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Abstract
Polymer-grafted nanoparticles, often called hairy nanoparticles (HNPs), are an intriguing class of
nanostructured hybrid materials with great potential in a variety of applications, including
advanced polymer nanocomposite fabrication, drug delivery, imaging, and lubrication. This
Feature Article provides an introduction to characterization of various aspects of HNPs, from basic
defining parameters to behavior of HNPs in solvents and self-assembled structures of

multicomponent brush nanoparticles, by using a broad range of analytical tools.
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Introduction

Polymer-grafted nanoparticles (NPs), also called hairy NPs (HNPs), are an intriguing class of
nanostructured materials consisting of a layer of macromolecular chains covalently grafted on the
surface of NPs, often inorganic and metallic.!* Capable of exhibiting unique, combined properties
of core NPs and surface-tethered polymers, HNPs have received tremendous interest in the past
two decades and have shown great promise in a variety of applications, including advanced
polymer nanocomposite fabrication, drug delivery, sensing, imaging, aqueous and oil lubrication,
and catalysis.!'> HNPs feature numerous design possibilities of combining polymers and NPs
(Scheme 1). The core can be solid, mesoporous, or hollow, with a size ranging from a few to
hundreds of nanometers.'>!® In terms of geometry, the core NPs could have a regular shape, such
as spherical, cubic, and rod-like, or an irregular shape.!!"'® Compositionally, although the core NPs
are often inorganic and metallic, polymers have also been employed.?*?! On the other hand, the
surface-grafted polymers can have various chemical compositions and topologies, such as
homopolymers, random copolymers, block and star copolymers, bottlebrushes, and cyclic
polymers, as well as different grafting densities; possible examples of bicomponent polymer brush-
grafted NPs are schematically illustrated in Scheme 1B.**?° Imaginably, each combination
represents a set of HNPs with unique structures and potentially interesting behavior. Despite vast
possibilities of combining polymers and NPs to form HNPs, so far only a very limited set of well-
defined HNPs has been synthesized and experimentally studied due to the challenges in synthesis
and characterization.

Inorganic and metallic NPs have been shown to exhibit fascinating optical, magnetic, catalytic,
mechanical, and lubricating properties, many of which are associated with size-related quantum

effects.’*33 However, processing these NPs after the synthesis remains a big challenge because of



the high tendency of NPs to undergo aggregation. As a matter of fact, many as-synthesized NPs,
once fully dried, cannot be re-dispersed as individual NPs in any solvents. Grafting polymer chains
on NPs has proven to be an effective means to improve the processability of NPs. The superior
dispersibility and stability of high grafting density HNPs in solvents, as demonstrated by many
researchers, originate from the favorable enthalpic interactions between the grafted polymer and
the solvent and the entropic repulsive interactions between HNPs.!!** Similarly, HNPs can be
more readily blended into a polymer matrix of the same type to form nanocomposites, particularly

when the molecular weight of the polymer matrix is smaller than that of the grafted polymer.>"-3

Scheme 1. (A) Schematic Illustration of Various Types of Polymer-Grafted Nanoparticles by
Combining Polymers with Different Architectures and NPs Using a Homopolymer as an Example
and (B) Examples of Bicomponent Brush NPs
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If the grafted polymers are stimuli-responsive, that is, the polymers undergo relatively large
conformational and solubility changes in response to small environmental variations such as

temperature and pH,**** the HNPs’ behavior can be controlled by external stimuli. These



responsive  HNPs have been shown to exhibit intriguing behaviors, such as reversible
aggregation/dispersion, reversible phase transfer between immiscible liquid phases, tunable
catalytic activity, triggered drug release, reversible color changes, etc., testifying to how the
grafted polymer dictates the interactions of HNPs with each other and the environment.'%4%-47

From the standpoint of polymer science, the phase behavior of multicomponent brushes in a
confined geometry is an interesting topic.*®* However, it is very challenging to apply commonly
used analytical tools for studying block copolymers, such as transmission electron microscopy
(TEM) and small angle X-ray scattering, to characterize multicomponent brushes on flat substrates.
In contrast, when silica NPs are used as substrates, one can directly use TEM and other means to
study the morphology of brushes on NPs.? On the other hand, non-planar substrates introduce a
new parameter, curvature, to the brush system, whose effect on the morphology of multicomponent
brushes is largely unknown, although it has been studied theoretically but rarely
experimentally.*->°

Characterization is crucial for synthesizing HNPs with prescribed molecular parameters,
elucidating their structures, understanding their behavior and properties, and using them in specific
applications. The structures, behavior, and properties of HNPs are fundamentally governed by
basic parameters such as molecular weights, dispersity, grafting density, polymer topology, size
and geometry of core NPs, etc. Accurate characterization of basic defining parameters and other
aspects of HNPs requires the use of a broad range of characterization techniques. This Feature
Article is intended to serve as an introduction to characterization of HNPs. As mentioned earlier,
HNPs are a highly versatile class of hybrid materials with potential applications in many different

areas. While specific applications of hairy NPs may involve the use of special analytical tools, we

focus in this Article on: (1) determining basic defining parameters of HNPs, (2) probing their



behavior in solvents, and (3) elucidating self-assembled structures of multicomponent brush NPs
after a discussion on HNP synthesis. The first two are fundamental for virtually all uses of HNPs,
while the third one has attracted considerable interest in recent years. Table 1 lists the more detailed
aspects of HNPs to be discussed and the corresponding characterization tools. The principles of
characterization techniques will be briefly introduced, and the challenges in the study of complex
HNPs will be discussed.

