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Abstract

A family of six (five new) thiophenyl bridged trigamine-donor based dyes with pyridine
anchoring groups have been synthesized and stumliedensitizers for the p-type dye-
sensitized solar cell (p-DSSC). They compiggdicyano acceptor systems with a single
pyridyl binder incorporated directly into the tiygamine (), or separated by a phenyl group
(2); a mono-dicyano with two phenyl pyridine bind€B}, and respective homologuégo 6
with pyridinium acceptors. In all cases, compared their dicyano counterparts, the
pyridinium based dyes have higher extinction ceedfits and smaller HOMO-LUMO gaps
that give broader spectrum absorption. Thus, dedpiver dye uptake, devices based on
pyridiniums 4 and 6 have identical power conversion efficiencieg (o the equivalent
dicyano system& and3. However, the best performing deviagX 0.06%) is based on the
known bis-acceptor dicyano systénas the large size and double positive chardeledds

to a substantial disadvantage in loading on NiOsdkbed-photon-to-current efficiencies for
5 are competitive with or higher than those Z)fimplying a better per dye performance
consistent with the absorption profile, and DFT cakdtions suggesting better charge
separation. Thus, pyridiniums may provide a newd aasily accessible high performance
acceptor for p-DSSC dyes, but are likely bettergmhwith anionic binding groups such as

carboxylates.



Introduction

Dye Sensitized solar cells have attracted greahtdin since the first report of Gratzel and
co-workers in 1991,[1] as low cost alternativesctmventional silicon solar cells.[2,3] To
date, the best efficiency obtained is around 13&ponted by Gratzekt. al, based on
panchromatic dyes with cobalt electrolytes in netypSSCs.[4] In the n-DSSC architecture,
the ability of dyes to usefully harvest low enemhotons is limited by the need to combine a
HOMO low enough in energy to be regenerated byrédgex mediator, and a LUMO high
enough to efficiently inject electrons into the dantion band.[5] A potential solution is to
build tandem DSSCs, where a photoactive cathodeldvmplace the platinised counter
electrode of the Gratzel cell and harvest lowerrgynghotons, increasing both spectral

coverage and photovoltagésc) .[5-8]

Over the past decade, extensive research has bednated into the p-type dye sensitized
solar cells (p-DSSCs) needed to pair with n-DSSC&ndem devices.[5-15] In a p-type
DSSC, the operating mechanism is the reverse ofofhthe n-type DSSG.€, Gréatzel solar
cells): instead of injecting electrons into an pdysemiconductor upon photoexcitation, the
sensitizer dye injects holes to the valence bar) (& a p-type semiconductor (typically
NiO). Then the redox electrolyte oxidizes the restlidye molecule and transfers electrons to
the counter electrode (or n-type DSSC photoanod#i®wever, the power conversion
efficiencies (PCEs) of p-DSSCs have remained vewy; preventing construction of useful
tandem devices. This is due to a number of faciaduding the small energy difference
between the VB of NiO and the redox mediator, rd@@dk transfer of photogenerated holes
from NiO to the electrolyte, and slow hole transtarough NiO.[5-8] Changing redox

electrolyte from V15 to CG***[9,10] and latterly F&”**[11] based systems has led to greatly



increasedVoc (up to 709 mV) and the highest p-DSSC power caiwarefficiencies (PCE,
n) to date (up to 2.5%), but the negative redox mitdaés associated with these mediators
would severely reduce the photovoltage producethbyliO, side of any tandem cell. With
the more TiQ compatible Vi3, the p-DSSC recorifoc remains 350 mV,[12] and recorg
0.61%.[13], and there are only a few reports oftgmdem systems whose overall

performance exceeds that of the n-type componengdll4]

Dye-sensitized solar cells are complex devices whaoserall performance can be
unpredictable, so development relies on a comlwnatif design, and exploration of new
materials. To date, nearly all sensitizers for (58S have used the carboxylic acid anchoring
groups employed in n-DSSCs, but one report has estigd pyridyl binders could be
competitive, and give higNoc.[15] Pyridyl groups may also be more suitable Bording
alternative p-SCs. Similarly, while dicyano accepmoups have featured in many p-DSSC
dyes, cationic acceptor groups — such as the wahglithat have achieved recalgf16] —
have been little explored. One large, and easitgssible family of cationic organic acceptor
groups are the pyridiniums, whose absorption ptegsecan easily be tailored by adjusting
the quaternising group — for example by replacingylagroups with phenyl, or

dinitrophenyl.[17]

Herein, we investigate a family of six pyridyl furmnalized triaryl amine donor-acceptor
dyes with both dicyano and methyl pyridinium acoemroups, with either two anchors and
one acceptor or one anchor and two acceptors, wndine groups either directly forming
part of the triaryl amine or appended to one of phenyl groups (Fig. 1). While the
pyridiniums give higher extinction coefficients aalsorb across a broader spectrum of light,
and DFT calculations suggest better spatial separatf HOMO and LUMO (and thus
charge) the best device performance is obtaineth ftbe bis-dicyano, mono-pyridyl

architecture. This appears to be a consequenceaf yptake of the larger, and cationic



pyridinium dyes at the positively charged NiO suoeéa thus suggesting that charge
compensation (for example from carboxylate binde®)ld yield a new class of easily

accessible and high performance p-DSSC dyes.
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Fig. 1. Chemical structures of the dydsto 6 used in this study. Compourzlwas previously

published’
Experimental

Materials and Procedures. The starting materials 4-bromotriphenylamine, gyre-4-
boronic acid dihydrate, tetrakis(triphenylphosphine  palladium(0),
bis(diphenylphosphinoferrocene) palladium(ll) cider formylthiophene boronic acid, N-
bromosuccinimide, 4-methyl pyridine, iodomethane amalononitrile were purchased from
Sigma—Aldrich and Alfa Aesar. Dry dimethylformamid@®MF) for electrochemical
experiments was purchased from Sigma-Aldrich ireSeal® bottles. Solvents were purified
by standard procedures and purged with argon oogah before use. All other chemicals
used in this work were of analytical grade and wesed without further purification until or
unless stated, and all reactions were performeceruad inert atmosphere of argon or

nitrogen. N-methyl-4-picolinium iodide,[18] 5-[44fhenylamino)phenyl]thiophene-2-



carbaldehyde R7)[19], 5-[4-bis-(4-bromophenyl)aminophenyl]thiophene-2-carbaldehyd
(P8)[20] and the electrolyte N(Eo-n)4]BF,4 [21] were synthesized according to literature

procedures. Chromatographic separations wereedaortit on silica gel (60—120 mesh).

