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Parameters of intermolecular interaction

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

V= ({A exp(—B%) - C(%")é} +Dp,p; I, S1)
where 4 = 184000, B =12, C=2.25, and D = 1380 kJ A mol-'.5° The parameters were taken from the
MM3 force field (Table S1).72%810 The dispersion represented by this equation has a minimum of 1.12¢
at 7. For interaction between different atoms, the geometrical average was used for ¢, while the
arithmetic average was used for . 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 coming from
the last term was added.S3-555% 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(b)). 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 5-6% of the total intermolecular energy (Fig. S12-S15).

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
o) 0.2466 3.64 ~0.30
N 0.1797 3.86 0.00
Se 1.8 4.30 0.07
2 T 1
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Fig. S1 (a) Potential curves based on eq (S1) and Table S1. (b) Charges on 4T.



W and L are related to m in fused molecules (Fig. S2).

W =166+ 2.46m (S2)

However, W of acenes, typically 4.8 A is slightly larger than those of nP (4.2 A, Table 1), and those
of fused TTT molecules (< 4.0 A, Table 2) are slightly smaller than those of the ordinary HB molecules
(Table 1). Molecules including an odd number of thiophene rings have a V-shape, and the entries after
PPTPP in Table 1 have large W > 5.3 A.9-76 Despite the large ¥, all these one-leg molecules have HB

structures, but tend to have small #around 40° in order to adjust the large W to the HB structure.

W,
[ 1]

o
=3
N
w
I
w
o

Fig. S2 W and L as a function of the leg number m.



Other structure parameters of HB structures
Y,’, Z;’) of the center of the bottom molecule represented by the molecular

Coordinates (X',
coordinates of the top molecule (Fig. 1(a)) are listed in Table S2 and S3. Similar to eqn 4, Y,” and Z,’

are evaluated from a, b, and 6.

,a . 0 b
Y,'=—sin—+—cos—
£ 2 2 2 2

,a_ 6 b .0
Z,'=—cos———sin—

2 2 2 2
In analogy with Fig. 4(b), these relations reproduce the actual values taken from Table S2 and S3

(S3)

satisfactorily (Fig. S3).
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Fig. S3 Y,’ and Z, ’as a function of festimated from eqn (S3).

When molecular coordinates of respective atoms of the bottom molecule (X, Y, Z) are given,
coordinates of the top molecule are obtained.

X'=-X+X,

Y':Yc056’+Zsin<9+Yg

Z'=Ysinf—-ZcosO+Z, (S4)

In thiophene-containing V-shaped molecules, the g molecule is generated by a screw axis instead of a

glide plane. In such a case, the sign of ' is inverted.



Table S2 Supplementary structure parameters of representative HB structures

Compound L(A) X, A Y @A) z, A) V (kJ mol ) Vy(kJ mol ') CCDC

naphthalene 6.45 252 382 2.12 -15.76 ~5.56/~4.12 1216814 30
anthracene 9.16 2.49 4.07 2.14 -23.16 —6.50/-3.62 1103062 31
tetracene*® 11.67 2.02 4.20 2.17 -31.76 —4.39/-3.87 1502159 32
pentacene* 13.82 2.19 427 2.03 -39.19 —5.67/-2.30 619981 33
2P 9.14 1.23 4.48 1.67 —-20.81 ~7.18/-3.76 1111363 34
3p 13.50 121 447 1.68 3438 -3.39/~1.03 1269381 35
4P 18.07 122 446 1.72 —46.37 ~7.68/-2.87 1245768 36
4T (high T) 15.73 250 423 2.03 -38.52 ~5.98/~4.01 117770 37
6T (high T) 23.72 259 426 2.03 —62.42 —4.65/-3.54 1309241 38
8T 31.58 120 437 1.90 -80.17 ~1.92/-0.84 1269355 39
60 21.32 221 4.16 2.19 —40.64 —8.49/~2.09 750302 40
PTP 8.84 553 437 1.75 ~11.68 ~3.49/-3.38 257584 41

