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Abstract. ARGET (activators regenerated by electron transfer) ATRP (atom transfer radical polymerization) has been suc-
cessfully performed (in flasks fitted with rubber septa without the need for use of Schlenk line) in the presence of limited
amount of air and with a very small (370 ppm) amount of copper catalyst together with an appropriate reducing agent
Cu(0). Novelty of this work is that the poly(methyl methacrylate)-block-polyurethane-block-poly(methyl methacrylate) tri-
block copolymers were synthesized for the first time through ARGET ATRP, by using tertiary bromine-terminated
polyurethane as a macroinitiator (MBP-PU-MBP), CuBr, or CuCl, as a catalyst and N,N,N',N",N"-pentamethyldiethylene-
triamine (PMDETA) or 2,2'-bipyridine (Bpy) as a complexing agent. As the polymerization time increases, both the
monomer conversion and In([M]o/[M]) increased and the molecular weight of copolymer increases linearly with increasing
conversion. Theoretical number-average molecular weight (M, ¢) of the tri-block copolymers was found to be comparable
with number-average molecular weight determined by GPC analyses (M, gpc). These results indicate that the formation of
the tri-block copolymers was through atom transfer radical polymerization mechanism. 'H and '3C NMR spectral methods
were employed to confirm chemical structures of synthesized macroinitiator and tri-block copolymers. Mole percentage of
PMMA in the tri-block copolymers was calculated using 'H NMR spectroscopy and was found to be comparable with the
GPC results. Additionally, the studies of surface properties (confocal microscopy and SFE) of tri-block copolymer coatings
confirmed the presence of MMA segments.
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1. Introduction

Atom transfer radical polymerization (ATRP) is one
of the most rapidly developing areas of polymer
science, allowing to obtain effective control over
molecular weights, narrow molecular weight distri-
butions, architectures, and well-defined composi-
tions. However, normal ATRP has one notable limi-
tation that is the catalyst used is sensitive to air and
other oxidants. In order to overcome this drawback,
Matyjaszewski’s group has developed ATRP tech-
nique, namely activator regenerated by electron trans-
fer atom transfer radical polymerization (ARGET
ATRP) [1]. This method provides a continuous con-
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trolled polymerization with a significant reduction
of the amount of copper-based catalyst complex
(<50 ppm) due to a constant regeneration of the
Cu(l) activator species by reducing agents, which
compensate for any loss of Cu(I) by termination [2].
ARGET ATRP was successfully applied to rela-
tively nonpolar monomers (e.g., styrene, butyl acry-
late, and methyl methacrylate) [3], for the prepara-
tion of polymeric materials with different structures
and architectures including homopolymers, block
copolymers, and development of a scalable process
for preparation of molecular brushes on a flat sur-
face [1]. However, tri-block copolymers have sparked
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much interest and their potential has been realized
in many areas (membranes, biodegradable poly-
mers). Block copolymers are an interesting class of
materials that possess different properties compared
to those of each individual homopolymer segments
they are composed of. As block length is playing a
major role on the properties of the block copoly-
mers, effective control of the block lengths is impor-
tant and this can easily be achieved using different
controlled radical polymerization (CRP) methods
[4].

Polyurethanes (PUs) are of commercial interest due
to their excellent properties such as high chemical
resistance and high strength. The physical and chem-
ical properties of polyurethane (PU) depend on the
type and composition of polyol, diisocyanate, the
chain extender, and other additives. Conventional PU
is hydrophobic in nature, but when ionic groups are
incorporated, PU with both hydrophobic and hydro-
philic segments is obtained, which, in turn, forms
dispersion when water is added [5]. Meanwhile, in
the present investigation, we focused on the synthe-
sis of moderately hydrophobic PU macroinitiator
modified by incorporating methyl methacrylate
(MMA) as hydrophobic monomer in order to obtain
copolymers with increased hydrophobicity.
Tri-block copolymers with using different polyure-
thane based macroinitiators were already obtained
through ATRP classical mechanism [6, 7]. However,
this method was arduous because of the degassing
of the reaction mixture, therefore in the current
study we used ARGET ATRP, with the aim of omit-
ting the deoxygenation process. Although the chemi-
cal basis of polymerization ATRP has been known
for about 5 years, this technique has not yet been
used for the synthesis of tri-block copolymers using
PU as a macroinitiator. In the present investigation,
we focused on ARGET ATRP of MMA in the pres-
ence of tertiary bromine-terminated (—C(CH3),Br)
polyurethane (MBP-PU-MBP) as a macroinitiator,
CuBr; and CuCl; as a catalyst, N,N,N',N",N"-pen-
tamethyldiethylenetriamine (PMDETA) and 2,2'-
bipyridine (Bpy) as a complexing agent. In this arti-
cle, we report that ARGET ATRP can be success-
fully carried out in the presence of limited amounts

of air and control is essentially unaffected by excess
reducing agent. Reactions can be carried out with-
out any deoxygenation, in flasks fitted with rubber
septa. It is important here to mention that the result-
ing poly(methyl methacrylate)-block-polyurethane-
block-poly(methyl methacrylate) (PMMA-b-PU-b-
PMMA) tri-block copolymers obtained through
ARGET ATRP is reported now for the first time.

