Showcasing research from the Mathematics, Mechanics
and Materials Unit, Okinawa Institute of Science and
Technology, Okinawa Japan.

Block copolymer-nanodiamond coassembly in solution:
towards multifunctional hybrid materials

Self-assembled nanocomposites with hierarchical assembly
of nanodiamonds (NDs) have been fabricated using block
copolymers to control the nanoscale ND arrangement.

Our novel approach to guiding NDs produces transparent
coatings with UV shielding capability. Moreover, at higher
levels of coassembly, the nanocomposites yields hybrid
superstructures with well aligned ND strings. Our findings
may facilitate the development of scalable pathways for
fabricating ND arrays over widely separated length scales,
with the potential to benefit a broad range of disciplines from
biology to quantum computing.
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1 Introduction

Block copolymer—nanodiamond coassembly in
solution: towards multifunctional hybrid
materials}

Burhannudin Sutisna, @ * Stoffel D. Janssens, & Alessandro Giussani, &
David Vazquez-Cortés & and Eliot Fried @ *

Polymer—nanodiamond composites are excellent candidates for the fabrication of multifunctional hybrid
materials. They integrate polymer flexibility and exceptional properties of nanodiamonds (NDs), such as
biocompatibility, mechanical strength, color centers, and chemically-tailored surfaces. However, their
development is hindered by the challenge of ensuring that NDs are homogeneously distributed in the
composites. Here, we exploit colloidal coassembly between poly(isoprene-b-styrene-b-2-vinyl pyridine)
(ISV) block copolymers (BCPs) and NDs to avoid ND self-agglomeration and direct ND spatial distribution.
NDs were first air oxidized at 450 °C to obtain stable dispersions in dimethylacetamide (DMAc). By adding
ISV into the dispersions, patchy hybrid micelles were formed due to H-bonds between NDs and ISV. The
ISV-ND coassembly in DMAc was then used to fabricate nanocomposite films with a uniform sub-50 nm
ND distribution, which has never been previously reported for an ND loading (¢np) of more than 50 wt%.
The films exhibit good transparency due to their well-defined nanostructures and smoothness and also
exhibit an improved UV-absorption and hydrophilicity compared to neat ISV. More intriguingly, at a ¢np of
22 wt%, ISV and NDs coassemble into a network-like superstructure with well-aligned ND strings via a
dialysis method. Transmission electron microscopy and dynamic light scattering measurements suggest a
complex interplay between polymer—polymer, polymer—solvent, polymer—ND, ND-solvent, and ND-ND
interactions during the formation of structures. Our work may provide an important foundation for the
development of hierarchically ordered nanocomposites based on BCP-ND coassembly, which is ben-
eficial for a wide spectrum of applications from biotechnology to quantum devices.

reinforced polymers.® Moreover, recent advances in nano-
technology have stimulated the development of bio-inspired

Amalgams of hard and soft materials with hierarchical archi-
tectures exhibiting advantageous mechanical properties are
omnipresent in nature, with common examples being wood,"
nacre,> and bone.* The mechanical effects of their molecular
composition and multilevel assembly have evidenced the
importance of designing hierarchically ordered composites for
advanced materials. Analogously, polymer-nanoparticle com-
posites have also been a benchmark in industry to produce
tougher yet light and processable materials as in Bakelite,”
Toyota’s nylon-mica nanocomposites,” and carbon fiber
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artificial composites and hierarchical materials for biomedical
applications and beyond.”®

There has been a growing attention over the past two
decades for the development of polymer-nanodiamond com-
posites to create advanced multifunctional materials, owing to
the superior mechanical, optical and thermo-electrical pro-
perties of nanodiamonds (NDs) as well as their biocompatibil-
ity and rich surface chemistry.”'® NDs are highly relevant in
the coating, tribological, and biotech industries’""* and are
frequently used as seeding materials to grow polycrystalline
diamond thin films for microdevices.">'* Morimune et al.'®
reported that a small addition of NDs (1 wt%) into poly(vinyl
alcohol) (PVA) provided a higher reinforcement compared to
that of carbon nanotubes and graphene oxide and increased
the Young’s modulus by a factor of 2.5 relative to that of neat
PVA. The high transparency of the ND-PVA film was also main-
tained and accompanied by a significant improvement of
thermal conductivity. NDs can also improve the performance
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and stability of supercapacitors when embedded into an elec-
trochemically active polymer of polyanyline.'® More recently,
Kulvelis and coworkers'” have also shown that NDs in a pre-
fluorinated membrane used in hydrogen fuel cells can act as a
proton reservoir at low temperatures and increase the mem-
brane conductivity at high temperatures. Moreover in biotech-
nology, polymer-ND composites have shown great potential
applications for gene delivery,'"® bone scaffold materials,"
post-treatment of root canal therapy,® and membrane
bioreactors.”*

Nevertheless, there is still a great challenge in controlling
the nanoscopic distribution of NDs in polymeric matrices, as
NDs tend to self-aggregate due to the interparticle van der
Waals and electrostatic forces.””** Previous studies of
polymer-ND composites have mainly focused on ND reinforce-
ment properties with lack of nanostructural control, leading to
poor nanoscopic distribution and reduced performance at
high ND loadings.”'® Meanwhile, scientists have tailored
spatial distribution of various nanoparticles (NPs)** > using
block copolymers (BCPs), which comprise chains of two or
more incompatible macromolecules that self-assemble into
ordered mesophases.”” The self-assembly of BCPs in bulk and
as colloidal particles with internal morphology can be used to
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guide gold and silver NPs into hierarchical assembly within
the BCP domains.”®*° The extent to which NP size influences
their localization within BCP domains has also been dis-
cussed.’’ BCP-guided NPs can improve reinforcement due to a
higher interphase region and possible formation of ordered
networks, in contrast to what can be achieved with NP-homo-
polymer. The nanoscopic arrangement of NPs can also affect
optical, magnetic, chemical, electrical, and quantum pro-
perties of NPs, which may lead to advanced applications of
nanocomposites.’>** Surprisingly, the use of BCP self-assem-
bly to guide nanoscopic distribution of NDs has rarely been
explored. Research on BCP-ND nanocomposites has been
limited to ND dispersion stability,>*>° biological appli-
cations,”” and elastomeric BCP reinforcements.*®?°
Furthermore, in contrast to other spherical NPs, exploring
BCP-ND nanocomposites may present a greater challenge due
to the self-aggregation behavior of NDs.

