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ABSTRACT: Manipulation of self-assembly behavior of copolymers via

environmental change is attractive in the fabrication of smart polymeric Cooling Gooling
materials. We present tunable self-assembly behavior of graft o %Hem“"
copolymers, poly(sulfobetaine methacrylate)-graft-poly[oligo(ethylene lLongvlesshydwphmc

glycol) methyl ether methacrylate)-co-di(ethylene glycol) methyl ether side cnains
methacrylate] (PSBM-g-P(OEGMA-co-DEGMA)). Upon heating the Cooling Cooling
aqueous solutions, the graft copolymers undergo a transition from pre——e Heatingaddi sai

micelles with PSBM cores to unimers (i.e., individual macromolecules)
and then to reversed micelles with P(OEGMA-co-DEGMA) cores, thus
demonstrating the tunability of the self-assembling through temperature
change. In the presence of salt the temperature response of PSBM is eliminated, and the structure of the micelles with the
P(OEGMA-co-DEGMA) core changes. Moreover, for the graft copolymer with long side chains, micelles with aggregation number ~
2 were formed with a PSBM core at low temperature, which is ascribed to the steric effect of the P(OEGMA-co-DEGMA) shell.

B INTRODUCTION solution temperature (UCST) behavior, respectively.'”'?*°73>
Later on, we developed a triple thermoresponsive linear
diblock copolymer consisting of a poly(oligo ethylene glycol
methyl ether methacrylate) (POEGMA, LCST) block and a
poly(dimethylaminoethyl methacrylate) (PDMAEMA, both
LCST and UCST****) block.'" The obtained copolymer
exhibited transition from self-organized multimolecular asso-
ciates, the exact architecture of which was not defined, via
unimers (individual polymer chains) to reversed micelles (or
vesicles) as the temperature increased and finally collapsed into
a precipitated state at an even higher temperature. These

switchable self-assembly structures are promising for controlled
1, 26,35-38

Stimuli-induced shape change of ordered structures plays a key
role in living and many nonliving systems. Proteins are one of
the most sophisticated natural polymers that can respond to
variations in the environment and change their 3D structures
to perform highly specific functions, for example, enzymatic
catalysis or switching of permeation (ion channels). Synthetic
polymers have been developed to mimic this behavior, and this
has led to several types of smart polymeric materials.' *
Stimuli-responsive polymers that can change the self-assembly
structures upon environmental change have been mostly

mentioned and are used for example for cargo release or . .
. . 5—g drug release, gene delivery, nanocatalysis, and so fort
mechanical actuation.

. . . In contrast to a number of oppositely responsive linear
Double-responsive copolymers with opposite responses are 1 A . )
o . . . copolymers with diverse stimuli-responsive and self-assembling

stimuli-responsive polymers that can switch their self-assembly

. . behaviors, nonlinear block copolymers (such as polysulfobe-
from one structure to a reversed one upon minor environ- taine based graft copolymers) with oppositely responsive
mental change.””>* Historically, these polymers have been e & POl " ppositely responsiv

“ 1 - « . behavior have not yet been reported. Stimuli-responsive
called “schizophrenic”, but we call them “oppositely . . ; .

o . nonlinear copolymers studied previously differ from those of
responsive” ones. Such copolymers usually contain two blocks

. . . linear ones.>””* Thus, construction of nonlinear topologies
that can switch between hydrophilic and hydrophobic L . . POog
L : o and the stimuli-responsive and self-assembling behavior of
roperties in response to various stimuli such as

1 910.13,18,20-24 10,11,17,19,21—23 . 1914 nonlinear copolymers remains to be investigated. In particular,
) )

temperature, ionic strengt . .
. . . raft copolymers are of great interest due to their confined and
hght,13 C02,12 and so on. Within the above-mentioned § POty 44_4gg

