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In this study, di- and tri-block copolymers composed of PEO and PMMA are synthesized and

comprehensively characterized. Block copolymers are synthesized by ATRP of MMA using bromine-

terminated PEO macro-initiators of varying molar masses ranging from 2000 to 20 000 g mol�1. End-

group transformation of the macro-initiator is confirmed by NMR and FTIR. Initial feed ratios of macro-

initiator and monomer are varied systematically in order to have block copolymers of different total

molar mass, individual block lengths and compositions. Chemical composition of the block copolymers

as obtained by NMR complements the expected values based on initial macro-initiator to monomer

ratios. Block copolymers are characterized by size exclusion chromatography, and liquid

chromatography at critical conditions on both RP and NP columns. The most complex distribution of

block copolymers was obtained at the critical adsorption point of PMMA on a RP column. Fractions were

collected at critical conditions of PMMA, and were subjected to detailed analysis by SEC, LCCC–PEG,

and NMR in the second dimension. Two-dimensional analysis revealed details about the products that

were not accessible by independent or stand-alone analysis using the same techniques.
Introduction

Covalent joining of hydrophilic and hydrophobic polymeric
segments yields amphiphilic species. The hydrophobic part of
such polymers does not like aqueous environments, hence it is
shielded by the hydrophilic segment during self-assembly when
dropped in water. This phenomenon produces core–shell type
micellar structures. The size, structure and performance prop-
erties of these micelles can be manipulated at the molecular
level by changes in chemical composition, total molar mass,
individual block lengths, and architecture. Amphiphilic block
copolymers have been employed for unique applications in
various elds.1–3

Poly(ethylene oxide) (PEO) is the most widely employed
polymer as a hydrophilic segment owing to its extraordinary
water solubility for the whole molar mass range, non-toxicity
and biocompatibility.4 However, several different classes of
polymers can be used as a hydrophobic segment that includes
alkyl, aryl, polyether, polyester, polystyrene, polyacrylates etc.
Selection of hydrophobic segment depends upon the intended
application.1–3 For instance, biomedical applications require
biodegradable non-polar segment such as lactones, lactides,
carbonates etc.5,6 Some applications require extremely non-
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polar block such as polystyrene. Micelles formed by these
blocks have dense and glassy core, highly swollen shell and
extremely low CMC due to high hydrophobicity of PS block.7,8

Some other applications might require comparatively less non-
polar segment such as poly(methyl methacrylate) (PMMA).
PMMA is so hydrophobic polymer that has lower glass tran-
sition temperature, and high optical properties. It is biocom-
patible and resistant to enzymatic attack.9–11 Unique
hydrophilic/lipophilic balance, exibility and crystallinity of
block copolymers composed of PEO and PMMA make them
alluring candidates for several applications. Degree and rate of
crystallization of block copolymers of PMMA with PEO
decreased with increasing PMMA block length.12,13 Potential
applications of block copolymers of PMMA with PEO are found
in the elds of keratoprosthesis modication, drug delivery,
tissue engineering, and electronics.14–18 The performance
properties are very much dependent upon the total molar mass,
molar mass of individual blocks and extent of unwanted hom-
polymers of both types in the sample. These aspects of the
materials under study have never been discussed.

Atom Transfer Radical Polymerization (ATRP) is a successful
strategy to design and synthesize multifunctional, nano-
structured materials. ATRP empowers control over macromo-
lecular structure, order, and functionality, which are vital
considerations for developing materials for any targeted appli-
cation. ATRP allows the synthesis of block copolymers in facile,
reproducible and controlled manner. End-group of
RSC Adv., 2017, 7, 41693–41704 | 41693
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commercially available polyethylene glycols (PEG) can easily be
transformed to halogen group, which can then be utilized as
macro-initiator for ATRP of MMA for synthesis of di- and tri-
block copolymers.19–23

Properties of amphiphilic di-, and tri-block copolymers are
strongly affected by their molecular characteristics such as total
molar mass and its dispersity, molar mass and dispersity of
individual blocks, relative block lengths, chemical structure,
architecture, functionality and presence of residual parent
homopolymers.1–3,24,25 In this context, a comprehensive and
meticulous molecular characterization of block copolymers is
imperative for optimization of synthesis methods and applica-
tion properties. Spectroscopic techniques (such as NMR,
MALDI-TOF-MS and FTIR) can only provide average values that
are not sufficient for development of real structure–property
correlations. Furthermore, spectroscopic techniques cannot
differentiate between block copolymers and blends of their
homopolymers. Presence or absence of unwanted homopoly-
mers in block copolymer samples is another question that
cannot be answered by these techniques in general. Several
different types of block copolymers have been synthesized and
exploited for various applications,26–34 however, the number of
reports addressing analysis of individual block lengths and
presence of unwanted homopolymers in the samples are rather
limited.35–47 Nonetheless, the length of individual blocks and
presence of homopolymers in block copolymer sample can
enormously affect the nal application properties, especially in
case of amphiphilic block copolymers. The separation of
homopolymers from amphiphilic block copolymer samples is
a difficult task since products tend to make micelles when
dropped in any solvent that has more compatibility for one
block. Specically block and gra copolymers of PEO and
PMMA have been synthesized by employing several methods
such as living anionic polymerization, ATRP, and coupling of
individually synthesized homopolymers, without much
emphasis on the extent of homopolymer formation and ach-
ieved length of the individual block.14,19–23,48–53

