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ABSTRACT: Helical superstructures were induced in poly-
(ethylene oxide)-b-poly(tert-butyl acrylate) (PEO-b-PtBA)
achiral diblock copolymers (BCPs) through the simple
addition of pure enantiomers of tartaric acid. Hydrogen
bond interactions between tartaric acid and poly(ethylene
oxide) (PEO) block not only enhance the phase segregation
strength of the PEO-based block copolymer but also transfer
the chiral information from the additive into the achiral
backbone to induce the conformational chirality. The helical
phase was formed after thermal annealing with a pitch of ∼25 nm and confirmed by transmission electron microscopy (TEM)
and TEM tomography. The handedness of helices can be easily selected by choice of the corresponding enantioisomer of tartaric
acid.

■ INTRODUCTION

Ordered nanostructures can be achieved by the self-assembly of
various molecular units, including nanoparticles,1−6 nano-
wires,7−12 nanorods,13−16 nanotubes,17−24 colloids,25−27 and
block copolymers,28−37 through noncovalent interactions.
Among these, block copolymers have been studied thoroughly
in recent years due to facile accessibility of regular periodic
structures of controlled size and morphology.38−48 Typically
spherical, cylindrical, lamellar, and gyroid morphologies are
obtained by controlling the number of repeat units (N),
segregation strength (χ), block volume fraction ( f), and even
polydispersity index (PDI) of the block copolymers.49−51

However, numerous structures of interest including biological
inspired morphologies such as helices are not easily generated
in typical block copolymer systems.
Helical superstructures are relevant to a number of life

science and physical applications including metamaterials.52,53

The formation of helical structures of different length scales54

has been realized in solution using synthetic supramolecular
chiral molecules and assemblies,55−60 resulting in helical chain
conformations61−66 and helical aggregations.67−71 However, it
remains a challenge to achieve well-ordered 3-D arrays of
nanohelices in solid or melt systems. Previously, the Ho
group72,73 used a chiral diblock copolymer system, poly-
(styrene)-b-poly(L-lactide) (PS-b-PLLA), to achieve nano-
helical superstructures. In these materials, the chiral nature of
the repeat units in the PLLA block is the driving force for the
final structure. The requirement for chirality within the block
copolymer backbone complicates the BCP synthesis and limits
the versatility of functional blocks. The Jinnai group recently
used an achiral triblock terpolymer, polystyrene-b-polybuta-

diene-b-poly(methyl methacrylate) (SBM),74 to achieve a
helical morphology in the bulk. However, interactions of each
selected blocks are very specific, and the molecular weight
range of each block required to achieve assembly is very
narrow. Moreover, there is no control of the handedness of the
helices in this system.
In this report we describe the straightforward use of additive

driven self-assembly to achieve helical phases in an achiral block
copolymer system. Additive driven self-assembly has been
previously investigated in our group as a method to enhance
block copolymer phase separation and achieve high additive
concentrations in well-ordered systems. This method is based
on the selective interaction between one segment of the block
copolymer and the additives, including homopolymers,75,76

small functional molecules,77,78 and nanoparticles79−81 to
increase the segregation strength of the system and to generate
ordered nanostructures for a variety of applications. In this
report tartaric acid is selected as a chiral additive to a PEO-
based achiral diblock copolymer, poly(ethylene oxide)-b-
poly(tert-butyl acrylate) (PEO-b-PtBA).82 The chiral informa-
tion from the additive is transferred to the achiral block
copolymer morphology to yield well-ordered helical structures,
and at the same time the additive increases the segregation
strength of the system.
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■ EXPERIMENTAL SECTION
Materials. 2-Bromo-2-methylpropionyl bromide was bought from

Sigma-Aldrich. tert-Butyl acrylate, copper(I) bromide (CuBr), copper-
(II) bromide, anisole, and N,N,N′,N′,N″-pentamethyldiethylenetri-
amine (PMDETA) were from Acros Organics. Poly(ethylene glycol)
methyl ether (5K, PDI = 1.06) was from Polymer Source. Ruthenium
tetroxide, 0.5% stabilized aqueous solution was from Electron
Microscopy Sciences.
Block Copolymer Synthesis. PEO end-group functionalization

and PEO-b-PtBA block copolymer synthesis were performed following
the same procedure as we used in previous work.82 Atom transfer
radical polymerization (ATRP) was used for the PEO-b-PtBA
synthesis based on the established procedure.83