General Physical Measurements.'H NMR and**C NMR spectra were recorded a Bruker
Ascend 500 MHz spectrometer. Elemental analysesvaass spectrometry were outsourced
to London Metropolitan University, and the UK Nat& Mass Spectrometry Service at
Swansea University respectively. Electronic absonpspectra were recorded on an Agilent
Cary60 UV-Vis spectrophotometer.. Electrochemicatadwere obtained using Autolab
PGSTAT30 and PGSTAT302 potentiostat/galvanostatsingle-compartment cell was used
with an Ag wire pseudo reference electrode, platinuorking electrode and Pt wire auxiliary
electrode, the supporting electrolyte was [M{&n)4BF4 in dry DMF. Solutions containing
ca. 10° M analyte (0.1 M electrolyte) were degassed bygimgr with nitrogen. AllEy;
values were calculated fronEg + Ep)/2 at a scan rate of 100 mV'sand referenced to

Fc/FC.

Solar Cell Assembly and MeasurementsA NiO precursor solution was prepared by
dissolving anhydrous Ni€l(1 g) and the tri-block co-polymer F108 (poly(ddne glycol)-
block-poly (propylene glycol)-block-poly(ethyleng/gol)) (1 g) in ethanol (6 g) and distilled
water (5 g). The solution was allowed to rest fordays and then centrifuged to separate out

any remaining solids.

For the photocathodes, conducting glass subst(Rilsngton TEC15, sheet resistance 15
Q/square) were cut to size (approx. 2 x 2 cm) aed ttleaned by sonic bath for 15 minutes,
first in soapy water, second in 0.1 M HCI, and liywan ethanol. The NiO electrodes were

made by applying the precursor solution onto thedaoting glass substrates by doctor blade

using Scotch Magic tape as a spacer (0.2 astive area), followed by sintering in a



Nabertherm B150 oven at 450 °C for 30 min. Addiéiblayers of precursor solution were
applied and sintered to increase the film thicknd$se NiO electrodes were soaked in a
dichloromethane (or acetonitrile) solution of theed0.3 mM) for 16 h at room temperature.
For the counter electrodes, the conducting glalsstgates (Pilkington TEC8, sheet resistance
8 Q/square) were cut and cleaned as described abowmal Ca. 1 x 1 mm) hole was
drilled into a corner for the electrolyte solutitm be introduced at the assembly stage.
Platinized counter electrodes were prepared byyaypplchloroplatinic acid solution (4.4
mM, 10 pL cn?) in ethanol onto the conducting glass substrake &lectrodes were then
heated in a Nabertherm B150 oven at 400 °C for Ifutes and then allowed to cool. The
dyed electrodes were removed from the dye bathvwaaghed with acetonitrile. Cells were
assembled face-to-face with the platinized coumgéctrode using a 3Qum thick
thermoplastic frame (Surlyn 1702). The electrolgpamtained Lil (1.0 M) and,I1(0.1 M) in
dry acetonitrile, and was introduced through thedpled hole in the counter electrode by
vacuum back filling. The cells were then sealechgisa 30um thick thermoplastic square

(Surlyn 1702) and a glass cover slip.

Current density vs. voltage measurements were meghsusing an Ivium CompactStat
potentiostat either in the dark or under AM 1.5deed sunlight from an Oriel 150 W solar
simulator, calibrated using a Si diode to give fiiglth an intensity of 100 mW crh DSCs
were held in place using a custom made cell holdir a circular aperture with a diameter 1
mm wider than the working area of the cell. An #&plvoltage was swept from slightly
above the given open-circuit voltage, at a scam o&t3 mV §. Incident photon-to- current
conversion fficiencies (IPCEs) were recorded by passing the figimh the solar simulator
through an Oriel Cornerstone 130 1/8 m monochromater the range of 400-700 nm at 10
nm increments and recording the current from tharscell with an Ivium CompactStat

potentiostat which was calibrated against a Siqutiotle.



Dye loading measurements were performed by sodkumgNiO films for each dye in ea.

0.3 mM solutions of the dye in acetonitrile. UV-@Bsorption spectra were taken of the films
before and after soaking. To minimise the effectoy variable scattering, both bare and
dyed NiO films were normalised to O abs at 800 amg the spectrum of the bare film
subtracted from the dyed film. The average loadivas then obtained using the dye

extinction coefficient.
DFT calculations

DFT calculations were carried out using the ADReswf programs.[22] Both geometry

optimsation and property calculations were caroed using the B3LYP functional (20%
Hartree-Fock exchange)[23] and the ADF doublesingle polarisation function DZP basis

set. This is comparable to the commonly used 6-3bgis set, and initial optimization of the
calculations on compoundsand4 indicated that the larger tripteand augmented basis sets
(TZP, AUG-DZP) increased computational expensehaut signficantly changing results. A
‘small’ frozen core was employed for the geometptimizations. Calculations of the
electronic spectra were carried out by TD-DFT usitigg EXCITATION modules
implemented in the ADF prograj24] and were based on the optimized geometrieth, mo
frozen core. The EXCITEDGO module was used to ¢aleugeometries of the first excited
states, and ground-to-excited state dipole momleahges Ap;2) calculated by subtracting
the ground state dipole moment from the excitetesigpole moment. Solvent (acetonitrile)
was introduced using COSMO with Klamt atomic Radihe subkey NOCSMRSP was
applied to prevent induced electronic charges (Wwhespond on a much slower timescale
than electronic excitations) from influencing COSMQrface charges, together with the

ALLPOINTS key.



Syntheses
N,N-diphenylpyridin-4-amine (P1)

Diphenylamine (0.500 g, 2.954 mmol), 4-bromopyridine hydrochlerig0.690 g, 3.545
mmol), and Pd(OAg) (0.045 g, 0.12 mmol),t-Bu)sP (0.04 g, 0.12 mmol), andBuONa
(0.852 g, 8.86 mmol) were dissolved in toluene 0 and stirred for 10 h at 10€C. After
concentrating under reduced pressure, the resultsigue was dissolved in dichloromethane
and washed with water. The residue was chromatbgrhpn silica gel (hexane/ethylacetate
= 3:7 as eluent) to give1 as colourless solid with 34 % yieltH NMR (CDCk, 500 MHz,

8): 8.23 (d,J = 6.6 Hz, 2H), 7.35 (t) = 7.8 Hz, 4H), 7.17-7.20 (m, 6H), 6.73 (U= 6.6 Hz,
2H). 3C NMR (CDCB, 125 MHz, §): 153.70, 150.18, 145.25, 129.79, 126.69, 125.55,
112.78. ESI-MSn/z. 247.12. Elemental analysis fonE14N,, Anal. (Calcd) %: C 82.78

(82.90); H 5.60 (5.73); N 11.25 (11.37).

