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The kinetics of the sensitized photodegradation of a variety of well-defined lignin model compounds was studied to
determine the mechanisms responsible for lignin’s photochemically-mediated oxidation. Monomeric and dimeric
models representing lignin’s phenolic end groups and nonphenolic dimers representing its inner core were studied. It
was determined that the rate constants for the reaction of the deprotonated phenolic models with singlet oxygen ('O,)
range from 0.96 to 7.2 x 10" M~! s7!. The models were substituted with zero, one, or two electron-donating methoxy
groups on both aryl rings and, while the rate constants showed little dependence on the substitution of the
nonphenolic ring, the rate constants increased dramatically with increasing methoxy substitution of the phenol.
Reaction between these deprotonated models and 'O, is thus proposed to occur at the phenolate ring. Under neutral
conditions, it was observed that the phenolic models react with excited state sensitizer, with this reaction also
occuring at the phenol ring. The sum of the rate constants for quenching of and reaction with excited state sensitizer

by lignin model compound ranges from 5.4 to 75 x 10" M~'s

'. This study corrects previous reports that attribute

the sensitized degradation of neutral lignin model compounds to reaction with 'O,. A nonphenolic aromatic ketone
inner-core model was observed to undergo direct photolysis, and its reduced analog was not degraded by direct
photolysis or reaction with 'O, or excited state sensitizer. The oxidized inner-core model was also shown to be able to
act as a sensitizer for the degradation of a phenolic lignin model compound.

Introduction

Lignin comprises about 30% of the dry weight in vascular plants
and is a core component of aquatic natural organic matter
derived from terrestrial sources."* Despite lignin’s recalcitrance,
it is degraded during transport to marine environments, as it is
not present in the ocean in quantities proportional to its riverine
export."* Photooxidation is believed to be partly responsible
for its degradation.** To better understand the degradation and
therefore, cycling, of aquatic organic carbon, we have conducted
studies on the photochemically-mediated oxidative degradation
of the lignin component of aquatic organic carbon.

Others have also been interested in the photochemical oxi-
dation of lignin because of lignin’s role in the photoyellowing
of paper and its removal during the pulping process, which has
proven to be notoriously difficult. Photochemical oxidation is
an option for environmentally benign delignification.

Several photochemically-mediated mechanisms including di-
rect photolysis, reaction with hydroxyl radical, singlet oxygen
("0O,), and reactive triplet species are believed to be important
in lignin’s oxidation,” but because lignin’s structure is irregular
and only partly defined, the contribution of each reaction
pathway to lignin’s degradation is not well understood. An
added complication is the possibility of competing degradation
pathways, even under controlled laboratory experiments. For
example, lignin®**? and lignin model compounds™* have been
shown to react with photochemically generated 'O, and lignin
is known to react with thermally generated 'O,." Other studies,
however, have shown that lignin-like methoxyphenols quench
and react directly with excited state sensitizers, like the ones
used to sensitize the formation of 'O,.1¢18

Because lignin structures are reactive toward both 'O, and
the triplet sensitizers used to generate 'O,, studies that show the

+ Electronic supplementary information (ESI) available: Derivation of
expression to describe k;; sample transient signals obtained by laser
flash photolysis. See http://www.rsc.org/suppdata/pp/b4/b416956e/
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transformation of lignin and lignin model compounds under
'0,-forming conditions must be regarded with caution. For
example, it has been shown that photochemical degradation of
lignin® and lignin model compounds™ does not occur in the
absence of sensitizer, and this has been taken as good evidence of
singlet oxygen’s participations in the reaction. However, studies
have not been conducted in the presence of sensitizer and absence
of oxygen. Because removal of the sensitizer prevents reaction
with both 'O, and excited state sensitizer these pathways are not
distinguished by these experiments.