Table 1. Aspects of HNPs Discussed in this Article and Corresponding Characterization
Techniques

Aspects of Hairy NPs Characterization Techniques *
1. Basic Defining Parameters
Molecular Weight, Dispersity (D)), and Degree of
Polymerization (DP) of Grafted Polymer

SEC, NMR, TGA

Chemical Composition of Grafted Polymer NMR, TGA
Grafting Density of Grafted Polymer SEC, NMR, TGA, TEM
. TEM, Nitrogen Adsorption-
Characteristics of Core NPs Desorption (BET Method)
2. Behavior in Solvents Visual Inspection, DLS, TEM

3. Self-Assembled Structures of Multicomponent Brushes SEM, TEM, Cryo-TEM, TEM-ET

* SEC: size exclusion chromatography; NMR: nuclear magnetic resonance; TGA:
thermogravimetric analysis; TEM: transmission electron microscopy; BET method: Brunauer—
Emmett-Teller method; DLS: dynamic light scattering; Cryo-TEM: cryogenic transmission
electron microscopy; TEM-ET: transmission electron microscopy — electron tomography

Synthesis of HNPs
HNPs are commonly prepared by three methods or their combinations for more complex
systems (Scheme 2): (i) grafting to, where a functionalized polymer reacts with the surface or
complementary groups on the surface of NPs, (ii) grafting from, where an initiator is fixed on NPs
following by surface-initiated polymerization to grow polymer chains, and (iii) templated
synthesis, where multimolecular or unimolecular polymer micelles are loaded with a precursor,

which is subsequently converted to NPs with the outer block serving as grafted chains,!-2%:40-47-51-

62



(i) “Grafting to”. Methodologically, “grafting to” is the most straightforward among the three
methods (Scheme 2A), where functional groups, such as thiol or carboxylic acid, incorporated at
the end or in the middle of polymer chains react directly with NPs (e.g., gold NPs) or with
complementary chemical groups (e.g., hydroxyl or epoxy) on the surface of NPs, resulting in the
grafting of polymer chains on NPs.!*>!-3 This method can be used to synthesize simple HNPs such
as homopolymer or random copolymer-grafted NPs as well as binary polymer-grafted NPs. For
example, binary mixed brush-grafted Au NPs have been prepared by this method, either directly
using two chemically distinct thiol or (di or tri)thiocarbonate end-functionalized polymers as
stabilizing ligands in the synthesis of gold NPs or grafting them onto Au NPs, which allows for
facile tuning of the molar ratio of two polymer ligands on NPs.>'>* One main advantage of
“grafting to” is that the polymers and NPs can be thoroughly characterized before the reaction.
However, the polymer grafting density (o), defined as the number of end-tethered polymer chains
per unit surface area of NPs (chains/nm?), tends to be low due to the steric hindrance presented by
the already grafted chains to the incoming molecules. In addition, the polymer-metal bonding may
be weak (e.g., S-Au bond), and de-grafting could occur.

(ii) “Grafting from”. Over the past two decades, “grafting from” (Scheme 2B) in conjunction
with “living”/controlled polymerization has emerged as a robust, versatile method for the synthesis
of well-defined HNPs with high grafting densities, controlled molecular weights, narrow
dispersities, and well-defined architectures,!*!10-15:40-44.4647.58-60 The commonly used “living”
polymerization techniques include various forms of atom transfer radical polymerization (ATRP),
nitroxide-mediated radical polymerization (NMRP), and reversible addition-fragmentation chain
transfer (RAFT) polymerization."* An initiator or a RAFT chain transfer agent (CTA) is

immobilized onto the surface of NPs, followed by surface-initiated polymerization to grow



polymer chains from the NP’s surface. Under the optimized conditions, grafting densities in the

range of 0.3-1.2 chains/nm? can be routinely achieved by surface-initiated “living” polymerization.

Scheme 2. Synthesis of HNPs: (A) “Grafting To”, (B) “Grafting From”, (C) Polymer Micelle-

Templated Synthesis, (D) Mixed Brush NPs,? and (E) Hairy Mesoporous NPs.*’
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Moreover, chain extension from the surface macroinitiator on NPs allows for the synthesis of
grafted block copolymers, adding another dimension to HNPs and enriching their structures and
properties.”>? By combining two different, compatible “living”/controlled polymerization

techniques, it is possible to synthesize bicomponent polymer brush-grafted NPs, such as binary



mixed brushes and Janus HNPs (Scheme 1B). For example, we developed a robust method to
synthesize well-defined mixed brushes on silica particles by sequential surface-initiated ATRP and
NMRP, which are performed under different conditions.®® To ensure that the grafting sites of two
homopolymers are well mixed on the particle surface, we designed an asymmetric difunctional
initiator that contains both initiating moieties for ATRP and NMRP (Scheme 2D).? The molecular
characteristics (such as chain lengths, overall grafting densities, etc.) of the two grafted polymers
in the brush layer can be tuned, allowing for study of their effects on microphase separation of
mixed brushes.?*>>°0:64-¢7 However, a drawback of “grafting from” is that accurate determination
of the molecular characteristics of the grafted polymers requires the cleavage of the grafted
polymers from HNPs for conventional polymer characterizations such as SEC and 'H NMR
spectroscopy.+38:63

(iii) Polymer Micelle-Templated Synthesis. Polymer micelle-templated synthesis of HNPs
represents the third approach. In this method, a precursor, commonly a metal salt or an
organometallic compound, is loaded into the core of polymer micelles, either multimolecular block
copolymer or unimolecular star block micelles, followed by the reduction of (complex) metal ions
in the micelle core to produce NPs or the reaction of (complex) metal ions with a later-added
reactant (e.g., to form semiconductor quantum dots).*!*? Although the process is straightforward,
one issue that has been observed is the formation of multiple NPs in the core of multimolecular
micelles.®! In contrast, with the use of unimolecular star block copolymer micelles, this method
has recently achieved a greater success in the synthesis of HNPs with uniform sizes, various shapes,
and unusual morphologies (e.g., hollow hairy NPs).%? It is worth noting here that the number of
grafted polymer chains is pre-determined by the number of the arms in the unimolecular micelles.®®

Thus, the grafting density can be really low in some cases. Because of the complication from the



formation of multiple NPs in the core of multimolecular micelles and the rather low polymer
grafting density in HNPs template-synthesized from unimolecular micelles, the following
discussion on characterization of HNPs will be focused on those made from “grafting from” and

“grafting to”.

