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1. PDI-C6 at room conditions

1.1.  UV-Vis absorption spectroscopy 

The UV-Vis-IR absorption spectra of the solid-state sample was recorded using a Jasco V-770 

spectrophotometer. The absorbance was measured at a scan speed of 200 nm min−1 in the 

350-1200 nm range.

Figure S1. Absorption spectra of PDI-C6 at room conditions.

1.2.  Single-crystal X-ray diffraction

Figure S2. Arrangements of PDI-C6 molecules in the unit-cell along direction: (a) [100]; (b) 

[010]; and (c) [001], at room conditions (296 K/0.1 MPa, phase I).
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2. Effect of temperature on PDI-C6

2.1.  Thermal gravimetric analysis 

TGA measurements were performed using a Perkin Elmer TGA7 in the temperature range 

308-823 K under N2 gas flow and heating was carried out at 20 K min-1.

Figure S3. TGA curve of PDI-C6, a single degradation step is observed above 400 °C.

2.2.  Variable-temperature X-ray diffraction

Figure S4. PXRD patterns of PDI-C6 phase I at 298 K (a), phase II and III at 475 K (c), and phase 

III at 538 K (e), collected using an X-ray beam (λ= 0.41235 Å). The calculated diffractograms, 
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derived from single-crystal data collected at 298 K (phase I, b) and 470 K (phase II, d), are 

included for comparison.

The PXRD pattern collected at 475 K is characterized by the presence of two distinct 

reflections at low 2θ angles (Figure S4c). Upon increasing the temperature from 475 K, the 

reflections associated with phase II gradually diminish, and at 538 K, the PXRD pattern 

consists only phase III. Unfortunately, solving the crystal structure of phase III was not 

possible, we were only able to determine the unit-cell parameters. As a speculative 

hypothesis, we propose that phase III may exhibit an alternating criss-cross π-stacking 

arrangement. The unit-cell volume corresponds to two molecules in the unit cell, that could 

be rotated relative to each other, allowing for a shorter stacking vector corresponding to half 

of the a axis in phase III. The long c axis would likely correspond to the length of the 

molecule, while the b axis would be related to the distance between adjacent columns.

Figure S5. PXRD patterns of PDI-C6 at different temperatures during heating, focusing on the 

low-angle region. At 456 K, the main reflection corresponds to phase I, while the reflection 

at 1.1° is ascribable to phase III; at 469 K, all three phases are present; at 479 K, phase I is no 

longer visible.
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Figure S6. PXRD patterns of PDI-C6 collected at different temperatures during cooling from 

606 K to 364 K. 

Figure S7. PXRD of PDI-C6 at different temperatures during cooling from 362 K to room 

temperature. At 362 K, phase III is present, and the transition to phase II begins. As the 

temperature decreases, phase II becomes more prominent. At 344 K, phase I appears. By the 

end of the cooling process, at 308 K, both phases II and I are present.
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Figure S8. PXRD of PDI-C6 (phase I at 298 K) measured with Mo Kα. The bottom pattern 

(purple) shows the calculated diffractogram from the single-crystal X-ray diffraction (XRD) 

measurement performed at 298 K/0.1 MPa. The top pattern (orange) represents the PXRD 

pattern of the sample after heating the crystal to 640 K and then cooling it back down to 298 

K.

Figure S9. Temperature-resolved powder X-ray diffractograms of PDI-C6 upon cooling. The 

dashed lines indicate the transition temperatures identified in the DSC measurement: TIII→II = 

484 K and TII→I = 403 K.
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2.3.  Pitch and roll angles

Table S2. Pitch and roll angles and π–π distances for PDI-C6 crystal structure at different 

temperatures. The data at 173 K were previously reported by Madhu et al.[1]

T (K) P (°) R (°) αP (°) βR (°) Χ (°) Ψ (°) dπ-π (Å) Stacking 
Vector (Å)

440 42.31(4) 21.11(5) 47.69(4) 68.89(5) 49.49 74.08 3.4397(13) 4.8395
298 42.36(5) 20.82(6) 47.64(5) 69.18(6) 49.23 74.39 3.3809(15) 4.757
173 42.80(4) 20.58(5) 47.20(4) 69.42(5) 49.07 74.91 3.3458(14) 4.730
100 42.88(6) 20.49(7) 47.12(6) 69.51(7) 48.80 74.70 3.321(2) 4.706

The αP is defined as the angle between the plane formed by atoms of the perylene core and 

the plane generated by the C1 and C2 carbon atoms of two stacked molecules. The βR angle 

is determined between the same plane of the perylene core and the plane formed by the 

carbon atoms (C6, C7, C11 and C12) of two stacked molecules. 

