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ABSTRACT: Within ordered poly(styrene-b-methyl methacrylate) (PS-
b-PMMA) block copolymer (BCP) lamellae, oriented nanoplates
[gadolinium trifluoride doped with ytterbium and erbium, GdF;:Yb/Er
(20/2 mol %)] grafted with polyethylene glycol assemble into aligned
strings at small interparticle separations. Herein, we investigate the origin
of these aligned assemblies using X-ray scattering, electron microscopy,
and hybrid particle/self-consistent field theory simulations. From
previous reports, the insertion of a nanoplate in a BCP microdomain
is expected to perturb the polymer chains and produce a local domain
bulge as the PS/PMMA interface distorts to optimize conformational
entropy. While experimental techniques are unable to directly resolve
this small distortion, the two-dimensional simulations of the equilibrium
BCP nanocomposite structure clearly show bulge formation around the
nanoplates. As a function of particle separation, the potential of mean
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force (PMF) calculation reveals a global minimum corresponding to an equilibrium interparticle spacing of 7.0 nm, which
agrees well with a mean experimental value of 6.4 nm. Furthermore, the PMF calculation exhibits a small activation barrier due
to the high curvature penalty between two nanoplates at a separation distance of 21.7 nm. Ultimately, nanoplate strings form to
fulfill the criteria where the energy benefit of decreasing interfacial area and minimizing chain stretching outweighs the energy
penalty associated with reducing the translational entropy affiliated with evenly distributing the nanoplates. The simulations also
illustrate a narrow tolerance for orientation angles, supporting the high degree of nanoplate alignment observed experimentally.
We anticipate that the ability to align and couple anisotropic nanoparticles in BCPs presents opportunities to create functional

polymer nanocomposites with orientation-dependent properties.

B INTRODUCTION

Meanwhile, fewer studies have explored the effects of

Block copolymer (BCP)-based supramolecules' ™ and tradi-
tional block copolymers (BCPs)®™® offer a nanostructured
matrix to template the assembly of nanoparticles (NPs).
Provided that NP and polymer compatibility (geometric and
thermodynamic) has been considered, polymer nanocompo-
sites (PNCs) can be designed with nanoscale building blocks
arranged into hierarchical architectures to achieve a desired
structure—property relationship. Factors including matrix
molecular weight and chemical composition, brush chain
length, grafting density, and chemistry as well as particle size
and volume fraction, directly impact how NPs will organize
within these hybrid materials. Since the publication of several
pioneering studies’ '® in both theory and experiments,
significant progress has been made toward understanding
how these factors affect the dispersion of spherical NPs in
BCPs.
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particle shape anisotropy (rods®™*'°~*" and plates®*) in BCP
nanocomposites. Directing the orientation of nonspherical NPs
is of particular interest for exploiting their shape-dependent
. . . . 23 . .
properties for a variety of applications™ including photo-
L 2426 102728 L 39
voltaics, metamaterials, biomimetic systems,” and
thermal interface materials.”” BCPs deliver a versatile approach
to creating large-area, self-assembled nanocomposites that
direct anisotropic particle orientation through limited process-
ing steps. However, unresolved questions prevent BCPs from
being fully harnessed to engineer hybrid materials with
precisely directed NP orientations. These questions include a
fundamental understanding of how locally disrupting the
equilibrium BCP microstructure, from polymer chains

Received: June 25, 2019
Revised:  October 3, 2019
Published: November 13, 2019

DOI: 10.1021/acs.macromol.9b01324
Macromolecules 2019, 52, 8989—8999


pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.9b01324
http://dx.doi.org/10.1021/acs.macromol.9b01324

Macromolecules

Figure 1. Representative transmission electron microscopy (TEM) (JEM-1400, 120 kV) micrographs of (a) a monolayer of as-synthesized
GdF;:Yb/Er (20/2 mol %) with OA on their surfaces, (b) drop-casted M, = S kg/mol PEG-PO;H,-functionalized nanoplates, and (c) an
ultramicrotomed cross-section of neat lamellar-forming M, = 38k-b-36.8k g/mol PS-b-PMMA film (thickness ~370 nm) annealed at 190 °C for 48
h. The light and dark domains of the BCP are PMMA and PS, respectively. All scale bars are 200 nm.

rearranging to accommodate a nonspherical NP, might lead to
interparticle assembly within a domain.

Recently, we showed that crystalline gadolinium trifluoride
rhombic nanoplates doped with ytterbium and erbium
[GdF;:Yb/Er (20/2 mol %)] and functionalized with favorable
interactions for one domain will align in ordered BCP lamellae
at low NP volume fractions.”” In this first study, it was
observed that the aligned nanoplates further assemble and
string together in chains in the confining domain at small
interparticle distances. Anisotropic assemblies of polymer-
grafted NPs have been previously shown in homopolymer®' ~**
and BCP>*>*° matrices. However, without tuning interparticle
interactions to intentionally form NP strings, we focus on the
thermodynamic origins of nanoplate assemblies from our initial
experiments with supporting simulations.

