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ABSTRACT

A new well-defined bisbenzoin group end-functionalized poly(e-caprolactone) macrophotoinitiator
(PCL-(PI),) was synthesized by combination of ring opening polymerization (ROP) and click
chemistry. The ROP of e-CL monomer in bulk at 110 °C, by means of a hydroxyl functional initiator
namely, 3-cyclohexene-1-methanol in conjunction with stannous-2-ethylhexanoate, (Sn(Oct),),
yielded a well-defined PCL with a cyclohexene end-chain group (PCL-CH). The bromination and
subsequent azidation of the cyclohexene end-chain group gave bisazido functionalized poly(e-
caprolactone) (PCL-(N,),). Separately, an acetylene functionalized benzoin photoinitiator (PI-
alkyne) was synthesized by using benzoin and propargyl bromide. Then the click reaction between
PCL-(N,), and Pl-alkyne was performed by Cu(l) catalysis. The spectroscopic studies revealed that
poly(e-caprolactone) with bisbenzoin photoactive functional group at the chain end (PCL-(PI),) with
controlled chain length and low-polydispersity was obtained. This PCL-(PI), macrophotoinitiator was
used as a precursor in photoinduced free radical promoted cationic polymerization to synthesize
an AB,-type miktoarm star copolymer consisting of poly(e-caprolactone) (PCL, as A block) and
poly(cyclohexene oxide) (PCHO, as B block), namely PCL(PCHO),.
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There have been many publications about the synthesis
and characterization of macrophotoinitiators containing
photochoromophoric groups in their chains in the literature.
[1,6-9] Conventional methods are used in most of these
studies. The works related to macrophotoinitiators with well-
defined structures are rare though. The discovery of modern
synthetic methods has paved the way for new opportunities
in the preparation of well-defined macrophotoinitiators

Introduction

Synthesis of novel polymeric materials with improved
properties and applications is still an intense and chal-
lenging field in polymer chemistry. Among these mate-
rials, macrophotoinitiators, defined as polymer systems
containing end-chain or mid-chain photoreactive groups,
have received great interest in recent years, since they com-

bine the properties of polymers with those of low molecu-
lar weight photoinitiators. They have a significant number
of advantages in comparison with their corresponding low
molecular weight analogs.[1-3] The advantages expected
from macrophotoinitiators are better solubility and com-
patibility within the formulations, low odor, non-toxicity,
higher efficiency, and reduced migration to the film sur-
face. Moreover, macrophotoinitiators can be used as pre-
polymers in photoinitiating systems for synthesizing block
and graft copolymers,[4,5] and they also allow combination
of polymerizations proceeding with different mechanisms
to synthesize polymers with blocks differing in nature.

with controlled molecular weight and lower polydispersity.
Controlled/living polymerization methods such as atom
transfer radical polymerization (ATRP) and ring opening
polymerization (ROP) can be employed for this purpose.
There are two procedures offered to synthesize well-
defined macrophotoinitiators by using these methods: (i)
the use of a photoinitiator with suitable functionality as an
initiator in ATRP or ROP of a monomer system [10-13]; (ii)
functionalization of a polymer achieved by ATRP or ROP
with a photoreactive group.[14-17]

We have previously synthesized and characterized many
well-defined macrophotoinitiators of poly(e-caprolactone)
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(PCL),[10,14,16] polystyrene (PSt),[18-21] and Poly(methyl
methacrylate) (PMMA) [12] with various photoactive func-
tionalities by using above methods and used them as pre-
polymers in the synthesis of block copolymers. To the best
of our knowledge, very few works about the well-defined
polymers having benzoin moiety have been reported. In
preceding papers,[10,11,22] we applied ATRP and ROP
methods to incorporate benzoin photoinitiator moiety to
the chain end of the polymers. Thus, polystyrenes and PCLs
with benzoin end-functionalities and narrow molecular
weight distributions were prepared by using respective
functional initiators in the ATRP and ROP systems. We have
recently synthesized benzoin functionalized well-defined
telechelic macrophotoinitiator of polystyrene by a combi-
nation of ATRP and click chemistry, which has a potential
in initiating light-induced free radical promoted cationic
polymerization to obtain ABA type tri-block copolymer.
[15] Quite recently, we have also applied a combination of
ROP and click chemistry in order to synthesize well-defined
benzoin end-functionalized PCL.[16] This macrophotoiniti-
ator was used as a prepolymer in photoinduced polymer-
zation for achieving AB type di-block copolymer. In this
paper we have synthesised a well-defined bisbenzoin end-
group photoactive functionalized poly(e-caprolactone)
(PCL-(P1),) by combination of ROP and click chemistry. In
contrast to our previous studies, the obtained macropho-
toinitiator here was used as precursor in photoinitiated
polymerization to get AB,-type miktoarm star copolymer
comprising of poly(e-caprolactone) (PCL, as A block) and
poly(cyclohexene oxide) (PCHO, as B block).

Star type polymers consisting of several identical
(homo-armed star polymers) or unequal linear chains
(hetero-armed or miktoarm star copolymers) together
have received great interest owing to their distinctive mor-
phological and physical properties and possible process-
ing advantages resulting from their unique architectures.
[23-26] Miktoarm star copolymers represent a structure in
which polymer blocks are connected to one another at a
central core. There are many routes to synthesize such kind
of polymers. The most common and well established route
to synthesize such polymers mainly contains two steps.
In the first step, a linear polymer with controlled chain
length and end-groups is prepared by a controlled/living
polymerization method such as ATRP or ROP. Then, the
end-groups are converted to suitable chemical function-
alities which undergo a facile and specific reaction (usually
a’click’) to build the desired structure.[27,28] Various types
of miktoarm star copolymers such as AB,,[29,30] A,B,[23]
A,B,,[31] AB,,[28,29] ABC[32] ... etc, have been synthe-
sized and characterized by using this way.

