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ABSTRACT: Six-coordinate tetracyanidonitridorhenium(V) and -technetium(V) with axial
N-heteroaromatic ligands, (PPh4)2[MN(CN)4L] [M = Re, L = 4-(dimethylamino)pyridine (dmap),
3,5-lutidine (lut), 4-picoline (pic), 4-phenylpyridine (ppy), pyridine (py), 3-benzoylpyridine
(3bzpy), 4,4′-bipyridine (bpy), pyrazine (pz), 4-cyanopyridine (cpy), or 4-benzoylpyridine (4bzpy);
M = Tc, L = dmap, lut, pic, py, pz, or cpy] were synthesized and characterized. The crystal
structures of 11 complexes were determined by single-crystal X-ray analysis. All of the complexes
showed photoluminescence in the crystalline phase at room temperature. The emission maximum
wavelengths (λem) of the rhenium complexes with dmap, lut, pic, ppy, or py were similar to one
another with a quite high emission quantum yield (Φem): λem = 539−545 nm,Φem = 0.39−0.93, and
emission lifetime (τem) = 10−45 μs at 296 K. The emission spectra at 77 K exhibited vibronic
progressions, and the emissive excited state is characterized as 3[(dxy)

1(dπ*)
1] (dπ* = dxz, dyz). On the other hand, the emission

maximum wavelength of the rhenium complex with 3bzpy, bpy, pz, cpy, or 4bzpy was significantly dependent on the nature of the
axial ligand in the crystalline phase: λem = 564−669 nm, Φem ≤ 0.01−0.36, and τem = 0.03−13.3 μs at 296 K. The emission spectra at
77 K in the crystalline phase did not show vibronic progressions. The emissive excited state of the rhenium complex with bpy, pz,
cpy, or 4bzpy is assignable to originate from the metal-to-N-heteroaromatic ligand charge-transfer (MLCT)-type emission with a
spin-triplet type. The change in the excited-state characteristics of rhenium complexes by the N-heteroaromatic ligand is a result of
stabilization of the π* orbital of the N- heteroaromatic ligand to a lower energy level than the dπ* orbitals. The emission spectral
shapes of technetium complexes were almost independent of the nature of the N-heteroaromatic ligand with λem = 574−581 nm at
room temperature. The different emission characteristics between the pz and cpy coordinate rhenium complexes and the technetium
analogues would be due to stabilization of technetium-centered orbitals compared with the rhenium ones in energy.

■ INTRODUCTION
Photoluminescence of metal complexes have attracted much
interest for a long time with respect to studies of the excited-
state properties, chemical reactions in the excited states, and
development of photodevices. The nature of the lowest-energy
electronic transition in a metal complex is determined by the
combination of a metal ion and a ligand. Control of the excited-
state characteristics is still significantly important to realize a
desirable compound for a light-driven system. The technetium
complexes showing photoluminescence at room temperature
are still limited.1−7 It is recognized that the photoluminescence
of d2 oxo- or nitridomolybdenum(IV),8,9 -technetium(V),1,6,7

-rhenium(V),1,6,7,10−28 and -osmium(VI)22,29−41 complexes
arises from their 3[(dxy)

1(dπ*)
1] (dπ* = dxz, dyz) excited states.

In the case of photoemissive dioxo- and nitridorhenium(V) and
-technetium(V) complexes, a number of neutral or anionic ligands
such as diphosphine, N-heteroaromatic, and cyanido ligands

have been introduced to the equatorial positions of the metal
ions.1,6,7,10−12,14−28 The emission maximum wavelengths (λem)
of the rhenium and technetium complexes in the solid state
or solution depend on the nature of the equatorial and axial ligands.
In practice, the λem values of the complexes at room temperature
range from ca. 500 to 1000 nm, with the emission lifetimes (τem)
being several dozens of nanoseconds to several hundreds of
microseconds.1,6,7,10−12,14−28 The emission quantum yields
(Φem) of the d2 oxo- or nitridometal complexes in solution at
room temperature have also been reported to be <10−5−
0.04.11,14,15,18,19,40 Previously, we reported the photoluminescent
properties of six-coordinate [MN(CN)4L]

