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Time-Resolved Photoacoustics Study of the Ruthenium(ll)
Bis(2,2'-bipyridine)(4,4'-dicarboxy-2,2'-bipyridine) Complex
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The formation and the decay of the triplet metal to ligand charge transfer state (3MLCT) of ruthenium(ll) bis(2,2'-
bipyridine)(4,4'-dicarboxy-2,2'-bipyridine) (Ru(bpy)2(dcbpy)) were characterized using photoacoustic calorimetry. At
pH 6 and 2, the SMLCT state formation leads to a volume change of =8 mL mol~* and enthalpy changes of 17 kcal
mol~* and 13 kcal mol~%, respectively. We attribute the volume contraction to structural changes and to solvent
electrostriction. At pH 4, the photoexcitation of the complex leads to an expansion of 14 mL mol~* and an enthalpy
change of ~119 kcal mol~* due to protonation of the carboxyl group in the excited state.

Introduction Raman and IR studies suggest that¥&.CT excited state

of ruthenium complexes is composed of a Ru(lll) ion and
an electron delocalized over one of the polypyridy! ligands
on a time scale ranging from hundreds of picoseconds to a
few nanoseconds after excitatiérin mixed ligand com-
plexes, the electron is located on the ligand with the largest

excitation of ruthenium polypyridyl complexes has been reduction potentidl.In complexes with protonatable ligands
: : such as 4/4dicarboxybipyridine or 2,2bipyrimidine, forma-

shown to generate a single metal to ligand charge transfer,. 3 e .

state MLCT) that undergoes a rapid<@ ps), highl tion of the3MLCT state causes significant changes in the

efficient intersystem crossgingqa( N 1)pto a rﬂaﬁifolg oyf acid/base equilibrium of the complex. For example, the Ru-

closely spaced triplet state¥{LCTs).> The solution triplet (bpy)(dcbpy) complex becomes more basic in the excited

states of ruthenium complexes have a relatively long-lived state than in the ground state, exhibiting ashift of

it<9,10
emission ¢t ~ 600 ns) and decay to the ground state, largely ro%%?'ﬁ;vzr? dHeli]r:gj chanaes counled to the formation
through a nonradiative deactivation chanhel. u by 9 up :

. : . . and the decay of th8MLCT state of several ruthenium
An interesting group of ruthenium complexes contains

. . complexes have been determined using photoacoustic cal-
ligands with a protonatable group that undergoes a Proton . imetr (PAC)!121t has been shown that the excitation of
transfer reaction in the excited state. Ruthenium(ll) bis{2,2 Y :

N . D Ru(b leads to a volume contraction 6f3.5 mL moi?,
bipyridine)(4,4-dicarboxy-2,2bipyridine) (Ru(bpyX(dcbpy)) ano(l ?fg observed volume decrease was attributed to a
was the first transition metal complex in which a proton

transfer was observed in the excited staféhis complex shortening of the Rubpy bond in the excited staté For
resembles the parent Ru(bpygpmplex in that it exhibits a the Ru(bpy)(CN)” and Ru(bpy)(CNXCNCH)~ complexes,

o . ; : positive volume changes of 15 and 10 mL miglrespec-
long-lived emitting®™LCT excited state. Transient resonance tively, have been reported for the formation of #\LCT

state!! The observed volume increase was interpreted as

The photochemistry and photophysics of ruthenium poly-
pyridyl complexes have been widely studied mainly due to
the potential use of these complexes as photosensitizers i
solar energy conversién® and as luminescent probes for
characterizing microheterogeneous environmérfhoto-
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photoinduced changes in the hydrogen bond strength between —r T
the cyano ligands and the solvent water molecules. 0.10 |- - 1
Here, we report the volume and enthalpy changes coupled
to the formation of theeMLCT state of Ru(bpy)dcbpy).
The excitation of Ru(bpyjdcbpy) leads to a contraction of
~—8 mL mol? at pH 6 and 2. The observed volume
contraction is larger than the volume change determined for
Ru(bpy}. We attribute the additional volume decrease
relative to the parent Ru(bpytomplex to electrostriction
arising from increased electron delocalization on thé-4,4 005
dicarboxybipyridine ligand in théMLCT state. In contrast,
at pH 4, a volume expansion of14 mL mol™ and an
enthalpy change of110 kcal mot™ are observed, consistent -0.10 | -
with protonation of the excited state. The magnitude of the ~ 0.005— : : : : : : :

observed volume change corresponds to the volume changeS
measured previously for the protonation/deprotonation of the 2 0-000F 1
excited state of other protonatable compounds such as®