2. Experimental section

2.1. Materials

4,4'-Methylene diphenyl diisocyanate (MDI),
dibutyltin dilaurate (DBTDL), a-bromoisobutyryl
bromide (BB; 98%), ethylene glycol (99.9%) and
copper(0) metal turnings (=99%) were used as
received from Sigma-Aldrich Inc., St. Louis, USA.
Polyoxytetramethylene glycol of molecular weight
1000 (PTMG; Merck, Darmstadt, Germany) was
purified by heating at 105°C under vacuum for 3 h
before use. Methyl methacrylate (MMA; 99%:;
Sigma-Aldrich, USA), CuBr, (99%; Sigma-Aldrich,
USA), CuCl, (97%; Sigma-Aldrich, USA), Bpy
(>99%; Sigma-Aldrich, USA) and PMDETA (>98%;
Merck, Germany) were used without further purifi-
cation. Sodium carbonate (99.5%), magnesium sul-
fate (98.5%), dichloromethane (99.5%), acetonitrile
(99.5%), methanol (99.9%) and acetone (99.5%)
were obtained from Chempur, Piekary Slaskie,
Poland. Analytical grade N,N-dimethylformamide
(DMF; Chempur, Poland) and methyl ethyl ketone
(MEK; Chempur, Poland), were distilled and the
middle portions were used after storing over type
4 A molecular sieves.

2.2. Synthesis of 2-hydroxyethyl-2'-methyl-2’-
bromopropionate (HMB)

HMB (ATRP initiator) was synthesized according
to Figure 1.

Bromoisobutyryl bromide was reacted with cold
anhydrous ethylene glycol (excess) under stirring for
4 h. The molar ratio of ethylene glycol and a-bro-
moisobutyryl bromide was 25 in order to avoid cou-
pling reaction. The reaction mixture was added to
deionized water, and the reaction product was
extracted by dichloromethane. The organic solution

H.C O H,C O
Br—};‘—ct + HO-CH,—OH —= Esr—:c—dty + HBr
HyC Br H;C O - CH,- CH,-OH

Figure 1. Synthesis of HMB initiator
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was washed with water and sodium carbonate and
dried over anhydrous magnesium sulfate. The final
product was isolated as a liquid upon removal of the
solvent (yield 88%) and stored at 0—4°C until use [8].

2.3. Synthesis of tertiary bromine-terminated
polyurethane (MBP-PU-MBP)
2-methyl-2-bromopropionate terminated polyure-
thane macroinitiator was synthesized from one
mole of PTMG, two moles of MDI, and two moles
of HMB (Figure 2).
First stage includes synthesis of prepolymer from
MDI (7.5 g, 0.03 mol) and PTMG (15 g, 0.015 mol)
in 40 mL MEK at 40°C in a atmosphere of nitrogen
for 1 h. The temperature was then raised to 65°C for
2 h and the reaction was allowed to proceed till the
isocyanate content reached half the initial value
(2,31% content of -NCO groups in the prepolymer
about M, = 6960 g/mol, as determined by dibutyl
amine titration).
In the second stage, prepolymer was end-capped by
addition of HMB (6.33 g, 0.03 mol) in the presence
of MEK (20 mL). Then 0.03 g of DBTDL catalyst
was added, the temperature was raised to 70°C and
the reaction was allowed to go to completion as
confirmed 0% content of -NCO groups and the dis-
appearance of isocyanate peak by FT-IR (Figure 4).
The resulting macroinitiator solution was dried at
70°C in vacuum and stored at 0-4°C until use.
Recently, similar method was also used to synthe-

20CN —@cm—@— NCO

size polyurethane macroinitiator from PTMG,
toluene diisocyanate (TDI) and HMB [6].

2.4. ARGET ATRP of MMA using
MBP-PU-MBP/CuX,/Ligand initiating
system

Synthesis of the tri-block copolymers were con-

ducted in 100°C for 30 h. PMMA-b/-PU-h-PMMA

were synthesized using polyurethane macroinitia-
tor, reducing agent Cu(0), copper catalyst CuXj,

(CuBr;, CuCly) and PMDETA or Bpy as a ligand

(Figure 3). A typical example of the general proce-

dure in the presence of air was as follows.

A solution of catalyst was made by dissolving cop-

per catalyst CuBr; (3.57 mg, 0.016 mmol) or CuCl,

(2.15mg, 0.016 mmol) and ligand PMDETA

(11.09 mg, 0.064 mmol) or Bpy (9.99 mg,

0.064 mmol) in DMF (1.4 mL). Then 13 mL glass

vial containing a solution of catalyst was charged

with MBP-PU-MBP (0.97 g, 0.16 mmol) dissolved
in DMF (2 mL) and MMA (3.204 g, 32 mmol), after
which metallic copper was added (81.3 mg,

1.28 mmol) to initiate polymerization. Next the sys-

tem was partially deoxygenated by bubbling N, for

two minutes, after which the initial sample was
taken. The sealed vial with a plastic screw cap was
placed in an oil bath thermostated at 100°C. For all

