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Anti-aggregation and intra-type Förster resonance energy transfer 

in bulky size indoline sensitizer for dye-sensitized solar cells: A 

combined DFT/TDDFT and molecular dynamics study 

Wei-Lu Ding, Quan-Song Li* and Ze-Sheng Li* 

We have performed theoretical investigation by combination of DFT/TDDFT and molecular dynamics simulation to explain 

the relationship between the bulky size donor group and higher efficiency for a recent indoline sensitizer YA422 derived 

from its counterparts IQ4 and YA421, which featured the gradual extended donor subunit in dye-sensitizer solar cells 

(DSSCs). Firstly, the absorption and fluorescence properties indicate that the Förster resonance energy transfer occurs only 

in YA422, where the λems of donor group D2 matches with the λabs in whole molecule around the band of 533 nm. Second, 

the simulated heterogeneous between the sensitizer and (TiO2)124 before and after the additive CDCA co-adsorption shows 

that the nearest position of every monomer in YA422 is separated by a row of Ti atoms due to its steric hindrance 

introduced by the extended donor group, which not only forms the ordered alignment but also prevents aggregation. 

Meanwhile, the separated position decreases the self-decay which indicated by the complete  intramolecular charge 

transfer in the aggregate structure on (TiO2)124. Furthermore, by combined Newns−Anderson approach and Marcus 

equation, the faster electron injection rate kinject of YA422 (2.27×10
15

 s
-1

) is obtained compared with IQ4 and YA421. We 

confirm that the higher conversion efficiency achieved by YA422 is aroused from its bulky size donor group which 

enhances the electron-donating and transfer. Finally, based on the above insights, we designed a novel sensitizer DW1 

which is expected to be promising candidate due to its enhanced absorption and larger kinject compared with YA422. 

1. Introduction 

Dye sensitized-solar cells have aroused great interest in 

academia and engineers in the near decades at the urgent of 

searching for sustainable and clean energy resources all over 

the world upon the first report by the pioneer group.1 Since then, 

considerable efforts have been made to further improve the 

conversion efficiency by optimization the components such as 

sensitizer,2-8 electrolyte,9-11 photoanode12-14 and counter 

electrode.15, 16 Meanwhile, the most critical mechanisms 

involved in the photoinduced electron injection and 

recombination are still kept a high attention because the deeper 

understanding of the process of electron transfer can guide to 

synthesis potential candidates before the real device assembly. 

In the latter years efforts, however, the conversion 

efficiencies have not improved obviously, especially in the pure 

organic sensitizer-based devices because the π-π stacking in its 

own solution17 and on the semiconductor surface (commonly 

TiO2)
18 can lead to the fast fluorescence decay from excited 

state to ground state, and deteriorates the electron injection 

efficiency.19-21 Thus experimental works have focused on co-

sensitization via more than one kind of sensitizer22-27 to 

complement absorption each other28, 29 which not only covers 

the panchromatic window extraordinarily but also produces an 

outperformance short-circuit density Jsc, or co-adsorption with 

an anti-aggregate additive (commonly the chenodeoxycholic 

acid (CDCA))30, 31 aims to separate the sensitizers one by one 

and achieves a higher open-circuit voltage Voc. 

For the process of co-sensitization, the inter-type Förster 

resonance energy transfer (FRET)32-38 from the energy donor to 

acceptor (the former features a shorter-wavelength absorption 

and coded as “blue” or energy relay dye, while the latter 

possesses a longer-wavelength response and named as “red” 

dye) occurs through nonradiative dipole-dipole coupling. This 

strategy not only decreases the usage of every kind of sensitizer 

but also improves the overall efficiencies at the compatible 

ratio.29, 34, 39, 40 However, an observation of the detrimental 

inter-type FRET via experiment41 says that the weaker dipole-

dipole coupling which featured with the relative vertical 

orientation can enhance the electron injection in “blue dye”, 

while the more parallel orientation strengthens the 

intermolecular FRET at the expense of degradation its electron 

injection. Alternatively, this inter-type FRET can be transferred 

to intra-type FRET38, 42, 43 by end-capping energy donor in 

energy acceptor directly, as similar as to the “antenna” where 
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relaxed excited state, the cationic energies calculated at the geometry 

of the excited state and the energies of the relaxed cationic state, 

respectively. 

