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ABSTRACT 

The present paper highlights the development of organic nanowires from small-molecular organic compounds through intra-
track chemical reactions by using ion beams.  Thin films of pentacene derivatives, 6,13-bis(triethylsilylethynyl)pentacene (TES-
Pn) and 6,13-bis((triisopropylsilyl)ethynyl)pentacene (TIPS-Pn), were subjected to high-energy particle irradiation at a fluence 
of 10

8
–10

10
 cm

–2
 and thereafter developed by organic solvents. This method, referred as Single-particle Triggered Linear 

Polymerization (STLiP), afforded the isolation of wire-shaped nanomaterials on a substrate that were visualized by atomic force 
microscopy and scanning electron microscopy.  These derivatives exhibited high enough propagation and cross-linking reaction 
efficiencies (G) as GTES-Pn of > 7 and GTIPS-Pn of  > 5 (100 eV)

–1
, whose values are significantly larger than those observed for 

previously studied simple cross-linking reactions observed in other polymeric materials, being apparently in the G-value range 
of chain reactions.  On the other hand, the pristine pentacene and derivative without (trialkylsilyl)ethynyl moiety did not give 
any nanowires. Considering these observations, highly efficient intra-track propagation/polymerization/cross-linking reactions 
would take place due to the introduction of (trialkylsilyl)ethynyl groups, resulting in the formation of one-dimensional 
nanostructures based on small molecules. The STLiP technique serves as a versatile and easy nanofabrication tool for small 
molecular materials and the resultant nanowires with high functional density are potentially usable as optical, electronic, and 
sensor materials. Copyright © 2015 VBRI press.  
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Introduction  

Well-defined nano-sized objects [1, 2] have attracted 
increasing attentions due to the recent advances in materials 
science and nanotechnology.  In particular, one-
dimensional (1D) nanostructures from π-conjugated 
molecules serve as promising materials for optical and 

electronic applications [3-8] such as chemical sensors, 
memory devices, organic photovoltaic cells (OPVC), and 
organic field-effect transistors (OFET).  Because organic 
materials are soft and finely tunable by molecular design, 
most of these nanostructures are constructed by bottom-up 
self-assembly approaches with non-covalent interactions of 
the elaborately-designed π-conjugated molecules or 

polymers [9-11]. On the other hand, top-down technologies 
to access such 1D nanostructures are attractive in view of 

generality and versatility but have been still limited [12-

14].  As a unique top-down technology using swift heavy 
ions, we have succeeded in the development of 1D 
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nanostructure by employing cross-linking reactions of 
macromolecules in the film state.  This method is named 

“single particle nano-fabrication technique (SPNT)” [15].  
In SPNT, the MeV-order swift heavy ions, irradiated to the 
target polymer films non-homogeneously produce the 
reactive intermediates––ion radicals, neutral radicals, etc.–
–along their trajectories called ion tracks.  Because of 
effective and high-density formation of neutral radical 
species generated in radiation cross-linking type polymers 

[16-17], they induce the recombination reactions within the 
ion track, forming wire-shaped insoluble nanogels with 

fairly controlled sizes (Fig. 1).  The obtained nanowires are 
isolated by development process, where the non-irradiated 
area in the film is washed away by organic solvents.  
Although SPNT has been utilized so far for various type of 

synthetic polymers [18-21] and biomacromolecules [22], 
however, there is only one example that nanowires are 
available from small-molecular materials by analogous 

means of SPNT [23], where high reactivity of fullerene 

derivatives upon ion beam irradiation [24] was utilized.  In 
order to further investigate the applicability of the high 
energy particle technique, here we report the nanowire 
formation via polymerization/crosslinking reactions of 
pentacene derivatives, one of the representative 
semiconducting small molecules, and classified as Single 
Particle Linear Polymerization (STLiP) technique that these 
molecules showed high efficiencies of both propagation 

[25, 26] and cross-linking reactions along the linear 
trajectories of a heavy ion particle.  
 

 

Fig. 1.  Schematic illustrations of nanowire fabrication process from 
soluble pentacene derivatives. 
 

Pentacene is one of the most intensively studied organic 
semiconducting motifs and often used as an OFET active 

layer because of its high hole mobility [27, 28].  
Nevertheless, pentacene is sensitive to oxygen and in fact 
unstable under ambient condition.  To improve the stability 
and solubility of pentacene, silylethyne substituted 
pentacenes were reported and proved their excellent carrier 

transporting performance [29, 30].  In this study, 
considering the easy isolation by the development 
procedure in STLiP, we fabricated thin films of soluble 

pentacenes, 6,13-bis((triethylsilyl)ethynyl)pentacene (TES-
Pn) and 6,13-bis((triisopropylsilyl)ethynyl)pentacene 

(TIPS-Pn) (Fig. 2), and develop them in organic solvent 
after irradiation of swift heavy ions.  Advancement of 
initiation and propagation of the polymerization reactions 
as well as the cross-linking reactions were quantitatively 
discussed in terms of simple model of radial energy 
distribution in an ion track. The detailed experimental 
method and observation results are discussed in the 
following sections. 

