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Triply responsive soft matter nanoparticles based
on poly[oligo(ethylene glycol) methyl ether
methacrylate-block-3-phenylpropyl methacrylate]
copolymerst

Yiwen Pei,®® Kevin Jarrett,® Martin Saunders,® Peter J. Roth,*® Craig E. Buckley®
and Andrew B. Lowe*®®

The stimulus-responsive properties of soft matter nanoparticles based on poly[oligo(ethylene glycol)
methyl ether methacrylate-block-3-phenylpropyl methacrylate] (p(OEGMA-block-PPMA)) copolymers in
methanol and ethanol are described. Methanolic synthesis, with 4-cyanopentanoic acid dithiobenzoate as
the RAFT mediating agent, facilitates simple access to nanoparticles exhibiting the full range of common
morphologies (spheres, worms and vesicles) simply by varying the copolymer composition (fixed average
degree of polymerization (X,) of the pOEGMA macro-CTA for variable X,, of the pPPMA block). Interest-
ingly, we demonstrate that p(OEGMA,-block-PPMA,) nanoparticles are able to elicit three types of
response to externally applied stimuli. These materials possess two distinct, but complementary, reversible
thermal responses — one that results in an order—order transition, i.e. a morphological change, while the
second is a reversible order—disorder transition based on upper critical solution temperature (UCST)-type
behaviour associated with the pOEGMA coronal chains in the nanoparticles. Finally, we report the first
example where specific p(OEGMA-block-PPMA) nanoparticles are shown to be sensitive to addition of an
organobase — a response that is accompanied by an order—order, worm-to-sphere, morphology

www.rsc.org/polymers transition.

Introduction

The self-assembly of AB diblock copolymers, in a selective
solvent, to give nanometre sized particles exhibiting a variety
of morphologies is well documented."” Traditionally, the
preparation of such nanoparticles is achieved via the initial
synthesis (under conditions in which all components are, and
remain, soluble), isolation, purification and characterization
of a well-defined parent block copolymer followed by a process-
ing step inducing self-assembly. The processing step may
involve direct addition of the block copolymer to a selective

“Nanochemistry Research Institute (NRI), Curtin University, Kent Street, Bentley,
Perth, WA 6102, Australia. E-mail: andrew.b.lowe@curtin.edu.au

”Department of Chemistry, Curtin University, Kent Street, Bentley, Perth, WA 6102,
Australia

‘Department of Physics and Astronomy, Curtin University, Kent Street, Bentley, Perth,
WA 6102, Australia

“Centre for Microscopy, Characterisation and Analysis (CMCA), University of Western
Australia, 35 Stirling Highway, Crawley, WA 6009, Australia

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c6py00254d

{Current address: Department of Chemistry, Faculty of Engineering and Physi-
cal Sciences, University of Surrey, Guildford, GU2 7XH, UK.

2740 | Polym. Chem., 2016, 7, 2740-2750

solvent, dialysis of the block copolymer initially dissolved
unimerically in a non-selective solvent against a selective
solvent or dilution of a concentrated sample of the block co-
polymer in a non-selective solvent with a selective solvent.
While well-established, and perfectly valid protocols, such pro-
cessing routes can be time consuming and may only facilitate
preparation of nanoparticles at low concentrations (<1.0 wt%
is typical). Alternatively, AB diblock copolymers (or more
complex architectural species) can be designed and prepared
such that one, or both, blocks exhibit variable solvophilic/
solvophobic characteristics. In such cases an external trigger
such as a change in temperature,®® pH'®'" or electrolyte con-
centration for example, can be employed to induce self-assem-
bly. Again, however, such systems are commonly limited to
working with such stimuli responsive materials at relatively
low concentrations.'* The use of stimuli responsive polymers
as building blocks for soft matter nanoparticles in which
unimolecular copolymer chains assemble upon application of
a trigger is an example of a disorder-order transition. Such
smart materials often exhibit this behaviour reversibly, i.e.
order-disorder transitions are also common in such systems.
The most commonly employed trigger for such reversible
self-assembly is a change in temperature and is typically, but
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not exclusively, utilized in aqueous-based systems. Inducing
self-assembly is usually accomplished by exploiting the lower
critical solution temperature (LCST) characteristics of one of
the building blocks with block copolymers containing poly(N-
isopropylacrylamide) (PNIPAM) being the most widely studied
in part due to its readily accessible LCST of 32 °C.'*'* Alterna-
tively, block copolymers can undergo disorder-order tran-
sitions (or the opposite) due to upper critical solution
temperature (UCST)-type behaviour.'> UCST-based triggers are
not as widely reported as their LCST counterparts, especially
in water, but are, arguably, as equally important and as poten-
tially versatile when designing and preparing stimulus respon-
sive materials.'®>°

Less common in polymeric nanoparticle systems where the
concentration, copolymer composition, and overall make-up of
the system, are kept constant are order-order transitions.
Examples of such transitions include, but are not limited to,
reversible sphere-to-worm, worm-to-vesicle and sphere-to-
vesicle morphology changes. For example, Abbas et al. detailed
the stepwise change in nanoparticle morphology from spheres
to worms to vesicles (S-W-V) in dilute solutions of poly-
(styrene-block-dimethylsiloxane) copolymers by employing mix-
tures of dialkyl phthalates to tune solvent selectivity. The
reverse V-W-S transitions were accomplished by simple
heating and were shown to be totally reversible.>'

LaRue and co-workers reported thermally-induced mor-
phology transitions in poly(styrene-block-isoprene) copolymers
(for a fixed copolymer composition and concentration) in
heptane between 25 and 40 °C, in which the solvent quality
changed for both blocks upon heating. Room temperature
worm nanoparticles rearranged to spheres upon heating and
likewise, vesicles transformed to worms. These transitions
were reversible although it is noted that the S-W transition
required in excess of 36 days at 25 °C to achieve significant
rearrangement to the worm morphology.>*