In this study, we report a novel well-defined bisbenzoin
group end-functionalized poly(e-caprolactone) macropho-
toinitiator (PCL-(PI),) via the combination of ROP and ‘click
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chemistry’ methods. This macrophotoinitiator was then
used as a prepolymer in the synthesis of an AB,-type mik-
toarm star copolymer comprising of PCL (as A block) and
PCHO (as B block) by photoinduced free radical promoted
cationic copolymerization. To the best of our knowledge,
the synthesis of bisbenzoin group end-functionalized
PCL macrophotoinitiator and AB, miktoarm star copoly-
mer with linear PCL and PCHO as building blocks has not
been reported.

Experimental
Materials

&-Caprolactone (e-CL) (Aldrich) and Cyclohexene oxide
(CHO) (Aldrich) were distilled over calcium hyride (CaH,)
and stored in a refrigerator under nitrogen before use.
Acetylene-functionalized benzoin (Pl-alkyne) was syn-
thesized by slightly modifying the procedure described
in the literature.[15] Stannous-2-ethylhexanoate (Sn(Oct),)
(Aldrich), 3-cyclohexene-1-methanol (Aldrich), Sodium
azide (Aldrich), Propargyl bromide (80 wt. % in toluene,
Aldrich), Diphenyliodonium hexafluorophosphate (Fluka),
CuBr (Aldrich), lodic acid (HIO,) (Sigma-Aldrich), Potassium
bromide (KBr) (Sigma-Aldrich), Sodium thiosulfate
(Na,S,0,) (Sigma-Aldrich), Sodium azide (NaN,) (Merck),
Tetrabutylammonium bromide (Sigma-Aldrich), and
2,2"-bipyridine (Merck) were used as received. 1-Ethoxy-
2-methylpyridinium hexafluorophosphate (EMP*PF ")
was prepared according to the published procedure.[33]
Solvents, dichloromethane (CHZCIZ), toluene, and tetrahy-
drofuran (THF), were distilled over drying agents under
nitrogen prior to use.

Synthesis of cyclohexene end-functionalized poly(e-
caprolactone) (PCL-CH)

Cyclohexene end-functionalized poly(e-caprolac-
tone) (PCL-CH) was obtained according to the method
previously described in the literature [34] by ROP of
€-CL using Sn(Oct), as catalyst and 3-cyclohexene-1-
methanol as the initiator. Typically, 3-cyclohex-
ene-T-methanol (253 mg, 2.25 mmol), &-caprolactone
(5.15 g, 45 mmol), and stannous-2-ethylhexanoate
(2.30 mg, 5.63 x 103 mmol)were placed under nitrogen
in a previously flamed and nitrogen-purged schlenk
flask equipped with magnetic stirrer bead. The reaction
mixture was degassed by freeze-thaw cycles (x3). The
flask was charged with N, and the reaction mixture was
allowed to heat up to 110 °C. After 5 days of stirring,
the reaction was allowed to cool at room temperature.
Upon cooling, a solid polymer formation was observed.
The resultant solid was dissolved in dichloromethane to
give a viscous solution. This viscous solution was added
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drop-wise to 200 ml of cold methanol by stirring and the
precipitated polymer was then filtered off using a Gooch
crucible, washed with cold methanol and dried under
vacuum at room temperature to obtain PCL-CH. Yield:
4.899,95%.M =2300,M =2500,M /M =1.22.

nHNMR n GPC

Bromination of cyclohexene end-functionalized
poly(e-caprolactone) (PCL-(Br),)

Cyclohexene end-functionalized poly(e-caprolactone)
(PCL-CH) (4 g, 2.93 mmol) was dissolved in 50 mL of
dichloromethane in a two-necked round-bottomed
flask. A solution of KBr (1.05 g, 8.7 mmol) in a 50 mL of
distilled H,O was added to the reaction flask. Finally,
HIO, (1.8 g, 10.23 mmol) was added to the reaction mix-
ture and the reaction was stirred at room temperature.
At first, upper water phase was yellowish and bottom
dichloromethane phase was colorless. After 5 min., bot-
tom phase turned to orange. The reaction progress was
monitored by TLC. After 24 h of stirring, the reaction
was worked up by addition of 100 mL of 10% Na,S,0,
solution. This mixture was transferred into a separatory
funnel and the organic layer was extracted with dichlo-
romethane (3 x 70 mL) and dried over anhydrous Na,SO,
and filtered. Evaporation of the excess solvent gave a
grayish solid which was dissolved in dichloromethane
to give a viscous solution and purified by reprecipitation
from cold methanol. Dibromocyclohexane end-func-
tionalized poly(e-caprolactone) (PCL-(Br),) was collected
after filtration and dried at room temperature in a vac-
uum for 3 days. Yield: ~4.30 g, >99%. M =2510,M,
epc = 2900, Mw/M_ = 1.24.

nHNMR

Azidation of dibromocyclohexane end-
functionalized poly(s-caprolactone) (PCL-(N,),)

A suspension of dibromocyclohexane end-functionalized
poly(e-caprolactone) (PCL-(Br),) (3.50 g, ~2.30 mmol) and
NaN, (0.89g, 13.75 mmol) in 20 ml of dimethylformamide
(DMF) was stirred at room temperature for 24 hina 100 mL
round-bottomed flask. Undissolved substance (NaN,) was
removed by filtration through filter paper. The clear solu-
tion obtained was concentrated under vacuum and the
resultant solution was added drop-wise to a cold mixture
of 200 ml methanol and 50 ml water by stirring. The white
polymeric compound, diazidocyclohexane end-function-
alized poly(e-caprolactone) (PCL-(N,),), was then filtered off
using a Gooch crucible, washed with cold methanol-water
mixture and dried under vacuum at room temperature for
3 days. Yield: ~3.50 g, >99%. M =2480,M__,.=3000,
Mw/M_=1.25.

nHNMR n GPC

Synthesis of acetylene end-functionalized benzoin
(Pl-alkyne)

