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ABSTRACT: The photopolymerization of acrylate resins on wood surfaces suffers from
retardation and inhibition effects due to the phenolic derivatives present at the inter-
face. This article details the study of the effect of a set of phenolic compounds on the
initiation step. The global effect was recorded by differential scanning calorimetry and
photocalorimetry. A comparison between a direct photocleavable initiator such as
2,2-dimethyloxy-2-phenylacetophenone (DMPA) and a two-component system like ben-
zophenone/N-methyldiethanolamine (BP/MDEA) suggests that the retardation effect
observed in the latter case is due to the interaction between phenols and the triplet
state of BP. Subsequently, nanosecond transient absorption (NTA) spectroscopy was
used to measure in acetonitrile the quenching rate constants k4. A hydrogen abstrac-
tion occurred, and the ketyl radical quantum yield was also determined by NTA
experiments. In comparison with the photoreduction mechanisms proposed in the
literature, the high &, values obtained were tentatively correlated to the half-wave
oxidation potentials of phenols in order to discuss the involvement of an electron
transfer within the reaction. Some EPR experiments were done to confirm in situ the
photoreduction process at the wood surface and the creation of phenoxyl radicals. The
interaction of phenols with some initiating radicals was also studied. © 2000 John Wiley

& Sons, Inc. J Appl Polym Sci 78: 2061-2074, 2000
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INTRODUCTION

The UV curing of coatings on wood materials has
become more and more important, especially for
furniture protection.’™ At the present time, un-
saturated polyesters are widely used as mono-
mers in formulations.*® However, to move toward
tighter European VOC (volatile organic contents)
legislation requires the search for systems with a
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lower emission of organic compounds.® That is
why acrylate monomers are increasing in impor-
tance and seem to be further replacing polyes-
ters.?*

The radical polymerization of UV-curing var-
nishes is inhibited and retarded when coating is
made on wood materials rich in extractable sub-
stances.” The delay in photocuring may prevent
industrial work. Besides, some wood-extractable
substances have been used to stabilize monomers
such as butadiene, isoprene, and methylmethac-
rylate (MMA).5~11 The delay of radical polymer-
ization has been attributed to phenolic com-
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pounds present in great amounts in the extracts
of some wood species.?1* The inhibition and re-
tardation activities of several phenolic derivatives
have been studied in particular, especially in the
case of the thermal polymerization of MMA and
styrene.'?71® It should be noted that these activi-
ties occurred in working conditions with an am-
bient atmosphere: the inhibiting properties of ox-
ygen can thus also affect polymerization.

Still, in the presence of oxygen, some studies
have shown that the photopolymerization of acry-
late resins is inhibited by phenol.’®~'® A high
concentration of a-tocopherol under ambient at-
mosphere inhibits the photopolymerization of
MMA initiated by benzoinethylether, while at low
concentration it does not prevent initiation.'®
Phenols combined with oxygen can also inhibit
the photopolymerization of a mixture of acrylates
initiated by 2,2-dimethoxy-2-phenylacetophenone
(DMPA)'7 or the photocrosslinking with the same
photoinitiator of a film made in an epoxyacrylate
and two monofunctional monomers (isobornylac-
rylate and N-vinylpyrrolidone).’® To our knowl-
edge, no work was done about the inhibition ac-
tivity of phenols on the photopolymerization of a
vinylic monomer in deoxygenated media.

In this work, various aspects of the polymer-
ization of trimethylolpropane triacrylate (TMPTA)
in the presence of phenols were examined in de-
oxygenated media. First a comparison was drawn
between thermal and photochemical processes by
using differential scanning calorimetry (DSC)
and photocalorimetry (DSP). Thermal initiation
was achieved with azobisisobutyronitrile (AIBN).
Two photoinitiating processes were examined: the
direct photocleavage of DMPA and the photore-
duction of benzophenone (BP) by N-methyldieth-
anolamine (MDEA). The global effect of phenols
on the total enthalpy change of the reaction and
the rate of crosslinking has been demonstrated;
the inhibition and retardation effects were exam-
ined. Subsequently the interactions between the
triplet state >BP and a set of phenols, which can
be considered as models of wood phenolic ex-
tracts, were probed by nanosecond transient ab-
sorption (NTA) spectroscopy. The quenching rate
constants kg of 3BP were determined. A photore-
duction process occurred, and the quantum yield
Drap of ketyl radicals produced inside the reac-
tion was measured. In relation to hydrogen ab-
straction mechanisms proposed in the literature,
the involvement of a charge transfer was sus-
pected. As a consequence, the kinetic data has
been tentatively correlated to the half-peak oxi-

dation potential of phenols; and that mechanism
is discussed here. The photoreduction of BP by
phenolic derivatives has been confirmed in situ at
the wood surface by EPR detection of phenoxyl
radicals in wood samples coated with a photopo-
lymerizable formulation and irradiated in the UV
range. Finally, the possible interaction of phenols
with several initiating radicals will be briefly ex-
amined in this article.

EXPERIMENTAL

Differential Scanning Calorimetry and
Photocalorimetry

The photocalorimeter was made using a Perkin
Elmer DSC 7 differential scanning calorimeter for
which the sample and reference were irradiated
with a continuum Xenon UV lamp Osram XBO
450W. A Pyrex filter, cutting the wavelengths
under 310 nm, avoided direct excitation of the
monomer and phenolic derivatives used. The po-
lymerization of TMPTA 3.7 mol L ™! was initiated
either in a photochemical or thermal manner.
Two photoinitiating systems were used: DMPA at
2 X 10 2 mol L ! and an equimolar mixture of BP
and MDEA 2 X 10 2 mol L~ L. Irradiation was
maintained for 5 min. Thermal initiation was
achieved with azobisisobutyronitrile (AIBN) at 2
X 1072 mol L', In all experiments, the four phe-
nols studied (phenol, vanillin, 2,6-dimethoxyphe-
nol, and eugenol) were introduced at 5 X 10~ 2 mol
L~ !. The purge gas used was always dry nitrogen
to avoid oxygen inhibition. All the samples and
the apparatus lay under a glove box filled with
nitrogen.

