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High-performance triazole-containing brush polymers
via azide–alkyne click chemistry: a new functional
polymer platform for electrical memory devices

Sungjin Song1,3, Yong-Gi Ko1,3, Hoyeol Lee1,3, Dongwoo Wi1, Brian J Ree1, Yongrong Li2,
Tsuyoshi Michinobu2 and Moonhor Ree1

Two series of well-defined brush polymers bearing a triazole moiety on each bristle were prepared from the click chemistry

reactions of a poly(glycidyl azide) (PG) and a poly(4-azidomethylstyrene) (PS) with alkyne derivatives. The thin-film morphologies

and properties, especially electrical memory performances, of these triazole-containing brush polymers were investigated in

detail. The brush polymers with a triazole ring substituted with an alkyl or alkylenylphenyl group in the bristle exhibited only

dielectric characteristics. By contrast, the other brush polymers bearing a triazole ring substituted with phenyl or its derivatives

with a longer π-conjugation length in the bristle demonstrated excellent unipolar permanent memory behaviors with low power

consumption, high ON/OFF current ratios and high stability and reliability under ambient air conditions. Furthermore, their

memory type could be tuned to p- or n-type by the incorporation of an electron-donating or -accepting group into the phenyl unit

linked to the triazole moiety. Overall, this study presents the first demonstration of the azide–alkyne click chemistry synthesis of

triazole moieties with substituent(s) that exhibit a resonance effect; this approach is a very powerful synthetic route to develop

electrical memory polymers suitable for the low-cost mass production of high-performance, polarity-free programmable memory

devices.

NPG Asia Materials (2015) 7, e228; doi:10.1038/am.2015.130; published online 4 December 2015

INTRODUCTION

Since click chemistry was introduced in 2001,1 it has become one of
the most powerful synthetic tools to develop functional polymers.2

Through click chemistry reactions, desired functional moieties
can be easily incorporated into polymers as side groups, pr
oducing functionalized polymers.2–6 In particular, Cu(I)-catalyzed
azide–alkyne cycloaddition has been well established as a representa-
tive click chemistry reaction capable of selectively combining two
components via covalent bonds in excellent yields.1–7 This click
reaction, however, has some drawbacks, such as the requirement of
a metal-based catalyst for achieving a high reaction conversion and
controlling regioselectivity, the explosive nature of some azide
substances and the negative effects of the formed triazole ring on
solubility and other properties such as electronic and optoelectronic
properties.8 Extensive effort has been devoted to overcome such
drawbacks, resulting in the development of metal-free azide–alkyne
click chemistry as well as azide-free click chemistry.9–15 Nevertheless,
the drawbacks arising from triazole ring formation have not yet been
solved.

As previously discussed, triazole rings can potentially introduce
drawbacks into the development of functional polymers; however,
they hold elements advantageous to high-performance electrical
memory polymers.16 As a pseudo-heteroaromatic ring, the triazole
ring contains three nitrogen atoms with lone-pair electrons exhibiting
high hole affinity, allowing the ring to act as a charge trap site. The
exploitation of the charge-trapping characteristic and the ease of
forming the triazole ring via azide–alkyne click chemistry can assist
in the development of new high-performance electrical memory
polymers.
Recently, electrical memory polymers have attracted extensive

attention from academia and industry over the past 15 years as
potential alternatives to silicon- and metal-oxide-based electrical
memory materials, because they can be processed into miniaturized
dimensions and multi-stack layer structures with ease and because
they possess highly tunable properties controlled by well-defined
chemical synthesis.16–19 Thus far, numerous electrical memory
polymers composed either of fully π-conjugated backbones17–19,21–25

or of nonconjugated backbones bearing only electron-donor units or
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both electron-donor and -acceptor units as parts of the backbone
and/or side groups have been reported.18–20,26–29 In particular, the
majority of the nonconjugated polymers have been synthesized with
carbazole, triphenylamine, fluorine and their derivatives.18–20,26–29

Moreover, they are known to mainly exhibit p-type electrical memory
characteristics. In contrast, n-type memory polymers have rarely been
reported.20,30 Therefore, research on functional polymers with high-
performance electrical memory characteristics remains in the early
developmental stages.
This study presents the first attempt at developing high-

performance electrical memory polymers using triazole ring formation
based on azide–alkyne click chemistry in a positive way. A series of
brush polyglycidyl (PG) derivatives bearing the triazole moiety in
their bristle was synthesized: poly(oxy(4-(n-decyl)-1,2,3-triazol-1-yl)
methyl)ethylene) (PG-Triazole-C10), poly(oxy(4-(phenyl-1,2-ethyl)-
1,2,3-triazol-1-yl)methyl)ethylene) (PG-Triazole-C2P), and poly
(oxy(4-(phenyl)-1,2,3-triazol-1-yl)methyl)ethylene) (PG-Triazole-P)
(Figure 1). Another series of brush polystyrenyl (PS) derivatives
bearing the triazole moiety in their bristle was prepared: poly(1-(4-
((4-(4-((4-(dihexadecylamino)-phenyl)ethynyl)phenyl)-1,2,3-triazol-1-
yl)methyl)phenyl)ethylene) (PS-Triazole-PEP), poly(1-(4-((4-(4-
(1,1,4,4-tetracyano-3-(4-(dihexadecylamino)phenyl)buta-1,3-dien-2-yl)
phenyl)-1,2,3-triazol-1-yl)-methyl)phenyl)-ethylene) (PS-Triazole-
PTCNE), and poly(1-(4-((4-(4-(1,1-dicyano-3-(4-(dicyanomethylene)
cyclohexa-2,5-dien-1-ylidene)-3-(4-(dihexadecylamino)phenyl)prop-1-
en-2-yl)-phenyl)-1,2,3-triazol-1-yl)methyl)phenyl)ethylene) (PS-Tria-
zole-PTCNQ) (Figure 1). These brush polymers were observed to be
soluble in organic solvents and therefore could be easily processed as
nanoscale thin films via conventional solution casting processes. Their
thin-film morphologies and properties, including their molecular
orbital characteristics, were investigated. Devices with aluminum top
and bottom electrodes were fabricated with thin films of the brush
polymers with thicknesses as high as 65 nm to evaluate their electrical
memory performance. Interestingly, the PG-Triazole-P, PS-Triazole-
PEP, PS-Triazole-PTCNE and PS-Triazole-PTCNQ film layers in the
devices demonstrated excellent unipolar nonvolatile memory beha-
viors, with low power consumption. Their memory types could be

further tuned to p- or n-type, depending on the substituent(s) of the
triazole moiety. Furthermore, these devices were confirmed to function
properly after storage in ambient air for 1 year, exhibiting high stability
and reliability. Such nonvolatile memory characteristics were, however,
observed to be limited for films up to 30 nm thickness. Unlike these
brush polymers, the PG-Triazole-C10 and PG-Triazole-C2P devices
exhibited no electrical memory behaviors. Overall, these exciting
electrical characteristics were examined with respect to the chemical
nature (chemical composition, inductive effect, resonance effect
and molecular orbitals) and nanoscale thin-film morphology of
the triazole-containing brush polymers. For the observed memory
behaviors, possible electrical switching mechanisms are further
discussed.

