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Highlights 39 

• Multiple predictive models have been developed to predict power conversion efficiency of 40 

dyes for use in dye sensitized solar cells 41 

• The biggest available dye data set covering seven chemical classes have been employed 42 

for modeling 43 

• The models have been developed and validated in accordance with the principles of OECD 44 

• Only 2D descriptors are used to make the models as rapid query tools for new or untested 45 

dyes 46 

• The models should be helpful for the design of new dyes with improved power conversion 47 

efficiency 48 

 49 
 50 

Abstract 51 

The present study reports chemometric modeling of power conversion efficiency (PCE) of dye 52 

sensitized solar cells (DSSCs) using the biggest available data set till date which comprises around 53 

1200 dyes covering 7 chemical classes. To extract the best structural features required for higher 54 

PCE, we have developed multiple partial least squares (PLS) quantitative structure-property 55 

relationship (QSPR) models for the Triphenylamine, Phenothiazine, Indoline, Porphyrin, 56 

Coumarin, Carbazole and Diphenylamine chemical classes using descriptors derived from the best 57 

subset selection method followed by selection of best five models in each dataset based on the 58 

Mean Absolute Error (MAE) values. The models were validated both internally and externally 59 

followed by the consensus predictions employing “Intelligent Consensus Predictor” tool to 60 

examine whether the quality of predictions can be improved with the “intelligent” selection of 61 

multiple PLS models. The quality of predictions for the respective external sets showed that the 62 

consensus models (CM) are better than the individual models (IM) in most of the cases. From the 63 

insights of the developed models, we concluded that attributes like a packed structure toward 64 

higher conductivity of electrons, auxiliary donor fragment of aromatic tertiary amines, number of 65 

thiophenes inducing the bathochromic shift and augmenting the absorption,  presence of additional 66 

electron donors, enhancement of electron-donating abilities, number of non-aromatic conjugated 67 

C(sp2) which helps as conjugation extension units to broaden the absorption and highly conjugated 68 

π-systems exert positive contributions to the PCE. On the contrary, features negatively contributing 69 

to PCE are the followings: fragments which lower the tendency of localized π–π* transition, 70 

fragments related to larger volume and surface area of dyes along with hydrophobicity resulting 71 

in poor adhesion, fragment RC=N causing dye hydrolysis, steric hindrance for π electronic 72 

mobility, fragments enhancing polarity, etc. The identified features from the best QSPR model of 73 

the coumarin dataset was employed in designing of ten more efficient coumarin dyes (predicted 74 

%PCE ranging from 8.93 to 10.62) than the existing ones.  75 

 76 
Keywords: Chemometrics, DSSC, Dye, PCE, QSPR, Solar Cell. 77 
 78 
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1. Introduction 79 
A dye-sensitized solar cell (DSSC) is a molecular photovoltaic (PV) system that mimics nature’s 80 
photosynthesis principle employing a dye to absorb solar radiant energy to generate charge carriers 81 

which are then separated, transported and collected as harnessed solar electricity [1]. In the last 82 
decade, the DSSCs have attracted considerable attention as an alternative renewable energy source, 83 
and there is an extensive ongoing effort towards the design of organic dyes for DSSCs with high 84 
power conversion efficiency (PCE) to surpass some of the disadvantages of the previous inorganic 85 
solar cell systems like limiting weight, reducing cost, improving resources, and performing in an 86 

environment friendly manner [2]. In DSSCs, the dye acts as a photoactive component which 87 

converts photon to electricity through a series of stages where dye is coated to the wide band gap 88 
semiconductor (in most of the cases TiO2) known as working electrode (Figure 1). The DSSC is 89 
prepared with a mixture of high-performance electrolytes like iodide/triiodide (I−/I3−) redox shuttle 90 
and additives [3]. The sensitizer is the key element as it controls the photon harvesting and electron 91 

transport into the nano-structured semiconductor surface and can offer a mean to govern the 92 
interfacial behavior of electron transfer at the TiO2/dye/electrolyte interface [4]. Most of the 93 

organic dyes in DSSCs are prepared based on the donor- acceptor (D-A)-like structure linked 94 
through a conjugated π spacer such as polyene and oligothiophene (D–π–A) and usually have a 95 
rod like configuration. The electron donor units are composed of moieties like indoline, 96 

triarylamine, coumarin, etc., while carboxylic acid, cyanoacrylic acid, and rhodamine units are 97 
used as electron acceptors to fulfill the requirement [4]. The performance of DSSCs depends on 98 

important quantum properties like the highest occupied molecular orbital (HOMO), the lowest 99 
unoccupied molecular orbital (LUMO), and their distributions in the photosensitizers. Thus, dye’s 100 
molecular structure and its  orientation in the form of well-established high-performance D−π−A 101 
structure framework [5] and/or D−A−π−A structure [6] (where D and A stand for donor and 102 

acceptor fragments and π is the conjugated linker between D and A), which combines an auxiliary 103 
acceptor, improves their intramolecular charge transfers (ICT) and diminishes the optical band 104 

gap, are very important areas to study. Therefore, keeping constant all other components of DSSCs 105 
and just by changing the chemical structure of dyes, one can develop highly power conversion 106 
efficient solar system.  107 

 108 
Dye-sensitizers can majorly be of two types: inorganic metal-based dye sensitizers and organic-109 
metal free dye-sensitizers. The organic dyes are more environment friendly as well as easy to be 110 

modified structurally. Thus, a good number of organic dyes are explored for DSSCs  such as 111 
triphenylamines [7-8], indolines [6], diketopyrrolopyrroles [9], anthocyanin dyes[10], perylenes 112 

[11], carbazole dyes [12], etc. In the current situation, ruthenium [13] and Zn-based DSSCs 113 
achieve PCE of 13% [14] experimentally, while organic-metal free dyes (triazatruxene (TAT) 114 
based D−π–A dye) achieve PCE of 13.6% (as reported by Zhang et al. [15], which is the 115 

experimentally reported highest value at the present time). Interestingly, according to National 116 

Renewable Energy Laboratory solar cell efficiency chart, the DSSCs are the least performers 117 

among all existing solar cell types which shows the importance and requirement of more efficient 118 
and practical outcome-oriented research in this specific field. As optimum performance of DSSCs 119 
depends on multi-layered aspects and components, thus a proper scheme needs to be followed for 120 
the design of dyes where all possible parameters of an efficient dye should  be checked initially 121 

even before its synthesis. Over the last few years low cost computational method like quantitative 122 

structure-property relationship (QSPR) is a recognized in silico tool in designing of potential dyes 123 

for DSSCs [16]. Instead of designing sensitizer dyes blindly spending a considerable amount of 124 
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time and money, QSPR models can be a fruitful and reasonable approach to explore multiple 125 
chemical classes in search of the best possible dyes for DSSCs with higher PCE values than the 126 
existing ones in the market [17]. 127 

 128 
Multiple QSPR models have previously been explored for the designing of solar cell systems [18-129 
25].  Fullerene-based polymer solar cell systems have been designed by our group for the very first 130 
time[18,19] employing QSPR models and virtual screening strategically. Venkatraman et al. [20-131 
21], Li et al.[22] and our group [23-25]are actively working in the designing of organic dyes for 132 

DSSCs from the least explored chemical classes like phenothiazines, indolines, 133 

tetrahydroquinolines, N,N′-dialkylanilines etc. We have already designed and proposed potentially 134 
efficient ‘lead dyes’ theoretically, employing QSPR models employing for 273 dyes followed by 135 
electrochemical and optoelectronic parameter evaluation which reported better (predicted) PCE 136 
values than the existing dyes, i.e. 18.88, 19.24, and 13.87 for tetrahydroquinolines, N,N′-137 

dialkylanilines and indolines, respectively [23-25], inspiring synthesis and experimental studies of 138 
two efficient lead dyes from the N,N′-dialkylanilines family in future studies [17]. Venkatraman 139 

et al. [20] developed QSPR models based on eigenvalue (EVA) descriptors generated from 140 
vibrational frequencies which suggested the best goodness-of-fit as well as prediction capability. 141 
Venkatraman et al. [21] proposed effective de novo design employing QSPR analysis and 142 

projected five lead phenothiazine dyes where all designed compounds had predicted PCE values 143 
ranging from 9.2-9.52. Li et al. [22] developed cascaded QSPR models for the overall PCE using 144 

quantum chemical descriptors which successfully predicted the PCE for 354 organic dyes, offering 145 
a valuable tool for the design of future dye sensitizers with efficient PCE. It is obvious that the 146 
quantitative models not only predict the PCE of newly designed dyes, but also explore the 147 
structural as well as physicochemical features responsible for changes in PCE values which can 148 

be employed for future designing as well as alteration of structure scaffolds by experimentalists.    149 

In this background, we have developed here multiple QSPR models for one of the biggest dye 150 
datasets for DSSCs consisting of around 1200 dyes covering seven important chemical classes, i.e. 151 
triphenylamines, phenothiazines, indolines, porphyrins, coumarins, carbazoles, and 152 
diphenylamines following all five principles of Organisation for Economic Co-operation and 153 

Development (OECD) for QSPR model development. The developed models should be significant 154 
tools for the prediction and screening of new and untested dye datasets as well as rich resources 155 

for the designing criteria of individual chemical classes, as each model has explored necessary 156 
structural fragments and molecular prerequisites for efficient dyes for DSSCs. 157 
 158 
 159 

 160 
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 161 
 162 
Figure 1 General mechanism of Dye sensitized solar cells (DSSCs). 163 

 164 
2. Materials and methods 165 

2.1. Datasets 166 
The experimental PCE values used for modeling of various chemical classes of dyes are obtained 167 
from the Dye Sensitized Solar Cell Database (DSSCDB) (https://www.dyedb.com/) [26]. 168 

Currently, the database is holding over 4000 experimental results for a diverse set of chemical 169 
classes. In a preliminary analysis of data, we have screened the dyes based on solar simulator (AM 170 

1.5G 100 mW/cm2) and TiO2 electrode. After that, we have divided the database into individual 171 

chemical classes of dyes: in this process the mixture of dyes were discarded, the standalone 172 
chemical classes of dyes were separated for QSPR modeling. Since the response variable (PCE) 173 

refers to the energy terms, the modeling was performed without logarithmic conversion of the 174 
response (as customary in biological QSPR). Finally, around 1200 dyes were considered and 175 
classified into seven chemical classes and their experimental power conversion efficiency data 176 
were employed for QSPR modeling. The seven datasets consist of 244 Triphenylamines (%PCE 177 

range: 0.053-10.1), 215 Phenothiazines (%PCE range: 0.12-8.18), 170 Indolines (%PCE range: 178 

0.046-9.2), 300 Porphyrins (%PCE range: 0.0013-12.5), 56 Coumarins (%PCE range: 0.33-7.4), 179 
179 Carbazoles (%PCE range: 0.038-12.5), and 35 diphenylamine (%PCE range: 0.4-8) dyes. 180 
 181 
2.1 Descriptor calculation 182 

“The molecular descriptor is the ultimate result of a logical and mathematical operation which 183 

transfigures the chemical information encrypted within a symbolic representation of a molecule 184 
into the result of some regularized (standardized) experiments” [27]. The dye structures were 185 



6 
 

drawn by using the Marvin Sketch 5.10.0 software [28].  Dragon software version 7 [29] and 186 
PaDEL-descriptor 2.21 software [30] were employed for the computation of 2D descriptors 187 
covering constitutional, ring descriptors, connectivity index, functional group counts, atom 188 

centered fragments, atom type E-states, 2D atom pairs, molecular properties (Dragon Software) 189 
and extended topochemical atom (ETA) indices descriptors (PaDEL-Descriptor software). To 190 
identify and interpret the structural fragments and physicochemical properties with ease and to 191 
avoid conformational complexity, we have employed only 2D descriptors. 192 

 193 

2.2 Data set division 194 

Individual datasets were divided into a training and a test set using Kennard-Stone 195 
(Triphenylamine, Porphyrin datasets) and “Modified k-medoid” [31] (Phenothiazine, Indoline, 196 

Coumarin, Carbazole, and Diphenylamine datasets) algorithms. We have selected around 30% of 197 
dyes from each data set for the test set and the remaining 70% of compounds for the training set. 198 
The training set was used to develop the models, and the respective test set was used to validate 199 

the models for prediction purposes. The composition of training and test sets for the individual 200 

dataset is illustrated in Figure 2. 201 

 202 
 203 

 204 
Figure 2 Representation of various dye data sets used in QSPR modeling of dyes. 205 
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 206 
2.3 Variable selection and model development 207 
The descriptor matrices of the training sets were pre-treated to eliminate intercorrelated descriptors 208 

from all the data sets followed by “multistage” stepwise regression analysis was performed to 209 
remove less important descriptors from the initial large pool of descriptors [32-36]. In this way, 210 
we have selected some manageable number of descriptors and made a reduced pool of descriptors 211 
for further processing. After that, we have run best features selection separately for all datasets 212 
using the reduced pool of descriptors employing ‘Best Subset selection v2.1 software’ [37]. We 213 

have developed multiple 13 descriptor models for Triphenylamines, 14 descriptor models for 214 

Phenothiazines, 13 descriptors models for Indolines, 12 descriptor models for Porphyrins, 5 215 
descriptors models for Coumarins, 11 descriptor models for Carbazoles and 4 descriptor models 216 
for Diphenylamines datasets. Among all models obtained from the best subset selection, we have 217 
selected the best five models based on Mean Absolute Error (MAE) [38] values in case of each 218 

dataset. Descriptors selected in all five multiple linear regression (MLR) models for individual 219 
datasets were further subjected to partial least squares (PLS) modeling separately to refine the 220 

models in terms of predictivity and robustness. The MLR and PLS models were developed using 221 
MINITAB [39] and SIMCA-P software [40], respectively. 222 
 223 

To explore whether the quality of predictions of external (test) compounds could be enhanced 224 
through an “intelligent” selection of multiple models (here, five models), we have further used our 225 

in house Intelligent consensus predictor (ICP) tool [31, 41]. The ICP software tool helps for finding 226 
and understanding the performance of consensus predictions in comparison to the quality obtained 227 
from the individual PLS models based on the MAE values (95%), as any single model may not be 228 
good for predictions for all test set compounds. The use of ICP is quite a rational approach for the 229 

prediction of test compounds considering multiple QSPR models developed from the same the 230 
training set. The steps involved in the development of PLS models are represented schematically 231 

in Figure 3.  232 
 233 
 234 

 235 
 236 
 237 

 238 
 239 
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 240 
Figure 3 Schematic representation of the steps involved in the development of QSPR models. 241 
 242 
2.4 Statistical validation metrics, AD study and Y-randomization test 243 