2− (M = Re, L =
methanol, ethanol, acetone, or acetonitrile; M = Tc, L = methanol)
and five-coordinate [MN(CN)4]

2− complexes (M = Re and Tc).7
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The photoluminescence of the five-coordinate rhenium(V) and
technetium(V) complexes was relatively weak compared with that
of the relevant six-coordinate complex. Furthermore, the λem, Φem,
and τem values of the six-coordinate complexes in the solid state at
296 K were strongly dependent on the nature of the coordinate
solvent ligand: λem = 527−548 nm, Φem ≤ 0.01−0.34, and τem =
0.41−21 μs. In these complexes, we demonstrated that the
photoluminescence from the complex could be switched reversibly
by interconversion reactions between the six- and five-coordinate
complexes as well as between the six-coordinate complexes in the
solid phase.
In the present study, we introduced various N-heteroar-

omatic ligands to the trans positions of the nitrido ligands in
tetracyanidonitridorhenium(V) and -technetium(V) complexes,
as shown in Chart 1, and studied the emission properties of

[ReN(CN)4L]
2−, where L was 4-(dimethylamino)pyridine (dmap),

3,5-lutidine (lut), 4-picoline (pic), pyridine (py), 4-phenylpyridine
(ppy), 3-benzoylpyridine (3bzpy), 4,4′-bipyridine (bpy), pyrazine
(pz), 4-cyanopyridine (cpy), or 4-benzoylpyridine (4bzpy). The
photoluminescence of the [TcN(CN)4L]

2− complexes with dmap,
lut, pic, py, pz, or cpy was also investigated. We found that the Φem
value of the py coordinate rhenium complex was as high as 0.93
and remarkably high compared with the reported d2 dioxo- and
nitridometal complexes. The rhenium complexes showed two types
of emission characteristics. One is emission from the 3[(dxy)

1(dπ*)
1]

excited state (L = dmap, lut, pic, py, or ppy) with contribution of
the nitrido ligand, showing very similar λem (539−545 nm), quite
highΦem (0.39−0.93), and long emission lifetime (τem = 10−45 μs)
at 296 K. The other is the spin-triplet metal-to-N-heteroaromatic
ligand charge-transfer (3MLCT) emission for [ReN(CN)4L]

2−

(L = bpy, pz, cpy, or 4bzpy), demonstrating large variations
of the emission properties of the complex by the nature of the
N-heteroaromatic ligand: λem = 578−669 nm, Φem ≤ 0.01−
0.18, and τem = 0.03−9.7 μs at 296 K. The results are discussed
on the basis of the energy-gap dependence of the nonradiative
decay rate constant for the complex having the MLCT excited

state. The emission maximum wavelengths of the technetium
complexes were almost independent of the nature of the
N-heteroaromatic ligand. On the basis of these new findings,
we demonstrate that the low-energy-lying π* orbital of an
N-heteroaromatic ligand and the energies of the d orbitals
determine primarily the nature of the emissive excited state of a
d2 nitridometal complex.

■ EXPERIMENTAL SECTION
Materials. All commercially available reagents were used as

received. The isotope 99Tc was used to synthesize all of the
technetium complexes reported in this paper. Caution! 99Tc is a low-
energy β− emitter (Emax = 290 keV) with a half-life of 2.11 × 105 years.
(PPh4)2[ReN(CN)4] and (PPh4)2[TcN(CN)4] were prepared accord-
ing to the literature.7

