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Molecular cosensitization is favorable for manipulating solar radiation through the judicious choice of

cosensitizers having complementary absorption spectra. For greenhouse-integrated dye-sensitized solar

cells (DSCs), the manipulation of solar radiation is crucial in order to maximize the flow of

photosynthetically active radiation (PAR) for the effectual photosynthetic activity of plants; meanwhile,

non-PAR is utilized in agrivoltaics for generating electricity. In this study, we report the synthesis of novel

four UV-selective absorbers, based on the diimide scaffold, functionalized with carboxylate and pyridyl

anchoring groups, for adequate adsorption onto the TiO2 electrode in DSC. The UV/Vis absorption

spectra of the DMF solution-based free dyes were measured experimentally. Basic photophysical and

energetics requirements for operating greenhouse-integrated DSCs were examined at the molecular

level via (time-dependent) density functional theory-based calculations. The computational results

revealed the outperformance of the biphenyldiimide-structured DI-CA1 dye, especially for maximum

charge transferred to its anchor, lower thermodynamic barrier for dissociating the photogenerated

exciton, largest Stokes' shift, strong electronic coupling with TiO2 nanoparticles, and higher degree of

charge separation at the DI-CA1/TiO2 interface. PDOS showed deeper existence for the LUMO level in

the CB of TiO2, which expedites the electron injection process. The chemical and optical compatibility of

DI-CA1 were then investigated as a potential cosensitizer of a reference BTD–DTP1, a green light-

absorbing dye. Considerable overlap between the fluorescence spectrum of DI-CA1 and absorption

spectrum of the reference BTD–DTP1 advocated the opportunity of excitation energy transfer via the

radiative trivial reabsorption mechanism, which confirms the cosensitization functionality. Energy

decomposition analysis and reduced density gradient maps estimated the chemical compatibility owing

to weak dispersion interactions as the dominant stabilizing attractive force. This noncovalent

functionalization retains the chemical compatibility without distorting the p–p conjugation and the

associated physicochemical properties of the individual dye molecules. Along with the expanded

consumption of non-photosynthetically active solar radiation, an improved power conversion efficiency

of greenhouse-integrated DSC is accordingly expected.
1. Introduction

A sustainable socioeconomic development requires renewable
energy (RE) at an affordable rate with low environmental
impacts and low greenhouse gas (GHG) emissions to mitigate
, Taibah University, Yanbu, 46423, Saudi

ence, Alexandria University, Alexandria

lexu.edu.eg; eman.nabil@alexu.edu.eg

(ESI) available: Exchange–correlation
s concerning optimized geometries of
H NMR spectra of compounds. See

35
climate change. In the eld of solar energy, dye-sensitized solar
cells (DSCs) is an attractive third-generation eco-friendly solar
energy technology with low cost of fabrication, tunability, short
energy payback time, and remarkable performance in diffuse or
ambient sunlight conditions without suffering from the angular
dependence of incident light.1 Moreover, DSCs represent the
only truly transparent type of building-integrated (BI) and
automotive-integrated (AI) photovoltaic (PV) devices, besides
being one of the most promising candidates of portable energy
supply.2,3 DSCs are also advantageous for agrivoltaics, which
integrates PVs into agricultural settings, such as greenhouses,
aiming at harvesting solar energy without hampering plant
growth and crop productivity.4,5 The rst DSC device was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reported by O'Regan and Grätzel who achieved a photoactive
bandgap-engineered semiconducting oxide (TiO2) via sensiti-
zation with the organometallic dye adsorbed on semiconductor
nanoparticles.6 Similar to doping semiconductor, the objective
of the sensitization approach is to provide the excitation energy,
though not essentially the bandgap, which is comparable to the
energy of photons in a denite part of the solar emission
spectrum. However, in a sensitized semiconductor, the
bandgap is dened primarily by the nature of the photosensi-
tizer with distinct dynamics of the photogenerated electron,
wherein the photosensitizing dye is the accountable component
for capturing light energy and generating photoexcited electron,
which is subsequently injected into the conduction band (CB) of
the semiconductor.7 In a working DSC device, the redox medi-
ator (I�/I3

� or Co3+/Co2+) serves to close this electric circuit by
transferring the electron to the oxidized dye and restoring it to
its neutral charge, making a new photoexcitation cycle possible.
One of the emerging strategies to tailor the absorption coverage
of the solar emission spectrum and to improve the power
conversion efficiency (PCE) of DSC is the cosensitization of the
semiconducting electrode with two or more dyes having
complementary absorption spectra.8 The cosensitization tech-
nique usually aims at affording panchromatic optical absorp-
tion emulating that of the solar spectrum. This is achievable by
the coadsorption of opaque cosensitizers having optical proles
that cover the entire visible and near-infrared (NIR) regions of
the solar spectrum.9 Contrastively, cosensitization can be
employed in colored see-through DSC, which is fabricated with
cosensitizers having little absorption in the high human-eye-
sensitivity region (500–600 nm).2 Fully transparent and color-
less DSCs devices can also be attained with cosensitizers
selectively absorbing in the ultraviolet (UV) and NIR regions of
the solar spectrum, through which only the nonvisible part of
the solar spectrum is converted into electricity.10,11 Overall, the
cosensitization technique is favorable for manipulating solar
radiation through the optimum choice of cosensitizers. In the
context of greenhouse-integrated DSC agrivoltaics, the manip-
ulation of solar radiation is extremely crucial to maximize the
ow of photosynthetically active radiation (PAR) into the inte-
rior space of the greenhouse, i.e., blue light (425–475 nm) and
red light (625–750 nm), to be captured by chlorophyll a and
b pigments, as well as phytochromes in plants, so as to drive
photosynthesis. In the meanwhile, the unused radiation (non-
PAR) is to be utilized by the integrated DSC for electricity
production. The non-PAR is the light that falls outside these
wavelengths including infrared (IR) and UV radiation, as well as
the green light in the visible region.12 Dess̀ı et al. recently re-
ported the fabrication of greenhouse-integrated DSC systems
utilizing three organic dyes, which are intensely absorb only the
green light of the visible spectrum, whilst maintaining good
transmittance in the red and blue regions as the two photo-
synthetically active regions.13 One of these dyes is the BTD–
DTP1 dye, which is based on the benzothiadiazole (BTD)–
dithienopyrrole (DTP) scaffold. It provided an energy conver-
sion efficiency up to 8.18% and 8.77% in THF and chloroben-
zene solvents, respectively. The measured maximum light
absorption (lmax) was found to be centered in the green region
© 2022 The Author(s). Published by the Royal Society of Chemistry
of the spectrum at 532 nm, and the reported incident-photon-
to-current-efficiency (IPCE) reached 80% at ca. 500 nm in THF
solvent. On the other hand, diimides, a subclass of rylenes dyes,
have tunable electronic properties as well as chemical, thermal,
and photochemical stability with near-unity uorescence
quantum yields.14,15 In this context, we report the synthesis and
spectroscopic properties of four new symmetrical UV-selective
organic dyes based on diimides (DI-CA and DI-N) incorpo-
rating carboxyl and pyridyl anchoring groups. Computational
quantum chemical investigation was subsequently performed
to explore the potential application of the synthesized diimides
as photosensitizers in DSCs and as promising cosensitizers of
the green-selective BTD–DTP1 organic dye, as reported by Dess̀ı
et al.13 Evidently, an entirely organic mix of UV-selective dii-
mides and green-selective BTD–DTP1 dyes would represent
a good scenario from a purely environmentally sustainable
perspective. In addition, it provides a rational approach to
enhance the overall efficiency, and in the meantime, retain
good transmittance in the photosynthetically active regions for
greenhouse-integrated DSC applications.

2. Methodology
2.1. Experimental methods and materials

All commercial chemicals and analytical reagents were
purchased from Sigma-Aldrich and used as received (purity
99%). The progress of the reactions was monitored using thin
layer chromatography (TLC) on silica gel 60 F254 E-Merck (layer
thickness 0.2 mm) plates with a hexane–ethyl acetate (1 : 9 v/v)
mobile phase, wherein the spots were visualized under a UV
lamp at l ¼ 254 nm. Melting points were recorded on a Melt-
Temp apparatus and were uncorrected. Infrared (IR) spectra
were recorded in a KBr matrix using a Unicam SP 1025 spec-
trophotometer within the range of 400–4000 cm�1. The 1H NMR
(400 MHz) and 13C NMR (100 MHz) spectra were recorded using
a Bruker NMR spectrometer with TMS (0.00) as an internal
standard to calibrate the chemical shis (d) reported in ppm.
The UV-Vis absorption spectra of the solution-based free dyes
were measured in N,N-dimethylformamide (DMF) using
a ThermoScientic Evolution 201/220 UV-Visible Spectropho-
tometer. The uncertainty in the UV/vis measurement is 2 nm.