4 synthesis catalyst concentration was 370 ppm with

respect to final polymer. Samples were taken at

timed intervals and analyzed by GPC and NMR to

+ HO-[(CHz)d-Ot H
PTMG

@ @_ ﬁ]’ fCth ]{OLE—@-CH@t NCO

HiC _
2 Br— c—c DBTDL 4.34% NCO
HC O HC'  O-(CH,);OH MEK o
Br—c- C oc -C- B:
5 o eSOy ot Con o e
MBP-PU-MBP 0% NCO
Figure 2. Synthesis of MBP-PU-MBP
MBP-PU-MBP
CuX,/Ligand
CU(0)+] MMA
HC H,C Hac o DMF 0 CHy CHy CHy
Br II Br
[e] C [e] C H C OCN@CH@NW [(Cth ]JJ\ @::H@—NCO(CHZ,)Z,O CHs C; OC (o]
o
CHa CHa PMMA-b-PU-b-PMMA CH CH,

Figure 3. Synthesis of PMMA-b-PU-b-PMMA tri-block copolymers through ARGET ATRP
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follow the progress of the reaction. The polymeriza-
tion was stopped after 30 h by opening the vial and
exposing the catalyst to air. The resulting solution
was poured with methanol and acetonitrile. Result-
ing pure copolymers were dried at 70°C under vac-
uum.

2.5. Characterization techniques
FT-IR spectra were taken with the spectrophotome-
ter Nicolet 6700 FT-IR (Thermo Scientific, Madi-
son, USA), within 4000-500 cm™', with the use of
attenuated total reflectance (ATR) technique (the
polymer film was placed between prism walls).
Number-average (M,) and weight-average (M)
molecular weights and molecular weight distribu-
tion (MWD) were determined by GPC using a Vis-
cotek T60A system (Viscotek, Houston, USA)
equipped with a triple detector: refractometric (RI),
light scattering (LS) and viscosity detector (DV).
Separations were made at 254+0.1°C on a GMHHRL
column packed with TSK-gel of pore diameter
5 wm Thoso-Haas, and Styragel 1 and 2 Waters. The
THF flow rate was 1 mL/min. Operation of the
chromatograph was controlled by original computer
software TRISEC Data Acquisition System by Vis-
cotec Corporation.
"H and '3C NMR spectra were taken with the use of
the spectrometer FT-NMR Bruker Avance 500"
(Bruker, Karlsruhe, Germany). The sample of HMB
was dissolved in CDCl;, while samples of macro-
initiator and copolymers were dissolved in DMSO-
de/h-DMSO and the solutions with the concentra-
tion of about 0.2 g/dm? were prepared. TMS was
used as a standard.
Monomer conversion (a) was calculated from the
"H NMR spectra of the copolymer samples Equa-
tion (1) by comparison of the integration for methine
proton of the MMA (6 = 5.68-6.03 ppm) [9], with
the signals from aromatic protons of the macroini-
tiator (0 = 7.08-7.39 ppm):
I+ 1,

Ln

L 100 %
- 1 7 (0]
To+ I

II,O + Ik,O

a=100% — (1)

where /o and /o denotes the initial integration of
the methine proton of the MMA, [, , and Iy , — inte-
gration of the methine proton of the MMA after
time =3, 6, 12, 18, 24, 30 h, Lo and Ixo — initial
integration of the aromatic protons of the MBP-PU-

MBP, I, and Iy, — initial integration of the aro-
matic protons of the MBP-PU-MBP after time ¢ =3,
6,12, 18, 24, 30 h.

Based on the previous research [5], the theoretical
molecular weight, M, ¢, of the synthesized copoly-
mer could be calculated by Equation (2):

= (2]

where [M]y denotes the initial concentration of the
MMA, [I]y — initial concentration of the MBP-PU-
MBP, M\ — molecular weight of the MMA, M; —
molecular weight of the MBP-PU-MBP (deter-
mined by GPC analyses) and o — monomer conver-
sion (1).

Molar content of PMMA (fnmr) [6, 7] was calcu-
lated from the 'H NMR spectra of the copolymer
samples using Eqution (3), by comparing M, ¢ val-
ues of MBP-PU-MBP and PMMA-b-PU-b-PMMA:

B _ (Mn,th,n - M)lOO
NMR MI

where M, n denotes the M, i, of the PMMA-b-PU-
b-PMMA after time ¢ =3, 6, 12, 18, 24, 30 h, calcu-
lated by Equation (2), M; — M, of the MBP-PU-
MBP (determined by 'H NMR analyses).

Also it can easily be found out by comparing M, gpc
of MBP-PU-MBP and PMMA-H-PU-b-PMMA
copolymers (Sgpc) [6, 7], by Equation (4):

Mn GPCn ]MI
Baee = ( : 100
GPC A/[I

where M, gpcn denotes the M, gpc of the PMMA-b-
PU-b-PMMA after time ¢ =3, 6, 12, 18, 24, 30 h, M;
— M, of the MBP-PU-MBP (determined by GPC
analyses).