Preparation of the Complexes. The new complexes were
synthesized by similar methods. The detailed experimental procedures
are described in the Supporting Information. The preparation of Re-
dmap is described as an example. (PPh4)2[ReN(CN)4] (39.5 mg,
0.0402 mmol) and dmap (169.5 mg, 1.387 mmol) were dissolved in
3 mL of acetonitrile, and then 7 mL of diethyl ether was layered on the
solution. The solution was left for several days to form yellow crystals.
The crystals collected were washed with diethyl ether and left for 1 h
in vacuo. Re-ppy, Re-bpy, and Tc-dmap were also obtained from
acetonitrile/diethyl ether. Re-lut, Re-pic, Re-3bzpy, Re-pz, Re-cpy,
Re-4bzpy, Tc-lut, Tc-pic, Tc-pz, and Tc-cpy were afforded from
dichloromethane/diethyl ether. Re-py and Tc-py were obtained from
pyridine/diethyl ether. Yields: Re-dmap, 86.6%; Re-lut, 92.5%; Re-pic,
42.1%; Re-ppy, 79.8%; Re-py, 95.8%; Re-3bzpy, 87.5%; Re-bpy,
73.0%; Re-pz, 74.1%; Re-cpy, 52.7%; Re-4bzpy, 87.7%; Tc-dmap,
73.1%; Tc-lut, 38.6%; Tc-pic, 45.1%; Tc-py, 94.7%; Tc-pz, 97.6%;
Tc-cpy, 80.6%.

X-ray Crystallography. The single-crystal X-ray data were
collected at −103 °C on a Rigaku RAXIS diffractometer with
graphite-monochromated Mo Kα radiation. The crystal structures
were solved by the Patterson method (DIRDIF94 or DIRDIF99) or
direct methods (SIR 92 or SIR 2004). Atomic coordinates and thermal
parameters of non-hydrogen atoms were calculated by a full-matrix
least-squares method. Calculations were performed using a TEXSAN
or Crystal Structure software package.42,43 The molecular structures of
complex anions were drawn by ORTEP3.44 Crystal data are listed in
the Supporting Information, Tables S1 and S2.

Physical Measurements. 1H NMR spectra were recorded on a
Varian Mercury 300 MHz spectrometer. All peaks were referred to the
proton signal of Si(CH3)4 at δ 0.00. Solid-state diffuse-reflectance
UV−vis spectra were measured by a Jasco V-550 spectrophotometer
equipped with an integration sphere, and a sample was placed between
two silica glass plates. IR spectra were recorded on a Jasco FTIR-4100
spectrophotometer. Elemental analysis was performed by the Analysis
Center at Osaka University. For emission lifetime measurements, a
sample solid was placed between two nonfluorescent glass plates. A
pulsed Nd3+:YAG laser (Lotis TII Ltd. LS-2137; 355 nm, fwhm ∼6 ns)
was used as an excitation light source. The emission lifetime was
measured by using a streak camera (Hamamatsu Photonics C4334). A
liquid-nitrogen cryostat (Oxford Instruments DN1704 optical Dewar
and 3120 temperature controller) was used to control the sample
temperature. Corrected emission spectra of the rhenium complexes
were measured using a multichannel photodetector (Hamamatsu
Photonics PMA-11; excitation wavelength = 355 nm). The emission
quantum yields were measured by an absolute emission quantum yield
measurement system (Hamamatsu Photonics C9920-02) composed of
an integrating sphere, a multichannel photodetector (Hamamatsu
Photonics PMA-12), and a xenon lamp as an excitation light source
(excitation wavelength = 400 nm). For the technetium complexes,
corrected emission spectra were recorded on a multichannel
photodetector (Hamamatsu Photonics PMA-11), with the excitation
wavelength being set at 365 nm (±5 nm) using the combination of a
100 W mercury−xenon lamp (Hoya-Schott HLS 100UM) and an
optical filter (Asahi Spectra).