For judging goodness-of-fit and predictive ability of the developed QSPR models, we have 244 
checked the statistical quality employing both internal and external validation metrics. Statistical 245 
parameters like determination coefficient (R2), explained variance (Ra2), leave-one-out cross-246 
validated correlation coefficient (Q2LOO), variance ratio (F), and standard error of estimate(s) were 247 
used to check the quality of training set fitting [42]. For external or test set validation, R2pred or 248 

Q2F1 and Q2F2 parameters were implemented [43]. We have also employed stringent validation 249 

metrics like rm2 [43] and the mean absolute error (MAE) [38] values for both internal and external 250 
validation. The error based metrics were used to determine the true indication of the prediction 251 
quality in terms of prediction errors since they do not evaluate the performance of the model in 252 
comparison with the mean response [38]. Model Y-randomization test was performed using 253 

SIMCA-P software [40] to check whether the models are obtained by any chance or not. The 254 
applicability domain (AD) study was performed for each model using the DModX (distance to 255 

model X) approach at 99% confidence level using SIMCA-P software [40]. 256 

 257 

3. Results and discussion 258 
Statistically acceptable and robust individual (IM), as well as consensus models (CM), were 259 

developed as depicted in Table 1. Analyzing the obtained results, we found that in most of the 260 

cases, consensus predictions of multiple PLS models were better than the results obtained from 261 

the individual PLS models. From among all validation metrics, we have selected the best models 262 

based on MAE(95%) to give more importance on the prediction error of test or external compounds. 263 
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The CM3 model which signifies ‘the best selection of compound wise predictions from the 264 

selected individual models’ is the winner model for following datasets: tri-phenylamines, 265 

phenothiazines, indolines, and porphyrins. However, all four consensus models evolved as the 266 

winner model in case of the carabazole dataset, whereas CM0 (ordinary consensus predictions), 267 

CM1 (average of predictions from 'qualified' Individual models) and CM2 (Wweighted average 268 

predictions from 'qualified' Individual models) models are winner for the diphenylamine dataset. 269 

In contrast, in case of the coumarin dataset, individual model 5 (IM5) is the best model. It is quite 270 

evident from the outcome that predictability of consensus models is much better than the individual 271 

models; the former not only nullifies the error of predictions from an individual model but also 272 

enhances the reliability of the predictions for the true external dataset. All the individual models 273 

are mechanistically interpreted based on the modeled descriptors. In case of all the datasets, we 274 

have selected five PLS models in each case based on MAE values followed by development of 275 

consensus models. The selected models contain 13, 14, 13, 12, 5, 11 and 4 descriptors for the 276 

triphenylamine, phenothiazine, indoline, porphyrin, coumarin, carbazole, and diphenylamine 277 

datasets, respectively. To understand the order of significance of the modeled descriptors or 278 

variables in a descending order, we have prepared Variable Importance in Projection (VIP) plot 279 

for individual models of each dataset which can be found in Figures S1-S7 in the Supplementary 280 

materials file. 281 

 282 
 283 
 284 



10 
 

Table 1 Statistical quality and validation parameters obtained from the developed PLS models. 285 

 286 

Dataset 

 

Type of 

model 

Training set  Test set  
AD 

criteria 

Dixon 

Q-test 

Euclidian 

distance 
R2 

 

Q2(LOO) 

 
2
m(LOO)r   

2
m(LOO)Δr  

R2pred/ 

Q2F1 
Q2F2 2

m(test)r   
2
m(test)Δr  MAE 

(95%) 

 

Tri-phenyl 

amine  

IM1 (LV:7) 0.67 0.60 0.47 0.19 0.60 0.60 0.47 0.20 1.06    

IM2 (LV:6) 0.68 0.61 0.48 0.20 0.59 0.59 0.46 0.24 1.03    

IM3 (LV:5) 0.67 0.61 0.48 0.20 0.59 0.59 0.47 0.18 1.04    

IM4 (LV:6) 0.65 0.59 0.46 0.22 0.58 0.58 0.44 0.24 1.05    

IM5 (LV:7) 0.67 0.60 0.47 0.20 0.60 0.60 0.47 0.19 1.06    

CM1 - - - - 0.61 0.61 0.49 0.25 1.04 

NO NO 0.4 
CM2 - - - - 0.62 0.61 0.49 0.20 1.05 

CM3 - - - - 0.61 0.61 0.48 0.23 1.01 

Phenothiazi

ne 

 

IM1 (LV:6) 0.70 0.64 0.51 0.20 0.69 0.69 0.58 0.18 0.91    

IM2 (LV:6) 0.70 0.64 0.51 0.20 0.69 0.69 0.58 0.18 0.91    

IM3 (LV:6) 0.70 0.63 0.51 0.20 0.70 0.70 0.60 0.13 0.85    

IM4 (LV:6) 0.70 0.63 0.51 0.20 0.70 0.70 0.60 0.13 0.85    

IM5 (LV:6) 0.70 0.63 0.51 0.20 0.70 0.70 0.60 0.15 0.86    

CM0 - - - - 0.70 0.70 0.60 0.16 0.88 

NO NO 0.4 

CM1 - - - - 0.71 0.71 0.60 0.18 0.87 

CM2 - - - - 0.71 0.71 0.61 0.18 0.87 

CM3 - - - - 0.73 0.73 0.63 0.18 0.83 

Indoline  

IM1 (LV:7) 0.74 0.66 0.55 0.16 0.72 0.72 0.67 0.12 0.72    

IM2 (LV:7) 0.74 0.66 0.54 0.17 0.68 0.68 0.63 0.14 0.74    

IM3 (LV:6) 0.73 0.66 0.55 0.17 0.67 0.67 0.64 0.18 0.68    

IM4 (LV:7) 0.73 0.65 0.53 0.17 0.71 0.71 0.66 0.12 0.73    

IM5 (LV:7) 0.75 0.67 0.56 0.16 0.68 0.68 0.64 0.13 0.76    

CM0 - - - - 0.71 0.71 0.66 0.13 0.71 

NO NO 0.4 

CM1 - - - - 0.71 0.71 0.66 0.12 0.70 

CM2 - - - - 0.71 0.71 0.66 0.13 0.69 

CM3 - - - - 0.74 0.74 0.69 0.15 0.66 

 IM1 (LV:6) 0.70 0.66 0.54 0.19 0.66 0.65 0.57 0.16 0.97    
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Porphyrin  

IM2 (LV:6) 0.70 0.66 0.54 0.19 0.66 0.66 0.57 0.16 0.96    

IM3 (LV:6) 0.70 0.65 0.54 0.19 0.66 0.66 0.58 0.13 0.97    

IM4 (LV:6) 0.70 0.65 0.54 0.19 0.67 0.66 0.58 0.13 0.96    

IM5 (LV:5) 0.68 0.64 0.52 0.20 0.67 0.67 0.56 0.20 1.01    

CM0 - - - - 0.68 0.67 0.58 0.17 0.96    

CM1 - - - - 0.68 0.68 0.59 0.16 0.94 

YES YES NO 
CM2 - - - - 0.68 0.68 0.59 0.16 0.94 

CM3 - - - - 0.69 0.69 0.60 0.15 0.93 

Coumarin 

dyes 

IM1 (LV:2) 0.78 0.71 0.61 0.15 0.60 0.58 0.43 0.29 0.95    

IM2 (LV:2) 0.74 0.67 0.56 0.17 0.63 0.61 0.41 0.48 0.85    

IM3 (LV:3) 0.75 0.67 0.57 0.15 0.61 0.59 0.36 0.33 0.89    

IM4 (LV:2) 0.75 0.67 0.56 0.16 0.62 0.60 0.36 0.34 0.88    

IM5 (LV:3) 0.71 0.65 0.54 0.19 0.68 0.66 0.53 0.24 0.84    

CM0 - - - - 0.65 0.63 0.42 0.30 0.88 

0.4 NO NO CM1 - - - - 0.63 0.61 0.40 0.31 0.92 

CM2 - - - - 0.63 0.61 0.40 0.31 0.92 

CM3 - - - - 0.61 0.63 0.37 0.34 0.89    

 

Carbazole  

IM1 (LV:5) 0.75 0.71 0.98 0.19 0.75 0.74 0.61 0.20 0.64    

IM2 (LV:4) 0.75 0.70 0.99 0.20 0.73 0.71 0.58 0.21 0.65    

IM3 (LV:5) 0.75 0.71 0.99 0.18 0.73 0.71 0.58 0.21 0.66    

IM4 (LV:4) 0.74 0.70 1.01 0.19 0.74 0.72 0.57 0.21 0.64    

IM5 (LV:4) 0.74 0.69 1.01 0.20 0.73 0.71 0.55 0.22 0.67    

CM0 - - - - 0.75 0.73 0.58 0.21 0.63 

NO 

 

NO 
 

0.4 CM1 - - - - 0.75 0.73 0.58 0.20 0.63 

CM2 - - - - 0.75 0.73 0.58 0.20 0.63 

CM3 - - - - 0.75 0.73 0.58 0.21 0.63 

 

Di-phenyl  

amine  

IM1 (LV:3) 0.88 0.81 0.74 0.01 0.83 0.83 0.62 0.15 0.65    

IM2 (LV:2) 0.86 0.81 0.74 0.03 0.74 0.73 0.49 0.24 0.73    

IM3 (LV:2) 0.87 0.82 0.74 0.12 0.83 0.82 0.70 0.14 0.77    

IM4 (LV:2) 0.87 0.81 0.74 0.09 0.81 0.80 0.65 0.16 0.92    

IM5 (LV:2) 0.88 0.82 0.76 0.04 0.80 0.79 0.57 0.19 0.65    

CM0 - - - - 0.84 0.83 0.62 0.16 0.61 NO NO NO 
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CM1 - - - - 0.84 0.83 0.62 0.16 0.61 

CM2 - - - - 0.84 0.83 0.63 0.15 0.61 

CM3 - - - - 0.85 0.84 0.74 0.12 0.65 

LV: Latent variable for PLS models; CM0: Ordinary consensus predictions; CM1: Average of predictions from 'qualified' Individual models; 287 
CM2: Weighted average predictions from 'qualified' Individual models; CM3: Best selection of predictions compound wise from ‘qualified 288 
Individual models’; Best model for individual dataset is marked in bold. 289 
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3.1. Dataset 1: Modeling of PCE property of Triphenylamine dyes 290 
The significant descriptors obtained from the five PLS models are indicated in Box-1. The 291 
mechanistic interpretation of all the descriptors is discussed below. 292 

 293 
Box-1 294 

IM1 

 PCE = 2.971 −  48.538 × GD −  0.599 × F06[N − O] +  1.587 × B09[C − S]
− 0.298 × SdssC +  3.545 × B06[C − O] −  2.415 × nN(CO)2 
−  2.992 × NdsN − 2.805 × C − 038 +  4.578 × nRC
= N −  0.685 × F05[N − N] −  2.257 × B07[O − S] −  2.597 × C − 043 
+  1.465 × B06[O − S]   

IM2 

PCE = −1.208 −  56.313 × GD −  0.310 × SdssC −  0.703 × F06[N − O]
+ 2.597 × B06[C − O] + 5.304 × nRC
= N −  2.849 × NdsN −  3.098 × C − 038 − 2.201 × nN(CO)2 
+  85.425 × X4Av −  0.654 × F05[N − N] −  2.032 × B07[O − S]  
−  2.817 × C − 043 +  11.530 × ETA_Shape_Y  

IM3  

PCE = 1.495 −  55.860 × GD −  0.329 × SdssC −  0.622 × F06[N − O]
+  3.116 × B06[C − O] −  2.996 × NdsN +  2.403 × nN(CO)2 
+  88.416 × X4Av −  3.061 × C − 038 +  4.744 × nRC
= N −  2.487 × B07[O − S]  −  0.556 × F05[N − N] −  2.786 × C − 043 
+  1.632 × B06[O − S] 

IM4 

PCE = 1.424 − 54.789 × GD − 0.749 × B02[N − O] − 0.511 × F06[N − O]
− 1.574 × nN(CO)2 −  0.271 × SdssC + 3.385 × B06[C − O]
+ 83.242 × X4Av − 3.152 × NdsN + 4.815 × nRC
= N − 1.894 × B07[O − S] −   2.657 × C − 038 − 0.595 × F05[N − N]
− 2.570 × C − 043  

IM5 

PCE = 2.971 −  48.538 × GD −  0.599 × F06[N − O] +  1.587 × B09[C − S]
− 0.298 × SdssC + 3.545 × B06[C − O] −  2.415 × nN(CO)2 
−  2.992 × NdsN − 2.805 × C − 038 +  4.578 × nRC
= N −  0.685 × F05[N − N] −  2.257 × B07[O − S]  −  2.597 × C − 043 
+  1.465 × B06[O − S]  

 

  295 

i) The atom type E-state descriptor NdsN represents number of nitrogen atoms with double and 296 
single bonds (=N-) contributing negatively to the PCE indicating that presence of this feature in 297 
the dye may decrease the PCE as reflected for following examples: 40 (NdsN=1; PCE=0.44), 161 298 
(NdsN=1; PCE=0.45) and 144 (NdsN=1; PCE=0.18) and vice versa in case of dyes like 97 (NdsN= 299 

0; PCE=7.83), 204 (NdsN= 0; PCE=8.06) and 238 (NdsN=0; PCE=10.1).  This fragment lowers 300 
the tendency of localized π–π* transition due to intramolecular charge transfer transition (ICT) from 301 

the triphenylamine donor. As a result, the absorption maxima will decrease and thereby the PCE values 302 
may decrease [44] .  303 
 304 
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ii) The 2D atom pair descriptor B06[C-O] denotes presence/absence of carbon and oxygen atoms 305 
at the topological distance 6, which contributed positively towards the PCE due to its positive 306 
regression coefficients. Thus, presence of this fragment in the dye molecules may increase the PCE 307 

property as shown in dyes 162 (B06[C-O]=1; PCE=7.78), 178 (B06[C-O]=1; PCE=6.95) and 189 308 
(B06[C-O]=1; PCE=6.82) and vice versa in case of dyes 166 (B06[C-O]=0; PCE=0.087), 169 309 
(B06[C-O]=0; PCE=0.058) and 171 (B06[C-O]=0; PCE=0.093). Presence of this group in the dye 310 
molecules leads to bathochromic shift of the absorption spectrum and enhancement of the molar 311 
extinction coefficient of the dye which directly causes  higher PCE [45]. 312 

