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Organic molecules are being actively explored for use in
logical devices, either as individual memory elements or as
components embedded in small organic and polymeric
materials.'!. Conventional inorganic semiconductor devices
are limited in terms of performance improvement owing to
increased costs for device fabrication as well as physical
limitations on minimum feature dimensions. Organic
memory, however, is a possible substitute for both volatile
and non-volatile memory devices. It has the advantages of
facile tailoring through organic synthesis, simple device
fabrication (even upon flexible substrates), and very low
power consumption. Volatile organic memory is expected to
be applied towards dynamic random access memory
(DRAM), which typically requires a data refresh every few
milliseconds, while non-volatile organic memory can be
applied to read-only memory (ROM) and flash-type
memory. Several types of organic and polymeric materials
have been reported for this purpose, such as organic semi-
conductors,”! charge-transfer complexes® (including redox-
active compounds),”! and metal-nanoparticle-dispersed thin
films.”! Recently, a new type of organic memory has been
added to this list, namely organic radical molecules (nitroxide
radicals, NO*) that contain an unpaired electron that is
capable of undergoing oxidation or reduction by applied bias
voltages.”
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In 1901, Piloty and Schwerin succeeded in the synthesis
and isolation of porphyrexide, the first organic nitroxide.”
The most prominent member of this class of compounds is the
2,2,6,6-tetramethylpiperidine-N-oxyl radical (TEMPO).[!
TEMPO and many other NO radicals belong to the category
of persistent radicals.”’ Since this pioneering work, the
Nakahara group has reported the synthesis of a polymeric
TEMPO radical derivative, poly(2,2,6,6-tetramethylpiperidi-
nyloxy methacrylate) (PTMA), for an organic radical bat-
tery.'"”) The research group of Nishide extended this work
toward applications, such as radical batteries as cathode
active materials,'!! organic light-emitting diodes as hole-
injection layers,”? and memory as p-type redox active
materials.®! The TEMPO radical is easily oxidized to yield
the corresponding oxoammonium salt, returning to the
TEMPO radical by a p-type one-electron reduction.!'”
However, for the complete circuit of the organic semi-
conducting device using PTMA, an n-type redox active
material as a partner to the p-type material is required.
Some previously reported polymer-based organic radical
memory devices required additional organic layers, such as
an electron-accepting layer for n-typel®! and even a metal-
particle-dispersed dielectric layer for actuation of the organic
memory device.*) While previous research into polymer-
based organic radical memory has led to significant advances,
for a complete organic radical memory circuit it is crucial to
find new organic radical molecules that demonstrate switch-
ability and present both p- and n-type properties within the
molecule. Also, new molecules can facilitate understanding of
the origin of memory effects and whether that effect is
induced by the organic radical alone or whether other
environmental or chemical factors must be considered.

Herein we report novel molecular radical memory
behavior using a stable organic radical molecule. We have
synthesized and characterized the nitronyl nitroxide (NN)
radical molecule 2-(3'-tert-butyl-4',5'-dimethoxymethoxybi-
phenyl-4-yl)-4,4,5 5-tetramethylimidazolidine-1-oxyl-3-oxide
(NN-Ph-CatMOM,)™ (see also the Supporting Information).
The NN radical possesses one unpaired electron that is
delocalized across the two equivalent N—O groups
(Scheme 1)1

Owing to delocalization, the oxidized and reduced states
of the NN radicals were expected to be stabilized over a wide
window of applied voltages, leading to a high switchability for
the NN radical memory. The ability of the NN-Ph-CatMOM,
to act as both electron donor and acceptor was investigated by
cyclic voltammetry (CV) and simultaneous electrochemical
electron paramagnetic resonance (SEEPR) spectroscopy
under an applied voltage.™ Cyclic voltammograms were
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Scheme 1. Reversible redox mechanism of a NN-Ph-CatMOM, radical
molecule.

obtained using an electrochemical analyzer and simultane-
ously recording the EPR spectra during the CV scan.'® In
general, the CV of the related NN radical compounds with an
electron-donating group present a reversible redox couple at
positive voltages, while NN radical compounds with an
electron-withdrawing group showed a reversible redox
couple at a negative voltage.'”’ The CV of NN-Ph-
CatMOM,; is depicted in Figure 1.
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Figure 1. Cyclic voltammogram of a solution of 2.0 mm NN-Ph-
CatMOM, in acetonitrile containing 0.1 M TBAPF, at a sweep rate of
0.1 Vs~ and using a glassy carbon electrode.