As for the content related to χsol, it is expressed by: 

 

where RD, RA, R denote the radii of the donor, acceptor and the 

distances between their centers, and the ε∞ as well as the εs 

stand for the optical frequency and static relative dielectric 

constants of the solvent, respectively. And ∆q is the amount of 

the transferred electron. 

Additionally, the coupling constant VRP is estimated via the 

Generalized Mulliken-Hush formalism (GMH):73 

 

where µRP and µR (µP) stand for the transition diploe moment, 

the permanent dipole of the excited and cationic state, 

respectively. In eqn (16), ∆ERP is calculated by: 

 

In eqn (17), the EP and ER contribute to the energies of the 

product (cationic state) and the reactant (excited state), 

respectively. 

Furthermore, to compute the electron injection driving force 

∆Ginject in eqn (11), we assume that the process occurs in 

relaxation path, thus the ∆Ginject can be calculated by: 

 

where the ���������
	�
∗  is the excited state oxidation, and it can be 

expressed as:  

 

In eqn (19), the ���������
	�
  and ����

	�
  present for the ground state 

oxidation and the “0-0” absorption energy, respectively, and the 

latter one can be written as: 

 

where �
�(�
�), �
�(�
�) and �
�(�
�) contribute to the energies 

for excited state Si at the ground state S0, the energies obtained 

from the optimized excited state Si and the energies in the 

ground state S0, respectively. Additionally, the ∆�
�  is the 

excitation energy from S0→Si. 

For analysis of the electron injection rate, we only use the 

data obtained from eqn (11) unless otherwise noted. And we 

only provide outline of the classical Marcus theory and the 

detail is given by ref.73. 

3. Results and discussions 

3.1 Intra-type Förster resonance energy transfer 

As we know, the prerequisite for the high efficiency sensitizer 

is the absorption can match with the solar radiation in the 

panchromatic range. Inspired by the more prominent 

conversion efficiency of YA421 and YA422 compared with 

IQ4, the optical property of these isolated sensitizers in CH2Cl2 

solution has been simulated to explore the critical role of the 

extended donor part D1(D1’) and D2/(D2’) (Fig. 1) in YA421 

and YA422, respectively. The simulated spectra, transition 

characterization and the oscillator strength f are summarized in 

Fig. 3 (a) and Table 1, respectively. From Fig. 3 (a), one can 

find that the maximum absorption λabs among these sensitizers 

are all around 530 nm and the oscillator strength f related to this 

band is improved by the order of YA422 (1.26) > YA421 (1.16) 

> IQ4 (1.11), respectively. However, in the region of 350-420 

nm, the peak is in the order of YA422 (367 nm), IQ4 (405 nm) 

and YA421 (407 nm), respectively. These results are perfectly 

in line with the observation by experiment44  and imply that the 

extended donor moiety can improve the absorption strength in 

the lower energies region and influence the higher energies 

band apparently. 

Table 1 Electronic transition data obtained at MPW1K/6-31+G(d) level for 
isolated sensitizer in the CH2Cl2 solution. 

Sensitizer λabs/(nm/eV) λabs (exp.)a transition 

characterb 

f 

IQ4 529/2.34 526 H→L 1.11 

 405/3.06 423 H-1→L 0.61 

 302/4.11 / H→L+3 0.58 

YA421 533/2.33 522 H→L 1.16 

 407/3.04 413 H-2→L 0.59 

 315/3.93 / H→L+3 0.98 

YA422 533/2.32 534 H→L 1.26 

 411/3.02 / H-3→L 0.45 

 367/3.38 388 H→L+2 1.53 

a
 Data from ref.44. 

b 
H presents for HOMO and L presents for LUMO. 

In view of the enhanced absorption strength around the band 

of 530 nm and the prominent Jsc of YA421 and YA422-based 

device, the intra-type FRET from the extended donor group to 

energy acceptor has been explored. Initially, the absorption and 

fluorescence (S1→S0) properties are simulated to detect whether 

the fluorescence and absorption in energy donor and acceptor 

are matched in YA421 and YA422, respectively. We assume 

the two different energy transfer paths in the two sensitizers: 

the first one is the energy transfer is initially triggered from the 

D1’/D2’ segment (in red and green, Fig. 1) and the second one 

is supposed from the D1/D2 (in blue and pink, Fig. 1). The 

absorption λabs and fluorescence λems of S1→S0 in these defined 

donor parts have been simulated and the corresponding data is 

summarized in Table 2 and Fig. 3 (b)-(e), respectively. From 

Table 2, one can find that the λabs of D1/D1’ is around 310/235 

nm and the λems is around 349/288 nm, respectively. Via the 

comparison of spectra in Fig. 3 (b), the λabs of 235 nm in D1’ 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 
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(22) 
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(a) 

