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Abstract 
Perylene dyes are a representative framework of electron transport (n-type) organic semiconductors. 

The energy of their electron transport level is electron affinity (EA), which is an important parameter 

in selecting the electron transport materials for device application and of the material’s electron 

accepting ability. Recent studies show that EA may vary by as much as 1 eV depending on the 

molecular orientation owing to the electrostatic potential generated by the quadrupole moments. 

Because perylene dyes have a large quadrupole moment, it is essential to discuss EA with combining 

the molecular orientation in the sample film. In this work, we determine the EAs of perylene diimide 

derivatives in the solid phase using low-energy inverse photoelectron spectroscopy (LEIPS), which 

was developed by one of the authors. By changing the substrate and the alkyl-chain length, we 

systematically investigate the relationship between EA and molecular arrangement in the film to derive 

the general trend of EA of perylene dyes. The results show that most of the perylene dyes’ EAs are 

range from 3.7 to 4.0 eV. 
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Introduction 
Conventional inorganic semiconductors are often doped to give n- or p-type transport properties in 

electronic devices.1 Conversely, organic semiconductors are normally used without doping. Although 

undoped organic semiconductors are intrinsic semiconductors,2-3 organic semiconductors with 

electron affinity (EA) above 3.5 eV often show preferential electron transporting properties (n-type 

transport properties). Compared with the hole transport (p-type) materials, the variety of n-type 

organic materials is limited. Among them, rylene dyes are one of the most important building blocks.4-

5 As shown in Figure 1, 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), 3,4,9,10-

perylenetetracarboxylic diimide (PTCDI) and its derivatives are representative materials. They have 

been extensively studied as a working layer of n-type organic field effect transistors 6-11 and as 

acceptors of non-fullerene organic solar cells.12-18 They are also known as pigment red 224 (PTCDA) 

and pigment violet 29 (PTCDI) and include pigment red 179 (PTCDI with R=CH3) and perylene black 

31 (PTCDI with R=C6H5CH2CH2), which show excellent chemical, thermal and photochemical 

stability and high absorbance of visible photons.  

These rylene dyes have a rylene core (that is, naphthalene and perylene) with two strong electron 

deficient units, dicarboxylic anhydride or dicarboxylic diimide groups, attached on either end. Figure 

1 shows the electrostatic potential distributions of PTCDA and PTCDI molecules. This acceptor-

donor-acceptor (A-D-A) structure gives rise to a large permanent quadrupole moment along the 

molecular long axis. The quadrupole tensor components calculated at the B3LYP/6-311+G(d,2p) level 

are Qx=32.6, Qy=41.7 and Qz=-74.3 Debye Å for PTCDA and Qx=17.7, Qy=17.6 and Qz=-35.2 Debye 

Å for PTCDI.19 Recent studies have revealed that the electrostatic potential generated by the molecular 

quadrupole moments affects the energy levels in the solid phase. For example, the molecules with 

large quadrupole moments show orientation 20-23 and molecular mixing 24-25 dependent energy levels. 

To discuss EA as the electron transport level in the films, it is crucial not only to determine EA in the 

solid phase but also to examine the relationship between EA and molecular orientation. 

The EAs of organic materials are often deduced from the reduction potential measured using cyclic 

voltammetry. This method cannot account for the solid-state effect such as the molecular orientation 

dependence. The optical gap is also used to estimate EA from the ionization energy determined using 

ultraviolet photoelectron spectroscopy (UPS). The optical gap is, however, usually 0.5-1 eV smaller 

than the transport gap in organic semiconductors.26-30 The best method to examine EA in the solid state 

is inverse photoelectron spectroscopy (IPES). In IPES, an electron is incident to the sample surface 

and by detecting the photon generated by the radiative transition to an unoccupied state, we examine 

the density of state of the unoccupied state. As an electron is left in the electron conduction level in 

the final state of this transition, EA is effectively determined as the onset energy with reference to the 

vacuum level. Although the previous IPES causes serious damage to the organic samples, the 

development of low-energy inverse photoelectron spectroscopy (LEIPS) by one of the authors solved 
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the problem by reducing the incident electron energy to below the damage threshold of the organic 

materials.31-33 In our previous work, we have demonstrated the orientation dependence of both 

ionization energy and EA and quantified the electrostatic and electronic polarization energies.34-35 