Chromatographic techniques can reveal more detailed and
important information with regard to molecular composition of
block copolymers. Three mode of liquid chromatography
employed for polymer analysis include size exclusion chroma-
tography (SEC), liquid absorption chromatography (LAC) or
interaction chromatography (IC), and liquid chromatography
under critical conditions (LCCC). SEC is most widely used mode
for conrmation of synthesis of polymers. Determination of
molar mass distribution and dispersity by SEC is simple, fast
and economical. Ideally, there should not be any enthalpic
interactions in SEC that results in separation of polymers on the
basis of entropy induced by difference in the hydrodynamic
volume of polymer species in dilute solution. Mostly, SEC
reveals relative molar mass distribution with respect to cali-
bration curve obtained by narrowly distributed polymer stan-
dards. In case of block copolymers, situation is more complex
since different polymeric segments can have different hydro-
dynamic volume that lead to over- or under-estimation of the
molar mass values. Another limitation of SEC is its limited
41694 | RSC Adv., 2017, 7, 41693–41704
resolution and parent homopolymers hardly get separated from
block copolymers or sometimes even not detected.37,38,54,55

Detailed analysis of complex polymers can be realized by
interaction modes of liquid chromatography namely liquid
adsorption chromatography (LAC) or interaction chromatog-
raphy (IC), and liquid chromatography at critical conditions
(LCCC). Information beyond mere total molar mass can be
obtained by interaction LC since separation is based on inter-
action strength of the repeat unit or end groups with the
stationary phase. Solvent and temperature gradient LC have
been employed for molar mass and chemical composition
analysis of polymers.35–38,56–58 However, LAC or IC is not as
universal as SEC and requires extensive experimentation to
control strength of enthalpic interaction, in order to achieve
a reproducible separation, and recovery of the samples.56,59,60

Liquid chromatography at critical conditions suppresses the
effect of molar mass on elution pattern, and separation with
regard to other variables such as molar mass of non-critical
block or functionality can be realized. Critical conditions for
a particular polymer can be realized by changing mobile phase
composition and temperature.37,38 At critical conditions,
homopolymers elute near the void volume of the column
independent of their molar mass making them so called
“chromatographically invisible”. Under these conditions sepa-
ration with regard to end group61–65 or other block35–47 can be
realized. LCCC reveals a reasonable estimate of the molar mass
distribution of non-critical block, and information with regard
to presence or absence of unwanted parent homopolymers in
the sample.

In this study, di- and tri-block copolymers of PMMA with
PEO are synthesized by ATRP of MMA in presence of bromine-
terminated Me–PEO and PEG of varying molar masses as
macro-initiator. Hydroxyl end-group of commercially available
MeO–PEO and PEG are transformed into bromine, to be used as
macro-initiator for ATRP. Ratios of macro-initiators and
monomer are varied systematically in order to achieve different
individual block lengths. Initial screening and augmentation in
total molar mass is monitored by size exclusion chromatog-
raphy. 1H-NMR has been used for chemical composition anal-
ysis of the block copolymers. Liquid chromatography at critical
conditions was used for analysis of individual block lengths and
presence of any unwanted homopolymers of both types. Frac-
tions at critical conditions of PMMA are collected and analyzed
by SEC, LCCC–NP, and 1H-NMR in second dimension. The
study revealed several heterogeneities of the products that were
not accessible by general methods used for this purpose. The
novelty of current work lies in determination of individual block
lengths of the block copolymers and information about
presence/absence of unwanted homopolymers of both types in
the sample. Furthermore, two-dimensional analyses revealed
that growing chains get coupled during polymerization.

Experimental
Materials

2-Bromoisobutyryle bromide, copper(I) bromide (CuBr) were
purchased from Sigma Aldrich and puried by adding in excess
This journal is © The Royal Society of Chemistry 2017
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amount of acetic acid and stirred overnight. Thereaer they
were washed with excess amount of ethanol and dried in
vacuum. Methyl 2-bromopropionate and N,N,N0,N00,N00-pentam-
ethyldiethylenetriamine (PMDETA) were purchased fromMerck
(Germany). PEGs and MeO–PEOs of varying molar masses
(PEG2k, PEG6k, PEG20k, MeO-PEO2k, and MeO-PEO5k) were
purchased from Sigma-Aldrich (Germany) and were dried by
azeotropic distillation with toluene before use. PMMA and PS
SEC calibration standards were purchased from Polymer Stan-
dards Service (Mainz, Germany).

Triethylamine (TEA) and methyl methacrylate (MMA) were
purchased from Daejung Chemical & Material Co (Korea).
Column of activated alumina of mesh size 120–160 was used to
purify methyl methacrylate (MMA) in order to remove the
inhibitor, stored over CaH2 and distilled. Tetrahydrofuran
(THF) (>99%) (distilled over sodium metal and benzophenone
for removal of moisture, oxygen and peroxide) and anhydrous
ether (>99%) were purchased from RCI Labscan Ltd (Thailand).

