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Fractional dependence of the free energy of
activation on the driving force of charge transfer in
the quenching of the excited states of substituted
phenanthroline homoleptic ruthenium(i)
complexes in aqueous mediums
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The photophysical characteristics of some homoleptic ruthenium(i) phenanthroline derivatives are
investigated in aqueous medium. The lifetimes of the excited SMLCT state of the studied complexes
were found to be very sensitive to the type of the substituents on the phenanthroline ligand and were
found to increase from about 0.96 ps in case of the parent [Ru(Phen)s]>* complex to 2.97 ps in case of
[Ru(DPPhen)s]2*. The transient absorption spectra of the current set of complexes were studied also in
aqueous medium. Quenching of the excited *MLCT states of the studied complexes by molecular
oxygen were studied and quenching rate constants were found to be in the range 1.02-4.83 x 10° M~!
s7L Values of singlet oxygen quantum yields were found to be in the range 0.01 to 0.25, and the
corresponding efficiencies of singlet oxygen thereby produced, fi, were in the range 0.03-0.52. The
mechanism by which the excited >MLCT state is quenched by oxygen is discussed in light of the spin
statistical factor rate constants and the competition between charge transfer and non-charge transfer
quenching pathways. The partial charge transfer parameters, pct, were obtained and found to be about
0.88 for all complexes except for complexes with fy values lower than 0.25. The correlation of the
activation free energies AG™ of the exciplexes formation with the driving force for charge transfer,

rsc.li/rsc-advances

1. Introduction

Singlet oxygen is most frequently produced by photosensitiza-
tion. Singlet oxygen is essential to both natural and synthetic
chemistry. It has a key role in many applications such as
wastewater treatment, fine chemicals synthesis, photoactivated
insecticides and herbicides, photodynamic therapy for cancer,
and photo-sterilization of blood components and in electro-
chemical cells."”

Excited state quenching of the aromatic compounds and
coordination compounds by molecular oxygen has been studied
extensively and reported in many review articles.*** It has been
found that the type of the excited state, the excited state energy,
the oxidation potential of the sensitizer, and the solvent polarity
are the major factors that affect oxygen quenching of the excited
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AGceT, gives a charge transfer character of the exciplexes of about 35.0%.

triplet states of aromatic hydrocarbons and efficiency of singlet
oxygen thereby produced.****

It is intriguing to know that there haven't been as many
studies on the quenching of the excited states of metal
complexes by oxygen as there have been on aromatic
compounds.’” The majority of the coordination compound
studies focused on ruthenium(u) polypyridyl complexes.**>°
Singlet oxygen photosensitized by other metal complexes such
as chromium(m),>**® lanthanide complexes of metal-
lotexaphyrin derivatives,>” and divalent metal complexes of Pt,
Mg, Cu, Ni, Ag, Cd, Co, Pd and Zn,*® palladium and platinum
complexes,®® thiolato Au(i) complexes,* organoiridium(m)*
was also reported. Recent studies have shown that osmium(u)
terpyridyl derivatives®® are effective singlet oxygen photosensi-
tizers used for photodynamic therapy. It has also been reported
that cyclometallated monocationic complexes of iridium(m) and
platinum(u) are effective singlet oxygen photosensitizers.*”
Cyclometallated platinum(u) complexes,*”® were found to be
efficient singlet oxygen photosensitizers. The photophysical
properties and efficiency of singlet oxygen production photo-
sensitized by thirty eight Re(1) complexes have been recently
collected and singlet oxygen quantum yields were reported with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the minimum value of 0.20 and highest value approaching
unity.” Porphyrinic metal-organic frameworks has recently re-
ported as good singlet oxygen photosensitizers and was re-
ported also to be good standard for singlet oxygen quantum
yields for solid state materials.”