In this work, we investigated the EAs of PTCDI and its derivatives (R=H, CH3, C8H15 and C13H27; 

hereafter abbreviated as C0, C1, C8 and C13, respectively) films using LEIPS. The molecular 

orientations were controlled using different substrates on which molecules were vacuum deposited, 

such as highly oriented pyrolytic graphite (HOPG) and graphene for face-on orientation and a naturally 

oxidized silicon wafer (SiO2) for end-on orientation. The molecular orientations were examined using 

grazing incidence X-ray diffraction (GIXD) and p-polarized multiple angle incidence resolution 

spectrometry (pMAIRS).36-38 We further evaluate the general trend of EA orientation dependence 

based on the calculated electrostatic potential created by the molecular quadrupole moment. The aim 

of this work is to derive a general trend of EAs of perylene dyes in connection with their film structure. 

 

  

 

Experimental method 
Materials were purchased from TCI Co. Ltd. and purified using vacuum sublimation. For the substrates, 

we used SiO2, HOPG and graphene. SiO2 was cleaned with acetone and isopropanol using an 
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Figure 1: Molecular structures of rylene dyes and electrostatic potentials of PTCDA, PTCDI and Me-

PTCDI. In the color maps, the red and blue surfaces correspond to the negative and positive potentials, 

respectively. The definition of molecular axes and abbreviations of PTCDI derivatives are also shown. 
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ultrasonic cleaner and then annealed at 300 °C in vacuum (10-7 Pa in pressure). The graphene layer on 

SiO2 (Graphene Platform) was heated at 150 °C for 30 min and then rinsed in acetone followed by 

annealing at 400 °C for 12 h in vacuum. HOPG was cleaved in air and annealed in vacuum for 400 °C 

for 10 h. The molecular material was deposited onto the substrate in vacuum (10-7 Pa in pressure) at a 

rate of 0.1-0.2 nm min-1. The thickness and deposition rate were monitored using a quartz 

microbalance. 

  The prepared sample film was transferred to the LEIPS apparatus without exposing to air for in-situ 

measurement. The LEIPS apparatus is described elsewhere.39 Briefly, electrons with kinetic energy 

between 0.0 and 5.5 eV are incident to the sample surface and the emitted photons are detected using 

a bandpass filter and photomultiplier tube. The center energy of the bandpass was 4.175 eV. The 

vacuum level was determined as the inflection point of the sample current measured as a function of 

electron energy.  

The grazing incidence X-ray diffraction (GIXD) measurements were performed at BL46XU, SPring-

8. The diffraction patterns were obtained by 2-dimensional X-ray detector (Pilatus 300K) in air with 

the incident angle of 0.12° of X-ray whose wavelength of 0.1 nm (12.39 keV in energy). 

pMAIRS spectra were measured using a Thermo Fischer Scientific (Madison, WI, USA) Magna 550 

FT-IR spectrometer equipped with Thermo Fisher Scientific (Yokohama, Japan) automatic MAIRS 

equipment (TN10–1500). The p-polarized IR light obtained by passing through a PIKE Technologies 

(Madison, WI, USA) manual polarizer (090–1500) was transmitted through the sample substrate with 

the angle of incidence changing from 9° to 44° in 5° steps. The transmitted light was detected using a 

mercury-cadmium-telluride detector. The detected signal was accumulated 500 times for each angle. 

Samples prepared on undoped silicon substrate were used for pMAIRS measurements. 