N,N-bis(4-bromophenyl)pyridin-4-amine (P2)

CompoundP1 (0.300 g, 1.218 mmol) and N-bromosuccinimide (0.472.68 mmol) were
added to chloroform (30 mL) and several drops etiaacid were then added. The mixture
was stirred at room temperature for an hour anldxedl overnight, before cooling to room
temperature and addition of water (50 mL). The omxtwas extracted with GBI, (3 x 50
mL) and the combined organic layers dried over MgSKhe solvent was removed under
reduced pressure and the residue was purified bymeo chromatography with
hexane/ethylacetate (3:7) as the eluent. The ptdé2avas obtained as a colourless solid
with 75% yield.*H NMR (CDCk, 500 MHz,3): 8.27 (d,J = 6.8 Hz, 2H), 7.51 (d] =8.8 Hz,
4H), 7.05 (d,J = 8.8 Hz, 4H), 6.77 (d) = 6.8 Hz, 2H).*C NMR (CDCE, 125 MHz,3):

153.01, 150.54, 144.08, 133.05, 127.88, 118.75,5BLESI-MS (V2): 404.94. Elemental



analysis for G;H12N2Bro*0.1GH14, Anal. (Calcd) %: C, 51.10 (51.22); H 3.31 (3.2M)6.61

(6.78).

N,N-bis(5-formylthiophenyl)pyridin-4-amine (P3)

A 50 mL Schlenk tube was charged with 5-formylthiepe boronic acid (0.085 g, 0.544
mmol), Pd(PP%)4 (0.006 g, 0.005 mmol), dimethoxyethane (6 mL) @id aqueous sodium
carbonate (1.5 mL), before purging with argon gas % evacuate/refill cycles. Then
compoundP2 (0.100 g, 0.247 mmol) was added. The tube wasdeahd heated at 90 °C
with very vigorous stirring for 16 h. Upon cooling ambient temperature, the organics were
removed by extracting three times with DCM. The bamd organic fractions were washed
with brine and dried over MgSOThe solvent was removed under reduced pressudréhan
residue was purified by silica gel column chromaaphy using hexane/ethylacetate (3/7,
v/v) as eluent to giv€®3 as a yellow powder in 52% yieltH NMR (300 MHz, CDC}, §):
9.89 (s, 2H), 8.36 (dl = 7.0 Hz, 2H), 7.75 (d] = 4.0 Hz, 2H), 7.67 (d] = 9.0 Hz, 4H), 7.39
(d,J = 4.0 Hz, 2H), 7.24 (d] = 9.0 Hz, 4H), 6.91 (d] = 7.0 Hz, 2H)**C NMR (75 MHz,
CDCls, 6): 182.71, 153.09, 152.90, 150.60, 146.03, 142183,47, 130.13, 127.92, 126.43,
124.78, 124.08, 114.78. ESI-M3g): 467.0872. Elemental analysis for/B1sN.0.S;,

Anal. (Calcd) %: C (69.62) 69.51; H 3.95 (3.89)5191 (6.00).

N,N-diphenyl-4-(pyridin-4-yl)aniline (P4)

A 50 mL Schlenk tube was charged with 4-pyridyl droc acid (0.568 g, 4.626 mmol),
Pd(PPh)4 (0.178 mg, 0.154 mmol), dimethoxyethane (10 mLH &M aqueous sodium
carbonate (2.5 mL), and was purged with argon gassfevacuate/refill cycles. Then 4-
bromotriphenylamine (0.500 g, 1.542 mmol) was addéwe tube was sealed and heated at

90 °C with very vigorous stirring for 16 h. Uponalimg to ambient temperature, the mixture



was extracted three times with DCM. The combineghnic fractions were washed with
brine and dried over MgSO The solvent was removed under reduced pressutethan
residue was purified by silica gel column chromaaphy using hexane/ethylacetate (7/3,
v/V) as eluent to giv®4 (77%) as a pale yellow powdéid NMR (500 MHz, CDCJ, §):
8.61 (d,J = 6.2 Hz, 2H), 7.52 (d] = 8.8 Hz, 2H), 7.47 (dJ = 6.2 Hz, 2H), 7.29 (m, 4H),
7.16-7.12 (m, 6H), 7.08 (t8,= 7.4 Hz, 2H)*C NMR (125 MHz, CD{, §): 150.14, 148.99,
147.71, 147.26, 130.92, 129.45, 127.66, 125.01,6823122.91, 120.89. ESI-MS (m/z):
323.1542. Elemental analysis fogsH1sN2, Anal. (Calcd) %: C 85.61 (85.68); H 5.58 (5.63);

N 8.78 (8.69).

4-iodo-N-(4-iodophenyl)-N-(4-(pyridin-4-yl)phenylaniline (P5)

A 1 M solution of iodine monochloride in DCM (6.20L, 6.20 mmol) was added to 5 mL of
dioxane. Zinc acetate was added to the above splutthich was stirred for 15 minutes at
room temperature. Compoudt (0.500 g, 1.551 mmol) was dissolved in 5 mL ofxdioe
and added slowly, and stirring was continued atraemperature overnight. After the
reaction completed (monitored by TLC), the reactmoixture was poured into sodium
thiosulfate solution (1 M, 30 mL) and extracteddsviwith dichloromethane. The combined
organic fractions were dried over Mgf@hen filtered and the volume reduded/acuo. The
crude product was further purified by silica gelluon chromatography using
hexane/ethylacetate (7/3, v/v) as eluent to givepmuindP5 (91%) as a pale yellow powder.
'H NMR (500 MHz, CDC}, §8): 8.63 (d,J = 6.2 Hz, 2H), 7.57 (d] = 8.8 Hz, 4H), 7.53 (d]

= 8.8 Hz, 2H), 7.47 (d] = 6.2 Hz, 2H), 7.13 (d] = 8.7 Hz, 2H), 6.87 (d] = 8.8 Hz, 4H)**C
NMR (125 MHz, CDC4, 9): 150.06, 147.81, 147.57, 146.62, 138.54, 132128,02, 126.44,
123.95, 121.04, 86.88. ESI-MS (m/z). 574.95. Eletaleanalysis for gHigN2l,, Anal.

(Calcd) %: C 48.19 (48.11); H 2.81 (2.81); N 4.8488).