General synthetic procedure of diimides (DI). To a solution
of 3,30,4,40-biphenyltetracarboxylic anhydride 1 (0.34 mmol, 100
mg) in DMF (10 mL), 4-aminopyridine 2 (0.74 mmol, 70 mg), or
4-aminobenzoic acid 3 (0.73 mmol, 100 mg) were added for the
preparation of DI-N1 and DI-CA1, respectively. Similarly, the
solutions of 1,2,4,5-benzenetetracarboxylic-1,2:4,5-
dianhydride(pyromellitic dianhydride) 4 (0.46 mmol, 100 mg)
and 4-aminopyridine 2 (0.98 mmol, 92 mg) or 4-aminobenzoic
acid 3 (0.98 mmol, 134 mg) were mixed for the preparation of
DI-N2 and DI-CA2, respectively. Under reux, the four reaction
mixtures were heated for 8–10 h. TLC (hexane–ethyl acetate,
1 : 9 v/v) was used to monitor the four reactions, and aer
completion, the reaction mixtures were allowed to cool. The
formed precipitates were subsequently collected by ltration,
washed with ethanol, and recrystallized from DMF to afford the
targeted products.
RSC Adv., 2022, 12, 11420–11435 | 11421
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Characterization of 2,20-di(pyridin-4-yl)-[5,50-biisoindoline]-
1,10,3,30-tetraone, DI-N1. This compound was obtained in 81%
yield; mp: 298, IR (n, cm�1): 1776 and 1727 (asymmetric and
symmetric C]O); 1589 (C]N). 1H NMR (400 MHz, DMSO-d6):
dppm 8.95 (s, 2H), 8.12 (d, J ¼ 4 Hz, 4H), 7.99 (br, 4H). 13C NMR
(100 MHz, DMSO-d6): dppm 171.73 (C]O), 163.08, 160.56,
158.83, 150.99, 147.82, 137.04, 127.21, 126.14, 113.86.

4,40-(1,10,3,30-Tetraoxo-[5,50-biisoindoline]-2,20-diyl)dibenzoic
acid, DI-CA1. This compound was obtained in 83.6% yield; mp:
>300, IR (n, cm�1): 1778 and 1730 (asymmetric and symmetric
C]O); 1610 (C]N); 3500–2500 broad band (OH). 1H NMR (400
MHz, DMSO-d6): dppm 13.17 (br, 2H, 2 COOH, D2O exchange-
able), 8.50 (s, 2H), 8.44 (d, J ¼ 4 Hz, 2H), 8.15 (d, J ¼ 4 Hz, 2H),
8.13 (d, J¼ 4 Hz, 4H), 7.66 (d, J¼ 2 Hz, 4H). 13C NMR (100 MHz,
DMSO-d6): dppm 167.23 (COOH), 166.80 (C]O), 146.25, 136.13,
134.39, 133.17, 131.91, 130.53, 130.37, 127.52, 124.82, 122.98.

2,6-Di(pyridin-4-yl)pyrrolo[3,4-f]isoindole-1,3,5,7(2H,6H)-tet-
raone, DI-N2. This compound was obtained in 84% yield; mp:
>300, IR (n, cm�1): 1725 and 1657 (asymmetric and symmetric
C]O); 1587 (C]N). 1H NMR (400 MHz, DMSO-d6): dppm 8.45 (s,
2H), 8.15 (d, J ¼ 4 Hz, 4H), 7.69 (d, J ¼ 4 Hz, 4H). 13C NMR (100
MHz, DMSO-d6): dppm 167.74 (C]O), 160.15, 140.17, 138.06,
136.20, 109.25.

4,40-(1,3,5,7-Tetraoxo-5,7-dihydropyrrolo[3,4-f]isoindole-
2,6(1H,3H)-diyl)dibenzoic acid, DI-CA2. This compound was ob-
tained in 87.4% yield; mp: >300, IR (n, cm�1): 1762 and 1722
(asymmetric and symmetric C]O); 1609 (C]N); 3500–2500
broad band (OH). 1H NMR (400 MHz, DMSO-d6): dppm 13.20 (br,
2H, 2COOH, D2O exchangeable), 8.77 (s, 2H), 8.34 (d, 4H), 7.66
(d, 4H). 13C NMR (100 MHz, DMSO-d6): dppm 167.80 (COOH),
165.62 (C]O), 137.58, 130.44, 127.47, 124.17, 121.36, 118.58.
Fig. 1 Mean signed deviation (MSD, nm) of the calculated to experi-
mental lmax. The mean absolute error (MAE) is depicted as the number
for each XC-functional.
2.2. Computational methodology

With the purpose of exploring the potential application of the
synthesized diimide dyes as sensitizers in DSCs and cosensi-
tizers of a green light absorbing the BTD–DTP1 reference dye,
the isolated diimide (DI) dyes, adsorbed DI@(TiO2)38 simulated
complexes, and (DI/BTD–DTP1) heterodimers were systemati-
cally investigated by means of density functional theory (DFT)
and time-dependent density functional theory (TD-DFT)
quantum chemical calculations.

Ground state studies of the isolated dyes. First, the ground
state geometries of the synthesized dyes along with the refer-
ence BTD–DTP1 dye were fully optimized, including the core
electrons of all the atoms, at the B3LYP/6-31+g(d) level of theory
using Gaussian 09 (revision D.01) quantum chemistry so-
ware.16 For the BTD–DTP1 dye, the long alkyl chain was replaced
with a methyl group to reduce the computational cost. The
effect of N,N-dimethylformamide (DMF), the solvent that was
used in measuring the UV-Vis spectra of the new dyes, was
accounted for using the solvation model based on density
(SMD). Optimization was achieved using tight convergence
criteria corresponding to Max force ¼ 1.5 � 10�5 and RMS force
¼ 1.0 � 10�5 Hartree Bohr�1 as well as Max displacement ¼ 6.0
� 10�5 and RMS displacement ¼ 4.0 � 10�5 Bohr. Frequency
calculations were performed at the same level of theory to
11422 | RSC Adv., 2022, 12, 11420–11435
conrm the convergence of the obtained equilibrium geome-
tries to the global minima on the potential energy surface.

Excited state studies of the isolated dyes. Simulated UV-
visible absorption spectra for all the optimized diimide mole-
cules were obtained at the MN12-SX/6-31+G(d) level of theory by
applying the SMD solvationmodel of the DMF solvent. The choice
of the MN12-SX17 functional was justied aer running bench-
mark calculations (see the ESI† for details) using 12 different
exchange–correlation functionals (XCFs) to simulate the experi-
mental UV-visible spectra of the synthesized dyes, which has been
measured in the present study. As depicted in Fig. 1, the results
show that MN12-SX functional obtained MSD of ca. +4.1 nm
(�0.069 eV), �14 nm (+0.261 eV), +0.2 nm (�0.003 eV), and
�4.8 nm (+0.083 eV) for DI-N1, DI-N2, DI-CA1, and DI-CA2,
respectively, attaining the lowest MAE of ca. 6.3 nm. Natural
transition orbitals (NTOs)18 were calculated to assign the elec-
tronic transitions of UV-visible absorption spectra. The optimized
geometries of the excited states and the UV-Vis emission spectra
of the new dyes were calculated at the same level of theory (MN12-
SX/6-31+G(d)/SMD(DMF)) so as to evaluate the uorescent char-
acteristics of new dyes and the possibility of excitation energy
transfer between cosensitizers. Calculations were performed
using the Gaussian 09 soware.16 Intramolecular charge transfer
properties were subsequently investigated by the hole–electron
analysis19 and interfragment charge transfer (IFCT) method using
Multiwfn 3.8 code.20 The isosurface maps of hole–electron distri-
bution were rendered by Visual Molecular Dynamics (VMD)21

soware based on the related les exported by Multiwfn code.
Ground state studies of the adsorbed dyes. The adsorption

properties and the electronic coupling of the new synthesized
dyes adsorbed onto an n-type semiconductor (TiO2) surface
were subsequently explored. To model the TiO2 nanoparticles,
a cluster of (TiO2)38 was adopted, which represents a good trade-
off between accuracy and computational convenience.22–24 The
cluster of (TiO2)38 was constructed through the systematic
stripping off of stoichiometric units (TiO2)n from a 4 � 4
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01099b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
5:

50
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
supercell of an anatase slab, exposing themajority (101) surface,
by following the cleaving procedure of Persson et al.25 Therefore,
a stoichiometric cluster lacking permanent dipole moment was
achieved with all constituent Ti and O atoms having sufficiently
high coordination to support the formal oxidation state of the
nanocrystal. The ground state geometries of the bare (TiO2)38
cluster and the DI@(TiO2)38 adsorbed dyes were fully optimized
via the Amsterdam density functional (ADF) program,26 as
integrated into the AMS2020.103 soware package.27 Following
Pastore et al.,28 the equilibrium structures of the DI@(TiO2)38
cluster complexes were obtained at the generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE)29. The
Slater-type orbital basis set (TZP/DZP for Ti/H, C, N, O, S, P, and
Si atoms) was used without Fermi smearing based on the scalar
approach of the relativistic effects of zero-order regular
approximation (ZORA).30 For carboxyl anchor-based dyes, DI-
CA, the bridged homogeneous bidentate adsorption mode was
considered, in which both the carboxylic oxygens of anchoring
group of the dye are bonded to the penta-coordinated (5c) Ti
atoms on two successive rows by transferring a proton to the
nearest 2c oxygen atom. On the other hand, the monodentate
adsorption mode to the 5c-Ti site was adopted for pyridyl
anchor-based dyes, DI-N. Based on the optimized geometries of
DI@(TiO2)38, orbital analysis and bonding energy decomposi-
tion were investigated at the same level of theory. The total
densities-of-state (TDOS) and partial densities-of-state (PDOS)
plots of the sensitizer adsorption were subsequently calculated
by the Multiwfn 3.8 code20 based on single-point calculations of
the optimized DI@(TiO2)38 systems at the B3LYP/6-31G(d) level
of theory using the Gaussian 09 soware. The B3LYP/6-31G(d)
level of theory was reported to calculate the lowest excitation
energy of the isolated (TiO2)38 cluster in good agreement with
the experimental bandgaps of TiO2 nanoparticles.22