Bockstaller et al. predicted that, in the presence of a
nanoplate, a bulge would be created in a BCP domain as a
result of excessive chain perturbations.” However, the present
work will discuss the limitations of observing this phenomenon
experimentally using electron microscopy and scattering
techniques. Instead, polymer field theory allows researchers
to effectively study and model BCP nanocomposite
physics.”'**>7%* Furthermore, theoretical studies have cap-
tured the anticipated domain distortion around spherical
NPs.**"** By coupling experiments with the theory, the
present work seeks to elucidate the mechanism by which
GdF;:Yb/Er nanoplates grafted with polyethylene glycol
(PEG) confined in poly(styrene-b-methyl methacrylate) (PS-
b-PMMA) lamellae create a bulge in the microdomain and
contribute to the anisotropic assembly of these aligned
particles.

The simulation results predict and a deeper experimental
exploration corroborates an equilibrium interparticle spacing
between GdF;:Yb/Er NPs assembled in anisotropic strings.
Here, we propose that nanoplates bridge together to mediate
the following energetic penalties: the increased interfacial area
between the PS and PMMA domains accompanied by the
decreased chain entropy from highly stretched and compressed
chains around the nanoplates. The simulations also reveal an
intermediate nanoplate separation that corresponds to a local
free energy maximum. This interparticle spacing relates to a
separation where the excess interfacial area of two plates only
begins to merge, creating a PS/PMMA interface of the highest
curvature. We acknowledge that, rather than one-dimensional
strings, the nanoplates may be assembling as sheets or two-
dimensional (2D) arrays in the plane of the PMMA domain in
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the experimental system. However, since a projection of the
film cross-section is captured in the microscopy images, the
assemblies have the appearance of strings and will, therefore,
continue to be referred to as such. We also present additional
simulations as a function of nanoplate orientation. The findings
from these simulations support nanoplate alignment with some
tilt allowance in the experimental system by illustrating a
narrow tolerance for orientation angles in the studied, low M,
BCP. Creating aligned NP assemblies within the domain of a
BCP may provide a platform to fabricate functional nanoma-
terials that would benefit from strate§ically aligning and
coupling particles into anisotropic arrays. ?

B METHODS

Materials. All polymers and chemicals were used as received.
Phosphoric acid-functionalized poly(ethylene glycol) (PEG-PO;H,,
M, = S kg/mol) was purchased from Nanocs Inc., and lamellar-
forming poly(styrene-b-methyl methacrylate) (PS-b-PMMA, M, =
38k-b-36.8k g/mol, PDI = 1.08) was purchased from Polymer Source
Inc. Toluene (99.9%, for high-performance liquid chromatography
(HPLC)) was purchased from Sigma-Aldrich, while hydrogen
peroxide (H,0,, 30%, certified ACS), sodium hydroxide solution
(NaOH, 50% w/w, certified), and sulfuric acid (H,SO,, certified ACS
plus) were purchased from Fisher Scientific. Silicon (Si) wafers with a
300 nm wet thermal oxide layer were purchased from University
Wafer. EpoxiCure 2 epoxy hardener and resin were both purchased
from Buehler.

The synthesis of oleic acid (OA)-stabilized GdF;:Yb/Er (20/2 mol
%) rhombic nanoplates [longest diagonal (d;) = 35 nm, shortest
diagonal (d,) = 22 nm, and thickness () = 3 nm] in Figure la and
subsequent surface modification with ¢ = 0.62 chains/nm” of M, = §
kg/mol PEG-PO,H, were previously reported.”” The PEG-PO;H,-
functionalized nanoplates in Figure 1b were dispersed in toluene as a
stock solution until further use.

Block Copolymer Nanocomposite Preparation. Si wafers with
a 300 nm wet thermal oxide layer were cut to 1 cm? The substrates
were piranha-cleaned (70:30 vol %, H,SO,:H,0,) at 80 °C for 20
min, rinsed three times, and stored overnight in deionized (DI) H,O
before drying with N, followed by 10 min of UV ozone treatment.
Meanwhile, the polymer-functionalized GdF;:Yb/Er nanoplates were
added to 7 wt % solutions of M, = 38k-b-36.8k g/mol PS-b-PMMA in
toluene and stirred with a magnetic stir bar for at least 2 h at 40 °C.
Once the polymer was dissolved, the solutions were spin-coated
(2000 rpm, 1 min) onto the cleaned Si substrates. The films were
annealed under vacuum at 190 °C for 48 h. The BCP nanocomposite
samples that were formed had the following final nanoplate volume
fractions: ¢ = 0 (Figure lc), ¢ = 0.0083 (Figure S1), ¢ = 0.017
(Figure S2), ¢ = 0.027, ¢ = 0.038, ¢ = 0.050, and ¢ = 0.064. A F3-
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UV reflectometer (Filmetrics, LS-DT2 light source and SS-5 stage)
was used to measure film thicknesses.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS).
Experiments were performed at the Soft Matter Interfaces (12-ID)
and Complex Materials Scattering (11-BM) beamlines at the National
Synchrotron Light Source II (Brookhaven National Laboratory).
Scattering data was collected using pixel-array detectors; conversion
from the detector space to reciprocal space was calibrated by
measuring a standard sample (silver behenate). We define g, to be the
vertical (film normal) direction, g, to be the orthogonal horizontal
(in-plane) direction, g, to be the direction along the beam, and

