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ABSTRACT: A novel class of luminescent phosphole
oxide-containing alkynylgold(III) complex has been
synthesized, characterized, and applied as active material
in the fabrication of solution-processable resistive memory
devices. Incorporation of the phosphole oxide moiety in
gold(III) system has been demonstrated to provide an
extra charge-trapping site, giving rise to intriguing ternary
memory performances with distinct and low switching
threshold voltages, high OFF/ON1/ON2 current ratio of
1/10°/107, and long retention time for the three states.
The present study offers vital insights for the future
development of multilevel memory devices using small-
molecule organometallic compounds.

nnovative functional materials designed for organic memory

devices have become highly desirable and aroused
tremendous interest due to the rapid development of
information technology;' ™ in fact, conventional memory
materials based on inorganic semiconductors have been facing
various kinds of limitations, such as the growing demand for
memory materials and the downscaling of cell size." These have
prompted the development of new materials for high-
performance information storage, including metal oxides” and
organic-based semiconducting materials,” of which the latter is
of particular interest because of attractive features such as
distinctive versatility, ease of fabrication, high flexibility, and low
cost.” To date, the demand for advanced memory devices with
high integration density for data storage is continuously
increasing. However, existing organic memory devices are
mostly binary systems based on electrical bistability, with the
data storage capacity limited at 2". One of the most effective
measures to enhance the data storage capacity is by promoting
the number of conductive states in memory devices to 3 or
higher,“’S and interest in small-molecule-based multilevel
memory materials has emerged very recently.’

Along with various small-molecule-based materials, organo-
metallic complexes are potential contenders for offering
alternative pathways in data storage thanks to their unique
electronic features and luminescence properties. Compared to
other transition metal complex systems, the family of gold(III)
complexes is rather less explored and has recently gained
increasing impetus for their versatile functional properties in
various aspects, such as supramolecular assemblies’ and
phosphorescent emitters.” The interest in gold(III) complexes
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also stems from their relatively high stability, environmental
benignancy, and rich photoluminescence behavior,*”” which
together have made them ideal candidates for potential
applications in optoelectronics. On the other hand, phosp-
hole-containing #-conjugated systems are renowned for their
distinctive nonplanar geometry at the phosphorus center, 6—n
hyperconjugation, and ease of functionalization.® In light of the
promising structural diversity and fine-tuning opportunity,
there have been continuous efforts toward the utilization of
phosphole-based materials in electronic devices, such as organic
light-emitting diodes (OLEDs)’ and organic field-effect
transistors (OFETs).'’ However, to the best of our knowledge,
memory devices based on phosphole-containing materials have
not yet been reported, despite their intrinsic electronic
tunability and privileged electron-accepting properties due to
hyperconjugation as well as the low-lying lowest unoccupied
molecular orbital (LUMO).® In addition to the aforementioned
scenarios together with our interest in organic memory
devices®™! and phosphole-based functional materials,"> we
hypothesized that, by judiciously incorporating phosphole oxide
moieties into cyclometalated alkynylgold(III) systems and fine-
tuning a delicate balance of their electronic properties, solution-
processable organic memory devices with multilevel perform-
ance could be realized. Herein are presented a facile synthesis
of the first phosphole oxide-containing gold(III) complex, its
photophysical and electrochemical properties, and the results of
studies of its promising ternary memory performances.

The target complex 1 was prepared in good yield through a
one-pot synthesis by treating the chlorogold(III) precursor with
2-(triisopropylsilylethynyl)benzo[b]phosphole P-oxide in di-
chloromethane in the presence of tetra-n-butylammonium
fluoride (TBAF), a catalytic amount of copper(I) iodide, and
triethylamine (Scheme 1). The air-stable complex 1 was

Scheme 1. Synthetic Pathway for Complex 1
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isolated as thermally stable solids with a decomposition
temperature of ca. 292 °C, as determined by thermogravimetric
analysis (Figure S1). It has been characterized by 'H, *'P{'H}
NMR spectroscopy, FAB mass spectrometry, and elemental
analysis. The molecular structure of 1 has also been confirmed
by X-ray crystallography. The crystal structure determination
data and selected bond lengths and angles are summarized in
Tables S1 and S2, respectively. The perspective view of the
crystal structure depicted in Figure 1 reveals a slightly distorted

Figure 1. Perspective view of one enantiomer of 1 with atomic
numbering scheme. Hydrogen atoms are omitted for charity. Thermal
ellipsoids are shown at the 30% probability level.

square planar geometry, in which the C(1)—Au(1)—C(17) and
N(1)—Au(1)—C(26) bond angles are 162.1(2) and 177.4(2)°,
respectively. The [Au(BuCANAC'Bu)] motif is essentially
coplanar, with Au(1)—C(1) and Au(1)—N(1) bond lengths
of 2.087(6) and 2.011(4) A, respectively. Such findings are
comparable to those of related cyclometalated gold(III)
complexes.””™® Crystal packing of 1 (Figure S2) reveals that
both enantiomers are present in the crystals selected for
structure determination, and the complex molecules are
partially stacked in a head-to-tail fashion with the shortest
interplanar distance of ca. 3.5 A, indicating the presence of
weak 7m—7 stacking interactions in the solid state.