Ground state studies of the cosensitized dyes. Lastly, the
optimized geometries of the dye monomers were utilized to
construct 100 initial cluster congurations of the modeled DI-
CA1/BTD–DTP1 heterodimer using Genmer tool in Molclus
code.31 Aerward, Molclus was employed to invoke the MOPAC
2016 soware32 for executing sequential batch optimization of
100 congurations using the low-computational-cost PM7 (ref.
33) semiempirical quantum mechanics method. The isostat
tool in the Molclus program was used for arranging the opti-
mized 100 cluster congurations by energy. The ne optimiza-
tion of the lowest energy dimer congurations with the most
suitable coadsorption conguration was subsequently accom-
plished at the B3LYP-D3(BJ)/6-31G(d) level, including the D3
dispersion-correction with Becke–Johnson (BJ) damping34 by
means of the Gaussian 09 soware. The diffuse function was
excluded from the dimer calculations to reduce the computa-
tional cost. The chemical compatibility of the electronic struc-
tures of the proposed DI/BTD–DTP1 heterodimer as
cosensitizers was investigated by simple energy decomposition
analysis (EDA) and reduced density gradient maps (RDG)35 as
supported by the Multiwfn 3.8 code. Thus, the contact geome-
tries of atoms belonging to different dyes could be analyzed.

DSC-device-performance parameters. The overall power
conversion efficiency (PCE) of the DSC-device was determined
© 2022 The Author(s). Published by the Royal Society of Chemistry
by the integral of short-circuit photocurrent density (JSC), open-
circuit photovoltage (VOC), incident-light power density, and ll
factor (FF). JSC is the factor that is dependent on the absorption
ability of the dye and electronic coupling between the dye and
the nanocrystalline TiO2 surface. It can be calculated using the
following equation.36

JSC ¼
ð
LHEðlÞFinjecthcollectdl (1)

LHE(l) is the light-harvesting efficiency at a wavelength l,
Finject is the electron injection quantum yield, and hcollect is the
charge collection efficiency, which is governable by the archi-
tecture of the DSC-device only. However, the LHE and Finject are
considerably inuenced by the structural and quantum
phenomenon of the dye. LHE(l), at a maximum absorption
wavelength, could be calculated from Beer–Lambert's law, if the
absorbance A is measured experimentally, according to the
following equation.37

LHE(l) ¼ 1 � 10�A (2)

The electron injection quantum yield Finject is relevant to the
free energy change of the electron injection; Finject f f (�DGinj).
The electron injection driving force (DGinj) of the photo-
generated electrons from the dyes' excited states into the
conduction band (CB) of the nanocrystalline TiO2 substrate, is
calculated by the following equation.38,39

DGinj ¼ ETiO2

CB � E*
ox ¼ ETiO2

CB � ðEox þ E0�0Þ (3)

E*
ox and Eox are the oxidational potential of the dye at the

excited state and the ground state, respectively. ETiO2
CB is the

reduction potential of the CB of TiO2. In the present study, the
experimental value of �4.00 eV (ref. 40) (vs. vacuum) is consid-
ered. E0–0 is the electronic vertical transition energy at lmax, which
must be smaller than the energy of the incident photon (hn$ E0–0)
so that the photoexcitation of the dye is achievable.

The injection of the photoexcited electron into the CB of TiO2

takes place over a time scale of ca. 100 fs, then it is transported
through the TiO2 porous lm by diffusion. This step is kineti-
cally opposed by injected electron recombination with the
oxidized dye or the electrolyte, the main unwanted competing
loss pathways reducing the JSC and VOC. The free energy driving
force of such a recombination reaction can be estimated using
the following equation.41,42

DGrec ¼ ETiO2

CB � Eox (4)

Aer the completion of the injection process, the dye would
be regenerated if its photogenerated hole is neutralized through
the oxidation of the I� ions to the I3

� ions in the electrolyte. The
free energy driving force (DGreg) of this dye regeneration step
can be evaluated by comparing the oxidation potential of the
dye in its ground state to the oxidation potential of the elec-
trolyte (E(I�/I3�) ¼ �4.8 eV)43 according to the following
equation.41,44
RSC Adv., 2022, 12, 11420–11435 | 11423
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DGreg ¼ E(I�/I3
�) � Eox (5)

In the present study, eqn (2)–(5) are employed for assessing
the DSC-device photovoltaic (PV) performance based on the
sensitization of the synthesized diimide dyes.
Table 1 Calculated critical dihedral angles of new sensitizers at
ground state (S0) geometry

Dye F1 F2 a b1 b2

DI-N1 55 56 37 NA NA
DI-N2 59 59 NA NA NA
DI-CA1 19 20 39 62 61
DI-CA2 25 25 NA 64 63
3. Results and discussion
3.1. Synthesis and characterization

The synthetic route adopted for the synthesis of diimide
compounds is described in Scheme 1, wherein, the condensa-
tion of 3,30,4,40-biphenyltetracarboxylic anhydride (1) or pyro-
mellitic dianhydride (4) with 4-aminopyridine (2) or 4-
aminobenzoic acid (3) in reuxing DMF afforded the four dii-
mides DI-N and DI-CA in 81–87% yield. The structures of the
resultant compounds DI-N and DI-CA were deduced based on
their IR and NMR spectral data. The IR spectra of all the dii-
mides were employed to conrm the success of the condensa-
tion reaction, in which the appearance of the diagnostic two
absorption bands with the vibrational frequencies in the ranges
of 1762–1778 and 1722–1730 cm�1 is respectively the asym-
metric and symmetric stretching modes for the two C]O of the
imide group. These C]O stretching frequencies are lower than
those known for the anhydride at 1851 and 1787 cm�1. This can
be explained by the different contributions of the lone pairs of X
in resonance (O]C–X–C]O, X¼O or N) as well as a variance in
the electronegativity of X. The investigation of the 1H NMR and
13C NMR spectra displayed extra aromatic protons and carbons,
respectively, conrming the success of the condensation reac-
tion. In particular, the 13C NMR spectra of DI-N1 and DI-N2
showed two signals for the carbonyl carbon directly attached to
the nitrogen atom of the pyridyl group with an explicit down-
eld shi at dc 171.73 and 167.74 ppm, respectively. Also, the
13C NMR spectra of DI-CA1 and DI-CA2 exhibited two signals
distinguishing the carbons of the COOH groups to resonate at dc
Scheme 1 Synthesis of diimides DI-N1, DI-N2, DI-CA1, and DI-CA2.

11424 | RSC Adv., 2022, 12, 11420–11435
167.23 and 167.80 ppm, respectively. Therefore, the incorpo-
rated carboxyl and pyridyl anchoring groups in the DI-CA and
DI-N diimide products were conrmed. Other carbon signals for
the synthesized diimides were found resonating at their
appropriate positions.
3.2. Molecular structures of the isolated sensitizers

The molecular structure and structural attributes, such as the
torsion angle between different fragments of the sensitizer, has
a direct impact on the optical properties and electronic transi-
tions under full illumination. Fig. 2 presents the 2D chemical
structures of the synthesized diimide dyes and the positions of
torsion angles, where their calculated values are listed in Table
1. The optimized 3D molecular structures (calculated at the
B3LYP/6-31+g(d)/SMD(DMF) level of theory) are displayed in
Fig. S1.† The diimide (DI) dyes are structured based on the
donor–acceptor–donor (D–A–D) architecture. The electron-
acceptor core in DI-N1 and DI-CA1 is biphenyldiimide (BPDI),
whilst DI-N2 and DI-CA2 employed pyrrolo[3,4-f]isoindole-
1,3,5,7(2H,6H)-tetraone (PITO) as electron acceptors. Each was
attached to benzoic acid or pyridine electron-donor. The dyes
are grouped into two sets of molecules pursuant to the
anchoring group, namely, DI-CA and DI-N, with carboxylate and
pyridyl groups as anchors for adsorption onto TiO2 substrates,
respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The 2D chemical structures of the synthesized diimide dyes
with annotated critical torsion angles marked for each dye.
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DFT calculations showed that all the molecules belong to the
C1 point group symmetry, i.e., lacking the inversion center and
having no symmetry operations except identity E. The torsion
angle a in the biphenyl ring is ca. 37� and 39� in DI-N1 and DI-
CA1, respectively. Therefore, these compounds could form
atropisomers that are a particular class of enantiomers result-
ing from hindered rotation about a single bond. The torsion
angle b between BPDI and benzene in DI-CA1 is ca. 62�. Due to
the fusion of pyridine and the BPDI moiety, the torsion angle F
in DI-N1 is slightly reduced to ca. 56�, suggesting enhanced
electron delocalization. Similarly, the planarity of DI-N2 is
slightly enhanced by ca. 5� due to the fusion of PITO and pyri-
dine compared to benzene in DI-CA2. This could be attributed
to the presence of the N heteroatom that contracts the electron
density of pyridine, reducing its repulsion relative to that of
benzene. The deviation from planarity in the investigated
molecules could be benecial for preventing the p-stacking
aggregation of the dyes on the surface of the TiO2 electrode.
Such an intermolecular p–p interaction is the main reason for
the self-quenching of the excited dyes, reducing the photovol-
taic performance of the DSC. Considering the critical torsion
angle F between the anchoring carboxyl group and the benzene
ring in DI-CA1 and DI-CA2, it can be seen that the planarity
between the anchoring group and the molecular plane in the
former is relatively improved by ca. 5�. A relative enhancement
of charge ow and electron injection into the CB of TiO2 is
estimated for DI-CA1 accordingly.
Fig. 3 Orbital energy diagram and contour plots of HOMO and LUMO
along with the energies of I�/I3

