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Abstract

Significant progress has been made in developing organic compounds by modifying carbazole (Cz) based donor—spacer—
acceptor (D-7—A) type dye molecules. The Cz-1-Cz-3 dyes were theoretically designed and experimentally synthesized
successfully. Herein, we report the synthesis, photophysical properties and electrochemical characterization (quasi-reversible
oxidation processes) of three Cz-based compounds. The calculated results agree well with the available experimental data
of absorption spectra, HOMO-LUMO energy levels and band gaps using the time-dependent density functional theory. Fur-
thermore, the results from natural bond orbital calculations were analyzed with the computational electronic structure and
charge transfer (conjugative interaction) in molecular systems. The result shows fluorescence time-correlated single-photon
counting between 4.32 ns, 4.25 ns, and 13.2 ns, and green to blue (1p; =431-881 nm) emission for complexes Cz-1-Cz-3 in
DMF solution. The Cz-3 compound showed excellent photovoltaic properties, with power conversion efficiency of 5.68%.
These results clearly reveal that modification of the electron-withdrawing capability in D—z—A conjugated metal-free organic
dyes is an effective way to improve the optical and electrical properties of organic photovoltaic (PV) devices.
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Introduction

The global energy crisis stems from the foreseeable end of
the cycle of coal, and the reduction of fossil fuels has laid
the foundation for the search for alternate energy solutions
such as solar energy. Cheap energy generation, pollution-
free hydropower, wind energy, geothermal energy, and har-
nessing solar cells and biomass energy have been identified
as hopeful clean alternative renewable energy sources. Dye-
sensitized solar cells (DSSCs) have been widely regarded
as a new generation of promising light-harvesting devices.
DSSCs have drawn great interest since their first report
by O’Regan and Gratzel in 1991.! Furthermore, the high
power conversion efficiencies (PCE), chemical versatility,
energetic and molecular structure tenability, simple fabrica-
tion processes, low-cost manufacturing processes, and envi-
ronmental friendliness of photovoltaic devices have made
DSSCs more popular. To further improve the performance
of DSSCs in fulfilling future energy demands, metal-free
organic dyes play a pivotal role in increasing light-harvest-
ing efficiency by the electron injection process. The ruthe-
nium (Ru)-complex-based DSSC sensitizer (N719 has been
reported as an efficient sensitizer) with a PCE of more than
11% under global air mass 1.5 (AM 1.5G) illumination.?
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At present, Zn porphyrin DSSC sensitizers (SM315) have
achieved an overall PCE of over 13% using cobalt-based
redox electrolyte. Donor-bridge-acceptor (D—z—A) organic
sensitizers such as [bis-(dimethylfluorenyl)-amino] phenyl,
carbazole, coumarin, indoline, cyanine, triphenylamine, and
phenothiazine have been of interest in PCE in recent years,
making them attractive candidates for use as sensitizers for
DSSCs.>® The architecture of the metal-free sensitizers pos-
sesses a donor—z—acceptor conjugated (D—-z—A) structure,
where D represents an electron-donating moiety and A is an
electron-accepting moiety linked by a z-conjugating spacer,
presents promising development in view of their compa-
rably high efficiency, low cost, and easier preparation and
purification.

Carbazole (Cz) is a conjugated unit that possesses good
hole transporting material in organic devices and can har-
vest and transfer energy efficiently.” Cz-based compounds
are widely used as building blocks in z-conjugated com-
pounds because of their rigid structures and photovoltaic
technology, specific optoelectronic properties, and use as
a host material in electroluminescent devices, electronics
applications, chemistry and organic photovoltaics. Chemi-
cally, Cz is easily functionalized by the five-membered ring
at the 3, 6, and 9 (NH) positions of indole (equivalent to the
9a—4a double bond in Cz) and covalently bonded to other
molecular compounds. As per a literature review, quite a
few bulky Cz and its derivative materials have been reported
with increased narrow conjugation through long synthetic
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Fig. 1 Optimized ground state geometries of the molecules.
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Scheme 1 Chemical structures of materials.

procedures, resulting in rather expensive compounds. More-
over, many of these synthetic techniques are quite complex
and tedious, including a number of steps that result in low
yields. Zhao et al.'” reported the effect of substituents in a
series of Cz-based porphyrin dyes employed as sensitizers in
dye-sensitized solar cells. In recent years, Sivanadanam et al.
reported the synthesis, design, and investigation of three
other complexes of similar structures, phenyl-based donors
(TBC, TMC, OMC, PC, TBR, TMR, OMR, and PR) or aryl
amine donors (OMNC, CNC, and HNC). The calculated
outcomes show that their optical, electrochemical, and pho-
tovoltaic properties, such as chemical properties, cyclic vol-
tammograms, absorption, and emission spectra, are affected
by the different donor and acceptor moieties of these studied
derivatives, and have promising potential for application in
solar cells. The phenyl compounds show the highest short-
circuit current (Jgc) of 6.84 mA cm ™2 with external stability
leading to an efficiency of 3.33%. In the case of the sensi-
tizers with hexyloxy-substituted phenyl amine donors, the
increasing bulkiness of the donor group leads to increasing
open-circuit potential.!! In the present work, we designed
and characterized three dyes in this study by incorporat-
ing various acceptors between the carbazole donor and the
2-chlorophenothiazine-linker (the optimized structures of
the Cz-1, Cz-2, and Cz-3 molecules are shown in Fig. 1).
The UV-Vis experimental and theoretical absorption spectra
were compared with the simulated data, photoluminescence
(PL) emission character, molecular electrostatic potential
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(MEP), morphological analysis, chemical reactivity and
natural bond orbital analysis (NBO). The spectra were also
used to study the charge transfer properties in the complex
and the electron analysis. This powerful approach is capa-
ble of creating instinctive chemical representations of the
complex inhibition mechanical charge transfer within the
HOMO-LUMO structure. Further, the design dyes allowed
us, in a few steps and with good yields, to obtain dyes with
remarkable device performance, achieving a very promising
efficiency value of 5.68% with the Cz-3 dye.