Acetylene end-functional benzoin namely, 1,2-diphe-
nyl-2-(propargyloxy)ethanone (Pl-alkyne) was synthesized
by slightly modifying the procedure described in the lit-
erature.[15] A solution of NaOH (2.35 g, 58.75 mmol) in
100 mL of distilled H,O was prepared in a 500 mL two-
neck round-bottom flask. Benzoin (10 g, 47.00 mmol) was
then added to this solution and the reaction was heated
to 50 °C. Toluene (dry, 50 mL) was then added under stir-
ring conditions until benzoin was dissolved completely
forming a clear solution. The color of the mixture turned
to orange-yellow during this process. To this clear solu-
tion, tetrabutylammonium bromide (1.89 g, 5.87 mmol)
was added as a phase transfer catalyst. A separate solu-
tion was prepared by dissolving propargyl bromide (7.00 g,
58.75 mmol) in 50 mL of dry toluene and this solution was
added drop wise to the first reaction flask during 30 min.
The reaction mixture was kept stirring at 50 °C for 24 h
and the reaction progress was monitored by TLC. Due to
the presence of some starting material on TLC plate, 5 g
NaOH and 100 mL of DMSO were added to the reaction
and the mixture was further stirred for another 2 h until TLC
analysis showed no starting material. The color was turned
to black from orange. This mixture was transferred into a
separatory funnel and extracted with toluene (100 mL) and
water (100 mL) after complete separation of the phases.
The organic layer was dried over anhydrous Na,SO, and
filtered. The crude product was purified by column chro-
matography (Sio,, CHZCIZ) to afford acetylene-functional-
ized benzoin. Yield: 5.40 g, 46%, Rf 0.55.

Synthesis of bisbenzoin end-functionalized poly(e-
caprolactone) macrophotoinitiator by click reaction
of PCL-(N,), with Pl-alkyne (PCL-(PI),)

Diazide end-capped poly(e-caprolactone) (PCL-(N,),)
(581 mgq), 1,2-diphenyl-2-(prop-2-ynyloxy)ethanone
(Pl-alkyne) (300 mg, 1.2 mmol), oven-dried CuBr (344 mg,
2.4 mmol) and bipyridine (750 mg, 4.8 mmol) were placed
in a 100 mL Schlenk flask and the reagents were further
dried under vacuum. After the flask was charged with N,,
dry THF (20 mL, freshly distilled over Na under N,) was
added. The reaction mixture was degassed by freeze-thaw
cycles (x4) and then stirred at room temperature for 24 h
under N,.The reaction color which was initially dark brown
turned to gray ash color. The solvent was evaporated to
dryness. The resultant residue was dissolved in dichlo-
romethane (30 mL) and washed with water (30 ml X 4) in
a separatory funnel until blue color of copper catalyst was
not detected in water phase. The organic layer was dried



over anhydrous Na,SO, and filtered. The resulting solu-
tion was passed through an alumina column in order to
remove trace amount of copper catalyst left from the mix-
ture. After evaporating the excess solvent, the mixture was
precipitated in cold methanol. Bisbenzoin end-eunction-
alized PCL macrophotoinitiator (PCL-(PI),) was filtered off
using a Gooch crucible and dried under vacuum for 3 days.
Yield: ~650 mg, >99%, M =2810, M, .o = 3200, and
Mw/M_=1.24.

nHNMR

Synthesis of AB,-type miktoarm star copolymer
by free radical promoted cationic polymerization
(PCL(PCHO),)

A certain amount of the macrophotoinitiator (PCL-(P1),) and
the monomer (cyclohexene oxide, CHO) in bulk containing
onium salt (Ph,I* or EMP?) in Pyrex tubes were degassed
with nitrogen prior to irradiation. At the end of irradiation
in a merry-go-round type photoreactor equipped with 16
Philips 8 W/08 lamps emitting light nominally at 350 nm
at room temperature, the solutions were poured into cold
methanol. The precipitated AB,-type miktoarm star copol-
ymers were filtered off and dried in vacuo.

Characterization

'H NMR spectra were recorded on an Agilent 400 MHz
NMR spectrometer at room temperature. Fourier trans-
form infrared (FT-IR) spectra were measured with a Perkin-
Elmer Spectrum Two FT-IR spectrophotometer. Number
and weight average molecular weights (M_and M ) and
molecular weight distributions M, /M) were determined
by gel permeation chromatography (GPC) using an Agilent
GPC Instrument (Model 1100) consisting of a pump, a
refractive index detector and two Waters Styragel columns
(HR 5E, HR 4E), using THF as the eluent at a flow rate of
0.5 mL/min at 23 °C and toluene as an internal standard.
Molecular weights were calculated by using monodisperse
polystyrene standards. UV-vis spectra were registered
on a Schimadzu 1601 spectrophotometer. Fluorescence
spectra were recorded on a Shimadzu RF-1501 spectro-
fluorophotometer. Thermal stabilities and the glass tran-
sition temperatures of the polymers were investigated on
a Perkin-Elmer TGA/DTA 7300 thermal analysis systems,
under N, flow with a heating rate of 20 °C/min. Molecular

() @ e
+ n
e-CL

Scheme 1. Synthesis of PCL-CH via ROP.

110 °C bulk
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weights of PCL-CH, PCL-(Br),, PCL~(N,), and PCL-(PI), were
calculated with the aid of polystyrene standards by using
the following conversion formula [35]: M, =0.259 M, ",

Results and discussion

Synthesis of cyclohexene end-functionalized poly(-
caprolactone) (PCL-CH)

The synthesis of cyclohexene end-functionalized
poly(e-caprolactone) (PCL-CH) was performed [34] by
ROP of &-CL using Sn(Oct), as catalyst and 3-cyclohex-
ene-1-methanol as the initiator. The molar ratios of [e-CL]/
[3-cyclohexene-1-methanol] and [3-cyclohexene-1-meth-
anoI]/[Sn(Oct)z] were taken as 20/1 and 400/1, respec-
tively. With this initiator system, PCL functionalized with
cyclohexene end-group has been obtained as depicted
in Scheme 1.

