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1. INTRODUCTION

Relevance of the work. RAFT polymerization, which effectively
controls molecular weight and dispersity of the polymers, has been
widely used in recent years for the synthesis of block copolymers.
For the synthesis of multiblock copolymers, it is necessary to isolate
and purify the intermediates (diblock, triblock copolymers, etc.),
which reduces efficiency of the synthesis, increases dispersity of the
copolymers and reduces functionality of the polymer chain ends.
Synthesis of multiblock copolymers can be facilitated by one-pot
polymerization methods. Unfortunately, there are only few
publications describing the synthesis of multiblock copolymers by
one-pot technique, and they concern mainly copolymers with short or
very short blocks. In order to synthesize multiblock copolymers with
relatively long blocks (degree of polymerization DP 50 or 100), it is
necessary to find optimal polymerization conditions (suitable chain
transfer agent (CTA), the ratio of CTA to the initiator and the
monomer, suitable solvents, reaction temperature, etc.). This is a
difficult task that becomes even more difficult if the used monomers
are different in their polarity and solubility. The synthesis of block
brush copolymers is even more complicated, as it is necessary to
evaluate some additional factors, such as conditions for purification
and modification of intermediates, interactions between the side
chains, formation of polymeric nanostructures, etc.

Development of well - defined multiblock and multiblock brush
copolymers with appropriate properties is a real challenge for
polymer chemists. Such copolymers are of interest for many
applications; for example, stimulus responsive copolymers have high
potential in nanotechnology and biomedicine as diagnostic materials,
carriers for controlled drug and gene transfer, materials for tissue
matrix development in reproductive medicine, etc.

The aim of the present work was to synthesize and investigate
amphiphilic and hydrophilic pentablock copolymers and their
anionic pentablock brush derivatives bearing poly(acrylic acid) side
chains.



The objectives of the research were the following:

1. To find optimal conditions for the RAFT polymerization of
methacrylates suitable for the synthesis of block copolymers
with relatively long blocks by one-pot RAFT polymerization.

2. To synthesize hydrophilic or amphiphilic triblock and
pentablock copolymers with low dispersity.

3. To synthesize anionic pentablock brush copolymers with
poly(acrylic acid) (pAA) side chains.

4. Evaluate properties of pentablock copolymers such as
thermal transitions, wettability and aggregation in various
solvents and water.

5. Evaluate properties of anionic pentablock brush copolymers
such as ionization and aggregation in aqueous solutions.

Scientific novelty and practical value

Bifunctional RAFT CTA  ethylene  glycol di((1-
butyl)sulfanylthiocarbonylsulfanyl-4-cyanopentanoate) has been
synthesized for the first time which provides polymer chain grow to
two directions and good control of one-pot RAFT polymerization of
methacrylates (butyl methacrylate (BMA), (2-dimethylamino)ethyl
methacrylate (DMAEMA), and 2-hydroxyethyl methacrylate
(HEMA)) yielding multiblock copolymers.

Amphiphilic pentablock copolymers containing the blocks of
pHEMA and pBMA, and hydrophilic pentablock copolymers
containing the blocks of pHEMA and pDMAEMA with DP of each
block at least 50 and low dispersity were synthesized via one-pot
RAFT polymerisation method for the first time. The properties of
pentablock copolymers, including thermal transitions, wettability and
aggregation in various solvents and water, were studied.

Anionic pentablock brush copolymers, in which brush blocks are
separated by linear hydrophobic blocks, are synthesized using RAFT
polymerization method for the first time. The properties of anionic
pentablock brush copolymers, including ionization and aggregation
in aqueous solutions, were studied.

Defensive statements:

1. One-pot RAFT polymerization carried out in the presence of a
bifunctional RAFT CTA, in an appropriate solvent and at appropriate

2



temperature is a suitable method for the synthesis of pentablock
copolymers with low dispersity and relatively long blocks (DP > 50).

2. Hydrophilic pentablock copolymers containing the blocks of
pHEMA and pDMAEMA have two aggregation temperatures.
Aggregation temperature depends on the position of the pHEMA
block and amount of HEMA units in the pentablock copolymer.

3. RAFT grafting from is a suitable method for the synthesis of
anionic pentablock brush copolymers with low dispersity.

4. Acidic properties of anionic multiblock brush copolymers
depend on their architecture and chemical composition.

Approbation of the research results. Results of the research
were presented in 4 scientific papers in the journals included into the
database of Clarivate Analytics Web of Science. Results were also
reported at 5 international conferences.

Structure of the doctoral dissertation. The doctoral dissertation
is written in Lithuanian and contains the following chapters:
Introduction with the motivation of the research objectives,
Literature Survey, Experimental Part, Results and Discussions,
Conclusions, List of References (317 entries) and List of Scientific
Publications. Materials of the dissertation are laid out in 146 pages,
including 16 schemes, 41 figures and 10 tables.

