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ABSTRACT: Singlet fission (SF), a spin-conserving process where one singlet exciton converts 

into two triplet excitons, may improve the efficiency of organic photovoltaics. Only a few 

materials have been experimentally observed to undergo intermolecular SF, most of which are 

acenes and their derivatives. Using many-body perturbation theory in the GW approximation and 

the Bethe-Salpeter equation (BSE), we systematically investigate the electronic and excitonic 

properties of tetracene, pentacene, and their phenylated derivatives in the gas phase and solid 

state. Their potential for SF is evaluated with respect to the thermodynamic driving force and the 
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singlet exciton charge transfer character. In both the gas phase and solid state, pentacene and its 

derivatives are more promising than tetracene analogs. Within a family of molecules containing 

the same acene backbone, increasing the number of phenyl side groups is detrimental for the SF 

driving force in the gas phase. However, in the solid state, the SF driving force and the exciton 

character are modulated by intermolecular interactions present within different packing 

arrangements. Molecules with a higher number of phenyl side groups often form crystals with 

less cofacial interactions between the acene backbones. These crystals are found to exhibit a 

higher SF driving force and a higher degree of singlet exciton charge transfer character. In 

particular, 5,7,12,14-tetraphenylpentacene (TPP), 1,4,6,8,11,13-hexaphenylpentacene (HPP), and 

1,2,3,4,6,8,9,10,11,13-decaphenylpentacene (DcPP) emerge as promising candidates for 

intermolecular SF in the solid state.

1. INTRODUCTION

Organic photovoltaic (OPV) devices have advantages, such as low cost and flexibility,1-3 

however, mass-production and application of OPV devices have been hindered because of 

their relatively low solar conversion efficiency. Singlet exciton fission (SF), a molecular 

analogue of multi-exciton generation, could offer an alternative approach to surpass the 

Shockley-Queisser limit and extend the theoretical efficiency up to 45%.4-8 SF is a spin 

conserving four-particle process9 where one singlet electron-hole pair, or singlet exciton 

(S1), is spontaneously converted into two triplet excitons (T1T1) localized on two 

neighboring molecules (intermolecular SF or xSF)10,11 or on two spatially separated 

chemical groups in one molecule (intramolecular SF or iSF).12,13 Because it is spin-

forbidden for a triplet electron-hole pair to recombine to the ground state, the lifetime of 
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triplet excitons is enhanced. This is favorable for harvesting the excitons and thus 

improving OPV efficiency.7,14,15

SF was first discovered in crystalline anthracene in 1965.16 A number of SF materials 

have been studied since.17-25 In particular, crystalline tetracene (TET) and pentacene 

(PEN) have been extensively examined and discussed due to their high triplet yield, 

ultrafast transfer between bright and dark states, and foreseeable implementation into 

optoelectronics.15,26 These merits make tetracene and pentacene reasonable starting 

compounds in designing SF materials. Synthesizing their functionalized derivatives could 

help achieve increased solubility, higher air stability, and more favorable packing 

arrangements.27-29 Previous studies of pentacene derivatives, such as 

bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) and its aza derivatives have 

suggested that singlet exciton properties are correlated with π-orbital stacking.28,30 

Moreover, it has been found that nitrogen substitution of aza derivatives may accelerate 

the triplet state formation process.28,30,31 SF has also been observed in diphenyl-tetracene 

