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ABSTRACT: The integration of functional components such
as metal nanoparticles, metal salts, or ionic liquids with well-
defined block copolymer (BCP) nanotemplates via non-
covalent bond interactions has afforded hybrid functional
materials. Here, we designed an ionic liquid (IL)-function-
alized redox-active TEMPO (2,2,6,6-tetramethylpiperidine-N-
oxy) radical (guest), investigated phase-selective incorporation/
placement into host BCP nanostructured matrices, and
established a rational approach to functionalize BCP templates.
On-demand domain functionalization of poly(styrene-b-ethyl-
ene oxide) (PS-b-PEO) was triggered by ion−ionophore
interaction, as verified by the suppression of PEO melting
transition in DSC, and the swelling behavior of the PEO
spherical domain in AFM, TEM, and X-ray scattering
characterizations. The obtained BCP layer containing the redox-active TEMPO and IL was utilized as an active layer in the
diode-structured memory device, which exhibited on/off resistive switching (on/off ratio >103). Systematic placement of
TEMPO and IL in the BCP spherical domain allowed for tuning of the switching characteristics and revealed that the formation
of a discontinuous redox-active domain was critical for rewritable resistive switching.

Prompted by the significant progress in the precise control
over size, shape, and long-range ordering of block

copolymer (BCP) nanotemplates,1−3 many research groups
have focused on the integration of functional components such
as metal nanoparticles (NPs), metal salts, or ionic liquids (ILs)
into BCP nanodomains to embed (or deliver) their
functionality.4−7 The metal NPs selectively incorporated in
each BCP domain or their interface have been investigated as
hybrid materials for microelectronic and photonic applica-
tions.8−10 Amphiphilic BCP−salt (e.g., Li+) complex or −IL
gels have been examined as polyelectrolytes with high ionic
conductivity and mechanical durability,11−13 leading to their
potential applications in organic gate dielectrics, actuators,
batteries, and fuel cells.14 The key challenges in the design of
such hybrid materials based on noncovalent bond interactions
among functional components and BCP segments are to
control the location and loading amount of functional
components, yet retaining the well-defined phase morpholo-
gies. Hydrogen bonding interactions have been extensively
examined as a class of domain-selective noncovalent bond
interactions;15,16 however, these weak interactions are com-
parative to the BCP self-assembly and are not trivial to tune the
balance of segregation strength. In this study, we focused on
rather stronger “ion−ionophore interactions” between the ILs
and the ionophilic BCP segment and utilized ILs as the phase-
selective “carrier” to drag functional molecules into BCP
nanodomains. The advantages of using organic components in
place of inorganic components are design flexibility of the

functional groups, tunable compatibility, and facile integration
to the polymeric matrices. We selected robust but redox-active
organic molecules, in particular, 2,2,6,6-tetramethylpiperidinyl-
N-oxyl TEMPO radical, as target functional components.
Based on reversible and rapid redox reactions between a

TEMPO radical and the oxoammonium salt, the TEMPO-
functionalized polymers have been demonstrated as recharge-
able battery electrodes with extremely high power (full charging
within a few seconds) and excellent cycle life (>1000
cycles).17−19 The superior charge-storage characteristics of
TEMPO justify their potential use for transient charge storage
or charge transport even in a thin solid device configuration. In
the last few decades, many approaches have been proposed for
organic nonvolatile memory application,20−22 for example, the
use of polyimides with donor−acceptor units23 and the hybrid
of polymer/metal NPs.24,25 Previously, we have proposed the
combination of redox-active TEMPO and BCPs, and the
significance of tailoring BCP morphologies, such as spheres,
cylinders, and lamellae to modulate charge transport through
the radical/ion-containing BCP layer: (a) nonswitching
behavior for lamellae in parallel orientation, (b) write-once
and read-many-times (WORM) memory for cylindrical
morphology, and (c) rewritable and nonvolatile memory
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characteristics for spherical domains.26 Our initial findings for
charge-transport modulation through functional BCP nano-
domains (morphologies, orientation, and ordering) have a
potential impact for the rational design of more efficient
organic-based electronic devices. On the other hand, less
attention has been paid to the role of the location/placement of
individual functional groups (TEMPO and IL) in the BCP
domains. In parallel (synthetic) approaches, we designed BCPs
bearing (confining) TEMPO- and IL-segments and partially
revealed the dominant effect of coexistence of TEMPO and IL
on memory characteristics.27 However, on-demand morpho-
logical tuning of the synthetic BCPs was not trivial. In this
work, we focus on the spherical nanotemplate of conventional
BCPs such as poly(styrene-b-ethylene oxide), PS-b-PEO, as a
basic platform, and investigate the systematic placement of each
functional group (TEMPO, ILs, and their conjugates) into BCP
nanodomains via IL-triggered preferential phase segregation
(Figure 1). Through the following careful morphological
characterizations (DSC, AFM, TEM, and SAXS), we establish
here ion−ionophore interaction as a viable strategy to
functionalize BCP nanostructures and propose new insights
on charge-transport modulation in the memory device.
We selected PS-b-PEO(37−6.5, PEO minor sphere) and