q, = qj + q; to be the total magnitude of the in-plane scattering

component. To analyze the in-plane repeat spacing of the structures,
we extracted a linecut along the g, direction (slightly above the
Yoneda®®""), fit the first-order peak to a Gaussian, and converted to
real space using d = 27/q. To determine the out-of-plane repeat
spacing, one must account for the shift in the scattering peaks arising
from refraction distortion effects.*””** The nominal (detector space)
peak position (g,) was determined by taking a linecut along q, (at the
g, position of the primary peak immediately adjacent to the
beamstop) and fit the scattering peak to a Gaussian. This scattering
peak arises from the periodic order in the vertical (film normal)
direction, due to the horizontal lamellae stacking. However, the true
g position for this peak is shifted due to refraction of the incident and
scattered X-rays, leadin§ to a nominal peak position on the detector
that must be corrected.” The refraction correction for a peak arising
from the transmission channel (gr) is different than for the reflection
channel (gg). For the data analysis herein, we selected the peak
around 0.057 A™' on the detector, which is the third-order lamellar
scattering peak. This higher-order is selected since the first and
second-order peaks appear below the horizon and superimposed on
the Yoneda and are, thus, strongly affected by substrate absorption
and Yoneda scattering. We confirmed that this scattering peak arises
from the transmission channel by varying the grazing-incidence angle
and applied a refraction correction based on the known incidence
angle and a calculated value for the critical angle of the film (0.098°
for PMMA at 13.5 keV). Examples of typical peak analyses are shown
in Figure S3.

Transmission Electron Microscopy (TEM). Films were lifted
from the substrates by floating them on the surface of a NaOH
solution (80:20 vol %, DI H,0:50% w/w NaOH solution) at 40 °C.
Once the films delaminated from the Si, they were rinsed in a DI H,0O
bath and lifted onto Teflon. After water evaporation, the top of the
BCP nanocomposite surfaces was sputter-coated with a thin layer of
gold (Au) and palladium (Pd) and transferred from the Teflon into
two-part epoxy. Film cross-sections (~50—70 nm thick) were cut by
ultramicrotomy (Leica Ultracut S Ultramicrotome) with a diamond
knife. TEM characterization of the BCP nanocomposite cross-sections
deposited on carbon-coated grids was performed with a JEOL JEM-
1400 TEM operated at 120 kV.

Nanoplate Separation Image Analysis. The separation
between NP edges within assembled strings of aligned nanoplates
was analyzed using Image] (v 1.52a). This process is shown in Figure
S4. Briefly, TEM images of the BCP nanocomposite sample
containing ¢ = 0.017 nanoplates (Figure S4a) were manually
thresholded to isolate all of the nanoplate areas and converted into
binary images (Figure S4b). A straight line selection was drawn along
the nanoplate strings in the binary images (Figure S4b). By
performing a plot profile analysis to graph the pixel intensities as a
function of distance (Figure S4c), 300 edge-to-edge distances
between aligned nanoplates assembled in strings were measured at
half the maximum intensity value. All 300 measurements that were
taken are listed in Table S1.

Description of the Simulations. To model the experimental
system, hybrid particle/self-consistent field theory (hSCFT) was
implemented based on the previous literature.*"*”**™>° The model
presented herein is adjusted to account for the slightly negative
Flory—Huggins interaction parameter (y) between the PMMA
domain of the BCP and the PEG brushes grafted to the nanoplates,
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as demonstrated by Hore et al.’>' Since the model can be used for
various polymeric systems, generic variables (4, B, C) are used to
represent the three polymeric components. For our specific
experimental system, A is PS, B is PMMA, and C is the grafted PEG.

Polymer chains are represented as discrete Gaussian chains with
the statistical segment size b. Explicit NPs are modeled with cavity
functions to exclude polymers from certain areas of the simulations.
To represent shape anisotropy, the following functional form (I") for
the NP, used by Rasin et al. to simulate anisotropic particles,” is
employed

(Iu~(r 1)l — %)
¢

f((qu (r—r)l —RP)]
¢ (1)

where R; is the NP radius, L is the NP length, p, is the bulk density
of the system, and & is the NP interface width, which controls how
quickly the particle density goes from p, to 0. Within any given
simulation, the NP positions r. and orientations u are fixed. The
probability distribution of grafting sites for the model PEG brushes is
defined as the normalized magnitude of the NP density gradient
o) = -V ()l
[de VT (@)

the NPs.

By applying the Hubbard—Stratonovich transformation,” the
following hybrid partition function is obtained

Z =z [Dlw) [arm et @

where z, accounts for miscellaneous proportionality factors and {w}
represents a collection of different field terms and #p is the number of
explicit nanoparticles. The effective Hamiltonian (7H) provides access
to free energy differences under the mean-field approximation; the
difference between two effective Hamiltonians is equivalent to the
change in free energy. The specific Hamiltonian for this system is
derived as
(£) () (+)
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)
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and represents the distribution of grafting sites on

% - P
+ 20 [arf2w? + ) +
Xac X

/‘dr(w](;{:)(r)2 + wlg(_:)(r)z) — np log Q

— "peg fdr prq(r) ln(qPEG(r)) (3)

where w, is the field enforcing the Helfand compressibility potential
that discourages deviations from p,, while x is proportional to the
incompressibility of the system; «x oo corresponds to the
incompressible limit. pyp is the microscopic density of the NPs
convolved with the density function of the particles, p = Z,N"(ﬁ*r) (r)
where * represents a convolution of the two functions. The @, terms
together represent the field conjugate to the Flory—Huggins
interaction between species @ and f, where a,8 € {A, B, C}.* The
number of BCP chains is denoted by np, and their partition function
is represented as Qp. Likewise, the partition function of the grafted
chain is gpgg and the number of grafted PEG brushes is npgg. The
specific forms of Qp, and gpg¢ and the various density operators can be
found in the monograph by Fredrickson®” as model E and model K
and in other previous works.??”**7° The negative value of yyc
accounts for the slightly negative y between PMMA and PEG, yap
represents the repulsive interactions between PS and PMMA, and y,c
between PS and PEG. The mean-field configurations are found using
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a first-order semi-implicit relaxation scheme.’” The inclusion of a
negative y requires a slightly different gradient scheme than that of
Koski et al.** and follows the approach of Hore et al;>' complete
details can be found in the Supporting Information.