(DPT), orthorhombic rubrene (RUB) and diphenyl-pentacene (DPP), all of which are 

phenylated acene derivatives.10,18,32,33,34

SF is a collective many-body quantum mechanical process, whose efficiency depends 

on multiple factors.7,9,14,35 The primary descriptor associated with SF is the 

thermodynamic driving force, ES-2ET, where ES is the energy of the first excited singlet 

state (corresponding to the optical gap) and ET is the energy of the lowest excited triplet 

state.7-9 A secondary descriptor related to the efficiency of intermolecular SF in the solid 

state is the degree  charge transfer character (%CT), which is the probability of the 

excited electron and hole to be found on different molecules.9,35,36 A high %CT of the 
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singlet exciton could facilitate the coupling between the singlet state and triplet states of 

neighboring molecules.8,9,14 Crystal structure can significantly affect the fission rates by 

changing both the energetics and the exciton wave-functions of the singlet and triplet 

states.35,37-39 

The debate regarding which molecular arrangement is more favorable to SF is still 

ongoing. In this respect, it is instructive to analyze trends in the properties of families of 

structurally or chemically similar chromophores. Sutton et al.40 studied the impact of 

molecular packing on SF performance for six rubrene derivatives and found that in π-

stacked structures SF may be facilitated by vibronic coupling, whereas in structures that 

do not display π-stacking, SF may be inefficient due to small coupling between singlet 

and triplet states. Wang et al.41 performed a systematic comparison among a series of 

pentacene dimers with different longitudinal and lateral displacements. They showed that 

switching from cofacial to slip-stacked dimer arrangements results in tenfold increase of 

SF rate. In contrast, Feng et al.42 have argued that slip-stacking is not the only 

configuration that presents efficient fission, but that the herringbone (HB) packing motif 

of tetracene and pentacene is also beneficial to SF performance. This calls for further 

investigation of the relationship between intermolecular interactions and SF-related 

properties among chemical families of functionalized chromophores in the solid state.

Here, we investigate a series of phenylated acene derivatives, two with tetracene 

backbones [5,12-diphenyltetracene (DPT) and rubrene (RUB)] and five with pentacene 

backbones [6-phenylpentacene (MPP), 6,13-diphenylpentacene (DPP), 5,7,12,14-

tetraphenyl-pentacene (TPP), 1,4,6,8,11,13-hexaphenylpentacene (HPP), and 

1,2,3,4,6,8,9,10,11,13-decaphenylpentacene (DcPP)], whose structures43-47 are illustrated 
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in Figure 1. While tetracene and pentacene crystallize in a HB structure,39,48-52 their 

phenylated derivatives display a rich variety of packing arrangements (Hirshfeld surface 

analyses of these structures are provided in the Supporting Information). Due to the 

presence of the phenyl side groups, DPT does not present a HB packing motif but forms 

π-stacks characterized by cofacial intermolecular interactions (also known as β-HB).48,49 

Orthorhombic rubrene displays a combination of cofacial π-stacking along the b-direction 

and HB packing in the ab-plane.35,48,49 MPP crystallizes in a “slipped” sandwich 

herringbone (SHB) structure with a mixture of cofacial and HB packing, as shown in the 

Figure 1. Single molecules, molecular packing and crystal structures of tetracene, 
pentacene, and their derivatives. The acene backbones are colored in dark blue and the 
phenyl side groups are colored in light blue. Z indicates the number of molecules per unit 
cell. The corresponding CSD entries are TETCEN01,43 XECJIZ,44 QQQCIG04,45 
PENCEN,46 VEBKAP,47 VEBJIW,47 VEBJES,47 VEBJOC,47 and VEBJAO.47
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Supporting Information. In DPP, the molecules are stacked along the c-direction, however, 

their backbone orientation alternates, such that neighboring molecules lie perpendicular to 

each other in the ab-plane. With the addition of more phenyl side groups, the backbones 

of TPP, HPP and DcPP are increasingly separated from each other.47 Both TPP and HPP 

do not show any cofacial interactions between the pentacene backbones and in the HB-

like structure of DcPP, the pentacene backbones are more than 5 Å apart. 