� redox potential and CB of TiO2.
3.3. Electronic structures of the isolated sensitizers

The intrinsic electronic structure of the sensitizer, such as
energetics and spatial localization of the calculated Kohn–Sham
orbitals, determines the driving forces for electron injection
and dye regeneration processes as well as the excitation char-
acteristics of the dyes. Basically, the prerequisite of high
quantum yield of electron injection from the excited dye
molecules to the CB of the semiconductor is that the lowest
unoccupied molecular orbital (LUMO) of the sensitizer should
be higher than the CB (�4.00 eV) of TiO2 with at least 0.2 eV.45

Concurrently, to guarantee the regeneration of the oxidized dye
molecules, the highest occupied molecular orbital (HOMO) of
the dye should lie beneath the redox potential (�4.8 eV) of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
iodine/triiodide (I�/I3
�) redox couple in the electrolyte. The

energetics and spatial distributions of frontier molecular
orbitals (FMOs), calculated at the B3LYP/6-31+g(d)/SMD(DMF)
level of theory, are displayed in Fig. 3 for the new synthesized
diimide sensitizers. As can be shown, all dyes comply with the
basic energy level alignment requirements of an operating DSC.
The calculated LUMO energy levels of the studied dyes range
from �3.31 to �2.79 eV, which are ca. 0.69 to 1.21 higher than
the CB minima of TiO2 for DI-N2 and DI-CA1, respectively.
Therefore, photoinduced electron injection efficiency in all the
dyes is thermodynamically favored. In particular, the LUMO
level of the dye DI-CA1 is shied relatively upward (�2.79),
suggesting an easier injection process with greater driving
force, when compared to other diimide dyes. Generally, a larger
energy difference between the conduction band minima of TiO2

and the ELUMO of the dye is regulating the electron injection
efficiency or short circuit current density. The HOMO energy
levels ranging from�7.47 to�6.86 eV is signicantly lower than
the electrode potential of the redox couple, implying that the
regeneration process of these dyes is expected to be thermody-
namically feasible. Excluding DI-N2, the electron density
distributions in both HOMO and LUMO reveals that conjuga-
tion is extended between the dye fragments. In particular,
a more extended p-system can be observed in DI-CA2, which
could rationalize the broadening of its absorption prole and
enhanced molar extinction coefficient. For DI-N2, a clear
disconnection of p-conjugation can be seen between the PITO
core and pyridine rings. A common pattern of localizing the
LUMOs on the internal acceptor cores is detected in all dyes.
Photoinduced electron transfer in n-type semiconductor, such
as TiO2, proceeds through one of the two pathways, namely,
direct and indirect injection.46 In the direct injection pathway,
the direct excitation of the photoinduced electron from the
HOMO of the dye to the CB takes place, whereas the indirect
pathway involves the injection of the excited electron from the
LUMO of the dye to the CB of the semiconductor. It is worth
mentioning that both direct and indirect mechanisms are active
for electron injection from some squaraine (SQ) dyes to TiO2,47
RSC Adv., 2022, 12, 11420–11435 | 11425
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where these SQ dyes are known to have the same architecture
(D–A–D) as that of the diimides in the present study. Herein,
though the indirect pathway is energetically allowed, the spatial
distribution of FMOs advocates the direct electron transfer
pathway for all the systems under study, especially for DI-N2
and DI-CA2. Therefore, the electron injection pathway could not
be identied by FMO analysis only, and NTOs and hole–electron
should be further investigated.
3.4. Photoabsorption spectra of the isolated sensitizers

In greenhouse-integrated DSC, the key advantage of applying
cosensitization is to manipulate the solar radiation by selecting
complementary absorption spectra such that the transmittance
of photosynthetically active radiation is maximized, while the
non-photosynthetically active radiation is only utilized in
generating electricity. Consequently, the UV-Vis absorption
spectra of the newly synthesized diimide dyes are thoroughly
investigated, experimentally and theoretically. Fig. 4(a) depicts
the experimental UV-Vis absorption spectra of solution-based
free diimide dyes as measured in DMF. The corresponding
measurements of lmax are tabulated in Table 2 along with the
optical data obtained from TD-MN12-SX/6-31+G(d)/SMD(DMF)
calculations. As stated above, FMOs analysis cannot be
considered for analyzing the character of electronic states owing
to the simultaneous non-negligible contributions of multiple
MO pair, as can be seen in Table 2. This difficulty can be
eliminated by calculating natural transition orbitals (NTOs),
which separately performs unitary transformation for occupied
Fig. 4 (a) Experimental UV-Vis spectra of the synthesized DI dyes,
measured in DMF solvent. (b) The dominant natural transition orbital
(NTO) pairs at the corresponding calculated lmax.

11426 | RSC Adv., 2022, 12, 11420–11435
and virtual MOs to nd a compact orbital representation for the
electronic transition density matrix so that only one or very few
number of orbital pairs have dominant contributions. There-
fore, assigning the dominant congurations of the electronic
states will depend on NTOs analysis as well as hole–electron
distribution maps, as visualized in Fig. 4(b) and 5, respectively.

The experimental UV-Vis spectra show that, excluding DI-N2,
all dyes exhibit an absorption band covering the mid-UV (267–
300 nm) of the solar spectrum with shoulder peaks in the near-
UV region of 315–360 nm. Concerning DI-N2, the absorption
peak is centered at 265 nm with relative hypsochromic shi
consistently with its largest energy gap (4.16 eV, Fig. 3) and
the previously observed disconnected p-conjugation between
the donor and acceptor; thus, this state could be assigned as
p / p* local excitation. Similarly, the main absorption peak
lmax was measured at 270 nm (calculated at 266 nm) for DI-CA2
bearing the same PITO electron-accepting core. This state
is corresponding to transition from the occupied NTO 116
/ virtual NTO 117, reecting electron delocalization along the
entire molecular backbone, characterized by p / p* local
excitation. For DI-N1, the band peak with maximum absorption
at 269 nm (calculated at 273 nm) could be characterized by
hybridized intramolecular charge transfer (ICT) and local p–p*
excitation (HLCT). Typically, local excitation occurs in the BPDI
core, whereas ICT involves electron donation from pyridine
rings, indicating that upon photoexcitation, charge accumula-
tion is inwardly directed away from the anchoring group.
Consistent with FMOs analysis, these ndings of NTOs reveal
clues to the direct injection pathway for DI-N1, DI-N2, and DI-
CA2 systems depending on the localization of the photoexcited
electron density. In contrast, there is a clear accumulation of
photoinduced charge in DI-CA1 that is directed toward the
anchoring carboxylate group (virtual NTO 138, Fig. 4). This
pattern of charge accumulation has a pronounced effect on
charge injection into the CB of the semiconductor and advo-
cates that the DI-CA2@TiO2 system would follow the indirect
mechanisms of electron injection. Photoinduced electron
injection from the excited dye to the CB of the semiconductor
takes place within 100 fs. As a consequence, the dye remains in
the cationic form until regeneration by a redox mediator occurs,
with a timescale of 100 ns to 1 ms.48 Therefore, the long-term
stability of the dye and the durability of the DSC devices is
related to the photostability of the cationic state and a longer
excited state lifetime. Here, the lifetime of the excited state
(se, ns) was estimated using the formula se ¼ 1.499/(f � E2), in
which E is the excitation energy of different electronic states
(cm�1) and f is the oscillator strength of the electronic state.
Considering the relative limitation of the MN12-SX functional
in reproducing the optical data of DI-N2, with a discrepancy of
ca. 14 nm (0.26 eV, Fig. 1), which is reected in the over-
estimation of the DI-N2 oscillator strength, and a different
trend pattern than the experimentally measured absorbance
intensities (Table 2). Thus, se was calculated considering the
corrected values of the oscillator strength according to the
relative values of the measured absorbance. Also, the
experimentally-measured vibrational energies were considered,
namely, 37.175, 37.736, 36.901, and 37.037 � 103 cm�1. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental measured wavelength, absorbance, and the calculated TD-DFT electronic transitions (eV, nm), oscillator strengths (f),
excited state lifetimes (se), major molecular orbitals contributions, and dominant configuration of the transitions

