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Sequence Controlled Interface

ABSTRACT: Multimaterial heterostructures have led to characteristics surpassing the
individual components. Nature controls the architecture and placement of multiple
materials through biomineralization of nanoparticles (NPs); however, synthetic
heterostructure formation remains limited and generally departs from the elegance
of self-assembly. Here, a class of block polymer structure-directing agents (SDAs) are
developed containing repeat units capable of persistent (covalent) NP interactions that
enable the direct fabrication of nanoscale porous heterostructures, where a single
material is localized at the pore surface as a continuous layer. This SDA binding motif
(design rule 1) enables sequence-controlled heterostructures, where the composition
profile and interfaces correspond to the synthetic addition order. This approach is
generalized with 5 material sequences using an SDA with only persistent SDA-NP
interactions (“P-NP,—NP,”; NP, = TiO,, Nb,O;, ZrO,). Expanding these polymer SDA
design guidelines, it is shown that the combination of both persistent and dynamic
(noncovalent) SDA-NP interactions (“PD-NP,—NP,”) improves the production of uniform interconnected porosity (design
rule 2). The resulting competitive binding between two segments of the SDA (P- vs D-) requires additional time for the first
NP type (NP,) to reach and covalently attach to the SDA (design rule 3). The combination of these three design rules enables
the direct self-assembly of heterostructures that localize a single material at the pore surface while preserving continuous

porosity.
KEYWORDS: mesoporous, heterostructure, self-assembly, phosphonic acid, sequence control
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oing beyond the characteristics of individual materi-

als, composites and heterojunctions often enable

enhanced capabilities with controlled material se-
quences.'~* Many such applications also require porous
materials, e.g., solar cells,” ™7 rechargeable batteries,®™*°
supercapacitors,'' ~'* fuel cells,/”'® and tandem catalysts.'”
Nature has adapted the ability to regulate the composition and
architecture of inorganic materials usin% nanoparticle (NP)
self-assembly through biomineralization'® to create mechan-
ically advantageous inorganic—organic composite structures
with elegant control.'” In contrast, inorganic—inorganic
heterostructures, e.g., topological electronic materials,*’
optoelectronics,”’ or tandem catalysts, do not have natural
analogs.””***® Heterostructure synthesis generally requires
extended multistep processes. For example, top-down
approaches use lithography with sequential depositions and
depart from the elegance of self-assembly. Bottom-up
approaches generally start from a single porous material,
which is subsequently coated by chemical vapor deposition,
atomic layer deposition, or layer-by-layer deposition, which
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require multiple steps and are difficult to adapt to different
compositions. Some bottom-up approaches have included
covalent attachment of nanoparticles to structure-directing
agents (SDAs), however, e.g., DNA origami remains limited to
solution/surface structures.”* Simple one-pot self-assembly
approaches would significantly improve the generalized
synthesis of continuous and freestanding heterostructures.
Block polymer SDAs self-assemble with NP material
precursors for facile and cost-effective control over the
formation of individual porous materials, such as silicates,*>*°
metal oxides,””’ ** carbons,* " and metals,***’
architectures. Generally, the material precursors associate

with diverse
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Scheme 1. Dynamic versus Persistent SDA-NP interactions”
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“The use of dynamic interactions with conventional polymer SDAs leads to random mixtures whenever multiple types of NPs are combined. In
contrast, persistent interactions enable the saturation of phosphonic acid moieties with NP}, followed by the peripheral assembly of NP,, thus
encoding the addition sequence in the resulting interfaces. Phosphonic acids have mono-, bi-, and tridentate binding capabilities to diverse NP

chemistries for generalized sequence-controlled synthesis.

selectively with one hydrophilic polymer block via dynamic
intermolecular interactions, such as hydrogen bonding or
Coulombic interactions, while a second block phase separates,
such that subsequent polymer removal yields porosity. While
this is a popular strategy, when paired with multiple materials,
the result1n§ composites are generally limited to random
mixtures’”*" due to the dynamic SDA-NP interactions
(Scheme 1). Covalent attachment of NPs to polymer SDAs
has remained limited to chain-end attachment thus far, which
leads to isolated material patches rather than continuous
layers.”” Likewise, NP placement within SDAs has been
controlled via the areal density of surface grafted polymer
chains which can result in isolated material patches.’~*
Alternatively, reports of sequential depositions of SDAs with
different materials are not heterostructures in the same sense
since the compositions do not vary on the length scale of the
walls/pores.”” So far, the SDA synthesis of continuous
materials has generally utilized dynamic interactions, which
continuously break and reform, thus erasing any history of the
addition order.

