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I. Temperature dependence of the relative stability of the three rubrene polymorphs 

The calculated temperature dependence of the thermodynamic properties of the three rubrene polymorphs 

is shown in Fig. S1.  It can be seen from Fig. S1a that the free energy of the orthorhombic structure is the 

lowest of the three polymorphs over a wide temperature range, indicating that it is the most stable of the 

three. The monoclinic and triclinic forms are close in energy to each other with a phase transition 

occurring at about 263 K. If the free energy of the molecule in any phase is assumed to be the same, the 

variation in the crystalline free energies of each polymorph is the result of variations in the packing and 

corresponding intermolecular interactions. The reason for the enhanced stability of the orthorhombic form 

is that it possesses the largest amount of entropy of the three polymorphs as shown in Fig. S1b. The high 

entropy of the orthorhombic structure may be linked with the highest number of closer than vdW contacts 

of the three polymorphs as evaluated via Hirshfeld surface analysis.
1
 The enthalpy (cohesive energy) of 

the three polymorphs is shown in Fig. S1c. Here, the orthorhombic phase has the largest value. It has been 

shown in other large-scale studies of gas phase polyaromatic hydrocarbons (PAHs) that the larger the 

Fig. S1 Thermodynamic properties of rubrene polymorphs: (a)  free energy, (b) the entropic contribution to the free energy, 

and (c) the enthalpy (cohesive energy). The initial value for ΔG is ΔHlattice. All quantities are reported per molecular unit.  

 

a) b) c) 
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cohesive energy of a PAH within a given family, the smaller the band gap.
2
 This is consistent with our 

findings regarding the different polymorphs of rubrene; i.e., the orthorhombic phase has the smallest band 

gap and the largest relative enthalpy, whereas the monoclinic phase has the smallest enthalpy and the 

largest band gap.  

II. Pressure dependence of triclinic rubrene 

Comparison of the pressure dependent changes in the triclinic structure from PBE+TS and experiment
3
 is 

shown in Fig. S2. It has been observed experimentally that above 6 GPa that the triclinic phase (form I) 

adopts a previously undefined morphology (form II). This transformation is demonstrated via 

discontinuities in the pressure dependence of the unit cell parameters and intermolecular close contacts.  

Excellent agreement is achieved between experiment and PBE+vdW until the phase transition to form II 

occurs above 6 GPa. However, the experimentally observed discontinuities are captured in the 

simulations at higher pressures. Discontinuities in the pressure dependence of the calculated unit cell 

parameters seen in Fig. 2 in the main text and Fig. S2a demonstrate a transition similar to that observed 

experimentally from form I to form II.  The onset of the calculated transition starts at ~16 GPa with the 

expansion of the c unit cell axis and the compression of b unit cell axis.  While the unit cell axes have 

small fluctuations starting at ~16 GPa, they do not display the large discontinuity observed 

experimentally until ~19 GPa.   

It can be seen in Fig S2c that the percent H···H contacts decrease with pressure while the percent 

C···H and C···C contacts increase until the calculate phase transition pressure of 19 GPa. This is similar 

to the increase in packing efficiency in response to stress, observed for other PAHs
4
 and heterocycles.

5
 It 

is interesting to note that the H···H and C···H contacts change at similar but opposite rates (~1% per 

GPa) while the C···C contacts change at a quarter that rate (~0.25% per GPa). Discontinuities are 

observed in the pressure dependence of the close contact fractions at the same pressure as observed for 

the unit cell parameters. Here, both the C···C and H···H contacts decrease while the H···H contacts 

increase, in agreement with the experimentally observed pressure dependent phase transition. 

The simulated high pressure structures are presented in Fig S3.  It is evident that the tetracene 

backbone becomes increasingly twisted with increasing pressure and that the lateral phenyl rings begin to 

scissor and twist from 90 degrees with the tetracene backbone, in agreement with experiment.  We also 

see the “opening angle” and “torsion angle” of the lateral phenyl rings decrease as observed 

experimentally (see SI of Ref. 3 for angle definitions). 

Fig. S2 Pressure response of triclinic rubrene, compared to experimental data from Ref. 3: (a) volume per molecule and density, 

(b) unit cell angles, and (c) Hirshfeld surface pressure dependence. 



 

 

III. Effect of pressure on the electronic properties of the rubrene polymorphs 

The electronic and excitonic properties of molecular crystals often exhibit a strong pressure 
response, owing to the nature of weak dispersive intermolecular interactions, which facilitates 
structural and conformational changes.

