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Abstract—Controlled atom-transfer radical polymerization and ring-opening polymerization methods are
used for the first time to synthesize symmetric pentablock copolymers with a central block, which is a poly-
mer brush with the polyimide backbone and poly(methyl methacrylate) side chains, and outer linear block
copolymers of poly(ε-caprolactone) with poly(methyl methacrylate). The chemical structure of the polymers
is studied by 1H NMR spectroscopy. The molecular weight characteristics of the synthesized pentablock
copolymers are determined by multidetector size exclusion liquid chromatography. It is shown that these
characteristics are in good agreement with the absolute molecular weights obtained by sedimentation-diffu-
sion analysis.
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INTRODUCTION
Linear three-component copolymers containing

more than three thermodynamically incompatible
blocks (i.e., ABCA and ABCBA [1]; A(BC)n or
A(BC)nBA) [2] type block copolymers) attract a great
deal of attention from researchers due to the possibil-
ity of forming hierarchically ordered microstructures
in films and selective solvents [1–4]. Such hierarchi-
cally ordered structures include, in particular, multi-
section micelles formed in solutions of ABC ternary
block copolymers [5–14]. Moreover, the topology of
such multiblock copolymers has a significant effect on
the morphology of the resulting hierarchically ordered
structures [2]. For example, star-shaped triple block
copolymers exhibit the ability to form nonconcentric
multisection micelles, including hamburger-type
micelles, segmented wormlike micelles, and nano-
structured vesicles [15–21]. At the same time, realiza-
tion of a particular type of the hierarchically ordered
structure depends on the ratio of the lengths of solvo-
phobic and solvophilic blocks and the way they are
combined into a multiblock copolymer structure [15].

Thus, an important and urgent task in modern
polymer chemistry is the synthesis of multiblock
copolymers with controlled length and architecture of
each block. Approaches to synthesizing such multi-
block copolymers are very diverse [1]. Ternary block
copolymers can be obtained by the sequential poly-
merization of monomers without isolating the inter-
mediate products (so-called one-pot processes) using

all known methods for controlled anionic [22, 23],
cationic [24], and radical polymerizations [25, 26].

Currently, approaches combining several con-
trolled polymerization methods are increasingly used
in the synthesis of multiblock copolymers. Although
such approaches are more expensive than one-pot
synthesis, since they require isolation of intermediate
products and the use of a wide range of reagents, cata-
lysts, and solvents, they offer greater possibilities for
varying the chemical structure and architecture of
multiblock copolymers. For example, the combina-
tion of ring-opening polymerization (ROP) and con-
trolled reversible addition-fragmentation chain trans-
fer (RAFT) polymerization have made it possible to
synthesize the ternary copolymer of lactic acid, N,N-
dimethylacrylamide, and styrene; and nanoporous
hydrophobic polystyrene films with hydrophilic pores
with walls covered by poly(N,N-dimethylacrylamide)
have been obtained via etching of polylactide block
[27]. The combination of controlled atom-transfer
radical polymerization (ATRP) and ROP was used to
synthesize molecular brushes with the poly(ε-capro-
lactone) (PCL) backbone and poly(methyl methacry-
late) side chains [28]. It should be noted that the intro-
duction of PCL blocks into multiblock copolymers is
of considerable interest for further application of these
copolymers, since PCL, like polylactides, is subjected
to alkaline [29] and plasma [30] etching and biodegra-
dation.
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SYNTHESIS OF PENTABLOCK COPOLYMERS 175
Also of undoubted interest is the combination of
covalently linked blocks with a pronounced difference
in nature in one macromolecule, since it enables varia-
tion of the properties of copolymers in a wide range.
Such structures include copolymers with a combination
of aromatic and aliphatic blocks. Previously, ROP cata-
lyzed by difunctional polyimide macroinitiators was
used to obtain two-component linear PCL–PI–PCL
triblock copolymers with an inner polyimide block
and outer PCL blocks [31]. In this study, we synthe-
sized new three-component pentablock copolymers
PMMA-block–PCL–block-(PI–graft–PMMA)–
block–PCL–block–PMMA of the mixed linear-
brush topology with the central block of the polyimide
brush with PMMA side chains and outer blocks of
PMMA–block–PLC block copolymers using ROP
combined with ATRP, which had been used earlier to
obtain a wide range of molecular polyimide brushes
with side chains of vinyl polymers [32–49].

