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A bipyridine ruthenium(i) complex (Ru-1) with a flavin moiety connected to one of the bipyridine ligands
via an acetylene bond was designed and synthesized, and its photophysical properties were investigated.
Compared with the tris(bipyridine) Ru(i) complex (Ru-0), which has an extinction coefficient ¢ = 1.36 x
10* M7t cm™ at 453 nm, the introduction of the flavin moiety endows Ru-1 with strong absorption in
the visible range (¢ = 2.34 x 10* M™t cm™! at 456 nm). Furthermore, Ru-1 exhibits phosphorescence
(lem = 643 nm, ®p = 1%, 1p = 1.32 ps at 293 K and 4.53 ps at 77 K). We propose that the emission of
Ru-1 originates from the low lying triplet excited state of 3IL according to the time-resolved transient
difference absorption spectra, the calculated T; spin density and the T; thermo-vibration modes
localized on the flavin-decorated bipyridine ligand. This is the first time that the phosphorescence of
flavin was observed within Ru(i) complexes. Consequently, Ru-1 was used for triplet—triplet annihilation
upconversion, showing a reasonable quantum yield of 0.7% with respect to the phosphorescence quantum
yield of 1%. These findings pave the way for the rational design of phosphorescence transition metal
complexes. Also, further approaches that may improve the performance of flavin-decorated Ru(i) bipyridine

rsc.li/pccp complexes are proposed.

1. Introduction

Recently, transition metal complexes such as those of Pt(u), Ir(u),
and Ru(un) have received considerable attention due to their
newly found applications in photocatalysis,'” phosphorescent
imaging and molecular sensing,°"® photodynamic therapy
(PDT),"**® and triplet-triplet-annihilation based up-conversion
(TTA UC),""° where strong absorption in the visible range and
a long-lived triplet excited state are crucial.>’>* Different from
conventional organic photosensitizers,>* >’ transition metal
atoms with large atomic number can induce strong spin-orbital
coupling (SOC) and facilitate the intersystem crossing (ISC)
processes in these complexes, which are prohibited by selection
rules. Due to this heavy atom effect, efficient ISCs and phos-
phorescence from the lowest triplet state (T,) are frequently
observed in transition metal complexes.*”*'?
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Although strong absorption in the visible light region is
desirable for efficient energy conversion and electronic transfer
to afford the expected excited states, the allowed ground state
(So) to singlet metal-ligand charge transfer state (*MLCT)
transition in transitional metal complexes is commonly a weak
absorption.”®! Furthermore, these complexes usually suffer
from short T, state lifetime, the elongation of which requires
not only effective ISC mediated by the transition metal center to
facilitate the formation of *MLCT, but also the formation of
equilibrium with or thermodynamically driving force for the
transition from *MLCT to triplet ligand localized excited state
(*IL).2*72*32735 Consequently, the design of transition metal
complexes for photosensitizer applications is challenging. Thus,
a thorough understanding of the structure-properties correlation
with the photophysical properties of these transition metal com-
plexes is required to overcome the abovementioned challenges,
which is currently unavailable.** %3273

Ru(u) polypyridine complexes are representative transition
metal complexes that show visible light absorption and can act
as triplet photosensitizers, which have been used for solar energy
harvesting, molecular sensors, molecular switches, etc.*"*® The
lowest singlet excited state of Ru(u) polypyridine complexes
commonly shows '"MLCT character. After population at "MLCT,
the excited complex then relaxes to *MLCT through ISC, which is
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facilitated by the Ru(u) center. The emission of Ru complexes is
usually due to the radiative emission of 3MLCT, which is a broad,
structureless band centered at ~600 nm, with a luminescence
lifetime usually less than 1 ps. The T, lifetime may be extended
further if the *®MLCT can evolve to or be in equilibrium with a °IL,
if such a state has a lower energy. Consequently, the triplet lifetime
of T; of these complexes are determined by the relative energy
position of *MLCT, a higher-lying metal centered triplet excited
state (*MC) and the potential existence of *IL.*' With this insight,
we successfully tailored the photophysical properties of Ru(u)
polypyridine complexes, including both their absorption in visible
light region and T; lifetime, by incorporating organic chromo-
phores in the polypyridine ligands, including coumarin,*”~*°
pyrene,*®*° rhodamine,**™** thiazole and benzothiazole,** benzo-
triazole,* carbazole,*® and others.>' >3

