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Abstract
Double hydrophilic diblock copolymers (DHBCs) with a zwitterionic block of poly[2-(methacryloyloxyethyl phosphorylcho-
line)] (PMPC) having degree of polymerization (DP) (n = 25) and other as thermo/pH-responsive poly[2-(dimethylaminoethyl 
methacrylate)] (PDMAEMA) block with DP (n = 24 and 48) abbreviated as PMPC25-b-PDMAEMAn were synthesized 
using reversible addition-fragmentation chain transfer (RAFT). The influence of the DP of the PDMAEMA block in both 
the DHBCs in different environments like pH, temperature, and salt concentration was studied exhaustively using proton 
nuclear magnetic resonance spectroscopy (1H-NMR) and gel-permeation chromatography (GPC). Additionally, the molecular 
interaction between the blocks was predicted from the optimized descriptors using a computational simulation framework. 
The self-assembly leading to successive micellization is examined from scattering techniques in the applied stimuli environ-
ment. The micellization was favored in alkaline pH and in the presence of salt, particularly for the DHBC with a high DP.
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Introduction

Block copolymers (BCPs) are macromolecules that have 
grabbed a keen research interest due to their unique chemi-
cal features and displaying very fine solution properties [1]. 

Also, BCPs with one or both blocks responsive to stimuli 
(temperature, ionic strength, electromagnetic radiation, elec-
tric or magnetic fields, and mechanical stress) are even more 
interesting as they self-assemble to nano-size core–shell 
aggregates [2, 3]. Advances in controlled polymerization 
techniques (CRP) such as reversible addition-fragmentation 
chain transfer (RAFT), atom-transfer radical polymerization 
(ATRP), stable free radical polymerization (SFRP), etc. have 
enabled the synthesis of BCPs with more definite structure 
and tailor-made molecular characteristics (controlled molec-
ular weight, composition of blocks, and low polydispersity) 
using a variety of monomers [4]. Amongst these approaches, 
the advantage of RAFT polymerization has proved to be 
very versatile for the creation of stimuli-responsive polymers 
(SRP) [5]. Such SRP systems respond quickly to the changes 
in their environment by producing dramatic and enhanced 
physical and chemical changes which enable them to get 
applied in biosensing, drug delivery, smart coatings, tissue 
engineering, etc. [6–8].

Recently, considerable attention has been focused on 
double-hydrophilic block copolymers (DHBCs). They form 
micelles in response to changes in temperature, pH, or ionic 
strength [9]. When either of these stimuli is applied, one of 
the blocks turns into colloidal aggregates to become more 
stable, while the other block turns insoluble in water. Most 

Highlights
• PMPC25-b-PDMAEMAn are dual (thermo-and pH-) responsive 

double hydrophilic block copolymers (DHBCs).
• PMPC25-b-PDMAEMAn (n = 24 and 48) diblock copolymers 

were synthesized via RAFT and the correct synthesis was 
confirmed from spectral study.

• Self-assembly and micellar growth of these DHBCs are 
examined using scattering methods as a function of the applied 
stimuli (temperature and pH).

• Molecular interactions in DHBCs are discussed using the 
evaluated optimized computational descriptors.

 *	 Ketan Kuperkar 
	 ketankuperkar@gmail.com

1	 Department of Applied Chemistry, Graduate School 
of Engineering, University of Hyogo (UH), 2167 Shosha, 
Himeji 671‑2280, Japan

2	 Department of Chemistry, Sardar Vallabhbhai National 
Institute of Technology (SVNIT) Ichchhanath, Surat 395007, 
Gujarat, India

3	 Department of Chemistry, Veer Narmad South Gujarat 
University (VNSGU), Surat 395007, Gujarat, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-023-05075-4&domain=pdf


418	 Colloid and Polymer Science (2023) 301:417–431

1 3

thermoresponsive and pH-responsive BCPs are made up 
of two neutral polymer blocks: one with a lower critical 
solution temperature (LCST) and another with a neutral or 
polyelectrolyte block. Due to this type of chemical features, 
DHBCs have gained increasing scope in the field of bio-
medical applications [10–12].