In this work, the possibility of controlling the spatial distri-
bution of NDs at the nanoscale is investigated using amphiphi-
lic triblock terpolymers of poly(1,4-isoprene-b-styrene-b-2-vinyl
pyridine) (PI-b-PS-b-P2VP). The overview of the materials
systems and fabrication methods investigated here is visual-
ized in Fig. 1a. Regular arrangements of NDs on the shells of
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(a) Schematic of the investigated materials systems and fabrication methods. (b) FTIR and (c) Raman spectra of pristine and oxidized NDs,

confirming the increase of O—H content and ND purity upon air oxidation. (d) High resolution DF-STEM (dark field scanning transmission electron
microscopy) image unveiling the atomic structures of NDs oxidized at 450 °C. Some crystalline domains are highlighted with circles as a guide for

the eye.
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ISV micelles that are dispersed in dimethylacetamide (DMAc)
were obtained by promoting H-bond interactions between NDs
and P2VP chains of the terpolymer. Such interactions were
established by initially functionalizing NDs with carboxyls
through air oxidation. The hybrid micelles can further be used
as materials for building transparent and UV-protective films
that accommodate well-dispersed NDs at a high ND loading of
more than 50 wt%. We also show that ISV and NDs can coas-
semble into an ordered superstructure with a network-like
polymeric matrix and well-aligned ND strings via a step-wise
method, which demonstrates the potential ability of directing
NDs into arrays over widely separated length scales.

2 Experimental
2.1 Materials

Detonation nanodiamond powders (NanoAmando Hard
Hydrogel, primary particle size 3.9 + 0.7 nm) were purchased
from NanoCarbon Research Institute, Ltd. Poly(1,4-isoprene-
block-styrene-block-2-vinyl pyridine) (ISV) block copolymers
listed in Table 1 were procured from Polymer Source, Inc.
(Canada). Dimethylacetamide (DMAc) (SAJ special grade),
osmium tetroxide (0sO,, 4 wt% in H,0), acetone (>99.0%),
and ethanol (95%) were supplied by Sigma-Aldrich and used
as received. Corning Lotus™ NXT Glass (alkaline earth boro-
aluminosilicate, thickness 200 pm) and UV-grade fused silica
glasses (thickness 520 pm) were used as substrates for BCP—
ND film fabrication and Si wafers were used as substrates for
Raman spectroscopy measurements.
cleaned by sonication in acetone (10 min) and isopropanol
(10 min), followed by plasma cleaning in air for 60 s before
solution casting.

All substrates were

2.2 Preparation of ND dispersions and BCP-ND
nanocomposites

The as-received ND powders were first subjected to air oxi-
dation? in a furnace at varying temperatures from 400 to
525 °C. After 5 h of oxidation, the oxidized NDs were collected
and stored in a glass vial. Weighted amounts of oxidized NDs
(50, 100, 150, 200, or 300 mg) were dispersed in 10 mL DMAc
via sonication for 60 min using an Epishear probe sonicator
with 1/8” probe operating at 70% amplitude. To avoid over-
heating, the sonication was run every 5 min with 1 s/1 s ON/
OFF pulsing signal and a time interval of at least 10 min
between each run. Alternatively, overheating was avoided by

Table 1 List of ISV block copolymers

Code Composition® Dispersity (D)
ISV1 PlLy3-h-PS1-h-P2VP, o 1.14
ISV2 PL, 31-b-PS1001-b-P2VPys1c 1.15
ISV3 Ploy-b-PSgo-h-P2VP, 1, 1.14

“The subscripts in the ISV composition represent the number average
molecular weights in g mol ™.

This journal is © The Royal Society of Chemistry 2021
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conducting the sonication with 1 s/3 s ON/OFF signal until
reaching 60 min sonication in total. Sonicated dispersions
were then centrifuged with a rotating speed of 12500 rpm at
20 °C for 60 min to remove large aggregates. The supernatant
around 75-80 vol% of the total centrifuged volume was trans-
ferred into a glass vial using a syringe and stored as a stock
ND dispersion for the preparation of BCP-ND solution. The
concentrations of NDs in the dispersions were analyzed using
a thermogravimetric technique. The analysis was performed by
a complete solvent-evaporation of 300 pL ND dispersion casted
on a substrate that is heated on a hotplate at >60 °C overnight.
Precise mass measurements of samples before and after
solvent-evaporation were performed using an analytical
balance with 0.01 mg resolution.

To obtain self-assembled BCP-ND nanocomposites,
weighted amounts of ISV terpolymer were dissolved in the pre-
viously-prepared ND dispersion in DMAc with a polymer con-
centration (Cpo) of 10 g L™'. By using different ND concen-
trations in the dispersion, the ND loading ¢np of the nano-
composites was varied from 22 to 55 wt%. Furthermore, BCP-
ND films were fabricated by dropping 30 pL (for thin films) or
90 pL (for thick films) BCP-ND dispersion onto a 1 x 1 cm?
glass substrate, followed by complete solvent-evaporation over-
night at an ambient temperature in a fumehood.

2.3 Dialysis of BCP-ND dispersions

For dialysis experiments, BCP-ND dispersions in DMAc (Cpol =
10 g L") were first diluted to Cpo = 1 g L™' by adding an
appropriate amount of DMAc. The experiments were con-
ducted according to a method similar to one previously
reported*’ using a regenerated cellulose membrane with a
molecular weight cut-off of 12-14 kDa (Spectrum Laboratories,
Inc., Spectra/Por). The membrane was first soaked in Milli-Q
water for >10 min, and was then washed with DMAc several
times.

