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Adjusting the spacers between the electron-acceptor and the elector-donor is important to design organic ternary memory material
but rarely reported. In this paper, two small molecules, ZIPGA and ZIPCAD with benzene ring or triphenylamine as the spacers,
were designed and synthesized to fabricate memory devices. The Al/ZIPGA/indium-tin oxide (ITO) device showed ternary
characteristics, whereas Al/ZIPCAD/ITO had no obvious memory characteristics. Density functional theory calculation, X-ray
diffraction (XRD) and atomic force microscopy (AFM) were employed to interpret the different memory properties. ZIPGA thin
film has the closer intermolecular packing and flatter surface morphology than ZIPCAD film, which was favorable to the electron
migration. This work demonstrates the importance of spacers and reveals that triphenylamine may be not a good spacer in design
of new memory material.
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1         Introduction

As the era of information explosion emerges, currently used
memory devices have almost reached their limitation due to
the difficulty in downscaling to further increase the data-stor-
age density [1–4]. Thus, novel data-storage materials with
super-high density have attracted intensive attention of sci-
entists in the last two decades. Recently, small molecules
are widely applied as electronic materials due to their tun-
able structure, low cost, good scalability, facile purification
and reproducible performance [5–9]. After years of research,
small molecule-based materials were successfully introduced
into the fabrication of binary memory devices, which largely
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increased the data-storage density [10]. Compared to down-
scaling techniques, multilevel (e.g. ternary) storage can in-
crease the information density dramatically from 2n to 3n or
higher. After the report about a ternary memory device fab-
ricated with a small molecule, many excellent ternary data-
storage devices were successfully designed through tailoring
molecular conjugation length, changing the side-chains, in-
troducing different terminal acceptors, or tuning the bridging
spacers. On the whole, all these methods will result in the
modulation of molecular planarity and molecular stacking in
film state, which is an important factor to affect the memory
behaviors [11–13]. Among them, adjusting the spacers be-
tween the electron-acceptor and the elector-donor is reported
to improve monomolecular electronic effect [14,15].
In this paper, we investigated the effects of triphenylamine

and benzene as the spacers on thememory performance. Trih-
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penylamine has been widely used as an electron donor in or-
ganic devices, such as solar cells, optoelectronics, and tran-
sistors [16,17], but not employed as a spacer in molecular
backbone. TPA as the electron donor in the design of organic
memory device has been widely reported. Where there are
sufficient electron donors in a molecule, the electron donat-
ing properties could be partially omitted. We designed two
small molecules, ZIPGA and ZIPCAD (Scheme 1), consist-
ing of a carbazole unit as the electron-donor, while nitro group
and benzothiazole serve as two electron-acceptors [18]. The
spacer between the nitro and carbazole moieties of ZIPGA is
a benzene ring, while for ZIPCAD, the bridge is a tripheny-
lamine (TPA) unit. However, TPA as a spacer, namely a link
bridged electron-donating moiety and electron-withdrawing
unit will mainly cause changes to geometric property such as
planarity, and thus influence the data-storage performance.
The ZIPGA-based memory device exhibited the ternary

memory behavior whereas ZIPCAD-based device showed no
obvious memory performance. Simulation suggests that the
dihedral angles between the spacers and the carbazole moi-
eties showed large difference. Thus, the planarity of these two
molecules is different and leads to distinct molecular stack-
ing in film state as confirmed by X-ray diffraction (XRD) and
atomic force microscopy (AFM) measurements. This work
shows that the spacers in a conjugated molecular backbone
plays a crucial role on molecular stacking and thus affects the
storage property.

2         Experimental

2.1         Materials

Triphenylamine (98%) and 3-formyl-N-ethylcarbazole (98%)
were purchased from J&K, China; N-bromosuccinimide
(98%), carbon tetrachloride (97%), acetic anhydride (98%),
copper nitrate trihydrate (97%), bis(pinacolato)diboron
(97%), 2-aminothiophenol (97%), potassium acetate (97%),
methylbenzene (97%) were purchased from TCI, Japan;
1-bromo-4-nitrobenzene (98%) was purchased from Alfa
Aesar, USA; all solvents were purchased from commercial
companies without further purification. Compounds 1 to 8
were synthesized according to the methods described in the
literature [19–23].