 

 

Fig. 2. Chemical structures of 6,13-bis((triethylsilyl)ethynyl)pentacene 

(TES-Pn) and 6,13-bis((triisopropylsilyl)ethynyl)pentacene (TIPS-Pn). 

 

Experimental 

Materials 

6,13-Bis((triethylsilyl)ethynyl)pentacene (≥99%), 6,13-
bis((triisopropylsilyl)ethynyl)pentacene (≥99%), and 
pentacene-N-sulfinyl-tert-butylcarbamate (99%) were 
purchased from Sigma-Aldrich Chemical Co. and used as 
received.  All other reagents and solvents were purchased 
from Wako Chemical Co. and used without further 
purification.  Si substrate was cut about the size of ~1.5 × 
1.5 cm, sonicated in isopropanol, dried, and treated with 
UV-O3 prior to the use.  Pentacene derivatives were 
dissolved 5–10 wt% in THF, and the solution was spin-
coated or drop-cast on the Si substrate to provide thin films.  
A pentacene film was prepared UV irradiation under acid 
generator and heating of pentacene-N-sulfinyl-tert-
butylcarbamate according to a reported procedure. The 
thickness of the films was evaluated by a Veeco 
Instruments Inc. model Dektak 150 surface profiler. 
 
Method 

MeV order charged particles were generated from a 
cyclotron accelerator at Japan Atomic Energy Agency, 
Takasaki Advanced Radiation Research Institute. The 
prepared thin films of TES-Pn and TIPS-Pn were exposed 
to a 490 MeV 

192
Os

30+
 ion beam in a vacuum chamber (< 1 

× 10
–4

 Pa). The number of incident particles was controlled 
at 10

8
–10

10 
particles cm

–2
 to prevent overlapping of the 

particle trajectories. Then, the irradiated films were 
developed directly in hexane for 10–60 s. The sizes and 
shapes of the nanostructures were observed using a Seiko 
Instruments Inc. model SPI-4000 atomic force microscope 
(AFM) and JEOL Ltd. model JSM-7001F scanning electron 
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microscope (SEM). The loss of kinetic energy of ions due 
to penetration through the pentacene films was estimated 
using the SRIM 2010 calculation code.  
 

Results and discussion 

Ion-beam irradiation of thin films of organic compounds is 
shown to cause propagation/cross-linking reactions, leading 
to the formation of a 1D-organogel along the ion tracks.  
The key point is the remarkable difference in solubility 
between irradiated and non-irradiated area, which enable 
the easy isolation of the resultant nanowire objects by 
development solvents.  In principle, the initial nanowire 
structures stand on a substrate.  However, due to the 
interfacial surface tensions by organic solvent, observed 
nanowires usually lie down to the substrate and are 

observed as a 2D-image (Fig. 1). Prior to the experiments, 
we performed simulation of ion track within pentacene 

materials.  For example, as shown in Fig. 3, 490 MeV 
192

Os
30+

 particles can linearly pass through a 5-μm thick 
TIPS-Pn (ρ ~ 1.1 g cm

–3
) on a 5-μm thick Si (ρ ~ 2.3 g cm

–

3
).  Because of the large difference between the linear 

energy transfers (LETs) of TIPS-Pn and the Si wafer, the 
primary charged particles and secondary electrons 
preferentially induce the formation of dense reactive 
species at the pentacene/Si interface, leading to the 
heterogeneous covalent-bond formation. Along with that, 
the termini of the obtained nanowires become permanently 
bound to the surface of the Si wafer via Si–C or Si–O–C 
bonds, preventing the nanowires from being washed away 
by the developer. 
 

 

Fig. 3.  (a) Ion track image of 5-μm thick pentacene (ρ ~ 1.1 g cm–3) film 
coated on 5-μm thick Si-wafer (ρ ~ 2.3 g cm–3) upon 490 MeV 192Os30+ 

particles irradiation and (b) Calculated LET value as a function of target 
depth.  Calculation was carried out using SRIM 2010 calculation code. 

 
When the soluble pentacene films were exposed to 490 

MeV 
192

Os
30+

 particles at the fluence of 5.0 × 10
8
–1.0 × 10

9
 

ions/cm
2
 followed by the development in hexane, nanowire 

objects were visualized in AFM (Fig. 4). By carefully 
looking at the images, partial fragmentation of the 
nanowires was confirmed.  Nevertheless, even for the thick 
(> 1 μm) films prepared by drop-cast method, nanowires 
with ultrahigh aspect ratio were observed.  Compared to 

our previous reports [18-23], the obtained nanowires look 
flexible, while their diameters appeared small.  Due to such 
flexibility, network structures of nanowires may be formed, 

which is more obvious in SEM images (Fig. 5). It is 
considered that these network structures were resulted from 

the entanglement of the formed nanowires one another.  In 
contrast, irradiation to pristine pentacene films did not 
afford any nanowire.  These results indicate that silylethyne 
moieties in the pentacene derivatives give the high reaction 
efficiency and/or significant difference in solubility.  In 
regard to this possibility, we have already reported that 
introduction of terminal alkyne groups into the polystyrene 
backbone provides efficient cross-linking reactions in 

SPNT [21]. Therefore, we consider that alkyne groups 
would increase the reactivity upon swift heavy ion 
irradiations. 

