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1. Abstract 

We present a systematic study of high-resolution NEXAFS spectra of well-ordered films of condensed 

benzene and polyacenes, namely naphthalene, anthracene, tetracene, and pentacene. An increased 

spectral complexity with increasing molecular size is observed: NEXAFS features decrease in intensity 

and moves to lower photon energy (redshift), as the size of the aromatic system grows. Moreover, a 

second group of transitions arises. The dichroism in the C K-edge spectra increases with the molecular 

size. While benzene molecules are randomly oriented, the polyacenes are preferentially lying flat with 

increasing molecular size. Vibrational fine structures coupled to the C 1s π* transitions are apparent for 

all investigated molecules. The energy position of the onset of the first resonance decreases from 284.86 

eV for benzene to 283.26 eV for pentacene. Calculations of absolute band envelopes with TDDFT 

followed by the analysis of the transition densities were performed for the whole series of molecules, 

revealing the nature of the spectroscopic features. 

*Corresponding author. Tel.: +55-21-3938-7786; fax: +55-21-3938-7265.  

E-mail address: luiza@iq.ufrj.br (M.L.M. Rocco).  
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2. Introduction 

As part of a systematic study of high-resolution PES (photoemission) and NEXAFS (near-edge x-

ray absorption fine structure) applied to large organic molecules,1-3 we have measured the C1s 

photoabsorption spectra of benzene and polyacenes (naphthalene, anthracene, tetracene, and 

pentacene) condensed on Ag(111) at two different incidence geometries. This class of π-conjugated 

molecules is not only of fundamental interest,4 but also has some potential for applications in organic 

electronic devices due to the high charge carrier mobility in their crystalline phase. For instance, several 

studies on the performance of pentacene- and derivative-based OFETs showed that it is strongly 

dependent on the molecular order and film morphology,4-7 which in turn are significantly related to the 

processing conditions used to deposit the material onto the substrate surface.4 Tetracene, the four-ring 

polyacene, was also investigated because it is also interesting with regard to the fabrication of organic 

field effect transistors.8 Given the relevance of the polycyclic aromatic hydrocarbons, it is worth 

understanding their electronic structure, reorganization upon photoexcitation, and ordering which can 

be better pursued by a systematic study of a series of similar molecules of different size. Hence, starting 

from benzene, one can monitor the effect of adding more benzene rings on the electronic structure. 

The development of high spectral resolution NEXAFS has led to new insight into vibrationally-resolved 

condensed molecules.2, 3, 9-13 These investigations are complemented by theoretical simulations of inner 

shell absorption spectra, including absolute band shapes and analysis of transition probabilities. The 

theoretical calculation of NEXAFS data including the vibrational features is still not straightforward,14-

16 in particular for larger molecular compounds. For the naphthalene molecule, these effects were 

evaluated by the calculation of the Franck-Condon factors using numerical gradients of the excited 

state.17  

In the present work, we employ the nuclear ensemble approach,18, 19 which is the most straightforward 

method able to deliver band envelops (although without vibrational resolution) and estimate dark 

vibronic features. Conjugated to the Restrict Excitation Window Time-Dependent Density Functional 
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Theory20 (REW-TDDFT), this approach yielded a remarkable agreement with the NEXAFS results, 

allowing to rationalize the electronic transitions in this series of molecules.  

Several electronic structure methods were previously applied to investigate the excited core states of 

polyacenes. The static-exchange (STEX) method, which is a Configuration Interaction with Single 

excitations (CIS) using a Hartree-Fock wave function of the average between the ground and the core-

ionized state, was applied to polyacenes molecules by Ågren's et al.21 and in a more detailed 

investigation of the pentacene.22 Other constrained optimization procedures were applied to obtain the 

core-ionized species used as a reference for the CI to describe these excited states.10, 23, 24 Approaches 

based in the Density Functional Theory (DFT) were also explored, like those based on TDDFT25, 26 or 

even applying more detailed procedures, like taking Slater’s transition states27, 28 or applying the ∆DFT 

using double-basis17 to recover the electronic relaxation effects. Our choice of the electronic structure 

method in the present work was given by its versatility to calculate the hundreds of single-geometry 

points needed to the Nuclear Ensemble method without losing relevant aspects related to the 

description of the electronic correlation of the excited states in these molecules29. 

