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ABSTRACT

The long wave aerobic photocbemistry of two frequently used lignin model compounds ie.

1 (3,4-dimethoxy-a-(4-methyl-2-methoxyphenoxy)-p-hydroxypropriophenone) and II (4

hydroxy-3-methoxyphenol)-2-(2-methoxyphenoxy)propan-l,3-diol) were studied in the

presence of three UV absorbers 2,4-dibydroxybenzophenone (0118), an arninated DHB

(MDHB), a benzotriazole derivative (Tinuvin P) and an antioxidant; the additives being

incorporated into tbin films of1 and n were applied on tilter paper. Several products were

identified and quantified using a combination of Ge-MS and GC-FID techniques. The

photodegradation mechanisms of 1 and II were found to be consistent with the phenacyl

and ketyl pathways from which products were generated via oxidation, heterocoupling, H

abstraction and homocoupling reactions. In the presence of the inhibitors, sorne of these

reaetion pathways were minimized and others eliminated. In decreasing order, the Tinuvin

prrempo pair were the most effective in protecting the models against photodegradation

foUowed by MDHB and DHB. A synergistic photostabilization etTect was also observed

between Tinuvin P and the antioxidant, but was not retained during irradiation, probably

due to the low regeneration rate ofTempo on the matrix.

The photostabilization effeetiveness of MDHB can be related to the cooperative action of

its UV absorbing, hydrogen donating and oxygen scavenging functionalities. However, the

separation of produet 12 from MDHB was not possible by Ge and the photo-chemical

fate of MDHB remains undetermined. No synergjsm was round between MDHB and

Tempo. DRB displayed good UV absorbing characteristics but no other photostabilization

properties were round to cooperate with il.
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RESUME

La photochimie de deux modèles de lignine ie. 1 (3,4-diméthoxy-a-(4-méthyl-2

méthoxyphénoxy)-p-hydroxypropriophénone) et II (4-hydroxy-3-méthoxyphénol)-2-(2

méthoxyphénoxy)propan-I,3-diol) par le biais de la lumière UV fut étudiée en présence de

trois écrans solaires, 2,4-dihydroxybenzophénone (DHB), un derivé aminé de DHB

(MDHB), un derivé de benzotriazole (Tinuvin P) et d'un antioxidant: ces additifs étant

incorporés dans de mince films de 1 et n et déposés sur du papier filtre. Les produits de

décompositions ont été identifiés et quantifiés par la chromatographie en phase gazeuse

combinée à un détecteur SM et un détecteur DIF. Les mécanismes de dégradations par la

lumière de 1 et D sont conformes aux chemins de jaunissement phénacyl et kétyl d'où des

produits ont été formés via des réactions d'oxidations, d'abstraction d'hydrogènes, de

couplages homo- et hétéronucleaire. En présence des inhibiteurs, ces chemins de

jaunissements ont été ou bien reduits ou bien éliminés. Par ordre décroissant, le couple

Tinuvin P et Tempo fut le plus efficace pour contrer la dégradation des modèles de départ,

suivit par MDHB et DRB. Un effet de synergie entre l'antioKidant et Tinuvin P a été

observé, par contre, l'effet n'est pas permanent probablement à cause du faible taux de

régénération de Tempo.

L'efficacité de MDHB pour contrer la décomposition accélérée des modèles de lignine,

peut être rattachée à l'action combinée de ses groupes fonctionneUes agissant en temps

que filtre UV, donneur d'hydrogène et possiblement accepteur d'oxygène. Par contre, la

réactivité de MDHB n'a pus être étudiée par CG, parce qu'il partage avec le produit 12, le

même temps de rétention. De plus, aucune synergie ne fut établie entre MDHB et Tempo.

DHB démontra une excellente aptitude à filtrer la lumière UV mais aucune autre fonction

protectrice ne fut établie.
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FOREWARD

In recent years, the use ofmechanical pulps has increased substantially, due largely to

economic and environmental considerations. However, photoyeUowing ofthese pulps

remains a perennial problem which limits their use in high-value products. Extensive

research on additives that would block or at least delay for a significant period of time the

photoyellowing process, is the long-term goal actively pursued by both academic and

industrial interest groups.

Significant progress in the search ofenhanced photoyellowing inhibitors was achieved

recently, however, their precise photoyellowing inhibition mechanisms on lignin remains

unclear. This thesis summarizes an investigation of the photostabilization mechanisms of

these inhibitors using appropriate lignin model compounds on a cellulose support.

The work is presented in four chapters. The tirst chapter is a general introduction which is

sub-divided into four main sections: The tirst section provides an extensive review

retlecting the current knowledge on the photoyeUowing process occurring in lignin-rich

pulps. More specifically, the structural identity of the chromophores and the reaction

mechanisms leading to their formation are considered. The second section outlines the

strategies aimed at suppressing the photoyellowing process and the relative performance

ofthe inhibitors on mechanical pulps. The third section accounts for the recent progress

made in tbis field and emphasize on the enhanced effectiveness ofthe novel

photostabilizers applied to mechanical pulps. It ends with a summary ofthe aims ofthe

work. The principles of the analytical protocol and the synthesis of the additives are

described in the second chapter. Qualitative and quantitative determinations ofthe

photodegradation ofmodels 1 and n are presented in Chapter 3 with much emphasis on

the reaetion mechanisms leading to the formation of the various products. In Chapter 4,

the photostabilization mechanisms ofthe inhibitors are assessed by examining their

photoreactivity and their influence on product distribution. The thesis closes with some

cOncluding remarks and suggestions for further work.
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1.1 Introduction

Lignin is the second most abundant polymer encountered in nature. It is defined as an

amorphous, aromatic, three-dimensional cross-linked network polymer based primarily on

substituted phenylpropane umts which are mainly interconnected to one another by ether

bonds. It's function is ta provide strength and rigidity to trees and plants and plays an

important role in the transport ofwater and nutrients1.

The process of converting wood into pulp is referred as pulping. This conversion is

achieved either by chemical or mechanical means yielding chemical pulp and mechanical

pulp respectively. The purpose of adding chemicals during chemical pulping, is ta

selectively remove lignin and extractives from the raw material without degrading the

carbohydrate matrix: Less than half of the original wood by weight is converted to pUlp2.

Essentially cellulose and hemicelluloses remains after tbis delignification process. In

contrast, mechanical pulps, by nature of their production, preserve more than 90% of the

components initially present in wood and therefore are classified as high-yjeld pulps. This

means that most of the cellulose, hemicelluloses, Iignin, extractives and inorganic

compounds are retained in unbleached pulps after the mechanical pulping process3
•

Traditionally chemical pulps have been used in the production of high-grade papers

because of their strengt~ high brightness and brightness stability. The fibers in mechanical

pulps are stiffer and slightly yeUow which have Iimited their use to short-life, low-cost

papers such as newsprint and advertising inserts. Nevertheless there is a growing interest

from both the Pulp and Paper Industry and public interest groups4 to manufacture quality

papers made from mechanical pulps:

The high-yield conversion of wood into mechanical paper implies a more economically

favored utilization of the wood supply compared to chemical pulping. Furthermore,

producing chemical pulps requires significantly higher amounts of chemicals compared to

the mechanical process, which is one of the major sources of production costs. A lower

amount of wood residues generated during pulping and a lower chemical demand
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translates iota lower pollution levels and thus lower expenses associated with the

treatment of miU emuents. On a different front, the Pulp and Paper Industry would benefit

a great deal by enhancing il's tamished image as a major environmental polluter.

To address these issues, a joint academia-industry partnership, The National Center of

Excellence (NeE) was created in 1990. As a result, the physico-chemical properties of

high-yield pulps have been improved considerably due to a better understanding of the

chemistry of papermaking and the development of new equipment, non-polluting

bleaching chemicals and novel bleaching sequencess.

Another approach consists ofsubstituting part ofthe chemical pulp with high-yield pulp. Il

has been reported recentlys that a high quality paper was produced with a recorded

brightness of 81% ISO by replacing half of the chemical pulp content with hydrogen

peroxide bleached stone groundwood pulp for which the physical properties (density,

tensile inde~ tear index and bending force) are similar to paper made from a 100%

chemical pulp. The commercial benefit of using tbis mixture of pulps is very significant: ft

has been estimated that the production costs would decrease by 85$ US per ton of paper!.

Despite these major improvements, there are still some important issues to be addressed

before mechanical pulps May be used in the commercial production of high-grade papers.

For example, ail types ofhigh-yield pulps tend to discolor when exposed to light6 or heat7
.

In contrast to chemical pulps, tbis phenomena occurs rapidly in mechanical pulps due to

the high lignin content. In other words lignin is the key producer of colored molecules

under such conditions. Light and more precisely it' s ultraviolet portion in aerobic

conditions is the most detrimental factor causing surface discoloration, a process better

known as photoyellowing. The photoyellowing process has the potential to decrease the

brightness of mechanical pulps by 30 points or more over a short period of time. Under

identical experimental conditions chemical pulps such as kraft pulps experience a

brightness loss ofno more than 3 pointsl
.

Obtaining a high brightness level is as important as a good brightness stability. The long

term goal actively pursued by both academic and industriai interest groups is to find an

additive or mixture of additives that would campletely suppress the photoyellowing
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process. Since tbis process is more complex than originally foreseen9
, pulp buyers and

producers would settle for a less ambitious eifectiveness on the part of photoyellowing

inhibitors: They have defined a minimum period of time for which the paper should be

efficiently shielded against color reversion: It has been suggested' that ifthe above process

is halted for at least 36 month~ then the market demand for high-grade papers made from

mechanical pulps would increase from 0.6 to 2.2 million tons per year; if an additive can

be found that disables permanently discoloration, the demand would increase to 2.6

million toos per year!

In order to tind an efficient additive that will inhibit the photoreversion process, the

identity of chromophores in lignin and the mechanisms of chromophore formations must

be weil understood.

1.2 The Identity of Chromopbores in Lignin

The quest for elucidating the native structure of lignin is still uoderway because, to

this day, ail methods of lignin isolation resulted in it's a1teration or degradation.

Nevertheless, degradative and non-degradative methods oflignin analysis have contributed

significantly to the elucidation ofit's complex structure:

Lignin is defined as a three dimensional highly branched biopolymer consisting of

phenylpropane units bonded with each other via ether linkages. There are three kinds of

lignins: Guaiacyllignins, syringyl lignins and para-hydroxyphenyl lignins. These structures

are presented in Figure 1.1 .
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Guaiacyl lignin Syringyllignin para-Hydroxyphenyllignin

Figure 1.1: Structure ofthe basic phenyl propanoid building blocks in lignin1
•

Softwood is mostly comprised ofguaiacyl lignins whereas hardwood is a mixture of these

three types of lignins.

In an effort to portray the complexity of lignin structure, a 2-D schematic of softwood

Iignin is shown in Figure 1.2. 1
•

H~OH

H(-O
1

H(OH

• Figure 1.2: Computer generated 2D schematic ofsoftwood ligninl.
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Lignin-rich paper appears yeUow because lignin contains chromophores that absorb the

near-UV and visible portion ofdaylight. Chromophores are defined as atoms or groups of

atoms that shift the near-UV absorption spectrum toward the visible region (red shift): For

example carbonyllo-ll and ethylene bonds undergo respeetively mt· and xx· electronic

transitions upon absorption of near-UV light which results in intense bands of longer

wavelengths.

Non-conjugated chromophores in Iignin do not participate to the overall color of pulp

because their nn· and xx· absorption bands do not tait ioto the visible region «380 nm).

However, in a conjugated system such as lignin, their absorption bands extend into the

visible region (>380 nm) thus imparting yellow color to pulp.

The main functional groups in lignin responsible for absorption of near-UV and visible

light are conjugated aromatic carbonyl groups, aromatic a-, Jl- unsaturated aldehydes,

quinonoid groups, stilbenes, phenyl coumarans and coumaryl a1cohols. The extent by

which each of these structures contribute to the overall color of unbleached pulp is not

clear. This is attributed to the low concentration of these units in Iignin and the lack of

sensitivity in detecting and quantifying them.

Figure 1.33 display the major chromophore uRils in lignin. The absorption maxima for each

ofthem were measured in simple monomeric or dimeric systems.
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Lam ~ 5t i-C)9c......

