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ABSTRACT: A [Ru(phen);]** complex (phen = 1,10-
phenanthroline) having an arylethynyl group at the 4-position
of one of the three phen ligands (aryl: (dimesityl)borylduryl
group = [RuBE]** or duryl group = [RuDE]**) showed dual
emissions at low temperature in propylene carbonate (PC).
The shorter emission lifetime components (z°"(s) ~ 13 us)
that originated from the lowest-energy excited triplet states
(T,) of the complexes were almost independent of temper-
ature (T = 77—320 K), while the longer emission lifetime
components (7°"(1)), as the T, emissions appeared below the
fluid-to-glass transition temperature (Tg ~ 220 K) in PC, were
almost constant at 27 ys in the range of T = 77—220 K. The
7°"(s) components of the complexes were assigned to the
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emissions from the metal-to-ligand charge transfer (MLCT) excited states possessing relatively large ligand-centered (LC)
excited-state characters (T;(MLCT/LC)), while the z°™(I) components were shown to be originating from the T,(MLCT)
excited states. The T,(MLCT) states of the complexes became nonemissive above T, in PC due to fast nonradiative decay
through solvent reorganization around the T,(MLCT) excited states. The photophysical properties of the complexes were also
shown to be characterized by the presence of the arylethynyl units at the 4-positions of the phen ligands.

B INTRODUCTION

We reported recently that [Ru(phen),{4-(dimesityl)-
boryldurylethynyl-phen}]** ([RuBE]**, phen = 1,10-phenan-
throline, see Chart 1 for the structure) showed long-lived
metal-to-ligand charge transfer (MLCT) emission in CH;CN at
298 K with the quantum yield (@) and lifetime (z°™) being
0.11 and 12 s, respectively." Commonly, the emission lifetime

Chart 1. Structures of [RuBE]** and [RuDE]**
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of a polypyridyl Ru(II) complex at room temperature decreases
upon temperature (T) elevation, owing to thermal activation
from the emitting MLCT excited triplet state (*MLCT*) to the
nonemitting dd* excited triplet state (*dd*) and subsequent
fast nonradiative decay from 3dd* to the ground state."”
Nonetheless, the emission lifetime of [RuBE]** is almost
independent of T at ™ = 10.7 (280 K)—9.8 us (330 K) in
propylene carbonate' and, thus, the long-lived and T-
independent emission from [RuBE]*" is extraordinary among
those of various polypyridyl Ru(II) complexes hitherto
reported.” The unique photophysical properties of [RuBE]**
could be explained by the participation of the CT interaction
between the z-orbital of the aryl group (#(aryl)) and the vacant
p-orbital on the boron atom (p(B), #(aryl)-p(B) CT) in the 4-
(dimesityl)boryldurylethynyl-phen (DBDE-phen) ligand. The
synergistic MLCT/z(aryl)-p(B) CT interactions result in
stabilization of the *MLCT* energy relative to the *dd*
energy, and this brings about inhibition of thermal activation
from *MLCT* to *dd*, giving rise to long-lived and T-
independent emission of [RuBE] 2+ ! Particular MLCT/ w(aryl)-
p(B) CT interactions similar to those of [RuBE]** have been
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observed for Pt(II), Re(I), and Ir(Ill) complexes bearing
triarylborane-appended ligands, and these complexes also
exhibit relatively intense and/or long-lived emission in solution
at room temperature compared with the relevant complex
without a triarylborane group.”