MATERIALS AND METHODS

Solvents

N-Methyl-2-pyrrolidone (MP) (98%, Aldrich),
toluene (analytical grade, Vekton), and DMF (reagent
grade, Vekton) were dried by heating with anhydrous
calcium hydride (99.9%, Aldrich) and were distilled
under vacuum. Dichloromethane (reagent grade,
Vekton), THF (reagent grade, Vekton), and pyridine
(≥99%, Aldrich) were dried over calcium hydride and
distilled. Benzene (reagent grade, Vekton) was puri-
fied by a known method. Methanol (reagent grade,
Vekton), petroleum ether (reagent grade, Vekton),
and acetic acid (reagent grade, glacial, Vekton) were
used without prior purification. The prepared eluents
were additionally filtered with a mobile phase filtra-

tion apparatus (Supelco) equipped with a Teflon
membrane filter.

Reagents
2-Bromoisobutyroyl bromide (98%, Aldrich), LiBr

(≥99%, Aldrich), m-aminophenol (98%, Aldrich),
and p-aminophenylethyl alcohol (98%, Aldrich) were
used as received.

Monomers
4,4′-(1,3-Phenylene-dioxy)-bis(phthalic anhy-

dride) (99%, Ambinter Stock Screening Collections)
was dried at 140°C in vacuum. 2,4-Diaminophenol
dihydrochloride (98%, Lancaster dried at 100°C in
vacuum before synthesis). Methyl methacrylate
(MMA) (99%, Aldrich) and ε-caprolactone (CL)
(99%, Aldrich) was twice distilled in vacuum before
use.

Catalytic Complexes
CuCl (≥99%, Aldrich) was purified from Cu(II)

impurities by keeping in glacial acetic acid (two days,
periodical stirring). The powder was filtered, washed
with methanol (reagent grade, Vekton), and dried in
vacuum at 35–40°C for 1 week. 2,2′-Bipyridyl (bpy)
(≥99%, Aldrich) was used without further purifica-
tion. Sn(II) 2-ethyl hexanoate (92.5–100.0%,
Aldrich) was distilled in vacuum.

Synthesis of Multifunctional Polyimide Macroinitiators 
PIMI-1(OH) and PIMI-2(OH)

Multifunctional polyimide macroinitiators PIMI-
1(OH) and PIMI-2(OH)

were synthesized as follows.
The synthesis of PIMI(OH) was carried out

according to the standard two-step scheme by the ini-
tial production of a precursor poly(amic acid) (PAA)
based on 4,4′-(1,3-phenylene-dioxy)-bis(phthalic
anhydride) and 2,4-diaminophenol, followed by high-

temperature (180–195°C) dehydrocyclization
(imidization) of PAA in the native solution. For the
introduction of hydroxyl groups into the polymer ter-
minal units, part of the diamine was replaced with a
hydroxyl-containing monoamine (m-aminophenol to
obtain PIMI-1(OH) or p-aminophenyl ethyl alcohol
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to obtain PIMI-2(OH) while maintaining an equimo-
lar ratio of anhydride and amine groups of the mono-
mers. The general procedure for synthesizing
PIMI(OH) included preparation of a diamine and
monoamine solution in MP, the introduction of dian-
hydride as a fine powder in three portions at an inter-
val of 15 min in an inert atmosphere (Ar) into the
resulting solution, and stirring of the mixture for 40 h
to obtain PAA (the solution concentration was 20%).
To obtain PIMI(OH), high-temperature (180–195°C)
dehydrocyclization (imidization) of PAA was per-
formed over 4 h using the PAA solution preliminarily
diluted to 5–7%. Water released during imidization
was distilled off as an azeotropic mixture with toluene,
which was preliminarily added to the PAA solution.
After imidization was complete, the solution was
cooled to room temperature and diluted with DMF,
and the polymeric product was precipitated into
methanol, filtered, and dried at 50°C under reduced
pressure.

