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ABSTRACT: Multicolor optical super-resolution microscopy
(OSRM) describes an emerging set of techniques for the specific
labeling of distinct constituents of multicomponent systems with
compatible optical probes, elucidating proximity relationships from
far-field imaging of diffraction-limited features with nanometer-scale
resolution. While such approaches are well established in the study
of biological systems, their implementation in materials science has
been considerably slower. In large part, this gradual adoption is due
to the lack of appropriate OSRM probes that, e.g., by facile mixing
or surface modification, enable orthogonal labeling of specific PS-compatible
nanostructures in the condensed state, rather than in aqueous nanoparticle
conditions as with biology. Here, OSRM probes in the form of [ I
ultrasmall (diameters <10 nm) aluminosilicate nanoparticles

encapsulating different fluorescent dyes are tailored to visualize both nanodomains of polystyrene-block-poly[(allyl glycidyl
ether)-co-(ethylene oxide)] (PS-b-P(AGE-co-EO)) diblock copolymer thin films. Careful design of nanoprobe surface chemical
properties facilitates either selective compatibilization with the nonpolar PS matrix or preferential reactivity with surface allyl groups
of the hydrophilic P(AGE-co-EO) minority block. Stochastic optical reconstruction microscopy (STORM) of the resulting
polymer—inorganic nanocomposite thin films shows nanodomain features of the two chemically dissimilar blocks consistent with
atomic force microscopy results. This work paves the way for multiplexed OSRM analysis of polymer nanocomposite bulk structures.
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he introduction of optical super-resolution microscopy

(OSRM), a set of optical far-field imaging techniques for
visualizing features below the diffraction limit of light, provides
an intriguing opportunity for materials science. As a nano-
characterization tool, which is complementary to electron and
scanning probe microscopies, OSRM offers a combination of
capabilities including three-dimensional (3D), high-spatiotem-
poral resolution, and multicolor imaging in the nanometer
regime, without the often stringent environmental require-
ments surrounding especially electron microscopy techniques
(e.g, ultrahigh vacuum)."” While OSRM has generated
thousands of polychromatic images of biological specimens,
the corresponding multicolor optical imaging of abiotic
nanoscale materials has remained challenging. This circum-
stance is due, in large part, to the lack of appropriate specific
and orthogonal (i.e, with mutually incompatible chemical
affinities) imaging probes that work in what is often the
condensed state of multicomponent nanomaterials, which
frequently lack the diverse reactivity and molecular recognition
that typify biological samples in aqueous solution environ-
ments.” Self-assembled block copolymer (BCP) nanostruc-
tures, in particular as thin film nanopatterns, exemplify this
challenge.”™® As a result of their characteristic feature sizes on
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the nanoscale, periodic order, dynamic self-assembly, and
structural tunability, BCPs have served as a prototypical
example for the application of OSRM in materials science.
However, optical visualization in these materials has essentially
been confined to single-color imaging of specific nanoscale
structural features.””'* Here, we present a strategy that exploits
differences in polarity and reactivity for orthogonal two-color
labeling of the two nanodomains of model amphiphilic diblock
copolymer thin films.

Stochastic optical reconstruction microscopy (STORM), a
form of single-molecule localization microscopy (SMLM), is
less demanding in terms of instrumentation requirements as
compared to other OSRM approaches while still facilitating
noninvasive tracking of dynamic processes like BCP self-
assembly with reasonable temporal resolution.”"> To take full
advantage of STORM’s capabilities in multicolor BCP imaging,
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Figure 1. Schematic representations of compatibilization of orthogonal nanoprobes encapsulating different fluorescent dyes and with different
surface characteristics for compatibilization with a chemically distinct BCP matrix or surface domains (a) and two-color optical super-resolution

image reconstruction process (b).

precise orthogonal labeling"? of each block with highly
selective nanoprobes—that is, compatibilization of fluorescing
OSRM-enabling species with a specific polymer block
domain—becomes a prerequisite. In aqueous biological
systems, such specificity is often achieved by employing
antibodies labeled with STORM-enabling dyes directed to,
e.g., specific cellular target sites, together with imaging cocktails
with blink-inducing agents that facilitate the appropriate dye-
blinking behavior required for this OSRM.'®' Applyin%
SMLM to abiotic materials systems in the condensed state,’

such as BCP thin-film nanostructures, produces an alternative
set of criteria for orthogonal optical probes to achieve specific
labeling, preferably by facile mixing or surface modification
strategies. The development of such potent orthogonal OSRM
probes for multicolor imaging has remained challenging,
however, explaining the slow adoption of these exciting
techniques in materials science. At the forefront of this
dilemma is the ability to strategically compatibilize effective
probes with appropriate material components (here: distinct
BCP domains). Although prior work has assessed inducible
emission and/or blinking in solid-state polycrystalline nano-
materials'”*" or individual conjugated polymer molecules,”!
such systems take advantage, e.g., of autofluorescence atypical
of many polymers. Such research has focused primarily on the
characterization of photoluminescent behavior rather than on
the application to SMLM. Thus, for further translation of
OSRM to soft materials like polymers, there is a need for
compatible optical probes that can selectively integrate into
specific nanodomains for their visualization.

