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Interactions between the MLCT excited states of Ru(¥pylopy = 2,2-bipyridine) or Ru(bpz¥* (bpz=
2,2-bipyrazine) and phenol or monochlorophenols have been investigated in agueous solution using steady-
state and time-resolved spectrofluorimetry. The presence of phenol (PhOH), which does not quench
*Ru(bpy)?" in mildly acidic solution, causes the emission to undergo a blue shift with increasing [PhOH];
the emission quantum yields and the excited-state lifetimes decrease with increasing [PhOH] at low temperatures
(5—35°C) but increase with increasing [PhOH] at higher temperatures{85C). This behavior is understood

in terms of the variations in the rate constants of the temperature-independent radiative and nonradiative
decays of *Ru(bpyft and the activation-controlled population of the metal-centered excited state as [PhOH]

is changed. The presence of chlorophenols has no effect on the photophysics of *Ru(BH reductively
guenches *Ru(bpz)'.

Introduction constantsky) and cage escape yields of the redox produgig (

The energetics and kinetics of the metal-to-ligand charge- for quenching by PhOand its derivatives were studied as a
transfer (MLCT) excited states of Ru(Hgiimine complexes funct]on of temperature and solution medium in alkaline aqueous
in solution are sensitive to the microenvironment around the Solution by Miedlar and Da$and more recently by Thanaseka-
complex. For example, the emission lifetimes and intensities "an et aF?*Ru(bpz)** (bpz= 2,2-bipyrazine), which is a much
of many complexes are increased in the presence of BIA, ~ Stronger excned-sta_lte OX|d_ant than is *Ru(kpy)1.68 and 0.93
indicating the existence of electrostatic binding to the phosphate V VS NHE, respectivelyj? is reductively quenched by PhOH;
backbone and surface binding in the major and/or minor the products of the photomduced electron transfer in the absence
grooves; in some cases, intercalation occurs between the bas®f air are hydroxyphenyl dimer¥.
pairs of the nucleic acid double strand. The photophysics of The observation that Ru(bpy) and Ru(bpzf" interact with
complexes is also dramatically altered in zeolite¥ and in PhOH and CIPhOH in the ground state raises questions as to
micellar solutiong~2” The medium around the complex induces Wwhether excited-state interactions are exhibited in the photo-
changes in the energy level of the dipolar MLCT state, resulting physics of these complexes and, if so, whether the excited-state
in variations in the rate constants for nonradiative return to the quenching reactions show evidence of the interactions. To
ground state (GS) and crossing to the metal-centered (MC)answer these questions, the photophysical properties of the
excited state. When the polarity of the microenvironment is excited states were examined at room temperature for mildly
decreased, the energies of the MLCT states increase, leadingicidic aqueous solutions of Ru(bg¥) or Ru(bpz)?* that
to a blue shift of the emission maxima and longer lifetimes of contain PhOH or one of the monochlorophenols. Some
the excited state®. However, little is known about the interac-  preliminary information was recently presentéd.
tions of the excited states with simple solutes that do not effect
quenching. Experimental Section

In a recent communicatidhand a follow-up papet® we
reported on the ground-state interactions between Rugpy) Materials. Ru(bpy}Clo6H,0 (GFS Chemicals) was recrys-
(bpy = 2,2-bipyridine) or Ru(bpzy¥* (bpz= 2,2-bypyrazine) tallized from water and dried over silica gel. PhOH and the
and phenol (PhOH) or monochlorophenols (2-, 3-, and 4-CIPhOH) monochlorophenols (Aldrich) were purified by sublimation.
in aqueous (BO) solution. Specifically, we found that the ~Adqueous solutions were prepared from doubly distilled water
presence of the phenols results in an upfield shift in the NMR that had been passed through a Millipore purification trag® D
spectra of the metal complexes; the results were interpreted in(Aldrich) was used as received. Ru(bg2)as its Pk~ salt
terms of an offset face-to-face orientation duemtstacking was prepared as described in the literafirBuffer solutions
interactions. The dependence of the shifts in the resonancePH 5.5 and pH 12) were prepared by standard metfbds.
on the concentration of the phenol led to estimates of the Instrumentation. Emission spectra and quantum yield
formation constants of 1:1 aggregates, which are on the ordermeasurements were performed for 450 nm excitation with a
of 0.01 M~ for Ru(bpy)}?®" and somewhat less for Ru(bp%). Perkin-Elmer MPF2A fluorescence spectrometer or a SLM

