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ABSTRACT 

To accurately predict the electron acceptability of cyclopenta-fused polycyclic aromatic 

hydrocarbons (CP-PAHs), we evaluated the performance of six functionals, B3LYP, CAM-

B3LYP, HSEH1PBE, PBE, TPSS, and HCTH, using eight CP-PAHs.  The results show that 

B3LYP is the best to obtain the energy of the highest occupied molecular orbital (HOMO), the 

energy of the lowest unoccupied molecular orbital (LUMO), and the HOMO-LUMO energy gap 

of CP-PAHs with a mean absolute error (MAE) of 0.14 eV.  The current study also demonstrates 

that calculations must be carried out for the anion of the corresponding CP-PAH in order to 

predict LUMO energy of an electron acceptor.  Time-dependent CAM-B3LYP with the B3LYP 

optimized geometry predicts the absorption spectra of CP-PAHs most accurately with a MAE of 

29 nm. The results from B3LYP and time-dependent CAM-B3LYP calculations coupled with the 

new practice in calculating LUMO energy presented in this work show that six of the eight CP-

PAHs can accept electrons from the donor material poly(3-hexylthiophene)(P3HT), thus 

indicating they can be used as electron acceptors of P3HT.  Moreover, three pairs of CP-PAHs 

were identified for their use as highly efficient organic solar cell materials through construction 

of a P3HT-acceptor1-acceptor2 architecture.  
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1.    Introduction 

Research on rational design of solar cells has continued to garner significant attention and 

has made considerable progress in developing sustainable photovoltaic technology.1-12 To 

improve the efficiency of organic photovoltaic (OPV) cells, various new design strategies have 

recently been developed.13-28  For example, Cnops et al. improved the small-molecule OPV 

efficiencies to 8.5% by exploiting long-range exciton energy transfer.13  We recently 

demonstrated efficiency improvements in OPVs that incorporate two electron acceptors to form a 

cascading donor-acceptor1-acceptor2 architecture14, 29 as well as charge-separated sensitizers.12, 

23, 30-34  In the evaluation of these architectures, it became apparent that intimate knowledge of 

the frontier orbitals energies, via experiment as well as calculation, of the acceptor is invaluable.  

We recently developed a new class of functionalizable cyclopenta-fused polycyclic aromatic 

hydrocarbons (CP-PAHs) that are efficient electron acceptors and have the potential to replace 

Buckminster fullerenes in OPVs.15  These CP-PAHs have high electron affinity, can be used as 

electron transport materials, and are quite stable, which make them suitable n-type materials for 

organic field effect transistors and OPVs.15, 35-41  In addition, these compounds have unusual 

photophysical properties, such as anomalous fluorescence42-43 and absorption spectra that are 

strongly modulated by the arrangement and the number of cyclopentene rings present and 

therefore provide an interesting class of compounds to study computationally.44    

Accurate prediction of the electronic properties and absorption spectra of CP-PAHs is 

important in the development of these compounds for their successful utilization in electronic 

devices.  The use of computation in predicting electronic and optical properties of CP-PAHs is 

an essential step in the rational and directed design of new materials.  Our previous B3LYP study 

of two CP-PAHs, 2,7-bis((4-(decycloxy)phenyl)ethynyl)cyclopenta[hi] aceanthrylene and 2,8-
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bis((4-decycloxy)phenyl)ethynyl)dicyclopenta[de,mn]tetracene, predicted the energies of the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbit (LUMO) 

and the HOMO-LUMO energy gap (Egap) to be about 0.4 eV higher or larger than the 

experiment and λmax about 150 nm longer than the experimental data.15  A better prediction of 

HOMO energy, LUMO energy, Egap, and absorption spectra is necessary in order to effectively 

facilitate the translation of materials into devices such as OPVs. 

Density Functional Theory (DFT) and Time Dependent DFT (TD-DFT) are widely used 

to calculate HOMO energy, LUMO energy, Egap, and absorption spectra of materials.  The 

accuracy of these quantities is often dependent on the functional, basis set, and type of system 

being studied.45  Becke’s three-parameter exchange functional with the Lee-Yang-Parr 

correlation functional (B3LYP)46-47 is most widely used in predicting HOMO, LUMO, Egap, 

and λmax of a wide range of systems.  However, B3LYP does not always provide the most 

accurate results.48-49  Le Baher et al. studied properties of C, Si, Ge, CdO, CdS, CdSe, CdTe, 

GaAs, TiO2, and ZnO semiconductors and found that HSE06 functional is the best in predicting 

Egap with a mean absolute error (MAE) of 0.21 eV, while B3LYP has a MAE of 0.56 eV.50  A 

continuous quest toward improving the accuracy of HOMO, LUMO, and Egap prediction using 

DFT has been explored by several groups.  Su and coworkers, in their study on fractional charge 

behavior and band gap prediction of Li, Be, B, C, N, O, F, F2, OH, NH2, CH3 and CN, illustrated 

that XY3G, a doubly hybrid functional, with the cc-PVQZ basis set predicts ionization potential 

(HOMO), electron affinity (LUMO), and Egap with MAE of 0.10, 0.37, and 0.39 eV, 

respectively, whereas B3LYP gives MAE of 0.37, 0.25, and 0.59 eV, respectively.51  
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Zhang and Musgrave performed calculations for a set of twenty-seven molecules from H2 

to C14H10 and found KMLYP, BH&HLYP, and B3LYP are the top three (out of eleven) 

functionals for predicting HOMO with MAE of 0.73, 1.48, and 3.10 eV, respectively.  The 

predicted Egap using KMLYP, BH&HLYP, B3LYP were 4.96, 4.29, and 1.63 eV, respectively.  