Moughton and O’Reilly*® detailed a thermally induced S-V
transition in a RAFT prepared block copolymer of NIPAM with
tert-butyl acrylate (¢BA) in which the R-group at the a-termini
contained a cationic functionality. In aqueous media these
AB diblock copolymers self-assembled to give spherical
species, of narrow size distribution, with the polytBA block in
the core, the NIPAM block in the corona and the surface
decorated with the cationic, R group-derived functional
groups. Heating above the LCST of the PNIPAM block, and
thus formally changing the hydrophilic-hydrophobic balance,
resulted in a S-V morphological transition. Adjusting the
temperature to below the LCST of the PNIPAM block did lead
to the reverse V-S transition but the reformed spherical
species were poorly defined with a broad size distribution.

Recently there has been significant academic interest in
polymerization-induced self-assembly** and in particular the
application of reversible addition-fragmentation chain trans-
fer dispersion polymerization-based formulations (RAFTDP-
PISA). RAFTDP-PISA is especially attractive since it allows for
the preparation of polymeric nano-objects at high concen-
tration (formulations >50 wt% are possible) in a fast and
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scalable fashion (enhanced kinetics compared to fully homo-
geneous syntheses are often observed especially in aqueous-
based systems), yields nanoparticles exhibiting the full range
of common morphologies (spheres, worms and vesicles) as
well as more complex and transient species. Furthermore, it
has now been documented in a wide range of media and is no
more difficult to perform than a standard RAFT (co)polymeriz-
ation and is thus readily implemented.

Recent interest in RAFTDP-PISA has been driven, to a large
extent, by work from the groups of Armes,>*>* Pan,*™*?
Zhang®*™* and more recently others.>"®° Several recent mini-
reviews/highlights summarize the current state-of-the-art in
this increasingly popular area of research.”®”® Of particular
relevance to the work detailed herein is the fact that certain
reversible, stimulus-induced, order-order, morphological tran-
sitions have been reported by Armes’*”® and by us®*”° and it
appears such behaviour might be a fairly ubiquitous feature in
many RAFTDP formulations. For example, in an aqueous
RAFTDP-PISA formulation based on glycerol monometh-
acrylate (GMA, permanently hydrophilic block) with 2-hydroxy-
propyl methacrylate (HPMA) Blanazs et al.”” reported that the
formulation giving a material with an average composition of
P(GMA;,-block-HPMA, ) yielded a pure worm nanoparticle
phase and presented, macroscopically, as a soft gel due to
worm nano-object entanglements. Interestingly, cooling a
solution of these worm nanoparticles from ambient to 5 °C
resulted in a macroscopic change to a free flowing solution
which was demonstrated to be due to a nanoscale W-S mor-
phology transition. Such gelation-degelation behaviour was
shown to be fully reversible. In related work, we reported
complementary reversible gelation phenomena in AB diblock
copolymers of  2-(dimethylamino)ethyl methacrylate
(DMAEMA) with 3-phenylpropyl methacrylate (PPMA) in
EtOH.>® Specifically, a p(DMAEMA,-block-PPMA,) copolymer
existed at ambient temperature as a pure worm phase and pre-
sented as a gel due to the same worm nanoparticle entangle-
ments. In this system, and in contrast to the aqueous
formulation noted above, heating to 70 °C resulted in a rapid
degelation and formation of a free flowing solution. This
phenomenon was also due to the same fundamental W-S
order-order transition and was likewise fully reversible with
gelation occurring within a few minutes upon cooling. We
have also observed identical reversible gelation, and associated
morphology changes, in non-polar media (n-tetradecane and
n-octane) in block copolymer worm nanoparticles based on
poly(stearyl methacrylate) with PPMA,>>>°

While a change in temperature represents a straightforward
approach for effecting such order-order transitions it is poss-
ible to accomplish similar morphology transitions employing
alternative triggers. Armes and co-workers reported that a
P(GMAs¢-block-HPMA;55)  block copolymer, prepared by
aqueous RAFTDP-PISA with a carboxylic acid functional RAFT
CTA, presented as a soft gel at ambient temperature at 10 wt%
under mildly acidic conditions. As with their previous GMA-
HPMA materials this sample underwent degelation and
an order-order transition upon cooling. However, similar
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reversible degelation was also observed upon raising the pH of
an ambient temperature gel ‘solution’ from 3.5 to 6.0 via the
addition of NaOH.”® The observed degelation was again due to
a W-S morphology change. This pH-induced transition was
attributed to the ionization of the carboxylic acid groups
located at the o-termini of the block copolymer chains (and
therefore at the outer periphery of the nanoparticles). A
similar, NaOH-induced V-W transition was also reported for
nanoparticles formed from a p(GMA,;-block-HPMA,,) copoly-
mer in aqueous media.

Building on our previous reports of RAFTDP-PISA formu-
lations in alcoholic media with PPMA as comonomer, herein
we detail the stimulus responsive properties of soft matter
nano-objects based on oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) with PPMA in ethanol and methanol.
We demonstrate that the p(OEGMA-block-PPMA)-based nano-
particles are responsive to three triggers — two different and
distinct thermal processes (one reversible order-order tran-
sition and one reversible order-disorder transition) as well as
a relatively unique organobase-induced order-order transition.
We believe this is the first example of RAFTDP-PISA prepared
nanoparticles that possess three different stimulus responsive
properties and is the first example in which an organoamine,
in a non-aqueous environment, has been employed to effect
an order-order transition.