MATERIALS AND METHODS

Synthesis
All reagents were purchased from Aldrich (St Louis, MO, USA), Kanto (Tokyo,
Japan), Tokyo Kasei (Tokyo, Japan) or Wako Chemical (Osaka, Japan) and
were used as received. A series of brush polyepichlorohydrin derivatives bearing
triazole moieties was prepared in a three-step procedure as follows. In the first-
step, poly(epichlorohydrin) (PECH) was synthesized according to the method
reported previously.31 Epichlorohydrin (40ml, 512mmol) was cooled to − 5 °C
under a nitrogen atmosphere. Triphenylcarbenium hexafluorophosphate (0.1 g,
0.256mmol) was dissolved in CH2Cl2 and slowly added to the reaction
mixture. The solution was stirred at room temperature for 48 h. The crude
polymer was purified by precipitation from CH2Cl2 into methanol several
times and finally dried in vacuo at 40 °C for 12 h, giving a colorless viscous
liquid. Yield: 65%. The PECH product was identified in deuterated
chloroform (CDCl3) by nuclear magnetic resonance (NMR) spectroscopy
analysis with proton (1H) and carbon (13C) probes using a Bruker spectrometer
(model AV300 FT-NMR, Bruker, Rheinstetten, BW, Germany). 1H NMR
(300MHz, CDCl3, δ (p.p.m.)): 3.89–3.49 (br, 5H, OCH, OCH2, CH2Cl);
13C NMR (75MHz, CDCl3, δ (p.p.m.)): 79.70, 70.32, 44.31.
The molecular weight of the obtained PECH polymer was determined by gel

permeation chromatography (model PL-GPC 210, Polymer Labs, Amherst,
MA, USA) on an instrument equipped with a set of gel columns (two columns
of PL Gel Mixed-C). The system was equilibrated at 25 °C in anhydrous CHCl3
(which was used as the polymer solvent and eluent at a flow rate of
0.8mlmin− 1) and calibrated with polystyrene standards. The PECH polymer

PG-Triazole-C10 PG-Triazole-C2P PG-Triazole-P

PS-Triazole-PEP PS-Triazole-PTCNE PS-Triazole-PTCNQ

Figure 1 Chemical structures of the brush polymers bearing triazole moieties generated by azide–alkyne click chemistry reactions.
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was observed to have a number-average molecular weight Mn of 22 700 and a
polydispersity index (Mw=Mn , where Mw is the weight-average molecular
weight) of 1.68.
In the second step, the PECH polymer was converted into poly(glycidyl

azide) (PGA). PECH (1.7 g, 1.72× 10− 2 mol chloro group) was dissolved in N,
N-dimethylformamide (DMF) at 60–70 °C and then cooled to room tempera-
ture. Sodium azide (NaN3, 11.15 g, 0.1715mol) was added to the polymer
solution, which was subsequently stirred at 95 °C for 24 h. After the solution
was stirred for 24 h, the crude product was filtered to remove the remaining
solid sodium azide and then evaporated under reduced pressure. The crude
product was dissolved in CHCl3 (150ml) and washed with brine (50ml) three
times. The organic layers were then dried over magnesium sulfate (MgSO4),
filtered and evaporated under reduced pressure. The product was further dried
in vacuo at 40 °C for 24 h. Yield: 95%. The PGA product was identified by
NMR analysis. Infrared (IR) spectroscopy analysis was further carried out using
an ATI Mattson IR spectrometer (model Research Series, Mattson Instrument,
Madison, WI, USA) and a JASCO spectrometer (model FT/IR 4100, JASCO,
Easton, MD, USA). 1H NMR (300MHz, CDCl3, δ (p.p.m.)): 3.791–3.353 (br,
5H, OCH, OCH2, CH2N3). IR (film, ν(cm− 1)): 2917, 2877, 2102, 1625, 1442,
1344, 1282, 1128 (Supplementary Figure S1a).
In the final step, PGA (0.150 g, 1.51× 10− 3 mol azido group),

1-dodecyne (0.355ml, 1.66× 10− 3 mol) and Cu(I)Br (5 mol%, 1.14× 10− 2 g,
7.97× 10− 2 mol) were dissolved in DMF (30.27ml). A reaction mixture was
added to a dried Schlenk flask, followed by degassing via three freeze–pump–
thaw cycles. The solution was stirred at 55 °C for 48 h and then cooled to
room temperature. The solvent was removed by vacuum distillation. The
concentrated polymer solution was passed through activated alumina columns
to remove the Cu(I)Br catalyst residue. After filtration, the filtrate was
evaporated under reduced pressure. The concentrated crude polymer was
further purified by precipitation from DMF into cold ether several times and
dried in vacuo at 40 °C for 24 h, giving the target polymer product PG-Triazole-
C10 as a white solid. Yield: 79%. 1H NMR (300MHz, CDCl3, δ (p.p.m.)):
7.608–7.351 (br, 1H, triazole), 4.369–3.328 (br, 5H, OCH, OCH2, -CH2-
triazole), 2.646 (br, 2H, triazole-CH2), 1.601 (br, 2H, -CH2CH2- in the brush),
1.242 (br, 14H, -CH2CH2(CH2)6CH3), 0.866 (br, 3H, -CH2(CH2)7CH3)
(Supplementary Figure S2a). IR (film, ν(cm− 1)): 3129, 3068, 2919, 2850,
1691, 1550, 1463, 1374, 1342, 1216, 1116, 1047 (Supplementary Figure S1b).
In a similar manner, PG-Triazole-C2P was synthesized in DMF (30.27ml)

from the click reaction of PGA (0.150 g, 1.51× 10− 3 mol azido group) and
4-phenyl-1-butyne (0.206 g, 1.59× 10− 3 mol). The target polymer product
was obtained as a pale-green solid. Yield: 72%. 1H NMR (300MHz, CDCl3,
δ (p.p.m.)): 7.564–7.332 (br, 1H, triazole), 7.182–7.109 (br, 5H, aromatic
proton), 4.545–3.112 (br, 5H, OCH, OCH2, -CH2-triazole), 2.957–2.713 (br,
4H, triazole-CH2CH2-C6H5) (Supplementary Figure S2b). IR (film,ν(cm− 1)):
3133 3081, 3060, 2919, 2852, 1602, 1550, 1496, 1454, 1338, 1218, 1114, 1047
(Supplementary Figure S1c).
In addition, PG-Triazole-P was prepared in DMF (30.27ml) from PGA