The thermograms were recorded at 25°C (298
K) for photochemical polymerization and at 110°C
(383 K) for the thermal version. The photopoly-
merization process requires open cells for irradi-
ation; as a consequence, it is not possible to reach
temperatures more than 75°C (348 K) for the
evaporation of TMPTA and the loss of weight. The
integration of thermograms gives the time evolu-
tion of the enthalpy change of the reaction, writ-
ten as AH(¢). Typical traces can be seen for in-
stance in Figure 1. AH(¢) starts to increase lin-
early after a longer or shorter induction period
and levels off at the end of the polymerization.
The total amount of enthalpy change, AH,, which
corresponds to the enthalpy change obtained at
the end of the polymerization, that is, at the pla-
teau value, is related to the maximum degree of
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Figure 1 Influence of phenolic derivatives on the
thermal polymerization of TMPTA initiated by AIBN.
(©): reference TMPTA + AIBN. (@), (A), (m), and (X):
addition of, respectively, phenol, vanillin, 2,6-dime-
thoxyphenol, and eugenol. Temperature is set to 383 K
(110°C).

crosslinking and was actually determined after 5
min. Regarding all the curves collected in Figure
1, it may reasonably be considered that the reac-
tion has finished at this time. The increase slope
of AH(¢) corresponds to the rate of polymeriza-
tion. If an additive lowers this slope, the polymer-
ization is said to be retarded. If a delay is ob-
served at the start of the polymerization, the po-
lymerization is said to be inhibited, and the delay
is called the “induction period.” To make valuable
comparisons among the three systems studied, it
is useful to divide the value of AH, found for a
given phenolic additive (AH(P)) by the value
obtained for the system without phenol (AH?EF ).
A parameter, R, is defined by eq. (1):

AH,(P)

= WEEF (1)

Nanosecond Transient Absorption Spectroscopy

The quenching rate constants, kg, and the ketyl
radical quantum yields, ®y,p, were measured by
NTA spectroscopy. The excitation source was a
frequency triplet Q-switched Nd : YAG laser
(B. M. Industries) generating 9 ns pulses of 20 mdJ
at 355 nm. A pulsed xenon lamp (OSRAM XBO
450W) was used at a right angle as the monitor-
ing beam, focused on the entrance slit of a mono-
chromator. A photomultiplier tube (Hamamatsu
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IP 28) was attached to the exit slit of the mono-
chromator. The signal fed into a transient digi-
tizer (Tektronix DSA 601A). All the data were
collected and analyzed, using a PC computer and
software developed by our laboratory. All the so-
lutions were made in neat acetonitrile (Fluka
spectrophotometric grade). The concentration of
BP was 5 X 1072 mol L ! in order to have an
absorbance near 0.5 at the excitation wavelength
(355 nm). Oxygen was removed by bubbling argon
for 15 min. The values of the quenching rate con-
stants were obtained from the measurements of the
transient absorption decay of °BP at 525 nm®° by
applying the Stern—Volmer analysis. All the Stern—
Volmer plots of the collected data were linear.

In order to avoid a possible overlap with the
triplet band, the decay of the ketyl radical BPHe
was followed at 560 nm rather than at its maxi-
mum absorption in acetonitrile, at 545 nm.?° The
molecular extinction coefficients of *BP and
BPHe are respectively e5,5(°BP) = 6500 M !
cm ! and &5,5(BPHe) = 4600 M~ ! cm ™! in aceto-
nitrile at 525 nm and 545 nm, respectively.?°
From the recorded transient absorption spectra it
was thus determined that g55,(BPHe) is equal to
2580 M~ ! cm ™ *. The ketyl radical quantum yield
Drap 18 given by eq. (2):

o = [BPHe] . &525(°BP) LASGO(BPH.)
R [BP]  ese0(BPHe)" Ajys(°BP)

(2)

where A5,-(*BP) and A,.,(BPHe) stand respec-
tively for the initial absorbance of °BP and BPHe
at the subscripted wavelengths.

Cyclic and Rotating Disk Electrode Voltammetries

Oxidation potentials of phenols were measured in
argon-saturated acetonitrile solutions by cyclic
(CV) and rotating-disk electrode (RDEV) voltam-
metries compared to a saturated calomel elec-
trode (SCE) in methanol used as the reference
electrode. The reference electrode is connected to
the sample solution through a fritted glass bridge
containing the supporting electrolyte solution.
The potential of this electrode, confirmed by using
ferrocene as the internal standard in some exper-
iments, was taken as +0.249/NHE. A 0.1 mol L}
tert-butylammonium hexafluorophosphate solu-
tion (Fluka electrochemical grade recrystallized
in a ethanol-water mixture) was used as the sup-
porting electrolyte. Concentrations of phenolic de-
rivatives were 5 X 10 3 mol L™ !in CV and 5 to 20
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X 1073 mol L ! in RDEV. The system of three
electrodes employed is based on a Metrohm Po-
larecord E506 associated with a VA612 scanner,
which allows sweep rates up to 100 Vs~ ! in cyclic
voltammetry. The polarographic stand VA663
was fitted with its rotating platinum or gold ac-
cessories. The scale of potential explored in CV
was —1.9 V/SCE to +1.9 V/SCE, with the sweep
rate varying from 0.2 to 2 V s~ 1. For RDEV the
working electrode was only a platinum electrode,
and the sweep rate was 5 mV s 1. The RDE vol-
tammograms were treated by a logarithmic anal-
ysis based on the equation of polarographic
curves.

Electron Paramagnetic Resonance

The EPR apparatus was a Bruker ER 200 D cou-
pled with a data acquisition station (Stellar). Fre-
quency was 9.64 GHz, the central magnetic field
was 3450 G, and the sweep covered 100 G. The
spectra were recorded at room temperature, and
their position was marked out to the signal of the
1,1-diphenyl-2-picrylhydrazyl (DPPHe) radical.
The kinetic of the formation of radicals was fol-
lowed during 1 h. Wood samples (1 X 1 X 30 mm)
were irradiated during 1 h by the xenon lamp
Osram XBO 1000W, using a Pyrex filter to cut the
wavelengths under 310 nm. They were impreg-
nated for 15 min by a solution of initiators in a
mixture of water—acetone (v/v 30 : 70). Three pho-
toinitiators were studied: DMPA, benzoinisopro-
pylether (BIE), and the equimolar mixture BP/
MDEA. Two wood species were chosen: Norway
maple (Acer pseudoplatanus L.) and European
spruce (Picea abies Karst.).