2. MATERIALS AND METHODS

Main materials. 2-Hydroxyethyl methacrylate (HEMA, 96%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, 98%), butyl
methacrylate (BMA, 96%) and acrylic acid (AA, 99%) were distilled
under reduced pressure before use. Azobisisobutyronitrile (AIBN)
was recrystallized from methanol twice. 1,4-Dioxane (DO, >95%),
dichloromethane (>99%), and ethylene glycol (>99%) were purified
according to standard procedures. Other reagents were of analytical
reagent grade and were used as received.

Synthesis of multiblock copolymers.

HEMA, AIBN and bifunctional RAFT CTA were dissolved in NMP
(or in another solvent), the solution was purged with argon for 30
min. and then the flask was sealed with rubber septum. RAFT
polymerization was carried out at 65 °C for appropriate time, and
then the flask via gas-tight syringe was replenished by a degassed
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solution of BMA and AIBN in NMP (or in another solvent). The
same procedure of replenishing the flask was repeated before
building the third block. At the end of polymerization, the block
copolymer was precipitated by pouring the solution into a large
amount of hexane/(ethyl acetate) (8/2, v/v) (twice) and dried under
vacuum at 20 °C for at least 24 h.

Synthesis of brush copolymers.
pHEMA blocks present in multiblock copolymers were modified by
attaching trithiocarbonate (TTC) moieties. The modified multiblock
copolymers bearing TTC groups were dissolved in NMP, than the
monomer AA and the initiator 4,4"-azobis(4-cyanovaleric acid) were
added to the solution. The solution was purged with argon for 30
min, then the flask was sealed with rubber septum. RAFT graft
polymerization of AA was carried out at 65 °C. Multiblock brush
copolymer was precipitated by pouring the solution to diethyl ether
(twice) and dried under vacuum at room temperature for 24 h.
Characterization of copolymers.
Composition of the copolymers was determined by NMR
spectroscopy, molecular weight (M,) and dispersity (D) by SEC with
quadruple detection, and thermal transitions by DSC. Aggregation
and/or ionization behaviour of multiblock copolymers and their
anionic brush derivatives in water were studied by potentiometric
titration, DLS and SEM.

3. RESULTS AND DISCUSSIONS
3.1 Synthesis and study of multiblock copolymers

3.1.1. Solvent effect on RAFT polymerization of HEMA, BMA and
DMAEMA

Organic solvents - butanol (BuOH), dioxane (DO), N,N-dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), isopropanol (i-
PrOH) and N-methyl 2-pyrrolidone (NMP) - were used as media for
one-pot RAFT polymerization of HEMA, BMA and DMAEMA.
These solvents differ by polarity, viscosity and complexing ability.
FT-IR and NMR spectroscopies were used to study interactions in
the solutions containing the monomers. Fragments of FT-IR spectra
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of HEMA and BMA dissolved in several solvents used for one-pot
RAFT polymerization are presented in Fig. 1.

FT-IR spectra confirmed, that all the solvents formed complexes
with the monomers, which increased electron density on both
carbonyl and vinyl double bonds of the methacrylates. Unfortunately,
absorption bands of methacrylates were partially overlapping with
the absorption bands of NMP and DMF making the effect
guantitatively imponderable.

A dependence of the chemical shifts in *H and **C NMR spectra
attributed to vinyl carbons and vinyl protons on the used solvents
proved that solvents had a certain effect on electronic structure of the
monomers. A shift upfield indicated an increased electron density on
the double bond of a monomer. A monomer with increased electron
density on its double bond is considered as less active. On the
contrary, activity of the radicals produced from inactive monomers is
high, and this could be a determinant factor explaining faster
polymerization of HEMA and BMA in NMP compared to DMF.

™ y
1800 1760 1720 1680 1640 1600 1500 1760 1720 1680 1640 1600

Wavenumber, cm-1 Wavenumber, cm-1
Fig. 1. Fragments of FT-IR spectra (region of carbonyl absorption) of
HEMA (A) and BMA (B) in the solutions of BuOH (1), DO (2),
DO/BUOH (1/1, viv) (2.1), DMF (3) and NMP (4).

An alternative explanation of the solvent effect on propagation
rate in RAFT polymerization was based on differences in local
monomer concentrations. Because of differencies in molar volumes,
local monomer concentration in close vicinity to the macroradical
chain end is reduced, compared to the bulk conditions, and this effect
is more evident using DMF as asolvent. Thus, according to the local
monomer concentrations, the fastest polymerisation is expected in
NMP and DO, which is in accord with kinetic data.
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RAFT polymerization of HEMA mediated by bifunctional RAFT
CTA was carried out in several organic solvents in the presence of
AIBN as an initiator varying the monomer concentration,
temperature, and the ratio of the CTA to the initiator.