(0.150 g, 1.51× 10− 3 mol azido group) and phenylacetylene (0.17 g,
1.66× 10− 3 mol). The polymer was obtained as a pale-green solid. Yield:
74%. 1H NMR (300MHz, CDCl3, δ (p.p.m.)): 8.197–7.479 (br, 3H, triazole,
aromatic proton), 7.358–6.937 (br, 3H, aromatic proton), 4.644–3.056 (br, 5H,
OCH, OCH2, -CH2-triazole) (Supplementary Figure S2c). IR (film, ν(cm− 1)):
3131, 3066, 2919, 2850, 1550, 1463, 1376, 1315, 1218, 1116, 1047
(Supplementary Figure S2d).
Another series of brush polystyrene derivatives bearing triazole moieties was

prepared according to a synthetic method reported in the literature.8 In the
synthesis, poly(4-azidomethylstyrene) (PS) withMn = 11 500 and polydispersity
index= 1.75 was prepared and used. PS-Triazole-PEP was synthesized as
follows. To a solution of PS (3.10× 10− 2 g, 2.00× 10− 4 mol azido group) in
DMF (8ml), 4-((4-ethynylphenyl)ethynyl)-N,N-dihexadecylaniline (0.130 g,
0.20 mmol), sodium ascorbate (3.90× 10− 3 g, 1.20 × 10− 5 mol) and copper
(II) sulfate pentahydrate (2.30× 10− 3 g, 9.80× 10− 6 mol) were added under
argon. The mixture was stirred at 20 °C for 24 h, yielding a yellow precipitate.
The precipitate was filtered and washed with DMF, methanol and water,
affording the target product PS-Triazole-PEP as a yellow solid. The target
product was further dried in vacuo at room temperature for 48 h. Yield: 98%.
1H NMR (300MHz, CDCl3, δ (p.p.m.)): 7.74 (br, 5H, aromatic proton,

triazole), 7.30 (d, J= 12.6 Hz, 4H, aromatic proton), 6.75 (br, 2H, aromatic
proton), 6.48 (br, 2H, aromatic proton), 5.47 (s, 2H, -CH2-triazole), 3.19
(br, 4H, NCH2), 1.57 (m, 7H, -CH2CHPh-, NCH2CH2), 1.25 (s, 52H, -CH2-),
0.86 (m, 6H, CH3) (Supplementary Figure S3a). IR (film, ν(cm− 1)): 2920.7,
2851.2, 2207.1, 1602.6, 1518.7, 1458.9, 1401.0, 1366.3, 1275.7, 1261.2, 1225.5,
1189.9, 1136.8, 1071.3, 1044.3, 1018.2, 971.9, 842.7, 811.9, 751.1, 727.0, 712.6,
605.5, 581.4, 539.0 (Supplementary Figure S4a).
A fraction of PS-Triazole-PEP was further converted into PS-Triazole-

PTCNE. To a solution of PS-Triazole-PEP (2.45× 10− 2 g, 2.95× 10− 5 mol
acetylenyl group) in CHCl3 (0.3 ml), a tetracyanoethylene (TCNE) solution in
1,2-dichloroethane (0.163 M, 0.18ml) was added to the polymer solution under
ambient air. The mixture was stirred at 20 °C for 1 h. The solution was
evaporated to afford the target product. Yield: 498%. 1H NMR (300MHz,
CDCl3, δ (p.p.m.)): 7.98 (s, 1H, triazole), 7.69 (br, 8H, aromatic proton), 6.68
(br, 4H, aromatic proton), 5.48 (s, 2H, -CH2-triazole), 3.34 (m, 4H, NCH2),
1.59 (s, 7H, -CH2CHPh-, NCH2CH2), 1.24 (s, 52H, -CH2-), 0.86 (m, 6H, CH3)
(Supplementary Figure S3b). IR (film, ν(cm− 1)): 2921.6, 2851.2, 2213.9,
1601.6, 1537.0, 1484.9, 1452.1, 1415.5, 1314.1, 1295.9, 1267.0, 1210.1,
1180.2, 1073.1, 1044.3, 1018.2, 971.9, 847.6, 818.6, 796.5, 774.3, 728.0,
712.6, 685.6, 648.9, 633.5, 601.7, 579.5, 560.2, 548.6, 526.5 (Supplementary
Figure S4b). Elemental analysis calcd. for (C63H84N8)n: C 79.37, H 8.88,
N 11.75%; found: C 79.56, H 9.27, N 11.17%
Another fraction of PS-Triazole-PEP was converted into PS-Triazole-

PTCNQ. To a solution of PS-Triazole-PEP (2.10 × 10− 2 g, 2.54× 10− 5 mol
acetylenyl group) in O-dichlorobenzene, a 7,7,8,8-tetracyanoquinodimethane
(TCNQ) solution in 1,2-dichloroethane (7.0mM, 3.6 ml) was added to the
polymer solution under a nitrogen atmosphere. The resulting mixture was
stirred at 160 °C for 24 h. The solution was evaporated to afford the target
product. Yield: 498%. 1H NMR (300MHz, CDCl3, δ (p.p.m.)): 8.00–7.70
(s, 1H, triazole), 7.50–7.37 (br, 4H, aromatic proton), 7.07–6.72 (br, 4H,
aromatic proton), 6.70–6.42 (br, 6H, aromatic proton), 5.50–5.15 (br, 2H,
-CH2-triazole), 3.33 (m, 4H, NCH2), 1.60 (s, 7H, -CH2CHPh-, NCH2CH2),
1.26 (s, 52H, -CH2-), 0.87 (m, 6H, CH3) (Supplementary Figure S3c).
IR (film, ν(cm− 1)): 2921.6, 2851.2, 2202.3, 1607.4, 1579.4, 1518.7, 1457.9,
1397.1, 1346.1, 1276.7, 1261.2, 1173.5, 1072.2, 1043.3, 1017.3, 971.9, 908.3,
885.2, 822.5, 751.1, 711.6, 672.1, 635.4, 604.6, 580.5, 553.5, 537.1
(Supplementary Figure S4c). Elemental analysis calcd. for (C69H88N8)n:
C 80.50, H 8.62, N 10.88%; found: C 81.07, H 8.93, N 10.00%.

Measurements
The thermal properties were determined by thermogravimetric analysis and
differential scanning calorimetric (DSC) analysis using a ramp rate of
10.0 °Cmin− 1 and with the samples under a nitrogen atmosphere.
Thermogravimetric analysis and DSC measurements were carried out using a
Seiko instrument (model SII TG/DTA 6200, Seiko, Tokyo, Japan) and a Seiko
calorimeter (model SII DSC 6220), respectively. Ultraviolet-visible (UV-vis)
spectroscopy measurements were conducted using a Scinco spectrometer
(model S-3100, Scinco, Seoul, Korea). Cyclic voltammetry measurements were
conducted at 20 °C under argon with a scan rate of 100mV s− 1 and with either
tetrahydrofuran, CH2Cl2 or O-dichlorobenzene containing 0.1 M (nC4H9)

4NClO4 as the electrolyte using an electrochemical workstation (IM6ex
impedance analyzer, ZAHNER-Elektrik, Kronach, Germany) with a three-
electrode cell (a working electrode (platinum wire of 1.6 mm diameter or glassy
carbon disk of 2.0mm diameter), a reference electrode (Ag/Ag+/CH3CN/
(nC4H9)4NClO4) and a Pt auxiliary electrode); in the measurements, a
ferrocene/ferricinium (Fc/Fc

