsorbed onto microcrystalline 

cellulose (1-. m .. = 400 nm). Milled wood lignin also shows a similar trend, the 1-. mox for 

the", -carbonyl triplet state being located at 425 nm and 440 nm in 1,4-dioxane solution and 

when adsorbed onto microcrystalline cellulose respectively. The extra 10 run red shift in the 

1-. m.. observed for lignin Q -carbonyl triplet state moieties when part of the TMP fibre can 

therefore be attributed to the heterogeneous nature of the sample itself. 

6.3.2 Effect Of Methoxylation Of Thermomechanical Pulp 
In a previous study[211], the change in reflectance following pulsed laser excitation of 

an optically thick fully methoxylated TMP handsheet was shown to increase by approximately 

30 % relative to an unmodified TMP sample. The increase iD signal intensity was attributed 

as due to the removal of phenolic hydroxyls from the lignin structure effectively blocking one 

of the deactivation pathways for the", -carbonyl triplets formed by the laser pulse. Due to 

the rigid nature of the lignin matrix, such triplet state quenching processes are believed to 

occur purely via a static quenching mechanism, the rate of which is too fast to be observed 

by our nanosecond apparatus due to the fluorescent nature of the TMP samples preventing 

detection of transient species at times less than ca. 150 ns. 

The present study was aimed at extending this initial observation to a series of TMP 

samples of varying methoxyl content and also to examine the effect of methoxylation upon 

the observed transient different spectrum and also the kinetics of transient decay observed 

from such samples. The methoxylation process and quantification of the TMP samples was 

achieved as detailed in section 3.3.1. The experiments were carried out using powdered TMP 

packed into quartz cuvettes to give an optically thick packing density. In all cases, the ground 

state diffuse reflectance spectra observed for these samples were identical within experimental 

error. Untreated TMP was found to have a phenolic hydroxyl content of 0.128 per ~ 

phenylpropane lignin unit (see section 3.3.1), a value approximately 30 % larger than the one 

reported previously by Yang and Goring for Black Spruce wood[216] and was attributed by 

Heitner et a/[217] as due to the formation of phenolic hydroxyl groups during the preparation 

ofthe bleached TMP. The methoxyl content of untreated TMP was determined to be 4.44 

% by mass. If only phenolic hydroxyl groups were methoxylated then the total methoxyl 

content should rise to ca. 4.93 %. However, it was found that even with a methoxyl content 

of 8.13 % by mass, some phenolic hydroxyl moieties were still present in the pulp sample. 

This can be rationalised by the dimethyl sulphate methoxylation process being non-specific 

to phenolic hydroxyl groups, ie., methoxylation of acidic hydroxyl groups of the cellulose and 

lignin structure is also taking place. A plot of the TMP phenolic hydroxyl content as a function 

of methoxyl content for the series of samples studied is shown in figure 6.10, the data being 

tabulated in table 6.2. 
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From the limited data available, a linear relationship between methoxyl content by mass and 

phenolic hydroxyl content per y lignin unit is observed for the TMP samples studied in these 

experiments. From the intercept on the x-axis, a methoxyl content ca. 8.4 % by mass is 

predicted to be required to obtain total removal of phenolic hydroxyl moieties from the TMP 

sample. As mentioned previously, a TMP sample with a methoxyl content of 13.65 % by 

mass gave an increase in transient signal observed following laser excitation of some 30 %. 

As can be seen in figure 6.10, this methoxylated TMP (ie. some 5 % higher than the predicted 

point were all phenolic hydroxyl moieties had been chemically modified) was correctly 

assumed to be consistent with total removal of phenolic hydroxyl moieties from the pulp 

fibre. 

Bleached TMP Modified With Dimethyl 

TMP Sulphate 

Methoxyl Content (% By Mass) 4.44% 7.73% 8.13% 

Phenolic Hydroxyl / y Lignin Unit 0.128 '" 0.002 0.039" 0.004 0.0091'" 0.0008 

Table 6.2:- nAP Phenolic Hydroxyl Content as a Function of Methoxyl Content for a Series ofTM:P 
Samples 
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The transient different spectra for the three samples of TMP detailed in table 6.2 are 

shown in figure 6.11 at a delay of3 ps following the laser pulse . 
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Transient Difference Spectra for Three Samples ofTMPwith Differing Phenolic Hydroxyl 
Contents (as detailed in table 6.2) at a Delay or 3 ps Following the Laser Pulse. 