Dye State Exp lmax Abs lmax E (eV) f se (ns) Major MOs contributions Dominant conguration

DI-N1 S12 269 1.37 273 4.54 0.60 0.94 H / L + 3 (28%); H - 8 / L (28%) p–p* (LE) + ICT (HLCT)
DI-N2 S15 265 0.86 251 4.94 1.24 1.50 H - 2 / L + 1 (88%) p–p* (LE)
DI-CA1 S12 271 0.89 271 4.57 0.39 1.51 H / L + 2 (57%); H – 5 / L (23%) p–p* (LE) + ICT (HLCT)
DI-CA2 S11 270 1.53 266 4.66 1.25 0.87 H - 8 / L + 1 (87%) p–p* (LE)

Fig. 5 Real space representation of hole and electron distributions for
the studied dyes. Blue (green) regions denote the hole (electron)
distributions. DCT and EC represent CT distance and exciton binding
energy, respectively.
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calculated excited state lifetimes of all the dyes were found
within the range from 0.87 ns to 1.51 ns (Table 2) with the
following trend: DI-CA1 > DI-N2 > DI-N1 > DI-CA2. The longest
lifetime for DI-CA1 is expected to denitely enhance the elec-
tron injection into the CB of TiO2, as well as stability aer
injection. Altogether, the investigated optoelectronic properties
of the synthesized UV-absorbing diimide dyes suggest the
obtainability of complementary absorption of non-
photosynthetically active radiation when combined with the
green light-absorbing BTD–DTP1 reference dye. In particular,
theDI-CA1 dye, which also exhibited greater photostability of its
excited state, improved charge separation and injection aer
coupling with TiO2.
3.5. Intramolecular charge transfer pathway

The photoinduced charge separation at the sensitizer/TiO2

interface is governed by two major factors, namely, electronic
coupling between the molecular adsorbate (sensitizer) and the
semiconductor (TiO2) surface addition to the extent of outward-
directed ICT in the sensitizer. The former will be investigated
later for the adsorbed dyes onto TiO2. Here, the hole–electron
analysis19 module of the Multiwfn code is employed to reveal
properties of the intramolecular charge transfer characteristics.
Generally, polarizability represents the deformation feasibility
of a molecular system to the applied electric eld of the incident
light and thus is usually associated with an efficient internal
charge transfer character (CT). The calculated values of dipole
moment (m) and average isotropic polarizability hai were found
© 2022 The Author(s). Published by the Royal Society of Chemistry
to be in line with the estimated CT features in the studied dyes.
The trend of dipole moment (m) is DI-CA1 (11.25 D) > DI-N1
(6.94 D) > DI-CA2 (5.63 D) > DI-N2 (zero), while the values of
polarizability hai are as follows: DI-CA1 (581.24 au) > DI-N1
(512.71 au) > DI-CA2 (457.39 au) > DI-N2 (387.93 au). Accord-
ingly, the most efficient CT characteristics can be predictable
for DI-CA1, while no CT features is estimated for DI-N2. For
photoinduced electronic transitions, the hole–electron theory
can provide a denitive picture about the distribution of the
hole and the electron in density form rather than in wave-
function form, which are dened as where the excited electron
leaves and arrives, respectively. Typically, the theory dened the
density distribution of the electron and hole as rele(r) ¼
rele(loc)(r) + rele(cross)(r) and rhole(r) ¼ rhole(loc)(r) + rhole(cross)(r), respectively.
In which, “loc” and “cross” signify the contribution of local
term and cross term to the hole and electron distribution,
respectively. Fig. 5 depicts real space representation of hole and
electron distributions along with calculated charge transfer
distance (DCT) and exciton binding energy (EC). The charge
transfer distance is dened as

DCT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jXe � Xhj2 þ jYe � Yhj2 þ jZe � Zhj2

q

in which X, Y, and Z stand for the three-dimensional coordi-
nates of the centroids; hence, DCT is usually utilized for esti-
mating the extent of spatial distance between the hole and
electron centroids in X, Y, and Z directions. For instance, Xe

signies the electron density at X orientation, where the
detailed expression is as follows: Xe ¼

Ð
xreleðrÞdr with the

electron density distribution of rele(r) and x being the X
component of position vector r. The exciton binding energy is
dened in the context of hole–electron analysis as the Coulomb
attraction between the hole and the electron, which estimates
the energy required to dissociate the photoinduced exciton, and
is expressed as follows.

EC ¼
ðð

rholeðr1Þ � releðr2Þ
jr1 � r2j dr1dr2:

It is shown in Fig. 5 that hole–electron analysis supports the
NTOs and FMOs analyses, in which photoexcited electron
accumulation is clearly observed on the central BPDI unit in the
DI-N1 and PITO unit in DI-N2 and DI-CA2. Only DI-CA1 shows
promising outward-directed intramolecular charge transfer,
such that the central BPDI unit is dominated with the hole
distribution, i.e., the regions offer electrons while the localiza-
tion of the photoinduced electron density is exhibited on the
RSC Adv., 2022, 12, 11420–11435 | 11427
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anchoring group. Indeed, this pattern of hole–electron distri-
bution is advantageous for interfacial electron injection that
will be further investigated for the adsorbed DI-CA1@TiO2

system. Quantitatively, according to the interfragment charge
transfer (IFCT) method, about 80% of the hole population is
delocalized over the central BPDI moiety; meanwhile, 60% of
excited electrons are localized on benzoic acid. Typically, ben-
zoic acid of theDI-CA1 dye donates ca. 0.13 je�j to the BPDI core
and in the meantime accepts ca. 0.32 je�j from it; therefore,
benzoic acid in total gains ca. 0.19 electrons, with ca. 0.13 je�j
increased electron population of the –COOH anchor upon
photoexcitation at 271 nm. Considering the charge transfer
distance (DCT, Å), it is clear that maximal DCT was obtained by
DI-CA1, where the sequence of dyes considering DCT is DI-CA1
(1.32 Å) > DI-N1 (0.69 Å) > DI-CA2 (0.05 Å) > DI-N2 (0.02 Å).
Nevertheless, we emphasize that, even in the DI-CA1 case, DCT

remains smaller than the C–C bond length (ca. 1.54 Å). The
optimum EC match to the maximal DCT is achieved by DI-CA1,
where the predicted trend of EC is as follows: DI-CA1 (2.55 eV) <
DI-N1 (2.73 eV) < DI-CA2 (3.50 eV) < DI-N2 (4.10 eV). Since the
propitious separation of the photoinduced exciton requires
a smaller value of EC for the efficient promotion of exciton
dissociation. Consequently, the exciton in the dye DI-CA1 is
easier to separate, which facilitates the electron injection
addition process to the created directionality of the photoin-
duced electron transfer.
3.6. Photoemission spectra of the isolated sensitizers

Diimide-based derivatives are known to manifest intrinsic
photoluminescence properties and uorescence detection
capability with near unity uorescence quantum yield.14,49 In the
present work, the emission spectra of the synthesized diimides
dyes were simulated at the TD-MN12SX/6-31+G(d) level of
theory by applying SMD, the solvation model based on the
density of DMF solvent. The radiative lifetime was estimated
through the Einstein transition model50 su ¼ c3/(2� (Eu)

2 � f),
in which c stands for the velocity of light in au, Eu is the
emission energy in cm�1, and f is the oscillator strength for the
S0) S1 transition, based on optimized excited state structures.
The simulated emission spectra and related computed uo-
rescence properties of the diimide dyes are depicted in Fig. 6
and Table 3, respectively. The gure also represents a compar-
ison with the experimental absorption maxima along with the
calculated Stokes' shis of the uorescent states. As shown in
Table 3, the radiative lifetime (su) increases showing the trend
of DI-N1 < DI-CA1 < DI-CA2 < DI-N2. However, for PITO-based
dyes DI-CA2 and DI-N2, despite their relatively prolonged life-
time (1.2 and 2.7 ns), the negligible values of oscillator strength
(ca. 0.002 and 0.001) predicts that no emission exists. Con-
cerning DI-N1 and DI-CA1, the nanosecond scale of the radia-
tive uorescence lifetime is in reasonable agreement with the
100 fs timescale of electron injection from the excited dye to the
CB of the semiconductor and suggests suppressing the extent of
charge recombination. The simulated emission spectra of the
biphenyldiimide-based dyes showed S1 emission bands in the
range from 419 to 474 nm, with calculated Stokes' shi of ca.
11428 | RSC Adv., 2022, 12, 11420–11435
150 nm (Dn ¼ 13 308 cm�1) and 203 nm (Dn ¼ 15 804 cm�1) for
DI-N1 andDI-CA1, respectively. Stokes' shi is a measure of self-
absorption of the emitted light as self-quenching occurs
frequently in uorophores with small Stokes' shis.51 Confor-
mational transformations of molecules taking place exclusively
upon excitation is one of the common photochemical mecha-
nisms that causes such a high (10 000–15 000 cm�1) Stokes'
shi of uorescence. The excited state optimized geometries of
the synthesized diimide dyes are displayed in Fig. S2.†
Comparing the structural features of the ground and excited
states, for DI-N1, an enhanced planarity of the uorescent
molecular structure can be clearly observed with signicantly
decreasing torsion angles F1 and F2 by ca. 11� and 31�,
respectively. A great reduction (ca. 19�) of torsion angle a con-
necting the biphenyl ring enforces the resonance effect upon
excitation to dominate over the steric hindrance, which mani-
fests the non-planar geometry of the ground state. This ach-
ieved better electron delocalization of the excited state is
reected in a changed biphenyl C–C bond character with bond
length and bond order of 1.4 Å and 1.5, respectively. Also,
a more planar arrangement with respect to the core biphenyl
diimide framework can be observed in DI-CA1. The geometrical
relaxation of the molecule taking place in its excited state is
detected with the depletion of all torsion angles by ca. 2–31�,
except for the F2 angle, between the –COOH group and the
benzene ring, which is increased by ca. 8� with respect to the
ground state. The deattening of the planar benzoic fragment,
upon excitation, could be attributed to the formation of the
twisted intramolecular charger transfer (TICT) state. Yet, the
attening of the initially (ground state) nonplanar biphenyl
system can be regarded as the main origin of enlarging the
Stokes' shi in all the studied diimides.