It has been shown that lignin’s photodegradation in the
presence of Rose Bengal (a 'O, sensitizer) slows after 4-
8 h, probably because the phenolic outer portion of the
lignin polymer is degraded faster than the inner core.”? This
interesting finding reshaped our paradigm for thinking about
lignin’s photodegradation and inspired us to conduct well-
defined laboratory experiments on lignin model compounds that
represent the inner and outer portion of lignin in order to explain
observations seen in the degradation of isolated lignin.

Thus, we have studied the degradation of a suite of lignin
model compounds by different photochemical mechanisms,
including direct photolysis, reaction with 'O,, and reaction with
excited state sensitizer. We have also made a cursory exami-
nation of lignin’s proclivity to sensitize its own degradation.
Monomeric and dimeric phenols were used as models of the
outer portion the three-dimensional lignin polymer, and dimeric
nonphenolic models were used to study lignin’s inner core.

Lignin is characterized by a 3-O-4 linkage that joins the f-C of
a phenylpropanoid chain to the oxygen of a phenoxy ring, with
the lignin polymer continuing para to this linkage. Generally,
these aryl rings can have methoxy substituents ortho to the
phenol’s hydroxyl group, and the number of methoxy groups
is indicative of the lignin’s origin. Doubly substituted rings
represent lignin’s syringyl units (derived from hardwood), singly
substituted rings represent lignin’s guaiacyl units (derived from
hardwood and softwood), and unsubstituted rings represent
lignin’s hydroxycinnamyl units (derived from grasses).'*
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We studied phenolic dimers that model lignin’s end groups
and have a guaiacyl phenylpropanoid group joined by a f-C-O
linkage to a hydroxycinnamyl, guaiacyl, or syringyl phenoxy
ring (1, 2, and 3, respectively). We also studied phenolic
monomers that represent lignin’s hydroxycinnamyl, guaiacyl,
and syringyl units (4, 5, and 6, respectively). To study lignin’s
inner core, we studied ethyl-protected nonphenolic dimers
prepared from guaiacyl precursors with either an oxidized (7)
or reduced (8) chain linking the two aryl rings. Our aim is to
use kinetic analyses to better understand the mechanism of the
photochemical degradation of these models.

Experimental
Chemicals

Sodium borohydride, n-butylamine, copper(il) bromide, io-
doethane, furfuryl alcohol (FFA), perinaphthenone and Rose
Bengal were purchased from Aldrich. Acetovanillone, 4-
hydroxyacetophenone, 3,5-dimethoxy-4-hydroxyacetophenone,
guaiacol, 2,6-dimethoxyphenol, paraformaldehyde, and p-
nitroanisole were purchased from Acros. Benzoyl chloride was
purchased from Avocado. Bromine was purchased from Fisher.
Phenol was purchased from Spectrum. Potassium carbonate was
purchased from Mallinckrodt. Ethanol-d was purchased from
Cambridge Isotope Laboratories. Basic ethanol (90 mM NaOEt
in EtOH) was prepared by dissolving Na metal in EtOH. All
solvents were ACS grade or higher and all EtOH was 200 proof.

Synthesis of lignin model compounds

The lignin model compounds were prepared according to
literature procedures. End-group dimers 2-3 and inner-core
model 7 were synthesized according to the procedure of Crestini
and D’Auria’ and Kawai et al*' and matched published 'H
NMR spectra. Dimer 1 was prepared in the same manner as 2
and 3, substituting phenol for guaiacol or dimethoxyphenol, and
its purity was confirmed by '"H NMR and HPLC.?? End-group
monomers 4-6 and inner-core model 8 were prepared by reduc-
ing the corresponding ketones with NaBH, and their purity was
confirmed by '"H NMR and HPLC. The dimeric phenols were
studied as a mixture of threo and erythro diastereomers. The
ratios of diastereomers were found to be 74 : 26, 50 : 50, and
65 : 35 for 1, 2, and 3 respectively, based on '"H NMR or HPLC
analysis. The major isomer is tentatively assigned as threo based
on the work of others.**® The photochemical reactivity of these
diastereomers was observed to be non-stereoselective.

