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Facile synthesis off-Substituted “Push-Pull” Zn(ll) Porphyrins for DSSC Applications

Kamal Prakash, Shweta Manchanda, Vediappan SudhakaNidhi Sharma, Muniappan Sankarand Kothandam
Krishnamoorthy

S-Functionalized' push-pull porphyrin” dyes have been designed, sgitled and studied for DSSC applications. These
dyes displayed power conversion efficiency (PCE) of1.72-3.13% where co-sensitized ZnT(Mes)P(CN-CQ@MAL9)
dye demonstrated maximum PCE efficiency up to 5,358 aJs. of 11.8 mA cnf, aV,. of 630 mV and a fill factor (FF)

of 0.72.
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Facile Synthesis off-Functionalized “Push-Pull” Zn(Il) Porphyrins for D SSC
Applications

Kamal Prakash? Shweta Manchand&Vediappan Sudhakar’Nidhi Sharma,*Muniappan Sankar*®and Kothandam
Krishnamoorthy* °

ABSTRACT

Three newp-substituted “push-pull” Zn(Il) porphyrin dyes witharious electron donors atesopositions and cyanoacetic acid as acceptg- at
position have been designed and synthesized. Tpesghyrins have been characterized by UV-Vis, RésoencéH NMR and *C
NMRspectroscopic techniques and cyclic voltammetticlies. The Soret and Q band of Zn(ll) porphyyes were found to be red-shifted (30-35
nm) as compared to ZnTPP.The fluorescence quenelmdtdne decrement in quantum yield and lifetimegssgintramolecularcharge transfer from
donor to acceptor. Zn porphyrinsexhibited anodiift sh their first redox potentials (0.03-0.11 V¥ @ompared to ZnTPP. The HOMO-LUMO
energy levels of Zn porphyrin dyes were compareti thie conduction band of Tiand the electrolyte/l;. The HOMO levels of all the dyes are
sufficiently higher than the energy level of elebtte I/ls” and LUMO levels significantly lowerthan the contlan band of TiQwhich reflect the
feasibility of facile electron-transfer. ZnT(MesfN-COOH) has been co-sensitized with N719 dye tthén improve the PCE efficiency. These
dyes displayed power conversion efficiency (PCEnof 1.72-3.13% where co-sensitized ZnT(Mes)P(CN-CQ@N719) dye demonstrated
maximum PCE efficiency up to 5.35%, withla of 11.8 mA crif, aV,. of 630 mV and a fill factor (FF) of 72% due to teetlight harvesting
capacity.

1. Introduction

As the global energy demand increased from thedastdes, there is an urgent requirement to lookéwv sustainable and renewable energy
sources to fulfil the advance energy demand fomtine generatiofr®Silicon based solar cells have been developechfoatternate energy source
but its production cost is very high. Dye sensdizelar cells (DSSC) were aroused as favourabldidate for green and clean energy due to their
high efficiency and low cost of production and touta better alternate to the Si based solar t&llsaditionally, Ruthenium-based sensitizers have
been utilized for DSSC to achieve high power cosieer efficiency up to 11% but these complexes greesive, rare, need skillful synthesis as well
as hazardous tothe environmentwhich restrict th@mnmercial applicatiof®From this point of view, tremendous efforts haverbenade to design
and synthesize new, cost-effective, high yield affitient metal free sensitize?s. Many organic dyes such as peryléf®ODIPY diimide
courmines: triarylamine$* and carbazof@ also reported as efficient sensitizers for DSSBwiiwer conversion efficiency in the range 5-9% ttue
their comparable cost, high yield synthesis, sitgtdind large molar absorptions coefficients. Amang various type of sensitizers, porphyrin and
phthalocyanine derivatives are gained much moreoitapce as potential sensitizers forDSSC applinaffs?®Porphyrinoids play crucial role to
sustain life in living organism such as chloroptigligreen leaves, heme protein in red blood ceti$’é® Chlorophyll in green leaves absorb light
from the sun for the process of photosynthesisotovert photon energy into chemical energy.In teigard, porphyrins and phthalocyanine have
attracted much interest for researchers as theyoeamimicked of neutural photosynthetic architeesd>Porphyrins have intense absorptions in
the visible region due to thetrconjugated aromatic system.They are easy to sgizthand functionalize abeso-angs-pyrrole positionswhich lead
to interesting electronic spectral andelectrochamiedox propertied?Porphyrins can be synthesized in very high yielavehfacile synthetic
routes as well as cheaper and environmental fryesslcompared to Ru-based dyes.

Porphyrins, first reported as sensitizers for D3§GGratzel and co-workers in 1981Since then,porphyrins have emerged as a clasoofiging
molecules as DSSC materials and alot of researsvéen carried out on them to achieve high poweversion efficiency for solar celf8:*D—n—

A type structures have electron-donor (Bilinker (r), and an electron-acceptor anchor (A) which enaaheir photophysical properties and
efficient electron injection due to intramoleculgrarge transfer (CT). From last few years, mamgsosubstituted push-pull porphyrinswere
reported with high PCE where different donor gramm acceptor carboxylic acceptor group situatedpmositemesepositons***The zinc
porphyrin sensitizeryD2-0-C8 and SM315exhibited an impressive PCE of 12-13% using a ddimsed electrolyté®®The extension of
porphyrinmacrocyle can be achieved by functionéibraof porphyrin aimeseposition with promising chromophores such as acepgrene by
increasing number of aromatic groups in the porphgore is a good strategy to extend the absorptmectra to greater wavelength. Fluorene-
substituted sensitiz&D22*° showed high PCE value of 8.1% and pyrene-substitaénsitizet D4** exhibited PCE of 10.1%, suggesting that they
showed good light-harnessing capability in the riBaand visible regions.Imahori and co-workers sddhemesenaphthyl fused porphyrin dyes



namely fused-ZnP1 with z-value of 4.1% which is found to be much greatemtmon-fused porphyin dy&nP1.*?Porphyrin array has been
developed for DSSC solar cell due to their excellight harvesting ability. Diau and co-workers #yesizedYDDOand YDD1 porphyrin dimer
with 7-value of 4.07% and 5.23%, respectivéllowever, porphyrin arrays enhance their light hating ability as compared to monomeric
porphyrins whereas the possibility of reduced etecejection and dye aggregation lowerssthalue of these arrays. Co-sensitization is a key t
to enhance the DSSC performance by combining tweore dyes with complementary spectral featuresiseed on semiconductor surface
together which extend the light harvesting abilag well as increase photocurrent of device. Firs@rézel and co-workers reported
porphyrin/organic dye co-sensitization in 2010 veh¥D-2 co-sensitized with a organic dye which showed @maaced device performance of
7=6.9% as compared to individual porphyrin dye= 5.6%%** Co-sensitization increase tlg. as well asVbecause of enhancement of light
harvesting ability and suppression of charge redoation. Chen and co-workers reported co-sensitizatf porphyritHD18 with PT-C6 which
displayedy value of 10.196°

Functionalization of porphyrin gt-position provide a new way to synthesjéunctionalized porphyrin dyes for DSS¢$3-Substituent have
better electronic communication with porphyrirsystem which can lead superior light harvestingjtgb g-Functionalizedporphyrin dye$01,
GD2 andZn-1) were reported for DSSC applications witlvalue of 5-7%'54”Kim and co-workers prepared tgpush-pullporphyrins namelga-
1b-d-Zn andtda-2b-bd-Zn with a higher PCE of 7.47% and 5.91%, respecti¥ith suitables-functionalization of porphyrins having strong
electron donating and acceptor groups can modtiteteoptical and electronic properties which furtivaprove the performance of porphyrin
sensitizeré®®%-formylation or bromination of porphyrins are ofegjal interest due to their easy transformatioseiveral other functional groups.
%38-Bromosubstituted porphyrins can befunctionalizgdsérious donor groupgia coupling reactions wheregsformyl group can also be converted
into different acceptor groups e.g. carboxylic amayanoacetic acid group®®

To improve the efficiency gf-substituted porphyrins for DSSC, herein, we hawgtesized threg-substituted push-pull Zn(ll) porphyrin dyes by
varying the substituents atese and g-positions as shown in figuregtmonoformylporphyrins were utilized as the precwssfor the targeted
porphyrin dyes in which formyl group undergo Knoeagelcondensation with cyanoacetic acid to intreduano-carboxylic acid as the acceptor
group. Bulky groups such &art-butyl and mesityl groups were introducedresoposition to prevent the dye aggregation of porphgrolecules at
TiO, surface and also provide an effective shieldinglertron recombination with the electrolyte. Znsith@porphyrinic dye was further co-
sensitized with N719 organic dye to improve the poaonversion efficiency for DSSC. These porphynmlecules were synthesized in good yields
and characterized by UV-Vis., FluorescefideNlMR and MALDI-MS spectroscopic techniques anchetatal analysis.

