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Abstract

The B-functionalized porphyrin containing an additioreéctron-withdrawing
unit, 2,3-diphenylquinoxalin®PQ) for LP-5 or 2,1,3-benzothiadiazoleBT D) for
L P-6 with different electron-withdrawing abilities, beten the porphyrin core and
the anchoring group and the reference porphyrin(dy®e4) have been designed and
synthesized for DSCs. The influence of the add#ialectron-withdrawing units on
molecular properties as well as photovoltaic penfamce of the corresponding DSCs
was investigated systematically. Compared Wif4, the introduction of additional
electron-deficient unit at the porphyrphz-linker in LP-5 andLP-6 decreases the
lowest unoccupied molecular orbital (LUMO) energydls, resulting in the broader
absorption spectra and significantly improved IPSpEctra in the region 350-500 nm,
which ensures the better light-harvesting proper@ad the higher short-circuit
current density ;). On the other hand, the introduction of additioaeceptors of
LP-5 and LP-6 induces dye aggregation and reduces the lifetimth® charge—
separated states, which decreases the open—ciotiaige {oc). Interestingly, the loss
in Vo is overcompensated by the improvemenisin The study provides not only an
alternative approach to design novel porphyrin isigess, but also an insight into
how to manipulate the LUMO energy levels of porpmygensitizers via thg-linker

modifications for the optimal photovoltaic applicets

Keywords:porphyrin; electron-withdrawing unit; additionalcaptors; dye-sensitized
solar cells



1. Introduction

Dye-sensitized solar cells (DSCs) have attractatsiderable attention because of
their relatively high light-to-electricity convewsi efficiencies, ease of fabrication and
low production costs [1]. In recent years, sigmfit efforts have been devoted to
improve cell efficiencies [2]. Ruthenium complexa® typical sensitizers in DSCs
that exhibit power conversion efficiency of moranhl1% [3]. However, the scarcity,
high cost and the problems with isomerization dyrihe purification may hamper
their widespread application. Inspired by the psscef solar energy collection by
photosynthetic cores of bacteria and plants, pebplee designed and synthesized
numerous porphyrins as the light harvester foriappbns in DSCs [4]The intrinsic
advantages of porphyrin-based dyes are the larg@ration coefficient of their Soret
and Q-bands in the visible region, versatile madiion at the meso arfdposition of
their core and facile tuning of their optical, pbphysical and electrochemical

properties [5-7].

Typical meso disubstituted B-A porphyrin sensitizers composed of an
dialkylamine or diarylamine as the donor, and daymyl benzoic acid as the accepter,
have been extensively investigated [8-9]. Althoudiee meso-functionalized
porphyrins are featured by inspiring power conwarsefficiency (PCE), multistep
synthetic procedures and the corresponding lowablvgield are still big challenges
[10-12]. Tetraarylporphyrins are easily achievable the direct condensation of
pyrrole and an aryl aldehyde, which could be funwiized at th@-pyrrolic position

by relatively few synthetic steps [13-14]. Howevéew studies focused on the
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B-functionalized porphyrin sensitizers due to théatireely lower PCEs of the
corresponding DSCs, compared to meso-substitutesl. dm general, the modification
of meso-tetraphenylporphyrins is mostly focused tha p linkage between the
porphyrin core and the anchoring group as it sepviesarily to extendr conjugation,

leading to the enhancement of the molecule’s ligltvesting properties. So far,
ethynyl benzene [10], dithienylethylene [11], ethdd5], pentadiene [15], ethenyl
benzene [16] etc, have been successfully utilizether linkers. However, their role
in light harvesting is limited. The best performaraf 3-functionalized zinc porphyrin
ZnBD, was reported by Kim and co-workers, which contains

bis(4-tert-butylphenyl)amino group at the meso pasiand two 2,4-pentadienoic
acid anchoring groups at tlfiepyrrolic positions [16]. This porphyrin dye reasha

PCE of 8.2%, which is comparable to the performamica N; dye (PCE = 7.7%)

under the same condition.

Recently, a new type of organic dye with an addaloelectron-withdrawing unit
introduced into then bridge as an internal acceptor has been reportet a
characterized as a D-&A architecture, which is believed to optimize thelecule’s
optoelectronic properties via decreasing the lowesbccupied molecular orbital
(LUMO) energy levels, resulting in extension of tight absorption spectra and the
improvement of the photovoltaic performance for us®SCs [17-19]. Inspired by
the success of the D-AA featured organic dyes, the electron-deficientumwere
also introduced to the porphyrin framework [20-2&sulting in the D-Ar-A type

porphyrin dyeSM 315 which is reported to reach a PCE record of 13%ufsg in
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porphyrin-sensitized solar cells (PSCs) withoutrédguirement of a co-sensitizer [20].
The porphyrin dyeSM 315 contains an additional electron-withdrawiBg D in the
mesor linker (hereafter referred to as meB®d D-porphyrin). Therefore, a rational
design ofr linkers makes a great contribution to the develepimof PSCs. To the
best of our knowledge, so far D-AA type porphyrin sensitizers with the
electron-deficienBTD moiety are all modified at the meso position, aodstudies
on the influence of the introduction of an additibelectron-withdrawing unit at the

porphyrinp position on the performance of the resultant Pis® reported.