3-9
 Here, we use PBE for a qualitative analysis of the effect 

of pressure on the electronic properties of the rubrene polymorphs. Structural relaxation under 
pressure was performed with PBE+TS using the CASTEP code as detailed in the main text. 
Single point calculations for the relaxed structures were performed with the FHI-aims code,

10, 11
 

using tight numerical settings and tier 2 basis sets. The change in the band gap is estimated based 
on PBE calculations and referenced to the G0W0@LDA gap at zero pressure. Similarly, the 
change in the top valence band and bottom conduction band is obtained from PBE band structures 
and referenced to zero pressure G0W0@LDA values. The change in the triplet excitation energy is 
calculated based on the PBE total energy differences between the singlet ground state and the 
triplet spin configuration.   

Fig. S4 shows the estimated pressure 
dependence of the band gaps, the band 
dispersion, and the triplet excitation 
energies of the three forms. The band gaps 
of all three polymorphs decrease, similar to 
other PAHs.

4
 This is consistent with the 

experimentally observed typical red shift of 
the absorption spectra of organic 
semiconductors under pressure.

12
 For all 

three polymorphs, the band dispersion 
increases with pressure. This is consistent 
with the experimentally observed 
enhancement in the mobility of 
orthorhombic rubrene under pressure.

6, 8
 For 

the monoclinic form the triplet excitation 
energy decreases with pressure at a similar 
rate to the PBE gap, which we assume to 
correlate with the rate of decrease of the 
singlet excitation energy. Therefore, at least 
in terms of the energy conservation 
requirement we do not expect a significant 
change in SF efficiency. The increase in 
band dispersion may make the singlet 

Fig. S4 pressure dependence of the electronic properties of (a) 

monoclinic, (b) orthorhombic, and (c) triclinic rubrene, 

estimated based on PBE calculations. Energies at 0 GPa in this 

figure are referenced to the GW values listed in Table 2 in the 

main text. The yellow region in (c) represents the phase 

transition of the triclinic form. 

Fig. S3 Geometry optimized triclinic rubrene structures at different pressures. 



exciton more FK-like, which may reduce SF efficiency. For the triclinic form, we estimate that 
while the triplet excitation energy remains almost constant with the increase in pressure, the 
singlet excitation energy decreases significantly. Therefore, the effect of pressure is detrimental to 
SF efficiency. This is consistent with the observation of decreased SF rate in tetracene under 
pressure.

13
 

The rate of gap decrease for each polymorph 
varies over different pressure ranges. The 
monoclinic phase has the smallest band gap 
pressure dependence. This is due in part to the 
fact that the tetracene backbones do not overlap 
well in this polymorph (see Fig. 5 in the main 
text). Therefore, the pressure increase results in 
a minimal increase in the intermolecular overlap 
of the frontier orbitals. Since the frontier orbitals 
are primarily concentrated on the carbon atoms 
of the tetracene backbone, one can monitor the 
increased interaction between the frontier 
orbitals of neighbouring molecules by 
calculating the pressure dependence of the C∙∙∙C 
intermolecular interactions via Hirshfeld surface 
analysis. Fig. S5 demonstrates that the rate of 
increase in %C∙∙∙C intermolecular interactions as 
a function of pressure is smallest for the monoclinic phase (monoclinic 0.126 %C∙∙∙C/GPa, 
orthorhombic 0.154 %C∙∙∙C/GPa, triclinic 0.179 %C∙∙∙C/GPa). In addition, it has been shown that 
the %C∙∙∙C interaction on the Hirshfeld surface is directly correlated with the band gap in PAHs,

14
 

and the monoclinic phase starts with nearly no C∙∙∙C intermolecular interactions under ambient 
conditions.

1
 As a result of the initially poor overlap of the frontier orbitals and/or the low %C∙∙∙C 

contacts, the band gap pressure response is half that of the other phases. Another factor 
contributing to the decreased band gap pressure response of the monoclinic phase is that while the 
dispersion of the bottom conduction band increases immediate upon pressurization, the top 
valence band remains essentially unchanged up to about 5 GPa.  As seen from the other phases, 
the dispersion of the top valence band seems to have the most significant effect on closing the 
band gap. 

Greater overlap of the frontier orbitals is present in the orthorhombic and triclinic polymorphs 
at 0 GPa (see Fig 5 in the main text), causing a more sensitive pressure dependence of the band 
gaps. This increased overlap of the frontier orbitals can also be captured via the %C∙∙∙C 
intermolecular interactions at 0 GPa in Fig. S3. It is observed in Figures S4 and S5 that while the 
triclinic phase has the greatest rate of increase in the %C∙∙∙C intermolecular interactions, the 
orthorhombic phase has the greatest decrease in the PBE gap.  This is because the triclinic phase 
undergoes a polymorphic phase transition over the pressure range of interest, causing an upward 
discontinuity in the downward progression of the band gap pressure dependence.  