2.2         Molecular synthesis

2.2.1   N,N-diphenyl-4-bromoaniline (1)
Triphenylamine (24 mmol, 5.88 g) and N-bromosuccinimide
(NBS, 24 mmol, 4.28 g) were dissolved in CCl4 (50 mL). The
solution was refluxed for 4 h in the darkness. The insolu-
ble substance was filtered, and the solvent was then extracted
from the solution with dichloromethane (DCM) and washed
thoroughly with saturated saline solution. The solution was
dried then the remaining from the solvent was recrystallized

with ethanol. The obtained white crystalline powder through
the suction filter was dried in a vacuum oven (6.8 g, 87%).
1H NMR (400 MHz, CDCl3) δ 7.3–7.13 (m, 6H), 7.06–6.95
(m, 6H), 6.88 (d, J=8.1 Hz, 2H).

2.2.2   4-Bromo-N-(4-nitrophenyl)-N-phenylaniline (2)
Bromotriphenylamine (6.61 mmol, 2 g) and copper nitrate
trihydrate (3.08 mmol, 0.75 g) dissolved in acetic anhydride
were stirred for 4 h to get the light yellow product (2.02 g,
83%). 1H NMR (400 MHz, CDCl3) δ 8.02–7.94 (m, 2H),
7.43–7.36 (m, 2H), 7.19 (s, 1H), 7.31 (m, 2H). 7.09 (d, J=8.2
Hz, 2H), 6.97 (t, J=8.8 Hz, 2H), 6.92–6.82 (m, 2H).

2.2.3   4-Nitro-N-phenyl-N-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)aniline(3)
Compound 2 (5.7 mmol, 2 g) and bis(pinacolato)diboron (8.6
mmol, 2.2 g) were dissolved in toluene (50 mL), then dry
potassium acetate (17 mmol, 1.67 g) was added quickly. It
was important to keep the reaction dry. The catalyst dppf-
PdCl2 (0.4 mmol, 0.29 g) was dropped into a flask in nitrogen
after ten minutes. The mixture was heated to 70 °C for 20
h, then mixture was extracted with water and ethyl acetate.
Finally the product(1.22 g, 51%) was obtained from the upper
organic phase after rotary evaporation. 1H NMR (400 MHz,
CDCl3) δ 7.97 (d, J=9.3 Hz, 2H), 7.71 (d, J=8.4 Hz, 2H),
7.31–7.27 (m, 2H), 7.16–7.13 (m, 1H), 7.10–7.06 (m, 4H),
6.91 (d, J=9.3 Hz, 2H), 1.28 (s, 12H).

2.2.4   6-Bromo-9-ethyl-9H-carbazole-3-carbaldehyde (4)
NBS (3.02 g, 16.97 mmol) dissolved in 20 mL of DMF and
9-ethyl-9H-carbazole-3-carbaldehyde (3.79 g, 16.97 mmol)
was added dropwise in ice bath. After 12 h, the mixture was
poured into water, stirred and filtered. The crude product was
purified recrystallization with ethanol to obtain white needle
crystals. 4.20 g, 82%. 1H NMR (400 MHz, DMSO) δ 10.05
(s, 1H), 8.54 (s, 1H), 8.26 (s, 1H), 8.04 (d, J=8.5Hz, 1H), 7.61
(d, J=8.6 Hz, 1H), 7.48 (d, J=8.5 Hz, 1H), 7.34 (d, J=8.6 Hz,
1H), 4.51 (q, J=7.0 Hz, 2H), 1.33 (t, J=7.0 Hz, 3H).

