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ABSTRACT: A large series of silanes are proposed as new co-initiators for radical photopolymerization. Silanes

in the presence of benzophenone, isopropylthioxanthone, camphorquinone, or dyes (Eosin) are found highly reactive
and, in many cases, even better than a reference amine co-initiator (ethyl dimethylaminobenzoate (EDB)). The
ability of the silanes to initiate the polymerization process under air is excellent (better than with amines), and
the inhibiting effect is reduced or eliminated. An enhancement of the polymerizationRatesler air is even
sometimes noted. For example, using isopropylthioxanthone/tris(trimethylsilyl)sRariecreases by a 2-fold

factor when going from a laminate to an aerated medium. The hardness and the hydrophobic properties of the
coatings have also been evaluated. The reaction mechanisms are discussed on the basis of laser flash photolysis
experiments. Specific reaction pathways explain the unusual behavior under air.

Introduction Scheme 1

Different varieties of radicals are now clearly recognized as P! 3p Rs R-M*
powerful polymerization initiating agents. This is for example o Jo [O
the case of the benzoyl, phosphinoyl, or aminoalkyl radicals 2 2 2
generated from type | cleavable photoinitiators Pl (benzoin
ethers, bis(acylphosphine oxide)s, hydroxyalkylphenyl ketones, RO, RMOs

etc.) and type Il photoinitiating systems based on a hydrogen

transfer reaction between a photoinitiator Pl (e.g., benzophenonepolymerizationt? The lack of data has clearly limited the
etc.) and a co-initiator col (such as an amit)The search  development of these systeAdDuring the course of our recent
for new radicals having enhanced or specific properties presentsyorks on the experimental and theoretical studies on the
an outstanding interest. reactivity of silyl radicals, we have demonstrated that (i)
A strong drawback for the radical polymerization reaction is carefully selected species were highly efficient for the addition
the well-known inhibition by oxygen (Scheme 1): both the to monomer double bonds and (ii) the role of a particular silane
initiating and propagating radicals are scavenged pyr@ yield (tris(trimethylsilyl)silane (TTMSS)) briefly mentioned as a co-
peroxyl radicals through a peroxylation reaction. These latter initiator in a polymerization carried out under air was promis-
species-which are not reactive toward the monomer double- ing.14
bond opening-cannot initiate or participate in any polymeri- The aim of the present paper corresponds to (i) an assessment
zation reactions, thereby leading to the observed inhib#ién.  of the photoinitiation ability of a large series of new silane
As the UV-curing of acrylate resins is usually carried out in  structures (Scheme 2) in type Il photoinitiating systems based
the presence of air, this has always been a key issue. Overcomgn benzophenone (BP), isopropylthioxanthone (ITX), cam-
ing this unwanted reaction has turned into a major challenge. phorquinone (CQ), and Eosin (EQ), (i) the investigation of the
Up to now, different strategies have been adopted: (i) the usesilane efficiency under air, (iii) a comparison of the silanes with
of laminated conditions for the photopolymerization process; another largely used co-initiator (ethyl dimethylaminobenzoate
(i) the use of inert atmosphere (nitrogen, argon, carbon (EDB))! and (iv) a discussion of the corresponding reactivity
dioxide)#~8 (iii) the addition of amines which are assumed to pased on the observation of the radicals by the laser flash
readily undergo a chain peroxidation reaction leading to a strong photolysis LFP technique.
0, consumptior?, (iv) the conversion of @to its excited singlet
state 10, that can be scavenged by an adequate compoundExperimental Section and Methodology
(for example, an isobenzofuran derivatiV)yv) the increase

R o R (i) Silanes and Photoinitiators. The silanes shown in Scheme
of the intrinsic reactivity of the photoinitiating system (polym-