Despite such huge data, the mechanism by which the excited
states of coordination compounds are quenched by oxygen is
still not fully clear. For example, the clear inverse dependence of
the efficiency of singlet oxygen production, fi, and the
quenching rate constant, k4, on the photosensitizer's oxidation
potential is not clearly observed as those reported for aromatic
hydrocarbons. In this contribution, we continue our efforts in
the study of factors affecting quenching by oxygen of the excited
states of metal complexes especially in aqueous medium. The
photophysical properties of some homoleptic ruthenium(u)
phenanthroline derivatives are studied. Quenching of the
excited *MLCT state of the studied complexes by molecular
oxygen are investigated in aqueous solution and quantum yield
of singlet oxygen thereby produced are also reported. Factors
affecting the quenching process are investigated. The obtained
efficiency of singlet oxygen production, fa, and quenching rate
constant, ky, are correlated to the oxidation potential of the
photosensitizers. Competition by charge transfer and non-
charge transfer quenching mechanism are to be elucidated.

7/ N\_ /N
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NO,
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—N N=—

5-nitro-1,10-phenanthroline
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Scheme 1 Structure of the ligands used.
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2. Experimental

2.1. Materials and reagents

RuCl;-xH,O0, 1,10-phenanthroline (phen), and its derivatives 5-
nitro (NPhen), 5-chloro (CIPhen), 4,7-diphenyl (DPPhen), 4-
methyl (MPhen), 3,4,7,8-tetramethyl (TMPhen), dime-
thylformamide (DMF), lithium chloride (LiCl), and ethanol were
purchased from sigma Aldrich.

2.2. Instruments and measurements

Shimadzu UV-1900 UV-VIS Spectrophotometer was used for the
collection of the steady state absorption spectra and Shimadzu
6000 Spectrofluorophotometer was used for luminescence
emission spectra measurements in aqueous medium. LP980
Edinburgh Instruments laser flash photolysis system was used
for the collection of the transient absorption spectra, and in the
emission mode for the collection of the luminescence decay of
the excited states. Singlet oxygen decay at 1270 nm was collected
using Hamamatsu H10330-45 NIR detector as previously
described.* The excitation source is Q-smart (450 mJ) Nd:YAG
Quantel Lasers at 355 nm.

Luminescence decay traces in the visible and infrared
regions were found to follow a mono-exponential function.
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Singlet oxygen quantum yield, @5, was obtained by comparing
the luminescence intensity of singlet oxygen at 1270 nm pho-
tosensitized by the current set of complexes with that obtained
from the reference [Ru(bpy),]** " at zero time in air equilibrated
D,O solution. Luminescence decay traces of ruthenium(u)
complexes at different oxygen concentrations were collected by
purging the D,O solution for 20 minutes with argon and oxygen
and in air equilibrated solutions.”

2.3. Synthesis of ruthenium complexes

The homoleptic set of ruthenium complexes under investiga-
tions were synthesized and characterized as in literature.”7®
Structure of the ligands are as shown in Scheme 1.

3. Results and discussion

Steady state absorption spectra corresponding to the spin
allowed d(t,y) — 'MLCT transition for the complexes under
investigation in aqueous medium is shown in Fig. 1 and the
corresponding luminescence emission spectra of the *MLCT
transition to the ground state are shown in Fig. 2. The wave-
length of maximum absorption, Ajs, and wavelength of
maximum emission Ags: are listed in Table 1.

Fig. 1 and Table 1 show that values of A3}s are about 446 =+
1 nm except for [Ru(TMPhen);]** and [Ru(DPPhen);]*" which
shows an absorption maxima of 439 nm and 464 nm, respec-
tively. On the other hand, the luminescence emission spectra
show a clear variation of the wavelength of maximum emission,
Aem ', with the type of the ligand with a range from 602 nm to
626 nm. The luminescence quantum yields (®;) of the studied
series of complexes was calculated relative to [Ru(bpy);]*" as
a standard with @; = 0.094.”” The obtained luminescence
quantum yield of the studied complexes were about the same
except for [Ru(TMPhen);]** with a value of 0.034 and much
lower value for [Ru(NPhen);]*>" mainly due to the enhanced non-
radiative process as a result of the presence of the nitro group.
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Fig.1 The absorption spectra of about 5.0 uM the studied complexes,
4.0 uM for [Ru(TMPhen)s]?* and 3.5 uM for [Ru(DPhen)s]?* in water.
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Fig. 2 Normalized luminescence emission spectra the substituted
phenanthroline Ru(i) complexes in water.

