J. Chem. Sci. (2021)133:102
https://doi.org/10.1007/s12039-021-01958-7

Ó Indian Academy of Sciences
Sadhana
(0123456789().,-volV)FT3](0123456
789().,-volV)

REGULAR ARTICLE
Special Issue on Beyond Classical Chemistry

Photo-induced energy and electron transfer in carboxylic acid
functionalized bis(40 -tert-butylbiphenyl-4-yl)aniline (BBA)substituted A3B zinc porphyrins
SUNEEL GANGADAa, POOJAb, ANJAIAH BOLIGORLAb, VIJENDAR REDDY KARLAb,
SRIKANTH BANDIb, RAVINDER PAWARb and RAGHU CHITTAa,b,*
a Department

of Chemistry, School of Chemical Sciences and Pharmacy, Central University of Rajasthan,
Tehsil: Kishangarh, Bandarsindri, District Ajmer Rajasthan 305817, India
b Department of Chemistry, National Institute of Technology Warangal, Hanamkonda, Warangal 506004,
India
E-mail: raghuchitta@nitw.ac.in; raghuchitta@curaj.ac.in
MS received 31 March 2021; revised 15 June 2021; accepted 5 July 2021

Abstract. Three bis(40 -tert-butylbiphenyl-4-yl)aniline (BBA)-substituted A3B zinc porphyrins containing
BBA attached to the three meso-positions of the porphyrin macrocycle via varied spacers i.e., directly
connected, phenyl, and ethoxy phenyl, and carboxylic acid functional group at the other meso-position, were
synthesized and fully characterized using 1H, 13C NMR, MALDI-TOF, HRMS (ESI?), UV-visible and
ﬂuorescence techniques. The steady-state absorption spectrum of Tetrad-1 revealed bathochromically shifted
peaks indicating notable interactions between BBA and ZnP moieties while the interactions were gradually
decreased in the case of Tetrad-2 and Tetrad-3 due to the introduction of the phenyl and ethoxy phenyl
spacer between the chromophores. Steady-state ﬂuorescence studies have revealed that the selective excitation of the BBA moiety at 352 nm in the tetrads resulted in the quenched BBA emission at 395 nm followed
by the appearance of the porphyrin emission at 618 or 605 nm indicating the occurrence of photo-induced
energy transfer (PEnT) from singlet excited BBA to ZnP i.e., 1(BBA)3*-ZnP-CO2H ! (BBA)3-1ZnP*-CO2H,
with the efﬁciencies of 28-68%. The comparison of the ﬁrst oxidation potential and E0-0 of BBA and the ﬁrst
reduction potential of ZnP revealed the possibility of photo-induced electron transfer (PET) from the 1BBA*
to ZnP, in addition to the PEnT, and the component was calculated to be 27-70%. The density functional
theory (DFT) studies have shown that, in these tetrads, HOMO is mainly concentrated on BBA moieties while
LUMO on the porphyrin macrocycle and the carboxylic acid functional group indicating that, once anchored
onto TiO2 nanoparticles, these tetrads can be utilized as the sensitizers for DSSCs.
Keywords. Bis(40 -tert-butylbiphenyl-4-yl)aniline; photo-induced electron transfer; photo-induced energy
transfer.

1. Introduction
In photosynthesis, light-harvesting systems enclosed in
the chloroplast funnel the incident photons to the
reaction center very efﬁciently.1 In this system cofacially oriented, slip-stacked chlorophyll and bacteriochlorophyll molecules are densely packed and
promote easy and quick inter-ring energy transfer.
During the last few decades, chemists are inspired by