Determination of pK, for lignin model compounds

The pK, of each phenolic model was determined by conducting
a spectrophotometric titration. The absorbance of solutions
containing lignin model compound (200 uM) in six buffers
varying in pH from 7 to 12 was recorded on a Jasco V-530
spectrophotometer. The absorbance at a peak maximum (240—
250 nm) was plotted against the pH of the solution and a curve
fit yielded the pK, of each model (Table 1).

Photochemical studies

For the direct photolysis experiments, test tubes contain-
ing lignin model compound (100 uM) in neutral or basic
ethanol were arranged on a turntable below four Pyrex-filtered
175 W medium pressure Hg-vapor lamps (LumaPro, GE
HR175A39/CP bulbs). Aliquots were removed at five or more
timepoints over 30 minutes. Experiments were conducted at
ambient temperature. Dark controls showed that the models do
not thermally degrade under the reaction conditions described.

The sensitized photolysis experiments were performed like
those described above, with the inclusion of Rose Bengal
(100 uM) in the solutions and a test tube containing FFA
(100-167 uM) and Rose Bengal photolyzed next to the lignin

model compounds. To purge oxygen from the test tubes, they
were fitted with septa and bubbled with argon through Teflon
tubing for 30 minutes before photolysis. During photolysis, an
argon-flushed syringe was used to remove aliquots. Control
experiments showed that FFA did not degrade under these
conditions, indicating that oxygen was successfully sparged, as
FFA would have reacted with 'O, generated in the system.

HPLC analysis

Lignin model compound and FFA concentrations were mea-
sured after photolysis by liquid chromatography using an
1100 Series Hewlett Packard HPLC (Supelco Discovery RP-
Amide C16, 150 x 4.6 mm, 5 um particle size column) with
10 uL injections and a mobile phase containing a mixture of
acetonitrile and pH 5 acetate buffered water (10:90 to 40:60)
flowing at a rate of 1.0 mL min~'. Absorbance was monitored
at 219 nm with a UV-absorbance detector and computer driven
data acquisition system (Chemstation).

Quantum yield measurements

The quantum yield of model 7 was determined by irradiating
an ethanolic solution of 7 next to an aqueous p-nitroanisole—
pyridine actinometer solution in quartz test tubes. The quantum
yield was determined by using the known quantum yield for p-
nitroanisole, the absorbances of 7 and p-nitroanisole, and the
rates for their direct photolysis.** No correction was made for
the different refractive indices of ethanol and water.

Laser flash photolysis

The laser flash photolysis apparatus used in this study is
similar to those reported by others.*?¢ Samples containing
lignin model compound (0-50 mM) and 'O, sensitizer (100 uM
perinaphthenone) in EtOH were excited by 4 ns pulses at
355 nm (Nd/YAG, Continuum Minilite IT). The interaction of
photoexcited perinaphthenone with dissolved oxygen produces
'0,, which emits phosphorescence as it relaxes to the triplet
state. This phosphorescent decay was monitored by collecting
the emitted light through an 1100 nm long-pass filter (CVI
Laser Corp.) and a 1271 + 18 nm interference filter (CVI
Laser Corp.) and focusing it with a collimating lens onto the
Ge crystal of a liquid nitrogen cooled ultra-sensitive detector
(Model EI-P, Edinburgh Instruments, Ltd.). The detector output
was transferred to a digital storage oscilloscope (Tetronix TDS
430A, 400 MHz) where the transient signals were recorded.
The transient signals were transferred to a PC workstation for
analysis.

Results

Degradation of end-group models under basic conditions:
Reaction with 'O,

It was observed that, when deprotonated, the phenolic end-
group models do not degrade by direct photolysis under the
reaction conditions described (four 175 W Hg-vapor lamps,
Pyrex test tubes, 30 minutes). While the deprotonated models are
degraded via reaction with excited state sensitizer, their reaction
with 'O, is much faster (Table 1, Fig. 1). We calculated the
rate constant (k,,,) for the reaction of the deprotonated models
with 'O, by irradiating them in the presence of a sensitizer and
comparing their loss to the loss of a compound degraded under
the same conditions, whose k., is known (FFA).