Chart 1
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Complexes. The
tetracyanidonitridorhenium(V) and -technetium(V) complexes
with N-heteroaromatic ligands were prepared by the reactions
of five-coordinate (PPh4)2[MN(CN)4] (M = Re and Tc) with
an excess amount of the relevant N-heteroaromatic ligand.
In the IR spectra, the absorption bands ascribed to an
N-heteroaromatic ligand in [MN(CN)4L]

2− were observed
together with those of the (PPh4)

+ and [MN(CN)4]
2− units, as

shown in the Supporting Information, Figures S1−S16. For Re-
py as an example, the IR absorption bands originating from py
were observed at 1594 and 1151 cm−1 for νring(py) and at 1135
and 1064 cm−1 for δC−H(py). Similar IR bands ascribed to py
were also confirmed for the py coordinate technetium complex,
and the IR spectral patterns of the technetium complexes were

very similar to those of the relevant rhenium complexes. The
lowest-energy UV−vis reflectance bands and emission spectral
bands of the new six-coordinate rhenium and technetium
complexes shifted to longer wavelength compared with those of
the relevant five-coordinate complexes (vide infra). The 10
rhenium complexes and Tc-cpy have been characterized by
single-crystal X-ray structure analysis, and the results are
reported in the following section.

Crystal Structures. The crystal structures of 11 complexes,
Re-dmap, Re-lut, Re-pic, Re-ppy, Re-py, Re-3bzpy, Re-bpy,
Re-pz, Re-cpy, Re-4bzpy, and Tc-cpy, were determined. The
structures and selected bond distances/angles of these new
complexes are summarized in Figure 1 and Table 1,
respectively. The complex anions have a distorted octahedral
structure, with one nitrido atom being located at the axial site
and an N-heteroaromatic ligand being occupied at the trans site

Figure 1. ORTEP drawings of the complex anions for Re-dmap (a), Re-lut (b), Re-pic (c), Re-ppy (d), Re-py (e), Re-3bzpy (f), Re-bpy (g), Re-pz
(h), Re-cpy (i), Re-4bzpy (j), and Tc-cpy (k). Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown at the 50% probability level.
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of the nitrido ligand. The four cyanido ions coordinate at the
equatorial positions with M−C bond distances of 2.070(12)−
2.137(13) Å and N(nitrido)M−C angles of 94.1(16)−
104.1(6)° (M = Re and Tc). The bond distance of M
N(nitrido) is in the range 1.598(5)−1.73(2) Å. The M−C and
MN(nitrido) bond distances are similar to those of the
previously reported tetracyanidonitridorhenium(V) and
-technetium(V) complexes.7,45−47 The N(nitrido)M−N-
(aromatic) angles are 174.1(5)−179.21(16)°, almost linear.
The Re−N(aromatic) bond distances are in the range 2.45(1)−
2.626(4) Å, which is significantly long because of the trans
influence of the nitrido ligand. The M−N(aromatic) distance
decreases roughly with an increase in the pKa value of the free
ligand, as shown in the Supporting Information, Figure S17.
The shortest and longest Re−N(aromatic) distances were
observed for the dmap (pKa of dmap = 9.7) and cpy complexes
(pKa of cpy = 1.9), respectively.48 Therefore, the σ-electron-
donating ability of an N-heteroaromatic ligand moderately
influences the Re−N(aromatic) bond distance. However, the
molecular packing structures of the complexes will also be
important for determining the Re−N(aromatic) bond distances
because the Re−N(aromatic) distances of Re-lut [2.530(9) Å]
and Re-pz [2.525(3) and 2.536(3) Å] are similar to each other,
despite the fact that the pKa values of lut (6.09) and pz (0.65)
are significantly different.48 In the cpy coordinate technetium
complex, the TcN(nitrido) and Tc−N(cpy) bond distances
are shorter and longer, respectively, than the relevant values of
the rhenium analogue. This trend is also found in the
[MN(CN)4L]

2− complexes (M = Re and Tc; L = H2O and
CH3OH).