Polymer Characterization. The synthesized block copolymers
were characterized by gel permeation chromatography (GPC) and 1H
NMR spectroscopy. The detailed conditions for GPC and 1H NMR
were the same as our previous work.82

Small-Angle X-ray Scattering (SAXS). PEO-b-PtBA was blended
with tartaric acid at a given mass ratio in DMF or anhydrous ethanol
and then drop-cast on glass slides dried at room temperature for DMF
and baked at 60 °C for ethanol. Thermal annealing at 90 °C under
vacuum for 36 h was then applied to those samples. After being
scraped from the glass slides, those dried bulk samples were then
placed in the center of metal washers, sandwiched by Kapton film, and
placed on a vertical holder with a temperature controller. The whole
system of SAXS was under vacuum during measurement, and the
samples were equilibrated at 90 °C for 20 min before measurement.
The detailed condition for SAXS was the same as our previous work.82

Transmission Electron Microscopy (TEM). A JEOL 2000FX
electron microscope was used for TEM measurement which operated
at an accelerating voltage of 200 kV. A Leica Ultracut microtome was
used to directly cut the bulk sample using a diamond knife conducted
at a low-temperature environment of −120 °C and with the diamond

knife at temperature of −110 °C. The thin pieces of the samples were
then detached from the diamond knife and transferred to copper grids
with carbon films. The copper grids with the sample pieces were then
stained with ruthenium tetraoxide (0.5% stabilized aqueous solution)
for about 10 min before TEM measurement.

TEM Tomography. The electron tomography was measured on a
Tecnai F20 FEG transmission electron microscope (FEI, The
Netherlands) operated at 200 kV. The sample grids were placed in
a Fischione 2020 single-tilt holder (Export, PA). The single-tilt series
were collected at the increment of 1° over a ±60° range using a FEI
Eagle 4K × 4K CCD camera and imaging software Explore3D. Images
were aligned using gold particles, and the final tomograms were
reconstructed using the R-weighted algorithm of the IMOD software.

Circular Dichroism. The CD spectra were acquired on a circular
dichroism spectrometer (JASCO J-815, Japan). The solution samples
of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12), PEO-b-PtBA
blended with D-tartaric acid, and PEO-b-PtBA blended with L-tartaric
acid were prepared in THF with the concentration of about 10 mg/
mL. The path length of the quartz cuvettes was 1.0 mm. The bulk film
of PEO-b-PtBA blended with D- or L-tartaric acid was prepared by
drop-casting the THF solution on a quartz slides, which were then
dried at room temperate followed by thermal annealing 90 °C for 36 h.
And the samples were then measured directly by the CD instrument.

■ RESULTS AND DISCUSSION

Previously our group showed that enantiopure tartaric acid
effectively enhances segregation strength and ordering through
the hydrogen bonding between the acid and the PEO blocks of
the weakly segregated system PEO-b-PtBA.82 The interactions
between the carboxylic acid of tartaric acid and the PEO block
completely inhibit PEO crystallization and dramatically
enhance the segregation strength of the system. This

Figure 1. SAXS integration (a) of neat PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) and PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12)
blended with 22 wt % D-tartaric acid drop-cast from DMF. (b) TEM characterization of neat PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) after
cryo-microtoming and RuO4 staining. (c) TEM characterization of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % D-tartaric
acid after cryo-microtoming and RuO4 staining. All samples were annealed at 90 °C for 36 h before tests, and all SAXS data were taken at 90 °C
above the melting point of PEO. (d) Schematic demonstration of the left-handed helices developed from cylinders by blending with D-tartaric acid.
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additive-driven self-assembly approach can even induce order
from an otherwise completely disordered system.82

