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ABSTRACT: The emission properties of a series of flavin
(FL) decorated Ru (II) polyimine complexes were investigated
by extensive time-dependent (TD) density functional theory
(DFT) and DFT based calculations. We attributed the
moderate emission properties of FL decorated Ru(II)
polyimine complex (Ru-1), such as triplet lifetime and
luminescence quantum yield, to the dominant fast nonradiative
decay due to the small adiabatic energy gap between the
ground state and the lowest lying triplet state (AE,4) and the
slow radiative decay owing to the ligand localized triplet (*IL)
nature of the emissive state. Electron withdrawing groups such
as F and Cl were attached to the FL moiety of Ru-1 to alter
AE,4. Both the radiative and nonradiative decay rates were
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found to be sensitive to AE,q and may result in a drastic change of the photophysical properties of the Ru(II) complexes.
Specifically, substitution with F leads to an increase in the AE,; from 1.85 to 1.93 eV, resulting in a nearly doubled
phosphorescent quantum yield and triplet lifetime with respect to Ru-1. These findings are vital for the rational design of

phosphorescent transition metal complexes.

B INTRODUCTION

Transition metal complexes, especially complexes of Pt(Il),
Ir(III), Ru(II), etc., have drawn considerable attention for their
outstanding photophysical properties, which enable their
applications as photosensitizers in photocatalysis," ™ phos-
phorescent imaging and molecular sensing,’~"° photodynamic
therapy,'' ™' triplet—triplet annihilation upconversion,'*" etc.

When photoexcited at a suitable wavelength, the molecules
of a transition metal complex go first from the ground state
(Sp) to the dipole-allowed excited states (S,). The allowed S,
to singlet metal—ligand charge transfer state ('MLCT)
transition results in a generally weak absorption band as
compared with the organic dyes.'”'" The excited molecules
evolve mainly from the low-lying excited states (S,) via
radiative or nonradiative decay (via vibronic coupling) to So.>°
The efficient spin—orbital coupling (SOC) of transition metal
centers may also facilitate the excited sensitizer to undergo
intersystem crossing (ISC) to reach triplet states with lower
energy, and the observed emission of a transition metal
complex can be from the low-lying triplet excited states (T,)
competing with vibronic nonradiative decay.”” Obviously,
strong absorption in the visible light region and a triplet
emissive state with a longer lifetime are always desired to
achieve both energy efficient excitation of photosensitizers and
a higher concentration of excited photosensitizer for efficient
electron/energy transfer.””' ~** Slow radiative and nonradiative
decay are expected for a prolonged triplet excited state lifetime
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and are commonly realized by tuning the relative energy level
of the low-lying triplet excited state with the desired ligand
localized triplet (°IL) nature.”’™** Directly attaching a
chromophore to the metal center does not guarantee the
formation of the desired *IL state with a prolonged lifetime as
the requested energy and spatial requirements may not be
satisfied.”>*® These make the photosensitizer design not
straightforward.”' ~***’

Recently, density functional theory (DFT)/time-dependent
(TD)-DFT based calculations have been important tools to
understand or predict photophysical properties of transition
metal complexes.”*™** On the basis of the fundamental first-
order perturbation rate theory, the radiative decay rate is
directly proportional to the SOC between the triplet emissive
states and the perturbing states (including S,) with different
multiplicities (Hgp), and the electronic transition dipole
moment between the involved electronic states with the
same multiplicity, and is proportional to the energy gap
between the involved singlet and triplet states.’® The
nonradiative decay rates between the triplet and singlet states
can be 3predicted with Hgo, energy gaps, and vibronic
coupling.”” ™ Combining these theoretical predicted param-
eters with ligand design and experimental investigations may
help to understand the correlation between the ligand structure
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and radiative properties for a rationalized application-oriented
design of transition metal complexes.*'

