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1. Materials and Methods.  

1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance 300 spectrometer using the 

solvent peak as the reference standard, with chemical shifts given in parts per million. 

Dichloromethane-d2 (CD2Cl2) was used as NMR solvent. MALDI-TOF mass spectra were 

recorded on Bruker Ultrafre Xtreme. 

Sample Preparation. Single crystal was grown by the vapor diffusion of methanol (poor solvent) 

into a chloroform solution (good solvent). Pure thin films were prepared by vacuum deposition 

technique on sapphire or quartz substrate at a rate of 0.3 Å/s under a vacuum of 10-5 mbar.  

Steady-State Spectroscopic Measurements. UV-visible absorption and fluorescence spectra were 

measured on Shimadzu UV-3600 spectrometer and Hitachi F-4500 spectrophotometer, respectively. 

X-ray diffraction (XRD) patterns of the thin films were carried out in the reflection mode at room 

temperature using a 2 kW Rigaku XRD system. 

Time-Resolved Spectroscopy Measurements and Kinetic Analysis. Time-resolved 

photoluminescence spectra were detected by FLS980 spectrometer equipped with an EPL-375 

picosecond pulsed diode laser (Edinburgh Instruments Ltd.). Femtosecond transient absorption (fs-

TA) and nanosecond transient absorption (ns-TA) spectroscopy measurements were all performed 

using previously described instruments and experimental conditions.1-2 Analysis of the kinetic 

traces derived from time-resolved spectra was performed individually and globally using nonlinear 

least-square fitting to a general sum-of-exponentials function after de-convolution of instrument 

response function (IRF). Species associated kinetic analyses of fs-TA data were performed using 

singular value decomposition (SVD) followed by global fitting performed using lab-written 

MATLAB programs. The data for thin film samples were fit to the following sequential four-state 

kinetic model (A  B  C  D  S0)3-4: 

𝑑ሾAሿ

𝑑𝑡
 ൌ  െ𝑘ଵሾAሿ;  

𝑑ሾBሿ

𝑑𝑡
 ൌ  𝑘ଵሾAሿ  െ 𝑘ଶሾBሿ;   

𝑑ሾCሿ

𝑑𝑡
 ൌ  𝑘ଶሾBሿ  െ  𝑘ଷሾCሿ;  

𝑑ሾDሿ

𝑑𝑡
 ൌ  𝑘ଷሾCሿ  െ  𝑘ସሾDሿ 
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2. Molecular Synthesis. 

 

Scheme S1. Synthetic route of DPND molecule. 

The intermediate 1,4-di(pyrrol-1-yl)butane-1,4-dione and the desired compound DPND were 

synthesized according to the literature with some minor modifications in the purification 

procedures (Scheme S1).2, 5 Under an argon atmosphere, to the solution of the intermediate (432 

mg, 2.0 mmol) in 10 mL of dry CH2Cl2, DMF (0.39 mL, 5.0 mmol) was added. Then POCl3 (0.48 

mL, 5.2 mmol) was added dropwise and the mixture was refluxed for 2 h. The reaction was 

quenched by the addition of saturated aqueous NaHCO3 solution, and then extracted by CH2Cl2 

and water. The combined organic layers were washed with water, brine, and dried over Na2SO4. 

The recrystallization procedure was performed by slow addition of MeOH to a solution of the crude 

product in small amount of CH2Cl2. Then product was purified using column chromatography 

(silica, hexanes: CH2Cl2 2:1 to 1:1). Compound DPND (45 mg, 9.6% yield) was obtained as a 

brown powder. 

5H,11H-dipyrrolo[1,2-b:1',2'-g][2,6]naphthyridine-5,11-dione (DPND): 1H NMR (300 MHz, 

CD2Cl2) δ: 7.86 (s, 2H), 7.71-7.72 (m, 2H), 6.74-6.75 (m, 2H), 6.45-6.48 (m, 2H). 13C NMR (75 

MHz, CD2Cl2) δ: 158.2, 131.4, 124.9, 123.3, 118.2, 116.0. HRMS (MALDI-TOF) Calculated for 

C14H9N2O2
+: 237.0659, found: m/z 237.0584.  
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3. Molecular Arrangements in Single Crystal. 

 

Figure S1. Molecular arrangements in single crystal cells of DPND and DPND6. 

4. Fluorescence Property.  

 

Figure S2. Transient PL decay curve (537 nm) of DPND molecule in dilute CH2Cl2 solution. 

5. Phosphorescence Data. 

 
Figure S3. Steady state NIR emission spectra of Pt(TPBP) doped DPND thin film at 77 K. PtTPBP 
has reported to be a good triplet sensitizer with a long triplet lifetime of ~42 μs.2 Sample was 
prepared by spinning THF solutions of DPND, and the sensitizer with a weight ratio of 95:5. The 
phosphorescence spectra exhibit emission peak at 1098 nm indicating a triplet energy of 1.13 eV 
for DPND molecule in aggregated states. 
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6. Theoretical Methods and Computational Details. 