+) couple was used as an internal standard.
Synchrotron grazing incidence X-ray scattering (GIXS) measurements were
conducted for nanoscale thin films of the polymers, which were spin-coated
onto silicon (Si) substrates and dried in vacuo for 24 h. For the nanoscale film
preparation, each polymer was dissolved in CHCl3 at a concentration of
0.5 wt% and then filtered through polytetrafluoroethylene membrane micro-
filters with a pore size of 0.2 μm at room temperature before use. The obtained
films were measured using spectroscopic ellipsometry (model M2000,
Woollam, Lincoln, NE, USA). GIXS measurements were carried out with an
incident angle αi of 0.132− 0.154° using a two-dimensional (2D) charge-
coupled detector (MAR USA, Evanston, IL, USA) at the 3C beamline of the
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Pohang Accelerator Laboratory in accordance with the method reported in the
literature.32,33 X-ray radiation sources with a wavelength λ of 0.1117 and
0.1166 nm were used. The sample-to-detector distances were 229.0 and
233.9mm. In addition, synchrotron X-ray reflectivity (XR) analysis was
conducted in θ–2θ scanning mode at the 3D beamline34–36 of Pohang
Accelerator Laboratory. An X-ray radiation source (λ= 0.1240 nm) was used,
and the beam size at the sample position was 0.1× 2.0mm2. The measured data
were subjected to geometrical correction and background subtraction using a
procedure described in the literature.34

Device fabrication and analysis
Al strips (300-nm thick) with widths of 0.1 and 0.2mm were deposited as
bottom electrodes onto Si substrates with thermally grown oxide layers through
a shadow mask by electron-beam sputtering. The polymer solutions were spin-
cast onto the Al bottom electrodes and dried in vacuo at room temperature for
24 h. The obtained films were measured by spectroscopic ellipsometry to be
10− 50-nm thick. Al strips (300-nm thick) were subsequently deposited as top
electrodes with widths of 0.1 and 0.2mm onto the polymer film layers through
a shadow mask by thermal evaporation under vacuum. I−V analyses were
conducted under ambient air at room temperature using a semiconductor
analyzer (model 4200, Keithley, Cleveland, OH, USA).

RESULTS AND DISCUSSION

Two series of brush polymers bearing a single triazole moiety in
the bristle per repeat unit were successfully synthesized via the
azide–alkyne click chemistry reaction, as described in the experi-
mental section: PG-Triazole-C10, PG-Triazole-C2P, PG-Triazole-P,
PS-Triazole-PEP, PS-Triazole-PTCNE, and PS-Triazole-PTCNQ. All
click chemistry polymer products were observed to be soluble in
organic solvents, including chloroform (CHCl3), methylene chloride
(CH2Cl2), tetrahydrofuran, O-dichlorobenzene and DMF, allowing
easy fabrication into nanoscale thin films via conventional solution
casting processes.
Figure 2 presents the thermal properties of the polymers.

PG-Triazole-P is thermally stable up to 280 °C (=Td, the onset
temperature of degradation; Figure 2a). In comparison, the other

PG-based polymers exhibit relatively higher thermal stabilities
(Td= 320 °C). PS-Triazole-PEP, however, exhibits a relatively lower
thermal stability (Td= 236 °C; Figure 2b). This low stability might
originate from the presence of an unsaturated acetylenyl linker in the
bristle. This low thermal stability could be somewhat improved to
236− 294 °C through the incorporation of TCNE and TCNQ into the
acetylenyl linker. In the DSC runs (Figure 2c), PG-Triazole-C10

interestingly exhibits a glass-transition temperature Tg of 43 °C and
a melting transition Tm at 123 °C, indicating that this polymer is
crystalline. Given the amorphous nature of PECH, the observed
crystalline characteristic is attributable to the lateral ordering of
n-decyl groups in the bristles. However, PG-Triazole-C2P exhibits
only a glass transition, at approximately 45 °C. PG-Triazole-P also
exhibits only a Tg at 102 °C. These results indicate that both
PG-Triazole-C2P and PG-Triazole-P are amorphous rather than
crystalline. In contrast, the PS-based polymers exhibit no clear phase
transitions, as shown in Figure 2d. Instead, only a very weak,
broad glass transition is discernible at approximately 113 °C for
PS-Triazole-PEP, approximately 105 °C for PS-Triazole-PTCNE and
approximately 125 °C for PS-Triazole-PTCNQ.
The polymers were further analyzed by UV-vis spectroscopy and

cyclic voltammetry. From the UV-vis spectra in Figure 3, the band
gaps were determined to be 4.83 eV for PG-Triazole-C10, 4.49 eV
for PG-Triazole-C2P, 4.29 eV for PG-Triazole-P, 3.09 eV for
PS-Triazole-PEP, 2.02 eV for PS-Triazole-PTCNE and 1.37 eV for
PS-Triazole-PTCNQ. The oxidation half-wave potentials (EOx) vs
Fc/Fc

+ were determined to be 0.35 V for PG-Triazole-C10, 0.28 V for
PG-Triazole-C2P, 0.01 V for PG-Triazole-P, 0.25 V for PS-Triazole-
PEP, 0.80 V for PS-Triazole-PTCNE and 0.27 V for PS-Triazole-
PTCNQ (Figure 4). Assuming that the highest occupied molecular
orbital (HOMO) level for the Fc/Fc

+ standard is − 4.80 eV with respect
to the zero vacuum level, on the basis of the measured EOx data, the
HOMO levels were estimated to be − 5.15 eV for PG-Triazole-C10,
− 5.08 eV for PG-Triazole-C2P, − 4.81 eV for PG-Triazole-P, − 5.05 eV

R
es

id
ua

l M
as

s 
 (%

)

100

80

60

40

20

0

0 100 200 300 400 500

PG-Triazole-C10

PG-Triazole-C2P

PG-Triazole-P

-50 150 2001000 50

PG-Triazole-C10

PG-Triazole-P

100 200 300 400 500

PS-Triazole-PEP 

PS-Triazole-PTCNE

PS-Triazole-PTCNQ

PS-Triazole-PEP 

PS-Triazole-PTCNQ

PS-Triazole-PTCNEPG-Triazole-C2P2

T (°C) T (°C)
150 20010050

En
do

H
ea

t F
lo

w
 (a

.u
.) 