In this study, PEO-b-PtBA with molecular weight of 18K, a
PtBA composition of 72.3 wt %, and a PDI of 1.12 was used.
The block copolymer was synthesized by end-group function-
alization of PEO followed by atom transfer radical polymer-
ization (ATRP). Bulk samples of neat PEO-b-PtBA and PEO-b-
PtBA/tartaric acid composite were prepared by drop-casting on
a glass slide from DMF solution (2.6 wt % of polymer) at 60
°C. After thermal annealing in a vacuum oven at 90 °C for 36 h,

small-angle X-ray scattering (SAXS) was used to characterize
the self-assembled nanostructures in the bulk systems. The
scattering peaks in Figure 1a for neat PEO-b-PtBA reveal a
cylindrical morphology with d-spacing of 18.3 nm, but the weak
and poorly resolved higher order peaks also suggest weak long-
range order. For the composite sample, PEO-b-PtBA (18K,
72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % D-tartaric
acid (relative to the mass of the polymer), the SAXS patterns in
Figure 1a show a very sharp first-order peak accompanied by
multiple higher order peaks indicating very strong segregation.

Figure 2. (a) SAXS integrations of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % L-tartaric acid and with 22 wt % D-tartaric
acid drop-cast from DMF. (b) CD spectra of bulk films made of PEO-b-PtBA blended with 22 wt % D-tartaric acid and PEO-b-PtBA blended with 22
wt % L-tartaric acid. (c, d, f, g) TEM characterization of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % L-tartaric acid with
projection perpendicular to the helix axis (c) and parallel to the axis (d) and PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt %
D-tartaric acid with projection perpendicular to the helix axis (f) and parallel to the axis (g) after cryo-microtoming and RuO4 staining. (e, h) 3D
tomograms for PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % L-tartaric acid (e) and 22 wt % D-tartaric acid (h) with
corresponding schematic demonstration of right-handed helices for L-tartaric acid (e) and left-handed helices for D-tartaric acid (h). All samples were
annealed at 90 °C for 36 h before tests, and all SAXS data were taken at 90 °C above the melting point of PEO.
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The q value ratios of the scattering peaks are 1, √4, √7, √9,
√13, and √16, which is consistent with a cylindrical
morphology. Furthermore, the d-spacing is 27.9 nm, which is
much larger than neat PEO-b-PtBA sample. In order to more
clearly characterize the nanostructure of the polymer and the
composite, transmission electron microscopy (TEM) was used.
A cryo-microtoming (−120 °C) process was used to obtain
sections with thickness of ∼50 nm. Ruthenium tetroxide
(RuO4) was used to stain the PEO domain to increase the
contrast of the domains. A cylindrical morphology was clearly
observed in neat PEO-b-PtBA sample in TEM. Figure 1b shows
the TEM image in which the projection is perpendicular to the
cylinder axis, with the TEM image on the upper-right corner
showing the projection parallel to the cylinders axis. It is clear
that the PEO (dark region) is the minor domain as shown in
the parallel projection. For the composite sample, PEO-b-PtBA
blended with 22 wt % D-tartaric acid, Figure 1c shows arrays of
left-handed nanohelices with a pitch of ∼25 nm, which is
consistent with the d-spacing observed in SAXS. (The
handedness of the structures obtained by tartaric acid addition
is confirmed by TEM tomography as discussed below.) The
results suggest that chirality was successfully transferred from D-
tartaric acid into the PEO-rich phase of the block copolymer/
additive composite.
Previous studies64−66,84,85 show that noncovalent bonding

interactions can induce helical conformation in optically
inactive achiral polymers from the chiral additives. For example,
the Okamoto group86,87 showed that chiral information can be
transferred from chiral amines into achiral poly-
(phenylacetylene)s through an acid−base interaction to achieve
helical conformation in polymer backbone. Here, the helical
assemblies may result from a similar chiral induction method
via hydrogen-bonding interactions between enantiopure tartaric
acid and the PEO block. Thus, the chiral information on D-
tartaric acid can be used to template the PEO-rich phase of the
block copolymer composite, resulting in the formation of
helical superstructures.

