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Communication

Hyperbranched poly(ether amine) (hPEA) as novel backbone for amphiphilic
one-component type-11 polymeric photoinitiators

Tiantian Li, Zhilong Su, Hongjie Xu, Xuesong Jiang*, Xiaodong Ma, Jie Yin*
Shanghai Key Laboratory of Electrical Insulation and Thermal Ageing, State Key Laboratory for Metal Matrix Composite
Materials, School of Chemistry & Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

ARTICLE INFO ABSTRACT

Article history: To make photoinitiators (PI) to be polymeric and water-soluble is an effective approach to
Received 5 June 2017 develop the high efficient photoinitiator systems with low-migration, low-toxic and
Received in revised form 6 July 2017 environment-friend. We developed a series of novel amphiphilic hyperbranched polymeric
Accepted 5 August 2017 photoinitiators (hPEA-TXs, and hPEA-BPs) by introducing thioxanthone (TX) or
Available online benzophenone (BP) moieties into the periphery of the hyperbranched poly(ether amine)

(hPEA) comprised of the hydrophilic poly(ethylene oxide) (PEO) short chain and coinitiator
amine moieties in the backbone. Compared with their water-soluble low-molecular weight
analogues, the resulting hyperbranched polymeric photoinitiators hPEA101-TX, hPEA211-TX,
hPEA101-BP and hPEA211-BP could be dissolved very well not only in many organic systems
including acrylate monomers, but also in water with high solubility of 10 wt%. The
photopolymerization kinetics of water-soluble monomer acrylamide (AM) and three
hydrophobic multifunctional acrylate monomers initiated by these hyperbranched
photoinitiators were investigated in detail by Photo-Differential Scanning Calorimetric (photo-
DSC). Both hPEA-TXs and hPEA-BPs can initiate photopolymerization of AM as efficiently
as their low-molecular weight analogues MGA-TX and MGA-BP, respectively. The final
double bond conversion (DBC) of oil-soluble monomer hexanediol diacrylate (HDDA)
photoinitiated by these hyperbranched photoinitiators can reach as high as 99%. Especially for
photopolymerization of multifunctional monomers initiated by these hyperbranched polymeric
photoinitiators, the final DBC of trimethylolpropane triacrylate (TMPTA) and pentaerythritol
tetraacrylate (PETTA) can reach 80% and 60%, respectively, which is much higher than that of
low-molecular weight photoinitiators.
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Photopolymerization science and technology has assumed an increasing relevance in extensive applications such as coating,
photoresist, printing inks and 3D printing [1-5]. This technology is based on photoinitiator systems which can generate active free
radicals or cations to initiate polymerization under irradiation of light [6, 7]. Due to the high efficiency, low-cost and good adsorption
in the UV and visible range, thioxanthone (TX) and benzophenone (BP) are widely used as the hydrogen-abstraction (type-11) radical
photoinitiator in the presence of hydrogen donor amine or thiol as coinitiators [8-10]. Generally, the low-molecular weight
photoinitiator TX and coinitiator amine might cause some problems such as migration and yellowing, resulting in limitation of their
application in some fields such as food packaging [11-15]. In order to overcome these disadvantages, an efficient way is to develop
polymeric photoinitiator systems by introducing photoinitiator and coinitiator moieties into the same polymer backbone [16-20]. Yagci
et al. [21, 22] and Encinas et al. [23, 24] have introduced TX moieties into polystyrene and polyacrylate chain to obtain polymeric
photoinitiators. The flexible polymer backbone can not only reduce the migration of TX, but also enhance the compatibility of the
planar TX with photo-curing systems.

Another important aspect of photopolymerization is to develop waterborne photo-curing system because of the serious issue of
volatile organic compounds (VOC), resulting in the high demand of water-soluble photoinitiator systems [25-28]. Many researchers
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have successfully exploited a series of water-soluble photoinitiators through incorporation of hydrophilic groups such as TX-PVA [29],
TX-GA [30], TX-SOsH [31], TX-PEG [32] and so forth. These water-soluble photoinitiator systems can photoinitiate polymerization of
acrylamide efficiently in water, but the addition of low-molecular weight coinitiators such as amine is still necessary for the high
efficient photo-initiation in those hydrogen-abstraction photoinitiator systems.

