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ABSTRACT: We recently reported that the reversible addition— Thermeresponsive diblock copoly Blects via SAFT aquects emu'sien polymerization

fragmentation chain transfer (RAFT) aqueous emulsion polymer- \ONot?uk;Xi’““’\jgsﬁsrs“P" " N

ization of hydroxybutyl methacrylate (HBMA) using a relatively e g .

short non-ionic poly(glycerol monomethacrylate) (PGMA) pre- Is - HE ™

cursor enables convenient preparation of diblock copolymer nano- Heating — T | e

objects with spherical, worm-like, or vesicular morphologies. We v =oc] €8 " g "

postulated that the relatively high aqueous solubility of HBMA (~25 & L] : w B2 e

g dm™ at 50 °C) was likely to be a key parameter for overcoming . e e TR A
emperature

the problem of kinetically trapped spheres that is observed for many
RAFT aqueous emulsion polymerization formulations. In this study,
we revisit the RAFT aqueous emulsion polymerization of HBMA using a poly(ethylene glycol) (PEG) precursor as a steric stabilizer
block. Remarkably, the resulting PEG,s—PHBMA,, diblock copolymer nanoparticles exhibit thermoreversible morphological
transitions in aqueous solution. More specifically, transmission electron microscopy and small-angle X-ray scattering studies
confirmed that spheres are formed at 25 °C, worms at 58 °C, and vesicles at 65 °C. This is the first time that such behavior has been
reported for nano-objects prepared by RAFT aqueous emulsion polymerization. Moreover, variable temperature dynamic light
scattering and oscillatory rheology studies confirmed that these transitions are highly reversible at 0.1 and 10% w/w, respectively.
Variable temperature '"H NMR studies indicated that (i) the PEG stabilizer block undergoes dehydration on heating and (ii) the
apparent degree of hydration of the hydrophobic PHBMA block increases on heating from 25 to 65 °C. This suggests that the
change in copolymer morphology is best explained in terms of a uniform plasticization mechanism.

B INTRODUCTION hydrophobic blocks.*”*® This induces a subtle change in the
fractional packing parameter P> which is sufficient to drive
various morphological transitions for the corresponding

diblock copolymer nano-objects when adjusting the solution
39,45,46,54,55,

It is well-known that polymerization-induced self-assembly
(PISA) enables the convenient and efficient preparation of a
wide range of diblock copolymer nano-objects in the form of

concentrated dispersions.' *° In the case of aqueous PISA temperature. 7% For example, Ratcliffe and co-
formulations, if the vinyl monomer used to grow the workers reported that a single poly(2-hydroxypropyl meth-
hydrophobic second block is water-miscible, this corresponds acrylamide)—poly(2-hydroxypropyl methacrylate)
to an aqueous dispersion polymerization.”'”*"*’** On the (PHPMAC,;—PHPMA 4,) diblock copolymer formed spheres
other hand, if the monomer is water-immiscible—which is at 4 °C, worms at 22 °C, and vesicles at 50 °C.*

much more common—this corresponds to an aqueous Recently, we have reported five examples of HBA-based
emulsion polymerization.”*™** In the PISA literature, there thermoresponsive diblock copolymers of fixed composition
has been substantial interest in the rational design of aqueous that can form spheres, worms, or vesicles in aqueous solution

dispersions of thermoresponsive shape-shifting diblock copoly-
mer nano-objects over the past decade.'”””*® In practice,
such nano-objects are invariably prepared via RAFT aqueous
dispersion polymerization.”*” ™" This is because water-
miscible vinyl monomers such as 2-hydroxypropyl methacry- ) _
late (HPMA),27"!=5* 4 hydroxybutyl acrylate (HB N Rev1§ed: Apr?l 1, 2022
N-isopropylacrylamide,'”** or 2-methoxyethyl acrylate®”*' Published: April 17, 2022
produce homopolymers that are only weakly hydrophobic. In