Materials

The materials are 9H-carbazole, triethylamine, ethyl thio-
phene-2-glyoxylate, 2-chlorophenothiazine and 4-nitrophe-
nol. The materials were purchased from Alfa Aesar.

Experimental Section

Scheme 1 depicts the screening of acceptor moieties that
play a significant role in donor-z—linker acceptor (D-z—-A)
type dyes for metal-free organic DSSC performance. The
purpose and goals of this research are the quantum-chemi-
cal design of a carbazole series of promising photophysical
and optoelectronic materials based on carbazole donors and
2-chlorophenothiazine spacers by structurally modifying
them with the three different acceptor units and calculating
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their electrochemical and photophysical properties. Herein,
we theoretically designed and synthesized metal-free organic
Cz-1 to Cz-3 dyes. Our designed metal-free organic com-
pounds are composed of two main dye units, 9H-carbazole
and 2-chlorophenothiazine, which act as donor and spacer
parts. Three designed molecules using three acceptor parts,
(1) triethylamine, (iii) ethyl thiophene-2-glyoxylate, and (iii)
4-nitrophenol, were carried out theoretically, and the experi-
mental MS data are depicted in Supplementary Fig. 1.

N-((7-(9H-Carbazol-9-yl)-8-Chloro-1,2,4a,10,10a-Pentahy-
dro-4aH-Phenothiazin-2-yl)Methyl)-N-Ethylethanamine
(Cz-1)

Carbazole (2.4 g) was dissolved in DMF (20 mL) solvent in
a 100-mL round-bottom flask at room temperature under an
argon atmosphere and stirred at 60°C for 1 h. Then, 2-chlo-
rophenothiazine (0.58 g) was slowly added. Again, the reac-
tion mixture was stirred at room temperature for 1 h under
an argon atmosphere at 80°C. The reaction was magnetically
stirred for an additional 20 min. After preparing the precur-
sor solution, triethylamine (1.4 g) was added to the reaction
mixture at 60°C, and the reaction mixture was allowed to
stir at room temperature for 1 h. Then, after cooling to room
temperature, the organic layer was washed with brine and
dried with Na,SO,. It was crystallized from the chloroform
mixture to obtain a pure sample product, Cz-1, as a rose-
colored powder with a yield of 83%.

Ethyl 2-(5-(7-(9H-Carba-
zol-9-yl)-8-Chloro-1,2,4a,10,10a-Pentahydro-4aH-Phenoth
lazin-2-yl)Thiophen-3-yl)-2-Oxoacetate (Cz-2)

In a similar procedure, carbazole (2.4 g) was put into a 100-
mL round-bottomed flask equipped with a magnetic stirrer.
The 2-chlorophenothiazine (0.58 g) mixture was dissolved in
DMF solvent (20 mL) after slow addition, and the reaction
mixture was stirred at room temperature for 1 h under 80°C.
After preparing the precursor solution and ethyl thiophene-
2-glyoxylate, 0.6 mL was added dropwise into the reaction
mixture, stirred at 60°C for 1 h, then cooled to room tem-
perature for 1 h. The product was extracted with chloroform
solvent and washed to obtain a pure sample product, Cz-2,
as a rose-colored powder with a yield of 62%.

7-(3-Nitrophenoxy)-3-(9H-Carba-
zol-9-yl)-2-Chloro-10H-Phenothiazine (Cz-3)

A mixture of carbazole (2.4 g) was dissolved in DMF solvent
(20 mL) followed by the addition of 2-chlorophenothiazine
(0.58 g), and the reaction mixture was stirred at 60°C for
1 h. The mixture was warmed to 80°C and cooled to room
temperature, followed by the slow addition of 4-nitrophenol

(1.085 g). After this addition, the mixture was warmed to
60°C and stirred for 1 h. After completion of the reaction,
the solvent was evaporated to dryness. The product was
extracted with chloroform solvent and washed to obtain a
pure sample product, Cz-3, as a red powder with a yield of
75%.

Dye Sensitized Solar Cell Fabrication

Fluorine-doped tin oxide (FTO) as conducting glass was
used for the counter electrode to current (8§ mm scattering).
The working electrode glass plate was immersed in a 40 mM
aqueous TiCl, solution at 80°C for 30 min to produce
20-nm-sized nanocrystalline TiO, particles before cleaning
with double-distilled water and ethanol. A layer of nanocrys-
talline TiO, paste was spin-coated on the electrode glass
plate using the doctor blade method and a round mask was
made by adhering to a 60-pm-thick piece of polyester tape
(3M Magic). The transport dye molecule (Cz-3) was dis-
solved in the DMF solution by heating and stirring the solu-
tion at 80°C for 30 min. The film was sintered at 500°C for
30 min and additional layers of prepared precursor solution
were applied, which were gradually heated. The electrode
was ready by immersing the 13.0 mm (8.0-mm-thick trans-
parent layer and 5.0-mm-thick scattering) nanocrystalline
TiO, film into the dye solution for 10 h. A photocathode was
placed on top of the counter electrode and clipped to form a
cell, and a 3-dimethylimidazolium iodide electrolyte solu-
tion was injected into the seam between the two electrodes.

