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As a class of unique nanocage molecules with a specific size,
fullerenes have attracted considerable attention in the
advanced materials sciences because of their potential
applications in electronics'!! and optoelectronics.”! The con-
trol and arrangement of these nanocages into ordered nano-
structures is a great challenge, and has been extensively
investigated in the last few decades.”*! Among them, the most
attractive and impressive approach is the uniform one-
dimensional (1D) alignment of fullerenes inside carbon
nanotubes (CNTs), namely fullerene nanopeapods.[! Theo-
retical calculations reveal that the fullerene nanopeapods
have the potential to provide intriguing chemical and physical
properties,”! as frequently shown by experiments.[") However,
the encapsulation of fullerenes within CNTs remains difficult
in terms of large-scale production and processability. We have
recently developed a unique and versatile method to control
the distinct 1D arrays of fullerenes in a commodity plastic,
syndiotactic poly(methyl methacrylate) (st-PMMA), thus
producing a peapod-like fullerene-based molecular wire.”
The st-PMMA folds into a helical conformation and encap-
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Figure 1. A) lllustration of Cg-based 1D molecular wire formation
within the st-PMMA helical cavity. B) Diagram of the sandwiched
memory device with the st-PMMA/Cq, inclusion complex as the active
layer. Bottom electrode: ITO (20 Q sq'); top electrode: Au (ca. 20 nm
thick). C) Energy level diagram for the sandwich device.

sulates the fullerenes, such as Cg, Cy), and Cg4, within its
helical cavity to form a peapod-like crystalline complex
(Figure 1 A)."Y In sharp contrast to other fullerene-contain-
ing polymer hybrids,”®! which often encounter considerable
phase separation and aggregation, the st-PMMA/fullerene
inclusion complex can be readily processed into homoge-
neous films by drop casting, spin coating, or Langmuir-
Blodgett (LB) techniques."” The fullerene molecules in the
films are dispersed at the molecular level and are highly
ordered into 1D peapod fullerene arrays, as illustrated in
Figure 1 A.

In the present study, we investigated the electrical
characteristics of the st-PMMA/Cy, inclusion complex, as
Cso has been reported to possess a very strong electron affinity
and can be reduced to anions with charges ranging from —1 to
—6,) which indicates that Cy, acts as an effective electron
“nanotrap”!'”! in electroactive processes. We expected that
ordered Cy molecular wires in the st-PMMA matrix might
help to realize unique electrical features. To this end,
sandwich devices using the Cg-based molecular wire embed-
ded in the cavity of helical st-PMMAI as the active layer
were fabricated by spin coating a toluene solution of st-
PMMA/Cy, onto an indium tin oxide (ITO) electrode on
a glass substrate, followed by thermal evaporation of a thin
gold layer as the top electrode, as shown in Figure 1B.
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Figure 2. A) Current-Voltage characteristics of the sandwich device
using the st-PMMA/C,, inclusion complex (20 wt% Cy) as the active
layer. The sweep sequence and direction are indicated by the number
and arrow, respectively (scans 1, 2, 4, 6, and 8: 0 to +5 V; scans 3, 5,
7, and 9: 0 to —5 V). B) Effect of operation time (at 1V stress) on the
device current at the ON and OFF states, tested under ambient
conditions. The ON state device current was further traced intermit-
tently for 46 days after the first switch.

