Accepted Manuscript

Organic sensitizers bearing a trialkylsilylether group for liquid dye sensitized solar
cells

Raquel Pérez-Tejada, Natalia Martinez de Baroja, Santiago Franco, Laia Pelleja,
Jesus Orduna, Raquel Andreu, Javier Garin

Pl S0143-7208(15)00294-6
DOI: 10.1016/j.dyepig.2015.07.026
Reference: DYPI 4866

To appearin:  Dyes and Pigments

Received Date: 8 June 2015
Revised Date: 16 July 2015
Accepted Date: 22 July 2015

Please cite this article as: Pérez-Tejada R, Martinez de Baroja N, Franco S, Pelleja L, Orduna J, Andreu
R, Garin J, Organic sensitizers bearing a trialkylsilylether group for liquid dye sensitized solar cells, Dyes
and Pigments (2015), doi: 10.1016/j.dyepig.2015.07.026.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.dyepig.2015.07.026

ACCEPTED MANUSCRIPT




Organic sensitizers bearing a trialkylsilylether goup for liquid dye sensitized
solar cells

Raquel Pérez-Tejad4, Natalia Martinez de Barojaf, Santiago Francd’, Laia Pellejd”, Jests Ordun&,
Raquel Andrel?, Javier Garin®

“Departamento de Quimica Organica - Instituto de Ciarde Materiales de Aragén (ICMA), Universidad derafjoza - CSIC,
E-50009 Zaragoza, Spain
P|nstitute of Chemical Research of Catalonia (ICIQ)dA Paisos Catalans 16, Tarragona E-43007 Spain

* Corresponding author. Tel.: +34 976762283; E-raddress; sfranco@unizar.es (S. Franco)

Abstract

In this work we present the synthesis, optical ab@rization and performance of five metal-free
sensitizers for dye-sensitized solar cells (DSSXl).dyes include, for the first time, a trialkylgll ether
group in therteconjugated bridge (a thiophene ring). The infleeraf different donor unities, like
triarylamine (TPA), #-pyranylidene and dithiafulvene have been evaluate®SSC with a liquid I’
electrolyte, obtaining the best results with thé-pyranylidene moiety. The size and the positionthef
bulky group have a great importance in the efficieof the final devices.

In order to explain the recombination processes @edtron life-time, charge extraction (CE) and
transient photovoltaic (TPV) experiments have besemnied out.

1. Introduction

Solar energy offers a clean, well-spread and inastilsle energy source. Although the market is
dominated by silicon-based photovoltaic devices, rétent years the interest on alternatives more
environment-friendly has increased, specially fecusen reducing mass during cell manufacture presess
and the thickness of the final device.

Organic Photovoltaic Cells (OPVS)? and particularly Dye Sensitized Solar Cells (DS8Csonstitute
an interesting alternative due to their low mantufang cost, flexibility of molecular design, lighteight
and great aesthetic features, like color and tiaesgy. The key element in a DSSC device is protidal
sensitizer dye and over the last years, thousahdew dyes have been investigated. The most dffticie
organic sensitizers are based on Don@pacer-acceptor (B-A) structures, a type of push-pull systems
which lead to effective photoinduced intramolecdaarge-transfer (ICT). In these systems smallatiars
in the different parts of the molecule (mostly lire tdonor and the-bridge) may result in significant changes
in the photovoltaic properties. Triphenylamine (Tjfased metal free organic dyes are one of the most
common donor groups in DSSES, as it presents several advantages, like a noraplsinucture, which
suppresses the formation of aggregates. Furtherrniogephysical properties can be easily modulated b
introduction of bulky or donor groupd® Recently, proaromatic systems likél-pyranylidené**’ and
dithiafulvené®?° have been introduced as alternative and effiailemor unities in DSSCs, but no studies
comparing their properties have been reported.

When designing a new sensitizer, one importanbfact take into account is related to the minimaat
of aggregates by-Ttstacking. This may be performed by using additigesh as deoxycholic acid (DCA)

%2 or by the introduction of bulky groups both, irttionor or in thetbridge® % However, it is relatively
difficult to synthesize dyes with bulky chains ihet conjugated spacer, requiring tedious and meltipl
reaction steps.



Silicon-based dyes have been very promising for S8ue to its photo and thermal stabifity?®
Examples of organic sensitizers bearing a dithiéwles(DTS) as artlinker have been reported with high
efficiencies™>* However, to the best of our knowledge, organic sdyeaturing a trialkylsilyl ether
(R1RzR3SiO-) were never used to preclude thaggregation on the Tgdn DSSCs. This popular protecting
group can be easily introduced from alcoffaésid the overall size and the stability dependthemature of
the R, R, or Rs. Moreover, the silylether group greatly enhandss s$olubility of the sensitizer that
facilitates its adsorption on the TiGurface.

In the present work, a series of five new metad-foeganic sensitizers for DSSCs with a trialkylsiky
group have been designed, synthesized and charadtem order to evaluate the donor influence lom t
photovoltaic properties a TPA and two proaromatinat unities (#-pyranylidene and dithiafulvene) have
been used (Figure 1).
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Fig 1. Molecular structures of TBDMS organic sensitizers

The influence of the size and the relative positan the heterocyclic linker of two bulky groups,
tert-butyldimethyl (TBDMS) ortert-butyldiphenyl silylether (TBDPS) are also studigdgure 2). Finally,
the photophysical properties, molecular orbitacgkitions and the performance of DSSCs based @ the
organic dyes are reported.

R, = CH,OTBDPS or CH,OTBDMS, R, =H
R, = H, R, = CH,OTBDPS

Fig. 2. Molecular structures ofH+pyranylidene organic sensitizers

2. Experimental section

2.1. General information

Infrared measurements were carried out in KBr @t msing a Perkin-Elmer Fourier Transform Infrared
1600 spectrometer. Melting points were obtainedaoBallenkamp apparatus in open capillaries and are
uncorrected'H- and*C-NMR spectra were recorded on a Bruker ARX300 @&raker AV400 at 300 or



400 MHz and 75 or 100 MHz respectiveyyalues are given in ppm (relative to TMS) ahdalues in Hz.
The apparent resonance multiplicity is described @singlet), d (doublet), and m (multiplelid-*H COSY
and'H-"*C-HSQC experiments were recorded on a Bruker ARX808 Bruker AV400 at 300 or 400 MHz

in order to establish peaks assignment and speatiionships. Electrospray mass spectra were dedoon

a Bruker Microtof-Q spectrometer; accurate masssomreaents were achieved using sodium formate as
external reference. UV-Visible spectra were recdrd@h an UV-Vis UNICAM UV4 spectrophotometer.
Pulse differential voltammetry measurements weréopaed with ap-Autolab type Il potentiostat using a
glassy carbon working electrode, Pt counter eldetr@and Ag/AgCl reference electrode. The experiment
were carried out under argon in @b, with BwWNPFR; as supporting electrolyte (0.1 mof)L Scan rate was
0.01V s', modulation amplitude 0.025V and modulation tin@50s".

2.2. Synthesis

4-((tert-butyldimethylsilyloxy)methyl)-5-((2,6-diphyl-4H-pyran-4-ylidene)methyl)thiophene-2-
carbaldehydd?7)

A solution of 2,6-diphenyl-(A-pyran-4ylidene)-diphenylphosphine oxi&e (680 mg, 1.56 mmol) in
anhydrous THF (12 ml) was prepared, purged witlom@nd cooled to —78°C. To this solutiorBuLi (1.6
M in hexanes) (1.2 mL, 2.08 mmol) was added dropwisd the resulting mixture was stirred for 15 min.
Then 3-({ert-butyldimethylsilyloxy)methyl)thiophene-2-carbaldele 4 (472 mg; 1.84 mmol) in anhydrous
THF (5 mL) was added dropwise and the mixture wasmwed to 0 °C for 3 hours (TLC monitoring using
10% EtOAc in hexanes). Saturated JIHsolution was added to quench the reaction aadstvent was
evaporated under reduced pressure. The organicuagextracted with EtOAc (2 x 25 mL) and drieéiov
anhydrous MgSQ After the removal of the solvent, the residue digsolved in EtOAc/hexanes (3/97) and
filtered over silica gel to give the crutert-butyl((2-((2,6-diphenyl-#-pyran-4-ylidene)methyl)thiophen-3-
yl)methoxy)dimethylsilané as an intermediate. Then, a solution of 2,2, &@teethylpiperidine (0.27 mg,
1.58 mmol) in THF (8.4 mL) was prepared, purgechvaitgon and cooled to —78 °C. To this solutiBuaLi
(2.7 M in pentane) (1.01 mL, 1.71 mmol) was addegpaise and the resulting mixture was stirred for 1
and then a solution @ (676.0 mg, 1.41 mmol) in THF (33.6 mL) was add€de resulting mixture was
stirred for an additional hour, DMF (0.28 mL, 3.m®nol) was added dropwise and the mixture was warmed
to =30 °C. The reaction was quenched by the additfosaturated NECI solution and the solvent was
evaporated under reduced pressure. The organicuageextracted with EtOAc (2 x 20 mL) and drieeiov
anhydrous MgS© After the removal of the solvent, the aldehytevas purified by silica gel column
chromatography (6% EtOAc in hexanes). Yield: rdd%83.0 mg, 1.16 mmol; 82%).

IR (neat): crit 1648 (C=0), 1573 (C=C}H NMR (400 MHz, CDCJ)): & (ppm) 9.81 (s, 1H), 7.90-7.76
(m, 4H), 7.69 (s, 1H), 7.55-7.43 (m, 6H), 7.29J0¢; 2.0 Hz, 1H), 6.55 (d) = 2.0 Hz, 1H), 6.07 (s, 1H),
4.75 (s, 2H), 0.96 (s, 9H), 0.14 (s, 6FC NMR (100 MHz, CDG)): & (ppm) 182.1, 155.3, 152.6, 146.6,
139.0, 137.9, 137.0, 132.8, 132.5, 132.5, 130.92,71228.9, 128.8, 125.3, 124.7, 109.0, 104.7,9,(80.7,
26.0, 18.4, -5.2. HRMS (ESI m/zcalcd for [GgH3305SSi]: 501.1914, found: 501.1914 [M+H]calcd for
[C3oH3:NaO;SSI[': 523.1734, found: 523.1721 [M+Na]

4-((tert-butyldimethylsilyloxy)methyl)-5-((4,5-dithgl-1,3-dithiol-2ylidene)methyl)thiophene-2-
carbaldehydg10)

A solution of tributyl(4,5-dimethyl-1,3-dithiol-2iphosphonium hexafluorophosph#&€317.7 mg, 0.66
mmol) and 3-((ert-butyldimethylsilyloxy)methyl)thiophene-2-carbaldete 4 (131.0 mg, 0.51 mmol) in
anhydrous THF (16 mL) was prepared, purged witlbra@nd cooled to —78°C. To this solutionsNE{352.4
pL, 2.51 mmol) was added dropwise and the resuliitgure was stirred for 15 min. After the removél o
the solvent, the residue was dissolved in EtOA@hes (1:9) and filtered over neutral aluminum oxile
give compound® as an intermediate. Then, a solutior®af THF (10 mL) was prepared, purged with argon



and cooled to —-45 °C. To this solutiomBuLi (1.6 M in hexanes) (0.53 mL, 0.85 mmol) wasded
dropwise and the resulting mixture was stirredfflor DMF (0.09 mL, 1.2 mmol) was added dropwise and
then, the mixture was warmed to room temperatues 2¢h. Saturated Nj@I solution was added to quench
the reaction and the solvent was evaporated urdieiced pressure. The organic layer was extractéd wi
CH,CI, and dried over anhydrous Mgg@fter the removal of the solvent, the aldehyifdevas purified by
silica gel column chromatography (20% ethyl acetatéexanes). Yield: red oil (136.2 mg, 0.34 mmol;
67%).

IR (neat): crit 1649 (C=0), 1492 (C=C}H NMR (400 MHz, CDCJ): & (ppm) 9.80 (s, 1H), 7.65 (s,
1H), 6.82 (s, 1H), 4.69 (s, 2H), 2.09 (s, 3H), 2(833H), 0.92 (s, 9H), 0.09 (s, 6HJC NMR (100 MHz,
CDCly): & (ppm) 181.9, 146.6, 142.5, 137.9, 137.3, 135.8,4,2123.4, 102.9, 59.6, 25.9, 18.3, 13.8, 13.1,
-5.2. HRMS (ESI): m/z calcd for [GgH,;0,S:Si]": 399.0937, found: 399.0961 [M+H] calcd for
[C1gH26NaO,S;SI] ™ 421.0756, found: 421.0784 [M+Na]

4-(3-((tert-butyldimethylsilyloxy)methyl)thiopheryB-N,N-diphenylaniling13)

A solution of the stannyl derivativE2 (990.0 mg, 1.87 mmol) and compouhti(668.2 mg, 1.87 mmol)
in anhydrous toluene (24 mL) was prepared, purgiéd argon for 15 min before addition of Pd(RZh
(112.3 mg, 0.10 mmol). The reaction mixture wasusefd for 15 h under an argon atmosphere. After
addition of water (30 mL), the mixture was extracteith toluene (2 x 30 mL). The organic phase was
washed with a saturated aqueous solution ofMIH30 mL) and water (3 x 10 mL) and dried over
anhydrous MgS© After the removal of the solvent, the compoundsvparrified by silica gel column
chromatography (2% diethyl ether in hexanes). Yikdht yellow oil (392.4 mg, 0.83 mmol; 44%).

IR (neat): crit 1592 (C=C).*H NMR (300 MHz, CDCl,): & (ppm) 7.39-7.33 (m, 2H), 7.32-7.24 (m,
4H), 7.21 (d,J = 5.2 Hz, 1H), 7.15-7.02 (m, 9H), 4.68 (s, 2H),D(8, 9H), 0.05 (s, 6H}*C NMR (100
MHz, CD,Cl,): & (ppm) 148.1, 148.0, 140.6, 137.6, 130.4, 130.3.9,2128.4, 125.2, 123.7, 59.9, 26.3,
18.8, -5.02. HRMS (ES): m/z calcd for [GoHa/NOSSIT: 472.2125, found: 472.2109 [M+H]calcd for
[CooH3aNNaOSSI[: 494.1944, found: 494.1930 [M+Na]

4-((tert-butyldimethylsilyloxy)methyl)-5-(4-(diphdamino)phenyl)thiophene-2-carbaldehydd)

A solution of13(352.4 mg, 0.75 mmol) in anhydrous THF (17 mL) \wespared, purged with argon and
cooled to —30 °C. To this solution;BuLi (1.6 M in hexanes) (0.78 mL, 1.25 mmol) wakdad dropwise
and the resulting mixture was stirred for 1 houreil, DMF (173 pL, 2 mmol) was added dropwise aed th
mixture was warmed to room temperature (TLC momtpusing 2% diethyl ether in hexanes). Saturated
NH,4CI solution was added to quench the reaction aadsttvent was evaporated under reduced pressure.
The organic layer was extracted with diethyl etfl&s x 3 mL) and dried over anhydrous MgS@®tfter
removal of the solvent, the aldehytlé was purified by column chromatography on silich (@86 ethylic
ether in hexanes). Yield: yellow oil (298.6 mg,@r&amol; 80%).