It is worth pointing out that a transition metal complex
having a 4- or 4,7-substituted phen ligand sometimes shows
unusual emission behaviors. As an example, Wallace et al.
reported that [Re(CO);(4,7-disubstituted-phen)(pyridine)]*
showed both MLCT and ligand-centered (LC) emissions at
low temperature.* As an analogous complex to [RuBE]*,
furthermore, Glazer et al. reported [Ru(bpy),{4-(4'-R-
phenylethynyl)phen}]** (bpy = 2,2'-bipyridine; R = —H,
—OCH,;, or —CF;) exhibited dual emissions in CH,CN at
room temperature. Typically, the long (z**(I)) and short
lifetime components (z°"(s)) of the complex with R = —H,
—OCH;, or —CF; is reported to be 6.6 and 1.2, 11.5 and 1.1, or
6.6 and 1.3 us, respectively, and the authors have attributed the
(1) and 7°™(s) components to the Ru(II)-to-z*(phen) and
Ru(II)-to-* (bpy) MLCT emissions, respectively.” The results
by Glazer et al. suggest that the Ru(II) complex having a 4- or
4,7-arylethynyl-phen ligand in general shows long-lived
emission similar to [RuBE]**. Therefore, the role of the
arylborane CT unit of [RuBE]** in the long-lived emission is
worth studying in more detail. Furthermore, although
[RuBE]** displays single emission in solution at or near
room temperature (T = 280—330 K),' the complex might
exhibit dual emissions at low temperature similar to the case of
[Re(CO);(4,7-disubstituted-phen) (pyridine)]*.

In this paper, we report the emission characteristics of
[RuBE]** and [Ru(phen),{4-durylethynyl-phen}]**
([RuDE]*, see Chart 1) in propylene carbonate in the T
range of 77—330 K and demonstrate that both [RuBE]** and
[RuDE]?** exhibit dual emissions below 220 K as confirmed by
time-resolved emission spectroscopy. The origin of the dual
emissions from the complexes is then discussed on the basis of
the results of Franck—Condon emission spectral fitting analysis
and time-dependent density functional theory (TD-DFT)
calculations.

B EXPERIMENTAL SECTION

The PF salts of [RuBE]** and [Ru(phen);]** used in the present
experiments were essentially the same with those reported earlier." All
of the chemicals used for the synthesis of [RuDE]** were supplied
from Wako Pure Chemicals Industries, Ltd.,, Kanto Chemicals Co.,
Inc., Tokyo Chemical Industry Co., Ltd., or Sigma—Aldrich Co., LLC.
Column chromatography was carried out by using GE Healthcare
Sephadex LH-20.

"H NMR spectra were recorded on a JEOL JME-EX270 FT-NMR
system (270 MHz). The chemical shifts of the spectra determined in
CDCl; or CD;CN were given in ppm, with tetramethylsilane being an
internal standard (0.00 pm).

Synthesis of [Ru(phen),{4-durylethynyl-phen}]** PF4 salt:
[RuDE](PF),. After an oven-dried Schlenk tube was evacuated and
filled with an Ar gas, [Ru(phen),(4-Br-phen)](PF), (128 mg, 0.101
mmol)," Cul (2.1 mg, 0.011 mmol), and [1,1’-bis(diphenyl-
phosphino)ferrocene]dichloropalladium(I) ([Pd(dppf)Cl,]-CH,CL,
8.0 mg, 0.0098 mmol) were added, and the tube was evacuated and
filled with Ar gas. An argon gas-purged N,N-dimethylformamide
(DMF, 5 mL)/triethylamine (2 mL) mixture was added to the tube. A
DMF (10 mL)/triethylamine (4 mL) solution of ethynyldurene (158
mg, 0.998 mmol)® was then added to the reaction mixture, which was
stirred at room temperature for 1 h under N, gas atmosphere.
Insoluble solids were removed by filtration through Celite, and the
filtrate was added dropwise to a sufficient amount of an acetone/n-
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hexane mixture, giving red precipitates. The crude product was
purified successively by column chromatography (LH-20, ethanol/
CH,CN = 1/1, v/v) and recrystallization from an ethanol/CH;CN
mixture, affording the PF salt of [RuDE]** as red solids (53.8 mg,
49%). '"H NMR (270 MHz, CD,CN): & 2.24 (s, 6H, CHj ortho of
duryl), 2.51 (s, 6H, CH, meta of duryl), 7.08 (s, 1H, Ar—H of duryl),
7.57—7.64 (m, SH, 3,8-Ar-H of phen, 8-Ar-H of 4-DE-phen), 7.70 (d,
1H, ] = 5.6 Hz, 6-Ar-H of 4-DE-phen), 7.96—8.04 (m, SH, 4,7-Ar-H of
phen, 5-Ar-H of 4-DE-phen), 8.09 (dd, 1H, J = 1.2, 5.3 Hz, 7-Ar-H of
4-DE-phen), 8.23 (s, 4H, 5,6-Ar-H of phen), 8.33 (d, 1H, ] = 9.0 Hz,
3-Ar-H of 4-DE-phen), 8.56—8.62 (m, 6H, 2,9-Ar of phen, 2,9-Ar-H of
4-DE-phen).