Moreover, we provide an extensive analysis of the transition density of the states composing the first 

two bands of the polyacenes. This analysis tells precisely the differences between these bands in terms 

of electron and hole localization in inequivalent carbon atoms. 

3. Experimental Details 

High-resolution photoabsorption spectra of condensed films of benzene, naphthalene, 

anthracene, tetracene, and pentacene condensed on Ag(111) were recorded at the UE52-PGM 

undulator beamline of BESSY. An energy resolving power (E/DE) better than 14000 at the nitrogen K-

edge could be demonstrated with a photon flux of about 3 x 1010ph/s/100 mA (fixed-focus constant cff= 

10, exit slit 20 mm). Energy calibration and intensity normalization have been carefully considered and 

optimized.11 
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The beamline is equipped with an ultra-high vacuum spectroscopy chamber with a SCIENTA 

R4000 electron energy analyzer for photoemission experiments and a retarding field analyzer for 

partial electron yield detection. The Ag(111) crystal was cleaned by several sputter/annealing cycles. 

The cleanliness of the substrate and the absence of adsorbates were verified by the absence of O1s and 

C1s PES signals. The molecular thin films were prepared by organic molecular beam deposition onto a 

cooled silver single crystal. The crystal temperature was dependent on the molecule and varied from 

100K for benzene, naphthalene, and anthracene to 160 and 180 K for tetracene and pentacene, 

respectively. The dichroism of the molecular films was checked by NEXAFS with p- and s-polarized light. 

For benzene, the total electron yield method was employed while for the other molecules the partial 

electron yield signal was used with 150 V retarding voltage. 

Commercially available materials of high purity were purchased from Aldrich and were directly 

used without further purification. All samples were checked carefully for radiation damage during data 

acquisition. Especially for the lighter molecules (benzene and naphthalene), significant degradation 

could be detected for too long acquisition times at a fixed sample position. Therefore, the acquisition 

was performed at different sample positions such that even traces of degradation were avoided. 

4. Computational Details 

Quantum-mechanical calculations for the inner-shell excited states of polyacenes were done by 

REW-TDDFT.20 Through this method, electronic correlation effects can be taken into account at a 

relatively low computational cost. The excitation window contains all molecular orbitals mainly formed 

by 1s atomic orbitals of carbon atoms. This kind of approximation for core states inserts a negligible 

error in the calculated energies and intensities when compared with full excitation window, as 

previously shown to small molecules by Asmuruf et al.25 The procedure also takes advantage of 

obtaining excitation energies and their respective intensities in a single calculation process. In other 

more accurate methods, like IS-MCSCF, these values are obtained in different steps.30, 31 
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In this work, we applied the functional ωB97XD, developed by Head-Gordon and coworkers.32 

This is a robust, range-separated hybrid functional, which includes empirical dispersion corrections, 

and presents good results for local excited states as for charge transfer processes.33 A minimally 

augmented version of Alrich’s Def2 double-zeta basis set (ma-Def2-SVP) was employed in all 

calculations.34, 35 This variant set contains diffuse s and p basis functions on non-hydrogenic atoms, 

which results in an accuracy improvement to describe excited states with low computational cost 

addition. 

Absorption spectra were computed with the nuclear ensemble approach. In this approach, the 

ground-state vibrational distribution of the molecule is sampled, and the spectrum is composed as an 

incoherent sum of all transitions intensities for each point in the ensemble.18, 19 In this way, the nuclear 

ensemble approach allows obtaining the absolute band envelope (without vibrational resolution), 

including dark vibronic bands. The nuclear sampling was done via a harmonic oscillator Wigner 

distribution of the nuclear normal modes, sampling 500 geometries for each spectrum. The number of 

excited states included in the spectrum was equal to twice the number of carbon atoms in the molecule. 

Thus, we have two electronic promotions from each C 1s orbital, resulting in the description of the two 

first bands of spectra. Individual transition lines were broadened by a normalized Gaussian function 

with 0.05 eV width. 