(6.1−47, PS minor sphere), where the numbers in parentheses
refer to the molecular weights of the PS and PEO blocks in kg
mol−1. The spherical (zero dimensional) domains can be easily
close-packed and extended to 2D/3D stacks for memory cells
without considering any alignment/orientation, which are often
critical issues for cylindrical or lamellae morphologies.1,3 The
TEMPO-substituted ionic liquid 1 and its precursor 2 were
synthesized by a previously reported method.26 Differential
scanning calorimetry of PS-b-PEO(37−6.5)/1 and PS-b-
PEO(37−6.5)/2 mixtures (5−50 wt % relative to the polymer)
were performed to assess the miscibility of PS-b-PEO and 1 (or
2). Upon the addition of only 5 wt % of 1 and subsequent
thermal annealing at 120 °C, the melting peak (Tm) for the
PEO crystalline domain at 51 °C was clearly suppressed,
indicating a dramatic reduction in the PEO crystallinity (Figure
2a). However, the addition of 2 did not affect the Tm for the
PEO domain (Figure 2b). The glass transition temperature
(Tg) of the PS domain in the vicinity of 100 °C was unchanged
with an increase in the amount of 1, but slightly decreased with
an increase in the amount of 2, which indicated that the
TEMPO derivatives without the IL moiety preferentially
plasticized the PS domain. The DSC diagram of PS-b-PEO
containing the conventional IL, 1-butylmethylimidazolium

hexafluorophosphate, also showed a suppression of Tm peak
of the PEO domain (Figure S1a), thus, supporting the role of
the IL moiety as a predominant carrier that drags the TEMPO
molecule into the PEO domain. The Tg of the PEO domain at
−62 °C shifted to rather a higher value with the addition of 1,
unlike the case of solvent-like swelling with IL, which suggested
electrostatic physical association between the PEO segments
and 1. Upon addition of higher loading amount (>25 wt %) of
1, a small additional peak ascribed to the thermal transition of 1
itself (Figure S1b) appeared in the vicinity of −20 °C in Figure
2a, which suggested less than 25 wt % addition of 1 would be
the limit to retain the original spherical morphology.
Domain-selective functionalization of PS-b-PEO matrices

with 1 or 2 was also characterized by morphological studies

Figure 1. Preferential phase segregation of TEMPO-IL 1, TEMPO-BuBr 2, and IL (1-butylmethylimidazolium hexafluorophosphate) into spherical
and inverse spherical PS-b-PEO(37−6.5), (6.1−47) nanotemplates.