Conversion of the monomers during polymerization was
monitored by 'H NMR spectroscopy. It was determined that the
molar ratio of CTA to the initiator equal to 5/1 was sufficient to
efficiently control the RAFT polymerization. Conversion of HEMA
during the synthesis of the first block was rather high using any of
the selected solvents (Figure 2 A). HEMA polymerization in DMF
practically stopped after 15 hours, in DO and BuOH — after 20 hours.
RAFT polymerization of HEMA in NMP became very slow at high
monomer conversions but was still proceeding reaching nearly 100
mol % conversion. Conversion of BMA during the extention of
pHEMA block in NMP was 97 mol % and in BuOH 92 mol % (Fig.
2B).

100
80
60
40
20

Conversion of BMA, %

NMP

BuOH
PO pumF

Fig. 2. Conversion of the monomers HEMA (A) and BMA (B)
versus time during the first (A) and the second (B) stages of one-pot
RAFT polymerization; [M]o = 2.2 mol/L, T = 65 °C.

RAFT polymerization of DMAEMA was studied in i-PrOH, DO,
DMSO, and NMP. Irrespective of the solvent used, dispersity of the
polymers was low (P < 1.2). Contrarily, conversion of the monomer
after 12 hours of polymerization was solvent dependent, and varied
from 59 mol % in i-PrOH to 97 mol % in NMP. Very high monomer
conversion (over 97 mol %) after 12 hours of polymerization was
reached in NMP; similar conversion was in DO as well but after 24
hours of polymerization. An increase of the molar ratio
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[DMAEMAJ/[CTA] from 50/1 to 80/1 under polymerization in DO
had small effect on the monomer conversion but increased dispersity

of the polymer.

3.1.2. Synthesis of pentablock copolymers by one-pot RAFT
polymerization

Pentablock copolymers were synthesized by one-pot RAFT
polymerization in three steps (Scheme 1). At the end of each step,
when conversion of a monomer was very high, a new portion of a
monomer, initiator and solvent was added, which resulted in
extension of the polymer chain. This is a great advantage seeking to
prepare triblock BAB or pentablock ABABA copolymers in two or
three steps without separation of intermediate products.

I L
S S O. C4H,
CHy \n/ NON Y\><S §- 4
CN
S o

{ ﬁ s
e W 0 ) Sis/c,m
SRR

Scheme 1. Synthesis of amphiphilic pentablock copolymers by three-
step one-pot RAFT polymerization of HEMA and BMA

1'st Step
Solvent, Initiator

2'nd Step
Solvent, Initiator

3'rd Step
Solvent, Initiator

H H

Results of successive one-pot RAFT polymerization of HEMA
and BMA are presented in Table 1. Obviously, the highest
conversion of the monomers during all three steps of polymerization
was in NMP (96-99 mol %). In most of the solvents, the
polymerization was well controlled resulting in the copolymers with
dispersity P in the range 1.11-1.29. Molecular weight of the
copolymers after each step of polymerization determined by SEC



(Fig. 3) was close to that calculated according to the ratio [CTA]/[I]
(Table 1).

Table 1. Results of one-pot successive RAFT polymerization of
HEMA and BMA in various solvents yielding homopolymers (1
step), triblock (2™ step) and pentablock (3" step) copolymers.
[M]/[CTA]/[I] = 100/1/0.4, T = 65°C, [M],= 2.2 mol L™

4  M,-10%,
No Step  Polymer Solvent mol % g/mol
1  HEMAg 89.0 145 1.12
L 2 BMALHEMAxBMA,, DMF  87.0 289 1.12
3 HEMAZ-BMA,-HEMA:- 835 469 124
BMA,,-HEMA,
1 HEMA 99.9 169 1.10
, 2 BMAGHEMA-BMA,;  NMP 98.2 238 1.16
3 HEMAg,-BMA 4o- 96.2 431 1.29
HEMA9o-BMA4o-HEM Ay,
1 HEMAg, 91.6 18.2 1.18
3 2 BMA-HEMAg,-BMAs DO 89.7 332 1.35
3 HEMA-BMAHEMAG- 96.7 63.5 1.21
BMA s-HEMAgs
1 HEMAg 95.9 149 111
4 2 BMALHEMA,BMA,  BuOH 891 225 1.15
3 HEMAwBMA,- 952 506 1.8

HEMAg-BMA4,-HEMA 149

logM
Fig. 3. Molecular weight distribution curves of amphiphilic
pentablock copolymers after the first (1), second (2) and third (3)
steps of one-pot RAFT polymerization (Table 1, No 2).
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Pentablock copolymers with alternating blocks of pBMA and
p(BMA-st-HEMA) were synthesized and used as the main chain for
the synthesis of brush copolymers. During the synthesis of p(BMA-
st-HEMA), an equimolar ratio of HEMA and BMA was used, and
the polymerization was carried out in NMP. Monomers conversion
was 96 - 99 mol % in all three steps of the polymerization yielding
pentablock copolymers with low dispersity (1.23 - 1.28).

