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The dissociation constants of the 4-phosphonata®,2'-terpyridine ligand were measured by pNMR and
potentiometric titration methods. The 4-phosphonaté2,2'-terpyridine ligand shows three measurabl&, p
values at 5.99, 4.65, and 3.55 using the latter method. The foufthwas estimated to be below 2.
Spectrophotometric titration of the ruthenium complex [Ru(P-terpy)de)(NCS)] @) (P-terpy= 4-phosphonato-
2,2:6',2"-terpyridine and Mgbpy = 4,4-dimethyl-2,2-bipyridine) exhibits two ground-stateKgp values at 6.0
and below 4.0, which can be assigned t&,pand [Ka,, respectively. The emission maximum of complex
shows a blue shift with decreasing pH, and apparent pH-dependent excited-state lifetimes. Qoshples two
excited-state I§* ; values at 6.5 (l§* 21) and below 4.5 (K*42). Comparison of the ground- and excited-statg p
values of complexX demonstrates that the excited state has metal to 4-phosphona@2'2erpyridine ligand

charge-transfer character.

and molecular electroniésSeveral ruthenium complexes con-
_ ) ) taining phosphonated polypyridyl ligands have been described
Ruthenium polypyridyl complexes have been studied most i, which the phosphonate functionality serves as an anchoring
extensively during the last 30 years because of their long-lived group to immobilize the complex on the nanocrystalline O
metal-to-ligand charge-transfer (MLCT) excited states that can fjjms.6.7 The immobilized sensitizer absorbs a photon to produce
participate in electron- and energy-transfer reactidRecently, an excited state, which efficiently transfers its electron onto the
potential applications for these complexes that contain ligands TiO, conduction band. Such electron-transfer processes (incident
with functional groups as photosensitizers have been reportedphoton-to-current conversion efficiency) have been reported for
in different laboratorie.* The functional groups serve as ruthenium(ll) polypyridyl complexes containing phosphonated
grafting agents for the oxide surface of the Fifdlms. The and carboxylic acid functional groupsy80% and ~90%,
grafting of polypyridyl complexes onto the oxide surface, which respectively®® These complexes were presumed to chelate
allows for electronic communication between the complex and through the functional groups onto TiOOn the basis of IR
the substrate, is an important target in dye-sensitized solar cellsand Raman data, Woollfrey et al. have reported that the
complexes containing Z;bipyridine-4,4-dicarboxylate ligands
*To whom correspondence should be addressed. E-mail: nazeer@anchor on the surface of TiCas bidentate chelaté$.The
dcmail.epfl.ch (Md.K.N.). Phone:+41-21-693-6124. Fax+41-21-693- phosphonate functional group is also postulated to attach in a

4111. imi i
) . . N i imilar fashion.
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However, during our studies we discovered that when,TiO Scheme 1. Acid-Base Equilibria of 4-Phosphonato-2,2
electrodes containing phosphonated and carboxyl-functionalized6,2’-terpyridine

dyes were dipped in water at pH-B, the dyes that contain — o — 2
carboxyl groups desorbed whereas phosphonated dyes remained o i
intact on the surfac# Identification of the factors responsible HO~—p .~

for differences in the attachment properties of distinct functional
groups is essential for the design of novel sensitizers. The
difference in binding properties of the complexes containing
carboxyl and phosphonate groups may stem from the differences
in the K, values of the ligands. Knowledge of th&pvalues

of ionizable groups may aid in indicating the possible nature
of the attachment. The proton equilibrium constant for the 4,4-
dicarboxy-2,2bipyridine ligand in various ruthenium complexes —— E—
has been reportéd.In this paper we report the dissociation

constants of the 4-phosphonato:&22'-terpyridine ligand and

its ruthenium complex using different analytical techniques.

pKas< 2

|

2. Experimental Section

2.1. Materials. The solvents and chemicals were commercial puriss
grade from Fluka and were used as supplied. R3ELO was obtained
from Johnson & Matthey. 4;Dimethyl-2,2-bipyridine (Mebpy) was
a commercial sample from Aldrich and was recrystallized before use.
The ligand 4-phosphonato-2,@,2"'-terpyridine (P-terpy) and the
complex [RU(P-terpy)(Me2bpy)(NCS)]X) were available from our
previous studie8.