Synthesis of Graft Pentablock Copolymers of Mixed 
Topology PMMA–block–PCL–block– (PI–graft–

PMMA)–block–PCL–block–PMMA
Graft pentablock copolymers of mixed topology

were synthesized by the ATRP polymerization of
MMA catalyzed by the triblock copolymer macroini-
tiator PCL(Br)-block–PI(Br)-block–PCL(Br) con-
taining 2-bromoisobutyrate groups in each repeating
unit of the central PI block and in the terminal units of
the peripheral PCL blocks. To obtain such a macroini-
tiator, ROP polymerization of ε-caprolactone was car-
ried out at the first stage in bulk or in MP solution
using PIMI(OH) as a macroinitiator. To calculate the
molecular weight of the macroinitiator units per initi-
ating group, the MW of the used PIMI(OH) was
divided by two. A typical experiment was conducted as
follows. A 25-mL Schlenk flask equipped with a mag-
netic stirrer was loaded with 0.0745 g (1.08 × 10–5 mol)
of PIMI(OH) and hermetically sealed with a rubber
septum, and 1.2 mL (1.08 × 10–2 mol) of ε-caprolac-
tone was added. The mixture was thermostatically
controlled at 130°C with an oil bath. After complete
dissolution of PI, 0.05 mL (1.52 × 10–4 mol) of
Sn(Oct)2 was loaded in an argon flow using a mechan-
ical microsampler. The molar ratio of PIMI (OH) :
CL was 1 : (300–1000). Sn(Oct)2 was taken in an
amount of 5 wt % with respect to the monomer weight.
When the reaction was carried out in MP solution, a
solvent was loaded in the f lask simultaneously with the
monomer; the monomer : solvent volume ratio was
1 : 1. Upon completion of polymerization, the reac-
tion mixture was rapidly cooled to room temperature;
after opening of the septum, the reaction mixture was
diluted with methylene chloride. The resulting solu-
tion was passed through a silica gel column to purify
the product from catalyst and monomer impurities.
The solution was concentrated using a rotary evapora-
PO
tor, and the product precipitated into cooled petro-
leum ether. The polymer was dried in vacuum at 30°C.

In the second stage, esterification of hydroxyl
groups was carried out in order to functionalize OH
repeating and terminal units of the triblock copolymer
with 2-bromoisobutyrate groups. The reaction condi-
tions were as follows. Potassium iodide was added to a
5% PIMI(OH) solution in pyridine in an argon flow.
Then a solution of 2-bromoisobutyroyl bromide in
benzene was added dropwise under vigorous stirring
and cooling to the resulting solution, which had been
cooled to –2 to 0°C. The molar ratio of PI fragment :
bromanhydride : potassium iodide per OH group in
the terminal unit was 1 : 2 : 10. The reaction mixture
was kept for 4 h with cooling and stirring, the tem-
perature was raised to room temperature, and the
reaction mixture was filtered. The reaction product
was precipitated from the filtrate into methanol, and
the precipitate was filtered and repeatedly washed
with water and ethanol. The isolated polymer was
dried in vacuum at 50°C.

The synthesized triblock copolymer was used as a
macroinitiator for the polymerization of MMA. For
polymerization mediated by the PIMI-1(OH) deriva-
tive, a weighed portion of the macroinitiator (0.050 g)
and 2,2'-bipyridine (0.020 g) were placed in a 25-mL
Schlenk flask equipped with the magnetic stirrer. The
flask was sealed with a rubber septum, evacuated for
10 min, and filled with argon. Then, the MP (6.8 mL)
and MMA (3.18 mL) were introduced into the f lask
using a syringe, and the mixture was stirred until the
powder was completely dissolved. Then there were
three freeze-pump-thaw cycles (evacuation for
15 min), after which the f lask was filled with argon.
The septum was opened, and CuCl (0.005 g) was
added in an argon flow, after which the f lask was
closed again with the septum, another three freeze–
pump–thaw cycles (evacuation for 15 min) of the
reaction mixture were performed, and the f lask was
filled with argon and thermostatted (80°C) in an oil
bath placed on a magnetic stirrer equipped with a tem-
perature controller. After a given duration of polymer-
ization, the reaction mixture was rapidly cooled to
room temperature and, after opening of the septum, it
was diluted twofold with THF. To remove copper salts
from the mixture, it was passed through a column
filled with Al2O3. The mixture was concentrated using
a rotary evaporator, and the polymerization product
was precipitated into a water–methanol mixture (vol-
ume ratio 1 : 6). The filtered powder was dried in vac-
uum at 50°C.