Numerical Parameters. We approximate the experimental
system, which has M, = 38k-b-36.8k g/mol, as a discrete Gaussian
chain A—B diblock copolymer with a composition (f,) of 0.5 and a
simulated molecular weight of M,, = 38k-b-36.625k g/mol. The data
presented by Eitouni and Balsara™ were then used to determine the
statistical equivalent number of monomers and statistical segment
size, which was then used to calculate Ré. To obtain the necessary
values for the calculations (molar, statistical segment length, and
number of monomers per statistical segment), the weighted average
between the physical properties (monomer volume and statistical
segment length) of the PS block and PMMA block was taken; for the
presented system, the weighted average is a simple average since ¢ps =
¢ps = 0.50. Each block of the BCP is constituted of 30 beads with
each statistical bead length (defined as 1 unit) representing 1.2332
nm; the statistical segment sizes for both blocks of the BCP are
assumed to be the same. Therefore, one bead corresponds to roughly
12 monomeric units of the BCP. By maintaining the same statistical
segment size for the grafted chain, each grafted simulation bead
represents about 14 monomeric units of PEG.

Our simulations are performed in 2D, and, as a result, the rhombic
nanoplates were modeled as 2D rods (which is analogous to looking
at thin plates edge-on); the third dimension is assumed to be uniform,
so this model corresponds to plates of infinite width. The thicknesses
of the simulated plates (correspondingly, the diameter of the 2D rod)
were 1.2918b units to match the 3 nm experimental size. The
“diameter” of the simulated NPs (length of the 2D rod) is the average
of the two unique experimental diagonals (d; and d,) and is 6.1318b.
The interface width of the NP & was chosen to be 0.2b units. The
dimensionality of the 0.62 chains/nm” grafting density was reduced
following the procedure established by Ferrier et al.** and then
converted it to b units to obtain a grafting density of 1.43 chains/b.
The jy values were also mapped from the experiments using the data
collected by Eitouni and Balsara®® and are as follows: Xps/PMMA =
0.501609, yps/pec = 1.13437, and yprg/pmma = —0.018209 using a
reference volume of 0.1 nm®. In combination with the y values defined
by Eitouni and Balsara,> a degree of polymerization (N) of 60 for the
BCP was used to calculate y,pN, while an N of 9 for the grafted brush
was used to calculate both ygc and yac. A k of 50 was used in our
simulations since the system equilibrates more easily at this value than
a truly incompressible system (k = c0) while having negligible effects
on the final results. In the 2D simulations, ¢,(r) = p.(r)/p, where ¢ is
the volume fraction of component x (PS, PMMA, PEG, or NP) with
density p, at position r.

For the potential of mean force (PMF) simulations, the box size
was 52.0b X 90.0b units with 525 X 875 collocation points,
respectively, to contain four lamellar periods, and the SCFT equations
were implemented and solved using pseudo-spectral techniques.>”
The angle rotation data was generated in a box with 65.0b X 70.0b
units with 625 X 675 grid points, respectively, and contained five
lamellar periods to minimize the amount of disturbance felt by the
farthest BCP interface in the simulation. Unless noted, the NP
dimensions, grafting density, y, composition, and k were all held
constant. For discussion, the experimental equivalent of the
simulation units will be used for the ease of the reader and authors.

Potential of Mean Force Curves. The PMF curves were
generated with the aforementioned model and numerical parameters.
The interparticle distance was varied between two explicit NPs at
fractional distances of the box height, from 0.14 to 0.45. The farthest
distance between simulated plates was used as the reference point to
ensure that there are no interactions between the NPs. A separate set
of simulations rotated a single explicit NP to generate the angle-
dependent PMF curves from 0° to 10° in increments of 1° and higher
angles of 20°, 30°, 45°, and 90°. No angle higher than 90° was probed
due to symmetry. The 0° calculation was the reference state since this
configuration minimizes the distortion to the BCP interface. Certain
effects cannot be properly captured (such as NP tilt out-of-plane in
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the z-direction) since the simulations are 2D and not three-
dimensional (3D).

B RESULTS

The formation of ordered BCP nanocomposite films,
containing nanoplates aligned with the lamellae and NP string
assemblies, requires the surface modification of the as-
synthesized, OA-stabilized GdF;:Yb/Er nanoplates in Figure
la. Consequently, OA was displaced by PEG-PO;H, through a
solution-phase ligand exchange. By establishing favorable
interactions, the PEG-PO;H,-functionalized nanoplates in
Figure 1b were incorporated and aligned in the PMMA
domain of the parallel PS-b-PMMA lamellae in Figure lc. We
previously showed that these aligned and ordered films were
attainable at low NP loadings (redisplayed in Figure S1 and
Figure S2 for ¢ = 0.0083 and ¢ = 0.017, respectively). The
nanoplate alignment and lamellae ordering behavior, however,
breaks down at higher volume fractions and was the subject of
our first study.”” Here, we will instead focus on the emergence
of interparticle assemblies and the anticipated domain
distortion as a result of significant polymer chain stretching
around rigid GdF;:Yb/Er nanoplates.