(a) L, L
o} A N—D
OH OH O—C—C=CH,
A R~L—cH,-NH “ H, H OH oH H
\N,CHZ ) O S O \ ,CHZ/’\/RJ’CHZ‘N—O
N
N~ T ETX
- — g &N_O
ke R 0 o N RN H
OH CH,-NH OH
o ’ 0‘%; gtk OH \CHZ/’\,REICHZ—N—O
or O
R- ol e o EBP o OH o K
m o 0N 0
o= i
hPEA101 m:n=1:0; hPEA211 m:n=1:1;
hPEA110 m:n=0:1
hPEA hPEA-TX hPEA-BP
(b) 0 o | OH OH [ o \)OE/ I!I OH OH HO,
Tesaahe e e
O S O OH OH Of OH HO NN o
MGA-TX MGA-BP TEOA

Scheme 1 (a) Synthesis of hyperbranched polymeric photoinitiators hPEA-TX, hPEA-BP and (b) the structure of water-soluble low- molecular weight analogues
MGA-TX and MGA-BP and coinitiator TEOA.

Very recently, our group has developed a novel family of multifunctional hyperbranched polymers: hyperbranched poly(ether
amine) (hPEA) with tunable amphiphilicity, which are comprised of the tertiary amino and hydroxyl groups in the backbone and
secondary amino groups in the periphery [33, 34]. Generally, these hyperbranched structures show the extraordinary advantages with
low viscosity, good compatibility and high functionality in contrast to linear structure [35]. By using these hPEAS as backbone, we here
synthesized a series of water-borne hydrogen-abstraction polymeric photoinitiators (hPEA-TX and hPEA-BP) by introducing TX or BP
moieties into the periphery of hPEA through epoxy/amine click reaction (Scheme 1). Due to the amphiphilic and hyperbranched
structure of hPEA containing amino groups, hPEA possesses the following significant advantages as novel backbone for the hydrogen-
abstraction photoinitiators: (1) the hydrophilic short chains of poly (ethylene glycol) (PEG) and the hyperbranched structure provide
the good compatibility with both water-borne and oil photo-curing systems; (2) the tertiary amino groups could be used as hydrogen
donor, resulting in no need for extra addition of low molecular weight coinitiators of amine; (3) the secondary amino and hydroxyl
groups make hPEA be easily functionalized for the designing structure [35]. These resulting polymeric photoinitiators based on hPEA
exhibited the good solubility both in water and organic solvents. The detailed photopolymerization kinetic study revealed that hPEA-
TX and hPEA-BP can photo-initiate polymerization of both water-borne and hydrophobic monomers very efficiently.