Flavin and its derivatives (FL) are structurally and function-
ally the reaction sites for redox-active coenzymes, which are
capable of initiating a variety of thermal and photoinduced
electron transfer processes over a wide range of redox poten-
tials.*”~>* FL derivatives were found to act as electron acceptors
in photoinduced electronic transfer to afford a long-lived charge
separation state due to their small reorganization energies.>>™>
Furthermore, FL derivatives are known to bind various metal
ions, which give rise to a positive shift in their one-electron
reduction potentials.>®”” Direct coordination of FL derivatives
through their N*N or N*O to Ru(u), Co(u), Cu(i), Zn(u) and Cd(u)
centers has been reported.’®® FL coordination to Ru(u) together
with bipyridine ligands have been reported to afford Ru(u)
complexes with T; of *MC character, in which the coordination
of FL derivatives with Ru(u) is activated upon UV radiation,
leading to isomerization of the complexes.’®”° Due to the low
reorganization energy of both FL derivatives and porphyrin,
metalloporphyrin complexes of Sc(ui), Zn(u) and Pd(u) deco-
rated with FL derivatives were reported to exhibit elongated
T, lifetimes.®® Although both FL derivatives and Ru(u) poly-
pyridine complexes exhibit outstanding photophysical pro-
perties, to date, Ru(u) polypyridine complexes decorated with
FL derivatives have not been reported, and the triplet emis-
sion of FL has not been observed within transition metal
complexes.

In this study, we covalently attached FL to a bipyridine
ligand to afford Ru-1 and investigated its photophysical pro-
perties by combining experimental and theoretical efforts. The
covalent attachment of electron-acceptor moieties such as FL
through an acetylene connection to the bipyridine ligand may
enhance the conjugation within the ligand to afford strong
absorption in the visible light region, avoid the competitive
coordination of FL via N or O atoms to Ru(u), and help to
facilitate the thermodynamically driven evolution of *MLCT
to °IL.

2. Materials and methods

All chemicals used in the synthesis were analytically pure
and used as received. Solvents were dried and distilled before
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use for synthesis. All samples in the flash photolysis and
upconversion experiments were deaerated with N, for at least
15 min before measurement.

Analytical measurements

All chemicals were analytically pure and used as received. NMR
spectra were recorded on a Bruker 500 MHz spectrometer and
OXFPRD NMR 400 MHz spectrometer with CDClz;, DMSO-d¢ or
acetonitrile-ds as the solvent and tetramethylsilane (TMS) as the
standard at 0.00 ppm. HRMS was accomplished with a MALDI
micro MX (Waters, U.S.), GCT (Micromass, U.K.), G6224A (Aglient,
U.S.) or LTQ Orbitrap XL (Thermo Scientific, U.S.). Fluorescence
spectra were measured on an RF5301 PC spectrofluorometer
(Shimadzu, Japan). Absorption spectra were recorded on a
UV2550 UV-vis spectrophotometer (Shimadzu, Japan). Fluores-
cence lifetimes were measured with an OB920 luminescence
lifetime spectrometer (Edinburgh, UK).

Nanosecond transient absorption spectra

Nanosecond transient absorption spectra were measured on an
LP980 laser flash photolysis spectrometer (Edinburgh Instru-
ments, UK) and recorded on a Tektronix TDS 3012B oscilloscope
and with a nanosecond pulsed laser (OpoletteTM 355I1+UV nano-
second pulsed laser, typical pulse length: 7 ns; pulse repetition:
20 Hz; peak OPO energy: 6 mJ. The wavelength was tunable in
the range of 200-2200 nm. OPOTEK, USA). The lifetime values
(by monitoring the decay trace of the transients) were obtained
with the LP900 software.

Cyclic voltammetry

Cyclic voltammetry was performed at a scan rate of 50 mV s~

on a CHI610D electrochemical workstation (Shanghai, China).
The measurements were performed at room temperature with
tetrabutylammonium hexafluorophosphate (Bu,N[PFg], 0.1 M)
as the supporting electrolyte, a glassy carbon electrode as the
working electrode, and platinum electrode as the counter
electrode. Acetonitrile was used as the solvent and ferrocene (Fc)
was added as the internal reference. The solution was purged with
N, before the measurement, and the N, gas flow was kept constant
during the measurement.

Triplet-triplet annihilation upconversion

A 473 nm cw-laser was used for the upconversion. The upcon-
version quantum yield (®yc) was determined with the prompt
fluorescence of [Ru(bpy)s]** (€ = 9.5% in MeCN) as the standard.
The upconversion quantum yield was calculated using eqn (1),
where @yc, Asam, Isam, and 7gam represent the quantum yield,
absorbance, integrated photoluminescence intensity, and refrac-
tive index of the sample, respectively. The corresponding terms
for the subscript std are for the reference quantum counter. This
equation was multiplied by a factor of 2 to set the maximum
quantum yield to unity.

1 — 10~ 4su I, n ?
- e 11074 sam flsam 1
uc std (1 _ 107’45‘“") (Istd> <77std> ( )
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Synthesis

The ligands and Ru(u) complexes were synthesized according to
Scheme 1. The detailed synthesis conditions, yield, state of the
compounds, yield and characterization are included in the
(Section 2, ESIT).