6.1 Computational Details. 

 The molecular ground-state geometry optimizations and frequency calculations were 

performed by the density functional theory (DFT) with exchange-correlation (XC) functional 

PBE0-D3BJ6-8 and 6-311G** basis set within the Gaussian 16 program package.9 The first singlet 

(S1) and triplet (T1) excited states were obtained by the time-dependent DFT (TDDFT) approach 

and unrestricted DFT method, respectively,10 and the tuned long-range-corrected XC functional  

LC-PBE0 with def2-TZVP basis were used to refine the excitation energy.11 The environmental 

effects of DPND and DPND6 aggregates were embodied via the polarizable continuum model 

(PCM). Here, the dielectric constant ε was evaluated by using the Clausius–Mossotti relation, 

𝜀 െ 1
𝜀 ൅ 2

ൌ
4𝜋
3

𝛼
𝑉

 

where α and V are the polarizability and the volume of a single molecule, respectively.12-13 The 

molecular volume was obtained by using the Multiwfn program.14 The dielectric constants of 

DPND and DPND6 aggregates were thus set to 3.4 and 4.6, respectively. 

To describe the SF process in a dimer system, we adopt a five-configuration model, in which 

electronic Hamiltonian includes five diabatic electronic states (two singlet excited (SE) states (S0S1 

and S1S0), two intermolecular CT states (CA and AC) and one triplet pair (TT) state) and their 

couplings (Figure S4). The electronic coupling (Vex) between two SE states and excitation energies 

of SE and CT states were calculated by using the fragment particle hole densities (FPHD) method,15 

in which the adiabatic-to-diabatic unitary transformation matrix was obtained by localizing the 

particle and hole densities. The electronic couplings of CT-SE and CT-TT (i.e. VHH, VLL, VLH, VHL) 

were calculated at the PW91PW91/TZ2P level within the ADF program,16 and two-electron 

couplings of SE-TT (i.e.V2e) were obtained from the four-electron, four-orbital model.17 To describe 

SF dynamics taking place in organic molecular aggregates, we incorporate the molecular electron-

vibrational interaction. The nuclei vibrations were identified by a collection of harmonic oscillators. 

SF dynamics were simulated by the time-dependent wavepacket diffusion (TDWPD) method.18-19 

The kernel concept of TDWPD method is very similar to that of stochastic Schrödinger equation 
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where the molecular vibrational motions are incorporated with random fluctuations on electronic 

states. 

 

Figure S4. The diabatic electronic states and the couplings between these electronic states for dimer. 

6.2 Model Hamiltonian and TDWPD method. 

The total Hamiltonian of oligomer with N monomers in one-dimensional molecular chain can 

be represented as 

 e ph e-ph
ˆ ˆ ˆ ˆH H H H   ,  (S1) 

where eĤ , phĤ  and e-phĤ  are the electronic, phonon and electron-phonon interaction 

Hamiltonian. The electronic Hamiltonian including singlet exciton (SE), charge transfer (CT), and 

triplet pair (TT) states can be written as the sum of follows, 

 

 

   

   

e ex CT TT int

ex CT +1 +1 +1 +1

TT 1 1

13
ex 1 ex 2

HH 1 LL 1

HL +1 +1

ˆ ˆ ˆ ˆ ˆ

= S S | A ;C A ;C | C ;A C ;A |

; ; |

S S | . . S S | . .

S A ;C | . . S C ;A | . .
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V h c V h c
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 

 
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   
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 

 



 

 
   

   
LH +1 +1

2e 1 CT +1 +1

| . . C ;A T ;T | . .

S T ;T | . . A ;C C ;A | . .
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n n
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n n

h c V h c

V h c V h c

   

     

 

 

 (S2) 

where Sn represents that the n-th monomer is in the singlet excited state and the others are in the 

ground state; 1A ;Cn n , +1C ;An n  and +1T ;Tn n  represent the n-th and (n+1)-th monomers are 
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in the correspond electronic state (cationic (C), anionic (A) and triplet (T) states). The phonon and 

the electron-phonon coupling Hamiltonians can be written as 

  †ˆ ˆ ˆ 1/ 2ph k nk nk
n k

H a a   (S3) 

  †ˆ ˆ ˆ ˆe ph k nk nk nk
n k

H a a x     (S4) 

  
 

S T +1 +1

A +1 +1 +1 +1

C +1 +1 +1 +1

ˆ S S | 2 T ;T T ;T |

A ;C A ;C | C ;A C ;A |

A ;C A ;C | C ;A C ;A |

nk n n n n n n

n n n n n n n n

n n n n n n n n

x  





   

   

   

 (S5) 

where S(A,C,T)  denotes the electron-phonon coupling strength; what is more,   is determined by 

the spectral density    2
n nj njj

J C       in SF dynamics. With the model Hamiltonian in hand, 

the SF dynamics can be simulated by solving the time-dependent stochastic Schrӧdinger equation19-

20 

 
        

0

e e
t iH iH

e n n

t
i H F t iL d e Le t

t
 

  
  

   (S6) 

where   2 nji t

n njj
t C e   is the zero temperature correlation function of electronic-phonon couplings and 

N

nm
L n m . The stochastic force can be written as 

            cos sinn k
n k k k k k k

k

J
F t A t i B t

 
     


        (S7) 

where      B Bcoth 2 csch 2k k kA k T k T    ,      B Bcoth 2 csch 2k k kB k T k T     and k  is 

uniformly distributed in  0,2 . The wave function in the extended TDWPD method can be 

expressed as  ( ) = n
n

t c t n  ; thus, the population  nn t  can be evaluated by 

     *
nn n nt c t c t  . 
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6.3 The SF dynamics of dimers. 