These molecular structure perturbations occurring during
the excitation of DI-CA1 guarantee a large amount of torsional
work, which is then translated into the observed largest
(>15 000 cm�1) Stokes' shi. Indeed, biphenyls and biaryls are
the most typical example of compounds showing a substantial
increase in the Stokes' shis of uorescence as a consequence
of photoinduced geometrical relaxation.52

Concerning the possibility of excitation energy transfer
between the synthesized diimide UV-dyes and BTD–DTP1 green
light-absorbing cosensitizer, through the analysis of both UV-
Vis absorption and emission spectra for DI-CA1 and BTD–
DTP1, a considerable overlap between the uorescence spec-
trum of DI-CA1 (474 nm, Table 3) and the absorption spectrum
of BTD–DTP1 (532 nm)13 can be clearly observed. In particular,
the molar extinction coefficient of BTD–DTP1 is quite high (ca. 3
� 104 M�1 cm�1) in the spectral overlap area at 474 nm.
Accordingly, the emitted photons from DI-CA1 are expected to
be captured by the BTD–DTP1 cosensitizer via the radiative
trivial reabsorption mechanism of the excitation energy transfer
process, which endorses the cosensitization functionality.
3.7. Predicted photovoltaic performance

In order to estimate the relative electrochemical performance of
the synthesized diimide dyes, some critical factors affecting the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Absorption and emission spectra of the diimide dyes along with the calculated Stokes shift.

Table 3 Calculated TD-MN12SX/6-31+G(d)/SMD fluorescence ener-
gies Eflu, fluorescence wavelengths lemi, oscillator strengths (f), and
radiative lifetimes (sflu)

Dye Eu (eV)
lmax

(nm) f (au) su (ns)

DI-N1 2.96 419 0.790 0.003
DI-N2 2.68 462 0.001 2.748
DI-CA1 2.59 474 0.106 0.027
DI-CA2 2.94 422 0.002 1.204

Table 4 Estimated light harvesting efficiency (LHF) and critical energy
parameters in eV

Dye LHE E
dye*
ox DGinj DGreg DGrec

DI-N1 0.96 �2.35 �1.65 �2.09 2.89
DI-N2 0.86 �2.53 �1.47 �2.67 3.47
DI-CA1 0.87 �2.29 �1.71 �2.06 2.86
DI-CA2 0.97 �2.59 �1.41 �2.45 3.25
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overall power conversion efficiency (PCE) of the DSC device were
calculated according to eqn (2)–(5), namely, light-harvesting
efficiency (LHE), the oxidation potential of the dye in the
excited state ðE*

oxÞ addition to the free energy diving forces for
electron injection (DGinj), oxidized dye regeneration (DGreg), and
recombination (DGrec) reactions. The results are listed in Table
4. The measured absorbance of the diimide dyes (Fig. 4(a))
shows the trend DI-CA2 (1.53 au) > DI-N1 (1.37 au) > DI-CA1
(0.89 au) > DI-N2 (0.86 au). Therefore, calculated LHE displays
the same trend of DI-CA2 (0.97) > DI-N1 (0.96) > DI-CA1 (0.87) >
DI-N2 (0.86). The highest absorbance of the light harvesting
ability of DI-CA2 signies an electric-dipole-allowed transition,
which is consistent with the delocalization of electron density
along the molecular backbone (Fig. 3 and 4(a)) since the large
hole–electron overlap is a precondition for large transition
© 2022 The Author(s). Published by the Royal Society of Chemistry
dipole moment.53 Considering the critical energy parameters,
the relative thermodynamical feasibility (DGinj) of electron
injection follows the trendDI-CA1 (�1.71 eV) >DI-N1 (�1.65 eV)
> DI-N2 (�1.47 eV) > DI-CA2 (�1.41 eV), implying that DI-CA1
has the greatest energetic driving force for the injection process
as it is characterized by the highest gradient to the CB edge of
TiO2. However, the sequence of dyes considering DGreg is DI-N2
(�2.67 eV) > DI-CA2 (�2.45 eV) > DI-N1 (�2.09 eV) > DI-CA1
(�2.06 eV). Hence, DI-N2 predictably has the greatest affinity to
be regenerated by electron donation from iodide. This can be
attributed to the largest HOMO energy level down-shi
(�7.47 eV, Fig. 3) in DI-N2. Generally, the negative values of
DGinj and DGreg indicate the thermodynamical spontaneity
(exoergic) of electron injection and dye regeneration, respec-
tively, with higher stability expected for dye regeneration
dynamics. Also, all the studied diimide dyes are estimated to
RSC Adv., 2022, 12, 11420–11435 | 11429
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display electron injection quantum yield (Finject) approaching 1,
as it was proven that Finject tends to approach 1 when DGinj is
greater than 0.20 eV.44 On the other hand, the positive calcu-
lated values of DGrec, varying from 2.86 to 3.47 eV, estimate the
absence of thermodynamical spontaneity of the undesirable
electrolyte–oxide interaction and electron loss to the electrolyte,
which is benecial for operating DSC devices.
3.8. Sensitizers adsorbed on (TiO2)38 nanocluster

Here, the electronic coupling of the synthesized dyes adsorbed
on the TiO2 nanoparticles is simulated for a deeper under-
standing of the electron injection process at the dye-
semiconductor interface. The interaction between the dye and
TiO2 can alter the surface state energetic activity and trigger
electron injection, which is crucial for judging the dye perfor-
mance. The ground state optimized geometries for the dii-
mides' adsorption structures DI@(TiO2)38, which were obtained
by the ADF at PBE/TZP(DZP) level by full relaxation of all the
atomic positions, are presented in Fig. S3.† The spatial distri-
bution of FMOs of the adsorption structures are displayed in
Fig. 7 along with the calculated adsorption energies and critical
geometrical parameters of the equilibrium interface geome-
tries. The adsorption energy (Eads, kcal mol�1) was calculated
according to the equation Eads ¼ E(dye@TiO2) � (Edye + ETiO2

),
where Edye, ETiO2

, and E(dye@TiO2) refers to the energy of the iso-
lated DI dye, bare (TiO2)38 nanocluster, and DI@(TiO2)38
systems, respectively. For pursuing more accurate energetics,
these energy values were calculated by single-point calculations
of dye@(TiO2)38 systems at the B3LYP/6-31G(d) level of theory
Fig. 7 Spatial distribution of FMOs of the dye adsorbed onto the surface
mol�1) and the distance from the receptors to the surface of TiO2 (Ti–O

11430 | RSC Adv., 2022, 12, 11420–11435
using the Gaussian 09 soware based on the optimized
adsorption structures obtained by the ADF soware. It can be
seen that the adsorption energies are obtained with negative
values, implying that the adsorption process is stable and
spontaneous for all DI dyes. Expectedly, the presence of the
carboxylate anchoring group enhanced the adsorption stability
of the dyes DI-CA1 (Eads of �94 kcal mol�1) and DI-CA2
(�101 kcal mol�1) on the metal oxide surface when compared to
the pyridyl–TiO2 interactions in dyes DI-N1 (�38 kcal mol�1)
and DI-N2 (�34 kcal mol�1) bearing the same BPDI and PITO
cores, respectively. These ndings are in line with the fact that
the high stability of the dye is usually associated with a lower
value of pKa for the anchor group with the usual observation
that higher affinities to the metal oxide surface are exerted by
stronger acidic binding groups.54 The interacting distances of
the Ti–O bonds in DI-CA dyes range from 2.01 to 2.17 Å, while
that of the Ti–N bonds in DI-N dyes are ca. 2.33 and 2.35 Å. This
is consistent with the relatively improved adsorption stability of
the carboxylate-anchored dyes and advocates the formation of
stable complexes of tightly-adsorbed DI-CA dyes onto the TiO2

surface. For DI-CA dyes, the bond lengths of the O–H bonds
formed by carboxyl dissociation are 1.019 and 1.013 Å, whereas
the bond angles of the C–O–C bonds in the carboxyl group are
125.4� and 125.6� inDI-CA1 and DI-CA2, respectively. Moreover,
the optimized geometric features reveal that the dyes stay
vertically above the TiO2 cluster surface, with a maximum
inclination of ca. 23� detected in the DI-N1 dye.