Unlike PhOH, which does not quench *Ru(bg¥) due to Instruments 48000 phase modulation spectrofluorimeter; in the
insufficient driving forces for energy or electron transfer, the latter case, corrections for phototube response and the spectral
phenolate ion (PhQ quenches it reductively, generating analyses were made with the programs supplied with the
Ru(bpy}™ and the phenoxyl radical (PhQthe quenching rate  instrument. Pulsed-laser flash photolysis experiments for the

S1089-5639(98)01410-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/28/1998



Excited States of Ru(ltyDiimine and Phenols

§ T T T T T

Intensity, a.n.

650

Wavelength, nm

700 750 800

Figure 1. Corrected emission spectrum of *Ru(bgy)in mildly acidic
aqueous solution at C; Aex = 450 nm. [PhOH]= 0 (—), 0.1 (¢-*),
0.2 @ee),03(---),05(~-),and 0.7 £ - =) M.

determination ofrons Were conducted as a function of temper-
ature on air-saturated or Ar-purged solutions with a Nd:YAG
pulsed laser Aex = 532 nm, 100 mJ/pulsé); temperature
regulation was achieved t80.1 °C with the use of a Brinkmann
model RM6 controller. The lifetime of *Ru(bp®" as a
function of [PhOH] (0.10.7 M) at ambient temperature was

also made with the IBH single photon counting system 5000 at K

Istituto FRAE-CNR, Bologna, Italy. Absorption spectra were

carried out with a HP 8452A diode array spectrophotometer.

Procedures. Values of the observed excited-state lifetimes
(tobg Of the complexes (40M) were determined as a function

of temperature and pH in the absence and presence of the

phenols (0.050.7 M PhOH and 0.030.1 M CIPhOH) by

measuring the decay of the excited-state emission at 605 nm.
Fresh solutions were also used to measure the emission spectra ¢

of the complexes as a function of [PhOH] or [CIPhOH]. Except
where noted, solutions were Ar-purged.
Results

Absorption and Emission Spectra. The presence of phenols
did not result in any changes in the ground-state-tisible

absorption spectra of the complexes across the pH range at

ambient temperature.

The emission spectrum of *Ru(bpy) exhibited a distinct
blue shift with increase in [PhOH] in mildly acidic Ar-purged
aqueous solutions at 5 (Figure 1), 20, and®60 At 5 and 20
°C, the emission intensity increased with increasing [PhOH];
at 50 °C, the intensity decreased with increasing [PhOH].
Values of the emission energ¥d,) were obtained from the
corrected emission maximum(ay); values of the luminescent
quantum vyields ®¢y) were obtained from the corrected
integrated emission spectra relative to that of Ru(§pyin the
absence of PhOH (®.,, = 0.046%° under identical absorbency
conditions at 450 nm. The photophysical detailgaf, Eem,
d¢r) in H2O are given in Table 1; the corresponding data in
D,O are given in the Supporting Information. The values of
denm increase as [PhOH] is increased &t &d 20°C but
decrease at 5UC (Figure 2); a plot oEeyas a function [PhOH]
is given in the Supporting Information. No effect on the
emission spectrum of Ru(bpy) with increasing [PhOH] was
seen in CHCN solutions.