Theoretical methods

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT)-based calculations were performed
to investigate the photophysical properties of the as-prepared
compounds. The 6-31G(d) basis sets were used for the main
group elements,®”"®® while the Los Alamos Effective Core
Potentials (LanL2dz) were used for Ru.”®”* As the octyl group
in the FL moiety is not involved in the photphophysical process,
it was replaced with a methyl group to lower the computational
cost. The structures of the S, states of the compounds were fully
relaxed with the B3LYP functional.”>”® Then, TD-DFT calcula-
tions at the same level of theory were performed to obtain the
S; and T, structures. All these structures were verified with
frequency calculations to be the local minima along the corres-
ponding potential energy surface. All calculations were per-
formed with Gaussian 09.”* The transition dipole moments

2

1
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from T; to S, were evaluated from the quadratic response
function,””””” and the spin-orbit coupling matrix elements were
computed at the same level of theory using the effective single-
electron approximation in the linear response theory with
Dalton.”®®® The phosphorescent spectra of the Ru complexes
were calculated using MOMAP.*'"® Natural transition orbital
(NTO) analysis was performed to understand the electron
transitions involved in the UV-vis absorption using Multiwfn
and Gaussian 09.”*%° The polarizable continuum model (PCM)
was applied to take into account the electrostatic interaction
with the solvent.®””®° These methods were previously used to
investigate the photophysics of organic dyes and Ir(m) com-
plexes, and the obtained results were in excellent agreement
with the experiments.’>*"

3. Results and discussions

Inspired by our previous studies reporting that *IL emission can
be observed via the decoration of bipyridine ligands attached
to a Ru(u) center with organic chromophores, we used FL to
decorate the bipyridine ligand to tailor the photophysical proper-
ties of the Ru(u) bipyridine complex. The synthesis routes and
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NO,
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vi = vii
7 N ) NH, —

—N N
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NO, NO, NH,
7 8
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Scheme 1 Synthesis of the compounds. (i) Trimethylsilylacetylene, Pd(PPhs),Cl,, PPhs, Cul, EtsN, reflux, 8 h. Yield: 66.2%. (ii) BuyNF, THF, r.t. Yield:
58.2%. (iii) Concentrated sulphuric acid, concentrated nitric acid, r.t., 2 h. Yield: 73.8%. (iv) N-Octylamine, EtzN, THF, reflux, 15 h. Yield: 98.7%;
(v) Pd(PPhs)4, Cul, EtsN, reflux, 8 h. Yield: 71%. (vi) Zinc, ammonium chloride, methanol, H,O, reflux. 3 h. (vii) Alloxan, boric acid, acetic acid glacial, 60 °C,
1 h. Yield: 33.7%. (viii) [RuClo(cymene)],, 2,2’ -dipyridyl, ethanol, H,O. Yield: 15%; (ix) N-octylamine, EtsN, THF, reflux, 9 h. Yield: 98.5%. (x) Zinc, ammonium
chloride, methanol, H,O. Yield: 95%. (xi) Alloxan, boric acid, acetic acid glacial, 60 °C, 1 h. Yield: 41%.
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compounds involved in this investigation are shown in
Scheme 1. FL (FL, Scheme 1) was attached to the bipyridine ligand
viag an acetylene group to afford the FL decorated bipyridine ligand
(L-1, Scheme 1), which was used to afford complex Ru-1 (Ru-1,
Scheme 1). All the Ru(u) complexes, FL and ligands used in this
study were prepared in accordance with standard procedures with
final purification and are readily soluble in a variety of organic
solvents. All the compounds were obtained with good yields and
were structurally characterized via NMR and mass spectrometry
(see Section 2 and ESIT for details). The structures and properties
of FL, L-1 and the previously reported compound Ru-0 were
also characterized to investigate the photophysical properties
of Ru-1.%74°

The UV/vis absorption spectra of FL, L-1 and Ru-1 in
dichloromethane (DCM) are shown in Fig. 1a. The UV/vis
spectrum of FL is characterized by two absorption bands at
~350 and ~450 nm, which is in good agreement with the
reported results.”>®* The UV/vis absorption spectra of 1-1 and
FL are similar, which have 2 absorption bands with maxima in
the range of 300-400 nm and 400-500 nm, respectively. The
conjugation with the acetylene bonds and the bipyridine ligands
further red-shifts these bands and enhances their intensity with
respect to FL. The strong absorption of L-1 and FL in the visible
light range is characterized by their molar extinction coefficients
(e) of 1.10 x 10" and 1.95 x 10* M~" cm ', respectively. The
similarity in their absorption implies that FL and L-1 exhibit
similar photophysical properties under UV radiation. Ru-1 shows
the most intense absorption in the range of 240-500 nm and its
calculated ¢ is 2.34 x 10" M~' em™". This is almost double
that of Ru-0 with ¢ of 1.36 x 10* M~' cm™" and more than
twice that of FL. These results are in reasonable agreement with
those obtained for Ru(u) bipyridine complexes decorated with
coumarin and pyrene, which demonstrates the feasibility of our
approach.***”*° Furthermore, the strong absorption feature of
L-1 in the visible range can be recognized in Ru-1. Thus, the
strong absorption of Ru-1 can be attributed to L-1, which is in
accord with the TD-DFT calculations (Table 1 and Fig. 2).