Characterization of HNPs — Determining Basic Characteristics

The behaviors and properties of HNPs in liquid media and polymer matrices and as matrix-
free nanocomposites are governed by the basic structural characteristics of both grafted polymers
and core NPs. These include: molecular weight, molecular weight distribution, chemical
composition and grafting density for grafted polymers; size, geometry and morphology for core
NPs; and specific surface area if NPs are mesoporous or hollow. Determining these parameters is
not only critical for the applications of HNPs but also important for optimizing the reaction
conditions for the preparation of HNPs and developing new synthetic methods.

Molecular Weight, Molecular Weight Distribution (or Polydispersity Index (PDI) or
Dispersity (D)), and Degree of Polymerization (DP) of Grafted Polymer. Polymers are
polydisperse, and as such, number average (M;) and weight average molecular weights (My) are
used to describe the average molar mass of a synthetic polymer, and the ratio of Mw/M, represents
the breadth of the molecular weight distribution, which is called polydispersity index (PDI) or
dispersity (D). The values of My, My, and P are commonly determined by SEC (also called gel
permeation chromatography), where polymer molecules are separated according to their
hydrodynamic volume (size) in a series of columns packed with polymer beads containing pores
of various sizes.*” If the SEC is equipped with a triple detector system consisting of a multi-angle

laser light scattering detector, a differential refractive index (RI) detector, and a viscometer,



absolute M, and My, D, and other molecular characteristics such as intrinsic viscosity and radius
of gyration (R,) can be obtained.”® For more common SEC systems with only a RI detector, the
M, and the D are usually reported relative to a set of narrow disperse polymer standards with
known molecular weights (e.g., linear polystyrene (PS)); the reported M is basically the molecular
weight of the polymer standard having the same hydrodynamic volume in the same solvent at the
specified temperature.

For HNPs made by “grafting to”, the molecular characteristics can be conveniently determined
by SEC prior to the preparation of HNPs. For the brushes made by “grafting from”, the grafted
polymer has to be cleaved off from the core NPs for SEC analysis, which can be accomplished by
using a chemical reagent to dissolve the core NPs or break a bond between the particle surface and
the grafted chains (Figure 1A).°%% For example, HF is widely used to etch silica (nano)particles,®
and iodine is used to cleave the gold-sulfur bond to degraft polymer chains.?” More recently,
ultrasonication was employed to mechanochemically activate the mechanophore at the core NP-
brush interface to cleave the grafted polymer chains in mechanoresponsive HNPs.”!"" It is
important to note that the reaction used to cleave the grafted polymer should not affect the integrity
of the polymer. A common practice in the synthesis of HNPs by surface-initiated “living” radical
polymerization is to add a corresponding free initiator or CTA into the polymerization mixture,
which produces a free analogous polymer in the solution. By cleaving polymer brushes off from
the particles through, e.g., HF etching of silica NPs or cleavage of a bond in the surface-tethered
initiator (e.g., benzyl ether linkage by (CH3)3Sil’®), many researchers have observed that the
molecular weights and dispersities of the grafted polymer in HNPs and the free polymer formed
from the free initiator or CTA are very similar to each other (Figure 1B).23343863.71-73 Thig allows

for convenient characterization of molecular parameters of the grafted polymer without degrafting
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as the separation of HNPs and the free polymer can be easily achieved by centrifuge. We note here
that the situation for flat surfaces, however, may be different. Using computer simulations,’*”
Genzer et al. observed a higher dispersity and a lower molecular weight for the grafted polymer
compared to the free polymer, which was attributed to the surface confinement and crowding of

grafted chains on the flat surface during the surface-initiated “living”/controlled radical

polymerization.

(A) Cleavage and analysis of grafted polymer (B) SEC traces of grafted and free polymers
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Figure 1. (A) Cleavage of grafted polymers from NPs for SEC analysis. (B) Comparison of SEC
traces of (a) the grafted PS cleaved from silica gel (HNPs made by surface-initiated NMRP) and
(b) the free PS from the free initiator. Adapted with permission from ref. 58. Copyright (1999)
American Chemical Society.

Because the molecular weights of polymers are often reported as relative molecular weights
with respect to polymer standards, it is necessary to determine the degree of polymerization (DP,
the average number of monomer units per chain) of the grafted polymer for the calculation of
grafting density. For polymers synthesized by “living” polymerizations such as ATRP, NMRP,
RAFT,’®7® the DP can be calculated from the monomer conversion and the monomer-to-initiator
or -CTA molar ratio, DP = conv.% X [M]o/[I]Jo or conv.% X [M]o/[CTA]o (for RAFT
polymerization), where [M]o, [I]o, and [CTA]o are the initial concentrations of monomer, initiator,

and CTA, respectively. The monomer conversions are usually measured by 'H NMR spectroscopy

using characteristic peaks of monomer and polymer (e.g., the peak position of -CHz- in the ester
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group of a (meth)acrylate monomer shifts upfield after the polymerization’*°) or a deliberately
added reagent as internal reference. Theoretically, the surface-immobilized initiator/CTA moieties
that successfully initiate polymerization (effective surface initiator/CTA) should be taken into
calculation, particularly when the amount of surface initiator/CTA is not negligible compared with
free initiator/CTA (e.g., in the case of NPs with a size of a few tens of nanometers). It is important
to emphasize that one should not simply use the amount of surface-fixed initiator/CTA plus that
of free initiator/CTA for the DP calculation, because not all surface initiator/CTA groups
successfully start a polymer chain due to the steric hindrance and side reactions in the confined
space. In our research, we determined the amount of effective surface initiator/CTA by comparing
the amount of the grafted polymer to the total amount of the polymer formed.” The former is
estimated from the amount of initiator/CTA-functionalized NPs added into the reaction mixture
and the polymer content of HNPs from thermogravimetric analysis (TGA), and the latter is
calculated from the initial quantity of monomer and the monomer conversion. Note that the
underlying assumption for this method of calculating the DP is that the polymerization is “living”.
Certainly, the DP can be calculated directly from the absolute My, measured by SEC equipped with
triple detectors.®! For conventional SEC with a RI detector, if the polymer to be analyzed is the
same type of calibration standards, the DP can also be directly calculated from the M,.%
Chemical Composition of Grafted Polymer. 'H NMR spectroscopy is a key technique for
analyzing the chemical composition of grafted polymer chains in HNPs. When the core NPs are
small, with a diameter of < a few tens of nanometers, accurate quantitative analysis can be
performed by "H NMR spectroscopy without cleavage of the grafted polymer from NPs.®>#* For
larger particles with a size of, e.g., 180 nm,* de-grafting of tethered chains is necessary because

the broadening of the 'H NMR peaks of grafted polymers impacts quantitative analysis. A
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distinction should be drawn between homografted and heterografted HNPs; the former refers to
the system in which there is only one type of grafted polymer chains, either homopolymer, random
copolymers or block copolymers, while for heterografted NPs there are two or more types of
chemically distinct grafted polymers. The molar ratio of different monomer units in random
copolymers and the block length ratio of block copolymers in homografted systems can be
calculated from the '"H NMR spectra, as long as characteristic peaks for different monomer units
can be identified.”