0.05

0.00

PAC signal

naphthol$® and pyranin& in water. -0.005
time (us)
Materials and Methods Figure 1. Overlay of a photoacoustic wave of Ru(bgiglcbpy) (open
. . circles) and of the reference (dashed line) at pH 6 and°d6 The
Ru(bpy} was purchased from Sigma-Aldrich. Ru(bgycbpy) absorbances of the sample and the reference matched at the excitation
was synthesized according to a previously published méthbide wavelength. The traces represent an accumulation of 40 laser shots. A solid

samples were prepared by dissolving solid compounds in deionizedline shows the fit.

water, and the pH was adjusted by adding small a_mounts of 1 M Table 1. Lifetimes of theMLCT State of Ru(bpy) and

HCl or 1 M NaOH. Each.sample was then placed ina 1 cn? . Ru(bpy);(dcbpy) Obtained from Time-Resolved Fluorescence and PAC
quartz cuvette, sealed with a rubber septum cap, and purged withyeasurements

Ar for 30 min. The absorbance was determined using a dual beam
Shimadzu UV-2401 spectrophotometer. Fe(lll)(4-sulfonatophenyl)-

complex pH Tem(NS) 7 (ns)

porphyrin (Fe(ll)4SP) was used as a reference compound for the ~ Ru(bpyk 6 590 570
PAC measurements. Its absorbance matched the absorbance of the Ru(bpyh(dcbpy) 26 %%% %%i
sample at the excitation waveleng#sss,m ~ 0.3. The emission 4 330 320
lifetime measurements were performed as described previgusly. 2 270 300

Our PAC instrumentation has been described in detail elsewh&re.
Typically, ~40 laser pulses were averaged per trace in the the reference wave is observed at pH 2 and 4 as well for the
temperature range from 16 to 36. Excitation was provided by a  Ru(bpy) complex (data not shown). Deconvolution of the
frequency-doubled or -tripled Nd:YAG laser (355 or 532 nm, 7 experimental data (described in detail previotisi}) reveals
ns, <100uJ/pulse, 1 Hz repetition rate). two kinetic processes after photoexcitation. The first process
is found to occur faster than the resolution of the acoustic
detector £ < 50 ns) and is attributed to the formation of the
We have used PAC to determine the volume and enthalpy3MLCT state, since, upon excitation, tiLCT state
changes coupled to the formation and the decay of the appears within 1 p¥ The second process has a lifetime
SMLCT state of Ru(bpyXdcbpy) at pH 6, 4, and 2 and between 200 and 600 ns and reflects the thermal de-excitation
compared these values to the volume and enthalpy changesf the triplet state. The observed lifetimes are listed in Table
associated with th8MLCT state of the parent Ru(bpy) 1 together with the fluorescence lifetimes. The lifetimes
complex at pH 6 and 2. Figure 1 shows an overlay of acoustic determined by PAC are consistent with the lifetimes deter-
traces of Ru(bpy[dcbpy) and of the reference compound, mined by the time-resolved fluorescence measurements and
Fe(ll)4SP, at pH 6. The phase shift of the sample acoustic are also in agreement with the values previously repotted,
wave with respect to the reference trace indicates the= 570 ns for Ru(bpy) and r = 434 ns for Ru(bpy}
presence of kinetic processes occurring between 50 ns anqdcbpy)®62! De-excitation of the protonated form of Ru-
~10us. A similar phase shift between the sample wave and (bpy),(dcbpy) occurs with a 2-fold shorter lifetime than that
of the deprotonated form. A similar pH dependence of the
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Figure 2. Plot of ¢*En, vs (Cyplf) for Ru(bpyl(dcbpy) at pH 4. The Figure 3._ Plot of ¢i* En, for Ru(bpy)(dcbpy) at pH 2 ((_)pen symbols_) and
#*En, values associated with the formation of tLCT state are shown pH 36 (solid symbols). Thei*En, values associated with the format_|on of
as squares, and tlgg* Ep,, values associated with the subsequent decay are the*MLCT state are shown as squares, and difén, values associated
shown as circles. The excitation wavelength was 532 nm. with the subsequent decay are shown as circles. The excitation wavelength
was 355 nm.