When the band gap pressure dependence of each polymorph is compared with that of 
pentacene, it is observed that the lateral phenyl rings of rubrene work effectively as cushions 
between the localized frontier orbitals on backbones to decrease the pressure effect. Therefore the 
collapse in the band gap for rubrene in all morphologies (-0.024 eV/GPa for monoclinic, -0.045 
eV/GPa for orthorhombic, and -0.044 eV/GPa for triclinic forms) is at most half of that observed 
for pentacene (-0.08 eV/GPa)

4, 9
 over the same pressure range. This can be explained in part by 

the fact that the %C∙∙∙C intermolecular interactions occurring on the Hirshfeld surface of 
pentacene increase at quadruple the rate of any rubrene polymorph over the same pressure 
region.

4
      

 
 

Fig. S5 Comparison of intermolecular close contacts, 

derived from Hirshfeld surface analysis, as a function of 

pressure for the monoclinic, orthorhombic, and triclinic 

phases of rubrene. 



IV. GW results for a rubrene molecule  

G0W0 calculations for a rubrene molecule were 

performed with the FHI-aims code,
10, 11, 15

 using tier 

4 basis sets. For the mean-field starting point we 

used the generalized gradient approximation of 

Perdew, Burke, and Ernzerhof (PBE),
16, 17

 the PBE-

based hybrid functional (PBE0)
18

 with 25% Fock 

exchange, and Hartree-Fock. The geometry of the 

rubrene molecule in the three polymorphs varies 

slightly because the different crystal packing leads 

to small changes in the orientation of the phenyl 

side groups. Our G0W0 calculations show that the 

electronic properties of a single rubrene molecule 

are not sensitive to this slight difference in 

geometry. As shown in Table S1, the energy 

differences in the ionization potential (IP), electron 

affinity (EA) and fundamental gap (IP-EA) are 

within 0.03 eV. The calculated valence spectra are 

compared to a gas phase photoemission 

spectroscopy (PES) experiment
19

 in Fig. S6. The 

best agreement with experiment is obtained with G0W0@PBE0, while the G0W0@PBE and G0W0@HF 

spectra are shifted to lower and higher ionization energies, respectively. The good performance of the 

PBE0 starting point for valence spectra is consistent with the results of earlier studies for other organic 

semiconductors.
20-24

 We note that the results of G0W0 calculations may vary somewhat between different 

implementations.
25

 It has been shown that the G0W0@PBE results of the BerkeleyGW code are similar to 

the G0W0@PBE0 results of FHI-aims.
26

 This may be attributed to favorable error cancellation between the 

gap underestimation by PBE and the gap overestimation resulting from the Hybertsen-Louie generalized 

plasmon pole model.
27-29

 Here, we use of the BerkeleyGW code to perform G0W0@LDA calculations 

for molecular crystals of rubrene.  

V. Convergence of the GW and BSE calculations for crystalline rubrene 

G0W0 results are known to be sensitive to the convergence of the basis sets, k-point sampling, and other 

parameters of the calculation.
30-32

 Here, the convergence of the G0W0@LDA band gap was carefully 

examined for triclinic rubrene, whose smaller unit cell size allows for performing very tightly converged 

calculations. The results are shown in Fig. S5. In addition to the k-point sampling (Fig. S7a) and plane-

wave cutoff (Fig. S7b) used for the underlying DFT calculation, three parameters must be converged in 

the GW step: the number of bands in the Coulomb hole summation (Fig. S7c), the screened Coulomb 

cutoff (Fig S7d), and the number of bands in the calculation of the dielectric function (fig. S7e). When 

testing one parameter, the other two were set to a very large value, which was regarded as ‘infinite’ value. 

Table S1 The IP, EA, and fundamental gap in eV of a single rubrene molecule in geometries corresponding to the monoclinic, 

orthorhombic, and triclinic polymorphs obtained with G0W0 based on different mean-field starting points. 

 Molecule @ Monoclinic Molecule @ Orthorhombic Molecule @ Triclinic 

 G0W0 

@HF 

G0W0 

@PBE 

G0W0 
@PBE0 

G0W0 
@HF 

G0W0 
@PBE 

G0W0 
@PBE0 

G0W0 
@HF 

G0W0 
@PBE 

G0W0 
@PBE0 

IP 6.78 6.14 6.32 6.79 6.14 6.32 6.80 6.15 6.34 

EA 1.28 1.82 1.62 1.31 1.83 1.63 1.28 1.81 1.61 

Gap 5.50 4.32 4.70 5.48 4.31 4.69 5.52 4.34 4.72 

          

Fig. S6 Spectra of a rubrene molecule obtained with G0W0 

calculations based on different mean-field starting points, 

broadened by a 0.3 eV Gaussian, compared to PES data 

from Ref. 19. The red line represents experimental IP. 



