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ABSTRACT: The effects of wood phenolic compounds on
the photopolymerization of an acrylate resin were evaluated
under model conditions, in the presence of different photo-
initiating systems, based on a bisacylphosphineoxide deriv-
ative, an amine, and isopropylthioxanthone. The steady-
state photolysis of these systems and their excited-state pro-
cesses were also characterized. The kinetic scheme, derived

from these experiments, promoted discussion of the perfor-
mances attained in photopolymerization experiments. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 92: 1154-1164, 2004
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INTRODUCTION

Acrylate coatings are widely used in the field of wood
furniture protection and UV-curing of such resins rep-
resents an important industrial process."” However,
some inhibition and retardation effects are observed
and are attributed to the release of phenolic deriva-
tives (POHs) present at the wood interface and mi-
grating into the resin.*” These POHs can lead to three
effects: (1) a reaction with the initiating or polymeric
radicals as in thermal polymerization of coatings, (2)
an interaction with the photoinitiator PI excited states,
and (3) a decrease of the amount of absorbed light
attributed to the usual inner-filter effect. If the pres-
ence of POHs affects the initiation step—because of
the mechanism involved in the production of the ini-
tiating radicals—the nature of PI can play a decisive
role. For instance, it has been shown that cleavable
photoinitiators (type I PI) are less sensitive to the
presence of POHs than other usual systems based on
the photoreduction of aromatic ketones by amines
(type I PI).° In the benzophenone/N-methyldiethano-
lamine system (BP/MDEA), the POHs efficiently pho-
toreduce the benzophenone triplet state: this photore-
duction process, which competes with the MDEA in-
teraction (thereby decreasing the production of the
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initiating amino-alkyl radicals), leads to phenoxy rad-
icals, which are partly responsible for the inhibition
and retardation effects.” In addition, by use of laser
spectroscopy, it was also shown that no interaction
occurs between the phenols and the ketyl radical
(which are known to be scavengers for polymeric
radicals'). In a cleavable photoinitiator such as dime-
thoxy-phenylacetophenone (DMPA),” the homolytic
bond cleavage occurs from a very short-lived triplet
excited state that prevents any competitive reaction
with POHs. Moreover, the generated benzoyl radical
does not react with POHs.”

Among type II PIs, ITX (2-isopropyl-thioxanthone) /
amine is also widely used. Mono- and bisacylphos-
phineoxide derivatives (APODs) [among them
bis(2,4,6-trimethyl-benzoyl)-phenylphosphineoxide,
hereafter designated BAPO] belong to a new class of
type I PI that becomes increasingly important in var-
ious industrial applications, especially for pigmented
varnishes or thick film coatings.®” The APODs triplet
lifetimes are lower than 1 ns’ so that POHs should
interact only with the initiating phosphinoyl radical
formed after light absorption (photolysis quantum
yields are high: about 0.5-0.7%7).

The aims of this article were to (1) evaluate the
effects of the phenolic compounds on the photopo-
lymerization of an acrylate resin, in model condi-
tions, in the presence of different photoinitiating
systems, based on BP/MDEA, ITX/MDEA, BAPO,
and BAPO/MDEA; (2) show some synergistic ef-
fects in the combination of two photoinitiators
(BAPO and ITX with or without MDEA) toward
influencing the POHs; (3) investigate the excited
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state processes; and (4) propose a kinetic scheme to
account for the possible interactions between POHs
and the excited states.

EXPERIMENTAL

Compounds used

BP, MDEA, ITX were obtained from Fluka (Buchs,
Switzerland) and BAPO (trade name Irgacure 819)
from Ciba Specialties. The set of POHs (Fluka, Al-

drich) was selected to mimic the compounds extracted
from wood materials (Chart 1): it contains monophe-
nols either bearing carboxyl functions or not, polyphe-
nols belonging to flavonoids (including flavone itself
as a parent compound), and models of wood tannins.
Some POHs have a strong absorption band at 366 nm
(for instance, coniferylaldehyde, quercetine, or syrin-
galdehyde) and are then responsible for an important
inner-filter effect. Because the tannins directly ex-
tracted from wood samples have no well-defined mo-
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TABLE 1
Different Photoinitiating Systems Used in This Study

Weight percentages used in the

formulation
Photoinitiating systems BP ITX BAPO MDEA
BP/MDEA 2 — — 5
ITX/MDEA — 2 — 5
BAPO — — 2 —
BAPO/MDEA — — 2 5
BAPO/ITX — 2 2 —
BAPO/ITX/MDEA — 2 2 5

lecular weight, all the POHs were thus introduced at
the same weight percentage: the corresponding con-
centrations for 1% w/w ranged from 3.9 to 7.6 X 102
M according to the POHs. Photoinitiating combina-
tions are indicated in Table I.