volume and enthalpy changes accompanying the formation 4,
(AViorm and AHsorm) and the decay/AVgecayand AHgecay Of |
the 3MLCT state were determined using 70| 4

wheref is the coefficient of thermal expansion of the solvent,
C, is the heat capacity, is the densityQ is the heat released
to the solventAV is the volume changd,, is the energy
of an absorbed photon, arfl is the quantum vyield. The

enthalpy change for the fast process is then calculated from'*';- - l\ 1
20 |- o
AHform = Ehu -Q 2 r 1

10 f -

a
o

 (kcal/mol)
g8 &
/

while the enthalpy of the decay of the excited state is

AHdecayz —Q ®3)

0 P RS (RS SR R R S R
25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Cpp/B (kcal/ml)

A plot of ¢i*Ey, versus Cyp/f) is shown in Figure 2 for Figure 4. Plot of ¢*En, for Ru(bpy} at pH 6 (solid symbols) and pH 2

i ; (open symbols). Thei*Ep, values associated with the formation of the
Ru(bpy)g(dcbpy) atpH 4 and in Figure 3 at pH 2 and 6. The SMLCT state are shown as squares, anddH&;,, values associated with

corresponding plot for Ru(bpypt pH 6 and 2 is shown in e subsequent decay are shown as circles. The excitation wavelength was

Figure 4. The values obtained with 355 nm excitation were 355 nm.
the same as those obtained using 532 nm e_XC|tat|_on. TheTabIe 2. Values of Volume and Enthalpy Changes upon Excitation and
extracted volume and enthalpy changes are listed in Tablegypsequent Decay of tH#LCT State for Ru(bpy) and

2. Taking into account that the quantum yields for the Ru(bpyk(dcbpy}

nonradiative decay of th#MLTC states are close to unity AViorm AHiorm AVigecay AHeeca
(0.96 and 0.97 for Ru(bpy)and Ru(bpy)dcbpy), respec- complex pH (mL mol™t) (kcal mol!) (mLmol™) (kcal mogl)
tively??), we found that all excited molecules return back to Ru(bpy} g —ggi 8-2 13129; gi ggi 8.2 —jsla.gi gg
the ground state givingViorm = —AViecayas well asAHom Ru(bpy)(dcbpy) 6 79404 171+2 8.3+ 0.7 —16.0+ 3.0
= —AHdecay 4 14+3  113£14 —12+£4 99417
Table 3 shows the reactions describing the formation of 2 -82+09 137£41  7.5+£08 -124+33

SMLCT state at each pH value together with the correspond- 2 The errors correspond to the standard deviation of linear fits.

ing values ofAViom andAHsm. At pH 6 and 2, the formation )

of the 3MLCT state of Ru(bpy) and the subsequent decay triplet state has been reported by the Braslavsky group
are accompanied by a volume decrease-8f5 + 0.5 mL (AViom = —3 mL mof)!* and by Goodman and Herman
mol-1 and a volume expansion of 32 0.6 mL mot?, (AViorm = —3.5 mL mol%).22 The observed enthalpy change

respectively. A volume contraction for the formation of the for the formation of the’MLCT state at pH 6 AHorm =
43.9+ 2.2 kcal mot?) and for the decayAHgecay= 49.8+

