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ABSTRACT: An oligomeric photoinitiator containing
a-aminoalkylphenone photoactive chromophore in the main
chain was prepared from diphenyl ether, a-chloroisobutyryl
chloride, and piperazine through acylation, bromination,
epoxidation, and polycondensation. The obtained oligo-
meric photoinitiator was characterized by GPC, TGA, tradi-
tional DSC, FTIR, NMR, UV-vis absorption, and fluores-
cence spectroscopy. The number-average molecular weight
(M,,)) of the oligomeric photoinitiator was determined to be
2000-4000. The excitation and emission wavelengths of the
fluorescence spectra were 376 and 473 nm, respectively. The

thermal stability of the oligomer was found to be perfect
with a decomposition temperature greater than 300°C. All
the spectroscopic and thermal analyses clearly confirmed
the consistence of property and structure. In a comparative
photo-DSC investigation, the oligomeric photoinitiator
showed high photoinitiating efficiency while using 1,6-hex-
anediol diacrylate as monomer. © 2006 Wiley Periodicals, Inc.
] Appl Polym Sci 99: 3417-3424, 2006
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INTRODUCTION

UV curing has found an increasing number of indus-
trial applications over the past few decades and will
find even more areas of application in the years to
come. In UV curing the unsaturated bonds cleave, and
the monomers start a rapid photopolymerization with
the aid of a photoinitiator when the uncured mixture
is exposed to high-energy UV light. Hence, the pho-
toinitiator plays a crucial role in UV-curable formula-
tions."

Some photoinitiators are sensitive enough to light.
One of the main features of a photoinitiator is the
weak bond in its structure. The weak bond breaks up
while exposed to irradiation, and active free radicals
are produced. Compounds used for this reaction are
known as type I photoinitiators, and the homolytic
cleavage usually occurs between the carbonyl group
and an adjacent a-carbon (a-cleavage). Other photo-
initiators undergo a mechanism called hydrogen ab-
straction; these are classified as type Il photoinitia-
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tors.” Despite the difference between these two trig-
gering mechanisms, the practical result is to initiate
polymerization upon phototriggering.

Many commercial photoinitiators already have been
developed in this field. Most are low molecular
weight, for example, 2-methyl-1-[4-(methylthio)phe-
nyl]-2-morpholinopropan-1-one (MMMP) and 2-hy-
droxy-2-methyl-1-phenyl-propanone (HMPP). Their
structures are shown in Figure 1. The nature of a
low-molecular-weight photoinitiator can be positive
(good compatibility) as well as negative (foul smell
and migration or evaporation). This shortcoming
limits its use in some special fields, such as in food-
packaging applications. The formation of organic
indoor air pollutants by UV-curing chemistry was
studied,’ including the degradation processes of pho-
toinitiators to form a number of volatile reaction prod-
ucts that can contribute to indoor air pollution. For
example, the photoproduct of HMPP (Irgacure 1173)
releases benzaldehyde, benzyl, acetone, 1-phenyl-2-
methyl-1,2-propanediol, and pinacol. These com-
pounds may have an impact on human health or
olfaction. Because of environmental and legislation
constraints, the use of volatile organic compounds
(VOCs) in coatings is being more and more restricted.
Some new photoinitiators, such as Irgacure 2959 and
Irgacure 754, were produced in order to improve the
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Figure 1 Structures of some commercial photoinitiators.

problem of being foul smelling without lessening pho-
toactivity. However, the problems of emission and
migration have not been overcome perfectly. Thus,
macromolecules containing covalently bonded photo-
initiating groups have received considerable atten-
tion.*"® A high-macromolecular-weight photoinitiator
would be expected to have several advantages: (1) a
low tendency to migrate, both in the uncured formu-
lation and in the end product, and (2) low volatility,
hence reduction of the odor problem.” These advan-
tages attracted us to design and prepare new macro-
photoinitiators.