Spectroscopic Measurements. Acetonitrile and propylene
carbonate as the solvents for spectroscopic and photophysical
measurements were distilled prior to use by the accepted procedures.”
Absorption and corrected emission spectra of the complexes were
measured by a Hitachi UV-3300 or Hitachi U-3900H spectropho-
tometer and a red-sensitive multichannel photodetector (PMA-11,
Hamamatsu Photonics, excitation wavelength = 355 nm), respectively.
The absolute emission quantum yields of the complexes were
measured by a Hamamatsu C9920—02 system equipped with an
integrating sphere and a red-sensitive multichannel photodetector
(PMA-12) at 450 nm excitation. The absorbance of a sample solution
was set <0.05 at the excitation wavelength. Emission lifetime and time-
resolved emission spectroscopy (corrected) measurements were
conducted by using a streak camera (Hamamatsu Photonics, C4334)
as a photodetector by 355- or 532-nm pulse laser excitation (LOTIS
TII Ltd.). A liquid N, cryostat (Oxford Instruments, DN1704 optical
Dewar and 3120 temperature controller) was used to control a sample
temperature. For emission spectroscopy, sample solutions were
deaerated by purging an Ar gas stream over 30 min and sealed at
the constriction of an optical quartz cell.

Theoretical Calculations. Theoretical calculations for the
complexes were conducted with the Gaussian 09W software.®
Optimization of the ground-state structures of the complexes were
performed by using DFT with the B3LYP function. The LanL2DZ and
6-31G(d,p) basis sets were used to treat the geometrical structures of
ruthenium and all other atoms, respectively. TD-DFT calculations
were then performed to estimate the energies and oscillator strengths
of the lowest-energy singlet transitions. Although the results of the
TD-DFT calculations on [RuBE]** were already reported in a
previous publication,” the calculations using these basis sets gave better
fits to the experimental results than the previous ones. Therefore, the
present report also includes the TD-DFT calculations on [RuBE]**.
The calculations on both [RuBE]** and [RuDE]** were performed in
acetonitrile as a solvent by using a Polarizable Continuum Model
(PCM). Kohn—Sham orbitals were plotted using GaussView 5.0.”

B RESULTS AND DISCUSSION

Absorption and Emission Characteristics at 298 K.
Figure 1 shows the absorption (upper) and emission (lower)
spectra of [RuBE]** and [RuDE]** in CH,;CN at 298 K
together with those of [Ru(phen);]** as a reference, and the
spectroscopic data (absorption maximum wavelength (4**),
molar absorption coefficient (&), and the emission maximum
wavelength (1°™)) are summarized in Table 1.

The MLCT absorption maximum of [RuBE]** or [RuDE]**
was shifted to the longer wavelength compared with that of
[Ru(phen);]** owing to the presence of the arylethynyl group
in the phen ligand. Furthermore, both [RuBE]** and [RuDE]**
exhibited absorption bands at ~376 nm. Since [Ru(phen);]**
shows no absorption peak in this wavelength region, the bands
observed for [RuBE]** and [RuDE]** could be assigned to the
zr* (LC) transitions of the durylethynyl groups in the DBDE-
and DE-phen ligands, respectively. It is worth emphasizing that
the absorption band intensities of [RuBE]*" in 300—550 nm
decrease considerably in the presence of tetra-n-butylammo-
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Figure 1. Absorption (a) and corrected emission (b) spectra of
[RuBE]** (red), [RuDE]** (green), and [Ru(phen);]** (black) in
CH;CN at 298 K. (inset) The comparisons between the
experimentally-observed absorption spectra and oscillator strengths
of the lowest-energy absorption transitions of the complexes predicted
by the TD-DFT calculations. The absorption and emission spectra of
[RuBE]** and [Ru(phen);]** were taken from ref 1.

nium fluoride (TBAF) through coordination of F~ with p(B)."
Therefore, the z(aryl)-p(B) CT interaction in the DBDE-phen
ligand also participates to the MLCT absorption transitions in
[RuBE]** as reported previously.'