To understand the calculation of the rate constant for the
reaction of these phenolates with 'O,, it is worthwhile to first
consider the processes responsible for the formation and loss of
'0, in these experiments (Scheme 1).

We assume that the concentration of 'O, is constant through-
out the experiments and apply this steady-state approximation
in the development of a kinetic equation that predicts the rate
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Fig.1 Logarithmic decay trace for deprotonated dimer 2 in basic EtOH
by direct photolysis (A) and in the presence of Rose Bengal and air (@)
and Rose Bengal and argon (H).

kphys[s]
—_— - KealS] degradation
(O] k. [0 products
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kg oc I[e® y[sens]

constant production rate

Scheme 1 Kinetic model for the formation and loss of ' O,. O, is ground
state molecular oxygen, S is substrate, k; is the zero-order formation
rate constant, / is light intensity, ¢ is the absorption coefficient for the
sensitizer, @, is the quantum yield for 'O,('A,) formation, and sens is
sensitizer. The zero-order 'O, formation rate constant, k;, is proportional
to Ie® 4[sens] and is a function of the depth of the solution and the light
screening by other components of the solution. The rate constants k,,
Konys» and k., are for deactivation of 'O, by solvent, physical quenching
by S, and chemical reaction with S, respectively.”

of substrate disappearance due to reaction with 'O, [eqn. (1)].

_d[s] — kfern[s] (1)
dt ksolv + (ern + kphys)[s]

These experiments were conducted in the first-order kinetic
regime described by eqn. (2).
—d[S] _ kknlS]

dt - ksolv

The models and FFA were photolyzed in the same solvent and
side-by-side so that, assuming neither k; nor k,, vary between
samples, the ratio of the observed decay rates for the models
and FFA is equal to the ratio of their reaction rate constants.
Because k., for the reaction of FFA with 'O, is known (1.96 x
10" M~' s7'in EtOH),* k.., for the lignin model compounds can
be calculated.

The bimolecular rate constants for the reaction of deproto-
nated phenolic dimers 1-3 range from 2.1 to 2.6 x 10" M~ s~!
and do not show a dependence on the number of methoxy
substituents on the nonphenolic ring. Similarly, deprotonated
monomeric models 4-6 react readily with 'O,, though a marked
dependence on the phenol’s methoxy substituents is observed;
reaction rate constants range from 0.96 x 10" M~' s7' for the
unsubstituted model 4 to 7.2 x 10" M~ s7' for dimethoxy-
substituted model 6 (Table 1).

To verify that these reactions occur by reaction with 'O,, the
photolysis of model 2 was conducted in a solution of 79% EtOD
in EtOH. Because the lifetime of 'O, is approximately doubled
in EtOD (30 us in EtOD compared to 16 us in EtOH*), an
enhancement in the degradation rate is expected in EtOD. It
was calculated that reaction with 'O, in the 79% EtOD solutions
should be 1.6 times faster that observed in EtOH, and the
observed enhancement is 1.7.

When (ern + kphys)[S] << kso]v (2)
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In contrast to aerated, sensitized photolyses, where the
primary loss pathway for phenolates 1-6 is reaction with 'O,,
under argon-sparged conditions, degradation of the end-group
phenolates 1-6 occurs via reaction with excited state sensitizer.
From the plots of In([S],/[S]y) versus time, one sees that this
reaction is negligible compared to the models’ reaction with 'O,
(Fig. 1).

