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Abst rac t  

Specilic ch romophor e s  in b leached  the rmomechan ica l  pulps (BTMPs)  were targeted by f luorescence quenching  with 
cyclohexadiene.  The  results  suggest tha t  f luorophores  in B T M P s  are mainly conjugated  aromat ic  hydrocarbons  (ArH) .  The  
observed effect of cyclohexadiene on the  pho tochemica l  yellowing of B T M P s  supports  recent  work which ascribes a role in 
lignin photochemis t ry  to A r H  c h r o m o p h o r e s  based  on s t i lbene  and biphenyl.  The  relative cIficiency of triplet vs. singlet 
pho tochemis t ry  was examined  by applying a heavy a tom agent ,  lead aceta te ,  to the pulps. It is pos tu la ted  that  ~-carbonyl  
tr iplets  and ArH  singlets arc impor t an t  sources  of colour  reversion.  Based on a recons idera t ion  of possible singlet s tale 
quenchers ,  several addit ives were tes ted  as inhibitors;  (EtO):~P and BumP wele  Rmnd to inhibit  paper  yellowing. Results  of 
a tentat ive mechanis t ic  study point  to the  react ions  of the inhibi tors  with complex radical in termedia les ,  r a the r  than excited 

s tate  quenching,  as the key process in the  observed inhibi t ion.  
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1. Introduction 

The rapid yellowing of paper composed of lignin- 
containing mechanical pulps (high yield pulps) when 
exposed to natural light restricts the use of high yield 
pulps lot high grade furnish. To use forest resources 
more efficiently in the paper industry (lignin accounts 
for about 30% of the mass of wood), a large effort 
has been made to solve the problem of paper yellowing 
[1 ]. Various techniques, such as UV-visible [2], Fourier 
transform IR (FTIR) [3] and nuclear magnetic reso- 
nance (NMR) [4] spectroscopy, have been used. The 
most important mechanisms have now been established 
[5], and it is widely recognized that the formation of 
radical intermediates is the key step in the photoy- 
ellowing process [11. 

Light absorption by lignin chromophores produces 
singlet and then triplet excited states of the chromo- 
phores, which then react to give coloured degradation 
products. Fluorescence spectroscopy, which detects 
emission from singlet states, provides a method to study 
these species [6,7], especially those lignin structures 
that fluoresce most strongly, e.g. the non-carbonyl con- 
jugated aromatic groups. Further information on the 
identity of the lignin fluorophores and their involvement 
in the yellowing process would be very useful, as the 

role of these light-absorbing groups in colour reversion 
is currently being questioned. As part of the work on 
excited lignin chromophores, we have investigated the 
effect of heavy atom agents, which suppress processes 
involving the singlet excited state while promoting triplet 
processes. Based on the fluorescence data of lignin in 
high yield pulps, we also suggest a reconsideration of 
singlet quenchers as inhibitors of paper yellowing. A 
significant inhibition of paper yellowing was observed 
for two alkylphosphorus compounds. Possible mecha- 
nistic aspecls of this inhibition are discussed. To facilitate 
interpretation of the quenching experiments, the fluor- 
escence spectra presented here were measured on paper 
sheets immersed in toluene or ethanol, rather than in 
air. The irradiation of some samples was also performed 
in this medium. 

2. Experimental details 

Thermomechanical pulp (TMP) from eastern Ca- 
nadian black spruce was bleached with hydrogen per- 
oxide according to the method described by Gellerstedt 
et al. [8]. Fluorescence quenching and monochromatic 
irradiation experiments were performed in a Spex 
model-F112 spectrophotometer using a xenon lamp (450 
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W) as light source. A sample sheet of bleached ther- 
momechanical pulp (BTMP) (20 g m-2)  was immersed 
in the chosen organic liquid in a square UV cell (1 
cm x 1 cm cross-section) which was placed inside the 
sample compartment of the Spex spectrometer. A plug 
was used to fix the sheet and prevent any displacement 
during irradiation and fluorescence measurements. 
Quencher  was added by means of a microsyringe. The 
incident light for both excitation and irradiation im- 
pinged perpendicular to the sample surface, and fluor- 
escence emission was detected at an angle of 22 ° with 
respect to the incident light. For irradiation, the inlet 
slit was set at 6 mm, giving an impinging light intensity 
of 1017 quanta s -1 on a surface section of about 60 
mm 2. The incident wavelength was set at 320 rim. For 
emission measurements, a single-grating monochrom- 
ator and a bandpass filter with a cut-off at 385 nm 
were used on the excitation side to avoid spikes in the 
spectra, while a double-grating monochromator  was 
used on the emission side. All fluorescence spectra 
were corrected. Reflectance spectra were measured 
with the Spex spectrofluorometer using synchronous 
scanning with no wavelength offset, after allowing the 
sample sheet to dry at room temperature in the dark. 