particular, their degree of (partial) hydration is temperature-

dependent, which affects the relative volume fraction of such

simply by adjusting the solution temperature.****~°" Initially,
Byard et al. prepared thermoresponsive poly(IN,N’-dimethyl-
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acrylamide)—poly(4-hydroxybutyl acrylate) (PDMAC;s—
PHBA,;5_¢0) worms via RAFT aqueous dispersion polymer-
ization of HBA at 20% w/w solids.”> Spheres were formed on
cooling to 3 °C, whereas heating to 50 °C led to the formation
of vesicles. Variable temperature "H NMR studies indicated
that the weakly hydrophobic HBA repeat units became more
hydrated at elevated temperature. This is in striking contrast to
the behavior observed for PHPMA-based diblock copolymers,
where the HPMA repeat units become less hydrated on
heating.*”**°"%7%7 Such contrasting behavior is rather
counterintuitive given that HPMA and HBA are structural
isomers. Unfortunately, the relatively low T, of the PHBA
block led to film formation, which prevented the determination
of copolymer morphologies via TEM.®” Subsequently, Byard et
al. addressed this technical issue by statistically copolymerizing
HBA with a cross-linkable diacetone acrylamide (DAAM)
Covalent stabilization using adipic acid
dihydrazide prevented film formation and hence enabled
TEM studies. However, the presence of 20 mol % DAAM
comonomer reduced the thermoresponsive behavior exhibited
by the HBA-rich structure-directing block. Recently, this
limitation was overcome by Deane et al, who prepared a
series of poly(2-(N-(acryloyloxy)ethylpyrrolidone)—poly(4-
hydroxybutyl acrylate) (PNAEPg—PHBA,) diblock copoly-
mer nano-objects. In this case, glutaraldehyde was reacted with
the pendent hydroxyl groups on the PHBA block to covalently
stabilize the nanoparticles. This approach enabled high-quality
TEM images of PNAEPg—PHBA,y; nano-objects to be
obtained without incorporating a second cross-linkable
comonomer (e.g. DAAM) within the structure-directing
block. This enabled direct evaluation of the thermoresponsive
behavior of purely PHBA-based nano-objects. More specifi-
cally, raising the temperature drives morphological transitions
from spheres (5 °C) to worms (23 °C) to vesicles (31 °C) and
finally lamellae (41 °C). Moreover, such transitions proved to
be fully reversible on cooling.

In striking contrast, the RAFT aqueous emulsion polymer-
ization of relatively hydrophobic vinyl monomers such as
styrene,”®”7* methyl methacrylate,”*~”” benzyl methacry-
late,”®”” n-butyl acrylate,”””>*" phenyl acrylate,®" vinyl
acetate, ™% or 2,2,2-trifluoroethyl methacrylategé_89 invar-
iably leads to the formation of block copolymer nano-objects
that do not exhibit any thermoresponsive behavior. Moreover,
such formulations often lead solely to kinetically trapped
spheres, although there are a few well-known counter-examples
to this morphological limitation.””*7%*°=* Recently, Armes
and co-workers explored the RAFT aqueous emulsion
polymerization of vinyl monomers such as glycidyl meth-
acrylate,” ™" 2-methoxyethyl methacrylate,” or hydroxybutyl
methacrylate (HBMA)®”'%’ which exhibit moderate aqueous
solubilities (e.g,, 15—20 g dm™>) at 20 °C. This has provided
access to well-defined worms and vesicles, as well as spheres.
However, such nano-objects typically do not exhibit
thermoresponsive behavior.

Herein we report the RAFT aqueous emulsion polymer-
ization of HBMA using a trithiocarbonate-capped PEG
precursor. We demonstrate that this system provides the first
example of thermoresponsive diblock copolymer nano-objects
to be prepared by using such an aqueous PISA formulation.
Moreover, PEG—PHBMA spheres, worms or vesicles can be
formed reversibly in aqueous solution simply by varying the
solution temperature.

46
comonomer.
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B RESULTS AND DISCUSSION

PEG,s—PHBMA,, diblock copolymer nano-objects were
synthesized by RAFT aqueous emulsion polymerization of
HBMA using a previously reported trithiocarbonate-based
PEG,s-TTC precursor™ (see Figure 1). These syntheses were
performed using an azo-based VA-044 initiator at 50 °C and a
PEG,s-TTC/VA-044 molar ratio of 5.0 while targeting 10% w/
w solids.

o
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Figure 1. RAFT aqueous emulsion polymerization of HBMA at 50 °C
using a trithiocarbonate-based PEG,s-TTC precursor and a PEGys-
TTC/VA-044 molar ratio of 5.0 while targeting 10% w/w solids (N.B.
HBMA monomer comprises a 1:1 mixture of the 2- and 4-isomers;
the chemical structure of both isomers is indicated on the reaction
arrow).

OH

'"H NMR spectroscopy studies of PEG,;—PHBMA,, in
CD;0D (which leads to molecular dissolution of the initial
nano-objects) confirmed that a HBMA conversion of more
than 99% was achieved within 1 h at 50 °C (see Figure S1).
DMF GPC curves obtained for the PEG,;—PHBMA,, diblock
copolymer using either a refractive index or a UV detector
tuned to the absorption wavelength of the trithiocarbonate
RAFT chain-end (1 = 305 nm) are shown in Figure S2. In each
case, these GPC curves are shifted relative to that of the
corresponding PEG,s-TTC precursor, which indicates a
relatively high blocking efficiency and minimal homopolymer
contamination. Moreover, a relatively narrow unimodal
molecular weight distribution was obtained (M, /M, = 1.11),
which is consistent with those previously reported for
PGMA,,—PHBMA diblock copolymers.'”’ Targeting higher
PHBMA DPs led to a systematic increase in M,,/M,, because of
the presence of dimethacrylate impurities in the HBMA
monomer, which inevitably causes chain branching.”>*>'"!
Visual inspection confirmed that the final 10% w/w aqueous
dispersion of PEG,s-PHBMA,, nano-objects was a transparent
free-flowing fluid at 20 °C. This was not unexpected because
the relatively short PHBMA DP should favor the formation of
spheres. Indeed, TEM studies confirmed that these nano-
objects possessed a spherical morphology (see Figure 3a) while
DLS studies indicated a z-average diameter of 17 nm (PDI =
0.09).
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On quenching the HBMA polymerization at 50 °C, the 10%
w/w PEG,—PHBMA,, dispersion was highly viscous.
However, a free-flowing dispersion was obtained after cooling
to 20 °C. This physical transformation suggested that these
PEG,s—PHBMA,, nano-objects were likely to possess
thermoresponsive character. To explore this hypothesis, the
10% w/w dispersion was immersed in an oil bath and heated to
25, 585, or 65 °C for 10 min while recording digital
photographs (see Figure 2). On heating to 5S °C, a relatively