The following notations were used: I, was the
intensity of the EPR signal when the concentra-
tion of radicals was stationary under UV irradia-
tion, I, was the initial intensity due to the absorp-
tion of visible light, and I(¢) was the intensity at
time ¢. Intensities are proportional to the concen-
tration of radicals. Two parameters were next

defined as follows: A(®) = 1. — I{),p
I, —1
=7 % The quantity A(¢) follows a first-order
0
. dA(2)
kinetic with a rate constant k: —.— = —kdt. The

dt

experimental points were thus fitted by a first-
order kinetic law using root-mean squares analy-
sis. The p parameter defined the increase of the
concentration of radicals under UV-irradiation
relative to the concentration observed under vis-
ible light exposure. It does not depend on the gain
of the apparatus.

Chemicals

BP from Fluka (best-available grade) was subli-
mated once prior to use. Acetonitrile (Fluka Spec-
trophotometric grade), DMPA, and MDEA (Al-
drich 99+%) were used as received. TMPTA from
Aldrich (technical grade) was washed by a water
solution of NaOH 5% and dried under CaCl, to
eliminate the inhibitor. AIBN [2,2'-azobis(2-meth-
yl-propionitrile)] from Aldrich (98%) was recrystal-
lized in methanol and stored at 4°C. Phenol, guai-
acol (2-methoxyphenol), 2,6-dimethoxyphenol, eu-
genol (4-allyl-2-methoxyphenol), sinapinic acid (3,5-
dimethoxy-4-hydroxycinnamic acid), syringaldehyde
(4-hydroxy-3,5-dimethoxybenzaldehyde), syringic acid
(4-hydroxy-3,5-dimethoxybenzoic acid), (=*)-cate-
chin hydrate (trans-3,3',4',5,7-pentahydroxyflavone
hydrate), gallic acid monohydrate (3,4,5-trihydroxy-
benzoic acid monohydrate), vanillin (4-hydroxy-3-
methoxybenzaldehyde), and coniferylaldehyde (4-
hydroxy-3-methoxycinnamaldehyde) were provided
by Aldrich at the best-available grade (98% or
99+%) and were used without further purification.
trans-4-Hydroxystilbene came from Lancaster
(98%) and was used as received.

The set of phenols models phenolic derivatives
extracted from wood. Guaiacol, syringic acid, sy-
ringaldehyde, and 2,6-dimethoxyphenol stand for
typical structures found in the hydrolysis prod-
ucts of wood polyphenolic constituents such as
tannins and lignin.?! Catechin models flavonoid
compounds that are widely distributed in wood.?!
Coniferous and deciduous trees also contain sev-
eral phenols with low molecular weight, espe-
cially some monophenols such as eugenol, guaia-
col, vanillin, syringaldehyde, and ¢rans-4-hydrox-
ystilbene or a polyphenol such as gallic acid.
Coniferylaldehyde is found more specifically in
coniferous wood extracts.?!

RESULTS AND DISCUSSION

Effect of Phenols on Polymerization of TMPTA

Phenols are known to affect the propagation and
termination steps of radical polymerization reac-
tions.?? They have no retardation effect on the
thermal initiation process!® but may show an-
other behavior with photochemical initiation.
Three initiating systems were selected to make a
comparison of some of the global changes in the
polymerization of TMPTA. The thermal initiator
was AIBN. The first photoinitiator was DMPA,
which works according to a fast cleavage pro-



[@;Q@ OO

OCH;
Benzoyl Dimcthoxybenzyl
radical radical
Scheme 1

cess,?® as shown in Scheme I. The second photo-
initiating system was an equimolar mixture of BP
and MDEA. In this latter case, a fast hydrogen
transfer occurs within a contact ion pair produced
by an electron transfer and gives the initiating
radicals,?® as shown in Scheme II.

The evolution of the partial enthalpy change,
AH(t), with time for the three systems is shown
in Figures 1, 2, and 3. Table I summarizes the
values of AH, and parameter R for all the curves.
It is noticeable that AH,, and thus the degree of
crosslinking, decreases by a factor of 4 from AIBN
to BP-MDEA initiating system. To take into ac-
count the temperature difference, AH, was mea-
sured at three temperatures for the two photoini-
tiating systems. For technical reasons it was not
possible to make the measurements beyond 348 K
(see experimental section). Data are compiled in
Table II. They are rather well fitted by eq. (3), and
Table III gives the values of parameters A and B
and the estimated value of AH, at 383 K. This
value is calculated by eq. (3), but that 383 K is
clearly above the temperature range explored to
establish this equation leads us to consider the
value obtained as just an estimation. Although
the temperature has been taken into account, the
crosslinking rate is lower for the two photoiniti-
ating systems compared to AIBN. However, the
difference between BP~-MDEA and DMPA almost
vanishes because of the higher increase of AH,
observed with BP-MDEA.

B
Ln AH, = A — 7 (3)

A look at the parameter R reveals that DMPA
and AIBN have nearly the same behavior and the

- LtOH LAOH
7 | . | .
‘Ll‘ + \T‘—CII; —_— T + I~\|1—CHz
0 EWOH OH EOH
MDEA Ketyl
radical
Scheme 2
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Figure 2 Influence of phenolic derivatives on the
photochemical polymerization of TMPTA initiated by
DMPA. (©): reference TMPTA + DMPA. (@), (A), (0),
and (X): addition of, respectively, phenol, vanillin, 2,6-
dimethoxyphenol, and eugenol. Temperature is set to
298 K (25°C).

average value of R is about 0.9. Only the BP—
MDEA system leads to a marked difference, in
that two phenols—2,6-dimethoxyphenol and eu-
genol—-clearly induce a loss of reactivity and have
an R value of 0.5. Phenols thus reduce the
crosslinking of TMPTA in the three kinds of ini-

100
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40

AH(1) J g1

20

Time (mn)

Figure 3 Influence of phenolic derivatives on the
photochemical polymerization of TMPTA initiated by
BP-MDEA. (©): reference TMPTA + BP-MDEA. (@),
(A), (m), and (X): addition of respectively phenol, van-
illin, 2,6-dimethoxyphenol, and eugenol. Temperature
is set to 298 K (25°C).
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Table I Values of Total Enthalpy Change, AH,, of TMPTA Polymerization for Three
Initiating Systems

System? AH, (Jg™h R
Thermal AIBN 408 1.00
AIBN + P 364 0.89
AIBN +V 381 0.93
AIBN + DMP 352 0.86
AIBN + E 346 0.85
Photochemical direct cleavage DMPA 245 1.00
DMPA + P 210 0.86
DMPA +V 230 0.94
DMPA + DMP 216 0.88
DMPA + E 185 0.75
Photochemical electron followed
by proton transfer BP-MDEA 97.9 1.00
BP-MDEA + P 78.7 0.80
BP-MDEA + V 78.9 0.80
BP-MDEA + DMP 49.4 0.50
BP-MDEA + E 49.2 0.50

See experimental section for the definition of parameter R.