The predicted Egap using the GGA functionals were relatively accurate (~0.73 eV) despite the 

inaccuracy in predicting the HOMO and LUMO energy levels.  All eleven functionals used in 

their study inaccurately predicted the LUMO level due to the poor description of the virtual 

orbitals that results from extensive relaxation of occupied orbitals.52 

Efforts toward improving accuracy of TD-DFT calculations of absorption spectra and 

excited state energies are also ongoing.  The choice of best functional for TD-DFT is dependent 

on both the excitation mechanism as well as the type of system being studied.  Several groups 

have found a correlation between the excitation energy error and the overlap parameter (ʌ) of the 

orbitals involved in excitation.  An increase in excitation energy errors is found from the local 

excitation to the charge transfer excitation mechanism, which has decreasing ʌ.  CAM-B3LYP is 

found to perform best even for the systems with charge transfer mechanisms.53-58  For example, 

Rabilloud found CAM-B3LYP and 𝜔B97x are the two most accurate functionals in calculating 

absorption spectra and the lowest excitation energy of silver clusters (Agn) with MADs of 0.08 

and 0.09 eV, respectively, for clusters with n= 4, 6, 8, 12, 18, and 20.59  Guo et al. found CAM-

B3LYP to predict absorption spectra of eight benzoic acid derivatives better than fourteen other 

functionals with the lowest MAE of 0.24 eV for thirty-seven excitation energies.60   

This study aims to describe an accurate method in predicting the electronic properties and 

absorption spectra of CP-PAHs by establishing the best functional and an appropriate 

computational protocol.  In this work, we chose six functionals, namely B3LYP, CAM-B3LYP, 
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HSEH1PBE,61-62 PBE,63 TPSS,64 and HCTH65 to search for the most accurate functional for the 

HOMO, LUMO, Egap, and absorption spectra.  Eight CP-PAHs shown in Figure 1 were used in 

the data set with 1 and 2 to build the improved computational protocol, while 3-8 were used for 

validation.     

 

 

 

 

 

 

 

 

Figure 1. CP-PAH structures:  2,7-bis((4-(alkoxy-)phenyl)-ethynyl)cyclopenta[hi]aceanthrylene (1, R=H, CH3, 

C2H5, CH2CH2CH3); 2,8-bis((4-alkoxy-)phenyl)ethynyl)dicyclopenta[de,mn] tetracene (2); 2,7-bis (trimethylsilyl) 

cyclopenta[hi]aceanthrylene (3); 2,8-bis(trimethylsilyl) dicyclopenta[de,mn]tetracene (4); 6,12-diethynylindeno[1,2-

b]fluorine (5); dicyclopenta[cd,mn] pyrene (6); corannulene (7); dicyclopenta[hi,qr]chrysene (8). 

 

2. Computational Details 

All geometry optimizations, frequency calculations, and single-point energy calculations 

to obtain absorption spectra were carried out using Gaussian09 software.66  For the convenience 

of further analysis, we provide in Table 1 a summary of the six functionals used in this work.  

The 6-311G(d,p) basis set was used in all of the calculations.  Our previous work has shown that 

such a basis set is sufficient to ensure the accuracy of the results.37, 67-68  The solvent used for 1-5 

is tetrahydrofuran (THF) and 6-8 acetonitrile (CH3CN) so that comparisons can be made with 

experiments.  The solvents were treated using the polarized continuum model (PCM) for all 

calculations.  1 and 2 were used in the development of this protocol for predicting electronic 
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properties and absorption spectra of CP-PAHs and for probing the effects of varying lengths of 

alkyl chains on functionalized CP-PAHs.  3-8 were used for validation of the method.  All 

geometry optimizations followed convergence criteria for self-consistent field (SCF), gradient, 

and energy of 10-8, 10-6, and 10-6 a.u., respectively.  Each geometry optimization was succeeded 

by a frequency calculation and probed for the absence of imaginary frequencies, ensuring the 

structure at an energetic minimum.  TD-DFT calculations using twenty-four states were 

performed on the optimized structures to predict absorption spectra and obtain the information 

on electron excitation. 

Table 1. Exc formalism of the six functionals 

Functional Exchange Energy  Correlation Energy 

B3LYP46-47 0.2𝐸𝑋
𝐻𝐹 + 0.8𝐸𝑥

𝑆𝑙𝑎𝑡𝑒𝑟  +0.72𝛥𝐸𝑥
𝐵88  0.81Ec

LYP + 0.19Ec
VWN 

CAMB3LYP69  0.19𝐸𝑋
𝐻𝐹 + 0.81𝐸𝑥

𝑆𝑙𝑎𝑡𝑒𝑟  +0.81𝛥𝐸𝑥
𝐵88 0.81Ec

LYP + 0.19Ec
VWN 

HSEH1PBE61-62 0.25𝐸𝑥
𝑆𝑅−𝐻𝐹(𝜔) + 0.75𝐸𝑥

𝑆𝑅−𝑃𝐵𝐸 (𝜔) + 𝐸𝑥
𝐿𝑅−𝑃𝐵𝐸  (𝜔) ∫ 𝑑3𝑟 𝑛[є𝑐

𝑢𝑛𝑖𝑓
( 𝑟𝑠 , ζ) +H(𝑟𝑠 ,ζ, t)] 

PBE63 ∫ 𝑑3𝑟 𝑛є𝑥
𝑢𝑛𝑖𝑓(𝑛)𝐹𝑥(s) ∫ 𝑑3𝑟 𝑛[є𝑐

𝑢𝑛𝑖𝑓
( 𝑟𝑠 , ζ) +H(𝑟𝑠 ,ζ, t)] 

TPSS64 ∫ 𝑑3𝑟 𝑛є𝑥
𝑢𝑛𝑖𝑓(𝑛)𝐹𝑥(p,z) ∫ 𝑑3𝑟 𝑛є𝑐

𝑟𝑒𝑣𝑃𝐾𝑍𝐵 x  [1+𝑑Є𝑐
𝑟𝑒𝑣𝑃𝐾𝑍𝐵(𝜏𝑊/𝜏)3] 

HCTH65 
∑ ∫ 𝑒𝑋𝜎

𝐿𝑆𝐷𝐴(𝜌𝜎)g𝑋𝜎(𝑠𝜎
2)𝑑𝑟

𝜎

 ∑ 𝐸𝐶𝜎𝜎 + 𝐸𝐶𝛼𝛽

𝜎

 

 

3. Results and Discussion  

The quantities to predict the feasibility of CP-PAHs as electron acceptors include the 

energies of HOMO and LUMO, Egap, and absorption spectra.  As such, we compared the 

accuracy of these values obtained from different functionals with the corresponding experimental 

measurements and selected the best functional for the quantities of interest for CP-PAHs using 2 

CP-PAH molecules, which is presented in section 3.1.  To further verify our method, we tested 6 

other CP-PAHs. The results are presented in section 3.2.  Once the most accurate method was 
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chosen, we studied the feasibility of these CP-PAHs as electron acceptors of the donor material 

poly(3-hexylthiophene)(P3HT) and the findings are presented in section 3.3. 