Except for the intensity of the observed signal, the spectra are identical in both shape and 

A. mox (ca. 450 nm). Within experimental error, the kinetics of the decay of the transient 

species on the timescale required to obtain the transient spectra shown in figure 6.11 (ie. 3 

ps) are identical irrespective of pulp methoxyl content. The relative intensities observed in 

figure 6.11 (analysing at 450 nm) of the laser induced transient reflectance change at zero 

time after the laser pulse (t.J (O)/J (0) ) are shown in table 6.3:-

Phenolic Hydroxyl Methoxyl Content (% by Relativet.J(O)/ J(O) 

Content / Cj Unit mass) (Analysing at 450 nm) 

0.128 

0.039 

0.0091 

Table 6.3:-

4.44 1.00 

7.23 1.19 

8.13 1.29 

Relative Intensities (analysing at 450 om) of the Laser Induced Transient Reflectance 

Change (6.J(O)/ J(O) ) at Zero Time After the Laser Pulse for a Series ofsamptes ofTMP 
with Varying Degrees of Methoxylation 
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These results confirm those observed previously where a 30 % increase in size ofthe transient 

signal was observed for fully methoxylated TMP. The observation of such an increase may 

be explain in one of two ways:-

(a) Reduction in the number of phenolic hydroxyl moieties reduces the amount of quenching 

of the precursor to the a -carbonyl triplet state and therefore leads to a greater population 

of detected triplet states. 

(b) Phenolic hydroxyl moieties statically quench the carbonyl triplets on timescales faster 

than those available in these experiments (ca. 150 ns due to the fluorescent nature of the 

TMP samples) resulting in less detected triplet states. 

The first postulate would require an extremely high quenching rate constant to compete 

with rate constants for intersystem crossing of aromatic a -carbonyl moieties. For example, 

(although not directly comparable to a-carbonyl moieties in the lignin macromolecule) the 

intersystem crossing rate constant for benzophenone and 3,4-dimethoxyacetophenone in 

solution have been observed to be extremely fast processes with rate constants of the order 

of lOll s.-1[218]. Also, intersystem crossing rate constants of the same order have been 

measured for microcrystalline benzophenone[219] and xanthone adsorbed on silica geI1220] 

and therefore implies that rate constants for intersystem crossing to the triplet state for 

carbonyl chromophores are not significantly altered when the chromophore is in the solid 

phase. 

Quenching of a -carbonyl triplet states by phenolic hydroxyl moieties have been 

demonstrated to proceed efficiently with quenching rate constants (kq) of the order of 109 

l.mol;ls;1 as seen in section 4.2.4 where the quenching rate constant for triplet 3,4-dime

thoxyacetophenone by phenol was to determined to be 6.3 x 1091.mol;ls;l. Further evidence 

of the high efficiency of such triplet state deactivation processes can be found in the literature 

for the self quenching of triplet 4-hydroxypropiophenone11411 and also for intramolecular 

remote hydrogen atom abstraction reactions by triplet carbonyls[221]. Such fast a-carbonyl 

triplet state deactivation processes will not be detected by the flash photolysis apparatus 

whose time resolution is increased from ca. 30 ns for non-fluorescent solid samples to 

approximately 150 ns by the fluorescent nature of the TMP samples under study. In the 

restricted environment of the pulp matrix, the photochemically generated phenoxy-ketyl 

radical pair formed as a result of postulate (b) above are also likely to decay on timescales 

faster than the time resolution of the flash photolysis apparatus. The intersystem crossing 

rate constants observed for triplet radical pairs in micelles[222.223] has been demonstrated 

to be of the order 2 x 1()6 to 5 x 1()6 s;l. Intersystem crossing rate constants for photoinduced 

radical pairs formed in the pulp matrix are expected to be even faster than those observed 

in micellar environments due to the rigidity of the pulp fibre matrix and thus will also elude 

detection by our apparatus. 

Given that in unmodified TMP, the a-carbonyl and phenolic hydroxyl content have 

been determined to be 0.07[170] and 0.128 per y lignin phenyl propane unit, the 30 % increase 

in the observed transient signal upon totally removing all phenolic hydroxyl moieties is too 

large to be explained simply by random distribution of a -carbonyl moieties relative to phenolic 
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hydroxyls in the lignin matrix. A few possible explanations ofthis larger than predicted signa! 

increase are detailed overleaf:-

(a) The TMP used in these studies was manufactured from wood cells (and therefore lignin 
structure) at all stages of development from initial formation to full maturation (the com

pletion of the lignification processes). Shown in table 6.4 is some data detailing the distribution 
and concentration oflignin in black spruce tracheids (Picea mariana) as determined by Fergus 
et aZ[49] for earlywood and latewood respectively (see section 2.2.2). 

