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Table S1. Comparison of the frontier molecular orbitals (FMOs) of DCPP-1, calculated at
different density functional theory (DFT) levels using 6-311G(d,p) basis set, with the
experimental values. (B3LYP: 20% HF, PBEQ: 25% HF).

Compound Method HOMO (eV) LUMO (eV) Eg (eV)
Expt. - -390 -
B3LYP -6.269 -3.858 2411
DPDI-1 PBEO -6.468 -3.796 2.672
B3LYP-D3 -6.266 -3.858 2.408
B3LYP-D3(BJ) -6.265 -3.856 2.409

(Front) (Side)

Figure S1. Orientation of the studied DPDI-molecules along the three axes: (a) DPDI-1, (b)
DPDI-2, (c) DPDI-3, (d) DPDI-4, (e) DPDI-5 and (f) DPDI-6. Front and side views of the
molecules are shown here for better visualization.
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Figure S2. NICS(1) values of DPDI-compounds calculated at B3LYP/6-31+G(d,p) level,
where the negative values correspond to the aromaticity of the ring and positive values
correspond to antiaromaticity.

Table S2. Frontier molecular orbital (HOMO and LUMO) energies and HOMO-LUMO gaps
of the DPDI-molecules.

Compound Theoretical Experimental
HOMO LUMO HOMO-LUMO gap LUMO
(eV) (eV) (AE) (eV) (eV)
DPDI-1 -6.266 -3.858 2.408 -3.90 [S1]
DPDI-2 -6.098 -3.772 2.326 -4.04 [S2]
DPDI-3 -6.175 -3.573 2.602 -3.74 [S3]
DPDI-4 -6.379 -3.688 2691 -
DPDI-5 -5.914 -3.620 2294 -
DPDI-6 -6.439 -3.885 2554 e
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Table S3. Molecular orbitals (HOMO and LUMO) of the DPDI molecules obtained at B3LYP-

D3/6-311G(d,p) level of theory.
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Section S1. Molecular electrostatic potential (ESP) surface analysis

The ESP profiles of the DPDI-compounds are presented in Fig. S3, where the
intramolecular charge separation can be qualitatively visualized. In here, the red, green, and
blue colors represent the electron-rich, neutral, and electron-deficient regions respectively. The
increasing positive potential follows the order as represented in the color scale in the bottom.
In all the molecules, the oxygen atoms are rich with electrons, whereas the benzene rings and
hydrogen atoms accommodate positive charges. While comparing the effect of N-substitutions
at the bridging positions of pyrene and coronene fused DPDI-compounds, we observed more
negative charge on the bridges as compared to the undoped counterparts (DPDI-3 and 5). It
may be resulting from the strong electron-withdrawing nature of N-atoms. This finding is in
agreement with the lower LUMO levels of the N-doped DPDIs. Also, since the charge
separation is significant in these compounds, it suggests their superior charge transport
properties [S4, S5].
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Figure S3. Molecular Electrostatic Potential (ESP) profiles of ring-fused DPDI-molecules. The
red, green, and blue colors in the ESP surfaces represent the electron-rich, neutral, and electron-
deficient regions respectively.
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Section S2. Crystal structure prediction

Crystal structures of the DPDI-systems have been predicted through the Polymorph Predictor
module of the Materials Studio package (17.1.0.48), using their optimized gas-phase
conformations. In this calculation, the Polymorph Predictor quality was specified to a default
fine setting, which anneals the sample in Monte Carlo simulation algorithm within a
temperature range of 300.0 K to 100000.0 K, and a heating factor of 0.025. In this algorithm,
the maximum number of steps is 7000, and 12 successive steps are accepted before cooling.
Here, we have used the Dreiding forcefield in conjugation with Gasteiger charges. We restrict
our calculation to the ten most common space groups of the organic compounds (P21/c, P1,
P212:124, C2/c, P21, Pbca, Pna2;, Pbcn, Cc, and C2), as registered in Cambridge Structural
Database (CSD). The crystal structures have been sorted with respect to their total energies,
and the lowest energy structure has been chosen for the further calculations [S6, S7].

Table S4. Space group and unit cell parameters of the DPDI-compounds calculated from the
Polymorph Predictor module of the Materials Studio package.

Compound  Space group Lattice parameters
a b C a B Y
(A) ©)
DPDI-1 Pna2; 39.27 11.11 17.55 90.0 90.0 90.0
DPDI-2 Pna2; 25.46 17.03 20.15 90.0 90.0 90.0
DPDI-3 Pna2: 33.91 24.99 14.09 90.0 90.0 90.0
DPDI-4 P212:12; 17.37 27.52 20.93 90.0 90.0 90.0
DPDI-5 Pna2; 25.16 21.19 21.04 90.0 90.0 90.0
DPDI-6 P212:12; 36.19 18.79 23.21 90.0 90.0 90.0

S5



Table S5. Comparison of the as calculated p;,/p, results with the several previously reported

ring-fused PDIs.