Owing to its superior photophysical properties, advanta-
geous electrochemical behavior, and chemical robustness,
Ru(II) bipyridine complex ([Ru(bpy);]**, bpy 2,2'-
bipyridine, Ru-0) and Ru(Il) complexes derived from Ru-0
have been widely used in lightin devices,** photodynamic
therapy,43 solar cells,"* sensors,™ photocatalysis,‘k,”47 etc.
Recently, we connected flavin (FL) to a bipyridyl ligand and
synthesized an FL decorated Ru(II) bipyridine complex (Ru-
1). In this way, we enhanced the absorption in the visible light
region with respect to Ru-0 and observed phosphorescence
emission from the °IL state originated from the FL moiety of
Ru-1. However, the T, lifetime and triplet quantum yield of
Ru-1 are only moderate.”® This makes it highly desired to find
the dominant factors for the radiative or nonradiative rates of
Ru-1 theoretically. In this work, we investigated the photo-
physical properties of Ru-1-Cl and Ru-1-F and compared them
with those of Ru-1 and the model compound Ru-0 to
understand the factors that govern the radiative and non-
radiative decay processes. We expect the findings may help to
guide the design of photosensitizers of this type.

B THEORETICAL METHODS

The compounds investigated are shown in Figure 1, including flavin
(FL), FL decorated bipyridyl ligand (L-1), FL decorated Ru(II)
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Figure 1. Structures of compounds, including FL, L-1, Ru-0, and Ru-

1-X (X = F and Cl). Ru-0, Ru-1-F, and Ru-1-Cl are in their +2
charged state.

bipyridine complex and derivatives (Ru-1-X), and Ru(II) bipyridine
complex (Ru-0). The recent experimental research showed that only
the ground state (S,), the first singlet excited state (S;), and the first
triplet excited state (T;) of these compounds are involved in the
photophysical processes of these compounds under radiation at 430
nm.”® The ground state structure (S,) was optimized with 6-
31G(d)* % and LanL2dz basis sets with B3LYP functional,>"*
while those of excited states (both T, and S,;) were fully relaxed
within the TD-DFT method at the same level of theory. The impact
of solvent was handled with the polarizable continuum model.>*~>*
All these structures were confirmed with frequency analysis, and these
calculations were done with Gaussian 09.°°™>® The SOC matrix
elements were calculated with the default scale charge for Ru using
the one-electron Breit-Pauli operator, and together the T, — S,
electronic transition dipole moments®®™®' were calculated with
Dalton 2016 with the aforementioned DFT/TD-DFT approach.>~%*
The theoretical estimates for the radiative and nonradiative decay rate
constants of the T, — S, transition were obtained with the
methodology developed by Shuai and co-workers as implemented
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in MOMAP.>***%57%7 Briefly, the rate constants were obtained by a
Franck—Condon weighted average over all vibrational modes in the
initial and final electronic states, which includes a Boltzmann
distribution for the thermal population of the initial vibrational
states. The multidimensional Franck—Condon integrals were
evaluated by Fourier transform of the thermal vibrational correlation
function. The result is the temperature-dependent and vibrationally
resolved phosphorescence spectrum, which, after integration, yields
the radiative rate constant. These setups were found to be efficient to
study the emission progerties of Ir(III) complexes and photophysics
of some organic dyes.””*'

B RESULTS AND DISCUSSION

Experimental investigation already showed that the phosphor-
escent emission of these compounds were from their T; under
radiation at 430 nm.’® We first investigated the electronic
structure of the T, of Ru-0, Ru-1, FL, and L-1 to understand
the origin of the emission (Figure 2). In accordance with the

(a)

(c)

Figure 2. Isosurface plots of TDDFT calculated T, spin density of
Ru-0 (a), Ru-1 (b), FL (c), L-1 (d), Ru-1-F (e), and Ru-1-Cl (f).
(isovalue = 0.0004 au, the Ry, C, O, N, H, F, C}, etc. are in cyan, gray,
red, blue, white, light green, and bright green, respectively.) The
detailed values of spin density projected to each atom can be found in
Figures S3—S8 and Tables S3—S8.