Experimental

All reagents were purchased from the Aldrich Chemical
Company at the highest available purity and used as received
unless noted otherwise. 3-Phenylpropyl methacrylate (PPMA)
was purchased from Monomer-Polymer and Dajac Labs. 2,2'-
Azobis(isobutyronitrile) (AIBN) was purified by recrystallization
twice from methanol and then stored in a freezer until needed.
Oligo(ethylene glycol) methyl ether methacrylate (OEGMA)
(average M, = 300) and PPMA were purified by passing through
a basic Al,O; column to remove the inhibitor and acidic impu-
rities prior to use. 4-Cyanopentanoic acid dithiobenzoate
(CPADB) was prepared according to a procedure described
elsewhere.””

Synthesis of poly[oligo(ethylene glycol) methyl ether
methacrylate] macro-CTA via RAFT homopolymerization

Below is a general procedure for the RAFT homopolymeriza-
tion of OEGMA mediated by CPADB.

A solution containing OEGMA (10.0 g, 3.33 x 10™> mol),
CPADB (1.86 x 107" g, 6.67 x 10~ mol), AIBN (2.18 x 107> g,
1.33 x 10~* mol), and acetonitrile (30.0 mL) was added to a
reaction vial equipped with a magnetic stir bar. The reaction
vessel was sealed and the reaction mixture purged with Argon
for 30 min prior to being placed in a preheated oil bath at
70 °C. Polymerization was allowed to proceed for 4 h after
which it was halted by exposure to air while cooling in an ice/
water bath. The pOEGMA homopolymer(s) were isolated by
precipitation into a mixture of diethyl ether and petroleum
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spirit (1:1, v/v) followed by filtration and dried overnight prior
to NMR spectroscopic and SEC analysis.

RAFT dispersion polymerization of 3-phenylpropyl
methacrylate with polyOEGMA,, in alcoholic media

Below is a general procedure for the RAFTDP of PPMA with a
pPolyOEGMA,s (pOEGMA,g) in methanol. All
RAFTDPs were performed in a similar fashion.

A solution containing PPMA (1.65 x 107" g, 8.07 x 107*
mol), AIBN (3.78 x 10™* g, 2.30 x 10~° mol), pPOEGMA,; macro-
CTA (1.0 x 107" g, 1.15 x 10> mol) and anhydrous methanol
(1.34 mL) was added to a vial equipped with a magnetic stir

macro-CTA

bar. The reaction vessel was sealed and the solution purged
with Argon for 15 min prior to being placed in a preheated oil
bath at 70 °C. Polymerization was allowed to proceed for 24 h
after which it was halted by exposure to air while cooling in an
ice/water bath. Block copolymer was isolated by precipitation
into a large excess of diethyl ether and petroleum spirit
mixture (1:1, v/v) followed by filtration and dried overnight
prior to NMR spectroscopic and size exclusion chromato-
graphic analyses.

Size exclusion chromatography (SEC)

SEC analysis was performed on a Shimadzu modular system
consisting of a 4.0 mm x 3.0 mm Phenomenex Security
Guard™ Cartridge guard column and two linear phenogel
columns (103 and 104 A pore size) in tetrahydrofuran (THF)
operating at a flow rate of 1.0 mL min~' and 40 °C using a
RID-20A refractive index detector, a SPD-M20A prominence
diode array detector and a miniDAWN TREOS multi-angle
static light scattering (MALS) detector. The system was also
calibrated with a series of narrow molecular weight distri-
bution poly(methyl methacrylate) standards with molecular
weights ranging from 2.8 to 220 kg mol™. Chromatograms
were analysed by Lab Solutions GPC software.

NMR spectroscopy

NMR spectra were recorded on a Bruker 400 MHz spectro-
meter. "H NMR spectra were recorded in deuterated chloro-
form (CDCl;). Residual CHCl; (5§ = 7.26 ppm) was utilized as
the internal reference signal. Variable temperature NMR
characterization analyses were performed in fully deuterated
methanol (CD;OD) or ethanol (CD;CD,0OD) using a Bruker 400
Sspectrometer (1H, 400 MHz) with 128 scans averaged per spec-
trum. For measurements made in d,-methanol, the pulse
program employing solvent suppression at a '"H chemical shift
of 6 = 3.3 ppm was utilized to eliminate the solvent peak. A
series of "H NMR spectra of block copolymer p(OEGMA,-
block-PPMAg,) (0.5 wt%) was recorded in d,-methanol covering
the temperature range 25-63 ©°C. The block copolymer
P(OEGMA,;-block-PPMA36) (0.5 wt%) in de-ethanol was first
heated from —5 to 70 °C and cooled back to ambient tempera-
ture at a rate of 0.2 °C min~'. Both samples were allowed to
equilibrate at each temperature for at least 10 min prior to
measurements.

This journal is © The Royal Society of Chemistry 2016
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Dynamic light scattering and zeta-potential measurements

Dynamic light scattering (DLS) measurements were performed
utilizing a Malvern Instrument Zetasizer Nano Series instru-
ment (laser power = 4.0 mW, wavelength = 633 nm, detection
angle = 173°) at 25 °C. For sample preparation, 50 pL of the
parent RAFTDP solution was diluted with 1.45 mL of methanol
or ethanol and the solution stirred for 10 min prior to fil-
tration through 0.45 pm PTFE filters. For temperature-depen-
dent DLS analysis, samples were heated and allowed to
equilibrate at each temperature for at least 10 min prior to
measurements. Electrophoresis studies were conducted on
0.07 wt% copolymer solutions utilizing the same Malvern Zeta-
sizer Nano Series instrument. Samples for electrophoretic
analysis were prepared by adding the organobase 1,8-
diazabicycloundec-7-ene (DBU) to the parent RAFTDP solu-
tions, followed by equilibration overnight under continuous
stirring and dilution with methanol prior to measurements.