Dialysis was performed using 3 mL BCP-ND dispersion
(Cpor = 1 g L7') against 300 mL acetone or ethanol. Proper stir-
ring was applied in the dialysate chamber to maintain a
uniform bulk concentration. A solvent-resistant nylon wire was
used to hold the enclosed dialysis membrane (bag) ensuring
that it remained completely immersed in the dialysate solution
without touching the stirrer bar. The system was tightly
capped to avoid the dialysate evaporation. The dialysate was
changed with a fresh one after overnight dialysis and the oper-
ation was continued for several more hours. The dialyzed dis-
persion was carefully recovered using a syringe and was then
stored in a glass vial for further characterizations.

Experimental details on characterization methods are pro-
vided in the ESL

3. Results and discussion
3.1 ND functionalization and dispersion

Stable dispersions of NDs in DMAc were obtained by first func-
tionalizing ND surfaces with carboxyls via air oxidation.*® The
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completion of oxidation reactions was confirmed using
Fourier-transform infrared (FTIR) spectroscopy. Fig. 1b dis-
plays FTIR spectra of ND powders treated at different oxidation
temperatures for 5 hours. The displayed spectra have been nor-
malized with respect to the O-H peak that is situated at
~3400 cm™'. The result shows that as the temperature
increases, the O-H stretch band (2700-3700 cm™') broadens,
indicating an increase in the O-H content on ND surfaces. The
occurrence of the oxidation is also confirmed by the C=O
peak shifting from ~1720 cm™' for the pristine NDs to
~1780 cm™" after the oxidation, indicating the conversion of
ketones and aldehydes into esters, lactones, anhydrides, or
carboxylic acids. The conversion intensifies as the temperature
increases from 400 to 475 °C as evidenced by the increasing
C=O0 peak intensity. However, the C=0 peak decreases from
500 °C, presumably due to further oxidation of the already-oxi-
dized carbonyls (esters, lactones, anhydrides) into carboxylic
acids, which increases the O-H content while maintaining that
of C=O0, thereby reducing the C=O0 to O-H ratio. The removal
of graphitic carbons cannot be clearly seen from the C-H
stretch bands (2850-2960 cm ™) since they are overlapped with
the O-H band as the oxidation progresses. However, a slight
decrease in the intensity of the C=C peak (~1625 cm™") might
indicate that the graphitic carbons are gradually removed as
the oxidation temperature increases.

Raman spectroscopy was then performed (Fig. 1c) to
confirm the removal of graphitic carbons during the oxidation
process. The measurements were carried out using three
different specimens prepared by drop casting and drying
DMAc-based suspensions of pristine NDs, NDs annealed at
450 °C, and NDs annealed at 525 °C. The spectra obtained
from these specimens were normalized with respect to the
graphite G-band peak (*1600 cm™"); hence, the removal of gra-
phitic carbons is evidenced by the increase in the intensity of
the diamond peak (x1325-1328 cm™") as the oxidation temp-
erature increases from 450 to 525 °C. The spectra also show
that the characteristic disorder-induced double-resonance
D-band of NDs peaks at ~#1400 cm™". Since the Raman cross-
section of the sp® phase is about 50 to 230 times larger than
that of diamond,** the higher intensity of the diamond peak
compared to G-band peak after the oxidation clearly shows
that the annealing treatment has significantly improved the
sp® phase purity. It is important to recognize that the pristine
ND spectra shows some inhomogeneity when measured at
different specimen locations in contrast to the oxidized NDs.
This suggests that the air oxidation leads to more homogenous
distributions of NDs. Although similar spectra as those
obtained for 450 °C-oxidized NDs can occasionally be found in
pristine ND samples, the pristine ND spectra exhibit a larger
shift of the diamond peak (with respect to the single crystal
diamond) in comparison to those obtained from oxidized
NDs, as shown in Fig. S1a of the ESL{ This shift indicates the
presence of tensile strain in the NDs and from the magnitude
of the shift we infer that on average the strain gradually
reduces as the oxidation temperature increases from 450 to
525 °C.
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The XRD spectra presented in Fig. S1b of the ESIf show
that all the samples exhibit a diamond (111) Bragg reflection.
The peaks are slightly shifted towards smaller 26 angles with
respect to the expected position of unstrained bulk diamond,
revealing that the deposited nanodiamonds are characterized
by a tensile strain in the range of 0.1-0.2%. In line with the
Raman data, the specimen prepared from NDs oxidized at
525 °C displays the smallest shift relative to unstrained bulk
diamond and hence the smallest strain. Furthermore, the XRD
peak of the sample also features the narrowest full width at
half maximum (FWHM), suggesting that annealing at 525 °C
also narrows the distribution of lattice constants arising from
crystal imperfections and impurities.

Although NDs oxidized at 525 °C exhibit the highest ND
purity and O-H content, oxidation at 525 °C results in a sig-
nificant weight loss, making it less economically viable. We
also found that more particles were removed after centrifu-
gation of the sonicated 525 °C-oxidized ND dispersion in
DMAc compared to that of 450 °C-oxidized NDs at the same
initial concentration and centrifugation conditions. This
suggests that larger aggregates were formed by 525 °C-oxidized
NDs after sonication in DMAc, presumably affected by an
excessive O-H content that prompts additional interparticle
H-bonds. As discussed hereinafter, 450 °C was accordingly
chosen as the optimum temperature for ND oxidation during
the preparation of BCP-ND nanocomposites. The atomic
resolution scanning transmission electron microscopy (STEM)
image of the ND particles oxidized at 450 °C, depicted in
Fig. 1d, shows that a high crystallinity of the annealed NDs is
maintained after oxidation. The average size of the crystallites
can be estimated from the peak’s FWHM of the XRD spectra
using the Scherrer formula, suggesting an average size of 4 +
1 nm, which is consistent with the size of the crystallites
shown in the STEM image.