HPLC grade solvents acetonitrile (ACN), tetrahydrofuran
(THF), acetone, N,N-dimethylformamide (DMF) (Fisher Scien-
tic, USA) and CHCl3 (RCI Labscan, Thailand) were used as
received.
Scheme 1 Synthesis of di-block MeO-PEO-b-PMMA copolymer by
using MeO–PEO macro-initiator.
Synthetic part

Synthesis of di-, and tri-block copolymers is accomplished by
procedure reported in literature.23 A brief experimental proce-
dure for synthesis of typical di-block copolymer by using MeO-
PEO5k-Br is given below.

An initiator with halogen end-group is required for atom
transfer radical polymerization (ATRP). Therefore, the rst step
is transformation of hydroxyl end-group of commercially avail-
able MeO–PEOs and PEGs of varying molar masses, into
bromine. As a typical case, 2.65 g of monomethoxy
poly(ethylene oxide) (MeO-PEO5k)(terminal OH group ¼
0.53 mmol) were dissolved in 20 mL of dehydrated THF
(312 mmol) in a 250 mL two-neck round bottom ask equipped
with a rubber septum and thermometer. Thereaer 0.22 mL of
triethylene amine (TEA) (1.59 mmol) was added and a homoge-
nous solution was obtained under continuous stirring. 0.36 g of
2-bromoisobutyryl bromide (1.59 mmol) was added drop-wise
in reaction mixture at 0 �C under stirring in 30 minutes. The
reaction mixture was further stirred at room temperature for
18 hours. Aer completion of reaction, reaction mixture was
poured into excess amount of hexane to obtain white precipi-
tates of MeO-PEO5k-Br macro-initiator. Precipitates are sepa-
rated by ltration and dried under vacuum.

MeO-PEO5k-b-PMMA di-block copolymers were synthesized
by ATRP using MeO-PEO5k-Br as a macro-initiator. For synthesis
of a di-block copolymer with 1 : 1 ratio of both blocks, initial
feed is composed of monomer (MMA): macro-initiator
(Meo-PEO5k-Br) : catalyst (CuBr) : ligand (PMDETA) ¼ 3.3 g
(33.3 mmol) : 3.0 g (0.60 mmol) : 0.08 g (0.60 mmol) : 0.10 g
(0.60 mmol). All reagents were transferred into a 25 mL two
neck round-bottom ask equipped with N2 gas inlet/outlet,
thermometer and a magnetic stirrer. Flask was sealed under
nitrogen aer degassing by three freeze–thaw cycles and
This journal is © The Royal Society of Chemistry 2017
immersed in the oil bath at 90 �C under stirring for ATRP of
MMA. Aer 90 min, the reaction mixture was cooled to room
temperature. The gel like product was dissolved in THF and
passed through activated Al2O3 packed column for removal of
Cu complex with PMDETA. Hexane was poured into ltered
solution to get white precipitate of MeO-PEO-b-PMMA copol-
ymer. Precipitated product was ltered and dried under
vacuum. Same procedure was followed for synthesis of PMMA-
b-PEO-b-PMMA tri-block copolymers by using PEG of varying
molar masses as macro-initiator. Ratios of monomer and
macro-initiator are varied systematically in order to synthesize
di-, and tri-block copolymers of varying molar masses, indi-
vidual block lengths and chemical compositions. The ratio of
macro-initiator and monomer shown for different products is
initial feed ratio in mass. Complete synthetic scheme is shown
in Scheme 1.
Liquid chromatography

An Agilent SEC instrument (innity 1200 series) equipped with
an isocratic pump, manual injector, column oven and a RI
detector was used for SEC analysis. A set of three PLgel columns
(300 � 7.5 mm, 5 mm, Mixed D) connected in front with a PLgel
guard column (50 � 7.5 mm) was used. The column oven was
maintained at 30 �C. Chloroform (HPLC grade) was used as an
eluent at a ow rate of 1.0 mL min�1. The SEC system was
calibrated with narrow molar mass PMMA standards by Poly-
mer Standard Services (Germany). Therefore, all the molar mass
values obtained by SEC analysis are relative to linear PMMA.
The data was processed by Agilent OpenLAB ChemStation.
Sample concentrations were kept between 3.0 to 10.0 mg mL�1,
and 100 mL of sample solution was injected.

Liquid chromatographic analyses at critical conditions were
performed at an Agilent technologies chromatograph (innity
1200 series). The system is equipped with a binary pump,
a column oven, an auto-sampler and an evaporative light scat-
tering detector. Column oven was maintained at 30 �C.
Temperature of ELSD was set at 40 �C and nitrogen gas was used
as carrier gas at a pressure of 50 psi. Mobile phase was delivered
RSC Adv., 2017, 7, 41693–41704 | 41695

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08804c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
6:

29
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at 0.5 mL min�1. Sample concentrations were kept between 3.0
and 10.0 mg mL�1, and 20 mL of sample solution was injected.
Data was processed by Agilent Open LAB ChemStation for LC
system. Following columns were used in this study.