The "HNMR spectrum of PCL-CH showed the resonance
signals of the double bond protons of cyclohexenering (at
the PCL end-chain) at 5.71-5.60 ppm, the —~CH,—0—-CO pro-
tons at 3.97 and 3.95 ppm, the repeating-unit protons of
PCLat4.06-4.03,2.33-2.27,1.71-1.58,and 1.42-1.31 ppm,
and the signals assignable to the methylene protons adja-
cent to the w-chain end hydroxyl groups (proton a’) were
clearly observed at 3.65-3.62 ppm, which indicated the
completion of ROP (Figure 1(a)). The GPC measurements
of PCL-CH indicated unimodal and narrow GPC trace with
M, cpc = 2500 (Figure 3(a)) and M, /M =122.1n addition,
the calculated M (M_ ;... = 2280) and measured M_'s (M_
arc = 2500 and M, .z = 2300) are in good agreement
indicating the formation of well-defined cyclohexene
end-functionalized PCL. The experimental conditions and
results are summarized in Table 1.

Synthesis of dibromo- and diazido-cyclohexane end-
functionalized poly(s-caprolactone) [(PCL-(Br),) and
(PCL-(N,),)]

Bromination of cyclohexene end-functionalized group
of PCL was conducted using potassium bromide (KBr)
and iodic acid (HIO,) in a two-phase system consisting
of CH,Cl,/H,0 (1/1) at room temperature.[36] Dibromo-
cyclohexane end-functionalized PCL was obtained in
~99% yield. Subsequently, the bromines at the chain ends
of PCL were transformed into azido groups through the

oottt

PCL-CH
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Figure 1. "H NMR spectra of PCL-CH (a) and PCL-(Br), (b) in CDCl,.

simple nucleophilic substitution reaction with NaN, in
DMF. The overall reaction for bromination and azidation
of PCL is shown in Scheme 2.

The dibromo- and diazido-cyclohexane end-functional-
ized PCL precursors were identified by "H NMR, FT-IR, and
GPC measurements. Figure 1(b) shows the "H NMR spec-
trum of the prepolymer obtained from the bromination
of PCL-CH. After bromination, the characteristic signals
at 5.71-5.60 ppm for double bond protons of cyclohex-
ene end group (in Figure 1(a)) completely disappeared,
and the new resonance signals that appeared at 4.70 and
4.66 ppm are ascribed to protons of CH-Br (Figure 1(b)).
This polymer has also showed the signals from the PCL
backbone at 4.07-4.04 ppm (proton a), 2.32-2.28 ppm
(protond), 1.69—1.55 ppm (protons b), and 1.42-1.32 ppm

KBr, HIO;
CH,Cly-H,0 (1: 1
rt,24 h

PCL-CH

N3
N3

Scheme 2. Synthetic procedures for PCL-(Br), and PCL-(N,),.

(proton c) along with the signals that originated from the
corresponding initiator residues. The "TH NMR spectrum of
the diazido end-functionalized prepolymer is depicted in
Figure 2(a). The good agreement between the molecular
weight distributions (PDI) and the calculated and meas-
ured M 's of PCL polymers (which are summarized in Table
1) indicates that no side reactions occurred during the
bromination and nucleophilic substitution reaction (azi-
dation) and well-defined dibromo and diazido end-func-
tionalized PCLs were obtained. The structures of PCL-(Br),
and PCL(N,), were further supported by the observations
from IR spectra as indicated in Figure 3(a) and (b). The IR
measurements provided direct evidence for the presence
of azide units with a typical vibration band at 2120 cm™
which was absent in the case of PCL-(Br),.

Synthesis of bisbenzoin end-functionalized poly(e-
caprolactone) macrophotoinitiator (PCL-(PI),)

The copper-catalyzed azide-alkyne cycloaddition reaction
(click reaction) was employed for the preparation of (PCL-
(PD),). The acetylene-functionalized benzoin (Pl-alkyne),
which is a click couple compound, was synthesized by
slightly modifying the procedure described previously
with 46% yield. The click reaction of PCL(N,), with Pl-alkyne
was performed in DMF at room temperature for 24 h using
the CuBr/bipyridine catalyst system, as shown in Scheme 3.
Polymer solution was passed through neutral alumina col-
umn to remove copper salt and the resin, then the solvent
was removed by a rotary evaporator and the product was
obtained as white solid from precipitation in methanol.
The FT-IR spectrum of the PCL-(P1), (Figure 3(c)) indi-
cated the disappearance of the absorption peak of the
azido groups at around 2120 cm™' suggesting that there is
no unreacted azide functionalized polymer in the reaction
products. In addition, the IR spectrum of the ‘click’ cou-
pled product (PCL-(PI),) contains the characteristic C=0

ottty

PCL-(Br),

NaN; DMF
rt, 24 h

et

PCL~(N3),
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Figure 2. "H NMR spectra of PCL-(N,), (a) and PCL-(PI), (b) in deuterated acetone.
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Figure 3. FT-IR spectra of PCL-(Br), (a), PCL-(N,), (b) and PCL-(PI),
(0).

Table 1. Conditions and results of the PCL-CH?, PCL-(Br)zb, PCL-
(N,),¢ and PCL-(PI).%.

Temp. Conver- M M

H 3
Run  Polymer  (°0)  sion(%) M. r ot MM,
1 PCLCH 110 95 2280 2300 2500 1.2
2 PCL-B), 25 >99 2440 2510 2900 124
3 PCLN), 25 >99 2365 2480 3000 1.5
4 PPN, 25 >99 2865 2810 3200 1.4

*Prepared by ROP of e-CL. [e-CL], = 9.02 mol L~"(in bulk), [11/[ [e-CL] = 1/20 and

[Sn(Oct),1/[11=1/400, 110 °C.

bPrepared via bromination of PCL-CH.

