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Graphical Abstract
Ferrocene-containing iridium(l11) complex is rationally designed and synthesized for

non-volatile flash memory induced by redox memory mechanism.

_ _ 10°

5 % 10
e
% F92+'e —> F63+ 1072‘ I Sweep 1
10°{—— Sweep 2
101 —a—Sweep 3
5]+ Sweep4
1071 4 Sweep 5
10°{—Sweep 6
1071 ——Sweep 7

| Sweep 8
X _J2 2 joel o oweer
4 -3 -2 41 0 1 2 3 4

Voltage (V)

Current (A)

A

\Ir/o




Titlee Redox-Active Ferrocene-Containing Iridium(l11) Complex for

Non-Volatile Flash Memory

Authors: Baojie Yang, Yongjing Deng, Peng Tao, Menglong&h&eiwei Zhao,
Runze Tang, Chenxi Ma, Qi Tan, Shujuan Liu,* Qiaimgo*

Address. Key Laboratory for Organic Electronics and Information Displays &
Jiangsu Key Laboratory for Biosensors, Institute of Advanced Materials (IAM),
Nanjing University of Posts and Telecommunications (NUPT), Nanjing 210023, P. R.
China.

Corresponding E-mail: iamsjliu@njupt.edu.cn; iamgzhao@njupt.edu.cn

Keywords: iridium(lll) complexes; ferrocene; memory devic#ash; redox

Abstract: A new ferrocene-containing iridium(lll) complex (oplex 2) has been
designed and synthesized. Its structynteotophysical property, electrochemistry and
memory behaviors were well investigated. The menaevice with a sandwich
structure of ITO/complex2/Al (D2) exhibited flash memory performance with a
bistable conductive process, which showed a highiGBIR current ratio of 1) long
retention time of 18s, and low threshold voltage of —0.55 V. AfteP fi€ad cycles, no
significant degradation was observed in the ON @idF states at a read voltage of
1.0 V. The ferrocene group of compl2xserves as the redox-active unit, and a redox
memory mechanism is proposed to explain the condugirocess based on the
analysis of |-V, cyclic voltammetry and theoreticalculation data. Thus, the design
of redox-active metal complex used for novel nofatie memory device provided
an alternative strategy for the further developn@ndrganic memory materials and

devices.



1. Introduction
The new-generation memory technology has beenlyageVeloped in the era of the

information explosior:* However, downscaling of cell size and growing dechéor
memory materials of conventional memory devices edason inorganic
semiconductors limit their further development iarfprmance improvement and
application expansion® Compared with traditional inorganic semicondudatevices,
organic non-volatile memory has opened up a newfaathe innovation of memory
devices due to their promising merits of low mawgtidang cost, three-dimensional
stacking, large-scale thin-film formation, struetudiversity and good scalability°
Hence, organic materials have attracted increassgarch interests and non-volatile
organic memory devices have become a hot reseagati'd> Organic non-volatile
memory devices store information based on the lilgtaof materials, which can be
encoded “0” and “1” as the charge stored in respawosthe high (ON) and low
conductivity (OFF), respectively:*° Most recently, memory switching mechanisms
can be proposed to filamentary conduction, spacegehlimited current, redox
switching, charge transfer, conformational chang#s?*?’ Furthermore, various
memory effects, such as flagh,resistive random access memory (RRAM),
write-once read-many-times (WORM), static randomeas memory (SRAM) and
dynamic random access memory (DRAM), have beengrézed successfulfy 3
However, there are few works on the preparationrsrofll molecule-based flash
memory devices. Therefore, there is an urgent fdoex new organic flash memory
materials and devices based on small molecules.

To date, small molecule based memory devices haesed tremendous interest
due to their attractive features such as easydaton, high flexibility, high purity,
and synthetic versatilif? * And in the meanwhile, a large number of
ferrocene-containing materials have been syntheésa®d applied in biosensors,
crystals, magnetic ceramics and organic cathodesrmatst due to the outstanding
features of ferrocene, such as 3D structure, thestahility and redox activity3°
Although ferrocene (Fé) and ferrocenium (P8 ions have excellent redox properties,

few works have been reported on the memory pregsedif ferrocene-containing



small molecules. Chen. et al. reported an intergstiemristive processing-memory.
By introducing redox active moieties of triphenylam and ferrocene, the polymer
exhibits triple oxidation behavior and interestinghemristive switching
characteristici’ Guan and co-workers have reported that the coivdubehavior of
memory device can be enhanced based on ferrocentodbe redox responsiveness
of ferrocene, in which Fé can be oxidized to Béunder an external electric field and
the F&" can return to & when a reverse voltage is appli&dis a result, the stable
redox properties of ferrocene-containing complexesevide the possibility of
non-volatility and the stability of small molecuteemory device.