                                                       

 

 

 

 

 

 

(b) 

 

(c) 

Fig. 6 The distances of H-bond and N…N (both located in indoline 
group) and the intermolecular interaction energies (vs. the points-in-
time) in series of aggregate pattern in YA421: (a) for (1, 1) (b) for (0, 2) 
and (c) for (2, 2) pattern, respectively (Solid and dot line in black and 
pink represent for H-bond in F1 (black) and F2 (pink) before and after 
CDCA co-adsorption. The line in gray and magenta stand for the 
distances of N…N between F1 and F2 before and after CDCA co-
adsorption, respectively. The interaction energies are marked in blue 
and green before and after CDCA co-adsorption, respectively). 

summarized in Fig. 7 (a) and (b), respectively. For (0, 2) pattern 

(Fig. 7 (a)), the distances of H-bond is around 0.99 Å before the 

CDCA co-adsorption, but upon the CDCA presence, a small 

interference is detected from ~ 0.90 to 2.00 Å in the initial 2 ps 

and then maintains ~ 0.98 Å in the later 8 ps. However in (2, 2) 

pattern, this magnitude does not display an evident change in 

the whole time span before and after the co-adsorption with 

CDCA. 

On the other hand, the N…N distances in (0, 2) pattern tend 

to shorten from ~ 7.50 to 7.20 Å after the CDCA co-adsorption. 

Similarly, this value in (2, 2) pattern is also inclined to decrease 

from ~ 7.81 to 6.51 Å upon CDCA existence. Meanwhile, the 

average interaction between F1 and F2 in (0, 2) pattern is ~ 

2.96 and ~ 3.00 eV before and after the CDCA co-adsorption. 

While in (2, 2) pattern, the quantity are both about 2.40 eV no 

matter how the CDCA co-adsorption. Based on the analysis 

above, it is clearly that YA422 can prevent the aggregation, and 

this is evidenced by the negligible fluctuation of H-bond as well 

as the more separated donor part before CDCA co-adsorption. 

Moreover, the interaction also shows that the stable alignment 

can form in (0, 2) and (2, 2) patterns without the help of CDCA. 

In brief, the YA422 adsorbed on the substrate might be in the (2, 

2) pattern as like as YA421 that the distances of H-bond and 

N…N are comparable except the relative stronger interaction 

between F1 and F2, which is attributed to the Van der Waals 

interaction via more of the hexyloxy chains in YA422 can 

hamper the aggregation and ensure the denser alignment. 
 

                                                  

                                                   (a) 

 

                                                   (b) 

Fig. 7 The distances of H-bond and N…N (both located in indoline 
group) and the intermolecular interaction energies (vs. the points-in-
time) in series of aggregate pattern in YA422: (a) for (0, 2) and (b) for 
(2, 2) pattern, respectively (Solid and dot line in black and pink 
represent for H-bond in F1 (black) and F2 (pink) before and after CDCA 
co-adsorption. The line in gray and magenta stand for the distances of 
N…N between F1 and F2 before and after CDCA co-adsorption, 
respectively. The interaction energies are marked in blue and green 
before and after CDCA co-adsorption, respectively). 

3.3 Optical property of aggregate structures in sensitizers 

As we know, the absorption of sensitizer on the substrate 

commonly presents a blue- or red-shift due to the H- or J-

aggregation.84, 85 In view of the situation, the absorption of the 

aggregate structures on substrate has been simulated to further 

detect the influence of the extended donor part on the optical 

property. The calculated data is summarized in Table 3. Firstly, 

for IQ4, the maximum absorption λmax of all aggregate 

structures is blue-shifted and the oscillator strengths f are all 

strengthened compared to the monomeric structure (Table 1). 

Meanwhile, except the transition of λmax in (3, 1) pattern is 

originated from H→L+1, the transition in other patterns is 

aroused from H-1→L and this is distinguished from H→L of 

monomeric IQ4. Table 3 also shows the transition isodensity 

plotting of these dimeric structures to distinguish the character 
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