3.1 The Best Protocol for Studying Electronic and Optical Properties of Electron Acceptors  

3.1.1 Effects of –R Groups on the calculated properties of 1 and 2.   

Experimentally synthesized 1 and 2 originally contain C10H21 as the –R groups.  

However, the theoretical model in our previous study used a truncated –CH3 group to save 

computing time.15  We expected that the important quantities for these compounds as electron 

acceptor, i.e. HOMO, LUMO, Egap, and absorption spectra, would not be affected based on our 

previous experience on other molecules67 and by the inspection of the molecular orbitals of 1 and 

2.  To give justice to the simplified models for 1 and 2, the effects of different –R groups on the 

electronic properties and absorption spectra of 1 and 2 were investigated.  We screened different 

–R groups including –H, -CH3, -C2H5, and -C3H7.  The calculated electronic properties of 1 and 2 

with different –R groups are given in Table 2.  

Table 2.  Electronic properties (in eV) in THF of 1 and 2 with varying –R groups obtained  

from B3LYP/6-311G(d,p) calculations 

  1   2  

-R  HOMO LUMO Egap HOMO LUMO Egap 

-H -5.19 -3.31 1.88 -5.14 -3.32 1.82 

-CH3
a -5.18 -3.31 1.87 -5.13 -3.31 1.82 

-C2H5 -5.17 -3.30 1.87 -5.12 -3.31 1.81 

-C3H7 -5.17 -3.30 1.87 -5.12 -3.31 1.81 

   a Data taken from Ref. 15. 

As expected, with increasing R group’s chain length, the HOMO, LUMO and Egap 

remain very similar for the two CP-PAHs.  The absence of significant electronic changes to the 

chromophore, 1 or 2, as the length of alkyl chain is increased indicates the nature of alkyl chain 

does not influence the electronic properties of functionalized CP-PAHs.  Thus, the replacement 
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of long alkyl chains with –CH3 in CP-PAHs is sufficient for modeling the electronic properties 

of alkyl functionalized CP-PAHs. 

The effect of different –R groups on the absorption spectra of 1 and 2 was also probed by 

comparing the absorption spectra and the results are depicted in Figure 2.  The change in alkyl 

chain length attached to 1 and 2 produced similar and almost overlapping absorption spectra.  

However, as the –R groups changed from –H to –CnH2n+1 with n=1-3, a small bathochromic shift 

was observed.  As shown in Figure 2, the replacement of H in 1 and 2 by the three alkyl groups 

produced a red shift of about 5 nm.  There are no apparent shifts among the spectra using three 

alkyl chains.  These suggest that the model containing –CH3 instead of the longer alkyl chain is 

sufficient for calculating absorption spectra of alkyl functionalized CP-PAHs.  In essence, the 

results indicate one can replace an alkyl chain with –CH3 in the calculations of electronic and 

absorption spectrum of a CP-PAH to save computing time as long as the alkyl chain is not 

involved in the HOMO and LUMO orbitals. 
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Figure 2.  Absorption spectra of 1 (top) and 2 (bottom) with various –R groups in THF obtained from B3LYP/6-

311G(d,p).  

 

3.1.2. Changes in Electronic Properties of CP-PAHs When Accepting One Electron 

The HOMO, LUMO, and Egap were conventionally obtained in DFT calculations of 

neutral CP-PAHs.15 However, one needs to be cautious when comparing these values with 

experimental data.  For example, the energy of the LUMO levels of CP-PAHs were measured 

electrochemically by adding an electron to the LUMO.15  Comparing the calculated LUMO 

energy of a neutral species with the LUMO energy from an electrochemical measurement would 

indicate that we assume the LUMO energy of the compound remains unchanged upon accepting 

an electron.  This assumption will undoubtedly result in a discrepancy between the experiment 

and computation in LUMO energy as well as Egap if the LUMO energy is changed substancially 
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upon accepting an electron.  A true comparison of LUMO energy should therefore be made by 

calculating the species with a negative charge.  

As such, we performed calculations of both neutral 1 and the corresponding anion in -1 

state to evaluate the amount of discrepancy arising from the use of data only from the neutral 

compound.  Before we discuss the results on the electronic properties, we first present the 

changes on the bond distances when an electron is added to the neutral species.  DFT results 

showed that, upon gaining an electron, the atomic bond distances in the 

cyclopenta[hi]aceanthrylene core change considerably.  Eight out of the twenty two C-C bond 

lengths in this aromatic core decreased significantly with B3LYP, HSEH1PBE, PBE, TPSS, and 

HCTH calculations. However, when using CAM-B3LYP, ten out of twenty-two C-C bond 

lengths decreased significantly.  More noticeably, adjacent C-C bonds present in the five-

membered rings changed most significantly.  The range of bond length changes that occurred in 

the cyclopenta[hi]aceanthrylene core of 1 is summarized in Table 3.  Although the magnitude of 

changes in bond length can vary among different functional calculations, it is clear that 

significant changes will appear when the compound is reduced and we expect the corresponding 

electronic properties to be altered accordingly.    

Table 3. Changes in C-C bond length (in Å) in the PAH core  

when 1 is reduced to 1-. 

Functional     Increase    Decrease 

B3LYP 0.0003 – 0.0240 0.0128 – 0.0257 

CAMB3LYP 0.0011 – 0.0283 0.0029 – 0.0347 

HSEH1PBE 0.0004 – 0.0229 0.0121 –0.0242 

PBE 0.0010 – 0.0179 0.0091 –0.0165 

TPSS 0.0008 – 0.0195 0.0094 – 0.0184 

HCTH 0.0009 – 0.0179 0.0092 – 0.0170 
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Contour plots and energy levels of 1 in the 0 and -1 state in Figure 3 provide a more clear 

view of electronic energy changes that occur in the experimental cyclic voltammetry.4  

 

Figure 3. Contour plots and energy levels of neutral (charge= 0, left) and the reduced (charge= -1, right) state of 1 in 

THF calculated using B3LYP/6-311G(d,p). 