Up to 0.1 M CIPhOH had no effect on the maximum or
intensity of emission from *Ru(bpyJ* in HO at pH 5.5. In
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TABLE 1: Photophysical Parameters for the Decay of
*Ru(bpy)s*" as a Function of [PhOH] and Temperature in
2

[PhOH], M
0.00 0.10 0.20 0.30 0.50 0.70
ki (10°s7Y) 1.36 1.28 1.22 1.12 0.870 0.620
k:(10%s™)  1.59 0.720 1.02 1.03 0.430 0.200
AE (cm™) 4174 3959 4022 3996 3739 3517
T=5°C
Imx(nM) 620 619 618 616 613 610
Eem(cm™) 16129 16155 16181 16234 16313 16393
Dem 0.053 0.056 0.059 0.061 0.069 0.079
Kaa(10's®) 7.1 74 75 73 71 67
knr (10°s7Y) 1.3 1.2 1.1 1.0 0.80 0.55
K (10°s™) 0.060 0.070 0.080 0.090 0.15 0.22
) 0.044 0.0563 0.063 0.075 0.15 0.26
T=20°C
Amax (NM) 622 620 617 618 614 612
Eem(cm™) 16077 16129 16207 16181 16287 16340
Deny 0.046 0.049 0.050 0.052 0.056 0.057
kaa(l0's?) 75 78 76 76 17 73
ke(10Ps) 13 12 11 10 080 054
kK (10°s™h) 0.28 0.36 0.38 0.44 0.63 0.87
0.17 0.23 0.25 0.30 0.46 0.67
T=50°C
Amax(nm) 621 622 620 621 618 615
Eem(cm™) 16103 16077 16129 16103 16181 16260
Dem 0.029 0.030 0.029 0.028 0.026 0.023
kaa(10*s™) 7.3 7.9 7.7 7.6 7.9 7.7
((10Ps™) 1.3 1.2 1.1 1.0 0.79 0.54
' (10°s7Y) 1.4 1.6 1.7 2.0 25 3.2
0.53 0.61 0.65 0.71 0.83 0.95
0.09 \ 1 : 1 . 1 .
0.07 L
o° 0.05 L
0.03 L
0.01+ T T T T T T T
0.0 0.2 0.4 0.6 0.8
[PhOH], M

Figure 2. Luminescent quantum yields of *Ru(bg¥) as a function
of [PhOH] and temperature in mildly acidic Ar-purged aqueous
solution: 5 @), 20 (#), and 50°C (m).

alkaline solution, the emission from *Ru(bg¥) is quenched
by the phenolate ions; no shift in the emission maximum was
observed.

The emission spectrum of *Ru(bpZ) was quenched across
the entire pH range in aqueous solution by PhOH and CIPhOH.
No spectral shifts, corresponding to those seen for *Ru@py)
were observed. The SteriVolmer plot of lg/l (Supporting
Information) in mildly acidic air-saturated solution shows no
major deviations from linearity over a very large extent
(=99.6%) of quenching.

Emission Lifetimes. Figure 3 show&gps(=1/1op9 VS [PhOH]
for *Ru(bpy)s2™ in mildly acidic, Ar-purged aqueous solutions
at different temperatures; the corresponding plot i®Rs well
as the values okyps as a function of [PhOH] and temperature
in H,O and DO are given in the Supporting Information. In
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Figure 3. Observed decay rate constant for *Ru(bfys a function can be expressed in terms of the steady-state concentrations of

of [PhOH] and temperature in mildly acidic Ar-purged aqueous the excited specie§ (_eq 1), whekag and kad are the rate
solution: 5 ), 20 (A), 30 @), 40 (a), 50 (#), 60 @), and 70°C constants for radiative decay of *Ru(bg¥y) and *Ru-

(@). (bpy)?™+-PhOH, respectively.

these solventkonsdecreases at low temperatures, but increases *[* 2+, .,

at high temperatures, as [PhOH] is increased. Rot = krad[ la  K*TRu(bpY); PhOHLS}
Quenching. A plot of 7o/t vs [PhOH] for *Ru(bpz)2* in ko + k*[PhOH]

mildly acidic air-saturated solution overlays thgl Stern— {|a: + Iq*[*Ru(bpy)32+]SS[PhOH]]