Iridium(Ill) complexes have good chemical stabjlithermal stability and rich
charge-transfer excited state properties, which \amg/ sensitive to the external
stimuli and suitable for application in memory dms. Especially, the rich and strong
charge transfer interaction between metal center @mganic ligand can achieve
electrical bistability through electric field inded charge transfer, resulting in a low
threshold voltagé®*! Low power consumption memory requires low opergtin
voltage. Chen. et al. found that the resultant Igyically modified product
“pyro-MoS,-PAN” shows good non-volatile rewritable memory fpemance after
annealing at 220 °C for 4 h with a lower switchirajtage of —1.09 V72 In this work,
two kinds of iridium(lll) complexes (complekand2) were designed and synthesized
to study the characteristics of electrical bisigbifor small-molecule non-volatile
memory Figure 1). The memory device with a sandwich structure of
ITO/complex/aluminum (Al) were prepared respeciivéllemory device based on
complex1 (D1) showed no memory characteristics, while com@éxased device
exhibited typical flash characteristics. The memephavior of comple® is induced
by the introduction of ferrocene moiety into theNCitlgand. The ON/OFF current
ratio of D2 is as high as fOwith a low switched voltage of —0.55 V. It exhibibng
retention time of 1¥s. After 10read cycles, no significant degradation was observe
in the ON and OFF states at a read voltage of 1A ¥dox memory mechanism is

proposed to explain the conductive process.
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Figure 1. Chemical structures of the ferrocene-containinguex2 and model

complexl.

2. Experimental Section

2.1. Materials

All reagents and chemicals were purchased from cemtiad sources and used
without further purification.The solvents were purified by routine procedured an
distilled under dry B Ferroceneboronic acid was purchased from Phaurtiaak
Group Co., Ltd. (Shanghai, China). All other liganahd materials were purchased
from either Aldrich Co., Ltd. (Shanghai, China) Blharmaceutical Group Co., Ltd.
(Shanghai, China).

2.2. Characterization and Methods

'H NMR (400 MHz) was recorded by a Bruker Ultra $hi€lus 400 MHz NMR
instruments. Mass spectrum (MS) was obtained on a Bruker awtofle
MALDI-TOF/TOF mass spectrometer. The UV-visible afpgion spectrum was
measured with Shimadzu UV-3600 Spectrophotometami@ng electron microscope
(SEM) images were measured using Hitachi S4800nstgrelectron microscope.
Atomic force microscope (AFM) images were measuusihg Dimension lcon
atomic force microscopeCyclic voltammetry (CV) was performed with an Awbl
CHI 660E electrochemical analyzer using glassy aarlelectrode as working
electrode and platinum wire as an auxiliary elet#rand ferrocene as standard at a
scan rate of 50 mV/s against an Ag/AgCl refererieetmde in acetonitrile (C}¥CN)
solution of 0.1 M ByNPF; under a nitrogen atmosphere. The complex was daate

Pt plate electrode by dipping the electrode int® ¢brresponding solution and then



drying. The |-V characteristics of the devices wareasured by the Keithley 2636A
semiconductor parameter analyzer. The two probabeosemiconductor parameter
analyzer are connected to the two electrodes (If@Ad) of the device respectively,
and the measured voltage and current values arebdett to the programmed
computer program where the voltage range is sebtd to +5 V. As the voltage
increases, the I-V curve of the device is measward,the memory type of the device
is determined according to the I-V curve. All thetoizal calculations were carried out
with the Gaussian 09 package. Density functionabity (DFT) was utilized to model
and optimize the molecular structure at the B3LYdML2DZ level. In particular, the
HOMO and LUMO level positions and related electrdoud distributions were
calculated with isovalue = 0.04.