Zwitterionic polymeric (poly zwitterion) compounds have 
laid the groundwork for their enormous potential in antifoul-
ing coatings, biosensors and drug delivery because of the 
strong intramolecular and intermolecular interactions caused 
by the presence of opposing (positive and negative) charges 
in its structure [13]. The biocompatible zwitterionic polymer 
such as poly[2-(methacryloyloxyethyl phosphorylcholine)] 
(PMPC) has acquired a bright scope for biological applica-
tions. It possesses an anionic phosphate group and a cationic 
quaternary ammonium group. Despite these charged groups, 
PMPC is not considered a surface-active component [14, 
15]. The pendant phosphorylcholine group in PMPC exhib-
its a polar nature and is water-loving (highly hydrophilic) 
of phosphatidylcholine that creates a cell membrane, which 
makes it an excellent biocompatible component [16]. Even 
studies have reported the unique hydrogel properties with 
high ionic strength observed for PMPC. Though MPC is 
biocompatible, the metallic catalyst used in ATRP processes 
leaves harmful residue on its surface. This drawback lim-
its its usage in biological applications. However, the RAFT 
approach overcomes this limitation [17].

In addition, the temperature and pH-responsive BCPs 
have captured considerable interest in bioengineering and 
biotechnology applications. Poly[2-(dimethylaminoethyl 
methacrylate)] (PDMAEMA) is a well-known instance of 
conveniently prepared SRP that significantly changes its 
behavior in a controlled manner with temperature and pH 
[18]. Anionic and CRP methods like ATRP and RAFT may 
readily produce PDMAEMA with regulated molecular 
weights, well-defined chain ends, and diverse macromolecu-
lar (such as homo, block, branch or star, and graft) structure 
copolymers [19, 20]. Being a weak pH-sensitive polybase 
due to the protonation of the tertiary amine groups at the 
end of the amine group, PDMAEMA becomes soluble in 
water at neutral and in acidic pH media. PDMAEMA has 
longer hydrophobic groups that favor hydrophobic interac-
tions at high pH and creates the “hypercoiled” conformations. 
Depending on the pH, the tertiary amine groups in its main 
backbone can be made charged or uncharged. PDMAEMA 
homopolymer precipitates abruptly above pH 7.5 due to 
amino group deprotonation, followed by the hydrophobic 
molecular interactions, making it water-soluble at the tem-
perature below LCST and turns insoluble at elevated tem-
peratures exhibiting thermoresponsive behavior [21, 22]. The 
tertiary amine groups are protonated and positively charged 
at low pH levels, which causes PDMAEMA to change into a 
typical water-soluble weak cationic polyelectrolyte [23, 24]. 

Furthermore, the LCST of PDMAEMA in water varies from 
35 to 45 °C based on the molecular weight and polymer con-
tent, ionic strength, and concentration. The hydrophobicity 
of PDMAEMA above the LCST promotes the reversible self-
assembly of the DHBCs [25]. In the following, depending 
on the length of the PDMAEMA block, spherical polymeric 
micelles or ellipsoidal micelles are formed and the ability to 
produce these variations in morphologies in response to the 
changes in temperature and/or pH opens up new possibilities 
for such entities to be developed as multi-responsive nanocar-
riers especially in the biomedical field [21, 26–28].

Optimizing such copolymeric (PMPC and PDMAEMA) 
combinations that respond to stimuli is an interesting topic. In  
recent years, there has been an increase in research focusing 
on the use of such SRP which exhibits excellent nanoscale 
core–shell micellar aggregates for varied applications [29–31].  
Here, we concentrate on DHBC corona-form having highly 
hydrophilic diblock copolymers with PMPC-block and the 
temperature/pH-sensitive PDMAEMA-core-forming block 
[32–34]. The micelle formed constitutes of the hydrophilic 
copolymer building block (PMPC) that forms the corona, 
or outer layer, whereas the hydrophobic building block 
(PDMAEMA) makes up the inner core (Scheme 1). That 
enhances the potential for these pH-responsive micelles  
as nanoscale carriers in drug delivery systems [35, 36].

With this, our study intends to explore the nanoscale 
self-assembly and aggregation behavior of the synthe-
sized PMPC-b-PDMAEMA (DHBCs) in aqueous solu-
tion with varying DP of PDMAEMA (n = 24 and 48) 
but constant DP of PMPC block (n = 25) via RAFT 
polymerization. In addition to this, the role of stimuli 
(pH and temperature) and salt (NaCl) in such DHBCs 
is also examined using spectral (1H-NMR), and scat-
tering (DLS, and SANS) techniques to infer the details 
on micellar parameters along with the morphological 
changes in aqueous solution. Computational simulation 
approach offers an insight in terms of stable interaction 
between the well-pronounced polymeric sequences: MPC, 
DMAEMA, and MPC-b-DMAEMA using the molecular 
orbital energy levels.

