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Using a Friedlander condensation approach, we prepared a series of 2-(pyrid-2'-yl)-1,8-naphthyridines containing
a carboethoxy group appended at the 4- and 4'-positions. Complexation of these ligands with Ru(ll) and NaNCS
led to the complexes [Ru(L)2(NCS),], and subsequent hydrolysis of the ester groups afforded the carboxylic acid
dyes 13b—15b. The more delocalized and electronegative nature of the 1,8-naphthyridyl moiety lowers the energy
of the ligand sr*-level and extends the absorption envelope of these complexes well into the red. The system
lacking a 4-carboxypyridine moiety shows poor absorbance in the blue region of the spectrum. Solar cells involving
thin films of anatase TiO, impregnated with these dyes were prepared, and their photovoltaic performance was
evaluated. The incident photon-to-current efficiencies in the region beyond 625 nm were considerably greater than
those of the prototype N3 dye.

Introduction a wide band gap semiconductor 3.0 eV) that is able to
. L accept an electron injected into its conduction band by the
An important aspect of solar energy conversion involves g, iteq state of an appropriate photosensitizer. Among a
the design and optimization of dye-sensitized solar cells \ arjety of semiconductors, titanium dioxide, in its nano-
(DSSCs}. If properly optimized, DSSCs may function as ¢y ctalline (anatase) form, appears to afford superior per-

low cost, efficient alternatives to conventional solid-state ;. ance. Anatase Tigis highly mesoporous, providing a
semiconductor devicesThe main component of a DSSCIis  |5rge surface area for sensitizer binding and electrolyte

access. However, the semiconductor is transparent to the

h* '50 whom correspondence should be addressed. E-mail: thummel@ major part of the solar spectrum and thus. a photosensitizer
uh.edu. ’ y
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(4,4-dicarboxy-2,2-bipyridine)ruthenium(ll) (N3), first pre-  quinoline nucleus! Anchoring carboxy groups were intro-
duced at the 4- and-4ositions to provide ligand2 and3.

COOH HOOC COOH HOOC COOH
7 N\ - 7 N\ - 7 N\ -
RaW %
I\ \ 3 4
=N

The fusion of two benzo rings afforded the 22quinoline
ligand4.1? Solar cells made from dyes based on these ligands
showed improved absorption properties but somewhat di-
minished incident photon-to-current efficiencies (IPCEs). Red
pared by Gitzel and co-worker$has attracted considerable sensitive ruthenium-based dyes involving terpyridine tricar-
attention. A serious drawback of this sensitizer is the lack boxylic acid®'3and phthalocyanine ligantfhave also been

of absorption in the near-IR region of the visible spectrum. examined.

To further improve the efficiency of DSSCs, the sensitizer  |n earlier work, we have demonstrated that the absorption
should absorb in the near-IR region as well as over the entire properties of Ru polypyridine complexes are more influenced
visible region of the solar spectrum and be able to maintain by pyrido than benzo fusiol.Lower energy absorptions are
sufficient thermodynamic driving force for both the electron observed for systems containing ligands that involve 1,8-
injection and the sensitizer regeneration process. The spectrahaphthyrid-2-yl as opposed to quinolin-2-yl. Thus, we
and redox properties of a ruthenium polypyridine complex decided to prepare and study the ligaidds12ab, and their
can be tuned to lower energy by the introduction of a ligand corresponding dye-sensitizer complexess-15.

with a lower energyr*-molecular orbitat or a strong donor

ligand to destabilize the metatorbital® These conditions ~ Synthesis and Characterization of the Complexes

are often not compatible for an efficient sensitizer because,
in the former case, a too low lying*-level would inhibit
electron injection into the conduction band of Fj@nd in

the latter case, the easily oxidizable complex cannot be

The ligand frameworks were assembled through an ap-
plication of the Friedlader condensatiolf. Thus, 2-amino-
nicotinaldehyde &) was treated with methyl 2-acetyliso-

reduced back to the ground state by electron donation from co,cH, ROLC

iodide following charge injection into the TiO N MO Pyrrolidine I\
Some of the more successful analogues of the N3 dye hav L CHs ¥ (NINH EtOH =N \N 7 N\

involved a variety of perturbations of the polypyridine ligand o : N=

structure. The position of attachment of the'4icarboxy 5 6 7abg . E't (51%)

groups has been varied to include the’'3,8nd 5,5

positions’® The carboxy anchor groups have been connected picotinate B) in the presence of pyrrolidine to afford the
to the bipyridine backbone through various linkérghe ligand 7a In ethanol solvent, transesterification to the ethyl
bipyridine nucleus has been replaced by the closely relatedester occurred. In the preparation of ligad@syb, the direct
1,10-phenanthrolin€. To increase the absorption cross- jncorporation of the carboethoxy groups was not possible.
section, a dicarboxybpy ligand has been replaced with a Therefore, these groups were introduced as methyl groups,