𝑃 = 90° ‒ 𝛼𝑃

𝑅 = 90° ‒ 𝛽𝑅

2.4.  Thermal expansion coefficient of PDI-C6 phase I

Table S3. Unit-cell parameters of PDI-C6 phase I at different temperatures obtained by 

Rietveld refinement.

T (K) a (Å) b (Å) c (Å) α (°) β  (°) γ (°)

100(10) 4.706 8.514 17.281 81.340 85.640 83.890
298(10) 4.757 8.549 17.576 81.678 84.850 83.169
320(10) 4.764 8.553 17.608 81.718 84.811 83.020
330(10) 4.768 8.554 17.629 81.775 84.756 82.978
338(10) 4.770 8.555 17.646 81.819 84.713 82.931
346(10) 4.773 8.553 17.670 81.891 84.645 82.877
354(10) 4.776 8.552 17.695 81.979 84.577 82.823
361(10) 4.780 8.551 17.724 82.071 84.507 82.760
368(10) 4.784 8.551 17.751 82.167 84.439 82.706
375(10) 4.788 8.548 17.783 82.290 84.373 82.628
382(10) 4.792 8.546 17.813 82.425 84.303 82.549
388(10) 4.796 8.543 17.843 82.577 84.233 82.473
394(10) 4.800 8.541 17.879 82.757 84.146 82.386
401(10) 4.805 8.540 17.911 82.928 84.067 82.314
403(10) 4.810 8.538 17.945 83.126 83.989 82.217
413(10) 4.815 8.537 17.975 83.321 83.912 82.109
417(10) 4.821 8.535 18.001 83.536 83.854 82.017
423(10) 4.829 8.533 18.047 83.840 83.705 81.894
430(10) 4.833 8.531 18.068 83.990 83.631 81.823
436(10) 4.837 8.531 18.092 84.170 83.546 81.733
443(10) 4.844 8.533 18.136 84.377 83.479 81.623
449(10) 4.850 8.533 18.167 84.568 83.396 81.524
456(10) 4.856 8.534 18.200 84.746 83.320 81.427
461(10) 4.862 8.533 18.235 84.938 83.239 81.310
468(10) 4.866 8.533 18.274 85.112 83.172 81.200
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Table S4. Linear thermal expansion coefficients along the corresponding principal axes and 

volumetric thermal expansion coefficient calculated using PASCal for PDI-C6 phase I in the 

range of temperature between 100 and 354 K.[2]

Direction

Axes α (MK-1) σα(MK-1) a b c

X1 -16.3096 1.6702 0.8168 -0.5675 -0.1039

X2 114.9742 5.4128 0.9023 -0.071 0.4253

X3 61.3 4.1265 0.8535 0.4905 -0.1757

V 161.749 1.7703

Figure S10. Fits to variable-temperature lattice parameter data of PDI-C6 phase I in the range 

100–354 K.

Figure S11. Expansivity indicatrix of PDI-C6 phase I determined in the range 100–354 K using 

the PASCal program, showing the spatial orientation of positive (red) and negative (blue) 

thermal expansion.
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Table S5. Linear thermal expansion coefficients along the corresponding principal axes and 

volumetric thermal expansion coefficient calculated using PASCal for PDI-C6 phase I in the 

range of temperature between 361 and 413 K.[2]

Direction

Axes α (MK-1) σα(MK-1) a b c

X1 -213.2833 11.3908 0.7294 -0.6664 -0.1547

X2 183.9475 7.64 0.9633 0.2672 -0.0237

X3 432.0147 17.4431 0.4776 -0.6164 0.626

V 398.2338 13.4492

Figure S12. Fits to variable-temperature lattice parameter data of PDI-C6 phase I in the range 

361–413 K.

Figure S13. Expansivity indicatrix of PDI-C6 phase I determined in the range 361–453 K using 

the PASCal program, showing the spatial orientation of positive (red) and negative (blue) 

thermal expansion.
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2.5.  Pawley refinement of PDI-C6 phase III

Figure S14. Pawley refinement of PDI-C6 at 447 K. Experimental pattern in blue, calculated 

pattern in red and difference plot in grey. The blue lines at 5.67 and 6.68 of 2θ correspond to 

the two reflections used to describe the glass capillary contribution. Rwp=3.74; Rp=2.57, Rexp= 

0.98. The intensity is reported in square root for the sake of clarity.

Figure S15. Pawley refinement of PDI-C6 at 537 K. Experimental pattern in blue, calculated 

pattern in red and difference plot in grey. The blue lines at 5.67 and 6.68 of 2θ correspond to 

the two reflections used to describe the glass capillary contribution. Rwp=4.38; Rp=3.06, 

Rexp= 0.96. The intensity is reported in square root for the sake of clarity.