Two types of hydrophilic pentablock copolymers were
synthesized - with similar length (DP 50-80) of pHEMA and
pDMAEMA blocks and with significantly longer blocks of
pDMAEMA (the molar ratio of DMAEMA/HEMA was from 3.5 to

G R &, ™Ry

Q HEMA QO DMAEMA
Scheme 2. Hydrophylic pentablock copolymers with different outer
blocks.

Synthesis of hydrophilic pentablock copolymers was started
either from pHEMA block or from pDMAEMA block giving
pentablock copolymers with different outer blocks (Scheme 2). The
blocking efficiency during the chain extension from the both
pHEMA and pDMAEMA blocks was very similar. In the both cases,
monomer conversion was nearly completed within 24 hours during
the first and the second steps of polymerizations which is of
extraordinary importance getting almost pure blocks of pentablock
copolymers. In the third step, conversion of the monomers was lower
(in some cases, 81 - 89 mol %) but sufficient to get predicted DP of
the block.

During the synthesis of the block copolymers containing longer
pDMAEMA blocks (Table 2), HEMA conversion in the first step
was almost 100 mol %, but the conversion of DMAEMA in the
second step was less than 90 mol %. Low dispersity of the polymers
(blocks) and rather good agreement between theoretical and
experimental molecular weights confirmed that all steps of
successive one-pot RAFT polymerization of DMAEMA and HEMA
in NMP were efficiently controlled.
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Table 2. Results of one-pot successive RAFT polymerization of
HEMA and DMAEMA in NMP yielding homopolymers (1% step),
triblock (2™ step) and pentablock (3" step) copolymers.

T =65°C, 1=24h, [M],= 2.2 mol L™

4 M,-107
No Step  Polymer mol%  g/mol
1 pHEMAg, 99 7.7 1.10
| 2 PDMAEMA;-pHEMAs-pDMAEMA,, 99 31.3 1.05
PHEMA;7- PDMAEMA 7g-pHEMAs,-
3 ADMAEMAo-pHEMA, 98 48.0 1.19
1 pHEMAg, 99 109 112
, 2 PDMAEMA;-pHEMAg-pDMAEMA,, 99 36.6 1.10
pHEMA;,- PDMAEMA;¢-pHEMAgo-
3 IDMAEMAo-pHEMA s 95 575 1.17
1 pDMAEMA 98 11.2 1.10
3 2 pHEMA75-pDMAEMA5-pHEMA g 97 29.1 1.28
pDMAEMA ;3-pHEMA5-pDMAEMA o-
3 IHEMA;5-pDMAEMA 5 95 436 1.52
1 pDMAEMAzg 98 123 112
4 2 pHEMA75-pDMAEMAs-pHEMA g 98 336 134
3 PDMAEMA:-pHEMA7-pDMAEMAz- o) 23 153

YHEMA5-pDMAEMA;

3.1.3. Bulk properties of amphiphilic multiblock copolymers

Fig. 4 presents DSC heating curves of pHEMA, pBMA, and
diblock and multiblock copolymers containing those blocks. T, of
pBMA was at 25 °C while that of pHEMA at 44 °C. The T, value of
the diblock copolymer pHEMA-b-pBMA was at 35 °C and that of
the triblock and pentablock copolymers at about 33 °C. Thus,
diblock, triblock and pentablock copolymers showed single glass
transition temperature implying that the blocks were fully miscible
forming homogeneous amorphous phase. Miscibility of the blocks
can be explained by H-bonding between HEMA and BMA units.
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Fig. 4. DSC heating curves of pHEMA (1), pBMA (2) and block
copolymers pHEMA-b-pBMA (3), pPBMA-b-pHEMA-b-pBMA (4),
and pHEMA-b-pBMA-b-pHEMA-b-pBMA-b-pHEMA (5).

Water contact angles (CA) on surfaces of homopolymers and
block copolymers are presented in Table 3. Evidently, the most
hydrophobic surfaces form polymer films cast from chloroform.
Polymer films cast from ethanol are the most hydrophilic, and
hydrophilicity of the films cast from DMF is medium. CA of
pHEMA films is very low (33 to 36°), irrespective of the solvent. CA
of pBMA films are much higher, and vary subject to the solvent from
64 to 94°. CA of the diblock copolymer films in most cases are
slightly lower compared to pBMA films. The layers of triblock and
pentablock copolymers were always slightly more hydrophobic than
pBMA layers.