For heterografted HNPs such as binary mixed brush-grafted, bicomponent brush Janus and
patchy NPs,%81-83 there is one additional variable: molar ratio of different types of polymer chains.
Because 'H NMR spectroscopy analysis only gives the molar ratio of different monomer units,
other characterization methods have to be used to determine the DP of each polymer in order to
calculate the molar ratio of different types of polymer chains. If one or more grafted polymers are
made by surface-initiated “living” polymerization, the DP can be calculated from the monomer
conversion and the monomer-to-sum of free initiator + effective surface initiator as discussed
earlier. For example, we previously synthesized mixed poly(fert-butyl acrylate) (PrBA)/PS brushes
on 180 nm silica particles by sequential surface-initiated ATRP and NMRP (Scheme 2D).** To
determine the ratio of grafted PfBA to PS chains, HF was used to etch the silica core, and the de-
grafted polymers were analyzed by "H NMR spectroscopy. From the integrals of the peaks at 6.20
—7.20 ppm (5 aromatic hydrogen atoms of PS and the peak at 2.20 ppm (-CH- of PrBA), the molar
ratio of PS to PrBA monomer units was 1.28 : 1. Taking into consideration the DPs of two polymers,
the ratio of grafted PS to P/BA chains was 1.06 : 1, which is the ratio of their individual grafting
density.®® This method can be applied to determine the grafting density ratio of two grafted

polymers in Janus bicomponent brush-grafted Au NPs, where 'H NMR analysis can be performed
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directly on HNPs in a good solvent.?#283 As can be seen from above discussion, although 'H
NMR spectroscopy can reveal the chemical compositions of heterografted multicomponent HNPs,
to determine the numbers and molar ratio of different types of polymer chains and other molecular
characteristics, additional information, such as synthetic methods, DPs, etc., is needed.

Grafting Density of Polymer Chains in HNPs. The grafting density of polymer chains
tethered on core NPs (o, in units of chains/nm?) is a critical parameter for HNPs, which, along
with molecular weight, determines whether the grafted chains are in the mushroom (noninteracting)
or brush (stretched) regime and dictates the behavior of HNPs in solvents and in polymer matrices.
For flat substrates, if tethered chains are in the mushroom regime, the thickness, L, is independent
of 6 (L oc ¢°).885 With increasing o, the grafted chains begin to interact with each other and enter
the brush regime (more precisely, “semi-dilute” brush regime), where L oc DP x ' 385 At even
higher grafting density (“concentrated” brush regime), theoretical analysis predicts a slightly
different scaling relationship, L oc DP x 6'2.35 A salient characteristic of both “semi-dilute” and
“concentrated” brushes is that L increases linearly with DP; the tethered chains are stretched
compared with free polymer chains in good solvents (radius of gyration Ry oc DP?3) 3485 R, is the
root-mean-square, mass-weighted average distance of monomer units from the center of mass of
a polymer chain® and is commonly used to describe the size of a polymer. To determine if grafted
chains are in the mushroom or brush regime, reduced grafting density &, defined as GnRy?, is often
used. & is the number of tethered chains in the area of mR,’, an area covered by a free chain under
the same conditions. Using crystal surface engineering of semicrystalline-amorphous diblock
copolymers, Cheng et al. found that the tethered polymer begins to stretch at 6 = 3.7-3.8 and the

highly stretched regime starts at & = 14.3.3¢87 Although these criteria are obtained from and used
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for tethered chains on flat surfaces, they can be used as a guide for HNPs, especially those with
relatively large core NPs.

Unlike tethered chains on a flat substrate, where ¢ does not vary with the distance from the
substrate, the effective grafting density, c*, of grafted chains on NPs changes with increasing the
distance from the NP surface. For spherical NPs, 6* can be calculated according to 6* = o[ro/r],
where 7o and r are the diameter of core NP and the distance from the NP center, respectively, and
o is the grafting density at the surface of core NPs. In the case of HNPs with a core NP size of <a
few tens of nanometers and long grafted chains, the decrease in 6* can be quite large and can
trigger a transition of grafted chains from a “concentrated” brush regime to a “semi-dilute” brush
regime. Using surface-initiated ATRP from 15.4 nm silica NPs, Choi et al. synthesized a series of
HNPs with various molecular weights and observed by TEM of HNP monolayers that the
dependence of NP surface-to-surface distance d on DP of grafted polymer (d oc DP*) changed from
x = 0.81 for relatively short chains to 0.52 for long chains (Figure 2).% The former corresponds to
the “concentrated” brush regime, while the latter represents the characteristic of the semi-dilute
brush regime; these observations are in good agreement with theoretical predictions from a
modified Daoud and Cotton model.***° Note that different brush regimes determine the mechanical
properties of bulk HNPs, for example, brittle versus tough, as reported by Choi et al.3%!