2.3. Synthesis

2.3.1. Synthesisof M1

4-Bromophenylboronic acid (0.63 g, 3.15 mmol), 2rbopyridine (0.79 g, 5.00
mmol) and Pd(PR)y (0.05 g) were added to the mixture of ethanol (5,noluene
(15 mL) and saturated MaOs; (5 mL). The mixture was stirred at 85 °C for 7 den
N,. After the reaction was completed, the mixture w@sted with dichloromethane,
dried over anhydrous N@O; and then the solvent was evaporated. The crude
product was purified by column chromatography olcasiusing ethyl acetate:
petroleum ether (1/1, vivio give M1 as white flake crystatH NMR (400 MHz,
DMSO-a, 5): 8.65 (ddd, = 4.7, 1.7, 0.8 Hz, 1H), 8.07—8.00 (m, 2H), 7.97J(d 8.0
Hz, 1H), 7.88 (tdJ = 7.7, 1.7 Hz, 1H), 7.67 (dd,= 8.9, 2.1 Hz, 2H), 7.37 (ddd,=
7.4,4.8,0.9 Hz, 1H).

2.3.2. Synthesisof M2

M1 (116.50 mg, 0.50 mmol), Pd(P£h(15.00 mg) and ¥PO, (212.00 mg) were
added to a solution of ferroceneboronic acid (138r®, 0.60 mmol) in 1,4-dioxane
(20 ml). The mixture was stirred at 100 °C for 2dirider N. After the reaction was
completed, the solvent was removed under reducesspre. The crude product was
purified by column chromatography on silica usirlgyé acetate: petroleum ether to

give M2 as yellow brown solid with the yield of 529 NMR (400 MHz, CDC], 5):



8.70 (dt,J = 4.8, 1.4 Hz, 1H), 7.95-7.91 (m, 2H), 7.77-7.72 &), 7.61-7.56 (m,
2H), 7.25-7.19 (m, 1H), 4.74-4.69 (m, 2H), 4.384418, 2H), 4.06 (s, 5H).

2.3.3. Synthesisof M3

To the mixture oflrCls-3H,0O (64.40 mg, 0.18 mmol) ant2 (130.00 mg, 0.38
mmol), 2-ethoxyethanol (6 mL) and@ (2 mL) were added. The mixture was stirred
at 110 °C for 24 h under NAfter the mixture was cooled to room temperattine,
resulting powder was filtered and washed with ethanhe obtained solid13 was
dried under vacuum and used next step directly.

2.3.4. Synthesis of complex 2

To the mixture ofM3 (226.00 mg, 0.13 mmol), pentane-2,4-dione (40.@) @40
mmol) and KCO; (50.00 mg), CHCI, (20 mL) was added. The mixture was stirred at
25 °C for 24 h under N After the reaction, the crude product was putifiyy column
chromatography on silica using acetone: petroletivarg1/1, v/v) to give compleX
as red brown solid with the yield of 689 NMR (400 MHz, CDC}, 5): 8.60 (d,J =
5.1 Hz, 2H), 7.90 (dJ = 8.0 Hz, 2H), 7.87—7.79 (m, 2H), 7.41 (b 8.1 Hz, 2H),
7.21 (dddJ=7.3,5.9, 1.3 Hz, 2H), 6.79 (ddi= 8.1, 1.7 Hz, 2H), 6.41 (d,= 1.5 Hz,
2H), 5.30 (s, 1H), 4.33 (s, 2H), 4.29-4.23 (m, 24),2 (ddJ = 3.6, 1.5 Hz, 4H), 3.71
(s, 10H), 1.88-1.82 (s, 6H). MALDI-TOF-MS (m/z): lca for Ci7HagFelrN,O,,
968.13; found, 968.15.

2.4. Fabrication of Memory Devices

The memory deviceB1 andD2 were fabricated based on ITO/ complerr 2/Al
sandwiched structure, respectively. The ITO gladssisate was pre-cleaned with
deionized water, acetone, and then isopropanohial@asonic bath (15 min). The
active layer (comples or 2) was deposited under high vacuum (abott P@). The
film thickness was about 80 nm. An Al layer witltheckness of about 100 nm was
thermally evaporated and deposited onto the organface at about I0Pa through
a shadow mask to form the top electrode.