Scheme 1   Conceptual illustration of the micellar constitution in DHBC 
(PMPC-b-PDMAEMA)
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Experimental section

Materials

For this study, we used 2-(Methacryloyloxy) ethylphos-
phorylcholine (MPC) supplied by NOF Co. Ltd., Japan; 
2-(dimethylamino) ethyl methacrylate (DMAEMA, 99%), 
and 4,4′-azobis (4-cyanopentanoic acid) (V-501, 98%) from 
Wako Pure Chemical Industries Ltd., Japan. According to a 
method described in the literature, 4-cyanopentanoic acid 
dithiobenzoate (CPD) was produced [19]. Millipore water 
from Milli-Q system was employed for sample solution 
preparation. Sodium chloride (NaCl) from Fisher Scien-
tific, India and deuterium oxide (D2O, 99.9 atom % D) 
from Sigma-Aldrich, USA were utilized as received.

Methods

Proton nuclear magnetic resonance spectroscopy (1H‑NMR)

Bruker DRX-500 spectrometer operating at 500 MHz was 
used to record 1H-NMR spectra. The synthesized diblock 
copolymer sample solution was prepared using D2O as 
solvent at room temperature. The pH of the sample was 
varied by adding different amounts of NaOD (deuterated 
sodium hydroxide) and DCl (deuterium chloride) in D2O 

solutions to generate the basic and acidic solution environ-
ment respectively. The resulting chemical shifts were then 
recorded on the δ (ppm) scale [37].

Gel‑permeation chromatography (GPC)

GPC measurements for PMPC25, PMPC25-b-PDMAEMAn 
(n = 24 and 48) were executed using a refractive index (RI) 
detector with a Shodex OHpak SB-804 HQ guard column 
and a UV detector at a temperature of 40 °C. The elution 
was 0.5 M aqueous acetic acid containing 0.3 M sodium 
sulfate (Na2SO4) with a flow rate = 1.0 mL/min. The Mn 
and Mw/Mn of the examined DHBCs were calibrated 
with Poly(2-vinyl pyridines) that were used as standard 
samples.

Uv–visible spectroscopy

Percent transmittance (%T) was determined for the aqueous 
solutions of PMPC25-b-PDMAEMAn (n = 24 and 48) using a 
JASCO V-630 BIO UV–vis spectrophotometer with a quartz 
cell path length of 1.0 cm at various temperatures. Here, 
during the experiment the temperature was changed from 25 
to 70 °C with a heating or cooling rate of 1.0 °C/min, and 
was maintained using a JASCO ETC-717 thermostat system.

Scheme 2   Synthesis route of PMPC25-b-PDMAEMAn (n = 24 and 48)
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Dynamic light scattering (DLS)

DLS was performed using a Zetasizer Nano instrument 
(Malvern) equipped with a 4 mW He–Ne laser wavelength 
(λ = 632.8 nm, scattering angle: 90° and 173°) at 25 °C. 
Milli-Q water was used to eliminate interference from dust 
particles. The polymer was dissolved in water and then fil-
tered through 0.2 µm nylon filters to prepare sample solu-
tions. After equilibrating samples for 10 min at each tem-
perature change, all measurements were taken. Different 
parameters obtained, namely hydrodynamic radius (Rh), and 
light scattering intensity (LSI) were analyzed using Malvern 
Zetasizer 7.11 software.

Small‑angle neutron scattering (SANS)

The micellar dimension and morphology transition of the 
investigated DHBCs were evaluated using the neutron 
scattering experiments carried out at the DHRUVA reac-
tor, BARC, Mumbai, India [38]. Here, 1%w/v solution of 
DHBCs in presence of [NaCl], M were prepared in D2O and 
the samples were measured at 30 °C and 50 °C with different 
pH. For a good diffusion contrast between the hydrogenated 
polymers and the solvent phase, D2O was utilized as a sol-
vent. The copolymer solutions were equilibrated in a 5 mm 
thick Teflon sealed quartz tube for 24 h. As a monochroma-
tor, a beryllium oxide (BeO) filter was used. The neutron 
beam that was incident had a resolution of 15% and an aver-
age wavelength (k) of 5.2. Cross sections for neutron scat-
tering in the range of 0.017 to 0.35 Å−1 for scattering vectors 
have been measured. The obtained data were normalized to 
absolute cross-sectional units after compensating for back-
ground contributions and empty cells. SASFIT software was 
used to evaluate the SANS data [39, 40].

