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The spectroscopic behavior of mono- and dinuclear Ru(II) complexes (P, T, PP and TT , Figure 1) that
contain the extended planar ligand tetrapyrido[3,2-a:2′,3′-c:3′′,2′′-h:2′′′,3′′′-j]acridine (TPAC) and either 1,-
10-phenanthroline (phen) or 1,4,5,8-tetraazaphenanthrene (tap) as ancillary ligands is examined in water and
as a function of the pH. These four complexes luminesce in aqueous solution. The analyses of the data in
absorption lead to the pKa values in the ground state, and the data in emission show that the excited3MLCT
states are much more basic than the ground state. When the complex contains tap ligands (T and TT ), a
decrease in pH transforms the luminescent excited basic form into another luminescent excited protonated
species, which emits more bathochromically. In contrast, with phen ancillary ligands (P andPP), the protonated
excited state does not luminesce. The rate constant of first protonation of the3MLCT state is diffusion controlled,
except for the dinuclearPP complex, whose protonation takes place on the nitrogen of the acridine motif.
For P, in which the protonation process is the fastest, it would take place on the nitrogen atoms of the
nonchelated phen moiety of the TPAC ligand. These results allow also us to gain information on the localization
of the excited electron in the1MLCT state populated upon absorption as well as in the relaxed3MLCT emissive
state. Moreover as these complexes are interesting for their study with DNA, it can be concluded from these
data that a portion of the excited species in interaction with DNA will be protonated.

Introduction

For the last several years, many research teams and our own
group have examined the excited-state properties of polyazaaro-
matic Ru(II) complexes in the presence of mononucleotides,1,2

polynucleotides, DNA,3-8 and amino acids.9-13 We have shown
that when the complex contains at least two tap ligands (tap)
1,4,5,8-tetraazaphenanthrene) and is in presence of DNA14-16

or some amino acids,17,18 an electron transfer takes place from
a guanine or a tryptophane unit to the excited complex. This
photoinduced charge-transfer reaction is related to the high
oxidation power of these complexes in their excited state.

To gain insight into the mechanisms of deactivation of the
excited states of these photoreactive or photoluminescent
complexes in the presence of these different biological reagents,
one has to carry out laser flash photolysis studies including
kinetic analyses in different timescales (microseconds to
100 fs).19-21 As biomolecules are involved in these studies,
aqueous solutions have to be used and consequently, even if
the photophysics has been studied in organic solvents, the
photochemical or photophysical mechanisms must also be
determined in water. Therefore, the question that is often raised
for the interpretation of the transient absorption spectra and the
kinetics in these time domains in aqueous solutions is whether
the excited states can be protonated in the chosen experimental
conditions. The numerous publications concerning the behavior
of the well-known [Ru(bpy/phen)2dppz]2+ complex22-24 (bpy
) 2,2′-bipyridine, phen) 1,10-phenanthroline, dppz) dipy-
rido[3,2-a:2′,3′-c]phenazine) in water in the absence or presence

of DNA, and where the possibility of protonation was
discussed,25-27 illustrate the fact that the pKa values are
important parameters to be considered.

Recently, we have prepared and characterized mono- and
dinuclear TPAC (TPAC) tetrapyrido[3,2-a:2′,3′-c:3′′,2′′-h:
2′′′,3′′′-j]acridine) complexes with phen or tap (tap) 1,4,5,8-
tetraazaphenanthrene) as ancillary ligands (Figure 1).28 Although
their behaviors have been examined in acetonitrile,28 it is
important to determine the properties of the ground and excited
state of these complexes in water for different pH values for
the above-mentioned reasons. This study is particularly impor-
tant for the complexes of Figure 1, which contain different
heterocyclic nitrogens susceptible to protonation (the tap and
TPAC nitrogens) and which should very well interact and
photoreact with DNA. Moreover, because the pKa data constitute
a prerequisite for reliable analyses of the short-lived transients
produced under pulsed laser excitation in the absence and
presence of DNA, we have examined in this work the effect of
pH on the four TPAC complexes of Figure 1 and determined
the pKa values in the ground and excited state.