Taking these points into account, we have desigmetisynthesized three porphyrin
dyesL P-4, LP-5 andLP-6 which were functionalized at tHgpyrrolic position of
5,10,15,20-tetraphenylporphyrin. Based on the esfeg porphyrin dyé P-4 which is
featured with a typical DA configuration containing the ethynyl benzoicdaeis
the acceptor moiety, two electron-deficient groupsvith  different
electron-withdrawing abilities, 2,3-diphenylquindixa (DPQ) for L P-5 andBTD for
LP-6 were introduced into ther-linker between the anchoring group and the
porphyrin core. The influence of introducing ditfet auxiliary acceptor on the
porphyrins’ optical and electrochemical propertag®l photovoltaic performance of
PSCs based on these porphyrins are systematicadgstigated. The study would
shed some light on how to manipulate the LUMO eyelgyels of porphyrin
sensitizers via the modification of thg-linker for the optimal photovoltaic

applications.



Fig. 1 Molecular structure of the three porphyrin sensitz

Scheme 1. Synthetic route for three porphyrin sensitizers

2. Experimental

Materials and characterization. The synthetic routes fdrP-4, LP-5 andLP-6 are
shown in the Scheme 1. All reactions dealing wiith- @r moisture-sensitive
compounds were carried out using standard Schlen&chntques.
5,8-Dibromo-2,3-diphenylquinoxaline 3)X and
B-Bromo-5,10,15,20-tetraphenylporphyinato] zing((5) were synthesized according

to the literature methods [26, 27].

'H NMR spectra were recorded on a Bruker AV400 Midecsrometer in CDGlor
THF-d8 with tetramethylsilane as a reference. MAIIIMF-MS was obtained with a
Bruker Autoflex Tof/Tof Il instrument. The UV-Vispectra of dyes in THF solution
(3*10° M) were measured using Shimadzu UV-1800 in 10 muartg cell
Spectrometer. Cyclic voltammetry (CV) measurementye carried out with a
Chenhua CHIG00E electrochemical analyzer at a sass of 50 mV/s at room
temperature: a glassy carbon electrode, a Pt eteetand an Ag/Agelectrode were
used as the working electrode, counter electroder@fierence electrode respectively;

Fc/F¢ (ferrocene/ferrocenium) redox couple was empldgedalibration, and 0.1 M
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tetrabutylammonium perchlorate (TBAP) in anhydrolEF for the supporting

electrolyte.

Fabrication and photovoltaic measurements of DSCs. The photoanode was
prepared by coating commercial nanocrystalline,T{25) layer with the working
area of 0.159 cfand the thickness of 16m on the FTO conducting glass using
screen-printing method followed by calcination$@® [ for 30 min. After immersed
into a 40 mM aqueous Tigbolution at 70 for 30 min and washed with water and
ethanol, the films were heated again at 500followed by cooling to the room
temperature and soaked in a porphyrin dye soltidhmM) with EtOH/toluene=1:1
at 251 for 3 h for dye loading onto the TiGilm. The redox electrolyte consists of
0.6 M 1-propyl-2,3-dimethylimidazolium iodide, 0.08@ I,, 0.1 M Lil and 0.5 M
tert-butylpyridine in a mixture of acetonitrile andleronitrile (volume ratio 85:15).
The porphyrin dye-sensitized Tilectrode, electrolyte and Pt foil as the counter
electrode (purchased) were fabricated into a tygaadwich-structured cell. Details

on cell fabrication can be found in our previoublpations [28].

The photocurrent density-voltagd-Y) characteristics for PSCs were recorded on
Keithley 2400 Source meter (solar AAA simulatorjebrChina, calibrated with a
standard crystalline silicon solar) under simulatéd 1.5 irradiation (100 mW cif).
The irradiated area of the cell was 0.15% cthe active area of the cell is so small
that no mask can be employed during the measurerMariochromatic incident

photon-to current conversion efficiency (IPCE) fioe solar cells was performed on a



commercial setup (Q Test Station 2000 IPCE Measener8ystem, CROWNTECH,
USA). Electrochemical impedance spectra (EIS) weenned in a frequency range of
0.1-106 Hz and at an AC amplitude of 10 mV at raemperature with a Chenhua

CHIGO00E analyzer.

Synthesis of porphyrin sensitizers.

