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Abstract 
 
Diketopyrrolopyrrole (DPP) systems have promising applications in different organic 
electronic devices. In this work, we investigated the effect of 20 distinct substituent 
groups on the optoelectronic properties of DPP-based derivatives as the donor (𝐷)-
material in an organic photovoltaics (OPV) device. For this purpose, we employed 
Hammett’s theory, which quantifies the electron-donating or -withdrawing properties of 
a given substituent group. Machine-Learning (ML)-based 𝜎#, 𝜎$, 𝜎#% , 𝜎$%, 𝜎$&, 𝜎$', 𝜎(, 
and 𝜎) Hammett’s constants previously determined were used. Mono- (DPP-X1) and di-
functionalized (DPP-X2) DPPs, where X is a substituent group, were investigated using 
density functional theory (DFT), time-dependent DFT (TDDFT), and ab initio methods. 
Several properties were computed using CAM-B3LYP and the second-order algebraic 
diagrammatic construction, ADC(2), ab initio wave function method, including the 
adiabatic ionization potential (𝐼𝑃,), the electro affinity (𝐸𝐴,), the HOMO-LUMO gaps 
(𝐸/), the maximum absorption wavelengths (𝜆#12), the first excited state transition 1S0 ® 
1S1 energies (∆𝐸) (the optical gap), and exciton binding energies. From the optoelectronic 
properties and employing typical acceptor systems, the power conversion efficiency 
(𝑃𝐶𝐸), open-circuit voltage (𝑉67), and fill factor (𝐹𝐹) were predicted for a DPP-based 
OPV device. These photovoltaic properties were also correlated with the ML-based 
Hammett’s constants. Overall, good correlations between all properties and the different 
types of 𝜎 constants were obtained, except for the 𝜎( constants, which are related to 
inductive effects. This scenario suggests that resonance is the main factor controlling 
electron donation and withdrawal effects. We found that substituent groups with large 𝜎 
values can produce higher photovoltaic efficiencies. It was also found that electron-
withdrawing groups reduced 𝐸/  and ∆𝐸 considerably compared to the unsubstituted DPP-
H. Moreover, for every decrease (increase) in the values of a given optoelectronic 
property of DPP-X1 systems, a more significant decrease (increase) in the same values 
was observed for the DPP-X2, thus showing that the addition of second substituent results 
in a more extensive influence on all electronic properties. For the exciton binding 
energies, an unsupervised machine learning algorithm identified groups of substituents 
characterized by average values (centroids) of Hammett’s constants that can drive the 
search for new DDP-derived materials. Our work presents a promising approach by 
applying Hammett’s theory on molecular engineering DPP-based molecules and other 
conjugated molecules for applications on organic optoelectronic devices. 
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1. Introduction 
 

The accurate theoretical investigation of conjugated organic molecules for organic 
electronic devices is essential for basic research and for developing practical 
applications.1–3 Diketopyrrolopyrrole (DPP) has drawn much attention since it was 
discovered in 19744 for use as dyes and plastics.5 Later, several theoretical and 
experimental studies on DPP appeared due to its potential in optoelectronic applications, 
especially in organic light-emitting diodes (OLED), organic solar cells (OSC), and field-
effect transistors (FET).6,7 DPP-based materials possess strong absorption and emission 
ability, excellent thermo- and photostability, good charge mobility, and a significant 
Stokes shift.8–11 
 

Many theoretical works have been carried out on DPP systems. Density 
Functional Theory (DFT)12 and Time-Dependent DFT (TDDFT)13 were used to predict 
optoelectronic and intra-charge transfer (ICT) properties of a series of DPP derivatives 
functionalized with aromatic substituent groups.6 It was found that these aromatic 
sidechains attached to a DPP core can broaden the absorption spectra and increase ICT, 
thus, making these DPP systems a promising set of compounds for use in OLEDs and 
OSCs. A 2016 TDDFT work fine-tuned DPP and its derivatives by lactam-lactim and 
alkoxy-thioalkoxy exchange to improve the efficiency of bulk heterojunction (BHJ) solar 
cells. The highest occupied molecular orbital (HOMO) energies and the gaps between the 
HOMO and the lowest unoccupied molecular orbital (LUMO) were reduced, the 
absorption spectra were redshifted, and hole transport improved.14 A recent paper15 
studied the photophysical properties of small DPP-based molecules in a 𝐷-𝜋-𝐴-𝜋-𝐷-type 
structure, where donors (𝐷) and acceptor (𝐴) are chemically bonded by 𝜋-bridges. DFT 
and TDDFT calculations suggested that different aromatic side groups attached to DPP 
can influence molecular photophysical properties. Moreover, ICT effects were predicted, 
indicating a potential for OLEDs and OSCs. 
 

Homopolymers and copolymers based on DPP were synthesized and 
characterized theoretically.16 TDDFT calculations on the large structures indicated an 
extensive absorption range from 300 nm (4.1 eV) to 1100 nm (1.1 eV), confirmed by UV-
vis spectroscopy. However, the extended crystallinity, observed by x-ray diffraction, 
caused phase separation, thus, low photovoltaic performance of these DPP-based 
polymers. 
 

Introducing a given substituent into a DPP core can be easily achieved10 and can 
change the optical and charge transport properties of the entire system.17 In a donor-
acceptor (𝐷-𝐴) structure, properties such as energy gaps and ICT can be tuned by 
including different electron donating (EDG) and/or withdrawing groups (EWG). The 
effects of substituent groups can be studied employing Hammett’s theory (HT), where 
the 𝜎 constants quantify the ability of a given substituent to donate or withdraw 
electrons.18,19 HT provides a basis for quantitatively studying structure-reactivity in 
organic chemistry.20–22 Initially developed for describing the ionization of benzoic acid 
derivatives with different substitutions at para, meta, and ortho positions, Hammett’s 
constants measure how the charge (electron) distribution of a benzene-type core is 
modified when different substituents are attached to it, have a much more general 
character and different applications.23,24 
 



To design and predict optoelectronic properties of functionalized polypyrrole 
(PPy) derivatives, Batagin-Neto and coworkers25 used the resonance and inductive 
Hammett’s constants 𝜎) and 𝜎(, respectively, of a set of ten common substituent groups 
(–H, –CCH, –Ph, –Me, –CN, –F, –NO2, –NH2, –OH, and –OMe) to analyze their effects 
on the optical properties of PPy. Correlation between the 𝜎 constants and optoelectronic 
parameters (e.g., HOMO and LUMO energies and the maximum absorption wavelength 
𝜆#12), was found, and a set of new PPy derivatives with potential application in 
optoelectronic devices was proposed. Our approach here is similar and was extended for 
a much larger and new set of Hammett’s constants focusing on DPP-based systems. 
 