For polymerization mediated by the PIMI-2(OH)
derivative, a weighed portion of the macroinitiator
(0.070 g), triphenylphosphine (PPh3) (0.060 g),
FeCl3 · 6H2O (0.020 g), and MMA (1.5 mL) were
loaded in a 25-mL Schlenk flask equipped with a mag-
netic stirrer. The contents of the f lask was dissolved in
MP (3.8 mL), and the mixture was stirred until the
LYMER SCIENCE, SERIES C  Vol. 61  No. 1  2019



SYNTHESIS OF PENTABLOCK COPOLYMERS 177
powder was completely dissolved. The f lask was her-
metically sealed with the rubber septum and purged
with argon for 1 h, the septum was opened, and ascor-
bic acid (0.01 g) was introduced into the reaction mix-
ture in an argon flow. The f lask was immediately her-
metically sealed again with the septum, and the
freeze–pump–thaw cycle was performed three times
(evacuation for 15 min). Then the f lask with the pre-
pared reaction mixture was filled with argon and ther-
mostatted at 80°C under stirring in an oil bath placed
on the magnetic stirrer equipped with the temperature
controller. The stirring rate for the reaction mixture
was 800 rpm. After a predetermined duration of syn-
thesis, the reaction mixture was rapidly cooled to
room temperature and, after opening of the septum,
was transferred into a beaker; the mixture was stirred
for 0.5 h. The mixture was concentrated using the
rotary evaporator, and the polymerization product was
precipitated into a water–methanol mixture (volume
ratio, 1 : 6). The filtered powder was dried in vacuum
at 50°C.

1H NMR spectra were recorded on a Bruker AC-
400 instrument (400.1 MHz) with respect to the sig-
nals of the solvent (DMSO-d6, CDCl3).

The IR spectra of polymers were recorded on a
Vertex 70 FTIR spectrometer (Bruker) in the MATR
(multiple attenuated total reflectance) mode with a
resolution of 4 cm–1; the scan number was 30.

Polyimide macroinitiators and copolymers synthe-
sized using these macroinitiators were analyzed by
SEC using an Agilent-1260 Infinity chromatographic
system equipped with two columns with a PLgel
MIXED-C sorbent (column size 7.5 × 300 mm; parti-
cle size 5 μm). Measurements were conducted at 50°C
in the isocratic elution mode using DMF containing
0.1 mol/L LiBr as an eluent (f low rate, 1 mL/min). In
the course of chromatographic analysis, refractomet-
ric, viscometric, and light scattering detectors were
used. MW values were calculated by three methods. In
the first case, refractometric detection was used and
MW was calculated using calibration according to
PMMA standards. In the second case, the combina-
tion of refractometric and viscometric detectors was
used and the MW values were determined using uni-
versal calibration. In the third case, a combination of
refractometric, viscometric, and light scattering
detectors (so-called triple detection) was used; MW
values were evaluated without calibration.

Determination of the molecular weight of polymers
by sedimentation-diffusion analysis. After preparation,
the copolymer solutions in chloroform were kept at
room temperature for 1 day. The copolymers were
investigated by hydrodynamic methods (viscometry,
translational diffusion, velocity sedimentation). The
intrinsic viscosity [η] of samples was measured in
chloroform at a temperature of 21°C by the standard
method using an Ostwald capillary viscometer; the
efflux time of the solvent was 63 s. Translational diffu-

