
Copolymeric Systems Bearing Side-Chain Thioxanthone and
a-Aminoacetophenone Moieties as Photoinitiators for
Ultraviolet-Curable Pigmented Coatings

LUIGI ANGIOLINI,1 DANIELE CARETTI,1 ELENA CORELLI,1 CARLO CARLINI,2 PIER ANGELO ROLLA3

1 Dipartimento di Chimica Industriale e dei Materiali, University of Bologna, Viale Risorgimento 4, 40136 Bologna, Italy

2 Dipartimento di Chimica e Chimica Industriale, University of Pisa, Via Risorgimento 35, 56126 Pisa, Italy

3 INFM, Dipartimento di Fisica, University of Pisa, Piazza Torricelli 2, 56100 Pisa, Italy

Received 11 October 1996; accepted 21 November 1996

ABSTRACT: Copolymers of 1-(4-morpholinophenyl)-2-benzyl-2-[N-methyl-N-(3-meth-
acryloyloxy propyl)]aminopropan-1-one and of 1-(4-morpholinophenyl)-2-benzyl-2-
[N-methyl-N-(3-methacryloyloxypropyl)]aminobutan-1-one with 1-[(2-methacryl-
oyloxy)ethoxycarbonyl]thioxanthone were prepared and structurally characterized. The
above systems were also checked in the ultraviolet cure of an acrylic mixture upon
irradiation over 380 nm, thus simulating the conditions of a TiO2-pigmented formula-
tion. The curing results were compared with those obtained in the presence of the
mixtures of the corresponding homopolymers as well as of their low-molecular-weight
models. The copolymeric systems display synergistic effects of activity with respect to
the structural models but show lower photoinitiation efficiency against the homopoly-
mers mixtures. These data are discussed and interpreted in terms of structural require-
ments and photochemical mechanistic aspects of the above systems. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 64: 2247–2258, 1997
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INTRODUCTION low-odor properties as well as of lower contaminants
release.4–6 Other practical aspects, such as solu-

Polymeric systems with side-chain photoinitiating bility and compatibility improvement with for-
moieties have recently gained a great deal of interest mulation components and higher photoinitia-
for their applications in the field of ultraviolet (UV)- tion activity, usually expected due to the well-
curable coatings.1–3 Their higher cost, as compared known polymer effect, 1–3 may also favor the
with the corresponding low-molecular-weight coun- development of the polymeric photoinitiators.
terparts, may be justified only by their enhanced Moreover, synergistic effects on efficiency, pe-
performances. Indeed, several advantages of their culiar of the macromolecular nature of the system,
use were claimed due to the improvement of the may be originated by the contemporary presence
coating characteristics in terms of nonyellowing and along the backbone of different photosensitive

moieties. For example, polymeric systems bearing
pendant thioxanthone and a-morpholinoaceto-Correspondence to: C. Carlini.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/112247-12 phenone moieties, such as the copolymers of 1-
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[(2-acryloyloxy)ethoxycarbonyl]thioxanthone
with 1-[4-(2-acryloyloxyethylthio)phenyl]-2-meth-
y l - 2 - morpholinopropan - 1 - one [ poly ( ATX - co -
AMMP)], were recently reported by us7 to suc-
ceed in the UV cure of TiO2-pigmented acrylic
coatings, where photoinitiators applied for clear
coatings usually fail.

Indeed, the above systems can efficiently work
thanks to the presence of thioxanthone groups
displaying an absorption maximum at around 380
nm with a tail over 410 nm, which behave as pho-
tosensitizers and may transfer their excitation en-
ergy to the a-morpholinoacetophenone moieties.
These, in turn, may finally generate, by photo-
cleavage, free radicals able to promote the poly-
merization and crosslinking reactions of the coat-
ing formulation. In such copolymer systems, the
photosensitization process has been found to be
very efficient8 for the following two reasons:

The superiority of poly(BMMB) and BMPB
with respect to poly(BMMP) and BMPP was ex-1. the triplet state energy level (ET ) of thiox-
plained, taking into account that the former sys-anthone moiety is higher than that of the a-
tems, in addition to an absorption maximum atmorpholinoacetophenone moiety, and
around 325 nm, show also a tail over 380 nm with

2. both the photosensitive moieties are forced a higher molar extinction coefficient (1 ) as com-
to be very close each other along the polymer pared with the latter systems.
chain. In this context, taking into account that 1-

methyloxycarbonylthioxanthone) (ET Å 63 kcal/
mole) is able10 to photosensitize BDMP and