(22) Lay, P. A.; Sasse, W. H. ffnorg. Chem.1984 23, 4123. 3.4 kcal mot?) corresponds to the energy of tRRILCT
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Table 3
pH reaction AV, ./AH,
o2+ - o] 2+*
/N@COOH . /N/ N coon 1 1
— \% — -8.2 ml mol-!/ 13.7 kcal mol
2 ||copy),Ru() —— | (bpy),Ru(IT)
N
Ngcoo' N Y —coo-
[~ 7 7 + - o] 2+*
N N—cooH . N N\__coon
— v N\ 14 ml mot!/ 113 kcal mol!
4 ||(bpy),Ru(ID) ——> | (bpy),Ru(II)
N
N Vcoo| N N—coon
/N/ H—cool 2 /N/ N coon |27
— hv —
(bpy),Ru(n) —> | (bpy),Ru(lD) -7.9 ml mol-!/ 17.1 kcal mol!
6 N N coo NN
N C00-

state from its emission maxima (48 kcal m9I? In contrast by time-resolved polarization measuremg&hitiowever, on
to the solvent independent behavior of Ru(lapthe volume the PAC time scale, the excited state electron undergoes rapid

and enthalpy changes coupled to the formation ofiteCT exchange between all ligands, leading to an average excited
state of Ru(bpy(dcbpy) exhibit a strong pH dependence. state dipole moment of close to zero. Since the ground state
We have observed a contraction of —8 mL mol™? also has a dipole moment of zero (due to the spherical

accompanying the formation of the excited state at pH 6 and symmetry of the complex), there would be minimal contribu-
2 and a volume expansion 6f14 mL mol™ at pH 4. From tion to the volume changes due to electrostriction, and the
previous spectrophotometric titrations, tw&pvalues for observed volume change should correspon@Y@,c: In

the ground state of Ru(bpficbpy) have been reported previous studies, the volume contraction measured for the
= 1.75 and K., = 2.8—2.921022Several values have been excitation of Ru(bpy) has been attributed to the shortening
reported for the [§;* value of the3MLCT state. Nazeeruddin  of the Ru-bpy bond upon excited state formatitit?

and Kalyanasundaram have observed a sinlg yalue of For the Ru(bpyXdcbpy) complex, the presence of a
4.25 from measurements of the pH dependence of thecarboxylic group on one of the bipyridine ligands may cause
fluorescence emission intensit®On the contrary, Lay and  more pronounced localization of the excited electron on the
Sass# have determined twola* values for the excited state,  substituted ligand in th#MLCT state and thus minimize fast
pKar* = 3.4 and Ko = 4.5. ligand-to-ligand electron exchange, leading to a change of

At pH 6, the ground state and the excited state are boththe dipole moment in the excited state. For such a case, the
expected to be deprotonated, and the observed volumeobserved volume change would include the structural
change should reflect the formation of the excited state contribution as well as a contribution due to electrostriction.
without a concomitant proton transfer reaction. In general, Considering the same structural changes foxheCT state
the reaction volume change can be considered as the sum off Ru(bpy)y(dcbpy) as for its parent compledAY = —3.5
an intrinsic and solvation component: mL mol™Y), we found that the volume change due to
electrostriction is~ —4.5 mL mol. Previously, Feitelson
and Mauzerall reported a similar volume change—@&.4
mL mol! for the charge separation between triplet zinc
uroporphyrin and naphthoquinone-2-sulfonate in wéter.

At pH 4, a volume change of 14 mL mdland an enthalpy
change of 113 kcal mot upon3MLCT state formation is
observed. In addition to the oxidation of the metal center
and localization of the excited electron on the dicarboxybi-
pyridine ligand, the protonation of one carboxylic acid group
‘due to the formation of the excited state is expected on the
basis of the reportediq values for the ground and excited
states. The observed volume change thus represents the sum
of the volume change due to the protonation of the carboxylic