lowest energy electronic transition for the excitation of Ru-0
that is from the Ru-d states to the 7* state of bipyridine ligand
(Table S1 and Figure S1), the spin density is distributed on
Ru(Il) center and one of the bipyridine ligand (Figure 2a),
providing direct evidence for the "MLCT nature of T, of Ru-0
(Figure 1). The T, spin density spatial distribution of Ru-0 and
Ru-1 are quite different. In Ru-1, the T, spin density is
distributed within the L-1, mainly localized on the FL moiety
(Figure 2b) and decreases gradually within the bipyridine
ligand with negligible contribution from the Ru-d states,
showing the dominant intraligand charge transfer (*IL) nature
of the Ru-1 T, state. Further, the T, state in Ru-0 is extended
to include the conjugated framework of FL in Ru-1. With
these, we can expect that the emission spectra of Ru-0 and Ru-
1 would be quite different as their T are of different origins.
This is supported by the experimentally observed emission at
595 and 643 nm for Ru-0 and Ru-1, respectively, and the
calculated S, — T, vertical excitation of 648 nm for Ru-1
(Table S2 and Figure S2). A close examination of Figure 2b—d
shows that the T, spin density of Ru-1, FL, and L-1 are similar
not only for the spatial distribution but also for the phase of
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Figure 3. Simulated phosphorescence spectra of FL, L-1, Ru-1, Ru-1-F, and Ru-1-Cl (a), the projection of reorganization energy into normal modes
on corresponding S, potential surface (b) and the vectorized representation of atomic displacement for the corresponding vibration modes of FL
(c), L-1 (d), Ru-1 (e), Ru-1-F (f), and Ru-1-Cl (g). The spectra were simulated at 298 K.

Table 1. Calculated Photophysical Properties of Ru Complexes at 298 K

298 K Ru-0 Ru-1 Ru-1-F Ru-1-Cl
k./s7'¢ 1.76 x 10° 8.11 11.78 10.64
k /st 1.11 X 10° 6.82 x 10° 422 X 10° 472 X 10°
Qp/%¢ 61.30 1.19 x 1073 2.79 X 1073 226 X 1073
#/Debye? 0.4132 0.003934 0.004346 0.004191
Hgo/cm™'¢ 5.33 1.51 1.64 1.61
Eqeorg/cn™ 2188.24 1674.89 1481.58 1432.92

“Radiative decay rate constant. Nonradiative decay rate constant. “Theoretical phosphorescent emission quantum yield in percentage, calculated
as k./(k, + k,,) X 100%. We only considered the S;, S;, and T, for Ru-0, and the value was overestimated as compared with the experimental
values.”" “The electric transition dipole moment between the involved electronic states with the different multiplicities calculated quadratic
response function with Dalton.**” Please consult ref 36 for the details on calculation of this electric transition dipole moment. “The averaged
spin—orbit coupling matrix elements between the emitting states and the perturbing states with different multiplicity,*®”>’* calculated as
ave = \/(I(SolﬁsolTLx)lz + |(~S'0|IA{SO|TLJ,)|2 + |(SO|PAISOITLZ)|2)/3.fReorganization energy, calculated as the difference in energy of the T, and S,

structures on the S potential energy surface.

the spin wave function, implying that Ru-1 would exhibit calculated E,, ., values of FL, L-1, and Ru-1 are 0.21, 0.20, and