2—triethylsilane (a), dimethylphenylsilane i), diphenylsilane

erization with higher light intensity or higher photoinitiator
concentration)811 All these approaches have clearly draw-
backs and limitations for practical or industrial applications.
The development of radical photoinitiating systems less
sensitive to @remains a fascinating problem. Up to now, silyl

radicals have not received a strong interest in photopolymeri-

zation reactions. This is mainly ascribed to their unknown or
supposed inefficient reactivity in the initiation step of the radical
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(10, triphenylsilane 1d), tris(trimethylsilyl)silane 1€), N,N-diethyl-
1,1-dimethylsilylamine 1f), 1,1,3,3-tetramethyldisilazaneld),
N,N ,N"-tri-tert-butylsilanetriamine Xh), pentamethyldisilanel(),
1,1,3,3,5,5 hexamethyltrisiloxangj), poly(dimethylsiloxane) hy-
dride terminated Xk with M, = 580), poly(dimethylsiloxane)
hydride terminatedl( with M, =17 500), diisopropyl(3,3,4,4,5,5,6,6,6-
nonafluorohexyl)silanelm), N,N-di(trimethylsilyl)methylamine
(1n), tetrakis(dimethylamido)silané.@), chlorodiphenylsilanel(p),
2,4,6,8 tetramethylcyclotetrasiloxankq], tris(trimethylsilyloxy)-
silane (r), tris(dimethylsilyloxy)phenylsilane 1), 1,4-bis(dim-
ethylsilyl)benzene 4t), and octadecylsilanel()—were obtained
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from Aldrich. The compound$n and 1o do not correspond to co- reaction and were calculated from the maximum of the first
initiators bearing Si-H bonds (silyl radicals cannot be generated). derivative of the conversion vs time curves. This corresponds to
Nevertheless, these structures were added t@dtigate the effect  the early time of the polymerization (the maximum polymerization
of the silicon atom substituent in the amine co-initiator reaityi rate is obtained from conversion between 0 and 10%). Accordingly,
Benzophenone (BP), isopropylthioxanthone (ITX), camphorguinone the monomer concentration is taken as the initial bulk concentration
(CQ), and Eosin (EO) were used as photoinitiators (Aldrich). [M]o.

Ethyldiethylaminobenzoate (EDB; Esacure EDB from Lamberti) (iii) Laser Flash Photolysis Experiments.Nanosecond laser
was chosen as a reference amine co-initiator. flash photolysis (LFP) experiments were carried out using a
(i) Photopolymerization Experiments. For film polymerization Q-switched nanosecond Nd/YAG laség, = 355 nm, 9 ns hwhm
experiments, a given Pl was dissolved into HDDA (1,6-hexanediol pulses; energy reduced down to 10 mJ, from Powerlite 9010
diacrylate from Cytec Brussels) or a bulk oligomer/monomer Continuum) and an analyzing system consisting of a pulsed xenon
formulation based on 75/25 w/w epoxyacrylate/tripropylene glycol lamp, a monochromator, a fast photomultiplier, and a transient

diacrylate (Ebecryl 605 from Cytec). In order to get a good digitizerl”

reproducibility of the experiments, thin samples with low Pl optical The hydrogen abstraction rate constants wBuO were
densities were used. These experimental conditions allow a gooddetermined by a classical Sterifolmer treatment using the rising
dissipation of the heat produced during the polymerization reaction time of the Si (or C in the case ofln and 10) species for the

and avoid any internal filter effect8.The laminated films (2xm different silane concentrations. The interaction rate consé&@Rs
thick) deposited on a BaFpellet were irradiated with the poly-  (or3ITX)/silane are determined by a StetWolmer treatment from
chromatic light of a Xe-Hg lamp (Hamamatsu, L8252, 150 W). the triplet state lifetimes observed at 525 nm (or 600 nm). The
For the visible light polymerization experiments, a xenon lamp ketyl radical quantum yield®y.) in the case of benzophenone was
(Hamamatsu L8253, 150 W) was used (a filter was added in order determined by a classical procedure using the absorption coefficients
to select an irradiation with > 400 nm). These experiments were  of both the triplet state and the ketyl radié&il® For ITX, ®x.

carried out both in laminated and under air conditions. was determined with respect to the system ITX/triethylamibg, (
The evolution of the double bond content was continuously = 1) since the absorption coefficient for the ketyl radical is
followed by real time FTIR spectroscopy (Nexus 870, Nicolet}. unknown. For this compound, the ketyl radical was readily observed

TheR, quantities refer to the maximum rates of the polymerization at 480 nm.
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(iv) ESR Spin Trapping Experiments. ESR spin trapping