Figure 2 A shows the electrical switching effect of the Cy,
molecular wires demonstrated by the current-voltage (I-V)
characteristics of an ITO/st-PMMA/C4/Au sandwich device
composed of an st-PMMA/C, inclusion complex containing
20 wt % of Cg. During the first sweep from 0 to 5 V, an abrupt
increase in the current density was observed at a threshold
voltage of about 1.5V, which indicates that the device
switched from a low-conductivity (OFF) state to a high-
conductivity (ON) state. The device remained in its high-
conductivity state during the subsequent positive sweep (the
2nd scan), however, the subsequent negative scan from 0 to
—5 V (the 3rd scan) did not turn the device from the ON state
to the OFF state. Unfortunately, a reversible electrical
switching effect was not observed, but the device essentially
kept this high-conductivity state (although it gradually
relaxed) during the following forward (scans4, 6, and 8)
and reverse sweeps (scans 5, 7, and 9), thus indicating the
irreversible or “unerasable” characteristics of the electrical
switching. Subsequent measurements showed that the device
further remained in the ON state after turning off the power,
thus revealing its nonvolatile features. The ON state current
gradually decreased during the bias scanning process, but
finally stabilized at a slightly lower level after the 6th scan
(Figure 2A). As reported, memory devices with such elec-
trical characteristics can serve as write-once-read-many-times
(WORM) memory!" in information storage. The switching-
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ON process corresponds to the writing process in digital
memory. The distinct bistable electrical states in the voltage
range of 0-1.5 V allows a voltage (1.0 V) to read the OFF or
0 signal (before writing) and ON or 1 signal (after writing) of
the device. Further experiments using different st-PMMA/
Cy-based sandwich devices revealed that the observed I-V
characteristic was repeatable, but with variations in the
switching voltage from 1.2 to 2.5V and ON/OFF current
ratio of 10°~10°. Hence, it is concluded that the st-PMMA/Cy,
inclusion complex could provide an irreversible electrical
switching effect and can be used for WORM memory.

However, a pristine st-PMMA and st-PMMA/Cy, inclu-
sion complex containing 10 wt % Cg, did not show any special
electrical characteristics (Supporting Information, Fig-
ure S1a,b), which implies that fullerene concentrations have
a significant influence on the electrical switching effect.
Moreover, the st-PMMA (mm/mr/rr =1:5:94) isomers, atactic
(at)-PMMA (mm/mr/rr=9:39:52) and isotactic (it)-PMMA
(mm/mr/rr=94:3:3) were also employed for comparison.
However, electrical switching was not observed with the
sandwich devices using at-PMMA/Cq, or it-PMMA/Cy, as
active layers, no matter how many C4 molecules (0, 10, or
20 wt % ) were included (Figure S1c-h). The distinct electrical
behaviors observed between the st-PMMA/Cy, and the at- or
it-PMMA/C,, systems can be explained by differences in their
encapsulation of fullerenes.

The st-PMMA chains have been demonstrated to fold into
a helix of 74 units per 4 turns with a helical cavity of about
1 nm, which is self-tunable to encapsulate Cy;, Cyy, and Cg, to
yield the 1D fullerene arrays.”” However, the at- and it-
PMMAs do not have this ability to produce 1D Cy-based
molecular wires, as supported by their differential scanning
calorimetry (DSC) and X-ray diffraction (XRD) measure-
ment results (Figure S5-S9); their profiles were completely
different from those of the st-PMMA/Cy, films, in which the
st-PMMA/Cy, inclusion complex showed a crystalline struc-
ture (Figure S2-S4)."*121 Unlike the fullerenes in st-PMMA,
fullerenes in the at- and it-PMMAs were not confined to the
1D peapod arrays, but were instead self-aggregated and
randomly embedded in the matrix. The structural differences
observed here suggest that the 1D Cgy-based molecular wires
formed in the polymer play an essential role in realizing the
electrical switching effect.

For practical applications, the ON/OFF current ratio and
device stability are always important for memory device
performance. Figure 2B displays the ON and OFF current
tested under ambient conditions. Under a constant bias of 1 V,
no obvious change in the current density was observed for the
OFF and ON states during short-term operation, and the
device achieved an ON/OFF current ratio of more than 10°.
The device maintained its high-conductivity state after being
switched ON, but gradually relaxed to a low conductance
level after a long operation time, as can be seen in Figure 2B,
where gradual current degradation occurred during the
continuous bias sweep process. The ON/OFF ratio of the
devices 11 days after the first measurement was reduced to
around 7000. However, further investigation after 46 days
revealed that the devices had stabilized at this conductive
level and did not show any further degradation. This ON/OFF
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current ratio in the present device would promise a low
misreading rate during use in digital memory applications.
For a mechanistic understanding of the irreversible
electrical switching effect and the current degradation
behavior observed in the st-PMMA/Cy, inclusion complex,
quantum chemical calculations were performed on the Cg,
molecular wires during the charge injection process using
a self-consistent-charge density-functional tight-binding
method with a dispersion correction (SCC-DFTB-D).!® The
geometries of the linear, neutral C, wires, consisting of 1-20
Cg molecules (Figure 3 A and Table S1) were first optimized.
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10.02 A
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Figure 3. A) Illustration of the initial Cs-based molecular wire used in
the SCC-DFTB-D simulation. B) The geometry of the Cgy-based molec-
ular wire with 10-C¢, molecules after optimization.