The neutral state of 1 has an even number of electrons filling up to molecular orbital 

(MO) 127.  When 1 is reduced to 1-, not only does the extra electron go into the LUMO 

(MO128) of the neutral species, but the energies of each MO also differentiate.  Specifically, 

upon reduction (1 to 1-), the energy of MO127 increased while MO128 decreased.  This shows 

that the presence of an electron in LUMO lowers its energy.  Therefore, the reduced form of a 

sample when characterized using cyclic voltammetry has different electronic behavior from the 

neutral form and should be accounted for in the prediction of the LUMO. In this work, we denote 

the MO128 in the -1 charged CP-PAH species as singly unoccupied MO (SUMO).  We expect 

that calculations using 0 and -1 charged CP-PAH that closely represent the sample in experiment 

would provide more accurate LUMO and Egap. Indeed, the results in Table 4 demonstrated the 

improvement of the agreement with experiment.   
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Table 4. The energy values (in eV) obtained using the conventional and current method for predicting electronic 

properties of 1 and 2. All calculated were carried out in THF using B3LYP/6-311G(d,p). 

  1   2  

Functional HOMO LUMO Egap HOMO LUMO Egap 

Experimenta -5.19 -3.64 1.55 -5.19 -3.62 1.57 

Conventionala -5.18 -3.31 1.88 -5.13 -3.31 1.82 

Current -5.18 -3.48 1.70 -5.13 -3.50 1.63 

  a Data taken from Ref. 15. 

The conventional method, or protocol, provides a LUMO of 1 and 2 that is more than 

0.30 eV higher than those of experiments and Egap more than 0.25 eV higher.  The new method 

reduced the error of predicted LUMO energy to about 0.15 eV and Egap to about 0.10 eV.  

Therefore, the new method (protocol) provides a more accurate LUMO energy and Egap for 1 

and 2 by closely reproducing the electrochemical experiments and significantly reducing the 

errors in comparison to those from the conventional method. 

Finally, we mention that the shapes of orbital contours of the compound are not changed. 

Furthermore, there are differences between the optical and electrochemical HOMO-LUMO 

energy gap, Egap.
15 The difference is not simply experimental discrepancies but rather a 

reflection of the different processes that were being probed optically or electrochemically.  The 

current protocol for Egap is to be compared with that from an electrochemical measurement. 

This indicates the prediction of the LUMO energy will be different depending on its application 

as an electron acceptor or donor. Thus, the LUMO energy predicted here is for use as electron 

acceptor.  

3.1.3 The Best Functional for the Electronic Energies of CP-PAHs 

Errors of predicted electronic properties of 1 and 2 using the six functionals with the 

conventional and new method are shown in Table 5.  The electronic properties of 1 and 2 were 
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calculated in the conventional protocol using only neutral molecules.  Among the six functionals, 

CAM-B3LYP with the long range corrected exchange functional provided the worst predicted 

HOMO energy, LUMO energy, and Egap by using the conventional method.  HOMO energy 

was significantly underestimated and LUMO energy was overestimated using CAM-B3LYP.  

PBE, TPSS, and HCTH, on the other hand, provided very similar predictions of HOMO energy, 

LUMO energy, and Egap.  However, the Egap from PBE, TPSS, and HCTH calculations are 

almost half of the experimental value.   

The new method obtained HOMO energy the same way as the conventional method. 

However, the LUMO energy was obtained from the compound in a -1 state, i.e. an extra electron 

was added.  As expected, Egap from the new method is different from the conventional value.  

The results in Table 5 show an improvement in the predicted LUMO energy using B3LYP and 

CAM-B3LYP but not so using HSEH1PBE, PBE, TPSS, and HCTH.  Nevertheless, predicted 

Egap using all six functionals was improved significantly except for Egap of 1 using 

HSEH1PBE.   

The new method most accurately predicts the energies of HOMO and LUMO and Egap 

of 1 and 2 using B3LYP.  Thus, in the calculations of CP-PAHs as electron acceptors, we 

adopted B3LYP and the new method for predicting HOMO energy, LUMO energy, and Egap. 
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 Table 5.  Errors of predicted HOMO, LUMO, and Egap of 1 and 2 with the errors in LUMO and Egap using 

conventional method shown in parentheses. The experimental values are also provided. All data are in eV. 

  1   2  

Functional HOMO LUMO Egap HOMO LUMO Egap 

Experimenta -5.19 -3.64 1.55 -5.19 -3.62 1.57 

B3LYP* 0.01 0.16 0.14 0.06 0.12 0.06 

  (0.33) (0.32)  (0.31) (0.25) 

CAMB3LYP -1.24 -0.85 0.39 -1.12 -0.81 0.31 

  (1.30) (2.55)  (1.28) (2.40) 

HSEH1PBE 0.15 0.27 0.13 0.20 0.23 0.04 

  (0.05) (-0.10)  (0.01) (-0.19) 

PBE 0.60 0.55 -0.04 0.61 0.47 -0.14 

  (-0.13) (-0.73)  (-0.18) (-0.79) 

TPSS 0.64 0.61 -0.02 0.66 0.53 -0.12 

  (-0.03) (-0.66)  (-0.07) (-0.73) 

HCTH 0.53 0.51 -0.02 0.55 0.43 -0.12 

  (-0.17) (-0.70)  (-0.22) (-0.76) 

  adata from experiment and conventional B3LYP method were taken from Ref. 15.  

These different predictions using various functionals were partially reflected in the 

optimized geometries.  As shown in Table 2, different functionals predict the bond length 

changes between neutral and negatively charged species differently.  The differences in bond 

distances calculated using other functionals with respect to B3LYP are discernible.  For example, 

in comparison to the B3LYP results, the bond lengths of 1 from CAM-B3LYP calculations are 

shorter and can be as much as 0.0169 Å.  We found that 18 of the 22 C-C bond lengths of the 

cyclopenta[hi]aceanthrylene core of 1 are shorter.  As expected, this decrease in bond length 

using CAM-B3LYP would correlate to an overestimation of the LUMO energy and Egap. It is, 

indeed, the case as the data shown in Table 5.  HSEH1PBE also provided shorter bond lengths in 

comparison to B3LYP with the maximum decrease of 0.0064 Å, less drastic than CAM-B3LYP.  

All 22 C-C bond lengths of the cyclopenta[hi]aceanthrylene core decreased, but not as severe as 

those from CAM-B3LYP.  PBE and TPSS both produced very similar results where 20 out of 22 

C-C bonds in the aromatic core were shorter than those of B3LYP.  HCTH produced a slightly 
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different result in which 12 out of the 22 C-C bond lengths in the core were decreased in 

comparison to B3LYP.     