Very recently, the polymeric analogues of the BDMB (ET Å 60 kcal/mole) by energy transfer,
low-molecular-weight photoinitiators 2-benzyl-2- copolymers, containing in the same macromole-
dimethylamino-1-(4-morpholinophenyl)propan- cules, side-chain 1-alkoxycarbonyl-thioxanthone
1-one (BDMP) and 2-benzyl-2-dimethylamino-1- and a-aminoacetophenone moieties derived from
(4-morpholinophenyl)butan-1-one (BDMB),9,10

BMMP and BMMB appeared very promising for
i.e., the homopolymers of 1-(4-morpholinophe- improving the photoinitiation activity in the cure
nyl) - 2 - benzyl - 2 - [N - methyl - N - (3 - methacryl- of pigmented coatings. Indeed, an increase of the
oyloxypropyl)]aminopropan-1-one (BMMP) and photocure efficiency by the above copolymers is
of 1-(4-morpholinophenyl)-2-benzyl-2-[N-meth- expected, not only through an energy transfer
yl-N-(3-methacryloyloxypropyl)]aminobutan-1- mechanism from excited thioxanthone groups to
one (BMMB) [poly(BMMP) and poly(BMMB), the adjacent ground state a-morpholinoacetophe-
respectively] were prepared and successfully ap- none moieties, but also through a photoreduction
plied to the UV cure of a standard acrylic formula- process involving the thioxanthone moieties in the
tion, under irradiation conditions simulating a triplet state and the tertiary amino groups in b-
TiO2-pigmented coating (lirr ú 380 nm).11 In par- position with respect to the ketone functions,
ticular, poly(BMMP) and poly(BMMB) were more basic than the amino groups in the morpho-
found to display equal or even higher photoinitia- lino rings. In fact, it is well established12,13 that,
tion activity as compared with the corresponding through a photochemical pathway involving both
low-molecular-weight models 1-(4-morpholino- electron and proton transfer processes, thioxan-
phenyl) -2 -benzyl -2 - [N - methyl - N - (3 - pivaloyl- thone ketyl and a-aminoalkyl radicals are formed,
oxypropyl)]aminopropan-1-one (BMPP) and 1- with these last species being responsible for the
(4-morpholinophenyl)-2-benzyl-2-[N-methyl-N- polymerization and cross-linking reactions of the

acrylic formulation. Therefore, this article deals(3-pivaloyloxypropyl)]aminobutan-1-one (BMPB).
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with the synthesis and the structural character- anhydrous CaCl2 and finally distilled at reduced
pressure under nitrogen atmosphere just beforeization of copolymers of BMMP and BMMB with

1-[(2-methacryloyloxy)ethoxycarbonyl]thio use (bp Å 507C/21 mbar). 1,6-Hexandiol diacry-
late (HDDA) (Aldrich) was distilled under highxanthone (MATX) [poly(BMMP-co-MATX) and

poly(BMMB-co-MATX), respectively]. vacuum just before use (bp Å 947C/0.02 mbar).
1 - [(2 - Methacryloyloxy)ethoxycarbonyl]thioxan -
thone (MATX) has been prepared as reported
elsewhere,14 but according to some procedure
modifications as described for the acrylate ana-
logue.7 Characterizations for MATX are as fol-
lows. 1H-NMR (CDCl3) : 8.5 (d, 1H, aromatic pro-
ton at C-8), 7.7–7.4 (m, 6H, all other aromatic
protons), 6.2 and 5.6 (2d, 2H, CH2|C(CH3){ ) ,
4.7 (t, 2H, ArCOO{CH2{CH2{) , 4.6 (t, 2H,
ArCOO{CH2{CH2{) , 1.9 (s, 3H, CH3) ppm.
IR (KBr): 3066 (nCH, aromatic and vinylidenic) ,
2964 (nCH, aliphatic) , 1723 (nC|O, methacrylic
and aromatic ester groups) , 1631 (nC|O, aro-
matic ketone and nC|C, methacrylic group) ,
1594 (nC|C, aromatic ) , 1274 (nC{O, aromatic
ester ) , 744, 718, and 699 (dCH , aromatic ) cm01 .
1-(4-Morpholinophenyl)-2-benzyl-2-[N-methyl-
N-(3-methacryloyloxypropyl)]aminopropan-1-one
(BMMP) and 1-(4-morpholinophenyl)-2-benzyl-
2 - [ N - methyl - N - (3 - methacryloyloxypropyl)]
aminobutan-1-one (BMMB) have been prepared

Moreover, in order to evidence possible syner- as previously described.11

gistic effects on the photoinitiation activity due to
the close vicinity of the two different photosensi-