3. Resultsand Discussion

3.1. Synthesis

The synthetic routes of compl@&are outlined irscheme 1. For complex, there are



two main steps: (1) Ferrocene-containing ligand wWestly prepared by Suzuki
coupling reaction.(2) Under N, M3 (226.00 mg, 0.13 mmol), pentane-2,4-dione
(40.00 mg, 0.40 mmol) and,RO; (50.00 mg) were dissolved in a solution of L4
(20 mL). The mixture was stirred for 24 h at 25 “The residue was purified by
column chromatography on silica using acetone atbjgum ether to give the red
brown solid. The synthesis of compléxs based on the report of literatdfeTheir
chemical structures were characterizedyNMR and MS Figure S1, S2, S3 and
S4).

D
Fe%

B(OH), 2-bromopyridine, Pd(PPhj),, ferroceneboronic acid, O
Na,COj; (aq.), toluene, K3POg4, PA(PPh3)g, 2-ethoxyethanol/H,0 = 3:1
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Scheme 1. The synthetic routes of ferrocene-containing comgle

3.2. Photophysical Property

The optical properties of compleixand2 were investigated in THF at 298 K. As
shown in Figure 2A, the UV-visible absorption spectrum of complgxshowed
similar features with that of compldx According to the literatur&:**the absorption
peak at about 350 nm was attributed to the singtet transition of ppy ligand. The
absorption peak at about 500 nm was attributed @ s$inglet and triplet
metal-to-ligand charge transfer transition (MLCQompared with compled, the
introduction of ferrocene has little effect on #@desorption spectra. With the presence
of ferrocene groups on the ligands, compeghowed non-luminescence due to the

ferrocene quenching emissidfigure S5).** %°
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Figure 2. (A) UV-visible absorption spectra of compl&xand2 in THF solutions (1.0
x 10°mol/L); (B) SEM image 0D2; (C) AFM image oD1; (D) AFM image ofD2.

3.3. Morphologies of the film and devices

The morphology was also examined by SEM images.|@yer thicknesses of top Al
electrode, compleg film and bottom ITO electrode were determined eéoabout 100
nm, 80 nm and 150 nm, respectiveiydure 2B). AFM images inFigure 2C and2D
showed that the root-mean-square roughness oflthddr complex1 and2 was ca.
0.74 and 1.18 nm, respectively. The remarkable sinmess is considered to be the
weakn-rt stacking in the film, and the smooth interfaceassidered to be favorable
for charge transport, resulting in low thresholdtage.

3.4. Characterization of memory device

The memory behaviors of compl@have been investigated by current-voltage (I-V)
measurements of the devib® (Figure 3B). Initially, D2 was in a low conduction
state. A suddenly sharp increase in the currentokasrved at the threshold voltage
of -0.55 V (the first sweep), which indicated tBx switched from OFF state (~18,
“0” state) to ON state (~I%A, “1” state). The ON/OFF current ratio was as hagh



10°, which is sufficient to function with a low mismiag error. The switch is
considered as the “writing” process. In the secendep from -4 to 0 V, the ON state
can be maintained, which indicated ti#t demonstrated excellent stabiliy2 can
be retained even after the power is removed, stiggethat the memory effect is
non-volatile*® This transition is equivalent to the “read” pess.D2 switches from
ON to OFF state after applying a reverse voltage.@8 V (the third sweep), and this
transition is considered as “erase” process. ThE €i&te can be maintained during
the fourth sweep. Thus, the “write—read—erase-regacle was accomplished aria?
shared similar characteristics with flash memoyt the repeat sweep 5-8, the -V
characteristics oD2 exhibit the same behavior. Howevé@;1 without ferrocene
groups does not exhibit a bistability or memoryeeffigure 3A). Thus, ferrocene

groups play a key role in the switching behaviocaplex2.
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Figure 3. (A) |-V characteristic curve dd1; (B) |-V characteristic curve d2; (C)

Retention time oD2; (D) Number of read pulses DR.

We have summarized the flash memory performanciwates containing metal
complexes in recent years. The comparison of meperfprmance with other related

works was shown iffable S1 (Molecular structures were shown Figure S6).4%>*



The memory based on compl2showed the minimum threshold voltag@w power
consumption memory requires low operating voltdd2.shows good stability and
durability comparing with other devices containingetal complexesD2 remains
stable for at least G at a continuous stress of 1.0 V for both ON @dF states
(Figure 3C). No obvious degradation was observed after moae 1.8 read cycles
for both the ON and OFF states at a read voltage®#/ (Figure 3D). This result
demonstrates th&2 exhibits an excellent retention and stability oftbstates>>°
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Figure4. CV of complexl (A) and2 (B) in acetonitrile.