IR (neat): crit 1670 (C=0), 1445 (C=C}H NMR (400 MHz, CDCl,): & (ppm) 9.84 (s, 1H), 7.80 (s,
1H), 7.41-7.38 (m, 2H), 7.33-7.29 (m, 4H), 7.1657(M, 8H), 4.72 (s, 2H), 0.91 (s, 9H), 0.08 (s, 6¥y
NMR (100 MHz, CQCly): & (ppm) 183.2, 150.3, 149.4, 147.7, 141.0, 139.9.2,3130.4, 130.0, 126.5,
125.7, 124.4, 122.7, 60.0, 26.3, 18.8, -4.5. HRHESI'): m/zcalcd for [GoH3NO,SSI[: 500.2074, found:
500.2045 [M+H].

3-(4-((tert-butyldimethylsilyloxy)methyl)-5-((2,6ptienyl-4H-pyran-4-ylidene)methyl) thiophen-2-
yl)-2-cyanoacrylic acidql)

To a solution of aldehyd@ (122 mg, 0.24 mmol) and 2-cyanoacetic acid (33 (88 mmol) in
chloroform (5 mL) was added piperidine (160 pL;2lrémol). The mixture was refluxed for 24 hours unde
an argon atmosphere and then cooled down to roameaeture. HCI (1N) was added until pH=3, the
organic phase was dried over MgShd concentrated under reduced pressure. Theanbdevas added and



a solid appeared. This compound was filtered un@eluced pressure and washed with a mixture
hexane/CHCI, (9/1) to affordl Yield: dark purple solid (134 mg, 0.24 mmol; 96%).

Mp 215-218 °C. IR (KBr): cfh 3100-2600 (COO-H), 2210 £Bl), 1672 (C=0), 1652 (C=CjH NMR
(400 MHz, dmso-g): & (ppm) 8.33 (s, 1H), 8.02-7.89 (m, 4H), 7.86 (s),I1H63-7.45 (m, 6H), 7.37 (d,
= 1.5 Hz, 1H), 7.11 (d] = 1.5 Hz, 1H), 6.37 (s, 1H), 4.76 (s, 2H), 0.909Md), 0.11 (s, 6H)*C NMR (75
MHz, dmso-d): & (ppm) 164.1, 154.8, 151.9, 145.7, 144.9, 139.2,2,3131.6, 131.5, 130.5, 130.0, 129.9,
129.1, 128.9, 124.8, 124.5, 117.7, 109.1, 105.2,4.(%8.7, 25.7, 17.9, -5.4. HRMS (ESIm/z calcd for
[C33H3,NO,SSIT: 568.1972, found: 568.1945 [M+H]

3-(4-((tert-butyldimethylsilyloxy)methyl)-5-((4,%aukthyl-1,3-dithiol-2-ylidene)methyl)thiophen-2-
yl)-2-cyanoacrylic acid2)

To a solution of aldehyd&0 (136.4 mg, 0.34 mmol) and 2-cyanoacetic acid (4bg} 0.53 mmol) in
chloroform (32 mL) was added piperidine (226.4 @125 mmol). The mixture was refluxed for 85h under
an argon atmosphere and then cooled down to roopeature. The reaction crude was chromatographied
on reverse C18 silica gel (50 % AcONE20 mM) in acetonitrile). After the addition ofetc acid a solid
appeared. This compound was filtered under redpoeskure to affor@. Yield: dark purple solid (68.7 mg,
0.15 mmol; 43%).

Mp 170-174 °C. IR (KBr): cth2211 (GN), 1673 (C=0), 1531 (C=CH NMR (300 MHz, CDC)): &
(ppm) 8.21 (s, 1H), 7.68 (s, 1H), 6.84 (s, 1H)94($, 2H), 2.14 (s, 3H), 2.07 (s, 3H), 0.92 (s, 949 (s,
6H). **C NMR (75 MHz, CDCJ): & (ppm) 169.1, 149.1, 146.5, 145.5, 139.8, 136.6,9,3125.6, 124.5,
116.9, 103.1, 91.5, 59.5, 25.9, 18.3, 14.0, 138.3.-HRMS (ESI): m/z calcd for [GiH2eNOsS:Si]":
466.0995, found: 466.1040 [M+H]HRMS (EST): m/z calcd for [GiH,,NNaG;S;Si]*: 488.0815, found:
488.0793 [M+Nal.

3-(4-((tert-butyldimethylsilyloxy)methyl)-5-(4-(dienylamino)phenyl)thiophen-2-yl)-2-
cyanoacrylic acid3)

To a solution of aldehyd&4 (139.2 mg; 0.29 mmol) and 2-cyanoacetic acid (46g4 0.53 mmol) in
chloroform (26 mL) was added piperidine (200.6 190 mmol). The mixture was refluxed for 5 days
under an argon atmosphere and then cooled downodon rtemperature. The reaction crude was
chromatographied on reverse C18 silica gel (50 %Md, (20 mM) in acetonitrile). After the addition of
acetic acid a solid appeared. This compound weesdd under reduced pressure to afférfield: pinkish
solid (113.1 mg, 0.20 mmol; 70%).

Mp 196-200 °C. IR (KBr): cm2223 (&N), 1679 (C=0), 1566 (C=CH NMR (400 MHz, acetonegt
o (ppm) 8.42 (s, 1H), 8.05 (s, 1H), 7.58-7.53 (m, 2H) 9#8.33 (m, 4H), 7.18-7.11 (m, 6H) 7.11-7.06 (m,
2H), 4.83 (s, 2H), 0.91 (s, 9H), 0.11 (s, 6HE NMR (100 MHz, acetonegll & (ppm) 167.8, 151.5, 150.9,
148.9, 148.3, 143.4, 140.7, 134.9, 131.8, 131.8,4,2127.2, 126.0, 123.6, 117.8, 100.1, 60.9, 21R33,
-4.1. HRMS (ES): m/zcalcd for [G3H33N,05SSi]: 565.1987, found: 565.2014 [M-H]

3-((tert-butyldiphenylsilyloxy)methyl)thiophene-2Hoaldehyd€g18)

A solution oftert-butyldiphenyl(thiophen-3-ylmethoxy)silariy (2.2 g, 6.2 mmol) in anhydrous diethyl
ether (10 mL) was prepared, purged with argon amulded to —10 °C. To this solutiotBuLi (1.7 M in
pentane) (4 mL, 6.2 mmol) was added dropwise foerdgod of 20 min and the resulting mixture wasrstr
at —10 °C for 1h. Then, DMF (0.75 mL, 9.6 mmol) vealsled dropwise and the mixture was warmed to 0 °C
and stirred at this temperature overnight (TLC raing using 20% hexanes in dichloromethane). Séddr
NH,4CI solution was added to quench the reaction aadsttvent was evaporated under reduced pressure.
The organic layer was extracted with diethyl etfl& x 3 mL) and dried over anhydrous MgS@®tfter
removal of the solvent, the aldehyti®@ was purified by silica gel column chromatograpB@% hexanes in
dichloromethane). Yield: yellow oil (454.9 mg, 1.€6nol; 20%).



IR (neat): crit 1664 (C=0), 1588 (C=CYH NMR (400 MHz, CDCL,): & (ppm) 9.95 (d,) = 0.9 Hz,
1H), 7.68-7.66 (m, 5H), 7.48-7.37 (m, 6H), 7.25J&; 5.0 Hz, 1H), 5.06 (s, 2H), 1.08 (s, 9HC NMR
(100 MHz, CDCL): & (ppm) 182.9, 150.9, 138.1, 136.1, 134.5, 133.8,3,3130.0, 128.5, 61.4, 27.2, 19.7.
HRMS (ESI): m/z caled for [G.H,s0,SSi[: 381.1339, found: 381.1313 [M+H] calcd for
[C,2H24NaO,SSI: 403.1158, found: 403.1139 [M+Na]

4-((tert-butyldiphenylsilyloxy)methyl)thiophene-2Hsaldehyd€19)

A solution oftert-butyldiphenyl(thiophen-3-ylmethoxy)silade (1.6 g, 4.5 mmol) in anhydrous THF (39
mL) was prepared, purged with argon and cooledl®®C. To this solutiom-BuLi (1.6 M in hexanes) (2.8
mL, 4.5 mmol) was added dropwise and the resuttingure was stirred at —10 °C for 1h and 30 mineifh
DMF (0.54 mL, 6.9 mmol) was added dropwise and rtieture was warmed to 0 °C and stirred at this
temperature overnight (TLC monitoring using 20%yktcetate in hexanes). Saturated,SHsolution was
added to quench the reaction and the solvent wasoeated under reduced pressure. The organic \eger
extracted with diethyl ether (15 x 2 mL) and draekr anhydrous MgSQOAfter removal of the solvent, the
aldehydel9 was purified by silica gel column chromatograpB9% ethyl acetate in hexanes). Yield: white
solid (465.3 mg, 1.22 mmol; 21%).

Mp 76-78 °C. IR (KBr): cm 1666 (C=0), 1466 (C=CJH NMR (400 MHz, CDCl,): & (ppm) 9.86 (d,
J=1.3 Hz, 1H), 7.69-7.65 (m, 5H), 7.59-7.58 (m, 1HAX7-7.37 (m, 6H), 4.77 (d,= 0.6 Hz, 2H), 1.08 (s,
9H). **C NMR (100 MHz, CCl,): & (ppm) 183.5, 144.7, 144.5, 136.1, 135.8, 133.0,8,3130.4, 128.4,
62.2, 27.1, 19.7. HRMS (ESI m/zcalcd for [GoH2s0,SSi]": 381.1339, found: 381.1320 [M+H]calcd for
[C,:H24NaO,SSi]™: 403.1158, found: 403.1144 [M+Na]

4-((tert-butyldiphenylsilyloxy)methyl)-5-((2,6-diphyl-4H-pyran-4-ylidene)methyl)thiophene-2-
carbaldehydd21)

A solution of5 (22.6 mg, 0.51 mmol) in anhydrous THF (5 mL) waspared, purged with argon and
cooled to —78°C. To this solutiomBuLi (1.6 M in hexanes) (0.32 mL, 0.51 mmol) wakled dropwise and
the resulting mixture was stirred for 20 min. Th8r(tert-butyldiphenylsilyloxy)methyl)thiophene-2-
carbaldehydd8 (151.1 mg; 0.40 mmol) in anhydrous THF (5 mL) wasled dropwise and the mixture was
warmed to room temperature for 21 hours (TLC maimitp using 10% dichloromethane in hexanes).
Saturated NECI solution was added to quench the reaction aadstivent was evaporated under reduced
pressure. The organic layer was extracted with iex@25 x 2 mL) and dried over anhydrous MgS&ter
the removal of the solvent, the residue was digsbln hexanes/CiEl, (9/1) and filtered over silica gel to
give the compound0 as an intermediate. A solution2® in THF (10 mL) was prepared, purged with argon
and cooled to -78 °C. To this solutiomBuLi (1.6 M in hexanes) (0.36 mL, 0.58 mmol) wadded
dropwise and the resulting mixture was stirred forand 30 min. DMF (0.08 mL, 1.03 mmol) was added
dropwise and the mixture stirred for 2h. SaturateétdCl solution was added to quench the reaction aed th
solvent was evaporated under reduced pressureorglaaic layer was extracted with hexanes (15 x 2 mL
and dried over anhydrous Mga@fter the removal of the solvent, the aldehydewas purified by silica
gel column chromatography (20% ethyl acetate iraheg). Yield: red oil (136.4 mg, 0.22 mmol; 55%).

IR (neat): crit 1643 (C=0), 1518 (C=CJH NMR (400 MHz, CQCl,): & (ppm) 9.77 (s, 1H), 7.92-7.89
(m, 2H), 7.80-7.78 (m, 2H), 7.75-7.67 (m, 4H), 7(641H), 7.55-7.38 (m, 12H), 7.27 (M5 2.0 Hz, 1H),
6.47 (d,J = 2.0 Hz, 1H), 6.00 (s, 1H), 4.81 (s, 2H), 1.099H). **C NMR (100 MHz, CDQCl,): & (ppm)
182.4, 155.8, 153.0, 147.1, 139.1, 138.5, 137.8,21333.8, 133.2, 133.1, 133.0, 130.7, 130.4,23A29.4,
129.3, 128.4, 125.9, 125.2, 109.5, 105.4, 103.39,6@7.2, 19.7. HRMS (ESt m/z calcd for
[C4oH3/0:SSI]: 625.2227, found: 625.2235 [M+H]

3-((tert-butyldiphenylsilyloxy)methyl)-5-((2,6-diphyl-4H-pyran-4-ylidene)methyl)thiophene-2-
carbaldehydd23)



A solution of 2,6-diphenyl(d-pyran-4ylidene)diphenylphosphine oxi&e(222.6 mg, 0.51 mmol) in
anhydrous THF (5 ml) was prepared, purged with miayad cooled to —78°C. To the solutiorBuLi (1.6 M
in hexanes) (0.32 mL, 0.51 mmol) was added dropwais® the resulting mixture was stirred for 20 min.
Then 4-(tert-butyldiphenylsilyloxy)methyl)thiophene-2-carbaldele 19 (150.0 mg; 0.39 mmol) in
anhydrous THF (5 mL) was added dropwise and thduméxwas warmed to room temperature for 21 h
(TLC monitoring using 20% ethyl acetate in hexan&gturated NECI solution was added to quench the
reaction and the solvent was evaporated under eeldpcessure. The organic layer was extracted with
EtOAc and dried over anhydrous MgS@fter the removal of the solvent, the residue wesolved in
EtOAc/hexanes (2:8) and filtered over silica gebtee the crudeert-butyl((5-((2,6-diphenyl-#-pyran-4-
ylidene)methylthiophen-3-yl)methoxy)diphenylsilaB2 as an intermediate. A solution 22 in THF (10
mL) was prepared, purged with argon and cooled7® 2C. To this solutiom-BuLi (1.6 M in hexanes)
(0.42 mL, 0.68 mmol) was added dropwise and theltieg mixture was stirred for 2h. DMF (0.09 mL21.
mmol) was added dropwise and the mixture stirre@fo Saturated N¥C| solution was added to quench the
reaction and the solvent was evaporated under eeldpcessure. The organic layer was extracted with
EtOAc (15 x 3 mL) and dried over anhydrous MgS&fter the removal of the solvent, the aldehg@avas
purified by silica gel column chromatography (208yé acetate in hexanes). Yield: dark red oil (B384,
0.22 mmol; 56%).