All electronic structure calculations presented were done with the Gaussian09 package.36 

Spectrum simulations using the nuclear ensemble approach were done with the NEWTON-X package.37 

Calculations of transition density descriptors were done using the TheoDORE code.38, 39 

5. Results and Discussion 

Carbon K-edge NEXAFS spectra for benzene and the series of polyacene molecules, naphthalene, 

anthracene, tetracene and pentacene, from multilayers on Ag(111) are presented in Figure 1. These 

molecules have distinct features below the ionization edge, which correspond to electronic transitions 

into π* orbitals. The larger the molecules are, the more complex the pre-edge structure is. To be able to 
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compare the spectra between the different molecules, it is necessary to identify and assign the 

electronic transitions, which was previously done based on theoretical calculations of the C K-edge 

NEXAFS spectra of polyacenes.21 

The C K-NEXAFS of benzene in Figure 1 consists of six noteworthy features (A - F) at 285.0 eV, 

287.8 eV, 288.9 eV, 290.2 eV, 293.4 eV, and 299.6 eV. These features contradict the building block 

picture, which predicts only one π* and one σ* resonance in NEXAFS because of the equivalence of all 

carbon atoms. Therefore, several theoretical studies have been carried out, corroborating the 

calculations in Ågren's previous work.21 According to our calculations, peak A corresponds to electronic 

transitions into the lowest excited molecular orbital (LEMO), namely C 1s →  LEMO (π* e2u). Note that 

in Figure 2, it can be observed that feature A has a distinct vibronic fine structure. According to the 

assignment in literature,10, 40 the 0-0 peak refers to the adiabatic transition, the shoulders α and γ 

correspond to a C-H bending and stretching mode, respectively, and peak β can be attributed to a C-C 

stretching mode. Features B, C, and D at 287.8 eV, 288.9 eV, and 290.2 eV have mixed σ*CC, σ*CH, and 

Rydberg character.41-44 Peak D has additional contributions from a C 1s →  π* b2g excitation, which can 

be considered as a shake-up transition concerning the π* resonance.21 The features E and F, which are 

located above the ionization edge, have mainly σ* character.44 

The C K- NEXAFS spectrum of naphthalene in Figure 1 is similar to that of benzene but contains 

more features. Two peaks, A and B, can be resolved in the π* region at 284.7 eV and 285.6 eV, 

respectively, in contrast to previous works of Hitchcock et al.43, 44 Additionally, the tailing edge of feature 

F at 293.4 eV contains a broad shoulder at 295.0 eV, which indicates additional contributions compared 

to peak E of the benzene NEXAFS. This can be explained by the presence of three chemically different 

carbon sites in the naphthalene molecule - mid-bottom, end-top, and end-bottom, which are labeled 1, 2 

and 3 in the structural formula in Figure 1. Concerning previous theoretical and experimental 

investigations, the NEXAFS data of naphthalene can be understood to first order as the sum of three 

benzene-like contributions, which are related to the different atomic sites.10, 21, 43, 44 Peak A has 

contributions from two electronic transitions, namely C2 and C3 1s → LEMO (π*).10, 21, 43, 44 Furthermore, 
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conventional Self-Consistent Field – Configuration Interaction (SCF-CI) calculations indicate that the C1 

1s → LEMO (π*) transition is symmetry forbidden, and that peak B can be assigned to transitions from 

the C1 1s and the C3 1s level into the LEMO+1.10 The same results were found by the theoretical 

approach of Hollauer et al.23 Peak C can be attributed to four electronic transitions, namely to 

excitations from C2 1s and C3 1s into the LEMO+2, which is confirmed by the dichroic behavior, and 

two transitions with σ*-symmetry, C1 1s → LEMO+4 and C2 1s → LEMO+5.27,32,34 Note that the 

dichroism of peak D is opposite to that of peak A, B, C and E. Therefore, the dominant contribution to D 

can be associated with σ*CH excitations. The signature of the C K-NEXAFS above 288 eV is like that of 

benzene. Hence, a predominant σ*CC character can be assigned to the features F - H above the ionization 

step.45 

The general signature of the NEXAFS spectra of the larger polyacene molecules is like that of the 

