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Poly(glycerol monomethacrylate)-poly(benzyl methacry-
late) (PGMA-PBzMA) diblock copolymer nanoparticles
were synthesized via polymerization-induced self-assembly
(PISA) using reversible addition-fragmentation chain trans-
fer (RAFT) aqueous emulsion polymerization in D,O. Such
PISA syntheses produce sterically-stabilized nanoparticles
in situ and can be performed at relatively high copolymer
concentrations (up to 50 wt. %). This PGMA-PBzMA
formulation is known to form only spherical nanoparticles
in water using aqueous emulsion polymerization (Macro-
molecules, 2014, 47, 5613-5623), which makes it an ideal
model system for exploring new characterization methods.
The polymer micelles were characterized using small-angle
X-ray scattering (SAXS) and a recently developed form of
neutron scattering, spin-echo small-angle neutron scat-
tering (SESANS). As far as we are aware, this is the first
report of a study of polymer micelles by SESANS, and the
data agree well with reciprocal space scattering. Using this
technique enables characterization of the concentrated,
as synthesized dispersions directly without dilution, and
this provides a method to study self-assembled polymer
systems that have concentration dependent morphologies
in the future, while still maintaining the advantages of
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scattering techniques.

Polymerization-induced self-assembly (PISA) enables the con-
venient synthesis of a wide range of diblock copolymer nano-
objects directly in water, or other solvents, using either RAFT
aqueous dispersion polymerization or RAFT aqueous emulsion
polymerization.! Dispersion polymerization requires a monomer
that is miscible with the solvent but produces a polymer that
is insoluble in the solvent. In water, there are relatively
few monomers that meet these requirements. One such vinyl
monomer is 2-hydroxypropyl methacrylate (HPMA), which has
been well studied in the context of PISA.2 In contrast, most vinyl
monomers exhibit relatively low aqueous solubility (less than 20
g L71) and hence are well suited for aqueous emulsion poly-
merization. In this case, the monomer only requires sufficient
solubility to facilitate mass transport between large monomer
droplets and the growing polymer chains.! Monomers such as
benzyl methacrylate meet this requirement, 3 and this monomer is
used as the core-forming block in the present study. Poly(glycerol
monomethacrylate) (PGMA) is used as the steric stabilizer block.

The PISA protocol used to prepare the PGMA-PBzMA di-
block copolymers is shown in Scheme 1. 2-Cyano-2-propyl ben-
zodithioate (CPDB) was used as the RAFT chain transfer agent
(CTA), and 4,4'-azobis(4-cyanovaleric acid) (ACVA) was selected
as the radical initiator. The reaction conditions indicated in
Scheme 1 are the same as those previously reported for the RAFT
aqueous emulsion polymerization of BzMA.3 For the present
study, this protocol was modified by preparing the nanoparticles
in D50 to obtain maximum contrast for neutron scattering exper-
iments To ensure that the nanoparticles were identical for both
X-ray and neutron scattering experiments, D,O was used as the
solvent for both.

The diblock copolymers were characterized both in solution
(using 'H NMR spectroscopy to determine the final BzZMA con-
version and calculate the mean diblock composition as well as gel
permeation chromatography to determine molar mass and dis-
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Scheme 1 Synthesis of PGMAg,—PBzMA, diblock copolymer nanoparticles by (i) RAFT solution polymerization of GMA in ethanol to afford a PGMAg,
macromolecular CTA and (ii) RAFT aqueous emulsion polymerization of BzZMA at 70 °C using the synthesized macromolecular CTA.