SI. Compound Experimental/ Rh e Ref.
No. theoretical (cm?Vv-ist)  (cm?V-ist)
results
1 PBDB-T:F2PDI-I Experimental ~ 2.14x10%  1.25x10™
PBDB-T:F2PDI-II 1.55%10* 7.6x10* [S8]
2 PTB7-Th:DTC-PDI Experimental 1.28x10* 2.19x10°
PTB7-Th: FDTC-PDI 6.49%x10™ 1.66x10*  [S9]
3 FT-FPDI Experimental ~ 4.93x10*  2.33x10*
FTT-FPDI 5.67x10* 4.11x10*  [S10]
4 Thieno-pyrido-thieno-
isoquinoline-dione fused PDIs:  Experimental
Compound-2 2.0x10* 7.2x10°
Compound-3 8.5x10* 3.9x10%  [S11]
5 PTB7-Th:FPDI-F Experimental ~ 6.83x10*  3.17x107
PTB7-Th:FPDI-T 6.71x1073 1.05x104
PTB7-Th:FPDI-Se 2.59%x1073 450x10° [S12]
6 QU-PDI:PBDB-TFCI Experimental ~ 2.85x10*  4.41x10* [S13]
7 PTB7-Th/BPDI-1 Experimental 1.06x10™* 6.95%107"
PTB7-Th/BPDI-2 1.65x10* 7.29x1077  [S14]
8 CDT-PDI Experimental ~ 4.75x10°  3.10x107°
CDT-TFP 9.10x107° 1.25x107*
C8X-TFP 2.69x107° 1.34x10*  [S15]
9 PTB7-Th:BT-FPDI Experimental 6.4x107* 43x10*  [S16]
10 DPDI-5 Theoretical 5.75x102  1.62x102  This
DPDI-6 4.75x107? 5.31x102  work
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Table S6. The details of absorption wavelengths (Aabs), 0scillator strengths (f), excitation energies, and major compositions of DPDI-compounds.
The excited-state transitions are calculated by TD-DFT method using CAM-B3LYP/6-311G(d,p) level of theory.

Compound states  Aabs f energy composition
(nm) eV)
S1 4674 0649 265 HOMO—LUMO (90%)
DPDI-1 S, 4293 0302 289 H-2—LUMO (81%), HOMO—L+2 (11%)
Sz 4196 0.155 295 H-1-LUMO (53%), HOMO—L+1 (45%)
S7 3273 1320 379 H-2—-LUMO (13%), HOMO—L+2 (79%)
Sis 2919 0562 4.25 H-2—L+2 (74%), HOMO—L+7 (12%)
DPDI-2 S1 4765 0.725 260 H-1-L+1 (10%), HOMO—LUMO (87%)
Ss 3922 0342 316 H-2—LUMO (73%), HOMO—L+2 (13%)
Se 350.2 0.479 354 H-3—>LUMO (27%), H-1—>L+1 (61%)
Se¢ 3158 2205 393 H-2—LUMO (14%), HOMO—L+2 (71%)
DPDI-3 S1 4422 0549 280 H-3—L+1 (12%), HOMO—LUMO (70%)
S, 4291 0676 289 H-2—L+1(32%), H-1-LUMO (44%), H-1->L+1 (14%)
Ss 3409 0.623 3.64 H-4—-LUMO (16%), H-2—L+1 (13%), H-1-L+2 (16%), HOMO—L+2 (28%)
Se 3350 0.748 358 H-1-L+2 (36%), HOMO—L+2 (10%)
DPDI-4 S1 4335 0616 277 H-3—L+1 (12%), HOMO—LUMO (73%)
S, 4245 0.665 2.83 H-2—L+1 (29%), H-1-LUMO (45%), H-1->L+1 (10%)
Ss 3367 0710 356 H-3—L+1 (10%), H-1>L+2 (13%), HOMO—L+2 (31%), HOMO—L+3 (11%)
Se 3325 0.625 3.61 H-1-L+2(13%), HOMO—L+2 (43%)
DPDI-5 S1 468.8 0.405 256 H-2—L+1 (16%), HOMO—LUMO (76%)
S, 4554 0.657 263 H-4—L+1 (11%), H-1-LUMO (73%)
S7 3728 1336 322 H-1-L+3 (12%), HOMO—L+2 (62%)
So 3356 1.098 358 H-4—L+1(18%), H-2—L+4 (12%), H-1>L+3 (25%), HOMO—L+2 (14%)
DPDI-6 S1 4508 0999 266 H-1-LUMO (77%)
S; 4420 0.627 271 H-2—L+1 (31%), HOMO—LUMO (61%)
Sz 4348 0292 276 H-2—-LUMO (51%), HOMO—L+1 (43%)
Sg 336.3 2078 357 H-2—L+4(12%), HOMO—L+3 (61%)
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Section S3. Non-linear optical analysis