C(CH3)3

C(CH3)3
(ZnT(4-t-Bu)P(Phy)(CN-COOH) ZNnT(4-MeO)P(CN-COOH) ZnT(Mes)P(CN-COOH)

Figurel Molecularstructures of synthesized Zn(ll) porphytyes.
2. Experimental Section

2.1 Material

Pyrrole, propionic acid, piperiding@-chloroanil, Cu(OAc)*H,O andZn(OAc)*2H,O were taken from HiMedia, India and N-Bromosuatiidie,
cyanoacetic acid, sodium hydroxide, #6Et, were taken from SRL, India and used as receivéB(®H),, 4-ert-butylbenzaldehyde and
mesityldehyde were purchased from Alfa Aesar. 4Hdrybenzaldehyde andPd(RRtwere taken from Sigma Aldrich and used withoutHert
purification. DMF and KCO; were received from Rankem. PQ@®las taken from Thomas Baker. All solvents usethis work were distilled and
then used. Column chromatography was carried acagjel (Rankem laboratory, 100-200 mesh). TBARES recrystallized twice with ethanol.
Dry CH,CI, used in CV analysis was distilled twice witfO2 and third time from Ca



2.2 Instrumentation and methods

Optical absorption spectra were recorded in dry@using an Agilent Cary 100 spectrophotometer usipgir of quartz cells of 3.5 mL volume
and 10 mm path length and fluorescence spectrangeoeded using a Hitachi F-4600 spectrofluoromeséng a quartz cell of 10 mm path length.
'H NMRand®*C NMR spectra were recorded using JEOL ECX 400 Mpictrometer using DMSE@;and CDC}as solvents. Mass spectra were
measured using a BrukerUltraflextreme-TN MALDI-TOFS spectrometer using HABA (2-(hydroxybenzeneazo)benzoic acid) as matrix.
Electrochemical measurements were carried out @khgnstrument (CH 620E). A three electrode assgmbéd was consist of a platinum working
electrode, Ag/AgCI as a reference electrode anthaireé as a counter electrode. The concentratioallafompounds was maintained at 1 mM. All
measurements were performed in triple distilled,Clsl containing 0.1M TBAPE as supporting electrolyte, which was degassedrggnagas
purging.

2.3The fabrication of DSSCs

The dye-sensitized Ti¥ilm was used as a photoanode in the solar cellRinfoil used as counter electrode. Fluorine-dape@) glass (TEC-15,
2.2 mm thickness, Solaronix) was used for transpgacenducting electrodes. Both the substrate was ¢leaned in an ultrasonic bath using a
detergent solution, acetone and ethanol, respéciigach step was 20 min long). The FTO glass platere immersed into a 40 mM aqueous 7iCl
solution at 70 °C for 30 min and washed with wated ethanol and then FTO plates were sinteredGtGdor 30 min. A 9-1@m thick layer of 20
nm sized Ti@particles deposited on FTO and sintered and wexréuglly heated under air flow at 325 °C for 5 nain375 °C for 5 min, at 450 °C
for 15 min, and 500 °C for 15 min. Thenwn thick layer of 400 nm scattering layer was deggosbver the 400 nm sized Ti@articles and
gradually heated under air flow condition at 325f6€5 min, at 375 °C for 5 min, at 450 °C for 1frand 500 °C for 15 min. The electrodes were
again immersed into a 40 mM Tiolution at 70°C for 30 minutes and washed withewand ethanol and sintered at 500°C. After cgalinroom
temperature, FTO plates are heated at 70°C anttadles were then immersed in a 0.1 mM of porphgénsitizer in DMF/MeOH (volume ratio:
4:1) solutions and the dye solution contains 0.4@BICA (Solaronix, Switzerland) as an additive. Tithe photoanodes underwent dipping
condition for 20 h under dark conditions at a rammperature. After dye loading, photoanodes wergheg with EtOH and dried by air flow. The
co-sensitization was carried out by dipping porphwgensitized (ZnT(Mes)P(CN-COOH)TjOn 0.5 mM N719 dye in ethanol for 2 h.The same
experiment was repeated for0.5 mMN719 dyealoneallyirelectrolyte (AN-50, Solarnix, Switzerland) stbn was introduced into the space
between the photoanodes and Pt sheet counteroelectr

2.4 Synthesis of Zn(ll) Porphyrin dyes

2.4.1 Synthesis of 2Cyano-12,13-diphenyl-3-(2-(5,10,15,20meso-tetra-(4-tertiarybutylphenyl)PorphyrinatoZinc(ll)y l)acrylic acid (ZnT(I1)(
4+-Bu)P(Ph,)(CN-COOH)):

H,T(4-t-Bu)P:%°18.0 mL of Propionic acid was taken in a 100 mLnabottom (RB) flask and warmed to about 10 minufesthis, 0.5 mL (3
mmol) of 41-butylbenzaldehyde and 0.2 mL (3 mmol) pyrrole wadeled and then refluxed at 90 °C for 90 minutége feaction mixture was
cooled to room temperature and filtered using Gadesed crucible washed and thoroughly with MeOHrémove polypyrrolic impurities. The
compound was purified through silica gel columnochatography using chloroform as an eluent. Theestlwas evaporated using rotary
evaporator and the compound was recrystallizedguSHCL/MeOH. The yield was found to be 16% (100 mg). Wig: (CH,Cl,, Apaxin NmM): 420,
517, 554, 590, 648H NMR (CDCL, 400 MHz):5 (ppm) 8.87 (s, 8Hj-pyrrole-Ph), 8.15(d, 8H] = 8 Hz,ortho-Ph), 7.76(d, 8H,) = 8 Hz,meta
Ph), 1.61(s, 36H;-Bu-H), -2.74 (s, 2H, -NH proton).Elemental anadysalcd.for GHgN4: C, 85.88; H, 7.45; N, 6.68% and found C, 85.15; H
6.22; N, 7.75%.

Cu(Il)T(4- t-Bu)P: 100 mg (0.12 mmol) of }T(4-t-Bu)P was dissolved in 15 mL of CHQTu(OAc)*H,O (0.240 mg, 10 eq.) in 3.0 mL of MeOH
was added to this porphyrin solution in CHl@hd refluxed for 30 minutes. After completion, tieaction mixture was washed two times with water
to remove excess of Cu metal salt and the orgayerlwas separated with CHCIThe crude porphyrin was purified by silica geluron
chromatography using CHCAs eluent and recrystallized using CHMEOH. The vyield of the product was found to be%(Q95 mg). UV-Vis.
(CHLCl,, Amaxin Nnm): 412, 540.Elemental analysis calcd.fggHgoN4Cu: C, 80.01; H, 6.71; N, 6.22% and found C, 801866.27; N, 6.31%.