 
Figure S5. Selected dimer units of DPND (a) and DPND6 (b) from single crystal structures. 

 

The corresponding electronic Hamiltonian of the dimer systems has the following matrix form 

in eq S8, 

 

1 0

0 1

S S ex LL HH 2

ex S S HH LL 2

e LL HH CA CT LH

HH LL CT AC HL

2 2 LH HL TT

e

e

e e

E V V V V

V E V V V

H V V E V V

V V V E V

V V V V E

 
 
 
 
 
 
 
 

 (S8) 

Then the calculated electronic Hamiltonians (in meV) for the dimer ab, ac, ad, and cd of DPND, 

and AB, AC, AD and BD of DPND6 (Figure S5) are provided in eq S9-S16, respectively. The 

parameters for electron-phonon coupling are provided in Figure S6 and S7. Their corresponding 

population dynamics and fitting SF rates are presented in Figure S8 and Table S1. 

 ab

2510.0 134.9 7.3 195.9 4.1

134.9 2510.0 195.9 7.3 4.1

7.3 195.9 2613.7 1.2 98.6

195.9 7.3 1.2 2613.7 98.6

4.1 4.1 98.6 98.6 2080.8

H

  
  
    
   
   

 (S9) 
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 ac

2510.0 71.8 13.7 16.4 0.0

71.8 2510.0 16.4 13.7 0.0

13.7 16.4 3345.8 0.0 4.1

16.4 13.7 0.0 3345.8 4.1

0.0 0.0 4.1 4.1 2080.8

H

 
  
  
   
  

 (S10) 

 ad

2510.0 36.9 4.7 2.8 0.0

36.9 2510.0 2.8 4.7 0.0

4.7 2.8 3910.6 0.0 2.2

2.8 4.7 0.0 3910.6 4.4

0.0 0.0 2.2 4.4 2080.8

H

  
   
  
  
 
 

 (S11) 

 cd

2510.0 43.2 7.2 6.6 0.0

43.2 2510.0 6.6 7.2 0.0

7.2 6.6 3928.8 0.0 8.4

6.6 7.2 0.0 3928.8 5.6

0.0 0.0 8.4 5.6 2080.8

H

   
    
   
   
 
 

 (S12) 

 AB

2546.7 100.0 4.9 34.4 2.5

100.0 2546.7 34.4 4.9 2.5

4.9 34.4 2726.0 0.7 96.3

34.4 4.9 0.7 2726.0 96.3

2.5 2.5 96.3 96.3 2415.1

H

   
   
     
    
   

 (S13) 

 AC

2546.7 37.2 46.2 53.9 0.0

37.2 2546.7 53.9 46.2 0.0

46.2 53.9 3549.0 0.0 51.7

53.9 46.2 0.0 3549.0 51.7

0.0 0.0 51.7 51.7 2415.1

H

   
    
    
    
   

 (S14) 

 AD

2546.7 11.8 19.6 15.2 0.0

11.8 2546.7 15.2 19.6 0.0

19.6 15.2 3616.8 0.0 17.5

15.2 19.6 0.0 3616.8 17.5

0.0 0.0 17.5 17.5 2415.1

H

 
  
 
 
 
 
 

 (S15) 
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 BD

2546.7 9.1 0.3 0.7 0.0

9.1 2546.7 0.7 0.3 0.0

0.3 0.7 3998.4 0.0 0.3

0.7 0.3 0.0 3998.4 0.3

0.0 0.0 0.3 0.3 2415.1

H

 
  
   
   
   

 (S16) 

 

 

Figure S6. Calculated reorganization energy of S1, Cation, Anion and T1 states for a) DPND and 
b) DPND6 system. 

 

Figure S7. Calculated spectral density of SE, CT and TT states for a) DPND and b) DPND6 system. 
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Figure S8. Population evolution in SE, CT and TT states for DPND and DPND6 dimers. 

Table S1. The fitted SF rate (ps−1) of the selected dimer units for DPND and DPND6. 

DPND DPND6 

ab ac ad cd AB AC AD BD 

62.7 1.0 0.6 0.8 12.3 6.9 1.3 0.0 

Note: The TT state population of Dimer AB, AC and ab were fitted by a two exponential decay function P (TT) 

= A1e−t/τ1 +A2e−t/τ2 + P0; and the SF rate can be defined as 1/τ, where τ =(A1τ1 + A2τ2) / (A1 + A2). The τ1 and τ2 

correspond to the pathways associated the VHH and VLL, respectively. The TT population of Dimer AD, ac, bc and 

cd with S-shape were fitted by Heaviside step function P (TT) = a/(1 + e−w(t−t0)), where t0 is the time at which the 

TT population reaches the half. In this case, the SF rate can be written as 1/t0. 

