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ABSTRACT: Phase selective, ultrahigh loading of nano-
particles into target domains of block copolymer composites
was achieved by blending the block copolymer hosts with
small molecule additives that exhibit strong interactions with
one of the polymer chain segments and with the nanoparticle
ligands via hydrogen bonding. The addition of D-tartaric acid
to poly(ethylene oxide-block-tert-butyl acrylate) (PEO-b-PtBA)
enabled the loading of more than 150 wt % of 4-
hydroxythiophenol-functionalized Au nanoparticles relative to
the mass of the target domain (PEO + tartaric acid), which
corresponds to greater than 40 wt % Au by mass of the resulting well-ordered composite as measured by thermal gravimetric
analysis. The additive, tartaric acid, performs three important roles. First, as evidenced by small-angle X-ray scattering, it
significantly increases the segregation strength of the block copolymer via selective interaction with the hydrophilic PEO block.
Second, it expands the PEO block and enhances the number and strength of enthalpically favorable interactions between the
nanoparticle ligands and the host domain. Finally, it mitigates entropic penalties associated with NP incorporation within the
target domain of the BCP composite. This general approach provides a simple, efficient pathway for the fabrication of well-
ordered organic/nanoparticle hybrid materials with the NP core content over 40 wt %.

■ INTRODUCTION

Polymer/inorganic hybrid materials with well-ordered struc-
tures have attracted enormous attention in recent years due to
their many potential applications, including microelectronics,
energy conversion, photonic devices, and sensors.1−12 The
utility of these hybrid materials for a specific application is often
dependent not only on the size, shape, and orientation of the
ordered domains but also on the loading of the active
nanoparticle (NP) constituent. Despite a significant amount
of research,13−21 straightforward, general methods for achieving
the latter goal are lacking.
The realization of ordered block copolymer/NP systems

results from an energy balance between enthalpic and entropic
contributions: the enthalpic contribution is controlled by the
interaction between the additive and the block copolymer
segments, while the entropic contribution arises in part from
the chain stretching penalty for accommodating NPs.22,23 To
date, most studies of NP incorporation in BCPs have involved
NP ligands that are chemically identical to one of the blocks,
yielding an enthapically neutral interaction, or NP ligands that
exhibit weak interactions with the target domain.13−21 In these
cases, the entropic penalty for NP incorporation can easily
dominate the system resulting in low NP loadings, particle
aggregation/macrophase separation, or loss of order.
To achieve high loading of the NPs while maintaining

ordered structures, the BCP/NP system needs to be optimized
in order to either be enthalpically favorable or to reduce the

entropic penalties for NP incorporation. The Xu group22 took
the latter approach to relieve entropic penalties in a composite
system by introducing 3-n-pentadecylphenol or 4-(4′-
octylphenyl)azophenol into poly(styrene-block-4-phenylpyri-
dine) hosts for NPs functionalized with alkane ligands. The
polar head groups of the additives hydrogen bond with the PVP
block of the copolymer to supramolecular assemblies bearing
alkane comb structures, which in turn interact with the alkane
ligands of the NPs through dispersion interactions. While the
NP ligand interactions with the polymer assemblies are weak,
the creation of the comb structure, which contains many
additional chain ends, reduces the entropic penalty for NP
incorporation.
To date, surprisingly few studies23−27 have focused on the

use of strong, favorable enthalpic interactions between the BCP
and NP ligands to offset the entropic chain stretching penalty.
The Wiesner group demonstrated coassembly of metal NPs
coated with an organic shell composed of ionic liquid coatings
and specially designed poly(isoprene-block-dimethylaminoethyl
methacrylate) BCPs for the purpose of creating mesoporous
metal assembles;24 however, their system employed very
specific chemistries and cumbersome processing. More
recently, our group developed an approach called additive-
driven self-assembly28−30 to achieve strong microphase
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segregation in block copolymers that are otherwise disordered
or weakly segregated by blending them with homopolymers,29

small molecule additives,28,31 or nanoparticles.23 We demon-
strated that selective H-bonding interactions between the
additives and one block of the block copolymer can effectively
enhance the segregation strength of the system. This method
offers a general approach to well-ordered polymer/NP
composites by blending nanoparticles, which are functionalized
with short H-bond-donating ligands, with block copolymers
containing H-bond-accepting segments.23 In one study we used
4-hydroxythiophenol-functionalized Au (Au-OH) NPs as the
H-bond-donating additives and the PEO blocks of Pluronic
surfactant block copolymers poly(ethylene oxide)-block-poly-
(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-
PEO) and poly(ethylene oxide)-block-polystyrene (PEO-b-PS)
diblock copolymers as the H-bond-accepting segments. Well-
ordered composites with Au-OH NP loadings of about 0.77
(weight ratio of Au NPs relative to PEO) were achieved using
otherwise disordered or weakly segregated block copolymers
hosts.
Here, we report a method for the ultrahigh loading of NPs in