bpy having extended conjugation at the'4dsitions®" In which could subsequently be oxidized to carboxylic acids
another effort to increase the absorption envelope of the dye,and then esterified. Thus, the Frigdier reaction of the
Arakawa and co-workers lowered the energy of tfte 2-acetylpyridinesBa,b with 3-acetyl-2-amino pyridine9)
excited state of the acceptor ligand by fusing a 5,6-benzo provided10ab, which were oxidized with potassium dichro-
ring to 2,2-bipyridine (bpy) to create the 2-(pyrid-21)- mate to the aciddlab and finally esterified tal2ab.
(4) Nazeeruddin, M. K.; Kay, A.; Rodicio, |.; Humphry-Baker, R.; Muller,  (11) (a) Yanagida, M.; Yamaguchi, T.; Kurashige, M.; Fujihashi, G.; Hara,
E.; Liska, P.; Vlachopoulos, N.; Gizel, M. J. Am. Chem. So&993 K.; Katoh, R.; Sugihara, H.; Arakawa, Hnorg. Chim. Acta2003
115 6382-6390. 351, 283-290. (b) Yanagida, M.; Yamaguchi, T.; Kurashige, M.; Hara,
(5) Kalyanasundaram, K.; Gel, M.; Nazeeruddin, M. KJ. Chem. Sog. K.; Katoh, R.; Sugihara, H.; Arakawa, Hnorg. Chem.2003 42,
Dalton Trans.1991, 343—346. 7921-7931.
(6) Ruile, S.; Kohle, O.; Pettersson, H.; &mel, M. New J. Chem1998 (12) Islam, A.; Sugihara, H.; Singh, L. P.; Hara, K.; Katoh, R.; Nagawa,
25-31. Y.; Yanagida, M.; Takahashi, Y.; Murata, S.; Arakawa/brg. Chim.
(7) Xie, P.-H.; Hou, Y.-J.; Zhang, B.-W.; Cao, Y.; Wu, F.; Tian, W.-J.; Acta 2001, 322 7—16.
Shen, J.-CJ. Chem. Sog¢Dalton Trans 1999 4217-4221. (13) Altobello, S.; Argazzi, R.; Caramori, S.; Contado, C.; D&, ®e
(8) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Castellano, F. N.; Meyer, Rubino, P.; ChoheC.; Larramona, G.; Bignozzi, C. Al. Am. Chem.
J. G.Inorg. Chem.1994 33, 5741-5749. S0c.2005 127, 15342-15343.
(9) (a) Galopponi, ECoord. Chem. Re 2004 248 1283-1297. (b) Vi, (14) Nazeeruddin, M. K.; Humphry-Baker, R.; &rel, M. Chem. Commun.
H.; Crayston, J. A;; Irvine, J. T. S. Chem. Soc., Dalton Tran2003 1998 719-720.
685-691. (15) Thummel, R. P.; Decloitre, YInorg. Chim. Actal987 128 245-
(10) Yanagida, M.; Singh, L. P.; Sayama, K.; Hara, K.; Katoh, R.; Islam, 249.
A.; Sugihara, H.; Arakawa, H.; Nazeeruddin, M. K.; @&, M. J. (16) (a) Cheng, C.-C.; Yan, S.-Org. React1982 28, 37. (b) Thummel,
Chem. Sog¢.Dalton Trans.200Q 2817-2822. R. P.Tetrahedron1991, 47, 6851-6886.
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R o R oH Table 1. H NMR Chemical Shift Datafor the Ligands and
N s Complexe’e®
| NTCH,  _KOH N /T
Z N CHa + » EtOH 7 N /N ligand or
N N~ NH N N
o) 2 N= complex H3 H4 H5 H6 H7 H3 H4 HY H6'
8a R=H 9 10a (76%) 7a 8.69 8.65 855 7.69 9.15 9.07 7.99 8.98
b R CH, b (72%) 13a 851 899 838 7.44 803 9.32 8.30 9.61
(+1.12) (—0.63)
R COOH R COLEt 12a  9.09 9.14 7.78 921 882 7.61 8.09 8.65
K10, 7\ EtOH e l4a 9.0 891 750 796 9.30 7.91 8.32 9.15
T _ N\ N\ H.SO. _ N\ // N\ (+1.25) (—0.50)
H280,4 NN 2o NN 12b  9.37 9.30 7.63 9.22 9.26 8.00 8.92
N N 15a  9.07 9.16 7.30 7.88 879 8.14 9.75
11a R=H (57%) 12a R=H (82%) (+1.34) (—0.83)
b R=COOH (82%) b R=CO,Et (88%)

aRecorded at room temperature in DM$exceptl2b and15a which

Although the dyes require carboxylic acid groups on a were recorded in CD@I*"I_’he_prime notation indicates protons of the
igand to anchor the complex to the semiconductor, the EYIANE . T coorsnaon nduced shitn o s guenn parentheses
ligands are much easier to isolate, purify, and characterizesH triplet at 1.46-1.55 ppm.
as their ester derivatives. The ester was therefore treated with
0.5 equiv of an appropriate Ru(ll) source followed by sodium shifted to higher field by 1.121.34 ppmt’ In contrast, H6
thiocyanate to afford complexe$3a—15a which were appears at somewhat higher field than H7 in the free ligand.
In the complex, however, it is held close to the deshielding
region of the orthogonal thiocyanate ligand and is thus shifted
to lower field by 0.56-0.83 ppm. These shielding and
deshielding effects are consistent with what is observed for
H6 and H6 of the N3 dye'® In the following discussion,
we shall find that the stereochemical disposition of the
ligands may indeed play an important role in determining
the photophysical properties of the dyes.