2.2. Methods.UV —vis and fluorescence spectra were recorded in a
1 cm path length quartz cell on a Cary 5 spectrophotometer and a Spex
Fluorolog 112 spectrofluorometer, respectively. The emitted light was
detected with a Hamamatsu R2658 photomultiplier operated in a single
photon counting mode. The emission spectra were photometrically
corrected using a calibrated 200 W tungsten lamp as the reference
source. A dilute solution of quininesulfate was used as the quantum
yield standard. The solutions were prepared to give approximate
concentrations of 1M, and purged with nitrogen. The emission
lifetimes were measured by exciting the sample with a pulse from an
active mode-locked Nd:YAG laser, using the frequency-doubled line
at 532 nm. The emission decay was followed on a Tektronix DSA 640
digitizing signal analyzer, using a Hamamatsu R928 photomultiplier
to convert the light signal to a voltage waveform. E— — — —

Proton and'P NMR spectra were measured on a Bruker 250 MHz
spectrometer, and the reported chemical shiftsfoand3*P are given
against TMS and 85% 4O, respectively. The details of the pH

pKal = 5.99

after adding acid and allowing the solution to equilibrate for 5 min.
The emission spectra and the lifetime data were collected without

NMR titration setup and the curve-fitting program used were described degassing the solutions at room temperature by exciting into the lowest-

in our recent publicatio®® The potentiometric titration of the ligand energy MLCT band at 500 nm.

and the complex was run on the automatic titrator consisting of a R | nd Di ion

Metrohm 605 pH-meter, a Metrohm 665 buret, a thermostated titration 3. Results and Discussio

vessel, and a 286-AT PC controlling the setup. The calibration method  3.1. Determination of the K, of the 4-Phosphonato-2,2

of the electrodes, the activity coefficient of the proten, and Ky 6',2"-terpyridine Ligand by 3P NMR Titration. The 3P

have been described elsewhéfe. NMR titration data of 4-phosphonato-2,2"-terpyridine show
The ground- and excited-stateKp values of complexl were that it is protonated in four steps in the pH region of-175

determined by UV-vis and emlssmg measurements over the gl;;range Out of four protons, two are involved in protonation of pyridyl

3.5-10.5. A stock solution (5« 10° M) was prepared in 100 f - : L

a 10:1 HO/DMSO mixture containing 0.1 M KCI. Since the neutral nitrogens of terpyridyl, anq the remalinlng tW.O protons are on

the phosphonated group. Since the adjacent nitrogens of the 2,2

complex1 was insoluble in water, 10% DMSO was added to avoid .~ ". . .
the precipitation. The initial pH of the solution was adjusted to 10.5 bipyridyl ligand accept only one proton down to pH 1.6, it can

by adding 0.2 M NaOH solution. The pH of the solution was lowered P€ safely assumed that 4-phosphonatd:@,2’-terpyridine

by the addition of HCI solution. The acid was added in such a fashion accepts protons in nonadjacent positions as shown in Scheme

that throughout the entire measurements the total volume of added acidl.’® The central nitrogen of the 4-phosphonato-5,2'"-

was negligible. The UV-vis spectrum of each solution was obtained terpyridine is sterically restricted and less basic because of the

doubly protonated form.

(11) Pechy, P.; Rotzinger, F. P.; Nazeeruddin, M. K’hko O.; Zakeer- The phosphorus and proton resonance peaks are sensitive to
uddin, S. M.; Humphry-Baker, R.; Gizel, M. J. Chem. Soc., Chem.  h1 que to the protonation and deprotonation of the ligand. The
e o K- - . . 31p andH NMR spectral data obtained for the free ligand

(12) Nazeeruddin, Md. K.; Zakeeruddin, S. M.; Humphry-Baker, R.; pectral data obtained for the iree ligan

Jirousek, M.; Liska, P.; Vlachopoulos, N.; Shklover, V.; Fischer, C. containing different degrees of protonation are summarized in

13 ';-?tGrétZ,\‘:':g".-”}o.rgd ?‘_e}?‘ég”ﬁ]&:zgﬁ- Soc. Dalion T Table 1 (see the Supporting Information for Table 1). The
( )159351’605. egined, L., kaden, Th. &.Lhem. 50c., Dalon 1rans.— gissociation constants, which were determined by potentiometric