The non-linear optical response of the organic semiconductors can be estimated by the
equation;

1 1
Wi =1+ X o + X BicFiFi + Zior g Vipa FiFicFy + -+ [8]

Where, p; and pf represent the dipole moment of the i molecule with and without the
applied electric field F. The symbols o;;, Bjx and yjx are the polarizability, first
hyperpolarizability tensor and second hyperpolarizability tensor of the system respectively,
which are the derivatives of the energy of the molecules with respect to the applied electric

field. The indices i, j and k represent the cartesian coordinates [S17, S18].

The dipole moment (u), mean static polarizability (o), polarizability anisotropy (Aa) and
the first order hyperpolarizability (8) of the compounds are the important parameters to study
the NLO response of the system, which can be expressed as;

w= (ui + 1} + p2)

o = 2 oy + @y + a5

[9]

[10]

1

Ao =2 (r = )" + (@ex = 0202 + (oyy = @) + 6(0cy? + 0% + .2 [11]

Where, B, =

also, we consider B, =
Kleinman symmetry.

[Bx+8y+B]

Bxxx + Bxyy + szzv By

Byxy = Byyx: Bzyy =

Byzy

Byyy + Byzz + Byxxi and Bz

[12]

Bzzz + Bzxx + Bzyy;
Byyz and so on, according to

Table S7. Components of dipole moment (p) and static hyperpolarizability () projected along

X-, y- and z-directions, calculated at CAM-B3LYP/6-311G(d,p) level of theory.

Compound My My M, Bx By B

(a.u.) (a.u.) (a.u.) (a.u.) (a.u.) (a.u.)
DPDI-1  -9.75x10° -1.84x10° -1.63x1072 -7.99 -1.87 9.69
DPDI-2  -8.56x10° 1.51x10° -1.66x107 -7.31 -0.91 0.08
DPDI-3  -4.56x10? -1.54x10? -5.08x10%  600.51 280.31 1277.81
DPDI-4  -3.42x10? -5.49x102 -5.19x102  326.89 292.63 823.46
DPDI-5  -5.00x10° -4.61x10° -1.26x10° 1.72 -5.99 0.01
DPDI-6 1.57x10°  3.88x10° -4.33x10° -0.25 5.19 0.08
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Table S8. NLO Properties of DPDI-compounds: dipole moment (p in Debye), polarizability
(o in esu), and static/frequency dependent hyperpolarizabilities ($(0,0,0), B(-®,®,0), B(-2m,®,0)
in esu) calculated at CAM-B3LYP/6-311G(d,p) level.

Compound n o Ao, $(0,0,0) PB(-0,0,0) P(-20,0,0) Ref.
(Debye) (x10%4)  (x102%) (x1030)  (x10°%0) (x10-%0)
(esu) (esu) (esu) (esu) (esu)
DPDI-1 0.048 116.638 101.638  0.110 0.123 0.238
DPDI-2 0.022  127.325 137.867 0.064 0.054 0.125 This
DPDI-3 1.355  147.265 134.360 12.429 15.745 27.971 work
DPDI-4 0.211 145.256  136.121 8.056 9.995 16.587
DPDI-5 0.012 172.688 144.738  0.054 0.043 0.100
DPDI-6 0.009  168.151 154.483  0.044 0.040 0.019
Urea 424 - o 037 - - [S19]
Resorufin 20.602  25.117 = ----- 12477 - - [S20]
BDP-IMD 4.66- 50.6-  42476.4- 424- - e [S21]
dye 5.63 61.5 55454.9 717
Rigid 3.45- 56.67- 5161.27- 11.94- = - - [S22]

coumarins 6.78 77.51 7963.07 35.85

(BDP-IMD: 2-benzimidazole-4,4-difluoro-4-bora-3a, 4a-diaza-s-indacene)

Here, 1a.u.= 0.008629 x 10730 esu, for first hyperpolarizability (Bo);

1a.u.= 0.1482 x 10™2* esu, for static polarizability («), polarizability anisotropy (Aa) [S19].
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