 

 

Result 
Molecular orientation  
 Figure 2 shows the GIXD patterns of the PTCDI films on the SiO2 and graphene surfaces. To examine 

the molecular orientation from the GIXD data, we simulated the GIXD pattern based on the reported 

crystal structures according to a previously reported method.40 The experimentally obtained patterns 

are well reproduced by the simulation based on the single crystal structures of C0,41 C1,42 C8,43 and 

C13 44 (Figure 2). The diffraction spots are indexed from the comparison between the experiment and 

the simulation. 

In the diffraction pattern of C0/SiO2, the diffraction of (020), (112�) and (122�) is observed normal to 

the substrate, which implies that the film contains crystallites with the three orientations. On the 

graphene surface, we observed the (122�) reflection normal to the surface, which can be explained by 

only one crystallite orientation. In C1, we found large differences in the molecular orientation on 
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graphene and SiO2. On graphene, we observed the (102) diffraction titled by 7° from the normal to the 

substrate where the C1 molecule has face-on orientation. On SiO2, we observed the strong diffraction 

of (002) normal to the surface and a broad angular distribution (see also Figure S2), which indicates 

high mosaicity and suggests lower crystallinity than on the graphene. For C8, the diffraction patterns 

were similar between on graphene and SiO2; the diffractions of (01L), L=1-5 were observed normal 

to the substrate likely because of the large cohesiveness (“fastener effect”) owing to the long alkyl 

chains.45-47 The diffraction pattern of C13/SiO2 was similar to that of C8 and well reproduced by (001) 

orientation of the single crystal structure.44 We did not observe clear diffraction from the C13/graphene. 

From the orientations of the crystallite, the molecular orientations are determined as shown in Figure 

2. C0 shows face-on orientation with the molecular long axis tilted by 80-90° from the surface normal 

for the films on the both substrates. The molecular long axis of C1 titled by 87.4° and 79.3° on 

graphene and broad distribution with a larger population from 77.6° to 90° on SiO2. The PTCDI cores 

of the C8 and C13 molecules tilted by 50.6°. 

The diffraction experiments examine only the crystalline part of the film because the ring shapes of 

the C0/SiO2 and C1/SiO2 diffractions suggest that the crystallinities of some of the films are not high 

and the films likely contain amorphous parts. To examine the average orientation of the whole 

molecules in the film, we performed pMAIRS measurement. The pMAIRS spectra determine the 

molecular orientation as the averaged direction of the transition dipole moment of each vibrational 

mode. We obtain the in-plane (IP) and out-of-plane (OP) IR spectra (Figure 3). The peaks are assigned 

by referring to the DFT calculation at the B3LYP/6-31G(d) level.19 For C0 and C1, the band at ca. 

1590 cm-1 is used for orientation analysis because the C=O stretching vibration (ν(C=O)) mode at 

1697 cm-1 has a highly complicated shape. This band is assigned to the C–H in-plane deformation 

vibration (δ(C–H)) mode with a transition moment parallel to the long axis of the molecule. For C8 

and C13, however, the δ(C–H) mode loses the character of the normal mode and enters a phone mode 

instead because the molecules are highly aggregated by the long alkyl chain. Therefore, the ν(C=O) 

mode is employed for orientation analysis. This mode also has the same direction as that of the long 

axis of the molecule. The orientation angle defined with respect to the substrate normal is calculated 

from the ratio of IP and OP intensities.35-36  
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Table 1 summarizes the molecular orientations examined by GIXD and pMAIRS. The molecule 

without alkyl group C0 takes face-on orientation on both the SiO2 and HOPG (or graphene) substrates. 

This is most likely due to the intralayer hydrogen bond. On the other hand, PTCDI with the long alkyl 

chains, C8 and C13, takes end-on orientation because the intermolecular fastener effect overcomes the 
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Figure 2: GIXD patterns of 10-nm-thick PTCDI-derivative films compared with the simulated 

diffraction pattterns based on the reported single crystal structures (see text). The diffraction intensity 
is shown versus the scattering vectors normal Q⊥ and parallel Q∥ to the sample surface. In the inset 

of C0/graphene, an image without geometrical correction is presented so as to clearly show the 

122� reflection. 
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molecule-substrate interaction. This is generally observed that the molecules with longer alkyl chain 

preferentially grow with the end-on orientation. In PTCDI derivatives, R=C4H9 (C4) or longer may 

take the end-on orientation on any substrate.48-49 The C1 molecule is an intermediate case that has 

face-on orientation on graphene (or HOPG) and a mixture of face-on and end-on orientations on SiO2. 