 313 

iii) The 2D atom pair descriptor B07[O-S] describes the presence/absence of oxygen and sulfur 314 
atoms at the topological distance 7, contributing negatively towards the PCE. Due to the presence 315 
of this fragment in the donor groups, there is a narrowing of the absorption range of dyes which 316 
causes latency decrease of rapid π-conjugation [46]. Eventually, the PCE values decrease as shown in 317 

the dyes 63 (B07[O-S]=1, PCE=0.77), 67 (B07[O-S]=1; PCE=0.45) and 144 (B07[O-S]=1; 318 
PCE=0.18). In contrast, the dyes having no such fragments may experience an enhancement in the 319 

PCE property as shown in dyes 14 (B07[O-S]=0, PCE=6.22), 95 (B07[O-S]=0, PCE=6.51) and 320 
107 (B07[O-S]=0, PCE=7.67). 321 
 322 

iv) Another 2D atom pair descriptor B09[C-S] denotes the presence/absence of carbon and sulfur 323 
atoms at the topological distance 9 which signifies longer chain in a molecule where sulfur atom 324 

is a part of thiophene ring resulting in a slight hypsochromic and a hypochromic effect in the ICT 325 
band. This may be explained by the steric hindrance induced by the branched-chain that increases 326 
the torsion angle between the triphenylamine moiety and the thiophene unit. This torsion impedes 327 
good delocalization of the π electrons and blue-shifts the position of the ICT band and augment 328 

the absorption [47]. Thus, the dyes having such fragment may have an enhanced PCE property as 329 
shown in dyes 14 (B09[C-S]=1, PCE=6.22), 94 (B09[C-S]=1, PCE=7.03) and 95 (B09[C-S]=1, 330 

PCE=6.51) and vice versa in case of dyes 8 (B09[C-S]=0, PCE=0.08), 9 (B09[C-S]=0, PCE=0.83) 331 
and 40 (B09[C-S]=0, PCE=0.44). 332 
 333 

v) The atom-centered fragment descriptor C-038 represents the Al-C(=X)-Al fragment (where, 334 
Al:aliphatic groups and X: any electronegative atoms like O, N, S, P, Se, halogens) while another 335 
descriptor C-043 represents X--CR..X (R: any group linked through carbon) [48], [49]. Both 336 

descriptors contributed negatively towards the PCE property by contributing to hydrophobicity and 337 
acting as a buffer between the semiconductor and the electrolyte, thus effectively preventing back-338 

transfer of electrons from the semiconductor's conduction band to the redox couple. Therefore, the 339 
charge recombination is reduced [50]. Thus, the PCE values may decrease in the dyes containing 340 
these fragments as shown in dyes like 68 (C-038=2 , PCE=0.95), 69 (C-038=2; PCE=1.1) and 217 341 

(C-038=1; PCE=2.03) for C-038 descriptor); and 49 (C-043=2; PCE=2.98), 72 (C-043=1, 342 

PCE=3.34) and 91 (C-043= 1, PCE=1.02) for C-043 descriptor. On the other hand, the dyes having 343 

no such fragments may have enhanced PCE property as shown in dyes 97 (C-038=0 &C-043=0; 344 
PCE=7.83), 204 (C-038=0 &C-043=0; PCE=8.06) and 238 (C-038=0 &C-043=0; PCE=10.1). 345 
 346 
vi) The functional group count descriptor nN(CO) represents the number of imides(thio) in the dye 347 
structures. The negative regression coefficient of this descriptor indicates that presence of this 348 

fragment in the dye molecules may decrease the PCE property as shown in dyes 148 (nN(CO)2=1; 349 

PCE=0.18) and 170 (nN(CO)2=2; PCE=0.053) and vice versa in case of dyes 113 (nN(CO)2=0; 350 
PCE=7.21), 175 (nN(CO)2=0; PCE=7.28) and 234 (nN(CO)2=0; PCE=7.25). Presence of this 351 
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feature favours dye hydrolysis which improves the aggregation property of the dye over the TiO2 352 
surface and improves the recombination reaction between redox electrolyte and electrons in the 353 
TiO2 nanolayer. As a result, the linkage will be distorted and thereby the PCE values may decrease 354 

[51].  355 
 356 
vii) The ETA_Shape_Y descriptor deals with size and branching in the molecular structure. This 357 
descriptor contributes positively towards the PCE property as indicated by its positive regression 358 
coefficient. The higher numerical value of this descriptor may enhance the bulk of dyes resulting 359 

in sensitized wide-bandgap in the nanostructured photoelectrode [52]. The PCE values may increase 360 

with an increase of this descriptor value as shown in the dyes 48 (ETA_Shape_Y=0.366; PCE=6.01), 361 
120 (ETA_Shape_Y=0.342; PCE=7.66) and 179 (ETA_Shape_Y=0.360; PCE=7.58). On the other 362 
hand, the lower numerical value of this descriptor may decrease the PCE property as shown in 363 
dyes 40 (ETA_Shape_Y=0.235; PCE=0.44), 115 (ETA_Shape_Y=0.241; PCE=0.6) and 134 364 

(ETA_Shape_Y=0.170; PCE=1.7). 365 
 366 

viii) Graph density (GD) is derived from the H-depleted molecular graph and calculated from the 367 
following formula:  368 

𝐺𝐷 =
2.𝑛𝐵𝑜

𝑛𝑆𝐾.(𝑛𝑆𝐾−1)
    369 

 370 
Here, nBO is the number of graph edges (i.e., non-H bonds) and nSK is the number of vertices in 371 

the graph (i.e., non-H atoms).  This descriptor indicates the surface area of the dye which leads to 372 
prolongation of the electron injection into the nano-structured TiO2 [53]. Thus, higher surface area 373 
may decrease the PCE property of dyes in DSSC as evident from the negative contribution.The 374 

higher numerical values of this descriptor may decrease the PCE property as shown in dyes 8 375 
(GD=0.104; PCE=0.08), 9 (GD= 0.098; PCE=0.83)and 115 (GD=0.133; PCE=0.6) and vice versa 376 

in case of dyes 143 (GD=0.019; PCE=6.6), 204 (GD=0.017; PCE=8.06) and 243 (GD= 0.0189; 377 
PCE=6.69). 378 
 379 

ix) The positive regression coefficients of 2D atom pair descriptor B06[O-S] (frequency of oxygen 380 
and  sulfur atoms at topological distance 4) and the connectivity index X4Av (average valence 381 
connectivity index of order 4) as well as the functional group count descriptor nRC=N (number of 382 

aliphatic imines) indicate that presence of these fragments in the triphenylamine dye molecules 383 
may enhance the PCE property as shown in dyes 107 (B06[O-S]=1; PCE=7.67), 179 (B06[O-S]=1; 384 

PCE=7.58) and 122 (B06[O-S]=1; PCE=5.5) in case of B06[O-S] descriptor; 88 (X4Av=0.072; 385 
PCE=6.65), 89 (X4Av=0.067; PCE=7.6) and 239 (X4Av =0.062; PCE=6.91) for X4Av descriptor; 386 
and 70 (nRC=N=2; PCE=3.3) and 71(nRC=N=2; PCE=3.9) for nRC=N descriptor and vice versa 387 
in case of dyes 7 (B06[O-S]=0; PCE=1.78), 39 (B06[O-S]=0; PCE=1.49) and 91 (B06[O-S]=0; 388 

PCE=1.02); 115 (X4Av=0.028; PCE=0.6), 119 (X4Av=0.029; PCE=1.1) and 159 (X4Av=0.028; 389 

PCE=0.3); 144 (nRC=N=0; PCE=0.18) and 166 (nRC=N=0; PCE=0.087), respectively. 390 
 391 
x) The negative regression coefficient of 2D atom pair descriptors like F05[N-N] (frequency of 392 
nitrogen and nitrogen atoms at the topological distance 4), F06[N-O] (frequency of nitrogen and 393 
oxygen atoms at topological distance 6), B02[N-O] (presence or absence of nitrogen and oxygen 394 

atoms at the topological distance 2) and the atom type E-state descriptor SdssC (sum of double, 395 

single and  single bonded carbon E-states) (=C<) indicate that presence of these fragments in 396 
triphenylamine dye molecules may decrease the PCE property as shown in dyes 149 (F05[N-N]=1; 397 
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PCE=2.6), 156 (F05[N-N]=1; PCE=2.2) and 159 (F05[N-N]=1; PCE=0.3) for F05[N-N]; 63 398 
(PCE=0.77), 166 (PCE=0.087) and 171 (PCE=0.093) for F06[N-O], 67 (PCE=0.45), 87 399 
(PCE=0.63) and 103 (PCE=1.12) for B02[N-O] descriptor; and 66 (SdssC=4.65,PCE=0.45) and 400 

67 (SdssC=3.08; PCE=0.27) for SdssC descriptor. On other hand, absence of these fragments may 401 
be important for the PCE property of dyes as shown in the dyes like 162 (PCE=7.78), 172 402 
(PCE=7.02) and 175 (PCE=7.28) for F05[N-N] descriptor; 107 (PCE=7.67), 113 (PCE=7.21) and 403 
177 (PCE=6.95) for F06[N-O] descriptor; 97 (PCE=7.83), 189 (PCE=6.82) and 204 (PCE=8.06) 404 
for B02[N-O] descriptor, 195 (PCE=6.78), 205 (PCE=6.57) and 231 (PCE=7.67) for SdssC 405 

descriptor. 406 

 407 
The mechanistic interpretation of the triphenylamine dyes from all models is schematically 408 
portrayed in Figure 4. The scatter plots of observed vs. predicted PCE property related to the 409 
triphenylamine dyes of DSSCs for all the PLS models are shown in Figure 5. 410 

 411 
 412 

 413 
Figure 4 Contribution of features on controlling PCE values of the Triphenylamine dyes. 414 
 415 
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 416 
 417 
Figure 5 Scatter plots of the observed and the predicted PCE values of the developed PLS models (IM1-418 
IM5). 419 

 420 
3.2. Dataset 2: Modeling of PCE property of Phenothiazine dyes 421 
The significant descriptors along with the mathematical equations of the five PLS models are 422 
illustrated in Box-2. The modeled descriptors are discussed below with their meaning along with 423 
how they influence the PCE values in detail. 424 

 425 

Box-2 426 
 427 

IM1 

PCE = 61.755 +  2.021 × B04[N − O] −  2.604 × B04[O − S] −  0.719 × H − 052 
+ 1.727 × B08[C − O] +  1.552 × B07[N − S] +  0.438 × O% 
−  103.322 × Mi +  59.547 × X0A +  3.926 × totalcharge 
−  1.520 × F09[S − S] +  1.348 × B10[C − S]  −  0.127 × F05[C − O]  
+  0.002 × D/Dtr05 +  0.370 × C − 022  

 

IM2 

PCE = 61.755 +  2.021 × B04[N − O] −  2.604 × B04[O − S] −  0.719 × H − 052 
+ 1.727 × B08[C − O] +  1.552 × B07[N − S] +  0.438 × O% 
−  103.322 × Mi +  59.547 × X0A +  3.926 × totalcharge 
−  1.520 × F09[S − S] +  1.348 × B10[C − S]  −  0.127 × F05[C − O]  
+  0.002 × D/Dtr05 +  0.370 × nR#C − 

 

IM 3 
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PCE = 64.630 +  2.348 × B04[N − O] −  2.711 × B04[O − S] +  1.632 × B08[C − O]
+ 1.561 × B07[N − S] −  102.274 ×  Mi +  0.418 ×  O% 
+  0.978 × F04[O − O] +   3.789 × totalcharge −  0.133 ×  F05[C − O]
+  53.834 × X0A −  1.530 × F09[S − S]  +   0.002 × D/Dtr05 
+  0.424 × nR#C − + 1.243 × B10[C − S]   

 

IM4 

PCE = 64.630 +  2.348 × B04[N − O] −  2.711 × B04[O − S] +  1.632 × B08[C − O]
+ 1.561 × B07[N − S] −  102.274 ×  Mi +  0.418 ×  O% 
+  0.978 × F04[O − O] +   3.789 × totalcharge −  0.133 ×  F05[C − O]
+  53.834 × X0A −  1.530 × F09[S − S]  +   0.002 × D/Dtr05 +  0.424 × C
− 022 +  1.243 × B10[C − S]     

 

IM5 

PCE = 63.969 +  2.333 × B04[N − O] −  2.582 × B04[O − S] +  1.568 × B08[C − O]
+ 1.537 × B07[N − S] − 104.701 × Mi +  0.427 ×  O% 
+  4.242 × totalcharge +  58.245 × X0A −  1.897 × F09[S − S]
+  0.002 × D/Dtr05 +  0.424 × C − 022 −  0.117 × F05[C − O]  
+  1.202 × B10[C − S]  +  0.824 × B07[S − S]  

 

 428 
The constitutional descriptor total charge is defined as sum of the charges of the individual atoms 429 
which contributes positively towards the PCE property as indicated by its positive regression 430 
coefficient. The dyes with a higher value of the descriptor may push forward the π–π* transitions  431 
leading to the efficient ICT in the donor groups of dyes resulting in an increase in the PCE values 432 
[54]. Thus, the dyes bearing higher charges atoms may have higher PCE property as shown in the dyes 433 

191 (Total charge=1; PCE=7.1) and 192 (Total charge=1; PCE=6.9). On the other hand, the dyes 434 
having lower charges may have low PCE property as evidenced from the dyes 62 (Total charge=0; 435 
PCE=0.4), 66 (Total charge=0; PCE=1.8) and 70 (Total charge=0; PCE=0.6). 436 
 437 
The 2D atom pair descriptor B07[N-S] indicates the presence or absence of the nitrogen and sulfur 438 

atoms at the topological distance 7. The positive regression coefficient of this descriptor indicates 439 
presence of these two atoms at the topological distance 7 in the dye may increase the PCE as 440 
evidenced by dyes 51 (B07[N-S]=1; PCE=7.7), 141 (B07[N-S]=1; PCE=7.87) and 180 (B07[N-441 
S]=1; PCE=6.64) and vice versa in case of dyes 114 (B07[N-S]=0; PCE=1.12), 155 (B07[N-S]=0; 442 
PCE=0.93) and 157 (B07[N-S]=0; PCE=0.12). Presence of nitrogen and sulfur atoms at the 443 

topological distance 7 improves the photo-excitation by increasing the localized π–π* transition of 444 

the dye [46]. The photo excitation of the dye increases the PCE property. 445 
 446 
The constitutional descriptor O% denotes the percentage of oxygen atoms and has a positive 447 
contribution to the PCE property as evident from the dyes 78 (O%=11.764; PCE=6.72), 197 448 