Experimental Section

Syntheses.The syntheses and purifications of the four TPAC
complexes of Figure 1 have been described elsewhere.28

Chemicals.Spectroscopic grade acetonitrile from Fluka was
used for the photophysical measurements. Acidity of the
solutions in the 0-14 pH range was adjusted by adding HCl
for analysis (Ridel-De Hae¨n), and the pH measurements were
performed using a 3 mmglass microelectrode (Fisher Bioblock
Scientific) and a P601 Consort pH meter, with standard buffers* Corresponding author. E-mail: akirsch@ulb.ac.be.
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for the calibration of the electrode. To reach higher acidity
ranges, sulfuric acid for analysis (Ridel-De Hae¨n) was added
to the complex solutions. All the experiments were performed
with Millipore Milli-Q purified water. The experiments under
Ar were carried out after extensive deoxygenation with Ar of
high purity.

Instrumentation. The absorption spectra were recorded on
a Perkin-Elmer Lambda 40 UV/vis spectrophotometer.The
emission spectra in the 500-800 nm range were recorded with
a Shimadzu RF-5001 PC spectrofluorimeter with a 250 W Xe
Lamp as exciting source and a Hamamatsu R-928 red-sensitive
photomultiplier tube for detection. For the four TPAC com-
plexes, no shift inλmax of luminescence was observed as a
function of the pH. For emissions atλ > 800 nm, the spectra
were recorded with an Edinburgh Instruments FS-900 steady-
state T-geometry fluorimeter (Edinburgh Instruments, U.K.) with
a 450 W Xe Lamp exciting source and an infrared Ge-detector
North Coast EO 817L equipped with a muon filter (Edinburgh
Instruments, U.K.) and cooled with liquid nitrogen. All the
emission spectra were corrected for the response of the detector.

Quantum yields of emission were measured in comparison
with the quantum yield of the reference complex [Ru (bpy)3]2+

(0.028 in water under air)29 by adjusting the optical density at
the wavelength of excitation (450 nm) at the same percentage
of absorbed light. The luminescence lifetimes were measured
by using the time-correlated single photon counting technique
(TCSPC) with an Edinburgh Instruments FL-900 spectrometer
equipped with a nitrogen-filled discharge lamp and a Peltier-
cooled Hamamatsu R955s photomultiplier tube. The emission
decays were analyzed with the Edinburgh Instruments software

(version 3.0) on the basis of nonlinear least-squares regressions
using Marquardt algorithms.

Luminescence lifetimes as a function of pH for the Stern-
Volmer plots were measured with a modified Applied Photo-
physics laser kinetic spectrometer (τpulse ∼ 8 ns) by exciting
the samples with a frequency doubled Nd:YAG pulsed laser at
355 nm (Continuum NY 61-10) with a power of 8 mJ/pulse.
The emission decays were detected with a R-928 Hamamatsu
photomultiplier tube whose output was applied to a digital
oscilloscope (Hewlett-Packard HP 54200A) interfaced to a
Hewlett-Packard HP 9816 S computer. Signals were averaged
over 16 shots.

Results and Discussion

Spectroscopic Properties in Water.The spectroscopic data
in absorption and emission for aqueous solutions of mono- and
dinuclear TPAC complexes in the absence of acid, base, or
buffer are gathered in Table 1 along with those of some
reference complexes for comparison. On the basis of these data,
the four complexes of Figure 1 can be divided into two
categories: (i) the complexes bearing phen ancillary ligands,
thus the mononuclear [Ru (phen)2TPAC]2+ P and the dinuclear
[(phen)2 Ru TPAC Ru (phen)2]4+ PP, and (ii) the coumpounds
containing tap ancillary ligands, thus the mononuclear [Ru
(tap)2TPAC]2+ T and the dinuclear [(tap)2 Ru TPAC Ru
(tap)2]4+ TT .

For the phen complexes (P andPP), the λmax of absorption
and emission in water are comparable to those of [Ru
(phen)3]2+.29,30 The 1MLCT (metal to ligand charge transfer)
excited-state populated by absorption corresponds in this case

Figure 1. TPAC complexes: [Ru (phen)2TPAC]2+ P, [(phen)2 Ru TPAC Ru (phen)2]4+ PP, [Ru (tap)2TPAC]2+ T, and [(tap)2 Ru TPAC Ru
(tap)2]4+ TT ; phen) 1,10-phenanthroline, TPAC) tetrapyrido[3,2-a:2′,3′-c:3′′,2′′-h:2′′′,3′′′-j]acridine, and tap) 1,4,5,8-tetraazaphenanthrene.