The IR spectra of complexek3a—15a measured as a

132 R=Et 142 R-Et 152 R=Et _solid sample, show a strong, intense _NCS st_retching_ band
in the region 20982107 cn1?, which is consistent with
purified by chromatography and characterizeddyNMR, N-coordination of this ligand® The bands in the region
IR, and CHN analysis. The final carboxylic acid substituted 1704-1720 cn1! are assigned to the=€0 stretching mode
dyes were prepared by hydrolysis of the ester groups. of the carboxy groups.

Because the pyridylnaphthyridine (pynap) ligands are ) _ _
unsymmetrical about the 2;Bond, three diastereomeric Photophysical and Electrochemical Behavior

complexes [RUKNCS)] are possible in which the two The electronic absorption spectra of the dye complexes
thiocyanate ligands remain cis to one another. A trans gs their ethyl ester derivatives were measured inGH
disposition of the two thiocyanates is unlikely because of and the data are summarized in Table 2 along with similar
severe interligand steric interactions between the pynaps. Thejata for the dyes as the free carboxylic acids measured in
diastereomer in which a pyridine from one ligand is trans to MeOH. Strongz—ax* absorptions for the coordinated ligands
the naphthyridine from the other Ilgand can be eliminated are observed in the region of 32846 nm. At lower energy,
because this would require both Iigands to be nonequivalent,the meta|_to_|igand Charge transfer (MLCT) absorption is
affording unique'H signals for all the aromatic protons. The  opserved as two partially resolved bands (Figures 1 and 2).
two more Symmetrical diastereomers would either have the The |onger Wave|ength band shows some vibrational struc-
two pyridines located trans to one another or the two tyre, which is consistent throughout the ser@&s-15.

naphthyridines located trans to one another. Several features of these spectra are noteworthy. First, the
Using a combination of chemical shift, multiplicity, and  ahsorption envelope for the ester dyi@aand15a contain-

2D-connectivity information from théH NMR spectra,  ing a 4-carboethoxynaphthyridyl moiety, extends far into the

complete proton assignments for the ligaids12ab, and 0w energy region of the spectrum, reaching to the near-IR

complexesl3a—15ahave been made and are summarized (900 nm). In contrast, the system involving the unsubstituted
in Table 1. At 300 MHz, the signals were well-resolved and naphthyridyl moiety,133, is a poorer excited-state charge

the correlation was straightforward. This NMR data are acceptor and thus shows a smaller absorption envelope in
consistent with the diastereomer having the pyridines located
trans to one another as depicted in structur@s15. The (17) (a) Zabri, H.; Gillaizeau, 1.; Bignozzi, C. A.; Caramori, S.; Charlot,

iati i idi M. F.; Cano-Boquera, J.; Odobel, Fiorg. Chem.2003 42, 6655
ch?racten:?‘tlp proton S|gnal§ are H7 on naphthyrldme. and 6666, (b) Thummel. K. P Lefoulon. Forg. Chem 1987, 26, 675
H6E' on pyridine. In the free ligand, H7 appears at low field 680.

(9.15-9.22 ppm), being deshielded by the adjacent nitrogen. (18) EhkltZVte'r_,| \_/5: h:]agreeét#ddin, VV lf_i Zakeert;{dd’i\jn, S. MH; B%rg
: H : H ay, A.; Raibacn, I.; steurer, W.; Rermann, R.; Nissen, R. U. A
In the complex, however, H7 is held over the shielding region M. Chem Mater. 1997 9, 430—439.