these complexes and have designed various porphyrinbased donor-acceptor architectures by using concepts
of both covalent and non-covalent interactions.2–4 In
electron and energy donor-acceptor (D-A) systems,
understanding the charge-transfer processes, producing a long-lived charge-separated (CS) state, as well as
achieving a longer lifetime for the charge recombination (CR) state is crucial to achieving goals in the
ﬁeld of photovoltaics and light-emitting diodes.5–9
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Donor-acceptor systems with a basic model of
secondary donor–primary donor-acceptor (D2-D1-A)
usually exhibit sequential electron transfer. In these
systems, the chromophores are usually covalently
linked
or
connected
via
self-assembled
10–16
Generally in these models, when the
approaches.
primary electron donor is selectively excited, an ET
takes place from D1* to A creating a cation radical on
D1 (D1?.) and an anion radical on A (A-.). Sequentially, a hole is shifted from D2 to D1?. to create a
long-lasting CS state (D2?.-D1-A-.) with signiﬁcant
lifetimes. In this direction of creating such donor-acceptor models, very well established and studied
chromophores such as porphyrins and fullerenes have
been employed as molecular building blocks because
of their optical, electron-rich, photochemical and
electrochemical properties.11–21 Fullerenes (C60 and
C70) are used as acceptors in these donor-acceptor
models because of their low re-organization energy. In
the electron transfer reactions, fullerene exhibits small
re-organization that speeds up the forward electron
transfer (kcs) and slows down the back electron
transfer process (kCR).10,22–25 As terminal secondary
electron donors, triphenylamine,15 phenothiazine,16
ferrocene21,26–32 tetrathiofulvalene,33–38 etc. have been
employed.
Triphenylamine (TPA) compounds have been
developed as interesting precursors of small moleculebased materials for application in photo organic
materials.39–41 These molecules possess low oxidation
potential values, due to which they behave as attractive hole transporting materials in various ﬁelds like
organic light-emitting diodes,42–44 and organic solar
cells.45–47 In N,N-dialkyl derivatives, a twisted
geometry exists around the nitrogen atom which
decreases the p-donor strength of the amino group
through orbital coupling48,49 and hence, the p-p
aggregation is prevented and affects the ﬂuorescence
properties in the solid state.50–52 Among a wide variety
of donor molecules N, N-bis(40 -tert-butylbiphenyl-4yl)aniline), abbreviated as BBA, is one of the strong
electron donors because BBA forms stable amine
radical cation similar to dimethylaniline and
triphenylamines.
On the other hand, porphyrins are the most attractive species because of their structural similarity with
chlorophylls, and participate in photon capture in the
electron transfer cascades similar to that in natural
photosynthesis.17,53,54 Porphyrins show unique optical
and redox properties which can be tuned by functionalizing different groups on the porphyrin core or
via non-covalent interactions with the metal ions
placed in the core of porphyrin.6,55 Similarly, push-
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pull porphyrins have emerged as potential molecules
in dye-sensitized solar cells (DSSC) and non-linear
optics.56,57 These chromophores have been effectively
used as the donors in ET/EnT cascades of the design
D-p-A in which D and A are separated by a p-spacer.
The tunability of the HOMO-LUMO gap can modify
their intra and intermolecular charge transactions, like
CS and CR properties.58
In literature, very few examples have been reported
regarding the triarylamine-porphyrin hybrids.59–61 The
optical and redox properties of these porphyrin cores
were tuned meaningfully by substituting the mesopositions by TPA moieties. TPA-porphyrin-fullerene
(C60) was reported as a (donor)2-(donor)1-acceptor
multimodular hybrid, and this system demonstrated
sequential EnT followed by ET efﬁciently, where EnT
takes place from the 1TPA* to ZnP followed by ET
from 1ZnP* to the C60. In addition, the TPA substituents were involved in stabilizing the cation radical
of ZnP as well as anion radical of C60, ZnP?-C60-., in
a CS state by a charge-dissipation mechanism.62 The
CS state ultimate lifetime was as long as 1 ls.63
Among the family of triphenylamines, BBA, emerged
as a strong electron donor that has the intriguing
ability to stabilize the charge-separated and exhibits
the cation radical at 745 and 900 nm.64 Few studies
involving the BBA-fullerene dyads and PCT and CR
dynamics upon excitation of the fullerene have been
reported.65–71 In literature, our group discussed systematic femtosecond time-resolved ﬂuorescence and
transient absorption studies in three covalently linked
BBA-fullerene dyads involving the excitation dependent electron exchange energy transfer from 1BBA*!
C60 followed by an ET from BBA ! 1C60* leading to
the construction of the CS state, BBA?.-C60-. 64 in
polar solvents. Also, BBA-functionalized borondipyrromethenes with varied spacer sizes were
synthesized by us and the excitation wavelength-dependent PET and twisted intramolecular charge
transfer (TICT) were reported.72 We have also synthesized BBA-substituted A3B zinc porphyrin as light
harvesting material for DSSC for conversion of light
energy to electricity and a power conversion efﬁciency
of 3.8% was reported.73 Encouraged by these results,
we have designed and synthesized three BBA-porphyrin tetards, Tetrads 1-3, containing three BBA
moieties connected to the three meso-positions of the
porphyrin macrocycle via three different spacers, i.e.,
directly connected, phenyl and ethoxy phenyl, and a
carboxylic acid functional group at the other mesoposition and structural integrity was fully characterized using 1H, 13C NMR and mass spectrometric
studies. The photophysical properties of these tetrads
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were studied using UV-visible and steady state ﬂuorescence studies. Computational studies were performed to visualize optimized geometries and identify
the sites of electron relay and, thereby, obtain the
information whether the tetrads possess the promising
potential to behave as the sensitizers for DSSC
applications (Figure 1).
2. Experimental
2.1 Materials and physical measurements
The chemicals and reagents used for the synthesis of
the tetrads and control compounds were purchased
from commercial suppliers. The reactions were performed in distilled solvents under inert atmosphere
whenever needed, and the crude compounds were
puriﬁed by laboratory reagent grade solvents. The
spectroscopic investigations were performed in spectroscopic grade solvents procured from SigmaAldrich. Thin layer chromatography was used to check
the progress of the reaction and the purity of the
compounds.
1
H-NMR spectra were recorded on a 500 MHz
Bruker Advances spectrometer. Cary 100 UV/Vis
spectrophotometer (UV1106M034) procured from
Agilent Technologies was used to record the absorption spectra of the compounds while ﬂuorescence
spectrometer (LS55) purchased from Perkin Elmer
was used to record the emission spectra of all the