To discuss further the spectroscopic properties, we
conducted TD-DFT calculations on the molecular-orbital
(MO) distributions in the highest-energy occupied MO
(HOMO) and lowest-energy unoccupied MO (LUMO) levels
of [RuBE]** and [RuDE]*" as the data are shown in Figure 2.
We also calculated the oscillator strengths of the lowest-energy
absorption transitions of the complexes. The results are shown
in Figure la as an inset, together with the experimentally-
observed absorption spectra of the complexes. The calculations
were in good agreement with the experimentally-observed
absorption spectra of the complexes. The results of the TD-
DFT calculations demonstrated that the lowest-energy
absorption transitions in [RuBE]*>* and [RuDE]** were
ascribed to the degenerated HOMO—1(59%)/HOMO(41%)
— LUMO(85%)/LUMO+3(15%) and degenerated HOMO—
1(54%)/HOMO(46%) — LUMO(78%)/LUMO+3(22%)
transitions, respectively, with minor contributions of
HOMO-1/HOMO — LUMO+1/LUMO+2 absorption tran-
sitions for both complexes. As seen in Figure 2, the HOMO—1
levels in [RuBE]** and [RuDE]** are characterized by the

electron densities on the Ru(Il) atoms and those partly on the
pyridine rings in the arylethynyl-phen/phen ligands, while the
electrons in the HOMO levels are distributed to both Ru(II)
atoms and arylethynyl moieties. On the other hand, the MOs in
the LUMO levels of [RuBE]** and [RuDE]?* distribute to the
entire arylethynyl-phen ligand. In the case of [RuBE]*,
furthermore, the MO in the LUMO level is also distributed
to the p-orbital on the boron atom, while that in the LUMO+3
level extends to the pyridine ring in the arylethynyl-phen lignd
and the durylethynyl unit. The MO in the LUMO+3 level of
[RuDE]*" resides primarily on the phen ring of the arylethynyl-
phen ligand. These data suggest that the lowest-energy
absorption transitions in [RuBE]** and [RuDE]** are
responsible for the MLCT-type transitions with relatively
large (HOMO — LUMO) and small LC characters (HOMO—
1 - LUMO/LUMO+3), respectively, while the MLCT-type
HOMO — LUMO+3 transition also contributes slightly to the
lowest-energy absorption in [RuDE]*". Furthermore, r(aryl)-
p(B) CT also contributes to the lowest-energy MLCT/LC
absorption in [RuBE]**, which agrees very well with the TBAF
effects on the absorption spectrum of [RuBE]*" as described
above and a previous publication." It is worth noting that, since
the MO in the LUMO of [RuBE]?** extends partly to p(B), it is
predicted that the transition dipole moment in the lowest-
energy absorption of [RuBE]** should be larger than that of
[RuDE]*. In practice, this is shown experimentally by the
larger € value of the MLCT/LC absorption band of [RuBE]**
relative to that of [RuDE]*".

[RuDE]*" also showed intense and long-lived emission at
675 nm similar to [RuBE]** with ®°™ and 7°™ being 0.11 and
13 ps, respectively, as the data were included in Table 1. The
®°*™ and 7°™ values of [RuBE]** and [RuDE]** are very much
higher and longer, respectively, than the relevant value of
[Ru(phen);]**. Although the r(aryl)-p(B) CT interaction
participates in the emissive excited state of [RuBE]** as
revealed by emission quenching by TBAF as reported
previously,’ the intense and long-lived emission from
[RuDE]** demonstrates that the presence of the dimesitylboryl
group in [RuBE]** is not the main factor governing the
emission characteristics of the complex, but the durylethynyl
unit at the 4-position of phen plays an important role in the
intense and long-lived emission from [RuBE]** and [RuDE]*".
The radiative (k,) and nonradiative decay rate constants (k,,)
evaluated by the relations @™ = k /(k, + k,,) and ™ = (k, +
k..)~" were almost the same between [RuBE]** and [RuDE]*,
and were smaller by factors of ~10 and ~20, respectively, than
the relevant value of [Ru(phen);]** (see Table 1). The present
data demonstrate that the excited-state characteristics of
[Ru(phen);]** can be modulated considerably by an
introduction of the durylethynyl unit at the 4-position of a
phen ligand. Furthermore, since the lowest-energy absorption
transition in [RuBE]** or [RuDE]*" involves partly the zz*
(LC) transition localized primarily in the durylethynyl-phen

