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Parameters of intermolecular interaction

To define the molecular coordinates (X, Y, Z) (Fig. 1(h)), the molecular center (xq, yo, z9) Was
estimated from the rectangular coordinates (x, y, z) of a molecule obtained from the reported crystal
data. Then, six elements of the inertia,

<xx>=) (x=x,) <xy>:2(x—x0)(y—y0), etc. (S1)
were calculated. After the diagonalization of the 3 x 3 matrix, (X, Y, Z) were obtained by multiplying
the eigenvectors to (x — xo, ¥ — Yo, Z — o). The resulting molecular coordinates, (X, Y, Z), were oriented
along the molecular long, short, and vertical axes, respectively (Fig. 1(h)). The inertia was calculated
from all non-hydrogen atoms, in which the alkyl groups and the substituents were not included. Then,
the molecular long axis was unambiguously defined even when the molecule did not have the Dy,
symmetry.

In the HB, 6-, y-, and Pr-structures, the molecules were placed on inversion centers, and the

molecular coordinates were obtained from the lattice constants and 6.!3

Y, gsin———cosg
2 2
Z =ﬁcos£+ésin£ (S2)
£2 2 2 2
X, =0 K:bcosg
2
VA :bsing but Z, = 3.45 A for 8> 90° (S3)
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Lattice constants were converted to » < a < ¢ (Fig. 1(a)), where b was the monoclinic unique axis, and
¢ was the interlayer direction. The molecular width W was defined by the difference of the maximum
and minimum Y coordinates appearing in the molecule (Fig. 1(h)). Usually, W comes from hydrogen
atoms.

From the condition of molecular contact, the lattice constants were estimated from the molecular

width Yy = W+ 1.9 A and the molecular thickness Z, = 3.45 A.

a=Y,+7Z,—(Y,~Z,)cos0 (S4)
b=[Y,+Z,+(Y,—Z,)cos0]/2 (S5)

These were cosine functions connecting (a, b) = (2Zy, Yy) at €= 0° and (27, Zy) at 6= 180°.

The intermolecular energy was estimated according to the standard 6-exp potential,S!-S8

T To
V = ¢|dexp (- B—) - C(—)°
1"0 T (S6)



where 4 = 184000, B =12, and C = 2.25 kJ A mol-!.%° The parameters were taken from the MM3 force
field (Table S1).!13510 For interaction between different atoms, the geometrical average was used for &,
while the arithmetic average was used for 7. There were no reliable parameters for Se, but the values

that gave slightly larger potentials than S were used. To this dispersion energy, electrostatic energy

was added,S3-55-88

_ Dpp;

stat — r (S7)

where D = 1380 kJ A mol-!. Charges p; calculated from the molecular orbitals scattered largely,!* and
significantly depended on the estimation methods, hence the same charge was allotted to the same
kind of atoms (Table S1). The opposite charge was allotted to the connecting carbon atoms so as to
maintain the charge neutrality (Fig. S1). Charges on N and S were either positive or negative
depending on the environments, so the average values were adopted. The results reproduced the

reported charges well.!> Usually, electrostatic energy between various atoms canceled each other, and

the total electrostatic contribution was less than 10% of the total intermolecular energy.'3:14

Table S1 Force-field parametersS!?

Atom & (k] mol ) ro (A) Charge p;

C 0.2343 3.92 -

H 0.0837 3.24 0.115
S 0.8452 4.30 0.07
0 0.2466 3.64 —-0.30
N 0.1797 3.86 0.00
F 0.3135 3.42 —-0.20
Se 1.8 4.30 0.07

-0.035 -0.115

Fig. S1 Charges on 4T.



Quadrupole moments

Table S2 Quadrupole moments (e A2)

Compound O O 0. Compound Ou 0, 0.
naphthalene HB 3.80 331 =7.11 terrylene SHB 10.53 945  -19.98
anthracene HB 5.44 4.40 -9.83 pyrene SHB 5.66 549 -l11.16
tetracene HB 7.66 5.69 -13.35 perylene SHB 7.38 6.59  -13.97
pentacene HB 9.79 5.93 -15.75 coronene Y 8.14 7.78  -15.92
crysene HB 7.21 5.66 —12.87 ovalene Y 11.94 9.80 -21.83
picene HB 8.96 7.01 -15.97 zethrene Y 8.67 782  -16.49
2P HB 5.11 3.79 -8.90 hexabenzocoronene Y 15.05 14.81  —29.87
3p HB 7.57 5.36 -12.92 perylothiophene Y 10.55 3.03 -13.58
4P HB 10.31 8.44 —18.74 bisanthrene SHB, 0, v 10.17 926 -19.43
PvPvP HB 8.77 6.97 —15.74 tetrabenzoanthracene Pr 11.47 1051 —21.97
PvPvPVPVP HB 19.62 9.19 —28.82 fluoranthene HB 5.72 525  -10.97
AzAzAz HB 13.44 9.48 -22.93 acenaphtoacenaphthyrene Y 8.94 749 -16.43
4T HB 16.16 1.01 -17.17 benzofluoranthene Pr 7.51 6.50 -14.01
C4-4T HB 33.09 —8.63 —24.46 dithiapyrene 0 13.48 -3.40 —10.09
6T HB 29.01 —2.41 —26.60 T 0 8.07 -1.75 —6.32
8T HB 44.32 -3.97 —40.35 TTT 0 11.25 -2.72 —8.53
TT-TT HB 10.24 2.52 —12.76 TTTT 0 15.48 —4.51 -10.97
T-TT-T HB 16.34 1.19 -17.54 TTTTT 0 19.76 -5.81 —13.95
P-T-P HB 11.71 0.78 —12.49 TTT-TTT 0 2591 —6.68  —19.22
P-2T-P HB 15.31 3.08 —18.39 T-TTT-T 0 23.68 -3.61  —20.07
P-6T-P HB 40.58 0.64 —41.22 C6T-TTT-T HB 42.83 -15.66  —27.17
2P2T2P HB 23.29 5.30 —28.59 dibenzodithiapentalene 0 11.69 —2.57 -9.12
2P3T2P HB 29.05 5.08 —34.13 dithiapyrene 0 13.48 -3.40 —10.09
2P4T2P HB 36.82 3.04 —39.85 PSeSeP HB 11.15 146  —12.61
PTTP HB 11.82 0.31 -12.12 C8PSeSeP 0 20.12 =535 -14.76
C3PTTP HB 17.02 -3.22 —13.80 C8PSeSeP0Ov 19.06 —2.65 —16.41
C8PTTP -P HB 18.98 -2.02 —16.96 C8PSeSeP0h 22.82 -7.05 -15.78
C8PTTP HB 22.11 -5.39 -16.72 C10PSeSeP Ila 23.40 -7.83  —15.57
C8PTTPOV 19.55 -5.31 —14.24 C12PSeSeP 0 18.70 -5.99 -12.71
C8PTTPOh 21.59 —4.17 -17.42 C14PSeSeP Ila 23.75 -9.34 -14.41
C10PTTP HB 20.10 —5.44 —14.67 40 11 17.93 —2.44 -1548
CI2PTTP HB 19.83 —5.66 —14.17 60 HB 28.05 -3.91 —24.14
PPTTPP (DNTT) HB 16.66 1.30 -17.96 POOP Pr 8.94 —0.51 —8.43
PPPTTPPP (DATT) HB 22.05 2.92 —24.97 PPOPP Pr 9.83 478  -14.61
PPTPP HB 11.45 2.65 —14.10 PQP Pr 19.73 —14.03 -5.69
PTPTP HB 16.06 —0.92 —-15.14 PPQPP Ib 3233 -17.07  -15.27
C4PTPTP Ib 24.92 -5.63 -19.29 PQPQP Ib 42.69  -32.73 -9.96
C10PTPTP 0 24.86 -8.23 —16.63 PZQZP Ib 46.44 3305 —13.39
C10PTPTP-P HB 22.36 —4.30 —18.06 PP-Tz-PP HB 25.35 -4.86  —20.50
PTTTP HB 15.89 —1.11 —14.78 PP-TzTz-PP HB 32.02 —6.85  —25.17
C6PTTTP 0 28.55 -9.82 —18.73 2T-TzTz-2T Ib 39.85 -12.17  —27.69
PTT-TTP 0 21.10 -3.32 -17.78 pPZP Stack? 15.39 —5.80 -9.59
PPTPTPP 0 21.29 —-0.70 —20.59 PZPP Pr 19.03 -5.85 -13.18
CI0PPTPTPP HB 35.74 —10.84 —24.90 PPZPP 1T 24.61 -7.06  —17.55
PTT-TTP 0 21.47 —2.86 —18.61 YZPP Ib 21.85 -11.36  —10.49
PTPPT’P 0 11.87 4.36 —-16.23 Bd’Bd Ib —3.88 4.12 -0.27
PNP HB -9.42 9.97 —-0.56 BdQBd Ib 2.71 —18.86 16.15
PNNP HB -2.09 13.24 -11.14 Bd’QBd’ Ib 8.41 —9.58 1.17
PPNPP HB 1.98 11.86 —13.84 0Y-Bd-oY Ib 19.86 =7.77  —12.09
P-PNP-P HB 577 11.05 —16.82 mY-Bd-mY 0+Ib -2.29 1.60 0.68
PAP HB -0.29 0.41 10.12 pY-Bd-pY Ib —23.24 11.26 11.98
PAPP HB -1.62 12.83 —11.21 NC-2P-CN Ib —48.87 31.22 17.65
PPAPP HB -3.64 14.98 —11.34 TTF Pr 16.28 -5.17 -11.11
(CH;),N-2P-N(CHj3), HB 26.08 —4.94 -21.14 DBTTF 0 21.60 -3.64 -17.96

BDF Pr —31.50 22.28 9.22

BFD Prn 2439  -17.42 —6.97

TdZTd HB 13.67 -16.72 3.06




Table S2 (continued) Quadrupole moments (e A2)

Compound Ou Oy 0. Compound Ou Oy 0.
P-T-fP 0 -8.61 -0.23 8.84 PDI Ib -33.26 15.77 17.49
fP-2T-fP Ib -14.03 5.66 8.38 C5PDI Ib -16.78 6.46 10.32
P-3T-fP Ib —20.50 9.74 10.76 C4PDI Pn -18.92 -7.99 10.93
P-4T-fP Ib -32.96 23.76 9.20 61T I -6.22 -5.05 11.27
{P-PPP-{P Ib -19.90 223 17.67 fPPP Y -4.01 —6.41 10.42
fP-perylene-fP HB —21.43 12.62 8.81 fPPPPP Y -8.03 -9.32 17.35
P-20-fP Ib 11.54 -15.80 426 a-2CH,T-TPT HB 19.33 1216 —31.49
2T-2{P-2T 0 47.99 2079  —27.20 4CH;T-pyrene Ib 4629 2127  -25.02
T-fP-2T-fP-T Pr 39.6 -17.73  —21.87 4CH;T-perylene Ib 50.02  —25.03  —24.99
NDI BW -9.42 -1.47 10.88 2CH;T-PPPP 1Ib 29.05 -5.98  -23.07
C4NDI BW 1.48 -8.03 6.55 4CH;T-PPPP 1Ib 41.67 -871  —32.96
C6NDI BW 14.99 -14.96 -0.02 TIPS-pentacene Ib 13.10 8.64 2174
Cy6NDI BW 8.16 -11.61 3.46 TMS-pentacene Ib 16.97 633  -23.30
Cy6PPPDI BW 11.60 -15.09 3.49 Rubrene Pr -8.73 14.76 -6.03
Cy6PZPDI BW 25.62 -27.06 1.45