> . e compact structures as well as their special self-assembling

triggers, temperature-induced phase transition is the most R . 49-54 .
) ) ) . behavior in dilute solutions. For instance, graft copoly-

attractive one since only a small change in temperature is
required, while no salts, acids, or bases are needed to be added .
to the solution.””™*” Laschewsky et al. reported the first Rec.e“’ed: July 23, 2020
oppositely thermoresponsive linear diblock copolymer that was Rev‘fed: September S, 2020
composed of a poly(N-isopropylacrylamide) (PNIPAM) block Published: September 17, 2020
and a poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]-
ammoniopropanesulfonate) (PSPP) block showing the lower
critical solution temperature (LCST) and the upper critical
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Table 1. Parameters for Syntheses and Characterization of the Copolymers

feed ratio
S70 OEGMA DEGMA conversion of side chain polymerization (%) DP of side chain® DP of side chain” M,° (kDa) D°
S70 180 1.9
§70-g-025D25 14 35 35 70 49 50 248 2.9
§70-g-070D280 14 100 400 69 347 353 616 32

“Calculated with the conversion of the grafting polymerization by using 'H NMR. “Calculated from the ratio of the f and i peak areas of the 'H
NMR spectra shown in Figure 1. “Estimated using AF4. “The molar ratio of bromine (Br) moieties.

mers with hydrophilic side arms and hydrophobic backbones
have significantly lower aggregation number of the self-
assembled micelles than those formed from linear copoly-
mers.*”***> Even unimolecular micelles can be formed when
the hydrophobic backbone collapses in an unfavorable solvent
and is shielded from other molecules by the surrounding
hydrophilic side chains.”>>*

We report the synthesis and self-assembling behavior of
oppositely responsive graft copolymers, which form well-
defined aggregates, unimers (soluble polymer chains), and
reversed aggregates solely triggered by a temperature change.
Such a schizophrenic property can be well tuned by varying the
structure of the graft copolymers and the presence of salt. The
obtained self-assembly structures are investigated by light
scattering, which reveals the formation of conventional
micelles, micelles with pores, and unimolecular reverse micelles
depending on the structure of the graft copolymers and the
environment.

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents are commercially available
and were used as received unless otherwise stated. Sulfobetaine
methacrylate monomer (SBM, also named [2-(methacryloyloxy)-
ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide, Sigma-Aldrich)
was purified by precipitation of its methanol solution against diethyl
ether twice, followed by drying under reduced pressure at room
temperature. The purified monomer was stored in a fridge before use.
Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, Sigma-
Aldrich, averaged molar mass 300 Da) and di(ethylene glycol) methyl
ether methacrylate (DEGMA, Sigma-Aldrich) were purified by
passing through neutral alumina column chromatography to remove
the inhibitors and were stored in a fridge before use. Copper metal
chips were washed, successively, with dilute sulfuric acid and water
(many times) to remove oxidized copper from surface. The cleaned
copper chips were stored under nitrogen gas.

Synthesis of Inimer BIHPM. Inimer 2-(2-Bromoisobutyryloxy)-
3-hydroxypropyl Methacrylate (BIHPM) Synthesized in Two Steps.
First, glycidyl methacrylate was dissolved in a mixture of 1 N H,SO,
and THF with 50/50 (v/v). The solution was allowed to react for 2 h
under continuous stirring at room temperature. The crude product
was then extracted four times with dichloromethane (DCM). The
organic phases were combined, concentrated, and dried over
magnesium sulfate. The product, glyceryl methacrylate, was purified
by silica column eluted with DCM followed by evaporation of the
solvent.

Next, a-bromoisobutyryl bromide (4.94 mL, 0.04 mol) in DCM
(20 mL) was added dropwise into a solution of glyceryl methacrylate
(6.73 g 0.042 mol) and triethylamine (5.58 mL, 0.04 mol) in
dichloromethane (DCM, S00 mL), under vigorous stirring in an ice
water bath. After 20 h, the solution was washed twice with saturated
aqueous sodium bicarbonate solution and dried with magnesium
sulfate. The mixture was purified by column chromatography using
silica gel as stationary phase and cyclohexane/diethyl ether (50/50,
vol/vol) solvent mixture as eluent. After evaporation, two isomers
were collected, 2-(2-bromoisobutyryloxy)-3-hydroxypropyl methacry-
late and 3-(2-bromoisobutyryloxy)-2-hydroxypropyl methacrylate,
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with 3-(2-bromoisobutyryloxy)-2-hydroxypropyl methacrylate
(BIHPM) as main product. In total, 6.19 g of product was obtained
(47.7% vyield). '"H NMR (500 MHz, CDCL): § 6.18, 5.61 s
(CH,CCH,); 6 4.15-4.35 m (OCH,CH(OH)CH,O or
OCH,CHCH,0H); 5 27 s (OH); & 1.8-20 m (CH,CCH,,
C(CHj,),Br).