4-{Bis-[4-(5-formyl-thiophen-2-yl)-phenyl]-amino}-N,N-diphenyl-4-(pyridin-4-yl)aniline
(P6)

A 50 mL Schlenk tube was charged with 5-formylthiepe boronic acid (0.060 g, 0.383
mmol), Pd(PP$)4 (0.040 mg, 0.035 mmol), dimethoxyethane (8 mL) &® aqueous
sodium carbonate (2.0 mL), and purged with argos fga 5 evacuate/refill cycles. Then
compoundP5 (0.100 g, 0.174 mmol) was added. The tube wasdeatd heated at 90 °C
with very vigorous stirring for 16 h. Upon cooling ambient temperature, the mixture was
extracted three times with DCM. The combined orgdractions were washed with brine and
dried over MgS@ The solvent was removed under reduced pressutdhenresidue was
purified by silica gel column chromatography ushxane/ethylacetate (3/7, v/v) as eluent
to give compoundP6 (56%) as a yellow powdetH NMR (500 MHz, CDGC}, §): 9.88 (s,
2H), 8.61-8.70 (br s, 2H), 7.73 (d= 3.9 Hz, 2H), 7.61 (m, 6H), 7.52 (d= 6.2 Hz, 2H),
7.35 (d,J = 3.9 Hz, 2H), 7.26 (d] = 8.7 Hz, 2H), 7.19 (d] = 8.7 Hz, 4H)!°*C NMR (125
MHz, CDCI3, 5): 182.68, 153.73, 149.91, 147.76, 147.68, 147142.00, 137.62, 133.17,
128.28, 128.23, 127.65, 125.00, 124.53, 123.53,12ESI-MS (m/z): 543.12. Elemental
analysis for GsH2oN20,S,21.2H,0, Anal. (Calcd) %: C 70.18 (70.24); H 4.16 (4.38)5.03

(4.96).

5-{4-[bis(4-pyridin-4-yl)phenyllaminophenyl}-thioph ene-2-carbaldehyde (P9)

A 50 mL of Schlenk tube was charged with 4-pyrithgironic acid (0.096 g, 0.78 mmol),
Pd(PPh)4 (0.045 g, 0.039 mmol), dimethoxyethane (8 mL) akdV aqueous sodium
carbonate (2.0 mL), then the tube was purged wigora gas for 5 evacuate/refill cycles.
CompoundP8(0.100 g, 0.195 mmol) was and the tube was seatddheated at 90 °C with

very vigorous stirring for 16 h. Upon cooling to lalent temperature, the mixture was



extracted three times with DCM. The combined orgdractions were washed with brine and
dried over MgS@ The solvent was removed under reduced pressutdhenresidue was
purified by silica gel column chromatography ushexane/ethylacetate (2/8, v/v) as eluent
to give compoundP9 (65%) as a yellow powdetH NMR (500 MHz, CDGC}, §): 9.88 (s,
1H), 8.66 (br s, 4H), 7.73 (d,= 4.1 Hz, 1H), 7.59-7.62 (m, 6H), 7.50 M= 5.2 Hz, 4H),
7.35 (d,J = 4.0 Hz, 1H), 7.26 (d] = 8.7 Hz, 4H), 7.20 (dJ = 8.8 Hz, 2H).*C NMR (125
MHz, CDCB, d): 182.66, 153.84, 150.33, 148.04, 147.64, 147134,93, 137.62, 133.19,
128.14, 127.98, 127.59, 124.90, 124.28, 123.44,1P2ESI-MS (/z): 510.16. Elemental

analysis for GzH23N30S, Anal. (Calcd) %: C 77.65 (77.78); H 4.61 (4;5%)8.13 (8.25).

4-(Bis-{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-plenyl}-amino)-pyridine (1)

A mixture of compoundP3 (0.050 g, 0.107 mmol), malononitrile (0.142 g,£2rhmol) and
pyridine (0.2 mL) in anhydrous toluene (6 mL) wasoxlygenated five times by placing
under vacuum and backfilling with argon, and theathd at 76C for 16 h. After cooling to
room temperature, the solvent was removed and éselue was purified by column
chromatography over silica with a dichlorometharetfranol mixture (9:1) as the eluent to
give 1 as a black solid (0.035 g, 60%H NMR (500 MHz, CDC}, §) 8.40 (d,J = 6.3 Hz,
2H), 7.80 (s, 2H), 7.7 (dl = 4.2 Hz, 2H), 7.7 (d) = 8.7 Hz, 4H), 7.42 (d] = 4.1 Hz, 2H),
7.24 (d,J = 8.7 Hz, 4H), 6.93 (dJ = 6.3 Hz, 2H)**C NMR (125 MHz, CD{, §): 155.15,
152.62, 150.87, 150.44, 146.68, 140.09, 134.31,1829128.19, 126.26, 124.54, 115.46,
114.11, 113.33. ESI-M31(2): 563.11. Elemental analysis fogfH1sNeS,, Anal. (Calcd) %:

C 70.29 (70.44); H 3.31 (3.22); N 15.09 (14.94).

4-(Bis-{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-plenyl}-amino)-4-phenylpyridine (2)



A mixture of compoundP6 (0.060 g, 0.110 mmol), malononitrile (0.146 g,22rAmol) and
pyridine (0.2 mL) in anhydrous toluene (6 mL) wasoxlygenated five times by placing
under vacuum and backfilling with argon, and theathd at 76C for 16 h. After cooling to
room temperature, the solvent was removed and éselue was purified by column
chromatography over silica gel by using dichlordmee/methanol mixture (9:1) as the
eluent to give2 (75%) as a red solidH NMR (500 MHz, (CR),CO, §): 8.63 (d,J = 6.2 Hz,
2H), 8.41 (s, 2H), 7.97 (d,= 4.2 Hz, 2H), 7.88 (m, 6H), 7.72 @@= 4.2 Hz, 2H), 7.68 (d]

= 6.2 Hz, 2H), 7.35 (dJ = 8.7 Hz, 2H), 7.28 (dJ = 8.8 Hz, 4H).**C NMR (125 MHz,
(CD»),CO, 6: 155.22, 151.65, 150.43, 148.40, 147.21, 146.€3,.82, 134.05, 133.79,
128.29, 127.94, 127.43, 125.68, 124.59, 124.42,8020114.38, 113.74, 75.25. ESI-MS
(m/2): 639.14. Elemental analysis fogdH2:NsS*0.6H,0 Anal. (Calcd): C 72.07 (72.11); H

3.74 (3.60); N 12.54 (12.94).