Magnettech). This technique is now recognized as particularly
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Table 1. Polymerization Rates of Ebecryl 605 Using a

experiments were carried out on a X-band spectrometer (MS 200 Benzophenone/Silane Type Il Photoinitiating System (1%/1%, w/w)
Irradiated under the Xenon—Hg Lamp

powerful for an identification of the radical center (Si, N, or C in laminated
the present case). The radicals generaté8Ricol are trapped by conditions under air
phenylN-tertbutylnitrone (PBN). N
(v) Final Polymer Properties. The hardness of the cured film  .qinitiator Fi"’%gi Fi“’%'g! ngs;d@ Co?éicé:ggle
was evaluated on 1Qom thick UV cured films coated onto a glass S
plate by monitoring the damping of the oscillations of a pendulum EaDB 22(61 97) g gﬁof’g 300 56
(Persoz hardness, elcometer 3030), which is directly related to the b 227 (0.78) 23'9{_50;0)
softness of the sample. _ 1c 336(1.72) 32.1445%) 312 53
Contact angle measuremefitéwvater/polymer) were also carried 1d 22 (0.74) 18.2 €17%)
out for a characterization of the hydrophobic character of the le 30.5(1.41) 35.1{15%) 320
polymer surface (Digidrop-GBX Scientific Instruments). As previ- 1f 31 (1.46) 28.1{9%) 337
ously, 100um thick UV-cured films coated onto a glass plate were 19 42 (2.7) 27.1¢35%) 340
used, and the contact angle value corresponds to an average of three 1h 40.7 (2.52)  28.5(29%)
experiments (the change @& was lower than 3% for all the I 33 (1.66) 34.344%)
experiments). 1 42.1(2.7)  32.1423%) 316 52
1k 39.2(2.34) 33.8¢13%)
. . 1 33.8(1.74) 37.2410% 323 78
Results and Discussion m 324 21.6)) 32.8&%)) 313 52
1. Silanes as Efficient Co-initiators under UV or Visible 1n 46.0(3.22)  35.2{23%) 323 59
Light Irradiations . Assuming that the termination of the io ig'g g%g ggiﬁggﬁg gﬁ gi
polymerization occurs through a bimolecular process, the rate 13 47.1(3.38)  31.7432%) 275 a1
of polymerizationR, is expressed by eq 1 (this is usually ir 34.1(1.77) 27.4419%) 285 56
considered as true in film photopolymerization experimerfjs its gé-g g-gig gi-ggoo/"?) ggg gg
wherek; is the propagation rate constaktthe termination rate u 357 (195)  26.9424%) Son o4

constant, andr the initiation rate as defined in eq 2. In this
expressionlapsis the amount of light absorbed apdrepresents
the initiation quantum yield that corresponds to the number of
starting polymer chains per photon absorbed. The relative
initiation efficiency¢re of a given photoinitiating system Pl is
expressed with respect to that of a reference PIr (eq 3).

2 are given in parentheseésThe R, decrease or increase from
laminated to aerated conditions are given in parenthé$&srsoz hardness
of the tack-free film.

Table 2. Polymerization Rates of Ebecryl 605 Using an
Isopropylthioxanthone/Silane Type Il Photoinitiating System
(1%/1%, w/w) Irradiated under the Xenon—Hg Lamp

R\1/2 laminated
=k(—] [M] (1) conditions under air
R =klk
! o Rplgl\g &J RJE-I\(;I 31 hard- con;acé angle
Ri _ ¢i|abs (2) co-initiator X X ness (s) (), deg
EDB 375 29.2 £22%) 320 54
la 16.4 (0.17)  21.7 (32%)
(P 1b 18.1(0.24)  19.6 (8%)
bre = 4(PIN ) 1c 12.6(0.11)  16.4 (30%) 356 56
i 1d 19.9(0.28)  15.2€23%) 306
le 13.4(0.13)  28.3(113%) 343 56
Taking into account that all rates of polymerization should be 1f 30.8(0.67) 37.8 (22%) 340 69
corrected for the amount of energy absorbed by each sample, 19 38.7(1.06) 33.5{13%) 340 60
. ; : 1h 31.5(0.71)  25.0420%) 285
¢reris calculated from the conversion curves according to eq 4, 1i 158(018) 213 (34%)
whereR,(PI) andRp(PIr) are the rates of polymerization in thg . 1] 13.3(0.12)  14.4 (10%) 350 53
presence of the photoinitiator (PI) and the reference photoini- 1k 18.6 (0.24)  17.3€6%) d 91
tiator (PIr), respectivelylandPl) andlapdPIr) are the amounts 1 215(033) 221 (3%3 d 88
of energy absorbed by Pl and PIr. EDB is used as a reference. 1M 19.7(0.28)  16.2{17%) 349
In our experimental conditions, only the photoinitiator absorbs 1n 26.6(2.27)  34.5¢39%) 38
I expenr » Only the phot . 10 59.7 (2.53)  35.7440%) 347
the light delivered by the lamp: an identichl,s value is 1p 12.0(0.1)  13.5(12%) 340 60
considered for both the PI/EDB and Pl/silane systems. There-  1q 27(0.52) 22.1¢18%) d 101
fore, the square of th, ratio gives a direct accessdgy. Under i 223(0.35)  152(31%) 357 59
. . . A 1s 21(0.31) 22.7 (8%) 358 58
this approach, a direct comparison of the initiation abilities of 1t 17.7(022) 14.5{18%) 335 57
the silanes with the reference amine can be obtained. 1u 7.8(0.04)  6.1421%) 263 89
PH\21_, (PIr) a3 are given in parentheseésThe R, decrease or increase from
— RP abS( (4) laminated to aerated conditions are given in parenthé$&rsoz hardness
rel Rp(PIr) LpdP1) of the tack-free filmd Slippery surface: the Persoz hardness cannot be