Table 1. Spectroscopic and Photophysical Parameters of the Complexes in CH;CN at 298 K

complex 2% nm (g, 10* M~'em™)
[RuBE]** © 265 (9.5) 376 (3.3) 473 (2.6)
[RuDE]?* 263 (9.1) 360 (2.0) 471 (2.1)
[Ru(phen);]** ¢ 263 (11) 445 (1.7)
“Data compiled from ref 1.
3247

k Kye
A, nm 7", us o 10* s7!
681 12 0.11 0.92 74
675 13 0.11 0.85 6.8
599 0.42 0.045 11 230
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ligand as suggested by the TD-DFT calculations (Figure 2), the
emissive excited triplet states of the complexes are also
predicted to possess mz* characters. We suppose that one
possible origin of the long-lived emissions from [RuBE]*" and
[RuDE]*" will be the 7#7* characters in the emissive MLCT
excited triplet states of the complexes.

Dual Emissions from [RuBE]** and [RuDE]** at Low
Temperature. Figures 3 and 4 show the T-dependence of the
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Figure 3. Temperature dependence of the emission spectrum (a) and
decay profile (b) of [RuBE]** in propylene carbonate.

emission spectra (upper) and decay profiles (lower) of
[RuBE]** and [RuDE]*" in propylene carbonate (PC),
respectively. When the samples were cooled from 298 to 77
K, as seen in Figure 3a, the emission spectrum of [RuBE]**
shifted to a shorter wavelength accompanied by sharpening of
the spectral band shape. Such T-dependent emission character-
istics are commonly observed for polypyridyl Ru(II) com-
plexes.'® In the T range of 230—298 K, the emission decay
profile of the complex was fitted by a single exponential
function irrespective of T with the decay time constant at 11—
13 ps whose values were almost comparable to that at 298 K,
while that below 220 K obeyed with a double exponential
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Figure 4. Temperature dependence of the emission spectrum (a) and
decay profile (b) of [RuDE]** in propylene carbonate.

function. At 220 K, the long emission lifetime component
(z™(I) ~ 22 us) appeared in addition to the short emission
lifetime component (z°"(s) = 11—13 us): shown by 220 K in
Figure 3b. At 77 K, the emission decay profile of [RuBE]** was
best fitted by 7°"(s) = 13.4 and 7°(I) = 27.1 us. The T-
dependent emission behaviors analogous to those of [RuBE]*"
were also observed for [RuDE]** as shown in Figure 4. In
practice, the emission from [RuDE]** showed single
exponential decay irrespective of T in 230—330 K with the
time constant at ~13 ps, while that at 77 K was best
characterized by 7°"(s) = 14.1 and 7°™(I) = 27.1 ps.

To obtain further information on the double exponential
emission decay profiles of [RuBE]** and [RuDE]** below 220
K, we conducted time-resolved emission spectroscopy at 77 K,
and the results are shown in Figures Sa and 6a, respectively.
The data clearly demonstrate that the emission spectrum of the
complex shifts to a shorter wavelength with a delay time after
laser excitation (), indicating the 7°"(I) component (27.1 us
for both complexes) emits in the shorter wavelength region
compared with the 7°(s) component: 13.4 or 14.1 us for
[RuBE]** or [RuDE]*, respectively. We also evaluated the

DOI: 10.1021/ic502843x
Inorg. Chem. 2015, 54, 3245—3252


http://dx.doi.org/10.1021/ic502843x

Inorganic Chemistry

750

650 700 800

Wavelength / nm

é #"(s)=13.4 ps mﬂﬂ
\
A\

16 17

Emission Intensity

() =271 ps

14 15

Wavenumber / 10° cm™

13

Figure 5. Time-resolved emission spectra (a) and the separated
emission spectra of the 7°"(s) (red) and 7°™(I) (blue) components of
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emission spectra of the 7°"(s) (red) and 7°™(I) (blue) components of
[RuDE]* in propylene carbonate at 77 K (b). The green curves in the
lower panel represent the simulated emission spectra by Franck—
Condon emission spectral fittings. See the main text in detail.