Table 3. Water contact angles (®) of the polymer films

e
Polymer CHCl; DMF  Ethanol Ethanol™ Ethanol™
pBMA 93.7 822 63.9 79.0 83.6
PHEMA . 362 335 365 335
DBMA-b-pHEMA 924 807 669 739 77.0
PBMA-b-pHEMA-b-pBMA 100.8 868 723 800 850

pHEMA-b-pBMA-b-pHEMA-b-

* After annealing 24 h at 90 °C
** After annealing with CH,CI, vapour
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Additionally, films of amphiphilic block copolymers spin-coated
from ethanol solutions were annealed at 90 °C for 24 hours. During
annealing at a temperature higher than T, of the polymer, mobility of
the polymer segments increases. Almost the same results were
observed after annealing the films in CHCI; vapours which swelled
the film and effectively reduced T, of the pBMA blocks. Thus,
hydrophobic segments of pBMA can migrate to the air/polymer
interface and minimize surface energy which results in increased
values of CA.

3.1.4. Solutions properties of hydrophilic pentablock copolymers

In the present research, DLS, zeta potential measurements, and
SEM were used to study self-assembly and aggregation of the
multiblock copolymers in aqueous solutions upon heating from
15 °C to 65 °C.

Changes in intensity of the scattered light (A) and hydrodynamic
radius of the particles (B) of the pentablock copolymers with
different outer blocks during heating are presented in Fig. 5. The
scattered light profiles and, especially, profiles of the hydrodynamic
radius are similar but shifted in the temperature scale by 6 - 8 °C.
The first step of aggregation of the pentablock copolymers upon
heating starts at 26 °C for the pentablock copolymer with pHEMA
outer blocks, and at 36 °C for the pentablock copolymer with
pDMAEMA outer blocks (Fig. 5). Above these temperatures, the
aggregates with an average hydrodynamic radius of 150 - 200 nm
(the copolymer D7-H7g-Dgg-H7g-D7;) and 400 - 450 nm  (the
copolymer Hi7-D7g-Hso-D79-H77) were formed (Fig 5). At 41 - 44 °C,
the aggregates formed by the copolymer with pDMAEMA outer
blocks became very large, with hydrodynamic radius of about 1000 -
1500 nm. Upon further heating, above 59 °C for the pentablock
copolymer with pHEMA outer blocks and 65 °C for the pentablock
copolymer with pDMAEMA outer blocks, intensity of the scattered
light was sharply increasing, and large aggregates with the
hydrodynamic radius of about 1500 - 2000 nm were formed (Fig. 5).

In order to get more information about temperature-induced self-
assembly of the pentablock copolymers, zeta potential of aqueous
copolymer solutions was measured at various temperatures, and
morphology of the aggregates was evaluated by SEM. At room
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temperature and at mild heating, zeta potential of the both pentablock
copolymers was positive and close to 15 mV. Above 55 °C, zeta
potential of both copolymer solutions sharply decreased to -10 mV.
A shift of the zeta potential to negative values coincided well with
the sharp increase of intensity of the scattered light. SEM analysis of
the pentablock copolymer with terminal pPDMAEMA blocks revealed
that the morphology of self-assemblies of the pentablock copolymer
was changing in respect to temperature. At 35 °C, the copolymer
formed micellar aggregates with the diameter of 200 -300
nanometers. At appropriate temperature (42 —44°C), multicore
aggregates with the size of 2 - 3 micrometers were found. Finally, at
55 °C aggregates with the sizes of about 400 nm were detected.

0] A 000- B
N 100 1500l I
_,',E: “1 § 10004 M
S 1 if\!
30 o
? ;gé I i-} %i-'[
g 201 g
§ g 200 | 2 "”\
E 10 'E.
J{.-- -._.-..-—-_ =
20 0 1 4 50 P 7 - A P - - pA

Temperature, °C Temperature, °C

Fig. 5. Changes in intensity of the scattered light (A) and the
hydrodynamic radius of the particles (B) of the pentablock
C0p0|ymer5 H77'D79'H50'D79'H77 (1) and D72‘H78‘D49‘H78'D72 (2)
during heating.

3.2Synthesis and study of multiblock brush copolymers

3.2.1. Decoration” of block copolymers by butylthiocarbonothioylthio
groups

Modification of pHEMA blocks of multiblock copolymers by
butylthiocarbonothioylthio fragments was carried out in two ways.
The first one is based on esterification of pHEMA hydroxyl groups
with 2-bromopropionyl bromide followed by substitution of the
bromine atoms in the esterified derivatives  with
butylthiocarbonothioylthio groups. The second one is carbodiimide
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catalyzed esterification reaction between pHEMA hydroxyl groups
and CTA carboxyl groups (Scheme 3). It was confirmed by *H NMR
spectra that conversion of hydroxyl groups to trithiocarbonate (TTC)
moieties in both cases was very high, nearly 100 %.