Compound2: 4-(methoxycarbonyl)phenylboronic acid (121 mgeAB mmol, 1.2
equiv), 4,7-bromo-2,1,3-benzothiadiazoly (165 mg, 0.561 mmol), Pd(PEh(65
mg, 0.056 mmol, 10 mol%), NaOs; (71 mg, 0.673 mmol, 5 mol%) toluene (5 mL)
and HO (1 mL) were stirred at 90 °C for 12 hour, uponickhno more starting
material was detected by TLC. The mixture was pduméo HO and then extracted
with CH,Cl,. The organic layer was dried over anhydrous Mg&al the solvent was
removed under reduced pressure. the residues wabgected to column
chromatography using DCM/PE = 1/1 as eluent tordftbe desired produ& as a
pale yellow solid (53 mg, vyield 27%§ NMR (400 MHz, CDC}J) & 8.19 (d,J = 8.5
Hz, 2H), 7.98 (dJ = 8.5 Hz, 2H), 7.95 (d] = 7.6 Hz, 1H), 7.63 (d] = 7.6 Hz, 1H),
3.97 (s, 3H),13C NMR (100 MHz CDd): 6 166.7, 153.9, 152.8, 140.9, 132.8, 132.2,

129.9, 129.1, 128.7, 127.2, 114.2, 52.3.

Compound4: A mixture of 5,8-dibromo-2,3-diphenylquinoxalir§g) (330 mg, 0.69
mmol), 4-(methoxycarbonyl)phenylboronic acid (130g,m0.71 mmol) and
tetrakis(triphenylphosphine) palladium(0) (12 mg)l0mmol) was dissolved in 10 ml

THF and sodium bicarbonate (75 mg, 0.71 mmol) imll water was added. After
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stirring at 70 °C for 4 h under argon, the mixtwas poured into water and extracted
with CH,Cl,. The organic layers were separated, dried ovemesgm sulfate and
fillered. After evaporation of solvent, the residugere subjected to column
chromatography using DCM/PE = 2/1 as eluent, Réealtymation from PE/DCM to
give 4 as a yellow solid (172 mg, yield 35%H NMR (400 MHz, CDC}) § 8.20 (d,
J=8.4 Hz, 2H), 8.13 (d] = 7.9 Hz, 1H), 7.88 (d] = 8.4 Hz, 2H), 7.76—7.72 (m, 2H),
7.69 (d,J = 7.9 Hz, 1H), 7.56 (d] = 6.9 Hz, 2H), 7.48-7.29 (m, 6H), 4.00 (s, 3H);
¥C NMR (101 MHz, CDG) 6 167.08, 153.11, 152.87, 142.20, 139.08, 139.04,
138.65, 138.41, 138.32, 132.90, 130.80, 130.28,2130130.05, 129.40, 129.33,

129.24, 128.36, 128.27, 124.13, 52.20.

Compound 6: A mixture of the zinc complex of5 (1 g, 1.32 mmol),
triisopropylacetylene (0.61 mL, 3.33 mmol), Pd(BERBIl, (180 mg, 0.26mmol), Cul
(76.6 mg, 0.39 mmol), THF (50 mL) and NE6 mL) was gently refluxed for 4 h
under dinitrogen. The solvent was removed undeuwac The residue was purified
by column chromatography (silica gel) using DCM/RPHR/1 to as eluent to give the
product6 (926 mg, 82%) as a purple solitH NMR (400 MHz, CDCY) & 9.22 (s,
1H), 8.97 (dJ = 5.3 Hz, 4H), 8.89 (d] = 4.7 Hz, 1H), 8.76 (d] = 4.7 Hz, 1H), 8.27—
8.19 (m, 6H), 8.16 (dJ = 7.0 Hz, 2H), 7.85-7.71 (m, 10H), 7.67Jt 7.4 Hz, 2H),
1.05-1.22 (m, 21H). MALDI-TOF-MS: m/z calcd fors4E14gN4SiZn, 856.29; found,

856.40 [M+].



Compound7: To a solution of porphyrin 6 (143 mg, 0.167 mmiol)dry THF (20
mL) was added TBAF (0.84 mL, 1M in THF). The sabumtiwas stirred at 23 for 30
min under dinitrogen. The mixture was quenched Wit and then extracted with
CH.Cl,. The organic layer was dried over anhydrous Mga@d the solvent was
removed under reduced pressure. The residue andylreiodobenzoate (218 mg,
0.835 mmol) were dissolved in a mixture of dry TE®# mL) and NEf (7 mL) and
the solution was degassed with dinitrogen for 16;Ri¢(dba) (46 mg, 0.05 mmol)
and AsPB (102 mg, 0.33 mmol) were added to the mixture. 3diation was refluxed
for 4 h under dinitrogen. The solvent was removeden reduced pressure. The
residue was purified by column chromatographydgailjel) using DCM/PE = 2/1 as
eluent. Recrystallization from DCM/hexanes to gi@0 mg, yield 50%) as a purple
solid. *H NMR (400 MHz, CDCJ) 5 9.25 (s, 1H), 8.92 (dl = 7.0 Hz, 4H), 8.88 (d]