H,T(4-t-Bu)P(CHO):A 250 mL round bottom flask equipped with condenskying tube and thermometer was charged with PIMFmL)and
POCK(0.9 mL)at 0 °C and stirred for 15 minutes at raemperature until a golden-yellowish liquid wasnfi@d which indicates the formation of
Vilsmeier-complex. 90 mg(0.10 mmol) CuT{4Rutyl)Pwas diluted with a 15.0 mL of 1,2-dichlotbane under argon atmosphere. This porphyrinic
solution was then added to the Vilsmeier-compled @fluxed for 7 h at 80 °C. After that the reactiixture was cooled at room temperature for
overnight. Then, 2.0 mL conc.,HO, was added to the reaction mixture and stirred bminutesin ice bath. It was then neutralized wéth cold
aqueous solution of NaOH (5.0 g in 100 mL distileater). Then the reaction mixture was transferoethé separating funnel and CH@las added.
The reaction mixture was washed with water untegr color disappeared followed by washing with 28§@eous solution of NaHG x 100
mL). The organic layer was separated and dried ambydrous sodium sulphate. The solvent was eviggbtesing rotary evaporator and the crude
porphyrin was purified by column chromatographyngsCHCkas eluent. The yield of the product was found t8@% (70 mg). UV-Vis. (ChCl,,
Amax iN NM): 434, 539, 581, 606, 68H NMR (CDCk, 400 MHz):8 (ppm) 9.45 (s, 1H, -CHO proton), 9.25 (s, Jhyrrole-H) 8.93-8.88 (m, 4H,
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S-pyrrole-H), 8.80 (t, 2HJ = 4.8 Hz S-pyrrole-H), 8.18-8.12 (m, 8Hyrtho-PhH), 7.80-7.76 (m, 8H,metaPhH), 1.61-1.60 (m, 36H;Bu-H), -2.50
(s, 2H, -NH proton).Elementalanalysis calcd.fgiHz,N4O: C, 84.49; H, 7.21; N, 6.46% and found C, 84H4,16.51; N, 6.47%.

H,T(4-t-Bu)P(Br,)(CHO):In a 100 mL RB flask, kT (4-t-Bu)P(CHO) (150 mg, 0.172 mmol) was taken in 40 ohlICHCl;.To this solution, NBS
(76 mg, 2.5 eq.) was added. The flask was covergdaluminum foil to protect the mixture from lighthd allowed to reflux for 24 h at 75 °C. The
solvent was removed by rotary evaporation and thdecproduct was purified with column chromatogsapking 1:1 CHG/Hexane as an eluent.
The yield of the product was found to be 50% (9Q.rty-Vis. (CH,Cly, Amaxin NM):441(5.16), 538(3.92), 687(3.75 NMR (CDCl, 400 MHz):

8 (ppm) 9.34 (s, 1H, -CHO proton), 9.16 (s, P-hyrrole-H), 8.94-8.85 (m, 4Hp-pyrrole-H), 8.20-8.09 (m, 8H,artho-PhH), 7.83-7.79 (m, 8H, ,
metaPhH), 1.60-1.61 (m, 36H;Bu-H), -2.62 (s, 2H, -NH proton). MALDI-TOF-MS: m/1022.65 for [M] ( calcd. 1022.31).Elemental analysis
calcd.for G;HgoBrN,O: C, 71.48; H, 5.90; N, 5.47% and found C, 74H25.80; N, 5.67%°CNMR (100 MHz, CDC)) : & (ppm) 188.8, 186.6,
152.8, 152.5, 152.2, 152.1, 151.9, 151.8, 151.8,214148.2, 141.1, 140.8, 139.5, 139.2, 139.0,11,3B38.1, 138.0, 137.7, 137.6, 137.3, 136.7,
135.8, 135.6, 135.3, 135.2, 130.0, 129.7, 129.9,112125.1, 124.8, 124.7, 124.6, 124.5, 124.2,212R22.9, 122.1, 120.7, 120.6, 120.5, 120.3,
120.2, 35.0, 31.7,22.7, 14.7.

H,T(4-t-Bu)P(Phy)(CHO):The two-neck round-bottom flask (100 mL) contaginistilled toluene (20 mL) was charged with ,{i#-t-
Bu)(CHO)BR) (50 mg, 0.048 mmol) and purged with argon gaserThhenyl boronic acid (46 mg, 0.384 mmol, 8 e§CO; (105 mg, 0.768
mmol, 16 eq.), Pd(PRi (12 mg, 20 mol %) were added and purged again avigon for 15 minutes. The reaction mixture wasureftl for 6 h at
100°C under inert atmosphere. After completionhaf teaction, the solvent was evaporated under eedpressure using rotary evaporator. The
resulting residue was dissolved in minimum amodr€1dCl; and washed with saturated aqueous Nak#GlDtion followed by 30% aqueous NaCl
solution. The organic layer was separated and dried anhydroyNaSO,. Solvent was evaporated using rotary evaporatoe. drude porphyrin
was purified by column chromatography using CH@he yield was found to be 50 % (26 mg). UV-VIEH,Cl,, Apay in NM):443, 536, 682H
NMR (CDCl, 400 MHz):6 (ppm) 9.39 (s, 1H, -CHO proton), 9.27 (s, Bpyrrole-H), 8.79-8.75 (m, 2Hp-pyrrole-H), 8.61 (d, 2HJ) = 4 Hz,p-
pyrrole-H), 8.20 (d, 2HJ = 8 Hz,ortho-PhH), 8.16 (d, 2H) = 8.4 Hz,ortho-PhH), 7.81-7.72 (m, 8Hyrtho and metaPhH), 7.26-7.21 (m, 4H,
metaPhH), 6.91-6.88 (m, 4H3-pyrrole-PhH), 6.85-6.80 (m, 6H8;pyrrole-PhH), 1.62-1.59 (m, 36#Bu-H), -2.21 (s, 2H, -NH proton). MALDI-
TOF-MS: m/z 1019.365 for [M + H]( calcd. 1018.55).Elemental analysis calcd.fesH3oN,O: C, 86.01; H, 6.92; N, 5.50% and found C, 86H5;
6.91; N, 5.06%4°CNMR (100 MHz, CDCJ) : & (ppm) 189.2, 149.6, 149.0, 139.9, 139.4, 139.8,.6,3138.4, 137.9, 137.2, 137.0, 136.0, 135.4,
135.2, 135.0, 132.5, 132.3, 131.6, 131.5, 130.8,113128.6, 126.5, 125.2, 124.9, 124.5, 124.0,2,2%2.9, 122.6, 122.0, 114.6, 35.0, 34.6, 33.9,
32.0, 31.7, 31.5, 29.8, 29.6, 29.5, 29.3, 29.0.

Zn(I)T(4- t-Bu)P(Phy)(CHO): H,T(4-t-Bu)P(Ph)(CHO) (20 mg, 0.019 mmol) was dissolved in 10mLC#{Ck. To this solution, Zn(OAgy2H,0O
(43 mg, 10 eq.) in 1 mL of MeOH was added and refitr 30 minutes. The reaction mixture was thenheastwice with water to remove excess of
zinc metal salt and then the organic layer wasrsggé with CHCJ and dried over anhydrous sodium sulphate. Theecpatphyrin was purified by
column chromatography using CHGIs eluent and the yield of the product was founbet 85% (18 mg). UV-Vis (C}l,, Amax in NM):440, 567,
608. Elemental analysis calcd.fofs8ggN,0Zn: C, 80.98; H, 6.33; N, 5.17% and found C, 802,76.73; N, 5.01%.