•

Figure 1.3: The major chromophores and leucochromophores in ligron3
•

The non-conjugated structures shown in Figure 1.3 exhibit their absorption maxima under

380 Dm. However, when part of a conjugated system such as lignin, the absorption

maxima ofeach units are likely to be shifted to longer wavelengths resulting in sorne cases

to render non-absorbing molecules to color contributing molecules:

• Coniferaldehyde structures account for about lOto 20 % of the total amount of light

absorbed by chromophores at 457 nm12
• Their absorption maxima are located in the

near UV-spectral region, around 340 nm; taken alone these types of structures are

transparent in the visible region. Pew et a/13 have demonstrated that when part of a

cellulose matrix, their absorption maxima are shifted sufficiently to the right to make

them absorb in the visible region. However hydrogen peroxide cJeaves readily the

double bond of coniferaldehyde groups in lignin during the bleaching stage, thus

explaining the Jack of light absorption at 350 nm in peroxide-bleached mechanical

pulps.
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• 0- and p- Quinones structures have been reported to contribute for about 30 to 65% of

the total absorption of lignin at 457 nml". They are stable structures when bonded to

neighboring structural units in lignin.

• 0- and p- Quinone methide structures are intennediates during the polymerization of

lignin precursors and hence are present in Iignin. Since their absorption maximas are

within the lower limit of the visible spectral range (380 - 400 Dm respectively), they

absorb in the visible region15.

• Stilbene quinone structures are contn"buting to the overaU color of the lignin matrix

because their absorption maxirnas are weU within the limits of the visible spectral range

(478 nm)3.

• Phenolic structures, in the fonn of syringyl moieties are highly reaetive because of the

free phenolic hydroxyl group which is readily oxidized to phenoxyl radicals when

exposed to UV-light. These phenoxyl radicals are covalently bonded ta neighbouring

lignin units and have the ability of resonance stabilize. Under sutliciently high

concentration, they contribute to the color ofpulp since their absorption maxima orbits

around 400 om. More importantly, they are readily converted to quinones in an

oxygen environrnent16.

• Conjugated monomeric phenols were shownl7 to absorb moderately al wavelengths

greater than 300 om.

Another class of molecules which does not absorb in the visible region, has the potential to

contribute to the overall color of pulp. They are called leucochromophores (Figure 1.3);

a1though they are not colored in the present fonn, they can easily be converted ta

chromophores. Four kinds ofleucochromophores have been identified:

• Hydroquinone and catechol groups are readily oxidized to 0- and p- quinone

structures in the presence ofoxygen, hydroxyl radicals or certain transition metals3
.

• Dihydroxystilbene structures are subjected to mechanical action during refining or bail

milling and are converted to stilbenequinone structures]_

• Catechol groups do not absorb in the visible spectral region, but when chelated to a

metal ion like Fe+2 their absorption maxima are shifted in the 550 to 580 nm range,
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rendering them visible. Their contribution to the overaU color of pulp doesn't exceed

JC~14.

• Diphenylmethanes are easily oxidized to o-quinone methide structures via a hydrogen

abstraction reaction3
•

•

1.3 The Mecbanisms orChromophore Formations During the Photoyellowing

Process

Forman18 was the tirst to acknowledge the role of lignin in the photoyellowing of wood

and unbleached pulps. The exposure of wood meal sheets to near-UV light resulted in an

initial phase ofsubstantial brightness 1055 over a short period of time fol1owed by a second

phase where the extent ofbrightness reversion is less pronounced.

The extraction with organic solvents ofthese irradiated sheets decreased the lignin content

from 27.5 to 18 per cent while the cellulose content didn't exhibit any substantial changes.

This experiment confirmed the central role played by lignin during the photoyellowing

process. Other factors such as humidity, temperature and metal content19 also contributed

to increase the rate ofbrightness reversion.

Both Van den Akker el al. and Leary6 proved that the presence of oxygen affects the rate

of brightness reversion. The irradiation of newsprint in vacuum or in the presence of

nitrogen or carbon dioxide didn't cause any significant yellowing for up to 500 hours.

These observations suggest that the photooxidation of Iignin is a major reaction in the

yellowing oflignin-rich materials.

The next major advancement in understanding the photoyellowing process can he

attributed to Kringstad et al. 20 who showed, using electron spin resonance (ESR)

spectroscopy, that the photo-induced degradation of lignin is govemed by radical

reactions. Lignin model compounds studies suggested that the nature of these free radicals

are ofthe phenoxy1 type.
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• Three distinct reaction pathways were identitied yielding phenoxyl radicals:

• The homolytic splitting of light absorbing molecules containing a free-phenolic group

(Scheme 1.1).

L L

Scheme 1.1: The Phenoxyl Pathwa~

• The reaction between excited aromatic ketones such as phenacyl-a-O-arylether

compounds with non-absorbing phenolic moieties21 results in the formation of ketyl

and phenoxyl radical intermediates (Scheme 1.2).
3

~

0 0--0 OH
HO 0-0 o·

+6 6.. +

Ketyl radiçal Phcnoxyl radical

1

6
0
Il

+
~C-Oh·

Phaw:yl radical

Scheme 1.2: Photochemical reaction involving a phenacyl ether and a phenolic hydroxyl

• group21
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• In the solid state, carbonyl groups are not always in the vicinity of non-absorbing

phenolic units; therefore, the reaction depicted in Scheme 1.2 is no longer valid. Upon

absorption of UV-light, excited aromatic a-carbonyl groups release their excess

energy by direct scission of p-aryl ether linkages3 yielding phenoxyl and phenacyl

radical22 intermediates as shown in Scheme 1.3. The phenacyl radical is further

reduced to the corresponding ketone via a hydrogen abstraction reaction.

hv •
0-0 1

+

•

Scheme 1.3: Photolysis of (J-O-aryl bond in phenacyl arylether units22
•

Free phenoxyl radicals are reactive intermediates which are converted to colored species:

Leary23 was the tirst to suggest that the identity of these chromophores are quinones,

quinone methides and cyclohexadienones. Direct evidence for the formation of these

quinonoid-Iike structures in mechanical pulps was provided by the work of Lebo et al. 24

by the selective labeling of these chromophoric species with trimethyl phosphite followed

by the recording of31p NMR spectra. This procedure was later retined by Argyropoulos et

al.25

The mechanism of formation of quinonoid structures from phenoxyl radicals is still under

debate. Overwhelming evidence26-27.11 is pointing toward oxygen as the active participant
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in the formation of quinone structures. However, there are still conflicting opinions about

the identity of the oxygen species involved. Researchers have identified several pathways

leading to the formation of quinone structures trom phenoxyl radicals implicating

molecular oxygen, singlet oxygen, hydroxyl radicals or hydroperoxide radicals22
•

As presented in Scheme 1.4, oxygen may combine with a phenoxyl radical (path 1) to give

a peroxyl radical which in tum abstracts a hydrogen trom another free phenolic hydroxyl

group resulting in the formation ofhydroperoxide.

Q
Pa&h2 + OH'

1 ~ __Palh_J__+_OO_If __

•..........o-cJ-\ ~

011 +'~' ~ • +H' À
1
~ a-OH

_, ~o ~

~C'! 0 O-Cf\ 0 o-c>\

-·OH

\
·0 OHYO-Cl-\

o

!.~OH

Ç\o
a

•

Scheme 1.4: Reaction mechanism between reaetive oxygen species and phenoxyl

radicals22
•

The latter is easily photolysed to hydroxyl and hemiketal radicals. Following hydrogen

abstraction and demethoxylation reactions, o-quinones and methanol are produced.

Supporting evidence for lhis reaction mechanism is provided by the ~ork of Leary6 who

observed that the loss ofmethoxyl groups from irradiated newspaper is proportional to the

extent ofdiscoloration.
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Altematively, phenoxyl radicals may react with hydroxyl (path 2) or hydroperoxyl radicals

(path 3) yielding the corresponding intermediates and subsequent formation ofo-quinones.

I~+

Until recently, singlet oxygen was considered to be a key player in the formation of

quinones; it was hypothesized (Scheme I.St that an excited carbonyl structure transferred

its energy to ground-state oxygen to form singlet oxygen which in tum abstracted a

hydrogen trom a phenolic hydroxyl group to produce phenoxyl radicals:

R R

o-R o-R

R 0

o

R

oOH

Scheme 1.S: Suggested role ofsinglet oxygen in the formation ofquinones8
.

However, two separate studies conducted by Forsskahl et al. 28 and Takagi et al. 29

demonstrated that the exposure of lignin-rich paper to singlet oxygen did not induce color

reverslon.

•

In Iight of the above reaction mechanisms governing the photooxidation of lignin, the

complete removal of the radical precursors by chemically modifYing the structure of lignin

should, in theory, block the photoyellowing process. It follows that the reduction of

carbonyl groups and alkylation of the free phenolic hydroxyl groups in lignin should

suppress the formation of phenoxyl radicals and subsequently the formation of quinone

structures. Through absorption studies30
, the brightness stability of reduced and
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methylated pulps was studied. They observed that the treated pulps were stable for a

period of two hours, after which the photoyeUowing process occurred at rates similar to

those ofuntreated pulps.

Furthennore, by considering the relative abundance of Cree phenolic groups and carbonyl

groups in TMP, their contributions to the overall increase in absorption coefficient at 420

nm accounts for a total of3040% ofthe photochemistry ofTMP yellowing.

These data suggest that other UV absorbing groups leading to at least one more

photoyellowing pathway has yet to be identified. Since photooxidation still occurs in

reduced and methylated pulps, it follows that the structure of the absorbing lignin units do

not possess a-carbonyl or Cree phenolic hydroxyl groups.

Research efforts by Scaiano et al. 31 and more recently Schmidt el al. 30 have been crucial in

order to elucidate what was judiciously called "the missing Iink", the major

photoyellowing pathway: By studying the photo-behavior ofguaiacylglycerol-p-arylethers

in the presence of a peroxide-based compound (Scheme 1.6), they discovered that the

initiation reaction is the photolytic scission of a peroxide bond to form peroxyl or alkoxyl

radicals.
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Scheme 1.6: The Ketyl Pathwa~l.

•

These radieals then abstract a benzylie hydrogen from the a-hydroxyl of 13-0-4 phenyl

ether units to fonn a ketyl radical whieh in tum fragments to enol and phenoxyl radieals.

The enol rapidly tautomerizes to the corresponding aromatie ketone and the phenoxyl

radical to quinone structures. Supporting evidence in favor of tbis reaction meehanism as

weil as the identity and the contribution of the reaetants involved in the photodegradation

process, originates trom UV spectroscopie studies30
:

• f3-arylether structures bearing a benzylic hydroxyl group aecounts for 30% of the

building units in lignin32
"
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• It has been estimated that 70 % of the increase in the absorption coefficient of reverted

papers, cm be attributed to the fragmentation of these p-arylether structures yielding

ketyl radical intermediates30
•

• The large increase in absorption accounts for the formation of quinones (1 = 410 nm)

and aromatic ketones (1 =330 nm) in reduced and methylated pUlpS33.

Unfortunately, the identity of the sensitizer and the reaction mechanism responsible for the

formation ofalkoxyl or peroxyl radicals remains unknown.

As stated earlier, the long term goal pursued by scientists is to develop economically

marketable additives that would efficiently retard the photodegradation of lignin in

mechanical papers. Failure of the known additives to retard efficiently tbis process

originate from their inability to permanently block ail the major pathways leading to

photodegradation. The outcome of the latter point is weil illustrated by Ingegerd

Forsskahl9 trom The Finnish Pulp and Paper Research InstifUle:

"Even ifone major reac/ion palh to yellowing can he hlocked complete/y, another

reaction path, which played a minor raie as long as the ftrs/ reaclion was

uninhihited, may now hecome involved in the yellowingprocess to a much larger

extent. In other words, the puIp stillyellows, hut via another channel. "

1.4 Inhibition of tbe Pbotoyellowing Process

For an additive to be recognized commerciaUy as an "ideal photoyellowing inhibitor", its

physico-chemical properties must satisfy stringent conditions:

• Long-term effectiveness against the photo-induced degradation of lignin

• No alterations ofthe physico-chemical properties ofpapers coated with the inhibitor

• Economically viable

• No adverse environmental effects
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Based on the photoyeUowing mechanisms described in the previous section, various

strategies are available to inhibit the degradation ofhigh-yield pulps:

Scheme 1.7: Different strategies aimed at inhibiting the photoyeUowing process of

mechanical pulps

The first possibility to interact with the process (Scheme 1.7) is to chemically modifY or

eliminate the chromophores residing in lignin. This approach was proven to be very

effective against the photodegradation of lignin althou~ none of the methods developed

to date are cost effective. These include alkylation of lignin phenols by methylation or

acetylatio~ borohydride reduction of a-carbonyl groups and catalytic hydrogenation of

lignin aromatics.