persity, Supporting Information Table S2) and also as sterically-
stabilized nanoparticles (using dynamic light scattering to de-
termine the hydrodynamic radius and transmission electron mi-
croscopy to determine morphology, Supporting Information Ta-
ble S1 and Figure S3). Monomer conversions, determined by
comparing the integrated oxymethylene signals assigned to the
BzMA monomer and PBzMA polymer in a 'H NMR spectrum
recorded in dimethylformamide-d;, were extremely high (> 99%)
for all diblock copolymers. Molar masses (M,) from gel perme-
ation chromatography (GPC) were comparable to those deter-
mined from 'H NMR, and the dispersities (Dy = M,,/M,) were
relatively low, as expected for a well-controlled RAFT polymeriza-
tion. The nanoparticles also appear to be spherical, with mono-
tonically increasing Z-average diameters (dz) and relatively low
polydispersity indexes determined from dynamic light scattering
(DLS). However, the size distributions are broader and the mean
diameters are somewhat lower than data reported for compara-
ble PGMA5;-PBzMA, copolymer nanoparticles prepared by RAFT
aqueous emulsion polymerization previously (Supporting Infor-
mation Figure S4).3 These differences may be due to using D,0
compared to H,O. However, the discrepancies are relatively small.
Crucially for scattering analysis, these PGMAg,-PBzMA, nanopar-
ticles maintain the same spherical morphology as that observed
when synthesized in H,O.

The structural properties of these sterically-stabilized PGMAg,—
PBzMA, nanoparticles were studied using small-angle X-ray
scattering (SAXS) and spin-echo small-angle neutron scattering
(SESANS). The two give complementary detail about the polymer
spheres, as previously shown for sterically-stabilized polystyrene
colloids.# The ability of each technique to resolve structures de-
pends on the contrast between the blocks and the solvent and the
length scale that can be accessed. X-ray scattering arises from the
interaction of photons with electrons; hence SAXS is sensitive to
differences in electron density between the dispersed phase and
the solvent.®> Given the scattering angles accessible by conven-
tional SAXS instruments, this technique enables determination
of both the overall size and internal structure of the nanoparti-
cles.® On the other hand, neutron scattering arises from the in-
teraction of neutrons with atomic nuclei; hence, high contrast
can be achieved in SANS experiments by dispersing nanoparticles
in isotopically-labeled solvent, as done in this study.® In particu-
lar, very high contrasts can be achieved using SESANS, as multi-
ple scattering can be trivially corrected for. Additionally, longer
length scales are accessible, enabling both particle size and inter-
particle interactions to be determined.”
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Synchrotron SAXS measurements were performed on 1 wt. %
dispersions of PGMAg,-PBzMA, nanoparticles in D,0 at the ID02
beamline at the ESRF (Grenoble, France). Full details of the in-
strument configuration can be found elsewhere.® Monochromatic
X-ray radiation (with wavelength A = 0.995 10\) was used with a
sample-detector distance of 5.0042 m. This gave an accessible
QO-range of 0.0015 < Q0 <0.15 AL Q is defined as the magnitude
of the momentum transfer vector and depends on both A and
0 (one half of the scattering angle) (Q = (4nsin0)/(1)). SAXS
has proved to be a very powerful technique for determining the
structure of diblock copolymer nano-objects in general, 1 and,
more specifically, the PISA syntheses of sterically-stabilized di-
block copolymer nanoparticles directly in water. 19-13 Experimen-
tal SAXS data and corresponding model fits are shown in Figure 1,
and /(Q) is essentially independent of Q at low-Q, which is consis-
tent with the formation of spherical nanoparticles. The data have
been fitted to a spherical diblock copolymer micelle model with
a Gaussian distribution of core radii.1#*1® The model depends
on scattering length densities (SLD, p) of the blocks and solvent
and the volume of each of the polymer blocks, all of which were
calculated from the known physical properties of the polymers,
which are fixed parameters. Further details on the model and
calculation of these parameters are provided in the Supporting
Information. The model also depends on the radius of the PBzMA
nanoparticle core, which is directly proportional to the aggrega-
tion number, and the radius of gyration of the PGMA stabilizer,
R, (initially fixed to a physically reasonable estimate and then al-
lowed to vary). The data were modeled using the Irena package
for Igor Pro using a custom-written model. 17
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Fig. 1 SAXS data recorded 1 wt. % dispersions of PGMAg,—PBzMA,
nanoparticles in D,O (the core DP, x, is stated in the legend). These
data are consistent with the formation of spherical nanoparticles and can
be well described using a spherical diblock copolymer micelle model.
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Both the nanoparticle radius and the mean aggregation num-
ber of the micelles increase monotonically as the PBzZMA DP is in-
creased, as expected. 18 Relatively small spheres with core diam-
eters less than 100 nm and reasonably narrow size distributions
with coefficients of variation between 0.1 and 0.2 were obtained
in all cases. A summary of the best fit parameters are given in
the Supporting Information (Table S6). While reciprocal space
scattering is well-suited for determining the nanoparticle struc-
ture, it is generally ill-suited for characterizing interparticle inter-
actions. This is because the necessary inclusion of the structure
factor (S(Q)) required to model interactions complicates the data
analysis, as the scattering intensity becomes the product of S(Q)
and the form factor (P(Q)). Additionally, quantification of long-
range interactions requires data at extremely low-Q, which is not
accessible on all instrumentation or at all facilities. Therefore,
reciprocal space scattering experiments are often conducted on
dilute dispersions, as is the case for this SAXS study.