.
. »

Spheres at 25 °C

Heat 11 Cool

Worms at 55 °C

Heat 11 Cool

Vesicles at 65 °C

Figure 2. Digital images (left) illustrating the physical appearance of a
10% w/w PEG,—PHBMA,, aqueous dispersion: (top) at 25 °C,
(middle) on heating to 5S °C for 10 min, and (bottom) on heating to
65 °C for 10 min. Schematic representation (right) of the likely
thermoreversible morphological transitions exhibited by these diblock
copolymer nano-objects. N.B. The observed yellow color arises from
the trithiocarbonate chain-ends.

transparent free-standing gel was obtained. On further heating
to 65 °C, degelation occurred to produce a free-flowing turbid
dispersion. Such transformations proved to be fully reversible
as judged by visual inspection.

There are numerous examples of thermoresponsive diblock
copolymer nano-objects in the PISA litera-
ture 333944=46,53-55,59,63,66,102=110 " ol e
PEG4—PHBMA,, nano-objects also exhibit thermally-induced
changes in morphology, TEM studies were performed for 0.1%
w/w aqueous dispersions after drying at 25, 58, 65, or 75 °C.
Unlike previously reported temperature-dependent studies on
PHBA-based diblock copolymers,*”*”'"" the PEG,s—
PHBMA,, nano-objects studied herein do not require covalent
stabilization prior to their visualization by TEM. This is
because the methacrylic block has a sufficiently high T, to
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prevent film formation during TEM grid preparation. Hence
the PEG,s—PHBMA,, nano-objects can be analyzed directly.>
TEM studies confirmed that PEG,—PHBMA,, undergoes
morphological transitions that resemble those reported for
PHBA-based diblock copolymers.''? More specifically,
PEG,—PHBMA,, forms spheres at 25 °C, anisotropic
worms at 55 °C, vesicles at 65 °C, and lamellae at 75 °C
(see Figure 3). Such thermoresponsive behavior is perhaps
surprising given the significantly greater hydrophobic character
of HBMA monomer (aqueous solubility ~30 g dm™ at 20 °C)
compared to that of HBA (which is miscible with water in all
proportions at 20 °C). One subtle difference between PHBA-
and PHBMA-based diblock copolymer nano-objects is the
preferred morphology at ambient temperature. For example,
Deane et al. reported that PNAEPg;—PHBA,¢s worms undergo
a worm-to-sphere on cooling to 5 °C, whereas on heating to 34
°C they undergo a worm-to-vesicle transition. In contrast,
PEG,;—PHBMA,, forms spheres at ambient temperature,
which undergo a sphere-to-worm transition at 55 °C followed
by a worm-to-vesicle transition on heating to 70 °C. In
summary, these two diblock copolymers undergo the same
thermal transitions, but higher onset temperatures are required
to produce worms and vesicles in the case of PEG,s—
PHBMA,,,

DLS was used to determine the sphere-equivalent z-average
diameter for a 0.10% w/w aqueous dispersion of PEG,—
PHBMA,, nano-objects during a thermal cycle from 20 °C to
75 °C to 20 °C (Figure 4a). Initially, this dispersion comprised
relatively small spheres (17 nm diameter, PDI = 0.09). At 44
°C, the z-average diameter and DLS polydispersity both begin
to increase rapidly, which is characteristic of a sphere-to-worm
transition.*”""* A dramatic increase in size and a concomitant
reduction in DLS polydispersity occur above 60 °C, suggesting
the formation of relatively small, well-defined vesicles (z-
average diameter = 117 nm, DLS polydispersity = 0.05).
Comparable z-average diameters were recorded during the
cooling cycle, indicating remarkably good thermoreversibility
at this relatively low copolymer concentration.