When studying the heavy atom effect, irradiation of 
paper sheets was carried out in a Rayonet reactor 
(model RPR 100, Southern New England UV Company) 
equipped with four RPR-350 lamps at a temperature 
of about 35 °C. The brightness index and yellowness 
index (b*) were measured on a Technibrite Micro TB- 
1C apparatus. Spectrograde solvents were used as re- 
ceived from Aldrich without further purification. All 
quenchers and additives (Aldrich) were purified by 
distillation, under vacuum if necessary. Lignin model 
compounds were synthesized following the description 
in the literature [9,10], except for 2,2'-dihydroxy-3,3'- 
dimethoxy-5,5'-dimethyldiph enyl, which was supplied 
by Professor N. Weir, Lakehead University, Ontario, 
Canada. 

High performance liquid chromatography (HPLC) 
measurements were conducted on a Waters-990 ap- 
paratus, coupled with a photodiode array detector. A 
reversed phase Supelcosil LC-18 column was used, with 
cyctohexane as inner reference. The peak area error 
range was _+4%. 

The results of fluorescence quenching, brightness and 
yellowness measurements are the averages from three 
TMP sample sheets. 

3. Results and discussion 

3.1. Diene quenching of fluorescence by complex 
formation 

Fluorescence has been observed for extracted mill 
wood lignin in dioxan solution and for paper handsheets 

of BTMP and bleached chemithermomechanical pulp 
(BCTMP) [6,7]. The relationship between these emis- 
sions and the excited species that lead to yellow products 
has yet to be clarified. Of the lignin chromophores that 
absorb above 300 nm, the a-carbonyls are generally 
non-fluorescent [11]. Others, such as coniferyl alcohol, 
stilbenes and biphenyls, should all be good fluorophores 
[12]. The a-hydroxyl aromatic structures, on the other 
hand, are thought to absorb light only below 300 nm, 
as revealed by their model compounds in solution and 
on solid substrates such as filter paper. 

Conjugated dienes can form charge transfer exciplexes 
with conjugated aromatic hydrocarbons in their excited 
states [13], thus quenching the latter via regeneration 
of their ground states. This is demonstrated on two 
lignin model compounds, 3,3',4-trimethoxy-4'-hydroxy- 
stilbene (TMHS) and 2,2'-dihydroxy-3,3'-dimethoxy- 
5,5'-dimethyldiphenyl (HMDP) (Fig. 1) 

MeO H O ~  

CI-I - ~  OH Me OH OH OMe 
OMe 

(TMHS) (HMDP) 

OMe 
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  O M e  

(1304) 

where the fluorescence emission from the model is 
quenched in the presence of 0.032 M 1,3-cyclohexadiene. 
Application of 1,3-cyclohexadiene to BTMP immersed 
in toluene leads to similar quenching results, as shown 
in Fig. 2. When sheets from mechanical pulps are 
irradiated, the impact of these quenchers on yellowing 
can be assessed by measuring the reflectance of the 
sheet before and after irradiation, i.e. is,o(A) and i~(A) 
respectively. The difference spectrum thus obtained, 
Ais(A)=i~.o(A)- i~(A), reflects the degree of yellowing: 
the higher Ai~(A) is, the more intense the yellowness. 