Turbidity measurements

Turbidity measurements were performed on a Crystal16 pur-
chased from Technobis Crystallization Systems. Samples for
analysis were prepared by slowly adding 50 pL of the parent
RAFTDP solution to 1.45 mL of ethanol under stirring. The
solubility studies were conducted by heating the sample solu-
tions from —5 to 70 °C with a heating rate of 0.2 °C min™" fol-
lowed by cooling to —5 °C at a cooling rate of 0.2 °C min™*
after holding the temperature at 70 °C for 20 min. During the
heating/cooling cycles all samples were visually monitored
under continuous stirring to facilitate interpretation of the
observed transmittance. The baseline was corrected to 100%
transmittance utilizing a clear empty glass vial. The upper
critical solution temperature, Tgy >, was recorded as the temp-
erature at a transmittance of 50%.

Transmission electron microscopy (TEM)

2-Dimensional (2D) TEM analyses were conducted on a JEOL
2100 transmission electron microscope operated at 120 kV.
Samples for analysis were prepared by the slow addition of
50 pL of the parent RAFTDP solution to 1.45 mL of methanol
or ethanol under stirring. The copolymer solution (0.7 wt%)
was dropped onto the top of a copper grid (ProSciTech) or a
carbon-coated copper grid (SPI Suppliers) and allowed to
contact for 1 min. Excess solution was wicked off using a filter
paper. To stain the nano-objects uranyl acetate (0.2 wt%) solu-
tion was soaked on the sample-loaded grid for 30 s and then
carefully blotted to remove excess stain solution.

For TEM sample preparation at high temperature all
materials and equipment were placed in a hot oven at 63 °C
for 10 min. The parent RAFTDP solution (20 wt%) was kept
under continuous stirring at 63 °C for 10 min and then diluted
to 0.7 wt% with warm anhydrous methanol (at the same temp-
erature as the copolymer sample) prior to TEM sample prepa-
ration. The TEM grid was then stained as described above.

For tomography measurements, polymer samples were
prepared and stained as described above. TEM tomography
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analyses were performed on a Titan G2 80-200 TEM/STEM
instrument operated at 200 kV. The images were collected at
sample-tilting angles ranging from —70° to 70° in 2° intervals.
The series of 2D images were reconstructed to the 3D image
based on the filtered back projection method.

Results and discussion

In a recent paper we described the detailed synthesis and
characterization of AB diblock copolymers based on oligo-
(ethylene glycol) methyl ether methacrylate (OEGMA) with
3-phenylpropyl methacrylate (PPMA), and their corresponding
nanoparticles in methanol, Scheme 1.%°

This is a versatile RAFTDP-PISA formulation and allows for
ready access to nanoparticles with the full range of common
morphologies all of which can be obtained as pure phases
under appropriate conditions. These particular block copoly-
mers were inspired by our previous work with PPMA-based
RAFTDP-PISA formulations®*>>°” as well as the recent report
from Lovett et al.”® regarding water-based pH-sensitive block
copolymer nano-objects containing reversibly ionizable carb-
oxylic acid groups.

Thermally responsive properties of p(OEGMA,s-block-PPMA,)
copolymer nano-objects: temperature-induced order-order
transitions in MeOH

We initially prepared a series of p(OEGMA,g-block-PPMA,)
copolymers in methanol in which the average degree of
polymerization, X, of the PPMA block was varied from 36 to
83. Within this series of block copolymers the p(OEGMA,s-
block-PPMAg) and  p(OEGMA,g-block-PPMA,;) materials
yielded nano-objects with pure worm morphologies at ambient
temperature, as determined by TEM, and presented macro-
scopically as soft gels. However, at the polymerization tempera-
ture these systems existed as free flowing solutions. Consistent
with previous reports from our group®**>°° this difference in
macroscopic presentation was shown to be due to a fundamen-
tal change in nanoparticle morphology, Fig. 1, at these two
different temperatures.

For the p(OEGMA,s-block-PPMA,) species at 22 °C TEM
clearly highlights the cylindrical, or worm, nature of the nano-
particles. The volumetric uniformity of the worm nanoparticles

MeCN S ~Ph S\, Ph
— R% 77/ 0 R 22 X 7]/
07 >0 CPADB @0 8 \ﬂ)k()/\/\},h oo 7o S
A
—_—
4 2\ MeOH, 70°C 2\ J)
0, 0,
)n< )n< )n< Ph
Average &
B CN
M,=300  CPADB: (o J e o
! Ph)J\§></\('(M 1

Scheme 1 General approach for the preparation of the poly[oligo-
(ethylene glycol) methyl ether methacrylate-block-3-phenylpropyl
methacrylate]-based nanoparticles by methanolic RAFT dispersion
polymerization with polymerization-induced self-assembly.
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Fig. 1 (A) Digital picture of the macroscopic presentation of the
P(OEGMA,5-block-PPMAgg) copolymer worm nanoparticles at 22 °C with
representative 2D and 3D TEM images below and the DLS-measured
nanoparticle size distribution, and (B) the same sample after heating to
63 °C highlighting the change in macroscopic presentation with the 2D/
3D TEM images of the new, predominantly, spherical nanoparticles and
the concomitant change in the DLS nanoparticle size distribution.