Oscillatory rheological studies conducted on a 10% w/w
aqueous dispersion of PEG,—PHBMA,, nano-objects con-
firmed that a low-viscosity fluid was obtained between 20 and
50 °C (see Figure 4b). Further heating of this dispersion
produced a soft, highly transparent, free-standing gel (Figure
2). More specifically, the storage modulus (G’) exceeds the
loss modulus (G”) at around 52 °C (see Figure S3), and a
maximum |7*| of 62 Pa s (which corresponds to a maximum G’
value of around 45 Pa) is attained at 58 °C (see Figure 4b).
According to Lovett and co-workers, such macroscopic
gelation is the result of multiple interworm contacts, which
leads to the formation of a 3D percolating network.'** It is
perhaps noteworthy that this PEG,s—PHBMA,, worm gel is
somewhat weaker than the PEG,;;—PHPMA,,, worm gel
reported by Warren et al.”® (G’ = 65 Pa at 11 °C). However,
direct comparison between the PEG,;—PHBMA,;, worms
reported herein and the previously reported PEG,;;—
PHPMA,,, worms is somewhat problematic given the different
PEG stabilizer block DPs. Furthermore, a much lower PHBMA
DP is required to access the worm phase because this core-
forming block is signiﬁcant?f more hydrophobic than either
PHBA>***! or PHPMA.””** Heating the PEG,s—PHBMA,,
dispersion above 58 °C resulted in a substantial reduction in
viscosity, suggesting a worm-to-vesicle transition,*>''* Heating
to 75 °C led to a second, smaller increase in viscosity, which
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Figure 3. Representative TEM images obtained for a 0.1% w/w aqueous dispersion of PEG,s—PHBMA,, nano-objects at (a) 25 °C (spheres) and
after heating for 30 min to (b) 58 °C (worms), (c) 65 °C (vesicles), or (d) 75 °C (lamellae).

corresponds to the formation of lamellae (see Figure 3d).*

These thermal transitions proved to be remarkably reversible,
with relatively little hysteresis being observed at heating/
cooling rates of 1 °C min~'. Exceptionally, hysteresis is
observed for the vesicle-to-lamellae transition: very similar
observations were reported by both Wilson®* and Deane and
co-workers.*® This strongly suggests that such hysteresis is
most likely characteristic of the precise mechanism for the
structural transformation between vesicles and lamellae. Such
observations clearly warrant further studies.

Shear-induced polarized light imaging (SIPLI) studies were
conducted from 20 to 75 °C to provide further evidence for
the thermally induced changes in copolymer morphology.
According to Mykhaylyk and co-workers, this optorheological
technique enables the alignment of anisotropic nano-objects
such as block copolymer worms and lamellae to be visualized
at a certain critical rate of applied shear.""*~"'7 At 20 °C, only
a uniform dark image was observed for the 10% w/w aqueous
dispersion of PEG,s—PHBMA,; nano-objects at an applied
maximum shear rate of 1.0 s~' (see Figure S4). This lack of
birefringence indicates the presence of isotropic spheres. At 60
°C, a distinctive Maltese cross is observed, which is
characteristic of anisotropic nano-objects.>"'® This feature is
the result of birefringence produced by in situ shear alignment
of the worms.*® It disappears above 60 °C, which is consistent
with a worm-to-vesicle transition, while a new (albeit weaker)
Maltese cross is observed at 70 °C. The latter feature indicates
the presence of anisotropic lamellae possessing either a
perpendicular or a transverse orientation.® However, the
onset temperature required to produce lamellae is lower than
the 75 °C indicated by the oscillatory rheology data shown in
Figure 4b. This is because the applied (continuous) shear used
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for the SIPLI experiment produces a greater strain, which
promotes the transition from vesicles to lamellae.*
Small-angle X-ray scattering (SAXS) studies were conducted
on a 1.0% w/w aqueous dispersion of PEG,s—PHBMA,, nano-
objects as a function of temperature. Figure S shows selected
SAXS patterns recorded at 20, 55, 65, and 70 °C; three of these
patterns could be satisfactorily fitted (see solid white lines)
using well-known scattering models (see the Supporting
Information).'"*'% In each case, the dimensions calculated
from these SAXS fits were consistent with those determined by
DLS and TEM (see Table 1). SAXS analysis of the spheres
formed at 20 °C indicated a volume-average core diameter of
13.8 nm, which is consistent with the overall hydrodynamic z-
average diameter of 17.6 nm indicated by DLS. For the
anisotropic worms formed at 55 °C, the volume-average cross-
sectional core diameter T, was calculated to be 11.5 nm, which
is in reasonably good agreement with the number-average
worm width of 11.2 nm estimated by TEM. The gradual
increase in the apparent sphere-equivalent DLS diameter at
around 40 °C (see Figure 4a) indicates that the formation of
these PEG,s—PHBMA,, worms involves stochastic 1D fusion
of multiple spheres, which has been observed for other PISA
formulations.”>*>'”'"* In principle, a modest reduction in
cross-sectional diameter is expected when cylindrical worms
are formed via fusion of multiple spheres (see Figure S5).°*
Under such circumstances, the worm core diameter divided by
the sphere core diameter should be equal to the square root of
2/3, or ~0.82. This is consistent with the worm/sphere
diameter ratio of 11.5 + 13.8 = 0.83 calculated by SAXS
analysis of the corresponding PEG,s—PHBMA,, nano-objects.
At 65 °C, SAXS analysis indicated that relatively small
vesicles were formed with a volume-average diameter of 119 +
46 nm, which is consistent with the z-average diameter of 120

https://doi.org/10.1021/acs.macromol.2c00379
Macromolecules 2022, 55, 3051-3062


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00379/suppl_file/ma2c00379_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00379/suppl_file/ma2c00379_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00379/suppl_file/ma2c00379_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00379/suppl_file/ma2c00379_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00379?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