Preparation of Poly(sulfobetaine methacrylate) (PSBM) Macro-
initiator. The PSBM macroinitiator was synthesized by copolymeriza-
tion of SBM and BIHPM via free radical polymerization. SBM,
BIHPM, and 4,4’ -azobis(4-cyanovaleric acid) (ACVA) were dissolved
in a solvent mixture of water (0.5 M NaCl) and DMF. The solution
was then purged with nitrogen for 30 min to remove oxygen.
Polymerization was initiated by placing the solution vessel into a
preheated oil bath at 70 °C. The solution was allowed to react for at
least 18 h. The solution was then cooled to room temperature, and
the polymer was precipitated into ethanol. The polymer was dissolved
in 0.1 M NaCl and dialyzed first in saline water and then in distilled
water. The polymer was recovered by lyophilization and characterized
by 'H NMR and size exclusion chromatography (SEC).

Synthesis of PSBM-g-P(OEGMA-co-DEGMA). In a typical synthesis
of §70-g-O70D280, PSBM macroinitiator (100.2 mg) was first
dissolved in 15 mL of 0.5 M NaCl solution with vigorous stirring.
150.0 mg of OEGMA and 376.4 mg of DEGMA were then added
dropwise to the solution to avoid inhomogeneous distribution of the
components of the mixture. Then, 0.17 mL of Cu(II)Cl, stock
solution (0.2 mg/mL), 0.23 mL of tris[2-(dimethylamino)ethyl]-
amine (Me,TREN) stock solution (1.0 mg/mL), and 0.2 mL of DMF
(internal standard for the determination of monomer conversions by
'"H NMR) were added. The solution was bubbled with nitrogen gas
for 30 min to remove oxygen. One spoonful of copper metal chips was
added to the solution to start the polymerization process at room
temperature. The reaction was quenched by exposure to air after 25
min, after which the liquid part of the mixture was collected and
purified via dialysis against, successively, saline and distilled water
followed by lyophilization to obtain pure product. The graft
copolymer with shorter and more hydrophilic O(D)EGMA side
chains, $70-g-O25D2S, was synthesized in a similar manner, with a
feed ratio of OEGMA and DEGMA described in Table 1. The
resulted copolymers were characterized by '"H NMR and asymmetric
flow field flow fractionation (AF4).

Characterization. 'H NMR spectra were collected by using a
Bruker Avance III 500 MHz spectrometer. The chemical shifts
presented are in parts per million downfield from the internal TMS
standard. For the 'H NMR spectra of the polymer solutions (1 mg/
mL in neat D,0 or 0.1 M NaCl in D,0) the temperature was varied
from 5 to 50 °C with an interval of 5 °C. For each temperature, the
sample was allowed to stabilize for 10 min prior to measurement.

Asymmetric flow field-flow fractionation (AF4) was performed on a
Wryatt Eclipse separation system equipped with UV (Agilent 1230
infinity, Agilent), refractive index (Optilab rex, 633 nm, Wyatt), and
multiangle light scattering (MALLS) (Dawn Heleos-II, 663 nm,
Wryatt) detectors. The samples were delivered with an Agilent pump.
A regenerated cellulose membrane from Millipore with a molar mass
cutoff of 10 kDa was used as an accumulation wall. A 50 mM NaNO,/
3 mM NaNj buffer solution was used as the eluent. The focus flow
was set to be 1.5 mL/min for 3 min after injection of 3 uL (1 mg/
mL) of the polymer samples with 0.2 mL/min. The cross-flow was
first set as 3 mL/min for S min after the focusing period and been
decreased under exponential decay to 0 mL/min within 30 min. For

https://dx.doi.org/10.1021/acs.macromol.0c01708
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Scheme 1. Synthesis Route of Double-Responsive Graft Copolymers
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calculation of the molar mass by MALLS, a Debye plot with the
Zimm method was used. Refractive index increments, dn/dc, were
measured with an Optilab Rex detector and analyzed by using Astra
software from Wyatt.