The transient absorption spectra of the homoleptic Phen,
NPhen, ClPhen, MPhen, DMPhen, TMPhen and DPPhen
complexes in oxygen free neutral aqueous solution are shown in
Fig. 3, from which is clear that the transient absorption covers
the range from 300 nm to 800 nm and their decay is consistent
with the luminescence lifetime measurements, attributed to
deactivation of the lowest *MLCT excited state. The transient
absorption spectra of the current set of complexes were similar
to the previously reported [Ru(phen);]** and other derivatives.”

The *MLCT luminescence lifetime was found to change with
the type of the ligand and vary from 0.96 ps in case of
[Ru(Phen);]*" to 2.97 ps in case of [Ru(DPPhen);]*" in argon
purged aqueous solution. Table 1 shows the luminescence
lifetime values of all complexes. Luminescence decay of the
excited *MLCT of the current set of complexes were collected in
argon purged, air equilibrated, and oxygen saturated aqueous
solution example of which is given in Fig. 4 for [Ru(MPhen);]*".
Time resolved luminescence emission and excited state
absorption decay traces were found to be the same within the
experimental conditions. The measured rate constant, kops, was
plotted versus oxygen concentrations for all complexes as shown
in Fig. 5. The quenching rate constant, k,, was obtained from
the slope of eqn (1):

kobs = kO + kq[OZ] (1)

where k, represents the excited state's decay constant in the
absence of oxygen.

The obtained k, values from the slope of Fig. 5 were found to
be in the range of 1.02-4.83 x 10° M~ ' s~ " which are all 1/9k4 <
kq < 4/9%q (ka = 2.2 x 10" M™! s7') in water”” except for
[Ru(NPhen),;]** where its rate constant is less than 1/9k4 (see
Table 1).

It has previously reported that singlet oxygen quantum yield
produced as a result of excited *MLCT state quenching by
oxygen is given by:”

By = drPrf) (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical properties of Ru(i) phenanthroline derivatives in H,O (see text for details) the oxidation potential Eoy, is taken from ref. 89

and corrected for SCE

Eo/V AGT /K]
Complex M (nm) AZRX (nm) @,  vs. SCE Eoo/kf mol™" to/us kg/10° M 'sTt &y Pr% i por mol' AGger/k) mol”!
[Ru(phen),]** 447 603 0.072 128 2167 0.96 4.64 x 10° 025 0.48 0.52 0.882 13.68 —18.0
[Ru(NPhen)3]2+ 449 602 0.002 1.47 217.1 1.28 1.02 x 10° 0.01 0.29 0.03 0.355 16.18 —0.26
[Ru(MPhen), " 447 610 0.060 1.19  214.3 132 4.77 x 10° 023 0.65 0.35 0.883 12.84 —24.2
[Ru(ClPhen)_g]” 449 605 0.062 1.37 216.0 1.22  3.26 x 10° 0.17 0.52 0.33 0.820 13.91 —8.12
[Ru(TMPhen);*" 439 610 0.034 1.05  214.3 222 4.83 x 10° 0.3 0.72 0.18 0.885 12.22 —37.4
[Ru(DPPhen)3]2+ 464 626 0.057 1.22 208.8 2.97 3.40 x 10° 0.03 0.73 0.04 0.810 12.90 —15.9

where @ is the efficiency by which the *MLCT state is popu-
lated, P;°? is the fraction of the excited *MLCT state quenched
by oxygen calculated as given by eqn (3), and fX is the efficiency
of singlet oxygen, O,('Ay), production.

por _ kg[Oa]  to—<
T k() + kq [02] To

(3)

It has been proposed that the excited singlet metal-to-ligand
charge transfer state ("MLCT), which is initially produced by
photoexcitation, undergoes an ultrafast intersystem crossing
with a near-unity probability to a long-lived triplet state (*MLCT)
in about 15 fs.*® Therefore, eqn (2) becomes:

@y = P17/} (4)

The obtained @, values in D,0, calculated Pr° and fi values
are compiled in Table 1.

