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Specific Solvent Effects of Hydroxylic Solvents on the
Emission Properties of Ruthenium(II)tris(2,2'-bipyridyl)

Chloride

P. Hartmann,"* M. J. P. Leiner,* and M. E. Lippitsch?

The excited state of Ru(II)[bpy],>* dissolved in hydroxylic solvents is subject to specific solvent
effects, which were hitherto not understood on a quantitative basis. We determined the solvent
effects of linear monovalent alcohols on the energy gap law of internal conversion with the help
of lifetime and intensity measurements. An on-line method for measurement of the temperature
dependence of quantum efficiencies was introduced. A modified Franck—Condon analysis of emis-
sion spectra by taking into account the shape of a Morse potential of the involved states was
applied to compute excited-state energies.
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INTRODUCTION

The photophysical and photochemical behavior of
Ru(I)[bpy},>+* and related molecules in solution is well
established [1]. Nonradiative decay can be described in
terms of the energy gap law [2], which predicts a linear
dependence of the natural logarithm of the nonradiative
decay rate In(k,) of the excited MLCT state on the en-
ergy difference E,, between the zero-point vibrational
levels of ground and excited states: In(k,,) decreases with
increasing £,

Hydroxylic solvents provide specific interactions
(via hydrogen bonds) with the indicator, which lead to
deviations of the overall nonradiative decay rate from
the behavior expected for nonhydroxylic solvents [2b,3].

We systematically investigated the nonradiative de-
cay properties of Ru(Il)[bpy],>* dissolved in linear mon-
ovalent alcohols up to 1l-decanol, with the help of
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absorption spectroscopy and intensity- as well as life-
time-based fluorescence spectroscopy. The problem was
complicated by the fact that low-lying d—d states of the
molecule give rise to thermally activated nonradiative
decay [4] and photochemistry [2b].

However, we were able to separate the measured
overall nonradiative decay rate &, into contributions of
(1) thermal activation of the d—d states (k,,«);

(2) deactivation via the energy gap (k,.,); and

(3) a specific rate, k,, oy, induced by effects of the
hydroxylic environment of the molecule.

knr = knr,dd + knr,eg + knr, OH (13)

We also introduce the temperature-independent nonra-
diative decay rate £, :

knr,o = km' - knr,dd (lb)

* Abbreviations used: Ru(I)[bpyl,*, ruthenium(IN)tris(2,2-bipyridyl)
chloride; MLCT, metal-to-ligand charge transfer; PMT, photomulti-
plier tube.
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EXPERIMENTAL

Emission spectra (corrected for solvent background
and PMT response) and quantum efficiencies were de-
termined at 25 * 1°C with a SPEX Fluorolog I1 spec-
trofluorimeter, equipped with a 450-W xenon-arc lamp
and a Hamamatsu R 928 PMT. Lifetime measurements
were performed at 25 = 1°C with a PRA LN102 dye
laser, pumped by a PRA LN103 nitrogen laser (excita-
tion at A = 470 nm). Emission was monitored through
a Schott KV550 cutoff filter, a VALVO TUVP 56 PMT,
and a 1-GHz Tektronix DSA601A digital signal ana-
lyzer. Ru(ID)[bpy],>*(C1l7), was used as received from
Strem chemicals. Solvents were at least reaction grade
and used without further purification. Quantum efficien-
cies at room temperature were determined by a modified
Parker—Rees method [5]. Temperature dependence of
quantum efficiencies was determined by illuminating the
solution in a thermostated chamber in the fluorimeter
(wavelength A = 470 nm). The sample was heated to
approximately 60°C (dependent on the solvent boiling
point). By slowly cooling down to room temperature
(quasi-steady-state measurement), intensity was simul-
taneously monitored at the wavelength of A = 610 nm.
Quantum efficiencies at 25°C were used to calibrate the
temperature curve of the intensity signal.

Evaluation of quantum efficiencies is more inac-
curate compared to lifetime measurements, which are
commonly used for the determination of the temperature
dependence of photophysical parameters [4]. However,
with the chosen on-line method, this disadvantage is
overcompensated by a high number of recorded temper-
ature values (n = 360). Additionally, data treatment after
the measurement is easier, since lifetime measurements
would additionally require fits of the recorded decay
curves at each temperature.

After calibration the obtained temperature curve of
quantum efficiency ®(7) was fitted to the established
equation (2):

k

- 2
k, + k exp (—E,/ kT) 2)

() =

k. is the radiative decay rate, k, the temperature-inde-
pendent part of the overall radiative and nonradiative
decay rates, k' the frequency of the thermal activated
decay via d—d-states, E, the activation energy, and & the
Boltzmann constant.