3.1.4 The Best Functional for Absorption Spectra of CP-PAHs  

Prediction of λmax in absorption spectra of 1 and 2 was made using TD-B3LYP/6-311G 

(d,p)15  with a difference from experiment found to be 135nm and 157 nm, respectively.  This 

implies TD-B3LYP is not the best.  Therefore, we evaluated five more functionals for their 

performances in predicting absorption spectra of CP-PAHs.  The accuracy was measured mainly 

on how well they predict λmax, which corresponds to the lowest excitation.  Table 6 summarizes 

the errors of the predicted λmax of 1 and 2 from all six functionals with respect to the 

experimental data. 

Table 6. The calculated λmax differences (in nm) with respect to the experimental values (in nm). 

 

    
adata were taken from Ref. 15. 

Among the six functionals, CAM-B3LYP provides the best λmax, which confirms the 

need for a long–ranged corrected exchange in TD-DFT calculations.  Although the EXC 

formalism for B3LYP and CAM-B3LYP in Table 1 is similar, i.e. using identical correlation 

energy but with different coefficients for the exact exchange energy components, B3LYP 

provides a good prediction of orbital energies and geometry and CAM-B3LYP provides 

absorption spectra better.  As previously stated, geometries optimized using CAM-B3LYP have 

Functional Difference  

   1   2 

Experimenta 686  699  

TD-B3LYP 139 163 

TD-CAM-B3LYP -65 -61 

TD-HSEH1PBE 142 174 

TD-PBE 374 481 

TD-TPSS 325 421 

TD-HCTH 348 450 

B3LYP/TD-CAMB3LYP -9 -13 
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shorter bond distances compared to B3LYP optimized structures.  These shorter bond lengths in 

CAM-B3LYP optimized geometry result in an overestimation of energies such as Egap, thus 

providing a smaller λmax compared to B3LYP.  CAM-B3LYP has been proven here to be a good 

functional for absorption spectra of 1 and 2 that are in good agreement with experiment.  B3LYP 

provides good predicted geometry, but is not a good functional to use in calculation of absorption 

spectra of the systems with a charge transfer character.  Combining the strengths of B3LYP and 

CAM-B3LYP can provide the best absorption λmax of CP-PAHs such as 1 and 2.  Thus, the more 

accurate way of predicting absorption spectra of CP-PAHs is by using TD-CAM-B3LYP 

preceded by B3LYP structure optimization, which we denote here as B3LYP/TD-CAM-B3LYP 

method. 

We note that several other groups have used the B3LYP/TD-CAM-B3LYP protocol to 

predict absorption spectra of different systems.  Fitri et al. used it to study ten thiazolothiazole 

based dyes70 and thienpyrazine based dyes that resulted in excitation energies,  absorption and 

emission spectra that are in good agreement with experimets.71  Kumar et al. studied a hydroxyl 

radical reaction with guanine in an aqueous environment using B3LYP/TD-CAM-B3LYP for 

absorption spectra calculation and their results are also in good agreement with experiments.72  

The use of TD-CAM-B3LYP in absorption spectra is preferred over TD-B3LYP because B3LYP 

is not appropriate to use for ion pair or species involving excited states with charge transfer 

character where transition energies are greatly underestimated. However, TD-CAM-B3LYP has 

been very successful in studying these mentioned systems.54, 69, 72-74   In a similar way, the long 

range corrected exchange functional included in CAM-B3LYP is proven here to work better in 

the TD-DFT study of 1 and 2 in comparison with TD-B3LYP.   
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Predicted absorption spectra of 1 and 2 using the six functionals and the B3LYP/TD-

CAM-B3LYP are plotted in Figure 4.  These absorption spectra of 1 and 2 can be classified into 

three groups based on accuracy.  Group 1 (solid and dashed red curves in Figure 4) is CAM-

B3LYP that provides the shortest λmax and the least error.  Group 2 (green and dashed black 

curves in Figure 4) includes the two hybrid functionals, B3LYP and HSEH1PBE, with similar 

λmax and errors between 100-200 nm.  Group 3 (yellow, blue, and purple solid curves) includes 

the GGA and meta-GGA functionals, PBE, HCTH, and TPSS, that predicted similar λmax, but 

with the longest wavelengths and thus the largest error.  Similarities in the accuracy of 

functionals in the same group can be attributed to the similar theory behind its derivation (see 

Table 1). Furthermore, the current results show that exchange energy is most sensitive to the 

excitation energy. For example, B3LYP and CAM-B3LYP have the same expression of 

correlation energy (Table 1), they differ in exchange energy. Using the same optimized 

geometry, the absorption spectra produced from these functionals are very different.    
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Figure 4. Experimental and calculated absorption spectra of 1 (top) and 2 (bottom). 

 

3.2 Validation of Current Protocol for CP-PAHs  

Results from 1 and 2 demonstrated that B3LYP should be used to calculate orbital 

energies and B3LYP/TD-CAM-B3LYP for absorption spectra of CP-PAHs.  Specifically, the 

current protocol is to calculate HOMO energy using the neutral species and LUMO energy using 

the species with -1 state, i.e. anion.  The TD-CAM-B3LYP calculations are used to calculate 

absorption spectra with B3LYP optimized geometries of neutral CP-PAHs.   

Six more CP-PAHs were used to validate the current method for predicting electronic 

properties of 3-8, whose structures are shown in Figure 1.  The results of errors and MAEs for 
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HOMO, LUMO, Egap, and λmax of all eight CP-PAHs are provided in Tables 7 and 8. For 

comparison purposes, we also included those using conventional method for LUMO and Egap. 

We mention here that the experimental absorption spectrum was not available for 8 excluding it 

in the calculation of MAE for λmax.   

Table 7.  Errors and MAEs of HOMO energy, LUMO energy, and Egap, together with the corresponding 

experimental values.  Data in parentheses are the errors using the conventional method. 