IR (neat): crit 1643 (C=0), 1579 (C=CJH NMR (400 MHz, CDCl,): & (ppm) 9.86 (s, 1H), 7.90-7.88
(m, 2H), 7.82-7.80 (m, 2H), 7.73-7.70 (m, 4H), #B@&1 (m, 12H), 7.22 (dl = 1.9 Hz, 1H), 7.05 (s, 1H),
6.55 (d,J = 1.9 Hz, 1H), 6.14 (s, 1H), 5.02 (s, 2H), 1.119H). **C NMR (100 MHz, CDCl,): & (ppm)
181.4, 155.6, 153.1, 151.5, 151.3, 136.1, 133.3,51333.3, 133.2, 133.1, 130.7, 130.5, 130.2,4,229.3,
128.4, 127.8, 125.9, 125.3, 109.1, 107.6, 103.22,627.2, 19.7. HRMS (ESt m/z calcd for
[CagH370:SSIT: 625.2227, found: 625.2244 [M+H]

3-(4-((tert-butyldiphenylsilyloxy)methyl)-5-((2,8ptienyl-4H-pyran-4-ylidene)methyl)thiophen-2-
yl)-2-cyanoacrylic acid15)

To a solution of aldehyd2l1 (97.9 mg, 0.157 mmol) and 2-cyanoacetic acid (20¢8 0.24 mmol) in
chloroform (16 mL) was added piperidine (109.9 (1104 mmol). The mixture was refluxed for 72h under
an argon atmosphere and then cooled down to rompeature. The reaction crude was chromatographied
on reverse C18 silica gel (started 50 % AcQNBO Mm) in acetonitrile and finished 30%). Aftdret
addition of acetic acid a solid appeared. This caumol was filtered under reduced pressure to aftérd
Yield: dark purple solid (83.4 mg, 0.12 mmol; 77%).

Mp 208-211 °C. IR (KBr): cih2207 (G:N), 1652 (C=0), 1539 (C=CjH NMR (300 MHz, THF-g): &
(ppm) 8.29 (s, 1H), 8.01-7.98 (m, 2H), 7.88-7.85 &), 7.79 (s, 1H), 7.76-7.70 (m, 4H), 7.59-7.8% (
13H), 6.76 (dJ = 1.6 Hz, 1H), 6.12 (s, 1H), 4.87 (s, 2H), 1.099H). °C NMR (100 MHz, THF-g): &
(ppm) 164.9, 156.6, 153.8, 147.8, 146.1, 139.8,8,3%86.6, 134.3, 134.0, 133.7, 133.5, 131.9, 13RBO.6,
130.0, 129.7, 128.8, 126.2, 125.7, 117.9, 110.8,21.04.0, 96.6, 61.3, 27.4, 20.1. HRMS (§Sh/zcalcd
for [CyaH3gNO,SSIT: 692.2285, found: 692.2248 [M+H)]calcd for [GaHsNNaQ,SSi]": 714.2105, found:
714.2066 [M+Nal.

3-(3-((tert-butyldiphenylsilyloxy)methyl)-5-((2,6pthenyl-4H-pyran-4-ylidene)methyl)thiophen-2-
yl)-2-cyanoacrylic acid16)

To a solution of aldehyd23 (120.4 mg, 0.192 mmol) and 2-cyanoacetic acidg(28g, 0.30 mmol) in
chloroform (18 mL) was added piperidine (134.6 1128 mmol). The mixture was refluxed for 20h under
an argon atmosphere, then cooled down to room teype. The reaction crude was chromatographed on
reverse C18 silica gel (started 50 % AcONBO mM) in acetonitrile and finished 33%). Aftéretaddition
of acetic acid a solid appeared. This compoundfitesed under reduced pressure to affefd Yield: dark
purple solid (86.0 mg, 0.12 mmol; 65%).



Mp 219-226 °C. IR (KBr): cih2209 (&N), 1651 (C=0), 1541 (C=CH NMR (400 MHz, THF-g): &
(ppm) 8.51 (s, 1H), 7.99-7.88 (m, 4H), 7.74-7.72 4i), 7.49-7.34 (m, 14H), 6.99 (s, 1H), 6.81 (btHd),
4.92 (s, 2H), 1.08 (s, 9HYC NMR (100 MHz, THF-g): 3 (ppm) 164.9, 156.4, 154.0, 152.5, 151.7, 143.7,
136.6, 134.3, 134.0, 133.7, 133.5, 131.9, 131.2,9,330.7, 130.0, 129.8, 128.8, 128.1, 126.2,8,25.8.1,
109.8, 108.4, 103.9, 95.8, 61.3, 27.4, 20.0. HREISI): m/zcalcd for [GsH3NO,SSI]": 692.2285, found:
692.2313

2.3. Device preparation and characterization

The working and counter electrodes consisted of, Gl thermalized platinum films, respectively, and
were deposited onto F-doped tin oxide (FTO, PiliongGlass Inc., with 182 sq* sheet resistance)
conducting glass substrates. Efficient DSC dewweee made using 9 um thick films consisting of 20 n
TiO, nanoparticles (Dyesol© paste) and a scatteringrlafy4 um of 400 nm TiQparticles (Dyesol© paste).
Prior to the deposition of the Tj(paste, the conducting glass substrates were inaghensa solution of
TiCl4 (40 mM) for 30 minutes and then dried. The Fi@noparticle paste was deposited onto a conducting
glass substrate using the screen printing technifjue TiQ electrodes were gradually heated under an air
flow at 325 °C for 5 min, 375 °C for 5 min, 450 i@ 15 min and 500 °C for 15 min. The heated ;TiO
electrodes were immersed again in a solution of ;T mM) at 70 °C for 30 min and then washed with
ethanol. The electrodes were heated again at 586 %D min and cooled before dye adsorption. Téteve
area for devices was 0.16 trithe counter electrode was made by spreading B Sofution of HPtCl in
isopropyl alcohol onto a conducting glass substratgaining a small hole to allow the introductiointhe
liquid electrolyte using vacuum, followed by heagtiat 390 °C for 15 minutes. All films were sen&tizn
0.3 mM dye solutions in dichloromethane for 2 hoatsroom temperature (optimized dye loading
conditions). The sensitized electrodes were wastitd dichloromethane and dried under air. Finalhe
working and counter electrodes were sandwichedthegeusing a thin thermoplastic (Surlyn) frame that
melts at 100 °C. Electrolyte LP1 was used: corsiefed.5 M 1-butyl-3-methylimidazolium iodide (BMII
0.1 M lithium iodide, 0.05 M iodine and 0.5 tdrt-butylpyridine in acetonitrile.

The J/V curves of the cells were measured usingre2800 solar simulator equipped with a 150W xenon
lamp. The illumination intensity was measured tdlB® mW cm? with a calibrated silicon photodiode. The
appropriate filters were utilized to faithfully sitate the AM 1.5G spectrum. The applied potentia eell
current were measured using a Keithley 2400 digitalirce meter. The IPCE (incident photon to current
conversion efficiency) was measured using a homeensat up consisting of a 150 W Oriel xenon lamp, a
motorized monochromator and a Keithley 2400 digitalrce meter.

Transient photovoltage (TPV) and charge extractid) measurements were carried out alike reported
before®® In CE measurements, white light from a series BDk was used as the light source. When the
LEDs are turned off, the cell is immediately shartuited and the charge is extracted allowingdleetron
density in the cells to be calculated. By changimg intensity of the LEDs, the electron density &en
estimated as a function of cell voltage. In TPV swgaments, in addition to the white light applisdtbe
LEDS, a diode pulse (660 nm, 10 mW) is appliecheogample inducing a change of 2—3 mV within tHe ce
The resulting photovoltage decay transients areaeld and the values are determined by fitting the data
to the equation exptf).

2.4. Computational details

Density Functional Theory (DFT) calculations werrfprmed using Gaussian ¥awith the ultrafine
integration grid. Solvent effects were estimatethgisa Conductor-like Polarizable Continuum Model
(CPCM)3® % Equilibrium geometries were optimized using the 6MIX hybrid meta-GGA exchange



correlation functionaf® and the medium size 6-31G* bds&round state geometries were characterized as
minima by frequency calculations. Excitation enesgiwere calculated by time-dependent single point
calculations using the M06-2x/6-311+G (2d,p) moatemistry. Absorption spectra were estimated thnoug
the calculation of vertical excitations at the grdustate geometry and emission spectra, through the
calculation of vertical excitations at the excistdte geometry. Due to the large computational reugtired

to calculate excited state vibrational energigs, were approached to adiabatic excitation enerdggg.)X
Ground state oxidation potentialEof) were calculated using the M06-2x/6-311+G (2d,pergies and
calculating the thermal corrections to Gibbs freergy at the M06-2x/6-31G* level. Excited statedation
potentials E*ox) were estimated substractikg, from Eox.

Molecular Orbital contour plots were obtained usimg Avogadro softwar® at 0.04 isosurface value.

3. Results and discussion
3.1. Synthesis

The target compound$, 2, and 3 were prepared via condensation of the correspgndidehyde
derivative {7, 10, 14) and cyanoacetic acid in the presence of pipaziffstheme 1).

tBu\S?"|3 ’Bu\89H3
-Si -Si, NC
HC™o NCCH,COOH, CHCl, €70
A \. ,/—COOH
[ >—cHo I
D~ S Piperidine, 65°C D~ S

7 D=4H-pyr 1 D =4H-pyr

10D =13-DT 2D=13-DT

14D ="TPA 3D=TPA

1,3-DT TPA

Scheme 1Synthesis of dye$-3
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Aldehydes7 and 10 were synthesized by a Wittig-Horner or Wittig reaic of the diphenylphosphine
oxide 5* or the phosphonium sa&t* with aldehydes,* followed by lithiation of the resulting intermedést
6 and9 and reaction with anhydrous DMF (Scheme 2). Aadéht approach was adopted for the aldehyde
14 (Scheme 3) which was prepared through a Stilleti@abetween the stannai€*® and the compound
11,*followed by lithiation and formylation with DMF.

SnBU3
tBU\(l:?HS Ph\N HSC’SI\O HSC’SI‘

0]

/SI\ | : 0,
HsC Om Ph 12 | S\ 1) BuLi, THF, -45°C | S\ CHO
g Pd(PPhs),, Toluene 2) DMF, -45°C — 25
Br Ph< °c Phy
11 'Tl r}]
Ph 13 Ph 14

Scheme 3Synthesis of aldehyd&4

3.2. Optical properties

The absorption spectra of the synthesized dyes steied in 10M CH,CI, solution (Fig. 3) and the
relevant optical data are listed in Table 1. Tweasption bands can be observed for all dyes, otheden
300-400 nm assigned toraTt* transition and the main band between 400-700 omtd the ICT among
the donor and the acceptor units. The inclusioa pfoaromatic donor likeHkpyranylidene or dithiafulvene
results in a red-shift of the absorption when comgato the triarylamine dye. The molar extinction
coefficients of the dyes increase in the orderylgamine < H-pyranylidene < dithiafulvene, being for the
last one 37108 M cmi'. When the dyes are attached to T&Drface, they present broader bands than in
solution and the maximum absorption peaks are @80mm blue-shifted. In general, the blue shiftthe
absorption spectra on TiGire ascribed to the deprotonation of the carboxatid when anchored on the
titanium surface and/or to the formation of H-aggtes'®
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Fig. 3. Normalized UV-vis absorption of compounts3

Table 1 Optical and electrochemical properties of di€3.

dye /]abs nm /]abs /]em ond EO—Oe E*oxf
(& Mlcmd®  (nm)°  (nmY  V (vs NHE)  (eV)  V (vs NHE)
1 570 (30370) 522 659 0.87 1.97 -1.10
2 568 (37108) 518 630 0.93 2.06 -1.12
3 460 (23958) 432 611 1.22 2.29 -1.08

3Absorption maxima in CkCl, solution.” Absorption maxima on Tigfilms. ¢ Emission spectra
were recorded in C)€l,. ¢ First oxidation potentials were measured from g¢hedectrode
electrochemical cell in C}€I, containing 0.1 M TBAP§ A glassy carbon, Ag/AgCI (KCI 3M),
and Pt were used as working, reference, and cowhéetrode respectively. Zeroth-zeroth
transition energies estimated from the interseabfomormalized absorption and emission spectra
in CH,ClI, solution.! Excited-state oxidation potentials of the dyesadtetd fromEqy — Eq.o,

3.3. Electrochemical Properties

The oxidation potentialE,,) of each dye was determined in solution by difféied pulse voltammetry
(DPV) methodsE ., was estimated fronk,,—Eo., (Table 1, see also energy diagram shown in Sl Eigur
S-33).

The donor unit affects significantly the oxidatipotential values, with an increase on the ease of
oxidation in the ordeB < 2 < 1, pointing to the superior donor ability of thel4yranylidene moiety. The
regeneration of the oxidized dye after electrondtipn into the conduction band of Ti{3 guaranteed in all
cases, as thE,, values are more positive than the potential ofitiigde/triiodide redox couple (+0.4%
NHE), indicating that the oxidized dyes formed afiiee electron injection into the TjCelectrode could
thermodynamically accept electrons fronohs.

The resultingE.* values for all the dyes were almost similar andfisiently more negative than the
energy conduction band edge energy level of,TiD.5 V vs NHE), indicating an efficient injectiaf
electrons into the Tiofrom the excited dyes.