Table S3 Quadrupole moments (e A?) with considerable Q,,

Compound
O On Q- Oy

TPT HB 7.26 1.15 —8.41 —7.48
TPPT HB 7.45 1.70 —9.16 11.05
TPPPT HB 8.93 4.81 —13.74 11.72
TPTPT Pr -2.76 —13.68 16.44 0.72
TTPTT 11 18.91 —4.62 —14.29 —0.05
CO6TTPTT Ib 31.93 —11.67 -20.27 8.37
C5PTTP b 6.51 2.38 —8.88 =791
TPTTP SHB 15.07 —0.55 —14.52 5.09
OPO HB 7.59 —0.41 -7.17 —6.44
C8POOP la 15.98 -4.36 —-11.61 —7.82
40 11 16.65 -1.17 —15.48 4.94
0oY-PPP-oY HB+Ib 24.30 -3.60 —20.70 —20.13
pY-PPP-pY b -29.27 16.96 12.30 —27.37
Haphthalocyanine Y 14.03 12.71 -26.75 9.51
indigo 111 20.07 -8.90 -11.18 —-7.80
quinacridone LILII 26.47 —14.98 -11.49 —28.08
CH;0-2P-OCH; HB 10.47 2.02 —12.49 -16.78
CH;0-4P-OCH; HB 29.05 -2.70 —26.35 27.57
CH;0-2P-2T-2P-OCH;, HB 45.40 -3.71 —41.69 —36.42
CH;0-2P-3T-2P-OCH;,4 HB 35.58 7.39 —42.97 0.00
CH;0P-TzTz-POCH; 0 42.26 -16.29 —25.97 -26.15
CF;P-PPP-PCF; HB —23.41 11.98 11.43 11.43
CF;P-2T-PCF; HB —43.42 34.86 8.56 8.56
CF;P-T-Bd-T-PCF; HB+la —59.16 47.01 12.15 12.15
CF;P-2TZ'-PCF; 0 -30.07 22.72 7.35 9.28
CF;P-2Tz-PCF; Ib -30.07 22.72 7.35 7.35
CF;P-TzTz-PCF; Ib —28.77 21.51 7.26 7.26
CF;P-T-TzTz-T-PCF; b —48.36 34.13 14.22 14.22
CF;P-Tz-TzTz-Tz-PCF; Ib -38.92 24.44 14.48 14.48
CF;P-Tz’-TzTz-Tz’-PCF; Ib —26.50 19.25 7.25 -14.26
CF;P-PQP-PCF; b —32.94 17.47 15.48 -16.42
CF;P-T-PQP-T-PCF; Ib —44.43 31.07 13.35 16.64
CF;P-Tz-PQP-Tz-PCF; Ib —46.40 2591 20.49 20.49
a-2CH;T-TPT HB 5.71 5.46 -11.17 —18.65
B-2CH;T-TPT Pr 20.53 —4.46 —-16.07 —16.64
B-2CH;T-SePSe 0 2791 -10.57 -17.33 —4.22
B-2CH,T-TPPT Pr —7.49 437 3.12 —12.67
B-2CH;T-TPPPT Pr 37.58 —-13.07 —24.51 7.95

B-2CH,;T-TTTT Pr 35.55 —15.73 —19.82 —10.06




Quadrupole moments are estimated by the DFT calculation in the B3LYP level with 6-31G basis

set on Gaussian 16 (Table S2 and S3).3® Quadrupole moments are defined as
Qux = Zpixixi Q)= Zpiyiyi Q.= Zpizizi
t , t , i (S8)

for diagonal cases, where p; designates charge distribution coming from the molecular orbitals, and
the integration is for the whole molecule. As a primitive example, it is convenient to consider a point
charge on atoms. For CO,, when the charge on O is —0.89 and the C—O distance is 1.16 A, the
quadrupole moment is —2.395 ¢ A2(1 e A2=1 Debye A = 16x1074° C m?). Aromatic hydrocarbons
have positive O,, and Q,, coming from C®*—H?%" (Fig. 3(b) inset). Raw O, O,,, and Q.. calculated
from molecular orbitals are negative because the electron cloud spreads over the molecule. However,
the traceless values have the electrostatic meaning, and these values are discussed in this paper. When
the molecular coordinates are used, the nondiagonal components (Q,,, O,., and Q.,) are practically
zero due to the molecular symmetry. Table S3 lists compounds with significant Q,, values.

By extending the molecule, (Q.., 0,,) increases as shown in Fig. 4(a) and (b). The slopes are (40,
40,,) = (2.0, 0.9 e A?) for P in acenes, (2.6, 2.3 e A?) for nP, (13, —1.8 e A?) for 2T in the 4T — 6T —
8T series, and (6.5, —0.9 e A2) for T in the 2P-2T-2P — 2P-3T-2P — 2P-4T-2P series. The slope goes
down when the T number increases, but the PTTP — PPTTP — PPTTPP series slightly goes up, (5, 1 e
A2), because the P content increases. All these compounds have the HB structure. The fused
thiophenes, namely the TT — TTT — TTTT series form a slope of (3.9, —1.4 ¢ A?), and this slope
constructs the border to the stacking structure (Fig. 4(a) and (b)).

Structural parameters of fundamental aromatic compounds

Table S4 — S6 lists fundamental aromatic compounds not investigated in my previous paper,'3!4
and actual organic semiconductors. Oligothiophenes and oligo selenophenes such as 2Se and 4Se have
the HB structure (Table 4), but fused compounds, TT and SeSe even with only two rings, form the 6-
structure (Table 5).5!! The Y, Z,, Y;, and Z; values satisfy the ordinary HB relations (eqns (S2)-(S5))
as shown in Fig. S2.

In general, anthracene-containing compounds have the HB structure. Recently, oligo(p-
phenylenevinylene) derivatives have been extensively studied due to the high quantum yields of the
photoluminescence.>-37 PvPvP (Fig. S3), PvPvPvP, and PvPvPvPvP have the HB structure, but one
and half molecules are crystallographically independent because two thirds of X, is as large as 4.9 A.
PvPPPvP does not have an ordinary HB structure owing to the large Y, (4.26 A) associated with the
unusually small 8= 38.1°. However, C5SPvPPPVvP forms an ordinary HB structure.

Phenyl naphthodithiophene (Fig. S3) and the 2P analogue (2P-naphthodithiophene-2P) have the
HB structure. The small =28 — 26° means an intermediate to the BW structure, but the considerably

tilted P parts form a more normal HB (€= 85°). The thiophene analogue (T-naphthodithiophene-T)



has the O-structure (0-Prx in Table S5).
PPTT, a part of dinaphthothienothiophene (DNTT: PPTTPP), and the several related compounds
have the HB structure (Table S4). PTTP-PPP-PTTP is a molecule containing two BTBT units.

0 60 120 180
& (degree)

Fig. S2 Intermolecular geometry of HB and O-structure compounds in Table S4 and S5 with the
standard relations of the HB structure (eqns (S2)-(S5)).
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Fig. S3 Molecular structures of compounds in Table S4 and S5.

Azulene derivatives have been investigated as organic semiconductors.®® Since azulene (Az) has
peripheral hydrogens, the parent azulene as well as the oligomers have the HB structure (Table S5).
As shown in Fig. 4(a), Az-Az-Az has the typical Q,, and Q,, values of the HB structure. Katagiri has
demonstrated that Az trimers show ambipolar transistor properties,’®>° but the dominant carrier
changes depending on the Az orientation (distinguished using Az* in Fig. S3) due to the localization
of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).



Table S4 Structure parameters of HB compounds containing various units

Compound * L (cm® 0% WA X, Y, Z, V,kI X Y, Z, v, (kI CCDC  Ref
Vishe A (A) @A) mol") A) A A mol")
HB
2Se 60.5 465 134 088 486 —1686 080 516 3.04 ~13.05 144304  SI2
4Se 648 482 134 -0.14 483 3923 274 454 297 -36.67 142022 SI3
P-PPP-P (34) 505 590 043 -123 464 5123 081 560 2.64 ~31.46 1044209  Sl14
C1P-PPP-P 2.40 484 596 062 117 466 —57.96 128 542 245 -40.71 1982542 SIS
C2P-PPP-P 1.57 51.1 588 049 —1.02 477 6224 097 538 257 ~43.67 1442079  SI6
C3P-PPP-P 1.34 532 602 061 —099 471 —66.60 126 522  2.63 -47.60 1982543 SIS
CH,0P-PPP-POCH; 2.96 412 1049 011 -158 456 —63.01 073 572 216 —42.43 1442078 S16
CH,SP-PPP-POCH; 0.12 474 1138 032 -134 468 —62.79 113 549 223 -4549 1442077  S16
593 012 105 477 6295 057 541  2.62 —46.34
PP-PPP-PP 2.1 488 576 040 113 465 6842 056 542 246 -50.69 1901585  S17
PvPyP b 61.5 442 490 —0.16 440 3608 292 460 278 -31.17 2031306 55
62.8 144  —040 459 4035 341 448 257 -34.01
PPVPVPP 603 470 140 041 464 —69.15 290 462  2.69 -5571 1009831 56
PvPVPVP b 0.12 532 449 485 052 438 5391 264 461 248 4492 2034951 57
0.11e 61.4 130 —0.64 456 —6042 351 455 218 ~56.47
PvPvPVPVP 580 453 491 023 442 7077 272 468  2.69 -59.56 129139 SIS
64.4 135  —051 464 7626 354 443 240 ~72.78
PvPPPvP 4.3) 381 735 039 426 458 3820 046 530 2.3 3474 977506  S19
C5PVPPPYVP 1.28 510 942 032 -1.08 451 9145 046 527 250 —61.15 621869  $20
PvBZvP® 488 721 040 178 472 4590 001 546 191 -39.99 1974596  S21
54.1 752 648 227 414 3199 022 503 285 ~39.09
490 722 624 246 439 3029  0.09 526  2.40 -38.66
P-naphthodithiophene-P 0.057 280 900 281 152 447 -51.19 655 456 1.82 ~11.85 267032 S22
2P-naphthodithiophene-2P 0.036 258 680 0.68 204 437 -83.62 1064 639 1.49 2838 267031 S22
T-PPP-T (monoclinic) (0.029) 497 584 396 -1.17 463 4364 003 541 251 -3326 1988561  S23
T-PPP-T (orthorhombic)  0.063 525 584 134 100 469 —4571 134 532 264 3486 265820  S24
C6-2T-PPP-2T 461  9.68 501 126 457 8747 004 537 229 ~73.85 1956922  S25
P-T-P 498 484 009 -101 472 -31.03 001 528 245 2286 1264781  S26
P-2T-P 566 484 115 —0.62 471 4374 025 501 275 -3228 2259365  S27
P-6T-P 627 604 120 027 476 -8043 253 461 284 —71.12 23298  S29
PPTTTTPP 2.1 466 813 108 108 466 —5896  0.66 562 244 -3553 2103738  S30
P’PTTTTPP’ 4.2x10°% 465 599 029 -148 479 5920  0.63 598  2.57 -36.44 2103739  S30
PPTT 56.1 509 011 —078 471 —2589 040 509 273 ~18.60 2056747  S31
PPPTT 0.012 523 507 056 —098 465 —30.52 121 518 256 2648 1577634  S32
PPTT-T 546 674 366 024 467 3993 158 496  2.69 2729 2056748  S31
PPPTT-T 368 58 133 178 458 4695 022 587 196 3137 2056749  S31
PTTT-P 0.70 515 526 025 —094 48 3816 044 536 258 2465 916026  S32
PTTT-2P" 0.11 536 478 042 089 473 -5372 118 519 26l 3477 916023  S32
480 075 —084 473 5406 121 517 2.64 -34.88
PTTT-PP® 0.088 502 526 001 —1.08 4.69 —4779  0.60 532 259 3047 916024  S32
499 643 019 107 467 4618 005 536 267 -30.42
PPP-TTT-PPP 1.26 423 565 031 143 457 -7830  0.02 556 2.15 -5130 2237416  S33
PTTP-PPP-PTTP 0.22 533 581 004 —094 479 8872  0.08 528  2.65 —62.50 1909445  S34
P-PNP-P 513 561 253 087 453 —4319 029 517 249 -38.62 705361 S35
OPO 475 479 033 117 450 1612 146 513 233 -14.04 2125893 10
2P-20-2P ¢ 0.27/0.013¢ 536 606 1212 —0.94 534 -3076 096 5.07 249 5425 922141  S36
T-20-T 614 540 021 032 482 3143 003 470 2.79 -30.11 927826  S37
POP-PPP-POP 3.0 489 581 033 -116 464 -7606 061 542 246 -5377 1506173  S38
CH,0-2P-OCHj; 646 411 122 046 459 3180 236 481 3.0l 2201 604799  S39
CH,0-4P-OCH; 645 403 125 039 467 —60.07 247 477 3.0 —4328 700242 S40
CH,0-2P-2T-2P-OCH; 518 529 077 097 457 8154 153 516 250 —60.95 883460  S4l
CH,0-2P-3T-2P-OCH; 490 688 000 -106 467 -9628 000 528 241 —69.72 1991924  S42
(CH3),N-2P-N(CH;), 612 414 776 -051 479 —-1991 225 492 293 2541 1278586  S43
mY-4T-mY ¢ 537 483 234 081 465 —4606 008 510 258 -30.08 627860  S44
PP-Tz-PP 409 543 047 -122 349 5455 167 552 215 2815 2179267  S45
PP-TzTz-PP 0.042 467 549 038 -125 460 5267 113 534 230 3528 609620  S46
TdZTd 562 295 173 075 428 —13.03 229 475 264 —9.62 1163438  S47
N-P-2T-P-N 504 519 259 -114 461 —63.07 097 515 241 -49.10 783089 S48
0Y-PPP-oY © 10 545 838 026 —1.08 469 4750 036 553 285 2399 1439492  S49
{P-PPP-fP B (2.65¢) 452 779 159 -120 466 7089 375 521 244 ~13.76 2164678 S50
P-PPP-fP B’ 449 777 161 -121 464 7126 378 520 241 ~12.99 2164677 S50
fP-perylene-fP 0.12/1.89 614 651 089 043 565 4850 031 551 328 —63.11 2178552 S50