determined.

The polymerization rates of a viscous monomer (Ebecryl 605)
as well as the relative initiation quantum yieldse for the table to another as the experimental conditioparticularly the
different Pl/silane combinations are gathered in Tabled.1 light source (Xe lamp vs XeHg lamp) and the light intensity
The polymerization rates are given both in laminated and under are changed. However, the EDB efficiency in the presence of
air conditions: theR, changes expressed in percentage are alsoBP, ITX, and CQ can be evaluated taking into account the
indicated to outline the oxygen effect on the radical polymer- energy absorbed so that normalized data become accessible.
ization reaction. Under the present irradiation conditions, the relative amounts

The reported results cannot be directly compared from one
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Table 3. Polymerization Rates of Ebecryl 605 Using a
Camphorquinone/Silane Type Il Photoinitiating System (1%/1%,
w/w) Irradiated under the Xenon Lamp

laminated
conditions under air
co-initiator Ry/[Mo] x 100* Ry/[Mg] x 100° hardness (8)

EDB 19.9 17.9 £10%) 290
1b 14.8 (0.53) 17.719%)
1d 14.8 (0.53) 13.7€7%)
le 35.8 (3.23) 33.5{6%) 320
1f 25.1 (1.59) 20.5(18%) 338
1g 16.3 (0.67) 15.5€5%)
1h 28.8 (2.09) 16.841%)
1 15.5 (0.61) 13.4{13%)
1k 15.0 (0.57) 13.3€11%) 347

2 ¢ are given in parenthesesThe R, decrease or increase from
laminated to aerated conditions are given in parenthé$&rsoz hardness
of the tack-free film.

Table 4. Polymerization Rates of Ebecryl 605 Using an Eosin/silane
Type Il Photoinitiating System (0.1%/1%, w/w) Irradiated under
the Xenon Lamp in Aerated Conditions

co-initiator Ry/[Mq] x 100 co-initiator Ry/[Mg] x 100
EDB 0.47 1g 0.24
lc 0.24 1j 0.9
1f 1.0 1t 0.36

of absorbed energhsare 1, 2.5, and 0.05 for BP, ITX, and
CQ, respectively. The relativig, obtained in the presence of
the different Pl can be calculated using eqs 1 and 2.

The two significant points are (i) the general high reactivity
of the silanes compared to EDB (the different Pl/silanes can
clearly be considered as new efficient co-initiators) and (ii) the
high efficiency under air. These results will be now discussed
for the different Pls.

(i) BP/Silanes.When using BP (Table 1) in laminated and
under air conditions, onlytb and 1d are characterized by an
efficiency lower than with EDB (Table 1, Figure 1). The best
values are obtained withg, 1h, 1j, 1k, 1p, 1g, and1swhere
the R, increase is higher than 60% compared to EDB. Sily-
lamines {Ln, 10) also exhibit an enhanced reactivity demonstrat-
ing the interest of the presence of a silicon atom onto the amines;
however, in aerated conditions, a strong inhibition is noted with
a drop ofR, about 40%.