2 Abbreviations are P for phenol, V for vanillin, DMP for 2,6-dimethoxyphenol, and E for eugenol.

tiation, but this effect is enhanced in the case of
the BP-MDEA photoinitiator.

From considering the shape of the curves in
Figures 1, 2, and 3, it is clear that the three
initiating systems lead to three different behav-
iors. In thermal polymerization, phenols induce a
noticeable induction period but no retardation ef-
fect. The photoinitiation with DMPA seems to be
unaffected by the presence of phenolic deriva-
tives. Indeed, no retardation and a very small
induction period, possibly due to the residual ox-
ygen, are detected. Contrary to these observa-
tions, the two-component BP-MDEA photoinitia-
tor shows an induction period as in the case of
AIBN and, more interestingly, has a markedly
retardating effect. Inhibition and retardation ef-

Table II Evolution with Temperature of Total
Enthalpy Change, AH,,, of TMPTA
Photopolymerization

AH, Jg™™h

Temperature
T (K) BP-MDEA BP-MDEA + E* DMPA

328 101 53 245
338 138 69 253
348 152 81 256

2 Abbreviation E used for eugenol.

fects can lie in the interaction of phenols either
with the free radicals produced in the initiation
step or with the photoexcited initiators. Phenols
are known to scavenge AIBN free radicals,'® and
the induction period observed in Figure 1 con-
firms this inhibition in deoxygenated media. The
inhibition is also observed with the BP-MDEA
photoinitiator but not with DMPA. As a conse-
quence, the initiating radicals are not signifi-
cantly scavenged by phenols in this latter case.
The most interesting point arising from these ex-
periments is the retardation effect specifically ob-
served in the BP-MDEA system, while inside the
three formulations only the initiator changes.
This rules out an interaction of phenols with the
propagating radicals; otherwise a retardation
should be noticed in the three cases. So the effect
with BP-MDEA could be interpreted as an inter-
action between phenols and the primary species
of the photopolymerization, that is, *BP or the
initiating radicals. It is thus important to study
and compare the interactions of phenolic deriva-
tives with (1) the triplet states of BP and DMPA
and (2) the primary radicals produced in each
case.

It is well known that DMPA works according to
a fast a-cleavage process. It produces primarily
benzyl and dimethoxybenzoyl radicals (Scheme
1).22 The latter undergoes a fast demethylation
and yields free methyl radicals that can partici-



Table III Evaluation of Total Enthalpy Change, AH,,

(Parameters A and B are used in Eq. 3)
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, of TMPTA Photopolymerization at 383 K

Value of Value of AH, Calculated at
System Parameter A Parameter B 383K WJ g™
AIBN — — 408*
BP/MDEA 11.8 2360 281
BP/MDEA + EP 11.6 2490 163
DMPA 6.27 252 274

2 Value measured directly at 383 K.
b Abbreviation E for eugenol.

pate in the initiation step. Such cleavable photo-
initiators possess a short-lived triplet state that is
not affected by monomer or impurity quenchings.
The triplet lifetime of DMPA is under 100 ps, and
the cleavage rate constant is higher than 10
s~ 1.23 Quenching this state by phenols would re-
quire both a high-rate constant and a high con-
centration in phenols in order to compete with the
cleavage. Such a behavior is not observed even
when quenching with amines,?® while the pho-
toreduction of carbonyl triplets by these com-
pounds occurs with rate constants close to the
diffusion limit. Thus, it is reasonable to postulate
that phenols do not quench the triplet state of
DMPA. This point is relevant because of the lack
of retardation or inhibition effects noticed in DSP
experiments. However, it is necessary to check
that phenols do not react with initiating radicals
released by photocleavage.

The lifetime of BP is in the range of several
microseconds in many solvents. It allows quench-
ing by chemicals such as alcohols, aromatic com-
pounds, or amines.?*? For instance, a quenching
rate constant of 3 X 10° M~ ! s ! has been found
with MDEA in MMA 7 mol L~ 1.23 This high value
is quite representative of the quenching by
amines. The concentration of MDEA was 2 X 10”2
mol L ™! in our experiments. It is thus obvious
that if phenols are able to quench ®BP as fast as
amines and if the concentration of phenolic con-
stituents in the coating can be near the concen-
tration of MDEA, then these phenols open a new
competitive way of deactivation of the triplet
state. Thus two hypotheses that arose from the
DSP experiments explain the retardation effect
observed with the BP—-MDEA photoinitiating sys-
tem: (1) the retardation is due to the quenching of
3BP by phenols and (2) phenols are able to scav-
enge the primary radicals produced by the pho-
toreduction of BP by MDEA.