3.2 BCP-ND micellar coassembly

We further demonstrate the formation of BCP-ND hybrid
micelles in DMAc using ISV1 (see Table 1). Before mixing with
ISV1, oxidized NDs were first dispersed in DMAc via sonication
and the dispersions were subsequently centrifuged. The
450 °C-annealed NDs can be dispersed well in DMAc with an
ND mass concentration (Cr) of up to 17 g L™, as indicated by
the semi-transparent brownish solutions in Fig. 2 that are
stable for months in contrast to that of unannealed NDs. The
image also shows that the opacity of the dispersions increases
as Cr increases, which is in qualitative agreement with the
Beer-Lambert law. DLS measurements of the dispersions
showed that for C; values between 3 and 13 g L', the average
hydrodynamic radii (Ryp) vary from 14 to 20 nm (see Table S1
of the ESIf for statistical data). These radii are comparable to
the commonly reported BCP domain sizes that self-assemble
in bulk or in solution, which suggests the presence of an entro-
pically desirable condition for incorporating NDs into BCP
domains. Also, a hydrodynamic radius of approximately 35 nm
(see Table S1 of the ESIT) was observed at C¢=17 g L™, indicat-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (Top) Photograph of oxidized-ND dispersions in DMAc at various
mass concentrations after centrifugation and (bottom) schematic
diagram of H-bond interactions between oxidized NDs and the P2VP
corona (red color) of a Pl-b-PS-b-P2VP micelle. The blue and gray
regions correspond to Pl and PS, respectively.

ing a higher self-agglomeration tendency due to a closer inter-
particle distance and particle collisions by Brownian motion.

ND dispersions with a C¢ of 3-13 g L™' were mixed with
ISV1 at a polymer concentration (Cpo) of 10 g L™, resulting in
ND loading (¢np) of 22-55 wt% in ISV1-ND nanocomposites
(Table S11). The mixture of ND dispersion at C¢= 17 g L™" with
ISV1 led to precipitation and turbidity and therefore was not
used for the investigation. Calculation of the Flory-Huggins
interaction parameters (yipmac) presented in Table S2 of the
ESIT show that ypovepmac < Xps,pmac < Xpromac; thus, while
DMAc is a good solvent for P2VP it is a nonsolvent for PS and
PI. Hence, ISV1 can be used to form core-shell micelles in
DMAc. In these micelles, the PI chains form the micelle core,
the core is encapsulated by PS domains, and P2VP corona is
located on the outer shell. The pyridine groups of the P2VP
corona can therefore interact with the NDs via H-bonds, as
illustrated in Fig. 2.

The nanostructures of the ISV1-ND hybrid micelles in
DMACc at various ¢np are displayed in Fig. 3. The TEM images
show that the NDs form patches on the BCP micelle corona
and that this effect becomes more pronounced as ¢np
increases. It is noteworthy that the TEM images show aggre-
gates, which presumably formed due to the relatively slow

This journal is © The Royal Society of Chemistry 2021
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evaporation of DMAc during TEM sample preparation. As the
morphology of the hybrid micelles at ¢np values of 22 and
34 wt% can be resolved from the individual micelles that are
spotted next to the aggregates. Moreover, since the aggregates
mostly feature strings of micelles with NDs on the interfaces
between the micelles and at the end of the strings, we infer
that the formation of symmetrical patches on the individual
micelles is preferred, as illustrated by the schematic. Similarly,
at a ¢np of 50 wt%, the micellar constituents of the aggregates
are used to interpret the hybrid micelle morphology. To comp-
lement the TEM results and analyze the particle size distri-
bution of the hybrid micelles in the dispersions, DLS measure-
ments were performed as discussed hereinafter. The attach-
ment of NDs onto the micelle corona is governed mainly by
the H-bond interaction rather than by electrostatic forces, as
illustrated in Fig. 2. This is supported by zeta potential
measurements, which show that the ISV1 micelles in DMAc
have a relatively neutral potential of approximately —4.7 mV,
while the oxidized NDs in DMAc exhibit a negatively charged
surface of —55.9 + 3.5 mV. The localization of ND patches on
ISV1 micelles at ¢np of 22 and 34 wt% is not yet understood.
From the TEM images we infer that the tendency exists for
NDs to form patches on two opposing sides of a micelle, as
illustrated by the schematic in Fig. 3. However, cases where
one or four patches are formed also exist.

DLS analyses of ISVI-ND dispersions are presented in
Fig. 3a, ¢, and e as probability density functions of the particle
hydrodynamic radii. At a Cpe of 10 g L™" (blue-filled curves),
the particle sizes increase as ¢np increases, as shown by the
shift of average hydrodynamic radii (R) from approximately
28 nm for ¢np = 22 Wt% to approximately 36 nm and 113 nm
for ¢np = 34 and 50 wt%, respectively. Additionally, peak
broadening indicates an increase in dispersity of the dispersed
particles, as driven by an increasing tendency towards particle
agglomeration with larger values of ¢yp. At Cpo =10 g L™ and
high ¢np, the interparticle distance appears to be sufficiently
close for interparticle ND attraction to cause agglomeration.
However, the agglomeration does not spoil the spherical shape
of the individual micelles, as can be witnessed from the TEM
images. We additionally found that diluting the 10 g L™" dis-
persions to 5 g L' arrests interparticle agglomeration and
leads to the recovery of the individual micelles. The DLS
results of the 5 g L™" dispersions reveal the size recovery of the
individual micelles with R = 28 + 4 nm, consistent with the
dimensions of the micellar constituents observed from the
TEM images. Since ND coverage of micelles is proportional to
¢xpyRat Cp=5¢ L' is found to increase slightly with ¢xp.