Chemical and physical compatibility proves essential to
many fields and in many forms: ceramic- or electrolyte-
compatible electrodes in solid-state batteries;””** osmopro-
tectants;** cell- or blood-compatible hydrogels,”>*° theranostic
targeting,27_30 and substrate design31 in biology; and solvent
selectivity,”** plastic—conductor integration,”* and effects on
moisture diffusion® in materials. Such preferential association
is often only achieved with great difficulty;*>*” thus,
compatibilization of nanoprobes with largely unaccommodat-
ing polymer matrices like polystyrene (PS) is both desirable
and cha.llenging.%’39 In the polymer community, the criteria
for successful mixing of nanoparticles into BCP domains*’~**

via nanoengineered particle surfaces have been under
continuous investigation.*’~* Ligand variations on gold
nanoparticles,* lipophilic particles from aqueous conditions,*’
and one-pot syntheses of related hydrophobic materials***’
have all been reported. Not only does a compatibilization
approach offer the convenience of facile sample preparation via
mixing, but it also leads to polymer nanocomposites, which are
interesting subjects of study in their own right. Postsynthesis
PS or nanoparticle surface modification,””*" grafting via radical
polymerization,”>>* and emulsions and dispersions*”* have
dominated such research into PS—particle nanocomposites.*®
While each of these modes of preparation has its own set of
benefits and disadvantages, there is a clear lack of routes that
enable compatibilization of nanoparticles that may further
function as OSRM probes.

Here, using BCP—nanoprobe composite thin films as a
model system, we demonstrate high-resolution, two-color
OSRM imaging to visualize two-dimensional (2D) nano-
structural features across several square-micrometers (Figure
1). This work makes use of ultrasmall (diameters below 10
nm), covalent dye-encapsulating aluminosilicate core—organic
ligand shell (core—shell) nanoparticles. These aluminum-
containing probes synthesized in water are referred to as
aluminosilicate Cornell prime dots (or simply “aC’ dots”).””
While we showed previously how to modulate the photo-
physical properties of aC’ dots for STORM by modifying the
nanoparticle core, in the present study we will instead focus on
the chemistry of the ligand shell of these particles in order to
compatibilize them with different polymer nanodomains.
Careful design of their surface functionalities through tailored
syntheses facilitates selective labeling of either of the two
domains of a cylinder-forming diblock copolymer in thin films.
Compatibilization is achieved in the nonpolar matrix domain
via simple BCP—nanoprobe mixing before film formation or
with the exposed polar cylinder domains, with pendant alkenes,
via click chemistry-mediated surface attachment after film
formation (Figure la). The faithful imaging of nanostructural
features is affirmed by complementary atomic force micros-
copy (AFM). These organic—inorganic nanocomposites take
advantage of dye-specific excitation/emission: Matrix- and
surface-labeling probes can be distinguished by their color, i.e.,
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their emission/absorption properties, enabling reconstructed
overlays distinguishing the two domains with distinct colors
(Figure 1b). To that end, the cores of the aC’ dots encapsulate
either Cy3 or CyS in a mixed poly(ethylene glycol) (PEG)/
benzyl-bearing (PEGylated/benzylated, nonpolar-compatible)
probe (benzylated PEG-Cy3/5-aC’ dots) or ATTO488 in a
PEGylated and subsequently alkyne-functionalized (polar-
compatible and reactive) probe (PEG-ATT0488-aC’ dots).
These probes were then used as visualization tools in STORM.
We envision that such ultrasmall modular and orthogonal
core—shell nanoprobes, with colors defined by dye choice in
the core and specific compatibility defined by tunable surface
chemical properties of the shell, will expedite the pervasion of
multicolor OSRM in multicomponent abiotic condensed-phase
materials systems.

B RESULTS AND DISCUSSION

Nanoprobe Design and Synthesis. We first synthesized
regular PEG-dye-aC’ dots and benzylated PEG-dye-aC’ dots
encapsulating Cy3 [555 nm/570 nm excitation/emission] and
CyS [646 nm/662 nm excitation/emission] dyes, further
abbreviated as Cy3- or CyS-aC’ dots and Cy3- or Cy5-BaC’
dots, respectively.”® After purification of as-synthesized
materials via gel permeation chromatography (GPC, Figure
S1), particle hydrodynamic size and dyes per particles were
determined via fluorescence correlation spectroscopy (FCS,
Figure S2) in combination with optical spectroscopy, as
described elsewhere.””’ >’ The results summarized in Table 1

Table 1. Summary of Nanoparticle Probe Characteristics

hydrodynamic dyes per average BATMS
nanoprobe diameter” (nm) particle” per particle”
ATTO488-aC’ 5.5+02 13 N/A
dots

Cy3-aC’ dots 44+ 02 1.3 N/A
Cy3-BaC’ dots 85+ 0.1 1.6 ~130
CyS-aC’ dots 62 +02 11 N/A
CyS-BaC’ dots 72 +£03 1.5 ~64

“Measured by FCS. “Calculated from FCS-derived concentrations
together with absorbance data from optical spectroscopy.

show particle sizes below 10 nm and an average number of
dyes per particle between 1 and 2 for all particles synthesized.
Transmission electron microscopy (TEM) on the resultant
particles (Figure S3) affirms the small particle sizes suggested
by fits of FCS correlation curves as well as GPC results.