The purpose ofa1kylating lignin is to block the production of phenoxyl radicals fonned via

the free phenoxyl pathway. Leary34 showed that methylating lignin has a limited inhibition

eirect because the photoyellowing process still occurs through other pathways. In

contrast, acetylation3S substantially retards discoloration because of il's non-selective

reaction with hydroxyl groups in lignin. The free phenoxyl and the ketyl pathways are

blocked due to the acetylation of free phenolic and a-hydroxyl groups. However, the
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etherification reaction is non-specifie to lignin and thus hydroxyl groups in cellulose are

also acetylated resulting in poor physico-chemical properties ofthe paper.

Borohydride reduction of a-carbonyl groups followed by methylation of free phenolic

groups36 temporarily delays the photo-induced degradation of lignin by preventing the

fonnation of quinonoid structures via the free phenoxyl and the phenacyl pathways.

However, the major ketyl pathway is not suppressed by these treatments and

chromophores are formed through tbis reaction mechanism.

According to Gierer et al. 22 the catalytic hydrogenation ofethylene bonds in lignin coupied

to borohydride treatment halted permanently the photoyellowing process. Unfortunately,

this strategy will not be applicable until a small catalyst capable of diffusing into the fibers

and catalyzing the hydrogenation ofthe pulp matrix is discovered.

A second possibility ofinteraction with the photoyellowing process (Scheme 1.7) involves

a class of additives that shields lignin against the harmful wavelengths of light. By

definition, UV-sereens are transparent in the visible region and have the ability to absorb

near-UV radiation (290-400nm) and then dissipate the energy in a manner that does not

lead to photo-sensitization of lignin ehromophores. Therefore the application of UV

screens to lignin-rich papers should, in theory, bloek ail the photo-reaction pathways

(eading to the formation of colored ehromophores. Fifty years ago, Nolan37 first

acknowledged the effectiveness of UV-sereens in order to retard discoloration of

mechanical papers. Since then a wide variety of derivatives have been tailored to

photostabilize various kinds of light sensitive materials:

Derivatives containing a 2-hydroxybenzophenone or a 2-hydroxy-phenylbenzotriazole

skeleton (Figurel.4) are currently the most effective classes of photostabilizers available

for commercial use38
:
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Figure 1.4: 2-Hydroxybenzophenone(A) and 2-hydroxy-phenylbenzotriazole(B)-type
structures3

••

The recognized photoprotection mechanism of these UV absorbers3
9-40 resides in their

ability to fonn reversible intramolecular hydrogen bonds (six member hydrogen-bonded

ring system) between an o-hydroxyl group and a heteroatom such as oxygen (2

hydroxybenzophenone) or nitrogen (2-hydroxy-phenylbenzotriazole). Upon absorption of

UV-light (Scheme 1.8), a 1t-eleetron is promoted to an excited singlet state and via

intersystem crossing, to an excited triplet state followed by ESIPT41 (Excited-State

Intramolecular Proton Transfer) or uenolization" with proton transfer taking place along

the intramolecular hydrogen bond.

Kcto

hv., ESlPT.,

Enol

•

t 1
Tautomcrism mechanism

IX-OorN

• = Excltcd-llatc

Scheme 1.8: Tautomerism mechanism of2-hydroxybenzophenone and 2-hydroxy

phenylbenzotriazole-type of structures (planar confonners)41.
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The quinonoid intermediate tautomerizes through a rapid non-radiative relaxation process

(heat) and retum proton transfer, thus regenerating the original ketone. The exceptional

photostability of these two families of UV-absorbers is attributable to the rapid pathway

for deactivating triplet-state ketone groups called the ~'keto-enol tautomerism

mechanism" .

In addition, 2-hydroxybenzophenone derivatives have been reported to exhibit additional

photo-protection properties. Picket42 demonstrated that the stabilizing effectiveness of

these UV absorbers goes beyond the pure light tilter. In this regard they have been

classitied as43 hydrogen donors for the tennination of alkoxyl and hydroxyl radicals

produced in the photolysis of peroxide species and also as triplet-state carbonyl

quenchers44
. The major drawback associated with the use of UV absorbers is the high

amount required (2-8%) to significantly photostabilize high-yield pulps thus rendering this

approach commercially not feasible.

The third method of reducing the photooxidation rate of the Iignin matrix (Scheme 1.1) is

achieved by deactivating the excited state of lignin chromophores, precursors of radical

intermediates such as phenoxyl, phenacyl and ketyl radicals. Ragauskas45 and later Harvey

et al. 46 investigated the quenching potential of several unsaturated dienes with appropriate

lignin model compounds and BCTMP in solution and in the solid-state respectively. They

observed that the photostabilization efficiency of the dienes is dependent upon their

structural features: Irans, trans-2,4-hexadien-l-ol was found to he the most effective

quencher of triplet-state carbonyl groups in lignin. The quenching mechanism includes a

high-rate transfer of the excess energy from the excited carbonyl to hexadienol followed

by its photo-sensitized isomerization yielding ail four geometric isomers. Irans, trans-2,4

Hexadien-I-ol confers a temporary protection to high-yield pulps because the quenchers

are eventually consumed leaving the way open for the photoyellowing process to resume.

Furthermore, hexadienol has been reported to promote thermooxidative reactions.
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The fourth method of counteraeting discoloration of lignin (Scheme 1.7), concems the

stabilization of highly reactive radical intermediates by a class of additives known as

radical scavengers. Since radicals are generated in high-yield pulps upon exposure to light

or heat, they should, theoretically, otrer a broader protection against the detrimental

effeets of weather compared to other classes of inhibitors47
• In order to be efficient

stabilizers, they must successfully compete with lignin for scavenging indiscrirninently all

light- and heat-induced radicals.

Extensive research efforts have proven that thiol derivatives41 and ascorbic acid49 are

efficient photoyellowing inhibitors when applied to high-yield pulps. The primary

photostabilization mechanism relies on their ability to transfer labile hydrogen atoms to

free radicals thus restrieting radical intermediates such as phenoxyl and ketyl radicals from

converting to chromophores. Their etrectiveness was found to be strongly dependent upon

molecular structure: For example, thiol derivatives bearing a-carbinol or a-carboxylic

groupsSo provided superior photo-stabilization compared to their p-derivatives.

In addition to their inherently high oxidation potential, certain antioxidants exhibit other

anti-yellowing properties:

Lignin model compound studiesS1 have confirmed that the bleaching effect observed when

thio-additives such as I-thioglycerol and glycol dimercaptoacetate are applied to

mechanical pulps, is attributed to a reductive, Michael-type addition reaction between

these and pre-existing or Iight-induced quinone structures.

On the other hand, a light-induced bleaching reaction was observed on pulps treated with

ascorbic acid. Schmidt et al. 33 proposed that this etfect can be ascribed to the

photochemical reduction of ketone groups.

The main disadvantage of using tbis class of additives is that they offer a temporary

protection against photooxidation reactions in Iignin; once they are consumed,

discoloration reaetions proceeds with rate similar to those found in untreated pulps.

Furthermore, ascorbic acids2 and other tbiols additives were shown to promote thermal

oxidative reactions.
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The fifth and last method of intervention (Scheme 1.7) addresses the problem after the

chromophores are formed. Two strategies have shown some success in reversing the

effects ofpost-oxidative yellowing reactions:

• Eliminate the molecules imparting yellow color to the pulp by chemical means

• Offset the yellow color ofmechanical papers with fluorescent whitening agents (FWA)

Attempts to chemically eliminate chromophores in yellowed pulps include the removal of

quinones by borohydride treatment or adding radical scavengers such as thiols and

ascorbic acid for theÏT bleaching properties. However Leary53 reports that these efforts

were not successful in restoring pre-existing pulp brightness levels.

Fluorescent brightners (Scheme 1.7) are part of the UV-screen family in the sense that

they absorb UV light and re-emit the energy at longer wavelengths. Since the yeUow color

imparted to irradiated high-yield pulps is caused by a drop in absorbance in the blue

spectral region54
, adding FWAs (Fluorescent Whitening Agents) which have the ability to

re-emit the absorbed energy in this range (420-500 nm), will increase the reflection oflight

and thus make the paper appear more "white". Diamino stilbene disulphonic acid was

shown to significantly enhance the brightness of mechanical papers. Unfortunately tbis

FWA and others" were found to be unstable when exposed to UV-light and quickly lost

their effectiveness as brightening agents.

1.S Recent Progress in Inhibiting the Photoyellowing Process in Bigh-Yield Pulps

From the material covered above, the general conclusion which can be drawn is that no

single inhibitor meets al) the requirements (see conditions in Section 1.3) to be used at an

industriallevel.

A patent was soughtS6 in 1998 for the inhibition of the photoyellowing of lignin-rich

papers by applying a diol in conjunction with clay or zeolite (fillers). The surface ofthese

• fillers contains acidic sites which provides the required acidic environment for the diols to
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form ketals with the carbonyl groups in lignin. The best photostabilization performance

were obtained by combining neopentyl glycol (diol derivative) and montmorillonite (a

tiller).

Recent studies have demonstrated that specifie combinations ofadditives have been found

to work synergistically in inhibiting the yellowing process. Their combination

photostabilizes Iignin more significantly than the sum oftheir individual inhibitory etfects.

The joint efforts of diethyleneoxytbiols, with efficient UV-screens such as 2

hydroxybenzophenone or hydroxyphenylbenzotriazole derivatives are showing enhanced

photostabilization performancen . The synergistic nature of tbis association is ascribed to

their complimentary properties to proteet lignin and each other from degradation

reactions: Thiols are shown to proteet the phenolic UV-screens against radieal-initiated

degradation reactions and in tum, the UV-screen filters the hannful wavelengths that

would otherwise decompose the radical scavengers.

This combination of inhibitors substantially retards the rate of photooxidation reactions in

lignin, even al low concentrations, but it does not permanently bloek them. The limitation

of tbis binary system originates from the tbiol derivative being consumed while protecting

both the UV-screen and lignin against radical reactions. When the radical scavenger

reserves are exhausted in the pulp, the UV-screen and lignin are subjected, once again, to

radical..initiated oxidation reactions.

It follows that a permanent solution against the photoyellowing process of lignin-rich

papers involves the long-term synergistic action of:

• A photostable UV-screen sueh as 2-hydroxybenzophenone or

hydroxyphenylbenzotriazole derivative.

• A radical scavenger wbich is able to regenerate itself .

Developing a binary mixture which complies fully with the above conditions would greatly

benetit the paper industry. Low charges of inhibitors would be required to effectively

photostabilize high-yield pulps, thus lowering the cost associated with these additives.



•
36

Hindered amine light stabilizers or HALS are an efficient class ofradical scavengers which

are widely used to retard light and heat-induced degradation of synthetic polymers38
. Goly

recently has tbis class of stabilizer been studied on high-yield pulp. Amongst the various

kinds of commercially available HALS~ 2~2~6~6...Tetramethylpiperidine-N-oxyl is a stable

free radical" capable ofscavenging radical species without being consumed in the process.

The antioxidant-regenerative mechanism of this nitroxide is best known as the "Denisov

Cyclen depicted in Scheme 1.9:

R'

Scheme 1.9: The Denisov Cycle38
•

R'

•

This class of stabilizer has ooly recently been studied on high-yield pulp. Amongst the

various kinds ofeommereially available HALS, 2,2,6,6-Tetramethylpiperidine-N-oxyl is a

stable free radicalSI. The nitroxide tirst traps carbon-centered radieals ofthe alkyl-type,

resulting in the formation ofhydroxylamine ether. From ESR spectroscopie studiesS9
, the

scavenging reactions for different alkyl derivatives in solution were found to proeeed at

high rates, 107_109 MiS··. The hydroxylamine ether then reacts with peroxyl or acylperoxyl

radicals yielding nitroxide, ketones, alcohols and carboxylie aeids depending on the

molecular structure of the peroxyl radical. In a polypropylene matrix, there is strong

evidence suggesting that tbis regeneration reaetion proceeds quite rapidly.
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Recently the photostabilization performance ofa nitroxide derivative combined to a water

soluble benzotriazole derivative was assessed on high-yield pulps. McGarry et al. 60

observed that the photostability of treated lignin-rich papers was comparable to that of

fuUy-bleached kraft papers over a period of 250 days. The enhanced performance of tbis

synergistic binary system over a long period of time can, without a doubt, be attributed to

the catalytic action orthe radical scavenger.

Another promising photostabilization approach which was explored around the same time,

consisted ofincorporating antioxidant functional groups ioto efficient

UV-sereen molecules.

Alkylated amines have been shown61 to significantly photostabilize polYmers by

scavengjng oxygen-based radicals.