TABLE 1: Absorption and Emission Data in H2O at 298K for the Complexes P, PP, T, TT,a and Some Reference Complexes

absorbanceλmax
abs, nm (ε × 103 M-1 cm-1) emissionb

UV visible λmax
em (nm) τair(Ar) (ns) φair(Ar) × 10-3

P 263, 281, 321sh 420sh, 450 (19.9) 613 500 (839) 71 (99)
PP 263, 279sh, 320sh, 355 420sh, 450 (39.2) 614 491 (855) 60 (98)
[Ru (phen)3]2+c,d 202, 224, 262 421, 447 (19.0) 604 480 (990) (57)
T 232, 280, 318sh 413 (19.3), 462sh 640 759 (952) 20 (23)
TT 278, 316sh 416 (35.9), 465sh 640 739 (919) 25 (31)
[Ru (tap)2phen]2+e 202, 230, 272 410, 465 (14.5) 642 690 (835) 25

a Measurements with solutions 1× 10-5 mol dm-3 in complex in aerated solution. The lifetimes and the quantum yields are given under air and
under Ar.b Corrected for the instrument response.c See ref 29.d See ref 30.e See ref 31. sh) shoulder.
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to a charge transfer to the TPAC ligand, concluded from the
reduction potential data in MeCN.28 For the tap complexes (T
and TT ), again on the basis of the electrochemical data in
MeCN,28 the most bathochromic transition corresponds to a CT
process in which the electron is transferred to one of the
π-deficient tap ligands. This is also in agreement with the
similarity of the λmax of absorption and emission betweenT,
TT , and [Ru (tap)2phen]2+.31

Moreover, the luminescence quantum yields for the TPAC
complexes show that the phen-containing compounds have the
sameφem under argon (∼0.1), whereas all the tap-containing
complexes have a lower quantum yield of emission. These data
indicate that the luminophore forP andPP (MLCT Ru-TPAC)
is not the same as that forT andTT (MLCT Ru-tap). On the
other hand, it may also be concluded from Table 1 that the
characteristics of the TPAC complexes are not much affected
by the dinucleation. This is expected for theTT complex,
because the3MLCT Ru-tap excited state is involved in the
emission and not the3MLCT Ru-TPAC state. For theP
complex, studies with MeCN solutions as a function of
temperature suggested thatP has two Ru-TPAC emitting states28

whose relative population depends on the temperature, which
is not the case for thePP complex. These studies also showed
that the dinuclear compounds behave quasi as twice the
mononuclear TPAC complexes; thus this is in agreement with
the molar absorption coefficient values found for the mono-
and dinuclear complexes in water.

Protonation of the Ground State. Effect of pH on the
Absorption Properties of TPAC Complexes.Absorption mea-
surements for each of the four TPAC complexes in the 1-14
pH range (not shown) evidence no significant changes of the
spectra. The protonation occurs at much higher acidities for
which the Hammett acidity function32 H0 has to be used.

Figure 2 shows the absorption spectra of the dinuclear
compoundPP from H0 ) -0.4 toH0 ) -4.9. This compound
contains only one protonable nitrogen (belonging to the TPAC);
therefore, the pKa of the central acridine moiety of the bridging
ligand can easily be determined. The spectra show the appear-
ance of a new band at 376 nm, which is therefore attributed to
the absorption of the protonated acridine moiety of the TPAC
in the complex. The intensity of the MLCT band (between 400
and 500 nm) before the appearance of the new absorption feature

at 376 nm decreases slightly with a bathochromic shift of only
a few nanometers. The occurrence of isosbestic points (328,
396, 469 nm) indicates the presence of two species in equilib-
rium. The absorption spectra of the mononuclearP compound
(Figure 3) fromH0 ) -0.4 to-7.9 also exhibit the appearance
of a band around 376 nm and a decrease in the MLCT band as
observed for thePP complex.