s 422 1.49 3.48 -23.32

TPT 8.55 042 430 2.10 -21.05 —6.83/~1.96 295043 42
TPPT® 11.25 178 4.18 2.12 -30.30 ~3.00/-2.54 1899660 43
TPPPT 13.75 186  4.17 2.10 -39.13 ~7.74/-3.75 944975 44
TPPPPT’ 13.80 125 460 2.10 -43.58 -4.06 1544287 45
PTPTP 13.11 539 447 1.84 —26.96 ~23.00/-5.43 667690 46
PTTP (BTBT) 10.74 049  4.44 2.11 ~26.66 ~5.90/~4.73 975935 47
PPTTPP (DNTT) 15.32 0.79 431 2.19 —45.50 -5.91/-4.51 644240 48
PPPTTPPP (DATT) 20.15 0.41 431 2.17 —63.67 —6.45/-4.95 839976 49
P-PTTP-P 19.05 0.07 429 2.35 -55.18 —4.56 837916 50
PSeSeP 10.68 0.68 472 2.02 -27.21 -3.37/-2.61 607975 51
P-PSeSeP-P 19.24 3.17  4.18 223 -50.80 ~7.06/~4.58 607976 51
PTTPPTTP 19.23 034 436 2.20 ~54.19 ~5.30/-5.18 1001008 52
P-TPPT-P 19.96 0.84 430 2.00 -56.37 —6.25/~4.96 837914 50
T-TT-T 14.04 3.0 4.17 1.86 -30.68 —6.95/-3.91 625219 53
TT-TT 12.47 083 427 1.91 -26.77 ~4.84/-3.99 625220 53
2P-TT-2P 23.66 124 443 1.69 —66.09 ~7.08/~4.11 289196 54
PAP 8.85 023 455 1.60 -16.15 -3.02/-1.30 148755 55
PAPP 11.48 212 412 2.03 -23.93 ~5.15/-3.83 696054 56
PPAPP 13.76 2.11 423 1.95 -39.96 —6.36/~2.77 220864 57
POP 8.63 0.00 447 2.01 —21.78 —4.46/-3.87 1137351 58
PNP 8.47 277 445 1.99 -20.73 ~5.71/-4.20 1131619 59
PNNP 10.48 188 422 1.96 -20.11 -5.31/-3.48 1456637 18
P-NPN-P 17.09 099  4.17 1.95 —43.35 —4.94/-2.89 694651 60
PNPPNP 14.48 178 4.83 2.02 -29.05 —6.20/~4.20 1522122 61
phenanthrene 9.20 113 470 223 -17.98 -3.15 1232377 62
crysene 11.28 145 449 2.05 ~29.80 ~7.60/~4.74 1483901 63
picene 13.48 1.18  4.62 2.05 -36.65 -3.19 1319885 64
2P-2T-2P 25.28 1.01 436 2.02 -70.45 —6.60/~3.99 232983 65
2P-3T-2P 28.82 198  4.03 257 ~79.29 -9.08/-3.72 232984 66
2P-4T-2P 32.98 131 427 2.14 -93.32 -3.60/~1.11 232985 66
2T-2P-2T 24.17 172 417 243 —65.46 —7.96/~1.69 619631 67
P-20-P 15.38 0.07 447 2.04 -35.34 —5.83/-4.17 1585923 68
PPTPP 13.24 1.04 434 235 —40.59 —4.89 886147 69
PPTPP’ 12.61 0.00  4.56 2.31 —40.58 —4.96/-4.27 898433 70
PPNPP 13.32 1.53 4.15 2.26 -36.81 ~6.80/-3.67 1868302 71
PPPTPPP 17.77 1.05 415 2.70 -58.26 —2.93/-1.84 918807 72
PPPOPPP 17.98 0.56 4.09 2.43 -57.97 —8.29/~2.98 918806 72
PTTTP 12.68 0.00 458 2.04 -31.64 —6.10/-4.76 600120 73
P-TTT-P 16.44 0.04  4.04 2.54 -46.76 —6.19/-1.84 1005154 74
P-TTT-TTT-P 27.20 0.52 4.08 247 —71.39 —6.06/-5.13 1005153 75
P-PTTPPTTP-P 27.21 0.42 428 2.29 -82.50 =7.04/-4.50 1437639 76