Jupiter C18 column, pore size 300 Å, particle size 5 mm, and
column dimensions 250 � 4.6 mm (Phenomenex, USA).

Mobile phase used for LCCC–RP was a mixture of acetoni-
trile (ACN), tetrahydrofuran (THF) and trimethylamine (TEA).

PerfectSil column, pore size 300 Å, particle size 5 mm, and
column dimensions 250 � 4.6 mm (MZ Analysentechnik,
Germany).

Mobile phase for LCCC–NP was a mixture of tetrahydrofuran
(THF) and N,N-dimethylformate (DMF).

Solvents were mixed by volume and vacuum degassed before
used.
Results and discussion

ATRP requires halogenated end-group of initiator. Commer-
cially available MeO–PEOs and PEGs of different molar masses
are hydroxyl terminated. Hence, rst step of synthesis of the di-,
and tri-block copolymer is transformation of hydroxyl end-
group of macro-initiator to bromine. Aerwards, the macro-
initiator with bromine end-group is utilized for ATRP of MMA
in order to synthesize di-, and tri-block copolymers containing
PEO and PMMA, Scheme 1. As a typical example, the trans-
formation of end-group for a MeO–PEO is shown in Scheme 1.
Incomplete transformation of the end-group can be the rst
source of unreacted macro-initiator in the block copolymer
sample. Therefore, it requires analysis at this step. For this
purpose a low molar mass macro-initiator (MeO-PEO2k) was
used in order to quantify the transformation. FT-IR spectra of
MeO-PEO2k and MeO-PEO2k-Br are depicted in Fig. 1A. An extra
band at 1735 cm�1 in the bromine-terminated MeO–PEO
conrms successful transformation, originated from the
carbonyl stretching for the macro-initiator MeO–PEO–Br
formed by the acetylation reaction between 2-bromoisobutyryl
bromide and MeO–PEO. 1H-NMR spectrum of the MeO–PEO–Br
is shown in Fig. 1B. Signal at d 2.45 ppm that corresponds to
hydroxyl group of PEO disappeared aer esterication, and two
Fig. 1 Transformation of end-group (A) FTIR spectra of MeO-PEO2k-OH

41696 | RSC Adv., 2017, 7, 41693–41704
new signals appeared at d 4.33 ppm (due to ethylene protons
near to substituted group) and d 1.94 ppm (due tomethyl proton
of the bromoisobutyryl groups). Ratio of peak areas of a, b and
d conrms complete substitution.

Aer conrmation of successful quantitative trans-
formation, ATRP of MMA is conducted by using macro-
initiators of varying molar masses. Various mono- and bi-
functional PEOs of varying molar masses were used as macro-
initiators. The ratio of macro-initiator and monomer is varied
systematically in order to obtain block copolymer of varying
total molar mass, individual block lengths and chemical
composition.

Correlation of chemical composition of block copolymers to
the feed ratios is conrmed by 1H-NMR spectroscopy. As
a typical example, 1H-NMR spectrum of MeO-PEO2k-PMMA di-
block copolymer is depicted in Fig. 2. Signals at d 0.8–1.0,
1.7–1.8, and 3.58 ppm correspond to –CH3 (e), –CH2 (f), and
–OCH3 (g) group of MMA unit respectively. Characteristic signal
of –CH2–CH2– of PEO is present at d 3.63 ppm in 1H-NMR
spectrum. The composition of di-, and tri-block copolymers
can be determined by 1H-NMR spectroscopy by using following
equation:

fMMA ¼

�
Ie � 100

3

�
�
Ie � 100

3
þ

�
Icþg � Ie

�� 44

4

�

where Ie and Ic+g are the integral of the signals generated by
PMMA block at d 0.8–1.0 ppm, and combined signal of PMMA
and PEO block at d 3.58–3.63. Molar mass of MMA unit is 100
whereas 44 is molar mass of EO unit. Chemical composition of
block copolymers as obtained by NMR corresponds well to the
expected values. The information revealed by 1H-NMR is
percent chemical composition of the raw sample. However, it is
not possible to deduce if it is a mixture of both homopolymers,
clean block copolymer, or mixture of homopolymers and block
copolymer.

Next question is if molar mass of the block copolymer is
increasing as per expectations based on initial feed ratio of
macro-initiator and monomer. As typical examples,
and MeO-PEO2k-Br, (B)
1H-NMR spectrum of MeO-PEO2k-Br.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 1H-NMR spectrum of MeO-PEO2k-b-PMMA (1 : 1).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
6:

29
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
augmentation in the hydrodynamic size and in turn molar mass
of block copolymers with increase in the relative monomer
content in the reaction mixture is shown in Fig. 3. As can be
noticed block copolymers elute earlier than the macro-initiator.
Furthermore, order of elution of block copolymers is from
higher to lower monomer content in the reaction mixture.
Typical examples of one di-block and one tri-block copolymers
are shown. SEC has limited resolution, hence, it is not possible
to deduce if there is any unreacted macro-initiator or PMMA
homopolymer is present in the sample. In case of tri-block
copolymer, there is an indication of presence of macro-
initiator in one of the sample. The source of unreacted macro-
initiator can be incomplete transformation of end-group in
rst step. However, it is not possible to clearly conclude that if
Fig. 3 SEC of (A) MeO-PEO5k-b-PMMA, and (B) PMMA-b-PEO20k-b-PMM
PLgel columns (300� 7.5 mm, 5 mm, Mixed D) and PLgel guard column (5
the initial feed ratios in mass of macro-initiator and monomer (MMA).