3.4. Photovoltaic propertiesf DSSCs

The device performance (with an effective area.b6@nf) were measured under sun-simulated AM 1.5
G irradiation (100 mW/cR). The optimized conditions for these dyes arerdgteed to be 0.3 mM of dye in
dichloromethane solution, 2 h of immersion and B M BMII/ 0.05M L/ 0.5M TBP/ 0.1M Lil in
acetonitrile) as electrolyte. The relevant phottaiol parameter¥,., Jso ff, and solar-to-electrical energy



conversion efficienciesrf) are collected in Table 2. Moreover, current dgngititage (-V) curves and
incident photon- to- current conversion efficiesc{PCE) of devices based on these dyes are repeesia
Fig. 4.

Table 2 Photovoltaic properties of DSSCs constructedgudia dyed-3.

dye Jo(mMAcm?)  Ve(V) i (%)

1 11.74 0.644 74 5.56
2 6.99 0.609 69 291
3 7.26 0.759 74 4.09

The IPCE tendencies of these dyes are in accordaiticgheir UV-vis absorption spectra on the 7iO
film. The onset of the IPCE spectra for dyleand?2 are significantly broadened compared with the iobth
for dye 3. These results confirm the high&g value obtained for devices based on dly®ith a broad and
roughly constant photoresponse (~ 60%) in the raf@e-600 nm. Dy& presents a maximum IPCE value
of 93% at 475 nm and the high&4t value (0.759V) of all the molecules studied, sstjgg a decrease in
the charge recombination processes for this mateddbwever, itsls. is 60% lower than obtained for
compoundL, probably due to the narrower IPCE observed band.

Data in Table 2 indicate that the more efficienhalosystem is the Hrpyranylidene § =5.56%),
followed by the triarylamine systeny € 4.09%) and finally the 1,3-dithiolerf = 2.91%).
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Fig. 4. J-V curves of compoundk-3 (left) and IPCE curves df-3 (right)

3.5. Structural modification of the thiophene riaugd physical properties

With the aim of understanding the influence of #iedent bulky silyl ether group and its
position in the thiophene ring, dy&5 and16 were synthesized by a Knoevenagel condensation
of the unreported aldehyd23 and23 with 2-cyanoacetic acid (Scheme 4). We have chtsen
pyranylidene system as donor group due to the fessiits obtained in the previous section.
These precursors were obtained in a three-stefhefymtroute starting in both cases from
compound17.*° Lithiation conditions (base and solvent) were fineined in order to activate



position 2 fert-BuLi, Et,0) or position 5 (BuLi, THF) (Scheme 5). Finallygyroepoundsl8 and
19 were obtained by reaction of the organolithiuneintediates with DMF. Next, a Horner
reaction of diphenylphosphine oxi@ewith 18 or 19 afforded the corresponding pyranylidene-
thiophene derivative20 and 22, which by lithiation and reaction with DMF yielddihal
aldehyde21 and23respectively (Scheme 6).

NCCH,COOH, CHCI,

Piperidine, 65°C

21 R, =CH,OTBDPS, R, =H 15 R, = CH,OTBDPS, R, =H
23R, = H, R, = CH,OTBDPS 16 R, = H, R, = CH,OTBDPS

Scheme 4 Synthesis of dyes5, 16

Bu, lih Bu, lih Bu, lih
Ph/SI‘O 1) ‘BuLi, Et,0, -10°C Ph/SI‘o 1) BuLi, THF, -10°C Ph/SI‘o
OHc” S 2)DMF g 2)DMF, -10°C — P s
18 17 19
Scheme 5Synthesis of thiophene-aldehyde3; 19
1) BuLi, THF, -78°C 1) BuLi, THF, -78°C
2) 18 ,-78°C—25°C 2) DMF, -78°C — 25°
C
Q Ph
Pl
| | — — Ph /BU
Ph” 0" “Ph si-Ph

1) BuLi, THF, -78°C 1) BuLi, THF, -45°C

2) 19 ,-78°C—25°C 2) DMF, -45°C — 25°C

Ph™ "O" "Ph

Scheme 6 Synthesis of aldehyd@d, 23

The substitution of a TBDMS grougp)(by atert-butyldiphenylsilyl (TBDPS 15)) does not
change significantly the maximum absorption peakO(bhm for1l and 573 nm forl5). By
contrast, the molar extinction coefficierd {s enhanced on passing from TBDMS to TBDPS
(30370 M'cm™* (1) to 33618 M'cm™* (15)), probably due to the incorporation of two adufitil
phenyl groups. Moreover, a bigger enhancementeof th found when the silyloxy substituent



is located at the position 3 of the thiophene iimggead of the position 4 (from 336185 to
39963 M! cmi* (16)).

Regarding the electrochemical properties, it hdsetpointed that thE, values for systems
1, 15 and16 are very similar (+0.87, +0.90, and +0.88V respety, measured in conditions
indicated in Table 1) and hence, the influencehefltulky substituent and its position is fairly
null (See SI Figure S-34).

We have tested the photovoltaic response of dgesnd16 (Figure 5) in DSSCs and their
results were compared with those of compoun(lable 3). The substitution of a TBDMS
group @) by the bulkier group (TBDPSWLE) improve slightly the efficiency (from 5.56% to
5.86%), mostly due to a better value of Nig for the last one. This result suggests that a
TBDPS group retards the recombination of Fg@nduction band electrons with the electrolyte
as it has been shown from charge extraction andsigat photovoltage experiments (see
below)>°

The influence of the position of the silyl etheogp was also studied and we have found that
the solar cell based on dyi6 (with a higher molecular extinction coefficienthasvs an
efficiency of 3.42%, 42% lower that obtained foredys. The decrease in the efficiency is
mainly due to a lowets, and V,., to a lesser extent. The remarkable decreasé ofas
attributed to the lower injection efficiency, prabaaffected by the amount of dye absorbed to
the TiG, surface.

Desorption experiments (0.1M NaOH, EtOH@H (1:1)) determined that dy&6 is less
adsorbed (106 nmol/énthan dyel5 (140 nmol/crf) and this observation was attributed to the
steric hindrance of the TBDPS group which is cldsethe anchor group. Moreover, a lower

amount of dye absorbed could result in highecdncentration in the interface Ti®@lectrolyte,
increasing the recombination processes.

Table 3 Photovoltaic properties of DSSCs constructedguie dyed, 15and16

dye  Je(mAcm®)  Vo(V)  ff n(%)

1 11.74 0.644 74 5.56
15 11.44 0.689 74 5.86
16 7.71 0.624 71 3.42
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Fig. 5- J-V curves of compounds 15and16



Figure 6 illustrates the charge density (chargeimctated at the device under different light
bias) and the charge lifetime at a given charget Aan be seen, the solar cells made using dye
15 have the slowest charge recombination under wgrkanditions. Moreover, it is worthy to
mention that a shift on the measured charge vagelis observed for the solar cells made using
dye 16. This shift can be attributed to the lower coverag dyes at the surface of the O
which has as a consequence the lower concentratipnotons at the surface of the TiOn
fact, this is also in good agreement with the loplestocurrent measured.

1,6 x 10 01
o 1
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Fig. 6- Charge Extraction (left) and Transient Photowgetéright) curves of compounds 15and16

3.6. Theoretical calculations

The electronic structures of the new synthesizedpoands have been studied using density
functional theory methods and the most relevardipaters derived from these calculations are
gathered in table 4. There is a good agreement tvitlexperimental values described above,
with estimated error of less than 0.25 eV in theitakon energies, less than 0.1 VHpx and
less than 0.2 V il o.

Table 4.Results of DFT Calculations.

Evomo  Erumo Apbs fe Xem Eo-o Eox E*ox

(eV) (eV) (nm) (nm) (eV) V (vs NHE) V (vs NHE)
1 -6.38 -229 558 124 666 2.03 0.95 -1.08
2 -6.38 -213 528 1.00 605 2.8 1.00 -1.18
3 -658 -211 431 123 565 2.50 1.24 -1.26
15 -6.39 -230 559 123 666 2.03 0.93 -1.10
16 -6.40 -233 564 125 663 2.03 0.95 -1.08

& Oscillator strength

Calculations describe the first excited state asdinsequence of a one-electron transition
from the HOMO to the LUMO (see Figure 7). Excitatimvolves some charge transfer from
the donor to the cyanoacetic acid acceptor, widrge HOMO-LUMO overlap that gives rise
to large oscillator strengths and therefore totgmeaar extinction coefficients.



Figure 7. HOMO (left) and LUMO (right) for compount.

Unfortunately, a direct correlation between theiltagor strengths (proportional to the peak
area) and the molar extinction coefficients (relat® peak height) is not possible for
compounds giving rise to absorption bands of affierwidth. Thus, compoun® having the
largeste gives rise to the narrowest absorption band araithéslowest.

4H-pyranylidene compoundk, 15and16 display similar HOMO and LUMO energies and
therefore their excitation energies and oxidatioteptials are also similar. Compoudwith a
weak donor group has a lower HOMO energy comparékde other studied dyes and, therefore,
displays higher excitation energies df.

Conclusions

A series of five new metal free sensitizersttia) for DSSC with a trialkylsilyl ether group

in the spacer have been synthesized and characteBeveral donor unities have been studied,
obtaining the best performances witH-gyranylidene, followed by triphenylamine (TPA) and
dithiafulvene moieties respectively. Two trialkyysiether groups (TBDMS and TBDPS) were
compared in order to study the influence of theieauoular size in the photovoltaic properties.
The best efficiencies values were obtained for ®FB group at the position 4 of the thiophene
ring. This observation indicates that trialkylsigthers can be promising substituents for future
more efficient sensitizers.
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Synthesis and characterization of organic sensitizers with a trialkylsilyloxy group on the
Tespacer

DSSC efficiency was highly dependent on the size and position of the silyloxy group

Best efficiencies were obtained with the 4H-pyranylidene, followed by TPA and dithiafulvene
systems



Organic sensitizers bearing a trialkylsilyletherogw for liquid dye

sensitized solar cells

Raquel Pérez-Tejafjd\atalia Martinez de BardjeSantiago Franc8*Laia Pelleja®,

JesUs OrduriaRaquel Andrel) Javier Garify

® Departamento de Quimica Organica-Instituto de Ciamte Materiales de Aragéon (ICMA), Universidad de
Zaragoza-CSIC, E-50009 Zaragoza, Spain

® Institute of Chemical Research of Catalonia ( ILI@vda. Paisos Catalans, 16. Tarragona. E-43007.
Spain.

* Corresponding author. Tel.: +34 9767622B3nail addresssfranco@unizar.es

TABLE OF CONTENTS

General experimental methods page S2
Figures S-1 to S-2 (NMR spectra of compouind page S2
Figures S-3 to S-4 (NMR spectra of compouy page S3
Figures S-5 to S-6 (NMR spectra of compodByl page S4
Figures S-7 to S-8 (NMR spectra of compoddyl page S5
Figures S-9 to S-10 (NMR spectra of compoahd page S6
Figures S-11 to S-13 (NMR spectra of compogpnd page S7
Figures S-14 to S-15 (NMR spectra of compoGnd page S9
Figures S-16 to S-18 (NMR spectra of compot&yd page S10
Figures S-19 to S-21 (NMR spectra of compoay page S11
Figures S-22 to S-23 (NMR spectra of compoghy page S13
Figures S-24 to S-25 (NMR spectra of compog8&d page S14
Figures S-26 to S-28 (NMR spectra of compold page S15
Figures S-29 to S-30 (NMR spectra of compoiéy page S16
Figures S-31 (Normalized UV-vis absorption of compads1-3) page S17
Figures S-32 (Normalized UV-vis absorption of compadsl, 15 and 16) page S18
Figures S-33 (Energy diagram of compoufhe® padgksS
Figures S-34 (Energy diagram of compoutd$s and 16) page S19

Calculated molecular geometries and energies page S20

S1



General Experimental Methods:

Infrared measurements were carried out in KBr atnesing a Perkin-Elmer Fourier Transform
Infrared 1600 spectrometer. Melting points wereaot#d on a Gallenkamp apparatus in open
capillaries and are uncorrectét- and**C-NMR spectra were recorded on a Bruker ARX300 or a
Bruker AV400 at 300 or 400 MHz and 75 or 100 MHzpectively;d values are given in ppm
(relative to TMS) and values in Hz. The apparent resonance multiplisiyescribed as s (singlet),

d (doublet), and m (multipletfH-'H COSY and'H-*C-HSQC experiments were recorded on a
Bruker ARX300 or a Bruker AV400 at 300 or 400 MHtzarder to establish peaks assignment and
spatial relationships. Electrospray mass spectna wecorded on a Bruker Q-ToF spectrometer;
accurate mass measurements were achieved usingnsddimate as external reference. UV-
Visible spectra were recorded with an UV-Vis UNICANNV/4 spectrophotometer. Pulse differential
voltammetry measurements were performed with a {olah type lll potentiostat using a glassy
carbon working electrode, Pt counter electrode, Ag@gCl reference electrode. The experiments
were carried out under argon in &b, with BwNPR; as supporting electrolyte (0.1 mof)L Scan
rate was 0.01V'§ modulation amplitude 0.025V and modulation tim@50s".
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Figure S-1: 'H NMR spectrum of compourit (400 MHz, CDC}).
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Figure S-3: 'H NMR spectrum of compourttD (400 MHz, CDC}).
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Figure S-21: *H-'H COSY spectrum of compouri® (400 MHz, CDCL).
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Figure S-22: "H NMR spectrum of compourizil (400 MHz, CDBCly).
~ 0 O Iy ONO A1 NITN IO T o0 N T M . ~ ~
e BESEREEAERERSR YRR QNS 2 N9

e

150 10C 50
ppm (t1)

Figure S-23 *C NMR (APT) spectrum of compourgi (100 MHz, CDCly).
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Figure S-24: "H NMR spectrum of compourizB (400 MHz, CDCly).
3 B s i o v i 5 S B I D B o N
|
i ‘ [
(1!
g
| |
\ \ \
150 10C 5C
ppm (t1)

Figure S-25: 3C NMR (APT) spectrum of compour (100 MHz, CBCL,).
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Figure S-26: "H NMR spectrum of compountb (300 MHz, THF-g).
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Figure S-27: °C NMR (APT) spectrum of compourid (100 MHz, THF-g).

ppm (1)

515



AN
Wl
*
4

T T ‘ T T ‘ T ‘ T ‘ T T ‘ T ‘ T T ‘ T T ‘ 1
8.0 7.0 6.0 5.0 4.0 3. 2.C 1.0
ppm (t2)

Figure S-28: 'H-'H COSY spectrum of compouri (300 MHz, THF-g).
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Figure S-29: 'H NMR spectrum of compountb (400 MHz, THF-g).
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Figure S-30: *C NMR (APT) spectrum of compouri® (100 MHz, THF-g).
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Figure S-33: Energy diagram of compounds-3)
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Figure S-34: Energy diagram of compounds (5 and 16)

519



Calculated molecular geometries and ener gies (M 06-2x/6-31G* PCM -Dichlor omethane)

Compound 1: Ground State.