Polymeric photoinitiators may be divided into three
classes according to molecular weight: polymerizable
photoinitiators, oligomeric photoinitiators, and mac-
romolecular photoinitiators. Polymeric photoinitiators
also can be divided into two classes according to the
location of functionalities containing weaker bonds:
main chain type and side group type. Polymers con-
taining photoactive residues either in the main chain
or as a side group can be prepared in two ways: (1) a
photoinitiator with a suitable spacer substituent and a
polymerizable group is prepared and homopolymer-
ized or copolymerized to produce the polymeric pho-
toinitiator; (2) the photoinitiating moiety is immobi-
lized by a suitable chemical reaction with a reactive
site on an existing polymeric backbone.®? Until now, a
variety of polymeric photoinitiators have been synthe-
sized by these methods, mainly based on an acrylate
or styrene backbone. Most of them were synthesized
by the addition polymerization method. Detailed
information on polymeric and polymerizable free-
radical photoinitiators can be found in the review by
Davidson.” For example, a photoinitiator named oligo-
{2-hydroxy-2-methyl-1-[4-(1-methylvinyl)phenyl]pro-
panone} (KIP 150, see Fig. 1) is an oligomeric poly-
functional a-hydroxyketone characterized by high re-
activity with fewer yellowing properties.'” However,
the condensation polymerization method apparently
is seldom used.

For most reported polymeric photoinitiators pre-
pared through free-radical polymerization, the photo-
reactive moieties exist as a pendant group for the
backbone. It has been suggested that a lot of small
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photolysis fragments would be emitted while being
irradiated under ultraviolet light, and this would not
be very favorable for odorless and nonemitting UV-
curable coating. In this article, a new main-chain oli-
gomeric photoinitiator of the free-radical type was
prepared by the facile method. This oligomeric pho-
toinitiator has the photoreactive structure in the back-
bone, and the probability of producing volatile frag-
ments during irradiation is considered to be reduced.
On the other hand, the molecular weight of the oligo-
meric photoinitiator can be adjusted more easily
through polycondensation than through free-radical
polymerization.

EXPERIMENTAL
Materials

Diphenyl ether, provided by Peking University Zoteq
Co. Ltd. (Beijing, China), was recrystallized before use.
Alpha-chloroisobutyryl chloride obtained from Xin-
zhuang Fine Chemical Plant (Jiangning, China) and
anhydrous piperazine purchased from Changzhou
Shanfeng Chemical Co. Ltd. (Changzhou, China) were
used without further treatment. Anhydrous alumi-
num chloride was chemically pure. All of the solvents
utilized were dried and redistilled before use. The
monomers, such as 1,6-hexanediol diacrylate (HDDA),
trimethylolpropane triacrylate (TMPTA), 2-hydroxy-
ethyl methacrylate (HEMA), were of industrial grade
and provided by Beijing Eastern Acrylic Chemical
Technology Co. Ltd. (Beijing, China). The photoinitia-
tors (MMMP and HMPP) were obtained from Runtec
Chemical Co. Ltd. (Changzhou, China).

Measurements

FTIR spectra were recorded on a Thermo Nicolet Nex-
us 670 FTIR ESP spectrometer (USA). The products
dissolved in CDCl; at ambient temperature and the
NMR spectra were obtained on a Varian Mercury
300M (Palo Alto, CA) spectrometer. The chemical
shifts were reported as parts per million (ppm) down
field from the tetramethylsilane. The Raman spectrum
was recorded on a Renishaw RM2000 instrument with
an exciting laser wavelength at 785 nm. The number-
average molecular weight (M,,) and the weight-aver-
age molecular weight (M,) of the oligomers were
measured by gel permeation chromatography (GPC,
Breeze GPC, Waters Corp.) using THF as the solvent.
Thermogravimetric analysis (TGA; TG-209C, Netzsch
Corp.) was carried out in a temperature range of room
temperature to 200°C at a heating rate of 10°C/min
under a nitrogen atmosphere. The UV-vis absorption
spectra were measured on a Varian Cary100 spectrom-
eter using dichloromethane and THF as solvents. A
modified CDR-1 DSC (Shanghai Balance Instrument
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Scheme 1 Synthetic route of oligo(a-aminoketone) (OAK).