# Field-effect hole mobility unless indicated as “e” for electron mobility. ® Two or three crystallographically independent molecules. ¢
Furane (O) oligomers usually do not form the HB structure. An interpenetrated HB with large X, = 12.12 A is formed, where the 20

part does not have the HB packing. ¢mY: m-pyridine. ¢0Y: o-pyridine.



Table S5 Structure parameters of HB Az compounds and compounds containing various units with

HB, 6-, y-, and SHB structures

Compound ? Hmax (cm?  6(°) WA X, Y, Z, Ve (kI X, Y Z Vs (kJ CCDC Ref
Vishe @ A A  molh) (A A A  mol
HB
CF;P-PPP-PCF; 58.1 9.13 3.45 1.21 5.56  —40.89 8.89 1.62 3.00 —40.90 252391 S51
CF;P-2T-PCF; 0.18¢ 54.7 5.21 .11~ 078 470 —4891 229 506 @ 2.64 —38.58 1427491  S52
CF;P-T-Z-T-PCF; b¢ 8.3x10% e 69.1 9.18 .15 -156 416 —57.88 490 171 335 —60.92 629009 S53
8.23 0.10 448 485 -29.84 1.05  6.05  0.69 —46.15
CF;P-T-BZ-T-PCF; ¢ 492 6.45 120 -147 439 —67.98 047 557 256 —54.04 1423924  S54
CF;P-T-Bd-T-PCF; ¢ 0.19¢ 50.3 5.99 120 -1.07 448 —61.64 038 521 273 —49.16 1423925  S54
Azulene (Az) 56.0 5.32 121 -092 470 -13.52 049 522 274 —12.93 1104286  S55
AZT 55.8 506 000 -087 496 -21.36 0.10 532 282 -17.52 1111622 S56
Az-Az-Az 0.29¢ 53.4 5.04 123 099 458 —59.53 0.03 525 264 —41.45 942762 58
Az-Az-Az* ® 1.32 54.5 5.05 1.03  -094 464 5748 039 524 271 —41.53 1505217 59
5.06 034 526 270 —41.47
Az-Az*-Az® 03le 51.6 496 026 —1.03 452 —60.05 134 521 253 -39.86 1505219 59
4.96 132 523 251 —=39.50
Az*-Az-Az® 0.15¢ 51.4 5.01 049 -1.08 4359 6041 1.15 534 260 -39.62 1505218 59
5.01 .12 536 256 =39.90
Az-2T-Az* 0.024 51.9 520 097 -092 465 5872 197 515 251 —44.24 884333 S57
Az-TT-Az*® 0.05 54.1 5.07 .73 -087  4.62 5276 1.02 516  2.60 —39.45 884334 S57
5.09 1.07 512 266 -39.73
Az*-Td-Az 0.0065 e 50.3 566 050 -120 4.63 —45.62 091 528 252 =30.63 2179265  S45
Az-Td-Az* " 46.8 4.92 138 -1.17 462 4474 031 543 234 -31.84 2179266  S45
4.92 021 543 236 =31.72
0
TT 141.2 4.60  2.66 3.52 3.73 =7.10 3.89 210 424 -7.81 1270552 S58
SeSe 137.7 459 265 3.51 3.91 =7.19 3.80 225 419 —-10.01 1257025  S59
PTTTTP 127.2 6.06 044 423 428 -17.62 028 171  3.49 —62.41 2092479  S30
PTPPT’P 7%10° 137.2 6.09 1.82 520 417 -21.63 070 147 355 —67.09 856943 S60
dibenzodithiapentalene 126.2 496  5.02 3.87 440 —8.45 0.14 180 3.57 =36.90 1190865  S61
dibenzoselenathiapentalene 124.5 512 497 3.73 458  —10.66 025 1.88  3.60 —45.07 1299929  S61
NCP-2T-PCN 154.0 5.16  5.66 5.17 3.02  -18.15 1096  1.12 340 -31.29 613515 S62
mY-Bd-mY f 144.1 5.47 8.23 3.24 3.57 -10.62 049 126 3.56 =52.70 241256 S63
CH;0P-TzTz-POCH; 128.4 415 1025 329 400 -15.49 083 1.74 348 —59.66 609618 S45
CF;P-2Tz’-PCF;" 148.0 4.69 345 4.61 340 2623 280 098  3.63 —71.81 291640 S64
4.80 287 1.04 356 —72.92
fP-T-fP 150.6 5.35 0.61 5.63 379 -1579 428 140 353 —47.69 619630 S65
2T-2fP-2T¢ 4x107 136.6 5.73 0.94 4.96 3.64 2096 1.14 138  3.56 —60.95 207398 S66
0-Pn
T-naphtodithiophene-T 127.8 8.83 0.77 5.95 511 -17.50 0.04 173 353 —74.45 178734 S67
Y
PPTT’PP A® 74.7 6.77  0.69 2.37 6.90  —23.02 422 191 345 —56.62 1523533  S68
723 6.78 1.30 0.99 7.19 2547 406 229 340 —=55.70
PPTT’PP B ¢ 5.1x10° 129.3 6.78 1.64 6.70 5.35 —6.18 0.10 1.65 3.49 —67.03 1523534  S68
PTPPT’P® 7%10° 152.2 7.50 1.23 7.44 3.81  -14.74 324 018 347 —68.23 856944 S32
331 031 3.39 —67.22
PPPTT PPP 2.2x10* 156.9 829 1043 0.52 .51 —22.39 0.68 140 3.56 —91.49 1523532 S68
perylothiophene 0.8 100.3 6.89 288 0.33 347  —56.45 793 112 3.6l —-11.35 129291 S69
Dt-cyclopentadithiophene 126.3 7.84 648 1.48 5.58  —12.40 1.80 017  3.57 —49.39 1230716  S70
naphtodithiophene* 119.8 6.41 6.01 0.71 5.89 —6.25 2.07 010 3.57 —38.63 1171543  S67
benzotris(thiadiazole) 136.5 5.85 0.00 724 239 -8.82 0.00 135 3.39 —28.63 1517238  S71
perfluoroanthracene 90.0 5.47 1.23 2.67 557 —18.68 0.16 324 324 —50.55 2089979 62
perfluoropentacene 0.1l1e 88.5 5.48 1.39 2.43 548  —30.89 0.05 313 321 —85.60 234729 63
H,phthalocyanine 0.3)" 88.8 12.51 4.65 3.76 828  -19.55 329 040 338 -105.77 130922 S72
SHB gl/g2 sl/s2
TPTTP 0.24 86.7 4.85 0.40 0.58 525  —28.67 138 0.09 3.50 —55.84 1968888  S73
0.90 294 492  -20.90 125 569 263 -19.29
dibenzodiselenapentalene 73.6 5.21 0.42 0.33 572 —18.70 270 0.15 3.47 —37.89 1299927  S61
4.12 2.70 5.56  —10.31 461 463 343 —14.60

a Field-effect hole mobility unless indicated as “e” for electron mobility. ® Two crystallographically independent molecules. ¢ The
molecular long axes are non-parallel. ¢ Stacking pattern appears alternately with the HB pattern (Table S7). ¢ The half molecule is
interpenetrated because the 2fP unit is non-planar. f mY: m-pyridine. Alternate patterns of 0 and parallel. ¢ Another polymorph. " CuPc

single crystal.



Table S6 Structure parameters of stacking compounds containing various units

Compound * Hmax (cm?  6(°) X, Y, Z, Vg (KJ X, Y Z Ve(k] CCDC Ref
Vishe A A A)  moly @A) A (A)  mol)
Stack Ia (BW) sl s2
perfluoroanthracene 1.79 3.09 324 —48.69 3.69 507 279 -36.76 2089978 62
perfluoropentacene (TF)® 0.05 3.13 322 -85.60 134 556 226 —30.89 918801 64
2.48 2.86 324 -79.05 136 519 274 —75.03
isoindigo 0.0011/0.0028 ¢ 1.45 3.74 320 -31.82 1180974  S74
Stack Ib sl s2
Az*-Td-Az ¢ 0.0065¢ 1.02 1.47 3.65 —48.86 1.02 446  3.65 —45.62 2179265  S45
2T-TzTz-2T 0.02 2.98 1.47 379  —66.20 1.51 433 283 —53.30 223086 S75
CF;P-2Tz-PCF; 1.83¢ 9.01 2.28 337 4345 1257 418 337 —19.28 291639 S63
CF;P-T-TzTz-T-PCF; 026 ¢ 2.40 1.19 3.61  -74.62 1.64 422 283 —65.36 1427490  S52
CF;P-Tz-TzTz-Tz-PCF;® 0.12¢ 1.70 0.44 349 9647 0.59  6.03 1.93 -32.29 648764 S76
9.37 0.69 3.64 —69.47 1.15 556  1.65 —28.15
CF3P-Tz’-TzTz-Tz’-PCF;® 3x10%e 3.03 1.33 346  —81.85 129 563 1.48 —38.12 648765 S76
2.82 1.55 355 -83.14 442 511 1.68 —31.03
CF;P-PQP-PCF; 7x10% e 2217 0.51 359 -93.02 474 726 322 —23.69 709632 S77
CF;P-T-PQP-T-PCF; 0.02¢ 3.35 0.01 331  -—13447 603 054 356 —102.23P 709633 S77
CF;P-Tz-PQP-Tz-PCF;* 0.074 ¢ 0.46 1.66 337  -11330 870 3.82 324 —83.60 709634 S77
1.34 5.52 279 5856 9.67 7.6l 3.02 —34.90
F3P-TzTz-PF3¢ 0.93 1.27 340 —51.60 1.04 548 239 —29.44 609619 S46
0Y-Bd-oY © 0.44 1.29 352 —52.63 1.71 749  0.08 —-13.07 241255 S63
pY-Bd-pY ¢ 1.25 1.70 3.80 —42.43 6.64 728  0.68 —13.60 241257 S63
pY-PPP-pY 0.05 1.05 0.87 350  —67.40 1011 241 3.63 -13.19 2166838  S78
Bd’Bd’ 1.90 1.72 332 -32.10 331 6.68 232 -4.32 1517239  S71
BdQBd 0.00 1.73 339  —46.75 7.86 431 2.83 —12.65 1400306  S79
Bd’QBd’ 0.25 1.73 338 5131 594  6.89  3.09 -12.36 1517243  S71
fP-PPP-fP G 0.09 1.52 345  —69.33 1.14 576  2.64 —41.67 2164676 S50
PTTT-fP 6.2x106 e 5.28 1.19 347  —4492 0.84 566 242 —19.21 916028 S34
fP-2T-fP 107e 5.6 5.41 1.10 3.70  —60.74 1.06 634 213 —-16.75 619629 S65
fP-3T-fP® 0.003 ¢ 4.42 1.70 351 -75.14 048 559 229 —37.49 619628 S65
5.37 0.38 3.64 7241
fP-4T-fP® 043¢ 11.92 1.07 3.62 —54.38 145 582 218 -17.36 207396 S66
14.31 0.82 344 4534
fP-20-fP 3.72 0.16 327 -73.76 845  6.65 244 —12.08 1893115  S80
Stack IIb (Pm)
T-fP-2T-fP-T 0.01 87.9 3.47 1.08 350  -113.54 030 5.88  2.11 —49.53 207397 S66
BDF 118.7 2.37 0.99 333 2515 2.19 421 2.81 —20.217 2181371 65
BFD 727 451 0.09 332 3646 234 404 3.07 —28.867 2224811 66
Stack IIT Ve
PPZPP 83.6 3.71 0.59 341 4954 3.03 610 0.57 —11.50 2334205  S81
Bz 1334 1.49 0.19 349  -1731 0.16  6.15 1.67 —4.07 1109160  S82
Tz-Bz-Tz 87.9 3.38 1.21 340 —44.84 330 626 094 —10.24 265881 S83
CF;P-TzTz-PCF; 65.1 5.44 1.15 3.55 —53.48 418  5.02 1.90 —12.04 1427489  S52
6fT 833 3.78 1.23 3.54 —93.96 252 578 331 —16.45 164573 S84

2 Field-effect hole mobility unless indicated as “e” for electron mobility. ® Two crystallographically independent molecules. ¢ The Td
part has the stacking (Ib) structure, but the Az part is HB (Table S5). ¢ F3P: 2,4,5-trifluorophenyl. ¢ 0Y: o-pyridine, pY: p-pyridine.