of the pyridine ring of the orthogonal ligand and is thus (19) Kohle, O.; Ruile, S.; Gtael, M. Inorg. Chem 1996 35, 4779-4787.
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Table 2. Electronic Absorption Maxima 0£3—15 as Their Esters and Table 3. Emission, Electrochemical, and IPCE Properties of the Dyes
Free Acid8 13b—15b
complex Amax M ) emissioft IPCE
13a 233 (38 440), 244 (37 280), 273 (20 530), 338 (40 470), Amax E970 Ei(ox)P E*(0x), max,
420 (9080), 543 (5210), 613 (7830), 760 (2240) dyes nm eV (6E) Eredpc (0E) \ %
460 (2330), 579 (8850), 655 (10 130), 810 (5180) 14b 750 191 0.83(76) —0.89(51)~1.11(89) —1.08 43
15a 233 (44 150), 247 (42 290), 279 (23 720), 346 (44 680), 15y 750 1.87 0.82(147)—0.76 (96)—097 (83) —1.05 58
425 (10 990), 573 (7650), 648 (10 440), 797 (4700)
13b 256 (26 670), 333 (38 970), 388 (8360), 532 (6500), aQObtained at room temperature in a degassed Mdmethanol solution
579 (7400) by exciting at the lowest energy MLCT barfdMeasured with a glassy
14b 211 (48 540), 238 (33 710), 263 (23 660), 326 (31 700), carbon electrode at 100 mV/s in DMF containing 0.1 MM§u)sPFs and
537 (6220), 593 (7030) reported in volts relative to SCE; the difference between the anodic and
15b 211 (45 780), 244 (31 430), 274 (15 710), 336 (30 740), cathodic waves is given in parentheses (m\Reductions of the acids were
405 (5950), 538 (4860), 599 (6330) not clear; data are presented for the corresponding ek3arsl5a

aEsters {3a—15g) recorded in 5x 107> M CHCly, acids (3b—15b) .
recorded in 5x 105 M MeOH. (For13b, 9% DMF was used to increase ~ absent for thel4a complex, which lacks a carboethoxy

solubility.) substituent on the two pyridine rings.

When the ester dyes are converted to acids, the absorption
maxima shift to higher energy and the low energy absorption
envelopes forl3a—15a now all appear to be quite similar
with maxima at 579599 nm (Figure 2). This envelope
reaches well into the red, dropping to zero only at about
850 nm. For the region around 400 nm, an absorption for
14bis again conspicuously missing, pointing once more to
the importance of the 4-carboxypyridine motif. This same
behavior is evidenced for the dyes derived from the two
pyridylquinoline ligands,2 and 3, examined earlier by
Arakawa and co-workers. Although two MLCT bands are
observed for [RU)(NCS)], the higher energy band is
missing for [RuR)(NCS)], which does not contain a
4-carboxy substituted pyridiné2 The 4-carboethoxy sub-
stituent increases the electron accepting ability of the pyridine

Figure 1. Electronic absorption spectra of the dyes as their ethyl esters, ligand and thus explains the appearance of this higher energy

5x 10°°Min CH,Cl;: 13a(red), 14a(green) 15a(blue), along with N3 component of the MLCT transition at about 400 nm. This

dye (black). geometric feature may be a key to effective dye design and
emphasizes the critical importance of the stereochemical
arrangement of such complexes.

When excited at their MLCT maxima, all three dye
complexes show weak emissions. The emission energies for
14b and 15b are the same, but comple3b, which lacks
the 4-carboxynaphthyridyl group, emits at higher energy, 743
nm. From a tangent to the high energy side of the room-
temperature emission spectrum, one can estimate the energy
of the 0-0 band?® and this value (in eV) is listed in Table
3.

The half-wave potentials for the three dyes were deter-
mined by cyclic voltammetry in DMF, and the data are
presented in Table 3. Each complex shows one metal-based
oxidation and two ligand-based reduction couples. It appears

Figure 2. Electronic absorption spectra of the dyes as their free carboxylic that a carboxy group on the naphthyridine ring, asl#b
acids, 5x 105 M in MeOH (13b contains 9% DMF to improve and 15b, has a more important effect on the oxidation
solubility): 13b (red), 14b (green),15b (blue), and N3 dye (black). potential, causing an increase of-78 mV relative to that
of 13h.

The oxidation potential of a sensitizer in the excited state
(E*ox) has an important influence on the electron-transfer
d process. To get efficient injection of an electron into the

conduction band of Tig this potential should be more

this low energy region (Figure 1). For the higher energy
MLCT bands, the situation is somewhat different. A strong
absorbance at 420 and 425 nm is observed 8&arand15a,

respectively, and this band correlates well with a similar ban
for the ethyl ester of the N3 dye. All three of these systems
possess two 4-carboethoxypyridine moieties located trans to(zo) Caspar, V. J.; Westmoreland, D.: Allen, G. H.: Bradley, P. G.. Meyer,
one another. The absorbance at about 420 nm is essentially ~ T. J.; Woodruff, W. H J. Am. Chem. S0d.984 106, 3492-3500.
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Figure 3. Thin film of anatase Ti@ coated on FTO glass impregnated
with dye 13b (left), 14b (middle), and15b (right).

Figure 5. Photoaction spectra obtained for Lifilms impregnated with
sensitizer dyes:13b (red), 14b (green),15b (blue), and N3 (black).

irradiated over the region from 400 to 750 nm. The
photocurrent action spectra were obtained in this manner and
are shown in Figure 5 along with a spectrum of a film
similarly impregnated with the N3 dye measured at the same
time for comparison purposes.