Degradation of end-group models under neutral conditions:
Reaction with excited state sensitizer

Like their deprotonated analogs, models 1-6 do not degrade by
direct photolysis under the experimental conditions described.
Nor do they react with 'O,. Dimers 1-3 and monomer 5
are, however, degraded by excited state sensitizer (Fig. 2).
For the dimers, the observed rate of degradation by reaction
with excited state sensitizer is independent of the phenol’s
protonation state. While the reaction of deprotonated phenols
with excited state sensitizer is considered negligible compared
to the reaction of phenolates with 'O,, the reaction of the lignin
model compounds with excited state sensitizer predominates
under neutral conditions because the neutral phenols react
slowly with 'O,.
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Fig.2 Logarithmicdecay trace for dimer 2 in EtOH by direct photolysis
(A) and in the presence of Rose Bengal and air (@) and Rose Bengal
and argon (H). Also, degradation of dimer 1 (+) and dimer 3 (2) in the
presence of Rose Bengal and argon.

We have developed methods to use laser flash photolysis (LFP)
to quantify the interaction (due to quenching or reaction) of
lignin model compounds with both excited state sensitizer and
'0,. The transient 'O, signals obtained show that in neutral
ethanol, increasing the concentration of lignin model compound
effects both the decay portion and the amplitude of the transient
signal (see ESIt). The increase in steepness of the decay portion
of the transient is due to the physical quenching of 'O, by the
substrate (k) and the reaction of 'O, with the substrate (k).
We describe the sum of these rate constants as k... Because
steady-state photolysis shows that reaction of the neutral lignin
model compounds with 'O, does not occur, the change in the
decay portion of the transient signal is due solely to quenching
of 'O, by substrate (ko ~ ke > ko). The decrease in the
amplitude of the transient signal is due to the loss of excited state
sensitizer due to physical quenching by or chemical reaction with
the substrate, because both processes prevent the formation of
'0,. The rate constant for the sum of these processes is k.

We have determined k., (= k) for models 1-6 by exponen-
tially fitting the decay portion of the LFP traces to determine
the lifetime of 'O, in each solution. The slope of the plot of
the observed rate constant, k., versus substrate concentration
gives k., (Fig. 3). We determined that &, for the phenolic end-
group models is only slightly larger than the rate constant for
the quenching of 'O, by ethanol (7.7 x 10* M~! s7!) (Table 1,
Fig. 3).

Using LFP we quantified the interaction of substrate with
excited state sensitizer (k) according to Scheme 2. From the
kinetic model presented in Scheme 2, an expression relating the



Table 1 Rate constants for the reaction and quenching of lignin model compounds with 'O, and excited state sensitizer
Phenolate Phenol
Model Structure pK. Ko/ 107 M1 g1 kit/10" M~ g7 8 kt/107 M~ g7t ®
1 OH 10.0 2.4 0.025 16
©
HO HO
OCHs
2 OH OCHs 10.1 2.6 0.091 29
O.
HO HO
OCHs
3 OH OCHz 10.0 2.1 0.11 18
O.
HO HO™ HiCO
OCHjs
4 OH 9.9 0.96 < 0.0073 5.4
HO
5 OH 9.9 3.5 0.15 26
HO
OCH;
6 OH 10.1 7.2 0.32 75
H3CO.
HO
OCHj
7 o OCH;  ° ¢ ¢ ¢
O\©
HaCH,CO
OCHj
8 OH OCHy  ° ¢ ¢ ¢
O\©
HgCH,CO
OCH;

“ Measured in 90 mM NaOEt in EtOH. ® Measured in EtOH. ¢ Not measured.

area (A) under each transient signal to k; was derived [eqn. (3),
see ESI for derivationt].
é =1 + kT
As ko,[O:]

Thus, plotting 4,/ A4, versus [S] yields a straight line with a y
intercept of 1 and a slope of k+/(ko,[O,]). Using published values
of 2.33 x 10° s7" for ko,* and 0.0021 M for [O,] at 25 °C,** one
can determine k- (Table 1, Fig. 4).