OMe OMe HC=O 

~H- O - - ~ -  ICH2- O - ~  ~H 2 

C-O HC-OH CH 2 

:% 
Kab > 300 nm Kab < 300 nm Kab > 300 nm 

(1) (2) (3) 

L L 

L  cH:CH o°=   'OME 
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~b > 300 nm ~'ab > 300 nm 
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Scheme 1. Lignin chromophore structures: (1) a-carbonyl; (2) a- 
hydroxyl; (3) conife~l; (4) stilbene; (5) bipheny[. 
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Fig. 2. Oucnching o| BTMt > fluorescence by 1,3-cych)hcxadienc. 
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Dividing thc At, data by Ai~ from the blank experimcnt 
without quencher gives the relative difference reflec- 
tance spectrum kl ,  

ai,(a) 
AI~ 

Ai.,(A)(blank) 

Data l\)r AI~ at 457 nm arc given in "Fable 1 for 
BTMP irradiated in the presence of 1,3-cyclohexadiene. 
As the emiUing species fire quenched, a concomitant 
decrease in the absorption in the visible region of post- 
irradiated BTMP is observed. Besides singlet quenching 
(see below), triplet quenching may also exist, as 1,3- 
cyclohcxadicne with E,v=54 kcal mol ~ [14] is a good 
triplet quencher.  Solution photoyellowing of a model 
of an ~-aromatic ketone, 3,4-dimethoxy-ce-(2'-methoxy- 

Table l 
Relative d i f l c r tncc  rc l lcctancc (tit 457 lira) t l [  B T M P  af lc i  mono- 
chiomatic irrmtiaiion (320 nm. 40 rain) m Ihc presence of 1,3- 
cyclohcxadicnc in tohicnc 
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Sc[lcrnc 2. (.)tic i lchil lg ()1 cxci|t:d M{tic ch i lm lophorcs  by electronic 
cnl2r~y t iansfcr  showing sct~0imitic:illy lhc ic ta t ionship bcw~'CCll w~lvtl- 
Icngih (on the lc l t )  and t_'llOi~X+ levels (Oli lhc ri.eht). 

phcnoxy)-acctophenone (/3()4), on Ihe other hand, was 
not affected by 1,3-cyclohcxadicnc. Wc poslulatc that 
m)n-carbon\l aromatic conjugated structures in lignin. 
once cxcitcd, also causc vcllowing. Diphcny]- and slil- 
bone-type chroinophorcs may bc invoked m these cases. 
They have bccn shown I101 Io undergo photoyellowing 
reactions in the solid state. New cvidcncc [15] points 
to the cxiskncc of these structures ill lignm. Recently. 
Ragauskas {1,%] has obsci~'cd the ability of diencs to 
slow down the photoycllowing of mcchanicatl pulps in 
air. The (oi tnation of a c~mq~k'x between the singlcl 
excited states of aromatic hvdt-ocarl~ons and dicncs may 
accotillt for this cff0cl. 

.~.~ _.~ Q)uenc/  fH~,, m e c h a n i x n z  

As illustrated in Schemc 2. thc use of slnglcl slate 
quenchers i~ one of the possible measures to prcvcnl 
paper  from yctlowing. Quenching of tile excited states 
of the chromophores takes placc by two types of mech- 
anism: electronic energy transfcr (to the quencher) and 
thc formation of a complex, so that the excited chro- 
mophores  arc deflected from thcir normal reaction 
pathways. The first mechanism rcquires thal the encrgy 
of the qucnchcr is lower than that of thc chromophorc.  
The excited energy level of tignin chromophores  in the 
pulps can bc cstimated from thc light absorption wavc- 
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lengths which cause the most yellowing, i.e. 300-390 
nm (95.3-73.3 kcal tool-~). The energy level of the 
lowest singlet state, to which higher excited states will 
relax before undergoing reactions, quenching or emis- 
sion of fluorescence, is lower, as demonstrated by the 
red shift of the emission band relative to the absorption 
band. Consequently, effective quenchers must absorb 
above 390 nm (or preferably higher), which means that 
they will probably be coloured themselves. Singlet 
quenching via energy transfer has the advantage that, 
according to the selection rules, the dipole-dipole res- 
onance interaction mechanism (F6rster mechanism) [11] 
operates. This type of interaction is effective over a 
longer distance than the diffusional encounter mech- 
anism, thus making it more attractive in solid state 
quenching. However, the energy restriction mentioned 
above virtually rules out the selection of quenchers 
that work in this way. By contrast, quenchers that work 
by complexation need not meet energy (and thus ab- 
sorption) restriction, so that they can be chosen from 
compounds that do not absorb visible or near-UV light. 
The drawback to quenching by this mechanism is that, 
in the solid state with little possibility of diffusion, a 
higher quencher charge is needed, as only close "con- 
tact" between the chromophores and the quencher will 
result in complex formation, in addition, quenchers 
will not necessarily inhibit yellowing, as the exciplex 
may collapse to give new species that may be photolabile 
and ultimately lead to other new coloured products. 