5-{4-[bis(4-pyridin-4-yl)phenyllaminophenyl}-thioph ene-2-vinyldinitrile (3)

A mixture of compoundP9 (0.100 g, 0.196 mmol), malononitrile (0.130 g,629nmol) and
pyridine (0.2 mL) in anhydrous toluene (6 mL) wasoxlygenated five times by placing
under vacuum and backfilling with argon, and theathd at 76C for 16 h. After cooling to
room temperature, the solvent was removed and éselue was purified by column
chromatography over silica with a dichlorometharetfranol mixture (9:1) as the eluent to
give compound (75%) a brown solid"H NMR (500 MHz, CDC}, 8): 8.66 (d,J = 5.8 Hz,
4H), 7.77 (s, 1H), 7.70 (d,= 4.2 Hz, 1H), 7.61-7.63 (m, 6H), 7.50 (b= 6.2 Hz, 4H), 7.38
(d,J = 4.2 Hz, 1H), 7.27 (d] = 8.7 Hz, 4H), 7.19 (d] = 8.8 Hz, 2H)*C NMR (125 MHz,
CDCls, 96): 156.23, 150.35, 148.82, 147.37, 147.29, 140133,66, 133.61, 128.23, 127.86,

126.71, 125.23, 123.82, 123.72, 121.12, 114.35,581FSI-MS (V2): 558.1735. Elemental



analysis for GgH23NsSeH,O, Anal. (Calcd) %: C 75.16 (75.10); H 4.35 (4.38);12.18

(12.17).

4-(Bis-{4-[5-(2-[N-methyl-4-pyridiniumyl-vinyl)-thi ophene-2-yl]-phenyl}-amino)-

pyridine dihexafluorophosphate (4)

A 50 mL round bottom flask was charged with commbEB (0.050 g, 0.107 mmol) and N-
methylpicolinium iodide (0.063 g, 0.268 mmol) and:& mixture of chloroform and ethanol
was added (10 mL). A catalytic amount of piperidivess added and the mixture was refluxed
at 80°C for 4 hrs, before cooling to room temperature addition of an excess of solid
NH4PF. The mixture was stirred until the product pretaf@d. Compound (0.025 g, 25%,
pale brown) was collected by vacuum filtration avakhed several times with water and then
diethyl ether’H NMR (500 MHz, CRCN, 3): 8.41 (d,J = 7.0 Hz, 4H), 8.30 (dd] = 4.8 Hz,
2H), 7.96 (dJ = 16.1 Hz, 1H), 7.93 (d] = 7.1 Hz, 2H), 7.74 (dJ] = 8.6 Hz, 4H), 7.47 (m,
2H), 7.27 (dJ = 8.7 Hz, 4H), 7.07 (d) = 16.0 Hz, 2H), 6.89 (dd = 4.7 Hz, 2H), 4.17 (s,
3H). °*C NMR (125 MHz, (CRCN, §): 153.82, 149.80, 148.68, 148.59, 148.40, 147.86,
145.05 139.83, 134.70, 134.46, 132.76, 129.19,8828127.69, 125.39, 125.18, 125.09,
123.84, 121.69, 121.53, 47.67. ESI-M%4): 323.11 [M - 2P§?". Elemental analysis for

C41H34F12N4P282, Anal. (Calcd) %: C 52.57 (5249), H 3.66 (44&)598 (537)

4-(Bis-{4-[5-(2-[N-methyl-4-pyridiniumyl-vinyl)-thi ophene-2-yl]-phenyl}-amino)-4-
phenylpyridine dihexafluorophosphate (5)

A 50 mL round bottom flask was charged with compbB6 (0.060 mg, 0.110 mmol) and N-
methyl picolinium iodide (0.057 g, 0.1841 mmol), ialh were then dissolved in 50:50
chloroform:ethanol (10 mL). A catalytic amount gp@ridine was added and the mixture was

refluxed at 8CC for 4 h. After cooling to room temperature, excsslid NHPFR; was added



and the mixture was stirred until precipitation wced. The precipitate was collected by
vacuum filtration and washed several times withewand diethyl ether to yiell (45%) as a
dark red solid'H NMR (500 MHz, CQCN, §8): 8.61 (d,J = 6.2 Hz, 2H), 8.39 (d] = 6.9 Hz,
4H), 7.96 (d,J = 16.1 Hz, 2H), 7.92 (d} = 6.9 Hz, 4H), 7.74 (d] = 8.8 Hz, 2H), 7.69 (d] =
8.8 Hz, 4H), 7.61 (d) = 6.2 Hz, 2H), 7.44 (m, 4H), 7.25 @= 8.9 Hz, 2H), 7.18 (d] = 8.7
Hz, 4H), 7.05 (d,) = 16.0 Hz, 2H), 4.16 (s, 6HY*C NMR (125 MHz, CRCN, §): 150.45,
148.43, 145.05, 134.71, 134.47, 128.77, 127.67,3025125.20, 125.05, 123.84, 121.53,
47.67. ESI-MSv2): 361.13 [M- 2PRK]*". Elemental analysis for &HzgNsF1o-N4P.S,, Anal.

(Calcd) %: C 55.73 (55.80); H 3.78 (3.92); N 5.5316).

5-{4-[bis(4-pyridin-4-yl)phenyllaminophenyl}-thioph ene-2-N-methylpyridinium
hexafluorophosphate(6)

A 50 mL round bottom flask was charged with compbB8 (0.050 g, 0.098 mmol) and N-
methyl picolinium iodide (0.057 g, 0.245 mmol) ahd chloroform:ethanol (10 mL) was
added. A catalytic amount of piperidine was adaethé above mixture, which was refluxed
at 80°C for 4 h. The mixture was cooled to room tempeeaand excess solidNFFRs was
added, before stirring until precipitation occurrd@the precipitate was collected by vacuum
filtration and washed several times with water atiter to yieldé as a red solid (52%jH
NMR (500 MHz, CRCN, 8): 8.60 (d,J = 6.1 Hz, 4H), 8.37 (d] = 6.8 Hz, 2H), 7.93 (d] =
16.1 Hz, 1H), 7.91 (d] = 7.0 Hz, 2H), 7.75 (d] = 8.7 Hz, 4H), 7.69-7.66 (m, 6H), 7.44 (m,
2H), 7.24 (d,J = 8.7 Hz, 4H), 7.19 (d) = 8.7 Hz, 2H), 7.04 (dJ = 15.9 Hz, 2H), 4.16 (s,
3H). *C NMR (125 MHz, (CRCN, §): 153.82, 149.80, 148.68, 148.59, 148.40, 147.86,
145.05 139.83, 134.70, 134.46, 132.76, 129.19,8828127.69, 125.39, 125.18, 125.09,
123.84, 121.69, 121.53, 47.67. ESI-M®Z): 599.23 [M- PR]*. Elemental analysis for

CaoHa1FsN4PS*HO, Anal. (Calcd) %: C 62.89 (62.99); H 4.32 (4.38)7.41 (7.34).