7,45−47

UV−Vis Reflectance Spectroscopy. The UV−vis reflec-
tance spectra of the rhenium and technetium complexes in the
solid phases were studied at room temperature; the spectra are
shown in the Supporting Information, Figures S18−S20. It was
reported that the UV−vis reflectance spectra of the five-
coordinate (PPh4)2[ReN(CN)4] and (PPh4)2[TcN(CN)4] in
the solid state showed bands at around 383 and 400 nm,
respectively.7 The six-coordinate CH3OH complexes of
(PPh4)2[MN(CN)4(CH3OH)] (M = Re and Tc) exhibited a
maximum wavelength at 387 nm for M = Re and at 408 nm for
M = Tc in the solid state.7 These bands are assigned to a (dxy)

2 →
(dxy)

1(dπ*)
1 transition with dπ−pπ(N) overlap, which is best

characterized by an electronic transition between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) in a d2 nitridorhenium(V) or
-technetium(V) complex.7,17−19,23 In the case of [MnN(CN)4]

2−

and [MnN(CN)5]
3−, the electronic absorption transition

assigned to (dxy)
2 → (dxy)

1(dπ*)
1 in the six-coordinate

[MnN(CN)5]
3− appears in a longer wavelength than that in

the five-coordinate [MnN(CN)4]
2− because the axial CN−

ligand acts as a π acceptor, and this gives rise to elongation
of the MnN distance in the six-coordinate complex due to
stabilization of the dπ* energy level.49,50

The present complexes, Re-dmap, Re-lut, Re-pic, Re-ppy,
and Re-py, exhibited a band maximum (λmax) at 414−417 nm
in the crystalline phase at 296 K. For simplicity, we classify
these complexes as group A. The λmax values in group A
complexes are almost independent of the kind of N-hetero-
aromatic ligand. In the case of the technetium complexes, the
UV−vis reflectance spectral band features were very similar.
The λmax values observed for the technetium complexes (413−
421 nm) were similar to those of the rhenium analogues in
group A. The longer-wavelength shift of the λmax value of theT
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six-coordinate rhenium and technetium complexes compared
with that of the relevant five-coordinate complexes is the same
trend as that shown between [MN(CN)4(CH3OH)]

2− and
[MN(CN)4]

2− (M = Re and Tc) and between [MnN(CN)5]
3−

and [MnN(CN)4]
2−. Therefore, the band observed at around

420 nm for the six-coordinate rhenium complexes in group A
and all of the technetium complexes can be ascribed to the
(dxy)

2 → (dxy)
1(dπ*)

1 transitions with dπ−pπ(N) overlap.
In marked contrast to the group A complexes, the UV−vis

reflectance spectral features of Re-bpy, Re-pz, Re-cpy, and Re-
4bzpy are different from those of the group A complexes:
classified as group B. In the group B complexes, the spectra
exhibited a shoulder band at around 475 nm. The wavelength
of the shoulder band is significantly long compared with the
wavelength of (dxy)

2 → (dxy)
1(dπ*)

1 in the group A complexes.
In the case of group A, the edge of the band at the lower-energy
side appeared at around 520 nm, while the spectra of the group
B complexes extended to longer wavelength (>550 nm), as
seen in Figures S18 and S19 in the Supporting Information.
These results suggest that the band at around 475 nm in the
group B complexes is characterized by the contribution of a
longer-wavelength transition band that is different from the one
in the (dxy)

2 → (dxy)
1(dπ*)

1 transition. The edge of the band in
the group B complexes shifts to longer wavelength in the
sequence of Re-bpy < Re-pz < Re-cpy ≈ Re-4bzpy. The
sequence observed in the UV−vis reflectance spectra is almost
the same as that of the emission maximum wavelength (λem) of
the complexes (vide infra). We assigned the substantially allowed
lowest-energy transition band as the metal-to-N-heteroaromatic
ligand charge-transfer (MLCT) transition (vide infra).
In the case of Re-3bzpy, the feature of the UV−vis reflectance

spectrum was similar to that of the group A complexes. On the
other hand, the λem value shifted to longer wavelength compared
with the values in the group A complexes, which is the tendency
observed in the group B complexes as described later.
Emission Spectroscopic and Photophysical Proper-

ties. All of the complexes showed photoluminescence in the
crystalline phases at room temperature. Table 2 summarizes the
spectroscopic and photophysical data observed in the solid state
at 296 and 77 K. Figures 2 and 3 show the emission spectra of

the rhenium complexes in groups A and B and Re-3bzpy,
respectively, in the crystalline phases at 296 K. The group A
complexes in the crystalline phases at 296 K exhibited intense
emission with λem = 539−545 nm, Φem = 0.39−0.93, and τem =
10−45 μs. The spectroscopic and photophysical data of the
group B complexes (λem = 578−669 nm, Φem ≤ 0.01−0.18, and