It is interesting to note that the surfaces of C0 and C1 do not correlate with the molecular boundary in 

the crystal structures (Fig. S1). This may explain the large distributions of diffraction angles (large 

mosaicity) in the C0 and C1 films. On the contrary, the (001) surfaces correspond to the boundary of 

molecules showing small orientational distribution in C8 and C13 demonstrated by the sharp 

diffractions in GIXD. 

 

 

 

 
Figure 3: pMAIRS spectra of PTCDI-derivatives. 
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Table 1: Summary of molecular orientation and electron affinity (EA) 

molecule substrate  

angle from normal to substrate (deg.) 
electron affinity 

(eV) 

index 
XRD pMAIRS  

molecule1 molecule2  

C0 
SiO2 

020 81.5 81.5 

73.2 3.88 11-2 88.6 84.5 

12-2 89.3 82.9 

graphene 12-2 89.3 82.9 - 3.95 

C1 
SiO2 002 77.6 77.6 67.1 4.12 

graphene 102 87.4 79.3 - 3.82 

C8 SiO2, graphene 001 50.6 50.6 35.6 3.95 

C13 SiO2 001 50.7 50.7 32.7 3.98 

 
Electron affinities determined by LEIPS 

Figure 4 shows thickness-dependent LEIPS spectra of the PTCDI-derivatives together with those 

of the bare substrates. This work aims to determine the EAs of materials with different molecular 

orientations without the effect of the substrate. Furthermore, molecules often take face-on orientation 

when the thickness is small and end-on or edge-on orientation when the thickness increases on HOPG 

or graphene. We examined the spectra as a function of film thickness up to 10 nm (5 nm for C1/SiO2). 

As the thickness increases, the signal from the substrate disappears. For C0 and C1, the spectral feature 

is clearer in the film on HOPG. This is likely due to the higher structural order of the films on HOPG 

as discussed above. The intensities of C1 spectra depend on the molecular orientation. The first peak 

assignable to the LUMO of C1 is two times more intense on HOPG than SiO2. The intensity of 

ultraviolet photoelectron spectroscopy spectrum is determined by the shape of molecular orbital (MO) 

and can be approximated by the Fourier transformation of the MO.50-51 The same principle should be 

applied to the intensity of LEIPS because IPES is a time-inversion process of PES and the intensity is 

governed by Fermi’s golden rule.52 Therefore, the different intensities in the C1 spectra are due to the 

molecular orientations. Regarding C8 and C13, large differences were not observed except for the 

C13/HOPG. The reasons for the smaller intensity and absence of diffraction in GIXD of C13/HOPG 

are unclear. The film structure may be different or the sticking probability of C13 may be low on 

HOPG. 
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Figure 4: Thickness dependent LEIPS spectra of (a) C0, (b) C1, (c) C8 and (d) C13. 

  

 

EA is determined as the onset energy of the LUMO derived peak (the first peak) with respect to the 

vacuum level. The values are shown in Figure 5. As the thickness reaches 5 nm, the EA no longer 

depends on film thickness. Thus, we determined the EA of the material at thicknesses of 5-10 nm. The 

EAs of C0 on SiO2 and HOPG were 3.88 eV and 3.95 eV, respectively. The values are similar within 

the experimental uncertainties, which can be understood from the similar molecular orientations. The 

EAs of C8 and C13 were 3.92 eV and 3.98eV, respectively; these also do not depend on the substrates. 

The EAs are further examined through photon-energy dependent experiments for higher accuracy 

(Figures S4-S7). Conversely, the EAs of C1 on SiO2 and HOPG differ by 0.3 eV at each thickness. 