Role of Phenols in BP-MDEA Photoinitiating
System

If phenolic compounds actually interact with >BP,
a photoreduction process by hydrogen abstrac-
tion, which produces ketyl and phenoxyl radicals,
can be considered. Indeed, it is well known that
excited aromatic ketones abstract hydrogen from
many substrates, such as hydrocarbons, alcohols,
and amines.?*?® Two mechanisms are commonly
invoked to rationalize these experimental facts.
First, a direct hydrogen atom abstraction has
been proposed, which accurately applies in the
case of aliphatic hydrocarbons.?® The homolytic
bond breaking favors aromatic ketones with n, =*
states as revealed by a study of quenching rate
constants and radical quantum yields. There is
experimental evidence that in that case carbonyl
n, 7* triplet state behaves much like alkoxy rad-
icals.?” The quenching rate constants for direct
hydrogen atom abstraction span the range of 10*—
106 M1 g 12829

A second mechanism is required when aro-
matic hydrocarbons and compounds with a low
oxidation potential, such as amines, quench car-
bonyl triplets. In that case, an increase of reactiv-
ity can be observed, with the quenching-rate con-
stants rising to 109-101° M1 s 1.3° The efficiency
of hydrogen transfer also increases since, for in-
stance, the radical quantum yield approaches
unit with amines. Several experimental facts sug-
gest a two-step process that may compete with
homolytic atom transfer. The first step is a “par-
tial” or a “full” electron transfer, producing an
“exciplex” (excited charge transfer complex) or an
ion pair, followed by a hydrogen atom or a proton
migration. Supporting this mechanism is that the
harder it is to reduce ketones, the lower is the
reactivity.>! This second mechanism is invoked
with amines but also with phenols, since it was
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Table IV Quenching Rate Constants, k, of BP
by Phenolic Derivatives and Ketyl Radical
Quantum Yields ®g,p

kg % 10°

Substituted Phenols M ts™h Drap
Phenol 0.34 0.52
Guaiacol 1.2 0.54
Eugenol 2.0 0.63
2,6-Dimethoxyphenol 3.0 0.38
Catechin 3.2 0.56
Gallic Acid 3.2 0.52
Syringic Acid 3.4 0.5
Vanillin 6.4 0.54
t-4-Hydroxystilbene® 6.7 —
Syringaldehyde 7.0 04
Sinapinic Acid?® 7.6 —
Coniferylaldehyde® 12 —

Solvent is acetonitrile, temperature is 25°C.
2 Not determined due to absorption of phenol at 355 nm.

shown in 1981 that phenols quench aromatic car-
bonyl triplets in a very fast process for both the n,
m% and m, 7 states.>> The quenching-rate con-
stants obtained range from 10° to 101 M~ *s™ 1. It
was concluded that the reaction implies a charge—
transfer intermediate, with ketone as the electron
acceptor and phenol the electron donor. It was
also demonstrated that the photoreduction pro-
cess leads to phenoxyl and ketyl radicals with
significant but under-unit quantum yields.

Quenching Rate Constants and Radical Ketyl
Quantum Yields

Table IV summarizes the rate constants &, of the
quenching of >BP by the 12 phenolic compounds
studied in this work. Nearly all the values stayed
in the range of 10°-10° M ™! s7!, indicating a
strong interaction between phenols and the car-
bonyl triplet. The formation of ketyl radicals de-
tected in these experiments confirms that a hy-
drogen abstraction occurs between BP and phe-
nols. Phenoxyl radicals usually absorb around
400-420 nm?"32 but the overlap with the resid-
ual absorption of BPHe and the lack of absorption
band for several phenoxyls prevent us from using
it to calculate the radical quantum yield. A typical
evolution of &y, with quencher concentration is
shown in Figure 4. The deactivation of the car-
bonyl triplet state increases with the quencher
concentration and nearly reaches the rate of max-
imal actual ketyl quantum yield—hence the pla-

teau observed. No decrease of this plateau value
by increasing quencher concentration was noticed
until a concentration of 0.1 mol L' of phenols
was reached. So it was kept as the actual quan-
tum yield of the photoreduction process. Values of
Diap are listed in Table IV. The radical quantum
yield is about the same from one phenol to an-
other and is significantly under unit (about 0.5).
These data support the trend observed with the
kg values, that is, the dramatic homogeneity of
the reactivity of the phenols studied, however
varied their chemical structures.

Redox Potentials

For all compounds, the shape of the cyclic volta-
mmograms and their evolution with the sweep
rate indicate an irreversible behavior at the gold
or platinum electrodes. The platinum electrode
was finally used in order to allow the measure-
ment of the oxidation peak potential of phenol
itself, which was not possible with the gold elec-
trode. The irreversibility of the voltammograms
only allowed measurement of the peak oxidation
potentials, E,, of all the phenols studied. The
sweep rate was fixed at 1 V s~ !; this was the best
working condition to determine the high peak
values of phenol and vanillin. The E, potentials
were used to choose a correct range of potential to
perform RDEV. The values of the half-wave oxi-
dation potential, E,,, are less sensitive to the
sweep rate and concentration than that in CV and
can be taken as a rather good approximation of
the standard oxidation potentials.

The E, and E,,, potentials of the 12 phenols
are listed in Table V. The E,,, oxidation poten-

0.8

0.6 )]

Dran
L2

0.4

0.2

0 T T T —
0 2 4 6 8 x107 mol L!

Quencher concentration

Figure 4 A typical evolution of the ketyl radical
quantum yield @y, with the concentration of phenolic
quencher. [BP] = 5 X 1073 mol L™, quencher used is
eugenol, solvent is acetonitrile, and temperature is
25°C.



Table V Peak (E,) and Half-Wave (E,,,)
Oxidation Potentials of Phenols

Substituted Phenols E, (V/SCE) E,,, (V/ISCE)
Phenol 1.84 1.68
Guaiacol 1.48 1.32
Eugenol 1.44 1.22
2,6-Dimethoxyphenol 1.26 1.16
Catechin 1.28 1.17
Gallic Acid 1.45 1.14
Syringic Acid 1.64 1.33
Vanillin 1.69 1.51
t-4-Hydroxystilbene 1.22 1.09
Syringaldehyde 1.52 1.31
Sinapinic Acid 1.41 1.17
Coniferylaldehyde 1.44 1.27

Solvent is acetonitrile, supporting electrolyte is 0.1 mol L™*
tert-butylammonium hexafluorophosphate, and temperature
is 25°C.

tials span from +1.09 V/SCE for ¢trans-4-hydrox-
ystilbene to +1.68 V/SCE for phenol. The peak
potentials measured for guaiacol and 2,6-dime-
thoxyphenol (1.48 and 1.26 V/SCE, respectively)
are in good agreement with the values recently
found in benzonitrile solutions using a platinum
electrode (respectively, 1.41 and 1.27 V/SCE33).
However, E 1,5 values rather than E,, values, were
used preferentially to characterize the oxidation
properties of phenolic derivatives because they
had the lowest sensitivity to experimental condi-
tions. This approach represents a consistent de-
termination of the oxidation properties inside the
set of phenols studied.