2.2.5   2-(6-Bromo-9-ethyl-9H-carbazol-3-yl)benzo[d]thia-
zole (5)
Compound 4 (4 mmol, 1.21 g) and 2-aminobenzenethiol (6
mmol, 0.75 g) were dissolved in DMSO (30 mL). The solu-
tion was refluxed for 3 h at 180 °C. The mixture was poured
into water (about 15 mL), stirred and filtered. Yield (1.38 g)
85%, light blue, 1H NMR (400 MHz, DMSO) δ 9.01 (s, 1H),
8.69 (s, 1H), 8.26 (d, J=8.1 Hz, 1H), 8.15 (d, J=8.0 Hz, 1H),
8.05 (d, J=7.9 Hz, 1H), 7.81 (d, J=8.8 Hz, 1H), 7.68–7.63 (m,
2H), 7.55–7.52 (m, 1H), 7.46–7.42 (m, 1H), 4.51 (q, J=6.9
Hz, 2H), 1.33 (t, J=6.9 Hz, 3H).

2.2.6   4,4,5,5-Tetramethyl-2-(4-nitrophenyl)-1,3,2-diox-
aborolane (6)
1-Bromo-4-nitrobenzene (20 mmol, 4.18 g), bis(pinaco-
lato)diboron (B2pin2) (30 mmol, 7.7 g), potassium acetate
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(60 mmol, 5.8 g) and toluene (100 mL) all were filled in 250
mL three-neck round-bottom flask. Then Pd(dppf)Cl2 (0.76
mmol, 0.56 g) was added quickly under N2 protection. The
mixture was refluxed at 70 °C for 24 h. The lower story
was extracted with dichloromethane before washed with
water and brine. After dried with sodium sulfate and solvent
was removed, the crude product was purified by column
chromatography. Yield (3.74g) 75%, white solid. 1H NMR
(400 MHz, DMSO) δ 8.19 (d, J=8.5 Hz, 2H), 7.97 (d, J=8.5
Hz, 2H), 1.36 (s, 12H).

2.2.7   2-(9-Ethyl-6-(4-nitrophenyl)-9H-carbazol-3-yl)
benzo[d]thiazole (7, ZIPCAD)
A 100 mL round-bottom flask was filled with compound
3 (0.91 mmol, 0.41 g), compound 5 (0.91 mmol, 0.34 g),
ethanol (16 mL), toluene (40 mL) and H2O. (40 mL). Then
Pd(dppf)Cl2 (0.08 mmol, 0.09 g) was added quickly under
N2 protection. The mixture was refluxed at 70 °C for 24 h.
The lower story was extracted with dichloromethane before
washed with water and brine. After dried with sodium sulfate
and solvent was removed, the crude product was purified by
column chromatography. Yield (0.46 g) 74%, yellow solid
1H NMR (400 MHz, DMSO) δ 9.08 (s, 1H), 8.83 (s, 1H),
8.25 (d, J=9.1 Hz,1H), 8.15–8.11 (m, 3H), 8.05 (d, J=8.0
Hz,1H), 7.95 (d, J=8.4 Hz, 2H), 7.88 (d, J=8.4 Hz, 1H), 7.81
(d, J=8.4 Hz, 1H), 7.77 (d, J=8.5 Hz, 1H), 7.58–7.43 (m,
4H), 7.38–7.32 (m, 5H), 6.92 (d, J=9.2 Hz, 2H), 4.54 (q,
J=7.0 Hz, 2H), 1.39 (t, J=7.0 Hz, 3H).

