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Electronic Properties of 6,13-Bis(triisopropylsilylethynyl)pentacene 

Probed by Inner-Shell Spectroscopy 
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The electronic properties of polycrystalline 6,13-Bis(triisopropylsilylethynyl)pentacene 

(TIPS-pentacene) was probed by inner-shell spectroscopies such as near-edge X-ray 

absorption fine structure (NEXAFS) spectroscopy and electron emission spectroscopy 

at the Si K-edge. Although the lowest unoccupied molecular orbital (LUMO) near the 

Fermi level is mainly on the acene unit, a small LUMO peak was observed in Si 1s 

NEXAFS spectra. Angle-dependent NEXAFS spectra indicate that a well-ordered 

structure is produced in the polycrystalline TIPS-pentacene. It was demonstrated that 

randomly oriented small single-crystal grains can be aligned by rubbing the powder 

sample. 
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Introduction 

Organic electrically conducting π-stacked small molecules are widely regarded as 

promising materials for future application of low-cost and flexible nanoelectronics. 

Pentacene is one of the most promising organic semiconductors because of its excellent 

device performance. Pentacene shows an edge-to-face herringbone arrangement in 

crystal, while a soluble pentacene derivative, 6,13-bis(triisopropylsilylethynyl) 

pentacene (TIPS-pentacene) shows a face-to-face π–π stacking arrangement [1-2]. 

TIPS-pentacene has a pentacene backbone with two bulky silyl side groups that render 

the molecules soluble in organic solvents. The structure and orientation of organic 

semiconductors strongly influences charge carrier transport in organic field-effect 

transistors (OFETs) and luminescence properties of organic light-emitting devices 

(OLEDs).  

Near-edge X-ray absorption fine structure (NEXAFS) analysis [3] is one of the 

most commonly used techniques to probe electronic structures of unoccupied molecular 

orbitals of organic semiconductors. The molecular orientation can be determined by 

NEXAFS with changing incidence angle of linearly polarized X-ray beam. NEXAFS 

spectra are typically described as electronic transitions from a core level to unoccupied 

valence orbitals with * or * symmetry. Each feature can be attributed to the transition 

dipole moment vector of a specific orbital. For conjugated systems, * orbital lobes are 

perpendicular to the plane of conjugation. The transition dipole moment for * peaks 

has been used to determine the tilt angle of the -conjugated plane with respect to the 

substrate plane.  

For TIPS-pentacene, distinct two * and two * peaks have been clearly 

observed in the C K-edge NEXAFS spectra [4], similar to pentacene [5]. Polarization 
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dependence of the * peaks of TIPS-pentacene was measured to determine the average 

tilted angle of the acene plane to the surface plane [6]. Recently, owing to difficulties in 

controlling anisotropic carrier mobility in solution processing thin films [7], 

TIPS-pentacene films blended with conjugated polymers have been used to assist their 

ordering by reducing localized crystal anisotropy [8,9]. The angle-dependent NEXAFS 

spectroscopy is very powerful to analyze the molecular orientation even in 

non-crystalline systems. But, generally this technique cannot be used for blending 

systems containing the same atoms. Organic molecules contain carbon atoms; therefore, 

mixed organic samples need to be probed at the other absorption edges except for the C 

K-edge.    

In this study, the electronic properties of the polycrystalline TIPS-pentacene were 

probed by inner-shell spectroscopies such as NEXAFS spectroscopy and electron 

emission spectroscopy at the Si K-edge. To assign the NEXAFS spectra, 

molecular-orbital calculations were preliminary performed. The orientation of the acene 

unit was investigated using angle-dependent NEXAFS near the Si K-edge. 

 

Experimental Methods 

Experiments were performed using synchrotron radiation at the beamline BL–27A of 

the Photon Factory, High Energy Accelerator Research Organization (KEK–PF) in 

Tsukuba. BL–27A is equipped with an InSb(111) double-crystal monochromator with 

an energy resolution of ca. 0.8 eV around the Si K-edge. NEXAFS spectra were 

measured by monitoring the sample drain current near the Si K-edge (1835–1870 eV). 

Such energies were chosen to excite the Si 1s core electron to the unoccupied orbitals of 

TIPS-pentacene. Angle-dependent NEXAFS data were obtained by changing the angle 
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between the incoming X-ray beam and the sample surface. We used TIPS-pentacene 

polycrystalline powder (Sigma-Aldrich Corporation) without further purification. The 

as-received powdered sample was pressed and roughly rubbed on a conductive carbon 

tape using dielectric paper. All spectra were recorded at room temperature. 