Figure 1. Structures of the carboxylic acid functionalized
N, N-bis(40 -tert-butylbiphenyl-4-yl)aniline) substituted porphyrin compounds employed for the study.
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compounds. In both the cases 1.0 cm quartz cells were
used.
2.2 Theoretical measurements
The geometries of the tetrads were optimized using
Grimis-Geometry, Frequency, Noncovalent, eXtended
Tight Binding (GFN-xTB) theory74 and the same level
of theory was used to calculate frequencies. Energy
convergence criteria was set to 10-10 eV during
geometry optimization and frequency calculations. All
these calculations were carried out using SCM-DFTB
simulation package.75 The GFN-xTB optimized
geometries were used to probe the single point calculations. The results reported herein are obtained
using DFT based Becke’s three parameter hybrid
exchange functional and Lee-Yang-Parr correlation
functional (B3LYP) employing 6-31G* basis set.
These calculations were performed using Gaussian 16
suite program.76
2.3 Synthesis details
N, N-bis(40 -tert-butylbiphenyl-4-yl)aniline) (BBA) (1),
N,
N-bis(40 -tert-butylbiphenyl-4-yl)4-bromoaniline
(BBA-Br)
(2),
4-(Bis(40 -tert-butylbiphenyl-4yl)amino)benzaldehyde (3), 40 -(Bis(40 -tert-butylbiphenyl-4-yl)amino)biphenyl-4-carbaldehyde
(4),
were synthesized by the literature procedures reported
earlier.64 The synthetic details of the compounds 1, 2,
3, and 4 along with the 1H and 13C NMR (Figures S1S8, SI) and mass spectra (Figures S24-S27, SI) are
provided in the supporting information.
2.3a Synthesis of Bis(40 -tert-butylbiphenyl-4-yl)
anisidine) (BBA-OMe) (5): To a schlenk ﬂask was
added 4-bromo-4-tert-butylbiphenyl (2 g, 6.91 mmol),
NaotBu (828 mg, 8.62 mmol), Pd(dba)2 (18.88 mg,
0.03 mmol), dppf (27.15 mg, 0.04 mmol), and dry
toluene (40 mL) under inert atmosphere. Then added
p-anisidine (322 mg 3.45 mmol) and reﬂuxed reaction
mixture for 14 h. After completion of the reaction, the
reaction mixture was poured into water and extracted
with diethyl ether. The organic layer was dried over
sodium sulphate. Compound was isolated on a silica
gel column chromatography using hexane: toluene
(70:30 v/v) as an eluent. Yield 79%. 1H NMR (CDCl3,
500 Hz): d 7.50 (d, J = 8 Hz, 12H, phenyl-H), 7.157.11 (m, 6H, phenyl-H), 6.87 (d, J = 9 Hz, 2H, phenylH), 3.81 (s, 3H, -OCH3), 1.36 (s, 18H, tert-butyl-H).
13
C NMR (CDCl3, 125 Hz): 31.41, 34.52, 55.53,
114.86, 122.94, 125.69, 126.29, 127.58, 134.47,
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137.89, 140.52, 147.08, 149.68, 156.37, 55.06. HRMS
(ESI?) (m/z): [M?K]? calculated for C39H41NOK
578.2825; found 578.2820.
2.3b 4-(bis(40 -tert-butylbiphenyl-4-yl)amino)phenol
(BBA-OH) (6): In a two-necked round-bottomed
ﬂask was placed 5 (1.2 g, 2.23 mmol) in anhydrous
CHCl3 (30 mL). A solution of 1M boron tribromide
(3 mL, 3.00 mmol) was added dropwise at –78 °C, and
the mixture was stirred at room temperature for 3 h.
The mixture was poured onto ice and extracted with
CHCl3 (330 mL). The organic layers were dried over
anhydrous sodium sulfate, ﬁltered, and concentrated
under reduced pressure. The crude product was
puriﬁed by silica gel column chromatography using
petroleum ether:toluene (10:90 v/v) as an eluent.
Evaporation of the solvent yielded the titled compound
as solid. Yield: 70%. HRMS (ESI?) (m/z): [M?H]?
calculated for C38H40NO requires 526.3110; found
526.3104..
2.3c 4-bis
(40 -tert-butylbiphenyl-4-yl)
amino)phenylethoxybenzaldehyde (7): To a solution
of 6 (2 g, 3.80 mmol) dissolved in DMF (30 mL) was
added K2CO3 (2.63 g, 51.32 mmol). To the resulting