Extinction coefficients € (in M~ ! cm ™) at 366 nm of
the different phenols in THF are®: about 0 (2,6 dime-
thoxyphenol, vanilline, gallic acid, catechine), 24 (sy-
ringaldehyde, syringic acid, synapic acid, flavone), 32
(trans-4-hydroxystilbene), 3500 (coniferaldehyde),
8100 (ellagic acid), 19,150 (morine), 27,090 (querc-
etine), and about 1000 for tannins.

According to the concentrations used, it can be eas-
ily seen that POHs having & values > 100 lead to an
optical absorption at 366 nm higher than 0.025 in a 50
wm thick film: this applies to coniferaldehyde, ellagic
acid, morine, and quercetine, which will exhibit a very
strong inner-filter effect. Under the same experimental
conditions, the optical density of BP (¢ ~ 100M '
cm 1), BAPO (¢ ~ 400M ' ecm™!), and ITX (e
~ 5000M ! em ™ !) were about 0.05, 0.1, and 0.5 respec-
tively. As a consequence, it is expected that the impor-
tance of the contribution of the inner-filter effect will
be dependent of the PI/POH combination used: for
example, the amounts of light absorbed by ITX and
coniferaldehyde are almost similar whereas, in the
case of BP and BAPO, the light is mainly absorbed by
this phenol.

Real-time photopolymerization of the coating

The photopolymerization kinetics were recorded with
a FTIR spectrometer (Nicolet, Nexus 870), running in
the rapid-scan mode with a time resolution of 0.2 s
and a spectral bandwidth of 4 cm™". The sample was
irradiated with the light emitted by a xenon lamp; the
UV light was passed through a band-pass filter cen-
tered at 366 nm and having a bandwidth of 20 nm; the
intensity after the filter was varied from 2.5 to 11 mW
cm 2 The geometry of the apparatus allowed the
recording of FTIR spectra during the UV irradiation,
which provided real-time kinetics.
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The acrylate resin (Ebecryl 605 from UCB Chemi-
cals) was chosen for its good mechanical properties,
adhesion (on polypropylene film, glass, or wood sur-
faces), and final % conversion (even at rather low
irradiation intensity).

The resin was inserted between two polypropylene
films separated by a Teflon spacer of 50 um, and the
whole system was squeezed between two round BaF,
windows that were fixed onto an aluminum cell (the
residual oxygen in the resin was thus rapidly con-
sumed and the kinetics obtained by RT-FTIR were
representative of the effect of the POHs). The cell was
horizontal to prevent any drift of the sample. The
monomer conversions as a function of time were ob-
tained by following the decrease of the absorption
band of the monomer C=C stretching modes at 1620
and 1645 cm™". The initial rate of polymerization R,
and the final % conversion ®f were thus deduced. It is
possible to define two useful normalized parameters
to quantify the effects of the POHs in the formulation.
Using the rates of polymerization of the system R,(0)
and R,(P) in the absence and in the presence of a
phenol, one can define ARP by

_ R,(0) — R,(P)

AR, =~ )

and A®/ from the final % conversion with and without
phenol by

®/(0) — V/(P)
AP = —510)

These two normalized parameters do not allow fo-
cused attention on the evolution of R, and ¢f on the
addition of POHs but offer the possibility of visualiz-
ing the effect of the POHs: the effect is even less
pronounced when AR, and A¢f are low.

Steady-state photolysis

The setup was composed of an HPK lamp (125 W,
Philips, The Netherlands) cooled by air; an interferen-
tial filter to select the 366-nm radiation; a quartz cell
(width, 1 cm); and a device to bubble-dry argon in the
solution. UV spectra of the solution were taken, on a
Beckman DU 640 spectrophotometer, at selected times
during the irradiation.