Fig. S7 Convergence of the G0W0@LDA band gaps at different k points for triclinic 

rubrene with respect to (a) k-point sampling, (b) the plane-wave cutoff, (c) the number of 

bands in the Coulomb hole calculation, (d) the screened Coulomb cutoff, and (e) the 

number of bands in the dielectric function calculation. The error in the gap is given in 

meV with respect to the tightly converged “infinite” value. 

The parameter being 

tested was decreased from 

‘infinite’ value to lower 

values. Convergence was 

assessed at four different 

k points in terms of the 

difference from the gap 

obtained with “infinite” 

tightly converged values. 

The “infinite” values 

adopted here for the three 

GW parameters were 5000 

bands in the Coulomb 

hole summation, 50 Ry 

for the screened Coulomb 

cutoff, and 5000 bands in 

the calculation of the 

dielectric function. The 

results show that the gaps 

obtained with values of 

600 bands, 20 Ry, and 

600 bands, respectively 

are adequately converged. With these 

well converged values we further tested 

the parameters of the LDA calculations. 

A 2×2×2 k-point grid and a 60 plane-

wave cutoff are found to be well 

converged. The total gap error with our 

chosen parameter values is about 60 meV.  

The k-point convergence of the BSE 

calculation was tested for the 

orthorhombic form of rubrene, for which 

experimental data are available. 12 

valence bands and 15 conduction bands 

were used for the calculation while the k-

point grid was varied. The results are 

shown in Fig. S8. The position of the 

first absorption peak, which corresponds 

to the singlet excitation energy, is already converged with a 6×6×3 k-point grid. The oscillator strength is 

more sensitive to the k-point sampling, particularly in the 2.7-3.5 eV region of the spectrum. A peak at 

about 2.9 eV along the c direction is missing when a k-grid of 8×8×4 is used. Detailed benchmark studies, 

which are beyond the scope of the present work, are needed to fully understand the origin of this 

behavior. The results reported in the main paper were obtained with a 10×10×5 k-grid, which is the limit 

of what is computationally feasible presently to the large system size (280 atoms).   

Fig. S8 G0W0+BSE@LDA absorption spectra for light polarized along 

the three crystal axes of orthorhombic rubrene, calculated with different 

k-point grids. 



G0W0+BSE@PBE results for crystalline pentacene 

In the following we provide the results of G0W0+BSE@PBE calculations for crystalline pentacene, in 

support of the comparison between rubrene and pentacene in Table 2 of the main text. These calculations 

were conducted as a part of a different project and will be published independently elsewhere. We note 

that the results of G0W0 based on PBE and LDA have been shown to be very similar (see the SI of Ref. 22 

and Table S2). The PBE eigenvalues and wave-functions were generated with Quantum Espresso,
33

 using 

a k-point grid of 4×4×2 and plane-wave energy cutoff of 50 Ry. G0W0+BSE calculations were performed 

with the BerkeleyGW code.
31

 568 bands and a screened Coulomb cutoff of 10 Ry were used for the G0W0 

calculation. 24 valence bands, 24 conduction bands and a k-grid of 8×8×4 were used for the BSE 

calculation. Fig. S9 shows the G0W0@PBE band structure, which is in agreement with Ref. 34. A 

comparison of the fundamental gap is also provided in Table S2. The k-point convergence of the BSE 

calculation is shown in Fig. S10 for absorption spectra summed over all polarizations. The absorption 

spectra obtained with k-point grids of 8×8×4 and 4×4×2 have the same form. Denser k-point sampling 

leads to a shift of the spectrum to higher energies by about 0.1 eV. Our results are in agreement with Ref. 

35, as shown in Table S2. 

 
Table S2  Fundamental and optical gaps of crystalline pentacene computed with G0W0+BSE@PBE  

 k-grid in G0W0 Fundamental gap k-grid in BSE Optical gap 

This work (G0W0+BSE@PBE) 
4×4×2 

2.25 eV 
8×8×4 1.72 eV 

4×4×2 4×4×2 1.62 eV 

Ref. 35 (G0W0+BSE@LDA) 4×4×2 2.1 eV 4×4×2 1.64 eV 
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