The difference is described by the orientation dependent EA. From the EA at 5 nm thickness, we 

determined the EAs of C1 to be 4.16 eV on SiO2 (close to end-on orientation) and 3.84 eV on HOPG 

(face-on). The EA values and molecular orientations are summarized in Table 1. 
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Figure 5: Electron affinities of PTCDI derivative films on SiO2 (blue) and on HOPG (red) substrates 

as a function of film thickness. 

 

 

Discussion 
  We have quantitatively examined the orientation dependent energy levels for highly ordered 
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between molecular orientation and EA, we calculate the electrostatic potential generated by the 
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and only the (122�) orientation on graphene. The calculated electrostatic potentials for the three crystal 

orientations in Figure 6 are quantitatively similar. The angles of the molecular long axes that are 

parallel to the quadrupole moments are similar, which explains the same EAs for C0 films on SiO2 

and HOPG (Figure 5). However, the LEIPS signal intensity depends on the substrate, which can be 

understood from the different orientation of the molecular planes. The (020) orientation is predominant 

in C0/SiO2 and (112�) in C0/HOPG; the molecular short axis and molecular plane orient differently 

(Figure S1). The observed EA of 3.9 eV for C0 can be compared with that of PTCDA. The PTCDA 

molecule also takes face-on orientation in the film because of the intermolecular hydrogen bond. The 

EA determined by LEIPS is 4.11 eV.33 The slightly higher EA can be understood from the larger 

electron deficiency of dicarboxylic anhydride groups in PTCDA compared with the dicarboxylic 

diimide groups in C0 (PTCDI). 

Regarding C1, the (002) axis is normal to the substrate and broadly distributed on SiO2, whereas 

the (102) reflection shows a clear spot and a 7° tilt on HOPG. The calculated electrostatic potentials 

are similar, which disagrees with the observed EAs (Figure 5). Regarding the crystalline orientation 

distribution in the pole figure of C1/SiO2 (Figure S2), the (002) axis was broadly distributed, which 

means that certain numbers of C1 molecules orient with the molecular long axis normal to the substrate. 

We calculated the electrostatic potential for films with the (002) axis parallel to the substrate (Figure 

6b). This film has a higher EA owing to the end-on orientation of the constituent molecules (that is, 

the vertical orientation of the quadrupole moment), which is consistent with previous studies.34-35 

We now consider the reason for the difference of about 0.3 eV in the observed EAs of C1 in terms 

of molecular orientation, though most molecules seem to show face-on orientation on both substrates. 

We examine the C1 films using three methods, GIXD, MAIRS and LEIPS. GIXD can observe the 

orientation of each crystallite separately but cannot detect the amorphous parts. MAIRS examines the 

average molecular orientation of both crystalline and amorphous parts. The spectral feature of LEIPS 

is the superposition of the features from all molecules in the film. The spectral line shape of the film 

on HOPG is shaper than that on SiO2 (Figure 7a). This can be understood from the well-ordered 

structure of C1/HOPG supported by the sharp diffraction spots of C1/HOPG in GIXD. However, we 

determine EA from the onset of LEIPS spectra. The crystallite with the highest EA contributes to the 

onset region of the spectral feature; in the present case, the onset region of the LEIPS spectrum may 

reflect the EA of the molecules with end-on orientation. 

To prove this hypothesis, we analyzed the spectral line shape of the LUMO peak of C1/SiO2. Actual 

distribution of the crystalline in the film of C1/SiO2 (Figure S2) is broad and intensity of the X-ray 

diffraction does not represent the real amount of the crystallite. We try to simulate the spectral line 

shape of C1/SiO2 by superpositioning the spectra of different molecular orientation. We first assume 

that the C1/HOPG film contains homogeneously oriented molecules. Instead of assuming the 

continuous molecular orientation, we use three components, a C1/HOPG spectrum and those with the 
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energy shifted by 0.3 and 0.6 eV, because the observed difference in EA is 0.3 eV (Figure 7). We also 

assumed different numbers of components but arrived at the same conclusion. Consequently, we can 

conclude that the onset region of the observed peak in the C1/SiO2 spectrum predominantly comprises 

end-on molecules and the peak region face-on molecules. 