Using the aforementioned strategy, tertiary amine functional groups were incorporated

into the meta position of the phenolic ring in 2, 4-dihydroxybenzophenone (DHB) (Figure

1.5).
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Figure 1.5: Structures ofDHB and MDHB62

The photostabilization performance of these DHB derivatives were evaluated on BCTMP

handsheets62 and a photostabilization mechanistic attempt was provided in a later study63.

Figure 1.6 demonstrates the enhanced stabilization performance of 3

(dimethylaminomethylene)-2,4-dihydroxybenzophenone (MDHB) over the original DRB.



38

1Control]8

1 s
:s

1 DHB 1:z-0"0
ct
la 2

1

-1
0 90 180 270 360 450

Irradiation Time (min)

•

Figure 1.6: Plots of PC Number as a function of irradiation time for CTMP treated with

ORB, and MDHB(lt2
.

Since the absorption maxima and the extinction coefficient for these compounds was not

atfected by the nature of the substituent, it follows that the superior inhibitory

performance ofMDHB could be attributed to the protection action of the tertiary amino

group.

These recent advances in the photostabilization of high-yield pulps have been exciting in

the sense that a permanent solution which cao be implemented at the industrial scale is

now conceivable. Due to the recent nature of the last two strategies cited above, two

essential questions remains unanswered:

• What are the photostabilization mechanisms of these new inhibition systems when

applied on lignin...rich pulps?

• Which are the specific photoyellowing pathways atrected by these inhibitors?

Most researchers rely on fundamental studies performed on polymers to answer such

• mechanistic questions. Unfortunately nature is not so cooperative and research has shown



•

•

39

that the photoprotection mechanism ofan inhibitor may he different depending on the kind

of polymer studied. The later point is weil iIIustrated by Gugumus who stated in an earlier

report64
:

"The degradation mechanisms or the relative importance ofdifferent

mechanisms vary with polymer structure. Rence, some stabilizers may

proteet one polymer mainly aecording to one mechanism and anolher

polymer mainly hy anolher mechanism. "

The objective of this research is an attempt to detine the precise photostabilization

mechanisms of these novel inhibition systems. Insight ioto their inhibition mechanisms is

sougbt by investigating the changes in product distribution of a mixture of lignin model

compounds.
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1.6 Aims or the Thesis

The photostabilization mechanisms of two inhibition systems which were proven

experimentally to be very effective, were investigated by monitoring their

photostabilization action on lignin-Iike molecules.

Specifically, the experimental work was sub-divided ioto two sub-objectives:

The first consisted of investigating the photoreactivity ofthe two lignin model compounds

and the degradation products recovered after irradiation. To do 50, an experimental

protocol was designed to obtain qualitative and quantitative reproducible data. The

experimental protocol consisted of different procedures, which ensured that the samples

remained unaltered when exposed to chemical or physical treatments before and after

irradiation. These include procedures for applying and drying the chemicals, solid-state

irradiation of the samples, in a controUed environment (temperature, humidity, oxygen

leve), extracting, isolating and derivatization of the photoproducts.

The second sub-objective was that of monitoring any possible photochemical interactions

that May occur between the novel inhibitors and two lignin mode) compounds. The two

Iignin model compounds were irradiated in the presence of the inhibitors in aerobic

conditions. The inhibitory eff'ects of the additives were monitored with respect to the

chemical changes occurring in photoproduct distributions. These experimental results

constitute the basis for the elucidation of the photoprotection mechanisms of the inhibition

systems applied to high-yield pulps.
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2.1 Material!

The model compounds selected to mimic the photoyellowing reactions taking place in

lignin are a-guaiacylacetoveratrone (model 1) and guaiacylglycerol-J3-guaiacyl ether

(model II):

Modell Modelll

The photostabilization mechanisms ofthe following inhibitors were studied:

• 2,4-Dihydroxybenzophenone (088).

• 3-(Dimethylaminomethylene)-2,4-dihydroxybenzophenone (MDHB) alone and in

conjunction with 2,2,6,6-tetramethyl-4-hydroxypiperidine-N-oxyl (Tempo").

• Tinuvin P with 2,2,6,6-tetramethyl-4-hydroxypiperidine-N-oxyl.

o
Il

~c

V
OH

•

2.4-Dihychxybcnzophc:nonc
orDHB

~dimclhyl.minolllClhylene)2.4-dilly~oxybcnzophc:nonc

orMDHB



•
43

HO

2,2.6.6-tetramethyI4hydroxypiperidine-N-oxyl Tinuvin P

Ali reagents~ unless otherwise stated, were supplied by Aldrich Chemical Company and

used without further purification. Ail solvents were of HPLC grade in order to avoid

organic and inorganic contamination of the samples. Tinuvin P and Tempo· (2,2~6,6

tetramethyl-4-hydroxypiperidine-N-oxyl) were kindly provided by Dr. C. Heitner

(pAPRICAN).

2.1.1 Irradiation and Recovery ofthe Additives.

Mixtures of the additives (lignin model compounds withlwithout inhibitors) were

homogeneously solubilized in an acetone-water (SO:20 v/v) solution; with the exception of

Tinuvin P which was solubilized in chloroform due to its low solubility in acetone and/or

water. Equimolar amounts of the model compounds comprising approximately 30% of the

weight of the cellulose sheets were used in order ta mimic the lignin content in mechanical

papers. In addition, a 1% charge (w/w) of UV-screens and 0.2 % (w/w) charge of the

radical scavenger were applied when required to the testsheets.

The homogeneous solutions ofadditives were impregnated with a syringe on one side of a

2 x 2 cm2 Whatman filter paper. Special care was taken to apply the mixture evenly on the

surface of the sheets and to remove (using fresh portions of solvent) any reagent adhering

to the surface ofthe syringe. The impregnated sheets were dried under partial vacuum in a

dark desiccator for 12 hours. The sampies were then weighted and suspended in the cavity

of a photochemical reaetor equipped with a 450 watt high pressure quartz mercury-vapor

UV lamp (Ace Glass Inc.). The lamp emitted UV light covering a spectral region ranging

from 222 nm ta 366 nm. A pyrex glass sleeve was used to tilter out the wavelengths below

• 300 nm. The impregnated side of the tilter papers was irradiated for a period of 4 hours
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under a continuous slow f10w of air at ambient temperature and constant humidity levels.

After irradiation, the products were recovered by exhaustively extraeting the papers with

an acetone-water mixture (80/20 v/v). An additional chloroform extraction step was

carried out on Tinuvin P samples. The organic solvents were then evaporated under

reduced pressure, and the water was removed by freeze-drYing the samples for 6 hours. In

order to obtain precise quantitative analytic data, each experiment was performed in

triplieate.

2.1.2 GC/MS and GCIF1D Analyses.

GCIMS analyses were carried out on a Hewlett Paekard 5972 mass spectrometer

interfaeed to a Hewlett Packard S890-A gas chromatograph equipped with a D8-S 30m x

0.2Smm paeked silica capillary column. The injection port temperature was 280°C and the

oven temperature program was 100°C to 250°C with a gradient of 10°C/min. The

products were analyzed after silylation with N,O-bis(trimethylsilyl)acetamide and they

were identified by eomparison of their mass speetra with those of commercially available

or independently sYnthesized authentic samples. The evaluation of produet ratios was

earried out by using 3,4-dimethoxy phenol as the internai gas chromatographie standard.

The GC response factors relative to the standard were determined for eaeh of the produets

by mixing known volumes of tbis produet with standard solutions, followed by

measurements ofGe areas.

The GCIMS fragmentation patterns for the produets origjnating from models 1 and II were

as follows: -rn/z (rel. intensity): Lignin model compound!: 1: 316(23), 16S(100),

151(16), 137(8), 107(8), 106(5), 91(8), 79(11), 78(6), 77(12); U: 536(1), 299(11),

298(26), 297(100), 181(6), 166(9), 74(S), 73(62); Produet 1: 196.05(19), 181(21),

167.9(4), 167(14), 166(100), 150.95(24), 135.9(16), 73(5); 2: 210.1(19), 195.05(12),

182(5), 181(18), 180(100), 165(9), 149.95(9), 148.95(9); 4: 224(30), 209(45),

194.0S(1oo), 180.9(11), 178.9(6), 166(38), IS0.9(11), 137(9), 135.9(11), 124(10); 5:

238.05(6), 225(6), 224(16), 223(100), 207.9S(36), 206.95(12), 179.9(13), 178.95(7),

165(26); 6: 254(44),240(12),239(71),196.9(5), 196(16), 195.1(100),180.9(6),166(10),
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165(92), 148.9(S), 136.9(9), 122(8), 121(6), 119.7(7), 119.2(7), 106.9(10); 7: 312(66),

297(100), 282(33), 268(27), 267(85), 253(58), 223(58), 210(7), 192.9(24), 180.9(5),

166.7(7), 162.9(6), 140.9(10), 137.9(6), 134.9(7), 126.1(33), 106.9(7), 97.9(10), 86.8(6),

78(9), 73(68); 8: 282(4), 267(7), 254(26), 239(42), 223(10), 196(11), 180(10), 165(72),

156(8), 149(26), 123(5), 119(8), 92(6), 79(66), 75(100), 73(47); 9: 325.1(6), 299.1(10),

298.1(24), 297(100), 223(9), 209.1(6), 75(6), 74.1(8), 73(47); 10: 420(12), 419(29),

418(85), 403(36), 388(44), 373(10), 358(7), 241 (II), 19S(8), 180(9), 149(9), 134(9),

78(20), 73(100); 12: 298(10), 297(26), 192(100), 181(6), 166(6), 73(46); 13: 464(1),

227(6), 226(18), 225(100); 15: 446(30), 387(15), 386(33), 385(100), 359(7), 356(9),

233(5); 17: 388(13), 373(7), 193(6), 166(10), 165(100), 77(5), 73(11); 18: 460(100),

445(5), 147(28), 136(5);

Inhibitors: ORB: 358(1), 345(12), 344(31), 343(100), 271(7), 164(11), 105(12), 77(13),

73(37); MDHB: 415(43), 400(66), 384(9), 373(9), 372(29), 371(52), 357(96), 355(42),

341 (24), 299(7), 295(17), 283(30), 105(23), 73(100); Tinuvin P: 297(1), 227(8),

226(49), 212(9), 211(52), 105(6), 79(5), 75(12), 74(9), 73(100); Tempo: 316(1), 244(6),

188(22), 158(18), 157(13), 144(14), 143(100), 131(6), 130(9), 109(5), 101(S).

2.2 Synthesis of Reagents.

2.2. 1 Synthesis of3-(Dimethylaminomethylene)-2,4-Dihydroxybenzophenone (MDHB).

The reaction mechanism depicting the synthesis ofMDHB starting from DHB is illustrated

in Appendix A.I.

This compound was sYnthesized according to the method developed by Allen et ars. The

reaction mechanism depicting the sYnthesis ofMDHB from DHB is iIIustrated in Appendix

Al. Several modifications to the original method were made: An equimolar amount of

concentrated hydrochloric acid was added after the 24h reflux and the hydrochloride salt

ofMDHB precîpitated out ofthe ethanolic solution. The white crystals were filtered under

• vacuum and washed with fresh portions of cold ethanol. The neutral form of MDHB was
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obtained by dissalving the water-soluble crystals in a bicarbonate solution followed by a

chloroform extraction step. The solvent was evaporated under reduced pressure and

slightly yeUow crystals were obtained. Yield: 91%

2.2.2 Synthesis ofa ...suaiacylacetoveratrone (model 1).

3-methoxy-4-Benzyloxybromoacetophenone (0.47g), guaiacol (0.5g) and powder

potassium carbonate (0.5g) were retluxed in acetone (4 ml) for 6 hours under a nitrogen

blanket. Product formation was monitored by TLe using a mixture of ethyl acetate:

hexane (2:3) as eluents. The reaction mixture was filtered to remove the solid potassium

carbonate and concentrated. Purification of model 1 was carried out by column

chromatography on silica gel using the same mixture of eluents. Following the isolation of

the fractions containing model l, the solvent was evaporated under reduced pressure

yielding a white solid. Yield 99%.

2.2.3 Synthesis ofguaiacylglycerol-p-guaiacyl ether (mode) II).

Model II has been synthesized according to the method developed by Fumiaki et al. 66. No

modifications were made. Vield: Not determined.



•

•

Chapter 3

Irradiation of the Lignin Model Compounds:

Product Studies

47



•

•

48

In order to mimic the photodegradation reactions which take place when lignin is exposed

to light~ appropriate models must be chosen. Previous studies have emphasized the key

role played by conjugated a-carbonyl and tt-hydroxyl p-O-4 phenyl ether units during the

photoyeUowing process. As such, a-guaiacylacetoveratrone (model 1) and

guaiacylglycerol-p-guaiacyl ether (model II) are suitable lignin model compounds since

their kinetic behavior resembles closely high yield wood pUlpS22.