Standard orientation:

OO0 RPRFRPFRPOFRPOFRPROO0OODOOORRFRPRPREPEPRPRPRPPOOODODORPRPRFPORPRPPORMOCRPRO0OOONORPFPORPROOORPRFPOODODODODODOREFPOOOOOO

[eNeolooNoNoNoloNolololololoNoloNoNolololoNololoNoloNolololololoNoNololoNoNololo oo oloNoloNololoNoNoJoloNoN o olololo ool oNoNoNoNe)

ORORANUOOWNDONROANNOOVDINDONNOOWARRNUWARARRONNOONNNWRENOWNNONOORANRWNEN®

X Z
. 829068 0. 342082 0.207179
. 478089 0. 326360 0.247164
. 731942 -0.892423 0. 028851
564467 -2.070627 -0. 092789
912057 -1.990169 -0. 096131
981432 1. 251855 0. 495987
094994  -3.038354 -0.226174
551757 -0. 789206 0. 006538
365498 -1. 000661 - 0. 060482
629703 0. 027659 -0.076143
010315 -0. 207906 -0.063898
302215 1.731147 -0.194028
763090 0. 966586 -0.132055
002098 2.128615 -0.204331
847412 0. 976890 -0. 123754
029902 -2.008728 -0.161306
544154 3. 435840 -0.260948
913927 4.650039 -0.317747
631334 3.469993 -0. 256994
612789 -1.585528 0. 019983
. 278136 -2.188277 -0.839224
253256 -2.092671 0. 928396
492120 4.790478 -0. 332263
663384 4.891731 - 0. 343831
657749 5. 922795 -0. 367085
134075 7.014452 -0.420847
990355 5. 753046 -0. 346417
392111 6. 639242 -0.380817
018277 -1.479167 0. 034402
999634 - 2. 846555 0. 090944
816614  -3.818593 - 1. 504009
778480 -4.130953 -1.660826
429549 -4.725896 -1. 474552
125731 - 3. 228056 -2.372478
. 487610 -3.907903 1. 553904
423236 -3.313236 2.471208
. 213668 -4.710786 1.722829
. 512502 -4.377580 1. 386236
744843 -2.154285 0. 295155
866241 -1.467502 1. 662589
025867 -1.129039 -0.812023
770280 -3.293237 0.203372
712658 -2.176170 2.484736
134951 -0.658233 1. 770875
868193 -1.032724 1.781113
952751 -1.578621 -1.809370
042076 - 0. 725656 -0.703841
323787 - 0. 289436 -0.767002
785384  -2.897665 0. 344165
741206 -3.787721 -0.774706
605519 -4.056479 0. 973437
. 855745 -3.111812 -0. 242315
163844  -2.874641 -0. 682069
459138 -4.421588 0. 055315
. 052623 - 3. 933559 - 0. 835810
477081 -1.861900 -0.912125
350763 -5.475813 -0.101663
460276 -4.615887 0.433294
649344  -5.235704 -0.549181
062636 -3.739914  -1.182854
034268 -6.486085 0. 137019
. 345593 -6. 059797 -0.668074
675973 1. 532870 0. 392938
. 022594 1. 390435 0. 748475
. 143206 2.817146 0.216961
. 816772 2.515999 0.940871
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[eNoloNoNoNeNe]

. 440660
. 940125

111633

. 278417

858306

. 515437
. 900173

. 398578
. 937364

948415

. 790793

395931

. 926174
. 667618

. 883721
. 415601

096955

. 779189

221487

. 275007
. 930565

= -2320.01579137

E( RMD62X)

Compound 1: First Excited State.

Standard orientation:

POOOOORRFRPRPRERPFPRPPRPFPOOODOOORFPFRPORPFPPORMOCRPRO0OOONORPRPFPOFRPROOORPRFPOODODODDODODOREFPOOOOOO®

[eNoloolooNolololoNolololoNololololololoNoNolololololoNololololoNoloNoloNoloNoloNoNololololoNololoNoloNoNloNeNe]

X Z

. 836092 0.290195 0.276223
. 472512 0. 282149 0. 330487
. 736599 -0.910680 0. 091749

513623 -2.089577 -0.101965

877057 -2.045331 -0.106981

979051 1. 201536 0. 609828

015515 -3.036345 -0. 274620
. 525935 -0.857127 0. 044060
. 315085 -0.997692 0. 046313
. 626250 0. 015848 -0. 019158
. 048843 -0.177854 -0.018474
. 254543 1. 735927 -0.182879
. 760202 0. 990737 -0.123002
. 958884 2.161669 -0.216274
. 843023 1.031773 -0.132816
. 082820 -2.010871 0. 032661
. 454264 3. 464019 -0.313147
. 759528 4.673012 -0.395421
. 538013 3. 544080 -0. 322958
. 674385 -1.538972 0. 093305
. 320850 -2.169321 -0.738804
. 337091 -2.019978 1. 024816
. 341497 4.768637 -0.392845
. 819216 4.851907 - 0. 390109
. 447120 5. 960517 -0.485148
. 894690 7.043534  -0.559455
. 792795 5. 844001 -0.478304
. 149143 6. 747423 - 0. 538939
. 075626 -1.419182 0.071879
. 074803 -2.775302 0.118099
. 886190 - 3. 747060 -1.476130
. 848869 -4.065009 -1.627093
. 504219 -4.651040 -1.451337
. 186965 -3.153914  -2.345720
. 586712 -3.841472 1.585513
. 527406 - 3. 248093 2.504002
. 320523 -4.638933 1. 746175
. 613478 -4.318463 1. 427430
. 812645 -2.061290 0. 305066
. 941275 -1.379382 1. 674346
. 066952 -1.027400 -0. 800615
. 851078 -3.187103 0. 196000
. 806775 -2.093817 2. 494840
. 201191 - 0. 580035 1. 795197
. 938965 - 0. 932467 1. 783028
. 989611 -1.473813 -1.799042
. 078356 -0. 610079 -0.701277
. 353160 -0.198483 -0. 744111
. 862656 -2.779769 0. 327954
. 817288 -3.676743 - 0. 784355
. 703952 - 3. 956239 0.963822
. 788257 -3.173490 -0.296833
. 137887 -2.944796 -0.607073
. 331022 -4.495002 -0.168961
. 003349 -4.015653 -0.796135
. 500318 -1.928144  -0.712033
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PRPPRPOPRPORPROODOODRRPREPORO®

eNeolololoNoNoloNolololololNoNoNoNe)

CANOWROOPRORNPDOWY

. 201485
. 299775

540412

. 043541

835610
219481
688931
053946
152552
858532

. 474300

963130

. 108758
. 317602

911561

. 536527
. 949264

. 558708
. 695979
. 324548
. 825831
. 574733
. 158311
. 460290
. 303679
. 755126

419784

. 307304

863634
905490

. 701451

287942

. 857697
. 570959

. 360083
. 102024
. 675482
. 040705
. 253511
. 822326
. 469502
. 755247
. 365923

949465
840287
564319
104830
858171
176611

. 476696
. 010030

E(TD- HF/ TD-KS) =

Compound 1: Radical-Cation.

-2319. 93927608

Standard orientation:

PRPPRPPOODOOORRFRPRFRPORPRRFPFPORMOFRPRO0OOONORPRFPOFRPOOORPRFPOOODODODODODOREFPODOOOO®

eNololoojoNolooloNolololoNolololololoNoNoNololooNololoN oo olololoNeololo oo oloNoNoNoNe]

CROONONOWNNAPUIWANABRWRERNOONNNWRNOWRNONO

. 844499
. 479457
. 761967
. 526790
. 893090
. 992378
. 032388
. 510870
. 338670
. 608967
. 017138

262852

. 744651

953456
827731
053272

. 490633

830488
576066
646003

. 291378

312237
403578
752468
547257
978262
874578
273412
040339
075781
593929
641183
351574
500872

. 922033

215853

. 559782

893239
786901
028263
874752
858289
978043

. 291557
. 026197
. 749079

NNPWARWNONOR

T T T T T S S T T T T S T S T SR

. 307557
. 291155
. 908539
. 078722
. 011443
. 202245
. 027062
. 824664
. 011889
. 001030
0. 223569
. 704529
. 945671

092265
973318
025763
406670

. 590731
. 455413

580333

. 234324
. 029260
. 703881
. 778623
. 886858

946049

. 739312
. 622230
. 441273
. 777760
. 914577
. 418794
. 693056
. 361580
. 676624
. 038781
. 567014
. 010813
. 019348
. 939942
. 383336
. 111761
. 351778
. 132702
. 499737
. 129571

. 323411
. 435395
. 213348
. 019185
. 088762
. 748441
. 188082
. 053489
. 209182
. 134891
. 145388
. 075109

0. 000564

NPORPOOOO0OO0OO0OO0OOROO0OO0O0O0O0OO

Voo
PRONRNP

[T
NORFPDNO

. 131188
. 015204
. 217475
. 289483
. 411477

313371
298536
513912
246666
393401
373699
570840
681406

. 576486
. 681552

265091

. 268082

145637

. 952024
. 287251
. 086201
. 906721
. 746372
. 917113
. 079965
. 026422
. 091032
. 368003
. 158076
. 105863
. 016134
. 961074
. 160917
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PRPPRPORPORPROODOORRPRPORPRORODODORRERER

[eNeoloNoNoNoNoloololoNololoNoNololololoNoNoloNoloNeNo]

7

6

8

7

7
-4
- 6.
-4.
- 6.
- 6.
-5.
-3.
- 6.
-7.
-4.
-7.
-4.
- 6.
-4.
- 6.
- 6.
-4.
-3.
- 6.
-7.
-4.
- 6.

857517
110558
855910
722539
851679
814736
114154
401945
983202
433859
278438
410153
567837
985422
957329
250255
704569
066674
163793
872729
484570
977618
119355
330667
925029
555388
964344

. 912856
. 609585
. 680935
. 909260
. 568965
. 119341
. 858032
. 442265
. 911609
. 835630
. 489161
. 656314
. 226384
. 706407
. 511009
. 046885
. 479539
. 319504
. 766589
. 438272
. 324459
. 878638
. 908062
. 716920
. 312279
. 871559
. 588511

PORpOOOOROOOROORE

[ T T T S B B T T
el NeoNoloNoNoNoNoNe]

. 507334
. 505232

001463
582259
154478
344774
801288
135009
053637
971723
387273

. 249840
. 848553
. 414497
. 216000
. 045434
. 486655
. 775666
. 352800
. 941623
. 886028
. 519733
. 090656
. 816102
. 172835
. 407921
-0

945140

-2319. 82537035

E( UMD62X)

Compound 2: Ground State.

Standard orientation:

[y

PP

OO0 RFRPRFRPPRPRPREPRPPRPFPOOODODOOPRORPRO0OOOODNOOOODRPROOODRPRFPOOOOOOO®

[eNeoloNoNoloNololololoNololoNololololololoNoloNololoolololoNoloNoNoNoNoloNo e Ne)

. 426071
. 711921
. 681025
. 460585
. 117116
. 089779
. 164696
. 799835
. 302107
. 596543
. 350089
. 607567
. 010941
. 157349
. 176179
. 945564
. 158206
. 339809
. 941178
. 233903
. 758459
. 779506
. 717196
. 028140
. 854584
. 876762
. 646140
. 710755
. 603676
. 829465
. 919832
. 072952
. 095518
. 390079
. 429915
. 770362
. 399790
. 124736
. 419890
. 015137

.571114
. 328655
. 222364
. 238451

1.104975

o o
[cNeoNol NoNeNoeN N

COOOUIRARRPWAWNEN

. 040866
384772
. 459782
444352
473113
. 734676
410134
270792
097411
. 888404
. 823941
. 038083
. 994649
. 957986
. 036519
. 924935
. 138449
. 061447
. 782392
. 804909
. 471860
. 536309
. 458075
. 710096
. 701245
. 143425
. 329038
. 512687
. 041124
. 026374
. 783043
. 652791
. 964653
. 415068
. 551172

. 022272
. 025472
. 039683
. 010271
. 038003
. 023001
. 046952
. 030767
. 018660
. 002133
. 030105
. 052109
. 015196
. 029225
. 000155
. 015778
. 017922
. 015071
. 087731
. 011307
. 036404
. 354840
. 139171
. 065349
. 221817
. 472905
. 378863
. 104596
. 118720
. 093266
. 009092
. 014330
. 750007
. 927562
. 842899
. 009761
. 015415
. 009282
. 007517
. 005602
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PRPORPRRPRRPORPRRPRPORREPRPO

[eNeololoNoNeolololoNoNoloNoloNeNo]

o~NooO~NO®

. 093490
. 958392

123289
939199
742121

. 849881
. 546028
. 867229
. 074756
. 893162
. 992319
. 252212
. 219131
. 324564
. 286261
. 041352

. 110816
. 734837
. 753503
. 742485
. 983506
. 351124
. 719844
. 348235
. 074099
. 444601
. 645309
. 792837
. 143530
. 564679
. 713942
. 865907

RN

PFRPPNRPOOOO0OOOO

. 014888
. 873769

027620

. 894972

029590

. 916132
. 036322
. 852590
. 545733

423049

. 724776
. 468171
. 526925
. 450109
. 591336
1

483483

-2580. 41952258

E( RMD62X)

Compound 2: First Excited State.