Computational simulation

The MPC, DMAEMA and MPC-b-DMAEMA molecular 
structures were optimized using density functional theory 
(DFT) with 3D-molecular electrostatic potential (3D-MEP) 
at the 3-21G level the Gauss 09W calculation window and 

the Gauss View 5.0.9 software package. Initially, structures 
were constructed via choosing one molecule each for MPC, 
DMAEMA and MPC-b-PDMAEMA (1:1) blocks. Molecu-
lar geometry and dispersion of electrons expressed in terms 
of the energy related with the highest occupied molecular 
orbital (EHOMO) and the lowest unoccupied molecular orbital 
(ELUMO). Also, the energy gap (ΔE = ELUMO—EHOMO), 
dipole moment (μ), and total energy (T.E) were computed.

Synthesis

PMPC25 and PMPC25‑b‑PDMAEMAn (n = 24 and 48)

In water, MPC (10.0  g, 33.9  mmol), V-501 (152  mg, 
0.54 mmol), and CPD (380 mg, 1.36 mmol) were dissolved 
(33.9 mL). The aqueous solution was degassed by purging 
argon gas for 30 min. After deoxygenation, the lid was closed 
and the tube was heated in an oil bath at 70 °C for 2 h. The 
reaction mixture was dialyzed with pure water for 2 days. To 
correlate the polymerization time and monomer conversion, 1H-
NMR spectroscopy was used. About 98.3% (Table 1) monomer 
conversion was observed. The freeze-drying technique was used 
to recover the polymer (PMPC25) (9.05 g, 87.2%) (Scheme 2). 
The number-average molecular weight (Mn(NMR)), DP, and 
molecular weight distribution (Mw/Mn) were derived from GPC 
as 7.40 × 103 g/mol, 25, and 1.10, respectively.

PMPC25-b-PDMAEMAn (n = 24 and 48) were prepared via 
RAFT controlled radical polymerization (Scheme 2). Initially, the 
MPC was polymerized via RAFT to obtain the PMPC25 macro 
chain transfer agent (CTA). DMAEMA was then polymerized via 
PMPC25 macro-CTA to prepare PMPC25-b-PDMAEMAn. For 
the preparation of PMPC25-b-PDMAEMA48, a pre-determined 
amount of DMAEMA (1.68 mL, 1.57 g, 10.0 mmol) was neutral-
ized with 6 M HCl in 10.0 mL of water. This mixture was treated 
with PMPC25 (1.48 g, 0.200 mmol, Mn(NMR) = 7.40 × 103 g/
mol, Mw/Mn = 1.10) and V-501 (22.4 mg, 0.08 mmol) added. 
Using Ar gas to purge the solution for 30 min, it was deoxy-
genated for 16 h to carry out the block copolymerization at 
70 °C. Using 1H-NMR, the percentage after the reaction was 
calculated to be 99.7%. The zwitterionic diblock copolymer 

Table 1   Number-average degree polymerization (DP), number-average molecular weight (Mn), and molecular weight distribution (Mw/Mn) of 
PMPC25 and PMPC25-b-PDMAEMAn (n = 24 and 48)

a DP of PDMAEMA block

System Conversion 
(%)
(NMR)

Freeze-drying 
purity (%)

DP
(theo)

Mn
(theo)

DP
(NMR)

Mn 
(NMR) 
(× 104)
gmol−1

Mn 
(GPC) 
(× 104)
gmol−1

Mw/Mn

PMPC25 98.3 87.2 25 7400 25 7400 14,000 1.10
PMPC25-b-PDMAEMA24 98.6 94.3 25 11,330 24a 11,170 17,280 1.11
PMPC25-b-PDMAEMA48 99.7 98.0 50 15,260 48a 15,000 20,400 1.12



421Colloid and Polymer Science (2023) 301:417–431	

1 3

(PMPC25-b-PDMAEMA48) was purified by dialysis against 
pure water for 1 day. PMPC25-b-PDMAEMA48 was recovered 
by lyophilization (2.99 g, 98.0%, Mn(NMR) = 1.53 × 104 g/
mol, Mw/Mn = 1.12). PMPC25-b-PDMAEMA24 was prepared 
by a procedure similar to that described above (4.27 g, 94.3%, 
Mn(NMR) = 1.12 × 104 g/mol, Mw/Mn = 1.11). The details of DP, 
Mn, and Mw/Mn data for the synthesized polymers are summa-
rized in Table 1.

Results and discussion

Spectral validation

In order to confirm the chemical structures and estimate the 
DP and composition of PMPC25 and PMPC25-b-PDMAEMAn 
(n = 24 and 48) in D2O, 1H-NMR spectra were recorded (Fig. 1).