Low-Molecular-Weight Modelstive moieties along the macromolecule, the pho-
tocuring behavior of the above copolymers has 1 - [ 4 - ( 2 - Isobutyroyloxy ) ethoxycarbonyl ] thio-
been checked and compared with that of the corre- xanthone ( IBTX) was obtained as previously
sponding mixtures of their low-molecular-weight reported.7 1-(4-Morpholinophenyl)-2-benzyl-2-[N-
structural models BMPP or BMPB with 2-isobu- methyl-N-(3-pivaloyloxypropyl)]aminopropan-1-
tyroyloxyethyl-thioxanthone (IBTX), previously one (BMPP) and 1-(4-morpholinophenyl)-2-ben-
prepared,7,11 as well as of poly(BMMP) and of zyl - 2 - [ N - methyl - N - ( 3 - pivaloyloxypropyl ) ] -
poly(BMMB) with the copolymer of MATX with aminobutan-1-one (BMPB) were synthesized as
n-butyl acrylate (BA) [poly(MATX-co-BA)], this previously described,11 according to the same pro-
last was preferred to poly(MATX) due to a better cedure reported for BMMP and BMMB, but re-
solubility in the acrylic formulation. placing methacryloyl chloride with pivaloyl chlo-

Therefore, the above depicted low- and high- ride in the last step.
molecular-weight photoinitiators have been
checked in the cure of 1,6-hexandiol diacrylate

Polymeric Photoinitiators(HDDA)/BA equimolar mixtures under UV irra-
diation over 380 nm, thus simulating the condi- Poly(BMMP) and poly(BMMB) were prepared as
tions of a TiO2-pigmented acrylic formulation. previously reported.11 Copolymers were obtained

by free radical polymerization in tetrahydrofuran
(THF) solution, using 2 wt % (with respect to the

EXPERIMENTAL monomers) of 2,2 *-azobisisobutyronitrile (AIBN)
as thermal initiator. The monomers and AIBN

Monomers were introduced in a glass vial under dry nitrogen
and submitted to several freeze–thaw cycles.n-Butyl acrylate (BA) (Aldrich) was washed with

aq dil NaOH and water, in that order, dried on After sealing under high vacuum, the vials were
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Table I Synthesis and Structural Characterization of Photosensitive Polymers Derived
from a-Aminoacetophenone (AAP) Monomers and MATX

Polymeric Product
Feed

Conversiona AAP co-unitsb

AAP mol % (%) (mol %) MU n
c MU w /MU n

c

BMMP 100 41 100 18,500 1.3
BMMP 90 59 83 28,200 1.6
BMMP 80 65 75 22,100 1.5
BMMP 70 63 62 21,000 1.6
BMMB 100 43 100 15,700 2.1
BMMB 90 62 82 22,600 2.9
BMMB 80 57 77 16,500 2.6
BMMB 70 68 61 16,500 1.7

a Determined as (weight of polymer/weight of monomers) 1 100.
b Evaluated by 1H-NMR analysis.
c Determined by GPC analysis.

kept at 607C for 150 h in the dark. Usually, the completely light wavelengths below 380 nm and
then to simulate the irradiation conditions of apolymeric product was isolated by pouring the re-

action mixture into a large excess of methanol. TiO2-pigmented coating formulation. The same ir-
radiation intensity, as detected by a photodiode,However, for poly(BMMB-co-MATX)s, due to

their partial solubility in methanol, petroleum was applied by properly defocusing the elliptical
mirror that collects the light emitted by theether was used as precipitating agent. The coagu-

lated polymer was redissolved in chloroform and lamp.7,15 The time evolution of the curing pro-
cesses was followed by microwave dielectrometryagain precipitated with methanol or petroleum

ether, filtered, dried under vacuum, and finally at 9.5 GHz, in terms of 1 9 ( loss factor), as de-
scribed previously.16–18stored in the refrigerator in the dark. All the poly-

mer samples were characterized by 1H-NMR, Fou-
rier transform infrared (FTIR), and UV spectros-

Physicochemical Measurementscopy, as well as by gel permeation chromatogra-
phy (GPC) measurements. The most relevant 1H-NMR spectra were carried out at 300 MHz on
properties of the polymers are reported in Ta- samples in CDCl3 solution by using a Varian FT-
ble I. NMR Gemini 300 spectrometer and tetrameth-

ylsilane (TMS) as an internal standard.
UV absorption spectra of the samples were re-Photoinitiation Activity Experiments

corded at 257C in CHCl3 solution on a Perkin-
Elmer Lambda 17 spectrophotometer. The spec-All cure experiments were performed at 257C, un-

der nitrogen, on chloroform solutions of the tral region between 500 and 250 nm was investi-
gated by using cell path lengths of 1 and 0.1 cm,HDDA/BA equimolar mixture [CHCl3/(HDDA/