The addition of L-tartaric acid, the other enantioisomer of D-
tartaric acid, was also investigated. Figure 2a shows SAXS
results for PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12)
blended with 22 wt % L-tartaric acid with the SAXS result of
PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with
22 wt % D-tartaric acid attached to be compared. The
composite yields scattering peaks that are similar to those
obtained when D-tartaric acid is used as the additive and reveals
a very similar d-spacing of ∼27 nm. With the addition of L-
tartaric acid in PEO-b-PtBA, the helical superstructure was
again observed in TEM as shown in Figure 2c. It is also clear
that the helix in the sample loaded with L-tartaric acid is right-
handed as compared with left-handed helix in the sample
loaded with D-tartaric acid as shown in Figures 1c and 2f. The
parallel projections of the helices with enantiopure L- and D-
tartaric acid are shown in Figure 2d,g. The handedness of the
helices can be selected upon loading the appropriate
enantioisomer of tartaric acid, which were confirmed by TEM
tomography measurements conducted at Yale School of
Medicine on a Tecnai F20 FEG transmission electron
microscope (FEI, The Netherlands) operated at 200 kV. The
single-tilt series were collected at the increment of 1° over a
±60° range and aligned using gold particle. The final
tomograms are shown in Figure 2e,h which is reconstructed
using the R-weighted algorithm of the IMOD software. The
right-handed helices are clearly shown in Figure 2e
corresponding with PEO-b-PtBA blended with 22 wt % L-
tartaric acid, while left-handed helices for composite blended
with 22 wt % D-tartaric acid are shown in Figure 2h.
Circular dichroism (CD) spectra were used to qualitatively

study the conformational chirality of the PEO-b-PtBA/D-
tartaric acid supermolecule. The opposite Cotton effects
(wavelength dependence of the optical rotary dispersion
curve) represented by the CD signals in the vicinity of
absorption band of carboxylate chromophore in tartaric acid
were observed in the far-ultraviolet region of the CD spectra for
D- and L-tartaric acid in both solution (Figure S1) and bulk
system (Figure 2b), while no signal was observed for neat PEO-

Figure 3. TEM characterization of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12) blended with 22 wt % L-tartaric acid with relative sample holder
tilting angle as 0° (a) and after 10° clockwise rotation (b). Substructures (c) observed in TEM of PEO-b-PtBA (18K, 72.3 wt % PtBA, PDI = 1.12)
blended with 22 wt % L-tartaric acid.
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b-PtBA sample in Figure S1 (same as the background THF).
Previously we used SAXS, WAXS, and AFM to confirm that no
tartaric acid aggregation or macrophase separation in the
supermolecule systems of PEO-b-PtBA/enantiopure tartaric
acid occurs in the tartaric acid concentration regions of
interest.82 DSC, WAXS, and SAXS also show that D- or L-
tartaric acid interacts well with PEO block to inhibit the
crystallization of PEO, increase the d-spacing, and form the
supermolecules.82 Thus, we can exclude the possibility that the
observed opposite Cotton effects of the bulk BCP films blended
with D- or L-tartaric acid in Figure 4b are from the aggregation
of the tartaric acid, and we can make the conclusion that the
opposite conformational chirality of the supermolecule back-
bone actually contributes to the Cotton effects in the far-
ultraviolet region of the CD spectra. Together with the TEM
evidence, we confirm that the chirality is successfully trans-
ferred from the chiral additive to the backbone of the
supermolecule and then to the phase of bulk system to form
helical superstructures.
To better characterize the helical morphology in the PEO-b-

PtBA/tartaric acid composite system, a rotatable sample holder
was used to image the nanostructures at multiple angles. In
Figure 3a,b, two TEM projection images of the same spot are
shown during sample holder rotation. Figure 3a shows the
micrograph of the plane projection with the direction parallel to
the helix axis, while Figure 3b shows the micrograph of the
plane projection with the sample holder rotated clockwise by
10°. The projection with an angle 10° away from the direction
parallel to the helix axis in Figure 3b shows the helix linked with
other adjacent helices, which helps to illustrate the formation of
3-D helical structures in our system. Figure 3c shows interesting
substructures observed in the sample with 22 wt % L-tartaric
acid loading. Parallel lines were observed with a line width
smaller than 1 nm in the dark regions, the PEO domain with L-
tartaric acid, as shown in Figure 3c. These substructures look