Our results suggest that patchy hybrid micelles can be fabri-
cated using BCP-ND coassembly via a simple dissolution
method. The hybrid micelles may be beneficial as multicom-
partments for catalyis/biological applications, or can serve as
building bricks for designing hierarchically ordered nano-
composites. In this work, we further demonstrate that the
hybrid micelles can be utilized to fabricate nanocomposite
films with BCP-guided ND distribution. Fig. 4 shows photo-
graphs of ISV1-ND films prepared by drop casting the disper-

Nanoscale, 2021,13,1639-1651 | 1643
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Fig. 3 Particle size distributions (a, c and e) and micrographs (b, d and f) of ISV1-ND nanocomposites obtained from DLS and TEM measurements,
respectively, of ISV1-ND dispersions in DMAc. The Gaussian distribution curves show how the particle hydrodynamic radii (R) vary at the polymer
concentration (Cpo) of 5 g L™ and 10 g L™ and ND loading (¢np) of 22, 34, and 50 wt%. The TEM samples were stained with OsO, (darker phases
represent the Pl) and confirm the formation of core—shell hybrid micelles with ND patches that azimuthally distribute on the micelle corona depend-

ing on ¢np as depicted in the schematic drawings.

sions on glass substrates followed by drying. The pristine ISV1
film (0 wt% NDs) exhibits some opacity caused by light scatter-
ing of the film nanostructure and surface roughness. The
atomic force microscopy (AFM) depicted in Fig. 4a and b and
SEM images depicted in Fig. 5 reveal that elongated structures
with sizes of more than 100 nm are formed in the pristine
ISV1 film. We hypothesize that these originate from micelle
coalescence during solvent evaporation. Also, in the ND con-
taining films, the presence of NDs stabilizes the micelles and
preserves the spherical shape of the micelles during the film
fabrication. This yields well-defined nanostructures with

1644 | Nanoscale, 2021, 13, 1639-1651

uniform domain sizes of approximate diameter 50 nm, as esti-
mated from the SEM images, leading to a strong reduction in
opacity evidenced from comparing the photographs of the
ISV1 and ISV1-ND films. The SEM images in Fig. 5 also show
that a uniform distribution of NDs with agglomerate sizes less
than 50 nm can be obtained along the film surfaces and cross
sections. The ND self-aggregation within the polymer can be
significantly reduced, even at a ¢np as high as 55 wt%.
However, at ¢np >55 Wt%, precipitates were observed in the
dispersions and severe cracks appeared in the films. The
photographs in Fig. 4 show that the composite films have a
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P = 0 Wt% Pnp = 22 W% Pnp = 50 Wt% Pnp = 55 Wt%

P
=27.1nm Si= 14.2 nm

S, =21.8nm S, =11.4nm

Max = 205.7 nm x Max = 90.6 nm

Fig. 4 (Top) Photographs of ISV1-ND thin films (4 + 1 pm thickness) at various ¢np casted on ca. 1 x 1 cm? glass substrates, displaying the film's
transparency after ND reinforcement accompanied by the increase in brownish color due to the sp? carbon phase. (Bottom) Topography images of
the corresponding ISV1-ND films at ¢\p Of (@ and b) 0 wt%, (c and d) 22 wt%, (e and f) 50 wt%, and (g and h) 55 wt% at high and low magnifications,
confirming the improvement in film's smoothness measured from the 5 x 5 um? AFM images.

I 500 nm

Fig. 5 SEM surface (top) and cross-sectional (bottom) images of ISV1-ND films at different ¢yp casted on glass substrates. The images reveal the
possibility of creating uniform ND distribution (white spots) in the polymeric matrix up to 55 wt% ND content both on the surface and along the film
cross-sections. Scale bars on the insets are 100 nm.
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brown color, indicating the presence of graphitic phases in the
NDs. The reduction of transparency accompanied by these
phases can be avoided in the future by using chemical vapor
deposition (CVD)-based NDs* that are highly transparent. Our
nanocomposite films can however maintain acceptable levels
of transparency at high values of ¢np, an outcome attributable
to their nanostructures and the smoothness of their surfaces.
As confirmed by the mean square roughness (Sq) and mean
roughness (S,) measurements from 5 x 5 pm”> AFM images that
are depicted in Fig. 4b, d, f, and h, the film surfaces become
smoother as ¢yp increases.

The fabricated films are capable of filtering harmful UV
radiation in line with previous reports***> on nanodiamond-
polymer composite films. These findings were confirmed by
UV-Vis spectroscopy measurements yielding data presented in
Fig. 6a and b. Although neat ISV1 can absorb UV radiation of
wavelength below 280 nm, the addition of NDs can further
extend the range of radiation filtering to approximately
400 nm. The spectra also show that the UV protection capacity
is proportional to ¢np and the film thickness. This is evi-
denced by the highest absorption achieved by the thickest
ISV1-ND film fabricated in this work with the largest ¢np,
namely 44 wt%, as shown in Fig. 6b. The film nearly absorbs
85% of the UV radiation down to a wavelength of 320 nm. The
high UV absorption is also accompanied by the film transpar-
ency, where around 60-70% of the visible light are transmitted
according to the UV-Vis spectra. It is worth notifying that films
with a thickness of 13 + 1 pm, here referred to as thick films,
with ¢np > 44 Wt% were not characterized due to severe crack
formation. The decrease in visible light (340-780 nm) trans-
mittance as ¢yp increases is consistent with the visual obser-
vation of the films discussed heretofore, which can be attribu-
ted to the sp? inclusions of NDs.

Furthermore, the presence of NDs also improves the surface
hydrophilicity, as shown in Fig. 6c. The contact angle €
between a water droplet and film surface decreases with ¢np,
which is beneficial for anti-fouling properties in biological
applications. To explain this trend qualitatively, we assume

View Article Online
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that the surface is homogeneously wetted and apply the Cassie
equation®®

cos 6 = xxp €0s Oxp + (1 — Xnp )OS Osvi,

(1)

where Oyp and 65y, denote the water contact angle between a
flat surface made of NDs and a flat surface made of ISV1,
respectively, and xyp denotes the surface fraction occupied by
NDs. From our measurements, we infer that 6;gy; = 99 + 2° and
from experiments performed on oxidized diamond surfaces,
we infer that 6xp = 30 + 10°. The relatively low value of yp can
be attributed to the presence of polar functional groups on the
surface of the diamond. Then, assuming that xyp increases
with ¢np, we recover the observed trend in contact angle. The
influence of surface roughness on 6 can qualitatively be dis-
cussed using the Wenzel equation”’

cos 6 = r cos 6%,

(2)

where 6, 0%, and r > 1 are the apparent water contact angle, the
water contact angle for a flat surface, and the ratio between the
surface area and the projected area. In this discussion, cos @ in
eqn (1) takes the role of cos#* in eqn (2). From the
latter equation it can be inferred that for a hydrophobic
surface (6 > 90°), surface roughness enlarges 6. On the con-
trary, for a hydrophilic surface (6 < 90°), surface roughness
diminishes 6. From this, we deduce that Ogy; and 6Onp
obtained in this work might be overestimated and underesti-
mated, respectively. We conclude that under the assumption
of homogeneous wetting, the presence of polar functional
groups on the surface of the NDs is responsible for the
decrease in € and that surface roughness might influence
but not invert the observed trend.