Adsorption is usually associated with deteriorating planarity
of the adsorbed dyes and increased torsion angles, as a conse-
quence of the steric hindrance induced by the adsorption.55
of the nanocluster, along with the calculated adsorption energies (kcal
and Ti–N, Å).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Bonding energy decomposition for the studied dye@(TiO2)38
complexes

Complex DEb DEPauli DVelstat DEoi

DI-N1@(TiO2)38 �46.21 126.74 �39.47 �133.48
DI-N2@(TiO2)38 �43.70 115.89 �37.27 �122.31
DI-CA1@(TiO2)38 �48.21 135.40 �41.38 �142.23
DI-CA2@(TiO2)38 �45.71 124.60 �39.20 �131.11
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Surprisingly, all the simulated optimized geometries of the DI
dyes adsorbed on the surface of TiO2 revealed similar features,
i.e., all torsional angles, excluding angle a, were signicantly
reduced due to adsorption, when compared to that of isolated
dyes (Table 1). On the other hand, the torsion angle a in the
biphenyl ring is slightly increased by ca. 5� and 3� in DI-N1 and
DI-CA1, respectively. Alternatively, adsorption signicantly
decreased the torsion angles b between benzene and the
molecular core by ca. 20–25�, where the values of b1 and b2 lie in
the ranges of 20–24� and 22–25� for DI-CA1 and DI-CA2,
respectively. Similarly, for DI-N1 and DI-N2, torsion angles F1

and F2 lie in the ranges of 27–36� and 28–37�, thus enhancing
their planarity by ca. 19� and 29�, respectively. Considering the
torsion angle F1 between the carboxylate anchoring group and
benzene ring in DI-CA1 and DI-CA2, a signicant improvement
(ca. 14� and 19�) in the planarity is also observed as a result of
depletion of the F1 angle to 5� and 6�, respectively, upon dye
adsorption. The enhanced planarity of the adsorbed dyes could
be attributed to the increase in the negative charge of the
imide N atom that hinders its participation in resonance with
the carbonyl group, thus enforcing the carbonyl groups for
relatively improved planarity.

Excluding adsorbed DI-CA1 on the (TiO2)38 cluster, the
spatial distribution of FMOs of all the studied systems shows
a comparable pattern, namely, the localization of HOMO and
LUMO electron densities respectively on the terminal donor
moieties and the central acceptor units of the dyes. In contrast,
a different pattern is observed in the DI-CA1@(TiO2)38 system
with the partial delocalization of HOMO to the donor position
close to the TiO2 surface besides, being localized on the
terminal donor moiety, while for the electron density distribu-
tion of LUMO, it is clearly distinguishable residing on the TiO2

nanocluster. Such a relocation of the FMOs electron density not
only empowers the charge transfer at the DI-CA1/TiO2 interface
but also constructs a high degree of charge separation and
stability of the photogenerated electron–hole pair. This is in
accordance with the predicted (Fig. 4) lowest barrier for exciton
dissociation in the DI-CA1 dye.

Next, the nature of intramolecular interactions in the four
DI@(TiO2)38 complexes was characterized by analyzing the
bonding energy decomposition as obtained by the ADF code. In
which the bond energy is computed as an energy difference
between the molecule (complex) and its constituent atoms that
are approximated as spherically symmetrical and spin-
restricted. As listed in Table 5, the computed bonding energy
values (DEb in Hartree, Ha) ranked in decreasing order are
�48.21 (DI-CA1) > �46.21 (DI-N1) > �45.71 (DI-CA2) > �43.70
(DI-N2). For DI-CA1@(TiO2)38, the bonding energy consists of
a Pauli repulsion (DEPauli) of 135.40 Ha, an attractive electro-
static interaction of (DVelstat) �41.38 Ha, and an orbital inter-
action (DEoi) of �142.23 Ha. Despite this largest value of the
destabilizing repulsive DEPauli when compared to other
complexes, the strongest bonding energy in CA1@(TiO2)38
complex can be regarded as the highest electrostatic attractions
and orbital interactions. The sequence of dye complexes
considering DEoi isDI-CA1 (�142.23 Ha) >DI-N1 (�133.48 Ha) >
DI-CA2 (�131.11 Ha) > DI-N2 (�122.31 Ha). Since orbital
© 2022 The Author(s). Published by the Royal Society of Chemistry
interaction accounts for polarization and charge transfer (CT)
effects, we could argue that the most efficient CT features would
be exhibited in the CA1@(TiO2)38 complex.

A deeper insight into the bonding interaction of the adsor-
bed complexes, can be also obtained by plotting the computed
PDOS prole of dye@(TiO2)38. PDOS plots for the different
studied interfaces are displayed in Fig. 8. It clearly shows that
dye-sensitization has introduced intermediate states in the
bandgap of the semiconductor, resulting in the reduction of the
original bandgap. Especially, upon adsorption of the dyeDI-CA1
onto the TiO2 surface, there are greater localized states that
appear clearly within the bandgap and have projection solely
over the atoms of the dye. Typically, these states (magenta
discrete lines) are corresponding to occupied MOs between
�6.89 (HOMO) to �8.23 eV (HOMO�9) and are 100% contrib-
uted by DI-CA1 dye. Lesser sharp occupied molecular energy
levels, namely HOMO to HOMO�6, HOMO to HOMO�4 and
HOMO to HOMO�2 are introduced in the bandgap of TiO2

upon adsorption of DI-CA2, DI-N1 and DI-N2, respectively.
Accordingly, the estimated trend of reduced bandgap is as
following:DI-CA1 (2.87 eV) <DI-CA2 (3.05 eV) <DI-N1 (3.25 eV) <
DI-N2 (3.35 eV). Moreover, the energy of the LUMO level of the
free DI-CA1 dye molecule goes deeper in the CB of the semi-
conductor, corresponding to the energy of the LUMO+40 level of
the DI-CA1@(TiO2)38 system. The LUMO of the adsorbed DI-
N2@(TiO2)38 system is 100% contributed by the dye fragment,
whereas the LUMO levels of the free DI-N1 and DI-CA2 dyes
correspond to the energy of the LUMO+14 and LUMO+12 levels
of the dye-semiconductor systems. This conrms the stronger
electronic coupling between the DI-CA1 dye and TiO2, which is
favorable for overcoming thermodynamic and kinetic barriers
in interfacial exciton dissociation. It is supported by the nar-
rower bandgap, allowing for an extended absorption region;
besides, the inner LUMO of the dye expedites the electron
injection process and regulates short circuit current density.

As is known, the UV-selective organic DI-CA1 dye (271–345
nm) can be chosen for the cosensitization of the green-selective
BTD–DTP1 (532 nm) in greenhouse-integrated dye-sensitized
solar cells. The maximized utilization of non-
photosynthetically-active radiation (non-PAR) is anticipated
without minimizing the ow of PAR used for plant
photosynthesis.

3.9. Electronic structure of the proposed cosensitizers

Among the fundamental optochemical requirements that need
to be fullled for the optimal combinations of cosensitizing
dyes are the complementarity of optical proles and chemical
RSC Adv., 2022, 12, 11420–11435 | 11431
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Fig. 8 Computed total density-of-states (TDOS) and partial density-of-states (PDOS) for hybrid complexes of adsorbed diimide dyes on
a (TiO2)38 cluster. The blue and magenta curves and discrete lines represent the PDOS of fragment (TiO2)38 cluster and adsorbed diimides,
respectively.
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compatibility between the cosensitizers. So far, the rst factor
has been deeply investigated and validated for the proposed
cosensitizers DI-CA1/BTD–DTP1. Here, the chemical or elec-
tronic compatibility of the heterodimer DI-CA1/BTD–DTP1 is
examined based on the aforementioned electronic structure
calculations. The obtained ground state optimized geometry of
the dimer, calculated at the B3LYP-D3(BJ)/6-31G(d) level, is
depicted in Fig. 9(a). Again, it can be observed that the planarity
of the biphenyl diimide core is boosted with a signicant
depletion of the a torsion angle by ca. 18�, conrming the
exibility of the biphenyl system. The interlayer distance is ca.
3.5 Å of the superimposed DI-CA1/BTD–DTP1 structure. The
planarity is preserved along the BTD–DTP–anchor conjugated
backbone, with exactly the same wider angle of ca. 34 between
the benzothiadiazole (BTD) unit and the donor triphenylamine
in free BTD–DTP1 dye, as reported by Dess̀ı et al.13 This implies
that cosensitization withDI-CA1 is not disturbing the molecular
structure of BTD–DTP1 or deteriorating its extended p-conju-
gation along the BTD–DTP scaffold; thus, its spectral response
is expected to be attained. Quantitatively assessing the stability
of the dimer DI-CA1/BTD–DTP1 can be achieved by calculating
the total interaction energy DEtot and simple energy decompo-
sition analysis (EDA). Total interaction energy was calculated by
DEtot ¼ Edimer �

P
i
Efrag
i , corresponding to the energy variation

of forming a dimer when combining the wavefunctions of its
fragments.