= 4.7 Hz, 1H), 8.78 (d] = 4.7 Hz, 1H), 8.25-8.17 (m, 8H), 7.90 {d= 8.4 Hz, 2H),
7.82-7.71 (m, 9H), 7.66 (8, = 7.3 Hz, 2H), 7.63—7.57 (m, 1H), 7.41 (d= 8.4 Hz,
2H), 3.86 (s, 3H). MALDI-TOF-MS: m/z calcd fors@3sN4O2Zn, 834.19; found,

834.27 [M+].

PorphyrinLP-4: Compound7 (70 mg, 0.084mmol) was dissolved in THF (30 mL),
MeOH (20 mL) and a solution of NaOH (20 % w/w intea 8 mL) added. The
solution was heated at 40 °C for 2 hours upon wHItl (silica, DCM) indicated
complete hydrolysis of the ester. The reaction mrixtwas diluted with DCM (100
mL) washed with water (100 mL), HCI (1M, 120 mL)ater (100 mL), the organics

dried (NaSQ,) and evaporated. The residue was loaded onto r& gblamn (silica,

10



DCM then 1:9 MeOH/DCM) to afford a brown solid whigvas further purified by
recrystallization (THF/MeOH) to afford the finalqmuctL P-4 as a purple solid (51
mg, yield 75%)*H NMR (400 MHz, DMSO) 9.03 (s, 1H), 8.76 (m, 4H), 8.72 (@,
= 4.7 Hz, 1H), 8.60 (dJ = 4.7 Hz, 1H), 8.23-8.12 (m, 9H), 7.96 (U= 8.4 Hz, 2H),
7.85-7.77 (m, 11H), 7.75-7.70 (m, 4H), 7.48J& 8.4 Hz, 2H). MALDI-TOF-MS:

m/z calcd for GsH3:N4O.Zn, 820.18; found, 820.24[M+].

Compoundd: A mixture of porphyriré (143 mg, 0.167 mmol), dry THF (20 mL) and
TBAF (0.84 mL, 1M in THF) under the argon atmosghesas stirred at 23 for 30
min. H,O was added and the resulting solution was exuaetgth CH.Cl,. The
organic layer was dried (MgS0and the concentrated under reduced pressure. The
residue and (412 mg, 0.835 mmol) were dissolved in a mixturery THF (36 mL)
and NEg (7 mL) and the solution was degassed with dindgrofpr 10 min; Pgdba)

(46 mg, 0.05 mmol) and AsPi102 mg, 0.33 mmol) were added to the mixture. The
solution was refluxed for 4 h under dinitrogen. Témvent was removed under
reduced pressure. The residue was purified by aoluhromatography (silica gel)
using DCM/PE = 2/1 as eluent. Recrystallizatiomfr®@CM/hexanes to giv8 (89
mg, yield 48%) as a purple solitH NMR (400 MHz, CDCJ) & 9.49 (s, 1H), 8.95 (d,

J = 6.9 Hz, 4H), 8.90 (d) = 4.7 Hz, 1H), 8.80 (d) = 4.7 Hz, 1H), 8.31 (m, 4H),
8.27-8.18 (m, 4H), 8.04 (d,= 8.3 Hz, 2H), 7.94 (d] = 8.3 Hz, 2H), 7.91-7.72 (m,
12H), 7.73-7.65 (m, 4H), 7.62 (d) = 6.6 Hz, 2H), 7.44-7.29 (m, 6H).

MALDI-TOF-MS: m/z calcd for GsH4sN6O2Zn, 1114.29; found, 1114.44 [M+].
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PorphyrinL P-5: Compound8 (89 mg, 0.08 mmol) was dissolved in THF (30 mL),
MeOH (20 mL) and a solution of NaOH (20 % w/w intera 8 mL) was added. The
solution was heated at 40°C for 2 hours upon wHILR (silica, DCM) indicated
complete hydrolysis of the ester. The reaction mrxtwas diluted with DCM (100
mL) washed with water (100 mL), HCI (1 M, 120 miyater (100 mL), the organics
dried (NaSQ,) and evaporated. The residue was loaded onto r& gblamn (silica,
DCM then 1:9 MeOH/DCM) to afford a brown solid whigvas further purified by
recrystallization (THF/MeOH) to afford the finalqmuctL P-5 as purple solid (69 mg,
yield 78%).H NMR (400 MHz, THF)5 9.30 (s, 1H), 8.78 (d] = 9.2 Hz, 4H), 8.73
(d, = 4.7 Hz, 1H), 8.65 (d] = 4.6 Hz, 1H), 8.29-8.19 (m, 4H), 8.15 (dck 5.6, 2.3
Hz, 6H), 7.98 (d,) = 8.2 Hz, 2H), 7.91 (d] = 7.6 Hz, 1H), 7.85-7.66 (m, 12H), 7.65—
7.56 (m, 5H), 7.37 () = 7.4 Hz, 1H), 7.65-7.56 (m, 5H). MALDI-TOF-MS: m/

calcd for GsHa4NeO2Zn, 1110.28; found, 1110.37 [M+].