“Prepared via azidation of PCL-(Br),

dPrepared via ‘click’ reaction between PCL-(N,), and Pl-alkyne.
¢Determined by GPC according PSt standards.

ester band of PCL chain at 1720 cm™~', the C=0 keto group
of the photoinitiator moiety at 1670 cm~', and the oop
bending of Ar-H from benzoin end groups at 697 cm™!
demonstrating quantitative coupling and the successful
formation of PCL-(PI), Further evidence for the formation
macrophotoinitiator could be seen in the '"H NMR spec-
trum in Figure 2(b). The signals due to benzoin aromatic
protons at the end-groups of the PCL-(PI), at 7.88 and
8.06 ppm were observed in this spectrum along with the
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Scheme 3. Synthesis of bisbenzoin end-functionalized poly(e-caprolactone) macrophotoinitiator, PCL-(PI),, via click chemistry.
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Figure 4. GPC traces of PCL-(PI), (a) and PCL(PCHO), (b).

characteristic signals due to the repeating units of the
macrophotoinitiator itself. The GPC trace of the PCL-(PI),
macrophotoinitiator shown in Figure 4(a) displayed a uni-
modal peak and a little shifted toward the higher molecu-
lar weight region as compared to the starting material. In
addition, its molecular weight distribution is still low and
the theoretical, GPC and "H NMR molecular weights of the
PCL-(P1), are fit with each other indicating the formation
of the macrophotoinitiator with well-defined structure.

1,5 5 T - T
!
124, 1y i
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" \ —u— PCL-(PI),
) \ ]
% 0,9 1 %) .
o \ 8
S . ]
go64 % b 1
< . 3
0.3 1 K %
0,0 .%v_
250 300 350 400

Wavelength (nm)

Figure 5. UV absorption spectra of Pl-alkyne (6.15 x 10~ mol L")
and PCL-(P1), (0.16 g L in CH,Cl,.

Even more convincing evidences for the incorporation
of benzoin groups at the end-chain of PCL-(PI), macropho-
toinitiator and the completion of click cyclization reaction
were obtained from UV-vis and Fluorescence measure-
ments. Figure 5 shows the absorption spectra of PCL-(PI),
together with the Pl-alkyne synthesized. Each spectrum
has specific absorptions between 300 and 400 nm. It can
be clearly seen that the polymeric photoinitiator, PCL-(P1),,

has spectrum which is typical for benzoyl chromophores
absorbing strongly in far UV and possessing an absorp-
tion maximum of the n—-m* transitions around 320 nm
(.., =320nm, £ =100-200 L mol~' cm™).[37] Thus these
types of polymeric photoinitiators are suitable for use in
formulations which do not absorb strongly in this region.
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Figure 6 shows the fluorescence emission of the PCL-
(P1), macrophotoinitiator and its precursor Pl-alkyne in
CH,Cl, at room temperature. All spectra show the vibra-
tional structures of the phenyl ketone chromophore. All
these spectroscopic investigations suggest that the pho-
tochromophoric benzoin groups were conserved under
the click cyclization reaction conditions.

Synthesis of AB,-type miktoarm star copolymer
(PCL(PCHO),)

The photoinitiated free radical promoted cationic polym-
erization method was employed for the preparation of
PCL(PCHO), (AB,-type miktoarm star copolymer) by using
PCL-(PI), macrophotoinitiator as the photoinitiator and
CHO as the monomer.The initial stage of the UV irradiation
process is radicalic. UV irradiation of the PCL-(PI), macro-
photoinitiator caused a-scission and yielded benzoyl (elec-
tron withdrawing), and polymer bound radicals (electron
donating), according to the following reaction (Scheme 4).
It is known that certain onium salts such as Ph,"PF,~ and
EMP*PF,~ can efficiently oxidize photochemically gener-
ated electron donating free radicals.[22] If the photolysis
is carried out in the presence of a cationic polymerizable
monomer such as CHO the polymer attached radicals are
converted to initiating cations to generate AB,-type mik-
toarm star copolymer consisting of poly(e-caprolactone)
(PCL, as A block) and poly(cyclohexene oxide) (PCHO, as
B blocks). It should be pointed out that benzoyl radicals
formed concomitantly do not participate in the oxida-
tion process.[38] In addition, no peak belonging to the
homopolymer formation was observed on GPC chroma-
togram of star copolymer. This is probably because the
radicals formed from the decomposition of onium salts do
not join in further redox reactions in the current system.
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The conditions and results related to photochemically
induced free radical promoted cationic copolymerization
of CHO monomer in bulk at room temperature by using
PCL-(PI), macrophotoinitiator are shown in Table 2. A con-
trol experiment without the macrophotoinitiator (PCL-
(P1),) gave only negligible amount of polymer after the
same irradiation time.

The AB,-type miktoarm star copolymer structures were
determined by NMR and IR spectral measurements. The
FT-IR spectrum of PCL(PCHQ), (Figure 6) indicates the char-
acteristic absorption bands of PCL and PCHO segments.
Successful formation of the AB,-type miktoarm star copol-
ymer was further evidenced by "H NMR analysis as shown
in Figure 7. Besides the resonances assigned to the repeat-
ing protons of the PCL precursor at 4.06 ppm (proton a),
2.30 ppm (proton d), and 1.40 ppm (proton c), the charac-
teristic —OCH signal of PCHO segment was also observed
at 3.59-3.23 ppm. By comparing the integral intensity of
the methylene protons from one PCL chain at 4.06 ppm
or 2.30 ppm to that of the methine protons (—OCH) from
PCHO segment at 3.59-3.23 ppm, the average degree of
polymerization (DP) of the each PCHO chain was found
as 120. The molecular weights of PCL(PCHO), found from
GPC and 'H NMR measurements were presented in Table
2. As seen, M.\ Values were higher than M_ arc This
might be attributed to calibration of GPC instrument and
the compact structure of the star polymer. It is known that
the GPC data relies on calibration. The hydrodynamic vol-
ume of PCL(PCHO), miktoarm star copolymer is different
from linear polystyrene polymer which was used as calibra-
tion standard in GPC system. Star polymers, on the other
hand, have compact structures and generally, they have
smaller hydrodynamic radius than linear analogs of the
same molecular weight. In addition, PCHO blocks might
be adsorbed onto the GPC column which would result in
an increase in retention time and lead to lower detected
molecular weight.