The photocurrent action spectra show several important
features. First, the band shapes closely parallel the absorption
spectra for the dyes, as shown in Figure 2. E8ipand15b,
there is a maximum at about 415 nm, which is lacking for
14b. The low energy portion of the curves extends into the
near-infrared and the IPCEs for the three pynap dyes at 700

Figure 4. Electronic absorption spectra of the dye impregnated films of NM vary from 25 to 36%, which is considerably greater than
TiO, coated on FTO glassl3b (red), 14b (green),15b (blue), and N3 dye the 10% observed for N3. The dyd&8b and 15b clearly
(black). perform better tharl4b, and the integrated area under the
curves for these two species (100 fiBb and 93 for15b)
considerably exceed N3 (88). These values become even
more disparate if one considers only the region from 575 to
E*, = E, (0x) — E° 1) 725 nm. V\_/it_h regard to peak' IPCE perfor_mance, N3 shows
the top efficiency at 75%3bis not far behind at 71%, and
whereE® is the minimum energy difference between the 190 is respectable at 58%. Because of the lower lyirig
ground and excited states as estimated by a tangent to th@rbitals of the 1,8-naphthyridine directly coordinated to Ru,
high energy side of the emission spectrum at room temper-/PCE behavior in the red region for dyes containing this
ature. Furthermore, the ground-state oxidation potentials Moiety is markedly superior.
(Ex2(0x)) of 13b—15b are sufficiently positive to be reduced The behavior of the three pynap dye sensitizers roughly

negative than the band edge ©0.80 V1*12The excited-
state oxidation potential can be estimated f#m

by iodide Ei(17/157) = +0.2 V). tracks their estimated excited-state oxidation potentials, as
listed in Table 3. With the most negati##(ox) of —1.16
Photovoltaic Performance V, 13bis the more effective dyet4b and15b, with more

) o . positive values oE*(0x), are less effective. Although it is
' The photovolt.a|c performance of thin films of anatase?T'o difficult to draw any strong conclusions from looking at only
impregnated with the dye$3b—15b was evaluated Using a6 closely related systems, it appears that the incorporation
an el_ectrolyte solution ofVIg in acetomtnle_ as the electron of a 1,8-naphthyridyl moiety can extend the dye performance
mediator. Transparent films of anatase 7ih FTO glass ¢ ther into the red region of the spectrum and the existence
slides were prepared in the normal marthend immersed ¢ 5 4_carhoxypyridine moiety is an important feature for
in a methanotDMSO (10:1) solution of the dye for 14 h.  Jiniaining optimal higher energy performance. Thus the

The impregnated films are illustrated in Figure 3, and the 4o 141, which lacks a 4-carboxy substituent, behaves the
absorption spectra of the films containing the three dyes ar€|east effectively. Electronegativity and delocalization effects

showln n Flllgure 4 along W'thjff"m Coﬂtamm?‘_th?,l'\l:g dyec.j in polypyridyl-type ligands can influence sensitizer dye
A solar cell was constructed from these thin films and gticiencies in a predictable manner. Future studies will

(21) Barbe, Ch. J.: Arendse, F.; Comte, P.; Jirousek, M.; Lenzmann, F.: examine how other strategic variations in ligand design can
Shklover, V.; Gtzel, M. J. Am. Ceram. S0d.997, 80, 3157-3171. be used to further optimize solar cell performance.
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Experimental Section hexane/CHCI,/EtOAc (4:1:1), to providés as a beige solid (0.91
g, 50%), mp 49-51 °C: H NMR (CDCls, ) 8.82 (d, 1H), 8.54

NMR spectra were obtained on a General Electric<QBO (s, 1H), 8.01 (dd, 1H), 3.96 (s, 3H), 2.74 (s, 3HE NMR (CDCh
spectrometer at 300 MHz fdH and 75 MHz for'3C, referenced 5)'199_'4 165.2 154.6. 150.0. 138.7. 126.2 1211 53.1. 26.1.

tOhTMS’ D.MSIOdG’ and CRCN. IR spectra vvfere measured on a 2-(4-Carboethoxypyrid-2'-yl)-1,8-naphthyridine (7a). A mix-
Thermo Nicolet AVA.TAR 370 Fourier transform (FT) lR SPEC™ ture of methyl 2-acetylisonicotinate5,( 0.24 g, 1.34 mmol),
trophotometer. UV-vis spectra were recorded on a Perkin-Elmer 2-aminonicotinaldehyde6( 0.16 g, 1.34 mmol), and pyrrolidine

Lambda 3B or a Hewlett-Packard 8453 spectrophotometer. All (0.1 g, 1.47 mmol) in ethanol (8 mL) was heated at reflux for 48

spectra were corrected for the background spectrum of the solvent.h After evaporation of the solvent, the residue was chromato-

Emission spectra were obtained on a Perkin-Elmer LS50B lumi- raphed on alumina, eluting with GEIL/EtOAC (3:1), to provide
nescence spectrometer after degassing the sample with a stream cga as a yellow solic;I (0.19 g, 51%), mp 165 °C: ’13C NMR