3.3 BCP-ND self-assembled superstructures

We further studied the prospect of using our ISV1-ND nano-
composites to form hierarchically ordered superstructures. A
step-wise dialysis method was applied to promote the structure
formation in which the solvent (DMAc) of the ISV1-ND dis-

100 100
a) | Thin films B) ™1 Thick films
80 80
< =
§ 60 0 wt% § 60
2 22 wt% 8
£ —— 34 W% £
2 40 2 40
g — 44 wt% 8
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Fig. 6 UV-Vis spectra of (a) 4 + 1 pm and (b) 13 + 1 pm thick ISV1-ND films with different ¢yp, and (c) water contact angles of pristine ISV1 (0 wt%

¢np) and ISV1I-ND films for various ¢np. Films with a thickness of 13 +

formation.
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1 pm and ¢np > 44 wt% were not characterized due to severe crack
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persion was gradually replaced by acetone or ethanol via a
semi-permeable membrane. A similar method has been pre-
viously studied by Miiller and Groschel groups to fabricate
multicompartment nanostructures (MCNs) based on triblock
terpolymers.*'*®49 By tailoring the polymer-solvent inter-
action and BCP architectures, various MCN geometries with a
wide variety of internal morphologies can be achieved.
Adaptation of such a concept to hybrid systems containing
BCPs and gold nanoparticles (AuNPs) has also been demon-
strated, resulting in regular arrangements of AuNPs within
self-assembled polymeric matrices via a step-wise nonsolvent
addition®® or emulsification.’® Leveraging the step-wise coas-
sembly to BCP-ND amphiphiles provides a greater challenge
due to the self-aggregating nature of NDs, yet it can be ben-
eficial for the fabrication of multifunctional hybrid materials
with complex nanostructures.

By applying the step-wise method, we find that the copoly-
mer blocks and NDs rearrange simultaneously into a super-
structure with a morphology completely different from that of
neat ISV1, as evidenced by Fig. 7a-c. To more clearly visualize
the suggested superstructures, overfocus TEM images are pro-
vided in Fig. S3 of the ESI,{ as are lower magnification images.
In the absence of NDs, ISV1 self-assembled, in acetone, into a
superstructure with a lamellar order. The copolymer chain
mobility in acetone is higher since acetone is a good solvent
for P2VP and it has a lower Florry-Huggins interaction para-
meter y; with PS and PI relative to the interaction parameter y;;
of DMAc with PS/PI (Table S2 of the ESIf). The higher chain
mobility of PS and PI in acetone compared to that in DMAc
causes the micelles to merge and form a more ordered mor-
phology, namely the lamellar superstructure. It is noteworthy
that ordering is also influenced by the molecular weight com-
position of ISV1. In the presence of NDs, coassembly between
ISV1 and NDs occured and resulted in a network-like super-
structure at ¢np = 22 wt% as shown in Fig. 7b. However, as
¢np increased to 50 wt% (Fig. 7¢), a less-ordered morphology
with randomly distributed NDs formed, indicating an order-to-
disorder transition at high values of ¢yp. Similar phenomena
were observed in previous reports describing techniques for
using H-bond forming molecules to tailor the morphologies of
bulk BCPs®>** and BCP membranes.’>”® The molecules were
found to influence BCP chain stretching and micelle rigidity,
or to form subphases that are selectively miscible with one of
the copolymer blocks. In our case, NDs containing H-bonding
moieties (COOH and OH) are found to affect the ISV1 chain
mobility and to form a distinct phase which is selectively mis-
cible with P2VP domains, resulting in morphological tran-
sitions of the terpolymer.

We emphasize that the dialysis against acetone resulted in
the formation of turbid supernatant accompanied by some
precipitates. The TEM images depicted in Fig. 7a-c represent
local observations of precipitate morphology. Concurrently,
the particles that are dispersed in the supernatant, further
called aggregates, exhibit a morphology similar to that of the
precipitates with average particle diameters between
100-300 nm, as discussed hereinafter. The formation micron
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scale precipitates with uniform internal morphology indicates
that the generated superstructures exhibit a long-range order.
Additionally, it implies that the BCP-ND coassembly can be
directed to form arrayed nanostructures over manifold length
scales, which is essential for the fabrication of functional
devices.

Since both the precipitates and the suspended aggregates
have the same internal morphology, we assume that the pre-
cipitates were formed kinetically from the aggregates as their
concentration increases during the dialysis process. To better
understand the colloidal coassembly of ISV1-ND during the
dialysis process, the supernatants were analyzed using DLS
after filtering the dialyzed ISV1-ND dispersions through 5 pm
pore-size polytetrafluoroethylene (PTFE) syringe filters. The
DLS results displayed in Fig. 7d show that the ISV1-ND dis-
persion with ¢np = 22 wt% (curve C) comprises larger aggre-
gates than those obtained for higher values of ¢yp (curves A
and B). This finding is supported by the TEM image insets of
curves A and C, which display the morphology of aggregates
formed in the corresponding dispersions. This phenomenon
can be related to the influence of NDs on polymer chain mobi-
lity, as discussed below.