Nanosecond transient absorption spectroscopy

The 355-nm 3rd harmonic output of a Nd : YAG pulsed
laser (Powerlite from Continuum) was used as the exci-
tation beam (pulse width, 6 ns; intensity reduced to 6
mJ). The excitation light could also be tuned to 410 nm
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by using an OPO system. The light of a pulsed xenon
lamp (450 W) was used as the probe beam. The trans-
mitted light was analyzed with a monochromator and a
photomultiplier; the resulting signal was stored in a
digital oscilloscope. The whole system was under com-
puter control. Bubbling argon for at least 15 min ensured
the removal of oxygen from the solution.

RESULTS AND DISCUSSION
Film photopolymerization experiments

In this section, the overall effect of the POHs on the
polymerization reaction will be investigated. Discrim-
inating the role of the POHs requires a low light
intensity (<10 mW cm ).

Effect of POHs in three ghotoinitiating systems: BP/
MDEA, ITX/MDEA, and BAPO

Figure 1 gives some examples of the kinetics recorded in
the presence of several POHs with BAPO and ITX/
MDEA as photoinitiators. The polymerization of the ac-
rylate resin levels off at relatively low conversions. This
could be likely attributable to the gradual consumption
of the PIs, which causes the detrimental role of the inner-
filter effect of the POHs to increase as a function of the
irradiation time, thereby decreasing the rate of initiation.
In addition, the film rapidly becomes increasingly vis-
cous and the mobility of the radicals is reduced.

From all the recorded kinetics, AR, and Ad values
were obtained and are graphically displayed in Figure
2. The three PIs behave differently depending on the
nature of the POHs. BP/MDEA leads to the highest
inhibition toward nearly all the POHs. In the presence
of the ITX/MDEA and BAPO systems, the POHs gen-
erally have little effect. However, two phenols (quer-
cetine and coniferylaldehyde) remain very strong re-
tardation agents (high AR, values) because of a strong
inner-filter effect. Another interesting feature is the
strong reduction of both AR, and ACI>C§ parameters for
morine, compared to those of quercetine, in the pres-
ence of BAPO. The fact that these two flavonoids do
not exhibit the same behavior indicates that this class
of POHs induces a chemical effect inherent to their
structure in addition to the inner-filter effect. Because
different woods release different flavonoids, the na-
ture of such a chemical effect should be strongly de-
pendent on the wood substrate. The ITX/MDEA sys-
tem is more efficient than BP/MDEA in the presence
of catechine, ellagic acid, and gallic acid. Concerning
ellagic acid, the fact that ITX absorbs more strongly
than BP reduces the inner-filter effect of this POH. In
the BAPO-based system, it is worth noting that there is
a significant decrease of the magnitude of the effects
for POHs bearing a carboxyl group, such as vanilline,
syringic acid, sinapic acid, and syringaldehyde. Co-
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Figure 1 Photopolymerization kinetics in the presence of
BAPO and ITX/MDEA as photoinitiating systems and sev-
eral phenolic compounds as inhibitors.

niferylaldehyde remains an exception, certainly be-
cause of its pronounced inner-filter effect (but a chem-
ical reason cannot be ruled out). Very interestingly,
the use of ITX/MDEA and BAPO-based systems pro-
motes some improvements of the photopolymeriza-
tion efficiency in a complementary manner: this is
indicated by the striped bars in the histograms of
Figure 2 for the parameter AR,; thus it may be inter-
esting to combine these two systems into a three-
component system, BAPO/ITX/MDEA.

BAPO and ITX/MDEA-based multicomponent
systems

Four systems were studied: BAPO as the reference,
BAPO/ITX, BAPO/MDEA, and BAPO/ITX/MDEA,
in the presence of vanilline, quercetine, ellagic acid,
and two tannins, European oak (Quercus Robur) and
eastern white pine (Pinus Strobus) tannins. Rates of
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Figure 2 Comparison of AR, and A®f (see text) for BP/MDEA (I, = 2.5 mW cm ™ ?), ITX/MDEA (I, = 5.5 mW cm ™ ?), and
BAPO (I, = 2.5 mW cm ™ ?), in the presence of phenolic derivatives (n.d., not determined). The effect of the POHs on the rate
of polymerization and the final % conversion are even less pronounced when AR, and A®/ are low.