Results show that in DPND system, the face-to-face dimer ab features ultrafast TT population 

via CT state with a SF rate of 62.7 ps−1, while all non-nearest neighbor dimer ac, ad, and cd exhibit 

the relatively slower SF process with much smaller rate constant of about 1 ps−1 due to the smaller 

electronic couplings. That is, only the H-type aggregation dimer ab plays a key role in SF process 

for DPND system. In DPND6 system, besides the face-to-face dimer AB displaying a SF rate of 

12.3 ps−1, the non-nearest neighbor dimer AC, and AD also present SF potential with rate constants 

of 6.9 and 1.3 ps−1, respectively. Dimer BD shows no any TT population given the substantially 

smaller electronic coupling. These results also elucidate that the relative high CT energy in the non-

nearest neighbor dimer ac, ad, cd, AC, and AD render no CT population in the SF process. 

Therefore it is expected that the SF dynamics won’t be remarkably fast. CT state might have some 
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vital impacts on SF dynamics in the studied system, especially for H-type-like aggregation. 

6.4 Intermolecular Slip Displacement Effect. 

Then we have performed theoretical calculations to check the slip displacement effect. Figure 

S9 shows how the energy of intermolecular CT state, and the electronic couplings among the 

localized singlet (SE), CT and TT states (Vex, VHH, VLL, VHL and VLH) vary with lateral slip distance 

(X) and longitudinal slip distance (Y) for dimer ab of DPND system. It is obvious that the CT 

state could be stabilized at very small intermolecular displacements, which further verifies our 

conclusion that the distinctive H-type-like aggregation of current DPND system could substantially 

stabilize CT state and make it close in energy with singlet, and excimer, as well as subsequent TT 

states to facilitate mixing and conversion process of these excited state species. 

 
Figure S9. Calculated CT state energy vs a) lateral slip distance (X) and b) longitudinal slip 
distance (Y) of DPND dimer system. Calculated electron couplings Vex, VHH, VLL, VHL and VLH 
vs c) lateral slip distance (X), and d) longitudinal slip distance (Y) of DPND dimer system. 

In the current molecular packing of ab (X = 1.52 Å in the crystal structure of DPND), the 

electronic couplings between two CT states and TT state (|VHL| and |VLH|) reach the mixima, which 

is of advantage to the population transfer from the CT to TT states. When X = 1.52 Å is fixed and 
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Y is changed, VHH reaches the miximum value in current molecular packing, which is of 

advantage to the population transfer from SE to CT states. Meantime, we observe that with the 

current packing of ab, the exciton-exciton coupling Vex only holds a medium value, indicating that 

there is no strong SE-SE coherent motion, which can be easily breaken by the electron–phonon 

coupling (see section 6.6 for details). We thus deduce that the current intermolecular packing of H-

type-like aggregation dimer ab in DPND system turns out to be the optimal molecular arrangement 

for the maximum SF rate. 

6.5 Effective Couplings from SE to TT States. 

To further elucidate the mechanism which gives rise to the difference in SF rates for the studied 

dimers, we map the above five-configuration Hamiltonian into an effective Hamiltonian with three-

configurations of interest19 with respect to the eigenvalue partition technique.21 For the CT-

mediated SF process of the dimer system, the corresponding eigenvalue equation with five diabatic 

states can be written as4 

 

0

1 0

1

S ex LL HH 1

2ex S HH LL

3LL HH CA LH

4HH LL AC HL

5LH L TT

S

H

S

0

0

00

0

0 0

E

E

E

E

E V V V c

cV E V V

cV V E V
cV V E V
cEV V E





  
  
  
   
  
  

 







  


 (S17) 

By partitioning the 5-configuration eigenvalue problem, we may convert it into an eigenvalue 

problem with three configurations of interest, including S1S0, S0S1 and TT. We have eq S18 and 

S19, 

 

 
 

 

1 0

1 0

S

S

S 1 ex 2 LL 3 HH 4

ex 1 S 2 HH 3 LL 4

LH 3 HL 4 TT 5

0

0

0

E c V c V c

c

E

E

V c
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 



  

   

   
 (S18) 

and 
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Substituting eq S19 into eq S18 yields 
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Therefore, the Hamiltonian with three configurations of interest can be written as 

 ቌ

𝐸෨ୗభୗబ
𝑉෨ୣ ୶ 𝑉෨ଵ

𝑉෨ୣ ୶ 𝐸෨ୗభୗబ
𝑉෨ଶ

𝑉෨ଵ 𝑉෨ଶ 𝐸෨୘୘

ቍ (S21) 

The calculated effective Hamiltonian for ab and AB with three configurations of interest can thus 

be written as eq S22 and S23. 

 ab

2443.2 139.9 34.8

139.9 2443.2 34.8

34.8 34.8 2047.0

effH

 
   
 
 




 (S22) 

 AB

2543.4 99.0 7.8

99.0 2543.4 7.8

7.8 7.8 2364.0

effH

 
   
 
 




 (S23) 

6.6 SF Dynamics in One-Dimensional Molecular Chain. 

Due to the strong exciton coupling, it is necessary to consider SF dynamics beyond the 

aforementioned dimer systems. Given the exciton-exciton coupling exerts mainly in the face-to-

face stacking directions, we construct a one-dimensional molecular chain along this direction to 

observe SF dynamics in aggregates (Figure S10). Results show that SF rates for DPND6 are 

proportional to the number of monomers, while these for DPND will decrease at first and then 

increase with aggregate size, which can be attributed to the difficulty for the electron-phonon 
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coupling to break the coherent motions associated with strong electronic coupling. Then we use 

the coherence participation ratio (CPR) to describe the coherence of SE states (Figure S11). The 

CPR of SE states in DPND6 system is inversely proportional to the number of monomers after 25 

fs. Due to the stronger Vex, the strength of coherence in DPND system will increase with aggregate 

size. On the whole, the stronger electronic coupling has the main contribution to the larger SF rate 

in DPND system. But it should be borne in mind that the oversize electronic coupling may not 

benefit to SF process. 