Interestingly, silanes are not found so drastically affected by
O,. For EDB, theR, decreases by about 20% under air compared
to laminated conditions. Compoundlb, 1c, 1e 1i, 1k, 1I, 1m,
1p, and1t exhibit an oxygen sensitivity lower than the reference
amine. In some casesl, 1e 1i, and1l), an enhanced reactivity
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Figure 1. Conversion vs time curves for the photopolymerization of
Ebecryl 605. photoinitiating system: BP/co-initiator 1%/1% w/w EDB
(diamond); 1c (square); 1s (down triangle; 1t (up triangle); 1u

(circle): (A) laminated conditions and (B) under air. (C) Photoinitiating

is even observed. Some silanes are not really inhibited. For thesystem: ITX/co-initiator 1%/1% wiw EDB (square) ane (circle):
others, a decrease of the polymerization rates is observed undefaminated conditions (full symbol); under air (open symbol).

oxygen albeit this inhibition remains modest; i.e., odly is
found noticeably less efficient than the reference amine under
air.

(i) ITX/Silanes. A less interesting relative behavior of the
silanes with respect to EDB is noted when BP is changed for
ITX (Table 2). In laminated or under air conditions, orilg,
1n, loand1f, 1g, 1n, 1o are better than EDB (Table 2). From
a general point of view, the compounds that are efficient with
BP are also found efficient with ITX. When using EDB under
air, the same decreaseRf (about 20% as for BP) is observed
(Table 2). Silanes exhibiting a weak oxygen inhibition in the
presence of BP are also very efficient with ITX 1c, 1e 1i,
1k, 11, Im, 1p). Some other oned 4 1f, 1j, 1) appear as more
efficient under @ when using ITX. Forla, 1c, 1e 1f, 1i, and
1p, a significant positive effect of oxygen is noted.

(iii) Visible Light Systems: CQ/Silanes and EO/Silanes.
The efficiency of some selected silanes has been checked to
demonstrate the interest of the new proposed co-initiators for
polymerization under visible light using a ketone (CQ) or a dye
(EO) as a photoinitiator (Tables 3 and 4). For CQ, the silanes
le 1f, and1h are more efficient than EDB in both laminated
or aerated conditions. For EO, compourddisndlj are found
2 times more reactive than EDB under air. These results show
that silanes are also interesting for visible light induced
polymerization in aerated conditions.

(iv) Final Polymer Properties. From a qualitative point of
view, the silanes used here lead to tack free coatings unger O
For a more refined analysis, the hardness and the contact angles
(water/polymer) were used to characterize the final polymer
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Table 5. Polymerization Rates of HDDA Using 0.044
Isopropylthioxanthone/Silane (1%/1%, w/w) Photoinitiating System ]
Irradiated under the Xenon—Hg Lamp in Laminates 003
relativeR, in relativeR, in o g
co-initiator Ry/[Mq] x 100" HDDA Ebecryl 605
EDB 12.2 1 1 0.21 4
1b 5.1 0.41 0.48
1d 5.6 0.46 0.53
le 5.8 0.48 0.35
1f 14.6 1.2 0.82 0.14- 20
19 6.5 0.53 1.03
1h 10.1 0.83 0.84 (]
1i 5.4 0.44 0.42 3
1k 6.2 0.50 0.50 0074
aThe light intensity is 4 times lower than in the experiments carried out
in Table 2.

properties of the coating formed in aerated conditions. Results 0.Uu~0

are shown in Tables-14. Time (15)

With silanes, higher surface hardnesses than those obtainec
with EDB are measured (with an average increase-af%)).

The highest values obtained for T2, ITX/1r, and ITX/s
(356, 357, and 358 s) are promising for an improvement of the
surface properties for practical applications.

Regarding the contact angles, the silanes do not drastically
change the surface character properties (typical values betweet
52° and 60). For EDB, a value of 54-56° is usually obtained. g
However, interestingly, the siloxane derivativék,(1l, 1q) lead <
to a strong hydrophobic character (values betweeh &%l ]
102°). This can be ascribed to the polydimethylsiloxane PDMS 0.02.
units (already known for their hydrophobic properifsncor-
porated in the polymer surface. Compoutjcioes not lead to
high values thereby demonstrating the role of the siloxane chain
length. The behaior of the siloxane compounds used in the Time( us)