2.2.8   2-(9-Ethyl-6-(4-((4-nitrophenyl)(phenyl)methyl)phe-
nyl)-9H-carbazol-3-yl)benzo[d]thiazole (8, ZIPGA)
A 100 mL round-bottom flask was filled with compound
6 (0.75 mmol, 0.08 g), compound 5 (0.75 mmol, 0.37 g),
H2O (30 mL), toluene (25 mL) and ethanol (12 mL). Then
Pd(dppf)Cl2 (0.06 mmol, 0.07 g) was added quickly under
N2 protection. The mixture was refluxed at 70 °C for 20
h. The lower story was extracted with dichloromethane
before washed with brine. The crude product was purified
by column chromatography after dried with sodium sulfate
and solvent was removed. Yield (0.25 g) 80%, light yellow
solid. 1H NMR (400 MHz, CDCl3) δ 8.94 (s, 1H), 8.49 (s,
1H), 8.35 (d, J=8.5 Hz, 2H), 8.25 (d, J=8.3 Hz, 1H), 8.10 (d,
J=8.0 Hz, 1H), 7.94–7.89 (m, 3H), 7.80 (d, J=8.3 Hz, 1H),
7.56–7.49 (m, 3H), 7.41–7.37 (m, 1H), 4.45 (q, J=6.9 Hz,
2H), 1.52 (t, J=7.0 Hz, 3H).

2.3         Measurements
1H NMR spectra were recorded using an Inova 400 MHz
FT-NMR spectrometer. UV-Vis absorption spectra were
obtained through a Shimadzu UV-3600 spectrophotometer
(Japan) at room temperature. Scanning electron microscope
(SEM) images were captured on a Hitachi S-4700 scanning
electron microscope (Japan). Cyclic voltammetry (CV)
measurements were performed in 0.1 M acetonitrile solution

of tetrabutylammonium perchlorate (TBAP) on a Corr-Test
CS Electrochemical Workstation analyzer equipped with a
platinum gauze auxiliary electrode and an Ag/AgCl reference
electrode. The surface morphology of films was probed with
a MFD-3D-SA Asylum Research’s atomic force microscope
(AFM). X-ray diffraction (XRD) patterns were taken on an
X’Pert-Pro MPD X-ray diffractometer. Thermal properties
were estimated from a PE TGA-7 thermogravimetric anal-
ysis system (TGA, Perkin Elmer, USA) under a nitrogen
atmosphere at a heating rate of 10 °C min−1, respectively.

2.4         Fabrication of the memory device

The indium-tin oxide (ITO) glass was washed sequentially
with distilled water, acetone and ethanol under ultrasonic for
25 min, respectively. Then our synthesized molecules were
dissolved in cyclohexanone (10 mg mL−1) and uniformly de-
posited on the surface of desiccative ITO through spin-coat-
ing technique at a rotational speed of 1800 r min−1 for 30 s.
The thickness of the organic film was estimated to be about
110 nm, which was measured by the investigation of cross
section of our samples by scanning electronic microscopic
(Figure S1, Supporting Information online). Finally, Al was
thermally evaporated onto the film surface with a thickness
of around 90 nm and area of 0.0314 mm2 through a shadow
mask to form top electrodes.

3         Results and discussion

3.1         Synthetic routes

Scheme 1 shows the synthetic routes of the twomolecules and
the detailed synthetic procedure is given in the experimental
section.

3.2         Thermal stability

TGA was carried out to measure the thermal stability of the
two molecules, which is an important factor to affect the
potential application in next-generation memory utilizations.
ZIPCAD and ZIPGA were disintegrated for 5% weight loss
at 321 and 323 °C (Figure S2), respectively. This demon-
strates good thermal stability of the materials and the high
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thermal decomposition temperature (Td) values of the small
organic molecules implied their potential application in long-
term utility.