This journal is © The Royal Society of Chemistry 2017
this bimodal distribution of some samples of tri-block copol-
ymer is due to presence of PEO macro-initiator or PMMA
homopolymer. Furthermore, total molar mass values obtained
by SEC analysis are either over- or under-estimated depending
upon the calibration curve used.41 Approximation of individual
block length can also be unrealistic. The molar mass and its
dispersity values of the products under study are given in Table
1. It is important to mention here that all the values are relative
to PMMA calibration. The hydrodynamic volume of PEO macro-
initiator is higher compared to PMMA in chloroform that
results in earlier elution of PEO revealing higher molar mass
than expected.

Most of the above-mentioned questions can be answered by
liquid chromatography at critical conditions. The method is
Awith varying ratios of macro-initiator andmonomer on a set of three
0� 7.5 mm) in chloroform at flow rate of 1.0 mLmin�1. Legend depicts

RSC Adv., 2017, 7, 41693–41704 | 41697
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Table 1 Molar mass and dispersity data of macro-initiators and block copolymers as obtained by SEC, molar mass values are obtained by using
PMMA calibration

Product Mn (g mol�1) Mw (g mol�1) Mp (g mol�1) PDI (Mw/Mn)

MeO-PEO5k macro-initiator 8300 8600 8400 1.04
MeO-PEO5k-b-PMMA (1 : 1) 12 800 14 600 13 000 1.14
MeO-PEO5k-b-PMMA (1 : 3) 20 000 23 000 21 000 1.15
MeO-PEO5k-b-PMMA (1 : 6) 24 500 28 000 27 000 1.14
PEG20k macro-initiator 36 000 38 000 36 000 1.05
PMMA-b-PEO20k-b-PMMA (3 : 1) 42 000 53 000 43 000 1.26
PMMA-b-PEO20k-b-PMMA (1 : 1) 48 000 61 000 49 000 1.27
PMMA-b-PEO20k-b-PMMA (1 : 3) 70 000 98 100 81 000 1.40

Fig. 4 Elugrams of PMMAs of varying molar masses with different
compositions of mobile phases; ACN/THF/TEA, (A) 94/5/1 (v/v)
(adsorption), (B) 90/9/1 (v/v) (exclusion), (C) 93/6/1 (v/v) (critical
adsorption point of PMMA); (D) elution behaviour of PEGs at CAP of
PMMA – ACN/THF/TEA (v/v): 90/9/1 (v/v); column: Jupiter C18 300 Å,
5 mm, 250 � 4.6 mm column (Phenomenex), detector: ELS, column
temperature: 30 �C.
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based on the concept of so called “chromatographic invisibility”
that renders molar mass independent elution of a particular
polymer. Under such conditions, separation and in turn char-
acterization with regard to non-critical segments is possible.
This is in fact the only way for reasonably reliable quantitative
determination of individual block length and content of
unwanted homopolymers in block copolymer samples. For the
polymers under study, critical conditions or critical adsorption
point (CAP) of both PEO and PMMA are required.

The CAP for PMMA has been reported using different
mobile phases on various stationary phases of different
nature.35–38 Selection of CAP for a particular polymer depends
upon the segment that needs to be analyzed under such
conditions. In current study, the other block PEO is polar than
PMMA. On RP column, PEOs are expected to be excluded from
the stationary phase at CAP of PMMA. Another aspect that
needs to be considered is the solubility of all the segments of
the polymer under study in the mobile phase. Taking into
account above considerations, a ternary mixture of ACN, THF,
and TEA has been selected. ACN is adsorption promoting
solvent under such conditions whereas THF promotes
desorption. Addition of 1.0% TEA is crucial in order to avoid
unwanted polar interactions of ether groups with the
unmodied silanol groups of the stationary phase.43 PMMA41k

eluted later than PMMA2k while using mobile phase
composed of ACN/THF/TEA: 94/5/1 v/v, showing slight
adsorption of PMMA repeat unit, Fig. 4A. Increasing relative
content of THF in the mobile phase reversed the elution
order, PMMA41k eluted earlier than PMMA2k, a typical size
exclusion behaviour, Fig. 4B. There must be a mobile phase
composition between above-mentioned compositions that
should result in molar mass independent elution of PMMAs.
In mobile phase composition of ACN/THF/TEA: 93/6/1 v/v, all
PMMAs eluted at the same elution volume irrespective of
large difference in their molar masses, Fig. 4C. These condi-
tions are termed as liquid chromatography at critical condi-
tions (LCCC) or critical adsorption point (CAP). Under such
conditions, other polymers show their own particular elution
behaviour. The other block in current study, PEO is polar than
PMMA hence elute in size exclusion regime earlier than the
critical point of PMMAs, Fig. 4D. The conditions can be
utilized for block copolymers of PMMA with any other poly-
mer provided the noncritical polymer is soluble in the mobile
phase. The block copolymer should be separated with regard
41698 | RSC Adv., 2017, 7, 41693–41704
to the other block, and PMMA homopolymer should be
separated from block copolymer.35