As recently studied in detail, in these particles blinking is due
to an aluminum-mediated redox mechanism that enables
switching between fluorescing “on” and long-lived dark or “off”
states.”” In this way, blinking can be induced by a single
excitation source/laser and in the absence of special imaging
buffers typically required to enable STORM, greatly simplify-
ing image acquisition. This blinking mechanism is distinctly
different from one described in an earlier study on thiol-
containing super-resolution Cornell prime dots or srC’ dots.
This earlier study involved two lasers for light-induced
formation and subsequent cleavage of a thiol adduct that
disrupts electron delocalization along the dye’s carbon
backbone using thiol groups co-condensed into the alumi-
nosilicate particle core.”

To enable compatibilization of these particles with different
nanodomains of BCPs, the fluorescent aluminosilicate cores

need to be functionalized with an organic shell. In previous
work, we demonstrated that hydrogen bonding enables fast
adsorption and subsequent covalent attachment of PEG-silane
groups (PEGylation) to the surfaces of silica-based C’ dots and
aluminosilicate-based aC’ dots during their one-pot synthesis
in water as the reaction medium.’® These rapid attachment
(PEGylation) kinetics accelerate the transition through the
“valley of death” between electrostatic and steric nanoparticle
stabilization. The work herein presented relies on the
postulation that it should be possible to translate the same
principles to the formation of a mixed surface coating: a
pseudo-PEGylation using additional silanes with a backbone
consisting of secondary amines in place of ethers. Thus, the
hydrogen bonding that enables fast adsorption of PEG to the
aluminosilicate surface in water could be translated to that of
multiple amino groups. With these criteria in mind, N-(2-N-
benzylamino-ethyl)-3-aminopropyl-trimethoxy-silane
(BATMS, molecular structure in Figures la and 2) was
selected as a surface ligand in order to introduce hydrophobic
benzyl groups to the aC’ dot surface in an effort to
compatibilize these particles with PS BCP domains. More
broadly, Figure 2 delineates the aqueous synthesis steps of our
benzylated BaC’ dots for OSRM imaging.

Two primary deviations from previously published super-
resolution aC’ dot>”*”°° synthesis protocols enabled an
aqueous one-pot approach to such particles with hydrophobic
BATMS moieties for compatibilization with PS (Figure 2).
First, the immediate addition of BATMS subsequent to 2-
[methoxy(polyethyleneoxy)s.o(propyl)] trimethoxysilane
(“PEGg.g-silane”) allowed for simultaneous particle stabiliza-
tion via PEGylation and incorporation of pendant hydrophobic
benzyl groups into the organic ligand shell. Despite the benzyl
group, through increased hydrogen bonding strength between
the secondary amines of BATMS and silica surface silanol
groups (Figure S4), coupled with the relatively short ligand
length, the affinity of BATMS to the silica surface is expected
to be higher than that of the PEG ligands. Even though
PEGg_g-silane was added first, the BATMS was therefore
expected to find its way between the PEGs to the
aluminosilicate surface, where in aqueous solutions it can
effectively hide from the hydrophilic environment.’!

Second, the subsequent heating step, which is typically
conducted at 80 °C, was decreased to 40 °C. Under aqueous
conditions, the strength of hydrophobic interactions among
the pendent groups of BATMS is expected to be high.”> The
reduced heating temperature mitigated the hydrophobic effect
among the benzyl groups during synthesis while still providing
adequate energy to break H-bonds to complete the two-step
PEGylation mechanism studied in detail earlier (step 1:
hydrogen bonding to surface, step 2: condensation).”” Figure
S4 indicates the relative stren(%ths of relevant hydrogen
bonding pairs during synthesis.*>** To promote distribution
of BATMS throughout the shell, disfavor particle aggregation,
and reduce displacement of slightly weaker silanol hydrogen—
ether oxygen interactions, we chose a PEGg,-silane/BATMS
mole ratio of 5:1. The favorable competition by BATMS for H-
bonding with surface silanol groups was thus compensated for
through an excess of PEGgo-silane as well as the order of
addition.

Investigations into inorganic nanoparticle compatibilization
with hydrophobic domains have illustrated the significance of
chain areal density,” surface ligands,”® and nanofiller size®” on
dispersion. The synthesis of BaC’ dots consistently provided
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Figure 2. Reaction scheme for the preparation of Cy3-BaC’ dots. Cy3-maleimide dye (magenta) is combined with (3-mercaptopropyl)
trimethoxysilane (MPTMS) in dimethyl sulfoxide (DMSO). Tetramethyl orthosilicate (TMOS), the dye—silane conjugate solution, and
aluminum-tri-sec-butoxide (ASB) in 2-propanol (IPA) are sequentially added to a stirring HCl(aq) solution. Shortly thereafter, PEG_o-silane and
BATMS are added in swift sequence. Several minutes later, H,O/NH,OH is added to rapidly raise the solution pH. The following day, the solution
is removed from stirring and heated at 40 °C for 24 h. The particles are up-concentrated and purified using GPC before characterization.