We use many-body perturbation theory (MBPT) within the GW approximation and the 

Bethe-Salpeter equation (GW+BSE)23,53-55 to study the electronic and optical properties of 

tetracene, pentacene, and their phenylated derivatives in the gas phase and solid state. We 

elucidate the effect of crystal packing and explain the origin of the differences between 

the trends found in isolated molecules vs. molecular crystals. To assess the likelihood of 

intermolecular SF in the solid state for the materials studied here, we use a two-

dimensional descriptor based on the thermodynamic driving force for SF (ES-2ET) and the 

degree of singlet exciton charge transfer character (%CT). We find that weak cofacial 

interactions or slip stacking may be beneficial for the SF performance of phenylated 

acene derivatives. In particular, TPP, HPP, and DcPP emerge as promising new candidate 

materials for intermolecular SF in the solid state.

2. METHODOLOGY

The geometries of all the single molecules were optimized using density functional theory 

(DFT) with the generalized gradient approximation of Perdew, Burke, and Ernzerhof 

(PBE)56,57 coupled to the Tkatchenko-Scheffler (TS) pairwise dispersion method58 

implemented in the all-electron numerical atom-centered orbital (NAO) code, FHI-
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aims.59-61 In the gas phase, rubrene adopts a conformation with a twisted backbone.62,63 

However, here we calculated the properties of a rubrene molecule with a planar backbone 

because this is the conformation found in the crystal structure. The GW and Bethe-

Salpeter equation (BSE) calculations isolated molecules were performed with FHI-aims 

using aug2tier2 basis sets. The non-self-consistent G0W0 method was employed to 

compute the quasiparticle eigenvalues of single molecule orbitals using the mean-field 

PBE calculation as a starting point. Based on a previous benchmark study,64 for 

polycyclic aromatic hydrocarbons containing only C and H atoms the PBE functional is a 

sufficiently accurate starting point for G0W0 calculations, in the sense that it predicts the 

correct orbital ordering and the resulting spectrum is qualitatively similar to spectra 

obtained using more accurate methods and to experiments. Similar trends were found for 

rubrene, perylene, and quaterrylene.35,39 G0W0@PBE is therefore sufficiently accurate for 

the purpose of qualitative comparisons between the molecules studied here.

The single molecule optical gaps were obtained through BSE within the Tamm-

Dancoff approximation (TDA),65 which has been shown to improve the accuracy of the 

triplet excitation energies relative to higher level theories, such as coupled cluster with 

singles, doubles, and perturbative triples (CCSD(T))66,67 (a screening mixing strategy68,69 

may also improve the accuracy of the triplet energy, however it is not used here). 

However, the effect of TDA on singlet energy is still under debate.66,67 30 occupied states 

and 30 unoccupied states were considered for the BSE calculation. In the Supporting 

Information, GW and BSE results of single molecules obtained from FHI-aims are 

compared to those from the BerkeleyGW code,65 and experimental data. Due to the 
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systematic underestimation of the G0W0 gap and BSE excitation energies compared to the 

experiments, we restrict our discussion to qualitative trends among different molecules.

The starting geometries of crystalline tetracene, pentacene, and their derivatives 

studied here were obtained from the Cambridge Structural Database (CSD), whose 

reference codes are provided in Figure 1. The geometries were then optimized with the 

CASTEP code70 using PBE coupled to TS. Norm-conserving pseudopotentials were 

utilized for C and H atoms. The planewave basis set cut-off was 750 eV and the k-point 

grid spacing was 0.07 Å-1. The convergence criteria for the total energy, maximum force, 

maximum stress, and maximum displacement were 5×10-6 eV/atom, 0.01 eV/Å, 0.02 GPa, 

and 5×10-4 Å-1, respectively.

The single-point calculations of electronic and optical properties of crystalline 

tetracene, pentacene, and their derivatives were performed with GW and BSE 

implemented in the BerkeleyGW code.65 The convergence of the numerical settings for 

such calculations has been discussed and carefully benchmarked previously.35,39 

Therefore, only a brief description of the system dependent settings is provided here. 