Table S3 Supplementary structure parameters of representative 0-structures

Compound m LA XA YA Z,(A) ¥, (kJ mol") Vx(kJ mol!) CCDC
TTT 1 8.21 205 5.66 0.43 —7.58 —4.05/-3.46 1025419 77
TTTT 10.12 6.78  5.66 0.63 —8.04 —4.06/-3.17 1189330 78
TTTTT 12.09 0.00  5.88 0.62 -13.73 —4.26 280212 79
TTT-TTT 15.85 0.78 581 0.50 -17.39 —5.51/-4.17 121235 80
T-TTT-T 15.79 0.00  5.96 0.16 -19.62 —5.28/-0.52 258755 81
PTTTTTP 16.62 0.00  5.94 0.84 -18.29 —4.22/-0.34 630757 82
PTPTP 13.13 520 5.86 0.83 -16.50 -10.80/-3.60 668464 83
PTTPTTP 16.97 0.58  6.09 0.87 —24.36 —4.44/-3.80 911947 84
PPTPTPP 17.62 827 579 0.80 -20.53 -18.30/-3.64 980613 85
PTT-TTP 16.58 507 585 0.70 —22.96 —11.13/-3.59 911203 86
PTTT-TTTP 20.43 0.75 593 0.68 —28.14 —4.58/-3.99 916021 87
PPScPP 13.33 748 516 1.60 -15.11 -3.00 2003835 88
DBTTF 12.62 440 614 0.03 -14.34 ~7.58/-5.36 1426210 89
BTTTF 11.19 145 559 0.58 -16.25 -3.01/-2.15 1236389 90
dithiapyrene 2 8.21 6.08  4.96 2.13 -10.71 —4.65 1144889 91
TO-OT 1 1181 237 537 0.36 -12.01 -2.55 1180370 92
Table S4 Structure parameters of representative y-structures
Compound m X, Y, Z, Ve (k] X, Y, Z Vs (kJ Vi (kJ mol ) CCDC Ref
@A A A mh A A A mol
coronene 3 432 036 719 -11.56 318 022 346 —60.06 —12.77/-3.07 1129883 93
ovalene 4 545 126 831 -1294 293 126 345 -91.62 —19.21/-6.45 1226289 94
[18]annulene 3037 310 707 -1239 011 361 316 —49.87 -10.75-6.69 1103169 95
kekulene 5 328 598 934 -I810 197 241 336 -1548 —19.13/~7.08 1194780 96
dithiaperylene 3519 119 696 -—11.52 272 011 342 —62.03  —6.64/-523 840103 97
dibenzoperylene 3 458 027 734 2185 227 327 340 —63.63 —23.49/-5.80 1137285 98
benzopyrene 4 677 219 757 539 281 069 350 —50.11 -19.96/-4.11 1112703 94,811




Table S5 Supplementary structure parameters of representative stacking structures

Compound L(A) X, Y, Z,(A) Vy (kI X, (A) Y.(A)  Z,A)  Vyx(k] mol") CCDC

& A mol™)
Type I
YZPP 11.17 475  6.33 0.73 -7.81 12.07 1.87 2.26 -6.29 2103754 99
PPQPP 13.92 385  7.11 1.19 -13.6 13.99 2.80 0.46 —2.68 1230895 100
PQPQP 13.89 1097 492 2.69 —11.48 8.50 7.07 0.69 —-8.50 703585 101
ZPQPZ 13.55 8.02  6.19 0.52 -9.65 16.04 1.73 3.38 -1.32 829331 102
quinacridone o 13.91 0.11 6.88 0.49 -5.83 15.72 1.41 1.52 -4.79 620257 103
Type Ila
TPTPT 12.70 0.00 7.18 0.68 —-11.55 12.84 1.33 2.87 —4.43 254385 104
PZQZP 13.54 7.51 6.4 0.36 —11.02 8.97 5.51 0.06 —-7.53 761663 102
quinacridone B 13.80 0.50 691 0.47 —8.22 14.68 3.69 0.44 —4.98 620258 103
Type 1Ib
POOP 10.45 0.06 6.3 1.39 -12.21 6.77 1.68 4.27 -9.12 1840406 105
PPOPP 12.09 441 781 1.34 -5.28 6.17 0.06 8.23 -9.26 898431 72
PQP 9.23 637  5.90 1.43 —-8.00 9.67 0.29 2.71 -3.34 1103147 106
ZAPPP 13.61 737  5.63 1.10 —8.04 7.06 0.00 5.27 -11.33 870772 107
PZPP 11.21 323 598 1.84 -13.24 9.09 0.63 0.97 -11.91 2103753 99
PSeP 8.89 132 621 1.64 —8.54 6.85 2.87 3.05 —6.74 693675 108
o-TTF 7.80 452 553 1.79 —4.25 9.07 0.10 2.06 -5.84 618630 109
thienoisoindigo 10.23 104  6.84 1.93 -2.21 7.77 1.36 4.14 —-8.80 1524783 110
Type III
TTPTT 12.31 262 599 6.19 -7.69 7.66 0.21 8.52 -6.10 1434834 111
40 14.37 8.85 0.46 5.76 —8.04 750303 40
(PAP)(PZP) 8.81 5.63  4.69 437 —4.65 6.03 0.91 3.45 -10.73 148756 55
indigo 12.30 469 1.19 5.13 -9.98 4.69 1.19 5.13 -9.98 1180370 112
quinacridone y 13.82  13.38 3.49 4.00 -3.69 11.65 2.85 7.42 -3.75 620259 103