Under simulated sunlight~ free radicals are formed by the homolytic fragmentation of

model 1 which in tum induce the photodegradation of model II via a hydrogen abstraction

reaction67
• Thus, by monitoring the precise photo-chemical interactions occurring between

the novel inhibitors and a mixture of these lignin model compounds (models 1 + n), an in

depth understanding of their enhanced photostabilization mechanism(s) toward lignin-rich

materials can be obtained.

A systematic approach of irradiating the additives on cellulose, identifYing and quantifYing

the photo-products was adopted to elucidate the various reaction mechanisms operating

during the irradiation process. In total nine distinct experiments were carried out:

1. Model 1 by itself.

2. Model n by itself.

3. Models 1 and fi.

4. DHB by itself.

5. Models 1 and fi in the presence ofDHB.

6. MDHB by itself.

7. Models 1 and fi in the presence ofMDHB.

8. Models 1and fi in the presence ofMDHB and Tempo·.

9. Models 1 and fi in the presence ofTinuvin P and Tempo·.
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3.1 PbotochelDistry or Lignin Model CompouDds in the Solid State

3.1.1 Product Studies oflrradiated Model 1

The photochemical reactivity ofmodel 1 adsorbed on cellulose was investigated in order to

gain a basic understanding ofthe reaction mechanisms goveming its photolysis.

The color of the oily samples after irradiation was a dark orange indicating that model 1

photodegraded to fonn a mixture of chromophoric moieties. Even though the recovery

yield was 100010, not ail the products were extracted trom the irradiated testsheets. The

Iight yellow color irnparted to the cellulose indicated that sorne chromophore entities

remained covalently bonded to the surface.

The results ofthe major photoproduct analyses are shown in Table 1.

Table 1: Photolysis products rrom model 1

Compound 1(2) 3.4-cIimdhoxypbcn1 6(2) ModelI 17(2)

ethanone

Ge %(1) 7.97 Trace 3.90 6.12 4.52

1. Relative amount ofproducts compared to mtemal standard

2. Sec Scheme 3. 1 for compoWld identification

6% (w/w) of the starting material 1 was recovered which indicates that dimeric conjugated

a-carbonyl structures are very reactive when exposed to UV Iight. In total, live products

were identified and quantified which represent all the major peaks in the chromatogram.

The nature of the products analyzed were either monomeric or dimeric; the structural

identities of the products were found to partially support the phenacyl pathway illustrated

in Scheme 3.1 .
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Scheme 3.1: The identity of the various products formed from model 1 after four hours of

irradiation

•

The photochemical reactions previously described by Gierer et aF leading to the

formation of monomeric moieties cannot explain adequately the other class of products

isolated. For example, in addition to the monomeric compounds (2 and 6), compounds

(10) and (17) were obtained most likely via radical coupling reactions68
• Previous

discussions69 on the various parameters affecting the photolysis of a.-GAV (Model 1

derivative), have emphasized the key role of efficient hydrogen donating molecules in the

formation ofthe ketyl radical intermediate. In the presence of an aprotic environment such

as benzene, negligible amounts of ketyl and phenacyl radicals were detected which
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resulted in low quantities ofphotoproducts. It foUows that in a solution with a low radical

content, homo-or heterocoupling reactions are unlikely events.

Upon absorption of UV light by a conjugated a-earbonyl unitll, an electron from the lt

molecular orbital is promoted to the nex! higher orbitallt· (1t~1t. transition). The carbonyl

is said to be in a singlet excited state70 from which difJerent relaxation pathways are

available: Direct homolytic cleavage of the p-O-4 bond or change of multiplicity are

occurring simultaneously. In the presence of hydrogen donors, an efficient intersystem

crossing to the triplet phenacyl ether69 followed by the photoreduction of the carbonyl

group to a ketyl radical has been shown to be the predominant pathway. Unimolecular

decay involving bond-breaking reactions is responsible for the relaxation mechanism of the

ketyl radical: Intramolecular Il-aryl bond cleavage is thermodynamicaUy favored (Iower

activation energy) due to the stabilization by resonance of the radicals generated22
. The

phenoxyl and phenacyl radical intermediates seek to produce stable products through the

following processes:

• The predominant process is for the radical fragments (A and B in Scheme 3. 1) to

abstract hydrogens from adjacent hydrogen donor molecules: 1-(3,4

Dimethoxyphenyl) ethanone and creosol are formed through tbis reaction mechanism.

Creosol (2) constituted the major monomeric stable product while 1-(3,4

dimethoxyphenyl) ethanone was found in extremely low quantities (Table 1). It is weil

known that aromatic ketones are photosensitizers71 and May initiate oxidation

reactions resulting in their decomposition through secondary reactions.

• Radical intennediates became stable via homocoupling reactions i.e.:

Two guaiacoxyl radicals (8 in Scheme 3.1) May join by C-C coupling to fonn

dicreosol 10 (Scheme 3.1). Dnly trace amounts ofthis dimeric product were detected

due to the low mobility of the guaiacoxyl radicals in the solid medium. Solid-state

photolysis studies demonstrated the occurrence of condensation reactions involving

coupling ofphenolic radicals in lignin applied on a ceUulose support61
-
72

.

• A1ternatively, a guaiacoxyl radical (B in Scheme 3.1) and a phenacyl radical (A) May

also recombine through a heterocoupling mechanism resulting in the fonnation of

product 17 (Scheme 3.1). The amount of 17 detected indicates that this reaction
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pathway is the second in importance due to the low diflùsion rate ofthe radical species

in the ceUulosic matrix. Such p-S structures have been detected before in the

photodegradation of MWL73 and shown to play an important role in the photo

production of colored oligomeric materials". Furthermore no a-carbonyl p-l
structures74 were formed owing to the methyl group blocking the I-position of the

guaiacoxyl radical trom undergoing coupling reaetions67
•

The structural features ofproduct 6 (Scheme 3. 1) indicate that the radical intermediate

(H) was oxidized. There is no evidence suggesting that oxygen influenced the

magnitude of p-aryl bond cleavage during irradiation, however, the structure of the

products were greatly affected by its presence. Significant amounts of 3,4

Dimethoxyphenyl benzoic acid (') were detected due to the high diffusion rate of

oxygen in the cellulose fibers. These results are consistent with the photochemical

studies performed by Vanucces and ArgyropouloS67 on model 1 under aerobic

conditions. A plausible reaction mechanism for the formation of compound 6 is

depieted in Scheme 3.2.

12

c=o

•

•

OCH]
(A in Schcmc 3.1)

OCH) OCR) OCH)

(19) (11) (21)

J

Scheme 3.2: Oxidation reaction mechanism ofphenacyl radical to 3,4-dimethoxy benzoic
acid (6)75.
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•
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Molecular oxygen is a diradical and combines with the phenacyl intermediate (A in

Scheme 3.2) to produce a peroxyl..type radical (19) which is rapidly converted to

hydroperoxide (20) in the presence ofa hydrogen donor molecule. Through a Norrish type

II reaction, the y-hydrogen is abstraeted by the ketone yielding an unstable

hydroxydioxetane structure (22) which is swiftly converted to produet 6 and formaldehyde

(23).

3.1.2 Produet Studies oflrradiated Model fi

A slight discoloration of the solid cellulose samples impregnated with n was observed

after irradiation. The extraction process failed to isolate the chromophores responsible for

the light yellow color imparted to the cellulose sheets. The recovery yield was found to be

100% and Ge analysis of the extraeted samples indicated that no degradation produets

were generated during irradiation, yielding model n molecules ooly. In arder to elucidate

the origin of these chromophoric structures, ceUulose sheets (control) were irradiated

under the same experimental conditions in the absence of additives. The same degree of

discoloration was observed and no produets were retrieved suggesting that the slight

yellowing may be ascribed to the mild photodegradation of cellulosic fibers76. Thus, the

contribution of cellulose in the photodegradation of the lignin model compounds is

considered negligible.

On the other hand, it was not surprising to confirm the photostability ofmodel fi, since the

UV spectra of similar structures such as 1-(4'-hydroxy 3'-methoxyphenyl)-2-(2"

methoxyphenoxy)ethanol were shown to absorb light at wavelengths under 300 nm74.

Furthermore, ESR studies77 demonstrated that 13-0-4 dimers bearing a-hydroxyl groups

were not effectively degraded except when hydrogen ahstraeting umts are in the vicirüty.
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3.1.3 Product Studies ofIrradiated Models 1 and n

In an effort to unambiguously trace back the photoproducts to their originallignin models,

the rings ofeach model contained different substituents (see Section 2.1 p.42).

After irradiation, a dark oily mixture in gravimetric yield of l000A. was obtained. A light

brown color remained on the cellulose sheets which suggests that chromophores other

than those observed when cellulose is irradiated alone, were formed. Unfortunately

repeated attempts to extraet these colored molecules with a mixture of acetone and water

were unsuccessful. It was hypothesized that the identity of these molecules are condensed

structures78.

The color of the oity mixture obtained was darker compared to that generated during the

irradiation of model 1 alone. This provides direct evidence that model n in the presence of

model 1 photodegraded to form amongst others~ new chromophores.

The identity and amounts of the major photoproducts formed during the irradiation of

equimolar amounts ofmodels 1 and fi are reported in Table 2.

Table 2: Photolysis products from modets 1 and n.
Compoun4;l) [ n 1 2 4 5 , 7 8 9 10 12 15 17 18

QCO/ca(l) O.SS 32.S0 0.24 1.67 0.69 0.38 1.61 0.20 O.lS 0.07 0.22 LOS 1.09 1.64 1.12

1. Relative amount ofproduets oompared to mtemal standard

2. See Scheme 3.3 for compound identification

In total, 13 produets were identified and quantified which represent ail the major peaks in

the chromatogram ofFigure 3.1 (Appendix A2 p.97).

3.1.3.1 Influence ofModel n on the Photodecomposition ofModel 1

The identity and the amounts of products origjnating trom the photodecomposition of

model 1 (Table 2) have not been substantially altered by the presence of model n. This

proves that the formation of compounds Z, 6, 10 and 17 is consistent with the reaction

pathways discussed above and illustrated in Scheme 3.1. A very significant finding of tbis
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work is that two new products were fonned: It is the first lime that compounds 1 and II

(Scheme 3.3) are observed amongst the photolysis products of lignin model compounds.

Unfortunately, the precise reaction mechanisms accounting for the formation of the a-keto

acid 8 and the p-5 coupling produet Il remains unclear.
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Scheme 3.3: The identity of the various products formed from model 1 in the presence

of model n after 4 hours of irradiation

Alkoxyl or peroxyl radicals have been reported to selectively abstract a-hydrogen from

etherified guaiacylglycerol-J3-Arylether groups which represents more than half of the
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lignin unïts30
• Since these radical intennediates are generated during the photolysis of

model 1, they will reaet with hydrogen donating molecules in order to fonn stable

products. In contrast to 2, product 20 has not been detected because it is a reactive

intennediate in the formation of 6 as shown in Scheme 3.2. Model II units offer an

additional source of hydrogen trom which these radicals may undergo H-abstraction

reactions. The photochemical reaction mechanism of alkoxyl and peroxyl radicals in the

presence ofmodel n is depicted in Scheme 3.4.

..

Ketyl radical

+

~oo~y (1)

CH,

or
C~OOH

1
c=oo (10)

~~
OCf\

•

Scheme 3.4: Photochemical reaction mechanism of alkoxyl and peroxyl radicals in the

presence ofmodel II

3.1.3.2 Influence ofModel Ion the Photodecomposition ofModel fi

Analysis of the seven products originating trom the radical-initiated decomposition of

model II shows that monomeric and dimeric compounds were formed mainly via the ketyl

pathway (Scheme 3.5). Another reaction pathway involving the abstraction of a hydrogen

at the y-position will be covered later.
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Scheme 3.5: The identity of the various products formed from model il in the presence of

model 1 after four hours of irradiation

•
Alkoxyl and peroxyl radicals generated by the photolysis of model 1 (Scheme 3.4), may

oxidize model il at the a.-C position yielding a ketyl radical (Scheme 3.5). Fragmentation

of the ketyl radical proceeds through the homolytic scission of the p-aryl bond producing
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an enol and a phenoxyl radical (Scheme 3.5, C and D). These intermediates seek to

produce stable products through the foUowing reaction mechanisms:

• The enol intennediate (C) is readily tautomerized to the corresponding ketone (E in

Scheme 3.5). As with ail the aromatic ketones (model 1 or products) encountered in

these experiments, they are readily consumed via secondary reactions due to their high

photoreactivity. However, indirect evidence of the initial existence of the ketone

intermediate (E in Scheme 3.5) is provided by the by-products ofsecondary reactions:

• Oxidative cleavage of the Ca-Cp bond from the aromatic ketone (E) produced vaniUin

4 and ethanol. A tentative rationalization of the reaction mechanism leading to the

formation of4 is given in Scheme 3.6:

+

(4)

H~

+

(F)

IH10H

CHz

.1

(ioc","-
OH

(E)

(G) (9)

Scheme 3.6: Light-induced oxidation and reduction reactions resulting in the

formation ofproducts (4) and (9).