We then investigated the absorption of Ru-1 in toluene,
DCM, acetonitrile and methanol (Fig. 1b). The "MLCT absorp-
tion band of Ru-0 at ~450 nm was proposed to be charge-
transfer in nature, which may lead to the formation of a dipolar
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excited state, and is thus sensitive to the polarity of the
solvent.’* This will be further enhanced as the FL in L-1 alters
its symmetry and polarity with respect to Ru-0. Thus, DFT/
TD-DFT calculations were performed to understand the absorp-
tion spectra of Ru-1. All the electronic transitions with excita-
tion wavelength above 350 nm including the dark states not
mentioned in Table 1 are shown in Table S1 (ESIt), and the
orbitals involved in these transitions are shown in Fig. S36
(ESIY). To justify the accuracy of the calculation,”® DFT/TD-DFT
calculations with the PBEO functional and 6-31g(d,p)//LanL2dz
basis sets were also performed, which yielded principally the
same physical picture for the absorption (Table S2 and Fig. S37,
ESIt). Additionally, NTO analysis was performed for electronic
transitions with oscillator strength larger than 0.2 to uncover
the nature of the transitions (Table S3 and Fig. S38, ESIf).
Our TD/DFT calculations interpreted that the absorption at
~450 nm (Sy — S,) is contributed by both the LLCT within L-1
and MLCT from Ru(u) to L-1. This confirms the contribution of
L-1 to the enhanced absorption in this region and also the
MLCT nature of the transition. Since the introduction of the FL
moiety in L-1 extends the conjugation and differentiates the
energy levels of L-1 and bipyridine ligands, the absorption
at ~406 nm (S, — Sq,) is attributed to MLCT from the Ru-d
states to FL and bipyridine moiety of L-1 and LLCT between L-1
and bipyridine ligands. Additionally, the absorption at ~396 nm
(So — Si3) can be attributed to the MLCT from Ru-d to the
bipyridine ligands and LLCT between L-1 and the bipyridine
ligands (Table S3 and Fig. S38, ESIt). Moreover, the photophysics
of FL is quite complex. FL possesses abundant alkyl O, pyridinic N
and imidic N within a n-conjugated planar framework, which are
available for formation of m-m stacking, hydrogen bonds and
electron transfer with the solvent. Therefore, its absorption is
very sensitive to the environment and is solvent-dependent.”® As
an overall effect, the absorption of Ru-1 is solvent dependent and
its arbitrary absorption intensity in DCM was slightly higher than
in the other solvents investigated.”*

A similar solvent dependent phenomenon was also observed
for the emission spectra of the ligands and Ru(u) complexes.
The emission spectra of FL and L-1 (Fig. 3a and b) share the
same character, with emission bands at ~500 and ~510 nm,
respectively. The vibrational structures of FL and L-1 are

0.3 r :
—— Toluene
----------- DCM
4 —=— ACN
0.2
8 3
c {
g g
° (o]
801
§ <04
00 B . - 0.5 Ho 00 A i ] N
300 400 500 600 400 500 600

Wavelength / nm

Wavelength / nm

Fig. 1 (a) UV-vis absorption spectra of FL, L-1, Ru-0 and Ru-1in DCM. (b) UV-vis absorption spectra of Ru-1 in different solvents. ¢ = 1.0 x 10> M; 293 K.
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Table 1 Major electronic transitions involved in the excitation of Ru-1. (Please see Table S1 (ESI) for a full analysis of the electronic transitions within