Model and Computational Details

All first-principles calculations of the B3LYP (Becke’s
3-parameter, Lee, Yang and Parr) exchange—correlation
hybrid functional in density functional theory (DFT) were
performed with the Gaussian 09W package.'>”"> All calcula-
tions, which include the molecular geometries of all com-
plexes studied, were performed on isolated systems using
the hybrid functional level of B3LYP theory. A vibrational
frequency analysis was carried out in order to confirm the
minimum-energy geometries. Electron analyses were carried
out using the NBO 3.1 program,'® performed at the hybrid
DFT/B3LYP/6-311++4+G(d,p) level implemented in the
Gaussian 09W package. These NBO Fock matrix calcula-
tions were accomplished in order to realize various second-
order perturbation interactions between the filled orbitals
in donor and acceptor moieties and unoccupied orbitals of
another subsystem to subsequently obtain a measure of intra-
and intermolecular bond delocalization and hyperconjuga-
tion systems. The linear-response TD-DFT level model was
used to analyze energies, 13C and 'H NMR, UV-Vis spectra,
and the oscillator strengths of electronic spin-allowed sin-
glet—singlet transitions. The solvent influence was treated
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using the polarizable continuum model (PCM) developed
by Tomasi and co-workers.!”!” The electronic calcula-
tions, such as 3D surfaces for frontier molecular orbitals and
hyperpolarizability analysis, were estimated and visualized
via the GaussView 5 software package.”’ Molecular stud-
ies such as chemical potential, electronegativity, molecu-
lar hardness, global softness, and ionization potential have
been realized from HOMO-LUMO and their respective
energy gaps, employing quantum chemical TD-DFT at the
B3LYP/6-311++G(d,p) levels. The Gaussian 09W package
using quantum chemical calculation was used to plot elec-
trostatic potential surface analyses (MEP) for the molecule
using the GaussView 5 program package.

Result and Discussion
Effects of Chemical Modifications

Over the years, energies of frontier molecular orbitals
(FMOs) have been used to obtain vital parameters of organic

Cz-1

Cz-2

Cz-3

Fig.2 Isosurface plots relevant molecular orbitals involved in the
excited states of highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) for molecules (green

@ Springer

molecules with the nature of the transition.?!* The 3D plots
of FMO energy levels along with the HOMO-LUMO gaps
of compounds Cz-1-Cz-3 are calculated with the DFT/6-
3114++G(d,p) model quantum mechanism and are furnished
in Fig. 2, respectively. The highest occupied MOs, the outer-
most orbitals containing electrons, have the affinity to give
electrons and act as electron donors. On the other hand, in
the lowest unoccupied MOs, the innermost orbital contains
a vacant electron donor, an electron acceptor.23 In the three
compounds, Cz-1-Cz-3, the HOMO were charge-distribu-
tion localized over the dye molecules with a high electron
density on the acceptor moiety, but the LUMO is character-
ized by a charge density involving the n—z* transition. Obvi-
ously, the HOMO-LUMO perfectly shows the donor—accep-
tor character of the Cz and methoxy groups. The electronic
transition from the HOMO to LUMO energy level is linked
with electron charge density from the 10H-phenothiazine
parts to the C—C and N-C bond parts. The HOMO shape
of Cz-based dye molecules is mostly located both over the
acceptor moiety and around C2-C6, C5-C4, C2-C3, C3-C4,
C21-C22, C23-C19, and C20-C21 bonds. The LUMO
shapes of the ethylethanamine forms are mostly delocalized

4

regions (negative), decrease of electron density; red regions (posi-
tive), increase of electron density) (Color figure online).
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Table! Molecular properties Molecules ~ IP(eV)  EA(eV)  u(au)  n(au)  S@u)  w@uw)  y@uw)
and energy gap (eV) between
molecular orbitals involved Cz-1 -5.0 -1.67 3.33 1.65 0.825 -3.36 3.33
in electronic transitions of Cz Cz2 43 147 2.8 1.41 0.705 —2.94 2.8
molecules

Cz-3 —3.08 0.4 1.74 1.34 0.67 1.129 1.34
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Fig.3 Simulated absorption spectra of the molecules.

over N29-C31, C13-C12, C34-036, C34-035, N29-038,
and N29-N37 bonds and link atoms between aromatic rings.

Moreover, the energy gap values of Cz-1, Cz-2 and
Cz-3 between the HOMO and LUMO are 3.33 eV, 2.28 eV
and 2.68 eV, respectively. The energy gap between MOs
has been confirmed to show solar cells based on intramo-
lecular charge transfer (ICT). The results indicated that
the HOMO-LUMO excitation induced by light moves the
electron distribution from the Cz to the triethylamine/ethyl
thiophene-2-glyoxylate/4-nitrophenol moiety.

The calculated HOMO and LUMO energy>*~2® values
for frontier molecular orbital descriptors help us to iden-
tify the chemical potential (p) =P + EA)/2, ionization
potential (IP)=-Eyomo. electron affinity (EA) =-E; ymo-
chemical hardness ()= (P — EA)/2, global softness
(S)=1/n, electrophilicity (w) = u*/2n and electronegativ-
ity (y) =—(P + EA)/2 for all the studied species in the
solvent phase at the DFT/B3LYP/6-311++G(d,p) level
of theory. The dye molecules obtaining small band gap
energy have more polarizability. The smaller gap is gener-
ally related to the low kinetic stability and high chemical
reactivity of the dye molecules. The computational values
of the global hardness, softness, chemical potential, elec-
tronegativity, and electrophilicity index of our dye mol-
ecules, Cz-1 to Cz-3, are shown in Table 1.