A sufficiently high ¢np (50 and 55 wt%) stabilizes the BCP
micelles in the dispersion and obstructs the copolymer chain
mobility to further coalesce and coassemble into a larger
aggregate as in the case of ¢np = 22 wt% and, hence, to form
smaller aggregates. Fig. 7d also shows that aggregates from
ISV1-ND with ¢np = 55 wt% (curve B) are larger than those
obtained for ¢np = 50 wt% (curve A); this is because the initial
micelle size and ND-ND interactions increase with ¢yp. At ¢np
= 22 wt%, larger aggregates with an ordered morphology were
formed, indicating that, at such ND loading, chain mobility is
sufficient to allow micelles to merge and self-assemble into a
superstructure with cylindrical PI cores in an interconnected
PS matrix, while the P2VP domain stabilizes the NDs at the
interfaces. Accordingly, NDs that are attached onto the P2VP
chains by H-bonds assemble into interconnected strings, as
illustrated in Fig. 7e.

At ¢dnp = 22 Wt%, similar morphologies (shown in Fig. S3 of
the ESIt) were also attained using ISV terpolymers with
different molecular weight compositions, namely ISV2 and
ISV3 (see Table 1). The DLS measurements of ISV2-ND and
ISV3-ND dispersions in acetone (curves D and E of Fig. 7d,
respectively) reveal the formation of smaller aggregates com-
pared to that of ISV1-ND. This result can be explained by ana-
lysing the molar volume ratio of P2VP to PS (Vpayp/Vps) in the
corresponding ISV terpolymers. The molar volume of block i
was calculated by dividing its molecular weight by its mass
density p;, with pps = 1.04 kg L™ 'and ppoyp = 1.14 kg L™".>" We
find that as Vp,yp/Vps decreases from ISV1 to ISV3 (ISV1 = 0.21,
ISV2 = 0.20, and ISV3 = 0.17), the average hydrodynamic radii
of the aggregates decrease. The compositional analysis shows
P2VP and PS are more compatible with acetone than is PI.
This implies that P2VP and PS dominate the copolymer chain
mobility during the formation of aggregates. Moreover, of the
polymer block components we considered, P2VP is the most

Nanoscale, 2021,13,1639-1651 | 1647
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Fig. 7 TEM images of (a) ISV1 terpolymer, (b) ISV1-ND at ¢np = 22 wt%, and (c) ISV1I-ND at ¢np = 50 wt% from the dispersions in acetone after
dialysis. The dark phases are Pl domains stained with OsO,4, while ND domains are partially highlighted by dashed red lines. For more clarity, overfo-
cus TEM images are provided in Fig. S3 of the ESI} along with lower magnification images. (d) Particle size distribution of various acetone-dialyzed
BCP-ND dispersions after passing through a 5 pm syringe filter: A. ISV1-ND at ¢np = 50 wt%, B. ISV1-ND at ¢np = 55 wt%, C. ISV1I-ND at ¢np =
22 wt%, D. ISV2—-ND at ¢np = 22 wt%, and E. ISV3—ND at ¢np = 22 wt%. The TEM image insets are the typical aggregates formed in the dispersions.
(e) Proposed mechanism of the BCP-ND nanocomposite (22 wt% NDs) superstructure formation upon solvent exchange from DMAc to acetone.
The schematic illustration elucidates how the oxidized NDs attached on the P2VP corona (red color) arrange into strings guided by the BCP self-
assembly. The presence of acetone increases the mobility of PS (gray color), which leads the micelle corona to merge and the soft Pl core (blue
color) to coalesce. As the dispersion is richer with acetone, the BCP—ND coassembles to a 3D network with well-organized interconnected ND

strings.

soluble in acetone, and the attachment of NDs on P2VP
further increases its influence on aggregate formation due to
the interparticle ND attraction. We accordingly infer from the
experimental results that with higher P2VP to PS ratios the ten-
dency to form larger aggregates is enhanced.

The strong influence of NDs in the formation of agglomer-
ates during ISV1-ND coassembly was also corroborated by dia-
lyzing neat ISV1 and ISV1-ND dispersions in DMAc against
ethanol (EtOH). TEM and DLS measurements of neat ISV1 dia-
lyzed against EtOH (Fig. S5a and S5ct) suggest that a stable
and monodispersed ISV1 dispersion in EtOH with R of 29 nm
was obtained without spoiling the core-shell morphology of
the micelles. Since EtOH is a good solvent for P2VP and a non-
solvent for PS and PI (Table S1t), the P2VP corona can stabilize
neat ISV1 core-shell micelles and micelle agglomeration is
avoided when changing the solvent from DMAc to EtOH. On

1648 | Nanoscale, 2021, 13, 1639-1651

the other hand, due to the gluing effect of NDs, the ISV1-ND
micelles tend to agglomerate, without changes to their individ-
ual micellar shape, after exchanging the solvent from DMAc to
EtOH (Fig. S5b and S5ctf). The formation of agglomerates
might be affected by the intermicelle-ND attraction, which is
more favorable in EtOH due to the lower polarity index of
EtOH (P'gon = 4.3) relative to that of DMAc (P'pyac = 6.5).%°

In summary, our experimental results suggest a complex
interplay between BCP self-assembly in solutions, BCP-ND
interactions, and ND colloidal behaviors. Whereas a proper
interaction between BCPs and a selective solvent is required to
generate a desired BCP self-assembled morphology, a preferen-
tial compatibility between NDs and BCPs is also crucial to
achieving thermodynamically stable ordered structures with
well dispersed NDs. The presence of preferential H-bond inter-
actions between BCPs and NDs revealed in this work qualitat-