high loading of benzyl groups, as suggested by UV-—vis
absorbance measurements. Figure S5 shows concentration-
dependent absorbance spectra of BATMS in ethanol exhibiting
three characteristic shallow peaks between 250 and 270 nm.
Using these data, we determined three BATMS extinction
coefficients (Figure SSa—d). Comparison with UV—vis
absorbance spectra of BATMS-functionalized BaC’ dots
(Figure SSef) clearly confirmed the presence of this ligand
on the particle surface. Using the extinction coeflicients and
neglecting solvent effects, by averaging results obtained from
the three different wavelengths (see Table S1) we estimated
the number of BATMS groups from the absorbance data in

water as ~130 or ~64 per Cy3- or Cy5-BaC’ dot, respectively.
These values can be compared with results of our previous
work on the number of PEG chains on regular C’ dots.**%
Nanoparticles with silica core radii of 1.8 nm were estimated to
have ~70 PEG chains on their surface with an estimated
density of 1.7 PEG chains/ nm? in brush-like conformations.®®
Assuming a PEG layer thickness of around 1 nm, as derived
from recent form-factor analysis of synchrotron-based small-
angle X-ray scattering experiments on C’ dots,”” FCS-derived
hydrodynamic core radii of BaC’ dots can be estimated as 3.2
and 2.6 nm for Cy3- and CyS-BaC’ dots, respectively. These
values translate to an estimated aluminosilicate core surface
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Figure 3. Dry-state AFM height images comparing PS-b-P(AGE-co-EO) films prepared without additive (a, d) with corresponding nanocomposite
films prepared with Cy3-aC’ dots (b), Cy3-BaC’ dots (c), CyS-aC’ dots (e), and CyS-BaC’ dots (f). Insets show representative images at a higher

magnification.

area roughly three times or twice as large as the original C’
dots for Cy3- and CyS-BaC’ dots, respectively. Assuming for
simplicity that PEG density is independent of particle size leads
to an estimated 230 and 140 PEG chains per particle in the
case of only PEGylated Cy3- and CyS-BaC’ dots, respectively.
Comparison of these PEG chain estimates with the
measured BATMS numbers of ~130 and ~64 for the same
particles suggests that despite the 1:5 mole ratio between
BATMS and PEG-silanes in the synthesis feed and the
sequence of addition in which BATMS is added into the
synthesis reactor shortly after the PEGg-silane, BATMS
groups have greater affinity for the particle surface than the
PEG-silanes. This observation in turn is consistent with our
foregoing discussion about the smaller size and the increased
H-bonding strength of the BATMS ligand as compared to
PEGg.o-silane ligand (see Figure S4), which favor a
combination of partial displacement of PEGg.o-silane by
BATMS and insertion of BATMS between PEG ligands.
Preparation of Nanocomposite Thin Films for OSRM.
We have previously shown that ultrabright aluminosilicate
probes can undergo selective covalent attachment via “click”
chemistry to pendant alkene groups in the polar domain of a
functional BCP with a majority PS block, polystyrene-block-
poly[ (allyl glycid7yl ether)-co-(ethylene oxide)] or PS-b-
P(AGE-co-EQ).””"" This approach enabled nanoscale imaging
of BCP thin film surfaces” using STORM."® In order to
maximize the value of SMLM techniques like STORM as a
nanocharacterization tool complementary to electron and
scanning probe microscopies, the development of orthogonal
nanoprobes enabling two-color OSRM imaging of the two
domains of such diblock copolymers is highly desirable. The
lack of a reactive functional group in the PS block of PS-b-
P(AGE-co-EO) suggested physical mixing of fluorescent

nanoprobes throughout the PS block as a viable strategy. We
used the benzylated BaC’ dots for selective compatibilization
with, and OSRM imaging of, the PS block."*¢

The model PS-b-P(AGE-co-EO) BCP with molar mass M, =
75600 g mol ™", polydispersity D = 1.11, volume fraction f g =
0.76, and AGE/EO ratio 1:4 was synthesized using anionic
polymerization and in thin films showed P(AGE-co-EO)
cylinders in a PS matrix (Figure 3), all as previously
reported.”””" Nanoparticle—BCP composite thin films were
generated by spin-coating mixed particle—polymer solutions in
benzene onto silicon wafers, followed by solvent vapor
annealing (SVA) and drying (see Experimental Section). The
expectation was that the benzylated aC’ dots would be
nonpolar enough and have sufficiently small core diameters to
fully mix with the PS block of PS-b-P(AGE-co-EO) without
segregating out.”” Figure 3 shows AFM images of parent BCP
(a, d) and nanocomposite films obtained from adding regular
PEGylated Cy3- or CyS-aC’ dots (b, e) and benzylated Cy3-
or CyS-BaC’ dots (c, ) to the BCP solution for spin-coating.
While regular PEGylated particles did not have any substantial
effects on resulting film morphologies (compare Figure 3a,d
with Figure 3b,e), adding benzylated particles changed the film
surface structure away from lying-down cylinders to hexagonal
patterns with standing-up cylinders (see Figure 3c,f). This
observation was accompanied by an increase in domain
spacing. For example, based on 40 randomly selected cylinder
pairs (in regions with hexagonal local order), the cylinder-to-
cylinder distance increased from 50.5 + 6.5 nm to 54.8 + 3.9
nm when moving from parent BCP to CyS-BaC’ dots-
containing composite films (Figure 3d,f). This behavior is

consistent with preferential swelling of PS blocks by BaC’
dots 327374

https://doi.org/10.1021/acs.chemmater.1c01204
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01204/suppl_file/cm1c01204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01204?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c01204?rel=cite-as&ref=PDF&jav=VoR

Chemistry of Materials

pubs.acs.org/cm

Figure 4. STORM images of nanocomposite films prepared using Cy3-aC’ dots (a) and Cy3-BaC’ dots (b). Region of interest from (b) at higher
magnification (c) compared to an AFM image taken at the same scale (d).