Fig. 5A shows the elugrams of the blends of similar molar
mass samples of PMMA and PEG at CAP of PMMA. PMMAs
eluted independent of their molar mass at void volume of the
column, however, PEGs are excluded from the pores of the
stationary phase and eluted in order of decreasing molar mass
earlier than the critical point of PMMA. Fig. 5B demonstrates
the plot of elution volume versusmolar mass of PEG and PMMA
at CAP of PMMA. The block copolymer under current study
should show elution behaviour of PEO whereas PMMA homo-
polymers should be separated from the block copolymer at its
critical point.

Analysis of di-, and tri-block copolymers at CAP of PMMA
should reveal if there are any unwanted PMMA homopolymers
in the sample, along with separation of block copolymers with
regard to molar mass of PEO block. Macro-initiators of varying
molar masses are used and ratio of monomer (MMA) is varied
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (A) Elugrams of blends of similar molar mass PEG and PMMA at CAP of PMMA; (B) calibration curve of PEGs at CAP of PMMA; column:
Jupiter C18 300 Å, 5 mm, 250 � 4.6 mm column, detector: ELS, column temperature: 30 �C; mobile phase ACN/THF/TEA: 93/6/1 (v/v).
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systematically in order to obtain variable block lengths. The
products synthesized by same macro-initiator should be eluted
at same point according to length of the macro-initiator irre-
spective of the monomer content in the initial feed ratio since
no change in the molar mass of PEO is expected. This is the case
as illustrated by di-, and tri-block copolymers with varying ratios
of macro-initiator and monomer, Fig. 6. However, careful
analysis of di-block copolymer synthesized by usingMeO–PEO5k

as macro-initiator revealed that elution of block copolymer is
not completely independent of the length of critical block. In
fact, elution volume increased with increase of the length of
critical PMMA block, Fig. 6A. This is expected behaviour and is
one of the limitations of LCCC; nevertheless, this is only
possible method for reasonable estimation of individual block
lengths of block copolymers.45,66 Absence of any PMMA homo-
polymers in the samples is conrmed by nonexistence of any
peak at 3.7 mL, critical point of PMMA. Elugrams of tri-block
copolymers initiated by PEG20k with varying macro-initiator to
monomer ratio are shown in Fig. 6B. Tri-block copolymers have
Fig. 6 Elugrams of (A) MeO-PEO5k-b-PMMA, and (B) PMMA-b-PEO20k-b
PMMA on a Jupiter C18 300 Å, 5 mm, 250 � 4.6 mm column, detec
93/6/1 (v/v%), (A) MeO-b-PEO5k-b-PMMA; (B) PMMA-b-PEO20k-b-PMM
monomer (MMA).

This journal is © The Royal Society of Chemistry 2017
complex distribution. Major peak is found at elution volume of
macro-initiator that is supposed to be the targeted product
without any alteration in the block length of themacro-initiator.
Tri-block copolymers also have PMMA homopolymers in the
sample whose content increased with the increase of initial
content of MMA in the feed (3.7 mL). However, most interesting
and unexpected is the low elution volume shoulder of the major
peak. Since the conditions are chromatographically invisible for
PMMA and separate with regard to length of PEO block, the
lower elution volume shoulder must have higher molar mass of
PEO. Furthermore, maxima correspond to double molar mass
of PEO macro-initiator under current conditions (Fig. 5B).
Therefore, it might either be coupling product of macro-
initiator or growing chains that needs to be explored further.

Analysis by SEC and LCCC–RP revealed total molar mass
distribution, estimate of block length of PEO macro-initiator,
and presence or absence of PMMA homopolymers in the
samples. However, there can be unreacted macro-initiator due
to incomplete transformation of end-group in the rst step
-PMMA with varying ratios of macro-initiator and monomer at CAP of
tor: ELS, column temperature: 30 �C; mobile phase ACN/THF/TEA:
A. Legend depicts the initial feed ratios in mass of macro-initiator and

RSC Adv., 2017, 7, 41693–41704 | 41699
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Fig. 7 Elugrams of PEGs of varying molar masses with different
compositions of mobile phases; THF/DMF (A) 98.0/2.0 (v/v) (adsorption
mode), (B) 96.0/4.0 (v/v) (exclusion mode), (C) 97.5/2.5 (v/v) (critical
adsorption point of PMMA); (D) elution behaviour of PMMAs at CAP of
PEG – THF/DMF: 97.5/2.5 (v/v); column: PerfectSil 300 Å, 250� 4.6mm
(MZ analytical), detector: ELS, column temperature: 30 �C.
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(Scheme 1). The estimation of molar mass distribution of
PMMA block is more important since it is the second block
polymerized using PEO macro-initiator. In order to answer
these questions, critical conditions of PEO are required. PEO
block is polar compared PMMA block. Hence, at CAP of PEO on
NP column, PMMAs should be excluded from the stationary
phase. In current study a binary mixture of THF and DMF was
used for establishment of CAP of PEO. THF and DMF are good
solvents for both PEG and PMMA for fairly long molar mass
range. THF promotes adsorption of PEGs on NP whereas DMF
strongly promotes desorption. PEGs eluted in order of
increasing molar mass while using mobile phase composed of
2% DMF and 98% THF, Fig. 7A. Increasing the DMF content in
the mobile phase to 4% reversed the order of elution, higher
Fig. 8 (A) Elugrams of blends of similar molar mass PEGs and PMMAs a
PerfectSil 300 Å, 250 � 4.6 mm column (MZ analytical), detector: ELS, c