Results and discussion

Synthesis
H
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Scheme 1Synthetic route to short pyridyl anchored dgesnd4: (a) Pd(OAc), (t-Bu)sP, t-BuONa,
toluene, 100C, 10h, 34%; (b) NBS, CHglreflux, overnight, 75%; (c) 5-formyl-2-thiopheheronic
acid, Pd(PP$),, DME, 2M NaCO;, reflux, 16h, 53%; (d) malononitrile, pyridineJuene, 70C, 16h,
60%; (e) N-methyl picolinium iodide, piperidine, gEI/EtOH, 80°C, 4 h, then NgPF;, 25%.
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Scheme 2 Synthetic route to extended pyridyl anchordils acceptor dyes? and 5. (a) 4-
pyridinylboronic acid, Pd(PRJiy, DME, 2M NaCG;, reflux, 16h, 77%; (b) ICl, Zn(OAg) 1,4-
dioxane, RT, 5h, 91%; (c) 5-formyl-2-thiophene bocoacid, Pd(dppf)G| toluene/methanal, O,

=



reflux, 16h, 56%; (d) malononitrile, pyridine, telue, 70°C, 16h, 75%; (e) 4-methyl picolinium
iodide, CHCYEtOH, 80°C, 4h, 45%.

(a)

N N

Scheme 3Synthetic route to extenddas-pyridyl anchored, mono-acceptor dy8sand 6: (a) 5-

formyl-2-thiophene boronic acid, Pd(dppf)Cioluene/methanol, }CO;, reflux, 16 h, 89%; (b) NBS,
rt, 2 h, 95%; (c) 4-pyridinylboronic acid, Pd(RRh DME, 2M NaCOQO;, reflux, 16 h, 65%; (d)
malononitrile, pyridine, toluene, AT, 16h, 75%; (e) 4-methyl picolinium iodide, CH€thanol, 80
°C, 4 h, 52%.

The synthetic routes tb to 6 are shown in Schemes 1 to 3. Of the six dyes, dieenew
while 2 has been published before.[18pur approach t@ is different to the literature,
however. Rather than making 4-diphenylamino-phesrghbic acid, we chose to shorten the
synthesis by coupling commercially available 4-botrphenylamine and 4-pyridyl boronic
acid via a standard Suzuki approach. The resulggddine derivative,P4, was then
iodinated rather than brominated before reactioth iormylthiophene boronic acid. From
the resulting aldehyde, both dicyar®) &nd pyridinium %) acceptor dyes could be obtained
by straightforward Knoevenagel condensations. Acteshe other four dyes is also based on
the same reaction of a formyl thiophene derivafR@or P9). In the case of the “short” dyes

1 and 4 (where the pyridine anchor is directly part of th&arylamine donor group) the



starting point was N-aryl coupling of diphenylamwvéh 4-bromopyridine hydrochloride to
obtainP1. To access thkis-anchor, mono acceptor systeBand6 the formylthiophene unit
was introduced first, followed by the pyridinesher than the other way round. This enabled

the routes t@, 3, 5, and6 all to start from the same precursor, 4-bromogipfiamine.

Photophysical and Electrochemical Properties

UV-vis absorption and emission: Absorption spectra dff to 6 in acetonitrile are shown in Fig.

2 (top). All six show two major absorption bandsthe visible and near-UV. The stronger,
lower energy band between 400 and 600 nm can Igmnasdsto intramolecular charge transfer
(ICT) from the donor to the acceptor, while theh@genergy band that has a peakaat350

nm can be assigned ten* electronic transitions. Theényax of the ICT band shifts very
significantly (30 — 46 nm) to the red upon replgcihe pyridyl binding group df and4 with

the extended phenyl pyridyl unit, likely becauseeduces the electron withdrawing influence
of the pyridyl ring on the donor group. Generatlye dicyano acceptor gives rise to a more
red-shiftedimax than the pyridinium acceptor (with the exceptidthe pyridyl system4& and

4), and this difference is significant & vs 5, but the band has a broader shape in the
pyridiniums and is also more intengeof up to 62300 M cmi*, 12 to 43% higher than for
the comparable dicyano). Consequently, the pyudis absorb more strongly at long
wavelengths, their absorption edge is at lower ggn@nd lowerEq.o values are found for
these systems. Compared to other dyes with thdiumdacationic acceptor,[16] however,
Jmax for 5 is over 100 nm lower and thelower by around 50%, illustrating the effect of
extended conjugation onto the larger indolium atmefhe higher energg-n* transition
varies significantly in strength relative to theTi®and. In the pyridyl (rather than phenyl

pyridyl) binder based systerisand4, it is very weak, appearing only as a small bumipijev



in 3and6 (two phenyl pyridyl groups) its peakexceeds that of the ICT band; the situation is
intermediate (relative to ICT) fd and5 which each have one phenyl pyridyl binding group.
Thus, it appears this peak is associated with tmely or phenyl pyridyl units. Emission
spectra (Table 1, Figure S2) show red-shiftscjpfrom 1 to 2 and ther consistent with the

shifts in the absorption maxima, the pyridinium siy)wever are non-emissive.

Table 1.Optical and electrochemical parameterd d 6.

Dye | Ana | €/10° | dew’/ | DD*,Egor | DD, Epcor | Eoo Computed
/nm | Mtem® | nm | EypvsNHE/ | EypvsNHE/ | /V | HOMO-LUMO ¢/

V (AE, mV) V (AE, mV) eV

1 | 445 41.7 626 1.42 -0.68 2.2 2.30
2 | 491 46.8 673 1.32 -0.72 2.07 2.12

3 | 475 23.6 642 1.34(100) -0.71 2.21 2.23
4 | 449 45.3 ¢ - -0.63 2.19 2.11
5 | 478 62.3 < 1.26 -0.52 (120) | 1.99 1.90
6 | 471 33.8 1 K -0.69 2.10 2.04

(a) Absorption and emission spectra recorded inGMHsolution.(b) The HOMO-LUMO gapE, o estimated
from the absorption edge. (c) Lowest energy TD-Déalculated UV-vis transition (HOMO-LUMO), see
experimental for details. (d) All three pyridiniudyes are non-emissive. () Dye oxidation peak cabeo
clearly distinguished from solvent oxidation. (f)pparently quasi-reversible process overlapped with
irreversible peak at -0.68 V. Electrochemical datae obtained using 0.1 M NBBIF, in DMF as electrolyte,
with an analyte concentration cd. 1 mM. Potentials referenced to internal F¢/&ad converted to NHE using
Fc/FE = 0.69 V vs NHE.
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Fig. 2. Absorption spectra df to 6. (a) In acetonitrile solutions at 298 iKb) Absorbed onto the NiO

films used for solar cell studies.