As a technique, SESANS overcomes this limitation. While it
lacks the short-range structural resolution offered by reciprocal
space SAXS, it enables measurements of objects up to microscopic
sizes, quantification of interparticle interactions in dispersions of
any concentration, and high contrasts between solute and solvent
to be studied from isotopic substitution without concerns over
multiple scattering. Recent experiments have shown that SESANS
is a powerful method for studying colloidal materials, in particu-
lar. #1924 In this study, we take advantage of these capabilities of
SESANS to study PGMAg,-PBzMA, nanoparticles directly as syn-
thesized at a concentration of 30 wt. %. With the high contrast
between the copolymer and solvent attainable, it should be possi-
ble to quantify the volume fraction of water (D,O) entrapped by
the PGMA-stabilizer as well as the nanoparticle size and interac-
tions.

SESANS measurements were performed directly on all
PGMAg,-PBzMA, dispersions in D,0 without dilution. Measure-
ments were performed on the Offspec beamline at the ISIS Spal-
lation Source (Didcot, UK). The implementation of spin echo on
Offspec is nonstandard, as it encodes spatial, rather than tempo-
ral information. For further technical details, see the discussion
by Plomp.2> The neutron spin echo length (Z) depends on the
strength (B) of the magnetic field and the angle (6) of its interface
with respect to the neutron beam (Z = (yymBA?Lcot8)/(27h)). In
spin echo mode, Offspec has a usable wavelength (1) range be-
tween 2.2 and 14 A. The magnetic field is fixed by the spin flippers
to 17.1 mT, and angles of 85° and 57° were used. Using values
of the gyromagnetic ratio (y;), neutron mass (m), and the Plank
constant (), as well the magnetic field length (L = 1.0 m), the
calculated spin echo lengths for a 10 A neutron would be 263 A
and 1502 A respectively, for these angles.

Experimental SESANS data along with model fits are shown
in Figure 2. As the DP of the core-forming PBzMA block is in-
creased from 200 to 500, the first minimum in the normalized
spin-echo signal is shifted to longer spin-echo length. This is
consistent with the presence of nanoparticles of increasing size.
The scattering data from the nanoparticles were modeled as non-
interacting hard spheres.26-27 This model was selected for several
reasons. The SESANS signal will be dominated by the particle’s
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primary length scale and inter-particle structure factor, so addi-
tional model parameters would be adding extraneous degrees of
freedom while providing little statistically significant detail about
the sample. This is the same approach used for core-shell polymer
nanoparticles studied by SESANS previously.# In contrast to this
previous study, where concentrated dispersions were prepared
to study the interactions between colloids, we perform experi-
ments on a colloidal dispersion that is synthesized as a concen-
trate. SESANS, therefore, has been shown to be a robust method
to study sterically-stabilized colloids,* and is therefore ideally
suited to characterizing the nanoparticles that are synthesized by
PISA. As can be seen in Figure 2, the data can be successfully
modeled by treating the particles as homogeneous spheres. The
mean diameters obtained for these sterically-stabilized nanopar-
ticles using SAXS and SESANS compare reasonably well to the
volume-weighted diameter DLS (dy), shown in Table 1. The
agreement between DLS and SAXS or SESANS is best for the
technique where the particle size best matches the optimal length
scale (small particles for SAXS and large particles for SESANS).
For the same Q-range in a SAXS measurement, large particles will
scatter less within this range than small particles, and therefore,
sizes of larger particles will be less certain. In a SESANS measure-
ment, small particles will exhibit more conventional SANS, which
makes it more difficult to resolve the beam depolarization, and
therefore, sizes of smaller particles will be less certain. In a DLS
measurement, the certainty of the sizes of all particles should be
similar. This is precisely what we observe when comparing SAXS
or SESANS data to DLS data.
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Fig. 2 Normalized spin-echo signal as a function of spin-echo length for
30 wt. % dispersions of PGMAg;—PBzMA, nanoparticles in D,O (the
core DP, x, is stated in the legend). These data were fitted to a spherical
model with hard sphere interactions with a fixed volume fraction (¢) and
a variable scattering length density (Ap) between that of the sphere and
the solvent.