•

Through a direct excitation of the aromatic ketone (E), the carbon-carbon bond

adjacent to the carbonyl dissociated via a Norrish Type 1 reaction followed by

hydrogen abstraction77. In the presence of oxygen, product 4 may be further oxidized

to vanillic acid 7. Table 2 shows that significant amounts of oxidation products were

formed due to the high mobility of oxygen radicals. Similarly, the irradiation of

MWL73 and TMP78 generated, amongst the decomposition products, the largest
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quantities ofvanillin (4) and vanillic acid (7). Apart ftom their characteristic odor~ they

do not cause yellowing since their absorption maxima do not exceed 280 run.

• Another pathway for the deactivation of the excited state of the aromatic ketone (E) is

to undergo photoreduction in the presence of H-donating molecules (Scheme 3.6).

The corresponding ketyl radical achieves stability by abstracting another hydrogen

yielding 4-Hydroxy-3-methoxyphenyl propanediol9.

• Phenoxyl radicals are stabilized by a hydrogen abstraction mechanism yielding guaiacol

1 monomers (Scheme 3.5). In addition, they May be involved in secondary photo

oxidation reactions as a source of hydrogen which sustains photoreduction reactions

of the triplet state ofmodel!.

• Phenylcoumaran structure 15 (Scheme 3.5) was formed most likely via an

intramolecular rearrangement mechanism. It was suggested67 that a coupling reaction

between a quinone methide Cp radical and the Cs centered radical originating from a

phenoxyl radical might be accountable for the formation of such products. Previous

photostudies76 have shown that phenylcoumarans are leucochromophores (no

significant absorption above 300 nm) which are readily converted to chromophores.

CasteUan el al.68 proposed that the first step in the formation of these colored

molecules consisted of an energy transfer process from a photosensitizer (such as an

aromatic ketone) to the phenylcoumaran unit 15. This would cause the a-ether bond

to cleave and induce the fragmentation of the molecule into a benzyl and a phenoxyl

radical. Through a rearrangement mechanism the radical intermediates might couple to

fonn a light-sensitive phenolic stilbene structure. Unfortunately these colored

Molecules were not detected in the present work.

Hydrogen abstraction reactions from alkoxyl and peroxyl radicals are not restricted to the

benzylic position. The y-C-H is also prone to H-abstraction reaetions (Scheme 3.5). The

structure of Product Il irnplies that cleavage of 13-0-4 bonds is not the ooly pathway,

instead the homolytic scission of the Cp-Cr bond seems to be responsible.
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Alkoxyl or peroxyl radicals may in tum abstraet an a-hydrogen trom 12 yielding a ketyl

radical (%4). P-Aryl ether cleavage follows resulting in the fonnation of a phenoxyl radical

(1) and an enol (%5). The enol is tautomerized to the corresponding ketone (5), 4

hydroxyl-3-methoxyphenyl ethanone. A tentative rationalization of the reaction mechanism

leading to the formation of5 is iIIustrated in Scheme 3.7.
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Scheme 3.7: Photooxidation reaction of product 12 ta 4-hydroxy-3-methoxylphenyl

ethanone (5)

A1though the photodecomposition of model n via y-C-H abstraction reactions cannot be

compared to the magnitude of the ketyl pathway, substantial amounts of products 5 and

12 combined were formed.

From Table 2, it is clear that heterocoupling, H-abstraction and oxidation reactions

constitute the predominant modes of radical stabilization. Due to their low diffusion rate in
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the solid state, the radical pairs generated by the homolytic cleavage of P-aryl ether bonds

ofmodels 1 or n tend to stay in close proximity. Hence, the probability that these reactive

species recombine is quite important thus explaining the high amounts of heterocoupling

products IS (Scheme 3.S), 17 and 18 (Scheme 3.3). In contrast, oxygen by virtue of its

state at room temperature (gas), is a radical which has a high diffusion rate in the

cellulosic fibers. Thus radicals generated by the photodecomposition of models 1 or II will

readily react with oxygen ta fonn large quantities ofoxidation products 6 and 7

(Scheme 3.3 p. SS and Scheme 3.5 p.S7 respectively).

Model n exhibited a lower photoreactivity compared to model 1 with a conversion yield of

ooly 61.5 %(w/w). The high amount of model D remaining after irradiation can be

explained by the lack of interactions between the two models caused by the distance

separating them in the solid state78. In addition model II is not the only supplier of

hydrogen radicals and must compete with other H-donating entities in order to forro a

ketyl radical.

Interestingly, the photoreactivity of model 1 was enhanced by the presence of model n:
98.9% (w/w) of the starting material was converted to products compared ta 94% (w/w)

when model 1 was irradiated alone (see also Figure 4.1 p.64). The presence of model Il

provides an additional pathway from which triplet state model 1 molecules may undergo

hydrogen abstraction reactions (from the phenolic group). Wan et al. 69 showed that the

photodecomposition ofa-GAV into ketyl and phenacyl radicals was greatly enhanced in a

protic environment. In addition, photolysis by-products such as guaiacol and creosol are

good hydrogen donors and can participate in the photoreduetion ofmore model 1

(Scheme 1.2 p.22).

The recovery yield for the mixture of models 1 and II was close to 100%, yet lower

amounts of decomposition products originating from model 1 were detected (Tables 1 and

2). This is attributed to the fonnation of oligomers which are not OC detectable due to

their low volatility. This result is in agreement with the work of Pan et al.71 who observed
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an increase in condensed structures during the irradiation of various kinds of mechanical

pulps.

The identity, amounts and reaction mechanisms of products generated during the

photolysis of an equimolar mixture of models 1 and II have been determined. Four main

pathways resulting in the photostabilization of the radicals intermediates were identified.

These include:

1. Heterocoupling reactions with the concomitant formation ofproducts 15, 17 and 18.

2. Oxidation reactions responsible for the formation ofproducts 4, 5, 6, 7 and 8.

3. Hydrogen abstraction reactions trom which l, 2, 9 and 12 were formed.

4. Homocoupling reactions yielding product 10.

These reaction pathways constitute a fine recreation of the photoyellowing process in

Iignin-rich materials. By monitoring, at a molecular level, the chemical interactions

occurring between an equimolar mixture of the lignin models and the photoyellowing

inhibitors, their underlyjng photostabilization mechanisms May be elucidated.

The specifie photodecomposition reaction pathways of models 1and II as affected by these

inhibitors and the photochemical rate of the additives will now be investigated in the next

chapter.
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Raving elucidated the detailed photodegradation mechanisms ofa mixture ofmodels 1 and

fi, the protective action of the photoyellowing inhibitors may be investigated. Dy

monitoring the precise photo-chemical interactions occurring between the novel inhibitors

and a mixture ofthese lignin model compounds (models 1+ D), an in-depth understanding

of their enhanced photostabilization mechanism(s) toward lignin-rich materials cao he

obtained.

4.1 Photochemistry of Lignin Mode' Compounds in the Presence of Photoyellowing

Inhibiton.

4.11 Photoreaetivity ofthe Models in the Presence and Absence ofthe Inhibitors

Compared to the control (mixture of models 1 and D), the addition of the inhibitors

markedly improved the photostability of model 1 against direct photolysis. The protective

action ofthe inhibitors on model 1 is shown in Figure 4.1.

14
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..... DHB MDHB MDHBITEMPO TINU\I1NPITEMPO

•
Figure 4. 1: Amounts ofmodel 1 remaining after 4 hours of irradiation in the presence

and absence ofvarious inhibitors
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DRB was found to be the lcast effective ofthe other inhibitors, in protecting model 1 from

direct photolysis. The application of DHB preserved model 1 by 86 %(w/wf) more

compared to the control (1 and fi). The best pholostabilization performance was provided

by the pair Tinuvin prrempo which preserved model 1 by close to nine limes, compared to

the control. MDHB and MDHBrrempo oifered a lower UV protection by preserving

model 1 two times more compared to the control.

UV spectral analysis has shown62 that DRB and MDHB stronglyabsorb in the near UV

region. Furthermore these UV studies proved that the tertiary amino group did not affect

the extinction coefficients of MDHB with respect to those of DHB in the 280-400 nm

region. This implies that in addition to ils UV absorbing ability, MDHB photostabilized

model 1 via other channels involving undoubtedly the tertiary amine group.

The degree of photostabilization of model 1 in the presence of MDHB was unatTected by

the application of Tempo. This result indicates that the later does not possess a wide lN

filtering ability which is not surprising since no carbonyl or ethylene bonds are part of its

structure. As a corollary, the exceptional photostabilization performance of Tinuvin P in

tandem with Tempo, might be attributed to the UV filtering property of the benzotriazole

derivative. In order to ascertain the individual contribution of Tinuvin P and Tempo in

shielding model 1 against direct photolysis, separate experiments in the presence and

absence of the lignin model compounds should be investigated in future studies (see

"Suggestions for Future WorkU
).

The difference in photoprotection performance between benzotriazole and DRB or ils

aminated derivative has been anticipated. Figure 4.2 shows that19 DRB displays lower

extinction coefficients in the near UV spectral range compared to Tinuvin P under the

same conditions.
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In addition, the Tinuvin Potiers a broader protection against UV light because it absorbs

slightly further into the red part ofthe spectrum.

Altematively, the lower photostabilization efficiency of the o-hydroxybenzophenone

derivatives may not be uniquely related to extinction coefficients but also to a solvent

effectSo
• The excellent UV screen properties of benzotriazole and hydroxybenzophenone

originates from their ability to selectively absorb UV light and dissipate it as heat via an

excited state intramolecular proton transfer followed by a rapid internai conversion to the

ground state. The prerequisite for this catalytic relaxation mechanism to occur is related

to the planar form of these UV screens, which favors the formation of tms intramolecular

hydrogen bond between the carbonyl group (DHB) or the triazole nitrogen (Tinuvin P)

and their ortho-hydroxyl groups. An equilibrium is reached between the planar and non

planar conformations of the UV screen which can readily be disturbed if the solvent

possess the ability to fonn hydrogen bondsS1
. Chlorofol11l, the solvent used for Tinuvin P,

does not interfere in the distribution of the conformers since it is unable to create

hydrogen bonds with the hydroxyl group of Tinuvin P. On the other hand, the

benzophenone derivatives were solubilized in a mixture containing water which is able to

create hydrogen bonds. Thus the equilibrium between planar and non-planar conformers

has been disturbed resulting in higher amounts of the non-planar conformer. Since this
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conformer is incapable of intramolecular hydrogen bonding, the photostabilization

charaeteristics ofthese UV-screens is greatly reduced.

Previous experiments have underlined the key role of aIkoxyl or peroxyl radicals in the

photooxidation of model ll. Since the flux of light was significantly reduced by the

incorporation of the inhibitors in the handsheets, lower amounts of these oxygen-based

radicals were formed. Figure 4.3 shows that in the absence of inhibitors, 61 % (w/w) of

model n was degraded due to radical-initiated reactions.

.... DHB MDHB MDHBITEMPO TlNlMNPrrEMPO

•

Figure 4.3: Amounts ofmodel II remaining after 4 hours ofirradiation in the presence

and absence of various inhibitors

In the presence of the inhibitors, at least twice the amount of II remained unreacted. DHB

treated handsheets displayed the lowest protection of ail, yielding 73% (w/w) of the

starting material U. In contrast, the Tinuvin prrempo system otfered the best perfonnance

with almost no decomposition. The improved efficiency of MDHB over DHB in

proteeting model II (81 % (w/w) remaining) is evidence that the introduction ofan amino

group confers an additional protection property to the UV screen: Since radical-attack is

responsible for the fragmentation of model TI, the tertiary amine must function as a mild

antioxidant. Through aH-donation mechanism, MDHB successfully competes with model

fi molecules in reducing alkoxyl and peroxyl radicals. Similar findings by Allen et al.65
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showed that the amino group in MDHB aeted as a chain-breaking donor for the

termination of alkoxyl and hydroxyl radicaJs produced during the photolysis of

hydroperoxides in polyolefin films. More recently, Argyropoulos et al.63 have observed

that the irradiation of MWL samples mixed with MDHB showed less tendency to form

condensed structures compared to those treated with DRB. The superior

photostabilization performance of MDHB was credited to the tertiary amine groups,

scavenging phenoxyl and possibly other types of radicals.