The hyperbranched polymeric photoinitiators (hPEA-TXs and hPEA-BPs) were synthesized by introducing TX or BP moieties
into the hydrophilic backone of hPEA according to Scheme 1. The hyperbranched poly(ether amine) (hPEA) backbones with different
hydrophilicity were prepared through nucleophilic addition/ ring-opening reaction of commercial diglycidyl ether and amine via one-
pot synthesis according to our previous reports (also see Supporting Information) [33, 34]. Due to the reactive secondary amino groups
in the periphery of hPEA, it can be further functionalized by molecules with epoxy groups through epoxy/amine “click-chemistry”. In
the synthesis process, molar ration of the secondary amino groups in hPEA/the epoxy groups of ETX or EBP is 1/1. The successful
functionalization of hPEA was confirmed by FT-IR (Fig. S2 in Supporting information) and *H NMR (Fig. S1 in Supporting
information). The FT-IR spectra of hPEA101-TX showed the characteristic peak of the carbonyl group (1644 cm, C=0 from ETX)
and the vibrational absorption peaks of hPEA101 (3445 cm?, O-H from hPEA101). Furthermore, vibration absorption spectra of
epoxide ring (1264 cm™, 820 cm* form ETX) disappeared after epoxy/amine "click-chemistry" reaction between hPEA101 and ETX.
The structure of hPEA101-TX is also supported by *H NMR spectra and the attribution of each signal is signed in Fig. S1. *H NMR of
hPEA101-TX exhibited the characteristic peak of hPEA101 and ETX (3.38-3.81 ppm, -OCH, -OCH,; 2.59 ppm, -NCH, from
hPEA101 and 7.28-8.42 ppm, aromatic ring from ETX) and the signal peaks of 2.51-2.89 ppm, 3.38 ppm (-CH, -CH, of epoxide ring
from ETX) disappeared, which explained that hPEA101-TX was synthesized successfully. And hPEA211-TX, hPEAL10-TX,
hPEA101-BP, hPEA211-BP and hPEA110-BP were synthesized in the same way. To compare the performance of the obtained hPEA-
TX and hPEA-BP with their low-molecular weight analogues, water-soluble small molecule photoinitiators MGA-TX and MGA-BP
were also synthesized accordingly (Scheme S1 in Supporting information).

In order to explore the amphiphilicity of the obtained hyperbranched photoinitiators, the solubility of hPEA-TX and
hPEA-BP as well as model compounds MGA-TX and MGA-BP were measured in varies of solvents (Table S1 in Supporting
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information), and their maximum solubility in water were quantified. The solubility of hPEA101-TX, hPEA211-TX, hPEA101-BP in
water is more than 10 g/100 g water due to the hydrophilic hPEA backbone. With the decreasing content of hydrophilic PEG chains,
the water-solubility of hPEA-TX and hPEA-BP decreased significantly, and hPEA110-TX and hPEA110-BP cannot be dispersed in
water as summarized in Fig. S3 in Supporting information. The excellent amphiphilicity of hPEA backbone derived from PEG chain
also leaded to good solubility of hPEA-TX and hPEA-BP in organic solvents such as ethanol, toluene, acetone, CHCl;, DMF, THF and
DMSO; however, the low-molecular weight photoinitiators MGA-TX and MGA-BP showed very poor solubility in some non-polar
organic solvents (Table S1). What’s more, hPEA-TX and hPEA-BP showed good compatibility in acrylate monomers such as methyl
methacrylate (MMA) because of the amphipathic hPEA backbone, revealing that the existence of hPEA backbone with hyperbranched
structure could not only promote the solubility of photoinitiators in solvents but also benefit to the compatibility between
photoinitiators and commercial monomers.

UV-vis spectra of hPEA-TX and hPEA-BP were recorded in water and ethanol as well as the low-molecular weight analogues
MGA-TX and MGA-BP. hPEA-TX and hPEA-BP exhibited the characteristic absorption of TX and BP, respectively, indicating that
hyperbranched backbone of hPEA had no significant effect on the UV-vis maximum absorption wavelength of TX or BP moieties (Figs.
S4 and Fig. S5 in Supporting information). In order to further understand the optical property of photoinitiators, the fluorescence
spectra of hPEA-TX and MGA-TX/TEOA in water was investigated (Fig. S6a in Supporting information). Although hPEA-TX and
MGA-TX/TEOA have a similar emission at near 480 nm owing to the characteristic emission of TX [36], the emission intensity of
hPEA-TX was obviously weaker than that of MGA-TX/TEOA in water. The weaker emission of hPEA-TX could be ascribed to the
more efficient intramolecular and intermolecular transfer between the excited state of TX moieties and the coinitiator amino groups of
hPEA backbone. Compared with the low-molecular weight analogue MGA-TX/TEOA, the local amino concentration around TX
moieties in hPEA-TX is higher, resulting in more effective quenching of the excited TX by amino groups. This quenching effect was
further confirmed by measurement of fluorescence lifetime. The fluorescence lifetime of hPEA101-TX and hPEA211-TX are 11.7 ns
and 12.1 ns, respectively, which was much shorter than that of MGA-TX/TEOA in water (Fig. S6b). Moreover, the quenching effect
from amino groups of polymeric chain is more sensitive to excited triplet states of the photoinitiators, which are the reactive precursors
of light-induced chemical changes for carbonyl compounds [1, 2, 6, 7, 37].