visible light region including the dark states.)®

Electronic transitions Energy Vid Composition® cr? Character
So — S1 2.32 eV/533 nm 0.0189 194 — 195 0.64339 M-o>L,L->L
194 — 196 0.26961 Mo L,L->L
So — S, 2.51 eV/494 nm 0.0341 192 — 195 0.19016 M-o>L,L->L
193 — 195 0.62141 M-o>L,L->L
193 — 196 0.24274 d->dL->1L
So — S3 2.57 €V/482 nm 0.0435 191 — 195 0.12279 L->L,M->1L
192 — 195 0.62775 M->L,L->L
192 — 196 0.19108 d->dL->L
193 — 195 0.20520 M->L,L->1L
So = S4 2.73 €V/455 nm 1.0202 191 — 195 0.67220 L->L,M->L
192 — 195 0.14582 L>L,M->L
So = S11 3.06 €eV/406 nm 0.2304 190 — 195 0.51368 L->L,M->L
192 — 195 0.10233 L->L,M->L
192 — 196 0.20748 d->dL->1L
193 > 195 0.10656 L->L,M>L
193 — 196 0.27452 d->dL->1L
193 — 198 0.25900 d->dL->L
So — Si3 3.13 €V/396 nm 0.3002 190 — 195 0.42016 L>L,M->L
192 — 195 0.11688 L->L,M->L
192 — 196 0.43253 d->dL->1T
192 — 198 0.13864 d->dL->L
193 — 196 0.11101 d->dL->L
193 — 198 0.24588 d->dL->1L
So - Ty 1.91 eV/648 nm 191 — 195 0.18128 L->L,M->L
192 — 195 0.14374 L->L,M->L
193 — 195 0.55639 Lo>L,M->L
193 — 196 0.12541 d->dL->1L
194 — 195 0.26434 L->L,M->L
So = T, 2.22 €V/558 nm 190 — 195 0.41180 L->L,M—>L
191 — 195 0.20563 L>L,M->L
193 — 195 0.13039 L->L,M->L
193 — 196 0.16664 d->dL->1L
194 — 195 0.33718 L->L,M->L
194 — 196 0.23733 L->L,M->L
194 — 197 0.15482 d->dL->1L
So — Ts 2.40 eV/517 nm 190 — 195 0.38775 L>L,M->L
191 — 195 0.12892 L->L,M->L
193 — 195 0.16429 L->L,M->L
193 — 196 0.13207 d->dL->1L
194 — 195 0.40457 L->L,M->L
194 — 196 0.18273 L->L,M->L
194 — 197 0.16080 d->dL->1L

“ For Sy, — S, transitions, only the first 4 and the major transitions with an oscillator strength larger than 0.2 are shown. The first 3 S, - T,
transitions are also shown. ? Oscillator strength, not available for S, — T, transitions. © Only the main configurations are presented. ¢ The CI

coefficients are in absolute values.

observable in toluene and DCM and their emission intensities
decrease in high polarity methanol and acetonitrile due to the
high polarity of the solvents and the vibrational decay of their
S, states. The emission of Ru(u) bipyridine complexes from
their low lying *MLCT states has been widely accepted due to
the heavy atom effect of Ru(u).*! Since Ru-0 emits from *MLCT,
which is an excited state with its charge transfer populated by
ISC from "MLCT and /en, of 595 nm, the observed phosphor-
escence is more sensitive to the polarity of the solvent (Fig. 3c).
The measured phosphorescence lifetime of Ru-1 in a mixture of

17508 | Phys. Chem. Chem. Phys., 2018, 20, 17504-17516

ethanol/methanol is 0.58 ps at 293 K and 4.9 ps at 77 K, which
is typical for the emission of Ru(i) complexes.’® The phosphor-
escence emission behavior of Ru-1 (Fig. 3d) was further identi-
fied because it can be quenched by O,, while the 3IL nature of
the lowest triplet state of Ru-1 was suggested by the TDDFT/
DFT calculated energy levels and compositions of the low lying
triplet excited states (Table 1, Fig. 2 and Table S4, Fig. S39,
ESIY), excited state spin charge density localized at L-1 (Fig. 4),
and the emission of Ru-1 centered at ~650 nm with a lifetime
of 1.32 ps (Fig. 3).
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Fig. 2 Contour plots of the wavefunction of the molecular states of Ru-1 involved in the transitions mentioned in Table 1. The Ru, C, O, N, and H atoms
are in cyan, gray, red, blue and white, respectively. The isovalue is £0.02 a.u. Please see Fig. S36 (ESIt) for a full version of the wavefunctions involved in

the electronic transitions within the visible light region.

In Ru-1, L-1 completely breaks the symmetry around the
octahedral Ru(u) center, making the emission from T; of Ru-1
too sensitive to the solvent; thus, its emission is only observable
in DCM (Fig. 3d). We noticed that the measured phosphores-
cence lifetime of Ru-0 is slightly longer than that of Ru-1
(4.90 ps vs. 4.53 us in DCM at 77 K). This is due to the fact
that Ru(m) not only facilitates ISC from '"MLCT to *MLCT, which
further evolves to *IL delocalized on L-1, but also promotes the
feasibility of ISC from °IL to S,.°*> Furthermore, the complex
photophysics of the flavin moiety that makes the emission and
absorption of FL moiety sensitive to the environment may also
play a role in the emission.*® Since the emission of Ru-1 is only
significant in DCM, the emission of FL, L-1, Ru-1 and Ru-0 were
further investigated in DCM at 293 K at a concentration of
1 x 107> M. By fitting the decay trace, the emission lifetimes
of FL, L-1 and Ru-1 were determined to be 6.53 ns, 1.65 ns and
1.32 ps, respectively. These results further confirm that the
emission of FL and L-1 is of fluorescent in nature, while that of
Ru-1 is phosphorescent.