Dynamic light scattering (DLS) measurements were performed by
using a Zetasizer Nano instrument from Malvern equipped with a
He—Ne laser (633 nm wavelength) and a detector at a 173°
backscattering angle. Disposable polystyrene square cuvettes were
used, and all samples of a 1 mg/mL concentration were filtered with
disposable 0.45 ym PALL ACRODISC syringe filter units prior to
use. An apparent translational diffusion coefficient (D) was obtained
by using a multiexponential inverse Laplace transfer algorithm and
translated to an intensity-weighted apparent hydrodynamic radius
(Ry) distribution through the Stokes—Einstein relation:

kT
D = - =
q 6mnR,;,

(1)

where kg is the Boltzmann constant, T is the absolute temperature,
and 7 is the viscosity of the solvent, g = 4zn sin(6/2)/4 is the
scattering vector, A is the laser wavelength, n is the refractive index of
the solvent, and @ is the scattering angle. The volume-weighted Ry
distribution was then calculated by assuming the detected nano-
particles (individual soluble polymer chains) are spherical. For each
temperature, the sample was allowed to stabilize for at least AT min
(AT is the temperature interval for heating or cooling) before the
measurement.

A Brookhaven Instruments goniometer (BIC-200SM), a BIC-
Turbo-Corr digital pseudo-cross-correlator, and a BIC-CrossCorr
detector equipped with two BIC-DS1 detectors were set up to
perform static (SLS) and dynamic (DLS) light scattering in the range
of scattering angles of 30° < @ < 150°. The concentration of the
polymer solutions was 1 mg/mL unless otherwise stated, which was
regarded as dilute solution (i.e., no significant effect of concentration
on the measured value of Ry). The decay rate (I') from the second-
order cumulant fit versus the square of the scattering vector (g*) was
plotted and fitted with a linear dependence through the origin. The
slope value was taken as the diffusion coefficient D, and the Ry, values
were calculated accordingly. The apparent weight-averaged molar
mass (M,,) and radius of gyration (Rg) of the nanoparticles were
estimated by the Zimm approach:

Ke 1 R/Sq
= |14 =
R, M, 3 2)

where K, ¢, Ry and M, are the optical constant, polymer
concentration, intensity of the scattered light expressed as the excess
Rayleigh ratio of scattering particles over solvent, and the molar mass,
respectively. The aggregation number was estimated as M, a0/ My, unirms
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where M, .., and My, refer to the apparent weight-average
molecular weight of the aggregate and the individual polymer chain,

respectively.

B RESULTS AND DISCUSSION

Two graft copolymers with different side-chain lengths were
synthesized via a “grafting from” strategy (Scheme 1). The
backbone of the graft copolymer was prepared via free radical
copolymerization of sulfobetaine methacrylate (SBM) and a
bromo-functionalized comonomer, BIHPM (a mixture of 2-(2-
bromoisobutyryloxy)-3-hydroxypropyl methacrylate and 3-(2-
bromoisobutyryloxy)-2-hydroxypropyl methacrylate; see the
Experimental Section) with a SBM:BIHPM monomer ratio of
70 to 1 (Table 1). The resulted polymer, polySBM (PSBM),
with BIHPM units randomly distributed along the chain was
then used to initiate the polymerization of the side chains. A
typical atom transfer radical polymerization (ATRP) procedure
mediated by Cu(I) was the first trial for the grafting of PSBM.
However, phase separation of the PSBM from solution (in
aqueous solution with either 0.1 or 0.5 M NaCl) took place
when Cu(I) was added as indicated by solution clouding.
Although the reason for the phase separation yet is not clear,
the electrostatic interaction between Cu(I) or Cu(Il) cations
and sulfonic anions in SBM is susépected. As an alternative,
Cu(0)-mediated polymerization®”~®" was performed since it
allows the use of a trace amount of Cu(Il) instead of Cu(I)
cations. No precipitation was observed after the addition of
Cu(II)Br, and during the polymerization process. Two
monomers, oligo(ethylene glycol) methyl ether methacrylate
(OEGMA, with molar mass 300) and di(ethylene glycol)
methyl ether methacrylate (DEGMA), were utilized as
comonomers for the polymerization of side chains to obtain
a tunable LCST behavior.”> The monomer conversions for
side-chain polymerizations were determined by monitoring 'H
NMR signals of vinyl protons with DMF as an internal
standard at time zero and the end of polymerization, as shown
in Table 1. It is noted that the conversions of monomers (for
side-chain polymerization) were kept below 80% to suppress
possible inter- and intrachain cross-linking which occurs
frequently in the synthesis of graft polymers via “grafting
from” strategy.****®* The products were purified via dialysis
and lyophilization to yield white powders. As nomenclature, we
adopt S70-g-OpDq to represent the graft copolymers, with 70
indicating the PSBM backbone with SBM/BIHPM as x/y =