3.3. Singlet and triplet excited states of lignin 
chromophores in .yellowing 

Of the light-absorbing lignin chromophores, c~-aro- 
matic ketones have been shown [17] to undergo cleavage 
in solution from both the singlet and triplet excited 
states, producing phenoxy radicals. For other conjugated 
aromatic hydrocarbon structures, such as stilbenes and 
biphenyls, the photoyellowing reactions are not yet well 
understood. The results given above on the fluorescence 
quenching of non-carbonyl chromophores and the con- 
comitant decrease in post-irradiation yellowness do not 
reveal whether singlet or triplet states are more im- 
portant, since quenching of the singlet also suppresses 
triplet formation. By providing experimental conditions 
favouring processes from the triplet state, at the expense 
of the singlet state, or vice versa, we can evaluate the 
relative importance of these states in the yellowing 
process. 

Some compounds containing heavy atoms can pro- 
mote triplet formation via a so-called "spin-orbit" 
interaction. We have found that lead acetate, Pb(Ac)2, 
enhances the phosphorescence from pulps (Fig. 3), 
indicating an efficient heavy atom effect. Applying 
Pb(Ac)z to pulps at a charge of 2.2% leads to only a 
slight decrease in the post-irradiation yellowness, in 
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Fig. 3. Phosphorescence spectra of BTMP in dry nitrogen atmosphere: 
(1) no Pb(Ac)2, intensity × 10; (2) with Pb(Ac)2, 1.2% charge. Emission 
detected 0.1 ms after excitation. 

90 14 

12 

10 

g 2c 

×80 ~ 

70- 
r.-, 

• r- -6 
m 60- 

r4 

50 I I I I I 2 
0 2 4 6 8 10 12 

Irradiation time (hrs) 
Fig. 4. Comparison of the yellowing of BTMP irradiated m air in 
the absence and presence of 2.2 wt.% lead acetate. 

comparison with a blank, as demonstrated by the bright- 
ness and yellowness (b') data plotted in Fig. 4. Fur- 
thermore, when compound /304, an o~-carbonyl model, 
is tested on filter paper, and submitted to near-UV 
irradiation (broad band light around 350 nm), it pro- 
duces deeper yellowing in the presence of Pb(Ac)2 (see 
Table 2). No colour reversion is observed when filter 
paper loaded with an equal charge of Pb(Ac)2 alone 
is irradiated. This seems to imply that, in the solid 
state, the o~-carbonyl lignin chromophore possesses ac- 
tivity from its singlet state, although less than that of 
the triplet. If intersystem crossing of cr-carbonyl from 
the singlet to the triplet is 100% efficient, or if the 
singlet and triplet possess the same reactivity from the 
point of view of yellowing, the above results would not 
have been observed. 

For post-irradiated pulp, the slight difference in 
yellowness observed for the sample loaded with triplet 
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Tab le  2 
Inf luence  of  Pb(Ac)2 on the b r igh tness  index (b*) of f i l ter  pape r s  

loaded  with model  c o m p o u n d s  /304  and TMHS,  and  i r rad ia ted  with 

RPR-350  l amps  

C o m p o u n d  b* before  b* a f te r  Ab* 

i r rad ia t ion  i r rad ia t ion  

/304 1.97 8.61 6.64 

/304 2.1)4 11.69 9.65 

+ Pb(Ac) :  

M o d e l  1.81 13.26 11.45 

TMt ' IS 

TM t tS 1.90 8.08 6.18 

+ Pb(Ac).~ 

I 
k 1 

l (o~_carbonyl  )* _-_ 

\ 
k 3 ( >  k l)  

~(c,-carbonyl)* ,- 

k I ' 
l ( A r H ) *  ,. 