In this work, we investigated theoretically the correlation between Hammett’s 
substituent constants and different opto- and electrochemical properties of DPP-based 
systems. The purpose was to understand and systematically investigate the chemical 
behavior of these systems for engineering DPP molecules and other conjugated molecules 
for applications on organic electronic devices. 
 
2. Computational methods 
 
2.1. Hammett’s constants and Machine Learning approach 
 

Hammett’s original constants consisted of meta (𝜎#) and para (𝜎$) parameters 
obtained from ionizing functionalized benzoic acids in water at 25ºC. However, due to 
the strong influence of electronic phenomena, such as the inductive (𝐼) and resonance (𝑅) 
effects, new constants describing the delocalization of positive and negative charges have 
been proposed. The 𝜎) and 𝜎( constants represent the 𝐼 and 𝑅 components, respectively, 
of Hammett’s original 𝜎# and 𝜎$ set.26,27 Considering the series of 4-substituted 
bicyclo[2,2,2]octane synthesized in 1953,28 substituents with a negative 𝑅-effect – 
meaning in this case that the electron delocalization flows from the molecule to the 
substituent group, have approximately the same values for 𝜎# and 𝜎(, which indicates 
that 𝜎# has a significant inductive (𝐼) effect rather than a resonance (𝑅) one. Therefore, 
it was suggested the following decomposition of 𝜎$, 22 
 

 𝜎$ = 𝜎( + 𝜎) (3) 
 
Obtaining 𝜎) values becomes then a matter of accurately determining 𝜎$ and 𝜎(.27 
 

In 1957, a set of parameters named 𝜎& and 𝜎– was developed based on the 
solvolysis of substituted phenyldimethylcarbinyl chlorides.29 These parameters describe 
the 𝑅-effect when the substituent is in direct conjugation with the molecule’s reaction 
center – e.g., the carboxyl group in the benzoic acid.20,30 It was soon realized, however, 
that this new set would apply only to para-substituted systems due to the more prominent 
𝑅-effect at this position.29,31–33 For this reason, the parameters 𝜎$& and 𝜎$– were created, 
with the first being associated with groups that can stabilize positive charges through 
resonance. The second describes those substituents that stabilize negative charges through 
the same effect.21,22,34 
 

Another set of Hammett’s constants was created in 1959, the 𝜎% set. It was based 
on the idea that one should not consider the 𝑅-effect between the substituent and the 
reaction center.21,35 The 𝜎#%  values have the attractive property of being essentially equal 



to the original 𝜎# values since direct substituent-reaction center resonance is not very 
significant.21,27 Moreover, for EDG, which would not participate in strong resonance at 
the para-position, equality was usually observed.21 
 

Despite the success of Hammett’s constants for rationalizing different phenomena, 
not every constant is determined experimentally, and consistent values of every type of 𝜎 
are unavailable. Thus some efforts have been made to find ways to calculate them. In this 
work, we used our Machine Learning (ML)-based method described in Ref. 36 to predict 
Hammett’s constants for substituents with unknown 𝜎 and recomputed the other values 
to produce more consistent sets. Our ML procedure employed the quantum chemical 
Hirshfeld atomic charges37 of different carbon atoms in 180 meta- and para-substituted 
benzoic acid derivatives. 
 

Table 1 below lists the values of Hammett’s constants for the 20 substituent 
groups plus the hydrogen used in this work.36 The available values of 𝜎 in the literature18–

20,22,23,25,30,38,39 are collected in Table S1 of the Supporting Information (SI). Also, in the 
SI, one can find the structures of the investigated substituent groups in Figure S1. The 
substituent groups were bonded to a DPP core, thus creating the DPP-X1 or DPP-X2 
systems where X represents the substituent group - see Figure 1. 
 
Table 1. ML-based Hammett’s constants for a set of different substituents.36 

X 𝝈𝒎 𝝈𝒑 𝝈𝑹 𝝈𝑰 𝝈𝒑& 𝝈𝒑' 𝝈𝒎𝟎  𝝈𝒑𝟎 
–H 0.03 0.06 -0.02 0.07 -0.09 0.25 0.05 0.06 
–Br 0.38 0.28 -0.19 0.47 0.01 0.42 0.41 0.37 
–Ph 0.07 0.01 -0.10 0.11 -0.19 0.14 0.07 0.00 
–CCH 0.33 0.29 -0.01 0.31 0.20 0.47 0.34 0.26 
–CF3 0.42 0.53 0.10 0.42 0.52 0.79 0.45 0.54 
–Me -0.02 -0.09 -0.15 0.06 -0.35 -0.01 -0.02 -0.09 
–CHF2 0.32 0.33 0.02 0.31 0.26 0.54 0.34 0.34 
–CHO 0.39 0.60 0.31 0.28 0.73 0.91 0.39 0.55 
–Cl 0.38 0.25 -0.22 0.48 -0.04 0.36 0.40 0.33 
–CN 0.67 0.73 0.13 0.60 0.79 0.98 0.69 0.68 
–COMe 0.32 0.44 0.20 0.24 0.52 0.73 0.31 0.41 
–COOMe 0.32 0.45 0.21 0.23 0.54 0.71 0.31 0.37 
–COOH 0.38 0.54 0.25 0.28 0.67 0.81 0.38 0.45 
–F 0.40 0.17 -0.40 0.56 -0.24 0.14 0.41 0.26 
–NMe2 -0.26 -0.75 -0.79 0.05 -1.58 -0.86 -0.25 -0.52 
–NH2 -0.11 -0.58 -0.76 0.18 -1.39 -0.66 -0.09 -0.34 
–NHMe -0.19 -0.69 -0.80 0.11 -1.55 -0.80 -0.18 -0.48 
–NO2 0.72 0.87 0.23 0.64 1.05 1.09 0.73 0.78 
–OMe 0.06 -0.29 -0.56 0.27 -0.91 -0.36 0.05 -0.15 
–OH 0.14 -0.23 -0.60 0.37 -0.90 -0.27 0.14 -0.02 
–SO2Me 0.52 0.64 0.16 0.48 0.69 0.94 0.55 0.65 

 



 
Figure 1. DPP core with the position of X substituent group (Table 1). 
 