https://dx.doi.org/10.1021/acs.macromol.0c01708
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70/1, O and D representing OEGMA and DEGMA
monomers, respectively, and p/q denoting the degree of
degree of polymerization (DP) of the grafts. DP was
determined from the monomer conversion (Figure 1 and
Table 1).
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Figure 1. '"H NMR spectra of the synthesized polymers S70-g-
025D2S and §70-g-O70D280 and the macroinitiator S70.

Figure 1 shows the assigned '"H NMR spectra of macro-
initiator §70, §70-g-025D25, and S70-g-O70D280. Resonance
peaks from O(D)EGMA side chains (marked as g, h, and i)
can be found, indicating the presence of O(D)EGMA moieties.
The integral ratio of peaks from the backbone (N-
(CH,),(CH,),, marked as c) and side chains (i, resonance of
proton from OCHj;) were then used to determine the DP of
the side chains, which agrees well with the DP obtained from
monomers conversions (Table 1).

Asymmetric flow field-flow fractionation (AF4) was used to
characterize the obtained macroinitiator S70 and graft
copolymers $70-g-O25D2S and $70-g-O70D280 (Figures
S1—S3). AF4 shows advantages compared to SEC, especially
in characterizing high-molar-mass or branched polymers.®
Broad distributions of molecular weight were observed; see the
polydispersity values in Table 1 (D, from AF4). High D is
acceptable since the macroinitiator was synthesized via free
radical polymerization. In each eluogram only a single peak was

observed, which together with 'H NMR characterization
(Figure 1) proves the successful grafting of poly(O(D)EGMA)
on the macroinitiator, S70. The number-average molecular
weights (M,) of the macroinitiator S70 and the graft
copolymers were 180, 248, and 616 kDa, respectively, as
determined by the MALLS detector of AF4 (Table 1).

PSBM and oligo(ethylene glycol) methacrylate based
polymers are well-known thermoresponsive polymers exhibit-
ing respectively UCST® and LCST behavior in aqueous
media. In addition, at temperatures below the cloud point of
PSBM, the dissolution of the polymer can also be achieved by
addition of salts (e.g, NaCl), known as salt-responsive
behavior."” The graft copolymers $70-g-0O25D25 and S70-g-
070D280 are expected to exhibit double-responsive behavior,
i.e., to form core—shell and reversed nanostructures induced by
respectively UCST and LCST type phase transitions in
aqueous solutions. Hence, the temperature and salt-responsive
and self-assembling behaviors of the obtained graft copolymers
are investigated.