Here, a class of SDAs are advanced that rather include repeat
units with persistent SDA-NP interactions through covalent
linkages. While SDA-NP interaction strengths and exchange
kinetics vary over a continuum, we suggest that “persistent”
attachment is a distinct condition when the energetics of SDA-
NP separation are comparable with breakdown of the NP or
the SDA.>° Specifically, a repeated phosphonic acid motif is
demonstrated to enable chemical attachment of the first added
NP type (NP,) to the SDA. Here, each NP composition is
considered a different type since each is associated with
different synthesis conditions and size distributions. The
second NP type (NP,) added then organizes around the
periphery of NP,, thus encoding the processing sequence in
the resulting heterostructure (Scheme 1). Thus, a simple one-
pot process is reported for the direct self-assembly of
heterostructures based on a generalized binding strategy that
is compatible with diverse NP types. Two block polymers with
persistent SDA-NP interactions were used as micelle templates,
including an AB diblock polymer (samples P-NP,—NP,) and a
bis-hydrophilic ABC triblock terpolymer containing a block
with dynamic NP interactions and one with persistent NP

interactions (samples PD-NP,—NP,). The ABC strategy
enabled the one-pot self-assembly of periodic mesoporous
heterostructures.

RESULTS AND DISCUSSION

SDA Design Choices. Several candidate functional groups
for SDA-NP interactions were considered for forming
persistent linkages. For example, metal oxides interact with
the following functional groups arranged in order of increasing
interaction strength: ether, carboxylate, acetylacetonate,
phosphonic acid, and silane. Here, hlgher-order multidentate
interactions, such as phosphonic acids’' and silanes, naturally
have higher interaction strengths; however, silanes are prone to
homocondensation reactions. Phosphonic acid groups were
selected since these are also compatible more broadly with
binding metal chalcogenides,53 metal/metal ions,”*™° and
quantum dots.”” The connection of this functional group to
the polymer backbone is also important, where phosphonates
(R-PO;H,) are more resistant to hydrolysis than phosphates
(R-O-PO;H,). The phase-separating hydrophobic block has
broader criteria, however, including a high T, block can enable
glassy core micelles that enable constant template size.*® Thus,
a poly(cyclohexyl methacrylate-b-methacryloyloxymethyl phos-
phonic acid) (PCHMA-b-PMMPA) was synthesized using
reversible addition—fragmentation chain-transfer (RAFT) and
postpolymerization reactions (Figure S1 and Table S1-52).>®
This polymer combines a phosphonic acid containing a
PMMPA block and a glassy PCHMA block for subsequent
porosity. For comparison sake, poly(styrene-b-ethylene oxide)
(PS-b-PEO) was synthesized using atom transfer radical
polymerization, which combines the prototypical PEO block
with NP interactions and a glassy, hydrophobic PS block.

SDA-NP Binding Experiments. The SDA-NP interactions
for these two SDAs were examined with binding experiments.
The first experiment examined the separation of SDAs from
NPs. Here, an excess of acid-stabilized TiO, NPs were added
to either PCHMA-b-PMMPA or PS-b-PEO micelles, where
subsequent base addition induced NP aggregation and
precipitation. The solutions were filtered to remove the NP
precipitant, the solvent was evaporated, and any residue was
dispersed in CDCl; for '"H NMR measurement (Figure 1).
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Figure 1. Dynamic vs persistent binding of TiO, NPs to different hydrophilic polymers was examined by filtering destabilized NPs (base
addition) from polymer solutions. Here, (a) dynamic polymer—NP interactions lead to polymer release from NP aggregates, whereas (c)
persistent interactions cause coaggregation. Hydrophilic blocks of (b) PEO and (d) PMMPA are compared with "H NMR patterns both
“pre-NP addition” as references and “postfiltration.” The PS-b-PEO found postfiltration confirms dynamic (reversible) PEO-NP
interactions, whereas the lack of the PCHMA-b-PMMPA signal confirms persistent PMMPA-NP interactions. All NMR measurements were