Wood Type Morphological Tissue Lignin I % Lignin Phenolic 
Region Volume I of Tota! Conc'n Hydroxyl/~ 

% (gig) Unit(l) 

Earlywood S 87 72 0.23 0.12 

ML 9 16 0.50 0.06(2) 

MLcc 4 12 0.85 

Latewood S 94 82 0.22 -
ML 4 10 0.60 -

MLcc 2 8 1.00 -

Table 6.4:· A Table Detailingthe Concentration and Distribution of Lignin Within Earlyand Latewood 
Black Spruce Tracheids (Picea mariana) according to Fergus et al[49] 
S = secondary wan, M • middle lamella, CC = cell corner 

(I) Data According to Yang and Goring[216j 

(2) Total of ML and MLCC 

As can be seen, the concentration of lignin in the secondary wall (S) is much lower (see also 
figure 2.4) than that observed in the middle lamella region (ML or MLcc). However, because 

the secondary wall constitutes 87 % of the wood cell tissue volume, most of the lignin is 
located in this region. The concentration of phenolic hydroxyl moieties per lignin ~ unit in 
the secondary wall and middle lamella have been shown by Yang and Goring for early wood 

black spruce tracheids to be 0.12 and 0.06 respectively indicating differences in the lignin 
structure between these two components[224,2251. In the manufacture of TMP hand sheets, 

all components of the woody tissue are used which has the effect of averaging out such 
differences when analytical parameters such as phenolic hydroxyl content and a-carbonyl 

content are determined. Thus, the phenolic hydroxyl contents quoted here are average values 
assuming that (from table 6.4) the secondary wall and middle lamella contain 72 % and 28 

% of the total lignin respectively. Less information concerning the distribution of conjugated 
Cl -carbonyl moieties exist in the literature. However, it has been shown that compression 
wood (wood which grows on the lower side ofleaning wood stems, such wood has been shown 
to have different morphological structure to other woody tissues[226]) has more condensed 

aromatic structures, but more importantly, a higher proportion of unmethoxylated 4-hy
droxyphenylpropane units[227,228] and.kss conjugated a -carbonyl moieties[229,230], a fact 
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which will be neglected in the overall analysis for such moieties. Thus, although lignin is 

regarded as being a completely heterogeneous macromolecule it is true to say that certain 

types oflignin may contain more or less of a particular functionality depending upon its origin. 

This may partly explain the large increase in the transient signal upon full methoxylation of 

TMP relative to unmethoxylated samples. 

(b) Other factors (other than phenolic hydroxyl concentration) may also play a role in 

explaining the observed transient size increase. It has been shown that methoxylation with 

dimethyl sulphate also removes other sources of hydroxyl groups in the pulp structure such 

as et -carbon benzyl alcohol structures. A measure of the amount of such moieties present 

in the lignin structure w~ obtained by the analysis of spruce milled wood lignin where a 

total concentration of ca. 0.2 per y lignin unit is observed[2311. 
(c) Cellulose itself contains high percentage of alcoholic type hydroxyl groups which may be 

in close proximity to the et -carbonyl triplet states due to the intimate cross linkages between 

the lignin and cellulose components of the pulp fibre. As mentioned previously, treatment 

with dimethyl sulphate is not specific to lignin phenolic hydroxyls and therefore methoxylation 

of such moieties in the cellulose fraction of the TMP may contribute to the observed increase 

in transient signal size following methoxylation. 

It is not known which of the above postulates is the most important but it may be 

possible that each plays a role in the deactivation of photogenerated triplets state popUlation 

in the pulp matrix. 

6.4 Photoyellowing of Thermomechanical Pulp 

It has been shown that under steady-state irradiation conditions, the initial rate of 

photoyellowing of TMP is decreased as the phenolic hydroxyl content of the pulp is decreased 

and also that the overall extent of photoyellowing decreases linearly with decreasing lignin 

phenolic hydroxyl contentl217J. This clearly implicates the phenolic hydroxyl moiety as a par

ticipant in the photoyellowing processes. However, the extent of photoyellowing could not be 

accounted for solely via the formation of phenoxy radicals (via et -carbonyl triplet state hydrogen 

atom abstraction of phenolic hydroxyl hydrogens and the cleavage of fJ -0-4 phenacyl-aryl-ether 

bonds) alone. 

In section 6.3, it was noted that a 40 % decrease in the size of the transient reflectance 

change (analysing at 450 nm) was observed for TMP following exposure to approximately 400 

laser pulses (ca. 18 mJ.cm:2 per pulse) which was accounted for by a combination of inner filter 

effects and also destruction of the laser absorbing chromophore responsible for the transient 

absorption. A plot of the transient signal intensity (analysing at 450 nm) as a function of number 

of laser shots is shown in figure 6.12 for untreated TMP and TMP which has been methoxylated 

with dimethyl sulphate. 

The signal intensities at the beginning of the traces reiterates the observation of a 29 % 
increase in transient signal for a sample containing 0.0091 phenolic hydroxyl moieties per y 
lignin unit relative to a phenolic hydroxyl content of 0.128. As can be seen however, upon exposure 

to 400 laser shots, each of the three samples suffers approximately a 40 % loss in the transient 

absorption relative to the signal initially observed. The fact that, for all three sample, the same 
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percentage loss in transient absorption is observed suggests that a -carbonyls are being destroyed 
via a mechanism which does not involve the phenolic hydroxyls . 
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Figure 6.12:-

Figure 6.13:-
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Also, from figure 6.12, the rate ofloss of a -carbonyls does not depend upon the phenolic hydroxyl 

content of the pulp sample. 