Some Considerations on the Quenching
Mechanism

As said above, the quenching-rate constants are
near the diffusion-rate constant, considerably
higher than expected in a homolytic bond break-
ing. No charged intermediate species, which
would have supported a sequential electron/pro-
ton transfer mechanism, was detected in the NTA
experiments. However, the high values of the
quenching-rate constants and their similarity to
those obtained with amines (for which there is
evidence of intermediate charged species®%)
show that phenolic hydrogen transfer to carbonyl
triplets is more complex than a simple atom mi-
gration. The similar quenching-rate constants of
phenols and amines suggest that an electron
transfer may be involved in the photoreduction
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process. The study of the reaction in a picosecond
or femtosecond time scale would bring some in-
teresting information about the mechanism of the
photoreduction of BP by phenols. Surprisingly, to
our knowledge there are no such experiments de-
scribed in the literature, while hydrogen trans-
fer reaction with amines is greatly detailed. If
the mechanism involves a charge transfer, the
thermodynamics of the reaction should be
reflected®>3 by eq. (4):

AGgr=ED/DY) —EA/A)—E;+C (4)

where AG gy is the free energy change of electron
transfer between the aromatic carbonyl triplet of
energy E, and the phenolic electron donor; E(D/
D7) is the oxidation potential of the latter, while
E(A7/A) is the reduction potential of the ground
state ketone; and C is a coulombic term that takes
into account the electrostatic interaction within
the resultant radical ion pair.

Figure 5 plots the curve of log kg versus AGgy
calculated by eq. (4) with the E,,, potentials of
phenolic derivatives. Figure 5 also shows the em-
pirical Rehm-Weller curve,?” which is known to
describe the evolution of the experimental elec-
tron transfer rates with the free energy change of
the electron transfer process. The following data
for BP were used: E(A/A) = —1.76 V/SCE,** E

-+ Kpmrr
10

6 T T T
-0.5 0 0.5

AGgr (eV)

Figure 5 Plot of log &k, versus AG . for BP. AG g is
calculated with eq. (4) using the E,, oxidation poten-
tials (see text). Solvent is acetonitrile; temperature is
25°C. The Rehm—Weller curve is calculated with the
parameters of reference 37.
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= 2.96 eV.? C was taken as —0.06 eV, the usual
value for polar media like acetonitrile.?” It is clear
that quenching-rate constants are higher than
expected, and do not follow the Rehm-Weller
curve. Indeed, Figure 5 indicates that despite
their relatively high oxidation potentials, phenols
strongly interact with *BP, the thermodynamics
of this interaction not reflected by eq. (4). This
shows that hydrogen abstraction with phenols
does not involve a pure electron transfer. Even
though the quenching-rate constants are not rel-
evant to the oxidation properties of phenols, their
diffusion-close values rule out a direct hydrogen
atom abstraction, with an alkoxy radical-like be-
havior of the n, =* triplet state of BP.

It thus appears that the two common mecha-
nisms (direct hydrogen atom abstraction and se-
quential electron and proton transfer) fail to de-
scribe the photoreduction of BP by phenols. From
looking at the quenching in acetonitrile of several
substituted benzophenones by p-cresol, a new
mechanism has been recently proposed that takes
into account the nucleophilic role of ketone and
thus its acid—base properties.*® The electron-ac-
ceptor-substituted benzophenones have shown an
electrophilic behavior that is relevant to the
mechanism involving a full or a partial electron
transfer followed by a proton or a hydrogen atom
transfer. However, the electron-donor substitu-
tion has brought about a reversed role for ketone.
By increasing the electron-donor capability of the
substituents, the carbonyl triplet moves to adopt
a nucleophilic role inside the reaction. The hydro-
gen abstraction is then initiated by a partial or a
total transfer of the phenolic proton to the car-
bonyl triplet, producing a hydrogen-bonded exci-
plex or an ion pair. Next, the electron is trans-
ferred within this intermediate. It has been em-
phasized®® that the migration of the phenolic
proton toward the carbonyl triplet gradually
changes the redox properties of the two reactants
until the free enthalpy change of electron transfer
through the hydrogen bond becomes favorable.
The photoreduction process then mainly depends
on the triplet carbonyl redox and acid—base prop-
erties rather than the characteristics of the phe-
nol. This is quite relevant to our kinetic data,
which are quite homogeneous despite the rela-
tively wide scale of the oxidation potentials and
structural changes among the set of phenols stud-
ied in our work. It also explains the inability of eq.
(4) to describe the thermodynamics of the reaction
if the unprotonated BP were used. Indeed, AG g,
calculated for the electron transfer between the
protonated carbonyl triplet and the phenoxide ion

becomes strongly exergonic.*° The effect of proto-
nation is to induce a shift toward negative AGgp
values, which likely renders the reaction more
exergonic than that calculated by eq. (4).

Detection of Phenoxyl Radicals by EPR
Experiments

NTA experiments have provided evidence of the
formation of BPHe in acetonitrile solutions. Phe-
nols reduce BP efficiently and thus must be in-
volved in the photoinitiation process of the UV
curing of a wood coating. Some EPR experiments
have been made directly on wood samples in order
to detect the formation of phenoxyl radicals dur-
ing irradiation and confirm that a photoreduction
occurs at the wood surface. The samples are im-
pregnated by a water—acetone solution containing
photoinitiators that produce free radicals under
UV irradiation. The three photoinitiating systems
studied in this section were DMPA, BP-MDEA,
and benzoinisopropylether (BIE). The reference
used was a wood sample impregnated with the
solvent alone.

The reference sample before UV irradiation
gives an EPR singlet signal of low intensity and is
shown in Figure 6. Its position relative to the
signal of DPPHe is at g = 2.004, and its peak-
to-peak line width is AH = 9.1 G. Prior to irra-
diation the concentration of radicals is then suf-
ficient to give an EPR signal. This observation
has been already made with other wood species.*!
Ambient light absorption brings about a photo-
degradation of lignin present at the wood sur-
face.*? This degradation produces phenoxyl radi-
cals by hydrogen abstraction or chemical bond
breaking. A stationary concentration of phenoxyl
radicals can thus be observed by EPR without
specific UV irradiation. These radicals are re-
sponsible for the yellowing of wood pulp exposed
to sunlight.*® They give the EPR initial intensity,
I,, defined in the experimental section. After ir-
radiation the intensity of this signal increases. No
change was observed concerning its shape and g
or AH values. The UV light absorption (with A
> 310 nm) increases the formation of such radi-
cals because the intensity of the UV lamp is
greater and the wavelengths are shorter than in
ambient light.