taken in CDCl; and data were offset vertically for clarity.
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Figure 2. Addition of NPs to PCHMA-b-PMMPA micelles with persistent corona-NP binding led to either (a) coprecipitation or (b,c) stable
dispersions (lighter reds) depending on the NP/SDA mass ratio. (d) The dispersion behavior was mapped as a function of proportions and
concentration to show equilibrium and kinetic stability. The point of “saturation” was determined as the minimum NP loading for
equilibrium stability. (e) SAXS after evaporative concentration revealed increasing micelle spacing with NP loading, where the structure
factor peaks broadened upon oversaturation. SAXS data were offset vertically for clarity.

Thus, the observation of SDA in this final solution would
identify whether or not it was anchored to the NPs.
Comparison of '"H NMR of the pure polymers to these
filtrates revealed that PS-b-PEO was released from the NPs,
whereas the absence of PCHMA-b-PMMPA indicated that it
remained bound to the NPs. Separate control experiments
without NPs confirmed that PCHMA-b-PMMPA remained in

20135

solution after base addition, thus eliminating polymer solubility
as an alternative explanation. These results demonstrate the
dynamic PEO-NP interaction, whereas PMMPA remained
persistently bonded to the NPs during condensation and
precipitation. The second binding experiment examined
dispersion stability with persistent SDA-NP interactions. The
TiO, NPs used here as well as the Nb,Og and ZrO, NPs used

https://doi.org/10.1021/acsnano.4c01855
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Figure 3. Sequence-controlled heterostructure synthesis is prepared using persistent SDA-NP interactions (PCHMA-b-PMMPA) with NP, =
Zr0, and NP, = TiO, (a). Threshold-colorized STEM-EDS data is shown, where the synthetic sequences correspond to the composition
sequences (b). A normalized compositional line scan shows the anticipated composition sequence (inset sketch) (c). Sequence-controlled
heterostructure synthesis was then generalized using various combinations of Nb,O; (green), TiO, (red), and ZrO, (purple) (d-g). In each
case, NP, saturated the PMMPA block (see Figure 2b), where NP, localized around the corona periphery (named P-NP,—NP,). These data
demonstrate the first design rule, where repeated covalent attachment points on the SDA enable continuous layers of NP,.

later were all spherical with <5 nm dimensions (3.2 + 0.8, 3.9
+ 0.9, and 4.5 +1.6 nm for TiO,, Nb,O;, and ZrO,) as
determined by TEM (Figure S2, Table S3). When TiO, NPs
were added to micelle solutions, it was observed that solutions
with low ratios of NP/PCHMA-b-PMMPA led to precipitant
formation. It is suggested that coaggregation occurs when

20136

multiple micelles bind to the same NPs.*” Even small e.g. 2 nm
diameter NPs have sufficient surface area (12.6 nm?) for ~40
binding sites given the small saturated surface area for
phosphonic acids (~0.3 nm?). This in combination with the
flexible nature of solvated polymer chains could enable the
formation of such extended networks that precipitate. In

https://doi.org/10.1021/acsnano.4c01855
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Figure 4. SEM images of porous materials from P-TiO,—Nb,O; exhibited disordered porosity that was attributed to the lack of a corona with
dynamic NP interactions (a). The addition of a PEO-like terminal block (PCHMA-b-PMMPA-b-PPEGMA) enabled samples with uniform
micelle spacing and continuous porosity (b), establishing the second design rule. Initial attempts at heterostructure synthesis, however, led
to NP mixing as revealed by STEM-EDS composition maps. The NP mixing suggested a critical time to NP, to reach PMMPA (c), which led

to the third design rule.