Fig. 1   1H-NMR spec-
tra of (a) PMPC25, (b) 
PMPC25-b-PDMAEMA24 and 
(c) PMPC25-b-PDMAEMA48 in 
D2O at room temperature
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Here, the DP (NMR) value for PMPC25 was calculated 
using the integral intensity ratio of the pendant methyl-
ene protons depicted at 3.6 ppm and the terminal phenyl 
protons at approximately 7.5 ppm. To determine the com-
position of PMPC25-b-PDMAEMAn and its Mn(NMR), 
the pendant methylene protons in the PMPC block had 
an integral intensity ratio of 3.2 ppm, while the pendant 
methyl protons in the PDMAEMA block had an integral 
intensity ratio of 3.0 ppm. The calculated Mn(theo) values 
from Eq. (1) agreed with the Mn(NMR) values (Table 1). 
According to 1H-NMR estimates, the DP(NMR) values for 
the PDMAEMA blocks present in PMPC25-b-PDMAEMAn 
were 24 and 48, respectively.

The theoretical number-average molecular weight, 
denoted by the symbol was calculated using the following 
equation:

where, [M]0 is the initial monomer concentration, [CTA]0 
is the initial CTA concentration, p is the percent conver-
sion estimated from 1H-NMR following polymerization, Mm 
is the molecular weight of the monomer, and MCTA​ is the 
molecular weight of CTA.

In agreement with Mn (NMR) (= 7.40 × 103 g/mol) calcu-
lated from 1H-NMR, Mn(theo) for PMPC25 was 7.40 × 103 g/
mol. Mw/Mn for PMPC25 was 1.10, which was low (Fig. 1). 
These results suggest that a controlled mechanism was used 
to carry out the RAFT polymerization of MPC. Therefore, 
PMPC25 has a terminal dithiobenzoate group that can be 
used as a macro-CTA​ to prepare block copolymers.

(1)M
n
(theo) =

[M]
0

[CTA]
0

×
P

100
×M

m
+M

CTA

Chromatography route

By this technique, molecules are separated according to 
their size and molecular characteristics, such as composi-
tion, molecular weight, and structure. This method has 
proven to be convenient, rapid, and accurate for analyz-
ing copolymers. We estimated Mn(GPC) and Mw/Mn in 
Fig. 2. The GPC elution curves measured for PMPC25 and 
PMPC25-b-PDMAEMAn (n = 24 and 48) where GPC elution 
bands are unimodal with a narrow range of Mw/Mn values 
below 1.10, 1.11, and 1.12 respectively signifying a well-
controlled structure of the block copolymer (Table 1).

Computational simulation

A DFT-based computational simulation is made accessible 
to examine the understanding of the hydrogen-bonding inter-
action mechanism in PMPC25-b-PDMAEMAn (n = 24 and 
48) based zwitterionic block-neutral block copolymer. This 
may provide further clarity into the stability of the two BCPs 
from various optimized descriptors evaluated.

Here, the total energy (T.E) reveals the stability of the 
molecules. The more negative value of T.E, the more is 
the stability of the block. All the block (MPC, DMAEMA, 
and MPC-b-DMAEMA) show negative energy. The dipole 
moment (μ), as a metric of molecular interaction is also pre-
sented. Like the stated results, μ demonstrated an increase 
in its values thereby indicating a favorable accumulation of 
PMPC in PDMAEMA, which enhances effective interac-
tion between the two BCPs. The literature investigations 
have shown that the favorable interactions are caused by the 
lower ΔE value and higher EHOMO value [41]. The energy 
gap (ΔE), which is the distinction between the energy of 
EHOMO and ELUMO, shows how well PMPC and PDMAEMA 
blocks interact. The lowest ΔE (− 0.1683 eV) and high-
est EHOMO (− 0.0139 eV) values are seen in our case that 
depicted favorable interaction in the examined DHBC. In 
addition, the 3D-molecular electrostatic potential (3D-
MEP) or color spectrum is provided to offer a visual insight 
explaining the intermolecular interaction/nucleation between 
MPC, DMAEMA, and MPC-b-DMAEMA polymer model 
system. Mulliken charge distributions of the atoms were rep-
resented in the color spectrum, predicting the electrophilic 
coordination centers and nucleophilic sites of the polymer 
block as well as electron charge density distributions. Poly-
mer’s nucleophilic regions are indicated by its most negative 
potential, which is shown in red, while its electrophilic sites 
are shown in blue (Fig. 3).