 

Figure S10. SF rates in terms of molecular chain length for DPND and DPND6 system. 

 

Figure S11. CPR of SE states in terms of molecular chain length for DPND and DPND6 systems. 

6.7 The Calculated Vertical Excitation Energies. 

The vertical excitation energies for monomer and dimer units were calculated by 

TDDFT/PCM method to present clearer evidence of H-type-like aggregation in current DPND and 

DPND6 systems (Table S2). Results show that in both dimer unit ab and AB, S1 state exhibits an 

oscillator strength of zero, while the higher excited electronic states (i.e. S2 and S4) feature obvious 
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non-zero oscillator strengths, which clearly indicate the H-type aggregation behaviour in current 

studied system. Due to the strong mixing between the molecular localized SE and intermolecular 

CT states in dimer ab of DPND, the oscillator strengths of S2 and S4 states are nearly same and are 

smaller than that of the monomer’s S1 state. This is different from the conventional H-type 

aggregation where the intermolecular CT states doesn’t contribute obviously to the low-lying 

adiabatic excited states, leading to S2 state of dimer possessing a twice of oscillator strength of the 

monomer’s S1 state. With respect to the calculated excitation energies, we deduce that the low-

energy wide absorption band of DPND thin film around 400-550 nm (Figure 3b in main text) is 

originated from the strong mixing between lowest-lying SE and CT states, and the absorption tail 

at the long wavelength around 600 nm is assigned to the vibronic coupling effect in the lowest 

excited state (corresponding to a dipole-forbidden transition). By contrast, DPND6 system is less 

influenced by CT states as confirmed by the aforementioned calculated results. 

Table S2. The calculated vertical excitation energy (E/eV) and oscillator strength (f) for monomer 
and dimer units in DPND and DPND6 systems by TDDFT/PCM. 

Excited 

State 

DPND DPND6 

Monomer Dimer ab Monomer Dimer AB 

S1 2.3092 (0.7004) 2.1931 (0.0000) 2.3521 (0.6251) 2.3967 (0.0000) 

S2 3.1782 (0.0000) 2.3623 (0.5860) 3.2249 (0.0000) 2.5975 (0.9264) 

S3 3.7237 (0.0000) 2.7596 (0.0000) 3.6621 (0.0000) 2.7147 (0.0000) 

S4 3.8288 (0.0000) 2.8724 (0.5565) 3.6779 (0.0023) 2.7331 (0.0799) 

S5  3.2041 (0.0003)  3.2487 (0.0003) 

S6  3.2305 (0.0000)  3.2661 (0.0000) 

S7  3.6435 (0.0000)  3.6983 (0.0000) 

S8  3.7652 (0.0019)  3.7091 (0.0010) 
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7. Supplementary Data for TA Measurements in Thin Film. 

7.1 Heat Effect Elimination. 

 
Figure S12. Normalized kinetic profiles for thin films deposited on sapphire and quartz substrates 
upon excitation at 470 nm. Results indicate that the kinetics from fs-TA measurements at 585 and 
810 nm show almost no obvious changes between samples on different substrates. Therefore, no 
strong thermal effects were observed in TA measurement for DPND thin films. 

7.2 Excitation Density and Wavelength Dependence. 

 

Figure S13. Normalized kinetic profiles for thin film upon excitation at 470 nm with different 
excitation densities. Results show that the excitation density has little impact on the excited-state 
photophysics in fs-TA measurement for solid films. 
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Figure S14. a) Steady state absorption spectra of H aggregates of DPND system including the 
excitation wavelengths in TA control measurements. b) Normalized kinetic profiles for thin film 
upon different excitation wavelengths (450 and 600 nm). Results show that the excitation 
wavelength has little impact on the excited-state photophysics in fs-TA measurement for solid films, 
which indicate that the long wavelength absorption band tail is not resulting from another different 
aggregation mode in thin film, such as slip-stacked J-type aggregation. 

7.3 Supplementary Data for ns-TA measurements. 

 

Figure S15. a) Selected spectral slices and b) the corresponding decay kinetics from ns-TA 
measurements for DPND thin films following excitation at 532 nm. 

7.4 Triplet Sensitization in Thin Film. 

Triplet sensitization in solid films was performed by blending a small portion (~ 10 mol%) of 

PdPc(OBu)8 (Pd) into PMMA or DPND thin film.2, 22 Pd was chosen as a sensitizer because it is 

known to undergo rapid (picosecond) intersystem crossing with quantitative triplet yield.23 Then 

fs-TA measurements were performed by selectively exciting the Pd molecules in PMMA film or 

doped DPND thin film at 760 nm (Figure S16). Based on the obtained TA data, we used a 

previously described methodology to extract the TA spectral component arising from DPND 

triplets (T1).2, 22-24 As shown in Figure S16b, the derived sensitized triplet spectra are in blue, by 
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taking the difference between the Pd triplet in PMMA (black) and the DPND triplets in Pd (red) at 

1 ns which were carefully adjusted to align the red edge (650-680 nm) of the PMMA and DPND 

spectra. The ΔOD sensitized spectrum therefore represents the overlap of the triplet ESA and the 

GSB signal. The experimental long-lived T1 curves from pure DPND films are also overlaid in 

pink dash lines. The sensitized triplet line shapes (blue) overlap well with the TA spectral signatures 

(pink dash lines), which confirms the dominant end species formed following photo-excitation are 

undoubtedly long-lived free triplets. 