Photophysical Properties

Figures 3 and 4 show the simulated absorption spectra
(DMF) overlaid with experimental spectra, and transitions
were compared well with the experimental spectra of Cz
compounds. The spectra were recorded in DMF at room
temperature, and the 4,,,, values were found by using TD-
DFT calculation at the 6-311++G(d,p) level basis set.?%*°
The optical and electrochemical parameters are tabulated
in Table II. The Cz-1-Cz-3 dye molecules with two impor-
tant electronic transitions were described for each com-
pound for calculated and experimental bands. One has
the largest absorption band, and the other electronic tran-
sition has a maximum wavelength 4,,, of 461-554 nm.
An experimental band appears at 336-530 nm and the
other is associated with an intramolecular charge transfer
(ICT) excitation from the Cz donor group based on the
triethylamine, ethyl thiophene-2-glyoxylate, and 4-nitro-
phenol acceptor units of the present compounds. The
theoretical absorption spectra (4,,,) are in the order of
461 nm, 424 nm and 554 nm, and the experimental val-
ues of 525 nm, 336 nm and 442 nm for Cz compounds
can be ascribed to a z—z* transition, indicating a better
light-harvesting ability of these Cz metal-free organic
compounds. The higher value of absorption wavelength
for Cz-2 and Cz-3 is due to the extended conjugation with
2-chlorophenothiazine linker and triethylamine, ethyl thio-
phene-2-glyoxylate, and 4-nitrophenol units. An increased
number of Cz units leads to a higher molar extinction coef-
ficient due to the large oscillator strength of the electronic
charge transition.

The experimental fluorescence spectra of compounds
Cz-1-Cz-3 in the solid state at room temperature are shown
in Fig. 5. The emission profiles of all compounds are simi-
lar, with almost superimposable emissions observed at
487-881 nm with the redshifted region. In addition, the fluo-
rescence spectra of Cz molecules demonstrate a significant
redshift with increasing solvent polarity, which is indicative
of the CT character of the fluorescent state. The fluorescence
lifetimes of all Cz functionalized compounds determined
from the TCSPC ranged between 4.32 ns and 13.2 ns. The
essential photophysical properties in solid states are tabu-
lated in Table III for solar cell applications.
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Fig.4 Experimental UV-Vis spectra on oxidation states by carbazole molecules (a) Cz-1, (b) Cz-2, (c) Cz-3.

Table Il Experimental and theoretical excitation energies, electronic transition configurations and oscillator strengths (f) for the major and minor
contributions and near-UV region for the Cz molecules

Molecules Energy (cm™})

Experimental
wavelength (nm)

Simulated wave- Osc. strength (f) Major contribution (%) Minor contribution (%)
length (nm)

Cz-1 21,675.49
23,866.11
26,305.15

Cz-2 23,563.65
25,154.99
25,659.9

Cz-3 18,027.42
24,681.54
26,222.88

525

461 0.0548 H—L (98%)

419 0.0242 H—L (98%)

380 0.0062 H—L (95%)

424 0.0051 H—L (94%)

397 0.0323 H—L (87%) H—L (8%)
389 0.0019 H—L (92%)

554 0.0021 H—L (95%) H—L (4%)
405 0.0697 H—L (98%)

381 0.0002 H—L (100%)
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Fig.5 Normalized fluorescence emission spectra of (a) Cz-1, (b) Cz-2, (c) Cz-3.

Electrochemical Properties

Cyclic voltammetry (CV) was performed to determine the
ground state oxidation-redox potential corresponding to the
HOMO, while the LUMO was obtained from the values of
(E,,) of the Cz-1-Cz-3 compounds using DMF solution
(Fig. 6a, b, and c).31’33 As can be seen, the cyclic voltam-
mograms of all Cz-1-Cz-3 compounds show reversible
oxidation waves, indicating stable electrochemical proper-
ties. The CV of Cz-1-Cz-3 shows the first quasi-reversi-
ble oxidation wave with an anodic peak potential (E;;,°*)
at —2.891 V, —2.378 V, and —2.29 V corresponding to the
formation of the cation-radical and the related data are fur-
nished in Table III and also graphically depicted in Fig. 6d.
The HOMO level of the Cz complexes was determined from
the onset of the redox (short oxidation reaction) potentials

with regard to the energy level (4.3 eV), and the LUMO level
was deduced from the HOMO energy levels determined by
the onset of absorption. The HOMO levels determined from
the half-wave oxidation potentials were —5.0 eV for Cz-1,
—4.3 eV for Cz-2, and —3.08 eV for Cz-3, respectively. Cal-
culation of the LUMO level of Cz compounds was exhibited
at —1.67 eV for Cz-1, —1.47 eV for Cz-2, and 0.4 eV for
Cz-3. The results reveal that the introduction of the Cz-3 dye
molecule leads to their better hole-transporting properties.

Natural Bond Orbital Analysis
NBO analysis is one of the most efficient approaches to the
total electronic wave function of the system. It is expressed

first as a set of natural atomic orbitals (NAOs), which are the
natural orbitals of isolated atoms, defined as eigenfunctions

@ Springer



2534 K. Periyasamy et al.
Crl Cz-2
2 <
= =
& E
= =
Q Q
T T T T T T T T T T T T T T T T T T
-25 -2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -3 -2 -1 0 1 2
Potential (V vs. SCE) Potential (V vs. SCE)
(a) (b)
10 P
Cz-3 ] . i
84 “1/““.: <3
6 N\ B
1 i
4 i, &
] ‘3, '?,:‘%‘ -4.3
~ R 2 ’
< S ] 50—
- QD
g > 04 A
E 80 E 0.4 ¥
2 -2 1 -1.47
© s ] o7 ; oy
4 e hd Gebe
i . u‘.‘,:\:\ g. ¥
-6 ‘!'3\ el ¢
{2 v
1 W <& ©
8- 3@ fee $
4 .‘" ‘."t‘
L% 4
T T T T T T -10- & w
-3 2 1 0 2 44
Potential (V vs. SCE) Cz-1 Cz-2 Cz-3
(©) )

Fig.6 Cyclic voltammograms for (a) Cz-1, (b) Cz-2, (c) Cz-3 recorded in DMF solution, and (d) computed electronic distribution of the first
occupied/unoccupied molecular orbitals of the studied species and the CB energy level of LiF/Al