The GPC chromatogram of PCL(PCHO), miktoarm star
copolymer is monomodal and no peak attributed to the
starting macrophotoinitiator (PCL-(P1),) was observed in
the monomodal distribution curve as shown in Figure 4(b),
indicating that the prepolymer (PCL-(PI),) has been com-
pletely consumed and converted to the corresponding
AB,-type star copolymer and there are no side reactions
occurred during photoinitiated polymerization.

Thermal analyses of polymers

Thermal transition parameters and thermal stabilities of
the synthesized polymers, PCL-CH, PCL-(Br),, PCL-(N,),,
PCL-(PI),, and PCL(PCHO), were determined by differen-
tial thermal analysis (DTA) and thermogravimetric analysis
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method.

Table 2. Synthesis of AB,-type miktoarm star copolymer via pho-
toinduced free radical promoted cationic copolymerization® of
CHO by using PCL-(PI), macrophotoinitiator.

Conver- PCL(PCHO)2
Onium Irradiation sionP
Run salt time (min) (%) Moo Miad M /M
5 Ph2|+ 50 43 26,320 4000 1.56
6 EMP* 100 25 24,260 4000 1.62

?[CHO] = 9.91 mol L™, [PCL-(PI),] = 50 mg, [Onium salt] = 5 x 103 mol L™
Aipe = 350 nm, in bulk, at room temperature.

CHO conversion.

‘Determined by H NMR measurements.

dDetermined by GPC according PSt standards.

(TGA) under N, atmosphere. The DTA analysis of the poly-
mers obtained is shown in Figure 8.
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Figure 7. '"H NMR spectra of PCL(PCHO), miktoarm star type
copolymer in CDCl,.
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Table 3. Thermal behavior and decomposition temperatures of polymers.

Run Polymers T, (0 Tg (°Q) onset. °C) Tmaxb Q) T o0 °C) oo (°C) Ton,< (°C)
7 PCL-CH 56.92 - 293 421 358 412 436
8 PCL—(Br)2 57.11 - 290 419 358 410 437
9 PCL—(N3)2 56.96 - 280 420 368 413 437
10 PCL—(PI)2 57.26 - 234 418 328 403 441
11 PCL(PCHO)2 55.16 67.91 164 409 346 401 427

aThe onset decomposition temperature.
bThe temperature corresponding to the maximum rate weight loss.
‘The temperatures for which the weight losses are 10, 50 and 90%, respectively.

PCL-(PCHO),
PCL-(PI),
PCL-(N3)2
PCL-(Br),
PCL-CH

TrrTTT IRARRRS T |RARRAS IRARERS TrrTTT IRARARS T T | RARRES

T
0 20 40 60 80 100 120 140 160 180 200
Temperature (°C)

DTA ()

Figure 8. DTA traces of synthesized polymers.

While homopolymer type of each PCL has one transi-
tion temperature (melting point, T_), AB,-type miktoarm
star copolymer, PCL(PCHO)ZI represents two transition
temperature, one T for PCL segment and one glass tran-
sition temperature (Tg) for PCHO segments. The melting
and glass transition temperatures of the polymers are

summarized in Table 3. PCL is a hydrophobic, semicrys-
talline polymer; having melting point ranging between
56 and 67 °C depending on its molecular weight and the
structures of the groups connected to the polymer. The
T.s found for PCL-CH, PCL-(Br),, PCL~(N,),, and PCL-(PI),
in this work are the typical temperatures of semicrystal-
line PCL polymer, which is in good agreement with the
literature. In the case of PCL(PCHO), star type copolymer
one melting temperature (T_ = 55.16 °C) for PCL segment
and one glass transition temperature (Tg = 67.91 °C) for
PCHO segment were determined. The lower T_ observed
for PCL(PCHO), in comparison with its precursor homo PCL
is attributed to the copolymer effect.

The TGA curves and decomposition temperatures of
the synthesized polymers are shown in Figure 9 and Table
3.The onset decomposition temperatures of the PCL-CH,
PCL-(Br),, PCL~(N,),, PCL-(PI), and PCL(PCHO), were found
as 293 °C, 290 °C, 280 °C, 234 °C, and 164 °C respectively.
As seen from TGA thermogram of samples, while PCL-CH
has presented one maximum decomposition rate (T,__ )
at 421 °C, PCL-(Br),, PCL-(N,),, PCL-(PI),, and PCL(PCHO),
have shown two maximum rates (T a1 =312°C and T o
,=419°C for PCL-(Br),, T, = 304 °C and T s = 420°C
for PCL-(N,),, T, , = 367 °C and T, =418°C for PCL-
(PN, T . ,=183°Cand T__ , =409 °C for PCL(PCHO),

X 2
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Figure 9. TGA thermograms of synthesized polymers.
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decompositions. The first stages for PCL-(Br),, PCL-(N,),,
PCL-(PI), correspond to decomposition of the end-group of
PCLs [39] and the second stages correspond to PCL decom-
position. In the case of PCL(PCHQ), star type copolymer, the
first stage may imply the cleavage of any bond between
PCL and PCHO, and the second stage may correspond to
the decomposition of both PCL and PCHO polymers.