(S] (©)

Our calculations show that the dimeric models studied have
similar triplet quenching rate constants, ranging from 16 to 29 x
10" M~ s7'. Again, the monomers vary significantly in their
reactivity, with the unsubstituted model 4 having a ky of 5.4 x
10" M~! s7! and the dimethoxy substituted model 6 having a k
value of 75 x 10" M~ s~!. With the given experimental procedure
it was not possible to determine what fraction of k¢ is due to
reaction with excited state sensitizer and which part is due to
quenching of the excited state sensitizer by the lignin model
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Fig. 3 Plot of observed rate constant for quenching of 'O, by model 2
in EtOH versus concentration of model 2, using perinaphthenone as a
sensitizer. Each data point is the average of three experiments and the
error bars show one standard deviation (R*> = 0.98).
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P
0,

Scheme 2 Kinetic model for measuring lignin model compound
interaction with triplet sensitizer. Py is the product formed through
reaction of S and sens* where sens* is excited state sensitizer, P, is the
product formed through reaction of S and 'O,, ko, is the rate constant
for the formation of 'O, by interaction of O, and excited state sensitizer,
k+ is the rate constant for the interaction of excited state sensitizer with S
that results in quenching or reaction, k is the sum of ks and k., which
are the rate constants for physical quenching of 'O, by S, and chemical
reaction of 'O, with S, respectively. (See Scheme 1 for descriptions of
other variables.)
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Fig. 4 Plot of A,/A, versus concentration of model 2, where A,
and A, is the area under the LFP transient, obtained in EtOH using
perinaphthenone as a sensitizer. Each data point is the average of three
experiments and the error bars show one standard deviation (R* = 0.98).

compound, but increasing the number of methoxy substituents
on the phenol clearly increases k.

Reactivity of inner-core models: Direct photolysis

Inner-core models 7 and 8 showed considerably different reac-
tivity than models 1-6. While 1-6 were not degraded by direct
photolysis, oxidized model 7 was degraded by direct photolysis
only, with no additional products formed in the presence of
Rose Bengal. The quantum yield of 7 was calculated to be
0.27. Reduced inner-core model 8 was recalcitrant under the
conditions used, as it is did not degrade by direct photolysis or
with 'O, or excited state sensitizer (Fig. 5).

Self-sensitized degradation

To assess the ability of lignin to sensitize its own degradation, a
representative phenolic model (model 2) and oxidized inner-
core model 7 were irradiated in the same test tube under
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Fig. 5 Logarithmic decay trace for dimers 7 (A) and 8 (A) in EtOH by
direct photolysis, dimers 7 (@) and 8 (+) in the presence of Rose Bengal
and air, and dimers 7 (l) and 8 (x) in the presence of Rose Bengal and
argon.

basic conditions. Model 7 acted as a sensitizer, effecting the
degradation of 2. Quantifying the kinetics of this process is
difficult because the sensitizer, model 7, also degrades; a plot of
In([S],/[S]y) versus time shows that the loss of model 2 slows as
the degradation proceeds (Fig. 6).
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Fig.6 Logarithmic decay trace for deprotonated dimer 2 in basic EtOH
in the presence of oxidized inner-core model 7.

Discussion

There is a considerable amount of research that has been
conducted on the photodegradation of lignin and lignin model
compounds like the ones used in this study, but deciphering
the role of each of lignin’s main functional groups in its
photodegradation has not been previously described. To this
end, we have assessed the effect of the presence of a phenol
functional group and its speciation, because phenols are known
for their photochemical reactivity and the formation of quinones
is suspected to be a cause of the photoyellowing of paper.
We have also assessed the effect of the presence of carbonyl
groups in lignin’s photodegradation because they are suspected
to accelerate cleavage of lignin’s f-C-O bonds and may, too,
cause paper to photoyellow. Finally, because lignin is often
characterized by the number of aryl ring methoxy substituents,
understanding how these affect its photodegradation is helpful
in better understanding the contribution of different plant
sources of lignin to the global carbon cycle.