The photolysis of hydrogen-abstraction photoinitiators such as thioxanthone and benzophenone, in the presence of coinitiator
amine, leads to the formation of a radical produced from a carbonyl compound (ketyl-type radical) and another radical derived from
the amine [38]. The photopolymerization of vinyl monomers is usually initiated by the amine radicals. The ketyl radicals are usually
not reactive toward vinyl monomers due to the steric hindrance and the delocalization of unpaired electron [39]. Therefore, the
photolysis process is critical in the generation of active radicals. The photobleaching of hPEA-TX and hPEA-BP in water was traced by
UV-vis spectra, as well as their low-molecular weight analogues MGA-TX and MGA-BP. Both hPEA101-TX, hPEA211-TX and
hPEA101-BP, hPEA211-BP can be photobleached dramatically in 240 s, while MGA-TX and MGA-BP were not bleached obviously
(Fig. 1, Figs. S7 and Fig. S8 in Supporting information), which was further embodied by the change of the maximum absorption
wavelength (Fig.1b and Fig. S7b). Compared with MGA-TX/TEOA and MGA-BP/TEOA, the faster photobleach of hPEA-TX and
hPEA-BP exhibited the higher reactivity, which was ascribed to more efficient intramolecular and intermolecular hydrogen abstraction
reactions between TX or BP and amino groups located in the hPEA backbone. The excellent photobleaching properties make hPEA-TX
and hPEA-BP potential in photopolymerization as efficient photoinitiators.

The generation of radicals in hPEA-TX and hPEA-BP was confirmed by ESR-ST spinning-trapping experiments. The generated
radicals can be trapped by DMPO to form DMPOe radicals which can be detected by ESR-ST (Fig. S9 in Supporting information). The
hyperfine splitting structure of ESR-ST signals is interpreted by the triplet line spectrum with o-nitrogen split and a further split by a -
proton. The magnetic parameter, factor-g, was 2.005 calculated based on Fig. S9, which addressed to the occurrence of the free radicals
of being trapped by DMPO. The formation of the free radical is a result of hydrogen transfer between TX or BP and amine groups in
hPEA backbone. Compared with MGA-TX and MGA-BP, signals of other radicals besides DMPO radical occurred on the ESR-ST of
hPEA101-TX and hPEA101-BP, which may be explained by the steric hindrance of the polymeric structures that hinder the
combination between DMPO and radicals. Some radicals exist in the macromolecular coil cage. Therefore, they could not escape form
the “cage”, timely to be trapped by DMPO.

Motivated by the good solubility in water and excellent photobleaching properties derived from the hydrophilic backbone of hPEA,
we investigated the photopolymerization of acrylamide (AM) initiated by hPEA-TX and hPEA-BP in aqueous solution by photo-DSC,
taking MGA-TX, MGA-BP and commercial water-soluble cleavable photoinitiator 12959 as reference. The photo-DSC profiles for
polymerization of AM are shown in Fig. 2. With the high maximal polymerization rate (Rpmax), short time to reach maximal
polymerization rate (tmax) and high final double bond conversion (DBC), both hPEA-TX and hPEA-BP can initiate
photopolymerization of AM as efficiently as their low-molecular weight analogues MGA-TX and MGA-BP, respectively. Compared
with the commercial 12959, the polymerization of AM initiated by hPEA-TXs and hPEA-BPs exhibited higher heat flow and faster rate
at early stage. The photopolymerization of AM initiated by hPEA-TX was faster than that of hPEA-BP, which might be ascribed to the
excellent adsorption of TX moieties at UV-vis range (400 nm) (Fig. S4). In addition, for the photopolymerization of AM, hPEA101-TX
and hPEA101-BP are more efficient than hPEA211-TX and hPEA211-BP respectively, which can be considered to the better water
solubility.
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Fig. 1 The dependence of UV-vis spectra of (a) hPEA101-TX aqueous solution on 365 nm UV irradiation time. (b) the change of the absorbance of maximum
absorption wavelength on 365 nm UV irradiation time. Agis the absorbance of the maximum absorption wavelength before UV irradiation. A is the absorbance
of the maximum absorption wavelength at a certain UV irradiation time.