For the dinuclear compoundTT (Figures 4 and 5), analysis
of the effect of changes of pH is more complicated because of
the presence of several protonable nitrogens. However, the same
type of changes as those reported in the literature33 for other
tap complexes ([Ru (tap)3]2+, [Ru (tap)2bpy]2+, [Ru tap (bpy)2]2+)
is observed in the absorption spectra, obviously due to proto-
nations of tap ligands. Thus from pH 1.6 toH0 ) -5.4, the
protonation of a tap ligand induces the growth of a new band
at 530 nm, whereas the initial MLCT band decreases (Figure
4). Theλmax of this new band at 530 nm is not shifted in this
acidity range, whereas the maximum of the initial MLCT band
at 415 nm shifts slightly to the red (13 nm). As previously

Figure 2. Absorption spectra of [(phen)2 Ru TPAC Ru (phen)2]4+ (PP)
for increasing protonating powers (represented: pH 3.8,H0 ) -0.4,
-1.4, -2.5, -3.6, -4.2, -4.9). Inset: spectrophotometric titration
curve at 376 nm corresponding to the protonation of the acridine moiety
of the TPAC bridging ligand from which theKa1 value is retrieved.

Figure 3. Absorption spectra of [Ru (phen)2TPAC]2+ (P) for increasing
powers of protonation (represented forH0 ) -0.4,-1.4,-2.5,-3.6,
-4.2,-4.9,-5.5,-6.6,-7.1,-7.6,-7.8,-7.9). Inset: spectropho-
tometric titration curve at 376 nm with two inflection points corre-
sponding to the values of pKa1 and pKa2.

Figure 4. Absorption spectra of the MLCT transitions of [(tap)2 Ru
TPAC Ru (tap)2]4+ (TT ) for increasing powers of protonation: pH 1.6,
1, 0.8 ;H0 ) -0.6,-1.5,-1.8,-2.2,-2.3,-2.5,-2.7,-2.9,-3.1,
-3.3,-3.4,-3.6,-3.9,-4.2,-4.5,-5.2,-5.4. Inset: zoom on the
360-410 nm range of the absorption spectra, with the growth of a
weak band at 376 nm attributed to the protonation of the TPAC ligand.
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reported for [Ru (tap)3]2+,33 no clear isosbestic points are
defined. Around 376 nm (Figure 4, inset), where the protonated
TPAC absorbs inPPandP, a weak shoulder appears and could
thus correspond to the protonation of the TPAC. By further
increasing the protonating power of the solution (Figure 5), a
new band appears at 423 nm and is assigned (see discussion)
to other protonations of the tap ligands, whereas the 530 nm
band is shifted hypsochromically (10 nm). A similar behavior
is observed for theT complex, except for the shoulder in the
376 nm region, which seems completely hidden by the Ru-tap
absorption bands (not shown).

Determination of the pKa Values of the Ground State (Table
2). Several methods can be used to determine the pKa values.34-37

The spectrophotometric method already described in the
literature38-44 for other ruthenium complexes was chosen. The
pKa values for the ground state of the four TPAC complexes
and reference complexes for comparison purposes obtained by
spectrophotometry are collected in Table 2. They have been
determined from the inflection point of the curve “absorption
versus pH orH0 (the acidity function)” at a wavelength where
the largest change of the absorption is measured.

For the PP complex, the comparison between the so
determined pKa values, i.e.,-4 (inset of Figure 2), with the
pKa value of free acridine,45 i.e., 5.6, reveals an important effect
of complexation of the TPAC ligand by the Ru(II) ions. The
fact that the MLCT band is quasi not affected by protonation
will be discussed later, in comparison with the data gathered
for the P complex and the two tap analogues.

For theP complex, the spectrophotometric titration curve at
376 nm shows the presence of two inflection points (inset of
Figure 3), corresponding to two distinct pKa values for the TPAC
ligand, the first atH0 ) -2.9, and the second atH0 ) -7.2.
Indeed, one side of the TPAC ligand inP has a nonchelated
phen motif, which in addition to the acridine moiety is of course
a site of protonation. One could speculate that the sequence of
pKa in P would follow the sequence of pKa of the corresponding
free ligands (i.e., 5.6 for the acridine motif and 4.96 for the
phen motif).46 However, the complexation by the Ru(II) ion
could influence the basicity of the acridinic and phenanthrolinic
nitrogens differently. Therefore, an unambiguous attribution of
the pKa values forP is difficult. We could assign the first pKa

to the acridine (-2.9) and the second (-7.2) to the phen motif
of complex P on the basis of a comparison with the data
obtained withPP. In such a case, a pKa of -2.9 for P is not