Ar. Electrochemical measurements were carried out using a BAS (CDCls, 8) 165.3, 158.8 156.,7 155_é 154.1. 149.9. 139.3. 138.1
Epsilon electroanalytical system. Cyclic voltammetry (CV) experi- ;- , '124_0 12'3_2 12’2.7 12'2_5 12,1.8 12’0_3 6é.0 14_’5_ Anai.
ments were performed at room temperature in a one-compartment~_, 't QG|'i13N302:, C 68.8 H 469 N 15.04. Found: C. 68.34:
cell equipped with a glassy carbon working electrode, a saturated |} ;10\ "14.81. o ' '

calomel reference electrode (SCE), and a platinum wire as the 4-Methyl-2-(pyrid-2"-yl)-1,8-naphthyridine (10a). A mixture

auxiliary electrode in acetonitrile or DMF containing 0.1 M of 2-acetylpyridine 8a, 0.19 g, 1.65 mmol), 3-acetyl-2-amino-
tetrabutylammonium hexafluorophosphate at a scan rate of 100 mprridine ©, 0.13 g, 0.98 mmol), and KOH (0.15 mL, 0.9 M) in

1 - . .

s *. Both sol_vents were distilled from .CQ eltl_ng p0|_nts were ethanol (10 mL) was heated at reflux for 48 h. After evaporation

measured with a Thomas-Hoover capillary melting-point apparatus . . .
of the solvent, the residue was chromatographed on alumina, eluting

ling aéi;rr;%rrs\(/ﬁg 'hifsn;emﬁlo%nga%?gi;gerze_ﬁﬁ:ﬂiiizg;2Z|§eT_I'W‘th CH,CI,/EtOAc (3:1), to providelOa as a light brown solid
- ' : ' (0.16 g, 76%), mp 823 °C: H NMR (CDCls, 6) 9.11 (dd, 1H),

22 2. o i idi 23
emeend e o o auron. Al salvents were 885 (@ 1H). 871 (d, 1H), 855 (s, 1H), 8.38 (dd, 1H). 7.87 (ddd,
prep gfop P : 1H), 7.48 (dd, 1H), 7.36 (dd, 1H), 2.78 (s, 3H, §HC NMR

reagent grade. (
. - CDCl;, 6) 158.9, 155.8, 153.5, 149.1, 146.7, 139.9, 137.2, 133.4,
Solar Cell Preparation and IPCE Measurements.The acidic 124.7, 1231, 122.7, 121.8, 120.5, 18.5.

TiO, colloid was prepared following a published procedd€his . -
TiO, paste was then coated onto a conducting Sa@oated (FTO) . 4-Carboxy-2-(pyrid-2'-yl)-1,8 naphthyrldlne (11a).Toa SOI.U
. . . tion of 10a(0.15 g, 0.68 mmol) in concentrated$0, (5 mL) in
glass slide (16< 45 mm) using a glass rod spreader and adhesive _ . X .
. . an ice bath was added€r,O; (0.45 g, 1.5 mmol) in small portions
tape as a spacer. The Ti@®ms were heated at 130C for 5 min . " ; -
over a period of 1 h. After addition of dichromate, stirring at room

and 450°C for 30 min in air, resulting in a transparent film. After . . .
. o . - . . . temperature was continued overnight. The deep green reaction
cooling to 80°C, the slide was immediately dipped into a small . S .

) - : . . mixture was then poured into ieavater (100 mL) and adjusted to
vial containing 10 mL of a 1.0 mmol solution of the dye in 10:1 H 45 with solid NaCOs. The white precipitate was collected
MeOH/DMSO. The slide was soaked for 14 h and then washed P . S precip . )

washed with water, and air-dried to providéa as a pink solid

with MeOH and dned inar. N (97 mg, 57%), mp>250°C: H NMR (DMSO-ds, 8) 9.21 (dd,
The photoaction spectrum is obtained from a dye-sensitized solarZH) 9.01 (s, 1H), 8.81 (d, 1H), 8.64 (d, 1H), 8.08 (t, 1H), 7.76
cell arranged as a two-electrode sandvfidthe dye-impregnated (dd ’ 1|;|) 76 (dd ’1|_'|) T e T

counter lociode consisis of 5t im of lainum sputered on 4 CaPOEON-20YI-2-Y)-1,8naphihyridine (122).A mix-
P P ture 11a (75 mg, 0.29 mmol) and ethanol (5 mL) containing

e e b oo oosr i CONCSALEd 50, (0.1 L) s heted at el o 24 The
' y ping fog e reaction mixture was cooled, poured into water (10 mL), and

photoanode and the counter electrode with a specially designed_ . . . .