If we assume that the a -carbonyl concentration is 0.07 per lignin ~ unit, then a "mass 

balance:' of the fate of such chromophores in an unmethoxylated TMP sample following exposure 

to the laser can be compiled. From the methoxylation data, 03 x 0.07 = 0.02 a -carbonyls are 

assumed to be quenched by phenolic hydroxyl moieties, 0.4 x (0.07 - 0.02) = 0.02 are removed 

via another chemical deactivation mechanism leaving 0.03 a -carbonyls unreacted to give a 

transient absorption following photoyellowing with 400 laser pulses which does not decrease 

significantly upon further exposure to the laser. Measurement of the change in the ground state 

diffuse reflectance spectra ( t> R cs ) before and after photoyellowing demonstrates that 

methoxylation of TMP does provide some protection against brightness loss as seen in figure 

6.13 and is in agreement with observations made by other authors[83.1161. 

Inspection of the kinetics of decay of the transient for the samples under study reveal, within 

experimental error, identical kinetics at short time delays (ca. 0 to 100 I' s) following the laser 

pulse as shown in figures 6.14 and 6.15. However, over long timescaIes, a point is reached at 

approximately 2 ms following the laser pulse where the transient signal for each sample is of 

equal intensity (figure 6.16), after which the methoxylated sample transient signal becomes less 

intense than that of the non-treated TMP . 
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Table 6.5:-

Phenolic Hydroxyl {6J(O.1 s.)/J(O)} / 6R cs 

Content / ~ Unit 10-2 at440nm 

0.128 1.192 11.90 

0.039 0.924 9.81 

0.0091 0556 7.43 

Single Shot Residual Renectancc Change at 450 om (AJ(t)IJ(O) ) Recorded 0.1 s after the 

Laser Pulse and the Corresponding Values of 6R U at 440 nm for PhotoyelIowed TMP Samples 
of Varying Phenolic Hydroxyl Content 

The single shot residual absorption (6J(/)/ J (0) ) observed at a delay of 0.1 s after the 

laser pulse together with the corresponding values of 6 R cs at 440 nm for photoyellowed TMP 

samples are shown in table 6.5. The data in table 65 demonstrates that the observation of less 

residual single shot absorption for methoxylated pulp samples obtained from the flash photolysis 

experiments (6J(/)/J(0» follows a similar trend to that obtained from the accumulated 

photoyellowing (6 R cs ) of a TMP sample. From the steady state data, an estimated decrease 

of ca. 50 % in the reflectance change due to yellowing for a fully methoxylated TMP sample 

relative to that of an untreated sample TMP is observed. 

Due to the fully methoxylated TMP undergoing photoreversion, it is concluded that other 

photoyellowing mechanisms are involved in the degradation mechanism, Heitner and Schmidt 

reporting that under steady state irradiation conditions of a similar set of TMP samples that 75 

% of yellow chromophores arise from chromophoric groups present in the TMP fibre other than 

the lignin phenolic hydroxyl moieties. 

6.S Discussion 
From the experiments described above, the assignment of the transient absorption as that 

of the triplet state of a -carbonyl moieties present in the lignin fraction of the pulp fibre. The 

evidence in support of this assignment has been gathered in a series of experiments involving 

MWL and TMP samples and is presented below:-

(a) From quantification of the absorption in the 300 nm to 400 nm wavelength region of the 

spectrum, thea -carbonyl moieties are found to be a major photochemical absorber at the laser 

excitation wavelength (354.7 nm). Thorough reduction of TMP with sodium borohydride sig

nificantly reduces the absorption of the pulp sample in this region of the spectrum but does not 

eliminate it altogether suggesting that other chromophores are absorbing in this region. 

(b) From the MWL adsorbed onto microcrystalline cellulose studies (section 5.5), the transient 

absorption with" m ox at 440 nm was assigned as that of the triplet state of MWL on the grounds 

of similarities to that of the solution phase triplet-triplet absorption spectrum, itself assigned as 

a triplet spectrum on the evidence ofits sensitivity to molecular oxygen leading to the sensitization 

of singlet oxygen. 

(c) Thorough reduction of TMP with sodium borohydride reduces the intensity of the observed 
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transient signal in proportion with the extent of reduction. Sodium borohydride reduces the 

a -carbonyl moieties to the corresponding alcohol which reduces the ground state absorption of 

the pulp fibre below 500 nm. The transient different spectrum decreases at all wavelengths to 

an equal extent as a function of the extent of reduction suggesting that the transient absorption 

is directly related to a -carbonyls in the lignin. 