Firstly, the DFT eigenvectors and eigenvalues were generated with Quantum Espresso,71 

using the PBE functional and norm-conserving pseudopotentials. K-grids of 4×4×2, 

4×2×2, 2×2×1, 4×4×2, 2×2×2, 3×3×3, 4×2×1, 4×2×2, and 2×2×1 were used for 

crystalline TET, DPT, RUB, PEN, MPP, DPP, TPP, HPP, and DcPP, respectively. 

Secondly, G0W0 quasiparticle band structures were computed using the dielectric function 

and self-energy operator constructed by summing over 550 conduction bands for all the 

crystals. The static remainder correction72 was applied to accelerate the convergence with 

Page 8 of 41

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2. G0W0@PBE quasiparticle energies of the HOMO-1 (red), HOMO (black), LUMO 
(black), and LUMO+1 (red) of tetracene, pentacene, and their phenylated derivatives. The 
HOMO and LUMO of each molecule are visualized. The percent of frontier orbital charge 
contributed by the acene backbone, based on Bader analysis, is shown in blue.

respect to the number of conduction bands. The energy cut-off for the calculation of the 

polarizability was set to 10 Ry. 

Lastly, optical excitations were calculated by solving the BSE within the Tamm-

Dancoff approximation (TDA)65 using 24 valence bands and 24 conduction bands. 

Because of the slow convergence behaviour of the BSE calculation, denser k-grids were 

used for this step, of 8×8×4, 8×4×4, 10×10×5, 8×8×4, 4×4×4, 6×6×8, 8×4×2, 8×4×4, and 

20×4×1 for TET, DPT, RUB, PEN, MPP, DPP, TPP, HPP, and DcPP, respectively. The 

exciton wave-functions were calculated by fixing the hole position at a high hole 

probability site.39 In some cases, converging the exciton wave-function, such that it was 

entirely contained in the simulation cell, required highly extended super-cells along the 

molecular packing direction, as discussed in the Supporting Information. For example, for 

DPP, 8 unit cells (32 molecules) were used along the c-direction. The degree of charge 

transfer character (%CT), which describes the probability of the electron and hole of an 
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exciton residing on different molecules, 

were computed using the double-Bader 

analysis (DBA) method, developed by 

us.39 Briefly, DBA extends the Bader 

charge partitioning scheme to exciton 

wave-functions with two spatial 

coordinates by performing nested sums 

over electron and hole positions.

3. RESULTS AND DISCUSSION

3.1 Single Molecules

We begin by investigating the effect of phenyl substitution on the molecular properties of 

tetracene and pentacene derivatives. Figure 2 shows the G0W0@PBE quasiparticle 

energies of the HOMO, HOMO-1, LUMO, and LUMO+1. Visualizations of the HOMO 

and LUMO are also shown. Based on Bader analysis,73 more than 90% of the frontier 

orbital charge density is located on the acene backbones. Although the phenyl groups do 

not contribute significantly to the frontier orbitals, their presence leads to a decrease in 

the HOMO-LUMO gap, possibly due to increased electronic screening. The single 

molecule quasiparticle gap decreases from 5.02 eV in tetracene through 4.69 eV in DPT 

to 4.38 eV in rubrene in agreement with Ref. 63. The same trend holds in pentacene 

derivatives. The HOMO energy increases and LUMO energy decreases, narrowing the 

gap from 4.24 eV in pentacene to 3.41 eV in DcPP. The phenyl groups contribute 

Figure 3. Singlet (black) and triplet (red) 
excitation energies and thermodynamic driving 
force for SF (blue) calculated from 
G0W0+BSE@PBE method for each molecule.
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additional peaks in the deeper valence region of the G0W0@PBE quasiparticle spectra, as 

shown in Figure S2 of the Supporting Information. 