The mechanism by which the excited triplet states are
quenched by oxygen was first proposed on the basis of spin
statistical factors by Gijzeman et al.,** and modified by Garner
and Wilkinson in order to account for oxygen quenching rate
constant values higher than 1/9k4 found for multiple systems by
including charge transfer complex intermediates and inter-
system crossing between them,®” and later by Wilkinson and
Abdel-Shafi who suggested competition between charge transfer
assisted quenching with and without energy transfer and non-
charge transfer assisted energy transfer,''®* and by Schmidt
et al.>*** who developed a model that quantifies a parameter
pcrthat describes the balance between nCT and CT deactivation
pathways and how this balance affect the triplet state quench-
ing rate constant, ky, as well as the efficiencies of 02(12g+) and
overall O,(*A,) sensitization. For a sensitizer with known triplet
energy, it is simple to determine the parameter pcr from its
quenching rate constant.

Fig. 6 shows the dependence of efficiency of singlet oxygen
production, fa, and the quenching rate constant, kq, on the
oxidation potential of the photosensitizer, E,,. It is clearly seen
that the quenching rate constant decreases as the oxidation
potential increases which is consistent with previous findings
for aromatic compounds and also for studied coordination
compounds. On the other hand, the dependence of fa on the
oxidation potential of the sensitizer is scattered which is
inconsistent with previously reported aromatic hydrocarbons
data.” " The obtained values of k, and f; can be combined with

© 2023 The Author(s). Published by the Royal Society of Chemistry

previously obtained studies with wider range of oxidation
potentials in water for a wider view of the dependence of both
parameters on the oxidation potential. Fig. 7a confirms the
decrease of the quenching rate constants collected for ruth-
enium(u) complexes in aqueous solution®?***” with the oxida-
tion potential. On the other hand, the collected efficiencies of
singlet oxygen production, fi, dependence on the oxidation
potential for the same sets of complexes (Fig. 7b) show a Boltz-
mann sigmoidal fit of the form y = a, + (a; — a,)/(1 + exp((x — xo/
dx))), with a; and a, values of 0.27 £+ 0.05 and 1.03 + 0.07,
respectively.

In view of the proposed oxygen quenching of the excited
triplet states mechanisms, the initial step of quenching is the
formation of the excited encounter complexes of the form
13(®M...>2) with diffusion-controlled rate constant, kg, which
dissociate back with a rate constant, k_gq, or react forward
through a singlet channel, '(*M...*3), leading to the formation
of the ground state sensitizer and excited molecular oxygen in
its first O,("A,) and/or second excited state O,('S,"), or through
the triplet channel, *(*M...>Z), leading to energy dissipation
forming ground state sensitizer and ground state molecular
oxygen O,(°Z,") (Scheme 2).

The overall rate constant kp can be evaluated from k, using
eqn (5) as follows:

kp = k_akg/(ka — kq) (5)
and accordingly, the individual rate constants for the formation
of 0,('Zg"), kix, 02('Ay), kia, and O,(*Z, "), kss, can be calcu-
lated from eqn (6) and (7) as follows:

klE =a X k[) (6)
kia = kp x (fa — a) )
kss = kp x (1 —fl) (8)

For simple understanding of the differences between
Schmidt's treatment and that of Gijzeman et al. and its revi-
sions, Scheme 3 is Schmidt's treatment in the framework of an
early mechanism by Gijzeman et al.®* As illustrated in Scheme 3,
Schmidt et al. demonstrate that the production of O,(*A,), and
0,(*Z,") proceeds either through a charge transfer channel or
a non-charge transfer channel. In Scheme 3, kAg = ki3 + k5% and
ker = k&t + ke

RSC Adv, 2023, 13, 13314-13323 | 13317
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Fig. 3 Transient absorption spectra of the studied complexes in argon purged H,O.