(d) Total removal of the lignin phenolic hydroxyl moieties in the pulp fibre results in a 30 % 
increase in the observed transient signal. This is consistent with the removal of a deactivation 

pathway for the carbonyl triplet resulting in more triplet a -carbonyl species being detected by 

our apparatus. 

(e) The transient species is diffusionally quenched in the presence of high pressures of oxygen 

(ca. 2 Bar) relative to an identical sample under an atmosphere of pure nitrogen. Radical species 

are also known to be quenched by oxygen therefore making this observation equivocal on its own 

but does serve to add credenc~ to the assignment of the transient species as that of the triplet 

state. 

The involvement of a -carbonyls, phenolic hydroxyl moieties and the presence of oxygen 

and moisture in the photoyellowing of TMP have been exhaustively demonstrated. However, 

recent evidence suggests that chromophores first thought not to absorb at wavelengths greater 

than 300 nm (the cut-off point of solar radiation at sea level) such as the substituted phenols, 

biphenyl and stilbene type structures (formed by mechanical action) present in lignin do in fact 

have absorption bands above 300 nm possibly as a result of the matrix in which they are present. 

Even after thorough reduction with sodium borohydride for 18 hours (to remove all a -carbonyls), 

a small transient absorption signal following 354.7 om excitation with a similar absorption 

spectrum and decay kinetics was still observed. This may be attributed to incomplete reduction 

of all carbonyl moieties present in the pulp; in section 5.2 it was shown that some a -carbonyls 

in MWL (in 1,4-dioxane) took up to 24 hours to be fully reduced by sodium borohydride. Heitner 

and Schmidd217J found that sodium borohydride reduction times for TMP fibres under identical 

conditions to those employed by Schrnidt et a/[211] were of the order of ca. 45 hours before 

complete reduction was achieved. Alternatively, the transient may be attributed to that of a 

chromophoric moiety present in the lignin matrix which has similar A. mu and transient absorption 

spectrum to that of the triplet a -carbonyl moiety. For example, Lee et a/[232] have proposed the 

formation of substituted stilbene type moieties (see structures A and B in figure 4.17) formed 

by mechanical action upon phenylcoumaran structures present in the lignin matrix (phenyl

coumaran structures are formed by internal intramolecular addition following the f3 -5 linking 

of two phenylpropane lignin precursor units (see sections 2.2.2 and 2.3) as shown in figure 6.17. 

Structure A has been shown to absorb strongly below 400 om with a A. mu in solution located 

at ca. 330 nm. Under steady state irradiation conditions, this functionality was shown to 

photodegrade to yield photoproducts which absorb strongly in the wavelength range 400 nm to 

700 nm[204]. Light absorption at 354.7 nm has been attributed, to a large degree, to a-carbonyl 

moieties which have been shown unequivocally to act as photochemical sensitizerS in the 

photoyellowing processes for TMP. Investigations into other mechanisms of photoyellowing 

involving biphenyl and stilbene chromophores has not received much attention so far and requires 

further investigation before comment is made as to their relative contribution to the overall 
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photoyellowing processes. Evidence that chromophores other than er -carbonyls which contain 

a phenolic moiety absorb light above 300 nm has recently been obtained by the action of Fremys 

salt upon peroxide bleached TMP[2331. Fremys salt (potassium nitrosodisulphonate) has been 

shown to selectively oxidise substituted phenols to ortho and para quinones depending upon 

substitution[234I. The action of alkaline hydrogen peroxide upon ortho and para quinones results 

in the formation of a colourless carboxylic acid (see section 2.4). Thus it was anticipated that 

treatment of bleached TMP with Fremys salt will yield an increase in absorption of the TMP 

sheet due to the formation of coloured chromophores. Subsequent treatment of this pulp sample 

with alkaline hydrogen peroxide (ie. rebleachingthe pulp) should yield a zero difference spectrum 

at wavelengths greater than 300 nm if no phenolic moieties absorb in that wavelength region. 

ao. 

Mechanical 
Action 

~ 

ao. 

ao. 
ao. 

ao. 

Phenylcoumaran Structure A Structure B 

Figure 6.17:-

Stilbene Derivatives 

Proposed Mechanism for the formation of . Substituted Stilbene Derivatives From Phenyl
coumaran Structures Present in the Lignin Matrix[232] 

This was not however observed, a decrease in absorption relative to peroxide bleached TMP 

with 11. mox at ca. 350 nm being observed. Figure 6.18 shows the difference specific absorption 

spectra (- t> K SP) for sodium borohydride treated TMP together with that of TMP treated with 

Fremys salt followed by further peroxide bleaching. As can be seen, the contribution to the 

absorption by phenolic moieties is significant at wavelengths greater than 350 nm. Isolated 

phenols do not typically absorb at wavelengths greater than 300 nm. This suggests that the 

phenolic moiety destroyed by the action of Fremys salt is conjugated with another chromophoric 

moiety within the lignin structure. As we have seen, conjugated er -carbonyls, and possibly 

substituted stilbene type structures (see figure 6.17) are present in the pulp fibre and absorb in 

the wavelength region in question (300 nm to 400 nm). 
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Difference Specific Absorption Spectra (llK) for Sodium Borohydride Treated TMP (Curve 
1) together with that oflMPTreated with Fremys Salt (Curve 2) Followed by Further Peroxide 
Bleaching. 