phosphorescence emission similar to those of FL and L-1. 0.21 eV, respictively. The small E,, values can thus be
The simulated vibrationally resolved phosphorescent spectra attributed to the renowned small reorganization of FL
of FL, L-1, and Ru-1 were compared in Figure 3 to highlight derivatives and the similarity of the bonding within the FL
the origin of emission of Ru-1 T, state. The emission moiety in L-1 and Ru-1. We then projected the T structure to
maximum () of the simulated phosphorescent spectra of ground state normal modes to correlate the energy transition
Ru-1 and L-1 is at ~660 nm (Figure 3a), in reasonable with the atomic structures (Figure 3b). The Eeorg of L-1
agreement with the experimental A, of 643 nm and the (Figure 3d) and Ru-1 (Figure 3e) was found to be contributed
calculated S, — T, vertical excitation at 648 nm (Table $2).2° mainly by the same groups of normal modes on corresponding
The emission spectra of L-1 and Ru-1 are similar and are all S, potential energy surface (Figure 3b). We further analyzed
red-shifted by ~50 nm with respect to that of FL. The the atomic motions related to these normal modes and found
emission wavelength is determined by adiabatic Sy-T'; band gap that these normal modes can be assigned to the vibration of C
(AE,y) and the vibrational reorganization after electronic and N atoms within the FL moiety (Figure 3c—e). The above
transition along the S, potential energy surface (reorganization findings strengthen our proposal on the important role of the
energy, E,.,). The calculated AE 4 values of FL, L-1, and Ru-1 extended conjugation in L-1 to the redshift and the radiative
are 2.00, 1.85, and 1.85 eV, respectively, and the difference is properties of Ru-1. As the impact of temperature and solvent
because FL extends the conjugation in L-1 and lowers the on the emission spectra was already included during the
energy difference of frontier states that determines AE 4. The calculation, we propose that the broadening of the emission
8488 DOI: 10.1021/acs.inorgchem.9b00713
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Figure 4. Variation of k, (a), k, (b), Q, (c), and 7y (d) of Ru complexes with AE,. (The curves were obtained using properties of the
corresponding complex by varying only AE,. For clearance, only the points corresponding to AE,; of each complex was marked on the
corresponding curve. k, was the integration of the calculated phosphorescence emission spectra (Figure 3a).*® Though it is currently hard to
conclude, k, may be related to the cubic of AE,,.”" Q, was calculated as the ratio of radiative decay rate constant and the sum of radiative and

nonradiative decay rate constant.)

spectrum of Ru-1 with respect to that of L-1 is due to the
coupling of the ground state normal modes of L-1 with those
of the Ru(II) center and the bipyridyl ligands.

The luminescence quantum yields of these Ru(1I) complex
depend on the radiative and nonradiative decay rates from the
triplet emissive states. We compared the calculated theoretical
photoluminescence properties of Ru complexes in Table 1.
The calculated results compare well with the reported
experimental investigations of Ru-0 and Ru-1 in the order of
magnitude.”® The calculations were performed based on the
fundamental first-order perturbation rate theory.*® The
radiative decay rate constants were calculated as the integration
of the emission spectrum. The emission spectra of transition
metal complexes are often evaluated at different temperatures
in experiments. Low temperature emission spectra, commonly
containing sharp peaks corresponding to vibrationally resolved
fine-structure features, are widely used to investigate the
electronic transitions and electron—phonon interaction. These
fine-structure features correspond to the transition from the
vibration states of triplet excited state to the vibration states of
ground state and the coupling with the ground state normal
modes. However, these features are generally not observable in
the spectra obtained at elevated temperatures (e.g, room
temperature) which contain merely broadened peaks. We
calculated the vibrationally resolved emission spectra of Ru-1
at 0 K and found that these fine structures correlate well with
the calculated Huang—Rhys factors that are commonly used to
characterize vibronic coupling.”® With thermal vibration
correlation function, the emission spectra of Ru-1 at 298 K
can be finely reproduced.”*””® Though the emission spectra
vary with temperatures, the calculated the radiative decay rates
constants do not vary significantly, and the values at 77, 196,
and 298 K are 9.27, 8.65, and 8.11 s7}, respectively. Similar
results were reported on room temperature phosphorescent
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emission Ir(III) complexes.”' It should be noted that the
finding may not hold for those transition metal complexes that
the phosphorescent emission processes vary significantly with
temperature.

As the scaled charge of transition metal atoms for spin—
orbital integral is always 10° fold more significant than those of
the main group elements, they contribute dominantly to the
Hjgg in transition metal complexes. Therefore, a decrease of the
contribution of the transition metal d states to the electronic
transition of T, may dramatically alter Hyo and leading to a
drastic change of the transition dipole moment.”' For Ru-0, T,
is of MLCT character (Figures 2 and S1), the S, — T,
coupling is strong according to the symmetry selection rule,
and the calculated Hgg is 5.33 cm ™. In contrast, the T, of Ru-1
is of IL nature and the contribution of the Ru-d orbital for the
So = T, transitions is only about 5%, so the calculated Hgg is
only 1.85 cm™ (Figures 2 and S2). This leads to a significant
decrease of the ¢ of Ru-1 to 0.0039 D, while this value is 0.41
D for Ru-0 where the Sy, — T transition is typical MLCT with
a contribution of Ru-d typically large than 70%. This partially
explains the dramatically decrease of the radiative decay rate
constants from 1.76 X 10° (Ru-0) to 8.11 s™* (Ru-1) Tables 1
and S1 and S2).