Low-symmetry HB structures

Tetracene and pentacene have triclinic symmetry,3>33 in which two crystallographically
independent molecules are located on inversion centers. Accordingly, there are two independent g and
s interactions (Table S6). The symmetry is lowered so as to realize nonzero X; = 1.76 and 1.55 A in
tetracene and 1.64 and 1.45 A in pentacene. This happens so as to make the molecules tilted not only
along the a axis but also along the b axis (Fig. S4(b)). However, Y, Z, Y;, and Z; are practically the
same, and fulfill eqns (4) and (5). It is noteworthy that eqns (4) and (5) are satisfied only by placing
molecules on inversion centers located at the center and corner of the lattice even without the glide
symmetry. In the thin-film phase,5!2-5!4 pentacene X; becomes 0.57 and 0.60 A (Table S6). The
molecules are close to the substrate normal, and are advantageous to the charge transport. The thin-
film phase is close to the ordinary HB structure. Even in the thin films, Y, Z, Y, and Z; are practically
the same as the other cases (Table S6).

The high-temperature phase of 4T has the ordinary P2,/a symmetry,3” but the low-temperature
phase is doubled along the ¢ axis and the molecules are located on a general position in keeping the
monoclinic symmetry.S!> This leads to two kinds of glide interactions (Table S6), and X, changes from
0.18 to 2.63 A. The nonzero X; results in a more tilted structure characteristic of the low-temperature
phase. 6T has a similar low-temperature phase, and the ordinary 8T phase corresponds to the low-
temperature phase.?® Although the manner of symmetry lowering is different, the less tilted high-

temperature phase of 4T corresponds to the thin-film phase of pentacene.



Table S6 Structure parameters of low symmetry HB structures

Compound a(A) bA) 0 () w X, Y, Z, Ve(kJ X, Y, Z, Vo(kJ CCDC
A A) A) A) mol ™) @ A A mol
tetracene 7.98 6.14 5089 497 026 -1.06 48 3333 1.76 526 2.64 -2519 1502159 32
191 -1.02 467 3176 155 541 245 2431
pentacene 8.058  6.119 5339 469 038 -092 478  -38.07 1.64 525 267 -27.84 619981 33
471 1.89 064 479  -3950 145 531 266 —27.54
pentacene TF  8.058  6.119 5339 468 035 —091 473  —4034 057 528 270 —27.73 665900  S14
468 020 089 473 -4046 0.60 527 272 -27.82
4T (high 7) 8936  5.7504 5531 496 231 —0.86 470 3852 0.8 5.09 267 -28.71 117770 37
4T (low T) 77741 6.0348 6239 478 1.14 —027 474  -37.04 263 461 286 2947 1441400  SI5
131 -032 477 3728
6T (high T) 9.1404 5.6843 56.04 458 252 -0.76 470  —62.42 0.08 502 267 —45.10 1309241 38
8T 7.842  6.002 6328 477 116 026 477 7878 246 465 288 -70.72 1269355 39
126 -028 479  —80.17
-21.81 153 500 261 -—14.57 295043 42
TPT 7803 5842 543 475 029 069 472 S0 0 o0 e _iess
029 —0.92 467 2989 149 510 255 -23.04 1899660 43
TPPT 78065 58903 526 472 U5 087 464 3252 144  S13 252 2209
TPPPT 7772 59155 5167 478 036 096 462 3680 150 514 252 2961 944975 44
475 1.80 095 460 -3634 143 517 249 -28.84
PAPP 78508 5.8275 5493 481 035 078 463 -3174 177 491 260 —2574 096054 56
465 029 078 458 3367 157 500 254 2856
PPAPP 8853 57504 5495 465 281 083 458  -3823 069 507 263 -—3326 220864 57
464 205 0865 465 -3815 080 505 -2.63 —33.52




(a) 3P (b) Tetracene

Fig. S4 Crystal structures of (a) 3P and (b) tetracene.
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Lattice constants of HB structures
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Fig. S5 Molecular contacts in the (a) HB, and (b) 0-structures. (c) Lattice constants a and b before

(black) and after the optimization (colored) in O-structure materials.