Standard orientation:

PP
PORPPPORPRPPODODODODORRPRPRPRPPEPRPRPPRPPODODODRDRPRODODNIDOIROIODRRPOIOOD OO

eNeolololoNoNolololoNolololoNololoNoloNololoNolololoNoloNolololeoloN ool oNoloNeololo oo N oloNoNoNe No]

WAONODUINTOAWAGN

. 389727
. 713844
. 709313
. 485606
. 130702
. 079211
. 173851
. 756721
. 261717
. 693637
. 298292
. 636833
. 094186
. 244376
. 318486
. 101064
. 019994
. 158107
. 970451
. 259388
. 786752
. 808223
. 749423
. 053972
. 880555
. 907065
. 676649
. 742406
. 637903
. 863649
. 947409
. 098558
. 118055
. 412076
. 452373
. 763034
. 363997
. 031403

325952
037902
959399
772796
000325
810559
739154
869953

. 503633
. 900794
. 090865
. 905561

ONOOURARMPWAWNEN

T o
OO0OOrOOORr

. 532117
. 312847
. 175246
. 271611
. 132643
. 088298
. 425073

417562

. 471900

495984

. 796699
. 357858
. 265414
. 086297

906457

. 841227

099903

. 063035
. 914380
. 997600
. 890529
. 100396
. 092621
. 752106
. 764592
. 512771
. 572035
. 429639
. 738506
. 735255
. 115607
. 301166
. 480605
. 986749
. 974345
. 796113
. 762249
. 074676
. 437114
. 622532
. 253978
. 895648
. 933566
. 853245
. 163399
. 524525
. 939395
. 549372
. 026322
. 391446

NPOOOOOO0OO0OOO0O0OO

. 023849
. 026747
. 044129
. 007967
. 042974
. 024602
. 054182
. 034009
. 019795
. 001339
. 031841
. 059072
. 016025
. 030200
. 001104
. 016851
. 016201
. 013037
. 094808
. 009832
. 036483
. 352774
. 141987
. 061321
. 221733
. 467943
. 375794
. 105943
. 122436
. 098652
. 005307
. 008921
. 755928
. 934910
. 835142
. 010148
. 015204
. 008910
. 007570
. 003689
. 017524
. 848411
. 013737

920547

. 030250

908493

. 055673
. 860589
. 552038
. 424697
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. 597033
. 745130
. 111305
. 536791
. 678446
. 836684

. 739104
. 474659
. 520412
. 445793
. 584418
. 472066

51 1 0 -5.007143

52 1 0 - 3. 268345

53 6 0 -4.243039

54 1 0 -4. 352764

55 1 0 -3.308117

56 1 0 -5.062336
E(TD-HF/ TD-KS) = -2580. 33519498

Compound 2: Radical-Cation.

Standard orientation:

Center At omi ¢ At omi ¢ Coor di nat es (Angstrons)
Nunber Nunber Type X Y 4

1 6 0 1.434745 -1.526387 -0.045285
2 6 0 0.729910 -0.317292  -0.043559
3 6 0 -0. 684074 - 0. 233605 -0.061785
4 16 0 1. 455360 1. 268302 -0.018197
5 6 0 -1.133821 1.081451  -0.057469
6 6 0 -0.108057 2.025469 -0.035199
7 1 0 -2.183118 1.350989 -0.069270
8 1 0 0. 826009 -2.427095 -0. 066110
9 6 0 -0.347769 3.438235 -0. 028236
10 6 0 0. 546845 4.458820 -0.002524
11 1 0 -1.397858 3.717051  -0.046100
12 6 0 -1. 600897 -1. 425962 -0.077576
13 6 0 1. 964450 4.261601 0. 024512
14 7 0 3.108953 4.085108 0. 046112
15 6 0 0.122246 5. 887938 0. 000304
16 8 0 0.904310 6. 806908 0. 024423
17 8 0 -1. 205582 6. 025345 -0.026776
18 1 0 -1.408498 6.978566  -0.023251
19 8 0 -2.929251  -0.980886 -0.115080
20 14 0 -4.224838 -2.064435 -0.002578
21 6 0 -5.744502 - 0. 949554 0. 044307
22 6 0 -5.748140 -0.140277 1. 349185
23 6 0 -5.717974 0. 015311  -1.149562
24 6 0 -7.015169 -1.809307 -0. 025969
25 1 0 -5.813200 -0.791237 2.228564
26 1 0 -4.843862 0.471732 1. 445558
27 1 0 - 6. 613950 0.535231 1.371615
28 1 0 -5.723690 -0.521250 -2.105524
29 1 0 -6.604529 0. 663482 -1.129095
30 1 0 -4.830647 0. 657059 -1.126485
31 1 0 -7.905607 -1.168972 0. 030278
32 1 0 -7.072258 -2.372667 -0.964376
33 1 0 -7.072234 -2.524587 0. 803268
34 1 0 -1. 368548 -2.050683 -0. 953697
35 1 0 -1.410458 -2.036262 0.818993
36 6 0 2.817292  -1.742757 -0.023340
37 6 0 5.392648 -1.615272 0. 034400
38 6 0 5.100742 -2.944162 0.011147
39 16 0 3.424706  -3.350647 -0.029410
40 16 0 4.039080 -0.536769 0. 016769
41 6 0 6. 125805 -4.040936 0. 026903
42 1 0 5. 669500 -5.021471 -0.115634
43 1 0 6.855769 -3.880385 -0.770907
44 1 0 6. 655528  -4.044118 0.984268
45 6 0 6. 778862 - 1. 042547 0. 052883
46 1 0 6. 775691 0. 009741 0. 341026
47 1 0 7.398763  -1.593300 0. 764851
48 1 0 7.233761 -1.127335 -0.938925
49 6 0 -4.031850 -3.066573 1.572237
50 1 0 -3.832844 -2.418301 2.431920
51 1 0 -4.946948  -3.631185 1.781912
52 1 0 -3.213616  -3.790216 1. 494695
53 6 0 -4.215204 -3.193251 -1.500129
54 1 0 -4.329022 -2.629054 -2.431245
55 1 0 -3.282193 -3.763748 -1.562331
56 1 0 -5.035554 -3.916415  -1.439292

S25



E(UMD62X) = -2580.22366026 A U.

Compound 3: Ground State.

Standard orientation:

Cent er At omi ¢ At omi ¢ Coor di nat es (Angstrons)
Nunber Nunber Type X 4

1 6 0 0.925769  -0.944905 0. 261375

2 6 0 1.923397 0. 004844 0. 398190
3 16 0 1.575201  -2.548047 0. 150145
4 6 0 3.209647 -0.575905 0. 397114

5 6 0 3.207690 -1.951553 0. 265228

6 1 0 4.122339 0. 006035 0. 464269

7 6 0 4.402672  -2.734928 0. 229696
8 6 0 4.562616  -4.078900 0. 100391

9 1 0 5.317668  -2.154693 0. 322422
10 6 0 1.714312 1. 495480 0. 480880
11 6 0 3.464826  -4.987564 -0.028644
12 7 0 2.572131 -5.719066 -0.131938
13 6 0 5.898194  -4.719873 0. 082678
14 8 0 6.069834 -5.912338 -0.027903
15 8 0 6.900302 - 3.837555 0.201818
16 1 0 7.733946 - 4.340659 0. 179960
17 8 0 2.873811 2. 144414 0. 006013
18 14 0 2. 966249 3.825584  -0.065986
19 6 0 4.766248 4.172780 -0.515505
20 6 0 5.672341 3. 805607 0. 668150
21 6 0 5. 165513 3.332655 -1.736784
22 6 0 4.938127 5.662531  -0.845460
23 1 0 5. 455321 4.420481 1.549195
24 1 0 5. 556256 2.753125 0. 952043
25 1 0 6.726101 3. 966419 0. 402382
26 1 0 4.543327 3.564287 -2.609394
27 1 0 6.209387 3.537986  -2.010996
28 1 0 5. 073560 2.260989 -1.531113
29 1 0 5. 990533 5.879400 -1.073444
30 1 0 4.343618 5.954889 -1.718614
31 1 0 4.644916 6.304434  -0.005835
32 1 0 0. 829402 1.775670 -0.109146
33 1 0 1.519695 1.793299 1.522219
34 6 0 -0.524459  -0.747416 0. 198444
35 6 0 -1.331030 -1.547293 -0.626088
36 6 0 -1. 153454 0.241112 0. 969903
37 6 0 -2.701070 -1.358456 -0.693243
38 1 0 -0.873336 -2.307060 -1.253688
39 6 0 -2.525385 0. 430776 0. 915925
40 1 0 -0.568973 0. 841662 1.659998
41 6 0 -3.323552 - 0.362656 0.077423
42 1 0 -3.298253  -1.974997 -1.356369
43 1 0 -2.989120 1.188983 1.537712
44 7 0 -4.711628 -0.167362 0.012081
45 6 0 -5.583155 -1.259161  -0.248861
46 6 0 -6.639823  -1.109742  -1.152527
47 6 0 -5.402127  -2.482572 0. 404461
48 6 0 -7.505371  -2.171734  -1.393928
49 1 0 -6.777079  -0.158945 -1.658479
50 6 0 -6.261190 -3.545121 0. 142966
51 1 0 -4.587226  -2.593881 1.113395
52 6 0 -7.318471  -3.395157 -0.752870
53 1 0 -8.322674  -2.043741 -2.096791
54 1 0 -6.109985  -4.490526 0. 654540
55 1 0 -7.991157  -4.223720 -0.948538
56 6 0 -5.270770 1.124691 0. 202414
57 6 0 -4.691321 2.245276  -0.402367
58 6 0 -6.418959 1.281374 0. 985417
59 6 0 -5.247659 3.505774  -0.210886
60 1 0 - 3. 806256 2.121520 -1.019036
61 6 0 - 6. 979507 2.543079 1.155948
62 1 0 -6.866821 0. 410293 1. 453875
63 6 0 - 6. 395403 3. 661866 0. 564535
64 1 0 -4.788057 4.367932  -0.684102

526



PRPRPORRRPORPR

[eNeoNoNoNoloNoNoNeNe]

RPONRPNWRNON

. 871511
. 831167
. 512934
. 442082
061919
753185
. 783804
. 059032
. 757045
. 784185

MO~ AEDN

. 651557
. 645531

538197
434249
037416
606308

. 463395
. 107788
. 139781
. 558586

. 765030
. 705215

611434
816014
415806

. 654541
. 376720
. 374841
. 174785
. 394529

-2300. 17371142

E( RMD62X)

Compound 3: First Excited State.

Standard orientation:

OFRPPFPFRPOFRPOFRPROODODODONRPFRPORPOFRPROO0ODOOORRFRPRPREPEPRPRPRPPPFPOODODOOPROFRPRO0O0OODNOOODRFRPROOORPR OO

[eNeoNoloNojoNololololoNololoNolololololoNoNolololoNoNoloNolololoNoNoNololololoN oo N oloNoloNeololo oo oloNoNoNoNe]

OO NPRPRONNTOOOOBRNWWONRENRELREO

. 797953
. 918820
. 360879
. 128739
. 042983
. 080942
. 145173
. 188293
. 110220
. 848652
. 030560
. 088265
. 446841
. 551543
. 534245
. 309515
. 143833
. 413082
. 293079
. 852874
. 880859
. 688276
. 496721
. 568368
. 950167
. 512292
. 975565
. 631967
. 781507
. 343467
. 278370
. 205189
. 390660
. 592186
. 525493
. 166000
. 877933
. 155990
. 518464
. 534982
. 421309
. 543567
. 912109
. 782220
. 682335
. 829582
. 426351
. 711121
. 015055
. 312648
. 545162
. 455830
. 596860
. 114524
. 146587
. 326717

PWONWRENONRPRRORNORONRORORRPUUNININGRWNWIRWWWNAROINNURNANONONOO

. 864027
. 020630
. 537309

635088

. 047078
. 121732

900988

. 296482

405643

. 524089
. 113552

794062

. 031769
. 242676
. 230222
. 816652

062787
723320
882601
279557
129659
363771
820390
226580
332191
532514
222072
063665
464726
821624
945815
914422
812895
610750
664653
671864
463402
652754
881158
503844
179731
282104
859046
029224
031069

. 208907

879083
239221

. 546949

909853
716324
093965
380223

. 562835
. 898016
. 308948

. 000994
. 098354
. 144039
. 064069
. 062855
. 116251
. 117365
. 236267
. 058968
. 193785
. 314177
. 377223
. 284527
. 384284
. 206489
. 246296
. 096727

0.206764

Co ' ' Co
OCOORrROO0OO0OO0O0OORRPRRPRNOORO

. 214813
. 511071

987110

. 128933
. 395463

619425

. 509527
. 937842
. 991040
. 952060
. 163174
. 805366
. 963156
. 609238
. 152717
. 007353
. 289491
. 274549
-0

. 543509
. 261615
. 5563282
. 023890
. 545905
. 515353
. 025009
. 275173
. 505471
. 358488
. 202339
. 345372
. 647086
. 971196
. 870167
. 812914
. 490639
. 101013
. 321439

296449

S27



PRPPRPORPRPPORPRRPRPRORPRORPROOO

[eNoNoNolooNolololololoNoloNoNoNeNe]

G
RPWNNNRPNONRAODOO NGO N

. 821563
. 380541

364572
020874
918823

. 760933
. 412828
. 975068
. 731533
. 836046
. 646263
. 552347
. 942160
. 967167
. 640022
. 087489
. 562819
-2.

775341

. 054911
. 808630
. 302647
. 646268
. 054106
. 222695
. 806357
. 876414
. 442304
. 779010
. 363497
. 366351
. 749769
. 392552
. 582281
. 245748
. 390151
. 666888

. 392437
. 451927
. 675698
. 001058
. 153922
. 282500
. 906410
. 510144
. 758929
. 133890
. 796825
. 743312
. 654034
. 992612
. 272187
. 212861
. 323350
.200771

E(TD- HF/ TD-KS) =

Compound 3: Radical-Cation.