polymerization R, and final % conversion @ are dis-
played in Figure 3 for vanilline and quercetine. When
no phenol is introduced, these photoinitiating systems
lead to different R, values (in the BAPO and BAPO/
MDEA systems, the latter is almost twice as fast as the
former) but the differences in @ are smoothed. The
same conclusion can be drawn for BAPO/ITX and
BAPO/ITX/MDEA (striped bars in Fig. 3 help make
the comparison). Consequently, MDEA in the pres-
ence of BAPO certainly generates initiating radicals.
When POHs are added, the behavior difference be-
tween vanilline and quercetine is mostly attributed to
the inner-filter effect, as supported by the consider-
ations developed in the experimental section.

Figure 4 compares the role of ellagic acid and model
tannins. For ellagic acid, BAPO/ITX/MDEA proved
again to be the most efficient system (R, values). This
is less the case with wood tannins: the data for the oak
tannin are similar to those obtained with vanilline,
whereas for the pine tannin, BAPO/MDEA appears
almost as efficient as BAPO/ITX/MDEA.

These data clearly show that the effect of the
POHs is different when the photoinitiating system is
changed, which means that, in addition to the inner-
filter effect and the possible chemical effect usually
observed in thermal polymerization reactions
(which mostly affects the propagation step), strong
interactions between the excited states and the
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Figure 3 Effects of selected phenols on R, and @ in the case of various photoinitiating systems (R, values are expressed in
M s~ ). Note that the R, scales are not the same for the three POHs.

POHs must be expected to have an influence in the
studied systems.

Photochemical and photophysical study of BAPO-
based systems

Steady-state UV-photolysis of BAPO in the presence
of POHs and amine in acetonitrile

Photolysis of BAPO is known” to occur according to
Scheme 1 and a strong bleaching in the BAPO absorp-
tion band is observed,” as expected upon light irradi-
ation. In the presence of MDEA, the same bleaching
occurs, but a growing absorption appears around 350
nm, attributed to the formation of a photoproduct that
should not exert any detrimental effect on the colora-
tion of the final coating.

The photolysis of BAPO was also studied in the pres-
ence of several POHs in deoxygenated solutions (Fig. 5):
coniferylaldehyde exhibits the same behavior as that of

vanilline, whereas with 2,6-dimethoxyphenol, the pho-
tolysis is faster (the latter has two ortho substituents, in
contrast to the other POHs presented in Fig. 5, which
might contribute to form some specific intramolecular
hydrogen bonds that could reduce the bond dissociation
energy of the phenolic bond and improve the photoly-
sis). In the UV spectra of the solutions recorded at the
end of the photolysis, there was almost no further con-
tribution of BAPO because it completely disappeared in
the time window used in our experimental conditions
(the light intensity was ~ 1 mW cm™?). As stated above,
the inner-filter effect of the POHs becomes increasingly
important as the Pls are being consumed.

Excited-state interactions

Quenching by phenolic compounds. Because of the ab-
sorption of most of the POHs at the laser excitation
wavelength, only usual uncolored phenols can be
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used in this section. Figure 6(a) shows the transient = quenching is observed: a limit value for the quenching
absorption kinetics at 340 nm after laser excitation of ~ rate constant is estimated to log k5 < 4.5 (the quench-
BAPO in the presence of 2,6-dimethoxyphenol. No  ing rate constant between a phosphinoyl radical and a
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Figure 5 Photolysis of BAPO at 366 nm, in the presence of four phenolic derivatives in deoxygenated acetonitrile solutions.

thiophenol was measured” as kpngyy = 2.3 X 10° M~ solute.'” If BAPO is used in a formulation containing
sfl); if it occurs, a reasonable reaction might be a monomers that are able to form such hydrogen bonds
hydrogen abstraction; however, wood phenolic ex-  with POHs, the quenching of the phosphinoyl radical
tractives also contain compounds such as flavonoids = might be more efficient.