Thermal gravimetric analysis of the obtained MBP-
PU-MBP and PMMA-b-PU-b-PMMA copolymers
involved the use of a TGA/DSC1 thermobalance
from Mettler Toledo (Warsaw, Poland). TG; Am/m =
AT) and DTG; dm/dT= f(T) were derived. The
measurements were taken within the temperature
range of 25-600°C, at a constant heating rate of
10°/min, in nitrogen.

The tri-block copolymers coating for studies of sur-
face properties were formed by applying the PMMA-
b-PU-b-PMMA dissolved in acetone to a surface of
silicon base and evaporation of water by air-drying
at 25°C. The coatings were then subjected to sea-
soning under such conditions over 10 days.

2)

)

(4)
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Confocal microscopy analyses were taken with the
optical 3D NanoFocus system (Oberhausen, Ger-
many) using objectives 320 x320um and magnifi-
cation 50%. Values of the coefficients of roughness
R, (arithmetic mean deviation of the assessed pro-
file) and R, (maximum height of the profile within a
sampling length) were obtained from the usurf Pre-
mium software.

As in our previous work [10] also here, the physical
parameters of surface energy of a solid ys were
found on the basis of the van-Oss-Good model. The
contact angles @ were measured with the use of
Cobrabid Optica goniometer (Warsaw, Poland).
Values of @ obtained from the software Kropla
were used to calculate by software Energia values
of ys copolymer coatings.

3. Results and discussion

HMB was widely used to synthesize ATRP initia-
tors, which were used to synthesize homopolymers
(e.g. poly(methyl acrylate) [11]) and block copoly-
mers (e.g. polystyrene-g-poly(methyl methacrylate)
copolymer [12]) with desired functionality and
composition.

As block copolymers with narrow MWD could not
be achieved using our previously reported —-CH,Br

3.1. Chemical structure of ATRP initiator,
MBP-PU-MBP and copolymers
Figure 4 shows the FT-IR spectra of polyurethane-
based macroinitiator MBP-PU-MBP.
In the FT-IR spectrum of MBP-PU-MBP (Figure 4)
there is no presence the band at 2272 cm™' which
represent asymmetrical stretching vibrations of
—NCO groups (specific for isocyanates). The lack
of this band is confirming that the macroinitiator
was end-capped by bromine.
The chemical structures of the synthesized HMB,
MBP-PU-MBP and PMMA-b-PU-b-PMMA tri-
block copolymer (CM4BrP6 sample) shown in Fig-
ure 5 were confirmed by '"H NMR and '3C NMR
spectroscopy (Table 1 and 2). Moreover, in the
"H NMR spectrum of MBP-PU-MBP the character-
istic signal of the NH proton derived from allo-
phanates is not observed at 10.65 ppm, as well as in
the 13C NMR spectrum of MBP-PU-MBP the char-
acteristic signal of the C=0O group from allophanates
is not observed at about 151 and 155 ppm [14].
These results of 'H NMR and '3C NMR spec-
troscopy show that HMB, MBP-PU-MBP and
CM4BrP6 copolymer were successfully synthe-
sized.

terminated PU macroinitiator (and M, g, values of 100_—HE“"‘-.\,.-' ™~ T 0
. . . 90 I y
the tri-block copolymers were not matching with || i ||,|II | 1
. = 80- J :
M, Gpc values) [13], we decided to prepare — & N i |I|‘ M‘fi [i' 'l""}'l.-"'.M
C(CHj3),Br terminated PU macroinitiator and used § . k k "I!L ! ( |
as an ATRP initiator to synthesize hydrophobic g . “ \ ’A
poly(methyl methacrylate)-b-polyurethane-b-poly = w0 |’ \I
(methyl methacrylate) block copolymers with nar- 50 ] I
row MWD. It is expect, that the tertiary radical . MBP-PU-MBP
C(CH3),, can be generated from —C(CH3),Br termi- 4000 3500 3°°?N 2500 . 2000 1500 1000 500
. . . . avenumoper [cm
nated PU which is more stable than the CH, radical fem
from —CH,Br terminated PU [7] Figure 4. FT-IR spectra of MBP-PU-MBP
a25 2 a9s e}
HiC. 24 HaC. 24
Br C C O CHy CH, —OH Br  C C O CH; CHy O
H.C 23 22¢ 20c g H,C 23 22¢  22¢
az25 az2s
a) b)
101 11k 11k 101 oy 25a
13 X g/ \qp21dys/ g x 13
—0-—CO—NH —g:j_'-._ _-__ZECH;%L-_ ,.-_Zf-g NH ~—CO—0— HiC CH317 s C;'g"fo 200 29 ¢
N/ N/ Br—C—CHyC—CH, | C— C—O—CHj, CH,
101 11k 11k 101 18 “inl 23
c) o=c o=c15 CHs
o 252
8e 7f 61 5D 2b 4w 4w 2b 13 x Q o
—CH,—CH;—CH,— CH;—O-fCH;—CH,— CH;~CH,— O} C—NH— CH, CH,

d)

) 16t

Figure 5. Chemical structure of (a) HMB, (b-d) MBP-PU-MBP and (c-e) PMMA-b-PU-h-PMMA tri-block copolymer,

(CM4BrP6 sample)
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Table 1. '"H NMR data of HMB, MBP-PU-MBP and PMMA-b-PU-b-PMMA copolymer, (CM4BrP6 sample)