sion coefficients D in chloroform were determined by
the solution/solvent boundary dispersion method on a
Tsvetkov polarization diffusometer at 24°C. The solu-
tion/solvent boundary was created in a stratifying
optical cell with a length of 3 cm along the light beam.
Photographs of the interference fringes of the solu-
tion/solvent boundary were processed by the method
of the maximum ordinate and the area under the inter-
ference fringe. Sedimentation coefficients s of macro-
molecules in the centrifugal field were measured at
24°C on a MOM 3180 ultracentrifuge (Hungary)
equipped with a polarization-interferometric device at
a rotor speed of 40 × 103 rpm. A two-sector cuvette was
used, in which an artificial boundary was formed by
the stratification method. The thickness of the cuvette
along the light beam was 12 mm. The absolute molec-
ular weights of the copolymer samples were deter-
mined from the sedimentation-diffusion data (Sved-
berg method MsD = (s/D)NAkT/(1 – ρ0), where k is
the Boltzmann constant and T is absolute tempera-
ture). The partial specific volume of copolymers  was

calculated additively from the mass density ( ) of the
copolymer components taking into account its com-
position.

RESULTS AND DISCUSSION

Graft block copolyimides of the mixed linear-
brush topology were synthesized in several stages.
First, multicenter polyimide macroinitiators PIMI-
1(OH) and PIMI-2(OH) containing phenol groups in
each unit and either phenol (PIMI-1(OH)) or
hydroxyethyl (PIMI-2(OH)) terminal groups were
synthesized.

The presence of phenol groups in PIMI-1(OH)
and PIMI-2(OH) was controlled by the presence of a
signal at 10.3 ppm in the 1H NMR spectrum (Fig. 1).
In the PIMI-2(OH) spectrum, the number of terminal
groups was determined from the signals at 2.7 ppm due
to methylene protons in the –CH2OH group.

The PIMI-1(OH) and PIMI-2(OH) samples
according to SEC had Mn ∼ 32 × 103 and Ð ∼ 1.23
(PIMI-1(OH)) and Mn ∼ 31 × 103 and Ð ∼ 1.25
(PIMI-2(OH)).

The multicenter polyimide macroinitiators PIMI-
1(OH) and PIMI-2(OH) were used to prepare linear
triblock copolymers PCL-block-PI(OH)-block–PCL
with the central polyimide block containing phenol
groups in each repeating unit and peripheral poly(ε-
caprolactone) blocks:
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As shown in [50], the polymerization of ε-caprolactone catalyzed by multicenter polyimide macroinitiators
of different structure containing phenol groups in each repeating unit and terminal hydroxyethyl groups occurs
exclusively via these terminal groups without affecting the “middle” phenol groups [50]:
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Fig. 1. 1H NMR spectrum of multicenter polyimide macroinitiators PIMI-1(OH) and PIMI-2(OH).
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To test this result, we attempted to synthesize PI-
graft-PLC molecular brushes with a polyimide back-
bone and PCL side chains using ring-opening polym-

erization of the ε-caprolactone catalyzed by the
PIMI-3(OH) multifunctional polyimide macroinitia-
tor bearing phenol groups in each repeating unit.

Polymerization was carried out in the bulk of CL at
130°C or in DMF solution at 80°C.

On the chromatograms of the polymerization
products obtained using refractometric, viscometric,
and light scattering detectors (Fig. 2), two well-
resolved peaks are seen. As a result of selective
extraction (using THF), these polymerization prod-
ucts were divided into two polymer components. The
chromatogram of the component isolated using THF

showed one mode whose position coincided with that
of one of the modes on the chromatogram of the
polymerization product being analyzed (Fig. 2). Obvi-
ously, this mode refers to the linear homo-PCL
formed due to the initiation of CL polymerization by
water impurity.

According to the SEC data with refractometric
detection (Fig. 3), the relative content of the graft
copolymer and homopolymer was 5–12/95–88.
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Fig. 2. SEC chromatograms obtained using light scattering detector for (1) the product of CL polymerization catalyzed by PIMI-
3 (OH) and (2) its component extracted by THF.
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Fig. 3. SEC chromatogram obtained using the refracto-
metric detector for the products of CL polymerization cat-
alyzed by PIMI-3(OH). The graft copolymer to
homopolymer ratio is 8 : 92.
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When polymerization was carried out in the reaction
system diluted with DMF, the proportion of the
homopolymer increased to 95%.