Table lll Optical and electrochemical data of the carbazole compounds

Molecules  Electronic  A,,,° (¢/ Jem M em™110Y)  HOMO! LUMO! E, (V) 7(s)* K, () Ep, Energy gap
excitation* M~ em™'10%)

Cz-1 S,— S, 461 596 -5.0 -1.67  2.6874 432 231x10° —2.891 3.33

Cz-2 S,— S, 424 581,727,858 43 —147 29215 425 235x10° —2.378 228

Cz-3 8=, 554 487,881 -3.08 0.4 22351 132 7.57x10° —2296 2.68

#Only the selected low-lying excited states are presented

®Measured in DMF solution

“Emission spectral value

YHOMO: calculated from the onset oxidation potentials, LUMO: calculated from the HOMOs and UV-vis absorption band edges

“fluorescence lifetimes

The rate of radiative decay
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of the first-order density matrix.>* However, the NBO is
derived from a quantum mechanical calculation on the sys-
tem at some level of theory, typically DFT or HF, using
a suitable basis set. They are classified in the NBO analy-
sis as core electron pairs (CR), lone-pair (LP), anti-bond
pairs (BD*), and bond pairs of electrons (BD), the first two
extending over a single atom and the last over two atoms.
They are orthogonalized to each other to form the NBO
occupied orbital set, the "Lewis" orbitals (donor) NBOs,

with reference to the Lewis bonding theory.'® There are also
unoccupied or "non-Lewis" orbitals (acceptors), compris-
ing anti-bond and "Rydberg" extra valence natural atomic
orbitals. This remaining delocalization does not take place
in the natural Lewis-type structure representation and can
be quantified in terms of the intra-molecular interactions
between donor NBOs (i) and acceptor NBOs (j). The deter-
mination of the stabilization energy E(2) is connected with

Table IV The stabilization energies E(2) associated with conjugation interaction, electron occupancy and hybridization orbitals within Cz mol-

ecules
Molecules  Donor NBO (i) Acceptor NBO (j) Occupancy  E(2) (kcal/mol)*  E(j)— E(i) (auw)®  FG, J) (a.u.)¢  Hybrid value
S(%) P(%)

Cz-1 BD (2) C1-C2 BD*(2) C5-C6 1.69082 20.04 0.29 0.070 3841  61.59
BD (2) C11-C12 BD*(2) C8-C9 1.66320 31.10 0.25 0.081 0.16 99.84
BD (2) C13-C14 BD*(2) C11-C12 1.67145 22.69 0.27 0.071 0.09 99.91
CR (1) C32 RY*(4) C33 1.99891 11.05 0.55 0.070 100.0  0.00
LP (1) N7 BD*(2) C8-C9 1.71213 36.21 0.24 0.088 0.00 100.0
LP (1) S10 BD*(2) C8-C9 1.85447 10.71 0.25 0.051 2.54 97.46
LP (1) Cl15 BD*(2) C1-C2 1.92755 12.84 0.31 0.063 0.00 100.0
LP (1) N16 BD*(2) C18-C19 1.69333 29.29 0.28 0.083 0.00 100.0
BD*(2) C1-C2 BD*(2) C3-C4 0.44447 211.68 0.02 0.082 0.00 100.0
BD*(2) C8-C9 BD*(2) C13-C14  0.48532 96.56 0.03 0.074 0.67 99.33
BD*(2) C11-C12  BD*(2) C13-C14  0.38472 152.98 0.02 0.082 0.16 99.84

Cz-2 BD (2) C1-C2 BD*(2) C5-C6 1.70251 21.26 0.29 0.072 0.00 100
BD (2) C11-C12 BD*(2) C8-C9 1.65582 25.25 0.25 0.074 0.00 100
BD (2) C13-C14 BD*(2) C11-C12 1.66253 22.74 0.29 0.073 99.80  0.20
CR (1) C32 RY*(4) C33 1.99869 1.33 11.07 0.108 100 0.00
LP (1) N7 BD*(2) C8-C9 1.78488 19.39 0.30 0.073 19.99  80.01
LP (1) S10 BD*(2) C8-C9 1.80600 19.72 0.24 0.066 63.80  36.20
LP (1) Cl15 BD*(2) C1-C2 1.99480 22.07 0.24 0.066 83.50 16.50
LP (1) N16 BD*(2) C18-C19 1.77262 16.58 0.37 0.072 19.99  80.01
BD*(2) C1-C2 BD*(2) C3-C4 0.43310 202.40 0.01 0.076 0.00 100
BD*(2) C8-C9 BD*(2) C13-C14  0.47962 128.37 0.03 0.085 0.01 99.99
BD*(2) C11-C12  BD*(2) C13-C14  0.38533 179.29 0.02 0.086 0.01 99.99

Cz-3 BD (2) C1-C2 BD*(2) C5-C6 1.78262 13.23 0.30 0.057 0.01 99.99
BD (2) C11-C12 BD*(2) C8-C9 1.84820 10.26 0.30 0.052 0.00 100
BD (2) C13-C14 BD*(2) C11-C12 1.83733 11.27 0.32 0.054 0.00 100
CR (1) C32 RY*(4) C33 1.99985 10.36 0.85 0.084 100 0.00
LP (1) N7 BD*(2) C8-C9 1.80725 13.75 0.38 0.067 4049  59.51
LP (1) S10 BD*(2) C8-C9 1.79754 22.07 0.25 0.068 0.15 99.85
LP (1) Cl15 BD*(2) C1-C2 1.9986 2.73 0.87 0.043 91.31 8.69
LP (1) N16 BD*(2) C18-C19 1.77039 11.52 0.43 0.064 4121  58.79
BD*(2) C1-C2 BD*(2) C3-C4 0.27252 49.23 0.02 0.061 0.02 99.98
BD*(2) C8-C9 BD*(2) C13-C14  0.31345 99.86 0.01 0.059 0.02 99.98
BD*(2) C11-C12  BD*(2) C13-C14  0.19222 102.29 0.01 0.060 0.00 100