This journal is © the Owner Societies 2018

Electrochemical characterization was also performed to
address the proposed charge transfer nature of the solvent
dependent absorption and emission of FL, L-1, Ru-1 and Ru-0.
In brief, only one reversible reduction wave was observed for
Ru-1 at —0.68 V and corresponding reduction waves were observed
in FL, EFL and L-1 at —1.09, —0.93 and —0.83 V, respectively.
Therefore, the reversible reduction wave for Ru-1 is contributed
by the FL moiety within Ru-1. However, for Ru-0, three reduction
waves were observed at —1.73, —1.92 and —2.17 V, all of which
are attributed to the Ru(n) coordination center. Furthermore, the
oxidation waves of Ru-0 and Ru-1 were observed at +0.90 and
+0.93 V, respectively. We then calculated the Gibbs free
energy change (AG;) of the electron transfer process using the
Rehm-Weller equation to enhance the understanding of the
photo-induced electron transfer (PET) in Ru-1. It was found that
PET in polar solvents such as acetonitrile is exothermic (AG.s =
—0.41 eV). However, in less polar solvents such as DCM AG. is
—0.23 eV; hence, PET is partially inhibited due to the small
exothermic nature of the process with the lack of driving force.

Phys. Chem. Chem. Phys., 2018, 20, 1750417516 | 17509
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This further explains the observed emission of Ru-1 in DCM
(Fig. 3d). We also calculated the energy levels for the charge
transfer states (CTS). In acetonitrile, Ecrs is 1.58 eV, which is
lower than the energy of the lowest lying triplet state of Ru-1
(Table 1, T,). Therefore, the phosphorescence of Ru-1 is com-
pletely quenched by PET in acetonitrile (Fig. 3d). However, the
Ecrs in DCM is higher than the energy of the lowest lying triplet
state of Ru-1; thus, the emission of Ru-1 is observable. In the
case of toluene, the weak emission is due to the formation of
n-1 stacking. These results, to some extent, further explain the
solvent dependent nature of the absorption and emission of
Ru-1 and support the aforementioned proposal for the emission
from *IL of Ru-1.

We also noticed that the emission of Ru-1 is strong in
nitrogen saturated solution (Fig. 4a), but is partially quenched

17510 | Phys. Chem. Chem. Phys., 2018, 20, 1750417516

under air atmosphere or in oxygen saturated solution (not
shown). The sensitivity of the emission to O, provides evidence
that Ru-1 emits from its low lying triplet excited states and the
phosphorescence emission of Ru-1 is sensitive to O,. However,
the emission under air atmosphere is still observable compared
to that under N, atmosphere as a result of the efficient ISC from
the proposed S; to T;. According to our previous experience
on the O, sensing behavior of Ru(u) bipyridine complexes, these
results suggest the potential O, sensing application of Ru-1
if its phosphorescence lifetime can be further elongated by
molecular design.?®74°

The emissions of FL, L-1, Ru-0 and Ru-1 at 77 K and 293 K
were also compared in Fig. 5. The emission of FL, L-1 and Ru-0
were measured in ethanol/methanol mixture, while that of Ru-1
was measured in DCM. The vibrational fine structures of all
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these compounds were observed at 77 K. The emissions of FL
and L-1 are quite similar, which demonstrates that their emis-
sion originates from the S; state on the FL moiety. At 77 K, two
emission bands centered at ~495 and ~520 nm are observed
for FL and L-1, which overlap into one peak at 293 K. Ru-0 and
Ru-1 also demonstrate significant vibrational progression at
77 K. The thermal induced Stokes shift of Ru-0 is slightly more
significant than that of Ru-1 (23 nm vs. 18 nm). It has been
accepted that a small thermal-induced Stokes shift is estab-
lished evidence for the *IL components in the low lying triplet
excited states corresponding to the emission.’”*® Previously,
the emission of Ru-0 was proposed to be *MLCT, but the small
thermal-induced Stokes shift of 18 nm suggests that the emis-
sion of Ru-1 has greater *IL component.*”*° This is in good
accordance with the aforementioned calculated T, spin density
localized on L-1. The decay traces of Ru-1 were fitted to a first-
order decay function and the obtained phosphorescence life-
times at 77 K and 293 K are 4.53 and 1.32 ps, respectively. Since
the inter-molecular collision and vibration along non-emissive
decay paths are diminished to a large extent at lower tempera-
tures, the obtained phosphorescence lifetime at 77 K is much
longer than that at 293 K.

We then used nanosecond time-resolved transient absorption
spectra to probe the emission nature of FL, L-1, Ru-1 and Ru-0
(Fig. 6). The transient absorption spectrum of FL is characterized
by ground-state bleach at 442 nm and excited state absorption at
372 and in the range of 500-700 nm, corresponding to FL triplet
absorption (Fig. 6a).”> Similar to FL, the peaks for the ground-
state bleach of L-1 are located at 375 and 460 nm, while that for