naphthalene spectrum. They can also be understood as a sum of benzene-like contributions from 

different atomic sites. The distinct feature A at low energy can be attributed to C 1s → LEMO excitations 

at different carbon sites. Note that for all molecules the excitation with the lowest energy is related to 

the mid-top atom. For anthracene and pentacene, this corresponds to a C1 1s → LEMO transition at 

carbon atom C1, and for tetracene to a C2 1s → LEMO transition at atom C2.21 The NEXAFS spectra of 

the anthracene molecule was also investigated experimental and theoretically, showing the π* 

character of the electronic transitions of the first two peaks of the spectra.27 As for the larger molecules, 

more transitions from chemically different carbon sites contribute to the signal compared to 

naphthalene, the respective features above 287 eV are less distinct, but it can be assumed that their 

character is similar to that of the corresponding features in the naphthalene NEXAFS. 

Apart from the increasing complexity with increasing molecular size, several other trends can be 

observed in the polyacene C K-NEXAFS. The dichroism in the C K-NEXAFS also increases with the 

molecular size, in particular in the π* region. The intensity of the features A and B in the tetracene 

spectrum decreases strongly when the polarization of the x-rays is changed from p- to s-polarized, 

whereas the benzene NEXAFS does not depend significantly on polarization. Considering the dipole 
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selection rule for an optical transition from a radially symmetric orbital into a π* orbital, this 

observation indicates that the tetracene molecules are lying nearly flat on the surface with an average 

angle of 68° between the molecular plane and the surface normal.40 This dichroic behavior seen in 

Figure 1 suggests that the benzene molecules are randomly oriented and that the polyacenes are 

preferentially lying flat with increasing size. The average inclination angles derived from the 

polarization dependence are 54°, 57°, 70° and 68° for benzene, naphthalene, anthracene and tetracene. 

Note that these average angles refer to the outermost molecules in a thin film of about 20 layers; for the 

first layer on the Ag substrate, a parallel orientation is rather likely due to the interaction of the 

molecular π-system with the metallic substrate. 

Furthermore, the prominent π* signatures become spread out for larger molecules because of an 

increasing number of valence levels and inequivalent core sites with increasing molecular size. 

Additionally, the height of peak A with respect to the height of the ionization edge decreases for 

increasing molecular size, and the energy position of the onset of the resonance A decreases from 

284.86 eV for benzene to 283.26 eV for pentacene, which is indicated in Figure 2. As described above, 

the prominent feature A in NEXAFS can be attributed to transitions into the LEMO and the resonance 

with the lowest energy corresponds to excitations at equivalent mid-top carbon sites for all investigated 

polyacenes — C1 for an odd and C2 for an even number of carbon rings, respectively. Consequently, a 

decrease in the matrix element and in the excitation energy for the Cmid-top 1s → LEMO transition is 

observed with increasing molecular size. 

Our theoretical calculations, using REW-TDDFT, focus on the two first excitation bands observed 

experimentally. The number of excited states for each molecule was taken as twice the number of 

carbon atoms. As reported by Ågren et al., the first two peaks in the spectra are mainly constituted by 

core excitations to 𝜋* anti-bonding molecular orbitals.21 Our approach is different since TDDFT with 

ωB97XD potential can account can take part of the correlation effects but misses part of the important 

relaxation effects.  
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According to recent research, functionals with large Hartree-Fock exchange fraction, like Becke-

Half-and-Half-LYP (BHandHLYP), are good options to correct underestimated values for transition 

energies of core-excited states, when using TDDFT.46 However, an accurate description of the absolute 

value for the first transition energy should not be the only criteria when judging whether the electronic 

structure method is suitable to describe the full inner-shell spectrum. Other factors, like the transition 

energies of the next states and the transition intensities, are also critical to obtain an accurate complete 

simulation of the spectrum. These states can, for example, play a role in charge-transfer processes.47, 48 