The o of HNPs is commonly calculated by using the TGA data, the M of grafted polymer,

and the surface area of core NP according to eq. (1):

_ MpolymerNa
= A (1

where mpolymer 1S the mass of grafted polymer in one single HNP, Na is the Avogadro number, and
A is the surface area (nm?) of one core NP. TGA is a type of thermal analysis, in which the mass
of a sample is measured as a function of increasing temperature usually at a constant heating rate
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in a controlled atmosphere (air or N2). At sufficiently high temperatures, the grafted polymer
decomposes into small molecules, leaving behind core NPs and thus providing the mass ratio of
grafted polymer and core NPs after the correction for the organic component introduced in the
initiator or CTA immobilization step. The mass of a single core NP can be readily calculated from
its density and size, assuming a regular shape (spherical, rod-like, etc.), and thus we can determine

the mpolymer in a single HNP.
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Figure 2. (a) Synthesis of HNPs by surface-initiated ATRP. (b) Schematic illustration of
“concentrated particle brush” (CPB) and “semidilute particle brush” (SDPB) regimes. (c)
Dependence of particle surface-to-surface distance d on DP (N) of grafted polymer chains
determined by TEM analysis of HNP monolayers. Reproduced with permission from ref. 88.
Copyright (2010) American Chemical Society.

For homografted HNPs, if the value of M, is known, the ¢ can be calculated according to eq.
(1). For heterografted HNPs such as binary mixed brush-grafted NPs and bicomponent brush-
grafted Janus NPs, it is necessary to report the individual grafting density of each type of polymer
chains.®*¢7 If such HNPs are prepared in a step-wise fashion, then the o of the first grafted polymer
can be calculated first using eq. (1); the o of the second polymer can be determined by the same

method except the use of the increase in polymer content of HNPs. Alternatively, we can first

determine the molar ratio of two types of monomer units by 'H NMR analysis and then calculate
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their mass ratio.®!** By using this mass ratio and the polymer content from TGA, we can determine
Mpolymer fOT €ach polymer and thus their individual grafting densities.

Characteristics of Core NPs. The characteristics of core NPs that are important to the
behavior, properties, and applications of HNPs include size, shape (spherical, cubic, etc.),
morphology (solid, mesoporous, or hollow), and specific surface area (for porous and hollow
particles). TEM is an indispensable tool for determining the characteristics of solid and porous
NPs, and Imagel software is widely used to obtain the average size and standard deviation of NPs
from TEM images. In TEM, an electron beam is transmitted through a sample with a thickness of
~ 100 nm or less, and the electrons that pass through the sample form an image. The contrast
observed in TEM micrographs often comes from different abilities to absorb or scatter incident
electrons caused by the composition (density) or thickness variations in the sample, with darker
areas corresponding to more electron losses.”” TEM has the capability to image at atomic and
subatomic levels, and the resolution is thousands of times higher than that of optical microscopes
because the wavelength of electrons is much shorter than visible light. As-synthesized core NPs
have a high tendency to aggregate, which could occur during the TEM sample preparation, making
it difficult to image individual NPs. In contrast, HNPs can readily form a monolayer on carbon-
coated TEM grids mediated by the grafted polymer, and it is easier to measure the sizes of core
NPs because grafted chains are “invisible” due to their much lower ability to absorb/scatter
electrons.!!** While TEM is a powerful imaging technique, the specimen must be very thin (~ 100
nm or less) and ultramicrotomy is often used to cut samples to an appropriate thickness.®* For
small HNPs, there is no need to use ultramicrotomy as drop casting of a dilute dispersion of HNPs
in a good solvent affords a monolayer readily, which is suitable for TEM visualization.!!** Another

drawback of TEM is that only a very limited number of NPs can be visualized at one time. Thus,
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it is necessary to acquire images of a sufficiently large number of NPs to generate statistically
meaningful results.

Porous NPs hold great potential in a variety of applications, including drug delivery and gas
separation.®!347:93% Porous materials can be classified into mesoporous (pore diameters: 2 — 50
nm), microporous (pore sizes: < 2 nm), and macroporous (with pores > 50 nm), for which specific
surface area (m?/g) is a critical parameter and is usually measured by the gas adsorption-desorption
method based on the Brunauer—Emmett—Teller (BET) theory.”” The BET theory extended the
Langmuir theory for the monolayer adsorption of gas molecules to multilayer adsorption, allowing
for the determination of the quantity of adsorbed monolayer gas molecules (vm) and thus the
specific surface area (Sger). Nitrogen is the most commonly used gas adsorbate, and the quantity
(volume) of N> gas (v) adsorbed to the surface of fully dried porous NPs is measured at the boiling
point of liquid nitrogen (77 K) at a series of equilibrium pressures (p). The vin can be calculated

from eq. (2):”’

S (ﬂ) + L )

po/  Vmc
where po is the saturation pressure of adsorbate at the temperature of adsorption, and c is the BET
constant, which is related to the heat of adsorption. To determine vm, one can make a plot of
1/{v[(po/p) — 1]} against (p/po) (BET plot). The value of v, can be calculated from the slope and
the y-intercept (vim= 1/(slope + intercept)). The total surface area (Stota1) and Sser can be calculated

by using eq. 3 and 4:

vmNa s

Stotal = v (3)

S ota
Sper = tT” “4)
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where s is the adsorption cross section of the gas molecule, V' is the molar volume of gaseous
adsorbate, and a is the mass of the porous materials.

While hairy porous NPs are envisioned to have potential in a variety of applications,
particularly delivery of substances, grafting polymer chains only at the exterior surface of NPs (i.e.,
preserving internal pores) has been challenging. If an initiator is immobilized on the surface of
porous NPs, both exterior and interior surfaces would be modified, and thus surface-initiated
polymerization would also occur inside the pores, which would greatly decrease the specific
surface area. Since porous NPs are commonly synthesized by using micelles as template, this
problem can be mitigated by modifying the exterior surface of NPs prior to the removal of
micelles,*’ as reported by Hong et al. (Scheme 2E). However, their results showed that after the
growth of polymer chains the Sger decreased significantly (from 1130 to 350 m?/g) and the amount
of the grafted polymer was small. If a facile method is discovered, the potential of porous HNPs

can be better explored.