extremely less negative than-4 for PP in which the acridine
motif is the only protonable site. It is indeed normal that the
pKa of PP would be more negative than the pKa of P because
the second complexation of TPAC probably decreases the
basicity of the acridinic nitrogen and should thus induce a shift
of the corresponding pKa toward more negative values as
compared toP. Another possible explanation would consist of
assigning the first pKa of P (-2.9) to the phen motif of TPAC
and the second (-7.2) to the acridine. As the phen motif is
located further from the Ru center than the acridine, the phen
motif should be less influenced by the complexation than the
acridine. In that case, the second protonation ofP, thus localized
on the acridine, should be shifted toward more negative values
as compared toPP (pKa1 ) -4 for PP and pKa2 ) -7.2 forP)
because of the fact that the ligand is already protonated. We
will further explain that this second explanation forP is
preferred.

In the case of theTT dinuclear complex (Figures 4 and 5),
the absence of isosbestic points could stem from the presence
of several species in equilibrium (as already observed for
example with [Ru (tap)3]2+).33 Nevertheless, the first pKa value
can be estimated (Figure 6) from the inflection point of the
titration curve at 530 nm, which yields a pKa value of -2.7,
attributed to protonation of tap. This value is indeed consistent
with the pKa values of [Ru (tap)2bpy]2+ (-2.6), [Ru (tap)2phen]2+

(-2.7) and [Ru (tap)3]2+ (-3).33 As there are eight possible
protonation sites on the tap ligands inTT , it is of course not
possible to determine all these pKa values. The second titration
curve, with an associated pKa of -7.3 (Figure 6), could
correspond to protonation of either other tap ligands or the
acridine center. As the parent complex [Ru (tap)2bpy]2+ also
presents an absorption band growing at 420-430 nm (cf. Figure
5 for TT ) in the same range ofH0,33 we propose to attribute
this increasing spectral band to protonation of tap species in
theTT complex. Concerning the acridine protonation, it is most
probable that it occurs in the same range of acidity as for the
phen-based complexes but is hidden by the more intense Ru-
tap absorption bands (see inset of Figure 4).

For theT complex, the titration curve at 530 nm leads to a
pKa ) -2.7, thus the same value as for the dinuclear complex.
For more negative values ofH0 (∼ -7), the absorption data
did not allow the determination of another pKa value, probably
because of the presence of yet another type of protonable site
as compared toTT , i.e., the unchelated phen nitrogens of the
TPAC ligand.

For all the tap complexes studied up to now, the first
protonation induces (as shown in Figure 4) an important
bathochromic shift (∼100 nanometers) due to stabilization by
protonation of theπ* orbital centered on the tap ligands.
Concerning the phen-based complexesP andPP, no such red
shifts of the MLCT bands are observed when the protonating
power is increased. This absence of shift might be attributed to
the fact that the electron excited upon light absorption is more
localized on the phen part close to the Ru center than on the
acridine moiety of the TPAC ligand, so that the protonation of
the acridine nitrogen in the ground state does not affect much
the MLCT transition in absorption.

Protonation of the Excited State.Effects of the pH on the
Emission Properties of the TPAC Complexes.The luminescence
of the four TPAC complexes is strongly affected by the acidity
of the aqueous solution, i.e., the intensity at the emission
maximum of the basic form decreases with the acidity for the
four studied complexes. A luminescence titration curve versus
pH is shown in Figure 7 for the mononuclearT complex.

Figure 5. Absorption spectra of [(tap)2 Ru TPAC Ru (tap)2]4+ (TT )
for increasing powers of protonation:H0 ) -5.4, -5.6, -5.9, -6.2,
-6.5, -6.7, -7.2, -7.3, -7.4.
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Interestingly, the drop of luminescence at 640 nm (Table 3) is
accompanied by an emission increase at 900 nm (Table 3 and
Figure 8), which is, however, too weak to perform quantitative
analyses in emission intensity. Moreover, even at pH 1, when
the luminescence of BH+* should be at the maximum, its

luminescence lifetime is too short for our detection system (e1
ns). The same type of luminescence behavior in the 640 and
900 nm region is observed for theTT complex. These near IR
emissions are typical of protonated excited [Ru (tap)2L]2+

species as indicated by comparison with other tap complexes
(Table 3 and reference 33). As in absorption, the bathochromic
emission of the protonated excited-state is caused by the
stabilization of the protonated tapπ* orbital. In contrast, for
theP andPP compounds, although a decrease in the lumines-
cence intensity of the basic excited form (B*) is also observed
with decreasing pH, no emission is detected in the near-infrared
at low pH values.