mixture was added bromoethoxybenzaldehyde (2 g,
9.51 mmol) at 80 °C and reﬂuxed for 18 h. The
reaction mixture was washed with water, extracted by
using ethyl acetate, and dried over sodium sulphate.
The compound was puriﬁed over silica gel using
petroleum ether/toluene (30:70 v/v) as eluent. Yield
1.8 g (49%). 1H NMR (CDCl3, 500 Hz): d 9.90 (s,
1H,-CHO), 7.86 (d, J = 9 Hz, 2H, phenyl-H), 7.51 (d,
J = 8.5 Hz, 4H, phenyl-H), 7.45 (t, J = 8.5 Hz, 8H,
phenyl-H), 7.17 (d, J = 9 Hz, 2H, phenyl-H), 7.12 (d,
J = 8.5 Hz, 4H, phenyl-H), 7.07 (d, J = 8.5 Hz, 2H,
phenyl-H), 6.92 (d, J = 9 Hz, 2H, phenyl-H), 4.397
(dd, J=9.5 Hz, 4H, -O-CH2-CH2-O), 1.36 (s, 18H, tertbutyl-H). 13C NMR (CDCl3, 125 Hz): 31.41, 34.53,
66.56, 66.87, 114.95, 115.65, 123.10, 125.71, 126.29,
127.40, 127.62, 130.28, 132.05, 134.65, 137.82,
141.19, 146.99, 149.75, 155.06, 163.66, 190.84.
2.3d General procedure for the synthesis of A3Bester porphyrins: In a two neck round-bottomed
ﬂask aldehyde (3 eq.) and methyl 4-formylbenzoate
(1 eq.) were dissolved in propionic acid (45 mL),
acetic acid (45 mL), and nitrobenzene (15 mL) and the
reaction mixture was heated to reﬂux at 140 °C. Then
pyrrole (4 eq) was added slowly to the reaction
mixture and the system was kept at reﬂux for 12 h.
After aldehyde was consumed completely, the reaction
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mixture was cooled to room temperature and the
solvents were removed by vacuum distillation. The
residue was dissolved in dichloromethane (50 mL),
poured into 40 mL ammonia solution and stirred
overnight. The crude compound was extracted using
dichloromethane and the organic extracts were
evaporated under reduced pressure. The crude
compound was puriﬁed by basic alumina column
chromatography using petroleum ether/toluene (20:80
v/v) as an eluent. Evaporation of the solvent yielded
the titled compound as a purple solid. Yield: * 6%.
2.3e 5-(4-methoxycarbonylphenyl)10,15,20-tris(4(Bis(40 -tert-butylbiphenyl-4-yl)aminophenyl)
porphyrin (8): 1H NMR (CDCl3, 500 Hz): d 9.10 (s,
6H, pyrrole-H), 8.81 (d, J = 4.5 Hz, 2H, pyrrole-H),
8.46 (d, J = 8 Hz, 2H, phenyl-H), 8.33 (d, J = 8 Hz,
2H, phenyl-H), 8.13 (t, J = 9 Hz, 6H, phenyl-H), 7.667.65 (m, 12H, phenyl-H), 7.64-7.59 (m, 12H, phenylH), 7.57-7.51 (m, 6H, phenyl-H), 7.50-7.48 (m, 24H,
phenyl-H), 4.31 (s, 3H, -OMe), 1.38 (s, 54H, tertbutyl-H), -2.65 (s, 2H, imino-H).
2.3f 5-(4-methoxycarbonylphenyl)10,15,20-tris(4(Bis(40 -tert-butylbiphenyl-4-yl)
aminobiphenyl)porphyrin (9): 1H NMR (CDCl3, 500
Hz): d 8.96 (s, 6H, pyrrole-H), 8.81 (s, 2H, pyrrole-H),
8.45 (d, J = 6.5 Hz, 2H, phenyl-H), 8.33-8.24 (m, 8H,
phenyl-H), 7.99-7.92 (m, 8H, phenyl-H), 7.80 (s, 6H,
phenyl-H), 7.61-7.56 (m, 24H, phenyl-H), 7.48 (d, J =
7.5 Hz, 12H, phenyl-H), 7.50 (d, J = 6.5 Hz, 6H,
phenyl-H), 7.30 (d, J = 7.5 Hz, 10H, phenyl-H), 4.12
(s, 3H, -OMe), 1.39 (s, 54H, tert-butyl-H), -2.68 (s,
2H, imino-H).
2.3g 5-(4-methoxycarbonylphenyl)10,15,20-tris(4(Bis(40 -tert-butylbiphenyl-4-yl)
aminophenylethoxyphenyl)porphyrin (10): 1H NMR
(CDCl3, 500 Hz): d 8.89 (s, 6H, pyrrole-H), 8.79 (d,
J = 5 Hz, 2H, pyrrole-H), 8.44 (d, J = 8 Hz, 2H,
phenyl-H), 8.30 (d, J = 8 Hz, 2H, phenyl-H), 8.14 (d,
J = 8 Hz, 6H, phenyl-H), 7.52-7.48 (m, 24H, phenylH), 7.44 (d, J = 10 Hz, 12H, phenyl-H), 7.36-7.34 (m,
6H, phenyl-H), 7.24 (d, J = 8.5 Hz, 6H, phenyl-H),
7.17 (d, J = 8.5 Hz, 12H, phenyl-H), 7.06 (d, J =
8.5Hz, 6H, phenyl-H), 4.63 (d, J = 4.5Hz, 6H,
OCH2CH2), 4.53 (d, J = 4.8 Hz, 6H, CH2CH2O),
4.11 (s, 3H, -OMe), 1.36 (s, 54H, tert-butyl-H), -2.74
(s,2H, imino-H).
2.3h Hydrolysis
porphyrins: The