The calculated electrostatic potentials for C8 and C13 with (001) orientation show a subtle 

dependence of EA on the aspect ratio, which indicates little orientation dependence at the energy level. 

In this structure, the molecular long axis is titled by 50° according to GIXD and 35° by pMAIRS. We 

also calculated the electrostatic potential generated by the quadrupole moments that were vertically 

(0°) and horizontally (90°) distributed in the same lattice. The difference between the vertical and 

horizontal orientation decreases with as alkyl chain length increases (Figure 6). At an aspect ratio of 

0.1, the difference is as much as 0.8 eV in C1 but only 0.4 eV in C8. To further examine the effect of 

the interlayer distance (the length of c*-axis), we calculated the electrostatic potential of C8 with three 

orientations as a function of interlayer distance (Figure 8). When the interlayer distance decreases, the 

orientation dependence of energy levels indeed increases; for example, a two-fold increase when the 

interlayer distance is halved. This means that the molecular orientation dependence becomes less 

significant when (1) the molecular orientation is tilted or randomized from the vertical or horizontal 

orientation and (2) the interlayer distance is large. 

In addition, the magnitude of molecular quadrupole moment decreases with the increase of the alkyl 

chain lengths. Figure S8 shows the calculated quadrupole moments.19 The quadrupole tensor of 

acceptor-donor-acceptor (A-D-A) molecule has the maximum component along the A-D-A axis. The 

magnitude of quadrupole moment can be represented by the component along this axis, i.e. the 

maximum of the three components along the principal axes. By substituting oxygen in PTCDA with 

NH in PTCDI, the quadrupole moment is halved. From C0 to C1 or higher, it is reduced by a factor of 

2/3. As depicted in the electrostatic potential of C1 (Figure 1), the methyl groups connected to the both 

end of the PTCDI core is positively charged which reduces the magnitude of the quadrupole moment. 

Thus, PTCDI derivative with long alkyl chains show the smaller orientation dependent energy levels 

because of the small quadrupole moment as well as the increased interlayer distance. 

The above consideration strongly suggests that PTCDI derivatives with large substitute moieties 

show small orientation dependence. Further, EA is mostly determined by the PTCDI core and depends 

weakly on the alkyl groups, R. Calculated LUMO orbital energies by B3LYP/6-31G(d) (Figure S9)19 

clearly demonstrate that EA is almost independent of the alkyl chain length between C1 and C13 . 

This finding suggests that EA of PTCDI derivatives should be in the range between 3.7 and 4.0 eV. 

This is exemplified by EA of 3D-conjugated PTCDI derivatives.53 
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Figure 7: (a) LEIPS spectra of 5.0-nm-thick C1. (b) The shaded area shows the spectrum 
reproduced by the sum of three spectra on HOPG. 
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Figure 3: Electrostatic potential energies at the center of disk clusters as a function of aspect ratio 

d/2r. (a) Schematic of the cluster used for calculation of the polarization energies. Cluster of (b) C0 
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Figure 8: Distance dependent electrostatic potential energy of C8 and L defined as interlayer distance. 

 
 
Conclusion 

We discussed the EA of perylene dyes in the solid state using low-energy inverse photoelectron 

spectroscopy. Because the perylene dyes have large quadrupole moment along the molecular long axis, 

the large orientation dependence of EA is expected. We examined the relationship between EA and 

molecular orientation. We adopt PTCDI and its derivatives with linear alkyl chains to control the 

molecular orientation through alkyl chain length. The molecular orientations were examined using 

GIXD and pMAIRS, which can precisely examine the crystalline part and average molecular 

orientation of both crystalline and amorphous parts, respectively. GIXD patterns show that the films 

contain sometimes crystallites with different orientations or broad orientational distribution. 