Volmer line (Supporting Information). Inasmuchas= 0.84 d - ~

us in air-saturated solution at ambient temperature, the slope ko +k

of the line yields a value ofkq = 4.2 x 10° M~ s™* for Dividing both sides of eq 1 by (= I + 1) yields the
quenching by PhOH. overall observed emission quantum yielelf). Unfortunately,

The emission lifetime of *Ru(bpyj" was determined as a 1 equation defies easy simplification; however, it can be seen
function of [Gy] in the presence and absence of PhOH; values 4t the unusual dependence®§, on [PhOH] as a function

of kq for quenching by @as a function of [PhOH] (80.5 M) of temperature results from the appearance of [PhOH] in the
at 20 and 50C averaged (3.% 0.04) x 1¢° and (7.0+ 0.3) denominator and numerator of the first and second terms,

x 10° M~ s7*, respectively, independent of [PhOF]. respectively. Inasmuch as the various rate constants in the
equation have their own temperature coefficients, the depend-
ence of®en on [PhOH] could shift smoothly from positive to
*Ru(bpy)s?t—PhOH Interaction. The significant changes  negative as the temperature is raised, accounting, albeit quali-
in the emission spectrum and lifetime of *Ru(bgy) that are tatively, for the results shown in Figure 3.
observed upon the addition of PhOH indicate that a nonquench- It is unfortunate that the results do not permit an evaluation
ing interaction takes place, which may or may not be of the of the excited-state equilibrium constaii.¢*). However, we
same origin as that observed for the ground-state sp&tigs. showed for the ground-state equilibrium that increased electron-
The Benesi-Hildebrand treatmefit or alternative approach®s donating ability of the ligand results in a weakerstacking
can be used to evaluate the equilibrium constant of a ground-interaction and a correspondingly lower value Kf;3° the
state interaction from the determination of the quantum yield localization of the transferred electron on a unique ligand in
of fluorescence of the system as a function of the concentrationthe excited state (RUbpy)(bpy~)?")*3 would not favor the
of its constituents. These procedures carry the assumption thaequilibrium were it the locus of the interaction. On the other
the spectrum and lifetime of the fluorescence from the com- hand, *Ru(bpy)?*, unlike the ground state, possesses a large
plexed and uncomplexed excited states are the same; differencedipole moment* the combined effect af-stacking and dipole
in ®eny, Which relate directly to the population of the excited interactions could result in a value Btg* that is higher than
states, reflect the concentrations of the ground-state species, theithat of Keq.  Further, if the interaction were at the unreduced
absorptivities, and the absorbed light intensities. However, in ligands, the value oKeq* would be expected to be similar to
the case of the *Ru(bpyj™—PhOH system, the variations in  that ofKeq Regardless, the fact that similarly high concentra-
the emission spectra and the dependencégkfon [PhOH] as tions of PhOH are needed to effect both the ground- and excited-
a function of temperature indicate that these assumptions arestate interactions suggests th@ij* could be of the order of
not valid and that conventional approaches cannot be utilized. Keq (0.001-0.1 M™%). The failure to observe any effect with
Instead, the spectrofluorimetry data can be examined in termsthe monochlorophenols can be attributed to their lower solubili-
of the dynamical mechanism in Scheme 1. Excitation of ties and/or lower values ¢fej compared to the case of PhOH,;
uncomplexed Ru(bpy*" or the Ru(bpy¥*---PhOH aggregate,  both of these factors could keep any complexation from being

Discussion

which are in ground-state equilibrium witkyq~ 0.01 M~* and observed.
have, apparently, the same absorption spectrum, creates the The observation that the emission spectrum and photophysical
corresponding excited-state species. *Ru(bpyland *Ru- parameters of *Ru(bpyy™ are unaffected by the presence of