of the ester
respective ester

functionalized
functionalized
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porphyrin (8 or 9 or 10) (120 mg) was dissolved in
40 mL solvent (THF: MeOH: 3:1 (v/v)), added 20
equivalents of 1M aqueous KOH to the solution and
reﬂuxed for 10h. After cooling to room temperature,
the reaction mixture was treated slowly with 0.1 M
HCl, washed with NaHCO3 and extracted using
chloroform. The organic layers were dried over
sodium sulphate and the solvent was evaporated
under reduced pressure. The crude compound was
puriﬁed by using column chromatography.
2.3i 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)aminophenyl)
porphyrin
1
(11): H NMR (CDCl3, 500 Hz): d 9.10 (s, 6H,
pyrrole-H), 8.84 (d, J = 4.5 Hz, 2H, pyrrole-H), 8.55
(d, J = 7.5 Hz, 2H, phenyl-H), 8.39 (d, J = 7.5 Hz, 2H,
phenyl-H), 8.14 (t, J = 7.5 Hz, 6H, phenyl-H), 7.667.61 (m, 12H, phenyl-H), 7.59-7.56 (m, 18H, phenylH), 7.51-7.48 (m, 24H, phenyl-H), 1.38 (s, 54H, tertbutyl-H), -2.63 (s, 2H, imino-H).
2.3j 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)aminobiphenyl)
porphyrin
(12): 1H NMR (CDCl3, 500 Hz): d 8.95-8.87 (m,
8H, pyrrole-H), 8.50 (d, J = 5.5 Hz, 2H, pyrrole-H),
8.30-8.20 (m, 8H, phenyl-H), 7.99-7.85 (m, 10H,
phenyl-H), 7.72 (s, 4H, phenyl-H), 7.57-7.47 (m, 34H,
phenyl-H), 7.39 (d, J = 7.5 Hz, 2H, phenyl-H), 7.327.29 (m, 16H, phenyl-H), 1.38 (s, 54H, tert-butyl-H), 2.66 (s, 2H, imino-H).
2.3k 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)
aminophenylethoxyphenyl)porphyrin (13): 1H NMR
(CDCl3, 500 Hz): d 8.90 (s, 6H, pyrrole-H), 8.82 (d,
J = 3 Hz, 2H, pyrrole-H), 8.54 (d, J = 7.5 Hz, 2H,
phenyl-H), 8.36 (d, J = 7.5 Hz, 2H, phenyl-H), 8.12 (s,
6H, phenyl-H), 7.53-7.48 (m, 24H, phenyl-H), 7.45 –
7.43 (m, 12H, phenyl-H), 7.31(s, 6H, phenyl-H), 7.23
(d, J = 8.5 Hz, 6H, phenyl-H), 7.17 (d, J = 8.5 Hz,
12H, phenyl-H), 7.05- 7.03 (m, 6H, phenyl-H), 4.56 (s,
6H, -OCH2CH2O), 4.48 (s, 6H, OCH2CH2O), 1.36(s,
54H,-tert-butyl-H), -2.70 (s, 2H, imino-H).
2.3l Zinc metalation of the carboxylic acid
functionalized free base porphyrins: The respective
carboxylic acid functionalized free base porphyrin (11
or 12 or 13) (80 mg) was dissolved in 30 mL
chloroform. To this reaction mixture saturated
Zn(CH3COO)2.2H2O solution in methanol (5 mL)
was added and the reaction mixture was reﬂuxed for
1h. Reaction progress was monitored using UV–
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visible spectroscopy. Once the reaction is complete,
the solution was concentrated under reduced pressure
and puriﬁed over silica gel column using chloroform as eluent to yield the zinc porphyrins (14 or 15
or 16).
2.3m 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)aminophenyl)
porphyrinatozinc(II) (14): 1H NMR (CDCl3, 500
Hz): d 9.15 (s, 6H,-pyrrole-H), 8.94 (d, J = 4.5 Hz,
2H, pyrrole-H), 8.52 (d, J = 8 Hz, 2H, phenyl-H), 8.38
(d, J = 7.5 Hz, 2H, phenyl-H), 8.14 (s, 6H, phenyl-H),
7.66-7.60 (m, 12H, phenyl-H), 7.59-7.52 (m, 18H,
phenyl-H), 7.50-7.48 (m, 24H, phenyl-H), 1.38 (s,
54H, tert-butyl-H).
2.3n 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)aminobiphenyl)
porphyrinatozinc(II): (15): 1H NMR (CDCl3, 500
Hz): d 9.08 (s, 6H, pyrrole-H), 8.93 (s, 2H, pyrrole-H),
8.46 (s, 2H, pyrrole-H),8.30 (s, 8H, phenyl-H), 8.027.95 (m, 10H, phenyl-H), 7.88 (d, 4H, J = 10 Hz,
phenyl-H), 7.59-7.32 (m, 52H, phenyl-H), 1.38 (s,
54H, tert-butyl-H).
2.3o 5-(4-carboxylphenyl)10,15,20-tris(4-(Bis(40 tert-butylbiphenyl-4-yl)
aminophenylethoxyphenyl)
porphyrinatozinc (II) (16): 1H NMR (CDCl3, 500
Hz): d 9.00 (s, 6H, pyrrole-H), 8.91 (d, J = 8.5 Hz, 2H,
pyrrole-H), 8.50 (d, J = 7.5 Hz, 2H, phenyl-H), 8.35
(d, J = 8 Hz, 2H, phenyl-H), 8.14 (d, J = 8 Hz, 6H,
phenyl-H), 7.52-7.47 (m, 24H, phenyl-H), 7.44–7.42
(m, 12H, phenyl-H), 7.33 (d, J = 7.5 Hz, 6H, phenylH), 7.23 (d, J = 8.5 Hz, 6H, phenyl-H), 7.17 (d, J = 8.5
Hz, 12H, phenyl-H), 7.04 (d, J = 8 Hz, 6H, phenyl-H),
4.61 (s, 6H, OCH2CH2O), 4.51 (s, 6H, OCH2CH2O),
1.36 (s, 54H, tert-butyl-H).