Single-Color OSRM Imaging of BCP Composite Thin
Films Using STORM. Preferential swelling of PS domains by
our BaC’ dots was corroborated by OSRM imaging of these
BCP thin-film composites. STORM reconstructions were
obtained from images of nanocomposite films taken in the
total internal reflection fluorescence (TIRF) microscopy mode
(see Experimental Section). Due to the sub-10 nm diameters,
particle Rayleigh scattering at the wavelengths employed is
negligible.”> Figure 4 compares resulting STORM images of
BCP nanocomposite films from Cy3-aC’ dots (Figure 4a) with
those of Cy3-BaC’ dots (Figure 4b). While, in the case of
regular Cy3-aC’ dots, the fluorescence signal is sparse due to
lack of significant incorporation into either block, in films
prepared with the benzylated Cy3-BaC’ dots the entire 5 X 5-
pum’ area of the film shows strong fluorescence signal
consistent with BCP nanostructure. Focusing on one region
of the latter film at higher magnification reveals a BCP
morphology with a mix of lying-down and predominantly
standing-up cylinders with the fluorescence signal coming from
the majority (i.e., PS) domain, similar to what is observed for
this film on the same length scale with AFM (compare Figure
4c,d). These results together suggest that the simple mixing
strategy of STORM probes with the PS-b-P(AGE-co-EQ) BCP
allows successful reconstructions of the BCP surface
nanostructure via selective swelling of the PS domains by
BaC’ dot probes. They further prove encouraging with respect
to morphological identification of BCP mesostructure using
SMLM alone, i.e., without the need for corroborative AFM, as
has been demonstrated using stimulated emission depletion
microscopy (STED).*

The domain spacings measured by AFM and STORM are
nearly identical (464 + 3.7 nm and 46.8 + 5.0 nm,
respectively) for the same set of samples (i, prepared
under the same conditions at the same time), providing further
evidence that the nanoparticles are incorporated into the
matrix and not isolated at the film surface. These cylinder-to-
cylinder distances are well within the lateral resolving

capabilities of both AFM and SMLM,”® whose correlative
use has been on the rise in biology.”” More specifically, Cy3-
aC’ dots generated on average 30 100 photons per localization
event (see Figure S6), which translates to a mean localization
uncertainty of 7.2 + 1.1 nm. These values are remarkably
consistent with those reported for Cy3-srC’ dots,”” corrobo-
rating earlier studies that enhanced fluorescent behavior (over
free dyes) is preserved despite the core compositional
differences between aC’ and srC’ dots.”’

From previous studies of hydrophilic/polar compatibiliza-
tion in BCPs, if particle diameter exceeds the radius of gyration
(Rg) of the desired block for mixing, then it is expected that
particles segregate out based on entropic factors, even if the
enthalpy favors mixing.””’® The absence of this segregation
phenomenon in our experiments warrants a look at other
factors dominating the behavior of our BaC’ dots in the
nonpolar PS block of the PS-b-P(AGE-co-EO) di-BCP.”” The
hydrodynamic diameters of the Cy3- and CyS-BaC’ dots are
8.5+ 0.1 nm and 7.2 + 0.3 nm, respectively. The freely jointed
chain model (see Equation S1) approximates R, of the PS
block in the BCP used here as ~7.2 nm, ie, at or slightly
below the particle sizes. While the preparation of our
nanocomposites in benzene (i.e., a good solvent for PS)
would render this calculation an underestimation in solution
(see Equation S2),** a more likely explanation is that enthalpic
effects dominate the behavior observed in our thin films, which
can offset entropically driven (i.e., size-dependent) repulsion
when nanoparticle surface chains are sufficiently compatible
with this polymer matrix.”” The R, of the P(AGE-co-EO)
block, on the other hand, is estimated as only 4.1 nm. This
value, which is smaller than the diameters of our Cy3- and
Cy5-aC’ dots, explains why the polar aC’ dots do not
selectively incorporate into the minority domain by simple
physical mixing (i.e., they tend toward entropic segregation).
This further motivated our use of click chemistry to covalently
attach our probes to the surface of the P(AGE-co-EO)
cylinders.
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29 nm

g magenta channel: Cy3-BaC’ dots excited by 561-nm laser

cyan channel: DBCO-ATTO488-aC’ dots excited by 488-nm laser

Figure 5. Top: Scheme showing the initial nanocomposite film, surface functionalization of the hydrophilic domain with azides, and subsequent
attachment of ATTO488-aC’ dots above the respective data sets for each experimental step. AFM height (a—c) and STORM (d—f) images of the
parent nanocomposite (Cy3-BaC’ dots in PS-b-P(AGE-co-EO)) film (a, d), film functionalized with azide (b, ) using click chemistry, and film that
has undergone both surface functionalization with azide and subsequent attachment of ATTO488-aC’ dots (c, f) demonstrating mesostructure
preservation (e) upon postassembly processing and successful two-color OSRM imaging (f) of the two distinct BCP domains. Legend (g) for
single-color false-magenta (h) or -cyan (i) channels merged to generate the two-color image in (f).