contrast, higher ratios led to stable dispersions of non-
aggregated and NP-loaded micelles. This ratio and micelle
concentrations were screened to map both kinetic stability
(dilute micelles) and equilibrium stability ((super)saturated
micelles) (Figure 2a—d). Here, the term “saturation” means
sufficient NP loading to inhibit micelle—NP—micelle aggrega-
tion and does not imply that all phosphonic acid groups were
reacted. The third binding experiment examined the structure
of the dried SDA-NP assemblies by small-angle X-ray
scattering (SAXS) after solvent removal. Here, the SAXS d-
spacing (d = 27/q) corresponds to the micelle-to-micelle
spacing,”” which increased with the addition of NPs,
confirming the well-behaved self-assembly of the ensemble to
yield periodic structures (Figure 2e). The dispersion stability
correlated with the SAXS profiles, where supersaturation of the
SDA with NPs led to a broadened structure factor, indicating
less extent of ordering. The saturation ratios of NP/SDA were
determined for all NP types examined (TiO,, Nb,O;, ZrO,)
based on dispersion stability. Thus, the phosphonic acid
containing a PMMPA block was shown to strongly bind to
diverse NP types and influence both the SDA dispersion
stability and self-assembly depending on if the NP loading
reached the defined saturation condition.

Persistent Binding Repeat Units Enable Sequence-
Controlled Heterostructure Synthesis. The ability to self-
assemble heterostructures was examined by saturating
PCHMA-b-PMMPA micelles with a first NP type (NP,),
followed by the addition of a second (NP,). The compositions
examined included NP; = TiO,, Nb,Og, or ZrO,, where the
composition and addition order were widely varied. Samples
were termed “P-[NP;]—[NP,]” to reflect the persistent
interactions and the NP addition order. Scanning transmission
electron microscopy using energy-dispersive X-ray spectrosco-
py (STEM-EDS) yielded spatial composition maps. The
images were presented using intensity thresholds since the
3D geometry of the micelle leads to regions of predominance
for NP, and NP, signals while being non-zero at all locations.
As a representative example, the results of P-ZrO,—TiO, are

elaborated first (Figure 3a) where the resulting sequence of
ZrO, (core) and TiO, (shell) heterostructure was consistent
with the sequence of material additions (Figure 3b). Here, the
localization of a 9.0 + 3.0 nm shell of ZrO, around the 27.8 +
3.0 nm micelle core was plainly visible within a continuous
TiO, matrix. The corresponding normalized line scans (Figure
3c), show this position-dependent composition, where the
TiO, content reduces at the onset of the ZrO, shell. Here, the
carbon content is maximum across the micelle cores,
consistent with the expectations (inset sketch). Four additional
synthetic sequences were examined (Figure 3d—g), including
P-Nb,O;—-TiO,, P-TiO,—Nb,O;, P-Nb,0;—ZrO,, and P-
ZrO,—Nb,Os, each starting from micelles saturated with NP,
(Table S4). Please note that oversaturated micelles (Figure 2)
would rather result in an abundance NP; mixed in the NP,
matrix. Single-element images are also presented in Figure S3.
Notably, all of these sequences exhibited similar hetero-
structure shell thicknesses of 8.2 + 1.8, 8.9 + 2.2, 8.8 + 2.8,
and 8.6 + 1.8 nm, respectively, consistent with the use of the
same SDA for each. These examples demonstrate controlled
sequence reversal, e.g, compare P-Nb,O;—TiO, to P-TiO,—
Nb,O; or P-Nb,O;—ZrO, to P-ZrO,—Nb,O;. Furthermore, a
control experiment using the dynamic interactions of PS-b-
PEO micelles (D-Nb,O;—TiO,) resulted in a random mixture
of the two oxides (Figure S4). These data sets demonstrate
significant SDA design criteria, where a repeated motif with
persistent interactions enables layered heterostructures, where
the synthetic sequence is encoded in the resulting material
sequence as demonstrated with diverse material compositions
and reversible ordering.