3.3         Photophysical and electrochemical properties

The UV-Vis spectra of ZIPGA and ZIPCAD were measured
in tetrahydrofuran (THF) solution and in film state, respec-
tively. As shown in Figure 1(a), for ZIPGA in the solution
state, the maximum absorption peak observed at 314 nm was
assigned to the π-π* transition of the carbazole group, while
the absorbance peak at 368 nm was attributed to the inter-
molecular and/or intramolecular charge transfer (CT) process
through the molecular backbone [24]. In comparison, the ab-
sorption peak in solid state was red-shifted by 50 nm, indi-
cating the ordered stacking of ZIPGA in film state and/or the
increased polarizability of the film that was beneficial for the
transportation of the charge carriers through the active layers
[25–27]. Meanwhile, the UV-Vis spectra were also measured
for ZIPCAD in THF and in solid state. The novel absorbance
peak located at 353 nm was consistent with the n-π* transi-
tion of the TPA moiety. Compared with the absorption spec-
trum in THF, the absorption spectrum was also red-shifted by
about 20 nm in film state, which indicates strong molecular
aggregation in film state. Additionally, ZIPGA has a larger
red-shift than that of ZIPCAD, whichmay result from the bet-
ter planarity of ZIPGA as confirmed in Figure 2.
The electrochemical properties of the two molecules were

also measured by CV. For calibration, the absolute redox po-
tential of ferrocene/ferrocenium (Fc/Fc+) is assumed to be
−4.80 eV to vacuum, while the external Fc/Fc+ redox stan-
dard potential is measured to be 0.36 eV vs. Ag/AgCl under
the identical condition (Figure S4). As shown in Figure 1(c)
amd (d), the first oxidation onset potential of ZIPGA and ZIP-

(a) (b)

(c) (d)

Figure 1         (a, b) UV-Vis absorption spectra of the two molecules in THF
solution and on films; (c, d) cyclic voltammograms of the films deposited on
ITO glass in CH3CN (color online).

(a)

(b)

Figure 2         (a) Molecular structures of ZIPGA and ZIPCAD; (b) optimized
geometries of ZIPGA and ZIPCAD backbone unites by DFT calculation us-
ing the Gaussian 03 with the B3LYP/6-31G (color online).

CADwas measured to be 0.52 and 0.63 eV, respectively. The
HOMOand LUMOenergy levels can be calculated by the fol-
lowing equations: HOMO=−[Eox+4.8−EFerrocence]; LUMO=-
[Ered+4.8−EFerrocence], and the detailed results were shown in
Table S1 (Supporting Information online). In addition, ac-
cording to HOMO and LUMO energy levels, the band-gaps
(Eg) of ZIPGA and ZIPCADwere calculated to be about 1.45
and 1.62 eV, respectively. Through calculation, the energy
difference between the HOMO level and the work function
of ITO was 0.16 eV for ZIPGA, lower than that between the
LUMO energy level and the work function of Al (0.79 eV).
This indicates that hole injection from ITO into the molecular
HOMO energy level is much easier than the electron injection
from the Al electrode into the molecular LUMO energy level.
Thus, ZIPGA is a p-type material, and the memory behavior
is dominated by the hole transportation. Similarly, ZIPCAD
is also a p-type material.

3.4         Electrical switching effects

Figure 3(a) shows the structural prototype of the fabricated
memory device, which consists of an ITO bottom electrode
on the glass substrate, an active layer and an Al top electrode.
The electrical switching memory characteristics of ZIPGA
and ZIPCAD based memory devices were described by the
current-voltage (I-V) curves under the same condition. As
shown in Figure 2(b), ZIPGA basedmemory device was orig-
inally at the low-conductivity (OFF or “0”) state. When a
voltage sweep from 0 to −5 V was applied on the device, a
sudden increase in current was observed from 10−8 to 10−4

A at the threshold voltage of −3.5 V, implying the transition
from low-conductivity (OFF or “0”) state to an intermedi-
ate-conductance (ON 1 or “1”) state. Furthermore, the device
could switch to the high-conductivity (ON 2 or “2”) state at
the threshold voltage of −4.5 V with a current ratio of 102

(sweep 1), suggesting the transition from intermediate-con-
ductivity (ON 1 or “1”) state to a high-conductivity (ON 2 or
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(a ) (b)

(c) (d)

Figure 3         (a) Schematic diagram of sandwich device; (b, c) typical I-V char-
acteristics of ZIPGA (b) and ZIPCAD (c) basedmemory devices; (d) stability
test of the ZIPGA based memory device in three states under a constant read
voltage of −1 V.