(O%=11.764; PCE=6.09) and 199 (O%=10; PCE=6.58). On the other hand, the dyes containing 449 
low number of oxygen atoms may decrease the PCE property as shown in dyes 111 (O%=0; 450 

PCE=0.7) and 112 (O%=0; PCE=1.06). Oxygen atoms are involved in the conduction of electrons 451 
(towards the excitation state) and they have a natural tendency to form a closely packed structure 452 
(https://neutronsources.org/news/scientific-highlights/neutron-power-finding-useful-oxygen-453 

https://neutronsources.org/news/scientific-highlights/neutron-power-finding-useful-oxygen-atoms-and-ions.html
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atoms-and-ions.html) [55]. As a result, the higher conductivity carriers in the dyes enhance the 454 
PCE property. 455 
 456 

The 2D atom pair descriptor B08[C-O] indicates the presence/absence of carbon and oxygen atoms 457 
at the topological distance 8 with positive effects to the PCE property as shown in the dyes 5 458 
(B08[C-O]=1; PCE=6.98), 122 (B08[C-O]=1; PCE=6.82), 142 (B08[C-O]=1; PCE=7.98) and 158 459 
(B08[C-O]=1; PCE=7.33) and vice versa in case of dyes 27 (B08[C-O]=0; PCE=1.88), 98 (B08[C-460 
O]=0; PCE=2.66) and 112 (B08[C-O]=0; PCE=1.06). Presence of carbon and oxygen atoms at the 461 

topological distance 8 signifies the effect of donor and additional donor through a linkage in the 462 

dye system. This specific structural fragment helps to achieve absorption band broadening which 463 
inflences the PCE property of dye molecules [54]. Thus, the broadening of the absorption band 464 
increases the PCE property of dye molecules in the solar cell system. 465 
 466 

Another 2D atom pair descriptor B04[N-O] is defined as the presence or absence of nitrogen and 467 
oxygen atoms at the topological distance 4 which positively contributes to the PCE property as 468 

evident from the dyes 12 (B04[N-O]=1; PCE=6.29), 127 (B04[N-O]=1; PCE=6.87) and 129 469 
(B04[N-O]=1; PCE=8.08). On the contrary, dyes like 56 (B04[N-O]=0; PCE=0.73), 57 (B04[N-470 
O]=0; PCE=0.33) and 70 (B04[N-O]=0; PCE=0.6) have low PCE values. This descriptor signifies 471 

the distance between the nitrogen and the oxygen atoms which is referred to a strong cyano 472 
acceptor and a chelating anchoring mode of the carboxylation which plays a crucial role to regulate 473 

the PCE property of dyes [56]. Thus, the presence of strong acceptor and chelating anchors in dye 474 
leads to higher PCE values. 475 
 476 
The connectivity descriptor X0A denotes average connectivity index of order 0 and the ring 477 

descriptor, D/Dtr05, states distance/detour ring index of order 5. These descriptors have an impact 478 
on the surface area of the dye molecules. The positive regression coefficients of these descriptors 479 

indicated that the dyes having large surface areas may have higher PCE property as shown in the 480 
dyes 12 (X0A=0.713; PCE=6.29), 63 (X0A=0.728; PCE=6.8) and 126 (X0A=0.708; PCE=7.44) 481 
(in case of X0A descriptor)  and other dyes like 10 (D/Dtr05=807; PCE=6.67), 75 (D/Dtr05=674; 482 

PCE=7.3) and 186 (D/Dtr05=782; PCE=7.94) (in case of D/Dtr05 descriptor). On the contrary, 483 
lower numerical values of these descriptors may reduce the PCE value of dye molecules as shown 484 
in dyes like 27 (X0A=0.696, D/Dtr05=0; PCE=1.83), 56 (X0A=0.701, D/Dtr05=0; PCE=0.99) and 485 

57 (X0A=0.697, D/Dtr05=0; PCE=0.73). Large surface area of the dyes may affect the photon 486 
capturing ability due to the sensitized wide band gap in the photo electrode [52]. As a result of the 487 

sensitized wide band gap in the nano-structured photo electrode, the PCE values may be enhanced. 488 
 489 
The atom centered fragment descriptor H-052 denotes He attached to C0(sp3) with 1X attached to 490 

next carbon (where, X: any electronegative atom O, N, S, P, Se, halogens; the superscript e 491 

represents the formal oxidation number) which has a negative contribution to the PCE. Thus, the 492 

dyes bearing this fragment may have lower PCE values as shown in the dyes 56 (H-052=2; 493 
PCE=0.73), 57 (H-052=2; PCE=0.99) and 65 (H-052=1; PCE=1.3), whereas the dyes   141 (H-494 
052=0; PCE=7.87), 142 (H-052=0; PCE=7.98) and 143 (H-052=0; PCE=8.06) showed higher PCE 495 
values as these dyes are devoid of this fragment.  The presence of this fragment favors the lipophilicity 496 

of the dyes which causes alterations in the energy cascade as a result of the physicochemical 497 

changes occurring in the dyes [50]. Thus, the physicochemical alterations such as poor solubility on 498 

semiconductors’ porous layer decreases the PCE values. 499 

https://neutronsources.org/news/scientific-highlights/neutron-power-finding-useful-oxygen-atoms-and-ions.html
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 500 
The constitutional descriptor Mi represents the mean first ionization potential (scaled on a carbon 501 
atom) which shows a negative contribution to the PCE. It was found in case of dyes 41 (Mi=1.049; 502 

PCE=2.14), 61 (Mi=1.041; PCE=1.3) and 200 (Mi=1.037; PCE=2) that with an increase in the 503 
value of the mean first ionization potential, there is a significant decrease in the PCE and vice versa 504 
in case of dyes 44 (Mi=1.012; PCE=7.48), 45 (Mi=1.011; PCE=6.56) and 100 (Mi=1.010; 505 
PCE=6.59). The mean first ionization potential is related to polarity of the molecules which plays 506 
an essential role to regulate the PCE property of dyes in solar cell. Due to presence of small 507 

electronegative atoms, dyes behave like polar molecules. It is known that polarity tends to attain 508 

the aggregation of dye molecules on the semiconductor [51]. Thus, for enhancement of the PCE 509 
property of dye molecules, the mean first ionization potential of dye molecules should be low.  510 
 511 
The positive regression coefficient of the 2D atom pair descriptors like B10[C-S] (the frequency 512 

of carbon and sulfur atoms at topological distance 10), B07[S-S] (the frequency of 2 sulfur atoms 513 
at topological distance 7) and F04[O-O] (the presence or absence of the 2 oxygen atoms at 514 

topological distance 4) as well as C-022 (which accounts for #CR/R=C=R; where R: any group 515 
linked through carbon; X: any electronegative atom O, N, S, P, Se, halogens; =: a double bond; #: 516 
a triple bond) indicate that presence of such fragments in the dye molecules may enhance the PCE 517 

property in DSSCs as evidenced by the dyes 2 (PCE=7.5), 3 (PCE=6.87), 4 (PCE=7.78) where the 518 
numerical value of B10[C-S] descriptor in all three cases is 1; 4 (PCE=7.78), 78 (PCE=6.78), 126 519 

(PCE=7.44), where the numerical value of B07[S-S] descriptor in all these cases is 1; 2 (PCE=7.5), 520 
51 (PCE=7.7) and 191 (PCE=7.1) for which the numerical value of F04[O-O] descriptor in all 521 
these cases is 1; and 179 (PCE=7.44), 180 (PCE=6.64), 182 (PCE=6.06) where the numerical value 522 
of C-022 in all these examples is 4. On the other hand, the absence of these fragments may reduce 523 

the PCE property as shown in the dyes 1 (PCE=2.71), 114 (PCE=1.12) and 189 (PCE=2.82) for 524 
B10[C-S] fragment; 61 (PCE=1.3), 65 (PCE=1.3) and 68 (PCE=1.2) for B07[S-S] descriptor; 27 525 

(PCE=1.83) and 67 (PCE=1.9) for F04[O-O] descriptor; and 56 (PCE=0.73), 57 (PCE=0.99) and 70 526 
(PCE=0.6) for C-022 fragment. 527 
 528 

On the contrary, 2D atom pair descriptors like B04[O-S] (presence or absence of oxygen and sulfur 529 
atoms at topological distance 4), F09[S-S] (frequency of 2 sulfur atoms at topological distance 9) and 530 
F05[C-O] (frequency of carbon and oxygen atoms at topological distance 5) contribute negatively 531 

towards the PCE property of dyes in DSSC. The negative regression coefficients of these descriptors 532 
indicate that presence of such features in the structures of dye molecules may reduce the PCE 533 

property as observed in the dyes 65 (PCE=1.3), 68 (PCE=1.2), 71 (PCE=1.3) for which the 534 
numerical value of B04[O-S] is 1 in all cases; dye 206 (PCE=1.5) for which the F09[S-S] value is 535 
2; 155 (PCE=0.12) and 157 (PCE=0.93) with F05[C-O] descriptor values of 20 and 19, 536 

respectively. On the other hand, absence of such features in the dyes may enhance the PCE 537 

property in DSSCs as shown in the dyes like 51 (PCE=7.7), 132 (PCE=6.13), 180 (PCE=6.64) for 538 

B04[O-S] and 141 (PCE=7.87) for F09[S-S]. Dyes 126 (PCE=6.9) and 192 (PCE=7.44) showed 539 
quite higher PCE due to much lower descriptor values for F05[C-O] than other dyes i.e.2. 540 
 541 
The mechanistic interpretation of the phenothiazine dyes from all the models is schematically 542 

portrayed in Figure 6. The scatter plots of observed vs. predicted PCE property related to the 543 

Phenothiazine dyes for all the PLS models are depicted in Figure S8 in Supplementary material. 544 

 545 
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 546 
Figure 6 Contribution of modeled descriptors on controlling PCE values of the Phenothiazine dyes. 547 
 548 
3.3. Dataset 3: Modeling of PCE property of Indoline dyes 549 

Significant five PLS models are are reported in Box-3. The descriptors appearing in the models 550 

are explained below with the most feasible mechanistic interpretation towards the PCE property 551 
of dyes in DSSCs.  552 
 553 
Box-3 554 
 555 

IM1 

PCE = 2.982 +  0.907 × nCrq +  0.992 × B07[N − N] −  1.520 × B04[S − S]
− 0.733 × NsssN +  0.272 × F04[C − N] −  2.060 × B06[N − N]
+  1.382 × B05[O − S] −  6.394 × SaaaC +  0.089 × F10[C − N]
−  0.825 × B05[S − S] + 0.930 × F07[N − S] +  0.649 × B09[O − S]
+  0.642 × F07[N − O] 

 

IM2 

PCE = 3.004 +  1.042 × nCrq +  1.224 × B07[N − N] +   0.268 × F04[C − N]
− 1.206 × F04[S − S] −  2.200 × B06[N − N] +   1.327 × B05[O − S]
−  6.174 × SaaaC + −0.097 × F10[C − N] −   0.949 × B05[S − S]  
+   0.639 × F07[N − O] + 0.997 × F07[N − S]  +   0.482 × B09[O − S]  

 

IM3 
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PCE = 3.119 +  1.045 × nCrq +  0.866 × F07[N − N] −  0.291 ×  B04[S − S]
+ 0.278 × F04[C − N] −  6.600 × SaaaC −  0.758 × NsssN 
−  1.162 × F04[S − S] + 1.404 × B05[O − S] −  1.968 × B06[N − N]
−  0.111 × F10[C − N] +  1.006 × F07[N − S] −  1.014 × B05[S − S]
+  0.734 × F07[N − O]    

 

IM4 

PCE = 3.161 +  1.123 × B07[N − N] −  0.950 × nCrq −  1.549 × B04[S − S]
− 0.039 × nCconj +  0.276 × F04[C − N] −  0.697 × NsssN 
−  2.059 × B06[N − N] +  1.288 × B05[O − S] −   6.516 × SaaaC 
−  0.095 × F10[C − N] + 1.018 × F07[N − S] +  0.644 × F07[N − O]
−    0.720 × B05[S − S] 

 

IM5 

PCE = 3.119 +  0.922 × nCrq +  1.123 × B07[N − N] − 1.101 ×  B02[N − O]
− 0.849 × B04[S − S] +  0.287 ×  F04[C − N] − 0.576 × NsssN 
+  1.119 × B05[O − S] − 6.387 ×  SaaaC − 2.143 × B06[N − N]
−  0.707 × F10[O − S]  − 0.124 × F10[C − N] +  0.665 × F07[N − O]  
+  1.056 ×  F07[N − S]  

 556 

The positive regression coefficients of the 2D atom pair descriptors like F04[C-N] (frequency of 557 

carbon and nitrogen atoms at topological distance 4), F07[N-S] (frequency of nitrogen and sulfur 558 
atoms at topological distance 7) and F07[N-O] (frequency of nitrogen and oxygen atoms at 559 
topological distance 7) indicate that presence of these fragments in the indoline dyes may enhance 560 
the PCE as shown in dyes 13 (F04[C-N]=21; PCE=8.43), 18 (F04[C-N]=18; PCE=7.28) and 24 561 
(F04[C-N]=18; PCE=9.2) for F04[C-N]; 8 (F07[N-S]=1; PCE=7.12), 107(F07[N-S]=2; 562 