(bpy)?+-PhOH engage in kinetically coupled transformations PhOH in CHCN solutions is similar to that made for the ground
to the ground state&{ andky', respectively) and to each other; state wherein the NMR spectrum is the same in the presence
k* and k* represent the rate constants of the forward and and absence of PhOH in neat €IN;3° it was argued that
reverse excited-state equilibrium reactions, respectively. If the acetonitrile, which solvates both PhOH and Ru(kpy)more
rates of light absorption by Ru(bpy) and Ru(bpyy?**+--PhOH effectively than does water, results in a weakestacking
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Temperature-independent values laf k;, and AE were
L obtained from the best computer fit of the plots of kags vs
- 1/T as a function of [PhOH] in KD (Table 1) and RO
(Supporting Information). The values of both and AE
decrease significantly as [PhOH] is increased; the value,of
which has a much lower level of reliability due to the nature of
the curve fitting}?” generally decreases. Neverthelegsin-
creases steadily at all temperatures as [PhOH] increases. The
values ofky, ko, andAE are higher in HO than in BO. The
efficiency of populating the MC state by thermal up-conversion
from the MLCT state ¢ = K'/kobg is also given in the tables;
¢ increases significantly as [PhOH] is increased and is markedly
greater in DO than in HO. These observations are consistent
5.8 T T T T T T T T with a decrease in the ME@MLCT energy gap and a con-
comitant increase in the MLCHground state gap; a plot of
1000/T, K' AE vs Een, for the data in HO and DO at 5, 20, and 50C

Figure 4. Plot of log ke vs 17T as a function of [PhOH] (arrows in shows this linear relationship (Supporting Information).
direction of increasing values: 0.00, 0.10, 0.20, 0.30, 0.50,0.70 M) in  Inasmuch ak; = krag + knr, Wherekiag andk,r are the rate
H-0. constants for the radiative and nonradiative decay of the MLCT
_ ) ) ) state, respectively, anklag = PenfTons*® ! it is possible to
mte_ractlon‘.‘5 The same explanation can be applied to the extract values ok.agandk (Table 1 and Supporting Informa-
excited-state behavior here. o tion) as a function of temperature from the experimental data.
Photophysics. The luminescent moiety |r_1_thf3 presence and As can be seerk.qis independent of [PhOH] and temperature
absence of PhOH is *Ru(bpyfy. If the equilibrium between  yjithin the uncertainty of the calculation; we saw previously
*Ru(bpy)** and *Ru(bpy)**+--PhOH were fast compared t0  thatk,.qis insensitive to both solvent composition and temper-
their decays to the ground state, the variation in the photo- atyre4? The nonradiative rate constant is usually examined on
physical parameters of energetics and dynamics with increasingihe pasis of the energy gap 14750 which predicts a linear
[PhOH] would reflect the nature of the interaction of phenol dependence (negative slope) of the temperature-independent
with the excited state. The photophysical parameters serve asajues of log k, on Een if variations in the energy of
indicators of the microenvironment around the excited state. reorganization of the solvent are not significant compared to

The increase item With increasing [PhOH] at all temperatures  ygriations inEem as [PhOH] is changed; such a plot is given in

indicates that the polarity of the microenvironment around the the Supporting Information.

emitting species decreases as [PhOH] is increased; the different Whereaskyps decreases with increasing [PhOH] at low
S

temperatures but increases with increasing [PhOH] at high
?emperatures, the temperature-independent valugsdgcrease
with increasing [PhOH] in KO and DO at all temperatures
(Supporting Information). As was pointed out by Meyer for
hydroxylic solventg® the high-frequency ©H (or O—D)

. . ; stretching modes play an important role as energy acceptors in
overall rate constank() for the thermally activated population nonradiative decay, withk, increasing as the stretching

oAfEth;bg\llgehter:eegtrar]rﬁjgnmtastzllggenteredaﬂexcned state that lies frequency increases. This is the case here; the vallkg of
9 : the absence of PhOH is higher in®l (O—H stretch: 3206

1 i — . 1) 52
Kypo= k; + k, eXp(—AE/KST) @) 3900 cn1?t) than in DO (O—D stretch: 24006-2900 cn1?).

It is well establishetf that the G-H stretching frequency in
. 1 .