Figure 2 (a, b) Thermogravimetric analysis and (c, d) DSC thermograms of triazole-containing brush polymers; the scans were performed at a rate of
10.0 °Cmin−1 with the samples under a nitrogen atmosphere.
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for PS-Triazole-PEP, − 5.60 eV for PS-Triazole-PTCNE and − 5.07 eV
for PS-Triazole-PTCNQ. On the basis of the band-gap and HOMO
data, the lowest unoccupied molecular orbital (LUMO) levels
were determined to be − 0.32 eV for PG-Triazole-C10, − 0.59 eV for
PG-Triazole-C2P, − 0.52 eV for PG-Triazole-P, − 1.96 eV for
PS-Triazole-PEP, − 3.58 eV for PS-Triazole-PTCNE and − 3.70 eV
for PS-Triazole-PTCNQ.
The morphological structures of the polymers in nanoscale thin

films (10–65-nm thick) were investigated by synchrotron GIXS and
XR analyses. As shown in Figure 5a, the two-dimensional (2D) GIXS
pattern of the PG-Triazole-C10 contains features, again confirming
that the polymer is crystalline. A series of scattering spots appears at
1.91°, 3.77°, 5.66° and 7.59° along the αf direction at 2θf= 0°; here,
αf and 2θf are the out-of-plane and in-plane exit angles, respectively, of
the out-going X-ray beam. Their relative scattering vector lengths from
the specular reflection position are 1, 2, 3 and 4, respectively,
indicating that they are the first- to fourth-order scattering spots.
These spots were not discernible along the 2θf direction at αf= 0°.
Collectively, these scattering characteristics indicate the presence of a
horizontally oriented lamellar structure in the nanoscale thin film.
From such scattering spots, the horizontal lamellar structure was
determined to have a long period L of 3.45 nm. The out-of-plane
scattering profile (which was extracted along the αf direction at
2θf= 0°) was successfully fitted using the GIXS formula derived from a
lamellar structure model with three sublayers (Figures 6a and d);
the GIXS formula derivation has been reported previously.6

The second-order orientation factor Os of the lamellar structure was
further determined by analysis of the azimuthal scattering profile
extracted at 1.91° from the 2D GIXS pattern (Figure 6b). In addition, a
scattering arc appears at 2θf= 13.48° (0.47 nm d-spacing). Given the
chemical structure of PG-Triazole-C10 and its horizontal lamellar
structure in the thin film, the scattering arc originates from the mean
interdistance of the alkyl end groups in the ordered bristles, which are
preferentially aligned in the direction normal to the film plane (or
lamellar plane). The orientation of the alkyl end groups in the ordered
state was estimated via analysis of the azimuthal scattering profile
extracted at 13.48° from the 2D GIXS pattern (Figure 6c). These GIXS
analysis results indicate that the horizontal lamellar structure formed
in the thin film is characterized by L= 3.45 nm (long period) with a
more dense sublayer 1.35-nm thick (= cc), a dense sublayer 0.68-nm
thick (= ci) and a less dense sublayer 0.74-nm thick (= ca), a
positional distortion factor g of 0.050 and Os= 0.907 (the mean polar
angle j between the orientation vector n of the horizontal lamellar
structure and the out-of-plane direction of the film is 0°, and the
standard deviation σφ of the polar angle φ is 4.50°). Overall, the
analysis results indicate that a highly horizontally oriented, well-
ordered lamellar structure was formed in the nanoscale films. The
bristles in the horizontal lamellar structure were laterally packed, with
a tilt angle of 19.5° with respect to the plane perpendicular to the film
(or lamellar plane). The bristles in the adjacent lamellae are in a fully
extended conformation and exhibit no interdigitation. In addition, the
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Figure 3 UV-vis spectra of triazole-containing brush polymers: (a) PG-Triazole-C10; (b) PG-Triazole-C2P; (c) PG-Triazole-P; (d) PS-Triazole-PEP;
(e) PS-Triazole-PTCNE; (f) PS-Triazole-PTCNQ. The spectra of the PG-based polymers were collected for thin films coated onto quartz substrates, whereas
those of the PS-based polymers were collected with the samples dissolved in CHCl3.
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PG backbones are also in a fully extended conformation. The packed
bristles, however, could not form regular lattices.
The scattering patterns of the other polymer films were featureless,

except for two isotropic scattering rings (Figures 5b–f), verifying their
amorphous nature. The d-spacing values of the scattering rings in the
low-angle regions were estimated to be 2.06 nm for PG-Triazole-C2P,
2.00 nm for PG-Triazole-P, 4.30 nm for PS-Triazole-PEP, 4.21 nm for
PS-Triazole-PTCNE and 4.23 nm for PS-Triazole-PTCNQ. These
d-spacing values might correspond to the mean interdistances of
polymer chains. The d-spacing values of the scattering rings in the
high-angle regions were determined to be 0.48 nm for PG-Triazole-
C2P, 0.47 nm for PG-Triazole-P, 0.49 nm for PS-Triazole-PEP,
0.49 nm for PS-Triazole-PTCNE and 0.49 nm for PS-Triazole-
PTCNQ, which originate from the mean interdistances of the bristles.
Figure 7a shows a representative XR profile of a PG-Triazole-C10

film. The XR profile reveals Bragg reflection peaks at approximately
qz= 1.85 and 3.73 nm− 1 (which correspond to the first- and second-
order reflections of the horizontal lamellar structure, respectively), in
addition to Kiessig fringes37 at high frequency, which are attributed to
the film thickness (Figure 7a); qz is the magnitude in the z-direction of
the scattering vector q. The XR profile was satisfactorily fitted using
the Parratt algorithm based on a three-sublayer model.19,24,38 This

analysis revealed that the film has an average electron density ρe,f of
350.28 nm− 3 (which corresponds to a mass density ρm,f of
1.06 g cm− 3) and a surface roughness of 0.42 nm. In the horizontal
lamellar structure, each lamella is composed of three sublayers:
a more dense sublayer (cc = 1.35 nm and ρe,c= 397.16 nm− 3), a dense
sublayer (ci = 0.68 nm and ρe,i= 323.37 nm− 3), and a less dense
sublayer (ca = 0.74 nm and ρe,a= 312.59 nm− 3). The thicknesses of
these sublayers are in good agreement with those determined by GIXS
analysis. The determined structural details for the PG-Triazole-C10

film are schematically illustrated in Figures 6d and e.
Representative XR profiles of the other polymer films are shown in

Figures 7b–f. The XR profiles exhibit only Kiessig fringes at high
frequencies. The XR data were successfully fitted using the
Parratt algorithm based on a single layer. The ρe,f value was
determined to be 324.1 nm− 3 (ρm,f= 1.01 g cm− 3) for PG-
Triazole-C2P, 314.0 nm− 3 (ρm,f= 0.99 g cm− 3) for PG-Triazole-P,
324.6 nm− 3 (ρm,f= 0.98 g cm− 3) for PS-Triazole-PEP, 336.9 nm− 3