Compound9: A solution of porphyrir (143 mg, 0.167 mmol) in dry THF (20 mL)
under an argon atmosphere was treated with TBA& (L, 1M in THF), then the
resulting solution was stirred at 28 After half an hour, the mixture was quenched
with H,O and then extracted with GEll,. The organic layer was washed (water and
brine), dried over anhydrous Mg%@nd concentrated. The residue & (90 mg,
0.835 mmol) were dissolved in a mixture of dry TE®# mL) and NEf (7 mL) and
the solution was degassed with dinitrogen for 16;Ri¢(dba) (46 mg, 0.05 mmol)
and AsPB (102 mg, 0.33 mmol) were added to the mixture. 3diation was refluxed

for 4 h under dinitrogen. The solvent was removedeun reduced pressure. The
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residue was purified by column chromatographydaailjel) using DCM/PE = 2/1 as
eluent. Recrystallization from DCM/hexanes to g3 mg, yield 45%) as a purple
solid. *H NMR (400 MHz, CDCJ) § 9.42 (s, 1H), 8.92 (d] = 8.0 Hz, 4H), 8.88 (d]

= 4.7 Hz, 1H), 8.77 (d] = 4.7 Hz, 1H), 8.31-8.17 (m, 8H), 8.14 {d= 8.4 Hz, 2H),
8.08 (d,J = 8.3 Hz, 2H), 7.76 (] = 7.5 Hz, 10H), 7.65-7.56 (m, 3H), 7.46Jt 7.5
Hz, 1H), 3.91 (s, 3H). MALDI-TOF-MS: m/z calcd fdZgoH3sNsO2SZn, 968.19;

found 968.28 [M+].

PorphyrinL P-5: Compound (73 mg, 0.076 mmol) was dissolved in THF (30 mL),
MeOH (20 mL) and a solution of NaOH (20 % w/w intera 8 mL) was added. The
solution was heated at 40°C for 2 hours upon wHILE (silica, DCM) indicated
complete hydrolysis of the ester. The reaction mrxtwas diluted with DCM (100
mL) washed with water (100 mL), HCI (1 M, 120 miyater (100 mL), the organics
dried (NaSQ,) and evaporated. The residue was loaded onto r& gblamn (silica,
DCM then 1:9 MeOH/DCM) to afford a brown solid whigvas further purified by
recrystallization (EXO/MeOH) to afford the final produdtP-6 as a purple solid (59
mg, yield 81%)H NMR (400 MHz, THF)5 9.26 (s, 1H), 8.82 (d] = 7.3 Hz, 4H),
8.77 (d,J = 4.7 Hz, 1H), 8.68 (d] = 4.7 Hz, 1H), 8.26-8.15 (m, 12H), 7.95 {c; 7.4
Hz, 1H), 7.81-7.70 (m, 9H), 7.69-7.60 (m, 3H), 7.65J = 7.5 Hz, 1H).

MALDI-TOF-MS: m/z calcd for GoH34NsO2SZn, 954.17; found, 954.24 [M+].
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3. Resultsand discussion

3.1 Synthesis

The two key intermediat2 and4 were prepared by a Suzuki coupling reaction. é th
next step, these electron-withdrawing unit weradhed to the porphyrin core through
a triple bond by a two-step Sonogashira couplingctien. Finally, the
Zn(II)-porphyrin sensitizers P-4, L P-5 andL P-6 were obtained via hydrolysis. The
dyes were obtained as a purple solid and solublaast organic solvents, such as

THF, DMF and DMSO.