Figure 3 shows the singlet and triplet excitation energies of the tetracene and pentacene 

derivatives, obtained from G0W0+BSE@PBE, as well as the thermodynamic driving force 

for SF (tabulated values are provided in the Supporting Information). The optical gap, ES, 

does not decrease as much as the fundamental gap with the number of phenyl groups 

because the additional screening contributed by the phenyl groups reduces the singlet 

exciton binding energy (BES).74 We find that pentacene with a larger molecule size has a 

smaller ET than tetracene, in agreement with Ref. 24. Similar to ES, ET is the difference 

between the GW fundamental gap and the triplet exciton binding energy (BET). BET is 

typically significantly larger than BES, owing to the absence of the repulsive exchange 

electron-hole interaction. BET decreases with the number of phenyl groups, similar to the 

fundamental gap and BES, such that overall ET remains almost constant for the tetracene 

series and increases slightly for the pentacene series with the addition of phenyl side 

groups (see further discussion in the Supporting Information). Consequently, the 

thermodynamic driving force for SF, ES-2ET, generally decreases with the number of 

phenyl rings for both the tetracene and pentacene series. 

Within the oligoacene family, the thermodynamic driving force for SF has been shown 

to increase with molecule size.24 Pentacene with a high ES-2ET is currently the best-

known SF material. Anthracene, with smaller ES-2ET, and its derivative 

diphenylanthracene (DPA), are known to exhibit triplet-triplet annihilation (TTA), the 

reverse process of SF.75-77 Tetracene, with ES-2ET value in between pentacene and 

anthracene, is less efficient than pentacene in terms of SF. Furthermore, both SF and TTA 
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have been observed in the tetracene derivative, rubrene.18,76 The magnitude of ES-2ET 

thus appears to be primarily determined by the size of the acene backbone, and only 

slightly modulated by the phenyl side groups. Functionalization with side groups may be 

a useful strategy to optimize device performance by tuning the molecular properties, 

including the optical absorption threshold, the exciton binding energy, the ionization 

potential (IP), the electron affinity (EA), and consequently the energy level alignment at 

functional interfaces.  
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3.2 Molecular Crystals

The electronic and optical properties of molecular crystals depend not only on the 

molecular properties, but also on the electronic coupling between neighboring molecules. 

Although the phenyl groups do not contribute significantly to the frontier molecular 

orbitals, they affect the solid-state properties by altering the crystal packing, as shown in 

Figure 1. The G0W0@PBE quasiparticle band structures of crystalline phenylated 

tetracene and pentacene derivatives are shown in Figure 4. Crystals with HB packing 

Figure 4. G0W0@PBE quasiparticle band structures of crystalline tetracene, pentacene, and 
their phenylated derivatives. The valence band maximum (VBM) is shifted to 0 eV. Direct 
and indirect band gaps are indicated in red. HOMO and LUMO derived band dispersions are 
indicated in blue (there are as many HOMO and LUMO derived bands as the number of 
molecules in the primitive unit cell).
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motifs and/or with significant cofacial 

intermolecular interactions are 

characterized by dispersed bands, as 

seen for tetracene, DPT, rubrene, 

pentacene, and MPP in panels (a)-(e). 

The DPP crystal exhibits less band 

dispersion, as seen in panel (f). This 

may be attributed to the weak cofacial 

interactions between neighboring 

molecules stacked along the c-

direction, whose backbones are 

perpendicular to each other in the ab 

plane, as seen in Figure 1f. Moreover, 

the distance between cofacially 

stacked backbones in DPP is about 5 Å,47 significantly larger than e.g., 3.8 Å in DPT. The 

TPP, HPP, and DcPP crystals exhibit nearly flat bands, as shown in panels (g), (h), and (i) 

of Figure 4, respectively. For these molecules, multiple phenyl side groups create a 

considerable steric barrier preventing the overlap of frontier orbitals, localized on the 

backbones. In the TPP and HPP crystals, the molecules are slip-stacked, such that the side 

groups of one molecule interact with the backbone of another, as shown in panels (g) and 

(h) of Figure 1. In the DcPP crystal, despite the HB-like packing in the ac plane, the 

phenyl groups spatially separate pentacene backbones apart by more than 5 Å, leading to 

minimal electronic coupling between the frontier orbitals.