Fig. 2   GPC elution curves of PMPC25 (···), PMPC25-b-PDMAEMA24 
(- — -), and PMPC25-b-PDMAEMA48 (—) at 40  °C using 0.3  M 
sodium sulfate aqueous solution having 0.5 M acetic acid

Fig. 3   Structural optimization of (a) MPC, (b) DMAEMA, and (c) 
MPC-b-DMAEMA (1:1) block with 3D-molecular electrostatic 
potential (3D-MEP) surface counterplots

◂
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Influence of pH

(i)	 Spectral analysis

Figure  4 presents the 1H-NMR spectra for PMPC25-b- 
PDMAEMAn (n = 24 and 48) recorded in D2O at pH 3 and  
9 to understand the influence of the stimuli (pH) applied.

In acidic environment (pH 3), the protonation occurs at 
the PDMAEMA block showing the + Inductive effect of 
that group due to deshielding, resulting in an increase in δ 
ppm while applying a basic environment (pH 9), the depro-
tonation occurs at the PDMAEMA block as a result of the 
-Inductive effect of that group due to shielding effect, which 
results in a decrease in δ ppm.

For PMPC25-b-PDMAEMAn (n = 24 and 48) for meth-
ylene proton (e) in acidic media because of the deshielding 
effect of the group, the peak appears at 2.3 ppm. While in 
basic media because of the shielding effect of the group, 
the peak shifts to 2.7 ppm. In the case of pedant methyl 
proton (c), intensity varies due to shielding and deshield-
ing effects. Here, we conclude that in the case of a small 
number of monomers or DP (n = 24) with less hydropho-
bic interaction, there will be no change in acidic or basic 
media, while with high DP (n = 48), due to the deprotona-
tion of the PDMAEMA block with enhanced hydrophobic 
interactions, micellar formation is expected forming the 
micellar core.

Fig. 4   1H-NMR spectra of PMPC25-b-PDMAEMAn (n = 24 and 48) at different pH in D2O at room temperature. The labels (a–g) marked in the 
spectra are referred in Fig. 1
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	 (ii)	 Turbidimetry

The temperature dependence of percent transmittance 
(%T) or turbidity measurements of aqueous solutions for 
PMPC25-b-PDMAEMA24 and PMPC25-b-PDMAEMA48 in 
0.1 M NaCl (1%w/v) at pH 12 were performed to determine 
the LCST behavior of this DHBCs. The graphs of these 
DHBCs (%T versus temperature) are shown in Fig. 5.

The BCP solutions have a basic pH of about 12 when they 
are dissolved in water at ambient temperature. The solutions 
are monitored at 700 nm for %T measurements. Here, we 
observed no prominent behavior for both the copolymers 
at 12 pH values in 0.1 M NaCl, which may be due to weak 
hydrophobic interaction of the DMAEMA block.

	 (iii)	 Scattering conduct

DLS measurements were calculated to acquire a bet-
ter understanding of the micellar structure of 1%w/v 
PMPC25-b-PDMAEMAn (n = 24 and 48) in a 0.1 M NaCl 
solution and at pH = 12. The Rh values of the DHBCs are 
determined as a function of temperature as shown in Fig. 6.

For PMPC25-b-PDMAEMA24 at pH 12, it was observed 
that neither Rh nor LSI increased with increasing tem-
perature. The Rh value of this DHBC depicted its unimer 
form throughout the temperature variations. Such polymer 
chains cannot aggregate at high temperatures because the 
DP of the PDMAEMA block is too small for this block 
(Fig. 6a).

Fig. 5   Temperature depend-
ence of the percent transmit-
tance (%T) at 700 nm for (a) 
PMPC25-b-PDMAEMA24 (b) 
PMPC25-b-PDMAEMA48 in 
0.1 M NaCl (1%w/v) at pH 12 
with heating (○) and cooling 
(◇)

Fig. 6   Temperature depend-
ence Rh and LSI for (a) 
PMPC25-b-PDMAEMA24 and 
(b) PMPC25-b-PDMAEMA48 at 
pH 12 in 0.1 M NaCl with heat-
ing (○) and cooling (◇)
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For the PMPC25-b-PDMAEMA48 at pH 12, where both 
Rh and LSI values continue to increase, a very interesting 
steep rise in Rh is observed at about 57 °C which inferred 
the aggregation of the PDMAEMA block thereby associat-
ing to form the core of micelles which is consistent with the 
DHBC ability to form polymer micelles [42–44]. Micelles are 
produced due to deprotonation of the PDMAEMA block in 

0.1 M NaCl environment at varied temperature and also due 
to the enhanced hydrophobic interaction which can be seen 
in Fig. 6b.

In addition, DLS was utilized to examine the particle size 
distribution and temperature-dependent aggregation behav-
ior of PMPC25-b-PDMAEMAn (n = 24 and 48) in varying 
NaCl concentrations at both pH levels (Fig. 7).