Determination of the Excited-State pKa* Values.47-50 For the
polyazaaromatic ruthenium(II) complexes, the lowest triplet
excited-state reached after excitation and relaxation corresponds
to a3MLCT [Ru3+-L2L•-]* species with an increased electronic
density on the most stabilizedπ* orbital of the ligands.
Therefore the basicity is generally exalted in the excited3MLCT
state,39 which leads to a change in the acid-base equilibrium
from the ground to the excited state (Scheme 1).

The conditions for a thermodynamic acid-base equilibrium
in the excited-state are:k1[H+] > k3 (thusk1τB

0[H+] > 1) and
k2 > k4 (thusk2τBH+

0 > 1), with τB
0 ) lifetime of the basic form

of the excited complex (non protonated form),τBH+
0 ) lifetime

of the acid form of the excited complex (protonated form),k1

TABLE 2: Selected Wavelengths for the Absorption Titration Curves and Subsequent pKa Values Found for the First (1) and
Second (2) Protonation of the Four TPAC Complexes and a Reference Complex; the Corresponding Protonated Ligands Are
Given in Italics

complex λmax
abs (nm) pKa1 pKa2

P 376 (1/2) -2.9 TPAC (phen) -7.2 TPAC(acridine)
PP 376 -4 TPAC (acridine) - -
T 415, 530 -2.7 tap
TT 415, 530 (1)/423 (2) -2.7 tap -7.3 tap
[Ru (tap)2phen]2+ 410, 465, 540 -2.7 tap

Figure 6. Absorption plotted versus -H0 for [(tap)2 Ru TPAC Ru
(tap)2]4+ (TT ) at 530 nm (O) and at 423 nm (b). Both inflection points
lead to pKa values attributed to the protonation of tap ligands.

Figure 7. Emission spectra of [Ru (tap)2TPAC]2+ (T) with decreasing
pH. Inset: luminescence titration curve from which the inflection point
gives the apparent pKa*.

TABLE 3: Wavelengths of the Maximum of Absorption in the MLCT Band and Emission of the Four TPAC Complexes and a
Reference Complex (B) basic form, BH+ ) acid form), and CorrespondingτB

0 under Air

complex λmax
abs(B) (nm) λmax

abs(BH+) (nm) λmax
em (B) (nm) λmax

em (BH+ ) (nm) τB
0 (ns)

P 450 469 614 500
PP 450 462 614 491
T 462 530 640 900 759
TT 465 530 640 920 739
[Ru (tap)2phen]2+ 465 540 642 900 690

Figure 8. Normalized emission spectra of [Ru (tap)2TPAC]2+ (T): (a)
in neutral solution, recorded with a Hamamatsu R928 PMT detector;
(b) at pH 1.6, recorded with an IR Ge-detector.
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) protonation rate constant in the excited state andk2 )
deprotonation rate constant of the protonated excited state.

(a) pKa* from the Emission as a Function of pH.On the basis
of the kinetic Scheme 1, eq 1 is obtained under steady-state
conditions

in which I is the emission intensity of the basic form of the
excited complex (B*) at different pH andI0 its emission intensity
in basic conditions (equilibrium completely shifted to the left).
Thus, at the inflection point of the curveI versus pH (see for
example inset of Figure 7) and if only B emits at the wavelength
of measurement, the pH corresponds to

The values determined for this pHinflection for the four TPAC
complexes are collected in Table 4; they are higher than the
pKa values of the corresponding ground states by about 5 or 6
units. This should reflect as mentioned above the much higher
basicity of the excited state as compared to the ground state.

If the equilibrium is reached in the excited state (thus ifk2

τBH+
0 > 1), eq 2 becomes

Consequently the pKa* value can be determined from eq 3, i.e.,
from the pH values at the inflection point, called also pKaapparent

/ ,
if as mentioned above, the equilibrium is established in the
excited state. This condition is fulfilled whenk2τBH+

0 > 1.
Actually we have no access toτBH+

0 because protonatedP and
PP do not emit in aqueous solution and their excited-state
lifetimes cannot be measured by transient absorption spectros-
copy in a nanosecond timescale. It is the same problem for the
transient emission or absorption forT and TT . The fact that
the lifetimes of BH+* would be much shorter than one
nanosecond has an important consequence. This would mean
that maybe the acid-base equilibrium is not reached in the
excited state because of the too short lifetime of BH+*, so that
as mentioned above, eq 3 would no longer be valid and the
true pKa* value could not be determined. If this is the case and
if at the other extreme,k2τBH+

0 can be neglected versus 1, eq 2
transforms into eq 1′, which corresponds to a Stern-Volmer
relation.