Figure 5. (a) Schematic of gap narrowing from 
the gas phase to the solid state. (b) G0W0@PBE 
gas phase gap from FHI-aims (black) and solid 
state band gap from BerkeleyGW (red). (c) 
G0W0@PBE gap difference between gas phase 
and solid state with (solid magenta) and without 
(dashed magenta) a correction of 0.4 eV. The gap 
narrowing is calculated from eq 1 with the static 
polarizability obtained from MBD (blue) and RPA 
(green).
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In addition to band dispersion, another important contribution to the difference 

between the properties of isolated molecules and molecular crystals is the narrowing of 

the fundamental gap due to polarization effects.74,78-80 As shown in Figures 2 and 5, the 

gas phase HOMO-LUMO gap decreases monotonically with the number of phenyl groups. 

Interestingly, the fundamental band gaps in the solid state do not follow the same trend, 

and even increase for the larger phenylated pentacene derivatives, as shown in Figures 4 

and 5. This difference is primarily attributed to the enhanced dielectric screening and 

band dispersion in the crystalline environment. As illustrated in Figure 5a, we estimate 

the gap narrowing by:

𝐸𝑔𝑎𝑝
𝑛𝑎𝑟𝑟𝑜𝑤𝑖𝑛𝑔 = 2𝑃 +

𝐸𝑣
𝑑𝑖𝑠𝑝 + 𝐸𝑐

𝑑𝑖𝑠𝑝

2               (1)

where  is the gap narrowing from gas phase to solid state,  is the 𝐸𝑔𝑎𝑝
𝑛𝑎𝑟𝑟𝑜𝑤𝑖𝑛𝑔 𝐸𝑣

𝑑𝑖𝑠𝑝

dispersion of the HOMO derived valence bands,  is the dispersion of the LUMO 𝐸𝑐
𝑑𝑖𝑠𝑝

derived conduction bands, and P is the stabilization energy of an ionized molecule due to 

the dielectric screening by the surrounding molecules in the solid state. The screening 

effect reduces the solid-state band gap by 2P because the ionization energy is decreased 

by P, while the electron affinity is increased by P. The polarization energy is calculated 

from a simple electrostatic model:81,82

𝑃 = ― 𝑒2𝜀 ― 1
2𝑅𝜀            (2)

In this model the ionized molecule is approximated as a hollow sphere of radius R, which 

is given by:
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𝑅 = ( 3𝑉
4𝜋𝑁)

1
3
         (3)

where V/N is the volume per molecule in the primitive cell. The dielectric constant, , in  𝜀

eq 2 is calculated from the Clausius-Mossotti relation:

𝜀 ― 1
𝜀 + 2 =

4𝜋
3𝑉𝛼          (4)

where  is the static polarizability. The polarizability may be calculated either by using  𝛼

DFT with the many-body dispersion (MBD)78-80 method or within many-body 

perturbation theory via the random-phase approximation (RPA).74 The two methods give 

comparable results of gap narrowing, as shown in Figure 5c, with the largest difference 

being 0.34 eV for pentacene. The polarization energies for pentacene obtained from MBD 

and RPA are, respectively, 1.18 and 1.01 eV, in agreement with 1.00/1.12 eV for 

HOMO/LUMO in Ref. 83.

Finally, a correction, Δ, may be added to account for the fact that the gas phase and 

solid state gaps are calculated here using different codes. As shown in the Supporting 

Information and in Ref. 84, the GW gaps obtained from FHI-aims are typically a few 

hundred meV smaller than those obtained from BerkeleyGW. For example, the HOMO-

LUMO GW gap of an isolated tetracene molecule produced by FHI-aims is 0.4 eV less 

than the gap produced by BerkeleyGW. A detailed discussion of the origins of the 

discrepancies between different GW implementations is provided in Ref. 84. Briefly, the 

difference may be attributed primarily to the use of pseudo-potentials and the generalized 
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plasmon pole approximation in 

BerkeleyGW. Although this difference 

varies slightly for different molecules, 

we use a rigid shift of Δ = 0.4 eV in 

Figure 5c. 