Table 2. Spectroscopic and Photophysical Data of the Tetracyanidonitridorhenium(V) and -technetium(V) Complexes in the
Crystalline Phase at 296 and 77 K

296 K 77 K

λem/nm Φem τem/μs (% component) kr/10
4 s−1 knr/10

4 s−1 λem/nm τem/μs (% component)

Re-dmap 539 0.79 36 (70), 10 (30) 2.8 0.74 509, 535, 557 75 (100)
Re-lut 544 0.39 26 (100) 1.5 2.3 514, 540, 565 111 (100)
Re-pic 544 0.79 44 (100) 1.8 0.47 518, 547, 579, 616 142 (100)
Re-ppy 545 0.71 40 (100) 1.8 0.73 525, 551 106 (100)
Re-py 539 0.93 45 (100) 2.1 0.16 513, 539, 569, 604 100 (100)
Re-3bzpy 564 0.36 13.3 (100) 2.7 4.8 555 63.8 (100)
Re-bpy 578 0.18 9.7 (59), 2.5 (41) 2.7 12 572 68 (62), 31(38)
Re-pz 623 0.05 2.7 (19), 0.80 (81) 4 81 597 53 (77), 25 (23)
Re-cpy 649 0.01 0.65 (26), 0.12 (74) 4 400 616 5.0 (3), 1.2 (97)
Re-4bzpy 669 <0.01 0.20 (5), 0.03 (95) 2600a 612 4.2 (12), 0.95 (88)
Tc-dmap 574
Tc-lut 576
Tc-pic 580
Tc-py 576
Tc-pz 581
Tc-cpy 580

aThe knr value was calculated from 1/τem.

Figure 2. Emission spectra of Re-dmap (lime green), Re-lut (blue),
Re-pic (cyan), Re-ppy (magenta), and Re-py (red) at 296 K in the
crystalline phase.

Figure 3. Emission spectra of Re-3bzpy (magenta), Re-bpy (red), Re-
pz (lime green), Re-cpy (blue), and Re-4bzpy (cyan) at 296 K in the
crystalline phase.
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τem = 0.03−9.7 μs) are significantly different from those of the
group A complexes. The spectroscopic and photophysical data
of the group B complexes are characterized by the longer λem,
significantly smaller Φem, and shorter τem than the relevant
values of the group A complexes. For Re-3bzpy, the λem value
(564 nm) is longer than those of the group A complexes. The λem
values of the group B and Re-3bzpy complexes shifted to longer
wavelength in the sequence of Re-3bzpy (564 nm) < Re-bpy
(578 nm) < Re-pz (623 nm) < Re-cpy (649 nm) < Re-4bzpy
(669 nm). The Φem and τem values of the group B complexes and
Re-3bzpy are larger and longer in the order of Re-3bzpy > Re-
bpy > Re-pz > Re-cpy > Re-4bzpy.
The emission spectra of the rhenium complexes in groups A

and B and Re-3bzpy in the crystalline phases at 77 K are shown
in Figures 4 and 5, respectively. The group A complexes at 77 K

exhibited vibronic structures with progressions of ca. 1000
cm−1, and the emission lifetimes were longer (75−142 μs) than
the relevant values at 296 K (10−45 μs). The vibrational
progressions observed for the complexes are typical for the
emission spectra of d2 nitridometal complexes in the
3[(dxy)

1(dπ*)
1] excited states.14,15,25,36,37 The group B and Re-

3bzpy complexes exhibited large differences in the spectro-
scopic and photophysical characteristics from the group A
complexes for the low-temperature emission spectra in the
solid phase. The group B and Re-3bzpy complexes showed
no vibronic structure in the emission spectra at 77 K. At both
296 and 77 K, the τem values of the group B and Re-3bzpy
complexes were smaller than those of the group A complexes.