and ellagitannins, which have well-known antioxidant  Interaction with MDEA. Figure 6(b) shows the quench-
properties. These properties strongly depend on the  ing of the phosphinoyl radical by MDEA (log k, = 7.2;
surrounding medium, and more specifically on the  this value shows that the amine quenching is compet-
ability of the solvent to make hydrogen bonds with the  itive with the monomer quenching (almost similar rate
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Figure 6 (a) Interaction between the phosphinoyl radical of BAPO and 2,6-dimethoxyphenol (kinetics are recorded at 340
nm). (b) Quenching of the phosphinoyl radical of BAPO by MDEA in acetonitrile (kinetics are recorded at 340 nm).
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Figure 7 Quenching of the triplet state of ITX by BAPO in acetonitrile.

constants for both processes). A residual absorption in
a very long time scale (above the ms time range)
appears, which could be attributed to a compound
resulting from the H-abstraction on the «C—H bond
of the amine. An amino-alkyl radical is concomitantly
generated that leads to an efficient initiation of the
polymerization reaction.

Enerqy transfer between the ITX triplet state and BAPO in
acetonitrile. The sensitization of APODs by ITX was
already evidenced by CIDEP experiments chemically
induced dynamic electron spin polymerization)."' Fig-
ure 7 shows the decrease of the ITX triplet absorption,
after laser excitation at 410 nm, upon addition of in-
creasing amounts of BAPO (because BAPO also ab-
sorbs at 410 nm, an inner-filter effect is observed on
the kinetics; i.e., the transient absorption intensity of
’ITX decreases at time zero). It was not possible to
record the transient absorption of the phosphinoyl
radical attributed to an important absorption of BAPO
at the corresponding wavelengths. A high quenching
rate constant was deduced from the Stern—Volmer
plot: k, = 4.5 X 10° M~ s '. The reaction cannot be a
direct hydrogen atom transfer because the ketyl radi-
cal of ITX was not observed. Using thermodynamic
experimental data for ITX and BAPO reported in Ta-
ble II, the free energy change can be calculated when
the ITX triplet state acts as an electron acceptor or an
electron donor. For ITX as an acceptor, AG,, > +0.88
eV, and for ’ITX as a donor, AG,, is around 0.3 eV;
photoinduced electron transfer is thus not favorable
(moreover, the ketyl anion of ITX was not detected).
By contrast, the energy transfer should be exergonic
by 0.2/0.3 eV (values calculated from data'? collected
in Table II).

Kinetic scheme for the excited-state interactions

A mechanistic scheme for the excited state processes
involved in the photoinitiation step is proposed in
Scheme 2 (where AH and ¢OH stand for MDEA and
the phenolic compounds, respectively). The following
discussion will be essentially focused on the behavior
of the excited states of the different photoinitiating
systems (BAPO, ITX/BAPO, BAPO/MDEA, ITX/
MDEA, BAPO/ITX, and BAPO/ITX/MDEA) and the
POHs are thus considered as quenchers or radical
scavengers. It is clear that this discussion by itself
offers an explanation of the efficiency of the photopo-
lymerization reaction in the presence of POHs for
which no inner-filter effect is operative: this holds true
for 2,6-dimethoxyphenol, vanilline, gallic acid, cat-
echine, syringaldehyde, syringic acid, synapic acid,
flavone, and trans-4-hydroxystilbene.

In the case of coniferaldehyde, ellagic acid, morine,
and quercetine, the practical efficiency observed in
photocuring experiments is obviously dependent on
the excited state processes (same discussion as men-
tioned above) but also considerably affected by the

TABLE 1I
Thermodynamic Properties of BAPO
and ITX in Acetonitrile

Eps, (V/sce) EpS (V/sce) Er (eV)
BAPO >2 -1.57 2.46%
ITX 1.54 -1.63 2.64°/2.75¢

a From Dietliker.”
b From Schnabel.?
¢ This work.
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trivial inner-filter effect, which reduces the amount of
light absorbed. In our opinion, it is difficult to com-
pletely quantify the role of this effect associated with
each POH/PI combination. As mentioned earlier, it is
clear that the negative role of the four above-listed
POHs (1) increases with their extinction coefficients,
(2) is even more important when the PIs have a low &
value (e.g., with BP or BAPO compared to ITX), and
(3) is minimized when using ITX-based photoinitiat-
ing systems. These statements can presumably explain
in large (if not a major) part the role of these four
POHs.