(14) Gampp, H.; Maeder, A.; Zubéibler, A. D.; Kaden, Th. ATalanta
198Q 27, 573. (15) Baxendale, J. H.; George, Prans. Faraday Socl95Q 46, 55.
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Table 2. Protonation Constants of
4-Phosphonato-2,%',2"-terpyridine and Comples

species Ka1 pKaz pPKas method

ligand 6.20+£ 0.05 5.04+0.02 3.70+0.05 H/AP, HYPNMRR
ligand 5.80+0.05 4.64-0.02 3.304+0.05 'H/R'P, correctedl
ligand 5.99+ 0.01 4.65+0.01 3.55+ 0.03 potentiometric
complexl 6.0+0.1 spectrophotometric
complexl 6.5+ 0.1 spectrofluoromtric
complexl 6.87+ 0.02 potentiometrit

@ Temperature 25C, in DO, no control of ionic strength as obtained i . et il sl
from HYPNMR. ® Temperature 25C, in DO, no control of ionic I8 TR e
strength, corrected with pH pD — 0.4.€25°C, | = 0.5 mol dnt3 M -

! 9‘0 ! 8.0 7.0

)
(KNOg). 4 This value is an excited-statéKpa1. ¢ Temperature 235C, TN B9
SRR
S e e
8.

e Ay

in H,0:DMSO = 1:1,1 = 0.5 mol dn1? (KNO3). SRS i

and NMR titration methods, are gathered in Table 2. The neutral = ™  ®®
4-phosphonato-2,%',2"'-terpyridine ligand in DMSO solvent
shows a phosphorus resonance signal at 9.51 ppm, with respect
to an external standard, 85%PDs.

The pH-NMR titration of the protonated ligand was carried
out in D,O solution using a fully automated pHNMR titration
setup, which allows one to obtain at each titration pgiit 7
andH NMR spectra with the same solution. The ligand solution A
at pH 2.3 shows &P resonance peak at 6 ppm. Upon increasing mg
the pH to 5, the phosphorus resonance line moves from 6 to &
8.5 ppm. The~2.5 ppm downfield shift reflects the extent of
deshielding due to deprotonation of the pyridyl nitrogens. Upon
further increasing the pH to 12, the phosphorus resonance signal 5
moves to high field (7.5 ppm) due to the increased electron
density caused by the deprotonation of the phosphonate group. pD
Figure 1 (top panel) shows the chemical shifts ¥ as a Figure 1. 3P NMR spectra of 4-phosphonato-262,2"-terpyridine
function of pH that were determined using the peak search as a function of pD (top panel). The bottom panel shéwas a function
subroutine of WinNMRL The bottom panel of Figure 1 shows of pD. The experimental points are indicated #yand the solid line
the 3P NMR shift Change with pD, and calculated chemical s calculated with thép values of Table 1 obtained from HYPNMR.
shifts are shown as a solid line, which exhibit good agreement
with the experimental results. The data were fitted using the
HYPNMR programi” which gave three I, values at 5.8k 0s \

0.05, 4.64+ 0.02, and 3.30 0.05 assigned tokys, pKaz and ) "
pKas, respectively (Table 2). We could not resolve th€.p
which is below 2, beyond the detection limit of our system. On
the basis of the shift of the phosphorus resonance signal, we
assigned 4.64 and 3.30 values to thggand K3 coming from
pyridyl nitrogen protonation, andka; and [Ka4 are from the
phosphonate protonation as shown in Scheme 1. Kim and
Nancollas have reported th&pvalues of 2,26,2'-terpyridine

at 3.42 and 4.6 Our data for 4-phosphonato-2@,2'- 2 3 4 5 6 7 8 9 10 11 12
terpyridine are in full agreement with their values. pD

3.2. Determination of the K of the 4-Phosphonato-2,2  Figure 2. Chemical shifts taken from théH NMR spectra of
6',2"-terpyridine Ligand by *H NMR Titration. The proton 4-phosphonat0-2’,25’,2”-terpyr|dlile as afunctlpn pf pD. Experimental
NMR specrum of the fully deprotonated ligand shows a lowest POINS: ) He. (&) Ha, (1) Ha, (*) Hs.The solid lines are calculated