While nanoplate alignment is clearly shown at ¢ = 0.0083
and ¢ = 0.017, the domain bulge cannot be resolved in the
TEM images. Since PMMA sustains degradation by electron
beam irradiation, the PMMA domains appear lighter than the
PS domains in TEM due to increased Z-contrast.”* > This
beam damage, in combination with the natural undulations in
the BCP lamellae, also prevents the expected distortion around
the nanoplates from being detected. To try and circumvent the
limitations, posed by TEM, in experimentally visualizing the
domain bulge, we performed GISAXS experiments on the BCP
nanocomposites with ¢ = 0, ¢ = 0.0083, ¢ = 0.017, ¢p = 0.027,
¢ = 0038 ¢ = 0050, and ¢ = 0.064 PEG-POH,-
functionalized GdF;:Yb/Er and obtained an average lamellar
period (4). For high loadings of ¢ = 0.038, ¢ = 0.050, and ¢ =
0.064, the lamellar scattering peak was not observed, as seen in
the top image of Figure S3. The absence of this peak indicates
an extremely poorly ordered or even disordered phase, i.e., one
without well-defined lamellar layers. In the sample containing
¢ = 0.038 nanoplates, the weak scattering peak indicates a
predominantly disordered lamellar matrix. These results agree
with our previous electron microscopy observations.””
However, as long as lamellar formation persisted after
processing the films, A could be determined from the scattering
data, as shown in the bottom image of Figure S3. We present 1
for the evaluated ordered BCP nanocomposite samples as a
function of NP volume fraction in Figure 2. For the neat (¢ =
0) BCP, A = 36.7 + 0.2 nm. For the PS-b-PMMA lamellae with
¢ = 00083, ¢ = 0017, and ¢ = 0.027 PEG-PO,H,-
functionalized nanoplates, 4 = 36.5 = 0.5 nm, 4 = 36.2 +
0.2 nm, and 4 = 35.9 + 0.5 nm, respectively. Figure 2 and its
inset show that there is no statistically significant difference in
A when nanoplates are incorporated into the PMMA domains,
which could have confirmed that the predicted domain dilation
had 1 increased upon nanoplate insertion. We note that
GISAXS provides an average measure of the structural order,
and, thus, a given structural signal must be present in sufficient
concentration to measurably shift a scattering peak. Given that
the distortion introduced by the nanoplate is local and the
concentration of the NPs is modest, it is not surprising that
these local domain distortions do not measurably shift the
GISAXS peak position.
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Figure 2. Average lamellar period (4), experimentally determined
from GISAXS, of ordered BCP nanocomposite films with ¢ = 0, ¢ =
0.0083, and ¢ = 0.017 PEG-PO;H,-functionalized GdF;:Yb/Er (20/2
mol %) and of a partially ordered sample with ¢ = 0.027 nanoplates.
The inset portrays the data with a narrower y-axis range. Error bars
correspond to one standard deviation for three measurements
collected in different locations on each sample.

While TEM and GISAXS are unable to experimentally
corroborate the creation of a bulge around the GdF;:Yb/Er
nanoplates in the PMMA domains, as forecasted by Bockstaller
et al,’ there is evidence in the TEM results, which suggests
that the nanocomposite system finds a means to decrease the
entropic cost attributed to expanding the PS/PMMA interface.
By way of stringing nanoplates together in anisotropic arrays,
the additional interfacial area from local domain distortions
would decrease. This process of consolidating PS/PMMA
interface is represented by the illustration shown in Figure SS.
Merging at least two plates in a string would decrease the total
amount of the PS/PMMA interface added to the system.
Examples of these prevalent string assemblies for the ordered
BCP film with ¢ = 0.017 aligned GdF;:Yb/Er are shown in
Figure 3. The featured regions in Figure 3 showcase nanoplates
coupled in strings of two, three, and up to six NPs in a row.

To understand the origin of the anisotropic NP assemblies,
the PMF curve shown in Figure 4 was calculated to represent
the free energy of two PEG-grafted nanoplates at fixed edge-to-
edge separations (0.8 nm to 67.6 nm) while constrained to the
center of the PMMA domain in a M, = 38k-b-36.5k g/mol PS-
b-PMMA lamellar diblock copolymer. A few notable features
emerge in the PMF curve including a free energy maximum at
a NP separation of 0.8 nm, a global minimum at 7.0 nm, a local

Figure 3. Representative TEM (JEM-1400, 120 kV) images of regions in annealed (190 °C, 48 h) and ultramicrotomed lamellar-forming M, = 38k-
b-36.8k g/mol PS-b-PMMA film cross-sections with ¢ = 0.017 M, = 5 kg/mol PEG-PO;H,-functionalized GdF;:Yb/Er (20/2 mol %) highlighting
nanoplates bridging together in strings. The light and dark domains of the BCP are PMMA and PS, respectively. Here, the imaging conditions are
optimized to clearly visualize the nanoplate assemblies, sacrificing optimum contrast between PMMA and PS domains. The scale bar is 100 nm.
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Figure 4. Potential of mean force curve to describe free energy as a
function of edge-to-edge separation for two PEG-grafted nanoplates
in the PMMA domain of PS-b-PMMA lamellae. The inset expands the
region near the free energy minimum. (Top) 2D simulations show
system representations at nanoplate separations of 0.8 nm, 7.0 nm,
21.7 nm, and 67.6 nm. PS, PMMA, PEG, and NP-rich regions are
displayed as blue, red, yellow, and green, respectively.