was also confirmed from the tomographic image. DLS gave a
sphere-equivalent hydrodynamic diameter of 105.5 nm with a
corresponding DLS polydispersity (u,/I”*) of 0.24. In contrast,
heating briefly to 63 °C resulted in a morphological transition
from the worm phase to a near-pure spherical phase (mixture
of predominantly spheres and a few short ‘oligomeric’ worms)
as judged by TEM and also verified by tomographic imaging.
DLS gave an average hydrodynamic diameter of these species
of 20.1 nm with a corresponding u,/I"* of 0.06. Such tempera-
ture induced reversible worm-sphere order-order transitions,
whether induced upon heating or cooling, have emerged as a
rather common feature in many RAFTDP-PISA formulations
and will likely be observed in many more future formulations.
The driving force for such changes in morphology have
been rationalized in terms of changes in the relative volume
fraction of the core and coronal blocks and the impact this has
on the dimensionless packing parameter, p. The changes in
relative volume of the two blocks is a direct result of the temp-
erature-dependent solvation with, generally, a greater effect
being observed on the ‘solvophobic’ core chains. Fortunately,
changes in the average degree of solvation of either the core
and/or coronal chains can be qualitatively examined by
"H NMR spectroscopy as we, and others, have previously
demonstrated.>*>>°° Fig. 2 gives the general structure of the
P(OEGMA,5-block-PPMA,) copolymers synthesized and a series
of "H NMR spectra recorded from 25 to 63 °C in d,-methanol.
Isotopic effects of this deuterated solvent compared to
non-deuterated methanol were presumed to be negligible and
d,-methanol was assumed to be a suitable model solvent to
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Fig. 2 General structure of the p(OEGMA,g-block-PPMA,) copolymers
(top) and a series of 'H NMR spectra covering the temperature range
25-63 °C (bottom) highlighting the increase in solvation of key func-
tionality associated with both the pOEGMA coronal and pPPMA core
blocks with increasing temperature. Spectra were recorded in dji-
methanol.

elucidate molecular events observed in non-deuterated metha-
nolic solutions.

Consider first the signals between 6 = 7.5 and 6.5 ppm,
labelled a, the range in which signals associated with the Ph
group of the pPPMA block would be expected. At low tempera-
ture there is little-to-no indication that these aromatic groups
are solvated. This is consistent with a solvophobic species in a
selective solvent in an assembled state, i.e. the pPPMA blocks
residing in a desolvated core of a nanoparticle. Any evidence of
a signal associated with the aromatic species remains absent
until the temperature reaches ca. 50 °C at which point signals
attributed to the Ph side groups begin to appear. The intensity
of these signals continues to increase as the temperature is
raised further and are relatively pronounced at the final temp-
erature of 63 °C, the critical temperature associated with the
order-order morphology transition. This change in solvation
of the pPPMA block with increasing temperature is also
evident when examining the signals labelled d which are
associated with the benzylic groups of the pPPMA block (5 =
ca. 3.0-2.0 ppm). However, unlike the Ph signals we do not
observe any clear increase in the intensity of these signals
until some 10 °C higher than in the case of the aromatic
species. While they are present at 63 °C this difference in
behaviour suggests a stepwise process for solvation of the

This journal is © The Royal Society of Chemistry 2016
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pPPMA block. We should also note that while these key signals
associated with the pPPMA block are clearly evident at elevated
temperature the pPPMA block does not become fully solvated.
If this were the case, heating would simply result in molecular
dissolution and the disappearance of any aggregates, whether
they be worms or spheres. This observed behaviour is consist-
ent, however, with the core of the worm nanoparticles becom-
ing increasingly solvent swollen with increasing temperature
as the pPPMA block becomes, at least partially, solvated, and
thus induces an overall change in the volume fraction of core-
building component. We note that Armes et al.”® have argued
that such processes are due to surface plasticization since a
significant change in the core volume alone would actually
favour a worm-to-vesicle transition (assuming transitions are
governed only by those factors defined in the packing para-
meter) rather than the observed worm-to-sphere morphology
change. However, their argument does not consider solvation
effects on [ (the length of the core forming block), how surface
plasticization could directly impact a nor how changes in
solvation could impact features such as the dynamic nature of
the particles and, therefore, possible changes in physical attri-
butes such as the aggregation number.

Importantly, however, these NMR experiments also indi-
cated a change in the relative solvation of the coronal
POEGMA block with increasing temperature (and presumably
an associated change in a), see signals labelled b and c. As
such, rationalizing observed morphology changes becomes
more difficult since both blocks in this system are undergoing
changes in relative solvation as a function of increasing, or
decreasing, temperature. While the oligo(ethylene oxide) side
chains are solvated at ambient temperature an increase in the
temperature also results in an increase in the intensity of the
signals associated with these side groups and thus a change in
the volume fraction of the coronal chains. These observations
are consistent with the reported UCST-type behaviour of
POEGMA in aliphatic alcohols and are discussed and high-
lighted in more detail below. However, at this point we note
that in methanol the actual UCST associated with pPOEGMA is
below ambient (ca. =10 °C)'® and thus the resulting nano-
particles prepared in methanolic RAFTDP formulations exist
as stable dispersions at room temperature.

Organobase responsive properties of p(OEGMA,g-block-
PPMA, ) copolymer nano-objects

While temperature is the most convenient trigger that can be
employed for effecting order-order transitions in such soft
matter nanoparticles it is also possible to employ alternative
stimuli for inducing similar behaviour. Recently, Lovett et al.”®
reported the aqueous RAFTDP-PISA synthesis of AB diblock
copolymer nanoparticles composed of stabilizing poly(glycerol
monomethacrylate) blocks with poly(2-hydroxypropyl meth-
acrylate) as the core forming species utilizing a carboxylic acid
functional trithiocarbonate as the RAFT chain transfer agent.
The authors reported that the addition of NaOH to a worm
nanoparticle phase induced an order-order transition to give
spheres while a similar vesicle-to-worm morphology transition

This journal is © The Royal Society of Chemistry 2016
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could also be induced. Such behaviour was fully reversible and
rationalized in terms of the reversible ionization of the peri-
pheral surface bound carboxylic acid functional groups.