This journal is © the Owner Societies 2018

the triplet excited states absorption are red shifted to the range
above 500 nm and below 300 nm due to the delocalization within
the L-1 ligand (Fig. 6b). The excited state absorption above 500 nm
is due to the triplet lifetime of FL.°*°° The measured L-1 triplet
lifetime of 27.3 ps is also typical for FL derivatives.”* % In the
case of Ru-1, the major peak for ground state bleach is at 365 nm
and there are 2 minor bleaching peaks at 432 and 453 nm, which
is in good accordance with its strong absorption in the visible
light range (Fig. 1a). The significant triplet excited state absorp-
tion falls in the range below 300 nm (not shown) and 478-750 nm.
The transient absorption behavior of Ru-1 is completely different
to that of Ru-0, where the transient absorption typical for *"MLCT
is located at ~320 nm and no triplet absorption peak is found
from 500 to 700 nm (Fig. 6d). According to the transient absorp-
tion behavior of FL, L-1 and Ru-1, their excited state absorption in
the range of 478-750 nm can be attributed to formation of *IL
state delocalized on L-1 of Ru-1 (Fig. 6b). Previously, similar triplet
excited state absorptions in the range of 600-700 nm were
reported for an FL mononucleotide and I-substituted FL using
transient absorption spectroscopy,”'°" which are in reasonable
agreement with our findings. The triplet lifetime of Ru-1 of 0.62 us
was then determined by fitting the decay trace at 651 nm. Since
the concentration of Ru-1 is higher (3.0 x 10~ M) in the transient
absorption experiments than that used to characterize the emis-
sion spectra, the shortened triplet lifetime can be attributed to the
enhanced inter-molecular collision and vibration along non-
emissive decay pathways. To the best of our knowledge, this is
the first time that triplet emission of FL derivatives is observed
in an Ru(u) complex.
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The photophysical parameters of these compounds are
summarized in Table 2. According to its high triplet yield, L-1
is a potential catalyst for the oxidation of benzolic alcohols."*®
Furthermore, Ru-1 exhibits the properties of enhanced absorp-
tion in the visible range and a reasonable triplet lifetime.
Consequently, it can, in principle, be used as a photosensitizer
to initiate photophysical processes that need a triplet excited
state. In a practical attempt, Ru-1 was used as a photosensitizer
for triplet-triplet annihilation-based upconversion. The emis-
sions of Ru-1 in the presence and absence of DPA (Scheme 1)
are shown in Fig. 7a. In the presence of DPA, upconverted
fluorescence in the range 400-500 nm was observed upon the
selective radiation of sensitizers at 473 nm. Irradiation of DPA
alone did not produce any emission, and thus proves the role of
Ru-1 as a triplet sensitizer. The peak area of the quenched

Table 2 Photophysical parameters of the studied compounds

phosphorescence emission of Ru-1 by DPA is not significant,
although the upconverted fluorescence is significant. The deter-
mined upconversion quantum yield was 0.7%. We propose that a
non-emissive portion of the Ru-1 sensitizer in the triplet state
is involved because the phosphorescence emission of Ru-1 is
relatively weak with a quantum yield of only 1%.

The Stern-Volmer plot of Ru-1 is shown in Fig. 7b and a photo
of the TTA UC is shown in Fig. 7c. The calculated Stern-Volmer
quenching constant (Ky,) is 5.80 x 10° M ' and the bimolecular
quenching constant (kq) is 4.39 x 10° M~' s™', which are com-
parable to that of Ru-0.”” This is the first time that an Ru(n)
complex derived from FL is used for upconversion applications.
We propose that the reasonable upconversion performance of
Ru-1 is due to its special structural feature introduced by the FL
moiety, as already exemplified by its triplet lifetime.

b

Joabs /MM & Jem' /MM [ ol /us [N o Tp/ns
FL 438 0.110 507; 536 0.363¢ 37.8 0.427 0.279 5.97;' 6.09; 7.94*
L1 455 0.195 508; 537 0.192¢ 27.3 0.488 0.769 1.80;' 1.83¢ 2.72*
Ru-1 456 0.234 643 0.010° 0.62 0.274 0.244 1.32 ps;" 4.53 ps°
Ru-0 453 0.136 595 0.095™ 0.45 0.57™ 1.000™ 0.27 ps;’ 0.58 ps;’ 4.9 psk

“In CH,Cl, (c = 1.0 x 10~° M). ” Molar absorption coefficient. &: 10° M~ em™. © Maximum emission wavelength in CH,Cl, (1.0 x 107> M).

“ The fluorescence quantum yields with perylene (& = 98%, in hexane) as the standard. © The phosphorescence quantum yields with Ru(bpy)

2+
3

(P =9.5%, in deaerated MeCN) as the standard under N,. f Measured by transient absorption in toluene (3.0 x 10~ M). £ Singlet oxygen quantum
yields in CH,Cl,; Ru(bpy);>" was used as the standard (&, = 0.57 in MeCN). " Triplet quantum yields in CH,Cl,. Ru(bpy),*" was used as the
standard (& = 1.00 in MeCN). At 293 K, measured in air in MeOH-EtOH solvent.” At 293 K, measured in deaerated MeOH-EtOH solvent. ¥ At
77 K, EtOH/MeOH = 4/1 (v/v) (1.0 x 10~ M). / Measured in deaerated solution (N,). ™ Literature values. " At 293 K, measured in deaerated CH,Cl,.