2.6.  Thermal expansion coefficient of PDI-C6 phase III  

Table S6. Unit-cell parameters of PDI-C6 phase III at different temperatures obtained by 

Rietveld refinement.

T (K) a (Å) b (Å) c (Å) α (°) β  (°) γ (°)

537 7.676 10.148 21.559 84.35 85.34 90.52

526 7.665 10.151 21.483 84.13 85.32 90.49

511 7.648 10.153 21.388 83.87 85.42 90.48

495 7.630 10.154 21.295 83.64 85.53 90.49

480 7.616 10.152 21.215 83.44 85.59 90.47

464 7.600 10.150 21.137 83.27 85.66 90.45

447 7.583 10.148 21.056 83.10 85.75 90.46
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Table S7. Linear thermal expansion coefficients along the corresponding principal axes and 

volumetric thermal expansion coefficient calculated using PASCal for PDI-C6 phase III in the 

temperature range between 537 and 447 K.[2]

Direction

Axes α (MK-1) σα(MK-1) a b c

X1 325.7737 10.1782 0.2474 -0.6622 0.7073

X2 125.2688 1.4656 0.9934 0.0976 -0.0604

X3 -36.5578 5.0416 -0.0993 0.9802 0.1716

V 410.431 7.143

Figure S16. Fits to variable-temperature lattice parameter data of PDI-C6 phase III in the 

range of 537–447 K.

Figure S17. Expansivity indicatrix of PDI-C6 phase III determined in the range 537–447 K using 

the PASCal program, showing the spatial orientation of positive (red) and negative (blue) 

thermal expansion.
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2.7.  Hot Stage Microscopy

Decreasing the temperature, there is an overall thermal contraction of the unit-cell which 

increases the interdigitation of the alkyl chains also observed in phase II and probably avoid 

the rotation of the core center, the thermal contraction can induce strains and thus energy 

accumulation in the crystal, like loading a spring. This energy accumulated as strain, 

increases as the temperature is lowered and could act as a trigger for the transition that 

occurs in single crystals as observed in HSM.

Figure S18. HSM PDI-C6 crystals at various stages of heating and cooling. The red scale bar 

corresponds to 100 μm.

Figure S19. HSM PDI-C6 crystals at various stages of heating and cooling. 
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3. Effect of pressure on PDI-C6

3.1.  Single crystal X-ray diffraction

Figure S20. (a) Diamond anvil cell (DAC) chamber used for high-pressure generation. PDI-C6 

single crystals loaded in the DAC, showing phase I at 1.05 GPa (b), phase IV at 1.41 GPa and 

phase V at 1.74 GPa.

Figure S21. Pressure dependence of angles α, β and ɣ for the PDI-C6 crystal. The estimated 

standard deviations (ESDs) are smaller than the symbols. Data at 1.22, 1.33, 1.47, and 1.52 

GPa are derived from quick-experiments, where only the unit-cell parameters were 

determined. The angles for phases IV and V have been calculated relative to the lattice 

corresponding to phase I, as specified in the inset formulas and illustrated in Figure 6.
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Figure S22. Comparison of the PDI-C6 crystal structures between ambient phase I (blue, 1.05 

GPa) and high-pressure phase V (red, 1.52 GPa), highlighting differences in alkyl chain 

conformation. View perpendicular to the perylene plane of the two overlapped molecules 

(a), and along the perylene x-axis (b).

Figure S23. Graphical representations of the compressibility tensors for the PDI-C6 crystal,  

calculated using PASCal program,[3] are shown for pressure ranges of 0.1 MPa – 1.05 GPa (a), 

and 1.74 – 4.61 GPa (b). 

Table S8. Compressibility related to crystallographic axes calculated for PDI-C6 phase I in the 

range of 0.1 MPa – 1.05 GPa with Birch-Murnaghan Coefficients.