PCE=7.63) and 146 (F07[N-S]=4; PCE=6.71) for F07[N-S]; and 43 (F07[N-O]= 4; PCE=5.4), 112 563 
(F07[N-O]=3; PCE=6.51) and 115 (F07[N-O]=4; PCE=5.93) for F07[N-O] and vice versa in case 564 
of dyes 147 (F04[C-N]=5, F07[N-S]=0, F04[N-O]=0; PCE=1.8), 149 (F04[C-N]=4, F07[N-S]=0, 565 
F04[N-O]=0; PCE=1.92) and 164 (F04[C-N]=3, F07[N-S]=0, F04[N-O]=0; PCE=2.08). The dyes 566 
containing donor group and groups with non-planar structure are very important for the PCE 567 

property. It was already reported that the above mentioned descriptors are present as a part of dye 568 
donors with non-planar structures of the Indoline dyes [54], [57]. 569 
 570 
The other 2D atom pair descriptors F10[O-S] (frequency of oxygen and sulfur atoms at the 571 
topological distance 10) and F10[C-N] (frequency of carbon and nitrogen atoms at the  topological 572 

distance 10) contributed negatively towards the PCE of indoline dyes. These descriptors actually 573 

represent bulk of dye molecules which may weaken the interactions between the semiconductor 574 
and the dye molecules due to steric hindrance followed by restriction of the transfer of electrons 575 
from the dye molecules to the semiconductor [58]. Therefore, the dyes bearing such fragments 576 
may reduce the PCE property of dyes in DSSC as shown in the dyes 14 (F10[O-S]=2; PCE=3.85), 577 
53 (F10[O-S]=2; PCE=2.96), and 150 (F10[O-S]=2; PCE=2.1), for F10[O-S]; and 34 (F10[C-578 

N]=6; PCE=2.7), 35 (F10[C-N]=5; PCE=1.2) and 55 (F10[C-N]=7; PCE=3.9) for F10[C-N] and 579 

vice versa in case of dyes 44 (F10[O-S]=0, F10[C-N]=3; PCE=6.96), 59 (F10[O-S]=0, F10[C-580 
N]=2; PCE=8.34) and 94 (F10[O-S]=0, F10[C-N]= 2; PCE=8.42).  581 
 582 
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The functional group count descriptor nCrq indicates the number of ring quaternary carbons with 583 
sp3 hybridization, and it has a positive contribution towards the PCE. The presence of ring 584 
quaternary carbon with sp3 hybridization is essential for tunable absorption properties and it 585 

produces high molar extinction coefficients leads to improve the energy level reactions in the solar 586 
cell [59]. Thus, presence of higher number of sp3 hybridized quaternary carbon atom in dyes may 587 
enhance the PCE as observed in dyes like 126 (nCrq=1; PCE=6.9), 144 (nCrq=3; PCE=8.78)and 588 
157 (nCrq=3; PCE=7.08). In contrary, the absence of such type of fragment in the dyes may reduce 589 
the PCE as evidenced by the dyes 32 (nCrq=0; PCE=1.48), 93 (nCrq=0; PCE=0.35), and 129 590 

(nCrq=0; PCE=1.48).    591 

 592 

The count of atom-type E-State descriptor NsssN states the number of atoms of type sssN (593 
), which has a negative contribution towards the PCE. Due to the presence of such fragments, the dyes 594 
experience poor π–π* transition (the fragment is less reactive than imines) which results in  slow energy 595 

cascade mechanism [22]. Thus, the dyes containing such fragments may have lower PCE property in 596 

DSSCs as evidenced by dyes 27 (NsssN=4; PCE=2.12), 99 (NsssN=3; PCE=1.42) and 169 (NsssN=3; 597 
PCE=1.71) and vice versa in case of dyes 77 (NsssN=0; PCE=6.86), 78 (NsssN=0; PCE=7.99) and 598 

146 (NsssN=0; PCE=6.71). 599 
 600 
The positive coefficient of other 2D atom pair descriptors B05[O-S] (presence or absence of 601 

oxygen and sulfur atoms at topological distance 5) and B09[O-S] (presence or absence of oxygen 602 
and sulfur atoms at topological distance 9) indicated that presence of these fragments in dyes may 603 
increase the PCE property in DSSCs. In the dye system, oxygen and sulfur atoms regulate the 604 

electron density delocalization which is favorable for the π-bond conjugation. As a result, the 605 
molar extinction coefficient of the dye is enhanced which leads to the bathochromic shift of the 606 
absorption spectrum [45]. Therefore, the dyes containing these fragments may show good PCE 607 

property in DSSCs as evident by the dyes 143 (B05[O-S]=1; PCE=7.25), 144 (B05[O-S]=1; 608 
PCE=8.78) and 145 (B05[O-S]=1; PCE=7.4) for B05[O-S]; and 21 (B09[O-S]=1; PCE=6.12), 78 609 

(B09[O-S]=1; PCE=7.99) and 131 (B09[O-S]=1; PCE=6.11) for B09[O-S] and vice versa in case 610 
of dyes 30 (B05[O-S], B09[O-S]=0; PCE=0.77), 32 (B05[O-S], B09[O-S]=0; PCE=0.63) and 35 611 
(B05[O-S], B09[O-S]=0; PCE=1.2). 612 

 613 

The 2D atom pair descriptors F07[N-N] (frequency of 2 nitrogen atoms at the topological distance 614 

7), B07[N-N] (presence or absence of 2 nitrogen atoms at topological distance 7) and the functional 615 
group count descriptor nCconj (the number of non-aromatic conjugated carbon with sp2 616 
hybridization) contributed positively towards the PCE which indicates that the PCE values increase 617 

with an increase in the numerical value of these descriptors as shown in dyes 8 (B07[N-N]=2; 618 

PCE=7.12), 115 (B07[N-N]=2; PCE=5.93) for F07[N-N]; 135 (B07[N-N]=1; PCE=8.38), 141 619 

(B07[N-N]=1; PCE=8.61) for B07[N-N]; and 13 (nCconj=13; PCE=8.43), 18 (nCconj=13; 620 
PCE=7.28) and vice versa in case of dyes 32 (F07[N-N]=0, B07[N-N]=0, nCconj=1; PCE=0.63), 621 
93 (F07[N-N]=0, B07[N-N]=0, nCconj=3; PCE=0.35) and 108 (F07[N-N]=0, B07[N-N]=0, 622 
nCconj=3; PCE=0.046). 623 
 624 

The 2D atom pair descriptor B06[N-N] represents the presence or absence of 2 nitrogen atoms at 625 

the topological distance 6. B04[S-S] means presence or absence of 2 sulfur atoms at the topological 626 
distance 4 and F04[S-S] stands for frequency of 2 sulfur atoms at the topological distance 4, 627 



24 
 

B02[N-O] states presence or absence of nitrogen and oxygen atoms at the topological distance 2 628 
and the atom centered fragment SaaaC represents sum of aromatic carbons (--C(--)--) (--represents 629 
an aromatic bond). The negative regression coefficients of these descriptors indicate that an 630 

increase in the numerical values of the descriptors may reduce the PCE values as observed in the 631 
dyes 93 (B06[N-N]=1, B04[S-S]=1 & F04[S-S]=1, B02[N-O]=1; PCE=0.35), 108 (B06[N-N]=1,  632 
B04[S-S]=1 & F04[S-S]=1, B02[N-O]=1; PCE=0.046), 30 (SaaaC=0.697; PCE=0.77) and 32 633 
(SaaaC=0.857; PCE=0.63). In contrary, compounds having no such fragments may show higher 634 
PCE values as observed in case of dyes 18 (B06[N-N]=0, B04[S-S]=0, F04[S-S]=0, B02[N-O]=0; 635 

PCE=7.08), 157 (B06[N-N]=0, B04[S-S]=0, F04[S-S]=0, B02[N-O]=0; PCE=7.79), 13 (PCE=8.43) 636 

and 144 (PCE=8.78). 637 
 638 
The mechanistic interpretation from all models is schematically portrayed in Figure 7 for Indoline 639 
dyes. The scatter plots of observed vs. predicted PCE property related to the indoline dyes for all 640 

the PLS models are depicted in Figure S9 in Supplementary material. 641 
 642 

 643 
 644 
Figure 7 Contribution of features on controlling PCE values of the Indoline dyes. 645 

 646 

3.4. Dataset 4: Modeling of PCE property of Porphyrin dyes 647 
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The modeled descriptors for porphyrin dyes obtained from the five PLS models are illustrated in 648 
Box-4. The best possible mechanistic interpretation of the descriptors is discussed below with the 649 
examples of studied dyes.  650 

 651 
Box-4 652 

 

IM1 

PCE = −16.058 + 0.560 × F06[O − X] + 0.296 × F07[C − X] − 0.421 × O%
+  224.846 × X4A − 0.067 × F08[C − O] −   2.395 × B04[N − N]
+  0.359 × F10[N − O] − 2.179 × N − 072 − 1.155 × F03[N − X]
+ 2.267 × B05[N − S] −  0.191 × SdsCH + 0.887 × F03[N − O] 

 

IM2 

PCE = −16.139 +  0.294 × F07[C − X] +  0.556 × F06[O − X] − 0.407 × O% 
+  224.846 × X4A −   0.071 × F08[C − O] −  2.434 × B04[N − N]
+  0.347 × F10[N − O] −  2.130 × N − 072 −  1.126 × F03[N − X]
+  2.228 × B05[N − S]  −  0.189 × SdsCH +  1.810 × B03[N − O]   

IM3 

PCE = −14.909 − 0.429 × O% + 0.291 × F07[C − X] +  0.574 × F06[O − X]
+  191.057 × X4A −  0.066 × F08[C − O] −   2.434 × B04[N − N]
+  0.403 × F10[N − O] −  2.079 × N − 071 +  2.651 × B05[N − S]
− 2.079 ×  N − 072 −  0.216 −× SdsCH −  1.196 × F03[N − X]  
+  0.988 × F03[N − O]  

 

IM4 

PCE = −15.101 − 0.413 × O% + 0.288 × F07[C − X] +  0.571 × F06[O − X]
+  193.418 × X4A −  0.070 × F08[C − O] +  0.390 × F10[N − O] 
−  1.157 × N − 071 +  2.619 × B05[N − S]  −  0.215 × SdsCH 
−  2.045 × N − 072 −   1.173 × F03[N − X]  +  1.946 × B03[N − O]  

 

IM5 

PCE = −14.102 + 0.362 × F07[C − X] +  202.714 × X4A −  0.483 × O% +  1.237 × N
− 071 −  2.755 × B04[N − N] +  2.322 × B05[N − S]
−  1.109 × F03[N − X] +  0.287 × F10[N − O] −  0.177 × SdsCH 
−  1.987 × N − 072 +  0.802 × F03[N − O] −  1.101 × nR08   

 653 
The 2D atom pair descriptors F10[N-O] (frequency of N-O at topological distance 10) and F03[N-654 

O] (frequency of N-O at topological distance 3) contributed positively towards the PCE. Thus, 655 

presence of such fragments in the dyes may enhance the PCE as showed in dyes 37 (F10[N-O]=6; 656 
PCE=9.1), 38 (F10[N-O]=8; PCE=7.2), 39 (F10[N-O]=8; PCE=6.9) for F10[N-O]; 34 (F03[N-O]=2; 657 
PCE=8.3), 208 (F03[N-O]=1; PCE=7.94), 213 (F03[N-O]=1; PCE=8.6) for F03[N-O], while 658 
absence of these fragments may reduce the PCE property as verified by the dyes 113 (PCE=2.46), 659 
265 (PCE=0.63) and 271 (PCE=0.38). Presence of nitrogen and oxygen atoms has a contribution to 660 

the special stability (conjugation) and allows the smaller HOMO-LUMO gap, followed by the red 661 

shift of the absorption spectrum [60]. Thus, the conduction valence edge level increases, and in 662 
result the PCE values of DSSCs increases. 663 
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 664 
The 2D atom pair descriptors F06[O-X] and F07[C-X] denote the frequency of carbon and heavy 665 
metal (X) at topological distance 6 and 7, respectively. They contribute positively towards the 666 

PCE. The descriptor F07[C-X] signifies the carbon is a part of meso aryl substituted portion of 667 
Zinc porphyrin which will act as a donor in the dye [61]. On the other hand, in case of F06[O-X], 668 
the oxygen atom is a part of the long-chain alkoxy group which impairs interfacial back electron 669 
transfer reaction [62]. Thus, electron donating ability and presence of electron back transfer groups 670 
may increase the PCE property as shown in the dye molecules 40 (F07[C-X]=12, F06[O-X]=4; 671 

PCE=8.6), 48 (F07[C-X]=12, F06[O-X]=4; PCE=8.42) and 99 (F07[C-X]=10, F06[O-X]=4; 672 

PCE=9.19) and vice versa in case of dyes 63 (F07[C-X]=0, F06[O-X]=0; PCE=0.42), 102 (F07[C-673 
X]=0, F06[O-X]=0; PCE=0.3) and 123 (F07[C-X]=0, F06[O-X]=0; PCE=0.11). 674 
  675 
The atom type E-state index SdsCH defines the E-state atom index of C atom of the fragment 676 

dsCH (=CH-) which contributes negatively to the PCE property. Therefore, presence of this 677 
fragment in the dyes decreases the PCE property as observed in dyes 96 (SdsCH=25.43; PCE=2.3), 678 

263 (SdsCH=18.19; PCE=1.64) and 268 (SdsCH=19.21; PCE=2.37) and vice versa in case of dyes 679 
141 (SdsCH=1.41; PCE=8), 217 (SdsCH=1.39; PCE=7.88) and 218 (SdsCH=1.39; PCE=8.14). 680 
Presence of this non-polar group makes the negative shift in the solvatochromic properties (ability 681 

of chemical substance to change color due to a change in polarity) of the dye. Thus, the dyes cannot 682 
adhere properly to the semiconductor which results in a negative effect on absorption and stability of 683 

the dye [63].  684 
 685 
Another significant descriptor X4A indicates average connectivity index of order 4; it encodes the 686 
‘χ’ value across four bonds which can be calculated on the basis of Kier and Hall’s connectivity 687 

index [64]. It contributes positively towards the PCE. This indicates that the PCE property of dyes 688 
increases with an increase in the numerical value of this descriptor as shown in dyes 81 689 

(X4A=0.1123; PCE=10.17), 196 (X4A=0.1123; PCE=9.25) and 201 (X4A=0.1145; PCE=10.24) 690 
and vice versa in case of dyes 42 (X4A=0.097; PCE=0.6), 45 (X4A=0.096; PCE=0.02) and 105 691 
(X4A=0.096; PCE=1.1). This descriptor is related to surface area of dyes which is directly related to 692 

light-harvesting capability which could be achieved maximum when the surface area of the dyes 693 
is large [53]. 694 
 695 