 

 

Fig. 4.  AFM topographic images of nanowires isolated via development 

of (a, b) TES-Pn and (c, d) TIPS-Pn drop-cast films with n-hexane after 
irradiation with 490 MeV 192Os30+ particles at the fluence of 1.0 × 109 

and 5.0 × 108 ions cm–2 for (a) and (b–d), respectively. 

 

 

Fig. 5. SEM images of nanowires isolated via development of TIPS-Pn 
drop-cast film with n-hexane after irradiation with 490 MeV 192Os30+ 
particles at the fluence of 1.0 × 1010 ions cm–2. 
 

The radius of nanowire was evaluated by the cross-
sectional profile in AFM.  After the development process, 
the cross-section of nanowires on the substrate was 
elliptically deformed as a consequence of adsorption forces.  
Taking into account this issue, the radius of nanowire is 
calculated by applying the ellipse model to cross-section of 

nanowire (Fig. 6d).  The values of rx and ry are defined as 
the half-width and half-height of at half-maximum of the 

cross-section of nanowires, respectively.  Fig. 6c shows the 
cross-sectional profile of the nanowire based on TES-Pn.  

The profile was measured on the line in Fig. 6b.  The radii 
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of the nanowires from TES-Pn and TIPS-Pn are calculated 
as 4.5 and 4.2 nm, respectively.  

 

 

Fig. 6. (a, b) AFM topographic images of nanowires isolated via 
development of 1.7-μm thick TES-Pn film with n-hexane after irradiation 

with 490 MeV 192Os30+ particles at the fluence of 5.0 × 108 ions cm–2. (c) 
Cross-sectional profiles of the nanowires on Si substrate based on TES-
pentacene produced by STLiP. The profile was measured at the position 

indicated by lines in (b). (d) Schematic illustration of nanowire radius 
using ellipse model. 

 
To investigate the reactivity of silylethyne substituted 

pentacene, the overall propagation/crosslinking 
efficiency G was evaluated. The value of G is defined as 
the number of reactions of the resulting polymer 
propagation and/or crosslinking in the isolated 
nanostructures per 100 eV of absorbed dose. Considering 
the energy distribution in an ion track, the size of the 
nanowire was well interpreted by the theoretical model.  G 
is expressed as: 

 

         (1), 
 
 where the value of ρ is the density of the material, NA is 
Avogadro's number, r is the radius of the nanowire, LET is 
the linear energy transfer, M is the molecular weight, rc and 
rp are the radii of the core and penumbra areas, and e is the 

elementary charge, respectively [31-32].  As demonstrated 

in the Fig. 3 of Monte-Carlo simulation of energy 
deposition for the present 490 MeV 

192
Os

30+
 particle, 

electronic stopping is far higher than the nuclear one, with 
relatively the larger value of rp as 340 nm than rc of 0.75 
nm.  The observed values of nanowire radii in the present 
case are far larger than rc, and in the range of penumbra, 
where knocked-on secondary electrons by the an incident 
Os particle release their kinetic energy via in elastic 
corrosions.  This is also suggestive that rather simple 
radiation chemical processes are taking place in the outer 

parts of the nanowires without drastic chemical 
transformations.  

This theoretical modeling of the nanowire sizes afford 
the estimation of the cross-linking efficiencies for TES and 
TIPS-pentacene as GTES-Pn > 7 and GTIPS-Pn > 5 (100 eV)

–1
 

that are extremely high values compared with those 
observed for the other polymeric materials, and apparently 
suggestive of the strong contribution of chain reactions for 
the formation of nanostructures via gelation of the organic 
molecules.  In general, deprotection of trialkylsilyl groups 
is performed with acids, bases, or fluorides. The relative 
stability of trialkylsilyl protection can be tuned by changing 

the volume of substituents [33]. TIPS group indicates 
higher resistance to these conditions than TES group. 
Therefore, it is expected that TIPS group control the 
generation of radical intermediates and promotion of the 
polymerization/crosslinking reactions. 
 

Conclusion 

We propose the new concept of nanofabrication classified 
as Single-particle Triggered Linear Polymerization (STLiP) 
in the present study, and the direct formation of nanowires 
from pentacene derivatives was demonstrated.  This one-
dimensional gelation event was triggered by the effective 
initiation/propagation reaction of intra-track polymerization 
as well as crosslinking along the trajectories of incident 
high-energy charged particles.  Although the size of 
molecules is much smaller than polymeric materials, the 
pentacene derivatives carrying silylethyne groups gave 
flexible nanowires in STLiP that were strongly entangled 
into network structures. Based on our observations, the 
silylethyne groups provide appropriate solubility and 
increased overall reaction efficiencies of propagation and 
crosslinking reactions upon irradiation of swift heave ions. 
Considering the prominent semiconducting property of 
pentacene and observed unique network structures, together 
with potential universality of our technique to other small 
molecular systems, we believe that nanowires by STLiP 
encourage the development of future electronic devices.  
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