BD, bonding; BD*, anti-bonding; LP, lone pair; CR, core electron pairs; Ry, Rydberg

Stabilization (delocalization) energy

bEnergy difference between i (donor) and j (acceptor) NBO orbitals

“Fock matrix element i and j NBO orbitals
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electron delocalization between donor—acceptor interaction,
which is estimated as

F(i,j)*
EQ) = AE; =g,

€ —§

where ¢, is the donor orbital occupancy, ¢; and ¢; are
diagonal elements (orbital energies) and F(i,j) is the off-
diagonal NBO matrix element. In the present study, taking
into account NBO analysis, we report some of the electron
donor—acceptor charge transfer orbital interactions and the
interaction stabilization energy. The NBO calculation has
been performed on the title molecules at the DFT/B3LYP/6-
311++G(d,p) level to explain the intra-molecular hybridiza-
tion and delocalization of charge density within the detailed
data that are summarized in Table IV.

The obtained intermolecular interaction results for the
three BD-Pairs BD (2) C1-C2, BD (2) C11-C12, BD (2)
C13-C14 of Lewis orbitals or electron donors (i), and
BD"(2) C5-C6, BD"(2) C8-C9, BD"(2) C18-C19 in non-
Lewis interaction (j), as well as the three BD"-BD" orbitals
of carbon. NBO analysis assumes BD*(2) C1-C2, BD'(2)
C8-C9, and BD"(2) C11-C12 of carbon. The most impor-
tant conjugative charge transition state mode is for Cz-1
between the electron donor interaction of the N7 lone pair

orbital and the C8—C9 anti-bonding acceptor orbital ¢~ with
smaller E(2) value (36.21) in comparison to the Cz-2 value
(19.39) and the Cz-3 (13.75). These results indicate reduced
charge transfer and intermolecular orbital interaction for
Cz-1. The electron donates from the bonding orbitals of the
C—C anti-bonding orbital and gives BD (2) C11-C12. The
weaker intermolecular orbital interaction and compounds
Cz-1 and Cz-2 have BD (2) C11-C12 values of 10.26 and
25.25, respectively, which contributes to weak interactions
where the charge transition state of Cz-3 is very high. Com-
pound Cz-3 had the highest E(2) (179). This was ascribed
to the strong charge transfer and intermolecular interactions
between the anti-bonding of C11-C12 of the benzene ring
and the anti-bonding orbital of the C13—C14 ring.

Structure and Working Principle of Dye-Sensitized
Solar Cells (DSSC)

An advanced DSSC, the Gritzel cell, contains five mech-
anisms: conductive glass, solid-state semiconductor,
photosensitizers, a counter electrode and a photoanode.
The device structure of DSSCs is illustrated in Fig. 7.
In brief, the solar cell devices are composed of a trans-
parent conducting oxide (TCO) substrate, a mesoporous
semiconductor (predominately TiO,) film adsorbed with

S'
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)
< Maximum Voltage
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Rk
Te
: - X
L
lme & Red Mediator
®o¥e, interception
L Diffusion
St /S
&= —> (@

Fig.7 Schematic diagram of DSSC basic structure. Principle of oper-
ation and energy level scheme of the dye-sensitized nanocrystalline
solar cell. Photo-excitation of the sensitizer (S) is promoted into an
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electronically excited state (S*) is followed by electron injection into
the conduction band of the TiO2 semiconductor.
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Cz-3

Fig.8 Scanning electron microscope (SEM) images.

photosensitizer dyes, an electrolyte layer containing a
redox couple, and a counter electrode. The photosensi-
tizer dye can absorb sunlight and create a high-energy state
from which a photo-excited electron is injected into the
conduction band of the TiO, semiconductor. After per-
colation through the semiconductor film (mesoscopic),
the excited dye and injected electrons are collected by the
conduction band edge of the oxide material. Subsequently,
the oxidized dye sensitizers (S*) generated after excited
electron injection are compacted to their neutral state by
the reducing species (generally iodide ions) in the electro-
lyte solution. The species in the electrolyte diffuse into the
counter electrode and receive the external circuit electrons
to complete the whole circuit. This cycle is repeated indef-
initely with no material being consumed but with energy
being transformed from light to electricity. Among the

three dye molecules, more light harvesting efficiency has
been obtained in the particularly designed dye molecule.

SEM Analysis

Scanning electron microscope (SEM) images are used to
analyze the morphology of the synthesized material. As
shown in Fig. 8, the diameters of Cz compounds were in
the range of 50-150 nm. It is observed from the image that
the sample contains some irregularly shaped particles and
a clear change in particle size was observed on making the
particles in DMF solvent. The Cz-1, Cz-2 and Cz-3 with
D—-rn—A character with high emission would find a variety
of applications in blue organic photovoltaic devices.

Electrostatic Potential Surface Analysis

The concept of molecular electrostatic potential (MEP) is
extremely useful in understanding electrophilic and nucle-
ophilic attack sites, as well as hydrogen bonding interac-
tions.*>*° The total electron density map with electrostatic
potential in the background of quantum chemical calculation
results from the 3D image visualization in the GaussView
5 program. The different values of the electrostatic poten-
tial on the surface are represented by different colors; the
most positive potential region (blue color) is spread over the
carbazol group which indicates the nucleophilic reactions,
and the most electronegative potential region (red color) of
the MEP surface represents the electrophilic reactions of
charged point-like reagents on organic molecules, as shown
in Fig. 9. These regions can understand the location of inter-
actions of these complexes when they get involved in elec-
trophilic or nucleophilic interactions.