Table 1 Mean particle diameters for PGMAg,—PBzMA, nanoparticles.

DLS dy / nm SAXS d / nm SESANS d / nm
PGMA52—PBZMA200 48 45 60
PGMA()z—PBZMAmO 62 59 71
PGMA62—PBZMA500 104 93 108

SAXS: d = 2r+4R,; SESANS: d = 2r

From the fits to the SESANS data (d and Ap), it is possible to
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determine the composition of the spheres. The SLD (p;) of a mul-
ticomponent particle is a volume fraction (¢) weighted sum of
the SLDs of the individual components (p; = }; ¢;p;). For these
sterically-stabilized nanoparticles, the three components are the
PGMA chains in the shell (p; and ¢), the solvating D,O in the
shell (p,, and ¢,,), and the PBzMA core (p. and ¢.). The volume
fractions of the stabilizer and core for a non-solvated nanopar-
ticle are known from the diblock composition, and the SLDs for
all three pure components are also known. Thus, it is possible
to calculate the ¢, that would be required to give the experi-
mental p,. These p,, values are shown in Table 2 for the three
PGMAg,-PBzMA, nanoparticles studied. The corresponding ¢,
values calculated from the SAXS fitting (assuming that the sta-
bilizer thickness is 2R,) are shown for comparison. These two
methods compare favorably, although the best agreement is for
for the largest sphere where SESANS fitting is more reliable, as
discussed above. Using a similar approach, the mean aggregation
numbers (n44,) for these nanoparticles can be determined. In the
case of the SAXS data, this parameter is determined by dividing
the nanoparticle core volume by the molecular volume of a single
PBzMA chain. For the SESANS measurements, the fraction of the
sphere that is occupied by polymer and not D,0 is determined by
scaling the total sphere volume by (1 — ¢,,) and dividing by the
volume of the entire diblock chain. As shown in Table 2, the n4ge
values calculated from these two approaches are gratifyingly sim-
ilar. Although there are discrepancies, the two techniques require
different approaches to calculating structural parameters (from
the geometry for SAXS and from the contrast for SESANS), which
can explain this.

Table 2 Volume fraction occupied by the D,O solvent (¢,,) and mean
aggregation number (ng,) for PGMAg—PBzMA, nanoparticles.

Tagg
SESANS SAXS SESANS SAXS
PGMA62—PBZMA20() 0.58 0.26 1452 1017
PGMAg-PBzMA30 0.31 0.19 2463 1863
PGMAﬁz—PBZMASO() 0.17 0.11 7513 5163

The advantage of using SESANS to study these PGMAg,—
PBzMA, nanoparticles is that no a priori assumptions are re-
quired, and all structural information is a consequence of the
large isotopic contrast between the copolymer and the solvent.
The reasonable agreement found between structural properties
calculated from fitting reciprocal space SAXS data and real space
SESANS data promises wider application of this new form of neu-
tron scattering to diblock copolymer nano-objects.

Clearly, SESANS is a useful and informative technique for char-
acterizing concentrated dispersions of relatively large nanoparti-
cles. The results in this study show that using SESANS makes
it straightforward to determine the properties of model polymer
nanoparticles, providing complementary information to other
forms of scattering. The ability to study concentrated dispersions
is advantageous for PISA, in particular, as it known that the con-
centration of nano-objects can impact the morphology that are
formed even for equivalent diblock copolymers. 228 The ability to
study such dispersions directly, therefore, is appealing, particu-
larly in cases where dilution results in morphological reorganiza-
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tion. As advances continue to be made in both spin-echo scat-
tering instrumentation and data analysis, we expect that SESANS
will become an important tool for studying dispersions of diblock
copolymer nano-objects in the future.
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