After testing a wide range of different chain lengths, we
finally selected a chain of 10 Cg molecules (10-Cg; Fig-
ure 3B) as the model to represent the Cgq wires. This was
chosen because the electronic properties, especially the
energy gaps for the wires, are converged with respect to the
number of C4, units at this size (Figure S10). We noted that
the computed band gap (ca. 1.63 eV) agrees well with the
experimental value (1.7 eV),['™ thus indicating the validity of
the SCC-DFTB-D method in predicting the properties of the
Cq Wires.

Figure 4 shows the changes in the distances between the
neighboring Cy molecules observed in the 4-C4, (A) and 10-
Cq4 (B) molecular wires during the charge injection process.
As observed in Figure 4, a violent Coulomb explosion™!
suddenly occurrs at a critical charge point (see the Supporting
Information), resulting in the significant separation of the Cy,
molecules from each other in the Cg, wires. We identify this
Coulomb explosion as the event responsible for the irrever-
sible electrical switching effect observed in the st-PMMA/Cq,
inclusion complex (see below for further discussion). The
average charge on each Cg, in the 4-C, peapod-like molecular
wire was 3.5electrons (14e7/4=3.5e¢”) at the Coulomb
explosion point (Figure 4 A), whereas they were reduced to
27e” (27e¢7/10=2.7¢7) in the 10-Cg4 molecular wire (Fig-
ure 4B), which indicates that the accumulated Coulomb
explosion likely occurs relatively easily in long C4, molecular
wires.

Figure 5 A shows the average energy changes (AE) per Cy
molecule as a function of the average charge loaded on each
Cq molecule in the C4, wires with a different number of Cg,
units. These data clearly indicate that the longer Cg, molecular
wires are higher in energy and hence become unstable,
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Figure 4. Changes in neighboring Cg, distances with increasing
charges on the 4-Cq, (A) and 10-Cq, (B) molecular wires (for details see
Tables S2 and S3, respectively). Note that the large Cq, distances are
determined by the force thresholds applied in the employed conjugate
gradient geometry optimization algorithm.

A) 120 \
1 20-Cgg wire A
1 16-Cgp Wire
T 10-Cgp Wire
80+ 8-Cgo Wire
> 1 4-Cgp wire y.
3 1 2—060 wire /
3 ]
O 404
5 J
o .
W
P J
0 o-
T T T T " T T T T T T
0 1 2 3 4 5
Charges per Cgg /€7 —>
B) 120+ 10-Cgo wire  3.05 A
- o),
~ 80__ 10-Cgq wire &
© | after Coulomb explosion
2 - 51.72 A
S o B ),
) 4 5
Q
LLI - (
< 4
0 —

Charges per Cgp / €= —>

Figure 5. The average energy changes (AE) per C4 molecule as

a function of the average charge loaded on each Cy4, molecule in the
Cgo-based molecular wires with different Cg, numbers (A) and in the
10-Cg, molecular wire before and after Coulomb explosion at 27 e~ (B).
Only single-point energy calculation was done here; see Table S4 for
more details.
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accordingly they have a stronger thermodynamic tendency to
break up into shorter wires, which is consistent with the
results in Figure 4. This also means that charge injection into
longer Cy, wires is more difficult, as more energy is needed for
loading the same charges. Figure SB displays the same
relationship for the 10-Cg molecular wire as in Figure S A,
but shows the relative energies before and after the Coulomb
explosion at 27 e~ (see Figure 4 B), which suggest that the Cg,
molecular wire with the larger inter-C4, distances (after
Coulomb explosion) is more favorable for charge injection.