The radiative decay rate is proportional to the adiabatic
energy gaps between the involved singlet and triplet states.’
According to the experiment report on photophysical proper-
ties of Ru-1, we have only T, and S, during the photophysical
processes, and their adiabatic energy gap is the AE,.*° As
aforementioned, the introduction of the FL moiety also leads
to decreased AE 4, from 2.30 eV for Ru-0 to 1.85 eV for Ru-1.
We went back to investigate the potential impact of AE,4 on
the photophysical properties of Ru-1. It is not straightforward
to alter AE 4 of a transition metal complex. The introduction
of functional groups or extension the conjugation within the
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organic chromophore may alter AE ;. At the same time, the
new functional groups and the extended & system may also
participate in the conjugation and the bonding within the
complex. This may lead to unexpected alternation of Hy, and y,
which are also vital for the radiative decay. Furthermore, the
functional groups may also introduce different energy
consumption paths, altering the E., and resulting in an
unpredictable change of the emission spectra. Inspired by the
recent work of Peng and co-workers that the introduction of
strong electron withdrawing groups such as F and CI may alter
AE,4 in a controlled way in Ir(III) complex,"" we considered F
and Cl substituted Ru-1 (Ru-1-F and Ru-1-Cl in Figure 1) and
investigated their absorption and emission properties (Tables
1, S9 and S10 and Figures 2, 3, S9 and S10). In short, the
electronic transitions of IL character (Figure S9 and S10) that
correspond to the absorption of Ru-1-F and Ru-1-Cl appear at
450 and 454 nm, respectively (Tables S9 and S10). According
to the isosurface plots of T, spin density which are localized
only on the substituted L-1 ligands, the T, of both Ru-1-F and
Ru-1-Cl are of ’IL character (Figure 2fg, in the right panel).
The predicted phosphorescence emission of Ru-1-F and Ru-1-
Cl appear at ~640 and ~650 nm, respectively, similar to that of
Ru-1 at ~650 nm (Figure 3a), while the identified normal
modes on the S, potential energy surface that contributed most
to the E ., for Ru-1 derivatives are exactly the same as those
for Ru-1 localized within the substituted FL moieties (Figures
3b,f,g). The calculated AE,y’s are 1.93 and 1.90 eV for Ru-1-F
and Ru-1-Cl, respectively, while the Hgp’s are 1.64 and 1.61
cm™!, respectively, and the calculated values of y are 0.0043
and 0.0042 D, respectively (Table 1). According to the
similarities in the calculated values and presented physical
pictures for the absorption and emission, we concluded that
the electronic structure of Ru-1 framework is preserved to a
largest extent in Ru-1-F and Ru-1-Cl. As the calculated y and
Hg for Ru-1-F and Ru-1-Cl are similar to those of Ru-1, while
AE,4’s vary from 1.85 eV for Ru-1 to 1.93 eV for Ru-1-F, the
difference in the calculated radiative decay rate (from 8.11 s™!
for Ru-1 to 11.78 s™' for Ru-1-F, Table 1) can be partially
attributed to the variation of AE,;. The variation of radiative
decay rate with respect to AE 4 was plotted to further verify
our proposal on the impact of AE s (Figure 4a). Because of
the similarity in electronic structure, the curves for the three
complexes even overlap in Figure 4. For all three cases, the
nonradiative decay rate constants of all three Ru complexes
descend slowly with the increase of AE,; However, the
radiative decay is promoted by ~50% in Ru-1-F with respect to
Ru-1 (Table 1). In this sense, the slow radiative decay of Ru-1
is due to the IL nature of T, making the Ru d orbital not
effective to contribute to the radiative decay in terms of small u
for the electronic transitions, while the AE 4 also plays a role.