Thus, it can be considered proven that the middle
phenol groups of multicenter polyimide macroinitia-
tors PIMI-1(OH), PIMI-2(OH), and PIMI-3(OH)
hardly participate at all in the polymerization of CL in
PO
accordance with the previous data obtained for poly-
imide macroinitiators with different structures [50]. In
other words, the polymerization of CL catalyzed by
PIMI-1(OH) and PIMI-2(OH) results in the produc-
tion of linear triblock copolymers PCL–block-
PI(OH)-block–CPL. These triblock copolymers dis-
solve in a wide range of organic solvents, in contrast to
the original polyimide macroinitiators. Table 1 pres-
ents the molecular weight characteristics of triblock
copolymers PCL-block-PI(OH)-block–PCL deter-
mined by SEC using refractometric, viscometric, and
light scattering detectors (so-called triple detection).
According to Table 1, with an increase in the molar
ratio of initiator : monomer from 1 : 1000 to 1 : 2000,
the monomer conversion increases and the MWD of
the polymerization product narrows.

The reliability of the MW values determined by the
SEC method was confirmed by comparing them with
the data of sedimentation-diffusion analysis of tri-
block copolymers PCL-block-PI(OH)-block–PLC
obtained using PIMI-1(OH) and PIMI-2(OH) mac-
roinitiators in chloroform solution. The absolute MsD
values of triblock copolyimides agree well with the
SEC data (Table 1).

To impart the brush structure to the central block
of triblock copolymers PCL-block-PI(OH)-block–
PCL, they were functionalized by esterifying hydroxyl
groups located in each unit of the PI block and at the
ends of the PCL chains using 2-bromoisobutyroyl
bromide:
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The presence of 2-bromoisobutyrate groups in tri- increase in the mass of functionalization products by

block copolymers (Br)PCL-block–PI(Br)-block–
PLC(Br) that initiate ATRP was detected according to
1H NMR data (Fig. 4). The degree of functionaliza-
tion of (Br)PCL–block–PI(Br)-block–PLC(Br) by
2-bromoisobutyrate groups determined from the ratio
of the signal intensities at 1.9 ppm due to methyl pro-
tons of 2-bromoisobutyrate groups and the signal
intensities at 6.0–8.5 ppm due to aromatic protons was
greater than 90%. Gravimetry data indicated an
∼25%, which corresponded to the introduction of a
specified number of 2-bromoisobutyrate groups in the
copolyimide.

Using the as-functionalized multicenter triblock
copolymer macroinitiators (Br)PCL–block–PI(Br)-
block–PLC(Br), ATRP polymerization of methyl
methacrylate (MMA) was carried out in DMF solu-
tion:
LYMER SCIENCE, SERIES C  Vol. 61  No. 1  2019



SYNTHESIS OF PENTABLOCK COPOLYMERS 181
The presence of PMMA blocks in the pentablock
copolymers PMMA–block–PCL–block-(PI–graft–
PMMA)-block–PCL-block–PMMA was confirmed
by 1H NMR spectroscopy (Fig. 5) from the disappear-
ance of the signals at 1.9 ppm due to methyl protons in
2-bromoisobutyrate groups and the appearance of sig-
nals due to protons of the PMMA block—the signals at
3.5–3.7 ppm due to OCH3 groups and at 0.7–1.1 ppm
due to methyl groups—while maintaining the signals
due to aromatic protons at 6.0–8.5 ppm, which corre-
spond to the PI block in the main chain.