Table VI summarizes the results concerning
the EPR signal of phenoxyl radicals found for the
two wood species and the three photoinitiating
systems. Two concentrations for each photoinitia-
tor were studied. It is clear that both benzoin
derivatives (BIE and DMPA) are quite homoge-



Figure 6 A typical first-derivative EPR spectra of
phenoxyl radicals obtained for an European spruce
wood sample coated with TMPTA. This signal was re-
corded prior to UV irradiation, showing the phenoxyls
produced by the sunlight exposure and released by the
photodegradation of lignin and other polyphenolic con-
stituents. Measurement was at room temperature
(about 21°C).

neous and give parameters p and % in good agree-
ment with those for reference samples. At a high
concentration DMPA diminishes I, and I... It
would seem that DMPA absorbs a part of the UV
light and decreases the creation of phenoxyl rad-
icals due to the photodegradation of lignin. The
BP-MDEA system behaves quite differently. The
p values are several times higher than those for
benzoin derivatives. With maple, p reaches 7.3. [,
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increases with the concentration of the photoini-
tiating system. The triplet state of BP interacts
with phenolic derivatives at the wood surface and
produces ketyl and phenoxyl radicals. The growth
of p means this new source of radicals is more
productive than the photodegradation of lignin
and wood extracts. These results are relevant to
the DSC-DSP and NTA experiments. They con-
firm that phenolic derivatives react in situ with
3BP, produce ketyl and phenoxyl radicals, and as
a consequence create a new way of triplet deacti-
vation that can inhibit or retard the polymeriza-
tion of acrylates even without oxygen.

Interactions between Initiating Free Radicals
and Phenols

The above experiments have provided evidence of
the photoreduction of BP by phenolic derivatives.
However, the retardation effect observed in DSP
experiments with the BP-MDEA photoinitiating
system could be due to the interaction of phenols
with some initiating radicals. Phenolic deriva-
tives have a well-known antioxidant activity,**
and the possible interaction between these latters
and some radicals formed in the initiating step of
photopolymerization must be taken into account.
Three monophenols (phenol, 2,6-dimethoxyphe-
nol, and guaiacol) were selected for their low ab-
sorption at 355 nm in order to study through NTA
experiments their interaction with some radicals
released by the photocleavage of DMPA and the
photoreduction of BP by MDEA.

Table VI EPR Parameters for Wood Samples Coated with Photosensitive Formulations

I, (Arbitrary I, (Arbitrary kX 103

Wood Species Gain Sample? Unit)® Unit)® pP (s™hHP
Norway maple 1.25 x 10° Reference 31.2 18.5 0.69 1.03
3% DMPA 32.0 17.7 0.80 1.03

25% DMPA 15.8 11.2 0.41 0.72

3% BIE 315 18.3 0.72 1.18

15% BIE 32.8 19.0 0.72 1.35

European spruce 1.25 X 10° Reference 35.7 17.9 1.00 1.34
3% DMPA 34.5 19.0 0.82 1.50

25% DMPA 29.3 17.9 0.64 0.79

3% BIE 30.9 174 0.77 1.15

15% BIE 29.4 194 0.51 1.33

Norway maple 2.5 X 10° 3% BP-MDEA 18.6 3.6 4.1 1.06
10% BP-MDEA 44.0 5.3 7.3 1.23

European spruce 2.5 X 10° 3% BP-MDEA 17.6 3.5 4.0 0.90
10% BP-MDEA 22.1 5.6 3.0 0.96

Solvent used for impregnation is a mix of water—acetone (v/v 30-70).

2 Percentages in weight.
b See experimental section for definition of parameters.
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Interaction with Benzoyl and Benzyl Radicals

The photocleavage of DMPA produces benzoyl
and «a,a-dimethoxybenzyl radicals (Scheme I).
The latter undergoes next a fast demethylation.??
The interaction of phenols with benzoyl and «,a-
dimethoxybenzyl radicals was studied for this
section. The transient absorption decay of the lat-
ter radical was followed at 410 nm, its maximum
absorption band.***¢ The decay of the benzoyl
radical was recorded at 370 nm.*® The yield of
scavenging ®g of the transient radicals is given
by eq. (5):

1

Ps =1~ 1 % n[ArOH]

(5)

where [ArOH] is the concentration of phenol in
mol L™, k5 the rate constant between radicals
and phenols, and 7, the lifetime of radicals with-
out phenols. Under our working conditions ®g
was estimated to be less than 0.1, even with the
addition of 1 mol L' of phenol, guaiacol, or 2,6-
dimethoxyphenol. The possible quenching-rate
constant, k&, of these radicals by monophenols is
thus estimated to be less than 2 X 103 M~ 's™ 1,
regarding the lifetime 7, of the radicals (about
60 us).

Interaction with BPH e

The possible interaction of phenols with BPHe
was also studied. First >BP was quenched with a
small amount of a phenolic compound to deter-
mine the lifetime of the ketyl radical produced. A
second-order kinetic law was used to fit the
curves. After that, more phenol was added, and
the ketyl lifetime was determined again by a sec-
ond-order and a first-order kinetic. If phenols re-
act with ketyl radicals, the kinetic should gradu-
ally change from second to pseudo-first order, and
its lifetime should decrease. Figure 7 shows the
effect of the addition of 0.6 mol L' of phenol on
the ketyl transient absorption at 545 nm, com-
pared to the signal with a lower concentration of
phenol (0.017 mol L™ 1%). It can be seen that phenol
does not scavenge efficiently the ketyl radical.
With guaiacol and 2,6-dimethoxyphenol the same
conclusions were drawn. ®g for BPHe was esti-
mated to be under 0.1. The lifetime of BPHe in
the presence of about 0.5 mol L ™! of phenols is 20
ws; this gives a maximal rate constant, kp, of
ketyl radicals scavenging of 3 X 10* M1 s 1.