Characterization of HNPs — Probing Their Behavior in Solvents

The dispersibility of HNPs in solvents and their behavior in solution in response to
environmental changes are vital to their functions, properties, and formation of self-assembled
hierarchical structures. With the aid of gentle shaking, stirring, or ultrasonication, HNPs can be
readily dispersed in good solvents for the grafted polymers if the polymer chains are sufficiently
long and/or the grafting density is high enough. The stability of HNPs in good solvents stems from
the favorable enthalpic interactions between grafted chains and solvent and the steric (entropic)
interactions between HNPs, which counteract and screen the van der Waals attractive forces

between NPs, leading to an overall repulsive effect among HNPs.”8
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The dispersibility and stability of HNPs in solvents can be characterized by various techniques.
The simplest one is visual inspection (Figure 3). If HNPs cannot be dispersed in a solvent over
an extended period of time by stirring or ultrasonication, it can be easily seen with the naked eye
(Figure 3B). The homogeneous dispersions of HNPs in good solvents resemble molecular
solutions (Figure 3A) and can be clear or slightly opaque depending on the concentration and core
NP size as well as the RIs of core NPs and the solvent. If HNPs gradually aggregate, the dispersions
may become cloudier and a precipitate may eventually appear (Figure 3C). Gold NPs often exhibit
different colors in the dispersed and aggregated states,*? which result from the changes in surface
plasmon resonance of Au NPs in different states and can be measured with UV-vis spectrometry.

-15°C 100 °
After 608 OfAfter 6(

Pc"3 NP: 1C13 NPs 1 FC13 NPs UIPC13 NPy

(A) 1 wt% PC13 NP1-9, 7k in PAO (B} 1 wt% PCG-NP1-7. Ok in PAO (C)1 wt% PCQ NP1-7.8k in PAO

Figure 3. Optical photos of (A) a 1 wt% fresh dispersion and three 1% dispersions of poly(tridecyl
methacrylate)-grafted, 23 nm silica NPs with My sec 0of 9.7 kDa (PC13-NP1-9.7k) in PAO after 60
days at — 15 °C, r.t., and 100 °C; (B) a 1% dispersion of poly(n-hexyl methacrylate)-grafted silica
NPs with My sec of 7.0 kDa (PC6-NP1-7.0k) in PAO at 80 °C and at r.t. for 2 h, 24 h, and 7 days
after removal from an 80 °C oil bath; (C) a 1% dispersion of poly(2-ethylhexyl methacrylate)-
grafted silica NPs with M sec of 7.8 kDa (PC8-NP1-7.8k) in PAO at 80 °C and at r.t. for 5 min, 1
day, and 7 days after removal from an 80 °C oil bath. Reproduced with permission from ref. 99.
Copyright (2017) American Chemical Society.

The hydrodynamic size (Dn) of HNPs in a good solvent, which can be measured by dynamic
light scattering (DLS),%’ is usually much larger than that of core NPs because of the swelling of
polymer brushes and the polydispersity of grafted chains.””!% Note that even if a dispersion of

HNPs in a solvent is totally transparent, it may not mean that the HNPs are individually dispersed.

DLS and TEM are commonly used together to determine if the particles are fully dispersed in a
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solvent. DLS measures the time dependence of the fluctuation in scattering intensity of particles
in a solution, which originates from their Brownian motion — the random movement of NPs in a
liquid caused by the continuous bombardment of surrounding solvent molecules. Smaller NPs
move faster in a solvent, and the correlation function of scattered light intensity decays more
rapidly. Conversely, larger particles diffuse slowly, and the correlation of the signal takes a longer
time to decay. The light scattering intensity data can be analyzed to give the translational diffusion
coefficient (Dy) of particles, which can then be converted to the Dy of particles through the Stokes-
Einstein equation: Dy = kT/(3nnDy), where k is the Boltzmann constant, 7 is absolute temperature,
1 is the viscosity of the medium.%® For NPs with a shape other than spherical, the Dy obtained by
DLS is basically the diameter of an equivalent sphere that has the same Dy as the particles in
question.®® Note that the shape information can be obtained from angle dependence of scattering
intensity.

DLS can routinely measure the Dy of particles in the range from ~ 1 nm to a few pum and is
very powerful for studying the stability of particles in solution. Figure 4A and B shows a TEM
image of PrBA-b-poly(n-butyl acrylate) brush-grafted, 15.8 nm silica NPs cast from a dispersion
in tetrahydrofuran (THF) and their Dy distribution in THF from DLS, respectively;** clearly, the
HNPs were fully dispersed in THF. Inorganic and metallic NPs are known to be an effective
additive for lubricating oils for friction and wear reduction.**> However, these NPs tend to
aggregate and precipitate out from hydrophobic oils.** We recently developed oil-soluble polymer-
grafted silica and titania NPs, which exhibited excellent dispersibility in polyalphaolefin (PAO),!!
a widely used synthetic oil for engine lubrication. The HNPs were highly stable in PAO in the

temperature range from — 15 to 100 °C, as shown from DLS measurements of HNP size after the

dispersions were stored at -15, 18, and 100 °C for 60 days (Figure 4C). A single size distribution
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was observed for each sample, and the average Dy, values were 54.4 nm (-15 °C), 57.5 nm (18 °C),

and 58.9 nm (100 °C), which were essentially the same as that (56.2 nm) for the freshly prepared

sample.”
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Figure 4. (A) TEM image and (B) DLS Dy, distribution of 15.8 nm silica NPs grafted with poly(z-
butyl acrylate)-b-poly(n-butyl acrylate) brushes. The TEM sample was prepared by solution
casting of a 1 mg/mL dispersion of HNPs in THF. Adapted with permission from ref. 22. Copyright
(2017) American Chemical Society. (C) DLS Dy, distributions of PC13-NP1-9.7k, measured at 23
°C, in a fresh dispersion in PAO (i) and in PAO after 60 days at -15 °C (ii), room temperature (18
°C) (iii), and 100 °C (iv). Reproduced with permission from ref. 99. Copyright (2017) American
Chemical Society.