Plant) equipped with a 125-W middle pressure mer-
cury lamp was employed to measure the exothermal
rates of irradiated samples. The light intensity was
measured by a UV radiometer (type UV-A, Photoelet-
ric Instrument Factory, Beijing Normal University,
Beijing, China), which was sensitive in the wavelength
range of 320—400 nm. The samples containing 1-5 wt
% of the initiator were sonicated for 15 min to ensure
complete dissolving. A fluorescence spectrum was ob-
tained with a FLS920 spectrometer (Edinburgh Instru-
ments Corp.). The differential scanning calorimetry
was measured using a DSC 2910 modulated instru-
ment (TA Instruments Corp.) and heated from —30°C
to 100°C at a heating rate of 10°C/min.

Synthesis of oligomeric photoinitiator

The synthesis was conducted according to the syn-
thetic route shown in Scheme 1.

Acylation of diphenyl ether by friedel-crafts reaction

First 68 g (0.4 mol) of diphenyl ether, 113 g (0.85 mol)
of aluminum chloride, and 300 mL of cyclohexane
were mixed together. Then 89 g (0.84 mol) of
a-chloroisobutyryl chloride was added dropwise un-
der vigorous stirring over 1 h with the interior tem-
perature maintained at 50°C-0°C. HCl gas was
evolved. After the dropwise addition was finished, the
reaction mixture was stirred at this temperature for an
additional 4 h and subsequently poured into a mixture

of hydrochloric acid and ice. The two phases were
separated in a separating funnel. The aqueous layer
was extracted with dichloromethane and combined
with the organic layer collected in the first step. The
combined organic phases were washed with dilute
sodium bicarbonate solution, dried, and concentrated.
Obtained was 110 g of bis[4-(2-methyl-propionyl)-
phenyl]ether (I) with an m.p. of 40°C-41°C and a yield
of 80% after being precipitated in hexane and dried a
in vacuum.

FTIR (KBr pellet, cm™'): 3071 (§, aromatic C—H),
2933, 2878 (8, CH,, CHj3), 1680 (5, C=0), 1588, 1499 (3,
aromatic), 1382 (8, CHy), 1157 (8, C—O—C); '"H-NMR
(300 MHz, CDCl,, 6 ppm): 1.24 (d, 12H, | = 6.9 Hz,
CH;), 3.52 (m, 2H, | = 6.9 Hz, CH adjacent to carbonyl
group), 7.06 (d, 4H, | = 8.7 Hz, aromatic CH close to
ether oxygen atom), 7.97 (d, 4H, ] = 8.7 Hz, aromatic
CH close to carbonyl group); ">*C-NMR (300 MHz,
CDCl;, 6 ppm): 19.6 (CHj), 35.5 (CH), 119.0 (aromatic
CH near C—O—C group), 130.8 (aromatic CH near
C=0 group), 132.1 (aromatic carbon adjacent to car-
bonyl group), 160.1 (aromatic carbon adjacent to ether
oxygen atom), 203.0 (C=0).

Bromination of compound (I)

The calculated amount of fluid bromine was added
dropwise at room temperature to a cyclohexane solu-
tion of compound I with stirring, and the reaction was
continued for 2 h after the bromine was added. The
mixture was treated with a dilute sodium hydroxide
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solution, extracted with dichloromethane, and dried
over anhydrous sodium sulfate. The solvent was then
removed using a vacuum evaporator. The residue was
poured into hexane to produce a precipitated product
of bis[4-(2-bromo-2- methylpropionyl)-phenyl] ether(Il)
with yield of 95%, m.p. 85°C-87°C.