When BAPO is used alone, the excited singlet state
of BAPO is formed by light absorption. Then, as al-
ready observed in other APODs, a very fast intersys-
tem crossing process to the triplet state occurs (on the
picosecond time scale) and is followed by a fast cleav-
age process (within <1 ns) and the production of the
phosphinoyl Ar,PO and benzoyl ArCO radicals.”'**°
Upon addition of POHs, reactions can occur either
with '"BAPO*/°BAPO* (rate constant k, or k}) or with
the phosphinoyl or the benzoyl radicals (rate constants
are k, and kj, respectively). Because of the short life-
times of 'BAPO* and *BAPO*, however, this quench-
ing process should not affect the radical production.
Although nothing can be experimentally observed, a
detrimental scavenging of the initiating phosphinoyl
radical by POHs cannot be ruled out.

In the ITX/BAPO system, the light can also be ab-
sorbed by ITX, although ITX alone does not initiate the
polymerization of Ebecryl 605. The efficiency increases
when going from BAPO to ITX/BAPO and likely orig-
inates from two effects: the superimposition of BAPO
and the ITX absorptions at 366 nm, so that a higher
quantity of photons is absorbed by the formulation
and the energy-transfer process between °ITX and
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BAPO (rate constant k), which generates the BAPO
triplet state and then the benzoyl and phosphinoyl
radicals. Such a sensitization of APODs by ITX in the
polymerization of an acrylate monomer was also pre-
viously reported."! When phenols are present, this
pathway will be in competition with the photoreduc-
tion of *ITX by POHs (the rate constants values kg
depend on the structure of the phenols but typically
they range from 10° to 10"° M~ ' s™ ).

When adding MDEA to the formulations, other pos-
sibilities of interaction can exist. In the case of BAPO/
MDEA, MDEA can quench the excited states of BAPO
and scavenge the benzoyl (rate constant k3) and the
phosphinoyl (rate constant k;) radicals. Significantly
competitive interactions with the excited singlet and
triplet states are ruled out because of the other very
fast processes involved in these excited states. An
efficient reaction is the hydrogen transfer between the
phosphinoyl radical of BAPO and MDEA (rate con-
stant k3), which leads to an amino-alkyl radical, less
sensitive to fragmentation and recombination pro-
cesses (as those evidenced for the phosphinoyl radical
itself'®'): this contributes to opening a new route for
the initiation step.

In the BAPO/ITX/MDEA photoinitiating system,
the usual photoreduction reaction of *ITX by MDEA
(rate constant ks)—which still produces the same ini-
tiating amino-alkyl radical—must be added to all the
others. This reaction can efficiently compete (accord-
ing to the concentrations used and the relative values
of the rate constants) with the BAPO/ITX energy-
transfer process and the POHs/ITX interaction.

CONCLUSIONS

This study provides evidence for the inhibition/retar-
dation effects of phenolic compounds on a radical
polymerization reaction and allows us to understand
how a photoinitiating system works in the presence of
these POHs. The better performance, observed in the
presence of the three-component system (when no
POH is added) in photopolymerization experiments—
compared to any other two-component systems—re-
sults from the presence of two photoinitiating systems
(BAPO/MDEA and ITX/MDEA /BAPO) that work in
parallel. More incident photons are thus absorbed; in
addition to the classical initiation routes observed
with BAPO and ITX/MDEA, two additional initiation
pathways occur through BAPO/MDEA and BAPO/
ITX interactions. The particular behavior for each of
them toward the inhibiting effect of the phenols is
obviously dependent on the chemical formula and the
physicochemical properties of the POHs (bond disso-
ciation energy of the phenolic O—H bond, oxidation
potential, etc.) and explains the results obtained in the
model working conditions defined in this study
(monochromatic 366-nm light, low light intensity, and
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inert atmosphere). It would be helpful now to inves-
tigate the role of the polymerizable matrix (and to use
a mixture of monomers and oligomers) in practical
UV-curing conditions (polychromatic UV and visible
light, high light intensity, under air), which was not
considered here. The effect of the chemical structure of
the amine deserves to be studied in further detail. The
design of other efficient visible photosensitive systems
is obviously of interest. Further investigations are now
in progress in these directions.

This work was supported by Agencie de 'Environnement et
de la Maitrise de I'Energie (ADEME) (under contracts
0001053 and 0101057).
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