 

Figure S16. a) Steady state absorption of Pd-PMMA and DPND-Pd doped films. b) Sensitized 
triplet spectra for DPND thin films. 

7.5 Triplet Yield Determination. 

Triplet yields were calculated with a method previously reported by Wasielewski et al. based 

on quantifying GSB signal in ns-TA data and relating this exciton density to the calculated exciton 

density due to the laser power, spot size, and the film thickness and absorption.4, 22, 25 

These values were used to calculate an excitation density: 

𝝃 ൌ
𝑬 ∙ 𝝀 ∙ 𝑲 ∙ ሺ𝟏 െ 𝟏𝟎ି𝑨ሻ

𝒍 ∙ 𝒂
 

As well as number density: 

𝑵𝒐. 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 ൌ
𝒁
𝑽

 

The ratio of which (ξ/No. Density) gives a scaling factor for the ground state absorption 

spectrum that produces the amount of GSB at t0 or with 100% triplet yield. We then examine the 
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actual bleach necessary to produce the pure triplet absorption spectrum from the ns-TA spectra and 

compare this to the calculated bleach. To more strictly quantify this analysis we can focus on a 

region where the GSB spectrum is strongly featured. As outlined by Carmichael and Hug,26 

addition of the ground state absorption spectrum to the transient trace so as to remove the minimum 

at this position yields a reasonable triplet-triplet absorption spectrum (Figure S17). 

 

Figure S17. Triplet-triplet absorption spectra. Spectra are created by addition of scaled GSB (red) 
to the 100 ns ns-TA spectrum (black). 

These traces then give approximate measure of the GSB addition necessary to obtain a purely 

triplet-triplet spectrum and, thus, the triplet yield. The amount of GSB necessary to produce a linear 

trace in this region is used as the yield. The experimental error is derived from these traces as these 

errors are found to be greater than the error from measurement uncertainties. As the yield is 

determined from a 100 ns TA trace, a portion of the triplet population has decayed as a result of 

triplet-triplet annihilation. To correct for this, the yield is extrapolated to t0 using the triplet 

annihilation kinetics: 

𝑻𝒀% ൌ 𝑻𝒀%𝟏𝟎𝟎 𝒏𝒔 ∙
𝟏

𝑨𝟏 ∙ 𝒆ି𝟏𝟎𝟎/𝝉𝟏 ൅ 𝑨𝟐 ∙ 𝒆ି𝟏𝟎𝟎/𝝉𝟐
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9. Appendix. 

Table S3. Crystallographic parameters for DPND crystal. 

Compound DPND 

CCDC No. 2052443 

Empirical formula C14H8N2O2 

Formula weight 236.22 

Temperature/K 170.00 

Crystal system Monoclinic 

Space group P21/n 

a/Å 6.6191(2)  

b/Å 3.79700(10) 

c/Å 19.9030(5) 

α/° 90 

β/° 94.592(3) 

γ/° 90 

Volume/Å3 498.61(2)  

Z 2 

ρcalcMg/cm3 1.573 

μ/mm-1 0.890 

F(000) 244.0 

Crystal size/mm3 0.34 × 0.05 × 0.01 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 8.914 to 149.856 

Index ranges -7 ≤ h ≤ 6, -4 ≤ k ≤ 4, -24 ≤ l ≤ 24 

Reflections collected 8690 

Independent reflections 995 [Rint = 0.0394, Rsigma = 0.0221]  

Data/restraints/parameters 995 / 0 / 82 

Goodness-of-fit on F2 1.117 

Final R indexes [I>=2σ (I)] R1 = 0.0370, wR2 = 0.0929 

Final R indexes [all data] R1 = 0.0403, wR2 = 0.0951 

Largest diff. peak/hole / e Å-3 0.16/-0.26 
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NMR Spectra. 

 

Figure S18. 1H NMR spectra of DPND in CD2Cl2. 

 

Figure S19. 13C NMR spectra of DPND in CD2Cl2.  
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Table S4. Geometries for All the Optimized Compounds and Transition States. 