(ρm,f= 1.03 g cm− 3) for PS-Triazole-PTCNE and 372.3 nm− 3

(ρm,f= 1.14 g cm− 3) for PS-Triazole-PTCNQ. Overall, the ρe,f values
increase in the order PG-Triazole-PoPG-Triazole-C2PoPS-Triazole-
PEPoPS-Triazole-PTCNEoPG-Trizaole-C10oPS-Triazole-PTCNQ.
In addition, these polymer films were determined to exhibit surface
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Figure 4 Cyclic voltammetric (CV) responses of triazole-containing brush polymers: (a) PG-Triazole-C10; (b) PG-Triazole-C2P; (c) PG-Triazole-P; (d) PS-
Triazole-PEP; (e) PS-Triazole-PTCNE; (f) PS-Triazole-PTCNQ. For the PG-based brush polymers, CV measurements were carried out at 20 °C in acetonitrile
containing aqueous 0.1 M tetrabutylammonium tetrafluoroborate ((n-C4H9)4NPF6) using an electrochemical workstation (IM6ex impedance analyzer); gold and
platinum gauze counter electrodes were used as the working electrode and auxiliary electrode, respectively, with an Ag/AgCl (3.8 M KCl) reference electrode.
For the PS-based brush polymers, the measurements were conducted at 20 °C in dehydrated methylene chloride (CH2Cl2) containing 0.1 M

tetrabutylammonium perchlorate ((n-C4H9)4NClO4); the working and auxiliary electrodes were a glassy carbon disk electrode (2mm in diameter) and a
platinum wire, respectively, and the reference electrode was Ag/AgCl/CH3CN/(n-C4H9)4NPF6. A scan rate of 100mV s−1 was used. All potentials are
referenced to ferrocene/ferricinium (Fc/Fc+).
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roughnesses of 0.10− 0.60 nm, confirming that high-quality films were
produced by conventional solution coating and drying processes.
Having determined these structures and properties, we further

investigated the triazole-containing polymers’ electrical memory
characteristics by incorporating them as active layers into devices with
Al top and bottom electrodes (Figure 8a). All of the PG-Triazole-C10

devices, as well as all of the PG-Triazole-C2P devices, exhibited no
electrical switching behaviors over the voltage range − 8 to +8 V, as
shown in Figures 8b–i and Supplementary Figures S5a–h. These
current–voltage (I−V) behaviors indicate that both PG-Triazole-C10

and PG-Triazole-C2P are dielectric polymers, rather than electrical
memory materials.
Similar dielectric behaviors were observed for the PG-Triazole-P

devices fabricated with 40 nm or thicker films (Figure 8j and
Supplementary Figure S5i). In contrast, the devices with 30 nm or
thinner PG-Triazole-P films nicely exhibited excellent write-once-
read-many-times (WORM) memory behaviors, as presented in
Figures 8k–m and Supplementary Figures S5j–l. For example, the
30-nm thick PG-Triazole-P film device initially exhibited a high
resistance (that is, OFF-state). When a positive voltage was applied, the
device exhibited an abrupt increase in current of approximately +5.0 V
(which corresponds to the critical voltage Vc,ON to switch on the
device). In the device, the OFF-to-ON transition can function as a
‘writing’ process. After being switched on, the device retained its
ON-state during reverse and forward voltage sweeps and even after the
power was turned off (Figure 8k). The ON/OFF current ratio was
estimated to be very high (108− 109), depending on the reading
voltage chosen. We observed similar WORM (that is, permanent)
memory behavior in negative voltage sweeps (Supplementary

Figure S5j). Overall, the 30-nm thick film device exhibited a unipolar
permanent memory behavior. Similar unipolar permanent memories
were observed for 20- and 10-nm thick polymer film devices
(Figures 8l–m and Supplementary Figures S5k–l). The Vc,ON value,
however, was slightly lower in thinner-film devices, as was the
ON/OFF current ratio.
Here a question arises: why do PG-Triazole-C10 and PG-Triazole-

C2P exhibit no memory behaviors, whereas PG-Triazole-P exhibits
excellent electrical memory behavior? Some clues to this interesting
trend are observed in their chemical natures, properties (in particular,
molecular orbitals) and thin-film morphologies, as follows.
The polymers are, in fact, in the same family from the viewpoint of

their backbones and triazole-containing bristles, as shown in Figure 1.
The individual polymers, however, have different end groups in the
triazole moiety of their bristles. The end group is n-decyl for
PG-Triazole-C10, ethylenylphenyl for PG-Triazole-C2P and phenyl
for PG-Triazole-P. In view of the inductive effect, the n-decyl and
ethylenylphenyl end groups can be classified as electron donors,
whereas the phenyl end group can be classified as either a weak
electron donor or weak electron acceptor, depending on its chemical
environment. Indeed, the electron-donating abilities of the end groups
can be ranked in the increasing order of phenylooethylenylpheny-
lon-decyl. In addition, the ethylene oxide backbone and methylenyl
linker of the polymers can be classified as electron donors. The triazole
unit has three nitrogen atoms with a lone electron pair and two
possible resonance structures. Because of the relatively strong
inductive effect of three nitrogen atoms, which can overwhelm the
resonance effect, the triazole moiety can be classified as an electron
donor. However, from the viewpoint of the resonance effect, neither

Figure 5 Representative synchrotron 2D GIXS patterns of triazole-containing brush polymer films (10−65 nm thick) coated onto Si substrates; the patterns
were collected under the following chosen conditions (the wavelength λ and incident angle αi of X-ray beam and sample-to-detector distance (SDD)): (a) PG-
Triazole-C10 (λ=0.1117 nm; αi=0.132°; SDD=233.9mm); (b) PG-Triazole-C2P (λ=0.1117 nm; αi=0.132°; SDD=233.9mm); (c) PG-Triazole-P
(λ=0.1166 nm; αi=0.154°; SDD=229.0mm); (d) PS-Triazole-PEP (λ=0.1381 nm; αi=0.142°; SDD=125.0mm); (e) PS-Triazole-PTCNE (λ=0.1381 nm;
αi=0.142°; SDD=125.0mm); (f) PS-Triazole-PTCNQ (λ=0.1381 nm; αi=0.142°; SDD=125.0mm).
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the ethylenylphenyl nor the n-decyl end group can positively
contribute to the stabilization of the triazole moiety. In contrast, the
phenyl end group can provide a certain level of stabilization to the
triazole moiety because of its resonance structures. When the inductive
and resonance effects of the end groups are taken into account, the
observed I−V results collectively indicate that the triazole moieties
in the PG-based polymer essentially require strong supports by
substituents with resonance stabilization capability for trapping and
transporting charges to exhibit electrical memory behaviors.

The triazole moieties, which are inductively supported by the
electron-donor backbone and methylenyl linker, may be able to trap
charges under an applied electric field. The trapped charges could then
be further stabilized by the phenyl end group with resonance
stabilization ability. These cooperative effects would enable the triazole
moieties in PG-Triazole-P devices to demonstrate excellent permanent
memory characteristics. The other triazole-containing PG polymer
devices in which the triazole moieties do not benefit from any
resonance stabilization could, however, exhibit no electrical memory
behavior.
With respect to the molecular orbitals (HOMO and LUMO levels),

the energy barriers for hole injection from the Al electrode (work
function, Φ=− 4.28 eV) into the active polymer film in the device are
estimated to be 0.87 eV for PG-Triazole-C10, 0.80 eV for PG-Triazole-
C2P and 0.53 eV for PG-Triazole-P. The energy barriers for electron
injection from the Al electrode into the active polymer film were
estimated to be 3.96 eV for PG-Triazole-C10, 3.69 eV for PG-Triazole-
C2P and 3.76 eV for PG-Triazole-P. These energy barriers suggest that
the electrical conduction processes in the devices predominantly
involve hole injection. Indeed, the permanent memory behaviors
observed in the PG-Triazole-P devices might be driven mainly by hole
injection. For such favorable hole injection, the triazole moieties are
rich in electrons and can be stabilized by the resonance nature of the
phenyl end group. This fact can have a key role in trapping and
transporting the charges injected from the electrode, exhibiting p-type
electrical switching.
With respect to nanoscale thin-film morphology, both PG-Triazole-