FTIR (KBr pellet, cm™'): 3071 (v aromatic C—H),
2976, 2932 (v CH,, CHj), 1674 (v C=0), 1584, 1499 (v
aromatic C=C), 1387 (8 CH,), 1160 (v C—O—C); 'H-
NMR (300 MHz, CDCls, 8 ppm): 2.04 (s, 12H, CHy),
7.08 (d, 4H, ] = 9.0 Hz, aromatic CH close to ether
oxygen atom), 8.23 (d, 4H, | = 8.7 Hz, aromatic CH
close to carbonyl group); *C-NMR (300 MHz, CDCl,,
& ppm): 32.1 (CHj;), 60.6 (C—DBr), 118.6 (aromatic CH
near C—O—<C group), 130.2 (aromatic C near C=0
group), 133.0 (aromatic CH near C=0 group) 159.6
(aromatic C near O atom), 195.1 (C==0); Elem. ANAL
Calcd for C,,H,,Br,05: C, 51.31%; H, 4.31%. Found: C,
51.37%; H, 4.26%.

Epoxidation of compound (II)

Twenty-one grams (0.045 mol) of compound II was
heated to 80°C-90°C, and 200 mL of a solution of
sodium methoxide (approximately 1.2 mol/L) was
added dropwise at reflux temperature. The reaction
lasted for 7 h at 80°C. Methanol was then distilled off,
and ethyl ether was poured into the residue. The
filtrate was washed with water, dried, and concen-
trated. Obtained was 15 g of bis[4-(2-methoxy- 3,3-
dimethyl-oxiranyl)-phenyl] ether (III) with a yield of
more than 90%.

FTIR (KBr pellet, cm™'): 3070, 3040 (v aromatic
C—H), 2937, 2831 (v, CH,, CHj;), 1600, 1460 (v aro-
matic C=C), 1440, 1380 (6 CHj;), 1165 (v C—0—C),
897(v epoxy group); 'H-NMR (300 MHz, CDCl,, &
ppm): 1.05 (s, 6H, CH,), 1.55 (s, 6H, CH;), 3.24 (s, 6H,
OCH,), 7.04 (d, 4H, | = 8.7 Hz, aromatic CH close to
ether oxygen atom), 7.44 (d, 4H, ] = 8.7 Hz, aromatic
CH close to OCHj; group); FAB-MS: calcd M = 370 for
C,,H,405 and found (M+1)" = 371.

Preparation of oligo(a-aminoketones) (oak) from
epoxide (III)

Epoxide (III) was treated with a stoichiometric amount
of piperazine in an autoclave and reacted for 10-20 h
at 200°C. The product was dissolved in dichlorometh-
ane, and the concentrated solution was poured into
ethyl ether. The precipitate was separated out and
dried in a vacuum oven. The yield was about 75%—
90%.

FTIR (KBr pellet, cm™"): 3490-3400 (v N—H), 3070
(v aromatic C—H), 2940, 2820 (v CH,, CHy;), 1676 (v
C=0), 1590 (v aromatic C=C), 1490 (v aromatic
C—H), 1460, 1380 (8 CH,), 1151 (v C—O—C); 'H-
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Figure 2 '"H-NMR spectra of OAK in CDCl,: (a) common
spectrum, (b) D,O exchange spectrum.

NMR and ">C-NMR are shown in Figures 2 and 3. The
UV spectrum (CH,Cl,) is shown in Figure 4.

RESULTS AND DISCUSSION
Investigation of spectra

NMR spectroscopy

Figures 2(a) and 3(a) show the 'H- and "C-NMR
spectra of OAK in CDCl;. The assignment of the chem-
ical shifts is marked in the two spectra and Scheme 1.
The D,O exchange investigation [Fig. 2(b)] revealed
the assignment of N—H (8 1.65 ppm). This broad peak
resulted from the effect of the quadrupole moment
relaxation of N atom. Figure 3(a) shows that the two
peaks in 131.0-133.0 ppm are very close, they were
able to be identified by DEPT-135 measurement [Fig.
3(b)]. The sharp resonance signal of a positive phase at
132.3 ppm could be assigned to C-3, and the disap-
pearance of the signal revealed the position of the
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Figure 3 '>C-NMR spectra of OAK in CDCly: (a) common
spectrum, (b) DEPT spectrum (6 = 135°).

quaternary carbon in benzene ring (C-4, 131.5 ppm).
The CH, in piperazine ring (47.3 ppm) appeared as a
negative phase in this DEPT spectrum.