Teflon cell holder (Supporting Information, Figure SI-1) in between. aquusted to pH 8 with solid 4COs. The mlgture was then extracted

The holder has a round aperture with an area of 0.24toradmit with CHCl; (3 > 10 mL) and the combined organic layers were
light. The redox mediator is introduced into the a-erture by slow dried over MgSQ. After evaporation of the solvend2a was
gnt. p y obtained as a pink solid (68 mg, 82%), mp H8B°C: 13C NMR

22??,3? dgi t'}ig'eﬁ;‘t’éﬁﬁ; doéu.téogr@;?gghtj g‘?'de t?]te”;? ;(t’psgf :22 (CDCl, 8) 165.5, 159.1, 156.3, 154.8, 154.1, 149.3, 137.3, 137.1,
' p IS on W IgNt SOUrCe, 435 6 125.2, 123.3, 122.7, 121.5, 120.7, 62.3, 14.5. Anal. Calcd

Camereions 260 moneahromator. Photeutonts are monured uadd9” C:eHiN0-0.25 HO: C, 67.72; H, 476; N, 1481, Found:
: €, 67.59: H, 4.55: N, 14.55.

short circuit conditions with a Keithly model 2000 digital elec- . -
) . . . . . 4-Methyl-2-(4'-methylpyrid-2'-yl)-1,8-naphthyridine (10b).
trometer. Incident irradiance is measured with a calibrated UDT Treatment of 2-acetyl-4-methylpyridinl, 0.25 g, 1.82 mmol),

model 260 silicon photodiode (aperture ared.44 cn?). 3-acetyl-2-aminopyridined, 0.24 g, 1.82 mmol), and KOH (0.54

Methyl 2-Acetylisonicotinate (5).A mixture of methylisonico- . . )
. ) . mL, 0.9 M) in the manner described above idraprovided crude
tinate (1.37 g, 10 mmol), pyruvic acid (2.64 g, 30 mmol), AGNO material, which was chromatographed on alumina, eluting with

(0.136 g, 0.8 mmol), (N&)>$,0 (3.42 9, 15 mmol), and GEOOH -~ ~ /ei0ac (6:1), to givelOb as a white solid (0.3 g, 72%),
(1.14 g, 10 mmol) in HO/ CH,CI, (3:7, 100 mL) was stirred for mp 102-3 °C: 1H NMR (CDCl, ) 9.13 (dd, 1H), 8.75 (d, 1H)

2 h at 40°C. The solution was made basic by adding NaOH pellets. 8.59 (m, 2H) ' 8.41 (dd, 1H), 7 ;51 (da 1H) ’7 23l(d. 1H) 12 80,(8
The organic phase was separated, and the aqueous residue waﬁ_| CHal) 24,8 &S 3H ,Clé) T ' T ' T '

CH40h th resdue was chromatographed on Siea gel, eluting with | CaIDOSIIORy-2-(-CarboethoxypyTi-2 )1 & naphinyr-
e grap gt g dine (12b).Following the procedure fatla K,Cr,0; (1.68 g, 5.7
(22) Majewicz, T. G.. Caluwe, Fl. Org. Chem1974 39, 720-721. mmol) was added in small portions avkeh to anice-cold solution

(23) Murray, J. M.; Zimmerman, S. C.; Kolotuchin, S. Wetrahedrorl995 of 10b(0.3 9,13 mmOD in concentratec: 0, (10 mL) to provide
51, 635-648. 11b as a pink solid (0.32 g, 82%), mp>250 °C. Due to poor
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solubility, 11b was not further characterized but used directly in CH3CO,H. A blue precipitate was collected, washed with water,
the next step. Following the procedure fita, the reaction ofl1b and air-dried to provideis-[Ru(7b)(NCS)] (13 mg, 76%): H
(0.31 g, 1.04 mmol) with concentrate@d$0, in ethanol provided NMR (DMSO-dg, 6) 9.57 (d,J = 6.0 Hz, 2H), 9.29 (s, 2H), 8.95
12bas a light-brown solid (0.32 g, 88%), mp 168 °C: 3C NMR (d,J=8.1Hz, 2H), 8.47 (dJ = 8.4 Hz, 2H), 8.37 (dJ = 8.1 Hz,
(CDClg, 0) 165.4,165.2, 158.5, 156.3, 155.9, 154.2, 150, 139.4, 2H), 8.25 (d,J = 5.4 Hz, 2H), 8.00 (dJ = 3.0 Hz, 2H) 7.42 (dd,
137.2, 135.6, 124.4, 123.5, 121.7, 121.6, 120.9, 62.3, 62.1, 14.5,J = 3.6, 7.8 Hz, 2H); IR 2107 cmt (NCS). Anal. Calcd for
14.4. Anal. Calcd for @H17/N304-0.25 HO: C, 64.13; H, 4.92; CsoH17.Ng04sRUS-0.5(-Bu);N-H,0: C, 53.17; H, 4.40; N, 13.87.
N, 11.81. Found: C, 63.99; H, 4.82; N, 11.5. Found: C, 52.99; H, 4.18; N, 12.85.