() 140- "
L Spheres , Worms Vesicles
&
£ 120 : deetrerenoons
[ o]
g I |
+ 100 - I -
% I a1l
| ool |
g B I &
5 1 o 1
60 I oo |
> I o I
(o]
E loo |
) 40 4 IOOO 1
> Ko 1 "
T 1 o 1 O Heating
N 2 &Wo E g| 1 O Cooling
1 1
o T T T 1 T T 1 T 1
20 30 40 50 60 70 80
Temperature / °C
(b) 10° Spheres Worms Vesicles
| 1
| 1
102 | |
| (o] 1
1 g8 1
- 10’ 1
g ooI 8 ;d%%
= 10° 1 By
P g | 1 Ry
c o 1 1
107" o |
efoopL0 1 1
> o0, %o °% | |
102 o % oo® 1 1 O Heating
: : O Cooling
10-3 M T T Io T 1 T L T 1
20 30 40 50 60 70 80

Temperature / °C

Figure 4. (a) Apparent sphere-equivalent z-average diameter
determined by DLS as a function of temperature for a 0.1% w/w
dispersion of PEG,—PHBMA,, nano-objects. The red data were
recorded on heating from 20 to 75 °C while the blue data were
recorded on cooling from 75 to 20 °C. The dispersion was
equilibrated at each temperature for 5 min prior to DLS measure-
ments. The black dashed lines indicate the likely phase boundaries for
the three copolymer morphologies (spheres, worms, and vesicles). (b)
Complex viscosity |17*| as a function of temperature for a 20 °C to 75
°C to 20 °C thermal cycle obtained for a 10% w/w aqueous
dispersion of PEG,s—PHBMA,, nano-objects at an applied strain of
1.0% and an angular frequency of 1.0 rad s™'. This dispersion was
equilibrated at 20 °C for 10 min prior to a thermal cycle conducted at
a heating/cooling rate of 1 °C min™". The black dashed lines indicate
the sol—gel and gel—sol transitions that occur during this cycle, as
indicated from the relationship between G’ and G”.

+ 27 nm reported by DLS. On the basis of TEM analysis, the
larger standard deviation indicated by SAXS appears to be
more reliable than that suggested by DLS. The mean
membrane thickness was 5.5 nm, which indicates significant
interdilgitation of the structure-directing hydrophobic
chains;"*" similar observations were reIS)orted for thermores-
ponsive PHBA-based nano-objects.****>? Finally, a relatively
broad structure peak (q* = 0.024 A) becomes visible at 75 °C,
which suggests the presence of stacked lamellar sheets.** This
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Figure 5. Representative double-logarithmic I(g) vs g SAXS patterns
recorded for a 1.0% w/w aqueous dispersion of thermoresponsive
PEG,;—PHBMA,, nano-objects at 20 °C (black), 55 °C (blue), 65
°C (green), and 70 °C (red). The solid white line within each of the
first three patterns indicates the data fits obtained by using
appropriate scattering models (see the Supporting Information for
further details).''”'*° The characteristic low g gradients expected for
spheres, worms, and vesicles (0, —1 and —2, respectively) are included
as a guide for the eye. No data fit could be obtained for the red
pattern recorded at 70 °C for the lamellae. However, the mean
distance, d, between stacked lamellae was calculated from the
structure peak labeled g* by using the equation shown in the inset.

is consistent with TEM studies of the nano-objects that are
formed at 75 °C (see Figure S). For this SAXS pattern, the
relation d = 27 /q* was used to estimate a mean intersheet
separation distance of 26 nm.*

A series of SAXS patterns recorded for a 1.0% w/w aqueous
dispersion of PEG,s—PHBMA,, nano-objects on heating from
20 to 70 °C at 1 °C min™" (Figure 6a) clearly demonstrate
morphological transformation from spheres to worms to
vesicles and, finally, to lamellae. In each case, the gradient of
the scattering intensity in the low q region is characteristic of
the gredominant copolymer morphology, as shown in Figure
6b.'** The low q gradient is close to zero from 20 to 40 °C,
suggesting the presence of spheres over this temperature range.
At around 50 °C, the low g gradient tends toward —1,
indicating the formation of highly anisotropic worms. At
around 65 °C, the low g gradient is close to —2, which is
characteristic of bilayer (or vesicle) formation. At 70 °C, the
broad structure factor observed at around 0.024 A indicates the
presence of stacked lamellae sheets.*® Clearly, these SAXS data
are consistent with the copolymer morphologies observed by
TEM and rheology.