Given that Fremys salt yields both ortho and para quinone structures, it is possible that some of 

the loss of absorption observed following this treatment may also be as a result of destruction 

of et -carbonyl moieties as well as the phenolic chromophore absorbing in this wavelength region. 

Consequently, the perceived absorption intensity attributed to phenolic functionalities may be 

exaggerated by the non-specific mode of action of Fremys salt. 

It is worth considering the hypothesi.s that the observed transient signal following pulsed 

laser excitation of TMP may be attributed to chromophoric moieties other than triplet states of 

et -carbonyls. This has, however, been shown to be incorrect, fully sodium borohydride reduced 

TMP yielding little of no detectable transient reflectance signal[211l. 

It has beenSth-rrth~ er~moval of: ...J ...... ", of et -carbonyl moieties initially reduces' the A . 

extent ofTMP photoyellowing[23Sl. However, prolonged exposure to simulated solar irradiation 

results in the same extent of photoyellowing being observed eventually, removal of et -carbonyls 

therefore only slowing the rate of degradation[83J. The interpretation of the 40 % decrease in 

TMP transient absorption signal intensity following exposure to ca. 400 laser pulses (fignre 6.12) 

was that et -carbonyl chromophores were undergoing irreversible photochemical reactions 

leading to photoyellowing. It has been suggested that et -carbonyls are also generated during the 

photoyellowing processes[236J possibly by the oxidation of et -carbon alcoholic moieties. Such 

behaviour has been demonstrated in the light induced degradation of woody material[237J. If 
this were the case, it would have the effect of offsetting the apparent decrease in transient signal 

upon exposure to a number of laser pulses until a photochemically stable concentration of 
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a-carbonyls present in the photoyellow TMP remain which are unable to photochemically 

deactivate by reaction giving the levelling off in the intensity of the observed transient signal. 

The formation of Cl< -carbonyls would help to explain the observation that borohydride reduced 

TMP eventually photodegrades to the same extent as untreated TMP. It may be possible therefore 

to explain the observed transient signal from photoyello;t TMP as comprising of triplet 

a -carbonyls which were initially present in the lignin (but could not react to yield yellow 

photoproducts) and also some a-carbonyls formed during the photoyellowing process in new 

positions in the lignin matrix which also cannot react. Due to the structural similarities between 

such chromophores, no difference (except in intensity) is observed in the transient different 

spectrum of photoyellowed TMP relative to fresh unirradiated TMP. It therefore appears that 

a -carbonyls act as photosensitizers in the photoyellowing processes but do not produce photo

products directly. 

There exists two possibilities to explain the rate of formation of the baseline offset (due 

to photoyellowing) observed in the single shot transient intensity data:. 

(a) The yellow photoproducts are formed instantaneously on the timescale of the nanosecond 

experiments. 

(b) The a -carbonyl triplet decays with the same kinetics as the yellow photoproducts are formed. 

It is difficult to distinguish between these two postulates, since at nO analysing wavelength does 

the absorption by the yellow photoproducts outweigh the absorption by the a -carbonyl triplet 

states. It seems possible that (a) can occur as a result ofthe lack of diffusional quenching involved 

in the TMP fibre, ie. carbonyl triplets sensitize the production of radical species which statically 

react with other functional groups in the lignin macromolecule and oxygen which do not need 

to diffuse to the site of the free radical species. Given that the kinetics of decay of the transient 

species observed following excitation of a fresh TMP sample are, within experimental error, the 

same as that of the pre-photoyellowed TMP sample, it is suggested that in both cases, the observed 

transient decay may be due to a -carbonyls which do not, due to the lack of suitable quenching 

moiety, take part in the yellowing processes. 

Addition of radical quenchers (such as ascorbic acid[2381) to TMP initially slows the rate 

of photoyellowing suggesting that the degradation processes proceed primarily via a radical chain 

reaction mechanism. The phenoxy radical has been shown to be a key precursor to the yellow 

photoproducts since removal of phenolic hydroxyl moieties leads to a decrease in the extent of 

photoyellowing ofTMP samples. In addition to the triplet sensitized hydrogen atom abstraction 

reaction of Cl< -carbonyls with phenolic hydroxyls, such radicals can be generated via other 

mechanisms within the pulp matrix such as:-

(a) Singlet state Cl< -carbonyl mediated cleavage of fJ -0-4 aryl ether bonds. 