Fig. 7   Hydrodynamic 
radius (Rh) distribu-
tions profile for (1%w/v) 
PMPC25-b-PDMAEMAn with 
(a–c) n = 24 (d-g) n = 48 as a 
function [NaCl], M at different 
pH and temperature
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The particle size distribution of PMPC25-b-PDMAEMA24 
in 0.1 M NaCl was unimodal with Rh = 3.0 nm and LSI = 0.3 
Mcps at pH 3 at 25 °C as shown in Fig. 7b. Bimodal dis-
tribution profile was observed at pH 12 at 25  °C, with 
Rh = 2.8 nm, and 86.2 nm, and LSI = 0.4 Mcps part of the 
PDMAEMA block aggregated due to hydrophobic inter-
actions [45]. Therefore, the temperature was elevated to 
50 °C, and DLS was measured at pH 12. As a result, we get 
a yield of Rh = 3.6 and 68.8 nm LSI = 0.6 Mcps is obtained. 
Furthermore, with increase in the NaCl concentration, i.e., 
1.0 M at 25 °C, we found that PMPC25-b-PDMAEMA24 
shows unimodal (single peak) size distribution with 
Rh = 3.1 nm and LSI = 0.26 Mcps at pH 3 and Rh = 2.8 nm 
and LSI = 0.35 Mcps at pH 12 respectively (Fig. 7c). How-
ever, no changes in Rh distribution and LSI were observed. 
The PDMAEMA block cannot be aggregated with a high 
temperature. In the case of PMPC25-b-PDMAEMA24, the 
polymer chains cannot aggregate at high temperatures, 
because the DP of the PDMAEMA block is too small. Also, 
the PMPC25-b-PDMAEMA24 block has relatively low LSI 
close to 0.6 Mcps, indicating that both copolymers were 
completely dissolved in water.

The Rh distribution of PMPC25-b-PDMAEMA48 in 
0.1 M NaCl is bimodal at pH 3 and 25 °C, with Rh = 3.2 and 
99.2 nm and LSI = 0.3 Mcps. On the other hand, at pH 12 
at 25 °C, we observe Rh = 3.2 and 88.2 nm with LSI = 0.8 
Mcps. As the temperature is raised to 50 °C, and at pH 12, 

the Rh distribution becomes unimodal with Rh = 9.9 nm, and 
LSI increase to 2.4 Mcps as shown in Fig. 7d. PDMAEMA 
has LCST of 40–50 °C. As the temperature rises above its 
LCST, PDMAEMA’s hydrophobic interactions are favored 
leading to the formation of micelles. The PDMAEMA block 
was protonated at pH 3 to be in a unimer state. However, the 
PDMAEMA block was deprotonated at pH 12, which made 
micelles with the PDMAEMA block core.

Also, the size distribution of PMPC25-b-PDMAEMA48 
with increase in the NaCl concentration of 1.0 M, 2.0 M, and 
3.0 M NaCl in aqueous solutions at 25 °C was measured using 
DLS (Fig. 7e–g). We also found that the Rh distributions of 
PMPC25-b-PDMAEMA48 at pH 3 and 12 were unimodal in the 
presence of 1.0 M and 2.0 M NaCl solutions (Fig. 7e–f). The 
PDMAEMA block was protonated at pH 3 to be in a unimer 
state, respectively. On the other hand, the PDMAEMA block 
was deprotonated at pH 12, thus forming micelles with the 
PDMAEMA block core in a 3.0 M NaCl solution (Fig. 7g). 
Therefore, at pH 12 in a 3.0 M NaCl aqueous solution con-
centration at 25 °C, the Rh and LSI increased to 11.5 nm and 
1.66 Mcps, and with further rising temperature 50 °C the Rh 
and LSI increased to 15.1 nm and 2.64 Mcps, respectively 
(Table 2). The PDMAEMA block may aggregate due to the 
salting-out effect in the presence of 3.0 M NaCl. To compre-
hend the influence of temperature on the structure of micelle 
PMPC25-b-PDMAEMA48, we executed SANS measurements of 
1%w/v PMPC25-b-PDMAEMA48 solution at pH 3–12 with add-
ing of 3.0 M NaCl at 25 °C and 50 °C, data are shown in Table 2.