C2P and PG-Triazole-P are amorphous, whereas PG-Triazole-C10 is
crystalline, as previously discussed. Because of their amorphous

Figure 6 Scattering profiles were extracted from the 2D GIXS pattern of the PG-Triazole-C10 film in Figure 5a: (a) out-of-plane scattering profile extracted
along the αf direction at 2θf=0°, where the black symbols are the measured data and the red solid line was obtained by fitting the data using the GIXS
formula derived with a structural model in panel (d); (b and c) azimuthal profiles extracted at 1.91° and 13.48°, respectively; (d) lamellar model with three
sublayers, which are defined with a set of parameters (a more dense sublayer with a thickness cc, a dense sublayer with a thickness ci, a less dense sublayer
with a thickness ca) and long period L (= cc+2ci+ca)), where n is the orientation vector of the structure model and φ is the polar angle between the n vector
and the out-of-plane of the film; (e) schematic of molecular chain conformations and packing orders in PG-Triazole-C10 films.

Figure 7 Representative XR profiles of triazole-containing brush polymer
films coated onto Si substrates: (a) PG-Triazole-C10; (b) PG-Triazole-C2P;
(c) PG-Triazole-P; (d) PS-Triazole-PEP; (e) PS-Triazole-PTCNE;
(f) PS-Triazole-PTCNQ. In each XR profile, the symbols are the measured
data, and the solid line represents the fit curve.
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nature, the triazole moieties in the PG-Triazole-C2P and PG-Triazole-
P films have relatively short interdistances (0.47− 0.48 nm intramo-
lecularly and 2.00− 2.06 nm intermolecularly). In PG-Triazole-C10

films with horizontal lamellar structures, the triazole moieties are
positioned with a mean interdistance of 0.47 nm in the in-plane
direction of the films and mean interdistances of ca. 0.74 nm and ca.
2.71 nm in the out-plane direction of the films. These morphology
results depict the triazole moieties as being locally positioned with a
distribution of interdistances throughout the whole film. Given the
previously discussed charge affinity of the triazole moiety, these
morphology results suggest that electrical conduction in the devices
can be driven mainly by the hopping process of charges under an
applied electric field, where the triazole moieties locally positioned

with a distribution in the film are used as stepping stones. Therefore,
electrical conduction via a hopping process may be relatively easier
in the PG-Triazole-P and PG-Triazole-C2P devices than in the
PG-Triazole-C10 devices. Because of this hopping nature in the
electrical conduction mechanism, the charge mobility in the polymer
films can be limited to a certain level. Such a limited charge mobility is
indirectly evident in the PG-Triazole-P device with a film thickness
window (10− 30-nm thick) for unipolar WORM memory behaviors,
as previously discussed.
Collectively, the excellent p-type unipolar permanent memory

performance of PG-Triazole-P in the devices is mainly driven by the
phenyl-linked triazole moieties, which can favorably trap charges
under an applied electric field, stabilize the trapped charges properly

Figure 8 Representative I–V curves of the Al/polymer/Al devices, which were measured under ambient air conditions with a compliance current set to 0.01 A:
(a) device structure; (b–e) PG-Triazole-C10 films; (f–i) PG-Triazole-C2P films; (j–m) PG-Triazole-P films. The electrode contact area was 0.1×0.1mm2.
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and additionally transport charges as stepping stones via the hopping
process. Such remarkable functions of the phenyl-linked triazole
moieties originate from the positive cooperation between the charge
affinities (that is, inductive powers) of the electron-donating triazole
moiety itself, together with the backbone and methylenyl linkers, and
the charge stabilization power of the phenyl-linked triazole moieties
owing to the linked phenyl group. In contrast, the absence of electrical
memory behavior in the other PG-based polymers is caused by a lack
of charge stabilization in the triazole moieties supported only with the
electron-donating backbone, methylenyl linkers and end groups.
Given the aforementioned excellent memory characteristics of

PG-Triazole-P, the device performance of the three PS-based polymers
was additionally tested as material systems composed of triazole
moieties having end groups with extended π-conjugation lengths
and electron-accepting powers. Here we note that the PS backbone
was confirmed to be dielectric (Supplementary Figure S6). As shown
in Figures 9a, e and i, the polymer films with a thickness of 40 nm
behave as dielectric films during positive voltage sweeps. Such
dielectric behaviors are also observed in negative voltage sweeps
(Supplementary Figures S7a, e and i). Specifically, the 40-nm thick
films exhibited no memory behavior. Thinner polymer films, however,
exhibited WORM memory behaviors in both positive and negative
voltage sweeps (Figure 9 and Supplementary Figure S7). Furthermore,

the Vc,ON value as well as the ON/OFF current ratio slightly decreased
with decreasing film thickness. Overall, the observed I−V character-
istics and film thickness dependencies are similar to those measured
for PG-Triazole-P. Surprisingly, these results collectively suggest that
the electrical memory behavior and film thickness dependency such as
those observed for the PG-Triazole-P films are not substantially
influenced by the ethynylphenyl (that is, an extended π-conjugation
moiety) and TCNE or TCNQ (that is, electron-accepting moieties)
added to the phenyl end group of the triazole moiety.
The additional ethynylphenyl, TCNE and TCNQ moieties, however,

were observed to cause changes in the molecular orbitals of
PG-Triazole-P, as previously discussed. Because of such additions,
the HOMO level was somewhat reduced, whereas the LUMO level was
substantially lowered. As a result, the energy barriers for hole injection
into the HOMO levels from the Al electrodes were relatively increased
to 0.77 eV for PS-Triazole-PEP, 1.32 eV for PS-Triazole-PTCNE and
0.79 eV for PS-Triazole-PTCNQ. The energy barriers for electron
injection into the LUMO levels from the electrodes were substantially
reduced to 2.32 eV for PS-Triazole-PEP, 0.70 eV for PS-Triazole-
PTCNE and 0.55 eV for PS-Triazole-PTCNQ. These energy barriers
suggest that the electrical conduction processes in the PS-Triazole-PEP
devices are predominantly governed by hole injection, as in the case of
the PG-Triazole-P devices, whereas the PS-Triazole-PTCNE and