pPOto.lmtlatmg .SYStek:‘.“ rl]shhghlyhmltfresn?g for practical ap- Figure 2. (A) Interaction of*BP with 1d; kinetic trace at 525 nm for
plications requiring high hydrophobic surtaces. [1d] = 0 and 0.08 M, respectively. Inset: silyl radical formation for
(v) Viscosity Effect. In order to check the effect of the  [1d] = 0.025 M at 330 nm obtained in theBuOv/1d system in di-
formulation viscosity, the photopolymerization of HDDA in the tegjbultw pgg%XIde- f(B) Egtermlnatlorr]l clbéddfolr 1d: decay of the Sll[yl\l/lA]
i ; i radical at nm for different methyl acrylate concentrations
presence of selected ITX_/s_|Iane couples was carried out in (0, 0.0004. 0.002, and 0.0028 M),
laminate (Table 5). The efficiency order of the different silanes

0.08+

0.064

0.044

is almost the same in HDDA and Ebecryl 605, exceptfbr Scheme 3

and lg | | | R,SH | R1\
2. (Photo)chemical Mechanisms Associated with the Si- | 0-0 | 2 | o | OH + R2—Si

lanes Reactivity.Some LFP experiments were carried out for R3

a better understanding of the properties of these new co-initiators
(Figure 2). The experiments were restricted to carefully selected

samples exhibiting either a good or a bad performance in _\R'
photopolymerization. A complete study of silyl radicals reactiv- R1
ity is beyond the scope of the present paper. More detailed and R2—5i—
highly useful investigations are given in ref 13. RY HCL

(i) Hydrogen Abstraction Reaction. The silyl radicals were R
generated from an hydrogen transfer reaction betwteen
butoxyl radical and the silane. The solvent used iged- constantkaqs For 1d, the silyl radical strongly absorbs in the
butylperoxide/benzene (50%/50%). Basically, the reaction con- UV range;kauqis therefore determined from the decay time of
sists of two consecutive steps as already prop&s@éThe first this species.
step is the generation of trt-butoxyl radical through the A second way for the silyl radicals formation consists in the

photochemical decomposition of thft-butyl peroxide; the interaction between the ketone (BP or ITX) triplet state and
second step corresponds to aBihydrogen abstraction reaction  the silane (solvent: benzene). The interaction rate constants were
from the silane (except fatn, 10 where ao. C—H abstraction ~ determined through the observation of the triplet state at 525
occurs), respectively, which generate the expected radical. Theand 600 nm for BP and ITX, respectively.

hydrogen abstraction rate constants wiBuO® were determined The hydrogen abstraction rate constants betweertetie

by a classical SterrVolmer treatment using the rising time of ~ butoxyl radical or the ketone triplet state8P or 3ITX) and

the St (or C in the case ofln, 10) species for the different  the silanes are high (Table 6): they range from 30° to 8.5
silane concentrations. The silyl radical adds to a double bond x 10’ M~1s™1 4.3x 1fto 3.1x 10/ M~1s1, and 16to0 4.1

and forms a radical adduct (Scheme 3) that can be observed as< 10" M~1 s71 for t-BuCr, 3BP, and®ITX, respectively (Table
presented in ref 14, allowing a direct access to the addition rate 6, Figure 2). The high rate constants observed WABuUO
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Table 6. Rate Constants and Quantum Yields Characterizing the Formation and the Reactivity of the Silyl Radicals (See Text)

BP2 ITX?2 t-Bu—0O° MA
ke M1s71 Dy’ kg M~1sL Dy ke, M—1s7L Keaa M 151
la 4.3 x 100 0.81 7.2x 10° 0.3 1.0x 107 2.4 x 10°
(9.6 x 10°9) (5.7 x 10°9)
1b 2.5x 10’ 0.65 3.4x 107 0.28 1.5x 107 4,510 (3.65x 1089)
(8.8 x 10°¢) (6.6 x 1069
1d 3.1x 10’ 0.75 7.7x 10° 0.21 6.7x 107 5.1x 10®
(1.1x 1079)
le 1.02x 10° 0.95 4.1x 107 0.7 8.5x 107 2.2x 107
(3.4 x 10°¢) (1.1x 108¢)
1f 1.1x 1 0.9 1.5x 108 0.3(0.7) 25x 108 3.3x 107
19 2.2x 10’ 0.78 1.6x 10° 0.34 2.5x 107 15x 1¢®
1h 6.1x 10° 0.24 9.1x 107 0.1 (0.26) 2.2x 107 7.9 x 107
1j 2.1x 10’ 0.68 100 0.2 3.016 2.01C
1q 5.0x 10° 0.49 nd® nd 1510 5.110

a|n benzene® In acetonitrile.c For methyl methacrylate (MMA)d References 13al3d.¢nd = not determined.