Zn(I)T(4- t-Bu)P(Phy)(CN-COOH): Zn(Il)T(4-t-Bu)P(Ph)(CHO) (15 mg, 0.0138 mmol) was dissolved in 10 ofildistiled CHCk in 100 mL RB
flask. Cyanoacetic acid (12.5 mg, 10 eq.) in 1 rICBI;CN was added to this solution followed by drop wasigition of piperidine (0.01 mL)and
the resultant reaction mixture was refluxed overhigt 80 °C. After that, the reaction mixture waasted with HPQ, (2.00 M solution). The
organic layer was separated with Ckl@hd dried over sodium sulphate. The solvent wasoved under vacuum and the crude porphyrin was
purified by silica gel column chromatography us@igCl;-MeOH (9: 1) as eluent. The yield of the producsvieund to be 87% (13 mg). UV-Vis
(CHyCly, Amax in NM):447, 574, 628H NMR (DMSO-ds, 400 MHz):8 (ppm) 9.97 (s, 1H, -COOH), 9.38 (s, 1fpyrrole), 8.69-8.57 (m, 2Hg-
pyrrole-H), 8.42-8.36 (m, 2H S-pyrrole-H), 8.08-7.92 (m, 11Hhrtho, metaPhH and 1-ethenyl-H), 7.76-7.70 (m, 4HetaPhH), 7.51(d, 2HJ=7.2

Hz, metaPhH), 7.02(d, 4HJ)=6.4 Hz,p-pyrrole-ortho- PhH), 6.81-6.68 (m. 6H3-pyrroleimetand-PhH), 1.38-1.19 (m, 36H;Bu-H). MALDI-
TOF-MS: m/z 1147.249 for [M]( calcd. 1147.59).Elemental analysis calcd.fesHzoN,O: C, 79.39; H, 6.05; N, 6.09% and found C, 79187;
6.42; N, 5.12%.

2.4.2 Synthesis of 2Cyano-3-(2-5,10,15,20meso-tetra(4-methoxyphenyl)PorphyrinatoZinc(ll))acrylic acid(Zn(ll)T(4-MeO)P(CN-COOH)):

H,T(4-MeO)P: Synthetic procedure is similar to above reportetier-Longo method. 16% vyield. UV-Vis. (GBI, Ama in nm): 421(5.52),
518(4.09), 554(4.18), 596(3.60), 651(3.72).Elemeantalysis calcd.for gHsgN4O,: C, 78.45; H, 5.21; N, 7.62% and found C, 78.265t63; N,
5.10%.

Cu metallation of HT(4-MeQO)P and the formylation of CuT(4-MeO)P weegried out using the above mentioned procedures.

Cu(I)T(4-MeO)P: 87% vyield. UV-Vis. (CHCI,, Amax in nm): 417, 541, 577.Elemental analysis calcd@gHssN,O,Cu: C, 72.39; H, 4.56; N,
7.04% and found C, 72.36; H, 4.10; N, 5.41%.

H,T(4-MeQ)P(CHO): The yield was found to be 70%. UV-Vis. (G, Amax in NM): 437(5.64), 531(4.34), 572(4.09), 606(3,8H5(4.08).H
NMR (CDCl;, 400 MHz):3 (ppm) 9.41 (s, 1H, -CHO proton), 9.34 (s, B-hyrrole-H) 8.90 (m, 4H-pyrrole-H), 8.80 (t, 2HJ = 5.6 Hz -pyrrole-
H), 8.14-8.10 (m, 8Hortho-PhH), 7.30-7.27 (m, 8H,metaPhH), 4.10-4.08 (m, 12H, -OGHbroton), -2.50 (s, 2H, -NH proton). MALDI-TOF-MS:
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m/z 762.93 for [M + H] ( calcd. 762.28). Elemental analysis calcd.fgsHzgN,Os: C, 77.15; H, 5.02; N, 7.34% and found C, 77.265H9; N,
7.93%CNMR (100 MHz, CDCJ): 5 (ppm) 189.6, 160.4, 159.9, 159.7, 136.3, 136.6,9,3135.8, 135.0, 134.4, 134.2, 122.5, 120.3,0,20019.8,
113.0, 112.5,

Zn(I)T(4-MeO)P(CHO) : 80% (45 mg). UV-Vis. (ChCly, Amax in NM):437(5.30), 560(3.97), 605(3.88) NMR (CDCL, 400 MHz):3 (ppm) 9.56

(s, 1H, -CHO proton), 9.41 (s, 1 pyrrole-H), 8.97-8.93 (m, 6Hp-pyrrole-H), 8.16-8.07 (m, 8Hartho-PhH), 7.33-7.21 (m, 8lhetaPhH), 4.10-
4.08 (m,12H, MeO-proton). MALDI-TOF-MS: m/z 825.6@ [M + H]* ( calcd. 825.20).Elemental analysis calcd.fgsH3sN,OsZn : C, 71.23; H,
4.39; N, 6.78% and found C, 71.56; H, 4.19; N, 8638C NMR (100 MHz, CDCJ): & (ppm) 190.3, 160.1, 159.0, 159.4, 152.2, 152.2,A,5151.7,
151.1, 150.5, 147.7, 146.7, 141.6, 136.0, 135.8,71.3135.7, 135.6, 135.5, 134.9, 134.7, 133.3,,3832.9, 132.7, 132.4, 123.4, 121.3, 121.0,
120.6, 121.7,112.4,55.7.

Zn(I)T(4-MeO)P(CN-COOH) :The Knoevenagel condensation was carried out asioned above. The yield of the product was foumtie 88%
(38 mQ). UV-Vis. (CHCly, Amay in nM): 452(4.96), 568(3.92), 619(3.93 NMR (DMSO-d;, 400 MHz):8 (ppm) 9.44 (s, 1Hj-pyrrole-H) 8.82-
8.74 (m, 6H,B-pyrrole-H), 8.10-7.93 (m, 9idrtho-PhH and 1-ethenyl-H), 7.35-7.28 (m, 8hhetaPhH), 4.03-4.01 (m, 12HOCH;-proton).
MALDI-TOF-MS: m/z 891.63 for [M] ( calcd. 891.20).Elemental analysis calcd.fggHz;NsOsZn : C, 69.92; H, 4.17; N, 7.84% and found C,
69.86; H, 4.59; N, 7.90%CNMR (100 MHz, DMSOd,): 5 (ppm) 160.2, 159.4, 159.3, 151.0, 150.8, 1504R.1, 136.1, 135.7, 135.3, 135.2,
135.0, 134.8,133.1, 132.7, 132.6, 132.5, 132.32,31332.2, 120.8, 120.5, 113.4, 114.8, 79.7, 589), 34.3, 33.7, 33.1, 32.0, 31.8, 31.2, 29.2.
2.4.3 Synthesis of 2Cyano-3-(2-(5,10,15,20neso-tetramesityl) PorphyrinatoZinc(ll))acrylic acid (Zn (II)T(Mes)P(CN-COOQOH)):

H,T(Mes)P: Tetramesitylporphyrin was synthesized accordingeforted Lindsey methddYield 29%. UV-Vis. (CHCly, Amax in NM): 418(5.63),
514(4.20), 548(3.57), 594(3.70), 648(3.48).NMR (CDCk, 400 MHz):§ (ppm) 8.62 (s, 8Hg-pyrrole-H), 1.85 (s, 24Hortho-ArCHj), 1.62 (s,

12H, para-ArCHy), -2.51 (s, 2H, -NH proton).Elemental analysiscdebr GgHs4N4: C, 85.89; H, 6.95; N, 7.15% and found C, 85.616k38; N,
7.91%.

(i) CU(OAC)z.Hzo

(i) DMFIPOCl 5,
CH,Cly, HyS0,

H,T(Mes)P H,T(Mes)P(CHO)

(i) Zn(OAC) .2H,Q,

(i) Cyanoacetic acid,
piperidine, HzPO,

ZnT(Mes)P(CN-COOH)
Scheme 1: Synthetic Route of ZnT(Mes)P(CN-COOH) dye

Cu(I)T(Mes)P: Yield (80 mg). UV-Vis. (CHCI,, Apay in Nm): 415, 539.Elemental analysis calcd.fggHs,N,Cu: C, 79.64; H, 6.21; N, 6.63% and
found C, 79.50; H, 6.13; N, 6.82%.