“2”) state. Sweep 2 was executed on another cell of the de-
vice. When a voltage from 0 to −4 V was applied on the cell,
the device can switch from the OFF state to the ON 1 state,
and the ON 1 state can be maintained in the following volt-
age sweep from 0 to −4 V (sweep 3). In the next sweep from
0 to −5 V, the memory device can transfer to the ON 2 state,
and the high-conductivity state could be retained under the
following sweep from 0 to −5 V (sweep 5). The ON 2 state
can even maintain in a reversed voltage sweep from 0 to 5 V
(sweep 6) or even the voltage was vanished. These character-
istics indicated that the device was a typical ternary WORM
(write-once, read-many-times) device. Meanwhile, a reading
voltage (e.g. −1.0 V) can be used to read the “0”, “1” and
“2” signals of the storage device (Figure 2(d)), and no obvi-
ous degradation was observed of the current for all the three
states. Moreover, the effect of continuous read pulses of −1
V on the OFF, ON 1 and ON 2-states was also investigated
(Figure S3). Compared with the device of Al/ZIPGA/ITO,
the electric behavior of the ZIPCAD-based device was rather
different. As shown in Figure 3(c), ZIPCAD based device
showed no obvious memory properties. The device has a de-
crease of current when the voltage is sweeping from 0 to −1 V
(or at 4 V for sweep 4), namely a negative differential resis-
tance (NDR) effect [28,29]. The different memory behaviors
for these two molecules based memory devices may be corre-
lated with the molecular stacking in the films, which we will
discuss later.

3.5         Morphology of films and molecular packing

To understand the discrepancies of memory behaviors of
these two molecules, AFM was used to detect the surface
morphology of the spin-coated organic layers. As shown in
Figure 4(a), the tapping-mode AFM height image clearly
shows that ZIPGA forms a netlike structure in its solid state
with uniform size, which illustrated that ZIPGA formed an

ordered stacking in film state that is favorable to the mobility
of the charge carriers. In addition, the root-means-square
(RMS) was measured to be 1.02 nm, indicating that the film
was smooth enough that can decrease the energy barrier
between the active layer and the electrode. In comparison,
the roughness (39 nm) of ZIPCAD film was larger than
that of ZIPGA at same temperature and substrate, as shown
in Figure 4(b). The large surface roughness indicated that
ZIPCAD was self-assembled during the spin-deposition
process and would increase the energy barrier between the
film and the electrodes [30,31]. Additionally, only amor-
phous structures were observed for ZIPCAD based film,
indicating ZIPCAD has not formed the ordered arrangement.
This might be due to the large dihedral angle that causes the
relatively weak intramolecular interactions.
X-ray diffraction (XRD) confirms the different molecular

crystallinity of these two molecules as observed by AFM. As
shown in Figure 5, the X-ray pattern of ZIPGA film is distinct
from that of the ZIPCAD film. For ZIPGA based film, two
conspicuous peaks were observed at 8.37° and 13.37° with
the d-space of 10.56 and 6.64 Å, respectively, indicating that

(a ) (b)

µm µm

Figure 4         The tapping-mode AFM height images of (a) ZIPGA and (b) ZIP-
CAD films spin-coated onto ITO glass (color online).

2   (°)θ

Figure 5         The XRD patterns of ZIPGA and ZIPCAD (color online).
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ZIPCAD crystallized well in the film state [32]. The ordered
stacking of ZIPCAD in film is beneficial for the migration of
the charge carriers through the films and thus facilitates the
excellent memory behaviors.
In contrast, the XRD measurement showed no obvious

diffraction peaks for ZIPGA based films, implying that
ZIPGA was amorphous in film state [33,34]. The amorphous
stacking limited the movement of the charge carriers in the
films, which is not conductive to the memory performance.
Thus, ZIPCAD based memory device showed no memory
behaviors. In addition, it was reported that the NDR effect
also correlates with the low conductivity of materials, con-
firming our proposed relationship between crystallinity and
memory behaviors [35,36].