maximum or activated state at 21.7 nm, and a plateau around
67.6 nm. The significance of these points can be explained by
examining the BCP morphologies at these specific interparticle
spacings. The 2D simulations in Figure 4 portray the
morphological evolution of the system at the four points of
interest for nanoplate separation. Importantly, at any of the
depicted NP edge-to-edge distances, a bulge is observed
around the nanoplates resulting in an increase of the
unfavorable PS/PMMA interface. The bulge propagates to
nearest neighbor domains, analogous to dislocations where the
energy penalty adversely affects a few adjacent planes. While
the maximum at 0.8 nm can best be characterized as hard NP
overlap, the plateau occurring at the furthest most point
corresponds to a region where particle—particle interactions
start to become insignificant as the nanoplates are semi-
infinitely spaced. The global minimum at 7.0 nm is associated
with an equilibrium nanoplate separation originating from
depletion—attraction interactions where this gap distance
reflects the dimensions of unperturbed PEG brushes on both
nanoplate surfaces. As shown in Figure 4 (top), the domain
distortions around two approaching nanoplates combine into
one bulge, thereby decreasing the total PS/PMMA area and
minimizing the stretching and compression of the BCP and
PEG chains. The free energy well centered around the
minimum at an interparticle spacing of 7.0 nm is presented
in the inset of Figure 4. The energy barrier identified at an
intermediate NP separation of 21.7 nm seems to occur when
the greatest degree of curvature in the interface is observed in
Figure 4 (top). The source of this activated state will be
explored further in our discussion.

To correlate the simulations to experiments and determine
an experimental equilibrium interparticle spacing, 300
distances between nanoplate edges were measured from

8994

TEM images. All 300 measurements are shown in Table S1
and recast as a histogram exhibited in the top image of Figure §

70 A

4
Separation Between Nanoplate Edges (nm)

5 6 7 8 9 10 11 12

Free Energy (kgT)

4 6 8 10
Separation between Nanoplate Edges (nm)

12

Figure S. (Top) Histogram of experimentally measured separations
between edges of PEG-PO;H,-functionalized nanoplates that are
aligned in the PMMA domain of lamellar-forming PS-b-PMMA films.
Nanoplates are bridging together in strings at a mean interparticle
spacing () of 6.4 nm with a standard deviation (o) of 1.44 nm.
(Bottom) Experimental free energy as a function of nanoplate edge-
to-edge separation calculated by normalizing results in (top) over the
total number of data points (300) to relate probability to energy using
a Boltzmann distribution. The bin size is 0.5 nm.

with a bin size of 0.5 nm. The mean nanoplate spacing is 6.4
nm with a standard deviation of 1.44 nm. To convert the data
represented in the histogram to an experimental free energy,
probability values were first calculated by normalizing the
histogram results over the total number of measurements
(300). The probability (P) of finding two plates with a given
separation can be related to the exponential of the free energy
(F) by assuming equilibrium statistics hold

F P K

keT

kg T (4)

where kg is the Boltzmann constant, T is the temperature, and
F, is an irrelevant constant shift in the free energy. The
resulting experimental free energy as a function of the
nanoplate edge-to-edge distance is reproduced in the bottom
plot of Figure 5 and can be compared to the simulation data in
Figure 4. The equilibrium interparticle spacings corresponding
to the global minima established by the PMF calculations and
experimental data are 7.0 nm and 6.4 nm, respectively. Not
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only are these strikingly similar separation values, but there is
an excellent agreement between the asymmetric shape of the
curves where the slope is steeper to the left and shallower to
the right of the minimum. Therefore, simulations and
experiments together suggest that nanoplate string formation
occurs at interparticle spacings prescribed by the lowest-energy
states in the well. The anisotropic assemblies emerge to avoid
penalties posed by the energy barriers associated with (1)
closely approaching the nanoplates to where the PEG chains
would be severely compressed and NP overlap would occur
and (2) isolating the GdF;:Yb/Er particles at intermediate
distances (~21.7 nm) where the highest curvature in the PS/
PMMA interface is formed from adjoining domain bulges.
Changes in interfacial area as a function of edge-to-edge
nanoplate separation can be explored by defining the proxy for
interfacial area [A(ryp)] as the average product of the PS and
PMMA volume fractions over all positions in a given
simulation box, A(ryp) = f dr ¢ps()Pppania (1)), As shown
in Figure 6, the interfacial area curve has a similar shape to the

0.06854

0.06852

0.06850 -

0.06848 4

Interfacial Area [A(ryp)]

0.06846 -

0 20 30 40 5 60 70

Separation Between Nanoplate Edges (nm)

0
Figure 6. Interfacial area [A(ryp)] as a function of edge-to-edge

separation for two PEG-grafted nanoplates in the PMMA domain of
PS-b-PMMA lamellae.

free energy curve from Figure 4. However, the location of the
A(ryp) minimum (11.2 nm) and maximum (38.4 nm) are
offset from the free energy minimum (7.0 nm) and local
maximum (21.7 nm). This indicates that while the interfacial
area does contribute to the free energy extrema, it is not the
sole contributor, which further supports the contribution of
additional factors such as curvature in the PS/PMMA interface
and conformational entropy penalties.