CONCLUSION

Phenols greatly react with carbonyl triplet of ar-
omatic ketones. A typical quenching-rate con-

Time (js)

Figure 7 Kinetic decay of the transient absorption of
the ketyl radical at 545 nm: (a) with 0.017 mol L ! of
phenol, (b) with 0.6 mol L™! of phenol. Solvent is ace-
tonitrile; measurement was at room temperature
(about 25°C).

stant value is 3 X 10° M! s71. The reaction
produces ketyl and phenoxyl radicals. Transient
absorption experiments allow us only to detect
ketyl radicals. The quantum yield of the photore-
duction has been found to be around 0.5 in aceto-
nitrile. The mechanism is unclear, but direct hy-
drogen atom abstraction can be ruled out in view
of the values of &,

No charged intermediate species has been de-
tected by nanosecond transient absorption spec-
troscopy. Therefore, on this time scale, there is no
direct evidence that could support a sequential
electron/proton transfer mechanism. The unusual
reactivity of phenol regarding its high oxidation
potential cannot be well described by eq. 4 and
cannot be thermodynamically controlled by the
electron transfer step, even though a charge
transfer is suggested by the high % values.

The EPR experiments have shown that phe-
noxyl radicals are produced in a noticeable
amount when the photopolymerization is made
with the BP-MDEA system. They confirm that
the photoreduction of BP by phenolic derivatives
occurs and open a new way of triplet deactivation.



This competitive way is inefficient for initiating
the polymerization of TMPTA, confirmed by the
decrease of AH, with the addition of phenols in
the case of the BP-MDEA system. It also explains
the retardation effect observed in the DSP exper-
iments. The study of a possible reaction between
monophenols and radicals has shown that the
reaction rate constant is under 2 X 103 M~ ! g7!
with benzyl and benzoyl radicals released by the
photocleavage of DMPA and under 3 X 10* M !
s 1 with BPHe. The DSC-DSP experiments have
shown that monophenols do not induce retarda-
tion effects, even at 0.05 mol L. It thus seems
that compounds with only one phenolic function
and few substituents do not interact strongly with
either initiating or monomeric radicals in our sys-
tems. The decrease of AH, by adding monophe-
nols is consistent with the well-known chain-
breaking activity greatly involved in the antioxi-
dant properties of phenolic derivatives.**

It is now possible to evaluate the consequences
of the photoreduction of photoinitiators by phe-
nolic derivatives inside a photosensitive formula-
tion applied on a wood surface. The influence of
phenols inside the photoinitiating step is com-
pared in Schemes IIT and IV for the direct cleav-
age of DMPA and the two-component system BP—
MDEA. M is the acrylate monomer used.

In Scheme III, k., %k;, kp, kg, and kg are,
respectively, the rate constants for the DMPA
cleavage, the initiation step, the propagation
step, and the scavenging of primary and mono-
meric radicals by the phenols ArOH. The possible
interactions of phenols with polymeric radicals
are not represented. Scheme III illustrates that
phenols can not interact with the triplet state of
DMPA due to the latter’s very short lifetime?® and
its almost instantaneous cleavage. That is why
the EPR signal of phenoxyl radicals is not signif-
icantly enhanced in photocuring formulations of
wood coatings using benzoin ether photoinitia-
tors. The low inhibition effect observed in the
DSP experiments shows that phenols do not scav-
enge primary and monomeric radicals with high

3 R—Me kp
DMPA*——b DMPA —»R- + R.* S
.

M
ArOH ArOH ArOH
kr < 2x10°M s ks

Products ArQe + R——H Products Polymerization

Scheme 3
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I k K ki
BP —Y % 'gp ————»BPHe + MDEAys — b RMe i
MDEA | M M
ArOH ArOH ArOH ArOH
ko 2 3x10° M's™ | ke < 3x10* M| Ky ks
Products Products Products Products  Polymerization
Scheme 4

rate constants. They only induce a decrease of the
crosslinking of TMPTA by their chain-breaking
activity toward polymeric radicals.

In Scheme 1V, k;, kp, and kg have the same
significance; k; and kg, are, respectively, the rate
constants for the hydrogen transfer between BP
and MDEA and the quenching of 3BP by phenols.
Two rate constants for radical scavenging are in-
dicated: kg, for the scavenging of BPHe, and £},
for the scavenging of MDEA__He. The main influ-
ence of phenols is represented by the relative
values of ky and kp. The initiating radical in
Scheme IV is MDEA__He. If phenols are present,
the creation of this radical is decreased by a factor
of m, given by eq. (6):

- k,[MDEA]
T~ k{MDEA] + k [ArOH]

(6)

The average rate constant between *BP and
the phenolic derivatives studied in this paper is 3
X 10° M~! s71. The value of & is also 3 X 10°
M~ !s 123 Taking a usual value of [MDEA] equal
to 0.1 mol L™}, n is easily calculated to be 0.5 for
[ArOH], equal to 0.1 mol L L. It is clearly very
difficult to estimate the concentration of phenolic
derivatives in the wood coating during the irradi-
ation. However, it seems reasonable that wood
species rich in phenolic constituents, such as ma-
ple or spruce, can release phenols in the coating
with a sufficient concentration to significantly in-
teract with 3BP. In addition to this primary effect,
the photoreduction of the triplet state by phenols
produces ketyl radicals that are known to be
chain terminators and to negatively influence the
propagation step.*’

In conclusion, phenols have little effect on the
polymerization of TMPTA initiated by a thermal
or a fast photocleavable initiator. On the con-
trary, the experiments seem likely to indicate
that the noticeable retardation effect obtained
with the two-component BP-MDEA system is
brought about by a competition between MDEA
and phenols to deactivate >BP. This latter reacts
greatly with phenols, but contrary to MDEA, the
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deactivation does not produce radicals able to ini-
tiate the polymerization process, hence the result-
ing decrease of crosslinking observed by DSP. It
has been shown by EPR that phenoxyl radicals
are created in situ during the irradiation of the
wood coating. This confirms that the phenolic
molecules present in wood and released inside the
coating follow the same behavior toward >BP
rather than the phenolic models studied in our
work. Further work will be done to determine pre-
cisely and to quantify the role of the chemical struc-
ture of phenols on the retardation effect. It has been
decided that some of these studies will use poly-
meric molecules such as tannins.
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