P n CaHo( )L
o o o

o Q Q

2 DMAP, DCC, CH,Cl, 8
OH

s
YS
s
CyHe™

Scheme 3. Carbodiimide catalyzed esterification reaction between
pHEMA hydroxy! groups and CTA carboxyl groups

3.2.2.Synthesis of multiblock brush copolymers containing poly(acrylic acid)
side chains

Pentablock copolymers carrying TTC moieties attached by the
first way have been used for RAFT grafting from polymerization of
AA in order to prepare anionic molecular brushes (Scheme 4). At
relatively low conversion of AA (about 20%), molecular weight
distribution of the pentablock brush copolymers was rather narrow
(b 1.7 - 2.3), and number average molecular weight M, was close to
that calculated according to the reaction scheme. At high conversion
of AA (71.0 %), dispersity of copolymer was very large (P 3.3) and
MWD curve broad showing considerable fractions of the
macromolecules both with relatively low and very high molecular
weights. The presence of the polymer fraction with very high
molecular weight is related to intermacromolecular coupling
reactions. Possibly, intermolecular chain coupling is unavoidable
when polymer chains are growing in close vicinity one to another
from the same backbone.
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Scheme 4. Synthesis of anionic pentablock copolymers via RAFT
grafting from method

Pentablock copolymers with alternating pPBMA and p(BMA-st-
HEMA) blocks decorated with TTC moieties by carbodiimide
method also served as backbone for the synthesis of brush
copolymers. The use of random copolymers p(BMA-st-HEMA)
instead of pHEMA allowed to rarefy hydroxyl group carrying units
and increase the distance between growing pAA chains. Further,
trying to avoid intermacromolecular coupling reactions, an additional
amount of CTA was added into the polymerization mixture.

Table 4. Parameters of anionic multiblock brush copolymers
synthesized by grafting from RAFT polymerization of AA

pAA Block brush copolymers pK,
No IVln I\/Itheor. Mn lQOAA
DP D b
g/mol g/mol g/mol %

800 8 1.19 | 187000 190000 128 338 5.27
860 9 1.22 | 139000 51000 150 400 4.87
1060 11 1.43 | 159000 177000 115 285 4.99

1970 24 1.30 | 217000 419000 187 520 553
1780 21 1.44 | 240000 229000 1.33

1

1
2
3
4 1100 12 1.37 | 292000 261000 122 550 555
5
6
The amount of AA, determined by potentiometric titration
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The parameters of anionic multiblock brush copolymers are
presented in Table 4. RAFT grafting from polymerization of AA was
well controlled resulting in brush copolymers with rather low
dispersity (B 1.15-1.87) and symmetrical and monomodal MWD
curves.

3.2.3 lonisation behaviour of multiblock brush copolymers

The degree of ionization of weak polyelectrolytes depends on the
degree of neutralization, o, and therefore on pH. To compare the
ionization behaviour of the multiblock brush copolymers with
different length of pAA side chains, diluted solutions of these
polyelectrolytes were titrated potentiometrically.

The curves of potentiometric titration of aqueous solutions of
anionic multiblock brush copolymers (Table 4, No 1, 3, 4) are
presented in Fig. 6.
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Fig. 6. The curves of potentiometric titration of aqueous solutions of
anionic multiblock brush copolymers No 1 (e), No 3 (A) and No 4
(m) (Table 4) plotted in the coordinates of the equation of Henderson
and Hasselbalch.

Pentablock brush copolymer (Table 4, No 4) demonstrates a
much weaker acidic properties (pK(a) is higher) compared to the
triblock brush copolymer carrying nearly the same amount of pAA
side chains of the same length (Table 4, No. 3) However, acidic
properties of the triblock brush copolymer (Table 4, No 3) and
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pentablock brush copolymer with shorter pAA side chains (Table 4,
No 1) are very similar (pK(a) values are close). Thus, acidic
properties of multiblock brush copolymers are affected by their
architecture and chemical composition.

The dependence of hydrodynamic radius (Ry) of anionic
pentablock brush copolymers on the degree of neutralization (a) is
presented in Fig. 7. In acidic medium most carboxyl groups are non-
ionized (a < 0.05). At such conditions, pentablock brush copolymers
with relatively short pAA side chains are in compact coil
conformation, with hydrodynamic diameter of the coils about 55 - 60
nm. At complete neutralization (o =1) of pAA carboxyl groups,
pentablock brush copolymers are stretched, obtain cylindrical shape,
and the size of the brush copolymers increases to 90 - 170 nm. Brush
copolymers with similar length of pAA side chains (DP = 8, Table 4,
No 1 and 2), but different length of linear pBMA blocks form
aggregates similar in size.
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Fig. 7. The dependence of hydrodynamic radius on degree of
neutralization of anionic pentablock brush copolymers No 1 (e), No
2 (m) and No 4 (A) (Table 4).
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CONCLUSIONS

1. The effect of four organic solvents - N,N-dimethyl formamide
(DMF), N-methyl-2-pyrrolidone (NMP), 1,4-dioxane (DO) and
butanol (BuOH) - on interactions inside reaction media and
RAFT polymerisation of HEMA, BMA and DMAEMA was
investigated by NMR and FT-IR spectroscopy, and kinetic
methods. It was determined that polymerisation of
methacrylates was the fastest in NMP where nearly full
monomer conversion (97 - 99 mol %) was reached during 12
hours. Rate of polymerization of HEMA in NMP was more than
twice, and that of BMA fourfold higher than in DMF. The effect
of organic solvents on RAFT polymerisation of methacrylates is
in accord with the theory of local monomer concentrations, but
taking into account complexation of the monomers.