Plots of logkonsVvs 1/T as a function of [PhOH] show clearly H20 is lowered by 306400 cn7™ due to hydrogen bonding
the existence of isokinetic points &30 °C in H,O (Figure 4)

between PhOH and 4@;5* this may result in the decrease in
and at~10 °C in D,O (Supporting Information). These plots, ke with ncreasing [PhOH] in both solvents. Th|§ same
which show the influence of a low mole fraction of a explanatloq was used to acqqunt for the Iqwered radiationless
nonguenching solute in solution, are, remarkably, almost identi- decay rr]atje n t?eﬁ—; Sotrginsmon of PhOH in HO compared
cal to those obtained earlier for Ru(ll) complexes, including t© nonhydroxylic solvents:

Ru(bpy)?*, as a function of the composition oL8—CHs;CN Finally, Barclay-Butler plots of logk, vs AE in H,O and
solvent mixtures? this effect was interpreted in terms of the D20 are linear (Supporting Information); a similar correlation
variations of the values df,, k,, and AE with changes in the ~ Wwas previously found for Ru(ll) complex&&lt can be inferred
polarity of the microenvironment surrounding the emitting state. from this relationship that an increase in the activation energy
Specifically, k; decreasedk, increased, andAE remained is accompanied by a greater density of vibrational levels at the
relatively unchanged (thereford increased) as the mole Ppoint of barrier crossing, thus opening an increased number of
fraction of CHCN was increased. It was concluded that it is reaction channels. The implication is that the low-frequency
the energy levels of the polar MLCT states that are sensitive to and collective dipole reorientation modes of the medium
the polarity of the surroundings. The subtle differences in these surrounding the complex are changed upon the addition of
parameters for complexes that possess different ligands causé€hOH to HO and DO in a virtually identical manner.

the curves in the plots to intersect at different temperatures. It  Quenching. Despite the fact that Ru(bp2) exhibits ground-

is for that reason the lifetime of *Ru(bpy) is longer in CHCN state complexation with PhO#M,there is no evidence for any
than in water at room temperature, but the behavior of excited-state interaction outside of reductive quenching. The
*Ru(bpz)?" is exactly the opposite. diminished emission spectrum of *Ru(bpZ) with increasing

7.0

6.8

6.6

6.4+

log k_ (s b

6.2

6.0+

of *Ru(bpy)?" are altered in the presence of PhOH.

The temperature-dependent lifetimes of *Ru(kfy)in the
presence and absence of PhOH were fitted to #wherek,
is a temperature-independent term d&péxp(—AE/kgT) is the
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[PhOH] shows no spectral shifts; excellent linear Steviolmer
behavior, with no evidence of curvature due to static quenching
within a *Ru(bpz}?*--PhOH complex, is seen for up to 99.6%
guenching. Although the equilibrium constant for the formation
of a ground-state complex with Ru(bg?) is approximately a
factor of 10 smaller than that of Ru(bg¥),%°it had been hoped
that the sensitivity of the spectral and kinetic measurements
would be sufficient to reveal an interaction of PhOH with
*Ru(bpz)y?®" superimposed upon electron-transfer quenching.
Similarly, it had been hoped that energy-transfer quenching of
*Ru(bpy)?™ by O, in the presence of PhOH would show a
perturbation due to complexation. The failure to observe these
effects is probably due to the magnitude of the excited-state
complexation equilibrium constant, although it is intriguing,
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parameters for the decay of *Ru(bg¥/) as a function of [PhOH]
and temperature in f0; kops for the decay of *Ru(bpyf™ as a
function of [PhOH] and temperature in,8 and DO; plot of
Eem for *Ru(bpy)s?™ as a function of [PhOH] and temperature;
Stern—Volmer plot of the quenching of *Ru(bpa)" by PhOH;
plot of kops for *Ru(bpy)?t as a function of [PhOH] and
temperature in BO; plot of log kons VS 1/T as a function of
[PhOH] in D,O; plot of AE as a function oEen; plot of log ky,
as a function ofEen; plot of k, as a function of [PhOH];
Barclay—Butler plot of logk, as a function ofAE (11 pages).
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