Functional 1 2 3 4 5 6 7 8 MAE 

   HOMO (eV)      

Experiment -5.1915 -5.1915 -5.5915 -5.3615 -5.8875 -6.0676 -6.3776   -6.1676  

B3LYP 0.01 0.06 -0.15 -0.06 0.34 0.20 0.02 0.11 0.12 

HSEH1PBE 0.15 0.61 0.02 0.07 0.47 0.32 0.10 0.23 0.19 

CAMB3LYP -1.24 -1.12 -1.43  - 1.21 -0.81 0.32 -1.40 -1.20 1.09 

PBE 0.60 0.61 0.49 0.46 0.83 0.86 0.65 0.76 0.66 

TPSS 0.64 0.66 0.52 0.51 0.88 0.90 0.70 0.80 0.70 

HCTH 0.53 0.55 0.42 0.41 0.76 0.80 0.59 0.70 0.60 

   LUMO (eV)      

Experiment -3.6415 -3.6215 -3.4115 -3.4515 -4.0075 -3.4876 -2.5576   -3.3576  

B3LYP 0.16 

(0.33) 

0.12 

(0.32) 

0.16 

(0.34) 

0.16 

(0.32) 

0.38 

(0.52) 

0.21 

(0.68) 

0.06 

(0.55) 

0.14 

(0.63) 

0.17 

(0.46) 

HSEH1PBE 0.05 

(0.27) 

0.47     

(-0.01) 

0.29 

(0.05) 

0.27 

(0.02) 

0.50 

(0.24) 

0.32 

(0.39) 

0.21 

(0.28) 

0.27 

(0.35) 

0.30 

(0.17) 

CAMB3LYP -0.85    

(1.30) 

-0.81 

(1.28) 

-0.89 

(1.39) 

-0.81 

(1.35) 

-0.70 

(1.52) 

-0.80 

(1.76) 

-0.87 

(1.69) 

-0.80 

(1.74) 

0.82 

(1.50) 

PBE 0.55     

(-0.13) 

0.47     

(-0.18) 

0.60     

(-0.24) 

0.52      

(-0.25) 

0.87 

(0.04) 

0.61 

(0.06) 

0.40     

(-0.11) 

0.48 

(0.01)  

0.56 

(0.13) 

TPSS 0.61     

(-0.03) 

0.53     

(-0.07) 

0.65     

(-0.12) 

0.58      

(-0.13) 

0.91 

(0.15) 

0.66 

(0.20) 

0.47 

(0.03) 

0.55 

(0.15) 

0.62 

(0.11) 

HCTH 0.51     

(-0.17) 

0.43     

(-0.22) 

0.57     

(-0.27) 

0.49      

(-0.28) 

0.82     

(-0.01) 

0.57 

(0.04) 

0.39      

(-0.12) 

0.45      

(-0.01) 

0.53 

(0.14) 

   Egap (eV)      

Experiment 1.5515 1.5715 2.1815 1.9115 1.8875 2.5876 3.8276    2.8176  

B3LYP 0.14 

(0.32) 

0.06 

(0.25) 

0.31 

(0.49) 

0.22 

(0.38) 

0.05 

(0.18) 

0.01 

(0.48) 

0.08 

(0.57) 

0.03 

(0.52) 

0.11 

(0.40) 

HSEH1PBE 0.13     

(-0.01) 

-0.14     

(-0.79) 

0.31 

(0.06) 

0.20      

(-0.05) 

0.03     

(-0.23) 

-0.01 

(0.07) 

0.11 

(0.18) 

0.03 

(0.12) 

0.11 

(0.13) 

CAMB3LYP 0.39 

(2.55) 

0.31 

(2.40) 

0.54 

(2.82) 

0.41 

(2.56) 

0.11 

(2.32) 

1.43     

(-1.12) 

0.53 

(3.10) 

0.39 

(2.93) 

0.47 

(2.52) 

PBE -0.04    

(-0.73) 

-0.14    

(-0.79) 

0.11     

(-0.73) 

0.06      

(-0.71) 

-0.79 

(0.04) 

-0.80     

(-0.25) 

-0.25   

(-0.77) 

-0.28    

(-0.74) 

0.15 

(0.76) 

TPSS -0.02    

(-0.66) 

-0.12    

(-0.73) 

0.13     

(-0.64) 

0.07      

(-0.64) 

-0.73 

(0.03) 

-0.70    

(-0.24) 

-0.22   

(-0.66) 

-0.24    

(-0.65) 

0.14 

(0.68) 

HCTH -0.02    

(-0.70) 

-0.12    

(-0.76) 

0.14     

(-0.69) 

0.08      

(-0.68) 

-0.77 

(0.05) 

-0.77    

(-0.23) 

-0.20    

(-0.71) 

-0.25    

(-0.71) 

0.14 

(0.72) 

Note: superscripts are the References from which the data were taken. 
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Table 8.  Errors and MAEs of λmax(nm) together with the corresponding experimental values. 

Functional 1 2 3 4 5 6 7 MAE 

Experimental  68615  69915 54815  60315  56875  36377  

28677-

78    

TD-B3LYP 139 164 47 61 129 153 63 108 

TD-CAMB3LYP -65 -61 -48 -53 -21 56 23 47 

TD-HSEH1PBE 142 174 39 55 118 146 56 104 

TD-PBE 374 481 165 200 262 275 104 266 

TD-TPSS 325 421 132 167 229 247 94 231 

TD-HCTH 348 450 149 184 249 265 98 249 

B3LYP/TD-CAMB3LYP -9 -13 -25 -29 29 70 30 29 

Note: superscripts are the References from which the data were taken. 

A comparison of MAEs from different functionals is also illustrated in Figure 5 for the 

HOMO energy, LUMO energy, Egap, and λmax.  It is clear from the current results that among 

the six functionals studied, B3LYP is the best in predicting HOMO energy with the smallest 

MAE of 0.12 eV.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Mean Absolute Errors (MAEs) of predicted HOMO, LUMO, Egap, and λmax. 
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Improved accuracy in LUMO energies using the current method was also observed using 

B3LYP and CAM-B3LYP, but higher MAEs were found using HSEH1PBE, PBE, TPSS, and 

HCTH.  It is important to point out that the small error in Egap is largely due to the error 

cancellation of HOMO and LUMO energies. B3LYP prediction of LUMO energy using the 

current protocol is the most accurate method with a MAE of 0.17 eV. Furthermore, the current 

protocol provides an improvement over the conventional method by reducing the MAE by more 

than 50%.    

A comparison of accuracy of Egap shows similar results as that of LUMO energy.  The 

current method shows a significant improvement in Egap values using all six functionals.  