The emission energy E, was calculated by a
Franck—Condon analysis [2b,6] of the corrected emis-
sion spectra I(E), modified by introducing a Morse
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potential [7] to obtain a better approach to the real dis-
tribution of energy levels.

I(E) = vzo I: (Em,—hvm (V;(Vz + V)'xe)) 5,’“_; - exp

= 00 v -
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(—4 In (2)- (E —Ep + v, (v-(v +v) - xe))Z)]

hv,,

E,, is the energy difference between the zero point vi-
brational levels of excited state and ground state, hv,
the effective energy of the high-frequency vibrations re-
sponsible for deactivation of the excited state, v the vi-
brational quantum number of the ground-state
framework stretching vibrations of the ligands which
significantly contribute to the observed emission spectra
[81, S,, the dimensionless fractional displacement of the
effective normal mode between the equilibrium config-
urations of the ground and excited states, v,, the full
width at half-maximum of an individual vibrational
component, and x, the anharmonicity parameter of the
Morse potential.

RESULTS AND DISCUSSION

For an indicator dissolved in various homogeneous
one-component solvents, the plot of In(k") versus £,
gives a straight line with 1/kT as the slope (Barclay—
Butler plot) [9]. A linear regression of the data to Eq.
(4) is employed instead of the more inaccurate original
data of k' and E, to evaluate the thermal activated decay
rate Ky gq

In (k) = In (&) —EJkT ©)
The linear regression parameters obtained are

In (kg0 = 12.97
UKT = 4.89%10~ cm

After subtraction of the temperature-induced decay via
d—d states (k,, 4,) from the overall decay rate k, [10], the
energy gap law behavior becomes apparent (Fig. 2). In
contrast to the behavior of Ru(Il)[bpy];?* in nonhydrox-
ylic solvents [2b], where the logarithm of the remaining
rate k,, decreases linearly with increasing excited-state
energy (dashed line in Fig. 2), an increase in In(k,,) is
observed. By comparison with the behavior of In(k, )
in nonhydroxylic solvents, one obtains directly the rate
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Fig. 1. Schematic representation of the potential curves and pathways
involved in nonradiative decay.
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Fig. 2. Logarithmic representation of the temperature-independent part
of the nonradiative decay rate &, as a function of excited-state energy
E. The energy gap law of nonhydroxylic solvents (dashed line) is
taken from Ref. 2b.

of nonradiative decay induced by the hydroxylic sol-
vents as In(k, on).

As a result a plot of In(k, o) versus E,, yields a
straight line for the indicator dissolved in linear mono-
valent alcohols, including trifluoroethanol (Fig. 3).
In(%,, on) is higher for the more polar solvents (methanol,
ethanol, propanol, and especially trifluoroethanol) and
lower for the apolar long-chain alcohols.

The origin of the effect can therefore be attributed
to the interaction of the polar OH groups of the solvent
molecules, which is assumed to proceed via H bonds
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Fig. 3. Logarithmic representation of the specific rate &, oy, induced
by effects of the hydroxylic environment as a function of excited-state
energy £,.. The insets indicate the numbers of C atoms of the respec-
tive linear monovalent alcohols. TFE is 2,2 2-trifluoroethanol.

and dipole forces between the Ru(Il)-ion and the solvent
molecule. This is confirmed by considering the effect of
2,2,2-trifluoroethanol (Fig. 3) (three F atoms replacing
three H atoms of ethanol), which has the highest influ-
ence on the decay rate.

In the case of the long-chain alcohols, however, the
apolar tail of C atoms dominates the solvent effects and
therefore the influence of the OH groups is suppressed.

The results of this behavior can be enumerated as
a distortion energy term within energy gap law theory.
The obtained values [10] for this term are not negligible
compared to those of E,, indicating a strong influence
of the solvent.

High-frequency vibrations of the solvent molecules
are supposed to act as the promoting modes for the en-
hanced radiationless deactivation of the excited state of
Ru(Ih)[bpyl,** in hydroxylic solvents [2b,9]. From mi-
crowave absorption measurements [11] the nature of
those vibrations is attributed to rotations of the OH
group around the C-O axis.

CONCLUSIONS

The series of linear monovalent alcohols provides
a tool for systematically investigating specific solvent
effects on photophysical properties of indicators in so-
lution. The oligomeric nature of the molecuies can fur-
ther help in interpretations of related problems in
polymeric matrices.
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