3. Results and Discussion
3.1 Synthesis of N, N-bis (40 -tert-butylbiphenyl-4yl)aniline) substituted porphyrin derivatives
The synthesis of the BBA functionalized porphyrin
tetrads, Tetrad-1, Tetrad-2, and Tetrad-3 employed
for the present study is outlined in Scheme 1. Initially,
the synthesis of 1 (BBA) was achieved by reacting
4-bromo-4-tert-butylbiphenyl with aniline in the
presence of Pd(dba)2 catalyst, followed by bromination using NBS to yield 2 (BBA-Br). Formylation of 1
using DMF and POCl3 under standard VilsmeierHaack reaction conditions yielded 3 (R1-CHO) while
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Scheme 1. Synthetic scheme of carboxylic acid substituted BBA-zinc porphyrins.

4
(R2-CHO)
was
obtained
by
reacting
4-formylphenylboronic acid in the presence of Pd
catalyst under Suzuki coupling conditions. The synthesis of 5 (BBA-OCH3) was achieved by reacting
4-bromo-4-tert-butylbiphenyl with p-anisidine in the
presence of Pd(dba)2 catalyst. Demethylation of 5
using BBr3 yielded 6, which upon subsequent nucleophilic substitution reaction with bromoethoxy benzaldehyde in the presence of K2CO3 in DMF yielded 7
(R3-CHO).
For the synthesis of porphyrins, the aldehyde precursors, 3 or 4 or 7 were mixed with methyl
4-formylbenzoate and pyrrole in a solvent mixture of
propionic acid, acetic acid, and nitrobenzene and were
reﬂuxed at 140 °C. Puriﬁcation of the ester functionalized porphyrins followed by hydrolysis in the presence of KOH in THF/CH3OH yielded the acid
derivatives. Furthermore, metalation of the carboxylic

acid functionalized free base porphyrins using zinc
acetate in methanol yielded the BBA-substituted
porphyrins, Tetrad-1, Tetrad-2, and Tetrad-3 in
good yields. All BBA-porphyrin tetrads were
soluble in CHCl3 and CH2Cl2 which allowed us to
perform the systematic photophysical studies with
greater ease.

3.2 Optical absorption studies
The absorption spectra of BBA- porphyrin tetrads,
Tetrad-1, Tetrad-2, and Tetrad-3, along with reference compounds, BBA and 5,10,15,20-tetratolylporphyrinatozinc(II) (ZnTTP) were recorded in 1,2-DCB
(Figure 2).
The control compounds, BBA exhibited a peak
around 343 nm whereas ZnTTP at 426 nm (soret) and
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553 and 597 nm (Q-bands). Tetrad-1 displayed
absorption bands at 345, 442, 559, and 604 nm and
were observed to be red-shifted (vs BBA: * 2 nm)
and (vs ZnTTP: *27 nm) indicating strong interactions among the chromophores in the ground state and
the absence of aggregates due to the strategic selection
of non-planar BBA moieties. In case of Tetrad-2, the
absorption due to BBA moiety (kmax: 352 nm) was
red-shifted by 7 nm compared to control compound,
BBA whereas the porphyrin peaks were shifted by
2-5 nm. This bathochromic shift can be mainly attributed to the increase in conjugation due to the introduction of the phenyl spacers between chromophores.
The absorption spectrum of the Tetrad-3 looked like
the combination of the absorption spectra of BBA and
ZnTTP with very marginal shifts (* 2 nm) indicating
that the presence of the ethyloxy spacer did not provide
any kind of major electronic communication between
the chromophores in the ground state.
More importantly, in these tetrads, the BBA moiety
absorption at 335 nm had no overlap with the
absorption of zinc porphyrin at this wavelength indicating that the photo-excitation at this particular
wavelength would lead to selective excitation of BBA
moiety in the tetrads.
3.3 Steady state ﬂuorescence studies
Figure S30, SI shows the spectral overlap of the
emission of the BBA with the absorption of the
ZnTTP, indicating that in Tetrads 1-3, selective
excitation of the BBA moiety would lead to a PEnT
from 1BBA* to ZnTTP moiety generating excited
ZnP. In order to explore this, the ﬂuorescence spectra