-2300. 07905494

Standard orientation:

ONFRPPFRPOFRPOFRPROOODODORRPREPREPREPEPRPPRPPPOOODOODODRAIORPRO0COONOODORPRODOROOODOOO

[eNolololoNololololoNolololoNolololoNololoNooNololololoNolololoNololololooloNoloNoNoNeNe]

VANWWONONRPRRORORARONORONUNUNUNNANNNONONWREUIARROWR RO

. 868945
. 883486
. 491000
. 157925
. 124909

080716
310364
433632
237018

. 720088

311534
396370
756507
888250
776259
600981
915642
094685
921345
772705
312250
177685
561942
595704
840266
727550
372237
162306
245920
625020

. 892875
. 869257
. 496085
. 570894
. 401337
. 169039
. 763342
. 961194
. 530026
. 567102
. 347629
. 381973
. 980971
. 721654
. 605476

NOOONRORORFPOUNUNWWRNANTWYSWN

. 932596
. 004093
. 546760
. 600968
. 975192
. 036223
. 786667
. 130680
. 225646
. 501336
. 011274
. 713616
. 810063
. 006182
. 953044
. 471576
. 111005
. 790511
. 056197
. 603047

238182
545578
198618
548971
718108
530302
399817
165988
714941
897244

. 173347

821851

. 785265
. 715926

574572

. 346671

381731

. 377565
. 559323
. 976595
. 304404
. 021463

1. 352267

[
- O

. 099541
. 194909

Voo
or OoOr

'
PFNORPPORPOOO0OO00000000000000000

. 206689
. 339982
. 070216

321433

. 186217

387404
158314
036854

. 249667
. 433476

091420

. 194554
. 026252
. 080019
. 146386
. 129962
. 012969

006290

. 381717
. 812886
. 620706
. 654444

708510

. 056857
. 581314
. 501008
. 859436
. 455423
0. 845289
. 533171
. 198612
-0

. 473306
. 153241
. 598912
. 861538
. 652563
. 181112
. 809395
. 505732
. 049626
. 271768
. 395278
. 001629
. 140361

185594

528



PRPPRPORPRPPORPRPPRPORPORPRODODDORRPRPORPROROOO®

[eNelololoNoNoNololoolololoNoloNoNololoNoNoNoNoloNoNoNeNe]

NONRFEFNWFENONRAODOODWUORMUUIOOONR,OOONOTO

. 726812
. 358161
. 589998
. 890739
. 235563
. 507628
. 348182
. 449320
. 058235
. 030011
. 255365
. 621903
. 420900
. 158686
. 743272
. 939989
. 885154
. 313290
. 682847
. 830916
. 727382
. 627353
. 547365
. 129271
. 917568
. 980352
. 263411
. 933368
. 037151

. 074052
. 381300
. 151004
. 156348
. 446337
. 444467
. 335537
. 070537
. 360535
. 172599
. 207153
. 262899
. 426765
. 538752

068189
709841
602098
765409
356101
889827
765872
457244
399340
900184
509769
527698
189975

. 251902
. 621402

[
=N

PRPNRPPRPORRO

. 975192
. 567066
. 106213
. 530014
. 428235
. 237713
. 407300
. 762508
. 983563
. 512073
. 085611
. 587686
. 835329
. 500574
. 193712
. 916001
. 365575
. 250348
. 030777

507188
314657
697814

. 870011
. 495873
. 789301
. 310992
. 313080
. 144779
-1

293060

= -2299.97188393

E( UMD62X)

Compound 15: Ground State.

Standard orientation:

=

[y
OO PRORFRPROOONOORPRPFPOFRPROORPRFPODODODODODOOOREFPOOOOOO

[eNeoloNoNoNoNooNolololololoNololololoNoloNololololololoNoNoloNoNoNe)

NOOORARWRPOONRPRPRPRPRPOOONOR

X z
. 674455  -0.199336  -0.213047
. 371845 0.145756  -0.103460
. 358469  -0.833897 0. 216520
. 860025  -2.189491 0. 290046
. 172128  -2.470769 0. 144806
. 115398 1.173603 -0.311376
. 169309  -2.996929 0. 503332
. 089269  -1.483297 -0.067510
. 025346  -0.584664 0. 436844
. 327588 0.661524 0. 508944
. 062806 0. 779645 0. 639258
. 076809 2.230274 0. 519961
. 489688 2.106787 0.730148
. 460695 3.041331 0.678921
. 532553 2.388729 0. 827819
.399430  -1.457907 0.604113
. 653298 4. 443379 0. 738410
261379 5. 460233 0. 685483
. 691989 4. 748655 0. 841677
990786  -0.405955 0. 662887
. 726059  -1.082151 1.488292
. 873825 -0.982036  -0.268853
. 666299 5. 237443 0. 550598
. 805033 5. 045577 0.441233
132001 6. 879588 0. 762047
649314 7.804939 0.716882
. 458718 7.049753 0. 888374
621270 8. 008733 0. 930596
322510 0. 038854 0. 826444
603130  -0.785269 0.124669
147076  -0.007454 0.881498
110975 1. 505497 0.617994
. 175894  -0.259069 2. 395497
.406070  -0.608839 0. 241765

S29



PRPPRPOPRPORPROODODORRPRFPOFRPRORPRODODODORRPRPORPRORPRODOORRPRPORPRORPRODOODORREPRRERERERRE

[eNeololoNoNolololololololoNololololololoN ool olololoNeololoNoN ol oloNoN ol ololoNofoloNoNoloNololoNo ol oNoNoNe)

.
WAWAPPRRARRANOANWOUNWIADOONAONRNOUIOANUNADORDIENNOAND NGO

. 077334
. 239447

011901
255398
046039
276997
302781
442686

. 465491

796211
163276
034809
752130

. 758821

628029

. 982389

987623

. 811132

029212
449338
781096
988919
636669
028056
105546
676998
721110
874809
958536
554051
687261
523765
398512
582547
327710
154020
505870
901350
377670
013993
767820
320221
397509
028100
568574
852055
868084
398413
823782
042588
564764

. 537296
. 906982

OPPOOOrROOROWMAONNNORNOO

-2.
- 2.
-3
-4
-2.
-4
-3.
-5.
-4.
-5.
- 6.

. 727825
. 972140
. 979426
. 327335
. 243128
. 131294
. 192962
. 699095
. 377760
. 802431
. 921379
. 960255
. 178550
. 028571
. 213471
. 883190
. 327061
. 259757
. 103311
. 306844
. 723115
. 227869
. 101120
. 100584
. 838174

967894
500849
471023
708322
032699
149920
496270
113805
411280

. 846002
. 811751

682160

. 920070

051138

. 335514
. 386282
. 260183

601592
934287
649074
259660
143541
978629
430547
285314
493006
773661
320140

COO00000000000ONNNE RO

-1.
-0
-1.
-1.
-0

-1.
-1,
-0
-1.
-1.
- 2.
-2.
-4.
- 2.
-3.
-1
-4.
. 688846
. 977519
. 553700
. 559971
. 875356
. 356049

POWRRPONNORO

. 455012
. 090128

030421
625638
839418
886086
720279
359740
827593
222542
502257

. 018535

591471
659111
110494

. 235251
. 398774
. 814217
. 054160
. 466883

0.518910

0

025500
308495
331463
188407
619394
117334
132543
728951
450010
370980
729396
639369
240370
004569
284214
605387
560483
489821

263953
606399

. 027632

389568

. 338818

284704

. 698711
. 638361

= -2703. 34040424

E( RMD62X)

Compound 15: First Excited State.

Standard orientation:

[y

QOWO~NOULAWNPE

OO0 RFPOOOOOO®

[eNeoNoloNoNoNoloNeNe]

X 4
. 657042 -0.232123 - 0. 342067
. 336126 0. 095355 -0.239489
. 369149 - 0. 875053 0.141789
. 856000 -2.203534 0. 313153
. 180371 -2.494992 0.167142
. 047749 1.101264 -0.508830
. 169237 -2.993493 0. 593252
.071864  -1.507508 -0. 125210
. 983697 -0.610758 0. 344922
. 330364 0. 603043 0.476173

S30



PRPPRPOFRPOFRPODOODORRFRPPFPOFRPROFRPROOODODODODORRFPFPOFRPROFRPROODODDORRFPFRPOFRPOFRPRO0ODO0ODOORRPREPRPEPRPPRPPRPOOODCODOORORPRO0OO0OOONORPFPOFRPROOORFPOOOOO®

[eNeolooNoNoNoloNolololoNoloNoloolololoNoNoNoNoloNolol oo oo oloNoloNoloNeololo oo N oloNoNoNololo oo N oloNoloNolo N olo o oo N oloNoloNeololo N oo NoloNoNoNe Ne]

WPhWARRWWRARREANORANWIUWARADDONRINANPUNIRNOINPLOORDIDANNOINONOINOIORWRPOONRPRPENROOONORRER

. 088030
. 124174

478185
410140
510386

. 356751

561640
408219
584238
030711
754762
927586
793723
928795
068487
868638
253142
370686
353762
649253
180161
139076
197049
447422
116806
259946
032907
280119
060881
292189
338037
489342

. 513617

811481
203652
040847
805799

. 807016

649936

. 967186
. 033675
. 882261

043798
506580
738198
976677
552174
999477
125878
578784
617385
804739

. 951175

423808
606144
585305
462378
656117
404680
209904
592875
975298
466065
092389
864495
419023
445971
065244
626695
888083
897004
455305
890514
088529
592239

. 601776
. 952161

'
CRPPOPOROOOCOWRONNNORNOONNOORINNA,WWOROOORPPPOOROOONNNOIRAORORARRPNWONNO

-2.
-2.
-3
-4
-2.
-4
-3.
-5.
-4.
-5.
- 6.

. 762265
. 180280

069640
008574
374497
495247

. 391669

395553
731384
406727

. 124475
. 936529

145407
947328
809508
727191
019530
981422
038014
752233
008609
529086
291719
566319
785309
976762
993614

. 366472

200005
078361
160276
659417
302555
804426
900126
978418
142024
999276
214620
930714
302092
202966
114556
270625
682697
181201
072872
054468
890625
937235
485171
432763
657397
008526
111944
396098
985725
539226
665080
702344
862984
028819
258327

. 133734
. 588054

508668
582722
957813
600131
295123
191056
941462
348682
290406
561275
712692
334482

COOOOLPLLOORLOONNMNNRPPOONOOOORRPOOOOOROROOOOO00O0O0

. 632787
. 546638

782790
758307
911219
440763
881409
846092
021575
614450
400927
346550
649971
487690
999885
970570
183610
272807
818894
101830
899886
684359
405128
251827
381323
160695
122087
601377
872408
900407
749698
336913
809578
326235
478362
328790
641695
482420
493030
179907
651503

. 764495
. 488369
. 777665
. 698825
. 128693
. 610860
. 478336
. 201596
. 964065
. 242164
. 400200
. 816297
. 887139
. 672422
. 740535
. 666476
. 222904
. 020875
. 332165
. 577057
. 528455
. 478414
. 718191
. 927380
. 533867
. 474078
. 774801
. 473441
. 119402
. 529220
. 133819
. 497227
. 163739
. 129629
. 883943
. 428821

S31



E(TD- HF/ TD-KS) =

Compound 15: Radical-Cation.

-2703. 26408981

Standard orientation:

PORPOFRPROODODORRFRPPFPOFRPROFRPROOODODODORRFPEPRPEPEPRPPFPOOODODOPDPOFRPRO0OO0OCONORPRPFPOFRPROOORPRPFPOODDODODODOODOREFOOOOOO

[eNeoloNoNojoNoloNololoNololoNolololololoNoNolololojlolololoNololoN oo ololololoN oo ool oNolololoN oo oloNoN o ololoNoloNooNoNe)

X Z
-4.680240 - 0. 209540 -0.353717
-3.356279 0. 131598 -0. 266250
-2.393995 - 0. 841930 0. 094933
-2.858511 -2.169215 0.270433
-4.191086 -2.459835 0. 145926
-3.079784 1. 139695 -0.536399
-2.166602 -2.955180 0. 545356
-5.064432 -1.476263 -0. 136246
-1.003378 -0.581370 0.282807
- 0. 347503 0. 635671 0. 414654

1. 065155 0.761705 0. 568813
-1.114833 2. 206936 0. 494279
1.468328 2.076800 0. 728599
0. 414589 2.998283 0. 709902
2.503416 2.370763 0. 857006
-0.376732 -1.464816 0. 371671
0. 601681 4.407760 0. 849526
-0.329372 5.399743 0. 824722
1.633511 4.718008 0. 990449
2. 009429 -0.406821 0. 543133
1. 728047 -1.131070 1. 321408
1.912010 -0.922993 - 0. 425317
-1.728913 5.162203 0. 640627
-2.858301 4.952658 0. 489339
0. 035408 6. 835253 0. 983119
-0.776594 7.728478 0. 959325
1. 348318 7.013131 1.151929
1. 510655 7.969327 1. 247656
3.321413 0. 051453 0. 758341
4.640879 -0.770032 0.108349
6. 144875 0. 016207 0. 929457
6. 109656 1.529775 0. 668474
6.120732 - 0. 240640 2.442691
7.429424  -0.576364 0. 332510
6.113515 1. 755456 -0.404270
5.220252 1. 991567 1.111290
6. 992969 2. 006241 1.114181
6. 200908 -1.308888 2.672186
6. 970652 0. 266671 2.918335
5.202435 0. 141604 2. 903065
8. 305656 -0. 153573 0. 841447
7.470379 -1.666147 0. 452334
7.523621 -0.344874  -0.734251
-4.824020 -3.767671 0. 319492
-6.200179 -3.851709 0.574342
-4.057719 -4.938224 0.232225
-6. 796167 -5. 093951 0. 749662
-6.793812 -2.947215 0. 649908
-4.662582 -6. 175899 0. 405830
-2.998311 -4.888375 0. 003498
-6. 030196 - 6. 255910 0. 666723
-7.859523 -5.155082 0. 954411
-4.067471 -7.079387 0. 329848
-6.499370 -7.224829 0. 802568
-5. 780597 0. 692785 -0.692381
-6.994191 0.174706 -1.165714
-5.621063 2.078172 - 0. 544382
- 8.030167 1. 037986 -1.498235
-7.115525 -0.896343 -1.286957
-6.662920 2.933010 -0.877893
-4.700595 2.492582 - 0. 144613
-7.866293 2. 415493 - 1. 356566
- 8. 965503 0. 635727 -1.872062
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PRPPOFRPOFRPODODOORPFPFPOFRPROFRPROOOOOREF

[eNololoNoNolololololoNoloNoloNololololoNoNoNoNe)

WAWAPPRWARRANOPWWOTWAS®O

. 537340
. 678521
627967
523704
725196
508342
252620
703823
032678
594604
209894
995385
580899
407075
004093
585209
802553
838775
389954
866551
001046
490521
. 535793
. 846632

4.003340

'
OFRPFPOOOFRPROORFROW

. 086590
. 469252
. 097553
. 461367
. 818287
. 811912
. 743819
. 982276
. 101059
. 315901
. 466486
. 319027
. 583802
. 918006
. 628445
. 242942
. 129721
. 957497
. 408248
. 266070
. 477920
. 750580
. 300609

. 755179
. 615982
. 743989
. 625706
. 281859
. 990270
. 248332
. 646368
. 622940
. 502935
. 652694
. 039728
. 566408
. 533088
. 838396
. 384959
. 215614
. 571015
. 011943
. 411190
. 289319
. 228629
. 738923
. 580389

= -2703.14956783

E( UMD62X)

Compound 16: Ground State.