DLS studies were first performed by using a Malvern
Zetasizer on 1 mg/mL aqueous solutions to investigate the
thermoresponsive behavior of $70-g-025D2S (Figure 2 and
Figure S4). The intensity of the scattered light (expressed as
derived rate counts of photons per second, cps) and size of the
particles decrease upon heating from 5 °C. Upon further
heating the size and intensity increase again at temperatures
above 40 °C, indicating the formation of aggregates at both
low and high temperature ranges. The size of the aggregates is
ca. 30 nm above 50 °C and ca. 70 nm below 25 °C. The small
particle size and weak scattering suggest relatively good
thermodynamic quality of the solutions in the vicinity of 40
°C. The smallest Ry, value of about 10 nm was detected at
temperatures between 30 and 45 °C, which can be attributed
to the coil size of the graft copolymer according to its molar
mass. Such phase transition behavior can be ascribed to the
LCST type phase transition of the side chains above 45 °C and
the UCST type phase separation of the backbone below 30 °C.
Typical size distributions for the particles are shown in Figure
2b and Figure S5. At 35 °C, a bimodal size distribution is
observed with the main distribution peak at about 200 nm
(intensity distribution, Figure 2b) and a main distribution peak
at around 10 nm for volume distribution (Figure SS).
Considering that the intensity of scattering light I is
proportional to R%, small spherical particles with R, ~ 10 nm
dominate in the sample, indicating the presence of mainly
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Figure 2. Dynamic light scattering data for 1 mg/mL S$70-g-P25D25 in water. (a) Hydrodynamic size (R;) and intensity of the scattered light (I,
expressed as derived count rate in kilocounts of photons per second, kcps) versus temperature. (b) Intensity-weighed size distributions at S, 35, and

55 °C (see also Figure SS).
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individual polymer chains at 35 °C. At either high or low
temperatures, e.g., 55 or S °C, respectively, large particles are
observed with quite narrow distributions (polydispersity of size
estimated by DLS is ~0.1), indicating the formation of well-
defined self-assembled structures. An aqueous solution of S70-
g-025D2S with the presence of salt (0.1 M NaCl) was also
investigated under similar conditions (see Figures S6 and S7).
At high temperatures, similar aggregation process occurred,
generating nanoparticles of a slightly larger size (R, &~ 45 nm).
No obvious changes in R, were detected at the low
temperature range even at temperatures lower than § °C.
The nonexistence of UCST type phase transition of the saline
§70-g-O25D25 solution below 25 °C suggests a salt
responsiveness of the copolymer because of the polymer
backbone.

"H NMR spectra for $70-g-025D2S solution in D,0 were
recorded between S and 50 °C with an interval of 5§ °C, as
shown in Figure 3. At around 30 °C, all the signals of the side
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Figure 3. '"H NMR spectra of $70-g-025D2S in D,0O recorded
between S and S0 °C.

chains and the backbone are clearly visible, and the integral
ratios correspond to the DPs as expected for fully dissolved
graft copolymers. However, characteristic resonances from the
PSBM main chain (marked as ¢, ¢, and f in red) gradually
attenuated when the temperature decreases below 20 °C. The
decrease in the resonance intensity can be attributed to the
restriction of the PSBM chain movement and indicates a
UCST type phase separation of the backbone. In contrast, the
reduction of the characteristic peak from side chains (marked
as g in blue) at temperatures above 40 °C can be noticed,
which are attributed to an LCST type phase transition of the
O(D)EGMA side chains. It is worth mentioning that no
significant changes of the resonance peaks from 3.0 to 3.6 ppm
(assigned as h and i protons) were detected during the collapse
of the side chains of the graft copolymer. Such behavior could
be ascribed to a partial hydration of the oligo(ethylene %lycol)
chains above the critical phase transition temperature.' The
reversing of solubility between side chain and backbone upon
cooling indicates the dual-thermoresponsive character of S70-
g-025D2S. The "H NMR spectra for $70-g-O25D2S solution
with the presence of salt (0.1 M NaCl) are shown in Figure S8.
A similar decrease of the signal from g protons was observed,
indicating the LCST type phase transition of the side chains.
However, no significant changes in the intensities of the PSBM
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backbone resonance signals were observed at low temper-
atures, indicating the loss of the UCST transition for PSBM in
saline solution.