In such a case, the luminescence decays of B* under pulsed
excitation should correspond to single-exponential signals, and
the same Stern-Volmer relation as eq 1′ with the same slope
should be obtained by plottingτ0/τ versus the protons concen-
tration. This is indeed the case, as shown in Figure 9 and by
the data of Table 4, in which the rate constantk1 has been
calculated from the Stern-Volmer relation in emission intensi-
ties and lifetimes. The high value of the protonation rate constant
for excitedP (1.5 × 1010 s-1) as compared to that ofPP, T,
andTT could be due to the fact that in that case the protonation
site is the unchelated phen moiety of the TPAC ligand. This
site is far away from the metal ion with two protonable nitrogen
atoms without steric hindrance by aromatic rings, in contrast
to the TPAC acridine nitrogen. Such a protonation site is of
course not present in complexPP, where the proton has to be
located on the acridinic nitrogen of the bridging TPAC ligand
(Figure 1). These conclusions are in agreement with our second
hypothesis for the attribution of the pKa values determined above
in the ground state forP, i.e., the first pKa corresponding to the
protonation of the phen motif of TPAC and the second to the
acridine moiety. ForT andTT , the rate constantsk1 correspond
of course to the protonation of the tap ligands.

(b) Förster’s Cycle.The acidity constantsKa* of the excited
molecules can also be estimated from a method known as
“Förster’s cycle”.51,52 If ∆H and∆H* correspond respectively
to the enthalpies of the protonation reaction in the ground and
excited state and if∆EB

00 and ∆EBH+
00 are the differences in

energy between the ground and excited states of B and BH+

(Figure 10), eq 4 can be written

If it is assumed that the entropies of reaction are the same in
the ground and excited states, then

or another expression equivalent to eq 5 can be written

in which pKaground stands for the pKa in the ground state,T is the
temperature (K),ν̃B/BH+ the wavenumbers (cm-1) related to the
0-0 electronic transitions of the basic form (B) and acid form
(BH+) of the complex and pKa* (F) is called Förster’s pKa.
Equation 6 allows thus a determination of the difference of pKa

(or difference of∆G0, Figure 10) between the ground and the
excited-state reactions, without taking into account the fact that
the equilibrium is or is not reached during the lifetimes of the
excited states. These pKa*(F) values present the advantage of
being comparable within a series of similar compounds, such
as for example the tap complexes for which the errors associated
with the different approximations (i.e.,∆Sconstant) are in the
same order of magnitude. Some authors in the literature have
calculated∆G0* or pKa* from the absorption spectra.53 In this
work, however, we did not perform those calculations because
it has been well-established that the singlet-triplet intersystem
crossing process takes place within∼100 fs,54 so that proto-
nation of the1MLCT state for a reasonable pH domain could
never compete with the intersystem crossing. Thus we have
calculated the pKa*(F) values from the emission data only (Table

SCHEME 1: Equilibrium of the Acid -Base Couples in
the Ground and Excited States

B stands for the basic form, BH+ is the acid form,k1 the rate constant
of protonation,k2 the rate constant of deprotonation in the excited state,
k3 the inverse of the excited-state lifetimeτB

0 of B andk4 the inverse of
the excited-state lifetimeτBH+

0 of BH+.
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I
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4).55 The Förster’s pKa* for P andPP could not be determined
because the luminescence of the corresponding BH+* species
could not be detected, in contrast to the tap complexes. The
data of Table 4 indicate that the Forster’s pKa* values are the
same for the mononuclear tap complexes of the present and
previous study.33 However, for [Ru(tap)3]2+, the pKa*(F) was
lower (pKa*(F) ) 5)33 because of the presence of three
π-deficient tap ligands instead of two. Moreover, for complex
TT , for which a tap ligand is nevertheless also protonated, the
pKa*(F) value is higher (7.2). This difference could be attributed
to differences of entropy factors between the dinuclear complex
and the series of mononuclear tap complexes for which the
entropy factors could be considered as similar but probably
different from those of the dinuclear species.