Surprisingly, the presence of Tempo in MDHB-treated samples was found to be

completely ineifective in protecting model O. At tbis stage in the discussion, no

satisfactory explanation can be forwarded although Allen82 observed that under UV light,

Tempo-H did not protect 2- and 4-hydroxybenzophenone from hydroperoxide attack in

polypropylene films.

In contrast, Tempo was found to be highly effective in neutralizing alkoxyl and peroxyl

radicals when used in conjunction with Tinuvin P. From Figure 4.1, roughly 1.1% (w/w)

of model 1 remained unreacted in the presence of Tinuvin PlTempo. which means that

significant quantities of these oxygenated radicals were generated via the phenacyl

pathway. Nevertheless, in the presence ofTinuvin P and Tempo, model Il was completely

shielded against radical attack as shown in Figure 4.3. Since Tinuvin P is not an

antioxidant, Tempo must have reacted with these radicals. Strong evidence supporting this

reaction mechanism is given by the high photoreactivity ofTempo during irradiation in the

presence ofTinuvin P: Only trace amounts ofTempo were detected.

4.1.2 Produet Studies ofIrradiated Models in the Presence and Absence of Inhibitors

Figures 4.4 to 4.7 (Appendix AJ) reveal that low amounts of products 1, 7, 9 (Scheme

3.5) and 8 (Scheme 3.3) were formed during the irradiation period in the absence of

inhibitors. However, the presence of these inhibitors eliminated the occurrence of such

products. Since the inhibitors blocked the reaction pathways leading to their formation

with the same efficiency, the action ofthe amino group or Tempo cannot be accounted for
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the photostabilization mechanism. Instead~ the UV absorbing properties of the 0

benzophenone derivatives and Tinuvin P are most likely responsible.

Figure 4.8 ilIustrates the influence of the inhibitors in the formation ofcreosol (Scheme 3.3

p.55). The prCJduction of creosol was significantly affected by the presence of Tinuvin P

and Tempo. Compared to the control~ 40 % less creosol was formed. Since creosol is

formed through the photolysis of model I~ the decrease cao be attributed to the excellent

photostabilization characteristics ofTinuvin P.

The combination ofMDHB and Tempo also proved to efficiently reduce the formation of

creosol offering a 33 % decrease in the amount of creosol produced in the absence of the

inhibitors.
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Figure 4.8: GC% ofcreosol (1) generated during irradiation in the presence and

absence ofvarious inhibitors

The photooxidation pathway leading to the formation of product 4 (Scheme 3.5 p.57)was

seriously affected by the nature of the inhibitors. The addition of the inhibitors in ail cases

caused a significant decrease in production of 4 as shown in Figure 4.9. DHB and Tinuvin

Prrempo are responsible for a 45% reduction in yield of4 while MDHB in the presence or

absence of Tempo blocked completely its formation. Clearly~ the inhibition is due to

MDHB which must interfere in the oxidative c1eavage of the Ca-Cp bond of the aromatic

ketone (intennediate E in Scheme 3.5).
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Figure 4.9: GC% of4 generated during irradiation in the presence and absence of

various inhibitors

The benzophenone derivatives in the presence or absence of Tempo were ail successful in

reducing the formation ofproduct 6 (Figure 4.10) (Scheme 3.3 p.55). In contrast, Tinuvin

P and Tempo promoted its fonnation. It is interesting to note that a net decrease in the

formation of monomeric products bearing carboxylic acid groups (products 6 and 7) was

monitored especially in the presence of MDHB but also with DHB. Similar results were

observed by Peng et al. 63 on MWL adsorbed on tilter paper.
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Figure 4.10: GC% of6 generated during irradiation in the presence and absence of

various inhibitors
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The combination ofMDHB and Tempo was responsible for a 35 % drop in the formation

of 6 compared to 20 % for MDHB by itself: It seems that Tempo interfered with the

production of this product. In addition, the photostabilization performance of MDHB is

better than DHB which confirms that the tertiary amine is involved in the inhibition of tbis

oxidative reaction pathway.

The coupling reaetion pathway leading to the formation ofproduct 10 (Scheme 3.3 p.55)

was completely suppressed by the Tinuvin prrempo pair (Figure 4.11). This result is of

great significance since photochemical condensation reactions are a significant cause of

color reversion in high-yield pulps'.
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Figure 4.11: GC% ofdicreosol generated during irradiation in the presence and absence

ofvarious inhibitors

In contrast, MDHBffempo stimulated its formation. In their presence, more than twice

the amount of 10 was generated during the irradiation compared to the control. Since

MDHB by itself showed no significant increase over the control (1 + fi) in the production

of 10" on the rate of formation ofthis produet, the inhibition properties of Tempo seem to

depend on the nature ofits coadditives.



•
72

DHB and MDHB in the presence or absence of Tempo etTectively blocked the

photooxidative pathway Jeading to the fonnation of 5 (Scheme 3.5 p.57). Tinuvin P and

Tempo were also shown to reduce this reaction pathway as depieted in Figure 4.12.
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Figure 4.12: GC% of5 generated during irradiation in the presence and absence

ofvarious inhibitors

The Cp-Cr cleavage of model II resulted in the formation of product 12 (Scheme 3.5

p.57). The combination of Tinuvin P and Tempo was observed ta be the most effective in

reducing the yield of 12 by 72 % compared to the control (1 + II)(Figure 4.13). A slight

reduction in the formation ofIl was also observed for the DHB-impregnated sheets.

Figure 4.13: GC% ofIl generated during irradiation in the presence and absence

ofvarious inhibitors•

3

_ 2.5
~
u 2se.

11.5

~ 1

=0.5

o ....

H1-0~ )
CH-OH

~ H,coU%)

Y--OCH'
OH

OHB MOHB MOHBfTEMPO T~lMNPfTEMPO



•
73

Unfortunately, MDHB and product 12 are eluted trom the OC column at exactly the same

retention time. Repeated attempts to separate the two compounds by changing the OC

temperature gradient program were unsuccessful. As a result, the peak corresponding to

12 is a mixture of the product and the chemica1ly unreacted fonn of MDHB. A dramatic

increase ofthis peak was monitored in the presence ofMDHB and Tempo.

The reaction pathway resulting in the formation of phenylcoumaran (15) (Scheme 3.5

p.57) is seen to be seriously hampered by the presence of the inhibitors as shown in

Figure 4.14.
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Figure 4.14: GC% of 15 generated during irradiation in the presence and absence

ofvarious inhibitors

The benzophenone derivatives by themselves were shown to be the most effective in

blocking tbis reaetion mechanism with a 65 % reduction in the amount of product IS

being fonned. In the presence ofTempo, the UV screens reduced by halfthe formation of

15. Since phenylcoumaran units are precursors to the formation of stilbenes, inhibiting tbis

reaction pathway should have a very significant impact in counteracting the

photoyellowing processes.
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MDHB with or without the assistance of Tempo reduced by 30 % the formation of

product 17 (Scheme 3.3 p. 55) as shown in Figure 4.15.

6.0

~5.0

g 4.0-)3.0
:. 2.0
....
- 1.0

0.0 .... OHB MDHB MDHBITEMPO TIN\NINPITEMPO

•

Figure 4.15: GC% ofl7 generated during irradiation in the presence and absence

ofvarious inhibitors

Compared to the control~ the Tinuvin Prrempo pair did not affect tbis rearrangement

mechanism which confirms the inetTectiveness of Tempo toward inhibiting this reaetion

pathway. In addition~ the difference in the performance between DHB and MDHB

indicates that the tertiary amine group is largely responsible for the inhibition of tbis

reaction pathway.

The reaction pathway resulting in the formation of produet 18 (Scheme 3.3 p.55) was

profoundly affeeted by the action of the inhibitors (Figure 4.16).
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Figure 4.16: GC% of 18 generated during irradiation in the presence and absence

ofvarious inhibitors

The UV screens in the presence of Tempo were the most effective, which resulted in the

complete inhibition of this product. An approximate measure of the influence of Tempo

can be evaluated by examining the amount of 18 fonned in the presence of MDHB by

itself Since the latter reduced the yield of 18 by 68 %, Tempo contributed to the inhibition

of this reaction pathway by 32 % which is not surprising since Tempo reacts with alkyl

radicals (Scheme 1.9 p.36). Furthermore, DRB reduced the formation of this product by

30 % which shows that the amino group in MDHB is implicated to a large degree in

suppressing this coupling reaction.
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4.2 Photostabilization Mechanisms of the Inhibiton

The influence of the various inhibitors on the photoreactivity of the lignin models and on

the changes occurring in product distribution has been elucidated in the last section (4. 1

p.64). The photochemical behavior of the inhibitors was investigated in tbis section which

provided a more complete understanding oftheir photostabilization mechanisms.

4.2.1 Photostabilization Mechanism ofDHB

4.2.1.1 Photostability ofDHB on Cellulose

It was essential to monitor the photochemical behavior of DHB on cellulose in order to

assess its stability toward UV light.

DHB did not photodecompose during the irradiation period, and also prevented the

cellulose sheets from photoyeUowing (see Section 3.1.2 p.53). The recovery yield was

found to be 100010, which demonstrates the remarkable photostability of tbis molecule

toward UV light and its ability to dissipate the absorbed light in a manner which is not

detrimental to the cellulose.

4.2.1.2 Photochemical Fate ofDHB in the Presence ofModels 1 and II

A significant improvement in the final color (visual observation) of the cellulose sheets

was observed with respect to the control. The recovery yield of DHB was round to be

100% (w/w), suggesting it has not been subjeeted to light or radical-induced degradation

reactions. This result contradiets previous studies on the photostability of DHB58 which

showed that alkoxyl and peroxyl radicals are capable of abstracting o-hydroxyl hydrogen

ftom DHB, thus rendering the tautomerism mechanism inoperable. The discrepancy

between the results can be ascribed to the medium generating less of these oxygenated

radicals: The high amount ofmodel fi unreacted substantiates tbis rationalization.



•
77

From product studies, the photostabilization mechanism of DHB is based on its UV

absorbing characteristics. Lower amounts of products were generated compared to the

control, due to a drop in the flux of Iight reaching the lignin models. There was no

conclusive evidence suggesting that it May function through other protection mechanisms.

4.2.2 Photostabilization Mechanisms ofMDHB

4.2.2.1 Photostability ofMDHB on Cellulose

The cellulose sheets didn't experience color reversion during irradiation which shows that

MDHB efficiently shielded cellulose against photo-oxidation reactions. The extracted

solutions remained colorless and Ge analyses indicated that no photodegradation products

were formed. Thus the tertiary amino group in rvfDHB does not interfere with the keto

enol tautomerism mechanism responsible for the keto-enol tautomerism mechanism

(Scheme 1.8).

4.2.2.2 Photochemical Fate ofMDHB in the Presence ofModels 1and II

The color of the irradiated cellulose sheets and the extracted solutions was somewhat Jess

intensely colored compared to those originating trom DHB. This suggests that fewer

condensed structures and photooxidation products were formed confirming the better

effectiveness of MDHB in acting as a UV tilter. Unfortunately, the recovery yield of

MDHB could not be evaluated by Ge since it shares the same retention time with product

12 (500 Section 3.1.3 p.S4). However, if the assumption is made that both 0

hydroxybenzophenone derivatives have the same inhibition efficiency, than the "excess"

of product 12 May be assigned to the amount ofMDHB remaining after irradiation.

When models 1 and n were irradiated, the product distribution changed significantly in the

• presence ofMDHB. These data clearly demonstrated that the addition ofa tertiary amine
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group enhances the photoprotection characteristics of the starting material (DHB). Higher

amounts of model fi were recovered in the presence of MDHB, which suggests that the

tertiary amine group functioned as a chain breaking donor for the termination of a1koxyl

and peroxyl radicals (Scheme 3.3 p.SS). The photodegradation pathways leading to the

formation of products S (Figure 4.12 p.72), 7 and 8 (Appendix AJ) were completely

blocked while the one resulting in product 6 (Figure 4.10 p.70) was hindered. The detailed

investigation of the reaction mechanisms governing the formation of these products,

showed that oxygen is the common factor. Consequently, the tertiary amino group is

responsible for the scavenging ofoxygen molecules. A similar conclusion was also reached

by Allen el al.83 who observed that amino groups grafted to acrylate resins, enhanced their

photostability by scavenging oxygen. Scheme 4.1 iIIustrates the possible additional

photostabilization protection procured by the tertiary amine group linked to a DHB

molecule: The tertiary amino group May operate as a labile hydrogen donating site for the

termination of alkyl or alkoxyl radicals produced during the photolysis of models 1 and fi

(see Schemes 3.3 and 3.5). The radical on the a-carbon to the nitrogen will then be

attacked preferentially by oxygen thus protecting the lignin. No product studies, however,

support it and future work should emphasize the use of an alternative analytical tool for

the separation of the products originating from the photodecomposition of the lignin

model compounds (see Section 5.2 p.85 "Suggestions for Future Work" for more details).