"H and 3C NMR Spectral Analysis

The computational and experimental chemical shifts ("H and
13C NMR) of designed dyes were recorded. The theoretically
calculated 'H and '*C NMR spectra were obtained using
GIAO methods and optimized molecular structures, with
a hybrid B3LYP functional method and a 6-311++G(d,p)
basis set. The experimental 'H and '3C NMR spectra of
designed dyes were obtained in CDCl; shown in Fig. 10a
and b, and the theoretical chemical shifts were given in
Supplementary Fig. 2a and b. In the present investigation,
the aromatic ring protons (such as benzene) give rise to 1*C
NMR signals in frequently overlapping areas of the spec-
trum through the chemical shift range of 100-150 ppm. The
observed '3C NMR chemical shifts (in ppm) of the hetero-
aromatic carbons (C1, C3, C4, C5, and C6) are in the range
of 114.7-139.8 ppm. The carbonyl functional group is the
more electronegative of the carbon atoms and also polarizes
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Fig.9 ESP surface plot of molecules (a) Cz-1, (b) Cz-2, (c) Cz-3 (Color figure online).

the electron density distribution. Therefore, the calculated
13C NMR peaks of C1, C3, C4, C5 and C6 atoms fused to
the carboxyl bonded group are too high, with experiential
chemical shift values of 128.3 ppm, 117.6 ppm, 136.0 ppm,
and 116.7 ppm for Cz-1 dye, at 129.5 ppm, 138.8 ppm,
117.4 ppm, 119.9 ppm for Cz-2 dye and at 129.8 ppm,
137.9 ppm, 118.0 ppm, and 120.3 ppm for the Cz-3 mol-
ecule, simulated at 129.4 ppm, 114.7 ppm, 139.8 ppm,
115.9 ppm and 120.5 ppm. Similarly, the chemical shift (5)
values of C12 (NH) and C2 (Cl) atoms are large, compared

@ Springer

to donor unit carbon groups. The nitrogen and chlorine
atoms show a de-shielding effect of the carbon nucleus in
the NMR signals of 129.5, 143.0, 158.6 ppm, and 130.4 (Cz-
1), 134.0 (Cz-2), 134.4 (Cz-3) ppm to downfield. The values
were theoretically predicted at 129.3, 141.5, 123.3 (C12) and
132.1 (C2) ppm. Furthermore, other carbon atoms in the Cz
donor unit appear at much larger peak values of NMR shift
at 136.3 (C26), 138.7 (C21), and 137.4 (C20) ppm, which
is the double bond of the amine group. The acceptor units
found at 57.1 (C17), 15.4 (C21) ppm for Cz-1 dye, 140.5
(C32), 164.5 (C39), 57.8 (C36), 19.4 (C34) ppm for Cz-2
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Fig. 10 (a) Experimental '>*C-NMR spectra for designed dyes. (b) Experimental 'H-NMR spectra for designed dyes.

@ Springer



2540

K. Periyasamy et al.

TableV The experimental
and simulated 1°C (§ (ppm))
isotropic chemical shifts of
the dyes using B3LYP/6-
3114++G(d,p) basis set

Table VI The experimental and
simulated 'H (8 (ppm)) isotropic
chemical shifts of the dyes
using B3LYP/6-3114+4+G(d,p)
basis set

@ Springer

Atoms Cz-1 Atoms Cz-2 Atoms Cz-3
Calculated Experimental Calculated Experimental Calculated Experimental
Cl 129.4 128.3 Cl 129.4 129.5 Cl 129.4 129.8
C2 132.1 1304 C2 132.1 134.0 C2 132.1 134.4
C3 114.7 117.6 C3 114.7 - C3 114.7 -
C4 139.8 136.0 C4 139.8 138.8 C4 139.8 137.9
C5 115.9 - C5 115.9 117.4 C5 1159 118.0
Co6 120.5 116.7 C6 120.5 119.9 C6 120.5 120.3
C8 61.8 57.4 C8 62.6 56.5 C8 62.6 -
C9 49.8 - C9 49.9 56.7 C9 45.6 39.9
Cl11 118.9 120.3 C12 141.5 143.0 Cl11 129.8 -
C12 129.3 129.5 C13 119.7 - C12 123.3 158.6
C13 128.1 126.1 Cl4 130.3 131.9 C13 154.7 -
Cl4 130.3 130.6 c4 139.8 - Cl4 101.9 101.3
C17 61.8 57.1 C21 139.7 140.2 C17 139.7 1374
C20 50.0 - C19 121.0 - C18 121.0 -
C21 13.5 15.4 C21 139.7 138.7 C20 139.7 1374
C26 139.7 136.3 C22 119.0 1204 C21 119.0 115.8
C24 121.0 124.0 Cc23 122.2 - C22 122.2 124.0
Cc23 139.7 136.3 C24 120.1 12 c23 120.1 120.3
Cc27 119.0 118.5 C26 111.1 114.6 C25 111.1 -
C33 122.2 125.0 Cc27 120.1 - C28 119.0 115.8
C29 120.1 - C28 122.2 - C30 155.9 158.2
C30 111.1 113.5 Cl11 122.3 125.1 C31 123.3 125.1
C32 120.1 - C31 142.2 - C32 130.4 132.7
C28 122.2 125.0 C32 143.3 140.5 C33 115.3 -
C34 119.0 118.5 C40 181.4 - C34 149.1 146.3
C39 164.1 164.5 C35 112.1 -
C36 60.8 57.8
C34 13.8 19.4
Atoms Cz-1 Atoms Cz-2 Atoms Cz-3
Calculated Experimental Calculated Experimental Calculated Experimental
H35 6.30 6.40 H35 6.30 6.56 H39 63 6.51
H36  6.90 6.83 H36 6.90 6.81 H40 69 6.82
H37 4.0 4.05 H37 4.0 3.83 H37 4.0 3.99
H38  3.55 - H38  3.55 - H42  3.55 3.62
H39 342 3.83 H39 342 3.46 H43 342 3.48
H42  5.90 5.93 H42  5.90 591 H45  5.90 5.73
H41  5.80 - H41  5.80 5.72 H54 755 -
H44  3.03 297 H55  7.55 7.63 H43  7.00 6.96
H45 240 2.51 H51  7.00 7.20 H52  7.08 7.09
H51 1.00 1.36 H57  7.08 7.31 H51 740 7.46
H55 755 - H59 740 7.49 H55 7.12 7.14
H51  7.00 7.03 H59 420 - H56  7.35 7.31
H57  7.08 - H60  1.30 1.42 H57 775 7.80
H59 7.40 7.39 H58  5.80 - H58  7.66 7.64
H40  5.70 - H46  6.52 6.64 H45 5.29 -
H42  7.40 7.38
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Fig. 11 J-V characteristics of the photovoltaic device is using the
molecule Cz-1-Cz-3.