Direction Empirical parameters
Axes K(TPa-1) σK(TPa-1)

a b c ε0 λ Pc ν
X1 57.2089 nan 0.9146 -0.1288 0.3833 40.2153 -40.2524 -0.5325 0.0015

X2 31.336 nan 0.9394 0.2892 -0.184 27.478 -27.5086 -0.2884 0.0009

X3 -6.1818 nan -0.6128 0.7847 0.0932 0.0 0.0073 0.0001 0.6719

V 88.433 8.6522

Birch-Murnaghan Coefficients

B0 (GPa) σB0 (GPa) V0 (Å3) σV0 (Å3) B’ σB' Pc (GPa)

2nd 8.8668 1.1523 704.0333 5.611 4.0 n/a 0.0

3rd 4.5489 3.8672 706.8975 9.7046 23.2288 27.6322 0.0
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Table S9. Compressibility related to crystallographic axes calculated for PDI-C6 phase V in the 

range of 1.74 GPa – 4.61 GPa with Birch-Murnaghan Coefficients.

Direction Empirical parameters
Axes K(TPa-1) σK(TPa-1)

a b c ε0 λ Pc ν

X1 24.1068 3.0782 0.9804 0.0374 0.1934 53.9492 -53.9131 -0.0424 0.0011

X2 10.6683 0.7894 0.9122 -0.1482 -0.3821 15.3673 -15.2803 -2.8848 0.0037

X3 0.0042 1.8947 0.316 0.9455 -0.0787 0.0008 -0.0 1.7399 6.3035

V 29.3208 1.3911

Birch-Murnaghan Coefficients

B0 (GPa) σB0 (GPa) V0 (Å3) σV0 (Å3) B’ σB' Pc (GPa)

2nd 20.9551 1.0675 652.1741 3.0233 4.0 n/a 0.0

3rd 0.0755 907.392 733.9035 10472.1651 835.6777 9945915.5087 0.0

3.2.  Pitch and roll angles

Table S10. Pitch and roll angles and distances for PDI-C6.[4]

Pressure (GPa) P (°) R (°) αP (°) βR (°) dπ-π (Å) dP (Å) dR (Å) dtot (Å) z (Å) 

0.0001 42.53(2) 20.75(4) 47.47(2) 69.25(4) 3.3882(4) 3.11 1.28 3.36 4.77
0.50 42.36(4) 19.79(3) 47.64 (4) 70.21(3) 3.3209(4) 3.03 1.19 3.26 4.65
0.73 42.49(16) 19.2(3) 47.51(16) 70.8(3) 3.295(6) 3.02 1.15 3.23 4.62
1.05 42.2(2) 19.0(3) 47.8(2) 71.0(3) 3.278(6) 2.97 1.13 3.18 4.57

1 41.49(3) 20.49(6) 48.51(3) 69.51(6) 3.2643(6) 2.89 1.22 3.14 4.53
1.41

2 43.22(3) 19.56(5) 46.78(3) 70.44(5) 3.2044(5) 3.01 1.14 3.22 4.54
1.74 43.05(19) 16.6(3) 46.95(19) 73.4(3) 3.207(6) 3.00 0.96 3.15 4.50
1.95 42.80(3) 15.96(4) 47.2(3) 74.04(4) 3.2049(6) 2.97 0.92 3.11 4.47
2.05 42.83(2) 16.04(3) 47.17(2) 73.96(3) 3.1977(5) 2.96 0.92 3.10 4.45
2.41 43.1(3) 15.4(5) 46.9(3) 74.6(5) 3.171(6) 2.97 0.87 3.09 4.43
2.74 42.73(3) 15.15(4) 47.27(3) 74.85(4) 3.1560(6) 2.92 0.85 3.04 4.38
3.43 43.01(3) 14.37(4) 46.99(3) 75.63(4) 3.1234(6) 2.91 0.80 3.02 4.34
4.61 43.27(3) 13.65(6) 46.73(3) 76.35(6) 3.0801(9) 2.90 0.75 3.00 4.30

𝑃 = 90° ‒ 𝛼𝑃

𝑅 = 90° ‒ 𝛽𝑅

The slip distance along the long molecular axis dP is: 𝑑𝑃 = 𝑑𝜋 ‒ 𝜋tg 𝑃

The slip distance along the short molecular axis is: 𝑑𝑅 = d𝜋 ‒ 𝜋 tg 𝑅

𝑑𝑃 = 𝑑𝜋 ‒ 𝜋ctg 𝛼𝑃

𝑑𝑅 = d𝜋 ‒ 𝜋 ctg 𝛽𝑅

The total slip distance, dtot, is: 𝑑𝑡𝑜𝑡 = (𝑑𝑃
2 + 𝑑𝑅

2)1/2

The crystallographic repeat distance, z, in the stack direction is:

 𝑧 = (𝑑𝑃
2 + 𝑑𝑅

2 + 𝑑𝜋 ‒ 𝜋
2)1/2 = 𝑑(1 + 𝑡𝑔2𝑃 + 𝑡𝑔2𝑅)1/2
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Figure S24. Packing of PDI-C6 molecules under pressure (a): orange symbols represent the αP 

(b) and purple βR (c) angles. and grey squares mark the distance between π-stacked 

molecules (dπ–π).[4] In (b) and (c), the alkyl substituents and H-atoms are skipped for clarity.