Fig. 2 (bottom) shows the absorption spectra ofifess on NiO, by obtained by soaking NiO

films in the dye solutions for 20 hours. The specre broader than in solution, and o2ly

and5 have clearly defined absorbance peaks on NiO8atathd 463 nm respectively. These

blue shifts could indicate electronic communicatimetween the dyes and the NiO surface,

although contribution from the NiO background isaapossible. The absorbances obtained in

the films are generally rather low and follow afeiént pattern to the solution extinction



coefficients. With the short, pyridyl anchorédand4, stronger light absorption is seen for
dicyano-acceptot, despite a lowes. Similarly, but more pronounced, the peak absarean
for dicyano2 on NiO is over 50% greater than for pyridinilbneven though its is 25%
lower. For thebis-anchor dyes3 and 6, there is little difference in light absorptionhi$
implies that in every case significantly less oé tbationic dye is adsorbed on the NiO
surface, and the trend seems to be more dramatibdalicationic species. This suggests it is
likely a consequence of repulsion of the cationyesd by the positive surface charge

associated with NiO, as well as the larger sizéhefpyridinium architectures.

Cyclic Voltammetry: Electrochemical data are also summarised in Tabledlwere obtained
in DMF, rather than MeCN, as the compounds weresnfdtciently soluble in MeCN at the
concentrations required for electrochemistry. Insmoases, oxidation of the donor and
reduction of the acceptor appear irreversible oa timescale of these measurements,
although quasi-reversiblity is seen in the oxidataf 3, and reduction o6 (Fig. S1, SI).
Moreover, for two of the three pyridinium compountie oxidation of the donor cannot be
clearly observed above solvent background. Thisnséaat only a limited interpretation can
be made of the data, but some trends are app&iesity, in all cases the reduction potential
of the pyridinium dye is less negative than itsileitcounterpart, implying that it is a stronger
acceptor and electron transfer to it is easiersTisiconsistent with the smaller HOMO-
LUMO (Eqo) gaps estimated for the pyridiniums from the apson edges ofl to 6, though
not the blue shiftedax values. Interestingly, though, for the only pymidim with a clearly
observed oxidation potentiab)( the oxidation potential is less positive than &my of the
nitrile systems. This is consistent with the |Byg observed for this compound. The nature of
the binder also seems to influence the potentiathef HOMO (donor), with the highest

oxidation potential being seen fbywhere the electron deficient ring is directly nented to



the aryl amine N. In all cases, the dye oxidatioteptials are comfortably more positive than
the top of the NiO VB (0.54 V vs NHE), indicatinigatt hole transfer to NiO is energetically
favourable — similarly, the reduction potentialstbé dye acceptors are comfortably more

negative than that of th&lk” redox electrolyte.

DFT calculations. DFT and TD-DFT calculations were performed drnio 6 using the
Amsterdam Density Functional (ADF) software packagéh the B3LYP functional and
DZP basis set.[22—-24]. Acetonitrile solvent waslextl using COSMO. The trend in the
lowest energy TD-DFT calculated transitions (allMO->LUMO) perfectly matches that of
the experimentaky, values within the individual dicyand o 3) and pyridinium 4 to 6)
series (Table 1), and also mirrors experimentadifigs by showing that the pyridinium
HOMO->LUMO transitions are in all cases lower energy ththose of their dicyano
analogues. However, the computed lowering in ttemmsienergy for pyridiniums (0.19 to
0.22 eV) is greater than that estimated from theui#Vand electrochemical measurements
(0.08 to 0.11 eV) — this is reflected in the in hasition of the computed lowest energy
transitions which are always a few nanometres ¢éoltlne of the measured dye absorption
edge for the dicyano dyes (Fig. S3, Sl). The coexgbidpectra also echo experiment by
consistently finding higher oscillator strengtliig) (for the pyridinium dyes, which are shown

to have higher extinction coefficients.

Analysis of the orbital-to-orbital transitions (Tab S1 to S6, Figures S4 to S9, Sl) indicates
that the two families of dyes have fundamentalhgiksir electronic structures. In all cases, the
lowest energy (and usually strongest) transitiomolives charge transfer (CT) from a HOMO

based on the triarylamine unit, to a LUMO largefsed on the thiophene bridge and dicyano

or pyridinium acceptor. The highest energy traosgi are largelyn>n* in character.



However, the structural variations lead to differesin the spatial distribution and energies
of the computed orbitals which are consistent wite observed spectroscopic properties

(vide supra) and solar cell performance (vide indfathe dyes.

Firstly, in both the dicyano and pyridinium seriekgar trends can be seen on moving from
the mono-pyridine (L, 4), to mono-phenylpyridine 2, 5) and therbis-phenylpyridine binding
units. In1 and4 (Tables S1, S4; Fig.s S4, S7), the HOMO levelsrekiento the electron
deficient pyridine ring, lowering their energy arabulting in larger HOMO-LUMO gaps (by
at least 0.07 eV, Table 1) than the other dyesgh eseries. 12 and5 (Tables S2, S5; Fig.s
S5, S8), however, the phenyl spacer reduces theemde of the pyridine group on the
triarylamine donor and participation of the pyriginng is absent not only from the HOMO,
but also the HOMO-1 and HOMO-2. Adding a secondngtgyridine binding unit can be
expected to have a detrimental effect on chargearagpn performance (as found
experimentally) because in both and 6 (Tables S3, S6; Fig.s S6, S9) their presence
introduces new acceptor orbitals at accessiblegease(LUMO+1/+2 for3, LUMO+2 for 6)
that are expected to interact strongly with the Nif@face. The excited state HOMOs (Fig.s
S6, S9) are also located on the phenylpyridine ibqndyroups. This will encourage
recombination, moreover in both dyes there areutatied CT transitions in the near UV from
the HOMO, to these orbitals —sending electronsniuadesired direction. This is consistent
with the experimentally observed, comparativelpmgier absorption between 300 and 400

nm for3 and6.



Compound 2 Compound 5

Fig. 4. Selected DFT calculated frontier orbital2cnd5



Secondly, analysis of the orbitals involved in tdoenputed UV-vis transitions reveals likely
advantages for the pyridinium acceptor. For botteptor systems, the LUMOs generally
involve a combination of the acceptor, and thiogheridge (Fig. 4). For the pyridiniums,
this LUMO is lower energy (leading to transitionsvering more of the visible spectrum),
and larger due to the increased size of the pytdinvs dicyano group. Thus, the pyridinium
is able to delocalise charge further away fromttiegylamine donor and NiO surface. The
pyridiniums also show less participation of the egtor in the HOMO and other donor
orbitals (HOMO-1/-2), thus, the pyridinium systerage likely to separate charge more
effectively and direct it away from the surfacetbé p-type substrate. Participation of the
relatively electron deficient pyridine/phenylpym@ units in the HOMO orbitals is also
suppressed in the pyridiniums, raising the HOMOrgynend helping absorb more visible
light. Lastly, in5 and 6 (vs 2 and 3), there is less tendency to transfer charge to the
phenylpyridines — in compourtlthe LUMO/+1/+2 are all based on the pyridinium amdly

the LUMO+3 involves the phenylpyridine (Fig. S8) evbas in2 the LUMO+2 is
phenylpyridine based (Fig. S5), and the transitont is about three times stronger than the
equivalent ir2. A similar situation pertains f&@ vs 3 (See Sl, Tables S3 and S6, Fig.s S6 and

S9).