Table VIl Photovoltaic performance parameters of the dye molecules

Dyes Ve (V) J. (mA cm?) FF Effi-
ciency (1
in %)

Cz-1 0.714 7.08 0.691 3.73

Cz-2 0.720 8.37 0.713 3.97

Cz-3 0.726 11.69 0.761 5.68

dye, and at 158.2 (C30), 125.1 (C31), 132.7 (C32), 146.3
(C34), ppm for Cz-3 dye display that the carbon atoms of
ethyl thiophene-2-glyoxylate, 2-chlorophenothiazine and
4-nitrophenol parts are in different environments. These
peaks are in good agreement with the experimental data.
The '>C NMR data are listed in Table V, and atom positions
were chemically shifted according to supplementary Fig. 3,
respectively.

The chemical shift (§) value provides information on
the chemical environment/magnetic properties of the
protons. Proton donating groups are shielded, and pro-
ton withdrawing groups are de-shielded. In the designed
dyes, the experimental & peaks of hydrogen atoms in the
benzene and pyrrole rings were measured in the region of
3.42-7.55 ppm and theoretically calculated in the region
of 3.83-7.63 ppm. The proton numbers H37, H45 (1),
H37, H59, H60 (2), and H58, H55 and H41 (3) atoms
were observed with values of 4.0, 2.51 (1) ppm, 3.8, 1.42
(2) ppm, and 3.99, 7.14, and 7.64 (3) ppm, which mark
the aromatic hydrogens of the amino and oxygen atoms.
The observed H37 proton chemical shift in the second-
ary Cz group appears at the highest peaks of 4.05 (1),
3.83 (2), and 3.99 (3) ppm due to the electronegative

amino group. Furthermore, the '"H NMR spectra of the
dye materials show proton triplets in the high shift values
of 1.42-3.48 ppm for H45, H60, and H43, and the pro-
ton multiples in the observed peaks at 1.30-3.42 ppm are
shown in Table VI. These experimental values are in good
agreement with the calculated data. The '"H NMR spectra
of the atom positions and shift values are shown in Sup-
plementary Fig. 4.

Photovoltaic Properties

Figure 11 shows the high power conversion efficiencies
(PCE) of the organic DSSCs sensitized by Cz dye mate-
rials calculated by measuring the J-V characteristics at
100 mW cm~? intensity under simulated AM 1.5G irra-
diance (i.e., 1 sun) in solar light. The important elec-
trical parameters used to characterize the photovoltaic
performance of DSSCs are the short-circuit current den-
sity (J4.), open-circuit voltage (V,.), fill factor (FF), and
conversion efficiency (1) and are listed in Table VII. The
DSSC device sensitized by the Cz-3 dye has achieved the
highest energy conversion efficiency of 5.68% with J,
value of 11.69 mA cm™2, V. of 0.726 V, and FF of 0.761,
compared to the other dyes. Furthermore, organic solar
cells based on Cz-1 and Cz-2 dyes have efficiencies of
3.73% (7.08 mA cm™2 (J,), 0.714 V (V) and 0.691 (FF),
and 3.97% (8.37 mA cm™2 (J,.), 0.720 V (V,.) and 0.713
(FF), respectively. Therefore, the Cz-3 dye shows better
photovoltaic performance than the Cz-1 and Cz-3 dyes
due to the implanted electron-withdrawing acceptor unit
(4-nitrophenol), which significantly increases the photo-
conversion efficiency.

Conclusion

In summary, we have successfully designed and synthesized
a D-n—A series of dyes containing carbazole donor, 2-chlo-
rophenothiazine spacer, and conjugation pathway with dif-
ferent acceptor units, namely triethylamine, ethyl thiophene-
2-glyoxylate and 4-nitrophenol. The donor exhibited intense
absorptions with high molar extinction coefficients, while
the 4-nitrophenol-linked dye showed a redshift in intramo-
lecular charge transfer transition. Theoretical calculations
using TD-DFT have shown the contribution of z-type tran-
sitions to longer wavelength absorption. Surprisingly, the
dye with the highest contribution from z-type transitions to
visible region absorption has resulted to efficient photocur-
rent generation. The synthesized compounds exhibit smaller
HOMO-LUMO energy gaps, stronger absorption with the
redshift, driving force of electron injection, dye regenera-
tion and a long excited-state lifetime. The DSSC based on
Cz-3 (V,,=0.726 V, J.=11.69 mA cm™2, FF=0.761 and

k4 SC
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1n=5.68%) dye yielded higher power conversion efficiency
(PCE) as compared to Cz-1 and Cz-2 dyes. In summary, our
results show that the designed dyes, particularly the Cz-3
dye have been identified as promising candidate for high-
efficiency DSSC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-023-10210-6.
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