Figure 2. Absorption spectra of the speciﬁed compounds
in 1,2-DCB.
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of the tetrads and the control compounds were recorded in 1,2-DCB (Figure 3).
Upon excitation of the equi-absorbing solutions of
BBA-ZnP tetrads, Tetrads 1-3, and the control compounds, BBA and ZnTTP at 352 nm, the wavelength
at which the BBA moiety is excited predominantly, in
1,2-DCB, the emission corresponding to the BBA
moiety, was observed at 395 nm only in case of BBA.
Whereas in case of the tetrads, the emission of the
BBA moiety was quenched with the appearance of the
porphyrin emission at 618 nm (Tetrad-1) or 605 nm
(Tetrad-2 & Tetrad-3) indicating the occurrence of
PEnT from 1BTZ* to ZnP in these systems. It should
be noted here that excitation of equi-absorbing solution of ZnTTP at this wavelength did not show any
noticeable porphyrin emission bands in the range of
590-650 nm indicating that the excitation of these
tetrads at 370 nm excited the BBA moiety predominantly. Similar results displaying photo-induced
energy transfer from 1BBA* to ZnP moiety was
observed by our research group earlier in case of the
(BBA)4-ZnP compounds when the BBA was excited
selectively at 335 nm.77 Also, it should be mentioned
here that, to the best of our knowledge, the synthesis of
the carboxylic acid appended porphyrins and photoexcitation of the BBA leading to the PEnT from singlet excited BTZ to ZnP is not reported till date.
The excitation spectra of the tetrads were recorded
by monitoring the emission of the ZnP at 618 nm for
Tetrad-1 or 605 nm for both Tetrad-2 & Tetrad-3.
The spectra thus obtained appeared to be similar to the
absorption spectra of the tetrads (see Figure S31, SI),
providing the evidence of intramolecular PEnT in
these tetrads. The efﬁciencies of PEnT in these tetrads
were estimated by integrating and comparing the area

Figure 3. Emission spectra (kex = 352 nm) and (OD kabs =
0.1) of equiabsorbing compositions of BBA, ZnTTP and
Tetrad-1, Tetrad-2, and Tetrad-3 in 1,2-DCB.
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under the BBA peak in the absorption and excitation
spectra and were calculated to be 28%, 53%, and 68%
in case of Tetrad-1, Tetrad-2, and Tetrad-3 in 1,2DCB respectively.
Among various radiative and non-radiative
intramolecular processes that decay the excited state of
the chromophores of the tetrads, in addition to PEnT,
PET can be conceived as one of the photophysical
pathways for quenching the ﬂuorescence intensity.
The efﬁciency of the ﬂuorescence quenching, %Q, was
estimated by integrating and comparing the area under
the BBA moiety emission peak in the control compound, BBA, and the tetrads and were calculated to be
98%, 97%, and 95% in case of Tetrad-1, Tetrad-2,
and Tetrad-3 in 1,2-DCB respectively. A literature
survey of the ﬁrst oxidation potential72 (0.87 V vs
SCE) and E0-0 (3.4 eV) of the BBA and the ﬁrst
reduction potential of the ZnTTP78 (-1.44 vs SCE)
indicates a possibility of PET from 1BBA* to ZnP in
these tetrads. The possible PET component in the
tetrads was estimated by taking the difference between
the %Q and %PEnT and was calculated to be 70%,
44%, and 27% in the case of Tetrad-1, Tetrad-2, and
Tetrad-3 in 1,2-DCB, respectively.