As shown in Figure 5, the simplistic model given by eq 1 quantitatively captures the 

trend in the quasiparticle gap differences between the gas phase and solid state for the 

phenylated acene series. Hence, the gap 

narrowing from single molecules to 

molecular crystals may be explained by the 

combined effect of the enhanced dielectric 

screening in the solid state and the 

electronic coupling between the frontier 

orbitals of neighboring molecules. The 

former decreases the HOMO-LUMO 

energy gap by twice the polarization 

energy.  The latter further narrows the gap 

by dispersing the HOMO and LUMO 

derived bands (additional details are 

provided in the Supporting Information).

The crystal packing affects not only the 

band structure and excitation energies, but 

Figure 6. Lowest energy singlet exciton wave-
functions. Red spheres indicate hole positions. 
Electron probability densities are shown in 
yellow.

Figure 7. SF driving force (ES-2ET) on the 
x-axis and degree of singlet exciton charge 
transfer character (%CT) on the y-axis for 
the nine crystals in Figure 1 with two 
additional metastable rubrene polymorphs, 
monoclinic (QQQCIG13) and triclinic 
(QQQCIG14).85 Error bars represent the 
minimal and maximal values of %CT 
obtained from DBA with different hole 
positions. The materials where SF has been 
observed experimentally are indicated in red. 
Singlet and triplet excitation energies and 
values of ES-2ET and %CT are tabulated in 
Table S5 of the Supplementary Information.
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also the character of exciton wave-functions.35,39 The electron probability distribution is 

typically localized primarily on the molecules that have the strongest electronic coupling 

with the molecule on which the hole resides.39 Representative examples of singlet exciton 

wave-functions are shown in Figure 6 (additional singlet and triplet exciton wave-

functions are plotted in the Supporting Information). When there is a cofacial π-stacking 

direction, as in the case of DPT and DPP, the singlet exciton wave function is distributed 

along this direction. In the slipped SHB packing of MPP, the electron probability is 

distributed on several neighbors with strong electronic coupling within the molecular 

layer of the molecule with the hole. In slip-stacked structures, such as TPP, HPP, and 

DcPP, the electron is localized on two slip-stacked neighbors with relatively large 

electronic coupling to the molecule with the hole. Singlet excitons in such weakly 

coupled structures tend to have a high degree of charge transfer character. In all the 

materials studied here, the triplet excitons have a more Frenkel-like character with the 

electron distribution concentrated mainly on the same molecule as the hole, as shown in 

the Supporting Information. 

In Figure 7, the phenylated tetracene and pentacene crystals are ranked with respect to 

a two-dimensional descriptor based on the thermodynamic driving force for SF, ES-2ET, 

and the degree of singlet exciton charge transfer character, %CT.38 ES-2ET is 

systematically underestimated, owing to the limitations of the GW+BSE approach, as 

discussed in Refs. 35, 39, 86-88. Therefore, we restrict the discussion to qualitative trends. 

Overall, ES-2ET and %CT are higher for the phenylated pentacene crystals than the 

phenylated tetracene crystals. This indicates that the thermodynamic driving force for SF 

depends strongly on the backbone length, which is consistent with our findings for 
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isolated molecules. However, a variation up to 0.4 eV in ES-2ET is found within each 

group. Interestingly, for the phenylated acene crystals ES-2ET does not decrease with the 

number of phenyl side groups in contrast to the trend found for isolated molecules in 

Figure 3. This may be attributed to the effect of crystal packing, with some packing 

arrangements being more favorable for SF. 