41700 | RSC Adv., 2017, 7, 41693–41704
molar mass eluted earlier than lower molar mass in a typical
SEC regime, Fig. 7B. Chromatographic critical conditions for
PEGs are realized in a mobile phase composition THF/DMF:
97.50/2.50 (v/v), Fig. 7C. As expected PMMAs eluted in size
exclusion mode at CAP of PEG on NP column, Fig. 7D. The
conditions can be utilized for block copolymers of PEO with any
other block which is non-polar compared to PEO and is soluble
in the mobile phase composition, such as block copolymers of
PEO with PS.41

Fig. 8A presents the elution behaviour of blends of similar
molar masses of PEG and PMMA at CAP of PEG. PEGs are
chromatographically inseparable and whole molar mass range
eluted at a sharp point (4.1 mL). However, PMMAs eluted in
order of decreasing molar mass earlier than critical PEGs.
Fig. 8B shows the calibration curve of PMMA at CAP of PEG that
can be used to estimate the molar mass distribution of non-
critical PMMA block in the block copolymer samples.

Analyses of block copolymers at above-mentioned CAP of
PEG should reveal a reasonable estimate of molar mass of non-
critical block and presence or absence of any unreacted PEO
macro-initiator. Fig. 9A presents chromatograms of di-block
copolymers of PMMA initiated with same macro-initiator
(MeO-PEO2k) by varying monomer to macro-initiator ratios at
CAP of PEG. A small peak at 4.02 mL is present in most of the
block copolymers, indicating presence of unreacted macro-
initiator. The reason could be incomplete transformation of
end-group in the rst step of synthesis (Scheme 1). Elution
volume of block copolymers decreased with increase in initial
content of monomer, indicating longer PMMA block length.
Analysis of tri-block copolymers synthesized by using PEO20k as
macro-initiator by varying initial macro-initiator to monomer
ratio, at CAP of PEG are shown in Fig. 9B. Absence of any peak at
4.04 mL conrms that polymerization initiated with all mole-
cules of macro-initiator rendering no unreacted macro-initiator
in the samples shown. However, broad peaks are obtained for
block copolymers. The broadness of block copolymer peaks
might be due to several reasons. The tri-block copolymers
synthesized in current study are ABA type. The behaviour of
invisible middle block could be somewhat different from
t CAP of PEG; (B) calibration curve of PEGs at CAP of PMMA; column:
olumn temperature: 30 �C; mobile phase THF/DMF: 97.5/2.5 (v/v).

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Fractionation of PMMA-b-PEO20k-b-PMMA (3 : 1) copolymer
at the CAP of PMMA on a Jupiter C18 300 Å, 5 mm, 250 � 4.6 mm
column, mobile phase: ACN/THF/TEA (93/6/1) v/v, detection: ELS.
Legend depicts the initial feed ratios in mass of macro-initiator and
monomer (MMA).
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invisible side blocks.61,67,68 Furthermore, the chromatographic
behaviour of a single long block could be different from two
short blocks of varying lengths. Higher elution volume tailing
can be explained by presence of PMMA homopolymers in the
sample that might have different length from the PMMA block
in the block copolymers (see Fig. 6). However, there is nothing
eluting at CAP of PEG (4.04 mL). The results at CAP of PMMA
eliminate the assumption of coupling of PEO macro-initiator. It
would have been eluted at its CAP around 4.04 mL if present in
sample.

Most complex distribution of the block copolymers under
study was obtained by analysis at LCCC–PMMA on a RP column
(Fig. 6). The minor peak at 3.7 mL can be easily assigned to
PMMA homopolymers in the sample. However, peak earlier
than the elution volume of macro-initiator needs to be justied.
Analysis at LCCC–PEO reveals the absence of any PEO homo-
polymers in the sample. In order to conclude about the nature
of the early eluting peak at LCCC–PMMA, it is imperative to
collect the fractions and analyze them thoroughly by chro-
matographic and spectroscopic techniques. The product
selected for this purpose was PMMA-b-PEO20k-b-PMMA (3–1).
This product was fractionated into three parts. The fraction
limits are shown in Fig. 10. Mobile phase was evaporated and
fractions are used for further analysis by SEC, LCCC–NP, and
NMR.

Looking at the elution behaviour of PEO and PMMA under
these conditions, it is not difficult to conclude that fraction-3 is
PMMA homopolymers in the sample. Fraction-1 and fraction-2
belong to block copolymers and seems to be complex. The
maximum of the early eluting shoulder corresponds to double
value of molar mass of PEO macro-initiator under current
chromatographic conditions.