B3LYP and HSEH1PBE provided a similar accuracy with a MAE of 0.11 eV.  An overall MAE 

for all three quantities, HOMO, LUMO, and Egap, was also calculated to determine the best 

functional.  Among the six functionals, B3LYP predicted all three quantities the most accurate 

with MAE of 0.14 eV.  This validates the use of B3LYP in the current method for accurately 

predicting HOMO, LUMO and Egap.  The significant improvement in accuracy of LUMO and 

Egap of the eight CP-PAHs using the current method confirms its validity on accurately 

predicting electronic properties of CP-PAH systems.  

Six other CP-PAHs shown in Figure 1 were employed to validate the choice of using 

B3LYP/TD-CAMB3LYP to calculate absorption spectra.  In addition to the results provided in 

Table 8 and Figure 5, we also provide a detailed comparison of calculated spectra here (Figure 

6). All the results confirm that the six functionals can be classified into three groups. Group 1 

with CAM-B3LYP has predicted λmax for all eight CP-PAHs with the shortest wavelength and 

the smallest MAE of 47 nm.  Group 2 with B3LYP and HSEH1PBE has very similar accuracy 
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with MAE of 108 nm and 104 nm, respectively, and both overestimated λmax by more than 100 

nm.   Group 3 with PBE, TPSS, and HCTH overestimated λmax with more than 200 nm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Absorption spectra of 3- 8 (structures in Figure 1) calculated using six functionals. 

The explanation of the trend in errors of λmax can be made by comparing the orbital 

contours, which are summarized in Table 9.  Among the eight CP-PAHs, we can group the 
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compounds into three pairs, two pairs having similar cores, i.e. 1 & 3, 2 & 4, and the third pair, 6 

&7, that can be used to illustrate the point to be made.   

Table 9. HOMO and LUMO contours with the orbital energy (eV) of the eight CP-PAHs obtained from B3LYP 

calculations. The orbital energies in parentheses were from the corresponding anion (-1 state). 

CP-PAH HOMO LUMO (neutral) 

 

1 

 
 

-5.18 (-4.42) 
 

-3.31 (-3.48) 

 

2 

 
 

-5.13 (-4.42) 

 
3.31 (-3.50)  

 

3 

 
 

-5.74 (-4.68) 
 

-3.07 (-3.25) 

4 

  
-5.42 (-4.57) 

 
-3.13 (-3.29) 

5 

  
-5.54 (-4.77) 

 
-3.48 (-3.62) 

6 

  
-5.86 (-5.05) 

 
-2.80 (-3.27) 

7 
 

-6.39 (-5.45) 
 

-2.00 (-2.49) 

 

8 

 

 
-6.05 (-5.30) 

 

 

 
-2.72 (-3.21) 
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The HOMO contours of 1 and 2 both have a distributed electron density stretched to the 

aryl substituent group.  Upon excitation to LUMO, the electron density migrates to the center, 

thus providing less spatial overlap between HOMO and LUMO.  On the other hand, 3 and 4 have 

shorter groups attached to the CP-PAH core, resulting in a greater spatial overlap between 

HOMO and LUMO.  Thus, the error of λmax of 3 and 4 is almost three times less than that of 1 

and 2, respectively.  The same was observed in 6 and 7, which are C20H10 isomers. A greater 

spatial overlap between HOMO and LUMO can be seen visually in 7 compared to 6, thus with a 

smaller λmax error.  This has also been observed by Peach et al. for other systems where the less 

spatial overlap between HOMO and LUMO the greater the excitation energy or wavelength 

error.53     

Among the six functionals, CAM-B3LYP is the best in predicting λmax of CP-PAHs.  

However, by using a good predicted structure of CP-PAHs from B3LYP followed by TD-CAM-

B3LYP calculation, the most accurate λmax is obtained with the least MAE of 29 nm.  This 

validates the use of B3LYP/TD-CAMB3LYP and provides the most accurate λmax. 

Finally, we note that our findings in the accuracy of these six functionals to predict 

HOMO, LUMO, Egap, and absorption spectra of CP-PAHs are similar to those found for other 

systems by several groups. A comparison of the results made by these groups and ours is 

provided in Table 10.  Most studies give more emphasis to the prediction of Egap in comparison 

to those of HOMO and LUMO energies.  Overall, based on ours and the studies from others, 

HSEH1PBE and CAM-B3LYP give the smallest for Egap and λmax, respectively.   However, the 

prediction by using B3LYP is the most accurate for electronic properties, including the HOMO 

and LUMO energies and Egap.   
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Table 10.  Accuracy of the six functionals in predicting HOMO (eV), LUMO (eV), Egap (eV), and λmax. 

Functional Reference Data Set  MAE of  

   HOMO LUMO Egap λmax 

B3LYP This work 8 CP-PAHs 0.12  0.17  0.11  108 nm 

 Su et al.51 

Zhang et al52 

Dev et al.79  

Le Bahers et al.50  

Jacquemin et al.80  

Wroblewski et al.81  

Ernzerhof et al.82  

7 atoms and 5 molecules  

27 molecules from H2 to C14H10 

3 TPA donor dyes – isolated 

11 semiconductors  

34 organic dyes 

4 diatomic molecules 

38 atoms and molecules 

0.37  

3.10  

 

 

 

 

0.17  

0.25  

 

 

 

 

0.24  

0.11  

0.59  

1.63  

 

0.56  

 

 

0.61 eV 

 

15 nm 

 

CAM-B3LYP This work 8 CP-PAHs 1.09  0.82  0.47  47 nm 

 Dev et al.79  

Peach et al.54  

Jacquemin et al.80  

Rabilloud83 

3 TPA donor dyes – isolated 

Triazene chromophores 

34 organic dyes 

6 Ag clusters 

   0.11 eV 

0.11 eV 

10 nm 

0.08 eV 

HSEH1PBE This work 8 CP-PAHs 0.19  0.30  0.11  104 nm 

 Le Bahers et al.50  

Heyd et al.84  

Guo et al.60  

11 semiconductors  

40 semiconductors 

8 benzoic acid derivatives (neutral) 

  0.21  

0.26  

 

 

0.24 eV 

PBE This work 8 CP-PAHs 0.66  0.56  0.15  266 nm 

 Zhang et al.52  

Le Bahers et al.50  

Heyd et al.84  

Peach et al.54  

Jacquemin et al.80  

Wroblewski et al.81  

Ernzerhof et al.82  

Tao et al.64  

27 molecules from H2 to C14H10 

11 semiconductors 

40 semiconductors 

Triazene chromophores 

34 organic dyes 

4 diatomic molecules 

38 atoms and molecules 

86 species for IP, 58 for EA 

4.33  

 