. .2 . with the dy values of Table 1 for the corresponding protons that were
field doublet centered at 8.68 ppm, which is assigned to the  ,pined from HYPNMR.
H6 proton of the 4-phosphonato-2@,2"-terpyridine ring. The

remaining doublet ab 8.67 and the two triplets at 8.05 and  gshift of the different proton resonance signals against pH and
7.55 ppm are assigned to the H3, H4, and H5 protons, fitting the points with HYPNMRL? Figure 2 shows a plot of
respectively (for proton numbering, see the first structure in the H6, H5, H4, and H3 resonance shifts with pH. There is a
Scheme 1) The most characteristic feature of the central Significant Change in the proton resonance Signals up to pH 5’
pyridine H3 proton of the 4-phosphonato-2@,2"-terpyridine  dye to the deprotonation of the pyridyl nitrogens. After pH 5,
ligand is its coupling with the phosphorus atom (10.8 Hz) that the changes are marginal because the deprotonation is occurring
gives a doublet centered at8.3 (not shown in Table 1). The  at the phosphonate group, which is far from the pyridyl protons.
pKa values were obtained by plotting the change in chemical |t is quite interesting to note the considerable upfield shift of
the H4 proton (0.79 ppm) from changing the pH from 2.5 to 8
(16) WinNMR, Release 950901, Bruker-Franzen Analytik, Bremen, Ger- compared to that of the H6 proton (0.34 ppm), though the latter

. e e T 2,25
0 50 40 3.0
(ppm)

6
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»
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©

10 11 12

9.2
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a7) rll]g;)é’in]égt’ig%.' Ghelli, S.; Gans, P.; Sabatini, A.; Moruzzi, M. S.; Vacca is very close tp th.e protonation site, i.e., the pyridyl nitrogen.
A. Anal. Biochem1995 231 374. r ’ ’ " 3.3. Determination of the [K, of the 4-Phosphonato-2,2

(18) Kim, K. Y.; Nancollas, G. HJ. Phys. Chem1977, 10, 948. 6,2'-terpyridine Ligand by the Potentiometric Method. The
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protonation constants of the ligand were determined by titration 062 W
of an aqueous solution of the fully protonated ligand containing 061_5 -/'./" 3
0.5 M KNOs at 25°C with a 0.4 M NaOH solution. Figure 3~ § 3 / -
(top panel) shows a titration curve of the ligand in thela & 050 3 é
pH range (see the Supporting Information for Figure 3). The © 059_5' -
titration curve was fitted with the program TITFTassuming 2 -
that the ligand has three acidic protons above pH 2. The fourth £ 0533 I gfg s
proton has alga value that is below 2 and not measurable under 2 _ 3 -
our conditions. The results of the two titrations are in good 3 E 17
agreement and are gathered in Table 2. Figure 3 (bottom panel) 036, SN S — S SN S

7 8 9 10 11

shows the abundance of species distributed at different pH
values. The fully protonated ligand is LHfrom which other
species are formed by deprotonation as shown in eq 1. It is Figure 5. Absorbance changes as a function of pH in comflex 1
quite rewarding that the values obtained by the potentiometric 480 and 316 nm. The solid lines are calculated using tevalues
method are in good agreement with those obtained by the NMR 6.0 and 3.5.

titration (Table 2).

pH [HCI]

composite of MLCT transitions involving 4-phosphonato*2,2
6',2"-terpyridine and Mgbpy ligands. The longer wavelength
ot PKig 4+ PKig PRz _ PRy o . . .
LH, LH, LH, LH L (1) band of complext is 20 nm blue shifted in water (at pH 3.5)
compared to that in ethanol due to the solvato chromism.
Deprotonation of the phosphonate groups in comflskghtly
blue shifts ther—a* and MLCT charge-transfer bands.

Dissociation constants of aminopolyphosphonate ligands have
been studied by many groups using phosphorus NMR and
potentiometric methods:20 The K, values of these ligands i (t:.orrlltplehxllgt pH tl(ngshO\évsggg MLCT %a?\s ath.4?]3’ two
depend very much on the number of phosphonate groups owing |E|rlcbs (;)u ergslg d 2%2 V\r/]trwn an id Vo dlg ;jenergy
to the negative charge. HoweveX,N-dimethylaminometh- 7. 7 Pands at an nm. When acid Is added to an
ylphosphonic acid and 4-pyridylmethylphosphonic acid, which alkaline sollutpn of complet, changes in the absorbance occur
have two protons each, will be the ideal candidates for as shown in Flgqr.e 5. Upon onvermg the pH from 10.5 to 3.5,
comparison with the 4-phosphonato&22'-terpyridine ligand. the MLCT transition band shifts from 483 to 488 nm. The