The 2D atom pair descriptor B03[N-O] indicates the presence or absence of nitrogen and oxygen 696 
atoms at the topological distance 3 which offers a positive effect to the PCE property as evidenced 697 

by dyes 34 (PCE=8.3), 213 (PCE=8.6) and 214 (PCE=8.7) due to their descriptor values being equal 698 
to 1 in all cases and vice versa (descriptor value zero) for dyes 44 (PCE=0.0013), 45 (PCE=0.02) and 699 
286 (PCE=0.03) in absence of this fragment.This fragment may represent the conjugation units to ‘π’ 700 

system of the dye, which engenders a lower internal resistance to the transport of positive charges.Thus, 701 

the conjugated π-system may enhance the PCE property of dye molecules in DSSC [65].  702 

 703 
The 2D atom pair descriptor F03[N-X] denotes frequency of the nitrogens and heavy metal atoms 704 
(Zn) at the topological distance 3 which contributes negatively towards the PCE property as indicated 705 
by bearing dyes like 252 (F03[N-X]=4; PCE=0.73), 253 (F03[N-X]=4; PCE=1.54) and 292 (F03[N-706 

X]=4; PCE=0.92) which have lower PCE values. Again, dyes not having this feature showed higher 707 

range of PCE as evidenced by the dyes 213 (F03[N-X]=0; PCE=8.6), 214 (F03[N-X]=0; PCE=8.7) 708 

and 216 (F03[N-X]=0; PCE=9.5). The presence of the nitrogen atom at topological distance 3 from 709 
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Zinc in the porphyrin moiety has a positive influence on the cationic charge of the dye endowing the 710 
aggregation resulting in low PCE values [66].  711 
 712 

The positive regression coefficients of 2D atom pair descriptor B05[N-S] which signifies the 713 
presence or absence of the nitrogen and sulfur atoms at topological distance 5 and the atom 714 
centered fragment descriptor N-071 (Ar-NAl2; where, Al and Ar: aliphatic and aromatic groups, 715 
respectively;) indicate  that the presence of these fragments is influential for the PCE property of 716 
dyes in DSSC as observed for the dyes 217 (PCE=7.88) and 218 (PCE=8.14)  for which B05[N-S] 717 

value is 1 for both cases; and 178 (PCE=9.73) and 180 (PCE=9.51) for which N-071 descriptor value 718 

is 1 for both cases. In contrast, the dyes having no such fragments showed poor PCE property in 719 
DSSC as observed in case of dyes like 92 (PCE=0.65), 252 (PCE=0.73) and 292 (PCE=0.92). 720 
The 2D atom pair descriptors B04[N-N] (presence or absence of 2 nitrogens  at the topological 721 
distance 4), F08[C-O] (frequency of carbon and oxygen atoms at the topological distance 8) and 722 

the atom centered fragment N-072(RCO-N< / >N-X=X), the constitutional descriptor O% 723 
(percentage of oxygen atoms) as well as the ring descriptor nR08 (number of 8 membered rings) 724 

contribute negatively towards the PCE property as suggested by their negative regression 725 
coefficients. As the numerical values ofthese descriptors increase, the PCE property of the dyes 726 
will decrease. For example, the dyes 292 (PCE=0.92) and 294 (PCE=0.133) for B04[N-N] 727 

descriptor where the numerical value is 1 for both cases; 252 (PCE=0.73) and 120 (PCE=2.48) for 728 
which the numerical values of F08[C-O] are 60 and 46, respectively; 120 (N-072=2, 729 

nR08=1;PCE=2.48) and 121 (N-072=2, nR08=1;PCE=2.58) for N-072 and nR08 descriptors; 44 730 
(PCE=0.6) and 45 (PCE=0.02) for O% descriptor with the numerical value of 9.41 in both cases  731 
have lower PCe values and vice versa in case of dyes 217 (PCE=7.88) and 218 (PCE=8.14) where 732 
B04[N-N] is absent; 188 (PCE=8.1) and 198 (PCE=8.77) with descriptor value being 2 for F08[C-733 

O] in both cases; 214 (PCE=8.7) and 216 (PCE=9.5) in absence of both features N-072 and nR08; 734 
198 (PCE=8.77) and 205 (PCE=8.26)for O% where the descriptor values are 1.09 and 1.38, 735 

respectively. 736 
 737 
The mechanistic interpretation of the porphyrin dyes from all models is schematically portrayed in 738 

Figure 8. The scatter plots of observed vs. predicted PCE property related to the Porpgyrin dyes 739 
for all the PLS models are depicted in Figure S10 in Supplementary Materials. 740 

 741 

 742 
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 743 
Figure 8 Contribution of significant features on controlling PCE values of the porphyrin dyes. 744 
3.5. Data set 5: Modeling of PCE property of Coumarin dyes 745 
The identified and extracted vital features obtained from the five PLS models for coumarin dyes 746 

are reported in Box-5. The mechanistic interpretation of all the descriptors with suitable examples 747 
of the studied dyes is discussed below to demonstrate how the features are affecting the PCE 748 
property.  749 
 750 
Box-5 751 
 752 

IM1 

PCE = −1.672 +  1.383 × nRCN +  0.979 × F08[N − S] +  2.615 × nArNR2 
− 3.358 × B09[S − S] +   0.261 × nCconj  

 

IM2 

PCE = −1.628 +   1.455 × nRCN +  2.647 × nArNR2 −  3.508 × B09[S − S]  
+  1.115 × B08[N − S]  +  0.249 × nCconj 

 

IM3 

PCE = −1.953 +   1.265 × nRCN +  0.323 × C − 034 +  2.658 × nArNR2 
−  3.354 × B09[S − S] +  0.300 × nCconj 

 

IM4 
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PCE = −1.574 +  1.398 × nRCN +  0.627 × nThiophenes +  2.649 × nArNR2 
−  3.229 × B09[S − S] +  0.230 × nCconj  

 

IM5 

PCE = 0.082 +  1.151 × nR
= Ct +  0.539 × C − 034 −  0.098 × T(S. . S)  − 0.946 × nR#C
−  + 0.539 × C − 040  

 753 
Unlike other chemical classes, here we are not discussing descriptor interpretations for consensus 754 

models. IM5 is the best model for coumarin dyes, and the modeled descriptors only are discussed 755 
below. The functional group count descriptors nR#C- (number of non-terminal carbon with “sp” 756 

hybridization) and nR=Ct (number of aliphatic tertiary carbon with “sp2” hybridization) had 757 
negative and positive contributions respectively towards PCE property of coumarin dyes. Absence 758 
of non-terminal “sp” hybridized C atom and presence of tertiary aliphatic “sp2” hybridized C atoms 759 

in the dyes enhance the frequency of the S-character (S means strong absorption) which is 760 

important to the enhancement of PCE values [67].  761 

 762 
The atom centered fragments C-034 (R--CR..X) and C-040 (R-C(=X)-X/R-C#X/X=C=X) (where, 763 
R: any group linked through carbon; X: any electronegative atom O, N, S, P, Se,halogens; #: a 764 
triple bond; --: an aromatic bond as in benzene or delocalized bonds such as the N_O bond in a 765 

nitro group; ..: aromatic single bonds as the C_N bond in pyrrole) contribute positively to the PCE. 766 

Thus, the presence of such fragments in the dyes may enhance the PCE property in DSSC as 767 
observed in case of dyes 19 (F08[N-S]=2, C-034=3, C-040=4; PCE=7.4) and 32 (F08[N-S]=1, C-768 
034=4, C-040=4; PCE=6.5) and vice versa in case of dyes 7 (F08[N-S]=0, C-034=2, C-040=1; 769 
PCE=1.1) and 24 (F08[N-S]=0, C-034=2, C-040=0; PCE=1.04). 770 
The 2D atom pair descriptor T(S..S) means the sum of topological distance between two sulfur 771 

atoms (where, .. signifies aromatic single bonds), and it shows a negative contribution to the PCE 772 
of Coumarin dyes. It has been found that with the an increase in the numerical value of this descriptor, 773 
the PCE property of dyes decreases, as clearly observed in case of dyes 1 (T(S..S)=52; PCE=1.39) 774 
and 3 (T(S..S)=28; PCE=1.77), while in case of dyes 29 (T(S..S)=3; PCE=6.07) and 35 (T(S..S)=0; 775 
PCE=6.20), the PCE values are increased due to absence of such fragment. 776 

 777 

The mechanistic interpretation of the descriptors for coumarin dyes from all the models is 778 
schematically portrayed in Figure 9. The scatter plots of observed vs. predicted PCE property 779 
related to the coumarin dyes for all the PLS models are depicted in Figure S11 in Supplementary 780 
Material. 781 
 782 
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 783 
 784 

Figure 9 Contribution of modeled descriptors on controlling PCE values of the Coumarin dyes. 785 
 786 

 787 
3.6. Data set 6:  Modeling of PCE property of Carbazole dyes 788 
The modeled descriptors obtained from the five PLS models for carbazole dyes are reported in 789 

Box-6. The mechanistic interpretation of all the descriptors is discussed below with suitable 790 
examples. 791 

 792 
Box-6 793 
 794 

IM 1 

PCE = 0.541 + 0.019 × F06[C − C] − 0.154 × NaasC + 1.808 × B04[N − O]
+ 1.409 × F08[O − O] + 1.339 × B02[C − S] + 1.177 × F06[N − O]
+ 0.918 × B08[O − S] − 0.266 × N% + 0.143 × F04[C − N] 
+ 0.601 × nR10 − 1.445 × F06[N − N] 

 

IM2 
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PCE = 0.177 + 0.019 × F06[C − C] − 0.125 × NaasC + 1.933 × B04[N − O]
+ 1.263 × F08[O − O] +  1.261 × B10[C − S] + 1.072 × F06[N − O]
+ 0.949 × B08[O − S] − 0.202 × N% + 0.129 × F04[C − N]
+  0.714 × nR10 − 1.444 × F06[N − N]  

 

IM3 

PCE = −0.415 + 0.021 × F06[C − C] − 0.141 × NaasC + 1.734 × B04[N − O]
+ 1.377 × F08[O − O] + 1.009 × B02[C − S] + 1.108 × F06[N − O]
+ 0.638 × B06[N − S] + 1.007 × B08[O − S] + 0.732 × nR10
+ 0.114 × F04[C − N] − 1.588 × F06[N − N]  

 

IM4 

PCE = 0.576 + 0.016 × F06[C − C] − 0.098 × NaasC + 2.044 × B04[N − O]
+ 1.652 × B02[C − S] +  1.614 × F08[O − O] +  0.933 × F06[N − O]
− 0.295 × N% + 0.108 × F04[C − N] + 0.694 × nR10 −   0.029 × F06[O
− S] − 1.346 × F06[N − N] 

 

IM5 

PCE = 0.307  +  0.020 × F06[C − C]  −  0.130 × NaasC +  1.804 × B04[N − O]
+ 2.442 × F08[O − O] +  1.206 × B10[C − S] + 0.853 × B08[O − S]
−  0.189 × N% +  0.133 × F04[C − N] +  + 0.670 × nR10 
−  1.547 × F06[N − N] − 0.546 × B04[O − S]  

 795 
The 2D atom pair descriptor F06[C-C] denotes the frequency of two carbon atoms at the 796 
topological distance 6 with a positive effect towards the PCE. Thus, dyes bearing this fragment like 797 

99 (F06[C-C]=149; PCE=7.58), 101 (F06[C-C]=139; PCE= 8.09) and 130 (F06[C-C]=207; PCE=9.8) 798 

showed higher range of PCE property in DSSC. Again, dyes having lower frequency of this fragment 799 
showed lower range of PCE value as evidenced by the dyes 47 (F06[C-C]=14; PCE=2.43), 97 (F06[C-800 
C]=0; PCE=0.0538) and 98 (F06[C-C]=0; PCE=0.0387). Presence of this descriptor signifies the 801 
importance of alkyl linear chains in the dyes which may enhance the electron transfer (these chains 802 

improve the surface protection which will facilitate electron injection [68] from donor to the acceptor 803 

resulting in generation of the charge separated species followed by an increase in the PCE value [69].  804 
 805 
Another 2D atom pair descriptor F08 [O-O] represents the frequency of two oxygen atoms at 806 
topological distance 8, which contributes positively towards the PCE. We can see in the dyes 132 807 

(F08[O-O]=3; PCE=12.5) and 133 (F08[O-O]=2; PCE=9.32), the PCE property is high due to the 808 
higher numerical value of this descriptor, and the opposite is observed in case of dyes 62 (PCE=1.88), 809 

66 (PCE=1.44) and 96 (PCE=1.36) with the absence of F08[O-O] feature. This descriptor signifies the 810 
oxygen in the enamine of the Carbazole moiety and the anchoring functional groups (such as 811 
carboxylate, alkoxysilanes etc.) which may strengthen the π–π interactions of the dye system to help 812 
in an increase in PCE [50] 813 

 814 
The 2D atom pair descriptor F04[C-N] states that the frequency of carbon and nitrogen atoms at 815 

the topological distance 4 affects PCE positively. Thus, presence of this fragment in the dye may 816 
increase the PCE property as reported in dyes 50 (F04[C-N]=22; PCE=7.52), 101 (F04[C-N]=17; 817 
PCE= 8.09) and 130 (F04[C-N]=15; PCE=9.8) and vice versa in case of 97 (PCE=0.0538), 98 818 
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(PCE=0.0837) in absence of F04[C-N]fragment. The presence of carbon and nitrogen atoms in the 819 
carbazole moiety may enrich the electron donating capability in the dyes in DSSCs which may 820 
increase the PCE values [54] . 821 

 822 
The ring descriptor nR10 denotes the number of 10-membered rings in the carbazole dyes with a 823 
positive contribution to the PCE. The presence of 10 membered ring N-annulated indenoperylene 824 
(electron donor) in the photo-chemically inactive segments of the carbazole dye can be conjugated 825 
via triple bond with  an electron-acceptor for a metal-free donor or acceptor dye without the use 826 

of any co-adsorbate, which might be responsible for high PCE value of DSSCs  [70]. Presence of 827 

10 membered ring in the dyes correlate to higher PCE as observed in dyes 103 (nR10=1; PCE=7.54), 828 
130 (nR10=6; PCE=9.8) and 131 (nR10=6; PCE=7.6). 829 
 830 
Another 2D atom pair descriptor B08[O-S] defines presence or absence of oxygen and sulfur atoms 831 

at the topological distance 8 bearing a positive effect to PCE. From the analysis of structures, we 832 
have found that these two atoms are present in methoxy and thiophene moieties of dyes where 833 

oxygen atom acts as linker for donor or acceptor whereas sulfur in thiophene moiety accelerates 834 
absorption by inducing bathochromic shift [47]. Thus, presence of such fragment in dye molecules 835 
may enhance the PCE property of dyes in DSSC as shown in dyes 50 (PCE= 7.52), 94 (PCE=7.33) 836 

and 178 (PCE=7.43) (descriptor value is 1 in all cases), while the absence of such fragments may 837 
detrimental to the PCE property as shown in compounds 91 (PCE=0.19), 157 (PCE=0.21) and 159 838 