emission spectra of the 7°(s) and 7°™(I) components by
subtracting the spectrum observed at t = 0 (gated time = 20 ps)
from that at t = 100 us (gated time = 100 us). The separated
emission spectra of the 7°(s) and 7°*(I) components of
[RuBE]** and [RuDE]*" in a wavenumber scale are shown in
Figures Sb and 6b, respectively. The emission spectral band
shapes of the 7°(s) and 7°™(I) components observed for the
two complexes were very similar to each other, while the
emission maximum energy (#™) of the 7°™(I) component
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observed for [RuBE]*" or [RuDE]** was higher than that of
7°™(s) by 270 or 290 cm™’, respectively: 7*™(I) = 15610 and
7™(s) = 15340 cm™! for [RuBE]*, 7*™(1) = 15700 and 7°™(s)
= 15410 cm ™" for [RuDE]*". These data demonstrate explicitly
dual emissions from [RuBE]** and [RuDE]** at 77 K.
Figures 7 and 8 show the T dependence of the emission
lifetimes (upper) and their percentages in each total emission
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Figure 7. Temperature dependence of the emission lifetimes (a) and
amplitudes (b) of the 7°™(s) (closed red boxes) and 7°(I)
components (open red boxes) of [RuBE]*".
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Figure 8. Temperature dependence of the emission lifetimes (a) and
amplitudes (b) of the 7°(s) (closed green boxes) and (1)

components (open green boxes) of [RuDE]**.

decay profile (lower) determined for [RuBE]** and [RuDE]*,
respectively. The two complexes showed analogous T-depend-
ent emission behaviors, showing single and dual emissions
above and below ~220 K, respectively. Although the data on
7°"(s) are somewhat scattered, both 7°™(s) and 7°™(I) values of
the complexes have been evaluated to increase with a decrease
in T from 220 to 150 K, while the values below 150 K reach
almost constant at 7°™(s) ~ 13 us and 7°™(I) ~ 27 us. For a
least-mean squares analysis of double-exponential emission
decay, short and long lifetime components are likely to be
simulated to be longer and shorter, respectively, compared with
their actual emission lifetimes, in particular, when the two decay
time constants and their percentages in a total emission decay
profile (i.e,, amplitude) are close with one another. In the T
range of 150—220 K, therefore, we suppose that the actual
7(s) and 7°(I) values of both [RuBE]** and [RuDE]*
would be almost constant at ~13 and ~27 us, respectively, as
observed at 77 K. It is worth emphasizing that, although the
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Table 2. Franck—Condon Fitting Parameters

complex component E,, cm™! Ap, ), cm™!
[RuBE]* 7™(s) 15580 980
(1) 15740 1180
[RuDE]* 7™(s) 15620 1210
(1) 15990 940
[Ru(phen),]** 17 660 730

Awy, cm™! St hw;, cm™! S,
1330 0.71 380 0.88
1380 0.78 430 0.36
1350 0.79 400 0.56
1400 0.73 430 1.03
1410 0.89 420 1.04

7°™(I) component of [RuBE]** or [RuDE]*" emits in a higher
energy by 270 or 290 cm™', respectively, compared with the
relevant 7°"(s) component (at 77 K) as described before, the
contribution of 7°™(I) to each total decay profile increases with
a decrease in T below 220 K, in particular, even below 150 K as
seen in Figures 7b and 8b. This demonstrates explicitly that
thermal interconversion between the excited states responsible
for °(s) and 7°™(1) does not take place in the present system.
Therefore, we conclude that two isolated excited triplet states
show individual emissions below 220 K. In practice, the thermal
energy (i.e., kzT, where kj is the Boltzmann constant) does not
exceed the energy gap between the two excited states
irrespective of T: 270—290 cm™ > kT = 50 (77 K)—220
em™ (320 K).