BA) 2 : 1 (wt/wt)] containing 0.1 mol % of thiox- respectively; molar extinction coefficient values
(1 ) are expressed in liters per mole per centimeteranthone and different content of a-aminoaceto-

phenone moieties, depending on copolymers com- (L mol01 cm01) .
FTIR spectra were carried out on a Perkin-El-position. The reason why neat HDDA/BA (1 : 1)

acrylic formulation was not used for dissolving mer Model 1750 spectrophotometer equipped with
a Perkin-Elmer Model 7700 data station. Thethe photoinitiators is due to the scarce solubility

in that medium of the thioxanthone containing samples were prepared either as KBr pellets or
as liquid films between KBr discs.polymeric systems. UV irradiation was carried

out with a high-pressure 100W OSRAM HBO Hg Average molecular weights of the polymer sam-
ples were determined by a HPLC Waters Milli-lamp in the presence of a glass-colored passband

filter LG-400 (Corion Corporation) in order to cut pore 590 apparatus, equipped with an injector
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Table II Synthesis and Structural Characterization of Poly(MATX) and Poly(MATX-co-BA)

Polymeric Product
Feed (mol %)

Conversiona MATX co-unitsb

MATX BA (%) (mol %) MU n
c MU w /MU n

c

100 0 70 100 45,500 2.3
50 50 80 51 39,900 2.0

a Determined as (weight of polymer/weight of monomers) 1 100.
b Evaluated by 1H-NMR analysis.
c Determined by GPC analysis.

Model U6K, a Waters 500 Å gel column, and a protons, present in the corresponding monomers,
thus suggesting that homo- and copolymeriza-Perkin-Elmer UV-VIS detector Model LC-95,

working at 254 nm. CHCl3 was used as eluent. tions occurred as expected by a free radical chain
addition mechanism involving the methacrylicThe calibration curve was obtained by using sev-

eral monodisperse polystyrene standards. functions.
Copolymers composition was determined by

1H-NMR analysis. In particular, it was calculated
from the spectra of poly(BMMP-co-MATX)s andRESULTS AND DISCUSSION

Synthesis and Characterization of the
Photosensitive Polymers

Poly(BMMP-co-MATX)s and poly(BMMB-co-
MATX)s with a content of MATX co-units lower
than 40 mol % were prepared in order to obtain
polymeric systems appreciably soluble in acrylic
coating formulations, the poor solubility being the
main drawback of thioxanthone derivatives.7,19

Thus, MATX/BMMP and MATX/BMMB mix-
tures containing only 10–30 mol % of MATX were
submitted to free radical copolymerization in THF
solution at 607C, in the presence of 2 wt % of AIBN
as thermal initiator (Table I) .

Poly(BMMP) and poly(BMMB), synthesized
as reported elsewhere,11 as well as poly(MATX)
and poly(MATX-co-BA) containing 51 mol % of
MATX co-units, were also prepared (Tables I and
II) in order to compare the photoinitiation activity
of the copolymers with that of the corresponding
homopolymers mixtures in the cure of the HDDA/
BA formulation. Indeed, poly(MATX-co-BA) was
used in the place of poly(MATX) for preparing
the above mixtures, as the latter was found to be,
as expected, substantially unsoluble in the acrylic Figure 1 1H-NMR spectra in CDCl3 solution of (a)
formulation. poly(BMMP); (b) poly(BMMB); (c) and (d) poly-

1H-NMR analysis (Fig. 1) of the polymeric (BMMP-co-MATX) and poly(BMMB-co-MATX) with
samples does not show any evidence of signals in 25 and 23 mol % of MATX co-units, respectively; and

(e) poly(MATX).the 6.0–5.5 ppm region, related to methacrylic
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poly(BMMB-co-MATX)s by comparing the area
of the signal at 6.8 ppm, related to the two aro-
matic protons in ortho position to morpholino
group in BMMP or BMMB co-units only, with that
of the superimposed signals at 8.4 ppm belonging
to the aromatic proton at C-8 of thioxanthone moi-
ety in MATX co-units, as well as to the two aro-
matic protons in ortho position to ketone group of
BMMP or BMMB co-units.

As far as poly(MATX-co-BA) is concerned, its
composition was determined by comparing the
area of the signal in the 3.9 ppm region, related
to the ester methylene group in BA co-units, with
that of the signal at 8.4 ppm, connected with the
aromatic proton at C-8 of MATX co-units.

A qualitative evaluation of copolymers com-
position can be also obtained from IR spectra
of poly(BMMP-co-MATX)s or poly(BMMB-co-
MATX)s by comparing the relative intensity of
the bands connected to the ketone carbonyl
stretching in BMMP or BMMB co-units (around
1663 cm01) with that of MATX co-units (around
1645 cm01) (Fig. 2).