 
2.2. Quantum Chemical approach 
 

Unless otherwise stated, all the calculations were performed using the ORCA 
package version 5. 0. 3.40 The DPP-X systems were divided into two sets: one of mono- 
(DPP-X1) and another of di-substituted (DPP-X2) structures. Each set then comprises 20 
molecules. DPP-H is the unsubstituted DPP system where X = hydrogen. 
 

The first step in the calculations was pre-optimizing all 41 different molecular 
geometries using the Avogadro41 MMFF94s force field42 because it efficiently models 
trigonal nitrogen centers given the altered out-of-plane bending parameters compared to 
its predecessor MMFF94.43 Singlet ground state (1S0) geometry optimizations in the gas 
phase of all DPP-X systems were carried out with the B3LYP-D3/Def2-TZVP method. 
Afterward, geometry optimizations of the same structures in both cationic ([DPP-X]+) 
and anionic ([DPP-X]-) states were carried out at the same level of theory. The B3LYP 
exchange-correlation functional44 is widely used in geometry optimizations of organic 
molecular systems due to its low computational cost and accurate converged structures. 
Grimme’s D3 semiempirical dispersion corrections were also employed.45 
 

To check that the converged structures are minima on the potential energy surface, 
vibrational frequency calculations were done at the same B3LYP-D3/Def2-TZVP level. 
When necessary, the TightOPT keyword was used for eliminating, in an additional 
optimization process, any eventual imaginary frequency. 
 

Finally, TDDFT calculations were performed using the CAM-B3LYP functional 
46 and the Def2-TZVP basis set47 on the optimized neutral 1S0 structures, namely, the 
CAM-B3LYP/Def2-TZVP//B3LYP-D3/Def2-TZVP method. The same optimized 1S0 
structures were also used for the second-order algebraic diagrammatic construction, 
ADC(2)48,49 calculations of optical oscillator strengths and electronic transition energies 
using the Turbomole 6.6 package.50 
 
2.3. Optoelectronic and photovoltaic properties 
 

We computed several optoelectronic properties of the DPP-X systems as the donor 
(𝐷) material in a theoretical OPV device. These properties characterize the performance 
of OPV devices and are described below.51 
 

From the TDDFT calculations, we collected the energies of the HOMO (𝐸E6F6), 
LUMO (𝐸GHF6) orbitals, and obtained the HOMO-LUMO gaps 𝐸/  (= 𝐸GHF6 − 𝐸E6F6). 



We computed the maximum absorption wavelengths (𝜆#12), the transition energies ∆𝐸 
(the optical gap), and the optical oscillator strengths 𝑓 of the first singlet-singlet electronic 
excitation 1S0  ® 1S1. 
 

Additionally, we calculated the adiabatic ionization potential (𝐼𝑃,) and the electro 
affinity (𝐸𝐴,) according to the following equations 52 
 

 𝐼𝑃, = 𝐸KLLM& − 𝐸KLLM  (4a) 
 𝐸𝐴, = 𝐸KLLM − 𝐸KLLM'  (4b) 

 
where 𝐸KLLM& , 𝐸KLLM' , and 𝐸KLLM  are the total energy of the DFT-optimized charged [DPP-
X]+, [DPP-X]-, and neutral DPP-X geometries, respectively. 
 

Since DPP-based derivatives have promising applications as a donor (𝐷) material 
in OSCs, the following parameters were calculated for a theoretical OPV device 
comprised of our DPP-X systems as the 𝐷 material. The open-circuit voltage (𝑉67), 
according to Scharber’s equation, is given in volts by14,53,54 
 

 𝑉67 =
1
𝑞
(|𝐸E6F6K | − |𝐸GHF6, |) − 0.3 (8) 

 
where 𝑞 is the elementary charge, 0.3 V is an empirical factor related to the efficiency of 
charge separation between donor and acceptor materials,54 𝐸E6F6K  is the energy of the 
HOMO of the 𝐷-material (DPP-X) and 𝐸GHF6,  is the LUMO energy of the acceptor (𝐴) 
material. We considered here the standard [6,6]-phenyl-C60-butyric acid methyl ester 
(PC61BM) as the acceptor (𝐴) in a typical bulk heterojunction, so 𝐸GHF6,  is a constant 
throughout this work with a value equal to -3.66 eV.55 It is worth mentioning that newer 
non-fullerene-type materials, such as the 2,2’-((2Z,2’Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-
s-indaceno[1,2-b:5,6-b’]dithiophene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile (IDIC) and the 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC), could also be used for this 
calculation, but the only difference in the analysis would be a linear variation of the 
absolute values of 𝑉67  and other related properties. 
 

The fill factor (𝐹𝐹) is related to the efficiency of the free carrier removal from a 
photovoltaic device. It can be obtained from the expression 14,53 
 

 𝐹𝐹 =

𝑞𝑉67
𝑘V𝑇

− 𝑙𝑛 Z𝑞𝑉67𝑘V𝑇
+ 0.72]

𝑞𝑉67
𝑘V𝑇

+ 1
 (9) 

 
where 𝑘V is the Boltzmann constant, 𝑇 = 298.15 K, and 𝑉67  is calculated by Eq. (8). 
Finally, the power conversion efficiency (𝑃𝐶𝐸) given by53 
 

 𝑃𝐶𝐸 =
𝑉67 ∙ 𝐹𝐹 ∙ 𝐽 7

𝑃abc
 (10) 

 



where 𝑃abc is the incident photon-to-current efficiency (considered 136.7 mW/cm2)56 and 
𝐽 7  is the short-circuit current. Since 𝐽 7  indirectly depends on parameters such as the 
light absorption efficiency, exciton diffusion efficiency, charge separation efficiency, and 
charge collection efficiency,53 it depends on the solar cells’ physical characteristics (such 
as the properties of the active layer).57 Therefore, we base our analysis on a few theoretical 
and experimental works on aromatic DPP-based OPVs. These works report values of 𝐽 7  
for aromatic DPP-based materials ranging from ~1 to ~16 mA/cm2.5,58,59 We considered 
an average value of 𝐽 7  = 10 mA/cm2 for obtaining reasonable values of 𝑃𝐶𝐸 compared 
to those reported in the literature. 
 