Schmidt et al. model deviates from our earlier kinetic
scheme'*™® primarily by emphasizing the formation of ground
molecular oxygen directly from the triplet channel. They have
also ignored the equilibrium between the charge transfer exci-
plexes (M*"...0,°7) and 3(M°*...0,°") a conjecture that we have
introduced earlier as well.*

13318 | RSC Adv, 2023, 13, 13314-13323

The quantity pcr is the proportional contribution of charge

transfer deactivation to the total deactivation of the excited state
by O, defined as:

kL kp — Sk%
per = k;T — D = AE (9)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Luminescence decay traces of the excited *MLCT state of
[Ru(MPhen)s]?* at various oxygen concentrations in aqueous solution.
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Fig. 6 Dependence of the singlet oxygen production efficiency (red
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oxidation potential of the sensitizer.
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where kp, is the overall rate constant of formation of the product,
kp = kek_alka—kq, kor = kor + k. The “3(Ty...°S) nCT
complexes undergo internal conversion (IC) at rates of kg =
KAE + 33 to lower-lying nCT complexes. The energy gap relation
log(kxg/m) = fIAE) is controlled by the empirical polynomial fit
by Schmidt et al.>"#*%%%° based on the value of AE.

kp = Skge/(1 = per) (10)

Since kp = Skag/(1 — per) and kér = per=kag/(1 — per) hold true,
eqn (11) and (12), were used to evaluate the theoretical values of
/A and kg as follows:83:8486:90

kﬁE(l 7PCT) + 0.25 pCTZkiE
Skbe

fa= (11)

_ kaZkyg /(1 — per)
Y kg + 3K /(1 - per)

(12)

Based on the experimentally determined fA and k, the proper
values of pcr were determined using eqn (11) and (12), by
adjusting pcr for each sensitizer until the discrepancy between
the experimental and calculated values of fi and k, is at its
smallest, the optimal value of pcr is attained. The dependence
of fA and kq on the estimated values of pcr is shown in Fig. 8.

Fig. 7A and B show the dependence of fi and k4 for the
current set of complexes and previously reported results for
other series of ruthenium complexes on the reported oxidation
potential. Fig. 7A shows that the oxygen quenching rate
constant decreases as the oxidation potential of the sensitizer
increases. The highest reported value in case of oxygen
quenching of the excited *MLCT state of ruthenium complexes
in aqueous solution is 7.01 x 10° M~' s™'3” which is smaller
than the 4/9k4 based on the diffusion rate constant of 2.2 x 10*°
s~ in aqueous solution. On the other hand, the reported effi-
ciency of singlet oxygen photosensitized by the same series of
ruthenium complexes followed a sigmoidal pattern with
approximately minimum value of 0.25, with some exceptions,
and highest value of 1.0. The above model is based on the spin
statistical factor that led to a minimum value of fi equals 0.25 as
expected by eqn (11). It has been found that the inverse corre-
lation between fX and k, in case of ruthenium complexes is not
always as good as observed for aromatic compounds.*”**

It is interesting that the empirical parameter pcr can be
assessed without knowing the oxidation potential of the sensi-
tizer or the solvent polarity, is extremely intriguing. However,
the variations in pcr are closely related to modifications in the
CT interactions present in excited complexes of sensitizer and
0O,, which are sensitive to solvent polarity and oxidation
potential.

The driving force for charge transfer evaluated by eqn (13) for
complete electron transfer from the sensitizer to ground state
oxygen, AGcgr, has been found to be a useful qualitative
measure of the strength of CT interactions in the excited
complexes involved, despite the fact that in reality there is no
full electron transfer observed during these quenching

RSC Adv, 2023, 13, 13314-13323 | 13319
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processes. The free energy change, AGcgr, is calculated by eqn
(13)°* as follows:

AGcgr = F(on - Ered) —Ep ot C (13)
where F is Faraday's constant, E,, and E,.q are the oxidation
potential of the sensitizer and the reduction potential of O,
(taken as —0.41 V vs. SCE in water®), respectively. Ey_, is the
excited state energy of the sensitizer (for evaluation see (ref.
37)), and the C is the electrostatic interaction energy which is
taken as —2.1 kJ mol™*.%