Although the conversions obtained in the copo-
lymerization reactions were too high in order to
determine the reactivity ratios of the comonom-
ers, the values reported in Table I indicate that
poly(BMMP-co-MATX)s and poly(BMMB-co-
MATX)s display a higher content of MATX co-
units with respect to the corresponding feeds,
thus suggesting a higher reactivity of MATX as
compared with BMMP and BMMB. Accordingly,
the polymerization conversion was found to in-
crease with an increase in the content of MATX
in the feed, the highest and lowest values being
observed (Table I) for poly(MATX) and the homo-
polymers of a-aminoacetophenone monomers, re-
spectively. Moreover, BMMP and BMMB show a
similar reactivity against MATX, as they give rise
to copolymers with substantially equal composi-

Figure 2 IR spectra of (a) poly(BMMP); (b)tion starting from feeds containing the same con-
poly(BMMB); (c) and (d) poly(BMMP-co-MATX) andtent of MATX.
poly(BMMB-co-MATX) with 25 and 23 mol % of MATXAs reported in Table I, the average-number mo-
co-units, respectively; and (e) poly(MATX).lecular weight (MV n ) values of poly(BMMP-co-

MATX)s and poly(BMMB-co-MATX)s are inter-
mediate to those found for poly(MATX) and
poly(BMMP) or poly(BMMB), thus suggesting
that the a-aminoacetophenone containing mono- increasing the content of a-aminoacetophenone

containing monomer in the feed may be also ad-mers, due to the presence of tertiary amino
groups, behave as chain transfer agents,20 analo- dressed, in addition to the previously mentioned

higher reactivity of MATX, to a degradative chaingously to what previously observed in copolymers
of benzoin methyl ether and N,N-dialkylamino ac- transfer reaction by BMMP and BMMB affording

a-aminoalkyl radicals having a lower reinitiationrylates.21 Therefore, the lowering of conversion on

4147/ 8e93$$4147 04-21-97 23:59:15 polaas W: Poly Applied



SYSTEMS BEARING SIDE-CHAIN MOIETIES 2253

Table III UV Spectra in Chloroform Solution of Low- and High-Molecular-Weight Compounds
Containing Thioxanthone (TX) and the a-Aminoacetophenone (AAP) Moieties

TX AAP

Sample (mol %) lmax
a 1max

b (mol %) lmax
a 1max

b

Poly(MATX) 100 387 5950 0 — —
Poly(MATX-co-BA) 51 387 6850 0 — —
IBTX 100 385 7900 0 — —
Poly(BMMP-co-MATX) 38 386 6950 62 325 23000
Poly(BMMP-co-MATX) 25 386 7200 75 325 23100
Poly(BMMP-co-MATX) 17 386 6350 83 325 22800
Poly(BMMP) 0 — — 100 325 22700
BMPP 0 — — 100 324 23600
Poly(BMMB-co-MATX) 39 386 6600 61 324 23900
Poly(BMMB-co-MATX) 23 386 7000 77 323 23400
Poly(BMMB-co-MATX) 18 386 6850 82 323 23800
Poly(BMMB) 0 — — 100 324 23400
BMPB 0 — — 100 323 24200

a Expressed in nm.
b Expressed in L mol01 cm01.

capability,20 the overall polymerization rate being a maximum at 387 nm and a tail extending over
410 nm with an 1387 value significantly lower thanthus depressed.

Finally, the narrower distribution of molecular that observed11 for the model compound IBTX
(Table III) .weights of poly(BMMP-co-MATX)s with respect

to poly(BMMB-co-MATX)s, as indicated by the This hypochromic effect, well known in poly-
meric systems bearing side-chain aromatic chro-MV w /MV n values (Table I) , may be caused by the

presence of a larger amount of oligomers in the mophores,26–28 may be attributed to dipole–dipole
electrostatic interactions29,30 between the pen-latter systems, as a consequence of polymer pre-

cipitation with petroleum ether instead of metha- dant thioxanthone moieties along the polymer
chain. Accordingly, poly(MATX-co-BA) exhibitsnol (see the Experimental section). Accordingly,

poly(BMMB-co-MATX)s also exhibit lower MV n an intermediate 1 value (Table III) . An analogous
behavior was also observed7 for the correspondingvalues with respect to poly(BMMP-co-MATX)s

having similar composition (Table I) . acrylic thioxanthone homopolymer and the copol-
ymer with BA. The 1 values obtained forIt is well known10,22 that the thioxanthone chro-

mophore displays in the near-UV region two ab- poly(BMMP-co-MATX)s and poly(BMMB-co-
MATX)s substantially confirm this picture (Tablesorption bands centered at about 260 and 380 nm,

connected with the p r p* and n r p* electronic III) . The above copolymers also display a strong
absorption band centered at about 325 nm, re-transition of the aromatic system and the ketone

group, respectively. The latter transition, how- lated to the p r p* electronic transition of the
aromatic chromophore in the a-aminoaceto-ever, seems to have a partial p r p* character, as

evidenced by both a small hypsochromic shift of phenone moieties, analogously to what was ob-
served for poly(BMMP) and poly(BMMB),11 forthe absorption maximum19,23,24 and the blue shift

of phosphorescence maximum emission,25 on in- their low-molecular-weight models BMPP and
BMPB,11 as well as for the photoinitiators BDMPcreasing the polarity of the solvent. Indeed, poly