 

 

 

 

0.16  

0.22  

 

 

 

 

 

0.19  

0.13  

0.12  

0.73  

0.83  

1.13  

 

 

 

1.38 eV 

33 nm 

TPSS This work 8 CP-PAHs 0.70  0.62  0.14  231 nm 

 Heyd et al.84  

Jacquemin et al.80  

Wroblewski et al.81  

Tao et al.64  

40 semiconductors 

34 organic dyes 

4 diatomic molecules 

86 species for IP, 58 for EA 

 

 

 

0.23  

 

 

0.16  

0.14  

0.98     

29 nm 

HCTH This work 8 CP-PAHs 0.60  0.53  0.14  249 nm 

 Rushton et al.85  

Wroblewski et al.81  

10 semiconductors 

4 diatomic molecules 

  

0.26  

0.76   

Note: superscript numbers are the References from which the data were taken. 
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3.3       CP-PAHs as Electron Acceptors   

We have established a protocol to study CP-PAHs through the evaluation of six 

functionals using eight CP-PAHs.  The current method or protocol for predicting HOMO energy, 

LUMO energy, and Egap of CP-PAHs is to use B3LYP.  The HOMO energy is obtained from 

the neutral CP-PAH, while the LUMO energy is calculated from the corresponding anion with a 

-1 charge.  Egap is then calculated by the difference between the HOMO and LUMO energies.  

The method for predicting absorption spectra of CP-PAHs is to use TD-CAM-B3LYP with 

B3LYP optimized geometries of neutral species.    

The most essential quantities for electron acceptors are their HOMO and LUMO energy 

levels with respect to the donor materials. The first criterion of selecting acceptor is to align the 

HOMO and LUMO levels of acceptor candidates with the donor materials. The HOMO and 

LUMO levels of eight CP-PAHs being studied here are depicted in Figure 7 together with the 

HOMO and LUMO of P3HT. 

 

Figure 7. The HOMO and LUMO energies of 1- 8 (structures see Figure 1) calculated using B3LYP. The dashed 

lines are the HOMO and LUMO energy of P3HT.15 The black lines are the energies of neutral species and the red 

lines are the energies of the corresponding anion (with -1 charge).  
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Among eight CP-PAHs, six of them, 1-6 can accept electron from P3HT as their LUMO 

energies are lower than that of P3HT.   The LUMO of 3 is about 0.2 eV lower than the LUMO of 

P3HT and the energy difference is slightly smaller than 0.3 eV, which is a threshold considered 

to be dynamically favorable for electron transfer.86 However, the remaining five CP-PAHs have 

a LUMO that provides energy offset of greater than 0.3 eV of the LUMO of P3HT.  More 

interestingly, after these CP-PAHs accept an electron from P3HT, their HOMO levels (red 

HOMOs in Figure 7) will simultaneously increase to facilitate the change. All six HOMOs are 

higher than that of P3HT, which implies that the electron occupying these HOMOs can be 

transferred to the newly emptied HOMO of P3HT, making these P3HT-CP-PAHs potential 

ambipolar materials.  

Absorption spectra of the eight CP-PAHs are also plotted in Figure 8. The absorption 

wavelength of 1, 2, and 5 is extended to longer than 600 nm. The common feature of these 

compounds is its inclusion of an aryl substituent on each of the two 5-membered rings in these 

compounds. 

 

Figure 8. Absorption spectra of 1-8 obtained from the B3LYP/TD-CAM-B3LYP calculations. 

 



28 
  

In the development of more efficient small-molecule OPV materials, we recently 

proposed a donor-acceptor1-acceptor2 architecture and demonstrated that forming such a 

cascade architecture is superior to the traditional D-A architecture.14 Inspired by this work, we 

set out here to look for acceptor pairs that can form cascade energy levels, ideally for both 

HOMO and LUMO so that they facilitate electron as well as hole transport. Upon inspection of 

the data set in Figure 7, we identified three pairs of acceptors: 6-1, 6-2, and 6-5 that fulfill the 

requirement as cascade acceptor pairs. Therefore, three set of materials including P3HT-6-1, 

P3HT-6-2, and P3HT-6-5 form cascaded LUMOs as well as cascaded HOMOs.  We note that the 

LUMO energy of 6 is about 0.30 eV lower than that of P3HT, which is a good match.  From the 

energetics point of view, these materials may be ambipolar, which offers great potential for 

electron and hole transportation.  

 

4.  Conclusions 

A protocol to accurately predict the electronic properties and absorption spectra of CP-

PAHs as electron acceptors was developed and validated using eight CP-PAHs.  Six functionals, 

B3LYP, CAM-B3LYP, HSEH1PBE, PBE, TPSS, and HCTH, were evaluated for their accuracy.  

Electronic properties of CP-PAHs, namely the HOMO, LUMO, and Egap, were predicted 

accurately using B3LYP.  While the HOMO energy was obtained from the neutral species, the 

LUMO energy was obtained as the SUMO of the corresponding anion (-1 state). This new 

method of calculating LUMO energy for electron acceptors was proven to be more accurate than 

the conventional method that uses only the neutral model.  More importantly, the new method 

reflects the state of compounds in the electrochemical experiment. MAEs of predicted HOMO 

energy, LUMO energy, and Egap using the new method are 0.12 eV, 0.17 eV, and 0.11 eV, 
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respectively, based on a data set of eight CP-PAHs.  Absorption spectra of CP-PAHs, on the 

other hand, were accurately predicted using B3LYP/TD-CAMB3LYP.  The calculated max using 

this method yields an MAE of 29 nm, which is significantly smaller than those using B3LYP. 

From comparison of the LUMO and HOMO energy levels of eight CP-PAHs with the 

widely used donor material P3HT in OPVs, it was found that six of these eight CP-PAHs can 

accept electrons from P3HT, thus indicating they can be used as electron acceptors of P3HT.  

Moreover, three pairs of CP-PAHs were identified to form a P3HT-acceptor1-acceptor2 

architecture, which may significantly improve the cell efficiency.  Finally, the protocol being 

developed in this work offers us an opportunity to perform calculations to establish a highly 

accurate data set (an acceptor library) for selection of better electron acceptors for OPVs.  
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