Range-separation corrections are recommended for the description of excited states in polyacenes due 

to their charge-separating nature.29 

Theoretical spectra are shown in Figure 4 at the range of the first transitions at the C K-edge, 

corresponding to the two main bands observed experimentally. The inner-shell excited states for all 

molecules are grouped in these two bands by the transition energies. The number of excited states in 

each band is the same number of carbon atoms in each molecule, once all of them are included in the 

excitation window. A uniform energy shift of 9.3 eV was applied to all theoretical data to match the 

experimental values. This shift was established comparing calculated and measured values for the 

benzene molecule. The STEX, which takes account the effects of the electronic relaxation neglected in 

the present work, shows a much smaller shift of 2.1 eV. 21 Even so, our deviation is only 3.2 % of the 

total transition energy, which can be viewed as a small correction, especially if one recognizes the 

limitations of TDDFT in this kind of calculation. It can be associated with the underestimation of core 

orbitals energies by the chosen functional.  

As previously mentioned, we also evaluated the vibronic coupling in these systems. For the 

molecules studied, benzene belongs to the D6h point group of symmetry and the polyacenes to the D2h 

point group. Many of the electronic transitions starting from core orbitals are symmetry forbidden in 

equilibrium geometry. However, they are vibronically allowed. By considering the vibrational 

movement of these molecules, the intensity of the corresponding transitions can be determined. To do 

this, we use the nuclear ensemble approach for spectrum simulation,18, 19 which obtains the absolute 
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intensities, as well the spectral widths, including these dark vibronic bands by computing transition 

intensities for asymmetric nuclear geometries sampled around the ground state minimum. 

The experimental spectra show two particular aspects depending on the number of aromatic 

rings: a displacement of the first band to lower energies, and an increase in the intensity of the second 

band. Both aspects are well described by our calculations. A direct comparison between the 

experimental and theoretical spectra (Figure 2 and Figure 4) shows good agreement taking the vibronic 

shape of the photoabsorption peaks into account.  

In Figure 4, we also compare the simulated spectra using the Nuclear Ensemble method (full lines) 

and those obtained by simply convoluting the vertical transitions with Gaussian functions (dashed 

lines). In the latter approach, an empirical bandwidth of 0.30 eV was employed for each transition and 

the heights were taken proportional to the oscillator strength. In the Nuclear Ensemble case, absolute 

bandwidths and heights are obtained as result of including vibronic effects. Therefore, although the 

spectral band shapes obtained by both approaches are roughly similar for each molecule, the vibronic 

effects introduced by the nuclear ensemble approach mostly remarkably impacts the relative intensity 

between the second and the first bands of each molecule. Along the series, as the molecular size grows, 

the relative intensity of the second band rises. This effect is completely missed by the simple Gaussian 

convolution. 

The features of the electronic spectra can be theoretically explored in more detail by the analysis 

of the transition density in the electronic excitations. Therefore, we applied the ΩAB correlation 

descriptor, proposed by Plasser et al.49 For two given fragments A and B of a molecule, which do not 

need to be different from each other, the value of these descriptors represents the probability of finding 

the excited electron on fragment B while the hole is on fragment A. It is defined by the equation 

ΩAB = ∫ ∫ 𝛾𝑙(𝑟ℎ, 𝑟𝑒) 𝑑𝑟𝑒 𝑑𝑟ℎ

BA

 



 11 

where𝛾𝑙 is the one-electron transition density matrix of the electronic transition 𝑙, given in terms of the 

coordinates of the excited electron and hole 𝑟𝑒 and 𝑟ℎ, respectively. Calculations of these descriptors 

were done to ground state minimum geometries. 

We start our discussion using the ΩAB descriptor applied to the anthracene molecule. The best 

way to evaluate these results is using the electron-hole correlation plots, as shown in Figure 5. To 

explain these plots briefly, the horizontal and vertical axes are related to the position of the hole and 

the promoted electron in the molecule, respectively, and the color intensity indicates the relative value 

of the ΩAB descriptor in that position. The choice of the molecular fragments was done by following the 

equivalent carbon sites, as labeled in the structural representation of the molecules in Figure 1, 

including the hydrogen if it exists. The independent squares shown are correlated to each pair of 

symmetric molecular fragments that compose the carbon sites. To summarize the graphical 

presentation, we chose only two transitions from each of the four carbon sites; each transition belongs 

to one band of the spectra. The upper row of Figure 5 contains the plots of excited states related to the 

first excitation band and the lower row those related to the second band.  