Bd is stack, but Y is HB.
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Table S7 Supplementary structure parameters of compounds with various units

Compound b(A) 6 (°) X Y Z V(kJ CCDC
A (GY) A mol™)
HB Ve
PPTT 7.5957 56.3 0.01 0.76 4.71 —24.64 2056747
PPTT-T 5.857 54.6 2.43 1.22 3.49 —36.62 2056748
TdZTd 6.847 43.0 4.44 2.18 2.56 —12.01 1163438
CF;P-T-BZ-T-PCF;* 6.142 49.2 3.83 3.77 3.57 —78.622 1423924
CF;P-T-Bd-T-PCF;* 5.898 50.3 3.41 3.44 3.70 —76.492 1423925
Az-Td-Az* 5.9224 46.5 9.70 1.79 4.64 —24.60 2179266
47.0 9.96 1.56 4.72 —23.12
0 Vs
dibenzodithiapentalene 4.00 126.2 5.07 5.18 2.42 -10.36 » 1190865
dibenzoselenathiapentalene 4.07 124.5 5.14 5.24 2.38 12.34 » 1299929
mY-Bd-mY 3.8113 144.1 3.71 6.55 4.00 —8.94 2 241256
Y Ve
PPTT’PP A 5.7734 73.4 1.38 8.28 1.94 —14.58 1523533
72.3 5.85 5.99 1.94 —15.33
PPTT’PP B 3.8657 433 5.76 2.47 —29.20° 1523534
PTPP’TP 4.748 1522 8.00 6.09 4.76 —9.08 ¢ 856944
6.03 7.14 322 —13.58°
1522 5.42 3.50 6.28 —-10.03 ¢
0.41 791 2.11 -13.02°
perylothiophene 4.5252 100.3 1.07 8.16 1.79 -11.83¢ 129291
naphthodithiophene* 4.1280 119.8 4.03 6.36 2.16 -10.25° 1171543
Stack Ia (BW) Vs
isoindigo 6.400/2 291 7.48 0.00 —6.89 1180974
Stack Ib Vs
Az*-Td-Az 5.922 0.00 5.92 0.00 =30.63 2179265
2T-TzTz-2T 6.0540 1.46 5.80 0.96 —22.32 223086
CF;P-2Tz-PCF; 6.736 3.57 6.46 0.00 —-15.74 291639
CF;P-T-TzTz-T-PCF; 8.1828 1.34 5.82 0.95 —30.49 1427490
CF;P-Tz-TzTz-Tz-PCF; 5914 1.11 5.59 1.56 —27.03 648764
CF;P-PQP-PCF; 8.1535 2.47 7.77 0.38 —25.11 709632
CF;P-T-PQP-T-PCF; 7.7033 3.13 4.38 3.02 —61.21 709633
CF;PP-Tz-PQP-Tz-PCF; 12.2445 1.34 5.52 2.79 —58.57 709634
F3P-TzTz-PF3 3.744 0.11 6.76 1.00 -19.73 609619
0Y-Bd-oY 3.7763 2.15 6.20 3.44 —12.82 241255
pY-Bd-pY 7.3213/2 1.10 2.56 3.47 —40.50 241257
pY-PPP-pY 3.7587 11.16 3.28 0.12 -11.79 2166838
PTTT-fP 6.12 6.85 1.05 -12.36 916028
fP-2T-fP 7.106/2 6.70 5.49 1.27 —-15.59 619629
Stack IIb (Pm) Vs Ve
T-fP-2T-fP-T 5.0431 -21.90 1516 1.16  11.02 —8.50 207397
BDF 42114 —-13.32 7.95 2.55 3.03 —=5.03 2181371
BFD 5.5998 —9.81 5.31 1.58 2.54 -9.01 2224811
Stack III 0 V.
Bz 3.803 1.6 6.25 2.52 2.54 -3.61 1109160
CF;P-TzTz-PCF; 6.60 10.79 5.94 2.33 —-10.56 1427489
6fT P 5.3230 83.3  14.08 0.54  10.86 —-10.75 164573

a Stacking (Ia) pattern V; appears alternately with the HB (0) pattern. ® Pr direction.



The ordinary PTPPTP has been known (probably HB),5% but the slightly wider PTPPT’P (Fig. S3)
has the O-structure, though this compound has positive Q,, (Table S2). PTPP’TP is even wider, and
the two polymorphs have the y-structure. PPTT PP is an isomer of DNTT (PPTTPP), but owing to the
large width, this molecule as well as PPPTT’PPP have a y-structure. In the 6- and y- structures, Z
corresponds to the interplanar spacing. Alkyl PPTTPP* (Fig. S3) forms stacking structures (Table 2),
and shows excellent transistor properties.’

TdZTd is a molecule which does not have any hydrogen atoms (Fig. S3). Though negative Q,,
suggests a stacking structure (Table S2), this compound has a significantly distorted HB structure
(Table S4). Benzotris(thiadiazole) is another molecule not having hydrogen atoms, which forms a y-
structure with large € (Table S5). Dibenzodithiapentalene (Fig. S3) and the mono-seleno analogue
have the 6-structure (Fig. 4(a)), but the di-seleno analogue has a SHB structure (Table S5).

PP-Tz-PP and PP-TzTz-PP maintain the HB structure due to the naphthalene moieties; the
comparatively small Q,, values around —5 e A2 (Table S1) is agreeable with the HB structure (Fig.
4(b)), because they are located above the pale blue TTT 0 line. These molecules are basically planar,
but #=40.9 and 46.7° are small. It is noteworthy that 2T-TzTz-2T has a stacking (Ib) structure (Table
S6) owing to the large Q,, value of —12 e A2 (Fig. 4(b)).5”> The TzTz part does not have any hydrogen
atoms, and forms an entirely parallel stack, though the tilted 2T part forms a HB structure (6= 41°).

Compounds containing terminal CF3P parts have negative Q,, (Table S3), and usually have the
stacking (Ib) structures (Table S6). Some have HB and 6-like patterns (Table S5), but CF;P-PPP-PCF;
is characterized by the large X;, where the PPP part is HB, but the CF3P part is stacked. CF;P-2T-PCF3
has the ordinary HB structure, but the molecular long axes of CF;P-T-Z-T-PCF; are significantly
tilted. CF;P-T-BZ-T-PCF; and CF;P-T-Bd-T-PCF; have an alternate pattern of the HB and stacking
structures. CF;P-2Tz-PCF; has a stacking structure (Table S6), but CF;P-2Tz’-PCF; has a 0-structure
(Table S5); Tz designates a compound with the N atoms situated outside, whereas Tz’ with the N
atoms inside. CH;0P-TzTz-POCHj has a 0-structure (Table S5), but X, = 10.25 A is large.

Perfluorophenyl (fP) containing compounds are located in the 2nd quadrant (Fig. 5(a)), where O,
is negative (Table S2). fP-T-fP has a 0-structure (Table S5), whereas fP-2T-fP, fP-3T-fP, and fP-4T-
fP have the normal stacking (Ib) structure (Table S6). One of the P groups in fP-2T-fP is not coplanar,
and form a HB-like structure. T-fP-2T-fP-T has a Pn structure (Table S6) in agreement with the
negative Q,, (Fig. 4(b)). However, the fP parts are sometimes not coplanar to the remaining part. fP-
PPP-fP has polymorphs (B, B’, C, and G),33? where the torsion angles between the P and fP parts are
as large as 45°. The B and B’ phases as well as fP-perylene-fP form the HB structure, in which the
core and the fP parts independently form oppositely tilted HB structures. The G phase belongs to the
stacking (Ib) structure, in which the PPP and fP parts are oppositely tilted as well.

In a similar way, 0Y-Bd-oY and pY-Bd-pY have a stacking (Ib) structure, but mY-Bd-mY has an

alternate pattern of the 6- and stacking structures. These compounds have entirely different moments
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depending on the o-, m-, and p-pyridine (Table S2). The o- and p-forms are correctly located in the
4th quadrant stacking structure region, and the small moments in the m-form are consistent with the 6-
pattern. Q,, is large in 0Y-PPP-0Y and pY-PPP-pY (Table S3), but the former is in Region (8) and the
latter is in Region (4). The PPP part in oY-PPP-0Y is HB, but the oY part is stacked. The large positive
Oy and small negative Q,, (Table S3) agree with the HB structure. pY-PPP-pY appears in the 2nd
quadrant in agreement with a stacking (Ib) structure of both the PPP and pY parts; PPP and pY are
differently tilted, but both have the stacking structure.

(b) Y.
Vista 6.0

1

VIN,ore (kJ mol )

& (degree)

Fig. S4 (a) &-dependent potential curve, and (b) X;Y;-map in perfluoroanthracene (fPPP).
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Structure parameters of alkyl compounds