° At 77 K, measured in CH,Cl,.

17512 | Phys. Chem. Chem. Phys., 2018, 20, 17504-17516

This journal is © the Owner Societies 2018


http://dx.doi.org/10.1039/c8cp02358a

Published on 01 June 2018. Downloaded by Tsinghua University on 3/1/2019 6:07:20 AM.

View Article Online

Paper PCCP
80 : - - r . .
1 /.
(a) 151 (b) <
60+ Ru-1
3
© 1.0 4
>4 1z r
2 = 05 /
q) . = =
£ 204 Ru-1+ DPA] /
ol /N \ o,o-.ﬂ“ i
400 500 600 700 800 0 14 21 28
Wavelength/ nm c/10-5M

Fig. 7 Upconversion with Ru-1 as the triplet photosensitizer and DPA as the triplet acceptor. (a) Excited by 473 nm laser (5.2 mW). The asterisks indicate
the scattered laser. c(sensitizers) = 1.0 x 107> M and c(DPA) = 4.2 x 10~* M, in deaerated CH,Cl,, 293 K. (b) Stern—Volmer plots generated from the
intensity-quenching of the Ru-1 complex. DPA as a quencher. c(photosensitizers) = 1.0 x 107> M, ey = 473 nm in CH,Cly, 293 K. (c) Photograph of

TTA UC.

Considering these results, we resorted to the vibration resolved
emission spectrum to back up our proposal for the *IL nature of
the lowest lying triplet excited state and the potential ways to
strengthen the emission properties of Ru-1. The TDDFTI/DFT
simulated phosphorescent emission of Ru-1 takes place with the
first maximum at ~700 nm, which is in reasonable agreement
with the experimental A, of 651 nm (Fig. 8a). The reorganization
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energy corresponding to the non-emissive structure transition
along the normal modes on the S, energy surface from the T
structure was then projected onto the S, normal modes according
to the calculated Huang factors in Fig. 8b. The reorganization
energy was found to be contributed mainly by the normal
modes 66, 163, 204, 205 and 207. These modes were reprojected
back to the vibration resolved phosphorescence spectrum of

Mode 207

Fig. 8 Simulated phosphorescent spectra at 77, 198 and 298 K (a). Projection of reorganization energy into the vibrational normal modes on the

So surface (b). Corresponding vibration modes (c).
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Ru-1 (Fig. 8a). The thermo-reorganization that competes with the
phosphorescent emission is mainly contributed by normal modes,
namely, 0-1(66), 0-1(163) and 0-1(207). Only the C and N atoms
within the FL moiety are involved in these normal modes. The
atomic motions corresponding to these modes were then analyzed,
as shown in Fig. 8c. It can be observed that 0-1(66) is the in-plane
asymmetric motion of N atoms within L-1, and 0-1(164) and
0-1(207) are contributed by the stretching of (C—)N-C(—O0) within
the FL moiety. These findings further strengthen our proposal of
the important role of FL in the phosphorescent emission within
Ru-1. Accordingly, the vibrations within the FL moiety are the
main processes that compete with the phosphorescent emission
within Ru-1. Thus, to diminish these non-emissive energy con-
sumption pathways, the FL moiety should be more closely con-
nected to the Ru(u) center to maintain efficient ISC, while FL
should be further modified to be more rigid to achieve prolonged
triplet lifetime by extending the conjugated framework within
L-1 to lower its contribution to the reorganization energies,
particularly those along the C-N direction.

4. Conclusions

A bipyridine ruthenium(u) complex (Ru-1) with a flavin moiety
connected to one of the bipyridine ligands via an acetylene bond
was designed and synthesized and its photophysical properties
were carefully characterized. The triplet state emission of the
flavin chromophore was identified through nanosecond time-
resolved transient difference absorption spectra and TDDFT/DFT
calculations. The room temperature phosphorescence of the
flavin moiety was observed (lem = 651 nm, ®p = 1%, and
T = 2.83 ps) within Ru-1 for the first time. The comparison with
the alternative complex Ru-0, which has ¢ = 1.36 x 10* M~ " em ™"
at 453 nm, revealed that Ru-1 also shows strong absorption
in the visible range (¢ = 2.35 x 10 M~" cm™" at 456 nm). The
emissive triplet excited state of Ru-1 was characterized as °IL.
The complex was used for TTA UC, showing a reasonable
upconversion quantum yield of 0.7% with respect to the phos-
phorescence quantum yield of 1%. These findings pave the way
for the rational design of phosphorescent transition metal
complexes with strong absorption in the visible light region.
Further studies are being carried out to improve the *IL
emission behavior of bipyridine Ru(u) complexes for applica-
tions in processes where a triplet sensitizer is vital, such as
photooxidation.
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