Comparison of the Effect of pH on the Absorption and
Emission Processes.It is clear from this work, in contrast to
dppz complexes such as [Ru(bpy/phen)2dppz]2+ that do not emit

in water,23,56 that the TPAC complexes with either phen or tap
ancillary ligands are all luminescent in water. This allows a
comparison of the pH effect on the absorption and emission
processes. In absorption for an acidic medium, there is a sharp
difference between the TPAC complexes depending on the
ancillary ligands, tap or phen. When the ground state is
protonated on the tap ligand, an important bathochromic effect
is observed on the MLCT band of the absorption spectrum. Thus
in the Franck-Condon state reached by this MLCT excitation,
the promoted electron is localized on the tapπ* orbital stabilized
by protonation of the nitrogen atoms. The relaxation process
leads to a protonated3MLCT state, whose luminescence is
shifted bathochromically compared to that of the excited basic
3MLCT state. In contrast for the MLCT absorption of the
protonatedP andPPcomplexes, only a very weak bathochromic
effect on the MLCT band due to protonation of the ground state
is observed. This could be due to the fact that by MLCT
excitation, in the Franck-Condon state, the electron would be
promoted on the chelated phen part of the TPAC ligand and
would not move further. In contrast, after relaxation to the
3MLCT, the situation would be different because the excited
electron would be localized on the acridine moiety (forPP) or
on the unchelated phen part (forP) of the TPAC ligand, i.e.,
where the protonation occurs. This protonated3MLCT state is
not luminescent, in contrast to the3MLCT Ru-tap.

Finally, the fact that theT, TT , P, andPP complexes can be
very easily protonated in their3MLCT state should be extended
to the case of the excited complexes in interaction with DNA
because the DNA microenvironment is slightly more acidic (pH
4.5-5)57,58 than the aqueous solution. Consequently, in pulsed
laser experiments of systems composed of these complexes
interacting with DNA, among the different possible transients
that could be formed, the protonation of the excited state should
be considered.
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(48) Vander Donckt, E.Eléments de Photochimie AVancée; Pierre

Courtot-Herman: Paris, 1972.
(49) Ireland, J. F.; Wyatt, P. A. H.AdV. Phys. Org. Chem.1972; Vol.

12.
(50) Mulder, W. H.J. Photochem. Photobiol., A2003, 161, 21.
(51) Förster, T.Z. Elektrochem.1950, 54, 32.
(52) Weller, A.Z. Elektrochem.1952, 56, 662.
(53) Thompson, A.; Smailes, M. C. C.; Jeffery, J. C.; Ward, M. D.J.

Chem. Soc., Dalton Trans.1997, 737.
(54) Yoon, S.; Kukura, P.; Stuart, C. M.; Mathies, R. A.Mol. Phys.

2006, 104, 1275.
(55) It is known that determination of the 0-0 electronic transition raises

some problems for the Ru(II) complexes because the absorption corresponds
to a S0-S1 transition, whereas the emission originates from an excited state
that has mixed character between the singlet and triplet characteristics,
referred to as the3MLCT (T1) state. Without the vibrational structure of
the spectrum, an exact value for the 0-0 transition in emission is not easily
obtained. We made the approximation that it corresponds to the Franck-
Condon energy in emission (fromλmax emission). The emission profileIem-
(λ) has been transformed intoIem(ν̃). This transformation has been performed
by using the following equation:Iem(λ) ∝ ∂Q/∂λ f Iem(ν̃) ∝ ∂Q/∂λ ∂λ/∂E
∝ ∂Q/∂λ λ2 (whereQ is the total number of photons).

(56) Friedman, A. E.; Chambron, J.-C.; Sauvage, J.-P.; Turro, N. J.;
Barton, J. K.J. Am. Chem. Soc.1990, 112, 4960.

(57) Lamm, G.; Pack, G. R.Proc. Natl. Acad. Sci. U.S.A.1990, 87,
9033.

(58) Pack, G. R.; Wong, L.Chem. Phys.1996, 204, 279.

Effects of Protonation on TPAC Mono- and Dinuclear Ru(II) Complexes J. Phys. Chem. A, Vol. 111, No. 39, 20079763