H,T(Mes)P(CHO): Theformylation was performed as mentioned above. {iibld was found to be 70% (60 mg). UV-Vis. (§&Hb, Ay In NM):
437,531, 572, 606, 6784 NMR (CDClL, 400 MHz):5 (ppm) 9.41 (s, 1H, -CHO proton), 9.30 (s, Jhyrrole-H) 8.68-8.57 (m, 6Hp-pyrrole-H),
7.29-7.27 (m, 6H, metaPhH), 7.26-7.25 (m, 2H,metaPhH), 2.63 (d, 12H] = 3.6Hz,para-ArCH; proton), 1.89 (d, 18H] = 7.6Hz,metaArCH;
proton), 1.83 (s, 6HnetaArCH; proton), -2.21 (s, 2H, -NH proton). MALDI-TOF-M®&/z 811.23 for [M + H] ( calcd. 811.43).Elemental analysis
calcd.for G/Hs/N4O: C, 84.41; H, 6.71; N, 6.91% and found C, 84176.21; N, 6.32%3CNMR (100 MHz, CDCJ): 5 (ppm) 190.4, 139.8, 139.5,
139.4, 139.3, 138.0, 137.9, 137.8, 137.6, 129.8 5 128.48, 128.3, 128.0, 127.9, 125.4, 120.8,2,11117.9, 117.8, 32.0, 31.7, 30.43, 30.3, 29.8,
29.6, 29.5, 29.4, 29.2.



Zn(INT(Mes)P(CHO) : 88%. UV-Vis. (CHCly, Anax in NM):436(5.53), 562(4.23), 604(4.081 NMR (CDCk, 400 MHz):5 (ppm) 9.43 (s, 1H, -
CHO proton), 9.37 (s, 1H3-pyrrole-H), 8.69-8.62 (m, 6H -pyrrole-H), 7.26-7.23 (m, 8HnetaPhH), 2.61 (d, 12HJ = 4.8 Hz,para-ArCH;
proton), 1.85 (d, 18H) = 7.2 Hz,metaArCH; proton), 1.81 (s, 6HnetaArCH; proton). MALDI-TOF-MS: m/z 873.27 for [M + H]( calcd.
873.34).Elemental analysis calcd.fo85,N,0Zn: C, 78.29; H, 5.99; N, 6.41% and found C, 78H486.09; N, 6.26%8°CNMR (100 MHz, CDCJ)

: 8 (ppm) 191.3, 151.5, 151.1, 150.4, 155.6, 139.9,5,3139.4, 139.3, 139.2, 138.9, 137.8, 137.7,0,3832.3, 132.2, 131.4, 128.4, 127.9, 118.5,
116.1,114.3, 45.0, 34.9, 34.0, 32.1, 31.8, 31.2.

ZnT(Mes)P(CN-COOH): The synthetic procedure of this compound is san@&gously described.77% (25 mg). UV-Vis. (&, Amay in NM):
453(5.53), 562(4.23), 612(3.90H NMR (DMSO-ds, 400 MHz):3 (ppm) 8.99 (s, 1Hp-pyrrole-H) 8.44-8.40 (m, 6H -pyrrole-H), 7.90 (s, 1H,
1-ethenyl-H), 7.23-7.21 (m, 8HinetaPhH), 2.45 (d, 12H) = 6.4 Hz,para-ArCHs-proton), 1.74 (d, 18H] = 4 Hz, metaArCHs;-proton), 1.68 (s,
12H, metaArCHs-proton). MALDI-TOF-MS: m/z 940.28 for [M + H]( calcd. 940.35).Elemental analysis calcd.fgsHzsNsO,Zn: C, 76.54; H,
5.67; N, 7.44% and found C, 76.98; H, 5.17; N, %3#CNMR (100 MHz, DMSOde): & (ppm) 163.7, 150.6, 150.48, 150.44, 150.36, 15[59,4,
139.3, 139.2, 139.0, 138.9, 138.88, 137.5, 132A0,7, 131.6, 131.59, 131.3, 128.7, 128.2, 128.28,04 118.2, 117.6, 79.7, 34.7, 29.6.

C(CH3)3

Cl
(0] Cu(OAc)z H,O
o) e
Has 0 WomFroc . () o3
CH,Cl,, zso4
2.5eq.NBS.,
Dist. CHCl3

(H3C)sC (H3C)sC
H,T(4-t-Bu)P 80%
H,T(4-t-Bu)P(CHO)

(H3C)sC
(HsC)C @ O C(CHa)3 H,T(4-t-Bu)P(Br)(CHO)
C(CHa)3
O PhB(OH), K,CO3.
O (i) Zn(OAC) ,.2H,0 FHo PA(PPH),
3“3
(i) Cyanoacetic acid,
87% piperidine, H3PO, (H3C)sC @ m O C(CHa)s

Zn(I1)T(4-t-Bu)P(Ph ,)(CN-COOH)
50%

(HiC)sC  H2T(4-tBU)P(Phy)(CHO)
Scheme 2: Synthetic Route of Zn(11)T¢Bu)P(Ph)(CN-COOH) dye

3. Result and discussion

3.1 Synthesis

We designed and synthesized three rfefunctionalized porphyrins by varying thmeseposition with bulky groupst{putyl and mesityl) and
incorporating electron-donating Ph groupsatosition of porphyrin. The targetedZn(ll) Porpmgwere synthesized by facile routes having high
yields. The synthetic routesforZn(Il)T(Mes)P(CN-CBPand Zn(Il)T(4+-Bu)P(PB)(CN-COOH) dyes were shown in scheme 1 and 2. The
synthetic route forzZn(l1)T(4-MeO)P(CN-COOH) was shin ESI (scheme S1). Firstlnesetetraarylporphyrins were synthesized by Adler-Long
and Lindsey method which further underwent forniglatto synthesize free-base monoformyltetrarylpgrists % The formylation and Cu/zn
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metallation have been carried out according to ntegoprocedure in good yields (70-909%§>*To obtain the target porphyrinic dyes, Zn(ll)
monoformyl porphyrins were directly converted itangeted dyes by condensation with cyanoaetic “4didlt, in case of-Bu-Ph porphyrinic dyes,
regioselective dibromination and Suzuki couplingateon with phenyl boronic acid were carried outorder to append an electron-donating
phenylsubstituent ofi-pyrrolic position of porphyrin coPéand then it further proceeded for Zn metallatiod Emoevenagel condensation to obtain
desired porphyrin dy®All dyes were synthesized in very good yields ahdracterized by UV-Vis, Fluorescent¢;NMR, *C-NMRand MALDI-
TOF-MS spectroscopic techniques. The photophysioal electrochemical measurement have also beearped for all thesezZn(ll) porphyrin
dyes.

3.2 Electronic spectral andNMR studies

The UV-Vis absorption spectra of all porphyrin dyesl their precursors were recorded in,CH at 298 K. The typical strong Soret and Q bands
wereobserved due to—n* transitions of conjugated porphyrin systems. Bpectral data of all porphyrins are listed in Tabl@he monoformyl
porphyrins HT(4-MeO)P(CHO), HT(Mes)P(CHO) and T (4-t-Bu)P(CHO) exhibited 10-12 nm shift in the absomtimand from their parent
unsubstituted porphyriff.

Table 1.UV-Visible and Emission data of all synthesizedpdyrin molecules in CKCl, at 298 K.