3.6         Proposed memory mechanisms

To account for the electrical switching characteristic of the
memory devices, theoretical calculations have been per-
formed using the density functional theory (DFT) method
with B3LYP/6-31G set. For organic materials with memory
switching behavior, charge-trapping mechanism is well pro-
posed [37,38]. DFT molecular simulation results (Figure 6)
showed that an open channel is formed from the molecular
surface throughout the conjugated backbone with continuous
positive molecular electrostatic potential (ESP, in blue),
through which charge carriers can migrate freely. The shaded
regions of ESP (in yellow) caused by the electron-deficient
groups, such as benzothiazole and nitrobenzene segments,
can regard as “traps” with different electric charge depths
to block the motion of charge carriers. Figure 6(a) shows
an integrated process of the charge transport in molecule.
In a low voltage bias, the device is in a low-conductivity
state due to the big “trap” that hinders the electron migration

(a ) (b)

Figure 6         The electrostatic potential (ESP) and frontier molecule orbital
(LUMO and HOMO) obtained from DFT calculations on the molecules of
ZIPGA and ZIPCAD (color online).

(HOMO). When the external voltage rises to −3.5 V, the trap
from benzothiazole acceptor will be filled, leading to the
electrical switching from OFF to ON1 state [39]. With the
increase of the applied voltage, the traps originated from the
nitrobenzene acceptor will be suffused sequentially, leading
to the current transition from the ON1 to the ON2 state which
implies the second “write” process (LUMO). Upon reach-
ing to the nitro group based deep traps, electrons become
more localized. Additionally, the trapped carriers would be
stabilized by intermolecular charge transfer. The trapped
charge carriers are not released easily even the power was
shut down or was reversed, leading to a high-conductivity
state that can be sustained permanently [40]. Therefore, the
ZIPGA based memory device shows the typical non-volatile
WORM behavior.
According to the optimized molecular geometries

(Figure 2), it can be obviously observed that the dihedral
angle between benzene ring and carbazole plane was 14°
for ZIPGA, which was smaller than that of ZIPCAD (40°)
between triphenylamine group and carbazole plane. Appar-
ently, the smaller dihedral angle in ZIPGA resulted in a more
coplanar configuration than ZIPCAD, which was beneficial
to charge transfer [41,42]. Moreover, the non-planar spatial
conformation of triphenylamine was not convenient for
electron-delocalization or coupling of the frontier orbitals
between the donor and acceptors, which impeded the “traps”
to be filled. As a result, ZIPCAD based memory devices
showed no storage performance, whereas ZIPGA based
device showed obvious ternary characteristics. Charge
transport mechanism at different conductive states has been
also studied by curve fitting (Figure S5). For the I-V curve
of the ZIPGA-based device, the conduction mechanism at
the OFF state, ON1 state and ON2 state can be controlled
by thermionic emission, space-charge-limited current and
Poole-Frenkel emission. So the conduction mechanism of
the ZIPGA device is dominated by charge transport through
the electrically charged defect-filled bulk material.

4         Conclusions

In summary, we successfully synthesized two small organic
molecules (ZIPGA and ZIPCAD) and tested their electro-re-
sistive memory behaviors. ZIPGA based device showed
obvious ternary characteristics including low-conductivity
(OFF) state, intermediate-conductance (ON 1) state and
high-conductivity (ON 2) state due to the small dihedral angle
and the more planar structure. Meanwhile the microstructure
of ZIPGA based film is more ordered than that of ZIPCAD
based film, which was confirmed by the measurements of
UV, AFM and XRD. However, the ZIPCAD based device
had no obvious memory property because the big dihedral
and disorder packing. Thus triphenylamine may be not a
proper spacer to link electron donor/acceptor groups due to
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its large torsion in the conjugated chain. Our results illustrate
the importance of spacer in the design of memory device.
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