Non substituted PTCDI (C0) shows only face-on orientation because of intermolecular hydrogen 

bonds. The molecule substitute with methyl groups (C1) shows face-on orientation on HOPG (or 

graphene) and a mixture of face-on and end-on orientations on SiO2. PTCDI with long alkyl chains 

(C8 and C13) shows end-on orientation because of the strong inter-chain interaction of the alkyl chains. 

The observed EAs in face-on orientation are 3.9 eV and 3.8 eV for C0 and C1, respectively. These 

values are a little lower than the reported EA of 4.1 eV for PTCDA with face-on orientation because 

the imide of PTCDI has a weaker electron withdrawing nature than carboxylic anhydride of PTCDA. 

The results suggest that other PTCDI derivatives with face-on orientation have EAs of around 3.8 eV. 

EAs of films with end-on orientation can be higher in small PTCDI derivatives because of the 

electrostatic potential generated by the vertically aligned quadrupole moments. The EA of the end-on 

C1 is 4.1 eV. The difference in EA between end-on and face-on orientations is 0.3 eV. However, PTCDI 

with longer alkyl chains gives smaller orientation dependence because of the prolonged interlayer 

distance and smaller molecular quadrupole moments. The electrostatic potentials are likely cancelled 

L
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out and EAs are 3.9 eV-4.0 eV in C8 and C13. 

As for the recent non-fullerene acceptors for OSC, non-coplanarity is introduced to avoid 

aggregation.54 Consequently, the direction of quadrupole moment is randomized. Further, long-alkyl 

chains are attached to the molecular cores to give good solubility. In this case, EA is not affected by 

electrostatic potential, as we have shown in this study. The EA value should be always about 3.7-4.0 

eV if a big electron drawing unit (such as a halogen or cyano groups) is not introduced. 

 

Supporting Information 
The Supporting Information is available free of charge on the ACS Publications website at DOI:***. 

Molecular orientations determined by GIXD, diffraction intensity distribution of (002) reflection of 

C1/SiO2, potential map of C1, LEIPS spectra measured at various photon energies, calculated 

quadrupole moments and HOMO/LUMO orbital energies of PTCDA and the perylene diimide 

molecules. 
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1. Molecular Orientations Determined by GIXD 

 
 

Figure S1: Molecular orienation deduced from the GIXD results. 
 
 
2. Diffraction Intensity Distribution of (002) Reflection of C1/SiO2 

 
Figure S2: Intensity of (002) diffraction as a funciton of angle from the surface normal 
of C1/SiO2 film showing the crystalline orientation distribution. 
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3.Potential Map of C1 

Figure S3: Potential maps of C1 for a disc-shape cluster with the radius r = 10 nm and 
the thickness d = 4 nm. 
 
 

 

 

 
4. LEIPS Spectra Measured at Various Photon Energies 
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Figure S4: LEIPS spectra of 10 nm-thick C0 films taken at different wavelengths. 
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Figure S5: LEIPS spectra of 10 nm-thick C1 films taken at different wavelengths. 
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Figure S6: LEIPS spectra of 10 nm-thick C8 films taken at different wavelengths. 
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Figure S7: LEIPS spectra of 10 nm-thick C13 films taken at different wavelengths. 
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4. Calculated Quadrupole Tensors of PTCDA and Perylene Diimide 
molecules 

 
Figure S8: Quadrupole moments calculated at the theory of B3LYP/6-31G(d) and 
B3LYP/6-311+G(d,2p) levels. The maximum values along the principal axis are indicated 
(see text). 
 

 

5. Calculated HOMO and LUMO Orbital Energies of PTCDA and 
Perylene Diimide Single Molecules 
 

 
Figure S9: Calculated HOMO and LUMO levels at the theory of B3LYP/6-31G(d) level 
for single molecule (unit in eV). The HOMO and LUMO orbital energies are good 
measures of ionization energy and electron affinity of an isolated molecule, respectively. 
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