Table S8 Structure parameters of HB and 0-structures in alkyl compounds

Compound ? axb a(°) X Y, Z, Ve (k] X Y5 Z, Vs (kJ

g 2 S
(A) A &) A mol™) A) (&N A) mol™)
HB

PTTP (BTBT) 46.50 56.4 0.17  —0.73 4.88 —26.66 032 5.16 2.77 —19.55
C2PTTP 65.28 64.8 250  —0.15 5.14 -35.77 5.30 4.75 3.24 —22.76
C8PTTP 46.70 56.4 023  —0.74 4.87 -69.99  0.51 5.20 2.79 —48.54
C10PTTP 46.42 55.5 0.78  —0.78 4.84 -80.78  0.54 522 2.75 —54.94
CI2PTTP 45.39 55.2 024  —0.80 4.78 —93.31 0.51 5.18 2.71 —62.61
mC2PTTP 55.08 56.1 039 —0.82 4.84 -32.58  0.20 5.31 2.83 -21.94
mC3PTTP 45.81 54.6 733  —0.85 4.53 —26.21 0.58 5.34 2.75 —23.39
mC4PTTP 48.13 58.1 059  —0.61 4.95 —36.83 0.30 5.13 2.85 —25.48
mCOPTTP 47.34 63.9 0.58  —0.63 4.89 —45.19  0.63 5.21 2.86 —34.18
C3PTTP-P 46.34 54.9 0.10  —0.80 493 —47.80 048 5.28 2.71 -30.96
54.2 0.50 5.28 2.71 -32.21
C4PTTP-P 49.72 53.8 1.50  -1.04 4.77 —40.15 043 5.29 2.69 —26.08
CS5PTTP-P 47.54 51.5 025 -1.07 4.78 -5525 039 5.47 2.64 -31.77
C6PTTP-P 47.56 51.3 0.19  -1.07 4.78 —58.07  0.52 5.47 2.63 -33.51
C8PTTP-P 47.50 51.0 0.07  -1.07 4.81 —63.53 0.23 5.49 2.62 —38.15
COPTTP-P 47.97 51.2 0.13  -1.08 4.81 —65.55 040 5.50 2.63 -39.24
C10PTTP-P 46.91 50.2 0.41 -1.11 4.74 —69.55 041 5.46 2.56 —41.66
C6PTTPP-P 47,31 51.2 030  -1.00 4.88 -63.86  0.71 5.43 2.61 —41.81
C10°’PTTP’-P 54.95 31.3 123 —4.17 4.49 —4885  2.80 6.07 2.16 —31.50
C10'PTTPP'-P 51.33 42.0 .34 -1.59 4.63 =7579 295 5.82 234 —33.80
CS5PTTP-PC1 54.44 54.2 6.66 —0.43 4.67 —47.17 043 5.30 2.72 —35.32
C6PTTP-PC1 54.15 55.0 1.41 -0.97 4.79 -56.25 044 5.24 2.73 —41.55
C7PTTP-PC1 54.42 55.0 1.41 -0.98 4.79 -56.05  0.44 5.25 2.74 —42.55
C8PTTP-PC1 53.77 55.1 0.12  —-0.96 4.79 —56.64  0.44 523 2.74 —46.84
C9PTTP-PC1 46.12 53.9 0.11 —-0.88 4.77 —68.80  0.25 4.37 2.09 —45.29
C10PTTP-PC1 46.04 53.4 0.11 -0.87 4.85 -69.75 037 5.28 2.66 —46.72
C11PTTP-PC1 46.22 54.3 0.11 —-0.82 4.87 =71.07  0.40 5.25 2.70 —48.86
CI12PTTP-PC1 45.74 53.3 0.11 —-0.88 4.83 -75.48 037 5.27 2.65 —50.45
CI3PTTP-PC1 46.49 54.6 0.16  —0.79 4.90 -77.89 047 5.24 2.71 —52.42
Cl4PTTP-PC1 45.55 53.1 0.15  —0.89 4.81 —-81.88  0.57 5.25 2.64 —54.07
mC8PTTPP 47.42 54.0 0.17  —0.85 4.84 -57.91 0.80 5.31 2.71 -39.61
54.0 085 —0.85 5.00 —48.75 047 5.34 2.73 -39.75
mC8PPTTP 47.30 53.8 0.21 —-0.87 4.83 -53.75  0.79 5.31 2.69 -36.27
53.8 052  —0.90 4.86 —54.31 0.82 5.30 2.71 -36.26
mC8’PTTPP 48.47 54.9 0.16  —0.83 4.85 —55.04  0.69 5.34 2.78 —40.42
0.60  —0.89 4.87 —54.84  0.72 5.34 2.76 —40.62
mC8’PPTTP 48.47 53.2 0.46  —1.04 4.76 —53.33 0.27 5.44 2.77 -37.52
073  -1.12 4.86 -50.04  0.26 5.44 2.71 —37.50
C6'PTTPT-P 50.41 54.3 453  -1.51 4.97 —41.82 8.57 4.46 2.63 —40.00

46.9 717  —0.36 4.78 —55.45

50.6 1.08  —0.79 4.83 —58.34
C10'PTTPT-P 50.12 51.3 1.20  -1.10 4.75 —59.08  6.65 5.05 2.40 -34.10
46.1 547  —0.76 4.69 —4596  6.58 4.92 2.81 —40.09
49.7 088 -1.36 4.74 —64.73 1.23 4.29 2.41 —60.13
36.8 095 -1.59 4.75 -58.19  6.74 5.27 1.97 —25.68
36.0 516 -1.42 4.79 —46.06 294 4.43 2.51 —46.58
39.4 1.28 -147 4.63 -70.16  6.49 5.53 2.10 —25.68
C6'PTTP'T-P 48.06 53.4 0.15  —-0.97 4.87 -59.45 038 5.45 2.73 —41.47
022 -0.99 4.86 -59.26  0.24 5.47 2.69 —41.64
C10'PTTP'T-P 47.83 52.9 092  —-0.92 4.89 =70.78  0.40 5.41 2.72 —48.45
023 098 4.85 —68.95 025 5.45 2.68 —48.09
PPTTPP (DNTT) 47.40 51.1 136 -1.27 4.79 —45.00  0.58 5.58 2.61 —-30.65
C10PPTTPP 45.66 51.1 043  -1.03 4.71 —-100.27  0.89 5.35 2.56 —63.41
PTPTP 56.05 56.5 552 —0.72 4.64 -26.96  0.13 5.20 2.79 -26.29
C10PTPTP-P 47.88 51.0 022 -1.10 4.81 -7522 036 5.53 2.63 —46.89
C10PPTPTPP 47.24 46.2 0.18 -1.30 4.75 -106.57  0.41 5.62 2.40 —68.53
PPTPP 48.07 41.1 059  -1.68 4.67 -3895 022 5.98 2.24 —24.76
C10PPTPP 47.56 422 .70 -1.36 4.75 -92.04 023 5.67 2.19 —58.11
C6’PPTPP 48.35 46.1 0.00 -1.29 4.77 —69.31 0.00 5.62 2.39 —47.44
C10°’PPTPP 47.56 453 0.00 -1.31 4.75 —91.03 0.00 5.62 2.34 —61.12
TPPPT 45.98 51.7 036  —0.96 4.62 —36.80 1.50 5.14 2.52 —29.61

CITPPPT 52.04 51.1 202 —0.89 4.60 —43.51 4.29 4.96 2.53 —30.67




Table S8 (continued) Structure parameters of HB and 0-structures in alkyl compounds

Compound * axb  0() X, Y, Z, AR A Z Ve (k]
(A» A A A mol™) A A mol™)
P-2T-P* 4544 566 093 079 473 4425 030 505 268 3270
115 062 471  —4374 025 501 275 3228
C2P-2T-P 5217 525 261 —096 460  -5384 008 514 253 3839
C6P-2T-P 5255 529 264 089 467 6419 009 507 252  —61.02
T-PPP-T*
C6T-PPP-T 4338 501 011 -1.09 459  -81.01 065 527 248  —56.12
C6-2T-PPP-2T 461 501 -126 457 8747 004 537 229 7385
P-TTT-P 4685 565 002 —1.54 452  —4676 002 558 197  —25.08
C8P-TTT-P 4269 401 000 -148 444 9194 000 547 199 5042
CI2P-TTT-P 4321 40.1 000 —148 448 ~11454 000 549 200  —64.70
C8PP-TTT-PP 4395 411 000 -146 451 —111.77 000 553 207  —6642
4t 5139 553 231  -086 470  -3852 018 509 267 -2871
C4-4T 4744 613 124 032 479 6089 464 464 282 4847
C6-4T 4727 618 120 029 478  —6742 255 466 290  —513I
C6T-TTT-T® 4237 578 220 049 480  -7583 020 495 273  —47.95
1585 040 410 —52.08"
C7T-TTT-T® 3948 588 125 050 469  -77.68 009 480 271  —53.57
1862 120 483  —46.69"
CI0TPTPT* 4723 341 043 430 494  -50.18 027 569 219  —46.95
PSeSeP 5073 627 038 041 515 2721 038 513 313 —20.18
0
PTPTP 1252 519 404 432  -1650 000 181 350  —53.92
CI0PTPTP 4648 1091 016 315 489  —60.63 007 249 350 —116.12
C6PTTTP 4569 1184 000 365 471  —41.08 000 211 354  —90.02
C8PSeSeP 4685 1135 050 351 481  —4135 002 230 350  -99.26
C12PSeSeP 4706 1055 006 295 497 6200 039 264 350 -118.75

aP-2T-P: 2259365,58¢ T-PPP-T: 1988561.587 ®Stacking pattern alternately appears with the HB pattern.

Table S9 Structure parameters of stacking structures in alkyl compounds

Compound w (&) KXo Yo Zo Vo (k) X5 ¥ A Vs(kJ
A A) A mol™) A) A A) mol™)
Stack Ia (BW)
C8POOP (4.71) 1.99 4.18 3.02 —74.04 1.03 6.39 0.32 —38.58
Stack Ib
CI2TPT 0.18 5.32 2.53 —63.27 1.44 6.49 1.14 —55.73
C8TOPOT 5.88 5.00 2.70 —22.53 2.05 6.28 0.82 —43.95
B-CIOTTTT 0.79 8.28 3.88 —4.44 8.03 6.48 0.35 -5.92
C3PTTP 4.67 333 6.28 2.23 —22.36 6.32 6.53 1.36 -16.25
CAPTTP 4.66 3.58 6.36 2.29 —27.66 6.53 6.55 1.29 -17.50
CSPTTP 4.55 3.74 6.26 2.33 —32.83 6.68 6.40 1.26 -19.20
CAPTPTP 6.47 6.88 6.12 2.34 —28.47 9.92 6.14 1.09 —-16.55
C6TTPTT 0.44 5.98 2.24 —39.38 3.36 6.84 1.40 —43.50
CAPPTTPP* 7.04 333 6.76 2.53 —34.61 6.54 7.62 0.96 -20.62
C6PPTTPP* 7.27 0.64 6.62 2.79 —30.47 7.12 7.22 0.71 —23.33
C8PPTTPP* 7.04 5.48 6.65 2.90 —35.23 8.54 7.53 0.59 —25.55
CI1OPPTTPP* 7.05 3.28 6.30 3.21 —38.05 13.71 7.23 0.34 -34.91
Stack IIb (Pm)
C10PSeSeP 0.21 4.72 3.03 —53.10 5.57 7.30 0.60 —49.33
C14PSeSeP 0.51 4.61 3.08 =72.31 6.63 6.36 0.56 -74.70
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Table S8 includes the unsubstituted compounds when the structure is the same as the alkyl
compounds. '3 Different cases are listed in Table S10. X; = 0 A is universally observed in monoclinic

crystals," but X, ~ 0 A is characteristic of PTTP (BTBT).

(a) Short CnPTPT (b) monoalkyl- and alkyl/phenyl-PTTP
0 | T T T 0. T T - T T
i ST R | | e~
. T T | B
£ E "
3 e i el C6PTTPP-P
® 6t . .= C3PTTP £ e
2 [[T—————"""C4PTIP =
S B Tl Ty, |COPTTP S
" t
-10 | | L | | -10 | | i | L
0 60 120 180 0 60 120 180
& (degree) @ (degree)

Fig. S5 6-diagrams of (a) short alkyl, and (b) monoalkyl- and alkyl/phenyl-PTTP with vertical
(solid) and horizontal (dashed) alkyl chains.

In short alkyl chains in Fig. S5(a), the alkyl chains are actually vertical, but the actual molecular
packing is not HB but stacking. The contribution of the alkyl part is smaller than that of the core part.
BTBT (PTTP) is located on the border between the HB and stacking structures.!>!# Short alkyl chains
move it slightly to stabilize the stacking structure. By contrast, dinaphtothienothiophene (DNTT =
PPTTPP) entirely prefers the HB structure due to the peripheral phenyl hydrogens.

In the f-diagrams (Fig. 9 and S5), the BW structure corresponds to the 8= 0° limit, but the core
molecules are vertical.!? Therefore, the BW compounds are associated with the horizontal alkyl chains
(¢ = 0°). In Table 2, the first four compounds with comparatively large Y;; have horizontal alkyl
chains with ¢, = 0°. In the stacked molecules (Table 2), the alkyl chain is either horizontal (¢, = 0°)
or vertical (¢, = 0°). Among the BW NDI (Table 3), half compounds have the horizontal alkyl chains,

while the others have the vertical chains.