DLS is widely used to study the behavior of stimuli-responsive HNPs in water upon application
of an external stimulus (e.g., temperature or pH changes, etc.).*7>#° Among various such materials,
thermoresponsive HNPs are the most studied. Given that the effective grafting density decreases
when moving away from the surface of core NPs, it would be interesting to probe how
thermoresponsive brushes on NPs collapse upon heating. Using surface-initiated ATRP, Wu et al.
synthesized thermosensitive poly(N-isopropylacrylamide) (PNIPAM)-grafted, 70 nm silica NPs
and studied the thermally-induced lower critical solution temperature (LCST) transition in water.
DLS showed that the PNIPAM HNPs exhibited two-stage shrinking upon heating, in contrast to
the sharp LCST transition of free PNIPAM.* The hydrodynamic radius (Rs) first decreased

monotonically in the temperature range of 20-29 °C, followed by a sharp decrease from 31 to
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37 °C (Figure 5a). The two-stage transition can also be seen from the plot of R, measured by static
light scattering, versus temperature (Figure 5b). The first transition was attributed to the n-cluster-
induced collapse of the inner zone of PNIPAM brushes, and the 2" transition was ascribed to the
collapse of the brushes’ outer region, which had a lower segment density compared with the inner
zone. Tenhu et al. used micro-differential scanning calorimetry to study the grafted PNIPAM

chains on small gold NPs and also observed double transitions.'’!
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Figure 5. Temperature dependence of (a) hydrodynamic radius (Rp) and (b) (Rg) obtained for 5 x
10° g/mL aqueous solution of PNIPAM brush-grafted, 70 nm silica NPs. Reproduced with
permission from ref. 43. Copyright (2008) American Chemical Society.
Characterization of HNPs — Elucidating the Self-Assembled Structures of Multicomponent
Brush HNPs
Multicomponent polymer brush-grafted NPs have received considerable interest in recent

years, owing to their abilities to undergo chain reorganization within the brush layer in response

to environmental changes, exhibiting distinct nanostructures under different conditions, and to
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self-assemble into hierarchical structures such as vesicles and tubules,?7-63-67:81-83.102-104 By amples
of such HNPs include binary mixed polymer- and diblock copolymer-grafted NPs as well as
bicomponent brush Janus NPs. The most important analytical tool for characterizing the self-
assembled structures of multicomponent brush NPs is electron microscopy, including scanning
electron microscopy (SEM), TEM, and TEM electron tomography (ET).!> A SEM image is
acquired by using a focused beam of electrons to raster-scan the sample surface, allowing for
characterization on a length scale from nanometers to micrometers. SEM images are formed either
by secondary electrons, which are mainly generated by interactions of incident electrons with the
sample, or backscattered electrons, which are elastically scattered out of the sample with a
significant percentage traveling back along the incident beam. While higher resolutions are usually
achieved by using secondary electrons due to their confinement to the volume near the beam-
impacted area, backscattered electrons give a better compositional contrast, with heavier elements
appearing brighter in the image.!%

TEM is routinely used to study the morphologies of multicomponent block copolymers along
with small angle X-ray scattering and other characterization techniques. The contrast between
different polymer domains under TEM is usually low, and selective staining of one block that
contains carbon-carbon double bonds or aromatic rings with a heavy metal oxide, such as RuO4 or
Os0s, is commonly used to enhance the contrast. For example, in the study of mixed P/BA/PS
brush-grafted silica particles synthesized by surface-initiated ATRP and NMRP (Scheme 2D), no
microphase separation was observed without staining.®* After staining of microtomed thin sections
or a solution-cast monolayer of HNPs with RuO4 vapor, lateral microphase separation of the
brushes became visible, where the PfBA microdomains appeared bright and the PS domains

appeared dark (Figure 6).%47 This allowed us to study the effects of selective solvent, molecular
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weight, grafting density, and substrate curvature on periodicity (or feature size) of micropatterns,
revealing the intriguing behavior of mixed brushes; one example is shown in Figure 6A and B,

where the feature size became significantly smaller with increasing the overall grafting density of

mixed brushes.®’

Figure 6. TEM micrographs of (A) mixed P/BA/PS brush-grafted silica particles (PfBA M, =24.5
kDa, opsa= 0.36 chains/nm?; PS M, = 24.9 kDa, ops = 0.27 chains/nm?; Gl = 0.63 chains/nm?;
DPps/DPpma = 1.25) and (B) mixed PfBA/PS brush-grafted particles (PfBA M, =23.7 kDa, opBa=
0.48 chains/nm?; PS M, = 25.7 kDa, ops = 0.51 chains/nm?; Gtota1 = 0.99 chains/nm?; DPps/DPpa
= 1.31) after casting from a CHCI3 dispersion and staining with RuO4 vapor at r.t. for 20 min.
Adapted with permission from ref. 67. Copyright (2010) American Chemical Society. (C) Cryo-
electron micrograph of mixed PAA/PS brush-grafted silica NPs in DMF and (D) one enlarged NP
in (C). The PAA chains were stained by uranyl acetate to bear a darker contrast. The scale bars
represent 100 nm. Adapted with permission from ref. 109. Copyright (2015) American Chemical
Society.

e paally
LS

While powerful, conventional TEM (2-D TEM) actually projects 3-dimensional (3-D)
nanostructures onto a 2-D plane, which does not allow for discerning the spatial arrangements of
different components in the 3-D space. The continuous development of electron microscopy has
made it possible to visualize detailed 3-D structures, and this is achieved through ET.!%6-107
Tomography is a term used to describe a process of “images by sections”.!% A series of TEM
images are acquired at different tilting/viewing angles, most commonly by using the single-axis
scheme, where the sample rotates around a fixed axis from one extreme to another extreme angle

at constant tilt increments. The maximum tilt angle is usually restricted to +/- 70° due to the
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shadowing of the specimen holder and the limited space in the chamber. The 2-D projected images
acquired from different tilting angles are then aligned and reconstructed to produce a 3-D structure.