The analysis of the neutron scattering properties of 
1%w/v PMPC25-b-PDMAEMAn (n = 24 and 48) at vari-
ous temperatures and pH in the presence of NaCl salt is 
depicted in Fig. 8. The absolute scattering intensity patterns 
are shown in Fig. 8a for 1%w/v PMPC25-b-PDMAEMA24 
in varying NaCl solution environments at different pH and 
temperature. Here, the solid line represents the best fit to the 
resulting radius, also known as the radius of gyration (Rg) 
which is found to be 19.6 Å and 21.7 Å that gives a clear 
indication of the presence of Gaussian chain distribution or 
unimers (Table 2).

A similar profile was observed for 1%w/v PMPC25-b- 
PDMAEMA48 in the presence of varying NaCl concentra-
tion as shown in Fig. 8b. For the 2.0 M NaCl solution at 
25  °C and 12 pH, the examined BCP showed Rg values 
as 23.2 Å which is a clear indicator of unimers. Further-
more, a noticeable change was observed which depicted 
spherical micelle with Rg as 66.0  Å in the same NaCl  
concentration at pH 12 and at 50  °C (Table  2). As pre-
dicted, the Rg value of PMPC25-b-PDMAEMA48 is greater 
than PMPC25-b-PDMAEMA24 which is due to the longer 
PDMAEMA block in PMPC25-b-PDMAEMA48.

Table 2   SANS data of 1%w/v PMPC25-b-PDMAEMAn (n = 24 and 
48) with increasing NaCl concentration and in varying stimuli envi-
ronments

Ra and Rb = radius of semi-major and semi-minor axes, Rg = radius of 
gyration

[NaCl], M pH T,
(°C)

Micellar
parameters

Micellar
structure

1%w/v PMPC25-b-PDMAEMA24

1.0 3 25 Rg = 19.6 Å Unimers
12 Rg = 21.7 Å Unimers

1%w/v PMPC25-b-PDMAEMA48

1.0 3 25 Rg = 21.5 Å Unimers
12 Rg = 22.6 Å Unimers

2.0 3 25 Rg = 22.4 Å Unimers
12 25 Rg = 23.2 Å Unimers

50 Rg = 66.0 Å Spherical
3.0 3 25 Rg=32.5 Å Unimers

50 Rg=36.7 Å Unimers
12 25 Ra = 92.9 Å, Rb = 40.0 Å Ellipsoidal

50 Ra = 86.1 Å, Rb = 50.4 Å Ellipsoidal
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The scattering intensity of 1%w/v PMPC25-b-PDMAEMA48  
at 3 pH is practically unchanged, i.e., it remains Gaussian 
chain (unimers) in the presence of 3.0 M NaCl at 25 °C and 
50 °C. The electrostatic repulsions were screened by adding 
NaCl to the solution which generated the aggregates with Rg of 
32.5 Å and 36.7 Å similar to systems where salt is absent, and 

dissolved as unimers (Table 2). However, in pH 12, the scat-
tering intensity increases with a noticeable shift and Q depend-
ency shows block copolymer aggregation into core–shell 
spherical, ellipsoidal micelles which are schematically depicted 
in Scheme 3. Here, the ellipsoidal micelles model is assumed 
to suit the results, and hence the data are fitted accordingly.

Fig. 8   Normalized scattering 
cross-section pattern (dΣ/dΩ) 
as a function of the scatter-
ing vector Q for (a) 1%w/v 
PMPC25-b-PDMAMEA24 
and (b) 1%w/v 
PMPC25-b-PDMAMEA48 in 
varying NaCl solution envi-
ronment at different pH and 
temperature
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Conclusion

This research develops a connection between the com-
putational strategy and the experimental findings. This 
study reports successful synthesis of DHBCs PMPC25-b- 
PDMAEMAn (n = 24 and 48) with low polydispersity index 
(~ 1.0), controlled molecular weight, and a well-controlled 
structure (1.10–1.12 Mw/Mn) using RAFT polymeriza-
tion. The intermolecular interactions as depicted from ΔE 
(− 0.1683 eV) and EHOMO (− 0.0139 eV) values showed 
favorable interactions, which perfectly correlate with the 
experimental findings. Further, the spectral and chroma-
tographic study affirmed the correct formation of these 
DHBCs. Scattering estimates inferred the ability of DHBCs 
to form nanoscale core–shell aggregates in aqueous solution 
as a function of applied stimuli (temperature and pH). It 
was found that both polymers generally behave as unimers 
in aqueous solution at low temperature and as the tempera-
ture increases, they form large core–shell aggregates, i.e., 
PMPC25-b-PDMAEMA48 forms spherical and ellipsoidal 
micelles where PDMAEMA forms core and PMPC block 
surrounding it. Thus, the obtained results in this study indi-
cate the potential utility of the newly synthesized DHBCs as 
useful nanocarriers for therapeutic applications.
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