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Abstract We compare the bimolecular quenching rate con-
stant (k,) of luminescent tris(2,2'-bipyridine)ruthenium(II)
by oxygen in water, ethylene glycol and glycerol as a
function of temperature and viscosity to several theoretical
models. The Smoluchowski equation with experimentally
determined diffusion coefficients produced calculated val-
ues that were in the best agreement with experiment. For the
less viscous solvent, water, this equation produced a value
that was approximately an order of magnitude larger than
the experimental value. With an increase in solvent viscos-
ity, the Smoluchowski value approached the experimental
value. Using the Smoluchowski equation with calculated
diffusion coefficients based on the known radii of the react-
ing species produced deviations an order of magnitude
larger in water and a factor of two or three lower in ethylene
glycol and glycerol. If an assumption is made that the radii
of both molecules are equal, we have the Stokes Einstein
equation, and the only parameters become temperature and
viscosity. Using this relationship, the calculated values for
water are about a factor of two larger and with ethylene
glycol and glycerol about a factor of 6 smaller than exper-
imental data. These results show that bimolecular quenching
is a more complex process affected by many parameters
such as solvent cage effects in addition to viscosity and
temperature.
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Introduction

There is considerable fundamental and experimental interest
in the diffusion limited rate constant for chemical and photo-
physical processes. Oxygen quenching of excited states is of
great interest because of the wide use of luminescence
quenching in sensor technology and bimolecular quenching
in energy conversion. Diffusion limited reactions proceed at
a rate that is dependent on solvent conditions such as vis-
cosity (n) and temperature (T) that affect the rate of diffu-
sion of chemical species. The Smoluchowski [1] equation
gives the diffusion limited bimolecular rate constant (kg)

kg = 400071’N0’,43(D,4 —|—D3) (1)

where o ,p is the encounter distance of the reactants A and B
(taken to be the sum of the two radii), D is the diffusion
coefficient for the reaction partners, and N is Avogadro’s
number. Assuming spherical molecules diffusing through a
continuous media the Stokes-Einstein [1] equation describes
the viscosity and temperature effects on D

kT
 6mrn

(2)

where r is the molecular radius of A and B, and k is
Boltzmann’s constant. Assuming that the two radii are the
same, these equations yield [2]

_ 8RT )
~3000n

where the solvent viscosity is in Poise and kq is in M '-s".

Because of the difficulties of directly measuring Ds, this is
the most common form of the diffusion equation for esti-
mating diffusion limited rate constants since it only requires
the temperature and the viscosity. Equation 3 works well for
a variety of systems, but oxygen quenching frequently
presents problems. For example, Eftink and Ghiron [3]

@ Springer



238

J Fluoresc (2013) 23:237-241

examined the viscosity effects on oxygen quenching of
short-lived organic dyes in solution, and showed that the
rate of quenching due to changing solvent viscosity does not
strictly follow this 1/n proportionality. Further, the value of
the predicted rate constants is frequently in poor agreement
with experiment, especially for viscous media. The expla-
nation is that the Stokes-Einstein relationship is based on
comparable sizes between the donor and the quenchers and
on the solvents being continuous. Oxygen, being a very
small molecule, appears to negate the size and continuous
media assumptions.

The kg versus T/n plots are frequently not perfectly
linear, thus a modified version of Eq. 3 is sometimes used
[4].

AT
D=
30007

(4)

where A and « are adjustable parameters. « has no physical
significance. Equation 4 generally fits quenching data well.

In spite of enormous interest in metal complex based
oxygen sensors, there has been no quantitative analysis of
temperature/viscosity effects on the bimolecular quenching
rate constants, kjs, for these long-lived complexes. Here we
study the bimolecular quenching of a luminescent rutheni-
um(Il) complex by oxygen in water, ethylene glycol and
glycerol. This permits us to compare various theoretical
models and their dependence on temperature and viscosity.

Calculations

Data for the pressure-based bimolecular quenching rate
constant as a function of temperature in the three solvents
was obtained from Morris et al. [5]. All data compiled for
oxygen quenching of the metal complex tris-(2,2"-bipyr-
idine)ruthenium(Il) dichloride, [Ru(bpy);]Cl,. The model
used by Morris was used to calculate rate constants as a
function of temperature and pressure using the Stern-
Volmer equation

T
70 =1 + KSVPP02 (Sa)