Dispersing inorganic NPs into polymer matrices is critical for making advanced polymer
nanocomposites with improved properties,”” and grafting polymers onto the NPs has been shown
to be an effective method to achieve uniform dispersion of NPs in polymers. Using TEM-ET, Tang
et al. studied the behavior of mixed P/BA/PS brush-grafted, 67 nm silica NPs with PrBA M, of
22.2 kDa and PS M, of 23.4 kDa in selective homopolymer matrices with different molecular
weights.>> In the 5 kDa P/BA matrix, the HNPs are well dispersed (Figure 7A), and the PS
microdomains are isolated, protruding out from the surface of the silica NP (Figure 7B and C). In
contrast, in the 65 kDa P/BA matrix, the NPs aggregate into either strings or small flocculates, and
the PS domains are more connected to form short worm-like structures in the average and above
average sized NPs. These observations can be explained by the wet- and dry-brush theory.!!%!!!
When the M, of PfBA matrix is much smaller than that of grafted PrBA, the PfBA matrix molecules
penetrate into the brush layer and swell the PABA domains. The swollen PrBA chains stretch out
into the matrix, and the grafted PS collapse into isolated domains. When the matrix M, is higher,
the longer matrix P/BA chains cannot diffuse into the mixed brush layer, resulting in a morphology
similar to the unperturbed morphology for the uniformly collapsed mixed brush-grafted NPs.
These results demonstrated the responsive behavior of mixed brush particles in polymer matrices,
providing a guide on the possible use of such multicomponent HNPs in the fabrication of polymer
nanocomposites. It should be noted here that TEM only examines a very small fraction of a sample.
To determine if HNPs are uniformly dispersed in a polymer matrix in the study of polymer

nanocomposites, ultra-small-angle X-ray or neutron scattering is commonly used.!!!"!1?
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Figure 7. (A) TEM image of ixed PtBA/PS brush-grafted silica particles in 5 kDa PfBA matrix
stained by RuO4 for 20 min. (B) 3D TEM images (solid mode) of a reconstructed HNP in 5 kDa
PrBA matrix at different rotation angles. (C) Cross-sectional scan images (surface mode) at
positions a-c. PS is the visible phase. The scale bars in (B) and (C) are 50 nm. Reproduced with
permission from ref. 35. Copyright (2015) Royal Society of Chemistry.

Electron microscopy is also critical for studying the hierarchical structures formed by self-
assembly of multicomponent HNPs. Nie et al. synthesized amphiphilic diblock copolymer-grafted
gold NPs and investigated their self-assembly behavior by using SEM, 2-D and 3-D TEM (Figure
8).!13 Through the thin film hydration method, these HNPs self-assembled into vesicles and tubules
mediated by the grafted diblock copolymer as revealed by SEM and TEM. The TEM images at
multiple tilt angles (—60° to 60°) were recorded and are shown in Figure 8g. The 3-D images
unequivocally showed vesicles with a hollow cavity created by a single layer of HNPs in the
membrane. These hierarchical self-assemblies have potential applications in bioimaging and
photothermal therapy due to the plasmon coupling in the assemblies.’

Traditionally, TEM is performed on dried thin samples, whose structures may be different from
the solvated/hydrated states as the nanostructures may undergo changes during the solvent
evaporation. This problem can be circumvented by using cryogenic TEM,''"* where a

solvated/hydrated sample is imaged in the frozen state. For example, the lateral microphase

separation of mixed PS/poly(acrylic acid) (PAA) brush-grafted silica NPs in N,N-
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dimethylformamide (DMF) is clearly observed by cryo-TEM (Figure 6C and D).!% The cryo-TEM
specimen is prepared by plunging a solvated sample-loaded TEM grid into a cryogen (e.g., liquid
ethane) to vitrify the solvent and then quickly transferred to a liquid nitrogen-cooled high vacuum
chamber of a transmission electron microscope for imaging. The selective staining should be
performed before the plunge-freezing of the sample as one cannot stain the specimen in the
vitrified solvent. ET can also be performed to generate the 3D structure in the frozen state (cryo-
ET).!'* Cryo-TEM is very useful for obtaining information on the native state of a sample in a
solvent; however, it is not easy to acquire high quality 2-D and 3-D cryo-TEM images as
performing cryo-TEM requires extensive training and practice.

(a)
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Figure 8. (a) Amphiphilic diblock copolymer-assisted self-assembly of Au NPs into vesicles or
tubules. (b — ¢) SEM (b,c) and TEM (d,e) images of vesicles (b,d) and tubules (c,e) from self-
assembly of gold NPs grafted with PS-b-poly(methoxydi(ethylene glycol) methacrylate) and PS-
b-poly(ethylene oxide) chains, respectively. Inset in (b) is the FFT pattern of SEM image. (f) UV-
vis spectra of individual Au NPs, vesicles, and tubules (from left to right). (g) TEM images of
vesicles at different tilting angles (left to right: — 60°, — 40°, — 20 °, 0°, 30°, and 60°). Scale bars:
200 nm in (b-d) and insets of (c,e), 500 nm in (e), and 100 nm in (g). Reproduced with permission
from ref. 113. Copyright (2012) American Chemical Society.
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Summary and Outlook

HNPs are an important class of hybrid nanostructured materials, which hold promise in a
variety of applications. To achieve full potential of HNPs in technologies and to understand the
behavior of HNPs under various conditions, characterization is critical. This Feature Article aims
to provide readers with an introduction on the determination of basic defining parameters, the
behavior of HNPs in solvents, and self-assembled structures of multicomponent polymer-grafted
NPs. The principles of characterization techniques are briefly introduced, and the limitations are
pointed out when appropriate. Despite enormous progress being made, challenges remain,
particularly for characterization of multicomponent HNPs. For heterografted HNPs with non-
uniform distributions of distinct grafted polymers (e.g., Janus brush NPs and patchy HNPs),
significant challenges in characterization exist, even for basic parameters. It is difficult to precisely
determine the surface areas covered by different domains and the grafting densities of different
polymers, although decoration with smaller metal NPs has been attempted to estimate the surface
area of each domain in Janus HNPs.?” The issue is further compounded by the responsive nature
of grafted polymer chains on small HNPs, which can easily undergo conformational changes due
to environmental variations. We believe that a concerted effort in the synthesis and
characterization of these HNPs holds the key. For self-assembled nanostructures, even for one of
the simplest multicomponent HNPs — binary mixed brushes on small NPs, the bulk morphologies
have not been reported, although interesting nanostructures have been predicted by computer
simulations.!%? It is our belief that ET will play a key role in elucidating the complex morphologies
exhibited by multicomponent HNPs.
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