(MATX) and poly(MATX-co-BA) show both the and BDMB, reported previously.9,10 Indeed, the
electron withdrawing character of the morpholinoabove absorption bands. In particular, the struc-

tured band related to the n r p* electronic transi- group in the para position to the benzoyl group
causes a bathochromic shift of the p r p* transi-tion, usually involved in photoinitiation and pho-

tosensitization processes, exhibits in poly(MATX) tion from 250 to over 320 nm, thus completely
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Figure 3 Fraction of residual monomers (1-C) versus time in the UV cure of HDDA/
BA (1 : 1) in chloroform solution upon irradiation over 380 nm, in the presence of
(------ ) poly(BMMP-co-MATX) with 25 mol % of MATX co-units, ( ) BMPP/IBTX
75/25 mol/mol, (rrrrrr) poly(BMMP)/poly(MATX-co-BA) 75/25 mol/mol, and
( – r– r– r– ) poly(BMMP); concentration of thioxanthone and a-aminoacetophenone
moieties in the acrylic formulation Å 0.1 and 0.3 mol %, respectively.

obscuring the much less intense n r p* transition It is worth noting that in the copolymer sam-
ples, in agreement with what was observed forof the ketone group, located in this spectral re-

gion. poly(BMMP) and poly(BMMB),11 the a-aminoa-

Figure 4 Fraction of residual monomers (1-C) versus time in the UV cure of HDDA/BA
(1 : 1) in chloroform solution upon irradiation over 380 nm, in the presence of (------)
poly(BMMB-co-MATX) with 23 mol % of MATX co-units, ( ) BMPB/IBTX 77/23
mol/mol, (rrrrrr) poly(BMMP)/poly(MATX-co-BA) 77/23 mol/mol, and ( –r– r–r– )
poly(BMMP); concentration of thioxanthone and a-aminoacetophenone moieties in the
acrylic formulation Å 0.1 and 0.33 mol %, respectively.
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cetophenone containing co-units display an ab- that in this region the molar extinction coefficient
(1 ) of thioxanthone chromophores is almost 7.000sorption tail extending over 380 nm, which is cov-

ered by the much higher absorption of the thiox- against 150–500 L mol01 cm01 of the a-amino-
acetophenone moiety (depending on BMMP oranthone moieties in MATX co-units.
BMMB co-units present),11 all the copolymers
should be characterized by a very similar absorp-

Photoinitiation Activity tion behavior over 380 nm at the fixed concentra-
tion of thioxanthone moieties. Nevertheless, eachThe activity of poly(BMMP-co-MATX)s and

poly(BMMB-co-MATX)s has been tested in the copolymer sample was compared with the corre-
sponding low-molecular-weight models’ mixtureUV cure of the HDDA/BA equimolar mixture in

chloroform solution, as they resulted only par- having the same composition, in order to evidence
possible synergistic effects on activity due to bothtially soluble in the neat acrylic formulation.

Moreover, UV irradiation over 380 nm was ap- the close vicinity of the two photosensitive moie-
ties along the backbone and the macromolecularplied in order to simulate the cure conditions of a

TiO2-pigmented coating formulation. The concen- nature of the system.
As reported in Table IV and Figure 3,tration of all copolymer samples in the above for-

mulation was equal to 0.1 mol %, in terms of thiox- poly(BMMP-co-MATX)s display (runs 1, 4, and
8) a higher photocure activity with respect to theanthone moieties. It is significant to mention that

although this last parameter was maintained corresponding BMMP/IBTX mixtures (runs 2, 5,
and 9), as revealed by their polymerization ratefixed, the concentration of a-aminoacetophenone

moieties in the coating formulation (CAAP) varied, values halfway through the cure process (Rc )1/2 ,
regardless of the relative amount of thioxanthonedepending on the copolymer composition (Table

IV); as a consequence, the absorption over 380 and a-aminoacetophenone moieties in the sys-
tems. An even larger improvement of activity wasnm changed also. However, taking into account

Table IV UV Cure of the HDDA/BA Equimolar Mixture in Chloroform Solution, in the Presence of
Poly(BMMP-co-MATX)s and the Corresponding Mixtures of Their Structural Models As Well As
Homopolymers, by Irradiation over 380 nm at 257C, Under Nitrogen