As shown in Fig. 2, the polymerization rate of AM initiated by hPEA-TX was slower than that of MGA-TX at the early stage, but
faster at the later stage. This result might be addressed to the macromolecular effect of hPEA-TX. At early polymerization stage,
macroradicals are not as active as low-molecular-weight radicals because of the low mobility of macromolecular chains Some
macromolecular radicals are difficult to escape from the cage of the macromolecular coil timely to initiate the polymerization, resulting
in the slow polymerization. As polymerization goes on, the generation of poly(acrylamide) leads to the high viscosity systems, in
which the chemical reactions become controlled by diffusion [40]. Because of the higher local amino concentration in the flexible
backbone of hPEA, the intramolecular hydrogen-abstraction between the excited state of TX and amine is less effected by the diffusion,
resulting in the faster photopolymerization of AM at the later stage.

Based on the better solubility in many solvents and the good compatibility in commercial monomer of photoinitiators based on the
hyperbranched structure of hPEA backbone, we explored the polymerization of three kinds of typical commercial acrylate monomers:
difunctional monomer HDDA, trifunctional monomer TMPTA and tetrafunctional monomer PEPPT, initiated by hPEA-TX as well as
MGA-TX and commercial photoinitiator ITX as references. The photopolymerization of the photo-DSC profiles and conversion curves
are presented in Fig. 3 and Fig. S10 in Supporting information and the results are summarized in Table S2 in Supporting information.
The hPEA-TX exhibits the excellent initiation properties for the photopolymerization of HDDA, especially in the significant
improvement of the final double bond conversion (DBC). It can initiate photo-curing of HDDA with DBC of 99%, which is higher than
that of MGA-TX and commercial ITX photoinitiator. The high DBC for photo-curing of HDDA initiated by hPEA-TX was ascribed to
advantages derived from the flexible and amphiphilic backbone of hPEA containing amino moieties: one-component and excellent
compatible to HDDA. During the photopolymerization of HDDA, the increasing cross-linking density and viscosity restrict the
mobility of molecules in system, and the chemical reaction become diffusion-controlled at the later stage of photo-curing [41, 42].
Therefore, the molecular mobility and compatibility of photoinitiators with photo-curing systems become the important factors to
determine photoinitiation. As shown in Fig. 3, the polymerization rate (Rp) for hPEA-TX was higher than that of MGA-TX and ITX at
the later stage of photo-curing. Due to the intramolecular hydrogen abstraction in hPEA-TX along polymeric backbone, the generation
of radicals was less limited by the diffusion, resulting in the higher Rp in the later stage and the high final DBC.

In order to further investigate the feasibility of hyperbranched polymeric photoinitiators for multifunctional monomers, the
photopolymerization of TMPTA and PEPPT initiated by hPEA-TXs were investigated (Fig. S10). The heat flow of hPEA-TXs is
almost as high as commercial ITX/TEOA at the beginning of photo-curing, and higher than that of ITX/TEOA at the later stage. The
final double bond conversion for hPEA101-TX reached to more than 80%, which is much higher than that of TMPTA initiated by
recently reported polymeric photoinitiator PPI(TX1-co-DMAEM) (46%) [6], while the final DBC for MGA-TX/TEOA and ITX/TEOA
was less than 60% (Fig. S10b). Compared with that of HDDA, the photo-curing of TMPTA can lead to higher cross-linked network,
resulting in the gelation in the early stage of photo-curing. In this case, the steric hindrance of the polymeric photoinitiator based on
flexible hyperbranched backbone of hPEA prevents the coupling of the radicals produced from them, and hence there are more radicals
to initiate the polymerization, resulting in the high efficiency in photo-curing. From hPEA110-TX to hPEA101-TX, the final DBC
increased from 63.1% to 83.1% with the increasing content of PEG short chains in the backbone of hPEA. This result could be ascribed
to the introduction of the flexible PEG chains to enhance the mobility and compatibility of photoinitiator as summarized in Table S2.