2.3. Excitonic and intramolecular charge transfer analysis between molecular 
fragments 
 

Following the approach developed in Ref. 60, we analyzed the excitonic and 
intramolecular charge transfer (ICT) properties of all DPP-X systems calculated with the 
TDDFT and ADC(2) methods. The analysis includes the calculation of the charge transfer 
number (𝛺) given by 
 

 𝛺 =
1
2 e Z𝐷1f

%b,[G6]]
j

1∈lm
f∈ln

 (11) 

 
where the 𝑎 and 𝑏 are orbitals situated in the molecular fragments 𝐹, and 𝐹V, respectively, 
𝑛 is a given excited state, and 𝐷1f

%b,[G6] = ⟨0|𝐸1f|𝑛⟩ is the one-electron transition density 
matrix of the ground state in a basis of localized orbitals (𝐿𝑂). 𝐸1f  represents the 
excitation energy from orbital 𝑎 to 𝑏.61 The charge transfer character is given by 
 

 𝐶𝑇 =
1
𝛺 e 𝛺lmln

lm
lnulm

 (12) 

 
which includes the weight of configuration for the case where orbitals 𝑎 and 𝑏 are on 
different fragments (say, 𝐹, and 𝐹V, respectively). A 𝐶𝑇 = 1 value represents a complete 
charge-separated state while 𝐶𝑇 = 0 indicates a Frenkel excitonic state, i.e., a locally 
excitated transition.60 
 

The participation ratio (𝑃𝑅) quantifies the fragments involved during the 
excitation and is defined as 
 

 𝑃𝑅 =
v𝑃𝑅a + 𝑃𝑅wx

2  (13) 

 
where 𝑃𝑅a and 𝑃𝑅w  represent the initial and final numbers, respectively, of fragments 
where the orbitals (or holes) are localized. 𝑃𝑅 = 1 represents localized excitations.60 
 

Finally, the coherence length (𝐶𝑂𝐻) corresponds to the average electron-hole 
separation and is given by 
 



 𝐶𝑂𝐻 =
𝛺j

𝑃𝑅 ∑ ∑ 𝛺,VjV,
 (14) 

 
This value is a Frenkel exciton while 𝐶𝑂𝐻 = 𝑃𝑅 refers to loosely bound excitons.60 

Figure 2 below depicts the division of each fragment used in the excitonic and 
intramolecular charge transfer analysis. 

 
 

 
Figure 2. The fragments F1, F2, and F3 of DPP used for the excitonic and intramolecular 
charge transfer analysis. 
 
2.4. Correlation between Hammett’s constants and optoelectronic properties 
 

After computing the optoelectronic properties, we plotted several curves for the 
different types of Hammett’s 𝜎 values (Table 1) to find correlations. The Python NumPy 
library 62 was used for this purpose. The polyfit and poly1d algorithms were used to fit 
linear equations of the type 𝑃(𝜎) = 𝑚𝜎 + 𝑛 where 𝑃(𝜎) is an optoelectronic or 
photovoltaic property. Whenever a linear fit was not found, we used the OriginPro16 
software to fit nonlinear functions to the data points.  
 
3. Results and discussion 
 
3.1. Geometries 
 

The optimized geometries of all DPP-X systems are collected in Table S2 of the 
Supporting Information (SI). Considering θ to be the dihedral angle between the DPP 
core and the substituent plane, most of the optimized geometries are planar, except for 
the following molecules: DPP-Ph (θ = 2.1°), DPP-Ph2 (θ = 2.2°), DPP-SO2Me (θ = 
41.4°), DPP-(SO2Me)2 (θ = 42.5°), DPP-(NHMe)2 (θ = 12.2°), DPP-NMe2 (θ = 10.1°), 
and DPP-(NMe2)2 (θ = 16.3°), which show primarily minor deviations from a complete 
planar structure. 
 

The DPP-X systems having the –SO2Me, –NMe2, and –NHMe substituent groups 
showed deviations from planarity probably due to steric effects between the methyl 
groups and the hydrogen and/or oxygen atoms in the DPP core (see Figure 3a and c). For 
both mono- and di-substituted DPP-phenyl systems, the minor out-of-plane distortion 
could also result from the steric effect between the ortho-hydrogen atoms of the phenyl 
group and the nearby hydrogen bonded to the nitrogen atoms of the DPP core (Figure 3b). 
Experimental data shows that, without an alkyl chain bonded to the nitrogen atom in the 
DPP core, the phenyl group would be almost in the same plane of the DPP center,17 
thereby confirming our results. 

 

 
 

 
 

F1 

F3 

F2 



 
 

Figure 3. Examples of steric effects in DPP-based systems. 
 

Planarity is essential when designing DPP-based or other conjugated materials for 
optoelectronic devices because it facilitates charge transport. The presence of substituents 
like the phenyl group in the same plane of the DPP core improves the electronic coupling 
in the system, thus favoring a resonance effect.17 A stronger 𝜋-𝜋-stacking between DPP 
units in an actual OPV arrangement enhances the charge carrier mobility, leading to 
greater efficiency of OLEDs, OSCs, and FETs.7,63 
 
3.2. Optoelectronic properties and Hammett’s constants 
 

We found interesting results concerning the influence of substituent groups on the 
properties of organic-based optoelectronic devices. The 𝑃𝐶𝐸, 𝑉67 , 𝐼𝑃,, 𝐸𝐴,, 𝐸E6F6 , 
𝐸GHF6, and ∆𝐸 values show for the DPP-X1 and DPP-X2 systems a good correlation with 
the values of Hammett’s 𝜎#, 𝜎$, 𝜎#% , 𝜎$%, 𝜎$&, 𝜎$', and 𝜎) constants, except for 𝜎( (vide 
infra). We discuss these correlations between the ML-based Hammett’s constants and 
optoelectronic properties; the remaining plots are in the Supporting Information (SI) in 
Figures S2-S3, S6-S9, and S11-S12. 
 
Frontier molecular orbital (FMO) energies. Figure 4 and Figure 5 show the correlation 
between the ML-based Hammett’s constants and FMO energies calculated with the 
CAM-B3LYP functional. Tables S3-S4 in the SI collect the values of the FMO energies 
and HOMO-LUMO gaps (𝐸/). 
 
 
 
 
 
 
 
 

 
  (a)       (b)         (c) 



  

  

  
Figure 4. Best correlations between ML-based Hammett’s constants and DFT FMO 
energies (𝐸E6F6  – right panels and 𝐸GHF6 – left panels) of the mono-substitued DPP-X1 
derivatives. 
 