The total intermolecular potential increases in proportion to the alkyl chain length, n (Fig. S6(a)).
The vertical intercept corresponds to the potential of the core part, and the slope comes from the alkyl
part. The slope is the same for different core parts, indicating that the alkyl part makes the same
contribution. Since the linearity is perfect, the small anomaly indicates some structural difference.
CnPTTP (red) has HB structures in general, but the hump at n = 3 — 5 is associated with the stacking
structures (Table 2). The actual stacking structure is slightly less stable than the hypothetical HB
structures. The humps of CnPSeSeP (pink) at » = 10 and 14 are also due to the stacking structures
(Table 2), which are unstable in comparison with the 6-structures at n = 8 and 12 (Table 1).
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When we investigate the dispersion and static parts independently in CkPTTP (Fig. S6(b)), the
dispersion (vdW from eqn (S6)) parts increase with n, whereas the electrostatic part (eqn (S7))
becomes almost constant at large n (Fig. S6(c)). The electrostatic term of the core part increases with
increasing the ring number, m (Fig. S6(d)). The alkyl chain is almost nonpolar, and gives rise to no
Coulomb contribution in contrast to the ordinary aromatic cores. From the basic electromagnetism, if
one imagines a cylinder with a central negative charge surrounded by a surface positive charge, the
total electrostatic attraction is zero as far as the total charge is neutral. This happens even though the
negative charge on an alkyl carbon atom surrounded by two or three hydrogen atoms is significantly
larger than that of the aromatic carbon atoms with at most one hydrogen atom. It is characteristic that
the stacking arrangement in SHB and 0-structures (TTT) lead to positive (repulsive) Vs, though the
HB compounds have negative (attracting) V. (Fig. S6(d)).

0
(a)
-50
’E -100_:: ?::.(NJ:PTTP
2 ‘15°t SN CnPPTPP
= 200 A
= \‘.‘C-;\CnPSeSeP
-250-  CnPTPTP L
CnP-TTT-P ™
-300
0 5 10 15
n
(c) 10 T T
CnPTTP PEREY,
= 5 4 5 101 4 SHB V...
E £ TTTV,
£ PP
4 [ sstat  —
=2 O V. — =
éﬁ K\Q._"_‘Vi UE 10 S o
n el - spta] . T Ve |
Sl Vi mPV._\ Acene u 'S
_20 =5 tstat®y e o]
-10 1 ! L [ I
0 5 . 10 15 0 4 8 12
m

Fig. S6 (a) Total potential of alkylated compounds as a function of the alkyl chain length, n. (b)
Dispersion (vdW), static, and total contributions in CnPTTP, and the (c¢) electrostatic parts. (d) Ring

number, m, dependence of the static contribution in various structures.
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Table S10 Structure parameters of compounds where the unsubstituted and alkyl compounds have

different structures

Compound g (°) X, Y, Z, Ve (kJ X Y5 Z Vs (kJ ol b CCDC
¢ A A A mol) A A A mol ) ©)

PSeSeP HB 627 038 —041 515 2721 038 513 3.3 -20.18 607975
C8PSeSeP 0 1135 050 351 481 —41.35 002 230 350 -99.26 32/22 h 730254
C12PSeSeP 0 1055 0.06 295 497  —62.00 039 264 350 —118.75 22/23 h 730256
C10PSeSeP lla 0.21 472 303  -53.10 578 258 363 -101.34 232 h 730255
C14PSeSeP Ila 0.51 461 308  —63.69 612 176 364 —12193 142 h 730257
PTPTP HB 56.5 552 —0.72 464 2696 0.13 520 279  —26.29 667690
PTPTP 0 1252 5.19 404 432 1650 000 181 350  —53.92 668464
CAPTPTP Ib 6.88 6.12 234 2814 3.04 002 343  —8437 12139 v 667691

CI10PTPTP 0 109.1  0.16 315 489  —60.63 0.07 249 350 11612 26/13 h 1964819
C10PTPTP-P HB 510 022 -1.10 481  -75.22 036 553 263  —46.89 2419 v 2312364
PPTPTPP 0 1266 821 402 432 -20.53 0.04 177 352  -78.74 980613
C10PPTPTPP HB 462 018 -130 475 -106.57 041 562 240 -68.53 26/13 v 980612
PTTTP HB 56.5 000 —0.62 483  —3435 0.00 520 279  -23.19 600120
C6PTTTP 0 1184  0.00 3.65 471 —41.08 000 211 354  -90.02 2819 h 830987
T-TTT-T 0 1334 0.00 439 380  —20.28 000 157 364  —60.77 258755

C6T-TTT-T¢ HB 578 220 —049 480  —75.83 020 495 273 4795 140 v 655866
CTT-TTT-T¢ HB 588 125 —0.50 469  —77.68 0.09 480 271 -53.57 180 v 969085

PPTT’PP A y 747 0.69 237 690  —23.02 422 191 345  -56.62 1523533

723 130 099 719 2547 406 229 340 5570

PPTT’PP B Y 1293  1.64 670 535 —6.18 0.10 165 349  —67.03 1523534
CAPPTTPP* Ib 3.33 676 253  —34.61 321 086 349  —9464 131 v 1995852
C6PPTTPP* Ib 0.64 6.62 279  —3047 776 061 350  -9098 11/ h 1995853
C8PPTTPP* Ib 5.48 6.65 290  -35.23 548 098 349 11473 /6 h 1995854
C10PPTTPP* Ib 3.28 630 321 —-38.05 1042 094 355 —112.41 4/1 h 1995855
TPTPT Ila 0.00 541 278 2195 000 178 346  —52.59 254385

C10TPTPT* HB 341 043 —-430 494  —50.18 027 569 219  —4695 2034 o 1503965
TTPTT o 1058  3.12 6.19 271 -9.90 262 020 348 —53.49 1434834
C6TTPTT Ib 0.44 598 224  -39.38 380 086 38  -82.15 4l/15 h 717515

2 X1, Y, and Z;; for stack (Ila, Ib, and III) structures. ® h: horizontal, v: vertical, and o: oblique alkyl chains. ¢ Alternate HB and
stacking patterns.

S
eS80y
CnHans1 Croar™ 7 CagHas

CnPPTTPP* C10TPTPT*
Alkyl groups in CnPSeSeP (n = 8 — 14) extend in the horizontal direction in the 0-structures and

in the direction parallel to the molecular plane (¢, = 2°) in the BW (Ila) structures (Table S10).
PTPTP is characterized by the large X, > 5 A both in the HB and 0-structures, where the half

molecule forms the T-type arrangement excluding the thiophene part (Fig. S7(a)). This anomaly is
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entirely removed in C10PTPTP; this compound forms an ordinary 0-structure with nearly zero X, and
X,. In C4PTPTP, the comparatively large X; (~ 3 A) is a standard value among the stacking (Ib)
compounds (Table 2). The alkyl chain of this compound extends vertical to the molecular plane (¢, =
12°), which is typical of the stacking (Ib) structures (Table 2). The HB structure of CIOPTPTP-P is
formed due to the phenyl substitution; a conjugated phenyl ring with four side hydrogens induces the
HB structure more strongly than a fused phenyl ring with only two side hydrogens. Similarly to PTPTP
(Fig. S7(a)), PPTPTPP is characterized by the large X, > 8 A, but CIOPPTPTPP forms an ordinary
HB structure with X, = 0.18 A. In general, compounds with a PTPTP unit (PTPTP and PPTPTPP) are
characterized by a O-structure with a large X,, but the alkyl derivatives have the ordinary HB
(sometimes 0-) structures with a small X,; this is an origin of the unusual transformation from 0 to

HB.

(a) -PTPTP (c) CET-TTT-T

- &

(b) 6-C6PTTTP
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Fig. S7 Crystal structures of (a) 6-PTPTP, (b) 6-C6PTTTP, and (c) C6T-TTT-T. (d) Influence of
alkylation in the 0,,0,,-phase diagram. (e) Alkyl orientation dependence of Q,, and Q,, in C8PTTP,
C1OPTTP, C8PSeSeP, and CIOPTPTP.

In C6PTTTP and CuT-TTT-T (rn = 6 and 7), the alkyl chains are tilted into the same side owing to
the odd number of fused thiophenes (Fig. S7(b)). In CuT-TTT-T (n = 6 and 7), the alkyl chains are
interpenetrated to every two HB columns (Fig. S7(c)), and this is the origin of the 6 to HB
transformation. In these cases (PPTPTPP and T-TTT-T), the right down movement in the 0..Q,,-
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phase diagram is the same as PTTP (Fig. S7(d)).

Alkyl orientation dependence of Q.. and O, is depicted in Fig. S7(e). In general, the 0° orientation
has the largest Q.

Although PPTPP is HB,'? PPTT PP (Table S10) is no more HB. PPTTPP* has a different fused
manner, and the alkyl forms have stacking (Ib) structures. The alkyl chain of C10TPTPT* is not
parallel to the crystallographic axes, but since the molecule does not have an inversion center, the alky
chains are parallel to each other within a layer. The unsubstituted analogue has a stacking (Ila)

structure.
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Stacking structures of NDI and PDI compounds

Table S11 Supplementary structure parameters of NDI and PDI compounds

Compound a(A) b (A) X ¥; Z Vs (K
@) &) (A  mol

0 Ve
PDI 14.678/2 4.879 10.91 3.36 3.12 —-18.63
C1PDI 14.597 3.874 10.07 5.93 0.01 —9.81
Stack Ia (brickwork) V,
NDI 7.6356 8.2211/2 3.63 9.29 0.48 —5.24
C2NDI 4.8667 4.8667 4.66 7.88 0.17 -7.99
C4NDI 7.840 5.223 4.50 7.94 0.13 -11.10
C5NDI 8.1071 5.0282 5.39 7.87 0.11 —-18.36
C6NDI 8.284 4.898 5.16 7.80 0.25 -19.64
C7*NDI 8.4203 6.8695 1.97 8.11 1.09 —7.69
C8NDI 6.5335 4.7814 4.29 791 0.08 -11.43
C10NDI 6.5503 4.7502 4.07 8.02 0.07 -14.20
C12NDI 6.5900 4.6101 4.21 7.89 0.02 —14.80
C14NDI 6.637 4.637 4.19 7.95 0.03 —-16.41
CH;SC3NDI 8.0500 4.9407 5.27 7.83 0.14 —-14.63
C40PNDI 8.1371 4.1636 5.52 6.69 1.86 —-28.03
P-PDI 7.5227 5.1360 4.51 791 0.22 -11.29
FPC2NDI 7.8416 4.8947 4.84 7.88 0.09 -17.45
DCF;PCINDI 11.655 4.7402 6.73 426 8.51 -11.99
Cy5NDI 6.0407 5.2404 4.01 7.99 0.17 —-10.08
Cy6NDI 8.541 6.678 1.63 8.38 0.00 -2.72
Cy7NDI 6.211 5.236 3.84 7.95 0.47 -12.94
Cy8NDI 8.96 7.095 3.67 8.08 1.24 —-13.96
C8PDI 6.6707 4.7101 4.15 8.12 0.08 -12.18
PC2PDI# 7.7048 5.0225 5.93 8.14 0.02 -11.58
PCH3C2PDI 9.1410 4.9820 5.93 8.14 0.01 -11.58
fPC2PDI 4.59 8.15 0.11 -20.29
Cy6PPPDI # 5.2092 6.33 6.19 1.70 —32.21

g 6="72.8 0.03 0.46 5.01 —=50.48
Cy6PZPDI 6.1694 5.1483 2.79 6.89 0.55 —18.28
Stack Ib
C3NDI 17.24/2 6.9622 3.77 8.19 1.05 -10.43
C4PDI 9.396 4.734 8.86 7.96 0.69 -14.02
CSPDI 8.479 4.754 9.07 7.85 0.77 -13.72
C20C2PDI 8.306 4.835 8.68 7.83 0.74 -13.73
C10C3PDI 9.418 4.725 8.87 7.69 0.94 —22.18
C20C3PDI 8.657 4.747 8.89 7.81 0.52 -13.17
CH;OPCIPDI  9.709 4.390 8.71 7.74 117 -14.81 ?sH17
C,F,PDI 8.4835 4.9104 9.07 7.88 0.83 -12.20 O N 0}
PC2PDI 4.7410 9.85 7.24 1.60 —24.35
Stack IIb (pitched m-stack) Ve S OO N\
C4PDI 9.396 4.734 8.86 7.96 0.69 -14.02 \ s
C5*PDI 8.789 8.157 8.86 7.84 0.67 —19.80
Stack I1I Vs O w O
PC1PDI 16.78/2  4.7460 1557 561 551  -15.76 CgHi7  CBNDTI

2 Alternate BW and y patterns.
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(a) 3P (HB) (b) tetracene (HB) (c) 4T (HB)
b
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(g) YZPP (Brickwork la) (h) PPQPP (Brickwork la)
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Fig. S8 X,Y;-maps of various molecules.
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(n) T-fP-2T-fP-T

Fig. S8 (continued) X,Y;-maps of various molecules.