The alkynylgold(III) complex displays rich photophysical
properties. The UV—vis absorption spectrum of 1 in dichloro-
methane at 298 K features an intense high-energy absorption at
290—325 nm, two moderately intense absorption bands at
350—390 nm, and a relatively weak absorption at 413 nm
(Figure 2a). The photophysical data of complex 1 are
summarized in Table S3. The low-energy absorption bands at
350—420 nm are assigned as derived predominantly from the
metal-perturbed #—7z* intraligand transitions of the
‘BuCANAC'Bu tridentate Iigalnd,7b_e with some mixing of the
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Figure 2. (a) UV—vis absorption spectra of 1 in dichloromethane
solution and in the thin-film state. (b) Normalized emission spectra of
1 and 2-(triisopropylsilylethynyl)benzo[b]phosphole P-oxide (BPO)
in degassed dichloromethane solution.

intraligand transitions of the benzophosphole oxide moiety
(Figure S3). Compared with the absorption in solution state,
the electronic absorption spectrum in thin film shows slight
bathochromic shifts of ca. 7 nm (ca. 537 cm™ for the shift of
the 361-nm band to 368 nm) in the absorption bands and an
additional absorption tail (Figure 2a), indicative of the presence
of weak 77— stacking and an ordered packing of molecules in
thin films. Interestingly, the alkynylgold(III) complex exhibits
dual emissive behavior in degassed dichloromethane solution at
298 K (Figure 2b). Upon excitation at 4 > 350 nm, complex 1
displays a higher-energy band at 454 nm and a lower-energy
vibronic-structured emission at 630—720 nm. The higher-
energy band has an emission profile similar to that of the
alkynyl ligand (Figure 2b), but with a slight bathochromic shift,
and has been attributed to emission derived from the singlet
metal-perturbed 7—n* ligand-centered excited state of the
benzophosphole oxide moiety. In contrast, the long-lived lower-
energy emission shows relatively larger Stokes shift, indicating
their triplet parentage. Thus, it is tentatively assigned as
emission derived from the triplet excited state of metal-
perturbed 7—7* benzophosphole oxide ligand-centered origin.

The memory performances of the phosphole oxide-
containing alkynylgold(III) complex have been studied by
fabricating a memory device using 1. Figure 3a illustrates a
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Figure 3. (a) Schematic diagram of the device structure. (b) SEM
image of a cross-section of the device. (c) AFM topography and the
corresponding height profile of the AFM topographic image.

schematic diagram of the memory device structure, in which a
spin-coated layer of complex 1 is sandwiched between an
indium—tin oxide (ITO) bottom electrode and a vacuum-
deposited aluminum top electrode. The thickness of the
complex film and aluminum has been determined to be ca. 30
and 100 nm, respectively, from the scanning electron
microscopy (SEM) image of a cross-section of the device
(Figure 3b). The surface morphology of the thin film formed
from complex 1 has been studied by tapping mode atomic force
microscopy (AFM). The AFM topography and the correspond-
ing height profile depicted in Figure 3c indicate that the
complex film possess a smooth surface with a root-mean-square
roughness of ca. +0.7 nm. Such notable smoothness is believed
to be a result of the weak 77— stacking and ordered molecular
packing in the thin film; a smooth interface is believed to be
beneficial in governing an efficient charge transport and the
resultant low threshold voltage.3g

The current—voltage (I—V) performance of the memory
device fabricated with 1 is depicted in Figure 4a. In the first
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Figure 4. (a) Current—voltage characteristics of the memory device

fabricated with complex 1. (b) Stability of the device at different states
under a constant voltage stress at 1 V.