NN-Ph-CatMOM, displayed a reversible redox wave at
0.82 V versus Ag/AgCl, which was assigned to the corre-
sponding NN/oxoammonium cation couple. This value was
consistent with those observed in other nitroxides and NN
radical compounds bearing electron-donating groups.'” The
redox reversibility could be ascribed to resonance delocaliza-
tion of the oxoammonium cation. Importantly, NN-Ph-
CatMOM, also exhibited a clear reversible redox wave at
—0.74 V vs Ag/AgCl, which corresponds to the reduction of
the NN radical to the corresponding aminoxy anion. This
value was similar to nitroxide radical compounds having
electron-withdrawing groups.'”l These redox waves were
observed over more than 50 cycles without decomposition.
The peak separation (E,,—E,, with anodic peak potential £,
and cathodic peak potential E,) for the anodic redox wave
(positive region) of NN-Ph-CatMOM, was about 70 mV at
scan rates of 100 mV's™'. However, the peak separation in the
cathode redox wave (negative region) was twice as wide (ca.
140 mV), while this value was narrower than that of the
nitroxide compound reported in the literature."” This result
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suggests that NN-Ph-CatMOM,, exhibits rapid heterogeneous
electron-transfer kinetics.['

The SEEPR of the NN radical with zero applied potential
(neutral state) consists of five lines (g~ 2.00) in the ratio of
1:2:3:2:1 arising from the hyperfine coupling of two equiv-
alent nitrogen atoms (nuclear spin /=1) to the electron spin
(Figure 2).""! The SEEPR revealed a near complete disap-
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Figure 2. SEEPR of 98.1 um NN-Ph-CatMOM, in N,N-dimethylforma-
mide containing 100 mm TBAPF; using a gold helical electrode,
measured versus a silver wire reference electrode.

pearance of the strong EPR signal of NN-Ph-CatMOM, upon
application of a + 1.2 V potential (oxidized state). The EPR
signal was regenerated upon returning the potential to
+0.1V (neutral state; Figure 2). This reversible redox
couple was attributed to the oxidation of the NN radical to
the oxoammonium cation of NN-Ph-CatMOM,,,. Interestingly,
the SEEPR signal for the NN-Ph-CatMOM, disappeared
under an applied potential of —0.4 V (reduced state), which
corresponded to the aminoxy anion, and was subsequently
regenerated at —0.05 V (Figure 2). These results demonstrate
the stabilization of the oxidized or reduced form of the NN
radical. Thus, the redox-active organic NN radical possesses
the necessary features for molecular memory controlled by an
applied voltage. There was an appreciable formation of an
impurity, iminonitroxide (IN) observed during the SEEPR
experiments, as evidenced by the simulation in Figure 2 (light
green hashed line, —0.05 V), which shows a mixture of about
58% NN and 42% IN.

A vertically structured metal-insulator-metal (MIM)
diode for the fabricated organic radical memory is shown in
Figure 3. The device is composed of a single layer of NN-Ph-
CatMOM, molecules as the redox-active layer between two
gold electrodes. Gold was selected for both electrodes, as it is
known to have high oxidation resistance. This setup allows a
clear demonstration of whether or not the origin of the
memory effect comes from an intrinsic property of the NN
radical molecule. The organic layer was spin-coated onto the
bottom electrode from NN-Ph-CatMOM, dissolved in aceto-
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Si substrate

Figure 3. Cross-sectional view of the device layout for the NN-Ph-
CatMOM, organic memory device.

nitrile. The thicknesses of the top and bottom electrodes were
80 and 30 nm, respectively. The thickness of the spin-coated
radical film could be controlled from 17 to 100 nm, as
measured by ellipsometry.