(b) Photocleavage of a -0-4 ether linkages. 

(c) Direct photolysis of the phenolic moiety shown to absorb at wavelengths greater than 300 

nm (by the experiments with Fremys salt). The nature of such a moiety is presently unknown 

except that it contains a phenolic moiety. As was seen earlier, chemical modification of phenolic 

moieties with dimethyl sulphate produced no change in the absorption spectrum of the resultant 

TMP sample. This suggests that it is not the phenolic bond which gives the absorption at 
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wavelengths greater than 300 nm but rather a conjugated side chain in the 1 position on the 

phenyl propane ring, the action of Fremys salt upon such a chromophore resulting in the 

destruction of this conjugated side chain in the formation of a para quinone type structure. As 

was seen in figure 6.17, the stilbene derivative derived from phenylcoumaran structures contains 

both a phenolic hydroxyl moiety and also a ring conjugated side chain which adds weight to the 

proposal that such a chromophoric structure may be present in the TMP fibre. 

The nature of the coloured materials formed following irradiation of such chromophores 

as biphenyls and stilbenes has not, as yet, been quantified. Clearly, the removal of all a -carbonyls 

and phenolic hydroxyl moieties is not sufficient to prevent yellowing of TMP. It is therefore 

essential that the photochemistry of other absorbing moieties are investigated to determine their 

relative contribution in the overall photoyellowing process. 
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7 Conclusions and Recommendations for Further Work 
To fully achieve a complete, commercially viable, solution to the problem of photoyellowing 

of high yield thermomechanical pulps, it is of fundamental importance that the mechanisms by which 

these processes occur are clearly defined and understood. It is only when this knowledge is in place, 

and suitable modifications to the pulp fibre or fibre processing techniques made, that such materials 

can be used in higher added-value paper products. The work detailed in this thesis has gone part 

of the way to understanding the excited state photochemistry of lignin rich thermomechanical pulp 

fibres. As this work was progressing, there has been a general marked increase in the research field 

of lignin photochemistry from the angle of photoyellowing. This has been stimulated, in part, by 

both the current economic situation in the pulp and paper industry and new environmental legislation 

applied to the large pulp and paper producing countries in terms of waste effluent treatment and 

river discharge. The ever dwindling supply of forests has also encouraged paper manufacturers to 

optimise uses of available natural resources. For this reason, a steady growth in the production of 

TMP and crMP has been observed over the past 10 years or so. At a recent conferencel239l, Cockram 

suggested that if the time taken for CTMP to photoyellow to an unacceptable level was increased 

from 3 months to 36 months, then an increase in the market demand for such papers would be from 

0.6 million tonnes to ca. 2.2 million tonnes per annum, potentially giving a total market increased 

demand for TMP and CTMP of the order of 2.6 million tonnes per year. 

The view that an intermediate point between current rates of TMP photoyellowing and total 

brightness stability (ie. extension of acceptable brightness levels to ca. 3 years) is also shared by this 

author. Indeed, much work has been directed towards this area of researchl240l. Methods of slowing 

the rate of photoyellowing fall generally into four categories:-

(a) Chemical modification of the phenolic hydroxyl moieties present in the TMP pulp with dimethyl 

sulphate. 

(b) Reduction of a-carbonyl moieties with sodium borohydride. 

(c) Addition of UV absorbing chemical species to act as inner filters and, 

(d) Addition of radical quenchers such as ascorbic acid or aromatic thiols which deactivate phenoxy 

and other free radical species present in the TMP sam pIe following exposure to sunlight. 

Each method has its advantages and disadvantages both in terms of the degree of protection 

offered to the TMP fibres and in relative cost. 

Clearly, a considerable amount of work is still required to elucidate all the mechanisms by 

which high lignin content fibres degrade following exposure to UV light. From the work detailed 

in this thesis, it is clear that the triplet states of a -carbonyl moieties present in the lignin structure 

are a key chromophore in the photoyellowing processes. Based upon these observations, a few 

further continuation experiments which would prove useful in terms of our understanding of the 

excited state photochemistry of lignocellulosic materials are presented below. 

(a) Experiments With Lignin Model Compounds:- As was seen in chapters 4 and 5 of this thesis, 

the use of simple lignin model compounds can be used effectively to obtain information which can 

be applied to the more complex photochemical systems such as MWL and TMP itself. Much research 

in this area has been directed towards studying the,8 -0-4 aryl ether type compounds both in solution 
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and when adsorbed onto filter paper (see section 4.1)., As was seen in chapters 4 and 5 of this thesis, 

the environment in which a molecule is present can play a large part in determining its photochemical 

behaviour. It would be interesting to study these types of molecule placed in the restricted geometry 

of a zeolite cage or within a micellular environment with a view to determining the extent to which 

photodegradation of such lignin model compounds occurs relative to that observed in fluid solution. 