Minima of the X;Y;-maps indicate that the X; offset is preferred in general. Exceptions are nP and
acenes (Fig. S8(a) and (b)), which show the Y; offset. The ¥ offset appears in polar molecules, where
the electrostatic repulsion at the stacking structure is large. Even PPQPP and PQPQP show the X
offset (Fig. S8(h) and (i)), and the X,Y;-maps are not very useful to predict the crystal structure.
However, the Y offset is a token of polar molecules, and if the HB packing is not possible, the

brickwork structure is most likely.
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Compounds with blocking groups

Table S12 Structure parameters of compounds with blocking groups.

Compound * fm(cm®  0C) WX, Y, 7, kX&) ¥, Z, V. CCDC  Ref
Vishe A A A A mol™") A) &) mol™)
HB
C1-4T 62.6 4.77 1.14  -0.32 4.72 —40.63 2.35 4.65 2.85 —35.83 1262525 S88
o-2CH;T-TPT 0.023 63.6 4.87 3.89 -0.06 4.87 —28.43 0.30 4.80 2.98 —26.41 1558838 S89
o-2CH;T-TPT &P 58.0 4.72 0.08 —0.67 4.72 —33.57 1.12 5.02 2.74 —24.81 1558839 S89
4.73 0.09 —0.68 4.74 —35.24 0.86 5.03 2.80 —25.36
0
B-2CH;Se-TPT 156.7 8.86 0.23 6.58 3.11 -11.55 4.20 0.81 3.49 —40.39 2125887 10
B-2CH;Se-SePSe 156.4 8.26 0.08 6.65 3.15 —13.48 4.15 0.53 3.51 —55.86 1955298 S90
2CH;T-PPP¢ 0.25 148.0 9.28 0.24 6.63 3.70 —13.01 4.04 0.36 3.45 —44.69 2255048 S91
4CH;Se-pyrene 133.8 6.54 9.76 6.06 4.88 —18.40 3.86 1.81 3.54 —86.19 2302653 S92
0-Pnt
B-2CH;0-TPT 0.19 136.3 7.89 0.66 445 4.04 -12.22 4.57 2.50 3.39 —35.01 2125884 10
B-2CH;0-SePSe 0.54 146.7 5.18 1.36 6.05 3.62 -9.61 4.89 0.20 3.50 —36.14 2125890 10
B-2CH;T-SePSe 1.7 135.4 8.13 4.16 4.13 4.18 -16.67 4.58 3.02 3.49 —41.42 2125891 10
B-2CH;Se-SePSe 1.6 130.0 8.19 4.14 3.77 4.44 -20.57 4.49 3.31 3.53 —47.09 2125892 10
2CH;T-PPP¢ 0.25 137.7 9.24 0.01 6.17 4.24 —13.14 4.10 0.04 343 —43.94 2255047 S91
Stack Ia (BW) Va Ve
4(CH;T) 7.12 2.64 2.79 3.61 —63.33 0.23 4.66 3.44 —41.65 1288627 S92
Stack Ib (long-axis BW) Va Ve
TIPS-pentacene © 1 6.69 0.93 3.40 —84.16 9.51 1.71 3.32 —44.21 172476 S93
TMS-pentacene © 0.1 4.57 1.16 3.44 —81.10 9.42 5.76 2.18 -21.95 178599 S94
B-2CH;Se-TPT 0.96 7.76 3.98 0.56 348 —47.37 8.08 2.45 3.51 —19.58 1955295 S90
4CH;0-pyrene 0.03 6.79 5.69 0.33 3.54 —49.22 7.37 0.47 3.61 —39.42 2302650 S95
4CH;T-pyrene 32 6.55 5.51 0.14 3.55 —63.21 8.74 0.30 3.75 —33.05 2076082 9
4CH;Se-pyrene 7.3 6.54 5.56 0.33 3.55 -74.67 8.82 2.02 3.72 —40.87 2302656 S95
4CH;T-perylene I 0.2 8.96 3.38 1.03 3.39 —88.37 9.45 2.72 3.65 —29.71 2269571 S96
4CH;T-perylene 11 8.97 3.37 0.84 3.40 —89.66 9.43 2.80 3.60 —29.46 2269574 S96
4CH;T-dibenzoperylene 6.53 5.75 0.04 3.46 —97.05 12.77 0.46 3.81 -35.37 2256599 S97
Stack IIb (Pn) 7.17 Vg Vo
Rubrene 40 62.3 6.16 0.00 3.72 —58.18 6.81 0.00 4.32 —41.99¢ 605654 S98
B-2CH,T-TPT 21 89.4 8.53 3.93 0.74 3.53 —43.53 1.42 8.16 1.22 -11.38 1558840 81809’
B-2CH;Se-TPT 0.26 87.6 7.17 4.00 0.37 3.51 —47.83 2.85 8.05 1.27 -11.80 2125888 10
B-2CH;Se-SePSe 0.45 88.4 7.23 3.97 0.27 3.54 —56.37 2.67 8.10 1.20 -16.67 1955297 S90
2CH;T-PPPPf 0.84 86.4 9.23 3.83 0.83 345 -60.59 0.31 7.52 2.15 -14.75 2255050 S91
4CH;T-PPPP¢ 0.94 80.9 9.36 3.93 0.10 335 =76.40 2.15 9.41 2.81 -13.27 2255051 S91
B-2CH;T-TPPT 0.35 89.2 7.88 3.93 0.48 3.49 —56.73 4.72 7.88 1.81 —14.14 1899661 S99
B-2CH;T-TPPPT 4.08 68.8 7.69 5.79 0.49 347 —58.94 6.34 7.73 1.76 -16.93 1899662 S99
B-2CH;Se-TTTT 83.4 8.91 5.09 0.57 3.57 —44.59 442 5.17 2.30 —12.88 2068982 S100
Stack IIT v, v,
6fT 83.3 5.37 3.78 1.23 3.54 —93.96 2.52 5.78 3.31 -16.45 164573 S92
B-2CH;0-TPT 79.6 7.89 4.17 0.79 3.53 -36.61 1.61 7.01 0.86 —8.66 2125885 10
B-2CH;0-SePSe 79.0 8.09 4.25 0.86 3.58 —42.18 2.73 6.34 2.70 —10.51 2125889 10
B-2CH;T-SePSe 0.23 84.48 8.22 3.86 0.58 3.55 —47.73 1.53 7.45 3.47 —6.73 1955296 S90

@ Two crystallographically independent molecules. ® Another polymorph. ¢ Field-effect hole mobility. ¢ 1,5-Bis(methylthio)
anthracene has 6 and 6-Pr polymorphs. ¢ TIPS: triisopropylsilylethynyl, TMS: trimethylsilylethynyl. * 1,7-Bis(methylthio)tetracene. ¢
1,4,7,10-Tetrakis(methylthio)tetracene.

Compounds with blocking groups are listed in Table S12. For example, 4T with terminal methyl
groups (C1-4T) has a HB structure, but an oligomer of -methyl thiophene, 4(CH;3T), has a BW (stack
[a) structure owing to the blocking effect of the methyl groups at the molecular side. Many B-alkylated
oligothiophenes have been investigated for modelling poly(alkylthiophene),3101-819 which have
usually stack (most frequently Ia) structures.

TIPS-pentacene (TIPS: triisopropylsilylethynyl) has a stacking (Ib) structure but characterized by
the large X5, and X, (Table S12).7 In this long-axis BW structure, the interlayer interaction (V) is the
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second largest interaction (Table S12), and amounts to more than half of V. However, the methyl
analogue (TMS-pentacene) has a much one-dimensional structure with isolated stacks having small
V. The long-axis BW structure achieves two-dimensional structures and high-performance transistor
materials, but the magnitude of the second interaction is susceptible to the substituents similarly to the
NDI derivatives.

Rubrene is an important transistor material, 51075198 where the tetracene part has a Pr structure with
large ¥, (Fig. 12(f)),5!% while the phenyl part forms a SHB-like structure. It is characteristic that non-
parallel V, is not significantly smaller than V. This is because X = 6.16 A amounts to half of the
molecular length (11.43 A).

The molecular width of B-2CH5T-TPT (> 8 A) is much larger than 4.7 A of TPT and a-2CH;T-
TPT.!3 These compounds sometimes form the 0-structure (Table S12), but the @ values are larger (>
130° and sometimes > 150°) than the ordinary 6-phase (125 — 130°); these compounds are regarded as
intermediate between the 6- and the stacking structures.

In the methoxy (CH30-), methylseleno (CH3Se-), and SePSe derivatives, various structures appear
depending on whether the intralayer (intercolumnar) and interlayer arrangements are parallel or not
(Fig. S9(a)). In addition, there are a considerable number of polymorphs (Table S14). The stacking
geometry (V;) is, however, not largely different (Table S12), where the overlap mode depicted in Fig.
S9(b) is the typical one. Z; in the O-structure and Z;, in the stacking (Ib, IIb, and III) structures are the
interplanar spacing (3.5 A), Y, (and Yy)) is small (< 1 A), and X; is about 4 A (Table S12). The tilt
angle of the molecules in the stack is obtained by tan 6 = X/Z. For example, this value is as large as
48° in B-2CH;T-TPT, because the large X (3.93 A) leads to large 5. OPO does not take this structure;
although the unsubstituted OPO is HB (Table S5), B-2CH;X-OPO has dimer structures (Table S15).

4CH;T-pyrene and perylene (Fig. 12(j) and S9(g)) form the long-axis BW structure similar to
TIPS-pentacene characterized by small Y;; <1 A (Fig. 12(f)). The interlayer interaction ¥ is the second
largest interaction (Table S12), and amounts to half of V. The difference between X;; and X,
corresponds to the unbalance from the ideal BW structure. In particular, 4CH;T-pyrene exhibits high-
performance in the single-crystal transistors,”!! where V. is more than half of V;;. The molecular width
of 4CH;T-pyrene (6.55 A) is not larger than 6.77 A of pyrene, whereas 8.9 A of 4CH;T-perylene is
larger than 8.42 A of perylene; this is obvious from the molecular structures.

By contrast, methylthio-substituted tetracene (PPPP), TPPT, and the related compounds have a Pnt
(ITb) structure (Fig. S9(d)) again with small Y; <1 A. The side interaction V, with large Y, (Table
S13) is comparable to the interlayer V. with large X. (Table S12). However, these values are
considerably smaller than V. In the O..0,,-diagram, B-2CH;T-TPT, 4CH;T-pyrene, 4CH;T-
perylene, 4CH;T-PPPP, and B-2CH;T-TPPPT are located in the stacking Region (8) in Fig. 4(b), but
B-2CH;T-TPPT is found in Region (4) in Fig. 5(a); all are in agreement with the stacking or Pn

structure.
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In the ordinary Pr structures, all molecules are parallel in the layer, but the intralayer tilted version
appears frequently (Fig. S9(e)). These structures are categorized as 6—Pr (Table S12, this structure is
simply called Pr in Ref. 10). The intralayer €is 130-140° (Table S12), while the interlayer #is around
80° (Table S13). V, is again comparable to V. The B-substituted SePSe prefers this structure.

Sometimes a long-axis SHB structure appears (Fig. S9(f) and Table S15). The ordinary HB structure
has non-parallel contacts along the molecular long side, and the twisted dimer version is the SHB
structure. Contrarily, the Pnt has non-parallel contacts at the molecular terminal, and the twisted dimer
version is the long-axis SHB. A similar structure is universally observed in the neutral crystal of
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) and the related compounds, whose charge-transfer
salts have been extensively studied as organic superconductors.S!!!