This journal is © The Royal Society of Chemistry 2021
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ively demonstrates the importance of minimizing the enthalpy
of mixing between BCP and NDs. Furthermore, our experi-
mental results show the influence of ND loading ¢np on the
polymer chain mobility, which suggests a similar behavior to
the incorporation of NPs into BCPs in bulk, that involves
polymer-chain conformational entropy and translational
entropy of NPs.>>®® Our findings also suggest that ND self-
agglomeration further complicates not only the thermo-
dynamics but also the kinetics of BCP-ND coassembly. On the
thermodynamic side, this might give rises to a free energy
penalty by ND-ND interactions qualitatively similar to ener-
getic contributions due to rod-rod interactions in BCP-
nanorod blends investigated by Thorkelsson and co-workers.®’
On the kinetic side, ND self-agglomeration that occurs for
sufficiently high values of ¢np might increase the activation
energy barrier for interdomain diffusion and thereby impede
long-range diffusion, as observed for high loadings of AuNPs
in supramolecular nanocomposites reported by Kao et al.®®
Additionally, apart from the fact that BCP self-assembly can
guide ND arrays, the formation of ND strings observed in our
experiments, either in the patchy hybrid micelles or in the
self-assembled superstructures, may point to a tendency for
NDs to self-assemble in solution. This resonates with a recent
report by Chang et al.®* concerning the dynamic self-assembly
of NDs in water that can form strings due to electrostatic
forces, chemical functionalities, and surrounding medium.
Such colloidal behavior of NDs may contribute to an entropic
factor related to the aggregate orientation as described pre-
viously for NP localization in BCP micelles.®*

4 Conclusions

The formation of hierarchically ordered nanocomposites
based on coassembly between block copolymers (BCPs) and
nanodiamonds (NDs) has been investigated by initially fabri-
cating patchy hybrid micelles in DMAc. H-Bond interaction
between BCPs and NDs promoted by the chemical functionali-
zation of the ND surface is one of the key factors in the patchy
structure formation, in tandem with the sonication and cen-
trifugation processes. Fig. 8 summarizes the advantages and
intrinsic importance of the BCP-ND coassembly investigated
in our work. Firstly, the hybrid micelles can be used as build-
ing materials for the manufacture of UV-protective, hydro-
philic, and transparent films with a remarkably uniform ND
distribution, even at high ND loadings exceeding 50 wt%.
Previously reported polymer-ND composites**® exhibited a
trade-off between ND loadings (namely UV shielding perform-
ance) and film transparency due to ND self-aggregation. These
studies reported that with UV absorption (320 nm wavelength)
of approximately 60-85% at an ND loading of 40 wt%, the
visible light transmittance of the composites was lower than
40%. In contrast, our BCP-ND nanocomposites maintain
visible light transmittance of more than 60% with UV-absorp-
tion (320 nm wavelength) of 85% at an ND loading of 44 wt%,
making it comparable with UV-shielding and transparency per-
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As-cast films

+ Well-dispersed NDs up to 55 wt% ND loadings
+ Film transparency (>60% visible light transmission)
+ UV-absorption up to ca. 85% (UV 320 nm)

+ Hydrophilic surface

+ Hybrid multicompartment micelle formation
+ Well-aligned ND strings over multiple length scales
+ Nanoscale control of ND arrangement

Fig. 8 Advantages and necessity of the BCP—ND colloidal coassembly
investigated in this work, which comprise as-cast film formation and
step-wise coassembly of BCP-ND. The as-cast films prepared via drop
casting exhibit high performance UV-protective and transparent
coating, and the step-wise coassembly demonstrates the possibility of
forming hybrid multicompartment micelles and superstructures with
nanoscale control of ND arrangement over multiple length scales.

formance of nanocomposite films incorporated with inorganic
6577 This result
BCP-ND

nanoparticles, such as TiO,, ZnO, and CeO,.
clearly corroborates a
nanocomposites.
Secondly, our patchy hybrid micelles also exhibit potential
utility as objects for building self-assembled superstructures
and hybrid multicompartment micelles (aggregates) with well-

key advantage of our

organized ND arrays via a step-wise dialysis method against
acetone. The BCP-ND nanocomposites with an ND loading of
22 wt% were found to possess a fascinating network-like mor-
phology which exhibits long-range order. The structure fea-
tures interconnected ND strings within a self-assembled poly-
meric matrix as hybrid multicompartment micelles and self-
assembled superstructures. This result also underscores the
possibility of controlling nanoscale ND arrangement in poly-
meric nanocomposites, which has never been previously inves-
tigated. The formation mechanism of the reported structures
was studied by performing TEM and DLS analyses which
testify to the indispensable roles of polymer-polymer,
polymer-solvent, polymer-ND, ND-solvent, and ND-ND
interactions in determining the nanocomposite morphology.
Our work may lead to a scalable bottom-up strategy for
guiding ND assembly into arrays. Such a strategy would
benefit a wide spectrum of applications in biotechnology, high
performance coating, energy harvesting and storage, and
quantum devices.

Despite the complexity of BCP-ND colloidal coassembly, we
suppose that wet-based techniques are preferable to dry
alternatives like extrusion and milling since they can improve
polymer chain mobility and reduce ND self-agglomeration by
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solvation. Further study is, however, needed to discover path-
ways to different possible combinations of ND surface chemi-
cal modifications, polymer functionalities, solvent polarity,
and fabrication routes. Owing to the biocompatibility of NDs,
it might also be interesting to investigate methods for forming
multicompartment nanostructures®®®’ based on BCP and
NDs. Since BCPs have been recognized as synthetic materials
that can be wused to construct models for biological
systems,”®”" our findings may also provide a foundation for
advanced bio-applications of NDs. Furthermore, a systematic
theoretical study of BCP-ND coassembly in solution is also
highly desired to better understand the kinetics of structure
formation, predict other possible thermodynamically stable
structures, and obtain optimum conditions for achieving tar-
geted material properties.

In addition, since assembling NDs into arrays is crucial for
their applications in quantum sensings’’® and quantum
information processings,”* our work may open a new avenue
for directing arrays of NDs with quantum properties. Previous
works have been performed to direct fluorescent ND assembly
including the use of lithography techniques,”>’® or biological
molecules.””””® However, to the best of our knowledge, our
approach is an unprecedented strategy to guide ND nano-
scopic arrangement by using BCP self-assembly, which can be
more scalable for designing quantum devices.
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