The experimental free energies of activation, AG”, of the
exciplexes *(T;-*2) and (S, 'A) formation can be evaluated by
eqn (14) as follows:

T T T T T T 25
5.0
F2.0
4.0 H
" F15
o - ;m
G,E 3.0 - °
2 — g
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Ng 1.0
2.0
0.5
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Fig. 8 The dependence of the experimental values of kq and calcu-
lated values of kp on pcr.
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% ker
AG” = —RT In (kBT/h) (14)
where T is the Kelvin temperature, kg and £ are the Boltzmann
and Planck constants, respectively, and kcr stands for both 3 x
k& and kp o (kpa = k_akg/(ka — k3))-

Eqn (15) describes the dependence of AG” on AGcgr that
deviates from the standard Marcus equation by the constant fas
follows:

AGT = &<1 + (15)

fA GCET
4

A

The fact that the precise free energy change of exciplex
formation AGcr is unknown but anticipated to be proportional
to AGcgr is taken into account by f'such as f= AGc1/AGcgr. The
fit of AG™ versus AGggr shown in Fig. 9 accurately depicts the
experimental data. The obtained fitting parameters for the
corrective factor f (which is related to the CT character, §, of the
exciplexes formed) and the reorganization energy, A, (which
describes the energetic requirements for the reorganization of
the complex and its surroundings in the CT step), are 0.125 and
60.0 k] mol ', respectively. Based on the obtained value of the
corrective factor f which is related to the charge transfer
parameter 6, by 6 = f*, a charge transfer character of the
excited exciplexes *(T;...>Z) and '(So;..."A) was found to be
about 35.3%. The estimated charge transfer character of the
excited exciplexes of 35.3% is consistent with the value of 51.5%
previously reported by us for a series of ruthenium complexes
which is expected to be higher due to their lower oxidation
potentials.®” Slightly higher charge transfer character of the
excited exciplexes of 57.5% and 59.2% were reported for a series
of biphenyl and naphthalene derivatives in acetonitrile,
respectively.”®**

AG*/kJmol’!

T T T
-50 -40 -30 -20 -10 0
AGger/kJmol™”!

Fig. 9 Correlation of free energy of activation AG* of 3(T;-*3) and
YSo-A) exciplex formation on the driving force of charge transfer,
AGceT.
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4. Conclusion

Photophysical properties of a series of ruthenium(u) phenan-
throline derivatives were studied in aqueous medium. *MLCT
excited state energy, Ey_o, were found to be in the range 215 £
1 kJ mol™" except for [Ru(DPPhen);** where E,, is about
209.0 k] mol ™. The oxidation potential of the current series of
sensitizers was in the range from 1.05 V vs. SCE in case of
[Ru(TMPhen),;]** to 1.47 V vs. SCE in case of [Ru(NPhen);]*".
Oxygen quenching rate constants, k4, were found to be in the
range 1.02 x 10° M~" s~ for [Ru(NPhen);* to 4.83 x 10° M~
s ' for [Ru(TMPhen);]** and were found to decrease as the
oxidation potential of the sensitizer increases. On the other
hand, the efficiency of singlet oxygen production did not show
the familiar correlation with the oxidation potential as has been
shown for aromatic compounds. The parameter, pcr, were
estimated for each sensitizer and found to be about 0.84 + 0.05
except for [Ru(NPhen);]** where pcr value of 0.355 were used for
good evaluation of the calculated kg only. It has been found that
the experimental values of k; and calculated values of kp
increase as pcr increases. Data treatment shows a charge
transfer character of the excited exciplexes *(T;...>Z) and
'(So1..."A) of about 35.3%. The mechanism of quenching of the
excited charge transfer states such as *MLCT by molecular
oxygen and singlet oxygen thereby produced is much more
complicated than with organic sensitizers since more variables
are participating simultaneously, such as excited state energy,
nature of the excited state, oxidation potential of the sensitizer,
spin orbit coupling constant of the central metal in addition to
the steric factors imposed by the structural nature of the
ligands. Therefore, the exact mechanism of oxygen quenching
of the excited states of coordination compounds will not
become clear till all these variables are considered and carefully
studied.
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