Type of nucleus HMB \ MBP-PU-MBP | PMMA-b-PU-b-PMMA, CM4BrP6
H Chemical shift [ppm]
g 2.35 - -
c 3.82-3.85 - -
a 1.94-1.95 1.88-1.92 1.88-1.90
¢ 4.28-4.30 4.32-4.46 4.32-4.37
x - 9.50 9.50
l - 7.32-7.35 7.34
k - 6.98-7.01 7.07
d - 3.78-3.82 3.78
b’ - 3.60-3.62 3,68
b 3.24-3.32 331
X 8.50 8.00-8.50
e 4.04-4.06 4.04
7 1.56-1.68 1.56-1.64
w 1.44-1.49 1.49
t - 3.56
s - 2.07
u 0.74-1.28
—CH; of PMMA (rr)  0.74
—CH; of PMMA (mr) 091
—CH; of PMMA (mm)  1.07-1.28

Table 2. 3C NMR data of HMB, MBP-PU-MBP and PMMA-b-PU-b-PMMA copolymer, (CM4BrP6 sample)

Type of nucleus HMB ‘ MBP-PU-MBP ‘ PMMA-b-PU-b-PMMA, CM4BrP6
3¢ Chemical shift [ppm]
25 30.67-30.69 30.10-30.22 30.67
24 55.36-55.85 56.82-57.26 48.50
23 171.47-171.94 170.65-170.84 176.07-177.27
22 60.57-60.75 61.65 63.81
20 67.24-67.41 67.28 -
21 40.00 38.93-39.93
13 153.17-153.47 162.20
9 135.22 135.66
10 118.17-121.08 118.16
11 126.55-128.71 125.65-128.73
12 136.78-137.04 137.06
2 69.61-69.66 69.62
4 26.00 25.99
5 69.35 69.36
6 25.47 25.48
7 25.64 25.65
8 63.79-64.06 63.81
15 177.27
16 51.62
17 53.58
18 43.81-44.18
19 17.95-18.51
“CH; of PMMA (/) 15.89
“CH, of PMMA (mr)  17.95
_CH; of PMMA (mm) 18,51

The tacticity of PMMA can be identified using the
integration values of peaks at 0.75, 0.91, and 1.07—
1.28 ppm which correspond to syndiotactic (rr),
atactic (mr), and isotactic (mm) PMMA, respec-

ATRP [15].

254

tively [4]. The ratio among rr, mr, and mm in our
study for CM4BrP6 is 53:34:13 which is similar to
the reported tacticity ratio of PMMA prepared by
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The molar content of PMMA in the tri-block copoly-
mers (4) can easily be found out by comparing
molecular weights (obtained by GPC) of MBP-PU-
MBP and copolymers which are given in Table 3-6.
It can also be found out using '"H NMR technique
(3) and the results are included in Table 3—-6. The
molar content of PMMA from GPC and '"H NMR
technique are comparatively similar.

3.2. Kinetics and mechanism of the
polymerization

Reactions were carried out under homogeneous
conditions. In this case we applied large excess of
reducing agent in relation to the macroinitiator
MBP-PU-MBP (8-fold; [Cu(0)]/[MBP-PU-MBP] =
8). An excess of reducing agent consumes the oxy-
gen present in the system and, therefore, provides a
deoxygenated environment for ATRP. The appropri-
ate amount of reducing agent is crucial to achieve a
controlled polymerization. The required amount of
reducing agent is determined not only by the amount
of Cu(Il) complexes in the reaction system, but also
by the amount of oxygen present in the vial. The
volume of free space in a small glass vial was
~4 mL, which corresponds to 0.0375 mmol of O,.
Assuming that one O, molecule oxidizes two Cu(0)
molecules, this would correspond to the molar ratio
of [Cu(0)]air/[MBP-PU-MBP] = 2-:0.0375/0.32 =

452 —— MBP-PU-MBP
—— CM4BP6
—— CM4CIP6
402 —— CM4BrP6
—— CM4CIB6
=352
=
E
@ 302
c
g
& 252
S
2 202
8
@
0 152
102
52
15 20 25 30

Retention volume [mL]

Figure 6. GPC eluograms of MBP-PU-MBP and copoly-
mers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6

0.23, what is the amount of reducing agent needed
to consume the oxygen present in the free space in a
glass vial. Therefore, in this case amount of effec-
tive reducing agent is about 7.77 ([Cu(0)]-—
[Cu(0)].i/[MBP-PU-MBPY]) [3].
PMMA-bH-PU-b-PMMA tri-block copolymers with
narrow MWD were obtained, as confirmed by the
GPC eluograms (Figure 6). The MWDs of the result-
ing copolymers are quite low in most cases.

To understand the mechanism of polymerization,
effect of time on the polymerization of MMA was
carried out and the results are presented in Table 3—6.