k3 , (<  k l ' )  
~(ArH)* 

~ ~ yellow 
compounds 

Scheme  3. The  ie la t ive  impor t ance  of s ingle t  and  t r ip le t  exci ted s ta te  

processes  of d i f ferent  l ignin c h r o m o p h o r e s  to ye l lowing  pho tochem-  

istry 

enhancer can be understood by examining the impact 
of this enhancer on other non-carbonyl chromophores 
such as stilbenc. Due to the difference in their transition 
characteristics, the inherent intersystem crossing effi- 
ciency of this chromophore is much lower than that 
of ~r-carbonyl chromophores. Clearly, from the results 
included in Table 2, the triplet is less reactive for 
yellowing formation than the singlet. Thus, in the context 
of pulp, it presumably acts in opposition to the increase 
in yellowing reactivity due to the enhancement of the 
carbonyl triplet, leading to the results shown in Fig. 
4. Schemc 3 outlines this explanation. 

Generalizing from this one result, we speculate that 
triplet enhancers, as long as they are chemically neutral, 
can be applied to pulps with no detrimental effect in 
terms of yellowing; the excited triplet of lignin chro- 
mophores may then become more vulnerable to various 
types of quenching, including quenching by an additive 
used in combination with the triplet enhancer. 

3.4. Yellowing, inhibition by (EtO)sP and BusP 

We have tested some quenchers that may target the 
excited states of ce-aromatic ketone chromophores, 
whose involvement in yellowing is well known. Several 
amines [18], phosphines [19] and sulphides [20] have 
been shown to quench excited singlets and triplets or 

aryl ketones via charge transfer-type complexes. We 
applied the following additives to a mechanical pulp 
immersed in ethanol (EtOH), followed by irradiation 
with 320 mn monochromatic light: tripropylamine, die- 
thylamine, dibutylsulphide, tributylphosphine (Bud') 
and triethylphosphite ((EtO)~P). All additives are trans- 
parent at a >300 nm in EtOH at thc concentration 
used, thus ensuring the absence of any direct photo- 
chemical reaction from the additives. In no case was 
quenching of the pulp fluorescence observed. Only 
(EtO).~P and Bu3P (denoted by R3P) showed significant 
inhibition against pulp yellowing. This inhibition may 
restllt from the interaction with (1) excited non-ttu- 
orescent chromophores, (2) oxyl radicals, (3) primary 
yellow compounds or with the final coloured products 
(see Scheme 4). These possibilities arc discussed in 
turn. 

(1) "Io dclermine whcthcr qttcnching of excited car- 
bonyl chromophores by R3P species occurs in toluene, 
a studv with the model compound /304 was conducted 
in the samc solvent. HPLC analysis of the photoir- 
radiation products showed that the residual conccn- 
tration of/704 was the same in the absence and presence 
of R3P, implying that there was no regeneration of 
ground state /304 due to quenching. The formation of 
a complex between excited ,804 and R~P which then 
collapses to new products cannot bc excluded, although 
no product which could bc assigned to stich a collapsc 
was identified (see below). 

{2) Oxyl radicals, especially peroxyl radicals, have 
recently been recognized as important clcmcnts in 
yellowing. Scavenging of pcroxyl radicals by phosphites 
and phosphincs has bccn described [21} 

R'OO" ~R,I '  , R 'O'+  ()PR~ 

R'O'+R:~P---~ R " + O P R ,  (R- alkyloralkoxyl) 

Triethylphosphate ((EtO)~PO) and tributylphosphinc 
oxide (Bu,PO) were detected in our inhibition studies 
on bleached mechanical pulps with (EtO)~P and BumP 
respectively. Thus such scavenging action seems to be 
justified in the inhibition nlechanism. 

Scavenging of PhO', which is lcss reactive towards 
R~P beca'usc of resonance stabilization of the radical, 
cannot be ruled out. A slow reaction of phcnoxyl radicals 

chromophores  hv ,,. 
)v> 31111 nm 

chromophores  + RO ° or Rt)O" reactive 
unexci ted . . . . . . . . . . . . . . . . . .  -"- in tennedia ies  

(radicals } 

ye l low q _  -..--- primary + RO" or ROO" ] 
- - colored 

products species or h\, 

Scheme 4. Pos . ib lc  reac t ion  si tes of P.J> in an inhibi t ion  process 
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with phosphites has been invoked [22] for the antioxidant 
action of some phosphites. Given the relatively long 
lifetime of PhO', scavenging by R3P may be non- 
negligible. Reactions of R3P with secondary photoy- 
ellowing products, which may also be radicals, are also 
possible. This possibility is supported by the strong 3tp 
NMR signal detected from a fraction of non-coloured, 
very polar composites isolated by column chromato- 
graphy from /304 photodegraded in the presence of 
R3P. 