Moreover, SAXS analysis also indicated that the water
volume fraction associated with the core-forming PHBMA
block, x,,, remained constant at around 0.001 on heating from
20 to S0 °C (see Table 1). However, x,, increased significantly
to 0.18 on heating to 65 °C. A subtle increase in the (partial)
degree of hydration of the core-forming block has been shown
to be responsible for thermally-induced morphological
transitions exhibited by diblock copolymer nano-objects
prepared via RAFT aqueous dispersion polymerization.*”*°

For example, Deane et al. used SAXS to calculate that x,, for

sol
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Table 1. Summary of the Various Structural Parameters Calculated from SAXS Analysis of a 1.0% w/w Aqueous Dispersion of
PEG,;-PHBMA,; Nano-Objects at 20, 5SS or 65 °C*

temp/°C morphology D,/nm” D,,/nm® D,/nm? T,,/nm Kol
20 spheres 13.8 2.2 0.001
SS worms 11.5 £ 2.0 0.001
65 vesicles 119 + 46 10.7 £ 0.6 0.18

“D, is the volume-average sphere diameter, D, is the volume-average worm cross-sectional diameter, D, is the overall volume-average diameter of
the vesicles, Ty, is the mean vesicle membrane thickness, and x,, is the volume fraction of water within the hydrophobic PHBMA core/membrane.

Usmg a spherical micelle model,"*® D was calculated via D, = 2R, + 4R,, where R, is the mean spherical micelle core radius and R, represents the
radius of gyration of the PEGy; stablhzer block. “Using a worm- hke model,'*° D,, was calculated via D,, = 2R,, + 4R,, where R, is the mean volume-
average cross-sectional worm radius. Usmg a vesicle model,"*° D, was calculated via D, = 2R, + T}, + 4R,, where R, is the mean volume-average
radius from the center of the vesicle to the center of the membrane.

the PHBA core-forming block increased from 0.10 to 0.68 on signals at 3.7—3.8 ppm. Nevertheless, these '"H NMR studies

heating PEG,;;—PHBA,¢, nano-objects from 10 to S0 °Cc.”? indicate that a significant reduction in the degree of hydration
These «x,, values are consistent with those calculated for of the PEG stabilizer chains occurs on heating. Indeed, the
PEG,—PHBMA,, nano-objects in this study, particularly spectra shown in Figure 7 suggest that the sphere-to-worm and
given that PHBMA is significantly more hydrophobic than worm-to-vesicle transitions appear to be mainly driven by
PHBA.*® Thus, PHBMA is expected to become somewhat less (partial) dehydration of the PEG stabilizer block, whereas the
hydrated than PHBA on heating. Nevertheless, the increase in vesicle-to-lamellae transition is driven by an increase in the
(partial) hydration of the former block is clearly sufficient to degree of (partial) hydration of the PHBMA block. We now
cause PEG,;—PHBMA,, nano-objects to undergo morpho- seek to rationalize this hypothesis in terms of the fractional
logical transitions at elevated temperatures. packing parameter, P, originally introduced by Israelachvili and
It is well-known that thermoresponsive PHPMA-based co-workers to account for the micellization of small-molecule
worms undergo a worm-to-sphere transition on cooling because surfactants*® and more recently ayPIIEd to the self-assembly of
of (partial) hydration of the HPMA repeat units that lie close amphiphilic diblock copolymers.
to the block junction.”* This LCST-like behavior has been The packing parameter P is given by the following equation:
described as surface plasticization.3 In contrast, PHBA-based v
nano-objects exhibit UCST-like behavior: in this case, an P=—
increase in (partial) hydration of the hydrophobic block occurs aole (1)

. . ’ 46,109
on heating, which corresponds to uniform plasticization.

Accordingly, variable temperature 'H NMR spectroscopy
studies were conducted to elucidate the molecular mechanism
responsible for the thermoresponsive behavior observed for
PEG4s—PHBMA,, nano-objects.

Variable temperature 'H NMR spectroscopy studies were
conducted between 20 and 75 °C on a 10% w/w aqueous
dispersion of PEG,—PHBMA,, nano-objects prepared in
D,0. '"H NMR spectra normalized relative to an external

standaljd (p yridine). are sh?wn in .Figure 7 al'ong W%th two slets worm-to-vesicle transitions (spheres are formed when P < 1/3
of partial spectra highlighting regions of particular interest. 'H and worms are favored when 1/3 < P < 1/2). However,

NMR signals assigned. to the PEG“S stabilizer cha%ns .bec.orne variable temperature SAXS and '"H NMR studies indicate that
broader and less prominent at higher temperature, indicating a there is also a subtle increase in the (partial) degree of

For the PEG,s—PHBMA,, diblock copolymer, V is the volume
occupied by the hydrophobic PHBMA block, aj is the optimal
area occupied by the head-group (in this case, the PEG
stabilizer), and I, is the length of the PHBMA block.