Table 3. Effect of time on ARGET ATRP of MMA using CuBr,/PMDETA. Polymerization conditions: [MMA]y/[MBP-PU-
MBP](/[CuBr;]o/[PMDETA]/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time P M, 0 107 | M, are 105 | My, ape 10

Sample No. [h] [%] ﬁ[“/“f]“ ':G/:]C [gﬁilol] [:gc/:lfol] [};;fol] M,/Ma
MBP-PU-MBP 0 0.0 0.0 0.0 74 74 1138 1.60
CM4BrP1 3 38 104 153 8.2 8.5 13.6 159
CM4BrP2 6 93 25.1 35 92 938 148 151
CM4BrP3 2 203 549 62.0 114 12.0 16.1 135
CM4BrP4 18 306 83.0 90.6 135 14.1 182 129
CM4BrP5 2% 830 1165 119.8 16.0 16.2 26.1 161
CM4BrP6 30 2.1 1413 150.1 17.8 185 42 234

Table 4. Effect of time on ARGET ATRP of MMA using CuCl,/PMDETA. Polymerization conditions: [MMA]o/[MBP-PU-
MBP]y/[CuCl,]¢/[PMDETA]y/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time o M, 103 | M 103 | M 1073
Sample No. h] (%] [}N/“f]" [;G/:]C [Z/tll;ml] n[;:)lfol] vf’gG/;fou M./M,
MBP-PU-MBP 0 0.0 0.0 0.0 7.4 74 1.8 1.60
CM4CIP1 3 38 10.4 16.2 8.2 8.6 13.6 1.58
CMA4CIP2 6 93 251 29.9 9.2 9.6 15.4 1.60
CM4CIP3 2 163 442 537 10.6 114 16.6 147
CM4CIP4 18 275 747 79.6 12.9 133 285 215
CM4CIP5 24 354 96.0 106.1 145 152 26.6 175
CM4CIP6 30 46.4 125.8 135.6 16.7 17.4 388 223
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Table S. Effect of time on ARGET ATRP of MMA using CuBr,/Bpy. Polymerization conditions: [MMA]y/[MBP-PU-

MBP]o/[CuBr2]o/[Bpylo/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time o M, 103 |M 1073 | My, gpc:1073
Sample No. [h] [%] ﬁllz}:f ]R lig/.}:]c [g/t;ml] Iig::fol] vi’g(;;fol] Mw/My
MBP-PU-MBP 0 0.0 0.0 0.0 74 74 s 1.60
CM4BrB1 3 21 56 12.6 78 83 135 1.62
CM4BrB2 6 64 17.4 235 8.7 o1 147 161
CMA4BrB3 2 133 36.0 473 10.0 10.9 154 141
CM4BrB4 18 185 502 662 1.1 123 16.8 137
CM4BIB5 2% 275 747 85.1 12.9 137 256 1.87
CM4BrB6 30 35.9 973 106.0 14.6 152 29.0 1.91

Table 6. Effect of time on ARGET ATRP of MMA using CuCl,/Bpy. Polymerization conditions: [MMA]y/[MBP-PU-

MBP]o/[CuCly]o/[Bpylo/[Cu(0)] = 200/1/0.1/0.4/8 in DMF

Time a Bnvir Berc My, 1073 | My, gpc 107 | My, gpc 1073

Sample No. [h] %] [%] [%] [gmol] | [gmol] | [gmoy | /Mo
MBP-PU-MBP 0 0.0 0.0 0.0 7.4 7.4 11.8 1.60
CM4CIB1 3 2.1 5.7 10.2 7.8 8.1 12.5 1.54
CM4CIB2 6 3.3 9.0 16.7 8.0 8.6 13.6 1.58
CM4CIB3 12 9.7 26.2 37.4 9.3 10.2 15.1 1.49
CM4C1B4 18 17.6 47.7 53.7 10.9 114 15.5 1.37
CM4CIB5 24 21.5 58.3 66.8 11.7 12.3 16.5 1.37
CM4CIB6 30 27.1 73.6 82.3 12.8 13.5 17.7 1.32
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Figure 7. Comparison of M, 4, and M, gpc as a function of monomer conversion plots for the polymerization of MMA at
using MBP-PU-MBP/CuBr,/PMDETA (a) and MBP-PU-MBP/CuCl,/PMDETA (b) initiating system

As the polymerization time increases, there is an E_': D vy A

increase in conversion and M, . Here the concen- 06 :"gmg;'g .

tration of Br in MBP-PU-MBP was calculated _ .

using molecular weight of MBP-PU-MBP obtained ?:b 04 e

through GPC (2:1.18/7400 = 3.2:10* mol Br). = , .

Figures 7a and 7b shows M), versus monomer con- o0z -

version plots for the polymerization of MMA, o1

whereas Figure 8 present In([M]y/[M])-vs-time plots 0.0 = . . ‘ , .
5 10 15 20 25 30

for the polymerization of MMA, where [M]y and
[M] represent the initial monomer concentration
and the monomer concentration at time ¢, respec-
tively. The straight line obtained in semi-logarith-
mic plots of In([M]o/[M]) versus time shows that the
concentration of propagating radical is constant dur-

Polymerization time [h]

Figure 8. Comparison of In([M]o/[M])—polymerization time
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plots for the polymerization of MMA at using
CuBr,/PMDETA (CM4BrP), CuCl,/PMDETA
(CM4CIP), CuBr,/Bpy (CM4BrB) and CuCl,/
Bpy (CM4CIB) catalyst complex