sweep from O to 2 V, an abrupt increase in current has been
observed at a switching threshold voltage (Vi) of ca. 1.54 V,
showing a transition from a low-conductivity (OFF) state to an
intermediate-conductivity (ON1) state. The intermediate-
conductivity (ON1) state can be maintained during the
subsequent sweep, in which a transition from the intermedi-
ate-conductivity (ON1) state to a high-conductivity (ON2)
state is also observed, revealing the presence of a second
switching threshold voltage (Viy,) at ca. 2.64 V. The device
remains in the ON2 state in the third sweep from 0 to 6 V, and
the stability of the ON2 state is demonstrated by applying an
inverse sweep from 0 to —6 V. The ON2 state could be relaxed
to the OFF state after switching off the power, showing a static
random-access memory (SRAM) nature of the memory
device.”*" The two discrete transitions in conductivity
represent two “writing” processes of the memory device.
These, together with a distinct current ratio of 1:10%:107 for the
three conductive states (OFF, ON1, ON2), indicate the ternary
memory performance of the device. In addition, upon applying
a constant stress of 1 V, there is no significant degradation in
current for the three different states for more than 2 h (Figure
4b), suggesting a high durability of the memory performance
and a low possibility of misreading errors. It is noteworthy that
both threshold voltages are relatively low, which is desirable for
low-power operation of memory devices.””***® Consistent
performance is also supported by the narrow distribution of the
two threshold voltages and a constant voltage difference
between them (Figure S4). To further verify the memory
behavior, a device with a thicker complex layer (80 nm) has
been fabricated (Figure SS). The device exhibits similar I-V/
characteristics with ternary memory performances (Figure S6).
Furthermore, it displays similar electrical switching under a
negative bias (Figure S7), indicating that the alkynylgold(III)
complex-based device could work under both positive and
negative voltage bias.

To provide further insights into the memory performance of
complex 1, its electrochemical properties have been studied by
cyclic voltammetry. The cyclic voltammograms of 1 in
dichloromethane (Figure Sab) show two quasi-reversible
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Figure S. Cyclic voltammograms for the (a) oxidation and (b)
reduction scans of complex 1 in dichloromethane (0.1 M "Bu,NPFy).
Ferrocenium/ferrocene couple (FeCp,™°) was used as the internal
reference for HOMO energy level. Scan rate = 100 mV s™'. (c)
Schematic diagram of the charge injection processes in the memory
device.

reduction couples at —1.58 (AE = 75 mV) and —1.82 V (AE
= 83 mV), and one irreversible oxidation wave at +1.73 V vs
saturated calomel electrode (SCE). The first and second
reduction couples are assigned as the ligand-centered
reductions of the ‘BuCANACBu lig:mdm’e and the benzo-
phosphole oxide alkynyl ligand, respectively, while the
oxidation wave is assigned as the alkynyl ligand-centered
oxidation. By using ferrocenium/ferrocene couple (FeCp,*’°)
as the internal reference, the energy levels of the HOMO and
the LUMO are determined to be —6.06 and —2.79 eV,
respectively, with an energy gap of 3.27 eV. The energy barrier
between the work function of the ITO electrode (—4.8 eV) and
the HOMO level is smaller than that between the work
function of the aluminum electrode (—4.3 eV) and the LUMO
level (Figure Sc), suggesting that the hole injection is
energetically more favorable than the electron injection. The
ternary memory behavior can be rationalized by the presence of
two independent charge-trapping sites provided by the
‘BuCANAC’Bu ligand and the benzophosphole oxide moiety,
as revealed by cyclic voltammetery, which possess different
electron-accepting abilities and would impede the mobility of
the charge carriers in a stepwise manner. In comparison to our
previous work on a binary memory device based on charge-
transfer process of a donor—acceptor organogold(III) complex,
which showed only one charge-trapping site,''* the present
study demonstrates that a facile introduction of the electron-
accepting benzophosphole oxide moiety into the cyclo-
metalated gold(III) complex could alter the electrical switching
mechanism and lead to a drastic tuning in the memory
behavior, resulting in a promising ternary memory perform-
ance. It is envisaged that, with the intrinsic electron-accepting
ability and privileged tunability of phosphole-containing
compounds, as well as the unique optoelectronic properties
of gold(III) complexes, high-performance memory devices with
multilevel resistive states can be achieved.

To conclude, a new class of phosphole oxide-containing
alkynylgold(III) complex has been synthesized, structurally
characterized, and applied in solution-processable resistive
memory devices. High ternary memory performance has been
demonstrated with distinct and low switching threshold
voltages, high OFF/ON1/ON2 current ratio of 1/ 10%/107,

DOI: 10.1021/jacs.6b02629
J. Am. Chem. Soc. 2016, 138, 6368—6371


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02629/suppl_file/ja6b02629_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02629/suppl_file/ja6b02629_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02629/suppl_file/ja6b02629_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02629/suppl_file/ja6b02629_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b02629

Journal of the American Chemical Society

Communication

and good stability of the three conductive states. The multilevel
memory behavior has been attributed to the two independent
charge-trapping sites provided by the cyclometalated ligand and
the benzophosphole oxide moiety. The work presented herein
provides guiding principles in designing novel functional
organometallic compounds with multilevel memory effect.
Further investigations on organic memories based on other
phosphole-containing transition metal complexes and the fine-
tuning of their memory performance are now in progress.
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