Since we employed CPADB as the RAFT CTA in our macro-
CTA syntheses the final non-ionic p(OEGMA,g-block-PPMA,)
block copolymer nanoparticles also contained carboxylic acid
groups at their periphery. Inspired by the work of Lovett
et al.”® we examined the possibility of inducing similar mor-
phology changes in a non-aqueous environment employing
the organobase 1,8-diazabicycloundec-7-ene (DBU).

Utilizing the worm nanoparticles formed from p(OEGMA,;-
block-PPMAg,) in methanol we examined the effect of adding
increasing amounts of DBU on the nano-object morphology.
The 2D TEM image in Fig. 3A shows the parent nanoparticles
as a pure worm phase. The addition of 50 equivalents of DBU,
based on -CO,H peripheral groups, induced a change from
the worm nano-objects with end-to-end distances of multiple
hundreds of nm to a mixture containing predominantly ‘oligo-
meric’ worm species with lengths of ca. 50-150 nm as well as a
relatively small population of spheres, Fig. 3B. This change in
morphology was also accompanied by a drop in the zeta poten-
tial from ca. —20 mV to —30 mV, as measured in methanol,
indicating an increase in the anionic surface charge of the
nano-objects upon the addition of DBU.

In the case of adding 500 equivalents of DBU to the worm
nanoparticles shown in 3A we observed a more pronounced
impact on the nanoparticle morphology, Fig. 3C. The pure
worm phase transforms into a near-pure spherical phase
although there are still a number of worm nanoparticles
remaining.

As noted above, according to Lovett et al’® such base-
induced transitions in non-ionic block copolymer nano-
particles are due to the ionization of the surface carboxylic
acid functional groups with ionization leading to increased
solvophilicity and a change in the relative volume fractions of
the core and coronal blocks and hence the shape change.
While such an effect can lead to a lowering of the packing
parameter and account for the observed transition, the intro-
duction of surface charge and therefore electrostatic repulsive
interactions may also induce a change in aggregation number

p(OEGMA,4-b-PPMA)

Npase * N.coon = 50 Npase * N.coon = 500

Npase * N.coon =0

Fig. 3 High resolution TEM images of the nanoparticles formed by
P(OEGMA,g-block-PPMAgg) in MeOH in (A) the absence of DBU; (B) the
presence of 50 equivalents of DBU, and; (C) in the presence of 500
equivalents of DBU demonstrating the fundamental change in nano-
object morphology with increasing [DBU].
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which could also be, partly, responsible for the morphological
transition.

However, regardless of the exact cause for the order-order
transition this represents, to the best of our knowledge, the
first example in which an organobase has been employed in a
non-aqueous environment to effect such a transition.

Thermally responsive properties of p(OEGMA,,-block-PPMA,,)
copolymer nano-objects: reversible, temperature-induced,
order-disorder transitions in ethanol exploiting UCST-type
behaviour

POEGMA, and various functional copolymers containing this
important building block, have documented UCST-type pro-
perties in various aliphatic alcohols although pOEGMA is
known to be soluble in methanol above —10 °C."® In an effort
to exploit this interesting reversible phase behaviour and intro-
duce a second thermal response (and the final, third smart
characteristic) in p(OEGMA-PPMA) block copolymer nano-
particles prepared by RAFTDP-PISA we synthesized a small
series of block copolymers at 20% w/w in ethanol with final
compositions spanning the range p(OEGMA,;-block-PPMA ;)
to p(OEGMA,,-block-PPMA), Table 1. Ethanol was chosen for
this series of experiments given that pPOEGMA has a documen-
ted Tey®" in this solvent of ca. 22.0 °C."°

This particular series of experiments were conducted with a
POEGMA macro-CTA with an X, of 27 (MyMR = 8400; My™C =
7100; Dy = 1.05) and was prepared via the homogeneous RAFT
polymerization of the monomer with CPADB as the RAFT
agent in acetonitrile. Subsequently, the pOEGMA,; macro-CTA
was employed in the ethanolic RAFTDP-PISA synthesis of the
P(OEGMA,,-block-PPMA,) species listed in Table 1.

As anticipated the RAFTDP-PISA syntheses of these AB
diblock copolymers, and their associated aggregates, yielded
nano-objects that underwent an order-disorder transition with
cooling. For example, in the case of the p(OEGMA,,-block-
PPMA;s) species the RAFTDP-PISA synthesis proceeded
smoothly but upon cooling a macroscopic phase separation
was observed. Indeed, such behaviour was observed for all
samples prepared in ethanol although the critical temperature
at which phase separation occurred varied with the final
P(OEGMA-block-PPMA) copolymer composition. Since this
macroscopic phase separation is intimately tied to the UCST
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properties associated with the pOEGMA block we examined it
more closely especially since such behaviour has not pre-
viously been reported in pOEGMA-based RAFTDP-PISA
formulations.

Utilizing turbidity measurements to determine the UCST-
associated cloud-point (Tgy°") we tested all samples and exam-
ined their phase behaviour in heating and cooling cycles. As a
representative example, Fig. 4 shows the heating and cooling
curves obtained for the p(OEGMA,;-block-PPMA3s) copolymer
in ethanol at 0.7 wt% at a heating/cooling rate of 0.2 °C min ",

It is possible to identify three distinct regimes in the trans-
mittance as a function of temperature. Consider first the
heating profile (red data). At low temperature, from —5 to ca.
30 °C, we observed 100% transmittance (regime I). Under
these conditions the block copolymer nanoparticulate species
are in the form of a macroscopic precipitate. Just above this
upper limit we observe a sharp change in the transmittance
with it dropping to essentially zero. This corresponds to the
onset of solvation of the pOEGMA block and the dispersion of
the phase separated species although the nanoparticles are
still in a largely ill-defined aggregated state (regime II). A

P(OEGMA_-block-PPMA. ) 0.7 wt% in EtOH

100 ,

<

= 80-

[

S

& 601 11

=

@ 40-

[

©

= 20-
O 1 1 1 1 1 1
5 5 15 25 35 45 55 65

Temperature (°C)

Fig. 4 Heating (red) and cooling (blue) turbidity curves for the
P(OEGMA,,-block-PPMAse) copolymer, measured in EtOH, highlighting
the presence of three distinct insolubility/dispersion regimes at 0.7 wt%.