Porphyrins B band, Amax, NM Emission, Quantum Yield, Life Time,t (ns)
hem, NM O
H,T(4-MeO)P 421(5.52), 518(4.09), 554(4.18), (3.68)1(3.72) 660 0.1956 8.23
H,T(4-MeO)P(CHO) 437(5.64), 531(4.34), 572(4.09), (8089), 675(4.08) 693 0.0675 4.17
ZnT(4-MeO)P(CHO) 437(5.30),560(3.97), 605(3.86) 637 0.0082 0.84
ZnT(4-MeO)P(CN-COOH) 452(4.96), 568(3.92), 619(3.91 682 0.0055 1.73
H,T(Mes)P 418(5.63)(4.20), 548(3.57), 594(3.70), 84&) 658 0.1362 9.65
H,T(Mes)P(CHO) 433, 310, 348, 526, 569, 606, 663 678 0.0919 7.49
ZnT(Mes)P(CHO) 436(5.53), (4.23), 604(4.08) 622 16D 1.58
ZnT(Mes)P(CN-COOH) 399(sh)(4.51), 453(4.89), 56293, 612(3.90) 666 0.0114 1.16
H,T(4+4-Bu)P 420, 517, 554, 590, 648 688 0.2384 7.67
H,T(4-t-Bu)P(CHO) 434(5.57),(4.33), 573(4.07), 606(3.966@.07) 688 0.0786 5.72
H,T(4-t-Bu)P(CHO)(Bk) 441(5.16), 538(3.92), 687(3.75) 622,731 0.0008 870.
H,T(4-t-Bu)P(CHO)(Ph) 443, 682 723 0.0372 *
ZnT(44-Bu)P(Ph)(CN-COOH) 447,628 651 0.0032 0.74

*lifetime was too low to detectThe values in parentheses refer teelegluesg in dnt mol™ cm?; sh = shoulder; error in quantum yield values 1-2%

Figure2a represents absorption spectra of targ@t) frorphyrin dyes. All synthesized porphyrin dyeshibited broad Soret band in the range of
445-455 nm and moderate Q bands in the range of68360nm. Porphyrin dyes having mesityl and methgryups atmeseposition showed
marginal red-shift (7-8 nm) in Soret band as core@an dyes having phenyl group /&pyrrole position.The synthesized porphyrins wes® a
characterized by fluorescence spectroscopy to figags the effect of different groups on porphyminiety.

18 70 200
452 ZnT(4-MeO)P(CN-COOH) &5 ] 65 ——ZNT(4-MeO)P(CN-COOH) 622, —— ZnT(4-MeO)P(CHO)
1.6 ZnT(4-thu)P(Ph,_)(CN-COOH) o ——ZnT(Mes)P(CN-COOH) 180 ZnT(4-MeO)P(CN-COOH)
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Figure 2: (a) UV-Vis absorption spectra of Zn(Il) Porphydyes. (b) Fluorescence Spectra of compound all)ZR¢rphyrin dyes. (c) Comparison of Fluorescen|

Spectra of Zn(4-MeO)P(CHO), Zn(Mes)P(CHO) to ttgirresponding dyes ZnT(4-MeO)P(CN-COOH) and ZnT(#¢EN-COOH) in CHCI, at 298K.




The emission spectra of all three Zn porphyrin dpe€H,Cl, at 298 K were presented in fig. 2b and their elmisslata is illustrated in table 1.
ZnT(4-MeO)P(CN-COOH), ZnT(4-Bu)P(Ph)(CN-COOH) and ZnT(Mes)P(CN-COOH) dyes exhibitedodat emission spectral features.
Fluorescence quenching was observed for all Zp@tphyrin dyes compared to their parent Zn(ll) nfonmyl porphyrins as shown in fig 2c,
which indicatesan efficient charge transfer froomaloto acceptor. Figures S1-S6 in the ESI represent/V-Vis and fluorescence spectral features
of all synthesized porphyrins. The Quantum yielctrdases in this order: ZnT(Mes)P(CN-COOH) >ZnT(4eNR(CN-COOH) >ZnT(4-
Bu)P(Ph)(CN-COOH) which suggest an efficient charge-trangf ZnT(4+-Bu)P(Ph)(CN-COOH) as compared to other two dyes. The ZAT(4
Bu)P(Br)(CHO) exhibited fluorescence quenching and ledh® decrement in the quantum yield due to the hedwyn effect of the bromo
substituent gf-position.

Quantum yields) were calculated by using the equation given below
¢sample: (¢ref X AsampleX Iref)/(Aref X |samp|¢;

*H-NMR spectra of Zn porphyrin dyes and their preonmolecules were recorded in DM$iQand CDC}, respectively at 298 K and shown in the
ESlI(figure S7-14).The key feature of proton NMRatifmono-formyl porphyrin is -CHQ3-pyrrole,mesephenyl and imino protons. All porphyrins
exhibited their characteristic signals for mes@;--OCHsandtert-butyl protons. The characteristic signal of forrgybup and adjacefvpyrrole-

H appeared in the range of 9.15-9.50 ppm wherdes ftpyrrole-H signals were found in the range of 88635 ppm. The signal of formyl proton
for H,T(4-t-Bu)P(CHO) showed downfield shift by 0.04-0.06 ppehative to other mono-formyl porphyrins. Tifepyrrole proton ofHT(4-t-
Bu)P(PB)(CHO) and HT(Mes)P(CHO) exhibited upfield shift than other jployrins.Theortho-, metaPhH and imino- proton signals of,H4-t-
Bu)P(Br)(CHO) and HT(4-t-Bu)P(PB)(CHO) exihibited downfielded and upfielded shiféspectively as compared to other porphyrins due to
different electronic nature of bromo and phenylugroTheg-pyrrole PhH of HT(4-t-Bu)P(Ph)(CHO) were found in the range of 6.80-6.90 ppm.
All Zn porphyrin dyes show one proton signals fepyrrole-H adjacent to cyanoacetic acid group ia thnge of 8.91-9.38 ppm whereas offer
pyrrole-H signals were found in the range of 8.3858pm. The ethenyl protons of Zn porphyrin dyesengenerally featured witbrtho-phenyl
protons (PhH)whereas the ethenyl proton of ZnT(RE&SN-COOH) was found as a singlet at 7.90 ppm dutaé absence afrtho protons. The
-COOH proton of cyanoacetic acid group of ZnT@u)P(Ph)(CN-COOH) was appeared as a singlet at 9.97 ppre*C-NMR spectra of newly
synthesised porphyrins were recorded in DM&Oand CDC} at 298 K (figures S17-24 in the ESI). However, s@ubility ofZnT(41-
Bu)P(Ph)(CN-COOH) was too poor in deuterated solvents (Mfg and CDCJ) to record thé*C NMR spectrum even at higher number of scans
(upto 10000). The number and position of carbonaligyin the spectra are in accordance with propstedture of the corresponding porphyrins.
The formyl carbon appeared around 190 ppm in pamroformyl porphyrins and ethenyl carbon signakvieund at 79 ppm in target Zn
porphyrin dyes. The methoxy carbon signals weradioat 55 ppm in methoxy porphyrins series. The lpgip macrocycle signals appeared in the
range of 110-160 ppm whereas alkyl carbon sigrnapeared in the range of 30-60 ppm in all synthds®phyrins. The MALDI-TOF mass data
were also recorded and shown in the ESI (figure S25).

3.4 Electrochemical Redox properties

The electrochemical studies were performed fompalphyrins to examine the effect of substitutiomstioe porphyrin core. The electrochemical
redox data of porphyrins were measured inClkicontaining 0.1M TBAPFat 298 K and listed in table 2. The redox potéaié porphyrins can be
affected by the variation @hese andg-substituent and with different metal ions.

1.23 -
0.95 -
-
—ur o (
ZnT(Mes)P(CN-COOH)
TiO,
-0.98 -
0.84 ”

o
g
ZnT(4-mes)P(CNCOOH)

Potential (V) vs NHE

ZnT(4-+-Bu)P(CNCOOH)

.

0.87 5

-

ZnT(4-26u)P(Ph_)(CN-COOH)

T T T T T u T
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(a) (b)
Fig. 3 (a) CV of Zn(ll) porphyrin Dyes in Ci€l, at 298 K and (b) Energy level diagram of dyes careg with the conduction band of Li@nd I/l electrolyte.