well-ordered block copolymer/additive systems through the
consideration of both enthalpic and entropic factors. By
incorporating small molecule additives (organic acids) that
interact with both the NP ligand and one segment of the block
copolymer host, the NP loading limit is dramatically increased.
The role of the organic acid is threefold. First, it acts as an H-
bond-donating additive to induce microphase separation in
otherwise disordered or weakly segregated systems; the
segregation strength of the block copolymer system is enhanced
through the selective interaction of the acid with the PEO
block. This interaction generates ordered structures in even
low-molecular-weight systems. Additionally, the volume

fractions of the systems can be tuned by varying the acid
loading, providing a facile means for achieving the desired
morphology. Second, the acid can provide additional H-bond-
accepting sites in a well-segregated amphiphilic system. The
multiple carboxylic acids groups of the acid molecule make
confinement of additional H-bond-donating NPs in the
hydrophilic domain possible. The much stronger H-bonding
interaction between carboxylic acid groups of the acid and the
hydroxyl groups of the ligands of NPs enhances the favorable
interaction between the NPs and hydrophilic domain. Third,
the small additives in the PEO domain help alleviate the
entropic penalties associated with NP incorporation by
increasing the configurational entropy of the system by swelling
of the BCP domains. In this context the tartaric acid plays the
role of a selective solvent in a BCP composite system.32 Thus,
ultrahigh metal content and precise particle distribution in the
BCP system can be achieved with improved ordering.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene oxide-b-tert-butyl acrylate) (PEO-b-

PtBA) diblock copolymer was synthesized using atom transfer radical
polymerization (ATRP) following the established procedures,33 with
slight modifications; D-tartaric acid was purchased from Sigma-Aldrich;
Au-OH nanoparticles (NPs) with the diameter of 2−3 nm
functionalized with 4-hydroxythiophenol were synthesized following
the established procedures.34 Ruthenium tetraoxide (RuO4) 0.5 wt %
aqueous solution was purchased from Electron Microscopy Sciences.

Sample Preparation and Characterization. Preparation of bulk
samples for small-angle X-ray. PEO-b-PtBA, D-tartaric acid, and Au-
OH NPs were blended at a given mass ratio in dimethylformamide
(DMF) of a certain weight percentage (BCP concentration of 2−3 wt
%). After dropped cast from the DMF solution onto glass slides, dried
at room temperature (rt), annealed for 36 h at 90 °C under vacuum,
and then cooled to rt under vacuum, the bulk samples were scraped off

Figure 1. Structures of PEO-b-PtBA (a), Au-OH NPs with 4-hydroxythiophenol as ligands (b), and D-tartaric acid (c). (d) Schematic demonstration
of PEO-b-PtBA blended with only Au-OH NPs and Au-OH NPs together with D-tartaric acid.
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the glass slides and then evenly placed in the center of metal washers
sandwiched by Kapton film.
Small-angle X-ray scattering (SAXS). The samples were placed on a

heated vertical holder which was equilibrated at 90 °C for about 20
min under vacuum. The whole system was under vacuum during the
measurements which were done at UMass Amherst using an in-house
setup from Molecular Metrology Inc. (presently sold as Rigaku S-
Max3000) with the wavelength of 0.1542 nm and sample-to-detector
distance of 1477 mm.
Transmission electron microscopy (TEM). Cryo-microtoming was

used to cut the bulk sample into pieces with the thickness of 50 nm,
which is thin enough for electron beam going through, with the cutting
atmosphere temperature of −120 °C and knife temperature of −110
°C below the glass transition temperature (Tg) of PEO block. A JEOL
2000FX electron microscope which was operating at 200 kV was used.
The samples are either without any staining or stained using
ruthenium tetraoxide (RuO4) with the vapor concentration of 2 mL
0.5 wt % aqueous solution in a 250 mL jar for 3 and 10 min.
Thermogravimetric analysis (TGA) was performed on a TGA 500

thermogravimetric analyzer heating at a rate of 10 °C/min from room
temperature to 800 °C under a continuous purge of nitrogen.