Another noticeable characteristic of the GdF;:Yb/Er nano-
plate alignment behavior is shown in Figure 3. Both the
nanoplates assembled in strings and the nanoplates at far
enough separation distances to remain isolated appear either
well aligned or only slightly tilted in the PMMA domains. To
understand the tolerance for nanoplate orientation in confined
lamellar PS-b-PMMA domains, the PMF curve in Figure 7 was
calculated to represent the free energy of one PEG-grafted
nanoplate as a function of sin(#) where 0 represents fixed
orientations (0° to 90°) of the nanoplate constrained to the
center of the PMMA domain in a M, = 38k-b-36.5k g/mol PS-
b-PMMA lamellar diblock copolymer. Here, confinement
indicates that the domain spacing of the nearly symmetric
BCP is smaller than the longest and shortest diagonal of the
rhombic nanoplate but larger than the nanoplate thickness. At
low nanoplate tilts (0° to 10°), the change in free energy is
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Figure 7. Potential of mean force curve to describe free energy (red)
as a function of sin(#) where 0 is the orientation of one PEG-grafted
nanoplate in the PMMA domain of PS-b-PMMA lamellae. A
quadratic regression (blue) was performed from sin(0°) to sin(5°).
(Top) 2D simulations at nanoplate orientations of 0°, 10°, 30°, and
90°. PS, PMMA, PEG, and NP-rich regions are displayed as blue, red,
yellow, and green, respectively.

relatively small compared to high orientation angles. By
considering the BCP morphologies in the 2D simulations of
Figure 7, the domain distortion and, thus, the PS/PMMA
interface are shown to increase substantially as the nanoplate is
tilted from 0° to 10° to 30° and to 90°. Neighboring domains
are also more significantly perturbed at higher nanoplate
orientation angles. Interestingly, when the PMF data is fit with
a quadratic regression performed over sin(0°) to sin(5°)
(shown in Figure 7), the fit curve correctly estimates the
energy cost of high angles. This agreement will be further
investigated in our discussion. The simulations, however, verify
that GdF;:Yb/Er nanoplates are able to assume a range of low
tilt angles in the PMMA domain of the nanocomposite films
because the energy penalties are relatively small, <1 kyT.

B DISCUSSION

We will first consider the origin of the free energy reduction,
demonstrated in the PMF curve of Figure 4, as two nanoplates
are moved from a separation distance of 21.7 nm to 7.0 nm,
which corresponds to the locations of the energy barrier and
the equilibrium interparticle spacing, respectively. Listak and
Bockstaller previously showed that PS-functionalized spherical
NPs dispersed in nearly symmetric bulk lamellar-forming
poly(styrene-b-ethylene propylene) (PS-b-PEP) localize at
high-energy defects like high tilt (omega-type) and T-junction
grain boundaries.”” By redistributing NPs to these unfavorable
lamellar structures, the authors elucidate a mechanism where
NPs accumulate to stabilize the grain boundaries. More
specifically, energetic costs related to perturbing the equili-
brium BCP morphology are diminished by swelling these
junctions with NPs. NP segregation alleviates the conforma-
tional energy penalties of highly stretched BCP chains imposed
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by forming the omega-type and T-junction defects. The T-
junctions, in particular, not only contain exceptionally curved
PS/PEP interfaces but also produce more interfacial area than
the equilibrium microstructure. As a result, Listak and
Bockstaller observed “3D ‘stringlike’ particle aggregates”
along these structures. Experiments by Rasin et al. also show
that poly(2-vinylpyridine) (P2VP)-grafted gold nanorods
dispersed in cylindrical-forming PS-b-P2VP collect at the
base of vertical P2VP cylinders.”' The nanorods relieve local
chain stretching caused by the minority P2VP domain wetting
the substrate in a T-junction-like defect. Subsequent
simulations from Koski et al. show that as the tilt angle of
omega-type like defects in a BCP decreases (therefore, the
curvature of A/B interface increases), NP accumulation
becomes more prominent as a result of a greater extent of
chain stretching.58

In the present system, intermediate separations (21.7 nm) of
aligned PEG-PO;H,-grafted GdF;:Yb/Er nanoplates promote
the greatest distortion in the equilibrium BCP morphology. At
these edge-to-edge nanoplate distances, the added PS/PMMA
interfacial area formed from the domain bulges converges to
create a region of the PS/PMMA interface with the greatest
possible curvature. This high-energy state corresponds to the
energy barrier seen as a local maximum in the simulation
results in Figure 4. Therefore, at a predicted separation of 21.7
nm between nanoplate edges, the conformational entropy
penalty associated with chains from both the PS and PMMA
blocks stretching to fill the space created by the defect is
presumed to be the greatest. Therefore, bridging PEG-PO;H,-
functionalized nanoplates into string assemblies not only
decreases the degree of chain stretching but also decreases the
interfacial area between the PS and PMMA microdomains.
The nanoplates are, in essence, attracted to each other to
create anisotropic assemblies with interparticle spacings
prescribed by the energy well shown in simulations (Figure
4) and corroborated by experiments (Figure 5). Ultimately, the
gain in free energy associated with decreasing interfacial area
and minimizing chain stretching must be outweighed by the
energy penalty associated with reducing the translational
entropy associated with evenly distributing GdF;:Yb/Er
nanoplates. Both the simulations and the emergence of
anisotropic PEG-PO;H,-functionalized GdF;:Yb/Er nanoplate
assemblies aligned in the PMMA domain of M, = 38k-b-36.5k
g/mol PS-b-PMMA shown experimentally in Figure 3 indicate
that this energetic criterion is fulfilled.