Previous attempts at tuning particle surface polarity for
incorporation into PS-b-poly(2-vinylpyridine) noted that
alkylated gold nanoparticles may associate with PS after
nonequilibrium spin-coating but migrate to the more polar
block upon SVA.°® In contrast, even after a 20-h SVA step in
benzene, our BaC’ dots appeared to stay in the PS domain,
suggesting durable compatibility. Lastly, it has been demon-
strated that even gold nanoparticles with high hydrophobic
content in mixed-ligand shells can be soluble in water,46
consistent with both of our observations that the BaC’ dots are
soluble in aqueous solutions as well as in nonpolar polymer
environments.

The observed selective swelling of the PS domains by BaC’
dots and lack of segregation even after extended SVA times
may be due not solely to the presence of the BATMS ligands
on the particle surface but also to contributions from the PEG
ligands. The favorable enthalpic interaction between PS and
poly(vinyl methyl ether) (PVME) is well documented in the
field of polymer blends.*”®" This surprising phenomenon is

attributed exclusively®>®® to molecular-level interactions

between nonbonding electrons on PVME'’s ether oxygens
and the delocalized 7-electron system of the phenyl rings of PS.
This effect likely translates to the BaC’ dots: As with the
COCH, groups of PVME,* there are likely favorable enthalpic
interactions between ether oxygens in PEG and phenyl rings in
PS. It is worth noting, however, that purely PEGylated particles
do not associate with the PS matrix in the BCP. While the
presence of PEGs may lend a degree of enthalpic favorability to
help facilitate compatibilization (and allow for straightforward
aqueous nanoparticle synthesis), the benzyl-capped groups
from BATMS are required to (i) induce the observed
compatibility with PS blocks and (i) prevent compatibility
of the BaC’ dots with the P(AGE-co-EO) block of the BCP
studied here. Finally, the PS-b-P(AGE-co-EO)—BaC’ dot
nanocomposite thin films were prepared in benzene, which
has been shown to promote miscibility of PVME and PS,** and
well below the PS—PVME system’s lower critical solution
temperatures®””' for relevant molar masses.
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Two-Color OSRM Imaging of BCP Composite Thin
Films Using STORM. Simply mixing BaC’ dots into the PS
matrix left the allyl surface groups of the P(AGE-co-EO) block
domains of PS-b-P(AGE-co-EQ) available for orthogonal
attachment of a second, differently colored aC’ dot to the
thin BCP film surface, thereby enabling two-color OSRM
imaging of the two domains of di-BCP nanostructures. To that
end (see schematic in Figure S, top row), the nanocomposite
films underwent “click” chemistries, as per our earlier reported
protocol,” first using thiol—ene click chemistry to attach an
a,w-functionalized PEG, ie., thiol-PEG;-azide, to the film
surface. This reaction was followed by a strain-promoted
alkyne—azide click reaction with dibenzocyclooctyne
(DBCO)-functionalized PEG-dye-aC’ dots. This treatment
selectively attached DBCO-functionalized ATTO488-aC’ dots
to free AGE moieties on the BCP thin film surface, which
should therefore be confined to the cylinders of the polar
domains.

Figure S exhibits AFM height images (a—c) and STORM
reconstructions (d—f) of a parent nanocomposite (Cy3-BaC’
dots in PS-b-P(AGE-c0-EO)) film (a, d), the same nano-
composite film after functionalization with azide via thiol—ene
click chemistry using thiol-PEG;-azide (b, e), and the final
resulting film that underwent further surface attachment via
strain-promoted alkyne—azide click chemistry with DBCO-
functionalized ATTO488-aC’ dots (c, f). The AFM images
show nanostructure preservation upon postassembly process-
ing. The single-false-color STORM images show parent (d)
and azide-functionalized (e) films, as well as the two-false-color
STORM image (f) of the final resulting nanocomposite film
with Cy3-BaC’ dots mixed into the nonpolar PS matrix
domains and functionalized ATTO488-aC’ dots covalently
confined to the polar P(AGE-co-EQ) domain surface. Small
overlapping regions in Figure 5f are likely the result of the
limited mobility associated with surface-attached nanoparticle
probes, as described previously.”” Nevertheless, these images
demonstrate proof-of-principle of the successful visualization,
in the far-field regime of an optical microscope, of both of the
two nanoscopic domains of the diblock copolymer via two
distinctly colored orthogonal probes. While presented here as a
complement to AFM, such chemical distinction of unique
structures on the mesoscale lends credence to STORM’s
potential as a standalone polymer characterization tool, as
mentioned earlier. Exploration of this research avenue
necessitates further optimization of probe distribution,
however, to maximize optical coverage of each desired block.

B CONCLUSION

In summary, this work has achieved two notable advances. The
first is a facile aqueous synthesis protocol for the preparation of
PS-compatible, ultrasmall OSRM imaging probes (BaC'’ dots)
that may be added to nonpolar BCP domains via simple
solution mixing. The second is their use together with a second
set of orthogonal probes “clicked” onto the BCP film surface
for two-color OSRM imaging of the two distinct nanodomains
of a di-BCP thin film nanocomposite nanostructure. For
optical imaging, a TIRF microscopy geometry was chosen to
enhance signal-to-noise ratios. Since such setups require the
use of a thin water layer between the imaging cover glass and
thin-film surface, covalent linkage of the second probe to the
polar BCP domain was helpful in preventing probe leaching. It
should be noted, however, that moving away from the TIRF
geometry toward, e.g, spinning-disc confocal microscopy