(a) (b) 

(c) (d) 

(e) (f) 



  

  

  
Figure 5. Best correlations between ML-based Hammett’s constants and DFT FMO 
energies (𝐸E6F6  – right panels and 𝐸GHF6 – left panels) of the di-substitued DPP-X2 
derivatives. 
 
 

Overall, both DFT and Hartree-Fock (HF) orbitals showed that EDGs increase, in 
different degrees, the energies of both HOMO and LUMO while EWGs decrease, also in 
different degrees, the energies of the FMOs – see Figure 6 (DFT) and, Figure S2 for the 
HF orbitals. This effect is due to the increase or decrease of electron density in the DPP 
core that depends on the nature of substituent.64,65  
 

(a) (b) 

(c) (d) 

(e) (f) 



 
Figure 6. Molecular orbital energies of all DPP-X systems. Calculations at the CAM-
B3LYP/Def2-TZVP//B3LYP-D3/Def2-TZVP level. The dashed lines show the HOMO 
and LUMO energies of the unsubstituted DPP-H system. 
 

 
The correlation between the ML-based Hammett’s constants and the HOMO-

LUMO gaps (𝐸/) was similar for the optical gap (∆𝐸) – i.e., to the 1S0 ® 1S1 transition 
energy, which is expected, given that the former is an approximation for the latter. We 
will then focus on the values of 𝐸/  only to examine these correlations. When 𝐸/  values 
are compared with the value of the unsubstituted DPP-H, decreases occur to -1.58 eV for 
most EWGs and increases up to 0.72 eV for the EDGs (Table S5). 
 

Furthermore, both at the DFT and HF levels (ADC(2) for the 𝐸/  values), for every 
decrease (or increase) of the 𝐸/  value of the mono-substituted DPP-X1 systems, a more 
significant decrease (or increase) in the value of the gap is observed for the DPP-X2 
systems (see Figure 7 below), which shows the intensification of the electronic effects 
when more than one substituent group is present. Note that for both methods, the 
variations of 𝐸/  follow the same trend. 
 

-B
r

-Ph
-C

CH
-C

F3
-M

e
-C

HF2
-C

HO -C
l
-C

N

-C
OMe

-C
OOMe

-C
OOH -F

-N
Me2

-N
H2

-N
HMe

-N
O2

-O
Me

-O
H

-SO2M
e

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

E
ne

rg
y 

/ e
V

 DPPX1 - HOMO
 DPPX1 - LUMO
 DPPX2 - HOMO
 DPPX2 - LUMO

-1.5

-7.42



 
Figure 7. HOMO-LUMO gap (𝐸/), in eV, of all mono-substituted DPP-X systems. 
Calculations at the CAM-B3LYP/Def2-TZVP and ADC(2)/Def2-TZVP//B3LYP-
D3/Def2-TZVP levels. 
 

 
Adiabatic ionization potential (𝑰𝑷𝑨) and electro affinity (𝑬𝑨𝑨). The results regarding 
𝐼𝑃, and 𝐸𝐴, show a direct correlation with different 𝜎’s. Figure 8 illustrates the best 
correlations for DPP-X1 and DPP-X2, while Figures S5-S6 display the remaining 
correlations. All values of 𝐼𝑃, and 𝐸𝐴, are collected in Table S6 of the SI. 
 

The ionization potential and electron affinity are related to hole and electron 
transport, respectively, and thus are essential for the design and operation of photovoltaic 
devices.66 It is observed that almost all the 𝜎 values (except 𝜎() are directly proportional 
to both 𝐼𝑃, and 𝐸𝐴,. As the EDGs decrease their sigma values, both 𝐼𝑃, and 𝐸𝐴,, and 
the EWGs sigmas, increase along with both 𝐼𝑃, and 𝐸𝐴,, with the nitro group (the 
electron withdrawal group with the largest Hammett constant) having the largest of 𝐼𝑃, 
and 𝐸𝐴, values. This is expected given that the HOMO of the EDGs interacts with the 
HOMO of the DPP-X, destabilizing the whole system. At the same time, the interaction 
between the LUMO of the EWGs and the HOMO of the DPP-X stabilizes it.67 Therefore, 
as it will be discussed in the next subsection, for the 𝑃𝐶𝐸, 𝑉67 , and 𝐹𝐹 properties, the 
higher the 𝜎 values (thus, the higher 𝐼𝑃, and 𝐸𝐴,), the better the performance of DPP-
based OPVs since these groups show the lowest values of 𝐸E6F6. 
 

A favorable driving force in a BHJ appears when a 𝐷-material (DPP-X) donates 
an electron to the 𝐴-material (e.g., PC61BM), avoiding electron-hole recombination.68 
This can be achieved with a lower 𝐼𝑃, coupled to a HOMO of the 𝐷-material higher in 
energy than in the 𝐴-material, which facilitates hole transport. With a higher 𝐸𝐴,, the 
LUMO of the 𝐷-material is higher than that of the 𝐴-material, which avoids electron-hole 
recombination.52 These interesting results suggest that Hammett’s theory can guide the 
appropriate choice of substituent group (one that could balance a low 𝐼𝑃, and a high 𝐸𝐴,) 
in a DPP-based system to favor both hole and electron transport. 
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Figure 8. Best correlations between the adiabatic ionization potentials (𝐼𝑃,) and electron 
affinities (𝐸𝐴,), in eV, and the ML-based Hammett’s constants. Calculations at the CAM-
B3LYP/Def2-TZVP//B3LYP-D3/Def2-TZVP level. 
 
 
Optical gaps (∆𝑬) and maximum absorption wavelength (𝝀𝒎𝒂𝒙). We computed 
singlet-singlet transition energies between the ground and the first excited states (1S0 → 
1S1), and the ∆𝐸 values are the optical gaps. The S0 → 1S1 is a HOMO-LUMO transition. 
Tables S7-S8 in the SI show the maximum absorption wavelength (𝜆#12), and the 
oscillator strengths of the optical gap (𝑓), computed by the DFT and HF methods.  
 