(3) o-Quinones can react with trialkylphosphite to 
form colourless oxyphosphoranes [23]. We believe, for 
the following reasons, that if this occurs, it is not the 
only mechanism that accounts for yellowing inhibition 
(furthermore, the oxyphosphoranes would undergo fur- 
ther reactions, like o-quinones, to give more complex 
products). (a) o-Quinones are certainly not the final 
yellow compounds, even in the simplified case of ir- 
radiated lignin models, such as/304. Indeed, when R~P 
was added to an irradiated BTMP sheet which was 
then submitted to further irradiation, very little bleach- 
ing resulted. (b) No product assignable to oxyphos- 
phoranes was detected in our study with R3P and model 
/304. (c) In discussing the formation of o-quinones 
from PhO', it is worth emphasizing that many phenoxy 
radicals absorb light from 300 nm to the visible region 
[24]. Once excited by light, phenoxy radicals may 
undergo reactions not possible in thermal conditions. 
Thus both photochemical and thermal reactions of PhO" 
are possible. In the presence of R3P, the reaction 
pathways of excited PhO" could be altered, leading 
instead to non-quinone, non-coloured products. Re- 
cently, Barclay [25] has proposed that structures, such 
as those outlined in Scheme 5 should account for some 
of the complex yellow products. It is expected that if 
R3P intervenes in such a series of radical reactions, 

"CH 2 
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C=O 

¢ V  + °M°4M  " 
OMe 

Ph-C--~ C H p ~ O  

0 MeO 0 k - ~ C H f - - ~  
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C H < - ~ O H  

Ph 
Ph= l.v 

Ph-C-  C H 2 - @  Oe II 

O ()Me 

@ O M e  
OMe 

,, complex 
oligomers 

Scheme 5. Possible struclures of the oligomer composites in /304- 
type lignin chromophore photoreactions [25]. 

the resulting products will be complex and be part of 
the oligomer composites. 

Castellan et al. [26], in a study of yellowing inhibition, 
argued that inhibitors, such as Rongalit, Blankit or 
ascorbic acid, did not alter the primary photochemistry 
of the lignin chromophores. No products associated 
with these inhibitors were identified other than an 
inseparable "oligomer" mixture. Obviously, there re- 
mains much to be learnt about the nature and formation 
of the initial coloured products in paper yellowing. 

4. Conclusions 

(1) The fluorescence of mechanical pulps was quenched 
specifically by cyclohexadiene, suggesting that con- 
jugated aromatic hydrocarbons (ArH) contribute 
to the fluorescence of mechanical pulps. (Castellan 
et al. [27] have recently shown that coniferyl alcohol, 
phenylcoumarone and biphenyl biphenol lignin 
models loaded on cellulose paper give fluorescence 
spectra that resemble part of the broad emission 
spectrum of an Abies wood sample.) The excited 
state photochemistry of these chromophores con- 
tributes to the formation of yellow products. 

(2) Pb(Ac)2, which enhances triplet processes in the 
pulps, does not affect the yellowing result of ir- 
radiated pulps. Model compound studies revealed 
a balancing effect of the heavy atom triplet enhancer 
towards o~-carbonyls and ArH, in that the ~-carbonyl 
triplets and ArH singlets are the most efficient 
routes to photoyellowing. 

(3) Singlet quenchers that function by trapping the 
excited energy of lignin chromophores are unlikely 
to be effective inhibitors of photoyellowing. How- 
ever, singlet quenchers that quench chemically, by 
complex formation for example, may be worth in- 
vestigating as inhibitors. 

(4) (EtO)3P and BumP inhibit the photoyellowing of 
lignin-rich paper, probably by scavenging various 
reactive radical species formed by excited state 
photoreactions. 
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