MDHB

RH orRŒf

•
Scheme 4.1: Proposed oxygen scavenging mechanism ofMDHB6S

•
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Furthennore, a closer examination of Figure 4.1 reveals that slightly higher amounts of

model 1 remaining after irradiation were recovered in the presence ofMDHB compared ta

DHB. Thus, the UV absorbing effectiveness ofMDHB is at least as good as that ofDHB.

It suggests that the free amine does not interfere with the reversible keto-enol tautomerism

mechanism.

As a result, the cooperative action of UV absorbing, hydrogen donating and oxygen

scavenging functionalities of MDHB accounts for the enhanced photostabilization of

BCTMP handsheets: Since the photooxidation of phenoxyl radicals is responsible for the

fonnation of quinonoid structures (Scheme 1.4 p.24)", the lower discoloration observed

in MDHB-treated pulps may be attributed, in part, to the scavenging ofoxygen molecules.

4.2.3 Photostabilization Mechanisms ofMDHB and Tempo

4.2.3.1 Photochemical Fate ofMDHBrrempo in the Presence ofModels 1and U

No noticeable difTerence in the color of the impregnated sheets, or the extracted solutions

was observed compared to those originating from MDHB-treated samples. Il suggests

that MDHB in the presence of Tempo protected models 1 and U at least as efficiently as

MDHB by itself, against photodegradation reactions. Surprisingly, the protection of model

II against a1koxyl and peroxyl attack was rather disappointing: It was expected that these

radicals would be scavenged via the Denisov Cycle (Scheme 1.9 p.36) thus increasing the

recovery yield ofmodel Il.

Tempo seems to have a positive effect on the reduction of certain products but no

conclusion could be made concerning the photodegradation pathway(s) affected by its

presence: As shown earlier, produets 10 and 18 (Scheme 3.3 p.SS)are both fonned

through a coupling mechanism. While a dramatic increase in the yjeld of 10 (Figure 4.11

p.71) was recorded, Tempo significantly reduced the formation of18 (Figure 4.16 p.75).

However, the presence ofTempo had a positive effect on the recovery yield ofMDHB: A

• 200% increase in peak area corresponding to product 12 (Figure 4.13 p.72) was
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monitored in the presence ofMDHB and Tempo compared to MDHB by itself. Il would

indicate that Tempo shielded MDHB from radical attack.

The low recovery yield of Tempo (35 % (w/w» revealed that the catalytic regeneration

process was inoperative or that its regeneration rate was low. This data may also imply

that Tempo is being consumed by coupling with radicals generated during irradiation.

Lucki et al. as have reported that nitroxyl derivatives are readily neutralized by alkyl

radicals to fonn stable products thus preventing the ether derivatives trom regenerating to

their initial fonn.

Despite the mild protection ability of Tempo on MDHB against radical-induced

degradation, their application on Iignin-rich pulps could not be characterized as

synergistic.

4.2.4 Photostabilization Mechanisms ofTinuvin P and Tempo

4.2.4.1 Photochemical Fate ofTinuvin P and Tempo in the Presence ofModels 1and n

The irradiated handsheets treated with Tinuvin P and Tempo displayed the lowest levels of

discoloration. After extraction, the cellulose sheets retained only a small amount of

colored chromophores. These observations are not surprising since models 1 and II

experienced the lowest degrees of photodegradation amongst the inhibitors studied.

As expected. Tinuvin P displayed the best photostabilization perfonnance compared to the

other UV screens studied. due to ils enhanced absorption properties in the near UV

region. In addition, Tempo effectively blocked alkoxyl and peroxyl radicals trom attaclcing

model fi at the CCI and Cy positions. However, the most remarkable attribute displayed by

this pair of inhibitors is their ability to suppress the formation of condensed structures.

This result provides insight ioto the exceptional protection efficiency witnessed on high

yjeld pUlpS60.

On the other hand, the photostabilization performance of Tempo is highly sensitive toward

• the nature of the UV screen "mate": ln the presence of Tinuvin P, the photodegradation



•

•

81

pathways targeted by Tempo are weil defined with a high level of hindrance. In contrast,

Tempo in the presence of MDHB was not selective in blocking any photodegradation

pathways~ which couId explain its disappointing photostabilization performance.

Since only 60 % (w/w) of Tinuvin P was recovered after irradiation, tbis suggests that it

was subjected to photodegradation reactions. Previous inquiriesl6 on the factors goveming

the decomposition of benzotriazole additives~ have determined that its photoreaetivity

originates from the non-planar confonner wbich is readily susceptible to radical attack in

the presence of UV light. UV light by itself is not sufficient to cause the fragmentation of

the UV screen but it is necessary in order to promote the non-planar conformation to an

excited state which is then prone to radical attack. Also~ it was reported that a moderately

polar environment (such as lignin) is required. Presumably a polar environrnent would shift

the equilibrium toward the non-planar conformation by promoting the creation of

intermolecular hydrogen bonds with the a-hydroxyl group of the benzotriazole. More

importantly, as the non-planar confonnation is being consumed from radical-initiated

fragmentation reactions, more benzotriazole in the planar conformation would be

converted to non-planar in arder ta maintain the equilibrium established by the polarity of

the medium. It was also found86 that Tinuvin P (the non-planar conformer) is readily

attacked by peroxyl radicals in the presence of UV light. Since Tempo in the presence of

Tinuvin P was shown to be an efficient peroxyl scavenger~ the benefits of combining bath

are becoming c1earer: Tempo is protecting Tinuvin P from radical attack thus increasing

the life span of the UV screen. In tu~ Tinuvin P is able to effectively sbield model 1 from

direct photolysis for a longer period oftime. However, only trace amounts ofTempo were

recovered which indicates that the regenerative Denisov Cycle (Figure 1.9) might not be

operating in tbis medium or that the regeneration rate might be low. As soon as Tempo~s

reserves on the cellulose sheets are depleted, the photodegradation mechanisms leading to

the graduai disappearance of Tinuvin P and to discoloration of the lignin model

compounds would fol1ow. In order to determine the precise photostabilization mechanism

of Tinuvin P, an additional experiment must be perfonned involving the irradiation of

Tempo in the presence and absence of the lignin model compounds (see "Suggestions for

Future Work").
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This set of data shows that a synergistic photostabilization etrect was observed between

Tempo and Tinuvin p~ but was not retained during irradiation. Applied to mechanical

pulps, McGarry~s team60 observed a true synergism between the additives. The apparent

conflicting results may be a consequence of the different light source employed to conduct

these experiments87
•
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5.1 CONCLUSIONS

The present work provided an insight into the protection mechanism(s) of photoyellowing

inhibitors: An equimolar mixture of models 1 and fi were irradiated in the presence of

oxygen. The degradation products were identified and quantified and reaction mechanisms

leading to their formation have been suggested. The results of tbis study have shown that

Tinuvin P combined with Tempo were most successful in preventing models 1 and U from

photodegradation reactions, followed by MDHB and DRB.

The prerequisite for an inhibitor to block the photodegradation of the lignin model

compounds is that model 1 must be etfectively sbielded against the hannful wavelengths

that would have caused otherwise its photosensîtization. In other words, the more an

inhibitor hinders the phenacyl pathway from operating~ the lower the amount of radicals

being generated. The Tinuvin prrempo pair displayed the best performance at shielding

model 1 from UV light. In addition~ alkoxyl and peroxyl radicals were etrectively blocked

by this pair of inhibitors, resulting in almost no radical-induced fragmentation of model Il.

In additio~ they suppressed the formation of condensed structures. Since trace amounts

ofTempo were detected after irradiation, the sYDergistic etfect occurring between Tinuvin

P and Tempo is most likely temporary. However more experiments are needed to confirm

these results.

The incorporation of a tertiary amino group into DHB did not interfere with its keto-enol

UV absorption mechanism. The net result is an enhancement of its photostabilization

properties. In addition to its UV absorbing characteristics, MDHB was shown to act as a

labile hydrogen donor for the termination of radical intermediates. Furthermore~ it may

also act as an oxygen scavenger, inhibiting the formation oxygenated radicals. This result

may be translated ioto lower amounts of quinones forrned in MDHB-treated mechanical

pulps during daylight exposure and accounts for its enhanced photostabilization

performance over DHB.

The combination of MDHB and Tempo did not procure a superior photostabilization

protection such as the one observed in the presence of Tinuvin P. The photostabilization

performance ofMDHB in the presence or absence ofTinuvin P was found to be sirnilar. In
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addition, low amounts ofTempo were recovered thus strengthening the concept that the

antioxidant was being consumed during the irradiation period.

DHB was round to he the least effective inhibitor compared ta the others. Nevertheless

DHB was shown to greatly improve the photostability ofmodel 1 compared ta the control,

revealing its excellent UV tiltering ability. In tum, lower amounts of produets were

generated but, no specifie reaction pathways were targeted: The photostabilization

mechanism ofDHB may be ascribed solely to a drop in the flux of light reaching the lignin

models.
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5.2 SUGGESTIONS FOR FUTURE WORK

1. The protection mechanisms of the inhibitors warrant further investigation. The

reactivity of MDHB in lhe presence of radicals generated during irradiation rernains

largely unknown since it shares the same retention lime with product 12. Furthermore

the photochemical fate of MDHB~ Tinuvin P or Tempo have not been elucidated~

probably because of coupling reactions with other radicals yielding condensed

structures. Since Ge is incapable ofeluting higher molecular weight products, another

separation technique is required from which isolation of the products does not rely on

their respective boiling points: Although the separation efficiency of Ge is about 10

limes that ofHPLC~ the principles of separation ofthe latter are based primarily on the

polarity of the individual products. Liquid chromatography coupled to an MS detector

would provide information about the structure of condensed products. As such the

fate of the inhibitors when exposed to radical attack could be elucidated. Coupled to a

UV detector~quantification of the unreacted MDHB after irradiation May he assessed.

ln addition, by varying the wavelength of the deteetor, the identity of the color

contributing products (À=350 nm) would be easily distinguished from non-absorbing

products (À=280 mn).

2. A more complete understanding of the role of Tinuvin P and Tempo in the

photoprotection of the Iignin model compounds is desirable. Irradiation of each

inhibitor in the presence and absence of a mixture of 1 and II would bring about vital

information on their photostabilization mechanisms. In addition, kinetic studies on the

photobehavior of Tempo in the presence of the model compounds~ would provide

insight into its regeneration rate and whether or not true synergism exists between

Tinuvin P and Tempo in this medium.

3. In order to avoid the contribution of secondary reactions in the photodegradation of

the lignin model compounds~ a shorter irradiation time or a weaker light source is

recommended. After 4 hours of irradiation, ooly 1 % ofmodel 1 remains unreacted and

the products, especially those origjnating ftom mode) 1, were shown to undergo

extensive secondary reactions. The light source or the irradiation period should be
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reduced accordingly 50 as to achieve less than 20 % (w/w) photodegradation of

model I.

4. Substituting the ceUulose matrix with a glass support would eliminate the formation of

coupling moieties occurring between ceUulose and the models or the inhibitors. This

experiment would provide a better understanding of the mechanism by which the pair

Tinuvin prrempo operates ta hinder condensation reactions.
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REACTION MECHANISM DEPICTING THE SYNTHESIS

OFMDHB
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Al

TVPICAL GC-FIO CHROMATOGRAM SHOWING THE VARIOUS IDENTIFIED

PHOTODEGRADATION PRODUCTS OF MODELS 1 AND II.
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INFLUENCE OF THE INHIBITORS ON THE FORMATION OF PRODUCTS

1,7,8 AND 9
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Figure 4.4: GC% of 1 generated during irradiation in the presence and absence
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ofvarious inhibitors
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Figure 4.6: GC% of8 generated during irradiation in the presence and absence

ofvarious inhibitors
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Figure 4.7: GC% of9 generated during irradiation in the presence and absence

ofvarious inhibitors