Concerning the correlations between the optical gap, ∆𝐸 (or, equivalently, 𝜆#12), 
and the ML-based Hammett’s parameters, most of the plots indicate that some 𝜎 constants 
(𝜎$', 𝜎$&, and 𝜎)) exponentially correlate with the values of the transitions energies, as 
seen before for PPy-based systems.25 Therefore, we conclude that resonance effects play 
a significant role in the determination of these properties of DPP-X systems. Figure 9 
depicts the best correlations between ∆𝐸 and the ML-based 𝜎) constants. The higher the 
𝜎 values, the lower the transition energies, which leads to redshifts in the absorption 
spectra discussed below. This behavior indicates that improved visible absorption is 
achieved by employing EWGs with higher 𝜎 values and/or substituents that resonate with 
the DPP core, such as the phenyl group. The correlation between the HOMO-LUMO gap 
(𝐸/) and the 𝜎 constants show the same trends seen in Figure 9; however, the only 
difference is the absolute value of the energy gap. 
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Figure 9. Correlations between ML-based Hammett’s parameters and the first transition 
energy (∆𝐸), the optical gap. 
 
 

Figure 10 plots ∆𝐸 and 𝑓 of the first electronic transition of the absorption spectra, 
calculated at both the TDDFT and ADC(2) methods. The plots show a noticeable increase 
in the values of 𝑓 for the di-substituted DPP-X2 systems compared to the mono-
substituted DPP-X1 due to a synergetic influence of the substituents onto the whole 
system when more than one group is present. Moreover, one can also see that the presence 
of two X groups results in larger red and blue shifts compared with the unsubstituted 
DPP-H system, which appears quite constant between 3.5 and 3.6 eV (CAM-B3LYP) and 
3.3. and 3.4 eV (ADC(2)) – see Figure 10. 
 

Although the ADC(2) method overall shows lower values of both 𝑓 and ∆𝐸 
compared with CAM-B3LYP, both methods provide the same general trends regarding 
blue and red shifts, oscillator strength intensities, and the ordering of the X groups. 
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Figure 10. Optical gap (∆𝐸) and oscillator strength (𝑓) of the first electronic transition 
energy for both types of DPP-X systems. Calculations at the CAM-B3LYP/Def2-TZVP// 
and ADC(2)/Def2-TZVP//B3LYP-D3/Def2-TZVP levels. 
 

 
We found that most DPP-X systems have the maximum absorption in the UV 

region of the spectrum (3–12 eV). Compared with unsubstituted DPP-H, the systems with 
redshifts in the visible range of the spectrum (< 3 eV) are DPP-NO2, DPP-(CHO)2, DPP-
Ph, DPP-Ph2, DPP-(COMe)2, DPP-(COOMe)2, DPP-(CCH)2, DPP-COOH, and DPP-
(COOH)2, most of which are typical EWGs except for the phenyl group. The largest red 
shifts were -0.62 eV (DPP-NO2, TDDFT), -0.83 eV (DPP-(NO2)2, TDDFT), -0.65 eV 
(DPP-COMe, ADC(2)), and -0.72 eV (DPP-(CHO)2, ADC(2)). For the TDDFT and 
ADC(2) methods, appreciable 𝑓 values between 0.20 and 0.55 (see Tables S7-S8) were 
found for all mono- and di-substituted DPP-X. 
 

These results indicate that the substituents capable of withdrawing electrons (for 
instance, through resonance) from a DPP core can redshift the absorption spectra to the 
visible range of the spectrum. A similar result was obtained for di-functionalized DPP 
systems containing different aromatic groups. DPP thus shows potential for application 
in OPVs due to shifts in the spectrum towards longer wavelengths.6 
 
Power conversion efficiency (𝑷𝑪𝑬), open-circuit voltage (𝑽𝑶𝑪), and fill factor (𝑭𝑭). 
Three of the essential parameters for designing photovoltaic systems are the 𝑃𝐶𝐸, 𝐹𝐹, 
and 𝑉67 , which allows the evaluation of the potential application in an OPV device. By 
analyzing the relationship between 𝑃𝐶𝐸, 𝑉67 , , and other factors, such as material 
properties, including the ones via Hammett’s constants, device architecture, and 
processing conditions, researchers can optimize the design and fabrication of photovoltaic 
devices to achieve higher efficiency. Additionally, by using theoretical models to 
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examine experimental data and predict the behavior of new materials before the synthesis, 
time and resources can be saved by identifying the most promising candidates for further 
study.69  
 

According to our calculations, the values of 𝑉67  can be directly related to the 
different 𝜎 constants; the best results are in Figure 11. Similar to the results involving 𝐼𝑃, 
and 𝐸𝐴,, larger values of a given 𝜎 lead to larger values of 𝑉67 . This is due to the direct 
proportionality between 𝑉67  and the absolute value of the HOMO energies of 𝐷-materials 
(𝐸E6F6) – see Eq. (8). 
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Figure 11. Best correlations between the open-circuit voltage (𝑉67) and ML-based 
Hammett’s constants. Calculations at the CAM-B3LYP/Def2-TZVP//B3LYP-D3/Def2-
TZVP level and considering PC61BM as the acceptor material. 
 

Related to the open-circuit voltage through Eq. (9), the fill factor (𝐹𝐹) measures 
how efficiently the free carriers can be removed from the photovoltaic device into the 
external circuit. Additionally, from a typical current-voltage (𝐽-𝑉) curve, one can also 
calculate 𝐹𝐹 by dividing the product of the maximum current (𝐽#) and voltage (𝑉#) – 
values for which the device’s maximum power can be obtained, by the product of 𝐽 7  and 
𝑉67 .70 Recently, 𝐹𝐹 values up to ~83% have been achieved in perovskite solar cells.71–73 
This is larger than previously reported for organic solar cells (OSCs), which have 
𝐹𝐹	usually ranging between 50 and 70%.70 Here, the calculated 𝐹𝐹 for the DPP-X 
systems by Eq. (9) showed rather high values of 𝐹𝐹 up to 98% (see Table S9 in the SI). 
 

The 𝑃𝐶𝐸 values are functions of 𝑉67  (and consequently, 𝐸E6F6K  of the DPP-X 
systems) according to Eq. (8), of 𝐹𝐹 calculated by Eq. (9), and the short-circuit current 
(𝐽 7) constant. The correlations between the ML-based Hammett’s constants and the 𝑃𝐶𝐸 
values for a theoretical DPP-based OPV device illustrate the power of our approach based 
on Hammett’s theory for designing 𝐷-materials in organic electronics. Once again, the 
𝜎$% showed the best results, which are illustrated in Figure 12. The correlations with other 
𝜎 are depicted in Figure S9 in the SI. Similarly to the previous analysis of 𝑉67’s, higher 
values of 𝜎 lead to higher values 𝑃𝐶𝐸 (see Figure 4, Figure 5, and Figure 11). 
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Figure 12. Best correlations between the power conversion efficiency (𝑃𝐶𝐸) and the ML-
based 𝜎$% Hammett’s constants. Calculations at the CAM-B3LYP/Def2-TZVP//B3LYP-
D3/Def2-TZVP level and considering PC61BM as the acceptor (𝐴)-material. 
 