(PCE=0.31).  839 
 840 
The negative regression coefficient of 2D atom pair descriptors such as B04[O-S] (which means 841 
presence or absence of oxygen and sulfur atoms at topological distance 4) and F06[O-S] (indicates 842 

frequency of oxygen atom and sulfur at topological distance 6) indicate that presence of these 843 
fragments may reduce the PCE property of dyes in DSSC as evidenced by the dyes 12 (PCE=1.79), 844 

13 (PCE=0.55) and 92 (PCE=0.24) for B04[O-S] descriptor where the value of descriptor is 1 in all 845 
cases);  66 (PCE=1.44 ), 154 (PCE=0.07) and 156 (PCE=0.06) for F06[O-S] descriptor where the 846 
numerical value is 1 in all cases and vice versa in case of dyes 94 (PCE=7.33), 101 (PCE=8.09) 847 

and 133 (PCE=9.32), where both features are absent. These fragments may cause weak interaction 848 
between the semiconductor and carbazole dyes due to steric hindrance which make difficulty in 849 
the electron flow to the semiconductor.  850 

 851 
The 2D atom pair descriptor B10[C-S] states the presence or absence of carbon and sulfur atoms 852 

at topological distance 10 offers a positive effect on the PCE property. Presence of this fragment 853 
favors the bulkiness of the dyes which may enhance the sensitized wide bandgap in the nano-854 
structured photoelectrode [53]. As a result, the PCE values may increase in the presence of this 855 

fragment as shown in the dyes 50 (PCE=7.52), 103 (PCE=7.54) and 178 (PCE=7.43). On the other 856 

hand, the absence of this feature may decrease the PCE property as shown in dyes 32 (PCE=0.695), 857 

53 (PCE=0.99) and 112 (PCE=0.96). 858 
 859 
The 2D atom pair descriptors B06[N-S] (presence or absence of nitrogen and sulfur atoms at the 860 
topological distance 6), B04[N-O] (presence or absence of nitrogen and oxygen atoms at 861 

topological distance 4), F06[N-O] (frequency of nitrogen and oxygen atoms at topological distance 862 

6) and B02[C-S] (presence or absence of carbon and sulfur atoms at topological distance 2) 863 

contribute positively towards the PCE property of dyes in DSSC. The positive regression 864 
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coefficients of these parameters suggest that the presence of such fragments in the Carbazole dyes 865 
enhances the PCE property as shown in the dyes 94 (PCE=7.33), 99 (PCE=7.58), 100 (PCE=6.98) (for 866 
B06[N-S] descriptor, the descriptor value is “1” in all cases), 50 (PCE=7.52), 103 (7.54), 178 (7.43) 867 

(for B04[N-O] descriptor, the numerical value of the descriptor is “1” in all cases), 104 (PCE=6.93), 868 
134 (PCE=6.16), 135 (PCE=6.33) (for F06[N-O], the descriptor value is “1” in all cases), 130 869 
(PCE=9.8), 131(PCE=7.6) (for B02[C-S], descriptor value is “1” in all cases). On the other hand, the 870 
dyes 124 (PCE=1.04), 126 (PCE=0.91) (the numerical value of these descriptors is “0” in all cases) 871 
showed lower PCE values for the Carbazole dyes due to absence of such fragments. 872 

 873 

The negative regression coefficients of the 2D atom pair descriptor F06[N-N] (indicating the frequency 874 
of 2 nitrogen atoms at the topological distance 6), the atom type E-state descriptor NaasC (representing 875 
the number of atoms of aasC (--C(--)-)) and the constitutional descriptor N% (indicates the percentage 876 
of nitrogen atoms) suggested that the presence of these specific features might reduce the PCE 877 

values as shown in case of dyes 138 (PCE=2.17), 150(PCE=2.49) for F06[N-N], where the 878 
descriptor values are 2 and 1, respectively; 62 (PCE=1.88), 116 (PCE=1.78) for NaasC, where the 879 

descriptor values are 15 and 18, respectively); 91 (PCE=0.89 ), 176 (PCE=0.07) for N%  with values 880 
of 6.5 and 6.2, respectively, and vice versa in case of dyes 132 (PCE=12.5) and 133 (PCE=9.32), 881 
where F06[N-N] fragment is absent; 99 (PCE=7.58) and 101 (PCE=8.09), where NaasC descriptor 882 

value is 9 for both dyes; 133 (PCE=9.32) and 99 (PCE=7.58) for which N% values are 2 and 1.8, 883 
respectively.  884 

 885 
The mechanistic interpretation of the PCE property of carbazole dyes from all models is 886 
schematically portrayed in Figure 10. The scatter plots of observed vs. predicted PCE property 887 
related to the carbazole dyes for all the PLS models are depicted in Figure S12 in Supplementary 888 

material. 889 
 890 

 891 
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 892 
 Figure 10 Contribution of different descriptors on controlling PCE values of the carbazole dyes. 893 
 894 
3.7. Dataset 7:  Modeling of the PCE property of Diphenylamine dyes 895 

The identified significant descriptors obtained from the five PLS models are illustrated in Box-7 896 
with their respective contributions to the PCE property. The mechanistic interpretation of all the 897 
descriptors provided below with reasonable examples. 898 
 899 
Box-7 900 

 901 

IM1 

PCE = 6.155 + 0.278 × F08[C − N] + 3.681 × nPyrimidines − 0.661 × F01[C − N]
− 0.170 × StsC 

 

IM2 

PCE = 5.567 + 0.294 × F08[C − N] + 3.354 × nPyrimidines − 0.622 × F01[C − N]
− 0.143 × nCsp 

 

IM3 

PCE = 2.857 − 2.974 × B08[N − N] − 1.99 × C − 041 + 0.498 × nHAcc − 0.267 × StsC 

 

IM4 

PCE = 4.471 − 3.186 × B08[N − N] + 2.919 × nPyrimidines − 1.278 × F04[N − S]
− 1.016 × nR#C − 
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IM5 

PCE = 5.714 + 0.241 × F08[C − N] − 0.068 × ETA_dBeta − 0.634 × F01[C − N]
+ 3.729 × nPyrimidines 

 902 
The 2D atom pair descriptor F08[C-N] defines the frequency of carbon and nitrogen atoms at the 903 
topological distance 8 which contribute positively towards the PCE. This fragment is a part of 904 
many electron donating groups (EDGs) in this dye system (seen in more than 50 structures in the 905 

form of hexyloxy amines and ethylhexyloxy amino groups, dithiadiazole groups) [71]. Therefore, 906 
presence of this fragment in the dyes may enhance the PCE as observed in the dyes 15 (F08[C-907 

N]=16; PCE=6.66), 26 (F08[C-N]=16; PCE=7.1) and 27 (F08[C-N]=20; PCE=8) and vice versa in 908 
dyes 14 (F08[C-N]=2; PCE=3), 33 (F08[C-N]=1; PCE=0.44) and 35 (F08[C-N]=1; PCE=0.4). 909 
 910 

The negative regression coefficient of B08[N-N] (representing presence/absence of the two 911 
nitrogen atoms at the topological distance 8) and F01[C-N] (designating the frequency of carbon 912 

and nitrogen atoms at topological distance 1) indicate that presence of these fragments in the dyes 913 

may reduce the PCE of DSSCs as shown in dyes 29 (B08[N-N]=1& F01[C-N]=8; PCE=1.99), 34 914 
(B08[N-N]=1 & F01[C-N]=10; PCE=1)and 35 (B08[N-N]=1& F01[C-N]=11; PCE=0.44). In 915 

contrast, the dyes having no such fragments may have enhanced PCE property as shown in dyes 916 
15 (B08[N-N]=0& F01[C-N]=6; PCE=6.66), 17 (B08[N-N]=0& F01[C-N]=6; PCE=6.19) and 26 917 
(B08[N-N]=0& F01[C-N]=6; PCE=7.05). Due to the presence of these groups, there is an effect 918 

on the polarity of the dye molecules which may cause dye aggregation on semiconductors 919 
mesoporous layer followed by minimization of photon absorption [72].  920 

 921 
The functional group count descriptor nPyrimidines represents the number of pyrimidines present 922 
in the structure of a dye. The positive regression coefficient of the descriptor indicates the presence 923 
of pyrimidine ring favors the PCE property as shown in dyes 7 (nPyrimidines=1; PCE= 7.05) and 8 924 

(nPyrimidines=1; PCE=7.64), while dyes 14 (nPyrimidines=0; PCE=3), 28 (nPyrimidines=0; 925 

PCE=2.8) and 34 (nPyrimidines=0; PCE=1) show lower range of PCE values due to absence of the 926 
pyrimidine ring. Due to presence of pyrimidine in the dye, the LUMOs lay over the conduction 927 
band edge of TiO2, while their HOMOs are under the reduction potential energy of the electrolytes 928 
(I− /I−3); thus, the ability of electron transfer from the dye (excited state) to TiO2 mesoporous layer 929 

increases, and charge regeneration occurs effectively. Thus, the effective charge regeneration may 930 

enhance the PCE property of dye molecules in DSSC [73].   931 

  932 
The atom centered fragment C-041[48, 49] corresponds to X-C(=X)-X, where, X can be any 933 
electro negative atom O, N, S, P, Se and halogens connected with the carbon atom; it has a negative 934 
impact on the PCE property of dyes as found in dyes 33 (C-041=1; PCE=0.44), 34 (C-041=2; 935 
PCE=0.4) and 35 (C-041=2; PCE=1). On the other hand, the dyes with lower numerical values of the 936 

descriptor show higher PCE values as observed in case of dyes 3 (C-041= 0; PCE=5.4),7 (C-041=0; 937 
PCE=7.05) and 27 (C-041=0; PCE=8). This fragment favours the hydrophobicity of dyes by acting 938 
as a buffer between semiconductor and the electrolyte which leads to an effect on charge recombination 939 
followed by reduction of PCE property.  940 
 941 

Another functional group count descriptor nHAcc stands for the number of acceptor atoms for H-942 

bonds (N, O and F) which contributes positively to the PCE property of diphenylamine dyes. Thus, 943 
the presence of higher number of acceptor atoms in the dyes for hydrogen bonding favors forming 944 
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a closely packed structure that increases its conductivity [74] as well as the PCE values as shown 945 
in the dyes 27 (nHAcc=10; PCE=8), 8 (nHAcc=8; PCE=7.64) and 7 (nHAcc=8; PCE=7.05). In contrast, 946 
the PCE property decreases when there is a decrease in the numerical value of this descriptor as shown 947 

in case of dyes 10 (nHAcc=4; PCE=1.99) and 33 (nHAcc=5; PCE=0.44). 948 
 949 
The atom type E-state descriptor StsC (Sum of tsC E-states ), the constitutional  950 
descriptor nCsp (number of sp hybridized Carbon atoms) and the extended topochemical atom 951 
descriptor, ETA_dBeta (measuring the relative unsaturation content (∆β)) contribute negatively 952 

towards the PCE property of diphenylamine dyes as indicated by negative regression coefficient of 953 

these descriptors. This means that with an increase in the numerical values of the mentioned 954 
descriptors, the PCE value decreases as observed in case of dyes 10 (StsC=8.29 & nCsp=3, 955 
ETA_dBeta=7; PCE=1.99), 14 (StsC=8.31 & nCsp=3, ETA_dBeta=8; PCE=3) and vice versa in 956 
case of dyes 7 (StsC=1.64 & nCsp=1, ETA_dBeta=1.5; PCE=7.05), 8 (StsC=1.67 & nCsp=1, 957 

ETA_dBeta= -5; PCE=7.64). 958 
 959 

The mechanistic interpretation of the diphenylamine dyes from all models is schematically 960 
portrayed in Figure 11. The scatter plots of observed vs. predicted PCE property related to the 961 
Phenothiazine dyes for all the PLS models are depicted in Figure S13 in Supplementary material. 962 

 963 
 964 

 965 
 Figure 11 Contribution of different descriptors on controlling PCE values of the Diphenylamine dyes. 966 
We have also checked the applicability domain of all the individual models (IM1-IM5) developed 967 

from the seven datasets using the DModX approach. Based on the AD study, we have found that 968 
all the training set dyes are within the stipulated D-critical value under 99% confidence limit for 969 
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the Triphenylamine (1.7622-1.879), Phenothiazine (1.768), Indoline (1.598-1.916), Porphyrin 970 
(1.584-1.853), Coumarin (2.536-2.912), Carbazole (1.638-1.904) and Diphenylamine (2.135-971 
3.911) datasets, respectively. In case of test set dyes, 132 (for model IM-1), 167 (for model IM-2), 972 

165 (for model IM-3) and 160 (for model IM-5) for Triphenylamine dataset (Figures S14-S18); 973 
181, 28 and 160 (IM1-IM5) for  Phenothiazine dataset (Figures S19-S23) ; 151 (IM1-IM5)  for 974 
Indoline dataset (Figures S24-S28); 270 (IM1-IM5) for Porphyrin dataset (Figures S29-S33); 129 975 
(IM1-IM-5) for Carbazole dataset (Figure S34-S38) are identified as out of AD.  In case of 976 
Coumarin (Figures S39-S43) and Diphenylamine (Figures S44-S48) datasets, all the test set 977 

compounds are within the AD zone. Considering the huge number of dyes, almost 99% of dyes 978 

pass the AD test and their predictions are completely reliable. 979 
 980 
We have performed Y-scrambling or Y-randomization analysis to check whether we got our model 981 
accidentally. But interestingly all scrambled models failed to achieve R2 and Q2 values of more 982 

than or equal to 0.5 which suggest that our developed models had not generated by chance. The 983 
quality of these randomized models is so bad that no single R2 value is over 0.1 and all Q2 values 984 

are in negative range. The complete results can be found in Table S1 and the figures can be found 985 
in Figures S49-S55 in the Supplementary materials file. 986 