3.4 Computational studies
To probe the electronic structure and properties of the
tetrads, the density functional theory (DFT) and tight
binding DFT based calculations were performed. As
size of systems is signiﬁcantly large, the geometries
were optimized using Grimis-Geometry, Frequency,
Noncovalent, eXtended Tight Binding (GFN-xTB)
theory.74 The same level of theory was used to calculate frequencies. All the geometries were found to
be the minimum energy structures on corresponding
potential energy surfaces by frequency analysis.
Energy convergence criteria was set to 10-10 eV during
geometry optimization and frequency calculations. All
these calculations were carried out using SCM-DFTB
simulation package.75
The GFN-xTB optimized geometries were used to
probe the single-point calculations. The results reported herein are obtained using DFT based Becke’s three
parameter hybrid exchange functional and Lee-YangParr correlation functional (B3LYP) employing
6-31G* basis set. These calculations were performed
using Gaussian 16 suite program.76
It is interesting to note that the carboxylic
anchoring group is perpendicular to the porphyrin
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ring structure. As Tetrad-3 possesses more ﬂexible
arms the geometry reorganizes signiﬁcantly. The
inclusion of dispersion correction and ﬂexibility of
spacer group allow BBA moieties to interact with
each other and also with the carboxylic acid group
resulting in slanted optimized geometry of Tetrad-3.
As the spacers between the BBA and ZnP moieties
Tetrad-1 and Tetrad-2 are relatively rigid and
smaller in size, the ﬂexibility of the BBA moieties
is limited and allowed them to orient into the ﬁxed
planes as shown in Figure 4. The HOMO in Tetrad1 and Tetrad-2 is fully localized on all the BBA
moieties while in Tetrad-3 it is concentrated on a
single BBA moiety. On the other hand, LUMOs are
fully localized on the porphyrin ring along with the
carboxylic acid group (-CO2H). The HOMO and
LUMO energies in Tetrad-1, Tetrad-2, and Tetrad3 are -4.67, -4.71, -4.58 eV and -2.20, -2.22, -2.20
eV, the difference energy gap (ELUMO-EHOMO) are
2.47, 2.49 and 2.38 eV, respectively. We have
visualized the HOMO-1, HOMO-2 in Tetrad-3 and
the orbitals are pictorially represented in Figure S32,
SI. It can be clearly seen from the ﬁgure that the
HOMO is situated on single BBA unit in Tetrad-3.
The HOMO-1 is solely localized on the other BBA
unit whose position is directly opposite to that of the
carboxylic acid group, while HOMO-2 is mainly
concentrated on the other third BBA unit. The DFT
calculated energies of HOMO, HOMO-1 and
HOMO-2 are -4.58, -4.78, and -4.81 eV, respectively. We have further visualized the positions of
LUMO?1 and LUMO?2, we found that the LUMO
orbital is located on porphyrin ring as well as the
carboxylic acid group. However, LUMO?1 is solely
localized on porphyrin ring whereas LUMO?2 is
mainly concentrated on carboxylic acid group and a
partly also on the porphyrin ring. The energies of
LUMO, LUMO?1, and LUMO?2 obtained from
DFT studies are -2.20, -2.14, and -1.55 eV. The
energy difference between the corresponding
HOMO, HOMO-1, and HOMO-2 with the LUMO
are 2.38, 2.58, and 2.61 eV, respectively.
In order to explore whether these tetrads can be
utilized as the dyes to sensitize the semiconductor
TiO2 nanoparticles, a correlation diagram showing the
calculated HOMO-LUMO energy gaps along with the
TiO2 band structure is shown in Figure 5. In the case
of all the tetrads, the electron transfer from the LUMO
to the conduction band of the TiO2 appears to be
feasible indicating that these tetrads can be used as the
sensitizers in DSSCs.
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Figure 4. B3LYP/6-31G* calculated frontier HOMO and LUMO orbitals of the tetrads.

%PEnT, the possible PET component in these tetrads
was calculated to be 70-27%. The computational
studies have shown that the HOMO is localized
mainly on the BBA moieties while the LUMO on the
ZnP and carboxylic acid anchoring group indicating
that these tetrads can be utilized as the sensitizers in
the DSSCs.
Supplementary Information (SI)

Figure 5. Schematic energy level diagram.

4. Conclusions
A series of BBA functionalized porphyrin tetrads,
Tetrad-1, Tetrad-2, and Tetrad-3 containing BBA as
a prospective photo-induced energy and electron
donor moiety covalently connected to porphyrin
macrocycle at meso-positions with varied linker sizes
were synthesized and well characterized. When these
tetrads were selectively excited at 352 nm, diminished
ﬂuorescence intensity of the BBA with a subsequent
appearance of the porphyrin emission band at 618 nm
was observed signifying the PEnT from 1BBA* to ZnP
with the efﬁciencies of 28-68%. Based on the ﬂuorescence quenching efﬁciencies, %Q and also the

Synthesis details of the precursors 1–4; 1H NMR spectra of
the compounds, 1–5, 7–16, and 13C NMR spectra of compounds 1–5, 7, 14, 16 (Figures S1–S23); MALDI-TOF of
compounds, 1–4 and HRMS (ESI?) of compounds, 5 and 6
(Figures S24–S29); Overlap of the emission spectra of BBA
and absorption ZnTTP in 1,2-DCB (Figure S30); Overlay
of the absorption and excitation spectra of (a) Tetrad-1,
(b) Tetrad-2, and (c) Tetrad-3 1,2-DCB (Figure S31);
Frontier orbitals of Tetrad-3 and their corresponding
energies (Figure S32). Supplementary Information is
available at www.ias.ac.in/chemsci.
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