It is noteworthy that these methylthio compounds do not make BW structures. This is probably
because the BW structure is formed in polar molecules. The dimer and long-axis SHB phases do not
show transistor properties; transistor properties are observed in the 0- and stacking (Ib and IIb) phases.
In the long-axis SHB structures, Z is the interplanar spacing (about 3.5 A). When Xj, is not small (>
1 A),  is smaller than 80°.

Intralayer 1/ Non-parallel

DEENCETTEE 0 F2CHTTPT (@ (20HSeTPT)
iy ‘ ¥ i 5

1 Stacklb Prxlla j’r
_ L
tilted (] 6-Pn r T?-—C} 2 P
(d) Pm (B-ZCHaT-TPT) (f) Long-axis SHB (p-2CH,T-TPT) h \ o p’j’r

y‘ < L

4 4CH,T-peryl
f x& f g1 @ aRefene (h) 4CH;T-dibenzoperylene
%\’ ‘\‘\\ \ﬂ,\ CHsS SCH3

gas \k‘v 3 . . CHsS i i SCHs
%gﬂ“ = N Q Q T Q Q
S 4;“' b ™ - CH3S SCH;3

Figure S9 (a) Classification of intra/interlayer parallel/tilted structures. (b) Representative overlap
mode in a 3-2CH;3T-TPT stack. Crystal structures of (c) stack Ib (3-2CH;Se-TPT), (d) Pt (B-2CH;T-
TPT), (e) 0- (B-2CH;0-SePSe, viewed from the molecular long axis), and (f) long-axis SHB structures
(B-2CH;T-TPT). Molecular structures of (g) 4CH;T-perylene, and (h) 4CH;T-dibenzoperylene.

(e) 8 (B-2CH,0-SePSe)

CHs

26



Table S13 Supplementary structure parameters of compounds with blocking groups

Compound b(A) 6 () X Y VA V(kJ CCDC
A (GY) A mol™)
0 Ve
B-2CH;Se-TPT 5.5213 156.7  10.02 4.18 1.84 —8.66 2125887
B-2CH;Se-SePSe 8.4327/2 156.4 7.89 3.24 3.55 —25.84 1955298
2CH;T-PPP 5.3222 148.0 7.43 3.68 3.53 —23.35 2255048
4CH;Se-pyrene 5.5408 133.8  10.65 0.77 3.72 —25.57 2302653
0-Pnt V.2
B-2CH;O-TPT 6.2140 80.5 6.58 0.05 3.73 -12.63 2125884
B-2CH;0-SePSe 6.02 80.8 6.47 2.28 3.75 -12.03 2125890
B-2CH;T-SePSe 6.5011 82.1 7.11 0.68 3.86 -17.06 2125891
B-2CH;Se-SePSe 6.5999 85.9 7.40 0.67 3.88 -17.70 2125892
2CH;T-PPP 5.3433 79.9 6.83 3.88 3.95 —15.82 2255047
Stack Ia (BW) Ve
4(CH,T) 5.274 2.40 7.45 0.17 —20.51 1288627
Stack Ib (long-axis BW) Vo
B-CH;Se-TPT 5.3202 1.10 7.14 2.23 -9.45 1955295
4CH;0-pyrene 6.7076 2.28 8.06 1.85 -17.21 2302650
4CH;T-pyrene 6.5536 5.23 8.24 2.12 —-15.21 2076082
4CH;Se-pyrene 6.6075 2.10 8.48 2.19 —24.34 2302656
4CH;T-perylene I 4.9002 450  10.04 1.52 -16.88 2269571
4CH;T-perylene I 4.8598 7.73 9.23 2.18 -10.27 2269574
4CH;T-dibenzoperylene 6.7064 2.21 8.50 1.76 —24.23 2256599
Stack IIb (Pr) Ve
B-CH;T-TPT 5.3415 89.4 6.68 1.19 3.15 -13.83 1558840
B-CH;Se-TPT 5.3366 87.6 6.49 2.17 3.11 -11.46 2125888
B-CH;Se-SePSe 5.3247 88.4 0.58 2.12 3.20 -16.53 1955297
CH;T-PPPP 5.2161 86.4 8.18 1.16 4.87 —15.64 2255050
4CH;T-PPPP 5.1652 80.9 7.87 1.21 5.22 —22.45 2255051
2CH;T-TPPT 5.2771 89.2 7.75 1.79 448 -12.80 1899661
2CH;T-TPPPT 6.7687 68.8 0.08 1.66 497 -19.41 1899662
2CH;Se-TTTT 6.2428 83.4 7.92 2.76 4.68 —14.35 2068982
Stack III Ve
6fT 2 5.3230 833  14.08 0.54 10.86 -10.75 164573
B-2CH;O-TPT 5.5283 81.7 6.75 0.02 3.64 —8.63 2125885
B-2CH;0-SePSe 5.6228 81.0 6.73 0.12 3.62 -12.83 2125889
B-2CH;T-SePSe 5.2744 89.7 6.86 1.09 3.37 -12.07 1955296
Long-axis SHB Ve
B-2CH;0-OPO 7.4386 76.6 2.23 6.99 1.24 -11.91 2125881
B-2CH,T-TPT 7.7368 73.4 1.56 7.23 2.25 —14.43 2125886
1.41 5.14 4.06 -14.91
4CH,T-PPP 10.3415 92.1 3.96 9.82 0.63 -9.10 2255049
CH;O-TTTT 11.4018 132.1 1.27 4.77 4.15 -12.27 2068980
132.1 1.48 4.29 4.25 —-15.95

2 Prt direction.

27



Table S14 Polymorphs of f-CH;X-TPT

CH30- CHgT- CH3S€-
OPO Long axis SHB (2125881) dimer (2125882) dimer (2125883)
TPT 0-Pr (2125884) Pr (1558840) 0/ (2125887)
111 (2125885) Long axis SHB (2125886) P (2125888)
Ib (1955295)
SePSe 0-Pr (2125890) 0-Pr (2125891) 0/ (1955298)
111 (2125889) 111 (1955296) 0-Pr (2125892)
P (1955297)
TTTT (2068980) Long axis SHB (2068981) Pr (2068982)
pyrene  1b (2302650) I (2076082) 0/ (2302653)
I (2302656)
2CH;T- 4CH,T-
PPP 0/ (2255048) Long axis SHB (2255049)
6-Pm (2255047)
PPPP Pr (2255050) Pr (2255051)

Structures with the same color are isostructural.

(a) Pr (CHST-TPT)

(b) 6-Prt (CH50-SePSe)

(d) Ill (CH;0-SePSe)

(e) Ib (CH3Se-TPT)

(c) 0// (CH;Se-TPT)
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(g) Long-axis SHB (CHsT-TPT) (h) (CH:O-TTTT)

(k) 0-Pr (CH5T-PPP)

s

i

Ny j‘ﬁx

b

w“E ! ok
Fig. S10 Crystal structures of CH3X-TPT, CH;X-TTTT, CH;X-pyrene, and CH3X-PPP.

Table S15 Structure parameters of compounds with long-axis SHB structures

Compound Hmax (cm? 0 (°) w L(A) X, Y, Z, Ve(kJ X Y, VA Vs (kY CCDC Ref
Vishe A) A &) A  mol) @A) A @A)  mol)
Long-axis SHB gl/g2 sl/s2
B-2CH;0-OPO 76.6 7.10 9.62  0.07 1.69 6.27 —14.68 1.09 1.05 338 3350 2125881 10
2.54 4.43 6.01  —10.50 734 139 359 1615
B-2CH;T-TPT ® 73.4 7.83 10.09  0.76 1.59 648 —18.57 139 0.83 348 4879 2125886 10
3.85 3.33 6.55 —19.90 9.74 2,06 357 -11.37
73.4 7.08 1045 0.55 1.50 6.53  —17.74 253 249 343 —44.67
3.25 0.98 647 2145 898 0.68 337 -—12.46
4CH,;T-PPP © 0.005 87.9 9.27 9.31 0.15 0.11 730  —28.14 0.06 1.72 358 7479 2255049 S91
3.42 1.84 7.50 -21.61 7.51 .75 3.60 -32.17
B-2CH;0-TTTT® 644 11.76  0.36 3.60 774  —15.93 0.08 1.64 359 —42.62 2068980 S100
3.55 3.11 8.01 -11.78 879 255 397 2593
83.9 645 11.77  0.34 3.42 7.80 —17.05 0.05 1.82 350 —44.68
3.59 3.04 8.01 -12.94 877 254 401 -21.08
B-2CH;T-TTTT® 752 597  13.07  0.69 2.62 6.80 —19.18 1.63  0.62 350 —61.00 2068981 S100

3.28 2.06 6.83 —24.11 1004 070 3.40 -18.78
75.4 4.53 13.65 0.51 3.15 6.57 —18.62 1.91 0.60 348 —58.70
4.34 1.54 755 -14.21 9.81 1.38 341 -14.26

aField-effect hole mobility. ® Two crystallographically independent molecules. ¢ 1,4,5,8-Tetrakis(methylthio)anthracene.
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Quadrupole-quadrupole interaction

Quadrupole-quadrupole interaction is estimated by placing charges p; = Q,,/2 on a unit length x =
+1.0 A, and similarly Q,,/2 and Q../2 on y = 1.0 A and z = £1.0 A, respectively. These six point-
charges represent the quadrupole moments. The adjacent quadrupole rotated by 90° is placed on (y, z)
= (0, R) for A (yz), and a parallel one on (R, R) for B (yz). The Coulomb energy p;0/R? is evaluated

from these point-charges.

QVL'
(@) Y (b) 100
S 10 - Biaxi
Xy yz ;i Biaxial BW
- 5 1f
- Qx:r @
g
2z AN
¥z xy 0.01
1
(€) 1 (d)
el e 4
- — s ] BW
= e, o . Stack B(x2) HE
— = R et
) 4 \ Stack Oxx
o 2 \ — &
ki hadl 148 Stack
3+ . \___\_
i Q,=20eA l ; N
20 0 0 10 20 HB BW
Q,, (eA)

Fig. S11 (a) Regions of the largest A(yz), A(yz), and A(xy) for the same R. (b) R dependence of the
quadrupole interaction. (c) Energy of Fig. 13 for ¥, = Z, = 4.80 A along O, = 20 ¢ A2 (d) Largest
quadrupole-quadrupole interactions in the Q,.0,,~diagram at Y, = 4.70 and Z, = 3.45 A.

Among the axial interactions, A(xz), A(yz), and A(xy) with the same R, A(yz) is largest (most
stable) when Q.. and Q,, are the largest and the second largest moments (absolute magnitudes with
opposite signs). This is because that in HB A(yz) in Fig. 13, the closest + and — charges afford the
principal contribution, but these charges are (../2 and Q,,/2. The regions of the largest interactions are
shown in Fig. S11(a). B(xz), B(yz), and B(xy) are largest in the same regions. Here, the closest two
charge combinations of B(xz) come from Q,,/2 and Q../2 (Stack B(xz) Fig. 13).

The analytical quadrupole energy is proportional to —Q%*R>.!'"® The calculated energy also
decreases following R 3or steeper (Fig. S11(b)). Accordingly, A(xz), A(xy), and B(xy) are small due
to the large R > L/2. For example, A(xz) corresponds to an end-on molecular arrangement placed on
another molecular plane. The energy of the remaining A(yz), B(xz), and B(yz) are calculated in Fig.
S11(c), and the most stable interaction is depicted in Fig. 13. The X; and Y; offsets of the actual stacking
and BW structures are as small as 1 ~ 4 A, but the vertical offsets in B(xz) and B(yz) (Fig. 13) are
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assumed to be the same as Z,, because this maximizes the biaxial interaction. The maximum of carbon
7 orbital appears around 0.84 A. However, only the relative ratio of R is important. Accordingly, R =
Y, =4.80 A is used in Fig. 13. Actually, ¥, =4.70 A for the one-leg HB structures in A(yz) should be
larger than the typical interplanar distance Z, = 3.45 A of B(xz) and B(yz).!3 In the latter parameters,

the HB region is comparatively small (Fig. S11(d)).
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