Franck—Condon Emission Spectral Fitting Analysis.
We conducted Franck—Condon emission spectral fitting
analysis of the complexes based on eq 1.'"' In eq 1, I(¥) is
the emission intensity at an energy 7 in wavenumber relative to
that of the 0—0 emission transition. E, is the energy gap
between the zeroth vibrational levels in the ground and
emitting excited states. fiwy, and Aiwy are the medium- and low-
frequency accepting vibration modes inducing nonradiative
decay, respectively, and Sy or S; is the relevant Huang—Rhys
factor for the emission transition. A7, , is the full-width at half-
maximum of an individual emission vibronic line. Summation in
eq 1 was made for 11 vibrational levels (vy or v;: 0 — 10). The
emission spectra of the 7°™(s) and () components observed
for [RuBE]** and [RuDE]** at 77 K shown in Figures Sb and
6b, respectively, were then simulated by eq 1 with E;, A7,
hwy, hoy, Sy, and S; being parameters, and the fitting results
were shown by the green curves in Figures 5b and 6b. The
optimized parameters for the fittings were summarized in Table
2, together with those for [Ru(phen);]** for comparison.

1) = i i Ey — vyhwy — v hy ¥ Sy™ S
v= E, X ! X v !

=0 v =0
]2]

X expl—4 X In 2[
(1)

It has been known that the MLCT-type emission spectrum
of a polypyridyl Ru(II) complex is best characterized by the
ring breathing vibrations of the pyridine-type ligand and the
stretching vibrations between the Ru(Il) ion and ligating N
atom(s) in the ligand, which are reflected on fiwy and Aw,,
respectively.''*'? In the present experiments, the /iy and Ay,
values of [Ru(phen),;]** were evaluated to be 1420 and 410
cm™, respectively, and these values were very close to those
reported for polypyridyl Ru(II) complexes: Awy = 1300—1450
and A, ~ 400 cm™.""*"> The emission spectral band shapes
of the 7°(s) and 7°™(I) components observed for the
complexes were very similar to that of [Ru(phen);]**, and
the Awy, and Aw, values were evaluated to be 1330—1380 and
380—430 cm™’, respectively, for [RuBE]** and 1350—1400 and

U — E, + vyhoy + v hoy

Aby
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400—430 cm ™, respectively, for [RuDE]**, which agreed very
well with the values for the MLCT emission from polypyridyl
Ru(Il) complexes. Therefore, we conclude that the emission
spectra of the 7°(s) and 7°*(I) components observed for both
complexes are those of an MLCT-type in nature, and this
agrees very well with the results by the TD-DFT calculations.

Excited-State Origin of Dual Emissions. The dual
emissions from the complex below 220 K might be explained
by the inhomogeneity in the PC glass matrix medium; typically,
polycrystalline states of the complex at 77 K emit emission
different from that in the homogeneous environments.
However, since [Ru(phen);]*" under analogous conditions to
those observed for [RuBE]** or [RuDE]** shows single
emission below 220 K, we conclude such a possibility will be
denied. Another explanation will be the emissions from the
excited-state rotational isomers of the complexes. Below 220 K,
rotation of the (dimesityl)borylduryl or duryl group around the
ethynyl group in [RuBE]** or [RuDE]*, respectively, is frozen,
and each isomer may emit emission independently (i.e., dual
emission), while fast rotational motions of the groups above
220 K will give rise to single emission from the complexes.
However, we suppose that such a model will not explain the
large differences in the 7°(s) (13—14 ps) and 7°(I) values
(~27 us) below 220 K as well as the almost T-independent
7°"(s) values of the complexes in T = 77—320 K. Furthermore,
our theoretical single-point calculations for the rotational
isomer of [RuDE]*, in which duryl group is rotated by 90°
from the optimized geometry, did not agree with such
rotational isomer model. The HOMO—LUMO energy gap of
the rotational isomer (4.41 eV) was much larger than that of
the optimized geometry (3.27 eV). While the calculations were
carried out for the singlet states of the complexes, the excited
triplet state of the rotational isomer is also expected to be much
higher energy than that of the optimized planar geometry.
Therefore, we must seek another possible origin for the dual
emissions from the complexes.