A molecule is assumed to be a plate with a thickness Z, and a width Y. Then, & dependence of the

lattice constants is derived from the condition of molecular contacts shown in Fig. S5(a) and (b).

a=2Z, /cosg (S5)
0
b= YO COSE for HB (S6)
a=2Y,sin 4 (87)
2
.0
b=Z,/sin 5 for the 0- and y-structures (S8)

Here Z, = 3.45 A is the thickness of the molecule, and Y, = W + 1.9 A is used by adding the van der
Waals radius of hydrogen to W. We have tried various parameters, but after optimization, the lattice
constants in Fig. 4(a) and S5(c) are well represented by cosine functions in eqns (6) and (7). In the
above equations, we have to smoothly connect the HB and 0-structure regions, but the cosine functions
are smooth functions. It is noteworthy that the resulting a x b is almost @ independent (Fig. 4(a) and
S5(c)), indicating that the lattice “volume” is constant due to the absence of redundant intermolecular
space. In more than 1.5-leg compounds, this is not automatically satisfied, so
2Y,Z,
T4

b (S8)

is used instead of eqn (7). By this, Z is kept at Z, down to 60° even in the y-structures.
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Normalized potential curves

LI[JFig. S6(a) demonstrates that V, and V; are scaled by Nc; intermolecular energy is in proportion

to the molecular size. In particular, 8-structure and HB materials attain excellent linearity. However,

y-structure materials are scattered because this category includes molecules with various shapes. There

is a linear relation in the form of V' = a N, + b, where the a and b values are listed in Table S7.

Nonzero b is associated with nonzero X, and X;.

I & I I
(a) 7 HB SQO S%O§O ovg
~ -2UFHB g}&g 823060 0g
'S -40 a g .
S LV
2 60 o4 o -
N ! A e}
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Fig. S6 (a) V; and ¥ as a function of N, for HB acenes and nP (red/pink), HB »T and thienoacenes

(blue/pale blue), 6-structures (purple), and y-structures (green). (b) Potential curves of 0-structures

using X; = 0 A. (c) Potential curves of stacking and SHB materials. (d) Potential curves of Se-

containing materials.

Table S7 Linear parameters extracted from Fig. S6(a)

a b a b
HB —2.05 4.84 —-1.33 —-0.99
0 -1.10 6.17 —-3.03 3.66
Y —0.56 1.20 —2.56 —1.69
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Fig. S7 (a) Relation of calculated X, and Y, obtained from the potential minimum (Fig. 3(a) and (b))
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and the observed values. (b) Relation of calculated & obtained from the potential minimum (Fig. 5)

and the observed values.
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Rotation of the y-structures

In coronene, the original X axis (horizontal axis in Fig. S8(a)) has the zig-zag edge at the right and
left edges. In analogy with the HB structures, the X axis defines L, and at ¢ ~ 0° the upper and lower
armchair edges form the vertical contact edges (Fig. 7(c)). In contrast, @ ~ 90° (Fig. 7(b)) indicates
that the zig-zag edge makes the contact edge. The latter is realized in the actual crystal. The potential

is, however, a periodical function of 60°.

Fig. S8 Intermolecular energy of (a) coronene stack, and (b) ovalene stack as a function of X; and Y

(A).

In Table S8, bold W or L is approximately perpendicular to the contact edge, which forms the zig-
zag direction, and defines /* used in eqn 6 to evaluate a. In some cases, molecular rotation ¢ within
the molecular plane is necessary,

X =X,cos’ ¢ + Y sin® ¢

Y5 = X,sin? ¢ + Y cos? ¢

(S10)

(S11)
where Xy and Yy are L+ 1.9 A and W+ 1.9 A, respectively. Here, ¢ = 0° is defined by the direction

with largest L. After this rotation, positions of the glide and stack molecules are estimated by using
eqns 4-7, and the contact patterns shown in Fig. 7 are obtained. Here, L and W are rotated similarly.