To further investigate the structure of the obtained self-
assembled nanoaggregates, transmission electron microscopy-
(TEM) and cryo-TEM were performed under selected
conditions. Unfortunately, neither TEM nor cryo-TEM was
able to detect the nanostructures of the system, which might be
due to the low density and thus insufficient contrast of the
polymers.®’

Further LS measurements on the aqueous polymers were
performed on a Brookhaven instrument to give both the
hydrodynamic radius (R,) and the radius of gyration (Rg) of
the self-assembled nanoparticles (Figure 4, Figure S9, and
Table 2). The ratio of R, over Ry, (p= R,/ R,) was calculated as
an indicator of the architecture of the studied nanoparticles.”®
In general, values of p = 0.7, 1.0, 1.7, and >2.0 correspond to a
hard sphere, a vesicle, a cylinder, and a rod, respectively.”” The
Ry, of §70-g-O25D25 at 50 °C in water was 29.8 nm, which is
in good accordance with the result obtained with the Malvern
instrument. The SLS data were evaluated with three models,
namely Zimm, Guinier, and Debye—Bueche. The first-order
Zimm fit was the best one, leading to a radius of gyration R, =
33.4 nm. Hence, the p value for S70-g-O25D25 assembly at 50
°C is 1.12. Although this p value is close to the value of a
typical vesicle, the structure of the studied particles cannot be a
vesicle due to two reasons. First, the hydrophobic/hydrophilic
ratio of the copolymer is too low to form vesicles. The
hydrophobic/hydrophilic ratio (in volume) is one of the main
facts that determines the self-assembly structure of copoly-
mers; i.e., with the increasing of hydrophobic/hydrophilic ratio
of the copolymer, its self-assembling structure usually under-
goes a change from spherical micelles to elongated micelles
and to vesicles. As for §70-g-O70D280 with a much higher
hydrophobic/hydrophilic ratio, only micelles were formed
(stated in the next section); also, the nanoparticles of S70-g-
025D25 should be micelles. Second, the size distributions of
vesicles are usually broad, while the studied nanoparticles have
low polydispersity (~0.1) by DLS. Hence, we assume a loose
multimolecular aggregate (LMMA) forms with a shell of
PSBM backbone chains and a water-swollen core of PO(D)-
EGMA chains. In 0.1 M NaCl at 50 °C, §70-g-O25D25 gave a
p value of 0.76 (R, = 44.9 nm, R, =342 nm), indicating the
formation of micelles. Such a change on the packing of
polymer chains can be ascribed to the increasing of
hydrophobicity of PO(D)EGMA core because of the salting
out effect by NaCl. Below the UCST type phase transition
temperature, 15 °C, R;, and R, were 67.6 nm and 72.4 nm,
respectively, leading to a p value of 1.07. The structure of the
particles was also proposed to be LMMA due to the same
reasons as in the case of 50 °C.

The S70-g-O70D280 was also investigated by SLS. The
difference between the two polymers lies on the higher DP and
higher DEGMA content of the side chains for $70-g-O70D280.
DLS of §70-g-O70D280 in water at S0 °C (Figure S and Figure
S10) showed an R, around 50 nm and a narrow size
distribution (polydispersity <0.1), similarly as observed at high
temperature for S70-g-O25D25. The decrease of size and
scattering intensity were also evidenced upon cooling but with
a lower transition temperature (30—35 °C) than for S70-g-
025D25 solutions (45—50 °C) due to the higher content of
the less hydrophilic DEGMA component. The LCST type
phase transition was also evidenced by '"H NMR with D,O as
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Figure 4. Hydrodynamic radius (Ry), relaxation rate (I'), and intensity of the scattered light expressed as the excess Rayleigh ratio (R — R;) versus
scattering vector (q) for $70-g-O25P2S in aqueous solution (a) at 50 and (c) 15 °C. Debye plot for $70-D25P25 in aqueous solution (b) at S0 and
(d) 15 °C; all the data are collected for S70-D25P2Saqueous solution with the absence of salt, at a concentration of 1 mg/mL.

Table 2. Summary of Light Scattering Data for S70-g-
025D25 and $70-g-O70D280 under Various Conditions

$70-g-025D25 $70-g-070D280

50 °C, 50 °C, 0.1 M 15 °C, 50 °C, 50 °C, 0.1 M
water NaCl water water NaCl
R, (nm)  29.8 449 67.6 47.0 60.4
Rg (nm) 334 342 72.4 32.8 39.4
Rg/Rh 1.12 0.76 1.07 0.70 0.65

solvent (Figure 6 and Figure S11). The Ry, R,, and p values for
§70-g-O70D280 at S0 °C in aqueous solution with and
without 0.1 M NaCl were determined by using SLS and DLS
(Table 2 and Figures S12 and S13). Larger particle sizes than
for §70-g-025D25 were obtained, and the p values (0.7 in
water and 0.65 in 0.1 M NaCl) indicate micelle-like aggregates

with side chains situated mainly in the core and the PBMA
backbone forming the shell.