Conclusions

A novel well-defined bisbenzoin end-functionalized
poly(e-caprolactone) macrophotoinitiator (PCL-(PI),) was
synthesized by combination of ROP and ‘click chemistry!
FT-IR, "H NMR, UV, fluorescence, and GPC analyses demon-
strated the proper structure and indicated that all of the
reactions were controllable, leading to PCL-(PI), macropho-
toinitiator with controlled molecular structure and relative
low polydispersity. Such a narrowly distributed macropho-
toinitiator can be used in photopolymerization reactions.
Under UV irradiation, the photosensitive PCL-(PI), generate
radicals. In the presence of oxidizing agents such as iodo-
nium and pyridinium salts the polymer attached radicals
are converted to initiating cations which are capable to ini-
tiate cationic polymerization of CHO monomer. By using
this way, AB_-type miktoarm star copolymer consisting of
poly(e-caprolactone) (PCL, as A block) and poly(cyclohex-
ene oxide) (PCHO, as B blocks), namely PCL(PCHO)Z/ was syn-
thesized.The structure of the PCL(PCHO), was characterized
by spectral methods and GPC measurement. In addition,
the thermal behaviors of the polymers obtained were inves-
tigated by differential thermal analysis and TGA methods.

Acknowledgements

The authors would like to thank Harran University, Scientific
Research Council and Dicle University, Scientific Research
Projects Coordinator for financial support.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The authors would like to thank Harran University, Scientific
Research Council (HUBAK, Project no: 13111) and Dicle
University, Scientific Research Projects Coordinator (Project no:
13-MYO-125) for financial support.

References

[1] Corrales T, Catalina F, Peinado C, et al. Free radical
macrophotoinitiators: an overview on recent advances. J.
Photochem. Photobiol., A. 2003;159:103-114.

(2]

[3

[

[4

=

—
Ul
—

[9

—

[10]

(1l

[12]

[13]

[14]

[15]

[16]

Angiolini L, Caretti D, Carlini C, et al. Polymeric
photoinitiators having benzoin methylether moieties
connected to the main chain through the benzyl aromatic
ring and their activity for ultraviolet-curable coatings.
Polymer. 1999;40:7197-7207.

Yagci Y, Jockusch S, Turro NJ. Photoinitiated polymerization:
advances, challenges, and opportunities. Macromolecules.
2010;43:6245-6260.

Yagci Y, Mishra MK. Macroinitiators for chain polymerization.
Chapter 6. In: Mishra MK, editor. Macromolecular design:
concept and practice. New York, NY: Polymer Frontiers
International Inc.; 1994. p. 229-264.

Durmaz,YY, Tasdelen MA, Aydogan B, et al. Light induced
processes for the synthesis of polymers with complex
structures. In: Khosravi E, Yagci Y, Savelyev Y, editors. New
smart materials via metal mediated macromolecular
engineering, The NATO Science For Peace and Security
Programme, Part 5. Dordrecht: Springer; 2009. p. 329-341.
Carlini C, Angiolini L, Caretti D, et al. Recent advances
on photosensitive polymers: polymeric photoinitiators.
Polym. Adv. Technol. 1996;7:379-384.

Ohar H, Dolynska L, Tokarev V. Synthesis and application of
macrophotoinitiators obtained via benzoin tethering with
copolymers of maleic anhydride. Chem. Chem. Technol.
2013;7:125-130.

Yagci Y. Macrophotoinitiators: synthesis and their use in
block copolymerization. Chapter 11.In: Mishra MK, Nuyken
O, Kobayashi S, Yagci Y, Bidulata S, editors. Macromolecular
engineering: recent aspects. New York, NY: Plenium Press;
1995.p. 151-161.

Ma Z, Niu X, Xu Z, et al. Synthesis of novel macrophotoinitiator
for the photopolymerization of acrylate. J. Appl. Polym. Sci.
2014;131:40352-40359.

Degirmenci M, Hizal G, Yagci Y. Synthesis and characterization
of macrophotoinitiators of poly(e-caprolactone) and their
use in block copolymerization. Macromolecules. 2002;
35:8265-8270.

Degirmenci M, Cianga |, Hizal G, et al. Synthesis,
characterization and application of polymeric photoinitiators
prepared by atom transfer radical polymerization and ring-
opening polymerization. ACS Polym. Prep. 2002;43:22-23.
Degirmenci M. Synthesis and characterization of novel
well-defined end-functional macrophotoinitiator of
poly(MMA) by ATRP. J. Macromol. Sci. Part A Pure Appl.
Chem. 2005;42:21-30.

Degirmenci M, Gokkaya C, Durgun M. One-step synthesis
of a mid-chain functional macrophotoinitiator of a
polystyrene-poly(e-caprolactone)  diblock  copolymer
via simultaneous ATRP and ROP using a dual-functional
photoinitiator. Polym. J. 2016;48:139-145.

Degirmenci M, Sarac MA, Genli N. Synthesis and
characterization of mid-chain macrophotoinitiator of
poly(e-caprolactone) by combination of ROP and click
chemistry. Polym. Bull. 2014;71:1743-1755.

Degirmenci M, Genli N. Synthesis of well-defined telechelic
macrophotoinitiator of polystyrene by combination
of ATRP and click chemistry. Macromol. Chem. Phys.
2009;210:1617-1623.

Degirmenci M, Besli PA, Genli N. Synthesis of a well-defined
end-chain macrophotoinitiator of poly(e-caprolactone) by
combination of ring-opening polymerization and click
chemistry. J. Polym. Res. 2014;21(540):1-10.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Degirmenci M, Genli N. Synthesis of poly(cyclohexene
oxide)-block-polystyrene by combination of radical
promoted cationic polymerization, atom transfer radical
polymerization and click chemistry. Polym. Int. 2010;59:
859-866.

Durmaz YY, Yilmaz G, Yagci Y. N-Alkoxy pyridinium ion
terminated polystyrenes: a facile route to photoinduced
block copolymerization. J. Poly. Sci. Part A Poly. Chem.
2007;45:423-428.

Degirmenci M, Alter S, Genli N. Synthesis and
characterization of well-defined mid-chain functional
macrophotoinitiators of polystyrene by combination of
ATRP and “click” chemistry. Macromol. Chem. Phys. 2011;
212:1575-1581.

Temel G, Arsu N. One-pot synthesis of water-soluble
polymeric photoinitiator via thioxanthonation and
sulfonation process. J. Photochem. Photobiol., A. 2009;
202:63-66.