■ RESULTS AND DISCUSSION

We used enantiopure tartaric acid, which was used in our
previous studies of disordering transitions for hierarchical
pattern formation, as the organic acid additive.35 Tartaric acid is
a chiral acid that contains two stereocenters in its backbone as

well as multiple H-bond-donating and H-bond-accepting
groups, including carboxylic acid and hydroxyl groups as
shown in Figure 1c. Here, enantiopure D-tartaric acid was used
rather than racemic tartaric acid because the enantiomers in the
racemic mixture interact more strongly with each other than
they do with the ether groups of the PEO block.35 We used
poly(ethylene oxide-block-tert-butyl acrylate) PEO-b-PtBA
(Figure 1a) as the BCP host and gold NPs functionalized
with 4-hydroxythiophenol (Au-OH) as the nanoparticle
additives (Figure 1b). In Figure 1d, we illustrate that blending
D-tartaric acid into the PEO-b-PtBA BCP system creates
additional H-bond-accepting groups in the hydrophilic PEO
domain.
For consistency, we express the composition of the

hydrophilic domain (PEO:tartaric acid) as the mass ratio of
PEO to tartaric acid. We express loadings of Au NPs within
composites by the mass ratio of Au NPs to either neat PEO
block or the PEO block plus tartaric acid. These are denoted as
Au NPs:PEO or Au NPs:(PEO + tartaric acid). Thermogravi-
metric analysis (TGA) indicated that the Au-OH NPs used in
this study contain ∼72% Au by weight; the balance is ligand.23

Using this information, Au loadings relative to a variety of basis
can be calculated. We use TGA to verify these calculations by
computing the Au mass fractions of the ordered composites
(vide infra).

Figure 2. (a) SAXS profiles of neat PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12); PEO-b-PtBA blended with Au-OH NPs (Au NPs: PEO,
1.08:1); PEO-b-PtBA + D-tartaric acid (PEO:tartaric acid, 56:44) blended with Au-OH NPs (Au NPs:(PEO + tartaric acid), 0.60:1); PEO-b-PtBA +
D-tartaric acid (PEO:tartaric acid, 56:44) blended with Au-OH NPs (Au NPs:(PEO + tartaric acid), 1:1). (b−d) TEM images of PEO-b-PtBA (18K,
72.3 wt % PtBA, PDI = 1.12) + D-tartaric acid (PEO:tartaric acid, 56:44) blended with Au NPs (Au NPs:(PEO + tartaric acid), 0.60:1), after cryo-
microtoming without staining (b), with RuO4 staining for 3 min (c), and with RuO4 staining for 10 min (d).
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PEO-b-PtBA BCP with a molecular weight of 18K, 72.3 wt %
PtBA, and PDI of 1.12 (denoted as PEO5K-b-PtBA13K) was
used as the host. Au (Au-OH) NPs with the diameters of ca. 2−
3 nm functionalized with 4-hydroxythiophenol were synthe-
sized using the same procedure as our previous study23

following the literature procedures with slight modification.34

The small-angle X-ray scattering (SAXS) profile for neat
PEO5K-b-PtBA13K is shown in Figure 2a, and the higher order
reflections indicate an ordered cylindrical morphology, with a d-
spacing of 18.5 nm. By blending Au-OH NPs (Au NPs:PEO,
1.08:1) into PEO5K-b-PtBA13K, the d-spacing was increased
from 18.5 to 22.1 nm. However, the scattering peaks were
heavily attenuated with a large increase in the full width at half-
maximum intensity, indicating disordered phase due to
significant weakening in the strength of segregation and
possible nanoparticle macrophase segregation. The loss in
intensity occurs despite an expected increase in the electron
density contrast of the two domains. By contrast, the addition
of D-tartaric acid (PEO:tartaric acid, 56:44) into the system
with the same amount of Au NPs (Au NPs:PEO, 1.08:1 or Au
NPs:(PEO + tartaric acid), 0.60:1) yielded well-defined
scattering peaks (Figure 2a), revealing a lamellar morphology
as indicated by the ratios of the multiple higher-order peaks to
the primary peak (1:2:3:4:5:6) and a d-spacing of 28.7 nm. The
well-resolved higher-order peaks confirm the excellent ordering
with good electron density contrast between the two domains,
indicating that the NPs were selectively confined to one
domain. Not surprisingly, the ultrahigh loading of the additives
changes the volume fraction of the system and can lead
transitions between ordered morphologies. We further
demonstrated that Au-OH NPs with the amount as high as
1:1 (Au NPs:(PEO + tartaric acid)) can be loaded in PEO5K-b-
PtBA13K as shown in Figure 2a.
Transmission electron microscopy (TEM) was used to

characterize the detailed structure of the system and to confirm
the location of the NPs. The TEM images in Figure 2b show
the well-ordered lamellar morphology of the sample without
any staining. Individual nanoparticles that are densely packed
and confined in one domain are clearly resolved in the image.
Ruthenium tetraoxide (RuO4) vapor (2 mL 0.5 wt % solution
in a 250 mL jar) was used to stain the PEO domain (Figure
2c,d). The clear contrast in both TEM images helps confirm
that the nanoparticles were confined solely to the PEO domain.
To achieve ultrahigh Au content of the composite system, we