Figure 9 Representative I–V curves of the Al/polymer/Al devices, which were measured under ambient air conditions with a compliance current set to 0.01A:
(a–d) PS-Triazole-PEP films; (e–h) PS-Triazole-PTCNE films; (i–l) PS-Triazole-PTCNQ films. The electrode contact area was 0.1×0.1mm2.
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PS-Triazole-PTCNQ devices undergo conduction processes domi-
nated by electron injection. Therefore, the addition of only an
ethynylphenyl moiety to the triazole moiety still retains the p-type
memory behavior. In contrast, the addition of an ethynylphenyl
moiety together with an electron-accepting TCNE or TCNQ unit to
the triazole moiety alters p-type memory behavior to n-type behavior.
The polymer devices that exhibit permanent memory behavior were

further subjected to stability and reliability tests under ambient air
conditions. Figures 10a–d presents the stabilities of the OFF- and
ON-states examined at room temperature using a reading voltage of
+1.0 V. For all devices, the OFF-state was well retained with no
degradation for a test period of 3.0 × 104 s. After the devices were
switched to the ON-state under an applied +6.0 V potential at a
compliance current of 0.01 A, the ON-state was well maintained with
no degradation for a test period of 3.0 × 104 s. Such ON-states were
further retained after the devices were maintained under ambient air
conditions for 1 year, demonstrating excellent permanent memory
performance (Figures 10e–h). Moreover, we confirmed that all devices
still functioned properly after being maintained under ambient air
conditions for 1 year (Figures 10i–l).
Overall, the PG-Triazole-P and PS-Triazole-PEP devices exhibited

p-type unipolar WORM memory behaviors with high stability and

reliability, whereas the PS-Triazole-PTCNE and PS-Triazole-PTCNQ
devices exhibited n-type unipolar permanent memory behaviors with
high stability and reliability.
The I−V profiles of the polymer devices in the OFF-state as well as

in the ON-state were further analyzed using various conduction
models.18,39–43 The analysis results are given in Supplementary
Figure S8. The I−V profiles of the devices in the OFF-state are
dominated by the combination of an ohmic conduction and a
trap-limited space-charge limited conduction Supplementary
Figures S8a–d), whereas the I−V profiles in the ON-state predomi-
nantly exhibit ohmic conduction (Supplementary Figures S8e–h).

CONCLUSIONS

Brush PG- and PS-based polymers containing a triazole moiety per
bristle in two different series were synthesized by azide–alkyne
click reactions, and their thin film morphologies and properties,
including their electrical memory characteristics, were examined:
(i) PG-Triazole-C10, PG-Triazole-C2P and PG-Triazole-P; and
(ii) PS-Triazole-PEP, PS-Triazole-PTCNE, and PS-Triazole-PTCNQ.
These brush polymers are thermally stable to at least 236 °C. They
exhibit Tg values that range from 43 to 125 °C, depending on the
backbone and bristle end groups; however, only PG-Triazole-C10 is

Figure 10 Stabilities and reliabilities of the devices fabricated with triazole-containing brush polymers. Retention times of the ON- and OFF-states of the
20 nm thick polymer devices, which were measured under ambient air conditions using a reading voltage of 1.0 V and a compliance current of 0.01A:
(a) PG-Triazole-P; (b) PS-Triazole-PEP; (c) PS-Triazole-PTCNE; (d) PS-Triazole-PTCNQ. Stabilities of the 30-nm-thick polymer devices switched-on,
which were measured with a compliance current of 0.01 A after storage under ambient air conditions for 1 year: (e) PG-Triazole-P; (f) PS-Triazole-PEP;
(g) PS-Triazole-PTCNE; (h) PS-Triazole-PTCNQ. Reliabilities of the 30-nm-thick polymer devices, which were measured with a compliance current of 0.01 A
after storage under ambient air conditions for 1 year: (i) PG-Triazole-P; (j) PS-Triazole-PEP; (k) PS-Triazole-PTCNE; (l) PS-Triazole-PTCNQ. The electrode
contact area was 0.1×0.1mm2.
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crystalline, exhibiting a Tm (123 °C). Their molecular orbitals and
band gaps were determined by UV-vis spectroscopic and cyclic
voltammetric analysis. In particular, the incorporation of electron-
accepting TCNE and TCNQ into the triazole-containing bristle
significantly reduced the LUMO level and band gap. Furthermore,
all brush polymers are soluble in organic solvents, resulting in high-
quality thin films (surface roughness ⩽ 0.60 nm) via conventional
coating processes.
Nanoscale thin-film morphologies of the brush polymers were

investigated in detail by synchrotron GIXS and XR analyses.
PG-Triazole-C10 was observed to form a well-ordered horizontal
lamellar structure, which was driven mainly by the lateral ordering
of the outer part of n-decyl end groups in the bristle without
interdigitation, where the backbone and bristle were in fully extended
conformations. In contrast, the other brush polymers formed
amorphous films. From these analyses, the structural details, including
electron and mass densities, were determined. In particular, the
triazole moieties (which correlate to electrical memory behavior) in
the amorphous films were observed to be locally distributed with
relatively shorter interdistances (⩽2.06 nm) across the top and bottom
electrodes than those (⩽2.71 nm) in the crystalline films.
Devices fabricated with 10− 30-nm thick films of PG-Triazole-P

interestingly demonstrated excellent p-type unipolar WORM memory
behaviors with a high ON/OFF current ratio, low power consumption,
long retention time and high reliability. Similar permanent
memory performances were observed for the devices fabricated with
10− 30-nm thick films of PS-based polymers. In contrast, the devices
fabricated with films of PG-Triazole-C10 and PG-Triazole-C2P exhib-
ited no electrical memory behavior. Considering the dielectric nature
of PECH- and PS-based polymers, the device test results collectively
confirm that the excellent permanent memory performances of the
PG-Triazole-P devices and the PS-based polymer devices originate
from the electron-donating triazole moieties supported strongly with
an end group or linker with the ability to stabilize charges; without
such support based on the resonance effect, the triazole moieties alone
could not produce any electrical memory characteristics. Furthermore,
the incorporation of a strong electron-accepting TCNE or TCNQ into
the ethynylphenyl unit linked to the triazole moiety changed the
memory mode, from p-type to n-type, by reducing the LUMO level
substantially with regard to the work function of the electrode.
All memory behaviors observed in this study were observed to be

governed by a mechanism involving the combination of ohmic and
trap-limited space-charge limited conductions and the hopping
process of charges. Because of the nature of the charge-hopping
process using the triazole moieties locally distributed throughout the
polymer films, the charge mobility across the polymer film layer in the
device may be limited. Such a limited charge mobility was evidenced
by the film thickness dependency of the devices.
Overall, this study demonstrated for the first time that the

formation of triazole moieties accompanied by linker(s) or end
group(s) having a resonance effect (which can provide a charge
stabilization power) by using azide–alkyne click chemistry is a very
powerful synthetic route to develop high-performance electrical
memory polymers. The memory mode can be tuned by further
changing the linker(s) or end group(s) in the triazole moieties.
PG-Triazole-P and PS-Triazole-PEP are highly suitable for the low-
cost mass production of polarity-free programmable p-type permanent
memory devices that can be operated with very low power consump-
tion, a high ON/OFF current ratio and high stability and reliability.
PS-Triazole-PTCNE and PS-Trizaole-PTCNQ are highly suitable

materials for the low-cost mass production of n-type unipolar
permanent memory devices with high performance.
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