3.2 Photophysical properties

The UV-vis spectra of the metalloporphyrib®-4, LP-5 andL P-6 in THF solvent
are shown in Fig. 2a, and the corresponding ahbsorphaxima and extinction
coefficients for the Soret- and Q-bands are liste@iable 1. The absorption spectrum
of LP-4 displays three absorption peaks at 435 nm, 566amah,603 nm, which are
assigned as the-n* transitions of the conjugated system and intraoolar charge
transfer (ICT) transitions of the D-A conjugated backbone [29]. The introduction of
DPQ andBDT acceptor units had a significant impact on theogiigon spectra of
L P-5 andL P-6, most evident by the splitting of the Soret banredpulting in a shoulder
at 464 nm (forLP-5) and 471 nm (folLP-6) next to the maximum Soret band,
respectively, but the absorption intensity are ificgntly decreased. Furthermore, the
Q-bands ofLP-5 and LP-6 were slightly red-shifted to 605 nm and 606 nm,
respectively. It is believed that spectrum broadgrand red-shift can be attributed to

the increasing of ther-conjugation and the facilitated electron trandiem the

14



porphyrin to the acceptor (ICT) due to the intratut of additional
electron-withdrawing acceptor. Both the splittingdared-shifting of the absorbance
maxima forLP-5 and LP-6 were consistent with those previously reported anes
BTD-porphyrin [20]. However, compared toP-5, LP-6 has similar absorption
properties but the Soret band is more red-shiftddch suggests that the larger the
electron withdrawing nature of the additional adoepnit, the greater red-shift in the
photoresponse, which is also consistent with tiselte obtained for the metal free
organic dyes by Tian group [30]. Furthermattgere is a broadened absorption spectra
of the porphyrin dyes absorbed on the Ji®m compared with the dyes in the
solution especially for Soret band (Fig. 2b), iradieg the formation of-aggregates
[31]. The fluorescent emission spectrd_é-4, L P-5 andL P-6 were obtained in THF
solution, and the major emission bands observedl®l, 619 and 618 nm,
respectively. The Stoke shifts faP-4, LP-5 andLP-6 were 13 nm, 14 nm and 12
nm, respectively, which are smaller compared tcairfete organic dyes, suggesting a
smaller energy required for geometrical reorgammatof porphyrin dyes at

photoexcited state [32-33].

Fig. 2 UV-visible absorption spectra of compounB-4, L P-5 andL P-6 (a) in THF
solutions and (b) on transparent 7idms (4 um).

Table 1 Photophysical properties of the three sensitizers

3.3 Electrochemical properties
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Cyclic voltammertic (CV) data fdc P-4, L P-5 andL P-6 are shown in Table 2 and
Fig. 3. The highest occupied molecular orbital (HOMenergy levels are located at
-5.15, -5.22 and -5.23 eV, respectively. These esmlare all more negative than the
energy level of 113" redox (-4.9 eV) guaranteeing efficient dye regatien [34]. It is
shown that the HOMO energy levelsloP-5 andL P-6 were more negative than that
of LP-4. Interestingly, these results are different frommose of the meso
BTD-porphyrin [20], in which the HOMO energy levelsmain unchanged after
introducing an additional electron withdrawing umito the mesorn-linker. The
LUMO energy levels (Eumo) of the three dyes were determined to be -3.08,7-3
and -3.19 eV, respectively, which are significantiyer than the conduction band
edge energy level of the TiCelectrode (-3.9 eV), ensuring an efficient injenti
process from the excited state of the dyes intoTife electrode [35]. Compared to
LP-4, LP-5 andLP-6 containingDPQ andBTD units in the porphyrin frame show
more negative LUMO levels and the decreased engagy Hence, the electronic
transition from HOMO to LUMO orbitals ib P-5 andL P-6 was facilitated, which is
consistent with an enhanced ICT character, andrédeshifting observed in the
absorption spectrum of P-5 and LP-6. Furthermore, a comparison between the
energy levels ofLP-5 and LP-6 suggests that with the increasing of the
electron-withdrawing capability of the additionalxdiary acceptor BTD>DPQ),
both the HOMO and LUMO levels and the LUMO-HOMO emnegap are decreased

[36].
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Fig. 3 Energy levels (eV) of HOMO and LUMO molecular odbt for the three
sensitizers

Table 2 Electrochemical data for the porphyrin sensitizers

3.4 Computational Analysis

We performed theoretical calculations based onitlefsctional theory (DFT) at
the B3LYP/6-31G level to investigate the frontieroletular orbitals and the
geometrical structures &fP-4, LP-5 andLP-6. As shown in Fig. 4, the HOMO of
the three porphyrin dyes lies predominantly on pboephyrin core. Compared with
that of LP-4, the LUMO of LP-5 and LP-6 shows a significant shift through the
acceptor due to the presence of additional elestitmdrawing units PPQ and
BTD), and a more significant shift is observed foiP-6 with a stronger
electron-withdrawindTD group. These results are consistent with thosairodad in
the experiment and could explain the greater chasgesfer characteristics afP-5
and L P-6. Furthermore, in the optimized configurations, thieedral angel between
the porphyrin core and the neighboring benzeneinngP-4 is 3, however, upon the
introduction of additional electron-withdrawing tsjithe dihedral angels between the
porphyrin core and th®PQ and BTD unit are 23 and 6, respectively, and the
dihedral angels between tB¢Q andBTD unit and the neighboring benzene ring are
45°and 37, respectively. Compared toP-6, the more significant molecular twist of
LP-5 will decrease the effective conjugation length avehken the charge transfer

interaction, which explains the relatively bluefsdd absorption spectra bfP-5.
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Fig. 4 Calculated frontier molecular orbitals for the poypn dyes.