DPND 

 S0 S1 T1 

O -3.831278  -0.105747 17.832351  -3.820415 -0.107729 17.852527 -3.815244  -0.108554  17.856561 

O 0.644416  0.105746 21.845865  0.633553 0.107729 21.825688 0.628383  0.108554  21.821654 

N -1.781089  0.815922 17.485557  -1.769791 0.817351 17.492559 -1.765110  0.816487  17.498745 

N -1.405773  -0.815921 22.192659  -1.417070 -0.817352 22.185656 -1.421752  -0.816488  22.179470 

C -0.925658  0.177647 20.050848  -0.940540 0.174393 20.044075 -0.950049  0.171216  20.042916 

C -2.261204  -0.177647 19.627367  -2.246321 -0.174396 19.634139 -2.236812  -0.171216  19.635299 

C -0.075419  0.825583 19.202838  -0.055861 0.841344 19.181339 -0.051020  0.846034  19.173072 

C -3.111442  -0.825583 20.475377  -3.131000 -0.841346 20.496875 -3.135842  -0.846034  20.505144 

C -0.494046  1.156145 17.898644  -0.473564 1.163063 17.901313 -0.472304  1.161372  17.905901 

C -2.692816  -1.156145 21.779571  -2.713298 -1.163064 21.776902 -2.714557  -1.161372  21.772315 

C 0.119737  1.793783 16.833303  0.134627 1.810196 16.805868 0.135212  1.812106  16.800564 

C -3.306598  -1.793784 22.844912  -3.321489 -1.810196 22.872348 -3.322074  -1.812106  22.877652 

C -0.808796  1.836952 15.768303  -0.796727 1.842612 15.765527 -0.796305  1.844187  15.762491 

C -2.378066  -1.836952 23.909912  -2.390135 -1.842610 23.912689 -2.390557  -1.844187  23.915725 

C -1.966919  1.230779 16.193412  -1.962153 1.228726 16.202868 -1.959935  1.230927  16.199791 

C -1.219943  -1.230778 23.484804  -1.224710 -1.228725 23.475347 -1.226927  -1.230927  23.478424 

C -2.732580  0.150118 18.277258  -2.712899 0.154141 18.288317 -2.705908  0.156604  18.287093 

C -0.454282  -0.150118 21.400957  -0.473961 -0.154145 21.389897 -0.480953  -0.156605  21.391122 

H 0.923452  1.087192 19.530488  0.938487 1.095616 19.523470 0.941880  1.099026  19.517589 

H -4.110313  -1.087192 20.147727  -4.125348 -1.095618 20.154745 -4.128742  -1.099026  20.160626 

H 1.127999  2.180719 16.837732  1.141500 2.200313 16.801324 1.141799  2.202246  16.795031 

H -4.314860  -2.180721 22.840483  -4.328362 -2.200312 22.876891 -4.328660  -2.202246  22.883185 

H -0.649246  2.266485 14.790952  -0.653128 2.267787 14.783279 -0.652398  2.269612  14.780666 

H -2.537616  -2.266485 24.887263  -2.533735 -2.267783 24.894938 -2.534464  -2.269612  24.897549 

H -2.908994  1.053534 15.700489  -2.905573 1.049253 15.712488 -2.904315  1.050424  15.712962 

H -0.277867  -1.053533 23.977727  -0.281290 -1.049252 23.965728 -0.282547  -1.050424  23.965253 
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DPND6 