outline the labile hydrogen character of the silanes. The valueswith rate constants ranging from 22 10" to 4.5 x 18 M~!
are lower than those usually found with amines (in th&No?! s 1is noted. Theséyyg are the highest values reported up to
s1 range)?* Much higher hydrogen abstraction rate constants now for well-known initiating structures such as the benzoyl
were also measured for the BP (or ITX) triplet state/amine (~1C° M~1s™1), the aliphatic aminoalkyl{2 x 10’ M~1s71),
interaction which corresponds to an electron/proton-transfer the hydroxy isopropyl €10° M—1 s71), or the phosphinoyl
reaction’ For the silanes, the oxidation potential are higher radicals ¢2 x 10" M~1 s71).1324For the EDB derived radical
than 2 V forla—1d; a lower value of 1.7 V was determined a value of 5x 1®* M~1 s~1 was recently measureéd All these

for 1e (present work). Using a reduction potential-e1.79 V results demonstrate the high potential of the silyl radicals to
and a triplet state energy of 2.98 eV for BP, an endothermic act as photoinitiating species.

electron-transfer reaction (higher thah0.41 eV) can be (iii) Initiation Mechanism in Laminate. A plausible initia-
expected from the classical RektWeller equation eq %3 tion mechanism is displayed in Scheme 4, wheyeSg and T

whereAGe, Eoy, Ereq, ET, andC are the free energy change for represent the singlet ground state and the excited singlet and
the electron-transfer reaction, the oxidation potential of the triplet states of the photoinitiator, respectively; Ratands for
donor, the reduction potential of the acceptor, the triplet state the ketyl type radical.

energy, and the Coulombic term for the formed initial ion pair, The initiation quantum yield; is connected with the yield
respectively. This result supports the fact that #88 (and®- of the hydrogen transfer reactiaty, the production yield of
ITX)/ silane reaction probably corresponds to a pure hydrogen the free silyl radicalpx and the addition yield to the monomer
transfer process and not to an electron/proton-transfer sequencepap:

AGetZ on - Ered - ET +C () é = ¢ bk Pap (6)
For the silylamines{f, 1g, 1h], an electron/proton-transfer In Ebecryl 605, the rate constants are diffusion limited to a
sequence probably occurs; i.e., high rates RigR (and®ITX) value of 4.2x 10° M1 s one can expect thaty is almost
are obtained. This is in agreement with the low oxidation constant in our experimental conditiofsThe ¢k values
potential of these compounds (for example 1dy Eox = 1.1 determined in solution cannot be safely extrapolated to the
V), leading to an exothermic electron-transfer process. values in bulk (due to the in-cage processes). The addition rate

The quantum vyields in ketyl radicals in the BP/silane constants should also leveled off to the diffusion limit. The
combinations (which are obviously equal to the quantum yields viscosity corrected addition rate constants are the same for all
in silyl radicals ®gj) are very high (close to 1 forle). silyl radicals sincekagg > Kairrusion. Nothing can be said about
Interestingly, lowerds; are observed in ITX/silane. This isin  ¢ap, which must be dependent on the secondary reactions of
agreement with the intrinsic lower initiation quantum vyields the silyl radicals as the efficiency of these reactions is a function
observed in the ITX/silane formulations. In acetonitrile, a solvent of the considered silane. Thgp values cannot obviously be
which increases themf character offITX, the ®g; values are calculated. As a consequence, structure/reactivity relationships
about 3 times higher than in benzene (Table 6): this result for the Ebecryl 605 polymerization can hardly be proposed.
probably evidence the sensitivity of the silanes in the hydrogen  On the other hand, in the HDDA matrix, the diffusion rate
abstraction reaction toward the spectroscopic character of theconstant is limited to a value of 6.2 18 M~1 s71, and the
lowest lying triplet state. rate constants determined in solution can be d%dthr the