3.5 Photovoltaic performance of DSCs

L P-4, LP-5 andL P-6 were used to fabricate solar cells using an iodieetrolyte
and measured under illumination conditon (AM 1.50 mW cnf). The
photocurrent density-voltagg-{/) curves are shown in Fig. 5a and the corresponding
detailed parameters are collected in Table 3. Tet €ircuit currentJsy) of the PSCs
fabricated withL P-4 and LP-5 was 7.60 mA cii and 9.03 mA ciwith overall
conversion efficiencies of 4.02% and 4.47%, respelst The LP-6 sensitized cell
gave als of 11.47 mA crif, Vo of 0.71 V, and FF of 0.74, corresponding to an
overall conversion efficiency of 6.14%. The highB§lE ofL P-6 reached about 80%
of theN-719 based cell measured under the same conditionlafibycthe influence
of the introduction of an electron withdrawing umito thep n-linker of the dyes on the
device performances, we have measured the amoulyesfabsorbed on Ti@Table
3). As shown in Table 3, the dye loading resultst{110’ mol cni® for LP-4,
1.66*10" mol cm?for LP-5, and 1.59*1d mol cm?for LP-6) increased with the
introduction of additional withdrawing units. Théee, one reason for the enhanced
Jsc values forLP-5 and LP-6 could be their increased dye loading amounts. It is
believed that another reason for the greddeachieved folL P-5 andL P-6 might be
the enhanced intramolecular charge transfer antrtbeeder absorption spectra due to
the presence of electron-withdrawing unidPQ and BTD) between the porphyrin

core and anchoring group. Furthermore, the cathagjiclic voltammetry test
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suggested that the LUMO energy leveld &5 andL P-6 are more negative than the
energy level of Il redox when compared to that bfP-4, providing sufficient
regeneration driving force. Overall, the introdaoatiof the electron-withdrawinBTD
leads to aJs value as high as 11.47 mA &nor LP-6-based cellwhich is
significantly greater than that of the cell seasiti byL P-4. However, compared with
that of LP-6 based cell, , thds. value ofLP-5 cell dropped significantly, which is
believed to be originated from the smaller electnotihdrawing nature of the

additional acceptor.

It is also found thé&/, values achieved ihP-4 andL P-6-based cells are greater
than that ofLP-5 cell. TheJ-V curves in dark as shown in Fig. 5a suggest that th
dark current in PSCs based IbR-4 andL P-6 is smaller than that dfP-5, indicating
that the increase N, for LP-4 andL P-6-based cells was achieved by suppressing

the injected electron recombination rather tharatieg shift in CB of TiQ.

The incident photo-to-current conversion efficien@?CE) spectra ol P-4,
LP-5 and LP-6 were performed to further understand the cor@tabetween the
absorption ands. values (Fig. 5b). Compared kdP-4, it can be seen that bothP-5
and LP-6 with the additional electron-withdrawing unit hatigher and extended
absorption from 350 to 520 nm which is consistenthwhe splitted Soret band
absorptions of P-5 andL P-6 shown in Fig. 2a. Among three dyes, the IPCE value
LP-6 is the highest and broadest, and over 50% IPOfE 860 to 650 nm achieved.

The highest IPCE value and broadest absorptiorerafigP-6 ensured the highedi.
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value and the best cell performance.

Electrochemical impedance spectroscopy (EIS) isowepful technique of
characterizing the important interfacial chargensgfar and carrier transportation
process in DSCs. The Nyquist plots (Fig. 6a) shbw middle semicircle in the
middle-frequency region, representing the resigasfccharge transfer from TiQo
the electrolyte. The larger middle semicircles lid?-4 based DSCs mean that it is
more difficult for charge transfer from Tj@o the electrolyte for the device, which is
consistent with the smaller dark current foP-4 dye observed il-V test. As we
know, the photovoltage of a DSC is intrinsicalljlienced by the degree of electron
recombination reaction [37-38[hus, the EIS Nyquist results are consistent with t
Voc Values listed in Table 3. These results indicatat tthe introduction of
electron-withdrawing unitsBTD andDPQ) into then-spacer ofL P-4 can facilitate
the charge recombination, which result in the desmethe loss of the photovoltage of
the device, which is consistent with results oladifrom the BTD-meso porphyrin

dye[20-21].