The λem value of the group B and Re-3bzpy complexes shifted
to longer wavelength in the sequence of Re-3bzpy (555 nm) <
Re-bpy (572 nm) < Re-pz (597 nm) < Re-4bzpy (612 nm) ≈
Re-cpy (616 nm).
The emission spectra of the technetium complexes in the

crystalline phases at 296 K are shown in Figure 6. All of the

technetium complexes showed photoluminescence and the
maximum wavelengths (574−581 nm) were very similar to one
another for all of the technetium complexes studied. This is in
marked contrast to the two different emission characteristics
between the rhenium group A and B complexes. The emission
spectra of the technetium complexes showed vibronic
structures. The vibrational progressions (ca. 1000 cm−1) agreed
with the νTcN stretching band frequency commonly observed
for a nitridotechnetium(V) complex.45,51−58 The spectroscopic
features of the technetium complexes were very similar to those
of the rhenium group A complexes, although detailed photo-
physical data (Φem and τem) of the technetium complexes have
not been obtained in the present stage of the investigation. The
λem value for the technetium complex is longer than that for the
relevant rhenium complex. The longer wavelength shift of λem in
the technetium complex than that in the relevant rhenium complex
has been observed for the methanol coordinate nitridorhenium(V)
and -technetium(V) complexes [λem of (PPh4)2[M(CN)4-
(CH3OH)] in the crystalline phases at room temperature: 559 nm
(M = Tc) and 527 nm (M = Re)]. The excited states for the
technetium complexes can be assigned to the 3[(dxy)

1(dπ*)
1]

electron configuration.
Excited-State Characteristics of Nitridotetracyanido-

rhenium(V) and -technetium(V) Complexes with N-Hetero-
aromatic Ligands. The rhenium complexes classified in the
group A and all of the technetium complexes studied possess the
3[(dxy)

1(dπ*)
1] excited states. The excited-state characteristics are

similar to those of the previously reported d2 nitridometal com-
plexes.14−19,25,32,33,36,37,39,41 It is worth emphasizing that
Re-py showed a quite high Φem value of 0.93 among photo-
luminescent d2 oxo- and nitridometal complexes whoseΦem values
are <10−5−0.34.7,11,14,15,18,19,40 The λem values of the rhenium
complexes in group A are similar to one another, although the
Re−N(aromatic) bond distance is different, as mentioned before:
Re−N = 2.45(1)−2.5610(19) Å for Re-dmap, Re-lut, Re-pic,
Re-ppy, and Re-py. This suggests that the N-heteroaromatic
ligand does not play an important role in the orbitals responsible
for the emissive excited state: dxy and dπ* orbitals. The N-
heteroaromatic ligands in these complexes influence more or less

Figure 4. Emission spectra of Re-dmap (lime green), Re-lut (blue),
Re-pic (cyan), Re-ppy (magenta), and Re-py (red) at 77 K in the
crystalline phase.

Figure 5. Emission spectra of Re-3bzpy (magenta), Re-bpy (red), Re-
pz (lime green), Re-cpy (blue), and Re-4bzpy (cyan) at 77 K in the
crystalline phase.

Figure 6. Emission spectra of Tc-dmap (lime green), Tc-lut (blue),
Tc-pic (cyan), Tc-py (red), Tc-pz (magenta), and Tc-cpy (orange) at
296 K in the crystalline phase.
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the nonradiative decay path(s) from the emissive excited states. It
is recognized that thermal deactivation of the emissive excited state
through an upper-lying, nonemissive d−d state(s) is one of the
factors governing the photoluminescence efficiency.59 Therefore,
the unoccupied dx2−y2 and dz2 orbitals might be destabilized in
energy by coordination of an N-heteroaromatic ligand at the axial
position, although it is not clear about the nonradiative decay
path(s) of the complex in the present stage of the investigation.
The λem, Φem, and τem values of the group B complexes were

significantly dependent on the nature of the N-heteroaromatic
ligand. The spectroscopic and photophysical properties of the
group B complexes clearly indicate that the emissive excited
state is not the 3[(dxy)