2*-HOMO




Fig. 5. DFT calculated HOMOs of the excited state? @ind5. It can be seen that B) less electron
density remains on the phenylpyridine unit, anderam the bridge and the acceptor, providing more

effective charge separation.

Calculation of the structures of the first excitgdtes reflects these findings, through excited
state HOMOs for the pyridiniums that tend to disite less electron density onto the
pyridine/phenylpyridine binding groups, and moreootine bridge and acceptor (Fig.s S4 to
S9). This is seen most clearly for the excitedestaf5 vs 2 (Fig. 5). Computed ground-to-
excited state dipole moment changes (Table S7) shioat in every pyridinium/dicyano pair,
charge is moved further away from the donor (an tine NiO surface) by the pyridinium.
Thus, electronically the pyridinium group appearfiave the advantage over the dicyano for

light absorption and charge separation.

Photovoltaic performance

Table 2. Photovoltaic parameters of NiO p-DSSCs based torb.

Dye | Loading/10mol® | Js./ mA cm? Voo / mV FF (%) | n (%)
1 6.38 0.83 50 43 0.018
2 11.8 1.6 103 36 0.060
3 5.14 0.87 49 32 0.014
4 3.30 0.83 66 33 0.018
5 6.23 1.11 86 37 0.036
6 4.96 0.84 70 23 0.014

Electrolyte: 0.1 M4, 1 M Lil in MeCN. Counter electrode: platinized ®glass? Loading per 0.25 cm1 pM
thick film, average of four films.

Photovoltaic parameters of devices based on theesisitizers on NiO (with/I3), under
AM 1.5 solar simulated light, are shown in Tabléf@ J-V curves see Fig. S10, Sl) and
IPCE spectra are displayed in Fig. 6. In our wardmpound2 shows a slightly weaker

performance+{ = 0.06%)than previously published in similar conditions=0.093%),[15]



due to a loweds,, but is still the best performing dye in this seriThe next best performance
(n = 0.036%) comes from the other phenyl pyridyl, biseqtor structur®, which has both
lower Jsc and lowerVocthan2, and weaker IPCE across the spectrum from 40@®onm.
The obvious explanation is a lower loading5pfindicated by the weaker absorption of the
NiO films prepared with this compound (Fig. 2) awhfirmed in a loading study (Table 2,
Fig. S11). Otherwise, the higher extinction coedint of 5 coupled with its similar redox
properties (and the better electronic structurecfaarge separation suggested by DFT, vide
supra) might be expected to yield a higher powewecsion efficiency. Indeed, absorbed
photon to current efficiencies (APCEs, Fig. S13,Blows a very similar performance tor
vs 2 across the visible range. This suggests thatdéhfeqmance ob in p-DSSCs is held back
by the ability to load dicationic dyes onto the igwsly charged NiO surface, rather than the

fundamental electronics and light absorption proggiof the dye.

30

IPCE / %

350 450 550 650
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Fig. 6.IPCE spectra of p-DSSCs assembled ith 6

The other dyesl( 3, 4 and6) produce overall efficiencies at best 50% of thiab. This is

likely because addition of a second anchoring gr@gin3 and6) in place of an acceptor



sacrifices light absorption, as seen in the UVspsctra in solution and on the NiO surface
and reflected in the IPCE spectra. In addition, DIET calculations suggest that the
additional phenylpyridine leads to these anchogngups acting as acceptors, close to and
interacting strongly with the NiO surface. The samiesorption profile argument, and
weakened donor capability in the triphenylaminen dze used to explain the weak
performance ofl and4 — note that4 also has the lowest loading of any of the dyes. In
addition, these systems all show lowlgg than seen fo2 or 5, which could imply that these
dyes, that are either shorter or have fewer/letisnafly positioned electron acceptor groups,
do less to mitigate recombination tharor 5 — again consistent with the DFT calculated
electronic structures. It is also consistent with prior observation that extension2ofvith a
further phenyl spacer increasésc by ca. 20 mV.[15] Lastly the pyridinium systerdsand

6, despite the clearly lower dye loadingdofyield higheVocs (and very similadscs) to their
dicyano counterparts and3, althoughn values are identical due to lower fill factorsCIPs

for 4 are slightly higher than fat, and for6 and3 are very similar. Conversion to APCE
(Fig. S12) shows a clear advantage4amver1 across the visible range, and tover3 at
longer wavelengths. Thus, the overall picture fribvem solar cell measurements suggests that
the simple pyridinium acceptor performs just aslwel better than the widely used dicyano
group in p-DSSCs, but that in the specific exanmgee, inadequate dye loading (around 50%
lower for bis-acceptor, dicationic systems vs dicyano analoghels)s back performance. As
the difference in loading is much smaller for theno-acceptor, mono-cation&ccompared

to its dicyano analogue, loadings would likely ioye in systems with carboxylate binders
where deprotonation can mitigate repulsion betweesitively charged dyes, and the

positively charged NiO surface.

Conclusion



In conclusion, five new sensitizer dyes with pytithinding groups have been synthesised,
and a shortened route developed to a pre-existigg ln these systems, light absorption is
enhanced by use of pyridinium, rather than dicyacweptor groups, as seen through broader
spectrum light absorption and higher extinctionftoents. In addition, DFT and TD-DFT
calculations suggest that the electronic structiréhe pyridinium dyes is better set up to
transfer charge away from the substrate in a p-DSB@ device performance of the
pyridinium dyes however does not exceed that af dieyano counterparts, and appears to
be held back by weaker dye absorption on the sathstr potentially a consequence of the
positively charged acceptor and positively chargadstrate, and thus potentially mitigated
by use of binders that adopt a negative chargéh(asicarboxylate). Therefore, with different
binders pyridiniums could provide a new, easilyessible and versatile class of acceptor for
use in p-DSSCs. The results of this study also stiatusing two pyridine anchors rather
than one, or attaching the pyridine anchor diretdlyhe N-donor, degrades performance in
the p-DSSC due to poorer light absorption and tkyaof the pyridine to act as an acceptor

that interacts strongly with the p-type substrate.
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Highlightsfor: Pyridinium p-DSSC Dyes. An Old Acceptor LearnsNew Tricks

» Pyridinium dyes are better light absorbers than their dicyano analogues
» DFT-caculated eectronic structures also indicate better charge separation
* Low dyeloading impedes their performance in assembled p-DSSCs