Among the pentacene derivatives, MPP in SHB-like packing has a comparable ES-2ET 

to pentacene in HB packing, but a somewhat lower %CT. DPP, TPP, HPP, and DcPP, 

whose crystal structures are characterized by weak cofacial (π∙∙∙π) interactions or slip 

stacking, have higher ES-2ET values than pentacene and very high %CT. Among the 

tetracene derivatives, the orthorhombic and triclinic35,85 forms of rubrene, whose 

structures are characterized by cofacial interactions between π-stacked molecules, have a 

lower ES-2ET and higher %CT than HB-packed tetracene. DPT, with less cofacial 

interactions than orthorhombic and triclinic rubrene, has a comparable ES-2ET value to 

tetracene, but a lower %CT. Monoclinic rubrene,35,85 whose slip-stacked crystal structure 

is similar to that of TPP and HPP, stands out in its particularly high ES-2ET value, 

comparable to MPP, as well as a very high %CT. We therefore conclude that slip-

stacking and other packing arrangements with weak cofacial intermolecular interactions 

between the acene backbones may be favorable for intermolecular SF in crystalline acene 

derivatives, in agreement with the findings of Refs. 41, 42. In particular, TPP, HPP, and 

DcPP emerge as promising candidates for SF. This may motivate further experimental 

and theoretical studies of SF in these materials. 

4. CONCLUSIONS
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In summary, we have studied the electronic and excitonic properties of tetracene, 

pentacene, and their phenylated derivatives in both the gas phase and solid state, using 

GW+BSE. The phenyl side groups do not contribute significantly to the single molecule 

frontier orbitals, which are localized mainly on the acene backbones. However, phenyl 

substitution leads to a monotonic decrease in the gas phase quasiparticle gap due to the 

increased electronic screening. Unlike the HOMO-LUMO gap in the gas phase, the band 

gap in the solid state is affected by intermolecular interactions. Two effects contribute to 

band gap narrowing in the solid state: First, the polarization energy due to the dielectric 

screening decreases the ionization energy and increases the electron affinity. Second, 

band dispersion resulting from electronic coupling between the frontier orbitals of 

neighboring molecules contributes to further gap narrowing. The band dispersion is 

typically more significant in crystals with HB packing motifs and/or strong cofacial 

intermolecular interactions. As a result of these effects, the band gap does not decrease 

monotonically with the number of phenyl side groups and even increases, owing to the 

weaker cofacial interactions between molecules with a larger number of side groups. 

The excitonic properties of isolated molecules and molecular crystals also exhibit 

significantly different trends with the number of phenyl side groups. The thermodynamic 

driving force for SF, ES-2ET, is determined primarily by the size of the acene backbone in 

both the gas phase and solid state. Overall, ES-2ET is higher for phenylated pentacene 

derivatives than phenylated tetracene derivatives. In isolated molecules, the 

thermodynamic driving force for SF generally decreases with the number of phenyl rings 

for both the tetracene and pentacene series. In contrast, a dependence of ES-2ET on 

packing motifs is found in crystals. In both the tetracene and pentacene series, the 
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phenylated derivatives, whose crystal structures are characterized by weak cofacial 

interactions or slip stacking, have larger ES-2ET than those with HB, cofacial, or SHB 

packing. Specifically, DPP, TPP, HPP, and DcPP crystals are favorable for SF in terms of 

both the thermodynamic driving force and the degree of singlet exciton charge transfer 

character. Three of these materials, TPP, HPP, and DcPP, have not been investigated 

experimentally as of yet. 

Thus, using GW+BSE, we have elucidated the effect of crystal packing and explained 

the origin of the different trends in the gas phase and solid-state properties of phenylated 

acene derivatives. Based on our findings, studies of isolated molecules or molecular 

clusters may have limited predictive power with respect to the properties of extended 

systems. Finally, we have identified TPP, HPP, and DcPP as promising new candidates 

for intermolecular SF in the solid state.
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