Table 1 Summary of the p(OEGMA,7-b-PPMA,) copolymers prepared of varying composition in ethanol, the PPMA comonomer conversion,
number average molecular weights (M,,) as measured by NMR spectroscopy and SEC, their dispersities (Dy), observed upper critical solution temp-
erature-type cloud points (T‘C"pCST) and the nanoparticle morphology as observed by TEM at elevated temperature

Composition” Solvent PPMA% conv.” MEMR @ (AfSECYP Dy’ Phase separation at RT Top '€ TEM @ 70 °C
p(OEGMA,,-b-PPMA;;)  EtOH 85 15700 (12 900) .30 Y 42°C S
P(OEGMA,,-b-PPMA,;) EtOH 74 17 600 (13 800) 1.36 Y 63 °C S+W
p(OEGMA,,-b-PPMA;s)  EtOH 77 19800 (15 800) 1.38 Y 60°C  S+W
p(OEGMA,,-b-PPMA,,)  EtOH 90 24100 (16 600) 1.56 Y >70°C  Aggregates

“As determined by "H NMR spectroscopy. ”As measured by size exclusion chromatography in THF at a flow rate of 1.0 mL min™".

1

“As determined by turbidity measurements using a Crystal16. The cloud point is recorded at the temperature at which the transmittance

dropped to 50%.
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further increase in the temperature results in another relatively
sharp transition at ca. 42 °C with the transmittance returning
to 100%. This transition corresponds to the full and efficient
dispersion of spherical nanoparticles (as observed by TEM,
vide infra) (regime III). The corresponding cooling curve
mirrors, essentially perfectly, the heating curve in regimes III
and II suggesting an initial rapid desolvation at the Tgy " (42 °C)
resulting in the formation of ill-defined larger aggregates and
observed clouding. This is followed, in regime I, by a more
gradual transition over a range of ca. 20 °C ultimately resulting
in full macroscopic precipitation. Notably, samples appeared
clear in regime I (100% measured transmittance) because
macroscopic aggregates precipitated below the optically
observed region. Overall this represents a reversible disorder—
order transitional process and corresponds to the second dis-
tinct thermal response exhibited by p(OEGMA-PPMA) block
copolymers in the lower alcohols MeOH and EtOH.

The nature of these nanoparticles and aggregates was
further analysed by DLS and final nanoparticle morphology at
elevated temperature confirmed by TEM. For comparative pur-
poses, Fig. 5A shows a replot of the heating curve for the
P(OEGMA,;-block-PPMA3) copolymer from 35 °C to 70 °C (left)
with the corresponding hydrodynamic diameters as measured
by DLS as a function of temperature with a TEM image of the
final nanoparticle morphology at 70 °C shown inset (right).

Consider first the DLS data for the p(OEGMA,;-block-
PPMA;¢) copolymer, Fig. 5A right. At the onset of general

A p(OEGMAz7-b-PPMA35) (0.7 wt% in EtOH)
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K
\C/ 80 »é\
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Fig. 5 (A) Transmission vs. temperature plot for the heating cycle of the

p(OEGMA,7-block-PPMAze) copolymer nano-objects highlighting the
TEPCST in EtOH at a concentration of 0.7 wt% (left) and the corresponding
DLS measured change in hydrodynamic diameter as a function of
increasing temperature with a TEM of the final nanoparticle morphology
shown inset, and (B) the same plots for the p(OEGMA,7-block-PPMA,s)
copolymer that exhibits a broader Tos°" transition.
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dispersion, at around 30 °C, DLS indicated the presence of
aggregates with an average hydrodynamic diameter, Dy, of
ca. 800-900 nm. This is consistent with the presence of large
ill-defined aggregates of nanoparticles associated with macro-
scopic phase separation. At the boundary between regimes II
and III, at ca. 40 °C, we observed a dramatic drop in the
measured D;, to a value of ca. 40.0 nm that continued to
decrease with further heating to a final value of just above
20.0 nm at 70 °C. The TEM image shown inset confirms
effective redispersion with nano-objects of a predominant
spherical morphology clearly present with an average TEM size
of ca. 30 nm which agrees reasonably well with the DLS data.
To demonstrate that such UCST-type behaviour is uniform for
such AB diblock nanoparticles in EtOH, Fig. 5B shows similar
data for the p(OEGMA,;-block-PPMA,5) copolymer (full
heating/cooling transmittance vs. temperature plots for the
p(OEGMA,,-block-PPMA,5) and  p(OEGMA,;-block-PPMA;e)
copolymers are available in the ESI{ along with the measured
change in hydrodynamic diameter as a function of tempera-
ture for the p(OEGMA,,-block-PPMA,) copolymer).