Ksyp = kopt (5b)

where kop (atm 's™') is a pseudo bimolecular quenching
constant in terms of oxygen pressure. To convert k,,, to a
true bimolecular rate constant k, (M 'sec™'), the oxygen
solubility as a function of temperature is required. k, was
determined using Henry’s law

ky = kopKy (6)

where Ky; (atm "M ) is the Henry’s law constant.
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The solubility of oxygen in water as a function of temper-
ature is available [6]. However, we could find no temperature
dependence of solubility for ethylene glycol and glycerol. A
reasonable estimate of the solubility versus temperature was
obtained by observing the solubility in the similar solvents
ethanol, methanol, isopropanol and n-butanol [7]. The solu-
bility is reasonably linear with temperature and the tempera-
ture coefficient is rather insensitive to solvent. The average
percent change for these solvents was —0.251+0.016 % over
an increase of 1 °C. We assumed that ethylene glycol and
glycerol exhibited similar changes in oxygen solubility. As-
suming —0.251 %/°C and using the literature values [8] for
oxygen solubility at 293 K we estimated the solubility over the
required range of temperatures.

D is known for water at room temperature, but for glyc-
erol D is only known for glycerol water mixtures up to
92.5 % glycerol [9]. To estimate D at 100 % glycerol, we
made a log(D) versus log(n) plot and extrapolated the last
two points to 100 % glycerol. We estimate that the error
could be a factor as large as 5 to 10.

Since the complex is roughly spherical, the radii of the
Rubpys>" (6.5 A) was estimated from the Ru to 5-hydrogen
distance plus half the C-H distance in the x-ray structure of
the complex. The radii of oxygen was taken as the internu-
clear bond distance (1.21 A).

Viscosity data as a function of temperature for each of the
solvents was available in the literature [10-12]. With this, all
the information required for the analysis of viscosity effects on
the quenching of luminescent metal complexes was in hand.

Results and Discussion

Table 1 shows the quenching viscosity data. Figure 1 shows
plots of the quenching rate versus T/n for the three solvents,
which have widely differing viscosities. For comparison we
include the rate constants predicted by Eq. 1 using experi-
mental Ds and rs, Eq. 1 using the Stoke-Einstein approxi-
mation of Eq. 3, and the empirical Eq. 4. For water and
glycerol at room temperature we have D values and esti-
mates of the molecular radii, but we have no D for glycol so
that curve is omitted.

There are small deviations from linearity for the k, versus
T/m plots, and the empirical Eq. 4 fits the data well with «s
near 1. However, a linear plot fits the data reasonably well,
and there is no physical basis for «'s different from 1. We
would consider the linear fit adequate for most purposes.
The important point is that while all solvents give reason-
ably linear k, versus T/n plots as predicted, theory gives a
poor match to the absolute rate constants.

For a quantitative comparison of the different estimates of k4
we calculated k4 at 293 K by all three methods and compared
them with the measured k4. Table 2 summarizes the results.
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Table 1 Viscosity and k, values for the quenching of [Ru(bpy);]Cl, by oxygen versus temperature

Water Ethylene glycol Glycerol
Temperature (K) n (cP) kx1077 M 'sh N (cP) kx1077 (M 'sh n (cP) kx107° M 'sh
283 1.300 2.154 30.51 1.306 3878 0.006694
293 1.002 2.978 20.81 2.027 1434 0.0288
303 0.7991 3.858 13.87 2.961 604.4 0.09787
313 0.6557 4.734 9.535 4.122 284.6 0.2175
323 0.5491 5.545 6.554 5.526 147.3 0.3915
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Fig. 1 k, plotted vs. T/n for the quenching of [Ru(bpy);]Cl, by
oxygen in the solvents water (a), ethylene glycol (b), and glycerol
(¢). Xs represents actual data; solid line are calculated behavior from
Eqs. 1 and 3 as well as best fit from Eq. 4

We consider the Smoluchowski equation with experimen-
tally determined Ds as the best method for generating the true
diffusion limited rate constants, although this is rarely possible
given the lack of available Ds. For water, the Smoluchowski
prediction is roughly an order of magnitude too large. In
glycerol, the results are probably within experimental error
given the uncertainties of the extrapolation.

Using Eq. 2 for estimating the D of oxygen in water gave
good agreement with the experimental D, 1.8x107°M '-s!
versus 2.2x10°M '-s™'. Consequently, this resulted in a kg
that is much above the experimental value, as is the calcula-
tion with known Ds. However, for glycol and glycerol it is a
factor of 3 too low. The Stoke-Einstein equation, by ignoring
the dissimilarities in radii, is about a factor of 2 lower still for
each solvent. It appears that the more viscous the media, the
more closely the kys approach the measured values.