The enhanced degradation of lignin under sensitized, basic
conditions has been observed before, and 'O, has been impli-
cated as the species responsible for lignin’s fragmentation. For
example, the photolysis of lignin derived from corn husks in
the presence of hydrogen peroxide proceeds about six times
faster under basic conditions than under neutral conditions,
and although 'O, is believed to be primarily responsible
for the lignin’s degradation, it is undoubtedly not the only
reactive oxygen species (ROS) present.*? Our experiments show



that under basic, sensitized conditions, reaction with 'O, is
responsible for the degradation of the phenolic models examined
and that this reaction proceeds with bimolecular rate constants
of 0.96 to 7.2 x 10" M~! s7'. The phenolates also react with
excited state sensitizer under oxygen-sparged conditions at rates
comparable to those observed in the reaction of neutral phenolic
models and excited state sensitizer. Under oxic conditions, we
believe that reaction of the phenolate models with 'O, dominates
reaction with triplet sensitizer. This is based both on literature
precedent® and on the fact that removal of O, causes a dramatic
decrease in degradation of the phenolates. While this finding has
potential implications for the paper manufacture industry, it has
few environmental implications because the pK, of each model
is sufficiently high such that they exist predominately in their
neutral form in the natural environment.

Analysis of our kinetic data provides several clues that this
reaction occurs at the phenolic ring. First, the degradation of the
phenolic models only occurs when the phenol is deprotonated
(and therefore more electron-rich than its neutral analog).
Second, the rate of degradation of the dimeric phenolates 1-
3 does not show a dependence on the addition of electron
donating methoxy substituents on the nonphenolic ring, as
would be expected if the nonphenolic ring was the reaction site.
There is, however, a variation in k., values for the monomeric
phenolates 4-6, and this variation follows the trend expected,
with k., increasing with the addition of electron-donating
methoxy substituents.

Based on our studies on the degradation of the neutral
phenols under sensitized, aerated conditions (where degradation
is not observed) and under sensitized, argon-sparged conditions
(where degradation is observed), we believe that others™ have
misattributed the sensitized degradation of neutral models 2 and
3toreaction with 'O,, and that the main degradation mechanism
of these and other neutral phenolic models is actually reaction
with excited state sensitizer.

The reaction of phenols with excited state sensitizer is prece-
dented. For example, the porphyrin-sensitized photooxidation
of 4-chlorophenol yields p-benzoquinone and p-hydroquinone in
the presence of O, and only p-hydroquinone in the absence of O,.
The formation of p-benzoquinone is attributed to the substrate’s
reaction with 'O,, and the formation of p-hydroquinone is
attributed to the reaction of 4-chlorophenol with excited state
sensitizer.** The literature on the degradation of lignin sensitized
by triplet sensitizers is sparse compared to the literature on
lignin’s degradation by ROS, but as Frimmel et al. suggested in
1987 when discussing the effect of humics on the photochemical
reactions that take place in natural waters, “...'O, production
is only one possibility for the reaction pathway and may play
even a minor role compared to the direct transfer of energy to
other reactants.”* Cooper et al. add that charge transfer and
photoincorporation are possible reaction pathways.’ Labora-
tory studies on the photolysis of various methoxyphenols in the
presence of well-defined sensitizers such as benzophenone, 3'-
methoxyacetophenone, and 2-acetonaphthone in water has led
some to believe that this reaction occurs via electron transfer
from the phenol to the sensitizer."”