N,N-Dimethylaminomethylphosphonic acid shows twdap intr_aligand (r—nf) transition shifts from 316 to 319 nm with
values due to the phosphonic group at 5.16 and®Lidstka an isosbestic point at 305 nm. The ground-stégvalues were

and Ochocki have reported thre&pvalues for 4-pyridyl- obtained from the relationship between the change in the optical

methylphosphonic acid, out of which two at 7.44 and 1.12 are density or the_ peak maximum _With. the pH for a given
assigned to phosphonic aciéf and [Kaz, respectively’! The wavelength. Figure 5 shows a fitration curve, obtained by
~2 pKa unit difference between the aliphatic and aromatic Lolottlng tr|1e ihqrnhge '? ?bf]orbancelLaISQ z?lndt316 nm ;/stpHH

phosphonic acid groups displays the extent of basisity in the 'O COMPIEXL. 1h€ piot Snows a clear inflection point at p

. 6.0+ 0.1, giving the ground-statekg value, which is assigned
latter case. The experimentally found4p of the 4-phosphonato- e AT
2,2:6',2'—terpyridine ligand is 5.8, which is-1.64 K, less t0 the [Kqy of the 4-phosphonato-2,8,2"-terpyridine ligand.

basic than the pyridine phosphonic acid. The difference could Howevert, at %Hﬂl:elow 3.5éKpreC|p|tat|;)rk1)of the (iorrépleg bec?lm es
be due to the delocalization of electron density on the three apparent an € secon@pcan not be resolved. ecently,

pyridyl rings of the terpyridine, which modifies th&pvalue, Montalti et al. have reported ground- and excited-stea p

; ; ; : lues of ruthenium tris complexes containing different phos-
he phosph | a . . .
f(?ltjii:ng;ri;npe gi%sgﬂgn?g:c?dmup to be less basic Comparedr/)honated ligands. In their studies they found two ground-state

>
3.4. Determination of the Ground-State K, of Complex PKa values at 6',3 ’arldvz. : The measured o value of
1 by the Spectrophotometric Method.Complex1 is highly 4-phosphonato-2,%',2"-terpyridine is comparable to that of
colored due to intense MLCT transitions in the visible region th%Aé-plgetnylphostphon?iz-z-?pytnc(ijmset Iltgantz. ¢ Comol
(see Figure 4 in the Supporting Information for the structure of -5. Determination of the Excited-State K*, of Complex

complex1). The absorption spectrum of compléxmeasured 1 by the Spectrc_:fluorometnc_ .MEthOd' When_ compl_exl IS
in ethanol solution at room temperature shows a maximum at excited at 298 K in an air-equilibrated ethanolic solution, within

506 nm. Besides the intense lowest-energy MLCT band, the the MLCT absorption band, it exhibits a luminescence maximum

o . . t 780 nm and a lifetime of 2%1) ns. The emission spectral
spectra possess additional absorption features at lower and highe®® £~ NM o
P b b 9 rofile is independent of the excitation wavelength, and the

energies. Complet shows UV bands at 318 and 282 nm due protiie ; ;
to the intraligandz—z* transition of 4-phosphonato-2;8',2"'- excitation spectrum matches well with the absorption spectrum.

- . It is remarkable that compleX is strongly emitting at room
terpyridine and Mgbpy, respectively. . . o .
The lowest-energy MLCT absorption band in compleis temperature with an excited-state lifetime of 29 ns. Under similar

red shifted compared to those of the corresponding homoleptic conditi_ons_, ruthenium bisterpyridine complexes show an excited-
complexes of the types [R(terpy)] and [Ru' (Mesbpy)s].22 The state lifetime Qf Igss than 2 823 The reason for such a Ipng
apparent red shift is attributed to an increase in the energy of excited-state lifetime for complekcompared to the ruthenium

the metal 4, orbital due to the donor properties of the thiocyanate bisterpyridine complexes IS due to the strong splitting of iQe t
ligand. The broad absorption in the 46800 nm range is a and g level of metal orbitals caused by thiocyanate anionic
' ligands. Consequently, the dd states may not be thermally

(19) Zuberbtler, A. D.; Kaden, Th. ATalanta1982 29, 201. accessible at room temperatdfe.
(20) Sawada, K.; Kanda, T.; Naganuma, Y.; SuzukiJTChem. Soc.,

Dalton Trans.1993 2557. (23) Hecker, C. R.; Gushurst, A. K. |.; McMillin, D. Rnorg. Chem1991,
(21) Kostka, K.; Ochocki, JPol. J. Chem1987 61, 177. 30, 538.