 
Exciton binding energy (𝑬𝒃𝒊𝒏𝒅) analysis. The binding energy 𝐸fab� of an exciton is an 
essential parameter for the operation of organic photovoltaic devices74 since it determines 
how efficiently a bonded hole and an electron dissociate. Therefore, in a donor molecule 
for an OPV we are looking for the smallest value of 𝐸fab� . From the plots of Figure 13, 
we see three amine groups –NH2, –NHMe, and –NMe2, which bear the most significant 
negative Hammett’s constants and are EDGs, have the smallest exciton binding energies. 
Hence, these EDG substituents are the ones most favoring a small 𝐸fab� . This is valid for 
the mono- and di-substituted DPPs. 
 

From the inspection of the plots, correlations between the ML-based Hammett’s 
constants and the computed exciton binding energies (𝐸fab�) of the DPP-X systems are 
not apparent. Despite that, interesting insights emerge from clustering analysis. 

 
We used a machine learning technique, the MeanShift algorithm,75 to investigate 

the eventual clustering of the 𝐸fab�  values and Hammett’s constants. The algorithm 
identifies the number of clusters in a particular data set. Figure 13 shows examples of 
these clustering for the ML-based 𝜎), 𝜎$%, and 𝜎$' Hammett’s constants. The centroids 
(the geometric center of the region) of each distribution are also indicated. The other plots 
are depicted in Figure S10 of the SI. 
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Figure 13. Machine learning analysis employing the MeanShift algorithm of exciton 
binding energies (𝐸fab�) correlated with the ML-based Hammett’s constants for all DPP-
X systems. The centroids of each cluster are indicated by a red cross. 
 
 

The MeanShift clustering algorithm is an unsupervised machine learning 
algorithm that locates arbitrarily shaped regions in the samples of a data set with uniform 
density. The number of clusters is not pre-set as in the more popular ML clustering 
algorithms (e.g., K-means).76 Candidates for the centroids of each region are constantly 
updated to be the averages of the points in the given regions until convergence is reached. 
A final set of centroids is formed and filtered in a post-processing step to eliminate near 
duplicates.75 

 
For all types of Hammett’s constants, three to five clusters of substituents were 

found (Figure 13 and Figure S10). Table 2 e Table 3 list the centroid coordinates of all 



Hammett’s constants clusters depicted in both figures. A centroid characterizes the center 
of a region, and indicate an average electron-donating or -withdrawing behavior of a 
group of substituents selected by the algorithm as having similar properties. The centroids 
show then an average Hammett constant associated to an average binding energy of the 
exciton. Therefore, these pairs of values could be used for searching or choosing 
substituents for optimizing (i.e., reducing) exciton binding energies of DPP-based 
materials. This kind of analysis would undoubtedly be even more helpful for much larger 
data sets.  
 
 
Table 2. Coordinates of all centroid calculated be the MeanShift algorithm for the DPP-
X1 systems. 

𝝈𝒎 𝝈𝒑 𝝈𝑹 𝝈𝑰 𝝈𝒑& 𝝈𝒑' 𝝈𝒎𝟎  𝝈𝒑𝟎 
0.36, 
0.79 

0.46, 
0.77 

0.16, 
0.77 

0.33, 
0.78 

0.60, 
0.77 

0.73, 
0.77 

0.37, 
0.79 

0.39, 
0.79 

0.03, 
0.74 

-0.08, 
0.89 

-0.45, 
0.86 

0.51, 
0.84 

-0.06, 
0.82 

0.29, 
0.82 

0.03, 
0.74 

-0.12, 
0.74 

-0.19, 
0.60 

-0.58, 
0.64 

-0.73, 
0.64 

0.15, 
0.62 

-1.51, 
0.60 

-0.13, 
0.86 

-0.17, 
0.60 

-0.37, 
0.64 

0.70, 
0.86 

0.01, 
0.54  0.07, 

0.94 
-0.91, 
0.82 

-0.67, 
0.64 

0.71, 
0.86  

 
Table 3. Coordinates of all centroid calculated be the MeanShift algorithm for the DPP-
X2 systems. 

𝝈𝒎 𝝈𝒑 𝝈𝑹 𝝈𝑰 𝝈𝒑& 𝝈𝒑' 𝝈𝒎𝟎  𝝈𝒑𝟎 
0.32, 
0.63 

0.50, 
0.60 

0.07, 
0.59 

0.42, 
0.67 

0.54, 
0.58 

0.73, 
0.60 

0.35, 
0.64 

0.45, 
0.64 

0.05, 
0.77 

0.13, 
0.74 

-0.35, 
0.70 

0.15, 
0.30 

-0.06, 
0.68 

-0.13, 
0.72 

0.06, 
0.77 

0.09, 
0.76 

-0.12, 
0.21 

-0.67, 
0.18 

-0.73, 
0.27 

0.48, 
0.27 

-1.51, 
0.18 

-0.67, 
0.27 

-0.11, 
0.21 

-0.15, 
0.46 

0.70, 
0.73   0.07, 

1.01 
-0.91, 
0.66  0.71, 

0.73 
-0.45, 
0.18 

0.52, 
0.27      0.55, 

0.27  

 
 
3.3. Intramolecular charge transfer (ICT) analysis 
 

The electron density flows were quantified by the 𝐶𝑇, 𝑃𝑅, and 𝐶𝑂𝐻 descriptors 
and exciton analysis. For this analysis, the DPP-X systems are divided into three 
fragments: two consisting of the X substituent groups (for the DPP-X1 systems, one of 
these fragments is a hydrogen atom) and one central fragment consisting of the DPP core 
– see Figure 2. Tables S10-S14 list all the values obtained from the CAM-B3LYP and 
ADC(2) methods. 
 