Figure 2. DSC diagram for the PS-b-PEO(37−6.5) film containing 0−
50 wt % of (a) 1 and (b) 2 after thermal annealing (120 °C, 6 h). The
additional peaks (*1) at higher loading amount (>25 wt %) were
assigned to the thermal transition of the additive 1, respectively.
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using atomic force microscopy (AFM, Figure 3) and trans-
mission electron microscopy (TEM, Figure S2). A PS-b-PEO
thin film containing 10−20 wt % of 1 was prepared on a silicon
substrate via spin coating (100 nm in thickness), followed by
solvent annealing under benzene vapors for 12 h. AFM phase
images of neat PS-b-PEO(37−6.5) exhibited a hexagonally
packed spherical morphology, where the PEO segments form
minor spherical domains (Figure 3a). The size of the spherical
domain increased from 18 to 26 nm as compared with that for
the neat PS-b-PEO thin film, and the center-to-center distances
between the PEO domains increased from 36 to 51 nm by the
addition of 1 (Figure 3b,c, detailed values are summarized in
Table 1). The significant change in the size of PEO spheres and
the center-to-center distance can be ascribed to the crystalline-
to-amorphous transition of the PEO domain by swelling. On
the other hand, the addition of 2 did not induce any significant
changes in the PEO domain size and center-to-center distance,
indicating the placement of 2 in the free volume of the

amorphous PS domain (Figure 3e,f). Higher loading amount
(>20 wt %) of 1 or 2 partially induced spherical-to-cylindrical
phase transition and lowered the long-range ordering (Figure
3d,g). Thus, PS-b-PEO with the loading amount of <20 wt %
was applied to retain the spherical morphology in the following
section (device fabrication).
Grazing incidence small-angle X-ray scattering (GI-SAXS)

was used to determine the morphologies and domain spacing of
neat PS-b-PEO(37−6.5), PS-b-PEO/1, or PS-b-PEO/2 blend
films. The scattered intensity profiles as a function of the
scattering vector q show three peaks at 1q*, 31/2q*, and 71/2q*,
indicating a hexagonal arrangement of the spherical micro-
domains (Figure 4). The change in the center-to-center
distances between the PEO spheres upon the addition of 1
or 2, estimated from the primary scattering vector, q*, was in
good agreement with the measured AFM length scales (Table
1). As the concentration of 1 increased from 0 to 20 wt %, the

Figure 3. AFM phase images for (a) neat PS-b-PEO(37−6.5), (b−d) PS-b-PEO(37−6.5) containing 10, 20, and 30 wt % of 1, and (e−f) PS-b-PEO
containing 10, 20, and 30 wt % of 2.

Table 1. Domain Size Change of PS-b-PEO(37-6.5) by
Addition of 1 or 2

additive wt %
PEO domain
sizea (nm)

center-to-center
distancea (nm)

center-to-center
distanceb (nm)

1 0 18.0 ± 2.0 36.1 ± 0.2 37.8
5 19.4 ± 2.0 43.2 ± 1.0
10 23.7 ± 3.0 49.0 ± 2.1 44.5
15 24.5 ± 3.5 50.3 ± 1.5
20 25.6 ± 3.5 50.5 ± 2.7 45.6

2 0 18.0 ± 2.0 36.1 ± 0.2 37.8
5 17.7 ± 2.0 36.1 ± 0.2
10 17.8 ± 3.0 37.0 ± 0.6 38.0
15 17.4 ± 2.5 35.5 ± 1.0
20 18.0 ± 2.5 37.7 ± 0.9 38.4

aAnalyzed using AFM phase images (50 counts). bCalcd from q* in
GI-SAXS measurement.

Figure 4. GI-SAXS profiles of PS-b-PEO(37−6.5): (a) neat PS-b-PEO,
(b, c) containing 10 and 20 wt % of 1, (d, e) containing 10 and 20 wt
% of 2. Inset: Magnified figures near the q* region.
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primary scattering peak q* shifted to smaller q values (larger
domain spacing). The volume change estimated from the
domain spacing, d = 2π/q*, was 163 and 176% for 10 and 20 wt
% addition of 1, respectively, which resulted from not only the
added volume of 1 itself, but also the depression of PEO
crystallites and PEO chain stretching by the incorporation of 1
into the PEO spheres. On the other hand, the primary q* for
the PS-b-PEO/2 blend film was unchanged upon the addition
of 2, which can be ascribed to the preferential segregation of 2
into the free volume of the PS amorphous matrix.
The diode-structured thin film devices were fabricated with