2. Amphiphilic pentablock copolymers containing units of HEMA
and BMA were synthesized by one-pot RAFT polymerization in
the presence of a difunctional RAFT CTA. The optimal solvent
for the synthesis of multiblock copolymers was NMP, in which
96-99 mol % monomer conversion in every step of
polymerization was achieved during 12 hours. Using other
solvents, the monomer conversion was lower and insufficient to
obtain well defined blocks during the synthesis of multiblock
copolymers by one-pot RAFT polymerization. Pentablock
copolymers were characterized by low dispersity (b 1,11 - 1,29)
and contained negligible amount of HEMA units (1-2) in
pBMA blocks.

3. Hydrophilic pentablock copolymers with iterative blocks of
pHEMA and pDMAEMA were synthesized by one-pot RAFT
polymerization. It was determined during the chain extension
that almost all polymer chains remained ,,living* even after third
step of polymerization. Dispersity of hydrophilic pentablock
copolymers synthesized in NMP, irrespective of the nature of
the end blocks, was low (b 1,17 - 1,19).

4. Compatibility of pHEMA and pBMA blocks constituting
amphiphilic multiblock copolymers is good. These copolymers
have a single glass transition temperature which decreases upon
increase of pBMA amount in the copolymers. The films of the
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triblock and pentablock copolymers are more hydrophobic
compared to those of pPBMA and diblock copolymers.
Amphiphilic multiblock copolymers are soluble in DMSO but
tend to form nanoaggregates in chloroform. In mixtures of
organic solvents and deuterated water, the multiblock
copolymers form micellar aggregates with outer hydrophilic
corona. In mixtures of DMSO and deuterated water, pentablock
copolymers with outer hydrophilic (pHEMA) blocks formed
compact nanoaggregates of flower-like shape, and pentablock
copolymers with outer hydrophobic (pBMA) blocks formed
larger multicore aggregates.

Agueous solutions of hydrophilic pentablock copolymers
constituted of alternating pHEMA and pDMAEMA blocks
demonstrated two aggregation temperatures at 26 - 36 °C and
59 - 65 °C, which were dependent on block position and amount
of HEMA units. Pentablock copolymers with pHEMA outer
blocks formed micellar aggregates of flower-like shape which
upon increase of temperature became more uniform and smaller
in size. Pentablock copolymers with pDMAEMA outer blocks
formed micellar aggregates with intermicellar bridges which
merged together to multicore aggregates at higher temperatures.
Upon further heating, above 59 -65 °C, poorly stabilized
micellar aggregates of the pentablock copolymers stuck together
forming very large aggregates with the diameter of ~2 um.

For the decoration of the multiblock copolymers by
butylthiocarbonothioylthio moieties, two methods were applied:
two-step nucleophilic substitution reaction and carbodiimide
catalysed esterification reaction. The carbodiimide catalysed
reaction was superior since it was single-phase and faster, and
the degree of modification of pHEMA hydroxyl groups was
close to 100 %. During modification of the copolymers by
nucleophilic substitution, some side reactions took place which
resulted in partial crosslinking.

Anionic pentablock brush copolymers were synthesized
differing in molecular weight (51 - 540 kg/mol) and length of
pAA side chains (DP 4 - 41). Brush copolymers synthesized in
the presence of multiCTA obtained by nucleophilic substitution
reaction had high dispersity (P 1.66 - 3.2) and, in many cases,
asymmetric MWD curves. Brush copolymers derived from the
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pentablock copolymers with alternating pBMA and p(BMA-st-
HEMA) blocks modified by carbodiimide method, had
relatively low dispersity (b 1.15 - 1.87) and symmetric MWD
curves. Although anionic brush copolymers derived from
hydrophilic multiblock copolymers were visually soluble in
organic solvents and water, they formed nanoaggregates with
Ry > 25 nm.