Krol and Chmielarz — eXPRESS Polymer Letters Vol.7, No.3 (2013) 249-260

ing the studied period of time. In all cases (Table 3—
6) M, Gpc, increases with increasing monomer con-
version which is a clear evidence for the ‘living’
nature of the initiating systems (and its values
found to be comparable). Moreover MWD of the
tri-block copolymers remains narrow in the poly-
mers from higher polymerization time (Table 3—6).
After 30 h, maximum conversion obtained for the
MBP-PU-MBP/CuBr,/PMDETA initiating system
was 52.1% (M, = 18500 g/mol, Table 3, CM4BrP
sample). However copolymer with MWD amount
2.34 was received. Therefore, to study the effect of
nature of the catalyst, CuCl, was used instead of
CuBr; for the polymerization of MMA (Table 4).
Similarly to the previous system, MBP-PU-MBP/
CuCly/PMDETA initiating system also shows ‘liv-
ingness’ during the formation of the tri-block copoly-
mers. After 30 h, the reaction reached 46.4% con-
version and M,, was 17 400 g/mol (Table 4, CM4CIP
sample). The conversion in CuCl, system is lower
than the CuBr; system, but based on the MWD val-
ues former system is more controlled than the latter
system.

As R—Cl bond is stronger than R—Br bond, CuCl,
acts as a good deactivator of the radical generated
from MBP-PU-MBP than CuBr, and as a result
conversion in CuCl, system was lower than the
CuBr; system. However ‘living’ nature of both the
initiating systems was confirmed by linear increase
of M, with conversion plots. Moreover ‘living’
nature was further supported by the good agreement
between M, ¢ and M, gpc values [16].

To study the effect of nature of the complexing agent,
Bpy was used instead of PMDETA for the ARGET
ATRP of MMA and the results are presented in
Table 5 and 6. The monomer conversion in Bpy
systems is lower than the PMDETA systems but
based on the MWD values former system is more
controlled than the latter system. The higher
monomer conversion in PMDETA systems follows
directly from the fact that catalyst activity depends
on type of ligand [17] and their activation rate con-
stants — PMDETA has activation rate constant higher
by an order of magnitude in relation to bpy [18].
There is a little lack of linearity especially in the
In([M]¢/[M])-vs-time plot (Figure 8), this might be
due to the lack of inefficient deactivation by CuBr,/
Bpy and CuCly/Bpy initiating system complex, which
leads to the irreversible radical-radical termination
as side reactions.

One of the drawbacks of ARGET is that ligand must
be added to metal at 3 to 10 times molar excess in
order to achieve a controlled polymerization. The
excess ligand helps to maintain the catalyst com-
plex and protect it from destabilizing side reactions.
These side reactions vary depending on reaction
conditions, but generally include monomer com-
plexation to catalyst, and destabilization or com-
plexation of catalyst to Lewis acids formed from
the reduction mechanism [5].

It is interesting to note that when —CH,Br termi-
nated polyurethane was used in our earlier investi-
gation [13], M, gpc and M,y values were nowhere
near, but in the present case it is comparable.
Dibromo PU macroinitiator contains primary alkyl
halide groups, show slow activation rate (and fast
deactivation rate) are compared it the high activa-
tion (and slow deactivation) of the propagating
PMMA chain end [4]. This result shows that 2-
methyl-2-bromopropionate terminated PU is better
macroinitiator than —CH,Br terminated PU, because
it can generated the tertiary radical, which is more
stable than the previously reported primary radical
[7]. Another important fact is that the ATRP of
MMA is itself difficult to control. Though the initi-
ation is slow, the controlled polymerization of the
present initiating system and the formation block
copolymers can be confirmed by In([M]y/[M])-poly-
merization time, M,-monomer conversion and spec-
tral results.

3.3. Thermal studies

Thermal stability of MBP-PU-MBP and copoly-
mers (CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6)
was also studied using TGA and the results are pre-
sented in Figure 9 and Table 7.

-0.012| — MBP-PU-MBP

----- CMA4CIB6
-0.014 CM4CIPB e
o I -
~0.018 : r

25 100 175 250 325 400 475 550
Temperture , T [°C]

Figure 9. DTG thermograms for MBP-PU-MBP and copoly-
mers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6
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Table 7. Thermal stability of MBP-PU-MBP and copolymers CM4BrP6, CM4CIP6, CM4BrB6, CM4BrB6

Sample No. I stage degradation II stage degradation III stage degradation Sumary
Mass loss T Mass loss T Mass los T mass loss
[%] [°Cl] [%] [°Cl] (%] [°C] [o]
MBP-PU-MBP 8.16 162 48.54 282 39.21 438 95.91
CM4BrP6 - - - - 95.02 413 95.02
CMA4CIP6 - - - - 95.29 409 95.29
CM4BrB - - - - 93.55 404 93.55
CM4CIB - - 16.15 240 78.12 408 94.27

MBP-PU-MBP undergoes three-stage decomposi-
tion, while the overall thermal stability of tri-block
copolymers is higher than the MBP-PU-MBP. Ther-
mal degradation of the polymers CM4BrPo6,
CMA4CIP6 and CM4BrB6 occurred around 413,
409 and 404°C respectively which shows the pres-
ence random scission only. Whereas, CM4CIB6
copolymer undergoes two-stage decomposition,
first is due to the decomposition of the NHCOO
groups (240°C) and another is due to the decompo-
sition of PTMG blocks (408°C), it is probably due
to the low content of PMMA segments (molar con-
tent of PMMA at about 74-82%). This result is a
further indication of the absence of abnormal link-
ages therefore confirming the high regioselectivity
and absence of unwanted irreversible termination or
transfer reactions.