the mixed layer of PS-b-PEO(37−6.5) and PS-b-PEO(6.1−47)
containing 20 wt % of 1 (devices I and III) or PS-b-PEO(37−
6.5) and PS-b-PEO(6.1−47) containing both 20 wt % of 2 and
IL (devices II and IV). Morphological characterizations for PS-
b-PEO(6.1−47) containing 1 or 2 were shown in Figures S3
and S4 in detail. The block copolymer layer (ca. 150 nm in
thickness) was prepared by spin-coating a 10 wt % THF
solution on an ITO/glass substrate, followed by solvent
annealing under benzene vapors. An aluminum top electrode
was deposited by thermal evaporation under vacuum to give the
monolayered device.
The typical I−V characteristics of the fabricated devices are

summarized in Table 2. Upon application of the bias in the
negative direction (0 to −5 V), device I comprising PS-b-
PEO(37−6.5) and 1 (both TEMPO and IL moieties are
incorporated into the same PEO minor spheres) exhibited a
drastic current density increase (on state) at about −3 V as the
threshold voltage (on/off ratio >103; Figure S6). Upon
application of the positive bias (0 to +5 V), the device was
switched back to the high resistance (off) state at +2.2 V. The
repeatable on/off switching of the device I was verified over
more than 3000 cycles. Device II comprising PS-b-PEO(37−
6.5) containing 2 and IL in separate domains also exhibited
resistive switching behavior (on/off ratio >104), but it was
irreversible (write-once-read-many times, WORM; Figure 5).
Our earlier work on the device utilizing a synthesized AB block
copolymer bearing TEMPO and imidazolium groups at
separate segments also exhibited the same WORM behavior.27

Thus, we anticipated that the coexistence of TEMPO and IL in
the same domain would be the requisite for repeatable on/off
switching.

We also investigated the case of inverse spherical domains
(PS sphere) using PS-b-PEO(6.1−47). Device III containing 1
exhibited WORM behavior (Table 2, inset and Figures S6 and
7a), as in the case of the cylindrical morphology with a
continuous PEO phase containing both TEMPO and IL,
connecting two electrodes.26 On the other hand, device IV, in
which 2 and IL are located in separate domains, interestingly
exhibited repeatable on/off switching behavior, which was
initially unexpected (Figures 5 and S7b). As highlighted in
Table 2, the memory characteristics was tuned by adjusting the
location of the functional groups (TEMPO, IL, and their
conjugates). In particular, the location and discontinuity of the
TEMPO domains played a more critical role in realizing
repeatable on/off switching (rewritable memory devices) rather
than coexistence of TEMPO and IL. The repeatable on/off
switching of the device IV was also verified over more than
3000 cycles (Figure S7b).
In summary, the ion−ionophore interaction between IL and

ionophilic BCP nanodomains was utilized for preferential phase
segregation of functional molecules, especially the redox-active
TEMPO. Precise control of the location and loading amount of
TEMPO, IL, and their conjugates yielded a wide range of
functional domains on-demand. We proposed and established
here ionic liquid-triggered placement of a functional molecule
as a rational design approach for functional BCP nanodomains.
The diode-structured device sandwiching the obtained func-
tional BCP layer with spherical morphology exhibited on/off
resistive switching (>103), and the rewritability of the memory
device was tunable with the location of functional groups such
as the discontinuous redox-active domain. The results here

Table 2. Device Configuration and Memory Characteristics

Figure 5. I−V characteristics for devices II and IV. Black arrows with
numbers indicate the programmed voltage cycle.
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demonstrated the high impact to combine/multiply the
functionality of the embedded molecules and morphological
diversity. Our systematic, on-demand functionalization ap-
proach successfully integrated with the well-defined BCP
nanotemplates can provide good model to elucidate the
origin/requisite for redox-based, charge-transport modulation
in organic electronic devices. In situ conductive AFM analysis is
ongoing and will be reported in future studies.
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