Photoinitiator

TX CAAP
a (Rc)1/2

b

Run Type (mol %) (mol %) (s01)

1 Poly(BMMP-co-MATX) 38 0.16 0.5
2 BMPP/IBTX 38 0.16 0.2
3 Poly(BMMP) 0 0.16 1.0
4 Poly(BMMP-co-MATX) 25 0.3 0.4
5 BMPP/IBTX 25 0.3 0.3
6 Poly(BMMP)/poly(MATX-co-BA) 25 0.3 0.5
7 Poly(BMMP) 0 0.3 2.0
8 Poly(BMMP-co-MATX) 17 0.5 0.8
9 BMPP/IBTX 17 0.5 0.2

10 Poly(BMMB-co-MATX) 39 0.15 1.1
11 BMPB/IBTX 39 0.15 0.3
12 Poly(BMMB-co-MATX) 23 0.33 1.5
13 BMPB/IBTX 23 0.33 0.6
14 Poly(BMMB)/poly(MATX-co-BA) 23 0.33 1.8
15 Poly(BMMB) 0 0.33 2.5
16 Poly(BMMB-co-MATX) 18 0.45 1.8
17 BMPB/IBTX 18 0.45 0.7

Concentration of thioxanthone moiety (when present) in the acrylic formulation: 0.1 mol %.
a Concentration of a-aminoacetophenone moieties in the acrylic formulation, expressed in mol %.
b Polymerization rate, calculated halfway through the cure process, and expressed as percentage of conversion over time.
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found (Table IV and Fig. 4) for poly(BMMB-co- poly(MATX-co-BA) mixtures with respect to the
corresponding copolymeric systems appears quiteMATX)s (runs 10, 12, and 16) against BMMB/

IBTX mixtures (runs 11, 13, and 17). surprising, as one would expect a reduced interac-
tion between thioxanthone and a-aminoacetophe-The comparison of poly(BMMP-co-MATX)s

with poly(BMMB-co-MATX)s at similar composi- none moieties belonging to different macromole-
cules due to the lower mobility resulting from thetions (Table IV, runs 1 vs. 10, 4 vs. 12, and 8

versus 16) clearly indicates that the latter system polymeric nature of the two reactants. A tentative
explanation could be based on the assumptiondisplays higher activity. The same result was ob-

served11 for poly(BMMB) against poly(BMMP) that a close vicinity of the two photosensitive moi-
eties, caused by charge transfer complexes even inin the UV cure of neat HDDA/BA by UV irradia-

tion over 380 nm. The higher activity of the copol- the ground state, equally occurs. In this situation,
electron transfer and subsequent hydrogen ab-ymer systems with respect to the corresponding

models mixtures may be explained by the fact that straction, giving rise to thioxanthone ketyl and
a-aminoalkyl primary radicals, would be favoredthe excited thioxanthone chromophores (with the

majority of light being absorbed by these species with respect to the energy transfer mechanism;
and the probability of coupling reactions betweenin the ground state), when anchored to the same

macromolecule in close vicinity to a-aminoaceto- the two above radical species would be lowered,
as they would more readily escape from the cage,phenone moieties, gives rise to a more efficient

process of excitation transfer. Indeed, the proba- belonging to different macromolecules.
The main role played by the electron transferbility that excited thioxanthone chromophores

may interact with ground state a-aminoacetophe- with respect to energy transfer mechanism is con-
firmed also by the fact that poly(BMMB) andnone moieties increases with an increase in the

local concentration of both the photosensitive spe- poly(BMMP) show the highest photoinitiation ac-
tivity when compared with poly(BMMP-co-cies; this occurs when they are anchored to the

same macromolecule. However, these results do MATX)s and poly(BMMB-co-MATX)s, as well as
with their corresponding mixtures with polynot give any indication about the photochemical

pathway involved in the excitation transfer. In (MATX-co-BA) at the same concentration of a-
aminoacetophenone moieties in the acrylic formu-other words, it cannot be established whether the

above process occurs by either (a) energy transfer lation (Table IV, runs 3 vs.1, 7 vs. 4 and 6, and
15 vs. 12 and 14). In fact, despite the lower photonor (b) electron and proton transfers (photoreduc-

tion of thioxanthone moiety by the tertiary amino absorption by poly(BMMB) and poly(BMMP)
with respect to the case in which thioxanthonegroup in the a-aminoacetophenone moiety), as

represented in Scheme 1. Nevertheless, the lower moieties are present, a-aminoacetophenone groups
are directly excited by light to afford, by photo-photoinitiation activity displayed by poly(BMMP-