 

Results and Discussion 

Figure 1 shows a wide scan spectrum of X-ray photoelectron spectroscopy (XPS) for 

TIPS-pentacene. XPS peaks of C1s and Si 1s and a Si KL2,3L2,3 Auger electron peak 

were clearly observed. The Si 1s ionization threshold determined by XPS is around 

1842 to 1843 eV. Figure 2 shows Si K-edge NEXAFS spectra of TIPS-pentacene

  

0 500 1000 1500 2000

In
te

n
s
it
y
 (

a
rb

. 
u
n

it
s
)

Binding Energy (eV)

C 1s

Si KL2,3L2,3

Si 1shv = 2699.6eV

 

Figure 1. Wide-scan XPS of TIPS-pentacene. 
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at different X-ray incidence angles θ between the direction of incident synchrotron light 

X-ray propagation and the surface plane. The lowest-occupied molecular orbital 
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Figure 2.  Angle-dependent NEXAFS spectra of TIPS-pentacene as a function of 

X-ray incidence angle near the Si K-edge. 

 

Figure 3. (Coler online) The Si 1s core-excited LUMO structure of TIPS-pentacene. 
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(LOMO) is observed as a small shoulder peak 1 near the Fermi level, although the 

LUMO is mainly on the acene unit. To investigate the electron-transfer mechanism 

through the − stacking of the acene unit, Si KL2,3L2,3 resonant Auger spectroscopy 

(RAS) spectra were measured at the LUMO peak. RAS combined with the 

core-hole-clock method can be applied to probe electron transfer through the empty 

conduction band in the attosecond domain [10]. However, normal Auger peaks 

indicating ultra-fast electron transfer to neighboring molecules were not observed 

during core-hole decay, which is usually observed in inorganic semiconductors and 

metals. This suggests that TIPS-pentacene may have a different mechanism from 

inorganic semiconductors and may not be suitable for the fabrications of n-type 

semiconductors. 

The intensity of peak 1 depends on the incidence angle. Peaks 2 and 4 are 

enhanced at the normal incidence of the X-rays. Peaks 1 and 3 are slightly enhanced at 

the grazing incidence. The polarization dependence indicates that a well-ordered 

structure is produced by rubbing the bulk powder. In general, NEXAFS spectra of 

polycrystalline powder which has single crystals oriented in all directions show no 

polarization dependence [11], even after pushing and rubbing treatment. In the 

pentacene case, powder consisting of small single-crystal grains could be aligned due to 

strong − interactions. Ordering effect by rubbing of the bulk powder might be unique 

to pentacene [12] and possibly acene derivertives.  

To assign electronic transition and also direction of dipole moments of these 

absorption peaks, molecular-orbital calculations using self-consistent local-density 

theory with the discrete variational (DV) - Xα method [13] were preliminary performed 

after the geometry was optimized by B3LYP functional with 6-31G* basis-set [14]. 
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Obtained core-excited LUMO strucrure is shown in Fig. 3. The LUMO is delocalized 

over the acene and the acetyl unit and its electron distribution is similar to the 

calculation of ground state in substituted pentacene molecules [15]. Molecular orbitals 

at peaks 2 - 4 are mainly localized on the TIPS side group, differently from the LUMO. 

Peaks 2 and 4 are also slightly localized on the acene unit. Peak 1 can be assigned to Si 

1s → * transition with a transition moment along the out-of-plane axis (z-axis), Peaks 

2 and 4 can be assigned to Si 1s → σ* transitions with a transition moment along the 

long axis of the acene unit (y-axis), while peak 3 can be assigned to Si 1s → σ* 

transition with a transition moment along the short axis of the acene unit (x-axis). As a 

result of the angle-dependent NEXAFS spectra, TIPS-pentacene is found to be aligned 

with its long molecular axis relatively oriented parallel to the surface. It should be noted 

that NEXAFS peaks above the ionization threshold are not usually utilized for 

quantitative analysis of the angle dependence. For TIPS-pentacene, peaks 2 – 4 lie 

above the Si 1s ionization threshold. A more detailed analysis will be required to 

separate these peaks convoluted with the continuum for quantitative analysis of the 

polarization dependence. 

 

Conclusions 

The LUMO mainly on the acene unit of TIPS-pentacene was observed in the Si 

1s NEXAFS spectra. This indicates that molecular orientations in blending systems for 

organic molecules and polymers can be analyzed using the LUMO peak at the different 

absorption edge from the C K-edge. The polarization dependence of Si 1s absorption 

peaks shows that a well-ordered structure of the polycrystalline TIPS-pentacene is 



 8 

produced by rubbing the bulk powder, which is aligned with its long molecular axis 

relatively oriented parallel to the surface.  
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