Additionally, the structure of the obtained copoly-
mers was studied by IR spectroscopy. In the spectrum

of the polyimide macroinitiator PIMI(OH) (Fig. 6,
spectrum 1), absorption bands were observed at 1720,
1780, 1380, and 720 cm–1, characteristic of the imide
cycle. In the IR spectrum of the copolymers PCL-
block–PI–block–PCL (Fig. 6, spectrum 2), along
with the absorption bands of the imide cycle, there are
absorption bands at 1190–1080 (C–O), 1700 (C = O),
and 2800–3000 cm–1 (CH2), corresponding to ali-
phatic polyester. The grafting of PMMA blocks is
characterized by a change in the type of bands in the
region of 2800–3000 (due to the appearance of CH3
groups) and the appearance of bands at 1730 and
1140 cm–1.
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Table 1. Dependence of the molecular mass characteristics of triblock copolymers PCL-block-PI(OH)-block–PCL on the
conditions of ring-opening polymerization catalyzed by multicenter polyimide macroinitiators at 130°C

Here and in Table 2, the MW values determined by sedimentation-diffusion analysis are in parentheses.

Sample PIMI(OH) Molar ratio
of PIMI(OH) : CL Time, min Conversion,% Mn × 10–3 Ð

1 PIMI-1(OH) 1 : 1000 30 40 20 5.7
2 PIMI-1(OH) 1 : 1000 60 65 40 4.7
3 PIMI-1(OH) 1 : 2000 60 87 50 (60) 2.9
4 PIMI-2(OH) 1 : 2000 60 87 25 (35) 2.7

Table 2. Molecular weight characteristics of block copolymers

Structure PIMI(OH) Mn × 10–3 Ð

PIMI(OH) PIMI-1(OH) 30 1.3
PIMI-2(OH) 30 1.3

PCL–block–PI–block–PCL PIMI-1(OH) 50 2.9
PIMI-2(OH) 30 2.7

PMMA–block–PCL–block–(PI–graft–
PMMA)-block–PCL–block–PMMA

PIMI-1(OH) 110 (100) 1.3
PIMI-2(OH) 40 2.6
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Fig. 4. 1H NMR spectrum of triblock copolymer macroinitiator (Br)PCL–block–PI(Br)-block–PCL(Br) with the central PI
block based on the polyimide macroinitiator PIMI-1(OH).
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Fig. 5. 1H NMR spectrum of pentablock copolymer PMMA-block–PLC–block–(PI–graft–PMMA)-block–PCL–block–
PMMA with the central PI block based on the PIMI-1(OH) polyimide macroinitiator.
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Fig. 6. IR spectra of (1) PIMI-1(OH) and (2) related triblock copolymer PCL-block–PI–block–PCL and (3) pentablock copo-
lymer PMMA–block–PCL–block-(PI–graft–PMMA)-block–PCL–block-PMMA.
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Fig. 7. MMD curves for (1) PIMI(OH) and (2) related linear triblock copolymers PCL–block-PI(OH)-block–PCL and (3) graft
pentablock copolymers PMMA-block–PCL–block-(PI–graft–PMMA)-block–PCL–block–PMMA based on (a) PIMI-
1(OH) and (b) PIMI-2(OH).
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The molecular weight of the synthesized copoly-
mer samples increased sequentially from PIMI(OH)
to the triblock copolymer PCL-block-PI(OH)-block–
PCL and pentablock copolymer PMMA-block–
PCL–block-(PI–graft–PMMA)-block–PCL–block–
PMMA (Table 2, Fig. 7). The MW values of the penta-
block copolymer obtained using the initiator PIMI-
1(OH) with the brush central block were also deter-
mined by sedimentation-diffusion analysis in chloro-
POLYMER SCIENCE, SERIES C  Vol. 61  No. 1  2019
form. The obtained absolute MsD values agree well
with the SEC data (Table 2).

CONCLUSIONS

It was shown that the combination of ATRP and
ring-opening polymerization catalyzed by multifunc-
tional polyimide macroinitiators make it possible to
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synthesize copolymers of complex topology with the
central brush-type block of graft copolyimide with
PMMA side chains, which is terminated by the PCL–
block–PMMA diblock copolymer. The thermody-
namic incompatibility of blocks and related micro-
phase separation in such block copolymers of complex
architecture and topology can form domain structures
with different degrees of crystallinity and gas permea-
bility of domains in their films, which can be used in
various, e.g., membrane technologies. It is also inter-
esting to consider how the number of blocks, their
topology, and the sequence of the connection of
blocks influence the physicochemical properties of
such multiblock copolymers. These studies will be the
subject of a forthcoming publication.
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