Bis-Hydrophilic Triblock Terpolymer SDA Enables
Ordered and Continuous Porosity. Porous structures were
prepared using calcination (heat) to remove the SDAs. The
materials resulting from PCHMA-b-PMMPA (P-NP,—NP,
samples) however exhibited nonuniform micelle—micelle
spacings by SEM (Figure 4a), where clustering of micelle
templates was apparent among an uneven distribution of NP,.
Such nonperiodic arrangements inhibit realization of con-
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Figure 5. Combining all three design rules enabled uniform porous heterostructure synthesis. The schematic process for PD-TiO,—Nb,O
(PCHMA-b-PMMPA-b-PPEGMA) used a hold time to enable NP, to permeate through PPEGMA and react with PMMPA (a). Sequence-
controlled heterostructures were confirmed with composition maps both (b, STEM-EDS) as-made and (c,d, STEM-EELS) after calcination.
The continuous porosity was apparent in images (e, HAADF STEM) as well as by nitrogen physisorption analysis (f, g). The uniform
porosity with short-range ordering was also confirmed by SAXS (h).

tinuous porosity that is important for many applications. The
formation of interconnected pores was hypothesized to require
(sub)saturated SDAs, where corona—corona interactions yield
closely packed micelles. This requirement, however, is
incompatible with layered heterostructure synthesis, unless
an additional dynamically interacting region is added to the
SDA. Thus, a triblock terpolymer employing a bis-hydrophilic
strategy with both persistent and dynamic regions was
designed to enable continuous porosity while retaining
sequence-based heterostructure control. The third block
added included a PEO-like brush to maintain dynamic NP
interactions at the periphery of the micelle template. The
poly(cyclohexyl methacrylate-b-methacryloyloxy phosphonic
acid-b-poly(ethylene glycol) methacrylate) (PCHMA-b-
PMMPA-b-PPEGMA) was prepared using RAFT and
postsynthetic modifications (Figures S5—S16 and Table S2).
This triblock polymer design significantly improved pore
uniformity observed in SEM images of calcined samples
(Figure 4b), consistent with the noted hypothesis. This result
establishes our second design rule, where a bis-interacting SDA
enables interconnected porosity via micelle close packing.
Regardless of these two design rules, initial trials with dual NP
loading followed by STEM-EDS measurements revealed the
mixing of NP, and NP, (Figures 4c, S17). It was hypothesized
that additional time is required with this SDA design due to

competing interactions with PPEGMA slowing the NP,
reaction with PMMPA. To test this hypothesis, a series of
TEM, SEM, and BET experiments (see SI NP Incorporation
Experiments) revealed that 40 h of agitation was sufficient for
NP, to diffuse into PMMPA and react as evidenced by NPs
diffusing further into micelles with correspondingly decreasing
pore sizes (Figure $18-519).>> Considering the relatively rapid
loading of NPs into P-NP,-NP, samples, the slow incorpo-
ration here suggests a preference for initial NP, binding near
the PMMPA/PEGMA interface which slows further NP
incorporation (reduced free-volume). Please note that this
explanation is consistent with well-known immobilization of
organics to oxides via even a single phosphonic acid group.This
data established the third design rule, where this bis-interacting
strategy requires appropriate processing time to enable
covalent attachment of NP,. Thus, a total of three design
rules were elaborated to combine heterostructure control with
uniform porosity.