Degirmenci M, Cianga |, Yagci Y. Synthesis of well-defined
polystyrene macrophotoinitiators by atom-transfer radical
polymerization. Macromol. Chem. Phys. 2002;203:1279-1284.
Yagci Y, Degirmenci M. Photoinduced free radical
promoted cationic block copolymerization by using
macrophotoinitiators prepared by ATRP and ROP methods.
In: Matyjaszewski K, editor. Advances in controlled radical
polymerization, ACS Symposium Series 854. Washington,
DC: American Chemical Society; 2003. p. 383-393.

Khanna K, Varshney S, Kakkar A. Miktoarm star polymers:
advances in synthesis, self-assembly, and applications.
Polym. Chem. 2010;1:1171-1185.

Goseki R, Ozama Y, Akemine E, et al. Precise synthesis of
poly(methacrylate)-based miktoarm star polymers by
a new stepwise iterative methodology using a formyl-
functionalized 1,1-diphenylethylene derivative. Polymer.
2013;54:2049-2057.

Wu W, Wang W, Li J. Star polymers: advances in biomedical
applications. Prog. Polym. Sci. 2015;46:55-85.

Eren O, Gorur M, Keskin B, et al. Synthesis and characterization
of ferrocene end-capped poly(e-caprolactone)s by a
combination of ring-opening polymerization and “click”
chemistry techniques. React. Funct. Polym. 2013;73:
244-253.

Akeroyd N, Klumperman B. The combination of living
radical polymerization and click chemistry for the synthesis
of advanced macromolecular architectures. Eur. Polymer J.
2011;47:1207-1231.

Doganci E, Gorur M, Uyanik C, et al. Synthesis of AB.-
type miktoarm star polymers with steroid core via a
combination of “click” chemistry and ring opening
polymerization techniques. J. Polym. Sci., Part A: Polym.
Chem. 2014;52:3390-3399.

[29]

[30]

[31

—

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

DESIGNED MONOMERS AND POLYMERS . 53

IsonoT, Otsuka |, KondoYY, et al. Sub-10 nm nano-organization
in AB2- and AB3-type miktoarm star copolymers consisting
of maltoheptaose and polycaprolactone. Macromolecules.
2013;46:1461-1469.

Zhang W, Zhang W, Zhang ZJ, et al. Synthesis and
characterization of AB2-type star polymers via combination
of ATRP and click chemistry. Polym. Bull. 2009;63:
467-483.

Gou PF, Zhu WP, Shen ZQ. Calixarene-centered amphiphilic
A.B, miktoarm star copolymers based on poly(e-
caprolactone) and poly(ethylene glycol): synthesis and self-
assembly behaviors in water. J. Polym. Sci., Part A: Polym.
Chem. 2010;48:5643-5651.

Deng G, Ma D, Xu Z. Synthesis of ABC-type miktoarm star
polymers by “click” chemistry, ATRP and ROP. Eur. Polymer
J..2007;43:1179-1187.

Yagci Y, Kornowski A, Schnabel W. N-alkoxy-pyridinium
and N-alkoxy-quinolinium salts as initiators for cationic
photopolymerizations. J. Polym. Sci., Part A: Polym. Chem.
1992;30:1987-1991.

Degirmenci M, lzgin O, Yagci Y. Synthesis and
characterization of cyclohexene oxide functional
poly(e-caprolactone) macromonomers and their use in
photoinitiated cationic homo- and copolymerization. J.
Polym. Sci., Part A: Polym. Chem. 2004;42:3365-3372.
Dubois P, Barakat I, Jérbme R, et al. Macromolecular
engineering of polylactones and polylactides. 12. study
of the depolymerization reactions of poly(e-caprolactone)
with  functional aluminum alkoxide end groups.
Macromolecules. 1993;26:4407-4412.

Khazaei A, Zolfigol MA, Kolvari E, et al. Electrophilic
bromination of alkenes, alkynes, and aromatic amines
with iodic acid/potassium bromide under mild conditions.
Synth. Commun. 2010;40:2954-2962.

Crivello J, Dietliker K, Bradley G. Unimolecular UV
photoinitiator systems (type | photoinitiators). In: Bradley
G, editor. Photoinitiators for free radical, cationic & anionic
photopolymerization. 2nd ed. Chichester: Wiley; 1998. p.
115-188.

Yagci Y, Borberly J, Schnabel W. On the mechanism of
acylphosphine oxide promoted cationic polymerization.
Eur. Polymer J.. 1989;25:129-131.

Lenoir S, Riva R, Lou X, et al. Ring-opening polymerization
of a-chloro-¢-caprolactone and chemical modification of
poly(a-chloro-¢-caprolactone) by atom transfer radical
processes. Macromolecules. 2004;37:4055-4061.



	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of cyclohexene end-functionalized poly(ε-caprolactone) (PCL-CH)
	Bromination of cyclohexene end-functionalized poly(ε-caprolactone) (PCL-(Br)2)
	Azidation of dibromocyclohexane end-functionalized poly(ε-caprolactone) (PCL-(N3)2)
	Synthesis of acetylene end-functionalized benzoin (PI-alkyne)
	Synthesis of bisbenzoin end-functionalized poly(ε-caprolactone) macrophotoinitiator by click reaction of PCL-(N3)2 with PI-alkyne (PCL-(PI)2)
	Synthesis of AB2-type miktoarm star copolymer by free radical promoted cationic polymerization (PCL(PCHO)2)
	Characterization

	Results and discussion
	Synthesis of cyclohexene end-functionalized poly(ε-caprolactone) (PCL-CH)
	Synthesis of dibromo- and diazido-cyclohexane end-functionalized poly(ε-caprolactone) [(PCL-(Br)2) and (PCL-(N3)2)]
	Synthesis of bisbenzoin end-functionalized poly(ε-caprolactone) macrophotoinitiator (PCL-(PI)2)
	Synthesis of AB2-type miktoarm star copolymer (PCL(PCHO)2)
	Thermal analyses of polymers

	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References