Recently, it has been postulated that stilbene type moieties may be formed from phenylcou

maran type moieties (which are known to be present in the lignin macromolecule!2411) in the 

mechanical refining stage ofTMP manufacture!2321 (see figure 6.17). Again, a series of experiments 

to study the excited state photochemistry of such chromophores to establish their role in the 

photoyellowing processes would prove useful. 

The observation that, following the reaction of Fremys salt with bleached TMP to produce 

ortho and para quinone moieties, and subsequent rebleaching of the TMP, did not produce a zero 

difference in the specific absorption spectrum of the TMP sample is extremely interesting. This led 

to the postulate that a phenolic moiety present in the lignin was absorbing at wavelengths greater 

than 300 nm. It is unlikely that an isolated phenol will absorb at wavelengths greater than 300 nm 

and therefore, it is assumed that the phenol is conjugated with another functionality probably on the 

propyl side chain (para to the phenolic hydroxyl) of the lignin y unit (ie. a -carbonyls or stilbene 

type functionalities). It is not clear as to what (if any) effect Fremys salt has on the a-carbonyl 

moieties that are known to be present in the TMP. A similar experiment to the one above could be 

performed with a TMP sample which had been thoroughly reduced with sodium borohydride prior 

to treatment with Fremys salt. A comparison with the initial observation may determine whether, 

in the process of forming para quinone moieties, a -carbonyls are indeed being destroyed. Parallel 

experiments with simple softwood lignin model compounds such as 4-hydroxy-3-

methoxyacetophenone (acetovanillone) could be performed to confirm the above postulates. 

(b) Experiments with Thermomechanical Pulp:- The observation (detailed in this thesis - see section 

6.3.1) that dynamic quenching of the photogenerated triplet states of a-car bony Is present in TMP 

by ground state molecular oxygen was first reported by us and is documented in the literature!2151. 
At that point, it was not established whether the effect of the addition of higher concentrations of 

oxygen than the one used previously would further enhance the dynamic quenching of the triplet 

state ofTMP. Therefore, itis suggested that further investigation be conducted into this phenomenon. 

The role of singlet oxygen in the photoyellowing mechanisms of TMP is, as yet, not fully 

understood. This thesis reported the first direct observation of the triplet-triplet absorption spectrum 

of the a -carbonyl moieties present in MWL (both in solution and adsorbed onto microcrystaline 

cellulose). Its identification was based upon its ability to sensitise singlet molecular oxygen in 

1,4-dioxane solution, The characteristic lifetime for the decay of the singlet oxygen luminescence 

signal centred at 1270 nm was unequivocal evidence that triplet state quenching by molecular oxygen 

was taking place. Following along these lines, it would be an interesting experiment to attempt to 

detect singlet molecular oxygen sensitised during the quenching of the triplet state of TMP under 

enhanced oxygen atmospheres. Thermomechanical pulp is usually refined at 120°C at a pressure 

of ca. 2 atmospheres. If the refining pressure is increased to ca. 7 atmospheres, a fibre with a more 

lignin rich surface is obtained[2421. Such fibres are usually used for the production of medium density 

fibreboard (MDF) by combination with, typically, phenol-formaldehyde resin systems. Conse

quently, it may be anticipated that, there would be a greater chance of observing both enhanced 
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dynamic quenching ofthea-carbonyl triplet state by molecular oxygen (relative to that observed for 

TMP fibres) and also the detection of singlet oxygen luminescence from the sample.when studied 

using a diffuse reflectance apparatus geometry. 

From the results presented in section 6.4 of this thesis, it is suggested that the observed 

photochemistry following 354.7 nm nanosecond pulsed laser excitation of bleached TMP samples 

is that of a -carbonyl triplet states which are unable to deactivate easily by photochemical reaction 

(to yield phenoxy-ketyl free radical pairs by phenolic hydroxyl hydrogen atom abstraction and ulti

mately yellow chromophores). It is likely that, given the close proximity of chrqphoric moieties 

relative to each other in the lignin macromolecule, the excited states which are able to undergo such 

reactions do so on timescales too short to be monitored by the flash photolysis apparatus available 

in Loughborough. Consequently, the use of a picosecond laser flash photolysis system (in diffuse 

reflectance mode) would be required to detect and quantify the contribution that such fast photo

chemical processes have on the overall photoyellowing process. Initial experiments could concentrate 

. on characterising the sub-nanosecond photochemistry of MWL in solution as it too is expected to 

undergo photochemical processes too fast to be detected by nanosecond flash photolysis techniques. 

In conclusion, there remains much work in the research area of photoyellowing of ligno

cellulosic materials before a full understanding of photochemical processes involved is obtained. 

This goal, I believe, will be achieved at some point in the future provided that the rate of current 

progress in our understanding of the processes involved continues to gather momentum at its current 

level. 
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