As we expected, the ON/OFF ratios sharply increased
with an increase of radical film thickness. The ON/OFF ratios
of the radical film were 2.5 (17 nm), 10 (35 nm), and 1000
(70 nm). As the film thickness increased, the OFF current
sharply decreased, leading to an increased ON/OFF ratio.
However, when the thickness of the radical film was over
100 nm, the I-V curve showed an insulating behavior.
Furthermore, as the film thickness increased, threshold bias
voltage for the ON current increased (Supporting Informa-
tion, Figure S2). Figure 4 shows the -V characteristics of the
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Figure 4. Hysteretic |-V characteristics of the molecular device (Au/
NN-Ph-CatMOM,/Au). The I-V characteristics of the devices were
recorded by scanning the applied voltage from 0 to +3 V and then to
—3V, followed by a reverse scan from —3 to O V.

NN-Ph-CatMOM, with a thickness of about 70 nm. These
curves were recorded by scanning the applied voltage initially
from 0 to +3 V and then to —3 V, followed by a reverse scan
from —3 to 0 V. The positive bias corresponds to a positive
voltage applied to the top metal pad, whereas a negative bias
corresponds to a negative voltage applied to the top pad. The
I-V curves of NN-Ph-CatMOM, were symmetric, dipolar,
stable, and reproducible for thousands of scans. As the
positive bias voltage increased, the current starts to flow
(OFF state) and suddenly increased at a threshold voltage of
1.9V to a conductance state that is a positively charged
oxoammonium cation (ON state). The conductive ON state
was maintained even in the reverse sweep, ranging from 1.9 to
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—1.8V, that is negatively charged aminoxy anion. Below
—1.8V, the device sharply switched to the OFF state.
Surprisingly, despite the fact that some of NN-Ph-CatMOM,
molecules were converted into IN-Ph-CatMOM, when
returning back from the reduced to neutral state in the
solution (Figure 2), the hysteresis of the solid state of the
metal/NN-Ph-CatMOM,/metal junction showed high repro-
ducibility.

Stable conductivity switching behavior makes it possible
for nonvolatile molecular memory phenomena to be tested
under a voltage pulse sequence in a write-read—erase-read
(WRER) cycle. In such a cycle, the high (write) and low
(erase) conducting states were repeatedly induced and the
read states monitored in between the high and low conducting
states. A section of the voltage sequence and corresponding
current from the device is shown in Figure 5. The device can
be programmed to a high conductivity state using a +3.0 V
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Figure 5. a) Input and b) output of write—read—erase-read (WRER)
cycles of a molecular device containing NN-Ph-CatMOM, for rewrit-
able data storage applications. Voltages: W +3.0, R 0.5, E —3.0, and
R 0.5 V. ¢) Current in the ON and OFF states as a function of the
number of WRER cycles. 1000 cycles were tested under vacuum.
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pulse and to a low conductivity state using a —3.0 V pulse,
with multiple current measurements for reading at +0.5 V.
The WRER cycles can be repeatedly performed in an excess
of 1000 cycles (Figure 5c). This device showed no significant
degradation after several hundred WRER cycles. Figure 6

10*4
-5
10°4 ON
10°]
1A

1074

10° Pt
OFF

10° . ; .

0 200 400 600

tis

Figure 6. Retention times of the ON and OFF states of the NN-Ph-
CatMOM, device, probed with voltages at 0.5 V. The ON and OFF
states were induced by pulses of +3.0 and —3.0V, respectively.

shows the typical retention time measured under inert
conditions. Once the device is switched to the ON state by
applying a positive voltage at 4+ 3.0 V, this state was retained
after 700 s with no degradation. When the ON state was
switched back to the OFF state by a negative voltage pulse
applied at —3.0 V, the OFF state also was sustained.

In summary, cyclic voltammetry and SEEPR revealed that
the NN radical molecule was a redox-active molecule with
demonstrated switchability in both oxidized and reduced
states. The organic NN radical device bearing a crossbar
structure was easily fabricated by a wet process and showed
both p- and n-type properties that functioned as a memory
device. Based on the simple gold—molecule—gold device
structure, we conclude that the origin of the switchability
and memory phenomena of the NN radical memory device
originated from the organic NN radical molecule, NN-Ph-
CatMOM,,. The WRER cycles of the robust radical memory
device showed no significant degradation after several
hundred WRER cycles, even though only one radical thin
layer was used. The transformation of NN to IN observed in
solution cannot be directly related to degradation in the solid-
state device. Such a transformation in the device would be
manifest in an attenuation of current. However, as seen in
Figure 5, the current is stable over at least 1000 cycles. This is
the first known development of voltage-driven organic radical
memory employing only one active layer of organic small
molecules having both p- and n-type properties. Although the
low ON-OFF ratio and switching cycles remained far from
satisfactory in comparison with current silicon technology, our
research on molecularly inherent radical memory provides
new insight into the design of voltage-driven functional
radical molecules.