Compared with trifunctional monomer TMPTA, the viscosity, the crosslink degree and the double bond content of tetrafunctional
monomer PEPPT are much higher, which can produce the tighter three-dimensional structure at the early polymerization stage. With
the effect of steric hindrance, the mobility and diffusion are the most important elements of photopolymerization of PEPPT. Likewise,
due to a large number of PEG chains and long side groups which can enhance the mobility and diffusion, the final conversion of hPEA-
TXs systems has been greatly improved. Photo-DSC profiles of the polymerization of PEPPT initiated by hPEA-TXs show in Fig. S10.
The heat flow of hPEA-TX is high. The final DBC for hPEA101-TX can reach 60%, which is higher than that of MGA-TX/TEOA and
ITX/TEOA as shown in Fig. S10d and Table S2.
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Fig. 2 (a) (c) Photo-DSC profiles and (b) (d) conversion vs. time for photopolymerization of AM (30 wt%) for hPEA101-TX, hPEA211-TX, MGA-TX/TEOA,
hPEA101-BP, hPEA211-BP, MGA-BP/TEOA and 12959 in aqueous solution at 25 °C by UV light with an intensity of 50 mW/cm?. ([PI] = 0.05 mol/L in terms
of TX or BP moiety).
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Fig. 3 (a) Photo-DSC profiles (b) conversion vs time for photopolymerization of HDDA for hPEA101-TX, hPEA211-T X, hPEA110-TX, MGA-TX/TEOA and
ITX/ITEOAat 25°C by UV light with an intensity of 50 mW/cm?. ([P1] = 0.05 mol/L in terms of TX or BP moiety)

Many problems in photo-cured materials are caused by the migration of the photoinitiator to surface. The mass fraction of the
migrated TX moieties in the TMPTA matrix for ITX/TEOA MGA-TX/TEOA and hPEA211-TX is 47.2%, 37.6% and 11.5%,
respectively (Fig. S11 in Supporting information). It is obvious that the migration of hPEA211-TX is smaller than MGA-TX/TEOA
and ITX/TEOA, because the PEG chain of hPEA endows photoinitiators with good compatibility with acrylate monomers. Moreover,
the lower migration can also be ascribed to the high molecular weight of hPEA-TX.

In summary, the hyperbranched poly (ether amine) (hPEA) can be used as novel backbone for development of the one-component
polymeric type-1l photoinitiator due to its flexible, amphiphilic and hyperbranched structure containing amino groups as coinitiator. A
series of amphiphilic hyperbranched polymeric photoinitiators (hPEA-TXs and hPEA-BPs) were developed by introducing
thioxanthone (TX) and benzophenone (BP) moieties into the periphery of hPEA through epoxy/amine click reaction. The resulting
hPEA101-TX, hPEA211-TX, hPEA101-BP and hPEA211-BP could dissolve very well not only in many organic systems including
acrylate monomers, but also in water with high solubility of 10 wt%. Both hPEA-TX and hPEA-BP not only have high efficiency in
initiating the photopolymerization of water-soluble monomer AM, but also are all perfectly effective to initiate the
photopolymerization of oil soluble monomers HDDA, TMPTA and PEPPT, especially in the case of multifunctional monomers
TMPTA and PEPPT. These advantages of hPEA as backbone will make hPEA-TX and hPEA-BP find enormous commercial potential

applications in fields such as the photo-curing ink, 3D printing, photo-cured food package and photo-curing coating.
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