In the Bode phase plots (Fig. 6b), the frequencgkpes indicative of the
charge-transport process of injected electrons iD,.TThe electron lifetime tf)
calculated through the equatiogrl/(2tomay (®max IS the maximum frequency in
the Bode plot) can further explain thé. changes forLP-4, LP-5 and LP-6
-sensitized solar cells [39-40]. Th&h.x of the three dyes were found to be in the

orderL P-4 < LP-6 < LP-5, and thus the electron lifetime were to increastné order
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LP-5 < LP-6 < LP-4. Thus, the relatively highedf,. of LP-4 could be further
explained. However, the loss W is overcompensated by a gaindig resulting in

the superior performance of th&-5 andL P-6 dyes.

Fig. 5 (a) The J-V curves and (b) the IPCE profiles 0f4,R.P-5 and LP-6 sensitizers

Fig. 6 Nyquist plots (a) and Bode-phase plots (b) ofteb@hemical impedance

spectra measured at a forward bias of - 0.6 V uddses conditions for the DSSCs.

Table 3 Photovoltaic parameters of porphyrin-sensitizedrsotlls

4. Conclusions
In summary, two different electron-deficient unfi3PQ for LP-5 and BTD for

LP-6) were first introduced ino ther-linker at the B-pyrrolic position of
5,10,15,20-tetraphenylporphyrin. It was found tlilaé introduction of auxiliary
acceptor exhibits enhanced light-harvesting efficieand relatively highel values.
However the DSCs based dnP-5 andL P-6 display shorter electron lifetime and
facilitated charge recombination rate, resultin@itowerV,. values compared to the
reference dyd P-4 without the additional electron-withdrawing uniihterestingly,
the decreased,. was overcompensated by a gainJig resulting in the superior
performance, the optimized PCE loP-6 reached to 6.14% with ¥, of 710 mV, a

Jsc of 11.47 mA cnf and a FF of 0.74. This finding provides an altéugaway to
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design and synthesize efficient and novel porphgeinsitizers via the modification of
porphyrin B n-linkers for photovoltaic applications. Further dits on the molecular
design for the photovoltaic devices with simultamgy improvedls. and V,c values

are also in progress.
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Table 1 Photophysical properties of the three sensitizers

Dye habsZnm €/10° Mt em?) Emission’”’nm
LP-4 435(306), 566(22603(10) 616
LP-5 433(223), 464 (109), 570(27), 605(14) 619
LP-6 431(220), 471(82), 569(26), 606(17) 618

2 Absorption spectra was measured in THF solutiod*(®°M) at room temperature.

® Emission spectra was obtained at 298 K in THF &miuty exciting at 420 nm.



Table 2 Electrochemical data for the porphyrin sensitizers

Dye Eox eV Eo.o0 eV Erovo 7€V ELumo¥eV
LP-4 0.35 2.07 -5.15 -3.08
LP-5 0.42 2.05 -5.22 -3.17
LP-6 0.43 2.04 -5.23 -3.19

2 First oxidation potentials vs ferrocene/ferrocemiyFc/F¢) couple.® Ego was
determined from the intersection of normalized apson and emission spectra.

Eromo = -4.8ev —Eox . * ELumo = Exowmo - Eoo.



Table 3 Photovoltaic parameters of porphyrin-sensitizedrsotlls

Dye dye adsorbed amount Jsc Voc FF "
7 =2
(20" mol cm") (MA cm?)  (mV) (%)
LP-4 141 7.60 720 0.73 4.02
LP-5 1.66 9.03 660 0.75 4.47
LP-6 1.59 11.47 710 0.74 6.14
N719° 14.89 780 0.70 8.11

& The amount of the dye adsorbed on the, E@face was estimated spectroscopically
by desorbing the dye with a 0.1 M solution of Na@Hanhydrous ethandlAs a

reference, the overall efficiency Nf719 sensitized solar cells was determined.



Figure Captions

Fig. 1 Molecular structure of the three porphyrin sensitizers

Fig. 2 UV-visible absorption spectra of compound LP-4, LP-5 and LP-6 (a) in THF
solutions and (b) on transparent TiO, films (4 um).

Fig. 3 Energy levels (eV) of HOMO and LUMO molecular orbitals for the three
sensitizers

Fig. 4 Caculated frontier molecular orbitals for the porphyrin dyes.

Fig. 5 (@) The JV curves and (b) the IPCE profiles of LP-4, LP-5 and LP-6
sensitizers
Fig. 6 Nyquist plots (a8) and Bode-phase plots (b) of electrochemical impedance

Scheme 1 The synthetic routes for the three dyes
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Highlight

® Two novel B-functionalized D-A-n-A porphyrins are designed and
synthesized.

® |[ntroduction of additional acceptors in sendtizers influence the
optoel ectronic properties.

® A more electron-withdrawing acceptor is optimal for the enhancement

of cell efficiency.