In simple EDA, the total interaction energy is decomposed as
DEtot ¼ DEorb + DEsteric + DEdisp. The dispersion weak intermo-
lecular attractive interaction (Edisp) can be estimated as DEdisp¼
11432 | RSC Adv., 2022, 12, 11420–11435
EDFT�D3
tot � EDFTtot , in which the D3 Grimme's correction accounts

for the dispersion correlation that is missing in the DFT energy.
The steric energy, DEsteric ¼ DEels + DEXC + DEPauli, is the sum of
the electrostatic energy, the exchange–correlation energy, and
the Pauli repulsion, respectively. Eels is the electrostatic inter-
action between the fragment charge distributions, which is
normally attractive (negative), provided the fragments are not
too close. Eorb is the orbital interaction term due to mixing
occupied and virtual MOs. For the studied dimer, a total
interaction energy between DI-CA1 and BTD–DTP1 is ca.
�60 kcal mol�1, implying the overall stability of the dimer. It
was found that the orbital interaction energy (DEorb) and the
dispersion energy (DEdisp) of ca. �28.944 kcal mol�1 and
�58.704 kcal mol�1, respectively, stabilized the formation of the
dimer. However, the steric energy destabilized the dimer by ca.
27.611 kcal mol�1. Therefore, the total interaction energy of
�38.07 kcal mol�1 indicates that the formation of the dimer DI-
CA1/BTD–DTP1 is maintained by the dispersion and orbital
intermolecular attractive interactions. Fig. 9(b) presents
a scatter map with the Y-axis and X-axis corresponding respec-
tively to the reduced density gradient (RDG) and sign (l2)r. The
latter quantity is the electron density r(r) multiplied by the sign
of the second largest eigenvalue l2 (l1 # l2 # l3) of the electron
density Hessian matrix at each point of the isosurface. Each
point in the scatter map corresponds to a grid point in the 3D
space. Electron density r(r) denes the strength of interactions,
whereas the sign of l2 distinguishes the bonded (l2 < 0) from the
nonbonded (l2 > 0) interactions. Accordingly, high r(r) regions
signify strong interactions, either stabilizing attractive (l2 < 0)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Ground state optimized geometry. (b) Scatter map of RDG versus electron density r(r) multiplied by the sign of second largest
eigenvalue (l2) of the electron density Hessian matrix. (c) RDG isosurface map for the proposed cosensitizers DI-CA1/BTD–DTP1.
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such as dipole–dipole and H-bonding (blue dots), or destabi-
lizing repulsion (l2 > 0) like steric effect in rings and cages (red
dots). Weak intermolecular reactions such as dispersion or vdW
interactions are denoted at a low-gradient low r(r) regions
(green dots). The RDG isosurface map is displayed in Fig. 9(c)
for simultaneously visualizing the nature and physical origin of
these calculated noncovalent interactions, in which the intra-
molecular interactions are screened out so that the isosurfaces
in the intermolecular area can be distinguished clearly. The
isosurface of both intra(inter)molecular interactions is dis-
played in Fig. S4.† The gradient isosurface with RDG ¼ 0.5 a.u.
is colored on the same blue-green-red scale according to the
values of sign(l2)r(r) function. In Fig. 9(b), low-gradient (RDG <
0.4 au) spike (few blue dots) with negative l2 and relatively
higher density (sign(l2)r(r) of ca. �0.035 au) is attributed to the
H-bonding in the studied dimer but not very strong. Also, low-
gradient spike (red dots) with high density at the positive part
(sign(l2)r(r) of ca. +0.022 au) advocates the existence of desta-
bilizing steric repulsion. However, the lack of red RDG isosur-
face in the extended area between the two dyes in Fig. 9(c)
indicates that these steric effects are exhibited within benzene,
thiophene, and pyrrole rings (Fig. S4†). Fig. 9(b) also shows that
the low-gradient spike is near zero at the low-density (0# r(r)#
0.01). This can be realized as extended elliptical green or light
brown slab in the interaction area along the molecular back-
bones of the two monomers in Fig. 9(c), which shows that the
electron density in this region is low and pinpoints the
dispersion intermolecular attraction. Consequently, this weak
dispersion attractive interaction, stabilizing the dimer forma-
tion, agrees with the calculated stabilizing DEdisp of
© 2022 The Author(s). Published by the Royal Society of Chemistry
�58.704 kcal mol�1. Overall, according to the calculated low
destabilizing repulsion with respect to the high stabilizing
orbital and the dispersion attractive interactions of the studied
dimer, we could argue that the DI-CA1 and BTD–DTP1 cosen-
sitizers obtained electronic compatibility and are applicable for
cosensitization in DSCs.
4. Conclusions

In this work, we report the synthesis of four new symmetrical
UV-absorbing diimides organic dyes for potential cosensitiza-
tion process in greenhouse-integrated dye-sensitized solar cells
(DSCs). The compounds with donor–acceptor–donor (D–A–D)
architecture are based on biphenyldiimide (BPDI) or pyrrolo
[3,4-f]isoindole-1,3,5,7(2H,6H)-tetraone (PITO) as electron-
acceptors, each functionalized with a carboxylate or pyridyl
group for adsorption onto the TiO2 semiconductor. The UV/Vis
absorption spectra of DMF solution-based free dyes were
measured experimentally. Quantum chemical calculations were
subsequently employed to investigate the potential application
of the synthesized diimides as sensitizers in DSCs and cosen-
sitizers of a green light absorbing BTD–DTP1 reference dye,
which is benzothiadiazole (BTD)–dithienopyrrole (DTP) scaffold
structured. Electronically and energetically, all dyes were found
to fulll the basic energy level alignment requirements of an
operating DSC. Also, a promising photovoltaic performance,
with thermodynamical spontaneity of electron injection and
dye regeneration processes, is predicted, adding to the esti-
mated stability of adsorption onto TiO2 nanoparticles. Never-
theless, the biphenyldiimide-structured DI-CA1 UV-dye
RSC Adv., 2022, 12, 11420–11435 | 11433
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produced superior results and outperforms others in the series.
In particular, DI-CA1 exhibited the most advantageous struc-
tural attributes as an individual dye with boosted planarity
between the anchoring group and the molecular plane; the
greatest thermodynamical driving force for electron injection;
a clear localization of virtual natural transition orbitals on the
anchoring carboxylate group; the largest dipole moment and
isotropic polarizability, besides the longest lifetime and pho-
tostability of the excited state. Moreover, intramolecular charge
transfer characteristics are relatively improved in DI-CA1 with
the largest spatial distance between the hole and electron
centroids, the lowest energy required to dissociate the photo-
induced exciton and the largest photogenerated electron pop-
ulation on its anchoring group. The simulated S1 emission
band of DI-CA1 showed the largest calculated Stokes' shi of ca.
203 nm (Dn ¼ 15 804 cm�1). The considerable overlap between
the uorescence spectrum of DI-CA1 (474 nm) and the
absorption spectrum of reference BTD–DTP1 (532 nm) cosen-
sitizer suggests the opportunity of excitation energy transfer
between the proposed cosensitizers via the radiative trivial
reabsorption mechanism, which endorses the cosensitization
functionality. The simulated DI-CA1@(TiO2)38 system advocates
the formation of a stable adsorption structure of tightly-
adsorbed DI-CA dye onto the TiO2 nanoparticles, exhibiting
the highest orbital interactions. The spatial distribution of
FMOs electron density enables a high degree of charge separa-
tion at the DI-CA1/TiO2 interface. PDOS showed minimum
bandgap with greater localized states within the bandgap. Also,
PDOS displayed a deeper existence of the LUMO level of the DI-
CA1 dye in the CB of TiO2, which expedites electron injection
process, with the highest gradient at the CB edge of TiO2. These
ndings approve the stronger electronic coupling between the
DI-CA1 molecule and the TiO2 nanoparticles that is promising
for overcoming thermodynamic and kinetic barriers in inter-
facial photogenerated exciton dissociation with a constructive
relatively enhanced degree of charge separation. The electronic
compatibility of the proposed cosensitizer DI-CA1/BTD–DTP1
was then estimated according to the calculated total interaction
energy with a high stabilizing orbital and dispersion attractive
intermolecular interactions besides a low destabilizing steric
repulsion. The reduced density gradient isosurface designated
these steric effects within rings, while the dispersion interac-
tions were clearly displayed in the contact extended area. This
was reected in the geometrical relaxation of the biphenyl dii-
mide core in the DI-CA1 monomer and the maintained
planarity along the BTD–DTP–anchor conjugated backbone.
Unlike covalent functionalization that could distort p–p

conjugation and the associated physicochemical properties,
this noncovalent functionalization maintains the atomic and
electronic structures of individual dyes. In short, the UV
absorbing organic DI-CA1 dye (271–345 nm) can be recom-
mended for the cosensitization of the green light-absorbing
organic BTD–DTP1 photosensitizer (532 nm) in greenhouse-
integrated dye-sensitized solar cells. Accordingly, an estimated
improved utilization of non-photosynthetically active radiation
for electricity production was obtained, whilst maintaining
good transmittance in the photosynthetically active regions of
11434 | RSC Adv., 2022, 12, 11420–11435
the solar spectrum to be captured by plants for photosynthesis.
Indeed, an entirely organic combination of UV-selective dii-
mides and green-selective BTD–DTP1 dye represents a good
scenario from a purely environmentally sustainable perspective.
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