 S0 S1 T1 

O 7.269351  4.412898 -0.747911  7.255218 4.386322 -0.765825 7.237840  4.411740  -0.773671 

O 1.725381  2.497707 0.747957  1.739448 2.524265 0.765787 1.756896  2.498844  0.773711 

N 6.772188  3.003813 0.933230  6.765559 2.995669 0.934172 6.769926  2.994299  0.909234 

N 2.222551  3.906769 -0.933198  2.229100 3.914940 -0.934197 2.224815  3.916266  -0.909206 

C 8.055476  2.839007 1.380188  8.052395 2.828914 1.369413 8.069694  2.827079  1.332398 

C 0.939257  4.071612 -1.380129  0.942269 4.081651 -1.369471 0.925043  4.083521  -1.332343 

C 8.027257  1.946730 2.424641  8.032032 1.938530 2.430545 8.062986  1.931474  2.387039 

C 0.967477  4.963902 -2.424571  0.962634 4.972010 -2.430624 0.931749  4.979146  -2.386968 

C 6.685985  1.546772 2.615530  6.708650 1.544710 2.647214 6.744163  1.533398  2.616744 

C 2.308753  5.363835 -2.615477  2.286011 5.365853 -2.647278 2.250575  5.377204  -2.616686 

C 5.910777  2.213773 1.677286  5.904842 2.212846 1.697853 5.920077  2.207018  1.677369 

C 3.083963  4.696810 -1.677251  3.089816 4.697753 -1.697888 3.074665  4.703555  -1.677334 

C 6.395083  3.825392 -0.139573  6.383535 3.803940 -0.139095 6.380495  3.809352  -0.145892 

C 2.599658  3.085159 0.139580  2.611121 3.106714 0.139104 2.614249  3.101179  0.145891 

C 4.516785  2.217541 1.405574  4.536210 2.208980 1.439298 4.559613  2.199017  1.441216 

C 4.477959  4.693018 -1.405556  4.458444 4.701650 -1.439313 4.435132  4.711533  -1.441198 

C 4.042879  3.043349 0.401146  4.054485 3.057394 0.396807 4.064537  3.060888  0.392856 

C 4.951863  3.867198 -0.401139  4.940171 3.853255 -0.396805 4.930206  3.849647  -0.392851 

C 3.680889  1.337081 2.284913  3.687362 1.339016 2.313425 3.712593  1.329505  2.323039 

C 5.313861  5.573475 -2.284893  5.307286 5.571610 -2.313449 5.282155  5.581046  -2.323016 

C 3.112146  2.097632 3.486979  3.114712 2.094772 3.518587 3.126877  2.089810  3.515884 

C 5.882546  4.812940 -3.486997  5.879992 4.815829 -3.518568 5.867820  4.820760  -3.515899 

C 2.255134  1.207433 4.373633  2.248386 1.203631 4.395271 2.253422  1.203988  4.390913 

C 6.739574  5.703133 -4.373641  6.746306 5.706969 -4.395266 6.741284  5.706583  -4.390919 

C 1.691176  1.937295 5.584261  1.682914 1.928153 5.608538 1.677365  1.934143  5.595672 

C 7.303474  4.973287 -5.584307  7.311835 4.982420 -5.608490 7.317289  4.976449  -5.595716 

C 0.824048  1.055205 6.472672  0.806067 1.044975 6.486388 0.793795  1.055482  6.471160 

C 8.170619  5.855371 -6.472707  8.188669 5.865596 -6.486355 8.200867  5.855110  -6.471195 

C 0.263992  1.794041 7.679336  0.245023 1.778452 7.695880 0.221962  1.795182  7.671781 

C 8.730621  5.116550 -7.679406  8.749771 5.132093 -7.695803 8.772648  5.115431  -7.671854 

H 8.862723  3.373193 0.906917  8.858189 3.356273 0.885414 8.866818  3.360280  0.841659 

H 0.132009  3.537434 -0.906852  0.136478 3.554289 -0.885472 0.127917  3.550323  -0.841604 

H 8.884621  1.615357 2.990723  8.899962 1.615597 2.986155 8.937356  1.606198  2.930616 

H 0.110110  5.295299 -2.990634  0.094707 5.294912 -2.986258 0.057377  5.304446  -2.930526 

H 6.323061  0.852375 3.357459  6.350517 0.864815 3.404615 6.397291  0.846186  3.372448 

H 2.671679  6.058235 -3.357403  2.644144 6.045737 -3.404689 2.597446  6.064425  -3.372382 

H 2.856821  0.910386 1.715286  2.862205 0.916990 1.741619 2.898724  0.887730  1.750540 

H 6.137958  6.000128 -1.715275  6.132414 5.993684 -1.741639 6.096050  6.022782  -1.750523 

H 4.302744  0.512686 2.644252  4.300949 0.508137 2.674876 4.333659  0.509114  2.695172 
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H 4.692025  6.397901 -2.644193  4.693680 6.402457 -2.674946 4.661104  6.401465  -2.695111 

H 2.511634  2.936984 3.123540  2.520401 2.938990 3.156090 2.534382  2.931632  3.144794 

H 6.483032  3.973552 -3.123599  6.474328 3.971648 -3.156023 6.460295  3.978908  -3.144850 

H 3.938860  2.521114 4.070660  3.941412 2.510683 4.108100 3.946734  2.511420  4.111311 

H 5.055801  4.389511 -4.070673  5.053323 4.399862 -4.108083 5.047934  4.399197  -4.111321 

H 1.429346  0.798569 3.777181  1.422849 0.803844 3.792221 1.433105  0.800416  3.783241 

H 7.565394  6.111942 -3.777194  7.571813 6.106812 -3.792212 7.561628  6.110108  -3.783253 

H 2.847213  0.345777 4.710965  2.833738 0.335993 4.729154 2.836039  0.338113  4.734379 

H 6.147524  6.564825 -4.710930  6.160928 6.574570 -4.729198 6.158687  6.572488  -4.734342 

H 1.102020  2.799661 5.244772  1.100649 2.796531 5.272473 1.097452  2.800471  5.250243 

H 7.892602  4.110886 -5.244859  7.894126 4.114078 -5.272377 7.897181  4.110090  -5.250329 

H 2.517676  2.349180 6.179152  2.508965 2.330694 6.210417 2.498164  2.340537  6.202212 

H 6.476943  4.561457 -6.179192  6.485815 4.579822 -6.210374 6.496461  4.570103  -6.202250 

H -0.000266  0.644939 5.876002  -0.018009 0.644423 5.882819 -0.024887  0.650812  5.862986 

H 8.994960  6.265587 -5.876042  9.012715 6.266205 -5.882782 9.019577  6.259732  -5.863026 

H 1.413809  0.193118 6.809152  1.388768 0.176681 6.819170 1.374257  0.189473  6.813747 

H 7.580884  6.717492 -6.809149  7.605942 6.733854 -6.819186 7.620426  6.721150  -6.813740 

H -0.354854  2.642036 7.368349  -0.366768 2.632777 7.388254 -0.387903  2.647261  7.354220 

H 9.349439  4.268521 -7.368457  9.361588 4.277804 -7.388129 9.382492  4.263321  -7.354336 

H -0.354759  1.140684 8.300823  -0.381032 1.124539 8.309446 -0.408711  1.144281  8.283831 

H 9.349386  5.769902 -8.300885  9.375815 5.786006 -8.309381 9.403328  5.766331  -8.283897 

H 1.069373  2.187349 8.308308  1.049864 2.161775 8.331676 1.021115  2.182835  8.312134 

H 7.925211  4.723294 -8.308373  7.944960 4.748712 -8.331603 7.973466  4.727826  -8.312201 

 

 

 