Even for energetically very favorable processes measured
kys that are lower than the theoretical limit are not uncom-
mon or hard to explain. If every encounter does not produce
a quenching event, the experimental value will be too low.
We will return to this later. A ky below the experimental
value requires an alternate explanation. For viscous media
quenching is frequently too fast relative to Eq. | with Ds
calculated from Eq. 2, as we also observe here. The inter-
pretation is that the Smoluchowski equation fails because
the assumptions of a spherical molecule in a continuous
media for Eq. 2 are incorrect, especially for the small non-
spherical oxygen. This is not completely surprising. The
increasing viscosity of glycol and glycerol is a consequence
of the complex entangled hydrogen bonded network of the
polyalcohols. It seems reasonable that small linear oxygen
could more easily penetrate these networks than large spher-
ical molecules on which Eq. 2 is based.

Despite the fact that the plots are nearly linear, the pre-
dicted values by the relationship of Eq. 3 still vary widely
from the actual data. So this model is not very good at
predicting the values for the rate of quenching of metal
complexes by oxygen based solely on temperature and
viscosity. Also interesting is how the predicted values for
water are higher than the experimental values, while for the
other two solvents the predicted values are lower.
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Table 2 Diffusion limited rate

constant kg (M™'-s™") calculated Solvent Experimental ~ Eq. 1 with Eq. 1 with D calculated ~ Stokes Einstein Eq. 3
from different equations compared known Ds from Eq. 2 assuming equal radii
with experimental values at 293 K

Water 3.0x10° 1.5%10" 1.2x10"° 6.5x10°
*Based on a long extrapolation Ethylene Glycol — 2.0x10° No available D 5.9x 10® 3.1x108
from 92.5 % to 100 % glycerol Glycerol 2.9%107 1.7x10% 0.9%107 4.5%x10°

on a log(D) vs log(n) plot

The empirical Eq. 4 is just that, empirical. It is useful for
predicting trends with known data, but not for predicting
diffusion limited rate constants for new systems.

We turn now to a more detailed look at the quenching
process and its possible ramifications. The common model
for the diffusion controlled reactions, adopted for bimolec-
ular quenching is given below.

kg K

D*+Q ‘TT D*|Q—» D+Q*

where the diffusion limited rate constant k4 represents the
encounter rate for formation of the encounter complex D|
Q*, k4 is the dissociate rate constant for the encounter pair
to reform D* and Q, and k, is the rate for energy transfer and
dissociation of the encounter pair resulting in quenching.
The bimolecular quenching constant is then given by

kvkq

by =—"2_
2Tkt kg

(7)

If k. >> k4, the quenching rate is kg, the upper limit. If k_ 4 >>
k,, then a pseudo equilibrium is established and k,=k; (kq/k_q).
The maximum rate is kq and the minimum zero.

The fact that the observed quenching constant is less than
the theoretical limit for low viscosity water and comparable to
the theoretical value for more viscous glycol and glycerol can
be accounted for on the basis of the above model. In low
viscosity water, there is little hindrance to dissociation and k_4
can compete effectively with k,, which produces a quenching
constant well below the theoretical limit. For viscous glycol
and glycerol, there is a substantial cage trapping of the
quencher in the encounter pair; k., can now compete more
effectively, and the quenching constant is nearer the diffusion-
controlled limit. Thus, higher viscosity solvents enhance
quenching efficiency per encounter over a lower viscosity
solvent. This effect has been observed in triplet state quench-
ing [13]. This, of course, doesn’t solve the issue of the exper-
imental kjs being above the calculated ky, but it does reduce
the magnitude of the deviation from Eqs. 1 and 2. Since
oxygen is small and non-spherical, larger than theoretical
values calculated from Eq. 1 and 2 are not unexpected.

An alternative explanation of the low k; in water has to
do with spin statistics in the excited state. Oxygen quench-
ing of a pure triplet excited state will result in quenching
only 1/9 of the time [14], a factor that closely matches the
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discrepancy for Rubpy,”*. However, as the excited state of
the complex is a strongly mixed spin orbit state containing
both singlet and triplet character, it is unclear whether the 1/
9 factor would apply. Arguing for it is the fact that analo-
gous Os(II) complexes where spin orbit coupling is much
stronger have somewhat higher quenching constants than
the Ru(Il) complexes but still not at the diffusion controlled
limit. On the other hand similar Ir(IIT) complexes with spin
orbit coupling equally as large as osmium show an order of
magnitude lower quenching constant than the Ru(Il) com-
plexes [15]. Clearly, the quenching process is complex and
subject to many factors.

Conclusions

From the data compiled it is shown that the quenching of
luminescent transition metal complexes by oxygen is a
complex process dependent on more parameters than simply
the temperature and viscosity of the solvent. In the absence
of known diffusion coefficients for the solvent, the Smolu-
chowski equation with calculated diffusion coefficients
based on the radii of the reacting species seems to give the
most reasonable estimates.
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