 987 

3.8 Overview of the obtained interpretation from QSPR models 988 
We have developed multiple QSPR models for around 1200 organic dyes classified under seven 989 

chemical classes. The developed individual and consensus models helped us to identify the 990 
essential structural fragments and physicochemical features of the studied dyes which are 991 
responsible for variation of the PCE values in DSSCs. The models offer a series of mechanistic 992 
interpretation of the variation of PCE values with molecular structures of a large number of dyes 993 

which can be employed by the investigators to reduce the experimental testing, time, and money 994 

by several folds. Moreover, the exploratory information may help to design new, improved lead 995 
dyes for all seven classes. The quantitative structural analysis lead to the following interpretations 996 
for efficient PCE of individual chemical classes: 997 
 998 

Triphenylamine dyes 999 
The fragment =N- lowers the tendency of localized π–π* transition due to ICT transition from the 1000 

triphenylamine donor to the anchor group and lowers the absorption maxima followed by a decrease 1001 
of PCE values. The fragments Al-C(=X)-Al (Al: aliphatic, X: O, N, S, P, Se, halogens) and X--1002 
CR..X contribute to the hydrophobicity and act as a buffer between the semiconductor and the 1003 

electrolyte which prevent the back-transfer of electrons from the semiconductor's conduction band 1004 

to the redox couple and ultimately lower the PCE. Presence of imides (thio) favours dye hydrolysis 1005 
which helps the aggregation of the dye over the TiO2 surface and improves the recombination 1006 

reaction between redox electrolyte and electrons in the TiO2 nanolayer. On the other hand, 1007 
presence of O and S atoms in the donor groups narrows the absorption range of dyes which causes 1008 

latency decrease of rapid π-conjugation. Thus, all these fragments need to be avoided during the 1009 
design of triphenylamine dyes. 1010 

 1011 
On the contrary, long branching in thiophene ring results in a slight hypsochromic and 1012 

hypochromic effect in the ICT band where the steric hindrance is induced by the branched-chain 1013 

increases the torsion angle between the triphenylamine moiety and the thiophene unit. This torsion 1014 
impedes good delocalization of the π electrons and blue-shifts the position of the ICT band and 1015 
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augment the absorption. Aliphatic imines (nRC=N) also help in the mobilization of free electrons 1016 
to offer better PCE. 1017 
 1018 

Phenothiazine dyes 1019 
H attached to C0(sp3) with 1X attached to next C fragment favors the lipophilicity or 1020 
hydrophobicity of the dyes which causes alterations in the energy cascade as a result of the 1021 
physicochemical alterations such as poor solubility on semiconductors porous layer decreases the 1022 
PCE values. Again, the mean first ionization potential on a scaled C atom is related to polarity of 1023 

the molecules due to presence of small electronegative atoms which results in the aggregation of 1024 

dyes on the semiconductor and ultimately lowers the PCE.  1025 
 1026 

Higher number of O atoms is good as they are involved in the conduction of electrons towards the 1027 
excitation state due to their natural tendency to form a closely packed structure. As a result, the 1028 

higher conductivity carriers in the dyes enhance the PCE. Fragment like #CR/R=C=R (= double 1029 
bond; # a triple bond) is good for mobilization of free electrons and ultimately flow of current in 1030 

the solar system. Again, large surface area of the dyes may affect the photon capturing ability due 1031 
to the sensitized wide band gap in the photo electrode which is one of the reasons for high PCE 1032 
values. The presence of C and O atoms at topological distance 8 signifies the effect of donor and 1033 

an additional donor through a linkage in the dye system which helps to achieve absorption band 1034 
broadening followed by an increase in the PCE. The N and O atoms at the topological distance 4 1035 

signifies to a strong cyano acceptor and a chelating anchoring mode of the carboxylate ion which 1036 
plays a crucial role to regulate the PCE property of dyes.  1037 
 1038 
Indoline dyes 1039 

Dyes with nitro group,  and fragments experience poor π–π* transition (less reactive than 1040 

imines) which results in  a slow energy cascade mechanism followed by lower PCE values. O-S and 1041 

C-N atoms at the topological distance 10 represent bulkiness of dyes which may weaken the 1042 
interactions between the semiconductor and the dye due to steric hindrance followed by restriction 1043 
of the transfer of electrons from the dye to the semiconductor. Therefore, smaller fragments with 1044 
lower branching is expected to increase PCE. 1045 

 1046 

Ring quaternary carbon with sp3 hybridization and non-aromatic conjugated carbon with sp2 1047 
hybridization are good for PCE as this feature is essential for tunable absorption properties, and 1048 
they produce high molar extinction coefficients leading to improved energy level reactions in the 1049 
solar cell. Indoline dyes containing donor groups and groups with non-planar structure are very 1050 
important for the PCE property. Fragments with O and S atoms at the topological distances 5 and 1051 
9 regulate the electron density delocalization which is favorable for the π-bond conjugation. As a 1052 

result, the molar extinction coefficient of the dye is enhanced which leads to the bathochromic 1053 
shift of the absorption spectrum followed by better PCE. 1054 
 1055 
Porphyrin dyes 1056 
Presence of methine bridges (=CH-), a non-polar group makes the negative shift in the 1057 

solvatochromic properties of the dye which cannot adhere properly to the semiconductor which 1058 

results in a negative effect on the absorption and stability of the dye. Additionally, fragments like 1059 
RCO-N< or >N-X=X and 8 membered rings could be avoided for better PCE values.  1060 



39 
 

 1061 
Aliphatic and aromatic amines, the N-O at topological distances 3 and 10 fragments have a 1062 
contribution to the special stability (conjugation) and allow a smaller HOMO-LUMO gap, followed 1063 

by the red shift of the absorption spectrum. Thus, the conduction valence edge level increases, and 1064 
as a result, the PCE values of DSSCs increases. Again, C and O at the topological distances 6 and 1065 
7 with heavy metal (X) suggest the long-chain alkoxy group which impair interfacial back electron 1066 
transfer reaction help in electron donating ability, and the C in meso aryl substituted portion of 1067 
Zinc porphyrin acts as a donor in the dye, and these may increase the PCE property. The average 1068 

connectivity index of order 4 related to surface area of dyes is directly related to light-harvesting 1069 

capability which could be achieved maximum when the surface area of the dyes is large. 1070 
 1071 
Coumarin dyes 1072 
The topological distance between two sulfur atoms needs to be lower in case of coumarin dyes. 1073 

One or two thiophene group(s) would be optimal, preferably one. Again, if two thiophene groups 1074 
are present in a coumarin dye, they should be connected with a single bond to have the lowest 1075 

topological distance between the S atoms. Absence of a non-terminal carbon with “sp” 1076 
hybridization is also good for enhancement of PCE. 1077 
 1078 

The aliphatic nitriles increase the electron withdrawing ability which is meant to interact with the 1079 
electron-donating groups present in the dye. Thus, this kind of dipolar fragment provides 1080 

directionality of the electronic orbitals in the excited state which leads to photo-induced charge-1081 
transfer excitation of the dye-to TiO2 bands. The non-aromatic conjugated sp2 hybridized C atoms 1082 
and aliphatic tertiary carbon with “sp2” hybridization help in the conjugation extension units 1083 
increase which helps in broadening the absorption and photosensitization properties of the 1084 

coumarin dyes followed by better PCE. Fragments like R--CR..X, R-C(=X)-X or R-C#X or  1085 
X=C=X (#: triple bond; --: aromatic bond as in benzene or delocalized bonds such as the N-O bond 1086 

in a nitro group; ..: aromatic single bonds as the C-N bond in pyrrole) are good for PCE.  1087 
 1088 
Carbazole dyes 1089 

Fragments with O and S atoms at the topological distances 4 and 6 fragments may cause weak 1090 
interaction between the semiconductor and carbazole dyes due to steric hindrance which causes 1091 

difficulty in the electron flow to the semiconductor. Presence of fragment and 2 N atoms at 1092 
the topological distance 6 results in poor π–π* transition followed by lower PCE values. 1093 
 1094 
In contrast, 10-membered ring N-annulated indenoperylene (electron donor) in the photo-1095 
chemically inactive segments of the carbazole dye can be conjugated via triple bond with an 1096 

electron-acceptor for a metal-free donor or acceptor dye without use of any co-adsorbate which 1097 

might be responsible for high PCE values. Fragments two O atoms at the topological distance 8 1098 
signifies the oxygen in the enamine of the carbazole moiety and the anchoring functional groups (such 1099 
as carboxylate, alkoxysilanes etc.), which may strengthen the π–π interactions of the dye system to 1100 
help in an increase of PCE values. Again, a fragment with C and N atoms at the topological distance 1101 

4 moiety may enrich the electron donating capability in the dyes which may increase the PCE 1102 
values. The fragment with the O and S atoms at the topological distance 8 present in methoxy and 1103 

thiophene moieties of dyes where the O atom acts as linker for donor or acceptor and S in thiophene 1104 

moiety accelerates absorption by inducing bathochromic shift. 1105 
 1106 
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Diphenylamine dyes 1107 
Fragments like X-C(=X)-X and favour the hydrophobicity of dyes by acting as a buffer 1108 
between semiconductor and the electrolyte which have an effect on charge recombination followed by 1109 

reduction of PCE property. Again, number of sp hybridized C atoms and higher number of 1110 
unsaturation content in the dye result in the reduction of PCE values. Again, fragments like 2 N 1111 
atoms at the topological distance 8 and C and N atoms at the topological distance 1 have an effect 1112 
on the polarity of the dye which may cause dye aggregation on semiconductor’s mesoporous layer 1113 
followed by minimization of photon absorption. 1114 

 1115 

The pyrimidine scaffold has the ability of electron transfer from the dye (excited state) to TiO2 1116 
mesoporous layer, and charge regeneration is done effectively for higher PCE. Again, presence of 1117 
more acceptor atoms for H-bonds (N, O and F) in the dyes for hydrogen bonding favor to form a 1118 
closely packed structure that increases its conductivity followed by PCE.  The electron donating 1119 

groups like hexyloxy amines, ethylhexyloxy amino groups and dithiadiazole groups help in an 1120 
increase of PCE values.  1121 

 1122 
4. Design of new dyes 1123 
The success of a QSPR model is in its implementation to design new dyes with an enhanced 1124 

response (here %PCE). Therefore, we have tried to design power conversion efficient dyes based 1125 
on our generated best models. In our previous studies, we have already designed indoline, 1126 

diphenylamine and tetrahydroquinoline dyes [17,24,25] employing QSPR analysis and quantum 1127 
chemical studies. In the present study, we have considered the coumarin chemical class for 1128 
designing purpose due to its least %PCE value compared to all other studied chemical classes. 1129 
Among the studied 58 coumarin dyes, the highest experimental %PCE value is 7.4 and only 5 dyes 1130 

has %PCE value more than 6. So, undoubtedly coumarin dye is the least explored and developed 1131 
classes of dyes among the studied ones. Thus, model IM5 is considered for the design of coumarin 1132 

dyes as it is the best developed model as discussed in the Results and Discussion section. Based 1133 
on the interpretation of the modeled descriptors of equation IM5 of Box 5, we have designed 10 1134 
coumarin dyes (CM1-CM10) (See Table 2) for which theoretical predictions showed % PCE 1135 

ranging from 8.93-10.62. Compared to the highest reported experimental %PCE of 7.4 in the 1136 
studied dataset, the designed dyes showed a 20.68-43.51% increase in PCE values. In order to 1137 
check the AD of the designed dyes, we have applied the DModX approach under 99% confidence 1138 

limit and found that all 10 compounds reside under the modeled D-critical value of 2.912. The AD 1139 
plot of the designed coumarin dyes is illustrated in Figure S56 in Supplementary materials. 1140 
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Table 2 Calculated descriptors and predicted % PCE of the designed coumarin dyes. 1141 

 1142 

Dye Structure 
Computed Descriptor Predicted 

(%) PCE nR=Ct C-034 T(S..S) nR#C- C-040 

CM1 

 

3 

 

 

6 

 

 

0 

 

 

0 

 

 

4 

 

 

8.93 

 

 

CM2 

 

3 

 

 

6 

 

 

0 

 

 

0 

 

 

4 

 

 

8.93 

 

 

CM3 

 

4 

 

 

6 

 

 

0 

 

 

0 

 

 

5 

 

 

10.62 

 

 

CM4 

 

3 

 

 

 

6 

 

 

 

0 

 

 

 

0 

 

 

 

5 

 

 

 

9.46 
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CM5 

 

4 

 

 

6 

 

 

0 

 

 

0 

 

 

5 

 

 

10.62 

 

 

CM6 

 

4 

 

 

6 

 

 

0 

 

 

0 

 

 

5 

 

 

10.62 

 

 

CM7 

 

3 

 

 

 

6 

 

 

 

3 

 

 

 

0 

 

 

 

5 

 

 

 

9.17 

 

 

 

CM8 

 

3 

 

 

 

6 

 

 

 

0 

 

 

 

0 

 

 

 

5 

 

 

 

9.46 
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CM9 

 

4 

 

 

6 

 

 

3 

 

 

0 

 

 

5 

 

 

10.32 

 

 

CM10 

 

3 

 

 

6 

 

 

3 

 

 

0 

 

 

5 

 

 

9.17 

 

 

1143 
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5. Conclusion 1144 
In the overall conclusion, the identified requisite fragments are important for photophysical 1145 
properties and optimal balance of short-circuit current (JSC) and the open-current voltage (VOC). 1146 

The present manuscript has largely explored the 2D structural fragments features, as the quantum 1147 
and electrochemical analyses for large number of dyes are time consuming. Aliphatic or aromatic 1148 
amines/imines, thiophenes, pyrimidines, and pyrrole ring systems with an overall requirement in 1149 
terms of π electrons or aromatic system for the mobilization of free electrons in the form of current, 1150 
more acceptor atoms for H-bonds in the form of D−A−π−A structure framework, polarity, 1151 

optimum chain length to avoid hydrophobicity of dyes are the overall features for most of the 1152 

chemical classes with some specific exceptions to individual chemical classes. The interpreted 1153 
features from the QSPR models helped us in designing of power conversion efficient ten coumarin 1154 
dyes. The potentially best designed dye showed predicted %PCE value of 10.62 which is a 43.5% 1155 
increase compared to the existing coumarin dye with the highest PCE value in the modeled dataset. 1156 

Our suggested exploratory features of dyes from other chemical classes may also help to design 1157 
more efficient dyes similar to the case of coumarins saving time and money. 1158 
 1159 
 1160 
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