The first feature that can be noted in all correlation plots of Figure 5 is the strong localization of 

the hole, as derived from the well-defined structure in columns, which should be expected for core 

states. The position of the promoted electron in turn shows a different behavior when comparing the 

transitions from both bands. In the first band, the values for the highest correlation are found for the 

mid-top and end-top carbon sites (C1 and C3 atoms, respectively). In contrast, the transitions from the 

second band show the highest correlation for the mid-bottom and end-bottom sites (C2 and C4 atoms, 

respectively). In this way, it is possible to describe the particular transition probability and electron 

distribution in the excited state of each absorption band.  

To extend this electron-hole correlation analysis to the other polyacene molecules in this work, 

we condense the plots for the absorption bands using the sum of the ΩAB correlation values over all 

states. In this way, we obtained correlation plots of each band, instead of each transition, which is shown 

in Figure 6. In all cases, the correlation plot of the first band has higher values of ΩAB when promoting 
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electrons to the top carbon sites, while the second band has these values over the bottom sites. We 

notice that this is consistent with the previous analysis of the single transitions of anthracene as well as 

with those of all studied molecules provided in the Supporting Information. 

Many other descriptors can be obtained using the ΩAB correlation descriptor. In the present work, 

we explore its application to quantify the delocalization of the electronic transition. For this purpose, 

we applied the partition ratio (PR) descriptors PRi and PRf, which are related to the hole and the 

electron (i.e., the initial and final state) delocalization.49 These delocalization descriptors are given by 

PRi =
(∑ ΩABAB )2

∑ (∑ ΩABB )2
A

 

PRf =
(∑ ΩABAB )2

∑ (∑ ΩABA )2
B

 

To compare the values of these descriptors for the polyacenes, we gather the results for all 

electronic transitions of each absorption band. To simplify this analysis, we split the molecular systems 

in only two fragments, separating the top and bottom carbon sites including the related hydrogens 

atoms. By the strongly localized nature of the hole in core-shell states, the values of PRi are all very close 

to 1.0 (i.e., entirely localized on the fragment) and hence are omitted here. The values for the mean of 

PRf descriptors of each band are shown in Figure 7. As the PRf descriptors quantify the delocalization 

over two fragments, these values are close to 2.0 if the electron is delocalized over both fragments. The 

results show that the transitions of the first band have a more delocalized character that decreases 

somewhat with increasing molecular size. In contrast, the transitions of the second band are localized 

for small molecules but become increasingly delocalized as the molecular size grows. 

The particular transition properties of each absorption band, as well as the changes of the 

intensities of the second band, can also be derived using the Natural Transition Orbitals (NTOs) related 

to their excited states.50 This method enables a concise representation of the electronic density 

transition matrix, simplifying the interpretation by the representation of a natural transition orbital to 

the hole and another to the promoted electron. The nature of electronic transitions related to each of 
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the two bands is slightly different in the cases considered here, as can be seen in Figure 3. Both bands 

are composed of transitions from carbon 1s atomic orbitals to antibonding 𝜋* orbitals. These results 

agree with the assignments by Ågren et al.21, whose calculations found strong transitions into 𝜋* 

orbitals. The main characteristics of these transitions can be described by the NTOs. The first band is 

formed by excitations to NTOs distributed over all carbon atoms, even though it is mainly over mid-top 

carbon sites, while in the second band excitations happen to be more concentrated orbitals over mid-

bottom and end-bottom sites. The intensity of the second band is more affected by the number of 

aromatic rings than the intensity of the first one. 