In contrast to S70-g-O25D2S, the size of the S70-g-
070D280 particles did not increase upon cooling to 5 °C in
water. Instead, the size of the nanoparticles slightly decreased
and the intensity of scattered light kept nearly constant upon
cooling. This suggests that most of the individual macro-
molecules do not associate below the LCST type phase
transition temperature. Yet, the question remains whether the
intramolecular self-assembling is due to the UCST type phase
transition of the PSBM backbone or not. 'H NMR spectra for
the aqueous polymer solution were therefore collected at
various temperatures (Figure 6). Characteristic signals from
the PSBM main chain (c, ¢, and f, marked in red), which were
visible with reasonable resolution at temperatures above 25 °C,
diminished when the temperature decreased to 20 °C and
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Figure S. Dynamic light scattering data for 1 mg/mL S$70-g-P70D280 in water. (a) Hydrodynamic size (R,) and intensity of the scattered light (I)
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Figure 6. "H NMR spectra for $70-g-O70D280 in D,0O without salt at
various temperatures.

lower. The decrease in the signal intensity indicates a UCST
type phase separation of the PSBM backbone as is the case of
§70-g-O25D25 and, thus, together with LS results suggests the
formation of small micelles with a low aggregation number. To
further investigate the self-assembly of $70-g-O70D280 below
the UCST type phase separation temperature, comparison of
the 'H NMR spectra collected at 5 °C with and without the
presence of 0.1 M NaCl was made as shown in Figure S14. The
attenuation of the proton signals from PSBM without salt
could be clearly observed in comparison with the spectrum
with salt, in which case the PSBM backbone is permanently
soluble. The difference confirms the UCST type phase
transition of the copolymer in water at S °C. SLS measurement
was then performed at temperature below (15 °C) and above
the phase transition temperature (25 °C) of $70-g-P70D280. A
partial Zimm model was applied to calculate apparent (M, )
values at both temperatures. The aggregation number N,,, was
estimated accordingly to be 2.2, which is in good agreement
with the previous DLS result.

The low aggregation number for $70-g-O70D280 in aqueous
solution can be rationalized by its topology. $70-g-O70D280 is
characterized by its long and loose side chains as well as high
molecular weight. Upon the phase separation of the PSBM
backbone and formation of the micelles, the soluble side chains
can restrict the aggregation of the polymers due to the steric
effect. Such result is consistent with previously reported
unimolecular micelles of a graft copolymer with a high graft
density #9505

Bl CONCLUSIONS

Two graft copolymers, $70-g-O25D25 and $70-g-O70D280,
with PSBM backbone showing UCST behavior and PO(D)-
EGMA side chains with LCST behavior were prepared and
investigated by using DLS, SLS, AF4, and '"H NMR. The graft
copolymers were found to undergo both UCST and LCST
type phase transitions and are capable to form various self-
assembled structures depending on temperature and the ionic
strength. At low temperatures in water aggregates with PSBM
cores form due to the PSBM UCST type phase transition. The
increasing volume of the side chains in the case of S70-g-
070D280 leads to micelles with PSBM core and PO(D)-
EGMA shell with extremely low aggregation number. Upon
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heating the aggregates of both polymers break and dissolve to
soluble unimers until the LCST type phase transition
temperature is reached. Above the LCST type phase transition
reverse aggregates with O(D)EGMA cores are formed, and the
phase transition temperature changes depending on OEGMA/
DEGMA ratio of the grafts. In 0.1 M NaCl the UCST
transition of PSBM disappears for both polymers, demonstrat-
ing their salt-responsive behavior. Moreover, the increased
ionic strength also affects the structure of the micelles, leading
to closer packing of the PO(D)EGMA chains at elevated
temperatures. The adjustable self-assembling behavior of the
graft copolymer is of great interest for application in smart
materials such as drug delivery polymers or sensors.”””"
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