According to the results, the 𝐶𝑇 numbers increase to 0.39e (DPP-CHO, TDDFT), 
0.46e (DPP-(NO2)2, TDDFT), 0.35 e (DPP-Ph, ADC(2)), and 0.51e (DPP-Ph2, ADC(2)) 
in comparison with the DPP-H system, which has 𝐶𝑇 = 0.02e at both TDDFT and ADC(2) 



levels. This suggests that for every DPP-X system, the electron excitations would increase 
(even if small) ICT processes, with electron transfer occurring from the DPP core to the 
X groups. Similarly to the analysis of 𝐼𝑃, and 𝐸𝐴,, this could be due to EDGs 
destabilizing the HOMO of the DPP core and, thus, facilitating the ICT process toward 
the substituent group. At the same time, EWGs stabilize the HOMO of the DPP core 
through an interaction with the LUMO of the substituent, as in previous situations 
discussed above. 
 

The 𝑃𝑅 and 𝐶𝑂𝐻 descriptors vary according with the 𝐶𝑇 number. 𝑃𝑅 numbers 
show the maximum values of 1.87 (DPP-CHO, TDDFT), 2.67 (DPP-(CHO)2, TDDFT), 
1.47 (DPP-Ph, ADC(2)), and 1.96 (DPP-Ph2, ADC(2)). As for the 𝐶𝑂𝐻 numbers, all 
substituents have 𝐶𝑂𝐻 ≈ 𝑃𝑅 (see Tables S10-S14), which suggests that the hole-electron 
separation is rather large; in other words, the excitons are weakly bonded. These results 
confirm the conclusions from the 𝐶𝑇 number analysis, namely that the initial and final 
orbital of a one-electron excitation are generally located in different molecule fragments. 
Different substituted naphthalimides and naphthalic anhydrides 77 and phenyl-substituted 
p-dimethylaminobenzoates 78 also have properties related to ICT transitions that are 
significantly affected by the electron donating/withdrawing strengths of the substituents. 
In photoactive molecules, ICT transitions are essential for applications of such molecules 
in optoelectronic devices.79,80 Here, we found that, by adding especially EWGs or 
substituent groups able to resonate with the DPP core, \facilitates ICT. Moreover, 
transition density matrix (TDM) analysis with the Multiwfn software 81 was carried out 
on all DPP-X systems to corroborate the previous ICT analysis. The TDM technique 
allow the evaluation of solar cells' efficiencies by calculating charge carriers (i.e., holes 
and electrons), the interaction between moieties with different chemical natures (EDG or 
EWG), and electronic excitation.82,83 
 

The TDM plots of all our DPP-X systems can be seen in Figure S13 of the SI. An 
example of the results obtained from this analysis is in Figure 14. In these figures, the y-
axis and x-axis represent the electron and the hole positions, respectively. The color shift 
from blue to red characterizes the intensity (minimum to maximum) of the electron 
transfer between different regions in the molecule. The DPP core is represented by the 
numbers 1-10 in both axes. 
 



 
Figure 14. Transition density matrix (TDM) plots for DPP-H, DPP-(NO2)1,2, and DPP-
(NH2)1,2. Calculations at the CAM-B3LYP/Def2-TZVP//B3LYP-D3/Def2-TZVP level. 
 
 

The TDM results show trends similar to the ones discussed above, i.e., the charge 
density flows from the center of the DPP core, more precisely from carbon atoms 4 and 
5 that are common to both rings (Figure 1) to the carbon atoms bonded to the substituent 
groups (atoms number 3 and 6, Figure 1). Moreover, the charge distribution is more 
symmetrical for the di-substituted rather than the mono-substituted ones. This is expected 
considering the higher symmetry of DPP-X2 systems. 

 
 
4. Conclusions  
 

In this paper, we investigated correlations between Machine Learning (ML)-based 
Hammett’s constants (𝜎)36 and different opto- and electrochemical properties of mono- 
and di-substituted diketopyrrolopyrrole (DPP) derivatives. Density Functional Theory 
(DFT), Time-Dependent DFT (TDDFT), and the ab initio second-order algebraic 
diagrammatic construction (ADC(2)) method were employed. In addition to a 
fundamental understanding of these systems, we aimed to develop theoretical approaches 
to develop molecular-engineered DPP-based systems as donor (𝐷)-materials in organic 
photovoltaics (OPV). Our approach is based on Hammett’s theory, which quantifies the 
donor or withdrawal power of substituents via a numerical constant. 
 

A set of 20 common substituent groups (X) and two groups of functionalized DPP-
X systems were modeled. These included mono- (DPP-X1) and di-substituted (DPP-X2) 
systems. Several OPV propertieswere investigated, including the power conversion 
efficiency (𝑃𝐶𝐸), open-circuit voltage (𝑉67), HOMO and LUMO energies (𝐸E6F6  and 
𝐸GHF6), HOMO-LUMO gaps (𝐸/), energies of the first singlet excited states (∆𝐸) – 
optical gap , adiabatic ionization potentials (𝐼𝑃,), and electron affinities (𝐸𝐴,). We found 
relevant correlations with the 𝜎#, 𝜎$, 𝜎#% , 𝜎$%, 𝜎$&, 𝜎$', and 𝜎) constants, in particular, that 
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the higher the values of Hammett’s constants, the higher the values of 𝑃𝐶𝐸 and 𝑉67 . The 
induction constant 𝜎( did not have a reasonable correlation with the investigated 
properties, which indicates that resonance is the main factor driving electron donation or 
withdrawal in DPP derivatives. 
 

The presence of more than one substituent group modified all optoelectronic 
properties, indicating a synergistic effect when there are two substituents. For every 
decrease (increase) of the values of a given optoelectronic property in DPP-X1, a greater 
decrease (increase) in the same values was observed in DPP-X2. This larger influence of 
additional substituent groups bonded to the DPP core also displayed relevant correlations 
the Hammett’s constants. 

 
For the exciton binding energies for which correlations were not apparent 

correlations, the unsupervised machine learning algorithm MeanShift identified three to 
five clusters of Hammett’s constants. Each region is characterized by a centroid, an 
average pair of values (binding energy, Hammett constant), which can guide the search 
for substituents that can optimize the exciton binding energies of a donor molecule in an 
OPV. This approach should be even more helpful for large data sets and similar situations 
of an apparent lack of correlations. 
 

In this work, we presented a general systematic theoretical approach employing 
Machine Learning (ML)-based Hammett’s constants (𝜎) for evaluating a large set of 
electronic properties relevant for assessing donor molecules in organic electronic devices 
including OPVs. This approach that extended previous works, was applied here to mono 
and -di-substituted DPPs shows potential for assessing and developing new materials for 
organic electronics.  
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