Another interesting aspect concerning the electronic structure of the polyacene molecules is 

provided by the split of the inner-shell excitations into two bands. NTOs obtained for excited electrons 

in benzene are quite similar to the degenerated e2u LUMO orbital of this molecule. Similarly, they 

resemble the first two unoccupied orbitals, i.e., b1g and b2g. The symmetry reduction from D6h to D2h 

when the number of aromatic rings grows from benzene to the polycyclic molecules can also be noticed 

in the experimental spectra by the increase in the number of bands. These assignments are in 

agreement with those obtained for pentacene using STEX.22 

At last, one feature of the spectra is not adequately explained by our theoretical approach. In the 

experiment, the intensity of the second band increases with the size of the molecule, but the intensities 

of first bands decrease, which is not observed theoretically. This inconsistency results from a limitation 

of the electronic structure method applied. Core states have very singular properties and the ωB97XD 

functional was optimized using data like energies from atomization processes and chemical reactions, 

aiming the description of this kind of chemical features. The absence of explicit relaxation of the orbitals 

can also contribute to this failure. Other procedures within the DFT framework, for instance, applying 

the Perdew-Burk-Ernzerhof (PBE) and its gradient-corrected revised version (rPBE), can predict the 

decreasing trend, although a higher accuracy is still desirable.27, 28 The shift of the absolute transition 

energies, previously commented in this paper, had less influence. We notice from the analysis of the 

NTOs shown in Figure 3 that the excited states that constitute the first bands are more spread over the 
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molecule. This means they have some charge-transfer character, once the electron is promoted from 

strongly localized C 1s orbitals. In this way, specific range-separated parameters should be improved 

to obtain the correct description of these states. A promising approach was published by Besley et al. 

using independent parameters for the short and the long range which are, respectively, more relevant 

for core electrons and excited delocalized states.51  

6. Conclusions 

A systematic study of high-resolution NEXAFS spectra of relatively well-ordered films of condensed 

benzene and some polyacenes, namely naphthalene, anthracene, tetracene, and pentacene were 

conducted. The NEXAFS features decrease in intensity and move to lower photon energy (redshifted), 

as the size of the aromatic system grows, in analogy to the optical band gap which is reduced similarly. 

The dichroism of the C K-edge signal increases with molecular size, while the benzene molecules are 

randomly oriented in the condensed film the polyacenes are preferentially lying flat on the substrate 

with increasing molecular size. Vibrational fine structures coupling to the C 1s π* transitions are 

apparent for all investigated molecules.  

In addition, to help in the assignment of the experimental spectra, the theoretical simulation of 

the spectra and analysis of transition densities for these molecules revealed that there are qualitative 

differences between the electronic transitions composing the first and second bands, in terms of 

electron/hole localization properties in inequivalent carbons. Moreover, although the calculations 

could not perfectly reproduce the relative intensities of the bands, there is a reasonably good agreement 

between simulations and measurements in what concerns the relative position of the bands, which 

validate the potential of the current methodology as an effective way to explore inner shell excitations 

of large molecules. 
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9.  Figures 

 

Figure 1.C K-NEXAFS of benzene, naphthalene, anthracene, tetracene,and pentacene with 70° angle of incidence from the 
surface normal. The average inclinations angle between the molecular plane and the surface normal is obtained from the 

dichroism in the pre-edge. Several peaks are labeled for the discussion in the text. 
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Figure 2.Blow-up of the pre-edge region of the C K-NEXAFS of benzene, naphthalene, anthracene, tetracene, and 
pentacene from Figure 1.The grey lines mark the NEXAFS onset. 
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Figure 3.Natural Transition Orbitals which represent excited electrons for the most intense transitions calculated of each 
band of the carbon K-edge. 
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Figure 4.Calculated inner-shell spectra for carbon 1s at TD-ωB97XD/ma-Def2-SVP level with Nuclear Ensemble method 
(full lines). Vertical lines showsthe transitions obtained at equilibrium geometry, with their spectra representation, using 
Gaussian functions with 0.30 eV width (dashed lines). All energy values are shifted by 9.3 eV. 
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Figure 5. Electron-hole correlation plots of the 𝜴𝑨𝑩 matrices for carbon K-edge states in the anthracene (C14H10) molecule. 
The upper graphics shows the first excited states for each different carbon site, representing the first excitation band in 

the spectra, whereas the lower graphics shows it for the second band.  

 

 

Figure 6. Electron-hole correlation plots of the combined𝜴𝑨𝑩matrices for all carbon K-edge states in each excitation band 

of the electronic spectra of the polyacene molecules. 
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Figure 7. Mean value of the PRf descriptor for all electronic transitions of each absorption band of the spectra. 
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