It is well-known that aqueous solutions of PEG homopol-
ymer exhibit LCST-type behavior."*°~"*° In principle, partial
dehydration of the PEG stabilizer chains at higher temper-
atures should lead to an increase in the packing parameter P,
which would account for the observed sphere-to-worm and

progressively lower degree of hydration for this water-soluble hydration of the structure-directing PHBMA block between 65
block. This is consistent with literature data for aqueous and 75 °C. If surface plasticization of the PHBMA block
solutions of PEO homopolymers, Ig}:ilczh undergo  phase occurred at 75 °C, the HBMA residues near the block junction
separation at elevated temperatures. > In contrast, 'H would become hydrated and V would decrease, which would
NMR signals assigned to the oxymethylene (m) and lead to a concomitant reduction in P. However, this is not
methacrylic backbone protons (b, h, j, k) of the structure- consistent with the experimental observations because this
directing PHBMA chains at around 3.7 and 1.0 ppm indicates that a vesicle-to-worm transition should occur. In
respectively, become progressively more intense on heating contrast, uniform plasticization of the PHBMA block increases
(see Figures 7c and 7d). This indicates that this weakly V and hence leads to the desired increase in P. Hence, uniform
hydrophobic block becomes more hydrated, particularly at plasticization most likely accounts for the vesicle-to-lamellae
higher temperatures. These observations are consistent with transition exhibited by the PEG,s—PHBMA,, diblock copoly-
the SAXS studies, which indicate a significant increase in the mer, as depicted in Figure 8. Similar UCST-like behav10r has
solvent volume fraction, x,,, associated with the PHBMA been reported for PHBA-based diblock copolymers.***® It is
chains between 55 and 65 °C (see Table 1). However, it is perhaps also worth noting that the likely further (partial)
rather surprising that such spectral changes only become dehydration of the PEG stabilizer chains would also lead to an
apparent above 65 °C, whereas the sphere-to-worm and worm- increase in the relative volume fraction of the hydrophobic
to-vesicle transitions occur at significantly lower temperatures. PHBMA block.

Unfortunately, such spectral changes cannot be easily As far as we are aware, this study constitutes the first

quantified because of overlap between the PEG and PHBMA example of amphiphilic diblock copolymer nano-objects
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Figure 6. (a) SAXS patterns recorded between 20 and 70 °C for a
1.0% w/w aqueous dispersion of thermoresponsive PEG,s—PHBMA,,
nano-objects prepared at 10% w/w solids with a heating rate of 1 °C
min~". The characteristic low q gradients expected for spheres, worms,
and vesicles (0, —1, and —2, respectively) are included as a guide for
the eye (see the black, bluedashed lines indicate the characteristic and
red dashed lines). In addition, there is a prominent structure factor in
the final SAXS pattern recorded at 70 °C, which indicates
interlamellar stacking. (b) Variation in the low q gradient (0.006 <
q < 0.015 A™") for the SAXS patterns shown in (a) as a function of
temperature. The horizontal dashed lines indicate the characteristic
low q gradients (0, —1, and —2) which indicate the presence of
spheres, worms and vesicles, respectively.

prepared via RAFT aqueous emulsion polymerization that
display thermoresponsive behavior. However, HBMA has a
relatively high aqueous solubility of 25 g dm™ at 50 °C. Thus,
when targeting PEG,s—PHBMA,, nano-objects at 10% w/w
solids, a significant minority (~42%) of this monomer is
soluble within the aqueous continuous phase at this reaction
temperature. Arguably, such aqueous PISA formulations lie
somewhere between an aqueous emulsion polymerization and
an aqueous dispersion polymerization. To increase the
proportion of water-immiscible HBMA monomer, the syn-
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Figure 7. Variable temperature 'H NMR studies of thermoresponsive
PEG,s—PHBMA,, diblock copolymer nano-objects. (a) Chemical
structure of the PEG,—PHBMA,, diblock copolymer showing the
two types of HBMA repeat units. (b) Normalized (relative to a
pyridine external standard) "H NMR spectra recorded from 25 to 75
°C for a 10% w/w aqueous dispersion of PEG,s—PHBMA,, nano-
objects prepared in D,0. (c) Overlaid partial spectra recorded
between 25 °C (purple) and 75 °C (red) for the oxymethylene
protons (m) assigned to the PEG,; chains. This signal clearly becomes
broader and weaker at higher temperatures, suggesting that this steric
stabilizer block becomes less hydrated. (d) Overlaid partial spectra
recorded between 25 °C (purple) and 75 °C (red). The signal at
around 0.95—1.15 ppm assigned to the methacrylic backbone protons
(b, h, j, k) of the PHBMA chains becomes visible at higher
temperatures, indicating partial solvation of this block. In addition, a
broad signal (f, I) at around 3.70—3.7S ppm is observed as a shoulder
on the oxymethylene proton signal (m) assigned to the PEG,s chains
at and above 65 °C, see panel (c). This new signal is assigned to the
HO—CH,— protons on the HBMA repeat units.

thesis of PEG,s—PHBMA,, nano-objects was repeated
targeting 30% w/w solids. Under such conditions, approx-
imately 86% of the HBMA is water-immiscible at 50 °C.
Gratifyingly, the resulting PEG,s—PHBMA,, spheres displayed
similar thermoreversible behavior as those prepared at 10% w/
w solids. More specifically, variable temperature SAXS
experiments confirmed that heating such nanoparticles from
20 to 55 °C led to the formation of worms. Moreover, further
heating to 65 °C led to the formation of vesicles (see Figure 9).