(22) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von (24) Indelli, M. T.; Bignozzi, C. A.; Scandola, F.; Collin, J.4Rorg. Chem.
Zelewsky, A.Coord. Chem. Re 1988 84, 85-277. 1998 37, 6084.
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1.6x10° ~ = solar cells based on TiJilms. The difference in the ground-

L4l VAN — gg &L and excited-stately values can be considered as a measure of
I N pH 60 localization of charge on the ligand that contains protonatable

_ 12 REEEGRRN o e BB [ sites. Wrighton et al. have investigated the ground- and excited-

£ 1o ! /l seal NN, T ggii - state [Ka values of the [Ru(bpyi4,7-d|hydroxy-1,10-phen§T

5 s C S et Y, ---pH41 [ complex and found that the excited-stat&,palues are lower

g ! NN - than the ground-stateKp, indicating that in the excited state

g % B the charge is localized on the bipyridine ligand away from the
0.4 - 1,10-phenanthroling. In a related system, [Ru(bpx¥.4-
02 L dicarboxy-2,2-bipyriden)f*, we and others found that the
00 _T_/ '_ excited-state I§; is ~1.5 units higher than the ground-stat&;p

implying that the ligand electron density is significantly higher
in the excited state because of charge-transfer transition from
, o _ the metal to the 4,4dicarboxy-2,2-bipyridine ligand?®
Figure 6. Emission spectral changes of complixas a function of . . L
pH between 3.5 and 6.9. For clarity purposes, spectral data at higher 1€ fact that in compled the excited-statek(, is slightly
pH are not shown in the figure. more basic than the ground-stat€,jindicates that in the excited
state the electron is localized on the 4-phosphonatog22'-

The emission maxima of complek are strongly solvent  terpyridine ligand. Our findings are consistent with resonance
dependent, because of formation of hydrogen bonds with the Raman data of complek where the energy levels of the two
lone pair electrons on the sulfur of the thiocyanate ligand. In ligands are very close, and in the excited state mostly 4-phos-
water the emission maximum (718 nm at pH 11) is blue shifted phonato-2,26,2'-terpyridine peaks are enhanced compared to
compared to that in ethanol. The emission spectra were alsothose of the 4,4dimethyl-2,2-bipyridine ligand® The other
blue shifted with decreasing pH (705 nm at pH 3.5). Figure 6 supporting evidence for an MLCT transition to the 4-phospho-
shows emission spectra of compléx measured at room  nato-2,26,2'-terpyridine ligand comes from the incident photon-
temperature at different pH values, by excitation into the lowest- to-electron injection efficiency (IPCE) measurements on a
energy MLCT band (500 nm). Several observations can be madenanocrystalline Ti@ electrode. Using complek as a charge-
from Figure 6 on the emission behavior of complexThe transfer sensitizer, we have obtained near-quantitative IPCE
emission from the acid form is at a higher energy and is more yalyes!?

intense as compared with that observed from the basic form.  there js a striking difference between the emission intensity
The excited-state lifetime data are consistent with the trend of complex 1 and the analogous ruthenium complexes that

observed in emission intensities. The intense gmission ffom,thecontain 4, &dicarboxyl-2,2-bipyridine and 4-phenylphospho-
protqnated fqrm of the complex can be ranonqh;ed considering nato-2,2-bipyridine ligands. In the latter case, the emission
that in the acid form the differences " the emitting MLCT and_ intensity decreases with decreasing pH and the lifetime of the
the MC states are larger than those in the basic form. In their MLCT excited state also decreagé28whereas in the case of
S“tjﬁ'es. Barlgelletltl et tﬁl' thave topservedt S|mtllabr| beg?v;c;]r for a complex1 the emission intensity and the lifetime increase with
rutnenium compiex that contains protonatablé sftesne decreasing pH from 11 to 3.5. The other notable difference is

EfegTe ofbcorgplexl "_] watther athI? 12 ;S %I_Ahns, Ia?d ;ncre_ast_es the excited-state ¥, of the ruthenium complex that contains
0 44 ns by decreasing the pr 0 5.5. The plot of EMISSION 4, 4 1 _gicarhoxyl-2,2-bipyridine ligand, which is 1.5 i, units

intensity vs pH shows an approximate inflection point at pH more basic than the ground-statépHowever, in complext