Nonradiative decay (discussed with calculated the rate
constants, as k,,) is always competing with the radiative decay
(discussed with calculated the rate constants, as k,) for excited
complexes. For Ru-0, the k; is comparable with k,,, making the
phosphorescent emission quantum yield (Qp) as high as ~60%
(Table 1). As modulated by the IL nature of low-lying excited
states (T, and S;) of Ru-1 and substituted derivatives, the k,
decreases significantly, while the k. remains at the same scale
as that of Ru-0 and becomes the dominant decay path, leading
to a dramatically decreased Qp with respect to Ru-0 (Table 1).
This makes it also significant to highlight the controlling
factors for the nonradiative decay process. The k,, between the
T, and S, depends on the Hyo, AE,q, etc.’*~** The Hyq, values
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of Ru-1, Ru-1-F, and Ru-1-Cl (of IL character) are smaller than
that of Ru-0 (of MLCT character), but they are at the same
order of magnitude and their contribution to k,, is expected to
be similar. The E,.,, of Ru-0 is 0.27 eV, while that of Ru-1 is
only 0.21 eV due to the renowned low E,,, of FL derivatives.
The E,.,, varies only slightly and the contribution to k,, of Ru-
1 and its derivatives may not differ significantly. The AE,4’s are
enhanced to 1.93 and 1.90 eV in Ru-1-F and Ru-1-C],
respectively, and are thus attributed to impact k,, significantly.
To backup this proposal, the variation of k,, with respect to
AE, is plotted for Ru-1, Ru-1-F, and Ru-1-Cl (Figure 4b).
Because of nearly the same contribution from Hgg and E,o,
the k,, curves for these complexes overlap after AE 4 becomes
larger than 1.00 eV. As the AE,4’s are significant compared to
Eicorgs in Ru-1, Ru-1-F, and Ru-1-Cl, the k,, of these three
complexes decrease proportionally with the increase of AE_,.
Specifically, the increase of AE 4 from 1.85 eV in Ru-1 to 1.93
eV in Ru-1-F would lead to ~40% decrease of the k,, from 6.82
X 10° to 4.22 X 10° s™'. This again confirms the dominant
contribution of AE 4 to the outstanding nonradiative decay
rate of Ru-1.

Phosphorescence quantum yield (Qp) and triplet lifetime
(7r) are two commonly used factors to describe the
photophysical properties of a photosensitizer or a luminance
material. With the calculated k, and k,,, the Qp and 71 of the
three FL decorated Ru(II) bipyridine complexes are also
plotted in Figure 4c,d. As nonradiative decay is the main path
for the decay of triplet Ru(II) complexes, both k,, and 6Q are
sensitive to and change nearly linear proportionally with AE .
Specifically, a 0.08 eV increase of AE4 from Ru-1 leads to
nearly doubled Qp and 71 for Ru-1-F at 298 K.

B CONCLUSIONS

We studied the photophysical properties of a series of FL
decorated Ru (II) polyimine complexes by extensive TD/DFT
based calculations. We attributed the short triplet lifetime and
low luminance quantum yield of Ru-1 with respect to Ru-0 to
the fast nonradiative decay due to the small AE 4 and the slow
radiative decay owning to the *IL nature of the emissive state.
We attached electron withdrawing groups such as F and CI
into the FL moiety of Ru-1 and increased AE_; We showed
that the nonradiative decay is a dominant decay process, and
the decay rates are sensitive to AE,y of these complexes.
Specifically, substitution with F leads the AE_4 to increase from
1.85 to 1.93 eV, resulting in nearly doubled phosphorescence
quantum yield and triplet lifetime with respect to Ru-1. With
these findings, we proposed that FL decorated Ru(II)
bipyridine complexes should be redesigned in different ways
for application as photosensitizers, molecular sensors, or
luminance materials. Slowed k, and k. and prolonged 7y are
desired to maintain a higher concentration of the transition
metal complexes in triplet excited states for photosensitizer
applications, and this can be realized by maintaining an
accessible T of IL nature with a large AE 4. Fast k, and slowed
k.. are expected to facilitate a transition metal complex with
outstanding emission properties for molecular sensing and
luminance applications. These require the lowest lying excited
states (S; and T,) of partial MLCT character and a significant
AE,4. These findings may help to rationalize the application-
oriented design of transition metal complexes for photo-
sensitizer applications.
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