3.0

Absorbance

250 300 350 400
Wavelength (nm)

Figure 4 UV-vis spectra of OAK in CH,Cl, (M,, = 2691):
(a)5.8 X 10 2g/L, (b) 4.4 X 10 % g/L, (¢)22 X 10 2 g/L, (d)
1.5 X 107? g/L, (e) 6.0 X 1072 g/L.
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Figure 5 UV-vis spectra of macrophotoinitiator OAK in
THF (M,, = 2691): (a) 23 X 10" ' g/L, (b) 9.4 X 10> g/L, ()
47 X102 g/L, (d) 1.9 x 107* g/L, (e) 47 x 107° g/L.

UV-vis spectroscopy

Figure 4 shows the absorption peaks of the obtained
oligomeric photoinitiator containing a tert-amine
structure are at 234 and 279 nm in CH,Cl,, with cor-
responding molar extinction coefficients (e,,,,) of 7.1
X 10* L mol ' em ™! (234 nm) and 1.5 X 10° L mol !
cm™! (279 nm), respectively. OAK concentration
seemed to have had no effect on the absorption wave-
length in CH,Cl,. However, the absorption in THF
was greatly different from that in dichloromethane, as
shown in Figures 5 and 6. For the sample in dichlo-
romethane, the oligomer chains may have been entan-
gled, folded, and/or stuck together through intermo-
lecular hydrogen bonding of end piperazine, which
led to a broad absorption band without fine structure
because of the mutual interaction of the absorption

300 L]

280 -

270 |- i

Wavelength (nm)

(o] o]

250 L N ! N 1 s | N L ) !
0.00 0.05 0.10 0.15 0.20 0.25

Concentration (g/L)

Figure 6 Dependence of the positions of the absorption
peaks versus OAK concentration in THF: @ for high wave-
length absorption, "~ for low wavelength absorption.
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Figure 7 Raman spectrum of OAK (M,, = 2691) with excit-
ing laser at a wavelength of 785 nm.

moieties. Although THF was used as the solvent, the
forming of a hydrogen bond between THF and end
piperazine was helpful for the separation of the entan-
gled and/or stacked oligomer chains. Thus, the sam-
ple inclined toward producing a separated absorption
band with less interchain interaction. Of course, addi-
tional evidence is needed for this explanation.

Raman spectroscopy

The baseline of the Raman spectrum was slanted be-
cause of the fluorescence (Fig. 7). The strong scattering
peak at 1674 cm™! could be assigned to a carbonyl
stretching vibration mode. The sharp peaks at 1606
and 1588 cm ™! indicate a benzene ring.!" Based on the
literature,'*'? the stokes shift for the C—N bond may
be found at 1320 cm ™ '. The other Raman shifts may be

376
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Figure 8 Fluorescence spectra of OAK (M, = 2691) in
CHLCl, (c = 0.88 g/L): (a) excitation spectrum, (b) emission
spectrum.
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TABLE 1
GPC Analyses of OAK Series
Epoxide Piperazine M, M,

Sample (mol) (mol) (D) Polydispersity
OAK-1 0.02 0.033 2030 2392 1.17
OAK-2 0.02 0.029 2581 3426 1.32
OAK-3 0.02 0.027 2691 3544 1.31
OAK-4 0.02 0.023 3011 4558 1.51
OAK-5 0.02 0.022 3144 4935 1.56

attributed as: 1153 cm ™! (C—H distortion of aromatic
ring), 796 cm ™' (y C—H), 1002 cm ™' (breathing vibra-
tion of benzene ring), 875 cm ™' (ring breathing band
of piperazine), and 302 cm ™' (long-distance vibration
of polymer chain).