3.4. Studies of surface properties of the
tri-block copolymer coatings

Images of tri-block copolymer coatings and the
level of them roughness parameters vary from con-
tains of hard phase, which comes from MMA seg-
ments (Figure 10).

Surface images of CM4BrP6 (Figure 10a), CM4CIP6
(Figure 10b) and CM4BrB6 (Figure 10c) copoly-
mer samples with molar content of PMMA at about
141-150, 126-137 and 97-106% exhibit higher
values of the roughness parameters (R, = 0.30—
0.45 pm, R, = 1.55-2.39 um) in relation to CM4CIB6

(Figure 10d) sample obtained at the lowest molar
content of PMMA 74-82% (R, = 0.20 uym, R, =
1.14 pm).

The shape of the surface (roughness and physical
form) copolymer coatings justifies the designation
of @ and SFE.

Table 8 provides the values of @ as found and also
components of SFE calculated on the basis of those
angles in accordance with the van Oss—Good method,
for coatings obtained from the studied tri-block
copolymers. One can see a decrease in @ values for
both polar liquids (water and formamide) and non-
polar liquid (diiodomethan), together with lower
content MMA segments. The presented data show
that MMA segments, when incorporated into hard
segments of copolymers, are responsible for con-
siderable reduction in SFE of the coatings obtained
from those copolymers. The findings from the van
Oss—Good method bring us to the conclusion that
the basic impact on the value of ys comes from the
»s-W component of long-range interactions. How-
ever, the values of acid-base interactions ys*B can-
not be evaluated precisely and these should be esti-
mated as 0.30-0.56 mJ/m?.

4. Conclusions

Polyurethane-based macroinitiator, MBP-PU-MBP
has been used to synthesize PMMA-b-PU-b-PMMA
tri-block copolymers through ARGET ATRP in the
presence of limited amounts of air. Excess reducing

Table 8. Experimental values of contact angles, parameters of FSE as calculated by van Oss-Good method and roughness

parameters for tri-block copolymer coatings

Experimental value: of contact angles @ Parameters of FSE Roughness
Sample [°] . . [mJ/m?| parameters
No. Model measuring fluids [am]

e L P e LR R E A S
CM4BrP6 | 36.10 1.29 63.56 1.96 86.28 1.53 40.90 | 2.16 | 0.01 | 0.30 | 41.2 | 045 2.39
CMA4CIP6 | 35.35 1.03 61.78 1.61 84.20 1.70 | 41.68| 2.75 | 0.01 | 0.32 | 42.0 | 0.40 1.94
CM4BrB6 | 34.10 1.21 59.62 1.20 81.68 1.73 42.61| 3.67 | 0.01 | 0.32 | 429 | 0.30 1.55
CMA4CIB6 | 33.18 0.58 56.93 1.52 80.65 136 |42.94| 4.05 | 0.02 | 0.56 | 43.5 | 0.20 1.14
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Figure 10. Pictures of the surface of CM4BrP6 (a), CM4CIP6 (b), CM4BrB6 (c¢) and CM4CIB6 (d) tri-block copolymers,
taken for the objects 320%320 pm with magnification 50%

agent slightly accelerates ATRP but does not inter-
fere with the controlled growth. This approach vir-
tually eliminates any requirement for the deoxy-
genation of reaction mixtures or the use of a vacuum
line or Schlenk line. The linear increase of monomer
conversion and In([M]y/[M]) during the increase of
polymerization time confirms that the formation of
tri-block copolymers was through controlled radical
polymerization. Moreover, the linear increase of
number average molecular weight with increase of
monomer conversion is also the clear evidence to
prove the controlled radical polymerization mecha-
nism. M, 4 of the tri-block copolymers was found
to be more or less similar to M, gpc. In contrast to
—CH,Br terminated PU, tertiary bromine-termi-
nated PU produced PMMA-bH-PU-b-PMMA tri-

block copolymers with narrow MWD values. The
molar percentage of PMMA calculated through
"H NMR is matching with GPC results. The results
from 'H and '*C NMR spectral and thermal studies
support the formation of HMB, MBP-PU-MBP and
PMMA-b-PU-b-PMMA tri-block copolymers. The
studies of surface properties of tri-block copolymer
coatings confirmed the presence of MMA seg-
ments.

Structures of PMMA-bh-PU-b-PMMA tri-block
copolymers are already common used as biomed-
ical materials [19] as well as biodegradable scaf-
folds in the tissue engineering of skeletal muscles
[20]. Moreover they are finding application as adhe-
sives, emulsifiers, modifiers of surface properties
and polymer blend compatibilizers [19].
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