In order to understand the memory mechanisifthe redox characteristics of
the complexes were performed by CV with ferrocesestandard in acetonitrile
(CHsCN) solution of 0.1 M BgNPFK; under nitrogen atmospher€&igure 4). The
HOMO and LUMO energy levels of compl@xcan be calculated to be -4.86 eV and
-2.88 eV, respectively, by the equationsofio = -(E12*" + 4.8 - Eerocench Eg =
hc/hedge ELumo = Enomo + Eg. Similarly, the HOMO and LUMO energy levels of
complexl are -5.26 and -3.35 eV, respectivelyable 1).

Table 1. Photophysical and electrochemical propertiesoaigex1 and2

Complex Amax/ M AEdge/ NM B, eV E/eV HOMO/eV LUMO/eV

1 300, 347, 491 649 0.55 1.91 -5.26 -3.35

2 287, 338 491 627 0.15 1.98 -4.86 -2.88

It can be seen froRigure 5, the energy barriele) between the HOMO level of
complex2 and the work functionW) of ITO (-4.8 eV) is 0.06 eV, which is much
smaller than that of compleix(0.46 eV). Similarly, th& between the LUMO level of



complex2 and theW of Al (-4.3 eV) is 1.42 eV and that of compléxs 0.95 eV.
These results indicated that the hole injectioncamplex 2 is a more favorable

process and hole transportation dominates the tinduprocess? *

2

1 -2.88 eV
3.35 eV ‘\
-4.3 eV
-4.8 eV -4.86 eV Al
-5.26 eV

ITO \_/
Figure 5. Schematic diagram of the charge transition proreBd or D2.

The HOMO and LUMO energy levels of the comp@xvere investigated by
density functional theory (DFT) calculationSigure 6). The calculated HOMO of
complex2 is located on the ferrocene group. When a negaia® is applied for the
first sweep from O to - 4 V, Eécould be oxidized to F& As a resultD2 can be
easily changeffom the OFF state to the ON stata the oxidation of ferrocene units
(Fé*-e»~Fe*") and charge transferred from ferrocene to iridilin(complex,
resulting in a low threshold voltage at -0.55D2 changes more conducting when
electrons were gained/lost during the redox proeeskhold the memory on the ON
state, resulting in the non-volatile flash perfonoe Due to the steric hindrance of
iridium(lll), D2 exhibits higher OFF switch voltage of 2.68 V wtereverse voltage
is applied. This natural performance of ferroceviedently underlies the non-volatile
flash memory device applications of the manufacturierrocene-containing

complexes*36: 45



HOMO LUMO

Figure 6. Calculated HOMO and LUMO of complé&x

4. Conclusion

In summary, a new ferrocene-containing iridium(émplex has been synthesized
and applied in flash memory device. The memory aewf ITO/complex2/Al
exhibits flash memory characters with a high ON/QftFrent ratio of 1% long
retention time of 19s, low threshold voltage of —0.55 V, and largedregcles up to
10°. Based on the in-depth analysis of I-V, CV and Di#&afa, a redox memory
mechanism is proposed to explain the conductivega® This work proves that the
ferrocene-containing iridium(lll) complexes showegt potential applications in
future small molecular non-volatile memory devices.
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Table S1. Comparing the flash memory performance with otke&ted works

“writing” ON/OFF “erase” retention read
Complex
voltage/V currentratio  voltage/V time/s cycles
2 -0.55 16 2.68 16 10
a* -0.6 >16 2.6 >10 >10°
b* 1.4 16 3.2 16 16
c*® -1.6 16 2.8 16 16
d* 1.2 16 4.1 1d >10
e? 2.6 >16 3 16 >10
f 5 -1.5 16 4.1 16 10
g 2.75 16 -2.05 16 >10
h>3 3.4 16-10° -4.3 16 >10
54

3.95+0.21 16 -4.14+0.19 >10° 10
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Highlights

A new ferrocene-containing iridium(ll1) complex has been designed and
synthesized.

Ferrocene-containing iridium(l11) complex exhibited non-volatile flash memory
behavior with alow threshold voltage at -0.55 V.

A redox mechanism was proposed to explain the conduction process. The
transition from OFF state to ON state was induced by the redox of ferrocene units
(Fe®*-e >Fe™).

This work provides a new strategy to realize non-volatile flash memory devices

by the employment of iridium(l11) complexes with redox-active groups.
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