In the experimental BCP nanocomposites films containing ¢
= 0.0083 and ¢ = 0.017 PEG-grafted GdF;:Yb/Er nanoplates,
the NPs are highly oriented in the ordered parallel lamellae.
The free energy calculations in Figure 7 support the alignment
of nanoplates confined in the PMMA domain at low
orientation angles since the free energy increases considerably
beyond ~10°. Pryamitsyn and Ganesan present analogies that
have been made between polymer brushes grafted onto flat
substrates and the A and B polymers of an A—B lamellar-
forming BCP (illustrated in Figure S6a and Figure S6b).>’
Based on prior results, the authors express the pressure field
[P(z) in kT units] on a polymer brush with height h at a
position z from the substrate as*”

2

P(z) ~ [1 - z—z)

h (s)
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When a spherical NP is placed within the brush layer, the
change in free energy, dF,.q(z), is proportional to the
pressure at a given point in the brush multiplied by the
differential volume element of the NP (dVyp), shown in Figure
S6¢ and as™

derush(z) ~ _P(Z) d"'/vNP (6)

We can then generalize this model, describing spherical NPs,
to our nanoplates by considering a differential volume element
of the nanoplate at distance x along a nanoplate that is rotated
0 (schematic in Figure S6d). The change in free energy for
nanoplates place within the brush layer can then be recast as>”

h — x sin 0)*
dFy0,(0) ~ —(1 - %] dVp

(7)

Consistent with this expression, the simulation results in Figure
7 are shown to fit a quadratic regression with respect to sin(6)
even when performed from only over sin(0°) to sin(5°).
However, and importantly, Pryamitsyn and Ganesan note that
dF,..(z) only applies when the distortions, attributed to
inserting a NP in the center of the domain, are relatively
small.>’ We would, therefore, expect the quadratic approx-
imation breaks down at higher tilt angles. Equation 6 not only
assumes that the perturbations are small but also assumes that
the substrate is fixed. A key difference in the present system is
that our “substrate” (the PS/PMMA interface) can move, and,
therefore, the dynamic behavior of the A/B BCP interface
distorting around the NP helps to restore chains from highly
compressed states. Therefore, because small perturbations are
maintained as defined by Pryamitsyn and Ganesan, we would
expect the regression to overestimate the PMF curve.
However, since the simulated results in Figure 7 do not
deviate from the quadratic regression, additional energy terms,
like the previously discussed interfacial area and curvature,
must exist. Ultimately, we credit the strong alignment of
nanoplates in lamellar-forming M, = 38k-b-36.8k g/mol PS-b-
PMMA film to limit the entropic cost attributed to large chain
deformations. This conclusion is also supported by previous
results from Deshmukh et al. where a narrow tolerance of
orientation angles (—5° < 6 < 5°) was observed in 71% of
PEG-thiol-functionalized gold nanorods aligned in PS-b-
PMMA lamellae."”

B CONCLUSIONS

The formation of anisotropic string assemblies and the
anticipated domain bulge around M, S kg/mol PEG-
PO;H,-functionalized GdF;:Yb/Er (20/2 mol %) nanoplates
aligned in parallel lamellar-forming M, = 38k-b-36.8k g/mol
PS-b-PMMA films was investigated. Although electron
microscopy and scattering techniques were unable to
experimentally probe the local domain distortion, nanoplate
strings with a mean interparticle spacing of 6.4 nm were
observed. Complementary hSCFT simulations mapped the
pairwise interactions between two PEG-grafted nanoplates
aligned in the PMMA domain. The 2D simulations not only
show the morphological effects of nanoplate insertion, clearly
depicting the local domain distortion, but also predict an
equilibrium interparticle spacing of 7.0 nm that is in good
agreement with experiments. The free energy well, centered
around the free energy minima, of the calculated PMF curves is
corroborated by the experiments where the edge-to-edge
distances in nanoplate strings range from ~2.5 nm to ~12 nm.
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The emergence of anisotropic nanoplate assemblies within this
span of interparticle spacings is consistent with minimizing the
effects of (1) excessive PEG chain compression at small
separations and (2) forming regions of high curvature in the
PS/PMMA interface accompanied by large conformational
entropy costs at intermediate separations. Additional simu-
lations show <1 kT changes in free energy at low tilt
orientations of nanoplates, which supports the high degree of
alignment observed experimentally. Harnessing the shape-
dependent properties of nanoplates and not only directing
their orientation but also controlling their interparticle spacing
in a polymer matrix is particularly attractive for a variety of
applications, including plasmonic coupling. To further tune the
edge-to-edge separation of nanoplates in a BCP film, the effect
of BCP and grafted chain molecular weights on the shape of
the PMF curves, the location of important features, and,
consequently, the formation of string assemblies will be the
subject of a future publication. Ultimately, the simulation
framework presented within can be leveraged to understand
how unexplored parameters such as grafting density, y, and
BCP morphology affect the overall phase behavior of BCP
nanocomposites containing nanoplates.
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