The distinctly low energy barrier between the metal
electrodes and the LUMO of Cq, (Figure 1C) suggests that
electrons can be readily injected into individual Cg, molecules
under a low bias voltage. However, the above simulation
results remind us that charge injection into C4 molecular
wires is significantly restricted during the initial voltage scan,
because the Cq, molecules are closely packed to form 1D C,
arrays in the insulated st-PMMA helical tube; therefore, the
injected electrons can easily migrate along the Cy-based
molecular wire, but not across the Cg, wires in the different st-
PMMA chains. As a result, electron hopping (tunneling)
between the neighboring C4, molecular wires (perpendicular
to the axis of the C4, wire), which is responsible for the real
electrical conductance of the device, is severely limited.
Concomitantly, the electrons injected into the Cg molecular
wires will induce a countering space—charge field in the
polymer matrices, which will screen the applied external
electric field, thereby inhibiting further charge injection into
the active layer.'”! Thus, the material exhibits a high-resist-
ance state, and the device shows only a limited increase in the
current below 1.5 V.

Under further applied voltage over 1.5V, negative
charges are then injected into the Cgq, wires, which induces
a highly energetic and unstable state, eventually leading to
a violent Coulomb explosion, which separates the continuous
and closely-aligned peapods into short wires or even isolated
C4 molecules, both inside and outside the st-PMMA cavity.
Consequently, during further voltage sweeps, charge loading
into the Cq, molecules will be greatly facilitated, as previously
clarified. The significantly increased inter-Cg, distances will
greatly restrain the charge transport along the Cg, molecular
wires, which instead tolerates the inter-wire charge hopping
between the C4, wires. Therefore, the percolation pathways
for charge carriers among the Cq, molecules will be generated,
triggering the device to a high conductance state under
applied external electric field. The lack of electrical switching
in the st-PMMA/Cq, inclusion complex containing 10 wt %
Cq may be explained by its low C4, content, which results in
the difficult formation of tightly-aligned Cy, molecular wires.
This speculation is supported by the fact that the st-PMMA
helical hollow spaces would be filled with ca. 28 wt% C,
molecules.”” Hence, it seems reasonable to deduce that, after
Coulomb explosion, the separated Cg, molecules could not
recover the initial closely-aligned Cy, wires. Consequently, the
device shows an irreversible switching behavior. Although
partial re-formation of the Cg wires through local Cg,
recombination may theoretically be possible, their contribu-
tion to the device performance is likely small owing to the
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limited diffusion of C4, molecules inside st-PMMA solid thin
films.

In summary, an irreversible electrical switching effect has
been demonstrated in the st-PMMA/Cy, inclusion complex
loaded with 20 wt% Cg when used as the active layer in
a sandwiched device. The device showed a final ON/OFF
current ratio of around 7000, which allows this system to be
used as nonvolatile write-once-read-many-times memory. The
systematic investigations using PMMAs with different tactic-
ities revealed that a supramolecular peapod-like molecular
wire formation of C4, molecules within the st-PMMA helical
cavity is indispensable for achieving the electrical switching
behavior. Detailed quantum chemical calculations suggest
that a violent Coulomb explosion occurs at the Cg-based
molecular wire during the charge injection process, which
accounts for the electrical features observed in the current
work. Although the present device performance, including
the ON/OFF current ratio, may not reach a satisfactory level
for practical applications, the st-PMMA/Cy, inclusion com-
plex distinguishes itself from other nanomaterials by its
unique 1D-ordered nanopeapod-like structure, high mono-
dispersity, controlled morphology, structural reproducibility,
large-scale synthetic capability, as well as its easy process-
ability and scalability. These advantages will open the way for
the further development of novel fullerene-based nanomate-
rials with practical applications in optoelectronics.
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