cis-[Ru(7a)(NCS)] (13a). A mixture of RuCk-3H,O (50 mg, cis-[Ru(11a)(NCS),] (14b). Treatment otis-[Ru(128),(NCS))]
0.19 mmol) and7a (100 mg, 0.38 mmol) in ethanol (15 mL) was (15 mg, 0.019 mmol) in the manner described above 1f3b
refluxed for 72 h. To this reaction mixture was added a solution of provided a blue solid. The material was dissolved in a minimum
NaNCS (0.25 g, 3.05 mmol) in water (5 mL), and reflux was amount of methanol, diluted with water, and adjusted to pH 3 with
continued overnight under reduced light. After evaporation of the CH,CO,H to give a precipitate. This procedure was repeated two
solvent, the dark residue was washed with water and chromato-more times to afforctis-[Ru(118),(NCS)] as a blue solid (9 mg,
graphed on alumina, eluting with GBI,/EtOAc (5:1). A green 58%): H NMR (DMSO-dg, 6) 9.31 (d,J = 5.4 Hz, 2H), 9.14 (d,
band was collected to giveis-[Ru(7a);(NCS)] as a black solid J= 5.1 Hz, 2H), 8.99 (br, 4H), 8.28 (§, = 8.1 Hz, 2H), 7.96 (d,

(36 mg, 27%): IR 2104 cmt (NCS). Anal. Calcd for GaH26NsOs- J= 3.0 Hz, 2H), 7.90 (t) = 6.6 Hz, 2H), 7.47 (ddJ = 4.5, 8.1

RuS-H,O: C,51.44; H, 3.55; N, 14.11. Found: C,51.12;H, 3.32; Hz, 2H); IR 2098 cm! (NCS). Anal. Calcd for GoH;gNgOs-

N, 13.84. RuS+*CHsCOH-3H,0: C, 47.11; H, 3.21; N, 13.74. Found: C,
cis-[Ru(12a),(NCS),] (14a). A mixture of [Ru(DMSO)CI,] (87 46.59; H, 2.97; N, 13.28.

mg, 0.17 mmol) and2a (100 mg, 0.35 mmol) in CHGI(15 mL) cis[Ru(11b),(NCS)] (15b). Treatment ofis[Ru(12b)(NCS)]

was heated at reflux overnight. After evaporation of Cgl€thanol (19 mg, 0.020 mmol) in the manner described above 1db

(20 mL) and a solution of NaNCS (0.23 g, 2.84 mmol) in water (7 providedcis[Ru(11b),(NCS)] as a green solid (9 mg, 48%JH
mL) were added and reflux was continued for 72 h under reduced NMR (DMSO-ds, 8) 9.52 (d,J = 5.4 Hz, 2H), 9.37 (s, 2H), 9.11

light. After evaporation of the solvent, the dark residue was washed (s, 2H), 8.96 (br, 2H), 8.30 (d] = 6.9 Hz, 2H), 8.01 (dJ = 2.7
with water and chromatographed on alumina, eluting withyClb Hé 2H') 7.49 (E,r 2|l|)- IR 2102 crmt (I\iCS).YAnaI. Calcd for

EtOAc (5:1). A green band was cqllected, which providgst CaoH1sNsOsRUS CHsCOH2H,0: C, 45.18; H, 2.90; N, 12.40.
[Ru(123),(NCS)] as a dark blue solid (74 mg, 54%): IR 2104 5 ng: C, 45.06: H, 2.67: N, 12.26.

cm1(NCS). Anal. Calcd for gH,6NsO4RUS+H,0: C, 51.44; H,
3.55; N, 14.11. Found: C, 51.02; H, 3.30; N, 13.74. Acknowledgment. We thank the Robert A. Welch
cis-[Ru(12b),(NCS}] (15a). Treatment of [Ru(DMSQL,] (67 Foundation (E-621) and the National Science Foundation

Lng, Q'bl3d mgm') e;n;lsz (1°9d n;g’ 0.28 TT]OI) in thehmanner (CHE-0352617) for financial support of this work. We also
escribed above fol4a provided material that was chromato-  y . professor Gerald Meyer and Dr. Andras Marton for

graphed on alumina, eluting with G&ll,, to providecis-[Ru(12h).- . . . . .
(NCS)] as a deep green solid (44 m; 3550): IR 210[%|ONCSZ)_ patient advice and guidance in solar cell preparation and

Anal. Calcd for GHaNgOsRUS-EtOH: C, 52.22; H, 4.17; N, €valuation.
11.59. Found: C, 52.12; H, 3.95; N, 11.05.

cis[Ru(7hb)2(NCS)] (13b). To a solution oftis-[Ru(7a)2(NCS)]
(16 mg, 0.020 mmol) in THF (4 mL) was added a 40% aqueous
solution of NBuOH (0.25 mL), and the mixture was stirred for 30
min at room temperature. The solution was diluted with water (7.5
mL), concentrated under vacuum, and adjusted to pH 3 with IC061022A

Supporting Information Available: Diagram of Teflon cell
for solar cell measurements ald NMR spectra ofL3b, 14b, and
15b. The material is available free of charge via the Internet at
http://pubs.acs.org.
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