Ordered Mesoporous Heterostructure Synthesis. All
three design rules were combined in sample PD-TiO,—Nb,Os,
where the SDA contained both PMMPA and PEGMA, and
where the processing conditions included time to resolve NP,
incorporation prior to the addition of NP, (Figure Sa). The
corresponding STEM-EDS measurements of PD-TiO,—Nb,Os
confirmed heterostructure formation (Figure Sb). STEM
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electron energy loss spectroscopy (EELS) composition
mapping confirmed that this heterostructure was preserved
through calcination (PD-TiO,—Nb,Os-calcined) to yield a
porous heterostructure of porosity/TiO,/Nb,Os with 2.1 =+
0.4 nm TiO, shell thickness (Figure Sc,d). STEM high-angle
annular dark-field (HAADF) images revealed the intercon-
nected porosity (Figure Se). An analogous 3D bulk sample was
prepared to examine the interconnected character of the
porosity with nitrogen physisorption isotherms. Here BET
analysis indicated a high specific surface area of 189 m?/g and
BJH analysis indicated a nominal ~15 nm pore diameter
(Figure Sf,g). The physisorption isotherm was consistent with
type IV with a H, hysteresis loop, indicating ink-bottle
constrictions between mesopores. Lastly, SAXS measurements
of PD-TiO,—Nb,O;-calcined exhibited structure factor peaks
consistent with randomly packed spheres having uniform
spacing with short-range ordering (Figure 5h).%° Here, the first
SAXS peak d-spacing of 20 nm closely matched 19.6 + 1.9 nm
pore-to-pore spacing measured with the corresponding SEM
images (Figure S19). While the STEM data confirms
heterostructure preservation after calcination and the BET
data confirms polymer removal, the further study of
heterointerface sharpness after different crystallization treat-
ments is outside the scope of this study. It is noteworthy that a
single reaction vessel was used here from micelle formation
through calcination to yield a precision, porous hetero-
structure. This highlights how the simple elegance of natural
self-assembly can lead to the formation of architecturally
complex materials with appropriate SDA processing using the
three elaborated design rules.

CONCLUSIONS

SDA block polymers were developed that used a repeating
motif for persistent SDA-NP interactions to enable one-pot
self-assembly of layered porous heterostructures (design rule
1). These persistent interactions were enabled by phosphonic
acid groups, which were shown by NMR and dispersion
stability experiments to result in robust attachment to metal
oxide surfaces. The resulting NP;-loaded micelles were
combined with a second NP, population to enable the direct
synthesis of heterostructures with diverse materials and
sequences (P-TiO,—Nb,O;, P-Nb,0;—Zr0O,, P-ZrO,—
Nb,Os, and P-ZrO,—Ti0,). Next, interconnected and periodic
porosity was shown to benefit from the addition of an
additional corona block with dynamic SDA-NP interactions
(design rule 2). The competitive binding of the two blocks that
interact with NPs (dynamic and persistent) was addressed with
an extended agitation process for NP, to fully react with the
phosphonic acid groups before the addition of NP, (design
rule 3). The developed approach used a bis-hydrophilic SDA
design and appropriately matched processing considerations to
enable the self-assembly of mesoporous heterostructures. This
elegant combination of these three design rules enables a one-
pot strategy for self-assembled materials, where the synthetic
sequence is encoded into the resulting heterostructure with
uniform porosity.

METHODS

The materials, syntheses, and characterization methods are described
in detail in the Supporting Information and are briefly summarized
here. PS-b-PEO was prepared using ATRP.”” DEPMMA monomer
was synthesized by esterification. PCHMA-b-PDEPMMA was
prepared using RAFT.*® PCHMA-b-PMAA-b-PPEGMA was prepared

using RAFT and was subsequently modified by esterification to yield
PCHMA-b-PDEPMMA-b-PPEGMA. The noted PDEPMMA con-
taining block polymers were hydrolyzed using the Mckenna reaction
to yield the corresponding phosphonic acid containing PMMPA
block.>® Micelles were prepared by dissolving polymers in good
solvents, followed by the addition of selective solvents and evaporative
removal of good solvents. TiO,, Nb,Os, and ZrO, NPs were prepared
from the respective alkoxides under acidic conditions. Binding
experiments were carried out by combining micelles with TiO,
NPs, followed by the addition of base to induce oxide precipitation.
The P-NP,—NP, samples were prepared by adding NP, to PCHMA-
b-PMMPA micelles with a 5 min wait before adding NP,. Sample PD-
TiO,-Nb,O; was prepared by adding TiO, NPs to PCHMA-b-
PMMPA-b-PPEGMA micelles with 40 h of shaking before the
addition of Nb,O; NPs. DLS, NMR, TEM, STEM, SEM, BET, and
SAXS were used to characterize samples.
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