AV = AV T AV,

stuct solv (4)
whereAVgyrdescribes the structural volume due to changes
in bond length and bond angle during the formation of the
product. Volume changes associated with changes in polarity,
electrostriction, and dipole moment during the reaction are
represented byAVg,,. For the SMLCT excited state of
ruthenium complexes, there is an ambiguity in describing
the excited state. The excited electron can be either localized
[Ru(li(bpy*)(bpy)F™, or delocalized, [Ru(lil)(bpy/>)a]>*,

on the bipyridine ligands. From transient resonance Raman
and IR measurements, there is direct evidence for localization
in the equilibrated excited stataélthough the lowest MLCT
state is localized, the excited electron undergoes a rapid(23) Malone, R. A.; Kelley, D. FJ. Chem. Phys1991, 95, 8970.
subnanosecond ligand-to-ligand electron transfer, as shown24) Feitelson, J.; Mauzerall, 3. Phys. Chem1996 100, 7698.
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group AVpre) and the volume change due the metal ligand mol~* and 13 kcal mol?, respectively. These values indicate
change transferAVuict). Using AVycr = —8 mL mol? the stabilization of théMLCT state in the Ru(bpyjdcbpy)

and the observed valuAV = 14 mL mol?, AVy is complex as compared to the Ru(bpgdmplex. On the other
estimated to be~22 mL mol™t. Previously, a volume hand, the values obtained by PAC are considerably lower
expansion of 11 mL mol was reported for the protonation than the values obtained from the fluorescence measure-
of aliphatic carboxylic acid® It has been shown that the ments. On the basis of the emission maxima, the energy of
solvation of a proton leads to a volume change-of5 mL the triplet state was found to be 43 and 41 kcal Thébr
mol~t. Hence, for the protonation of a carboxylic group, a the deprotonated Ru(bpyiicbpy) complex and for the
volume change of~16 mL mol? is expected and is in  protonated complex, respectivély The enthalpy change
agreement with the observed value. Losi and Viappiani have measured using PAC may not match the energy of the
shown that the deprotonation of the excited state of naphtholsMLCT state determined by fluorescence emission due to

results in a volume contraction betweeril and—16 mL the fact that optical methods do not include the enthalpy

mol~1.13 These values are in the range of the observed valuechange of the solute as well as of the surrounding solvent.

for the protonation of Ru(bpyldcbpy). Borsarelli and BraslavsRyhave proposed that such contri-
At pH 2, we observe a volume decrease-& mL mol butions may be significant in the case of solutes forming

for the formation of théMLCT state. This value is the same strong hydrogen bonds with solvent molecules.

as the volume change observed at pH 6, indicating the Summary

absence of the protonation/deprotonation reaction at pH 2. . .
P P P Formation of the3MLCT state of Ru(bpy)dcbpy) is

According to the K, values reported for the ground state, . 1
the Ru(ll)(bpy}(dcbpy) complex is monoprotonated at this accompanied by a V°'“m?‘ change_ﬁof—S mL m_or - The
observed volume contraction for this complex is larger than

H.21022Thjs indicates that the complex is also expected to ) ! o~
b P P that observed for Ru(bpy)in agreement with more signifi-

be monoprotonated in the excited state, since no volume  localizati £ th ited elect th betituted
change due to protonation was observed. Hence, the reporteﬁan ocalization ot the excited electron on the substitute
igand. The additional contraction is attributed to electro-

Kar* value of 3.1 appears to be too high, and we propose 27 . ) .
Prar bp g prop striction in the excited state due to a change in the excited

that the fK,* value is <2. In fact, Shimidzu et al. have . .

proposed from emission measurements that, at pH 1.5, the>tat€ dipole moment. At pH 4, a positive volume change of
) - 1 1 . . .

Ru(bpy}(dcbpy) complex is monoprotonated in the excited 14 mL moIT was observed, consistent with the protonation

State26 of the excited state at that pH value. No proton transfer

The enthalpy changes for the formation and the decay of reaction was observed at pH 2, and the mea_surgd yolume
the 3MLCT state determined at pH 6 and 2 ard7 kcal change corresponds to that measured at pH 6, indicating that

the Ru(bpy)(dcbpy) complex is monoprotonated at pH 2.
(25) van Eldik, R.; Asano, T.; Noble, J. IChem Re. 1989 89, 549.

(26) Shimidzu, T.; lyoda, T.; Izaki, KJ. Phys. Chem1985 89, 642. 1C035095V
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