Bl CONCLUSIONS

Amphiphilic PEG,s—PHBMA,, diblock copolymer nano-
objects have been prepared by chain-extending a water-soluble
PEG,-TTC precursor via RAFT aqueous emulsion polymer-
ization of HBMA at 50 °C. More than 99% conversion was
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Figure 8. Schematic representation of the partial dehydration of the blue PEG stabilizer block at 55 °C and the uniform plasticization of the red
core-forming PHBMA block at 65 °C that occur on heating an aqueous dispersion of PEG,s—PHBMA,, spheres. These subtle changes account for
the observed sphere-to-worm and worm-to-vesicle transitions, respectively.

-2
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Figure 9. Representative double-logarithmic I(q) vs g SAXS patterns
recorded for a 1.0% w/w aqueous dispersion of thermoresponsive
PEG,s—PHBMA,, nano-objects prepared at 30% w/w solids at 20 °C
(black), 55 °C (blue) and 65 °C (red). The characteristic low g
gradients expected for spheres, worms and vesicles (0, —1, and -2,
respectively) are included as a guide for the eye.

achieved within 1 h, and efficient extension of the PEG,s-TTC
precursor with HBMA was confirmed by GPC analysis.
Heating a transparent free-flowing 10% w/w dispersion of
PEG,—PHBMA,, nano-objects up to 50 °C resulted in a sol—
gel transition, which indicated the formation of a worm phase.
At 65 °C, this dispersion became opaque and free-flowing,
which suggested a worm-to-vesicle transition. After drying a
0.1% w/w aqueous dispersion of PEG,;—PHBMA,, nano-
objects at 25, 55, 65 or 75 °C, TEM studies confirmed the
presence of spheres, worms, vesicles or lamellae, respectively.
Variable temperature DLS studies confirmed that these
morphological transitions are thermoreversible at copolymer
concentrations as low as 0.1% w/w. Oscillatory rheology
studies of a 10% w/w aqueous dispersion of these PEG,—
PHBMA,, nano-objects as a function of temperature indicated
a critical gelation temperature (CGT) of ~52 °C, and the
complex viscosity |7*| attained its maximum value at 58 °C.
Furthermore, the morphological transitions for these shape-
shifting nano-objects exhibited minimal hysteresis. As ex-
pected, SIPLI studies confirmed the presence of isotropic
nano-objects at ambient temperature, the formation of highly
anisotropic nano-objects at around 58 °C, and the re-
emergence of isotropic nano-objects on further heating.

3058

Moreover, this technique indicated that anisotropic character
is regained at 75 °C, as expected for a lamellar phase. Variable
temperature 'H NMR spectroscopy studies indicated that the
sphere-to-worm and worm-to-vesicle transitions are driven by
(partial) dehydration of the PEG stabilizer chains rather than
by (partial) hydration of the hydrophobic PHBMA chains.
However, a greater (partial) degree of hydration of the
PHBMA chains was observed above 65 °C, which is consistent
with the higher solvent volume fraction within the correspond-
ing nano-objects indicated by SAXS analysis. Consideration of
the fractional packing parameter suggests that the associated
vesicle-to-lamellae transition must occur by a uniform
plasticization mechanism, which is similar to the thermores-
ponsive behavior reported for PHBA-based nano-ob-
jects.* %% As far as we are aware, this is the first example
of any thermoresponsive diblock copolymer nano-objects
prepared via RAFT aqueous emulsion polymerization. More-
over, this particular PEG,—PHBMA,, diblock copolymer
exhibits three thermoreversible transitions in aqueous solution.
No doubt such behavior is related to the relatively short DP
targeted for the hydrophobic PHBMA block. Moreover, the
aqueous solubility of HBMA is relatively high, which suggests
that the PHBMA block cannot be strongly hydrophobic.
Clearly, further studies are warranted to examine whether
similar thermoresponsive behavior can be achieved when
targeting higher DPs for the PEG stabilizer and PHBMA
blocks, respectively. However, it seems highly unlikely that
such thermoresponsive behavior could ever be observed for
more hydrophobic water-immiscible monomers such as
styrene or benzyl methacrylate.
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'"H NMR spectrum recorded for PEG,;—PHBMA,,
diblock copolymer; DMF GPC curves recorded for
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