(SDCM) setups for STORM would remove the requirement
of the presence of water.***’

The results presented here, which demonstrate successful
and robust physical mixing of an aqueously synthesized OSRM
probe into the nonpolar PS domain of an amphiphilic BCP,
may open up a pathway to two-color STORM imaging of the
two domains of such microphase-separated polymer systems
based entirely on simple mixing strategies. Our previous work
has shown that, facilitated by dipole—dipole, hydrogen-
bonding, or screened electrostatic interactions, it is relatively
straightforward to successfully compatibilize ultrasmall nano-
particles with hydrophilic/polar domains of phase-segregated
BCP systems.””’” Using two tunable and orthogonal (i.e.,
encapsulating two different dyes and with either polar or
nonpolar surface coatings), ultrasmall aC’ dot and BaC’ dot
probes may enable facile labeling and STORM imaging
strategies, in the absence of a second laser and complex
imaging buffers. Simply mixing both of these probes together
with the microphase-separating block copolymer in solution
would then enable preparation of the final nanocomposite film
samples. Future studies could explore local-field mapping in
solid-state polymers, akin to related studies using single
molecules to probe local properties in polycrystalline
materials.*”*” This research could then find ready application
in optical characterization and probing, e.g. of polymer blends
in hybrid or fully organic solar cells.” It will be interesting to
see whether the work presented here as well as additional
analogous strategies will help to further popularize OSRM
imaging techniques in the polymer community, in particular
toward the multiplexed OSRM imaging of nanocomposites in
the bulk at length scales below the diffraction limit of light.

B EXPERIMENTAL SECTION

Materials. Benzene (anhydrous, 99.8%) and methanol (anhy-
drous, 99.8%) were purchased from Krackeler Scientific, Inc.
Dimethyl sulfoxide (DMSO), 2-propanol (IPA, anhydrous 99.5%),
aluminum-tri-sec-butoxide (ASB), (3-aminopropyl) triethoxysilane
(APTES), ammonium hydroxide solution (28.0—30.0% NH, basis),
(3-mercaptopropyl)trimethoxysilane (MPTMS), tetramethyl orthosi-
licate (TMOS), and 2,2-dimethoxy-2-phenylacetophenone (DMPA,
99%) were purchased from Sigma-Aldrich. Thiol-PEG;-azide was
purchased from Conju-Probe, LLC. Cy3- and CyS-maleimide dyes
were purchased from Lumiprobe Corporation. 2-[Methoxy-
(polyethyleneoxy) ¢ o(propyl) Jtrimethoxysilane, hereafter referred to
as PEGg.g-silane, and N-(2-N-benzylamino-ethyl)-3-aminopropyltri-
methoxysilane (BATMS) were purchased through Gelest, Inc. All
chemicals were used as received. Deionized (DI) H,O at 18.2 MQ-cm
was generated with a Millipore Milli-Q system. Boron-doped (100)
silicon wafers were purchased through WRS Materials. NanoWorld
NCH-10 AFM tips were purchased from NanoAndMore USA
Corporation.

Aqueous Synthesis and Characterization of BaC’ Dots. The
sequential processes depicted in Figure 2 comprise the one-pot
aqueous synthesis of our BaC’ dots. A total of 48.8 uL of 0.005-g
mL™" Cy3-maleimide dye, 51.2 uL of DMSO or 9.4 uL of 0.025-g
mL™' CyS-maleimide dye, and 90.6 uL of DMSO were combined
with 1.58 uL of MPTMS in a 1.5-mL centrifuge tube and allowed to
conjugate for S h. A total of 9.6 mL of fresh deionized (DI, 18.2 MQ-
cm) water and 400 uL of HCI (0.500 normal) were added to a clean
25-mL round-bottom flask and allowed to stir for ~15 min. The
following were added quickly in sequence to the stirring aqueous HCI
solution: 78 yuL of TMOS, all of the conjugated dye, and 200 uL of
1:9 (v:v) ASB/IPA solution (caution: ASB reacts violently with
water). After 15 min, 125 uL of PEGgg-silane was added to the
stirring solution, followed immediately by 15.5 yL of BATMS for a
PEGg_g-silane/BATMS mole ratio of 5:1. After ~5 min, the pH of the
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stirring solution was rapidly increased by adding 280 L of 1:1 (v:v)
H,0/NH,OH. A rubber septum was folded over the flask, the flask
was covered with aluminum foil, and the solution was left to stir for 18
h. The solution was removed from stirring and heated at 40 °C for 24
h. The particle solution was up-concentrated at least three times using
GE Healthcare Vivaspin MWCO 30 kDa centrifuge spin filters and
subjected to gel permeation chromatography (GPC) using a BioLogic
LP system and 275-nm UV detector. The particles were run through a
column containing Sephacryl S-300 High Resolution resin from GE
Healthcare with a 0.9-wt % NaCl aqueous solution at least once. The
particles were characterized using UV—vis absorbance and fluo-
rescence correlation spectroscopy (FCS) to determine hydrodynamic
radius, particle concentration, amount of dye per particle, and average
number of benzyl groups on each particle.