used a PEO-b-PtBA BCP with higher PEO volume fraction as
the loading substrate. The molecular weight of the PtBA block
in the new copolymer (denoted as PEO5K-b-PtBA4.2K) with a
PDI of 1.04 was reduced to 4.2K (from 13K) while the
molecular weight of the PEO block was maintained at 5K. D-
tartaric acid (PEO:tartaric acid, 58:42) was added into the
system to allow for the ultrahigh loading of NPs. Both TEM
and SAXS were again used to confirm the loading of Au-OH
nanoparticles. As shown in Figure 3a, ordered lamellar
morphology was observed in TEM for the sample with Au-
OH NPs loading amount as high as 1.07:1 (Au NPs:(PEO +
tartaric acid)). The SAXS profiles in Figure 3b show that
ordering peaks were clearly observed even with the Au-OH
NPs were added at a loading of 1.50:1 (Au NPs:(PEO + tartaric
acid)). A meaningful comparison to NP loadings in our
previous study requires consideration of NP loading with
respect to the both PEO mass in the copolymer and the total
mass of the target domain, which includes tartaric acid in the
present study. The weight ratio of Au-OH NPs to PEO block is

up to 2.63 in this study compared to 0.77 in the previous study.
When normalized for the mass of all organic compounds in
hydrophilic domain (PEO plus D-tartaric acid if any), the ratio
is up to 1.5 for this study, nearly twice the ratio of 0.77 achieved
in our previous study.
TGA was used to confirm inorganic content in the system.

The Au content in the Au-OH NPs used here is ∼72 wt %.23

With Au-OH NP, 0.86 of Au NPs:(PEO + tartaric acid), loaded
into a PEO5K-b-PtBA4.2K/D-tartaric acid (PEO:tartaric acid,
58:42) composite system, the calculated Au content of the total
compound is 26%. The experimental result from TGA in Figure
4a showed that the inorganic compounds that remained after
heating to 800 °C made up ∼28% of the compound. With Au-
OH NPs (Au NPs:(PEO + tartaric acid), 1.28:1) loaded, the
calculated Au content should be 39%, while the experimental
result from TGA in Figure 4b gave the percentage of inorganic
compounds left to be about 42%. A control experiment in
Figure 4c shows that about 3% of the neat PEO5K-b-
PtBA4.2K/D-tartaric acid composite (PEO:tartaric acid,
58:42) is left after heating without any NP loading due to
the carbonization of the organic compounds in the system.
After subtracting the carbonization residue in each case, all the
experimental Au-OH contents match well with the calculated
results.
To further illustrate the concept, we studied morphology and

d-spacing development in the PEO-b-PtBA composite system
through the comparison of neat PEO-b-PtBA, PEO-b-PtBA
blended with only D-tartaric acid, and PEO-b-PtBA blended
with both D-tartaric acid and Au-OH NPs. The SAXS profiles in
Figure 5 show that ordering was dramatically improved after
blending D-tartaric acid (PEO:tartaric acid, 58:42) into the neat
PEO-b-PtBA (PEO5K-b-PtBA4.2K). The ratios of ordering
peaks to the primary peak are 1:2:3:4, indicating lamellar
morphology. The d-spacing was also dramatically increased
from 12.7 to 17.5 nm. DSC and WAXS studies in our previous

Figure 3. (a) TEM images of PEO-b-PtBA (9.2K, 46.6 wt % PtBA,
PDI = 1.04) + D-tartaric acid (PEO:tartaric acid, 58:42) blended with
Au-OH NPs (Au NPs:(PEO + tartaric acid), 1.07:1). (b) SAXS
profiles of PEO-b-PtBA + D-tartaric acid (PEO:tartaric acid, 58:42)
blended with different amounts of Au-OH NPs (Au NPs:(PEO +
tartaric acid), 0.86:1, 1.07:1, 1.28:1, and 1.50:1).
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work35 showed that the interaction between D-tartaric acid and
PEO domain was strong enough to inhibit the crystallization of
PEO, indicating that the D-tartaric acid resided in the PEO
domain. By blending an additional Au-OH NPs with the
loading amount, 1.07:1 (Au NPs:(PEO + tartaric acid)), into
the system, the d-spacing increased to 18.6 nm.

■ CONCLUSIONS

We have demonstrated a simple and efficient pathway for the
fabrication of well-ordered organic/metal hybrid materials with
ultrahigh NP content. Introduction of small molecule additives
that hydrogen bond with the nanoparticle ligands and one
segment of the block copolymer host enables high loading of
NPs in well-ordered composites through the introduction of
favorable enthalpic interactions, increases in segregation
strength and mitigation of entropic penalties for NP
incorporation. High NP loading is essential for many
applications of ordered polymer/NP composites. We further
note that this method provides advantages for the practical

fabrication of well-ordered functional hybrid nanomaterials via
large-scale manufacturing (e.g., roll-to-roll coating).
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