As with the reaction of the phenolate models with 'O,, we
have evidence that the interaction between the neutral phenolic
models and excited state sensitizer occurs at the phenol ring.
Clearly, the methoxy substituents on the phenol affect &y far
more than the methoxy groups on the nonphenolic ring, as the
measured ky values for 1, 2, and 3 are similar, and k increases
with the increasing number of methoxy substituents on the
monomer models. We are cautious in this ascription, because kr
is the sum of the rate constants for the quenching of excited state
sensitizer and reaction with excited state sensitizer. Based on the
trend our k values follow, however, and the proposed electron
transfer mechanism for this reaction in polar, protic solvents,
we propose that the excited state sensitizer and lignin model
compound are reacting at the phenol ring. Additional evidence

is provided by kinetic decay plots for the sensitized, non-aerated
irradiations of the dimeric models, which have the same slope,
showing that they do not vary in their reactivity with excited state
sensitizer. Unfortunately, an analogous comparison showing
the monomers’ varying reactivities is not possible because the
logarithmic decay plots for the monomers are nonlinear under
the experimental conditions described.

Our hypothesis that the phenolic moiety is the reactive portion
of the models is supported by studies on the degradation of
lignin in natural waters. It has been observed that, in the
summer, the ratio of syringyl to guaiacyl units in lignin decreases
with increased salinity in estuaries, indicating lignin’s syringyl
moieties are preferentially photodegraded as the terrigenous
carbon moves from freshwater systems to the ocean.® A related
study considered the possibility of variations in lignin’s structure
as a function of molecular weight and studied the degradation of
lignin’s high and low molecular weight components separately,
finding that in the high molecular weight component, specifi-
cally, the syringyl unit is preferentially degraded. The opposite
trend is observed in low molecular weight fragments, but this is
partially attributed to the conversion of high molecular weight
fragments to low molecular weight fragments.’” Yet another
study where filtered ocean water was irradiated with natural
sunlight for four days showed not only that the ratio of syringyl
to guaiacyl rings decreased, but that the ratio of guaiacyl to
cinnamyl rings decreased, too, which is consistent with our
kinetic analyses.®

The degradation of the inner-core model 7 and a similar
compound, where a methyl group is substituted for the ethyl
group that protects the phenol, have been studied extensively.
Our experiments clearly show that the carbonyl group of model
7 is responsible for its degradation, because reduced model 8
does not degrade by direct photolysis. The direct photochemical
degradation of 7 and its methyl protected analog has been
observed before, and, based on product analysis studies, has
been hypothesized to proceed via excitation of the carbonyl to a
triplet state followed by formation of primary ketyl radicals and
cleavage of the B-C-O bond.** It has been suspected, however,
that this degradation is mediated by '0,."*"* We found that,
although model 7 is degraded in the presence of Rose Bengal,
the reaction is slower in its presence, and we suspect that this
may be due to the screening of light by Rose Bengal. To quantify
the direct photolysis of model 7, we determined its quantum
yield. The value we calculated (0.27) is close to that of its methyl
protected analog (0.32 4 0.08).#!

To summarize our findings on lignin’s photochemical re-
activity in natural waters relative to its structure, we believe
that the lignin oligomers most resistant to photodegradation
are those that lack a-carbonyl and phenolic functionalities. Of
the oligomers that are phenolic, the non-methoxy-subsituted
phenols are more refractory than the methoxy-substituted
phenols.

Perhaps one of the most interesting findings in this set of
experiments is the concrete evidence we have provided that
shows that oxidized model 7 can sensitize the degradation of
deprotonated model 2. This finding supplements a previous
experiment that has shown that acetovanillone sensitizes the
degradation of an o-reduced phenolic model (1-hydroxy-1-(4-
hydroxy-3-methoxy)-2,2-dimethyl propane).**** In this study,
'0, was proposed as an oxidant generated by acetovanillone,
but the rate suppression expected upon the addition of 'O,
quenchers was not always observed, leaving open the possibility
of additional reactions taking place, like that of the model with
excited state sensitizer itself. In fact, a different study showed
that the degradation of the same model was sensitized by a
similar ketone (p-methoxypropiophenone) under both aerated
and oxygen-free conditions.*** Elucidating the mechanism of
the lignin-sensitized photodegradation of lignin is surely an
important part of understanding the degradation of aquatic
carbon and it warrants further research.
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