Standard orientation:

PRPRPRPRPPPRPP0OOODODOPRORPRO0OOOONODOODRPROOODFRPR OO0 REFEPOOODOOO

[eNeoloNoNoNololoNololoNoNolololololololocNoNoNoloNoloNoNeolololoNoloNoNoNoNoNoNe]

POORFRPROWWUORAWWOO

"
P OoPR

X z
. 284291 0. 427806 0.107187
. 936706 0. 325973 0.071430
. 284547  -0.934926  -0.202134
.198478  -2.051184  -0.320348
.535988  -1.885508 -0.248561
. 369544 1.215398 0. 301262
. 800042 -3.041684  -0.506181
. 088585 -0.650496 -0.073035
. 933977  -1.139129  -0.343967
. 861497  -0.194476  -0.352412
. 487941  -0.544564  -0.436346
. 034191 1.532919 -0.325271
. 357867 0.547280 -0.467461
. 696152 1.779125  -0.413192
. 608612 -2.166310  -0.490497
. 332998 3.041165  -0.422101
. 799624 4.302648 -0.365171
. 418427 3.008366  -0.484981
. 857477 0.405040 -0.527060
. 603178 4.557978  -0.280325
. 743379 4.760865 -0.212909
. 641297 5.512591  -0.390584
. 208725 6.644004  -0.344361
. 954700 5.237840 -0.471472
. 423962 6.090722  -0.484249
.197523  -0.953141  -0.693495
. 671345  -1.554852  -0.157432
. 625847  -3.383058 -0.628326
. 226830 -3.573025 -2.099748
.561371  -4.066797 0.247722
. 988726  -4.033948  -0.351913
. 947252  -3.132248  -2.795828
. 248360 -3.126298  -2.303426
. 164082  -4.645333  -2.328960
. 816457  -4.015464 1.311401
.480604  -5.126174  -0.030088
.573935  -3.609423 0.113138
. 937355  -5.111606  -0.556449
. 285205  -3.910435 0.697088
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PRPPRPOFRPOFRPODOODORPRRFRPPFPOFRPROFRPRODODODODODORRPEPREPRPRFPOFRPOFRPRO0ODODOORPFPFRPORPOFRPROOOO O

[eNeoloNoNolololoNolololoNoloNololoNololoNoloNoloNoloNolololololoNoNoN ool o ololoN oo NoloNoNoNeNe]

o

VUONRAONOONNPOPORUINOODNODD

. 783419
. 557754

870535
232049
834521
129575
198724
228452
502181
847510
936025
256117
043252
371411
445911
082954
838419
160661
429073
480165

. 110001

687653

. 037448
. 823173
. 264322
. 288474
. 694040
. 889196
. 484296
. 879023
. 843738
. 467325
. 542052
. 666621
. 814558
. 521709
. 656397
. 084910
. 794996
. 423407
. 799288
. 571717
. 421226
. 907651
. 112510
. 336845
. 662235
. 894388

-3
- 2.
- 2.
-4
-3
-1.
-5.
-4.
-4.
-3.
- 6.
-5.

CORPUNANBONNER

-1.
-1.
-1.
-1.
-1.
-1.
-1.
-1.
-1.
-1.

612933
938647
602705
281260
596502
564580
269928
553714
931411
325940
306282
705033

. 663877
. 594414

917417

. 761038

626354
078915
992479
004640
697231
043752

. 913493
. 573710
. 995913
. 809298

333841
320212
237125
221350
377682
130648
242509
125342
213688
051188

. 043363
. 547661
. 921073
. 676303
. 111915
. 859432
. 494166
. 993770
. 098950
. 427034
. 435120
. 731109

'
ORRRPWFRWNNRPORORPOROOOOROOOOO

[ T T S T
ONNONO

0
-1.
-3
-0
- 2.

. 976993
. 375447
. 729277
. 144950
. 865005
. 907019
. 283635
. 165767
. 645599
. 145006
. 097921
. 750154
. 363086
. 801123

174282

. 061432

947152
439588

. 199322

884825

. 406048
. 288005
. 087954
. 478926
. 358582
. 402375

707077
441401
412706
831484
921085
801678
865529
512276

. 382542
. 329448
. 594956
. 883574
. 035503
. 280529
. 562654
. 534653
. 805730

623830
948997
451730
320642
358790

= -2703.33896712

E( RMD62X)

Compound 16: First Excited State.

Standard orientation:

=
POOOODOOOOOREFPOODOOO®

[eNoNolooNoNolololoNoNoNoNoNe)

FPORPPOOROWWUAWWU

X 4
. 282313 0. 409001 0.220923
. 925573 0.267248 0.196362
325920 -0.984220 -0.117837
225869 -2.072918 -0.310418
576127 -1.894163 -0. 244172
328137 1.123601 0. 474081
833405 - 3. 055525 - 0. 543023
. 093138 - 0. 655839 -0.011779
. 926762 -1.210394  -0.240231
887654  -0.295902 -0.318258
. 492240 - 0. 643953 -0. 408367
. 066908 1. 458407 - 0. 393468
. 343768 0. 425810 -0.517443
. 670682 1. 689505 -0.519506
. 623122 -2.253036 -0.312955
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16 6 0 -1.298749 2.933307 -0.605734
17 6 0 -0.736228 4.213289 -0.596141
18 1 0 -2.381839 2.910956 -0.691448
19 6 0 -2.838417 0. 312890 -0.620010
20 6 0 0. 657046 4. 464412 -0.473696
21 7 0 1.795878 4.680910 -0. 371590
22 6 0 -1.555361 5.419471 -0. 703046
23 8 0 -1. 125275 6. 559009 -0.699051
24 8 0 -2.876042 5. 155137 -0.810489
25 1 0 - 3. 325986 6. 015532 -0.875322
26 8 0 -3.209949 -1.047614  -0.626451
27 14 0 -4.701216 -1.553095 - 0. 044465
28 6 0 -4.666554  -3.430141 - 0. 255113
29 6 0 -4.232974  -3.826373 -1.674810
30 6 0 -3.632328 - 3. 994466 0. 734892
31 6 0 - 6. 043048 -4.026129 0. 072991
32 1 0 -4.929409 -3.479308 -2.444450
33 1 0 -3.243720 -3.421732 -1.911934
34 1 0 -4.178764  -4.920694  -1.751749
35 1 0 - 3. 913056 -3.793773 1.774143
36 1 0 -3.557377 -5.082825 0. 608775
37 1 0 -2.636465 - 3. 568360 0. 564316
38 1 0 -5.997719 -5.122266 0. 024646
39 1 0 - 6. 365501 -3.753219 1. 085465
40 1 0 -6.816709 -3.692905 -0.626972
41 6 0 6. 605242 -2.915841 -0.433978
42 6 0 7.938408 -2.538251 - 0. 658432
43 6 0 6.278522 -4.281063 -0.394398
44 6 0 8.917022 - 3. 506495 - 0. 849657
45 1 0 8.200238 -1.486760 -0.696004
46 6 0 7.261507 -5. 241571 -0.587299
47 1 0 5. 260652 -4.596783 -0.190902
48 6 0 8.583832 -4.859211 -0.816825
49 1 0 9. 943332 -3.202310 -1.027730
50 1 0 6. 996827 -6.293173 - 0. 549765
51 1 0 9. 350140 -5.613167 -0.964954
52 6 0 6. 007490 1. 644913 0. 506086
53 6 0 7.364705 1. 602561 0. 860868
54 6 0 5. 356682 2. 887665 0. 424610
55 6 0 8. 049067 2.778488 1.143621
56 1 0 7.872479 0. 646621 0. 928949
57 6 0 6. 047643 4.056668 0.711018
58 1 0 4.317918 2. 950978 0.113875
59 6 0 7. 394565 4.007369 1.072671
60 1 0 9. 096516 2. 734745 1. 423806
61 1 0 5.534219 5. 010099 0. 640477
62 1 0 7.932238 4.923887 1. 293040
63 1 0 -0.827063 -1. 675041 -0.392823
64 1 0 -3.193398 0.803173 -1.538032
65 1 0 -3.296921 0. 847587 0.227933
66 6 0 -4.761408 -1.075695 1.770438
67 6 0 -5.970803 -0.951933 2.470239
68 6 0 - 3.564982 -0.892832 2. 481667
69 6 0 -5.987182 -0.664263 3.833878
70 1 0 -6. 915260 -1.071791 1.942167
71 6 0 -3.574487 -0.597657 3. 843082
72 1 0 -2.612511 -0.979127 1. 959440
73 6 0 -4.787665 -0. 486154 4.520801
74 1 0 -6.933378 -0. 573667 4.358782
75 1 0 -2.638821 - 0. 454222 4.375067
76 1 0 -4.798145 -0. 257386 5. 582217
77 6 0 -6.088119 - 0. 648165 -0.937261
78 6 0 -6.773627 -1.175892 -2.042640
79 6 0 -6.427628 0. 651417 - 0. 522467
80 6 0 -7.755326 -0.442382 -2.705431
81 1 0 -6.547837 -2.177085 -2.397698
82 6 0 -7.403033 1.393829 -1.184345
83 1 0 -5.930134 1. 090269 0. 340451
84 6 0 -8. 069949 0. 845665 -2.277919
85 1 0 -8.273824  -0.876429 - 3.554858
86 1 0 -7.645395 2.396034  -0.844226
87 1 0 -8.833979 1. 419320 -2.793779
E(TD-HF/ TD-KS) = -2703.26276188
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Compound 16: Radical-Cation.

Standard orientation:

Cent er At omi ¢ At omi ¢ Coor di nat es (Angstrons)
Nunber Nunber Type X 4

1 6 0 5. 329078 0. 405998 0. 207354

2 6 0 3. 963247 0. 300673 0. 207992
3 6 0 3.346578  -0.945772  -0.060415
4 6 0 4.204065 -2.058860 -0.246372

5 6 0 5.563929 -1.901975 -0.208743

6 1 0 3. 393785 1.179561 0. 470161

7 1 0 3.787109 -3.035584  -0.455845
8 8 0 6.087880 -0.679523 -0.007771

9 6 0 1.939181 -1.158160 -0.148537
10 6 0 0.906447  -0.229033 -0.211102
11 6 0 -0.461378 -0.591893 -0.279425
12 16 0 1.076423 1.507687 -0.281820
13 6 0 -1.322534 0.486086 -0.370692
14 6 0 -0.644348 1.723004 -0.382485
15 1 0 1.621376 -2.195882 -0.206227
16 6 0 -1.297518 2.988316  -0.464733
17 6 0 -0. 753355 4.237258  -0.469952
18 1 0 -2.381708 2.951015 -0.530146
19 6 0 -2.821293 0.346697  -0.439948
20 6 0 0. 652889 4.488979  -0.388842
21 7 0 1.793785 4.679953  -0.322496
22 6 0 -1.591715 5.465017  -0.559913
23 8 0 -1.129781 6.580542  -0.566033
24 8 0 -2.896817 5.188889 -0.632206
25 1 0 -3.378268 6.034116  -0.691435
26 8 0 -3.148745 -1.019876  -0.462697
27 14 0 -4.693872 -1.556931  -0.055825
28 6 0 -4.600488 -3.427964 -0.285130
29 6 0 -4.021578  -3.797269 -1.659538
30 6 0 -3.660130 - 3.988296 0. 796544
31 6 0 -5.992991  -4.049237 -0.102667
32 1 0 -4.643969  -3.450601  -2.490252
33 1 0 -3.020255  -3.374710 -1.792406
34 1 0 -3.941667 -4.889312 -1.743694
35 1 0 -4.046012  -3.806119 1. 804984
36 1 0 -3.554886  -5.073442 0. 665905
37 1 0 -2.659356 - 3.544816 0. 730625
38 1 0 -5.924559  -5.143552 -0.160040
39 1 0 -6.418977  -3.795519 0. 875873
40 1 0 -6.698501 -3.718296 -0.872131
41 6 0 6.573385 -2.944376 -0.397336
42 6 0 7.886316  -2.593906 -0.742833
43 6 0 6.231577  -4.293996  -0.233394
44 6 0 8.839935 -3.586061 -0.930908
45 1 0 8.151351  -1.550926 -0.877734
46 6 0 7.192158  -5.278879 -0.420672
47 1 0 5.227669 -4.577005 0. 065386
48 6 0 8.495457  -4.927552  -0.771291
49 1 0 9.852817 -3.311916 -1.205439
50 1 0 6.925338 -6.321342 -0.285293
51 1 0 9.243450 -5.699964 -0.917159
52 6 0 6. 099652 1. 626499 0. 446387
53 6 0 7.441119 1.542787 0. 844883
54 6 0 5. 496571 2.881419 0. 279096
55 6 0 8. 163822 2.704339 1. 084894
56 1 0 7.906458 0. 572539 0. 981366
57 6 0 6.227532 4.036957 0.520143
58 1 0 4.469766 2.963948 -0.063742
59 6 0 7.559329 3. 950635 0. 924822
60 1 0 9.199131 2.636919 1.401101
61 1 0 5. 758414 5. 005281 0. 383368
62 1 0 8. 127566 4.855827 1.112253
63 1 0 -0.792973 -1.623119 -0.261680
64 1 0 -3.204744 0.847753  -1.339707
65 1 0 -3.267058 0. 849120 0. 432923
66 6 0 -4.955368 -1.097749 1.744864
67 6 0 -6.236634  -0.964157 2. 300035
68 6 0 -3.848079  -0.936503 2.592629
69 6 0 -6.408350 -0.686781 3. 654944
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RPRROROROODOORRERREOROR

[eNoNoNolooNolololololoNoloNoNoNeNe]

. 114407
. 012590
. 842269
. 295182
. 408108
. 143875
. 426679
. 973172
. 543902
. 347516
. 449056
. 288864
. 246416
. 940739
. 799904
. 880422
. 518930
. 504969

. 068995
. 651638
. 035308
. 529040
. 588729
. 525498
. 308380
. 648110
. 172080
. 652729
. 432848
. 174400
. 400357
. 087879
. 856194
. 863654
. 402789
. 433579

[ B N S N N

-1.
-2.
-0
-3
- 2.
-1.
0
- 2.
-3.
-1.
-3.

664897
946225
185882
478524
066794
585248
533464
090134
260603
709855
019034
591762
466883
201282
623952
917315
151325
214090

E( UMD62X)

-2703. 14753888
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