very similar to DNA base pairs in the double-helix structures,
which may provide information about the mechanism of the
helical phase formation in our system.
In order to test the versatility of this chiral additive-driven

helical superstructure formation, PEO-b-PtBA with different
molecular weights, PEO volume fraction, and tartaric acid
loadings (weight percentages in Figure 4) were used to rule out
the possibility that the helical superstrucuture can only be
formed in PEO-b-PtBA with a narrow window in the phase
diagram. Thus, a PEO-b-PtBA with different molecular weight,
PEO volume fraction, and tartaric acid loading percentage need
to be used. Here, the PEO-b-PtBA with the molecular weight of
13.9K, the PtBA weight percentage of 64%, and PDI of 1.12
was used, which was also synthesized through PEO end-group
functionalization followed by ATRP. Figure 4a shows that the
neat PEO-b-PtBA (13.9K, 64 wt % PtBA, and PDI 1.12) is
originally weakly segregated with d-spacing of approximately 18
nm. The addition of enantiopure tartaric acid, either L or D,
again dramatically improved the ordering as shown in Figure 4a
with increased d-spacing of 21−22 nm. The ratios of the q
values of those scattering peaks are also 1, √4, √7, √9, √13,
and √16. The interesting phenomenon is that with the
addition of the racemic tartaric acid, no ordering improvement
was observed even with an increased loading amount of racemic
acid as shown in Figure 4. The reason is that a racemic
heteropair structure formed for racemic tartaric acid with the
lowest energy level identified by phase pair identity density
functional theory simulations.88 This is discussed in our
previous work.82 TEM was used to image the enantiopure
tartaric acid BCP composites after staining with RuO4. Again,
right-handed helices were observed in the PEO-b-PtBA (13.9K,
64 wt % PtBA, and PDI 1.12) blended with L-tartaric acid and
left-handed helices for D-tartaric acid.
The addition of tartaric acid to a BCP exhibiting a lamellar

morphology was also investigated. PEO-b-PtBA with a

Figure 4. SAXS integrations (a) of neat PEO-b-PtBA (13.9K, 64 wt % PtBA, and PDI 1.12), PEO-b-PtBA (18K, 72.3 wt % PtBA, and PDI = 1.12)
blended with 25 wt % D-tartaric acid, 25 wt % L-tartaric acid, 25 wt % racemic tartaric acid, and 40 wt % racemic tartaric acid drop-cast from ethanol.
TEM characterization of PEO-b-PtBA (13.9K, 64 wt % PtBA, and PDI 1.12) blended with 25 wt % L-tartaric acid (b) and PEO-b-PtBA (13.9K, 64 wt
% PtBA, and PDI 1.12) blended with 25 wt % D-tartaric acid (c) after cryo-microtoming and RuO4 staining. All samples were annealed at 90 °C for
36 h before tests, and all SAXS data were taken at 90 °C above the melting point of PEO.
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molecular weight of 9.2K containing 46.6 wt % PtBA exhibits
only a single peak in SAXS showing a d-spacing of around 13
nm. With 40 wt % L-tartaric acid loading, higher order peaks in
SAXS were observed and indicate a lamellar morphology as
determined by the ratios of the q values of those scattering
peaks. To image the nanostructure, TEM was again applied
after cryo-microtoming and RuO4 staining. However, only a
lamellar morphology was observed shown in Figure S2.
Twisting of helices was also not observed in the PS-b-PDLA
systems exhibiting lamellae morphology as reported by other
groups.89,90

■ CONCLUSION

We describe a novel method to achieve nanohelical phases in
achiral block copolymer systems by simple blending with small
chiral additives. We demonstrate that a chiral block copolymer
backbone is not necessary for helical phase formation. Rather,
hydrogen bonding between the additives and one of the blocks
can help transfer the chirality from the additives into the
polymer composite through the domino effect, resulting in
well-ordered nanohelical superstructures. Our methods can
tolerate block copolymers with a relatively large window of
molecular weight and volume ratio. We also show that no
twisting was observed for composites exhibiting lamellar
morphologies. This simple approach could dramatically broad-
en the accessibility and potential applications of the nanohelical
phase.
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