Following this procedure, we can investigate hypothetical patterns as shown in Table S9 and Fig. S9.
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Table S8 Structure parameters of large-core y-structures in the zig-zag direction.

Compound m WA) LA) WwW*A)(p) 6C) Caleda(A) Obsda(A)
coronene 3923 9.28 9.28 94.77 16.52 16.119
ovalene 4 918 1142 10.86(120°) 94.34 18.86 19.47
dithiaperylene 3 733 8.80 8.80 102.9 16.89 15.436 (a+c)
dibenzoperylene 3 842 14.17  9.86 (150°)  81.01 15.41 16.98
benzopyrene 4 691 11.19 11.19 106.9 21.56 20.40

Table S9 Comparative stability of two patterns of y-structure coronene, and the HB and stacking y-
structures in PTTP/POOP and PAPP/PZPP.

® Contact w Ve Via) © Vye Viide € Ve
(kJ mol ) (kJ mol!) (kJ mol ) (kJ mol)
coronene
90° Zig-zag Armchair  —12.35 —58.01 —82.80
0° Armchair Zig-zag —10.42 —57.69 —78.57
7(0°)—7(90°) -1.93 —0.32 —4.23
Structure W (A)
PTTP (BTBT) HB 4.69 —26.66 —19.55 —5.90/-4.73 —88.23
Stacking ? 10.74 -9.62 —28.57 —9.19/-4.59 —=70.79
POOP HB?® 4.67 —22.55 —19.32 —4.69/-3.14 —75.39
Stacking 10.45 -12.07 -33.29 —8.97/-4.59 —=79.96
PAPP HB —34.21/-30.97 —28.56/-26.14 —4.28/-3.91 -100.72
(—57.11/-60.17) (—48.41/-46.80) (-164.89)
Stacking © -12.12 —43.29/-28.09 —11.92/-9.86 —81.71
(-18.00/-10.19) (—58.17/-40.86) (-30.85) (-134.31)
PZPP HBd —29.08/-26.06 —22.35 —5.14/-3.83 —86.46
(—42.30/—45.60) (—29.92/-28.81) (-117.27)
Stacking -11.91 —43.14/-27.70 —13.24/-12.52 —85.00
(—19.76/—10.34) (—64.42/-41.31) (—23.18) (—124.16)

2 Oxygen atoms in the stacking (y-structure) POOP are replaced by sulfur atoms. V; =2V, + Vs +2
Viide

b Sulfur atoms in the HB PTTP are replaced by oxygen atoms. V=2V, + Vs + Ve

¢Hydrogen atoms are added to the stacking (y-structure) PZPP. There are two crystallographically
independent interactions similar to Table S6.

4 Hydrogen atoms in the HB PAPP are removed. There are two crystallographically independent
interactions similar to Table S6. V; =XV, + (1/2) £V

¢ BLYP-D3/TZP on ADF in the parentheses.S!6517
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Fig. S9 Molecular structures of (a) [18]annulene, and (b) kekulene. Contact patterns of (c)
dithiapyrene, and (d) dithiaperylene. Total energy V=2 V, + V of g-structure (e) dibenzoperylene,
and (f) dithiapyrene molecules as a function the rotation angle ¢ within the molecular plane. The

vertical arrows indicate the actual structures.
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Stacking structures
(a) YZPP (Type ) (b) PQPQP (Type I)

¢) Quinacridone B Type lla)
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Fig. S10 Representative stacklng structures of (a) YZPP (Type 1), (b) PQPQP (Type 1), (c)
quinacridone B (Type Ila), (d) POOP (Typellb), (e) PZPP (Type IIb), (f) TTPTT (Type I1I), (g)
(PAP)(PZP) (Type III), and (h) indigo (Type III).



S1 interaction in SHB

Fig. S11 is the intermolecular energy for sl in pyrene and perylene at Z, = 3.45 A calculated
using 6-exp and BLYP-D3.5!65!7 For pyrene in 6-exp, (X;, Ys) = (0.0, 1.7) (A) (-33.8 kJ mol"!) is
slightly lower than the second minimum at (1.7, 0.0) (=32.9 kJ mol'!). By BLPY-D3, however, the
minimum appears at (1.8, 0.0) in agreement with the actual crystal structure (1.78, 0.10). In perylene,
both 6-exp (1.4, 1.3) and BLYP-D3 (1.0, 1.5) reproduce the actual geometry (1.11, 1.36). Accordingly,
the s1 geometry in the SHB structures is regarded as the optimal stacking geometry.