The transmission vs. temperature plot is plotted from the
onset of regime II to the beginning of regime III. There are two
clear differences between this plot and that in 5A for the
P(OEGMA,,-block-PPMAs,) copolymer. Firstly, the Tey°" is
approximately 20 °C higher and secondly, the measured tran-
sition is rather broad spanning a range of ca. 10 °C, compared
to the sharp transition observed at 42 °C for the p(OEGMA,-
block-PPMA;4) species. The higher Toy®" appears to be due to
the more solvophobic nature of p(OEGMA,,-block-PPMA,5)
copolymer vs. the p(OEGMA,,-block-PPMA3s) species and
suggests a rather significant influence of the solvophobic,
phase separated block on the thermal behaviour of the coronal
chains.®"®* Indeed, tuning phase transition temperatures via
the introduction of more solvophobic (or solvophilic) comono-
mers is a well-established approach for controlling such temp-
erature-dependent solubility behaviour. This is also likely the
cause of the broader transition with the overall increased
solvophobic nature of the nanoparticles resulting in a more
gradual resolvation and finally effective redispersion.

The DLS data for the p(OEGMA,;-block-PPMA,5) block co-
polymer species is also consistent with the existence of funda-
mentally different physical regimes, Fig. 5B right. At the
boundary between regimes II and III DLS indicated the pres-
ence of aggregates with an average Dy, of ca. 275 nm - large but
significantly smaller than those observed for the p(OEGMA,-
block-PPMA;¢) copolymer. Increasing the temperature from
55 °C to 60 °C resulted in a significant drop in the measured
Dy, from ca. 250 nm to 50.3 nm. Again, this is entirely consist-
ent with effective redispersion of the spherical nano-objects.
The larger, DLS-measured, size for the nanoparticles formed
by p(OEGMA,;-block-PPMA,;5) copolymer compared to
P(OEGMA,;-block-PPMA;e) is also consistent with an overall
larger X, of the former block copolymer versus the latter.

While such thermal responsive behaviour may be con-
sidered detrimental it is important to note that from a practi-
cal viewpoint such UCST-type behaviour offers the potential
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for facile isolation and storage (in a dry state) of nanoparticles
prepared by RAFTDP-PISA prior to redispersion and use in a
targeted application in a manner similar to that reported by
Kocik et al.®

Finally, to investigate more closely the molecular changes
associated with the observed UCST-type behaviour we re-exam-
ined the temperature-dependent NMR experiments and per-
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Fig. 6 H NMR spectra of p(OEGMA,,-block-PPMAse) recorded in dg-
ethanol; (A) heating from -5 °C to 70 °C (inset: relative integral as a
function of temperature. The relative integral values are normalized uti-
lizing the absolute integral value of the vinyl proton peaks from residue
PPMA monomer based on the assumption that the pOEGMA block is
fully solvated at 70 °C), and (B) cooling from 70 °C to 25 °C.
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formed a variable temperature experiment involving a heating-
cooling cycle by first heating the p(OEGMA,,-block-PPM;e)
sample in dg-ethanol from —5 °C to 70 °C with subsequent
cooling back to 25 °C. Fig. 6A and B show the general structure
of the block copolymer with key chemical components high-
lighted along with the acquired NMR spectra and a plot of the
relative intensities of key signals as a function of temperature.
The data in Fig. 6A (heating in ds-ethanol) shows many simi-
larities to the data presented in Fig. 2 for a p(OEGMA,g-block-
PPMA,) copolymer heated from 25 to 63 °C in d,-methanol. At
low temperature (—5 °C) all key resonances are absent with the
exception of a signal associated with the pendent CH; group
of the pOEGMA side chains. The turbidity experiments
suggested the presence of macroscopic precipitate under these
conditions due to a UCST-type transition associated with the
coronal pOEGMA chains. The NMR data suggests that even
under these conditions of macroscopic phase separation the
POEGMA side chains are not fully desolvated but are clearly
not sufficiently solvated to allow for effective dispersion. As the
temperature is increased from —5 °C to 35 °C the intensity of
the signal associated with the CH; group also increases
(although there is little evidence of any change in other key
signals). This is consistent with the behaviour observed in
regime I of the turbidity data - increasing solvation of the
coronal pOEGMA chains results in an effect dispersion of the
nanoparticles. At 45-55 °C we reach essentially full solvation
of the coronal pOEGMA species and effective redispersion.
This temperature range is consistent with the value of 42 °C
identified in the turbidity experiments as the point at which
full dispersion is accomplished. It is also during this range of
45-55 °C that signals associated with the inner pPPMA blocks
begin to appear and, again, is entirely consistent with the data
in Fig. 2 for similar AB diblock copolymers in d,-methanol.
What is rather unique about this system however is the dual
thermoresponsive nature of both the inner and outer blocks.
Recall, the increased solvation of the inner pPPMA blocks can
account for order-order transitions, such as worm-to-sphere
morphology changes, while the decreased solvation of the
outer pPOEGMA block is responsible for an order-disorder tran-
sition. The reversibility, of this process is demonstrated by the
cooling profile. Reducing the temperature from 70 to 25 °C
results in a desolvation process for both the inner and outer
chains. However, and as expected this is most dramatic for the
inner pPPMA block.

Conclusions

Herein we have described the triply-responsive nature of soft
matter nanoparticles based on AB diblock copolymers of poly-
[oligo(ethylene glycol) methyl ether methacrylate-block-3-
phenylpropyl methacrylate]. We have shown that these nano-
particles can exhibit two distinct, fully reversible, thermal
responses — a heating induced worm-to-sphere morphological
(order-order) transition in methanol and an order-disorder
transition based on upper critical solution temperature-based
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behaviour associated with the poly[oligo(ethylene glycol)
methyl ether methacrylate] coronal chains when the nano-
objects are dispersed in ethanol. Additionally, given the pres-
ence of surface carboxylic acid functional groups (as a result of
the RAFT syntheses utilizing an acid-containing chain transfer
agent) we have, for the first time, demonstrated an organo-
base-mediated worm-to-sphere order-order transition. This
latter response is complementary to base-mediated transitions
in aqueous media reported previously.
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