Preparation of BCP Thin Films. PS-b-P(AGE-co-EO) with molar
mass M, = 75 600 g mol™’, polydispersity D = 1.11, volume fraction
fps = 0.76, and 1:4 AGE/EO ratio was synthesized using anionic
polymerization as previously reported.”’ Solutions of 1.28- to 1.31-wt
% of PS-b-P(AGE-co-EO) in benzene (with [BaC’ dot] = 250 nM, for
PS—nanoparticle nanocomposite films) was prepared by simply
mixing together the constituents and stirring for 3 h before spin-
coating onto cleaned silicon wafers for 30 s at 3000 rpm. The films
were transferred to a glass dish with a well of benzene and covered
with a glass dome to generate a benzene-saturated atmosphere for a
20-h SVA step. The films were dried for at least 1 h prior to AFM or
optical imaging. It should be noted that TIRF microscopy data were
not collected on films prepared using CyS-aC’ dots or CyS-BaC’ dots
due to persistent spherical aberrations from the optical interaction
between the silicon substrate and the red laser. Additionally, relative
humidity and room temperature were not controlled and therefore
may have been different between the two series in Figure 3 (a—c
versus d—f), which likely accounts for the small morphological
differences observed between Figure 3a and Figure 3d (parent BCP
films).

Surface Modification of BCP Thin Films. In a nitrogen
glovebox, the Cy3-BaC’ dot—BCP nanocomposite film was added
to a solution of 10 mL of DMSO + 0.09 mL of 10-wt % thiol-PEG;-
azide in DMSO with [DMPA] = 2.5 mM. The solution was then
agitated under 365-nm UV light for 8 h, after which the film was
rigorously rinsed four times using DI water. After drying, the film was
transferred to an aqueous solution of [ATTO488-aC’ dots] = 100
nM, where the ATTO488-aC’ dots were synthesized®” and DBCO-
functionalized®" as reported previously, which was then sparged using
nitrogen for 15 min and subsequently agitated in darkness for 1 h.
The film was removed and again washed four times with DI water.

AFM Imaging. All AFM data were obtained in air under ambient
conditions with a Digital Instruments MultiMode scanning probe
microscope (SPM) in tapping mode with 512 lines at 512 pixels/line
(for each image) and a scan rate of 1.2 Hz. The manufacturing
specifications of the uncoated silicon NanoWorld Standard Tapping
Mode AFM Probes included an average tip radius of <8 nm, a force
constant range of 21 to 78 N m™', and a resonance frequency range of
250 to 390 kHz.

Acquisition of TIRF Data. All data were acquired using a home-
built microscope in TIRF geometry at room temperature. Films were
placed face-down onto glass into steel well plates filled with 1 mL of
DI H,0. A 100X oil-immersion objective was used, along with an
additional 1.6X lens (100 nm/pixel), to collect 10 000 frames with an
exposure of 30 ms/frame, autofocus every 500 frames, and a gain of
200. Cy3-encapsulating aC’ dots or BaC’ dots were subjected to a
green laser. For more comprehensive optical characterization of the
core, see previous work on blinking statistics’’ and improvements
(over fluorescent dyes upon encapsulation) in localization uncertainty
based on fitting to a Gaussian point-spread function.”” Moreover,
encapsulation restricts dye mobility,”" which assists in enhancing dye
brightness and photostability relative to free dye, e.g, in aqueous
solution.

For nanocomposite films with two different dye-encapsulating
nanoparticles (Cy3-BaC’ dots in the PS matrix and DBCO-
functionalized ATTO488-aC’ dots on the surface of the P(AGO-co-

EO) block, see Figure S), the films were first exposed to the green
laser (561 nm) to excite encapsulated Cy3 dye followed by the blue
laser (488 nm) to excite encapsulated ATTO488 dye. This sequential
approach allowed for data collection over the same surface region
without bleaching the Cy3-BaC’ dots with the higher-energy laser. To
optimize optical visualization, data for Cy3-aC’ dots or -BaC’ dots
were collected using a tetramethylrhodamine isothiocyanate (TRITC)
filter set (filter window: excitation/emission $32—554 nm/570—613
nm), while data for ATTO488-aC’ dots were collected using a
fluorescein isothiocyanate (FITC) filter set (filter window: excitation/
emission 467—498 nm/513—556 nm).

STORM Image Reconstruction. Per our previously published
protocol,”® data from TIRF imaging were subjected to Thunder-
STORM,”” an Image] plugin. The visualization was based on a
Gaussian PSF model and was processed with a lateral uncertainty of
10.8 nm, molecule localizations based on local maxima, 4-
neighborhood connectivity, and an intensity range of 500—2500
photons. Proximal information for comparative purposes was
extracted from reconstructed STORM images obtained from Image].

Localization Analysis. Cy3-BaC’ dots underwent biotinylation,
dilution, and immobilization on streptavidin-coated glass dishes
according to our published protocol.”””® For these separate
experiments, we synthesized a new batch of Cy3-BaC’ dots with
hydrodynamic diameters of 7.1 #+ 0.2 nm, ~1.5 dyes per particle, i.e.,
similar to the original batch described in Table 1. Immobilized
nanoparticles of this batch were subjected to the green laser for
10000 frames at 50-ms exposure. Per our previously established
methodology,”® which equates localization uncertainty to the full-
width at half-maximum of a Gaussian profile,”* localizations were fit to
a Gaussian distribution (here: “Gauss” function in OriginPro), from
which localization uncertainties were derived. A set of custom-built
MATLAB codes compiled these data into a photon histogram and
calculated the mean number of photons generated per localization
event.
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