NMR analysis of fractions revealed that the composition of
the fractions F-1 and F-2 are not very different from the raw
product, only slight variation is shown. Fraction-1 has some-
what more content of PEO compared to fraction-2. Further-
more, NMR analysis conrms that fraction F-3 is PMMA
homopolymer. Fractions were further subjected to SEC analysis,
Fig. 9 Elugrams of (A) MeO-PEO2k-b-PMMA, and (B) PMMA-b-PEO20k-b
PEG on a PerfectSil 300 Å, 250 � 4.6 mm column (MZ analytical), detect
(v/v). Legend depicts the initial feed ratios in mass of macro-initiator and

This journal is © The Royal Society of Chemistry 2017
Fig. 11A. As mentioned earlier, the raw product has bi-modal
distribution with regard to total molar mass distribution
(more accurately size distribution). Fraction-1 belongs to early
eluting part of the peak that means it has larger size (higher
total molar mass), fraction-2 has a bi-modal distribution similar
to raw product. This fraction is actually a mixture because of
incomplete separation in the rst dimension. Fraction-3,
PMMA homopolymers, belongs to higher elution volume of
the peak of raw product (lower molar mass). It is expected as the
content of MMA in the initial reaction mixture with macro-
initiator is only 25%. Therefore, it can be concluded from SEC
analysis of fractions that fraction-1 has highest total molar mass
followed by fraction-2 and fraction-3.

The collected fractions are also analyzed at CAP of PEO on
NP column, Fig. 11B. As explained earlier, the analysis at CAP of
PEO allows separation with regard to length of the PMMA
segment in the block copolymer. Raw product under these
-PMMA with varying ratios of macro-initiator and monomer at CAP of
or: ELS, column temperature: 30 �C; mobile phase THF/DMF: 97.5/2.5
monomer (MMA).

RSC Adv., 2017, 7, 41693–41704 | 41701

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08804c


Fig. 11 Analysis of fractions collected at LCCC–PMMA (RP) (A) SEC on on a set of three PLgel columns (300� 7.5 mm, 5 mm, Mixed D) and PLgel
guard column (50 � 7.5 mm) in chloroform at flow rate of 1.0 mL min�1; (B) LCCC–PEG (NP) on a PerfectSil 300 Å, 250 � 4.6 mm column
(MZ analytical), detector: ELS, column temperature: 30 �C; mobile phase THF/DMF: 97.5/2.5 (v/v). Legend depicts the initial feed ratios in mass of
macro-initiator and monomer (MMA).
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conditions has a comparatively broad peak. Fraction-1 eluted
a bit later than fraction-2. The earlier elution of fraction-2 from
fraction-1 might be either due to shorter chain length of the
PMMA or due to double length of macro-initiator. Fraction-3
has shortest chain length of PMMA compared to fraction-1
and fraction-2, this is understandable since these unwanted
side reaction can initiate and terminate at any point during
polymerization. Detailed analysis of the fractions collected at
CAP of PMMA by NMR, SEC and LCCC–NP reveal that there is
coupling of the growing chains during polymerization that
resulted in double chain length of the macro-initiator and
comparatively shorter PMMA segment. The coupled product is
not a homopolymer as conrmed by analysis of the same
product at LCCC–NP at CAP of PEO. Furthermore, the length of
PMMA homopolymers is comparatively short compared to the
PMMA block in the block copolymer.
Conclusion

In this study, di- and tri-block (A-B-A type) copolymer containing
PMMA and PEO are synthesized and comprehensively charac-
terized. Bromine end-group macro-initiators was required for
ATRP of MMA. Quantitative transformation of lower molar
mass macro-initiator (MeO–PEO) is conrmed by NMR and
FTIR. Bromine terminated MeO–PEO and PEOs of varying
molar masses are further used for ATRP of MMA. The chemical
composition, molar mass of individual blocks, total molar mass
are varied by using macro-initiators of different molar mass and
different initial ratio of macro-initiator and monomer. The ex-
pected trend of chemical composition is conrmed by NMR
analysis. SEC analysis revealed expected augmentation in the
molar mass of the products. Individual block lengths and
presence or absence of unwanted homopolymers of both types
are monitored by liquid chromatography at critical conditions.
LCCC at NP for PEO revealed the molar mass distribution of
non-critical PMMA block. Similarly, LCCC–RP for PMMA
revealed the molar mass distribution of PEO block of the block
41702 | RSC Adv., 2017, 7, 41693–41704
copolymers. Above-mentioned methods also gave information
about presence or absence of critical homopolymers in the
samples. Collection of fractions of multi-modal product at CAP
of PMMA on RP column and its detailed analysis by NMR, SEC
and LCCC–NP revealed more insight into the composition of
the products. It has been shown that growing chains of PMMA
were coupled during course of polymerization, and resulted in
block copolymers with double length of the macro-initiator with
comparatively shorter PMMA block. Two-dimensional analysis
exposed several heterogeneities of the products that were not
possible by independent or stand-alone analysis by these
techniques.
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