co-MATX)s and poly(BMMB-co-MATX)s with cleavage, with very high efficiency, two primary
radicals both active as polymerization initiat-respect to poly(BMMP)/poly(MATX-co-BA) and

to poly(BMMB)/poly(MATX-co-BA), the corre- ing species. On the contrary, it is well estab-
lished12,13,31,32 that thioxanthone ketyl radicalssponding polymeric mixtures containing the same

amount of each photosensitive species in distinct behave as terminating agents in the systems con-
taining both thioxanthone and a-aminoacetophe-macromolecules (Table IV, runs 4 vs. 6 and 12

vs. 14; Figs. 3 and 4), seems to suggest that the none moieties when the photoreduction pathway
(b) takes place (Scheme 1), with a-aminoalkylphotochemical pathway (b), described in Scheme

1, plays a main role. Indeed, in the case of the primary radicals being capable only to initiate the
polymerization process.copolymer systems, the close vicinity of thioxan-

thone and a-aminoacetophenone moieties along
the backbone, according to pathway (b), causes
the formation in a cage of polymer-bound thioxan- CONCLUSIONS
thone ketyl and a-aminoalkyl primary radicals,
their recombination being favored with respect to On the basis of the obtained results, the following

concluding remarks can be drawn.the situation in which the two radical species be-
long to different macromolecules. However, the
improvement of photoinitiation activity of poly- 1. Novel copolymeric systems bearing side-

chain thioxanthone and a-aminoacetophe-(BMMP)/poly(MATX-co-BA) and poly(BMMB)/
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Scheme 1

none moieties, such as poly(BMMP-co- thone ketyl radical formed being active
only in termination reactions.MATX)s and poly(BMMB-co-MATX)s, have

been prepared and fully characterized. 4. The higher photoinitiation activity dis-
played by poly(BMMP)/poly(MATX-co-BA)2. The above copolymers show synergistic ef-

fects of activity in the photocure of pig- and poly(BMMB)/poly(MATX-co-BA) mix-
tures with respect to poly (BMMP-co-mented coating formulations as compared

with the corresponding mixtures of their MATX)s and poly(BMMB-co-MATX)s, de-
spite the two photosensitive moieties be-structural models, due to a more efficient

excitation transfer process connected with long to different macromolecules, may be
explained by two different reasons: the for-the close vicinity of the two interacting

photosensitive moieties. mation of charge-transfer ground-state
complexes between thioxanthone and a-3. The photoinitiation activity of poly(BMMP-

co-MATX)s and poly(BMMB-co-MATX)s aminoacetophenone moieties, which equally
allow the occurrence of their close vicinity;is lower, however, than that found for po-

ly(BMMP) and poly(BMMB) at the same and the reduced possibility of coupling reac-
tions involving the thioxanthone ketyl and a-concentration of a-aminoacetophenone

moieties in the coating formulation, de- aminoalkyl radicals generated by electron
transfer and successive hydrogen abstraction.spite the lower absorption over 380 nm of

these last groups with respect to the thiox-
The financial support from C.N.R. to the research proj-anthone chromophores. This behavior can
ect ‘‘Materiali polimerici per applicazioni elettroottichebe addressed to a different photochemical
ed elettroniche’’ through the Consorzio Interuniversita-mechanism working in the two systems.
rio Nazionale per la Chimica dei Materiali (I.N.C.M.)Indeed, poly(BMMP) and poly(BMMB),
is gratefully acknowledged.by photocleavage, give rise to two initiating

radical species per each absorbed photon;
whereas in poly(BMMP-co-MATX)s and REFERENCES
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4147/ 8e93$$4147 04-21-97 23:59:15 polaas W: Poly Applied



2258 ANGIOLINI ET AL.

Fouassier and J. F. Rabek, Eds., Elsevier Science, 15. C. Carlini, P. A. Rolla, and E. Tombari, J. Appl.
Polym. Sci., 41, 805 (1990).London, 1993, p. 283.

16. C. Carlini, L. Toniolo, P. A. Rolla, F. Barigelletti,2. R. S. Davidson, J. Photochem. Photobiol. A, Chem.,
P. Bortolus, and L. Flamigni, New Polym. Mat., 1,69, 263 (1993).
63 (1987).3. C. Carlini and L. Angiolini, Adv. Polym. Sci., 123,

17. M. Martinelli, P. A. Rolla, and E. Tombari, IEEE127 (1995).
Trans. Microwave Theory Tech., MTT-33, 7794. L. F. Fabrizio, S. O. S. Lin, and A. F. Jacobine, U.S.
(1985).Pat. 4,536,265 (1985) (to Loctite Co.) .

18. M. Martinelli, P. A. Rolla, and E. Tombari, IEEE5. G. Li Bassi, C. Nicora, L. Cadonà, and C. Carlini,
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