(b) pyrene BLYP-D3

Y!
3.0
VI
o -24 -30
- .26
X -40
28 8
-30 50
32
-34 -60
-3.0
-3.0 0 + 30

(a) pyrene B-exp
by

Fig. S11 Intermolecular energy of pyrene dimer (s1) calculated by (a) 6-exp potential, and (b) BLYP-
D3. Intermolecular energy of perylene dimer (s1) calculated by (c) 6-exp potential, and (d) BLYP-D3.

The red circles indicate the calculated minima.

Geometry of s2 is obtained in analogy with eqn (4),

0 0
Y,=(0b-2 —— 2xosin =
2= Y0)COS 5 Xosin > s12)

0 0
Z,=(b-2 —+ 2x0sin—
2= Y0)COS 3 Xosin > S13)

where x( and y, are the coordinates of the s1 molecule in the original rectangular coordinates. When 6

~90°, however, Z, is given by Z, = 3.4 A.
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Contributions of dispersion and electrostatic contributions

When dispersion and electrostatic contributions are estimated independently for stacked molecules
in Fig. 3(¢c), 3(d), S8(a), and S11(a), the dispersion term Vyqw (eqn (2)) has a minimum at (X, ¥s) =
(0.0, 0.0), whereas the electrostatic term V. (eqn (3)) has a repulsive (positive) peak at (0.0, 0.0) (Fig.
S12 and S13). As a result, the minimum of the sum ¥; appears 1.4-1.8 A apart from the center. Usually,
a staggered overlap is more stable than the eclipsed overlap, but in the present formulation this is
derived from the competition of these two terms. In general, Vyqw 1s simply attractive for stacked
molecules, while Vg is repulsive because the carbon atoms have slight negative charges. For stacks,
the electrostatic contribution makes the slightly slipped molecular arrangement most stable.

For molecules related to the glide plane in analogy with Fig. 3(a) and 3(b), Vyqw has a minimum
around Y, = 0.0 A, but Vyy, prefers negative Y, (Fig. S14), and the minimum of the total V; appears
around Y, = —0.8 A. Here, the hydrogen atoms of the top molecule come to the center so that the C—H
attraction is maximized. This is in agreement with the observe Y, values in Table 1.

When independent terms are estimated for potential curves in Fig. 5, V; .qw is a rather flat curve
that does not have a clear minimum around &= 60° (Fig. S15). However, V . is definitely repulsive
(positive) near the stacking structure at &= 180° and slightly attractive (negative) around &= 60°. As
a result, ¥, has a minimum around @ = 60°. In such thiophene containing molecules as TTT and
TTTTT, the contribution of Vg, is small due to the absence of the peripheral hydrogen (Table S1).
Accordingly, the 6-structure becomes gradually stable. In pentacene and BTBT, V;qw has a minimum
near 8= 180°, and if the atom charges are zero, the stacking or O-structure is most stable. The Vy
term represents preference to the T-type molecular arrangement. This is the reason that the stability of

the T-type arrangement is usually explained in terms of the electrostatic attraction.”-924
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Fig. S12 (a) Vyaw, (2) Vs, and (¢) the total energy V; = Vigw + Viar Of stacked coronene molecules at
Z,=13.45 A, and (d) the intersect at X; = 0.0 A. (e) Vyaw, (f) Vi, and (g) the total energy Vi = Vigw +
Va of stacked perylene molecules at Z, = 3.45 A, and (h) the intersect at X; = 0.0 A.
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Fig. S13 (a) Viqw, (b) Vi, and (c) the total energy Vi = Vigw + Ve of stacked TTTTT molecules at Z;
=3.45 A, and (d) the intersect at Y, = 0.0 A.
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Fig. S14 (a) Viaw, (b) Vi, and (c) the total energy Vi = Vigw + Vi of glide 4T molecules at Z, = 4.70
A, and (d) the intersect at X, = 0.0 A. () Viaws () Vi and (g) the total energy V; = Vigw + Ve Of
glide BTBT molecules at Z, = 4.88 A, and (h) the intersect at X, = 0.0 A.
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(b) pentacene
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Fig. S15 Independent potential curves for Vygw, Vi, and V; in (a) 3P, (b) pentacene, (¢) BTBT, (d)

TTT, and () TTTTT.
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