Figure 3a represents the cyclic voltammograms (@fgll f-substituted Zn porphyrin dyes in @El, at 298 K. The CV diagrams of all other
porphyrins were shown in ESI (fig. S34). The fostdation potential of all porphyrin molecules wéoand the range of 0.84 to 1.16 V whereas the
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first reduction potential varied from -0.90 to -4.8. Free base tetraarylporphyrins show anodia shitheir first ring oxidation (0.02-0.16 V) and
reduction potential as compared tgTIRP. In case of J(Mes)P(CHO), a dramatic cathodic shift in thensfioxidation potential (0.07 V) and
reduction potential (0.012 V) as compared to,T{Mes)P was observed whereas an opposite trend was edsév HT(4-t-Bu)P(CHO) as
compared to KT (4-t-Bu)P. The first ring oxidation potential of,{4-MeO)P(CHO) was unaltered as compared f6(##MeO)P whereas cathodic
shift was observed for the first ring reductiongrdtal.

Table 2 Cyclic Voltammetry Studies depicting OxidationR&duction Potentials of all the Synthesized Poriplsyin CHCI, at 298 K.

Porphyrins Oxidation (V) Reduction (V) AEy; (V)
| 1l 1 | Il
H,T(4-MeO)P 0.99 1.15 - -1.05 -1.3F 2.04
H,T(4-tbu)P 1.02 1.40 1.86 -1.17 - 2.19
H,T(Mes)P 1.16 1.63 - -1.74 - 2.30
Ho(4-MeO)P(CHO) 0.99 1.16 - -1.08 -1.3¢ 2.07
H,T(4-tbL)P(CHO) 1.05 1.27 1.57 -1.07 -1.29 211
H,T(Mes)P(CHO) 1.09 1.63 - -1.26 - 2.35
H,T(4-tbu)P(CHO)(Bk) 1.06 1.21 - -0.90 - 1.97
ZnT(4-MeO)P(CHO) 0.87 1.16 - -1.20 - 2.06
ZnT(Mes)P(CHO) 0.95 1.31 - -1.34 - 2.29
ZnT(4-MeO)P(CN-COOH) 0.84 1.09 - -0.98 -1.54 1.82
ZnT(4+bu)P(Ph)(CN-COOH) 0.87 1.08 - -1.18 - 2.05
ZnT(Mes)P(CN-COOH) 0.95 1.30 - -1.23 - 2.18

Scan rate = 0.1 V/8Data taken from DP\PAE;, -'oxd. -'red. Pt working and Pt wire counter electrodes wses.

These Zn porphyrin dyes exhibited anodic shiftheit first reduction and oxidation potential (0.03-1 V) as compared to ZnTPP whereas the first
oxidation potential of ZnT(4-MeO)P(CN-COOH) has wimoonly marginal changes. Figure 3b depicted thei@aLUMO energy levels of Zn
porphyrin dyes and compared with the conductiordlfriTiO, and the electrolyte/l;. The result showed that the HOMO levels of alldiyes are
sufficiently higher than the energy level of elebite (I/13) which indicates that the oxidized sensitizerslddoe easily regenerated by the
electrolyte. The LUMO levels of these dyes are ifiggmtly lower than the conduction band energyelevof TiO, which provides an efficient
electron injection into the TiOconduction band from the excited sensitizers. Shisws the feasibility of electron transfer in DSSC

3.5 Photovoltaic Studies

Dye-sensitized solar cells (DSSCs) were fabricatighl 8-substituted push pullZn(I1)-porphyrin-sensitize?l im thick TiO, photoanodes (0.16 &n
assembled into standard sandwiched cells havirgh&t as counter electrode. The space betweerhthieamodes is filled with iodide/triiodide
electrolyte Vl3. The ZnT(Mes)P(CN-COOH) dye was co-sensitized Wi#t19 organic dye and also studied for DSSC apjpdicaThe photocurrent
density-voltage (I-V characteristics) of synthedizm(ll) porphyrin dyes are shown in figure 4a dhe corresponding photovoltaic data under AM
1.5G solar light illumination (power 100 mW @nwith an active area of 0.16 émis listed in table 3. The data for commercial Bdyle under
similar conditions is also added for comparison.

Table 3. Photovoltaic parameters of Zn(ll) porphyrins und® 1.5G sun illumination (power 100 mW &nwith an active area of 0.16 ém

Zn-Porphyrin dyes Voc (V) Jsc (MA/cnt ) FF (%) 1 (%)
ZnT(Mes)P(CN-COOH) 0575 7.8 70 3.13
ZnT(4-MeO)P(CN-COOH) 0.570 5.7 70 2.27
ZnT(4+4-Bu)P(Ph)(CN-COOH) 0.58 4.3 69 1.72
ZnT(Mes)P(CN-COOH)(N719 dye) 0.63 11.8 72 5.35
STD-N719 (ref) 0.61 6.7 68 2.77

The overall power conversion efficiencies (PCE)iliethe range of 1.72-5.35%, follows the order a3 @+-Bu)P(CN-COOH) 4 = 1.72%) <
ZnT(4-MeO)P(CN-COOH) i = 2.27 %) < ZnT(Mes)P(CN-COOH); (= 3.13 %) < ZnT(4-Mes)P(CN-COOH)(N719 dye) € 5.35%).
ZnT(Mes)P(CN-COOH) exhibited higher PCE efficieraycompared to ZnT#Bu)P(CN-COOH) and ZnT(Mes)P(CN-COOH) as dye agdiega
has been effectively suppressed by mesityl grougtaily, the co-sensitization of ZnT(Mes)P(CN-COOR}h N719 dye enhanced the PCE
efficiency upto 5.35%, with &, of 11.8 mA cn¥, aV,. of 630 mV and a fill factor (FF) of 72%. N719 iease the device voltage which leads to
high photo conversion efficiency for DSSCs. Theideat photon-to-current conversion efficiency (IPGpectra were recorded as a function of
incident wavelength using a Newport IPCE systershemvn in figure4b and 4c. These spectra slightbatier but follow the absorption spectra of
the corresponding dyes where red shift seen int@miek Q band absorption of Zn(ll) porphyrin dyedREE spectra.The broadness of IPCE spectra
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demonstrate the better light harvesting abilitZofporphyrin dyes. As shown in figure 4b, ZnT(Mg§R-COOH) exhibited broader IPCE spectra
as compared to other porphyrin dyes. Co-sensizzel{Mes)P(CN-COOH) with N719 dye shows much brod®&E spectrum in the range 400-
700 nm as similar to Ru-dyes which suggests thateositization of ZnT(Mes)P(CN-COOH) dye with N7dge improve their light harvesting
ability as well as their Power conversation effig (PCE) upto 5.35%. The broader the IPCE spettteagreater the light harvesting ability of Zn
porphyrin dyes and higher the PCE value as depiotethble 3. Bulky groups such dsert-butyl and mesityl groups present in ZnT4-
Bu)P(Ph)(CN-COOH) and ZnT(Mes)P(CN-COOH) supressed theatygregation of these dyes at Ji€urface and also reduce the possibilities of
charge recombination with the electrolyte that emleahe efficiency of DSSCs.

The IPCE spectra of co-sensitized ZnT(Mes)P(CN-CQ@AL9) porphyrin showed that the IPCE value ofseositized porphyrin dye is higher
than ZnT(Mes)P(CN-COOH) and N719 dye with highgrV,. and FF of72%, corresponding to overall conversiticiency of 5.35%. The IPCE
values for the dyes follow the order: ZnTiBu)P(Ph)}(CN-COOH) <ZnT(4-MeQ)P(CN-COOH) <ZnT(Mes)P(CN-COOHXo-sensitized
ZnT(Mes)P(CN-COOH)(N719) which is in agreement withvalues obtained and the corresponding PCE vakish@vn in table 3. Further, the J-
V curves under standard AM 1.5G illumination areiralitative agreement with the photo-action spectrénese Zn(ll) porphyrin dyes. Hence, the
mesityl group prevents the dye aggregation andgeheecombination. Futher, the co-sensitization d1®dye with Zn(ll) porphyrin enhances the
light harvesting capacity in visible region as shdigure 4c.