The lowest-energy absorption predicted for [RuBE]** or
[RuDE]*" is the degenerated HOMO—1/HOMO — LUMO/
LUMO+3 transitions, and the HOMO — LUMO and
HOMO-1 — LUMO/LUMO+3 transitions are best charac-
terized by the MLCT transitions with large and small LC
characters, respectively, as described before: see also Figure 2.
We suppose that the lowest-energy excited singlet state (S;)
produced by such absorption transition in [RuBE]** or
[RuDE]*" splits in energy and subsequent intersystem crossing
produces the excited triplet states (T, and T,) separated in
energy by 270—290 cm™' as estimated by time-resolved
emission spectroscopy (Figures S and 6). Although we have
not succeeded in calculating singlet ground state—T,/T,
absorption transitions, we suppose that the lowest-energy
(T,) and second excited triplet states (T,) of the complexes
will be the MLCT states with relatively large (T;(MLCT/LC))
and small LC characters (T,(MLCT)), respectively, and these
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excited triplet states below 220 K show emission independently
as schematically shown in Figure 9.

TIK < I,=220K <— > 300K

glass transition temperature of PC

o
v"‘%\ T,(MLCT) Tl
e B sl T,(MLCT)
§ solvent ISC 2
T(MLCT/ . T
V'“’\«\ 1( 2 relaxation V\""'\»\TI(I\/ILCT JLC)
T
W
7N Y
13.4 ps N4 12.0 ps
C\ii\k,{,n/*\
aehee;
SO S()

Figure 9. Energy diagram of the excited triplet states of [RuBE]*".

It is worth pointing out that the fluid-to-glass transition
temperature (T,) in PC is ~220 K. The lower-energy T,
(7°(s)) emissions from [RuBE]** and [RuDE]** are observed
irrespective of T studied (77—320 K), while the higher-energy
T, (z*™(I)) emissions appear only below T, ~ 220 K, and thus,
the fluid-to-glass transition in PC should relate strongly to
appearance/disappearance of the T, (z*"(I)) emission. Below
T, in PC, since solvent molecules are frozen and nonradiative
decay through solvent reorganization/solute—solvent interac-
tions is impeded, the T,(MLCT) emission can be observed. In
practice, such fluid-to-glass medium effects on the photo-
physical properties of transition metal complexes have been
hitherto sometimes reported.'”'® On the other hand, since the
T,(MLCT) state above ~220 K is highly solvated, this will
facilitate fast nonradiative decay to the ground state. The
T,;(MLCT/LC) state possessing a relatively large LC character
will not suffice strong solvent reorganization compared with the
T,(MLCT) state and, thus, shows emission irrespective of T
(77—298 K). This will be the possible origin of the dual
emissions from the complexes at low temperature.

B CONCLUSIONS

The present paper demonstrated that both [RuBE]** and
[RuDE]** possessed spatially-isolated excited triplet MLCT
states (T, and T,) in close proximity in energy (270—290 cm™!
as estimated at 77 K) and the two excited triplet states showed
independently individual emissions below 220 K. The T, and
T, states of the complexes were shown to possess the MLCT/
LC and MLCT characters, respectively. The T, MLCT excited
states of the complexes showing the longer emission lifetimes
(z*(l) = 27 ps) became nonemissive above the glass-to-fluid
transition temperature in PC (Tg ~ 220 K) owing to strong
solvation around the MLCT excited states and subsequent fast
nonradiative decay to the ground states, while the T; MLCT/
LC excited states showed emission (z°™(s) ~ 13 us)
irrespective of T: 77—320 K. The presence of the arylethynyl
group at the 4-position of the phen ligand in [RuBE]*" or
[RuDE]** plays important roles in the unique photophysical
properties of the complex through providing the LC characters
to the lowest-energy excited triplet MLCT state. In practice,
our preliminary studies have confirmed that Ru(II) complexes
having 4-arylethynyl-phen ligands other than [RuBE]** and
[RuDE]** also exhibit dual emissions. Further studies on the
spectroscopic and photophysical properties of the polypyridyl
Ru(II) and Re(I) tricarbonyl complexes having a 4-/4,7-
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arylethynyl-phen or 4-/4,4'-arylethynyl-bpy ligand(s) are in
progress in our research group, and the results will be reported
in separate publications.
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