Acidic properties of anionic multiblock brush copolymers
depend on copolymer architecture and chemical composition.
Pentablock brush copolymers with similar length and amount of
pAA side chains are weaker acids compared to triblock brush
copolymers of similar structure. It has been determined by DLS,
that upon increase of the degree of neutralization, pentablock
brush copolymers with longer side chains become more
hydrophobic and form larger aggregates.
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SANTRAUKA

Blokiniy kopolimery sintezei pastaruoju metu placiai taikoma
RAFT polimerizacija, kuria naudojant pavyksta efektyviai
kontroliuoti bloky molekuling mase ir jy dispersiSkuma.
Multiblokiniy kopolimery sintezés efektyvumas padidéja, naudojant
“vieno indo” (angl. “one pot”) polimerizacija, taciau taikant §j
metodg dazniausiai apsiribojama multiblokiniy kopolimery su
trumpais ar labai trumpais blokais sinteze. Siekiant susintetinti
multiblokinius kopolimerus su santykinai ilgais blokais, biitina
parinkti optimalias polimerizacijos salygas — tinkama grandinés
perdavos agentg (GPA), jo santykj su monomeru ir iniciatoriumi,
tirpiklj, temperattira, ir pan. Blokiniy Sepetiniy kopolimery sintezé
dar sudétingesné, nes reikia jvertinti tarpiniy produkty gryninimo bei
modifikavimo salygas, sgveikas tarp Soniniy grandiniy, polimeriniy
nanostruktiiry susidaryma ir kt. Tikslios struktiiros multiblokiniy ir
blokiniy Sepetiniy kopolimery sintezés metodiky kiirimas bei $iy
kopolimery savybiy tyrimas yra svarbis, nes tokie kopolimerai gali
biiti naudojami nanotechnologijose ir biomedicinoje, pvz., kaip
diagnostinés medziagos, neSikliai kontroliuojamai vaisty ir geny
pernasai ir kt.

Pagrindinis §io darbo tikslas — Susintetinti ,,vieno indo* RAFT
polimerizacijos metodu ir iStirti hidrofilinius ir amfifilinius
pentablokinius kopolimerus bei anijoninius $epetinius jy darinius.

Svarbiausi Sio darbo rezultatai, atspindintys naujuma, originaluma
ir svarba:

Pirmg karta iStirta tirpikliy jtaka metakrilaty RAFT
polimerizacijai. Pirma kartg naudojant difunkcinj RAFT GPA “vieno
indo” RAFT polimerizacijos metodu susintetinti mazo dispersiskumo
amfifiliniai pentablokiniai HEMA ir BMA kopolimerai ir
hidrofiliniai pentablokiniai HEMA ir DMAEMA kopolimerai.
Optimalus tirpiklis tokiy multiblokiniy kopolimery sintezei yra
NMP. Monomery konversija kiekvienoje polimerizacijos stadijoje
(sintetinant kiekvieng blokg) siekia 96 — 99 mol %, be to, dauguma
kopolimero grandiniy isliecka "gyvybingos" visa polimerizacijos
laika.

Multiblokiniy amfifiliniy kopolimery pHEMA ir pPBMA blokai
yra tarpusavyje gerai suderinami, mikrofazés neatsiskiria. Tokie
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kopolimerai turi vieng stiklé¢jimo temperatiirg, kuri mazéja didéjant
pBMA kiekiui kopolimeruose. Triblokiniy ir pentablokiniy
kopolimery plévelés yra hidrofobiskesnés nei pPBMA ir diblokiniy
kopolimery plévelés.

Pirmg karta nustatyta, kad pentablokiniai hidrofiliniai
kopolimerai, sudaryti i§ pHEMA ir pDMAEMA bloky, turi dvi
agregacijos temperatiiras ties 26 — 36 °C ir 59 — 65 °C; agregacijos
temperatiira priklauso nuo pHEMA bloko padéties ir HEMA
grandziy kiekio pentablokiniame kopolimere. Temperatirai pakilus
vir§ 59 —65°C, silpnai stabilizuoti pentablokiniy kopolimery
miceliniai agregatai sulimpa tarpusavyje ir sudaro labai didelius
agregatus, kuriy skersmuo ~2 um.

Pirmga karta skiepijimo nuo biidu susintetinti mazo dispersiSkumo
anijoniniai pentablokiniai S$epetiniai kopolimerai, besiskiriantys
Soniniy pAR grandiniy ilgiu (PL 7-24). Optimalds Sepetiniy
kopolimery rodikliai gauti naudojant pentablokinius kopolimerus su
alternuojanciais pBMA ir p(BMA-st-HEMA) blokais, modifikuotais
TTK grupémis karbodiimidiniu btidu ir j reakcijos misinj papildomai
jdéjus mazamolekulio GPA.

Anijoniniy Sepetiniy multiblokiniy kopolimery riigstinés savybés
priklauso nuo jy struktiiros bei cheminés sudéties. Panasy Soniniy
pAR grandiniy ilgj ir jy skaiCiy turinCio Sepetinio pentablokinio
kopolimero riigStinés savybés yra silpnesnés nei analogiskos
struktiiros Sepetinio triblokinio kopolimero.
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