For 1f, 1g, and 1h, two different sites for the hydrogen investigated silyl radical, the addition reaction is now not limited
abstraction can be expected(C—H); N—H, or Si—H). From by the diffusion aadq < Kaittusion- IN @ first approach, the higher
ESR spin-trapping experiments, it has been observed that theseeactivity of the silyl radicals compared to that of EDB{; =
structures (when benzophenone is used as PI) lead at least t® x 10° M~1 s71) must lead to a drastic increase @
silyl radicals (Figure 3) with abstraction ratios of 35% SiH/ However, interestingly, it can clearly be noted in Table 5 that
65% CH for1f, 60% SiH/40% NH forlg, and >95% SiH for the relative efficiency (compared to EDB) is almost the same
1h. For the aminesin, 10), a o(C—H) hydrogen abstraction  in HDDA and Ebecryl 605. Moreover, the efficiency order of
occurs and higher rate constants are thus observed. the different silanes is also similar in HDDA and Ebecryl 605

(i) Reactivity of the Silyl Radicals toward Monomers. The (a slight deviation is noted fotg). This result demonstrates
addition rate constantgyqto methyl acrylate MA determined  that the initiation mechanism is not governed only by the
as in Figure 2 are gathered in Table 6. A very high reactivity primary processes presented in Scheme 4. The side reactions
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Figure 3. (a) ESR spectrum of the radicals generated@R/1f and

trapped by phenyN-tert-butylnitrone (PBN). (b) Simulated ESR 0 10 20 30
spectrum with 35% of silyl radicalsaj, = 14.8 G;ay = 5.4 G] and

65% of aminoalkyl radicalsagy = 14.6 G;ay = 2.35 G]. Time ()
Figure 4. (A) Spectrum of the peroxyl radical dfe in di-tert-butyl
Scheme 4 peroxide in an oxygenated saturated solution. (B) Peroxyl radical decay

at 400 nm (lifetime 2.5s). Inset: decay trace for EDBO—O at 420

deactivation o
nm (lifetime> 4 ms).

¢

So —*S —T ’ This rearrangement, previously suspectedlfg?’” has been
SiH &, Dy directly observed in the present work by LFP. The peroxyl
[Rad" + Si] —Si"——polymerization radical spectrum ole centered around 420 nm is depicted in
M

Figure 4. This assignment is based on the rising time which
corresponds to an interaction rate constagBifRO, of 3.1 x
10° M~1 s, DFT calculations predict an absorption wavelength
for this peroxyl radical at about 385 nm at the TD-MPW1PW91/
6-31G* level in agreement with the experimental data. The
rather short lifetime for ESi—O—0r (2.5us) can be compared
to the values reported for usual peroxyl species (in the
millisecond range for EDBO—Or in Figure 4), supporting the
very efficient reorganization proceds{ 4 x 10 s~ for 1le).
The weak absorption observed around 300 nm is ascribed to
the newly formed oxygenated silyl radical. The addition of such
o . A an oxygenated silyl radical to an acrylate double bond remains
ReST+ O, —~ ReSI-0; 0 very gf?icient as eyxemplified by theyaddition rate constant of
the triethoxysilyl radical to methyl acrylate measured here (5.5
x 1 M~1s71), Different other rearrangement mechanisms were
proposed recentl§? Particularly, the formation of a silyloxyl
R,Si—0, + R,Si—H — R,Si—O,H + R,ST (1N intermediate (RSiO’) was suggested. From the final product
analysis, the formation of silyl radicals is always envisaged.
Another interest of the silane derived peroxyl radical is the ~ For comparison, reaction Ill is considerably slowed for the
possibility of a rearrangement reaction (lll) recreating a silyl EDB peroxyl radical as shown in Figure 3. In the same way,

associated with the silyl radical level off the overall reactivity
when going from viscous to fluid media. These side reactions
will also be very important for polymerization under air.

(iv) Influence of O,. Silanes are characterized by an excellent
reactivity in aerated conditions presumably connected with the
very high efficiency of the peroxylation process (l). Rate
constants close to (#4) x 10° M~1 s71 are observed for this
reaction (ref 13 and this work). Therefore, the silyl radicals are
efficient to consume oxygen.

Reaction Il should also probably occur regenerating another
silyl radical:

radical26.27 the reaction Il for the EDB peroxyl radical/amine interaction is
probably rather weak (an upper value for the EBBy*/amine
R R interaction rate constant of 200 Ms™! has been determined
R2—9|-0-0 R2—Si-0-0-R3 by the method presented in detail in ref 28). Last, reaction IV

R3 (1) efficiently contributes to the destruction of the peroxides formed
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