4. Theoretical calculations

4.1. Geometry optimization, thermodynamic and optical properties in Orca

Geometry optimization of the molecular structures taken from the crystal structures was 

performed in Orca (version 5.0.3) using B3LYP-gCP-D3/6-31G* method,[5] which balances 

well accuracy and computing time - providing decent corrections for the BSSE and dispersion 

effects.[6,7] The PDI core was freely optimized, whereas conformations of the alkyl chains 

were restrained according to the molecular geometry taken from the XRD experiments, 

allowing torsion angles to adjust within 5°. The energy minima were confirmed as no 

imaginary vibrational frequencies were calculated. Visualizations of Intrinsic Bond Orbitals 

(IBOs) and Virtual Valence Intrinsic Bond Orbitals (vvIBOs) showing localized representations 

of wave functions were generated in IboView, and Avogadro was used to examine calculated 

features.[8–10]
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4.2.  Interaction energies in Crystal Explorer

B3LYP/6-31G(d,p) basis set was used to calculate intermolecular energies and Hirschfeld 

Surfaces in Crystal Explorer.[11] These calculations helped us to quantify the interactions 

present in all investigated crystal forms.

The analysis of intermolecular interactions present in the PDI-C6 crystal revealed the 

dominant strengthen of the π···π interaction occurring between sandwich stacking PDI-C6 

molecules. Those noncovalent attractive interactions remain stable (Etotal, Figure S29a) up to 

the highest achieved pressure, as both electrostatic and dispersion forces compensate the 

repulsion. As a result, the structure is the hardest in the [010] direction, what reflects in the 

compressibility of a crystal. Similarly, although three times weaker, interactions between 

neighboring PDI-C6 molecules bond them by weak CH···O and aryl CH···CH contacts. The 

driving force of the transitions is the softness of the alkyl chains and their ability to change 

conformations. Two alkyl chains, interacting with each other side-to-side, are involved 

mainly into the structural transformations. However, the repulsion between them in phase 

IV increases significantly (molecules A, B at 1.41 GPa), in phase V it lowers back as the 

electrostatic and dispersion forces decrease as well (Figure 28c). This keeps the total energy 

of the interaction higher than for phase I, but another side alkyl interaction compensates 

lowering the total energy by the rise of dispersion and electrostatic interactions prevailing 

the repulsion (Figure S29d). On the other hand, the apical interactions, involving two CH3 

groups pushing against each other, destabilize the structure lowering its total energy as no 

other term can compensate the repulsion (Figure S29e).

Table S11. Gibbs free energies of single PDI-C6 conformers, calculated in Orca at the B3LYP-
gCP-D3/6-31G* theory level. Two independent molecules in phase IV-were described as A 
and B. For comparison, energies of theoretical high-symmetry conformation (HSC) with C2v 
molecular symmetry are listed in the bottom row.

Pressure [GPa] G-E(el) (kcal/mol) G-E(el) (kJ/mol) ΔE (kJ/mol)

0.0001 353.31 1478.25 0
0.5 353.05 1477.16 -1.08784

1.41 A 352.85 1476.32 -1.92464
1.41 B 353.93 1480.84 2.59408
1.57 354.09 1481.51 3.26352
1.95 354.13 1481.68 3.43088
2.05 354.1 1481.55 3.30536
2.74 354.2 1481.97 3.72376
3.43 354.17 1481.85 3.59824
4.61 354.12 1481.64 3.38904

HSC 353.39 1478.58 0.33472
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Figure S25. Frontier orbitals and their energies of all high-pressure phases I, IV and V, 

calculated in Orca,[5] and presented in IboView.[8,9] The band gap (ΔEg energy difference 

between HOMO and LUMO orbitals) in red.

Figure S26. (a) Percentage of intermolecular interaction in PDI-C6 calculated in Crystal 

Explorer (Table S12). (b) Hirschfeld surfaces and (c) fingerprints showing areas with the 

shortest intermolecular interactions (arrows) present in all high-pressure phases (Figure S31).