Experimental Section

Organic solvents were freshly distilled from appropriate drying
reagents prior to use. All starting materials were purchased from
Aldrich and used without further purification. 'H and *C NMR
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spectra were obtained on a Bruker Avance 400 spectrometer. NN-Ph-
CatMOM, was prepared as described in the literature.'¥ Cyclic
voltammograms were obtained using a CHI 660 A electrochemical
analyzer. An Ag(s)| AgCl(s) | KClI (satd) reference electrode and a
platinum wire auxiliary electrode were used. All electrochemical
measurements were carried out in a completely degassed solution.
The thickness of the thin film was measured using a spectroscopic
ellipsometer (Model J. A. Woollam VASE) at an incident angle of 60—
70° and in a wavelength range between 200 and 1000 nm.

SEEPR experiments were conducted on a JEOL FA100 EPR
spectrometer at the X-band (9.434 GHz) equipped with a JEOL
helical electrolytic cell (JEOL ES-EL30) comprising a 5 mm diameter
quartz tube, gold helical working electrode extending the length of
the resonant cavity, gold auxiliary electrode insulated with Teflon and
concentric to the helix, and a silver wire reference electrode. The
applied bias was controlled with a Cypress Systems, Inc. Omni-101
microprocessor controlled potentiostat. Instrument parameters were
kept constant and set to the following values: Center field 3360 G,
sweep width £40 G, 100 kHz modulation width 1 G, amplitude 1.6 x
100, time constant 0.3 s, scan time 2 min, one scan. A 98.1 pm solution
of NN-Ph-CatMOM, was prepared in anhydrous N,N-dimethylfor-
mamide containing 100 mm TBAPF, (TBA =tetra-n-butylammo-
nium). The sample solution (0.8 mL) was added to the electrolytic
cell, the cell inserted into the resonant cavity, and the electrode leads
attached to the potentiostat. The NN EPR signal was observed to
decrease in intensity immediately under a positive (+ 1.2 V) applied
bias. Returning to near neutral (+ 0.1 V) bias restored the NN signal,
with the appearance of a small impurity. The signal was again
decreased in intensity immediately under negative (—0.4 V) bias, and
again returned to a near neutral (—0.05V) bias, with significant
growth of the impurity signal. The final spectrum (—0.05V) was
simulated using WinSim to obtain accurate hyperfine coupling
constants (ay).” This simulation shows the presence of two radical
species: 58 % nitronylnitroxide radical (—ax=7.58G) and 42%
iminonitroxide radical (—ay,=9.29 G and ay,=4.20G; see the
Supporting Information, Figure S1).

Preparation of the Au/NN-Ph-CatMOM,/Au device and charac-
terization: Ti/Au metal with a thickness of 50 A/300 A was deposited
onto a SiO,/Si substrate by electron-beam evaporation. The surface
roughness was approximately 5 A (root-mean-square), as measured
by atomic force microscopy (AFM) applied after a rapid thermal
annealing process at 500°C for 30s. Subsequently, the bottom
electrodes were patterned with a line width of 60 um using a stepper
and a lift-off process. The bottom electrode was cleaned with piranha
solution (98% H,S0,/30% H,0,=3:1 v/v) for 3 min. This was
followed by washing several times with deionized water and ethanol
and a final drying under a stream of nitrogen gas. For fabrication of
the bulk organic memory device, NN-Ph-CatMOM, in acetonitrile
solution was spun onto an gold substrate at 200 rpm for 10 s, followed
by 1000 rpm for 30 s. The final speed was 2000 rpm for 10 s. The thin
film was dried in a vacuum at room temperature overnight. A gold
electrode (80 nm thick) was evaporated through a shadow mask onto
a molecular layer using the electron beam evaporator under 5.0 x
1077 Torr. SEM-EDS and DSC measurements were used to probe film
formability and crystallinity (Supporting Information, Figures S3 and
S4). The sample was tested in a variable-temperature probe station
(Keithley 4200 semiconductor characterization system unit) under a
vacuum of less than 10~ Torr.
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