Fluorescence spectroscopy

The emission spectrum is usually utilized to investi-
gate the excited state of a photoactive molecule. The
steady-state fluorescence spectra of OAK in CH,Cl,
are shown in Figure 8. A broad fluorescence signal
was obtained without fine structure information. The
oligomer had a maximum excitation wavelength (A.,)
at 376 nm and maximum emission (A ,,) at 473 nm.

Molecular weight

To investigate the influence of molecular weight on
initiation efficiency, five OAK samples with different
molecular weights were prepared according to the
feed ratios listed in Table I. The corresponding inves-
tigation, to be completed, will be included in a future
submission. The measured molecular weight and
polydispersity of the oligomers were obtained
through the GPC curves displayed in Figure 9. An
oligomeric photoinitiator with a number-average mo-

20 -

myv

Elution Time (min)

Figure 9 GPC traces of OAK series in THF: (a) OAK-1, (b)
OAK-2, (c) OAK-3, (d) OAK-4, (e) OAK-5.
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Figure 10 T, and DT, curves of OAK (heatmg rate: 10°C/
min): (a) M,, = 2581, (b) M, = 2691, (c) M,, = 3144.

lecular weight ranging from 2000 to 4000 could be
obtained by adjusting the molar ratio of epoxide/
piperazine. This result supports the practice of using
the synthetic method. In addition, most of the poly-
dispersity indices were below 1.6, indicating a narrow
molecular-weight distribution, which is not surprising
considering the low degree of polycondensation.

Thermal analysis

The T, curves and differential thermogravimetric
(DT,) curves for OAK are shown in Figure 10. Perfect
thermal stability of OAK was observed below 250°C,
as indicated by the T, curve. The weight loss, which
began at 287°C and was completed at 412°C, with a
mass loss of about 80%, was considered mainly a
result of the thermal decomposition. The maximum
weight-loss temperature was 367°C, and this temper-
ature increased slightly with the molecular weight of
OAK. The excellent thermal stability of OAK means
less volatility, which is beneficial to environmental
protection and which has an aesthetic olfactory effect
while used as a photoinitiator in UV-curable coatings
for the decoration of the packaging of goods.

The DSC curve (Fig. 11) shows that neither an en-
dothermic nor an intense exothermic process occurred
during the second heating process. No peak in the
temperature range of 30°C-200°C could be detected,
suggesting that the oligomer was a noncrystalline ma-
terial.

Photoinitiation efficiency

It is well established that the photodecomposition of
HMPP and MMMP follows the Norrish I cleavage
mechanism.'* In this investigation, photo-DSC was
employed to evaluate the photoinitiating efficiency of
OAK. During the comparative photo-DSC experiment,
which was based on a formulation of HDDA, OAK

3423
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Figure 11 DSC cures of OAK: (a) first scanning, (b) cooling,
(c) second scanning (heating rate: 10°C/min).

was shown to perform competitively with low-molec-
ular-weight photoinitiators (as shown in Fig. 12). The
induction period for HMPP is shorter than that for
OAK and MMMP, but the ultimate conversion is al-
most the same. In the oligomer structure, the photo-
active oligomer had a weak o C—C bond, with disso-
ciation energy lower than the excitation energy of its
reactive excited state. a-Cleavage occurred when the
sample was exposed to UV light. The proposed pho-
todecomposition process is shown in Scheme 2. Be-
cause the oligomer has two weak C—C bonds within
a repeat unit, perhaps biradical intermediates appear
in the photodecomposition outgrowth. This can in-
crease the initiating efficiency or the probability of a
fragment being bonded to the backbone of the formed
polymer chain. As it is hard for a photoinitiator of the
usual formulation to reach complete photoscission,
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Figure 12 Conversion curves for HDDA (at room temper-

ature in nitrogen atmosphere and light intensity of 4 mW/
cm?) initiated by: (a) 3.6 wt % HMPP (D 1173), (b) 4.0 wt %
OAK-1 (M,, = 2030), (c) 5.8 wt % MMMP (Ir 907).
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