20 T T T 40 1= v . v 801 v T T
< ti:T;;ﬁsT:;yT:z";ucoou —0-Zn-Dipheny! t-butyl Por CN-COOH —0- Zn-Mesitaldehyde Por CN-COOH
g 164 —@— Zn-Mesitaldehyde Por CN-COOH ©-ZnT (4-MeO)P(CN-COOH) Co sensitized with N719 Dye
< —@— n-Mesitaldehyde Por CN-COOH 30+ —C-Zn-Mesitaldehyde Por CN-COOH 60+ —¢— N719 dye only
g 124 Co sensitized with N719 Dye —_
2 g ’ g
g “%S E 20 f ﬁ J w J
[7) 81 ')5 O pﬁfh 8
ot 9 o b" o =
g 4 \' 10+ { b « L
3 ’
0 . T - oL Upttoroonmettigpy,, X
T = v . 04 T T T
Voltage (V) Wavelength (nm) Wavelength (nm)
@ (b) (c)

Fig. 4 (a) The typical |-V characteristics of th&8Cs using Zn(ll) porphyrin dyes. IPCE action sgecf (b) Zn(ll) porphyrin dyes and(ZnT(4-Mes)P(CN-
COOH)(N719 dye) and N719 dye only

3.6 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) isvaepful tool to analyze interfacial and charge-sfen processes in the DS8Eigure5 shows
the Nyquist plots for solar cells based on synttesbiZzn(ll) porphyrin sensitizers under a bias \g#taf -0.6 V in dark condition. Three semicircles
are observed in Nyquist plots. The first semiciislascribed to the charge transfer resistandeeatdunter electrode-electrolyte interface in tigt h
frequency region.The larger semicircle is assodiatéh interfacial charge transfer resistanceg) (Rt the TiQ-dye-electrolyte interface in the
middle frequency region and low frequency regioassigned to impedance related to ion diffusiorstasce in the electrolyte of the solar cell.

60— v

T T T T
—@— Zn-Mesitaldehyde Por CN-COOH
50 J Co sensitized with N719 Dye

—@— Zn-Diphenyl t-butyl Por CN-COOH
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E 40 —@— ZnT (4-MeO)P(CN-COOH) E
(@)
= 301 ]
N
20+ > -
104 -

20 40 60 80 100 120 140
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Fig. 5 Nyquist plots for synthesized Zn(ll) porphyrin sgéizers under forward bias voltage of -0.6 V imldeondition.
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Table 4. Electrochemical Impedence spectroscopy parametehs(ll) porphyrins undeunder a bias voltage of -0.6 V in dark condition.

Zn-Porphyrin dyes R(Q) C, (UF/cnd) 7,(mMs) IPCE
ZnT(Mes)P(CN-COOH) 94 83 78 27
ZNnT(4-MeO)P(CN-COOH) 48 6 2.88 19
ZnT(4+-Bu)P(Ph)(CN-COOH) 65 4.4 2.73 13
ZnT(Mes)P(CN-COOH)(N719 dye) 108 10.2 12 50

R defines the charge recombination rate betweermtegeelectrons and electron acceptos3 ith the electrolyte and a higher valug Slow down
the electron transfer between the electrolyte aedliO, with increase in th¥,. values*®R is related to the charge recombination rate batwee
injected electrons and electron acceptof$ (i the electrolyte and a largeRmplies slow electron transfer between the elégteoand the TiQ,
resulting in an increase in thé,. valuest®The fitted R, increased in the order of ZnT(4-MeO)P(CN-COOH) ¥iht-Bu)P(CN-COOH)
<ZnT(Mes)P(CN-COOH) <ZnT(4-Mes)P(CN-COQOH)-Co-semed N719.

This trend is consistent with the order\gf. From the Rvalue, electron life timet] was obtained by implying the following equatiars R x
Cehem (Cehem = Chemical capacitanc&The electron lifetime 1) reflects the response time constant for recontitinaand which is positively
correlated witW,.. ZnT(4-Mes)P(CN-COOH)(N719) exhibited highest clieah capacitance as shown in table 4 and this isetaded with the
charge recombination rate. A longer electron lifetiindicates the effective reduction of the revereazction of the injected electron (slower
recombination rate) with the triiodide in the etetyte and therefore a higher photovoltdg€or these dye molecules, the calculated electron
lifetime values increased in the order of ZnT{Bu)P(CN-COOH) ( 2.73 ms) <ZnT(4-MeO)P(CN-COOH) @18s) <ZnT(Mes)P(CN-COOH) (7.8
ms) <ZnT(Mes)P(CN-COOH)(N719) (12 ms).ZnT(Mes)P(C®OH)co-sensitized N719 dye exhibited the high ndnioation resistance (1G3),
high capacitance (10.2xF0F/cn? ) and impressive longest electron lifetime (12 mélich confirms the effective suppression of thecetm
recombination of the injected electron with then the electrolyte and Tigelectrode. This results in higher(11.8 mA/cni), V. (0.630 V), FF (72
%) and a highest PCE value of 5.35% for ZnT(MesNR@DOH)(N719)dye. On the basis of above studies(¥€E)P(CN-COOH) showed better
photovoltaic performance over other Zn(ll) porphydyes but its co-sensitization with N719 dye inwea the efficiency of the cells due to its
relatively increased photocurrent voltage and éiffecretardation of dye aggregation. The EIS rasolt Zn(ll) porphyrin dyes are in good
agreement with the photovoltaic performance.

4. Conclusions

Three news-functionalized push-pull Zn(Il) porphyrin dyes lealveen successfully designed, synthesized by failthetic route in good yields a
characterized by various spectroscopic technidtiesse dyes exhibited remarkable red-shift as coedptar ZnTPP due to the electron-withdra

nature of cyanoacetic acid group and charge-tramsferactions. The decrement in the quantum yéeld lifetime as well as the compariso

HOMO-LUMO energy levels of Zn(ll) porphyrin dyesofn cyclic voltammetry studies clearly suggest #stbility of electron transfer for DSY
appliation. Photovoltaic studies of Zn(ll) porphyridyes exhibited the power conversion efficienayrfrl.72 to 3.13% but co-sensitizatio

Zn(I)T(Mes)P(CN-COOH) with N719 dye improved th€P upto 5.35%. The overall power conversion efficies (PCE) and the IPCE values|
the dyes follow the order as ZnT{(®u)P(CN-COOH) § = 1.72%) <ZnT(4-MeO)P(CN-COOH); = 2.27 %) <ZnT(Mes)P(CN-COOHY, € 3.13
%) < ZnT(Mes)P(CN-COOH)(N719) (= 5.35%). This work demonstrates the effeatnefse andg-substituents on electronic spectral features
photovoltaic properties.
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Fig. S1TH-NMR spectrum of HT(4-MeO)P(CHO) in CDGlat 298 K
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1)
2)

3)

4)

5)

Highlightsfor review:

Facile, easy synthesis gffunctionalized “push-pull” porphyrins and theirazhcterization.

The Soret and Q band of Zn(ll) porphyrin dyes wei shifted (30-35 nm) and broadened as
compared to ZnTPP.

The fluorescence quenching, decrement in quantueld yiand lifetime reflected
intramolecular charge transfer from donor to acmept

The HOMO-LUMO energy levels of Zn(ll)porphyrin dyeasiggest the feasibility of facile
electron-transfer in DSSC.

ZnT(Mes)P(CN-COOH) displayed power conversion @ficy (PCE) ofy = 3.13% whereas
co-sensitization of this dye with N719 organic dyereased PCE efficiency up to 5.35%.