6.0 (see Figure 7 in the Supporting Information). By using eq the difference is only 0.5k, unit, V\7hich reflect,s the extent of

2 conjugation between the pyridyl units and the functional groups.
In other words, the carboxylate functional group LUMO has a
large overlap with the LUMO of the bipyridine compared to
the LUMO of the phosphonate group, which facilitates the

T T T T
600 700 800 900 1000
Wavelength [nm]

pH = pK*a - Iog(racicjrbasg (2)

developed by Ireland and Wyatt, one could calculate the excited- | delocalizati fficiently in the f
state [K*, values? pH = value of the inflection pointzacg electron delocalization more efficiently in the former.

and Thase are the experimentally measured lifetimes in the _ 3:6. Determination of the K, of Complex 1 by the
protonated and deprotonated forms. Using eq 2, we were ablePotentiometric Method. The proton dissociation constant of

to estimate an excited-stat&1y of 6.5 for complexd, which complex1 was found by fitration in 1:1 aqueous and DMSO
is in agreement with the reported complexes containing phos- Solution. The DMSO solvent was added to dissolve complex
phonated ligand& Our data show that the excited-staté*p and no attempts were made to find the activity coefficient of
value is slightly basic compared to the ground-stae alue, the proton in this solution mixture. Hence, the observid;p

suggesting that in the excited state the ligand electron densityVa|Ue is indicative rather than absolute. The titration curve of
is higher because of charge-transfer transition from the metal complex1 between pH 4 and pH 13 was fitted assuming that
to the 4-phosphonato-2;&,2'-terpyridine ligand. Nevertheless, ~the complex has one acidic proton above pH 4, and the obtained
the second excited-stateh, is difficult to obtain because of ~ PKax value is gathered in Table 2. The difference in th&p
the precipitation of comples at pH below 3.5. value of the spectrophtometric and potentiometric methods is

Comparison of ground-state and excited-stake palues
provides valuable information for the identification of the ligand (27) Giordano, P. J.; R.Bock, C. R.; Wrighton, M. S; Interrante, L. V.;
involved in the lowest-energy MLCT transition, which is 8) ‘g')”'fglsﬁ-:; é ;_é, sﬁmehﬁmﬁi?gggﬁegn?’fég'z 3 4125, ()
essential for the design of photosensitizers for nanocrystalline Nazeeruddin, Md. K.. kalyanésunde{ram, Morg_ Chem1989 28,
4251. (c) Kalyanasundaram, K.; Nazeeruddin, Md.likarg. Chim.
(25) Barigelletti, F.; Flamigni, L.; Guardigli, M.; Sauvage, J.-P.; Collin, Acta199Q 171, 213. (d) Xie, P.-H.; Hou, Y. H.; Zhang, B. W.; Cao,

J.-P.; Sour, AChem. Commurl996 1329. Y.; Fang, W.; Tian, W. J.; Shen, T Q. Chem. Soc., Dalton Trans.

(26) Ireland, J. F.; Wyatt, P. AAdv. Phys. Org. Cheml976 12, 131. 1999 4217.
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attributed to the presence of 50% DMSO solvent in the latter (FNRS), Swiss Federal Office for Energy (OFEN), and National

method compared to 10% DMSO in the former method. Institute for Applied Photovoltaic Research (INAP), Gelsen-
) kirchen, Germany. We thank Mrs. L. Siegfried for running the
Conclusions NMR titrations and Dr. P. Borite for providing the 4-phos-

An examination of the acidbase properties of 4-phospho- ~phonato-2,26',2"-terpyridine ligand.
nato-2,2.6',2"-terpyridine and complext compared to the

complexes that contain 4;dicarboxy-2,2bipyridine shows that Supporting Information Available: Table 1 listing the chemical

. . shifts of the different protonated species and Figures 3, 4, and 7 showing
the strong anchoring property of compléxis due to the the structure of complek, potentiometric titration of 4-phosphonato-

dlfference_ in the K, values, where the former is Xg unlts_ . 2,2;6,2"'-terpyridine, distribution diagram of various protonated species
more basic than the latter. Hence, the complexes containing,s 4 function of pH, and pH dependence of the emission intensity for
phosphonated functional groups provide the way for the design complex1 in a 10: 1 water/DMSO mixture containing 0.1 M NaCl,

of new sensitizers that increase the binding to the oxide surfacesexcited at 500 nm. This material is available free of charge via the
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