1(dπ*)
1] excited state. The emission

energy values (νem) of the group B and Re-3bzpy complexes are
17700 cm−1 for Re-3bzpy, 17300 cm−1 for Re-bpy, 16100 cm−1

for Re-pz, 15400 cm−1 for Re-cpy, and 15000 cm−1 for Re-
4bzpy. The differences of the emission energy values are similar
to the emission energy differences in [ReCl(CO)3L2] (L =
3bzpy, bpy, or 4bzpy) showing the MLCT excited state in
benzene at 298 K (18300 cm−1 for L = 3bzpy, 17750 cm−1 for
L = bpy, and 16700 cm−1 for L = 4bzpy).60,61 Moreover, the
MLCT absorption transition energy difference of 1900 cm−1

between L = bpy and cpy in [ReCl(CO)3L2] in dichloro-
methane agreed well with the emission energy difference
between Re-bpy and Re-cpy.61 A similar trend was reported on
the difference of the transition energy of the MLCT absorption
band in [Fe(CN)5L]

3− (L = bpy, pz, cpy, or 4bzpy) in H2O
(22800 cm−1 for L = bpy, 21800 cm−1 for L = pz, 21000 cm−1

for L = cpy, and 20500 cm−1 for L = 4bzpy).62,63 In the case of
[Cu2(μ-Br)2(PPh3)2L2] having an MLCT emissive excited
state (L = 3bzpy or 4bzpy), the emission energy difference of
2800 cm−1 agreed with that between Re-3bzpy and Re-4bzpy.64

Therefore, the degrees of emission-energy-shift values in the group
B and Re-3bzpy complexes are very similar with those of the
MLCT transition-energy-shift values observed in the complexes
with the relevant ligand. To further discuss the excited-state
characteristics of the group A and B and Re-3bzpy complexes, we
calculated the radiative (kr) and nonradiative decay rate constants
(knr) on the basis of the relationship kr = Φem/τem and Φem =
kr/(kr + knr) in which weighted-averaged τem values were adopted
for complexes showing multiexponential emission decays. The knr
and kr values thus evaluated for each complex are included in
Table 2. The knr values of the group A complexes at 296 K fall in
the range of 1.6 × 103−2.3 × 104 s−1, while the relevant values of
the group B and Re-3bzpy complexes vary significantly in the
range of 4.8 × 104−2.6 × 107 s−1, demonstrating that the Φem and
τem values of the group B complexes are governed by the
nonradiative decay rate constant.65 For the 3MLCT excited state
represented by [M(N−N)3]2+ (M = Ru, Os; N−N = 2,2′-
bipyridine derivatives or 1,10-phenanthroline derivatives), the
emission energy (νem) of the complex is determined by the nature
of a N−N ligand and, in such a case, the νem value of the complex
sometimes correlates linearly with the natural logarithm of the knr
value: energy gap (νem) dependence of knr.

66,67 Because we
suppose that the group B complexes possess the metal-to-N-
heteroaromatic ligand charge-transfer excited triplet state, we plot
the knr data of the complexes against the relevant νem values.
Figure 7 shows an energy gap (νem) dependence of ln knr for the
group A and B and Re-3bzpy complexes observed in the
crystalline phase at 296 K. It is very clear that the data of the group
B complexes and Re-3bzpy fall on a straight line, demonstrating
that the nonradiative decay process is very similar among the
group B complexes and Re-3bzpy. On the basis of these data, it is

suggested that the group B complexes exhibit 3MLCT-like
emission. It is worth noting that the emission spectroscopic
properties of Re-3bzpy at 296 and 77 K are very similar to those
of the group B complexes; the longer-wavelength shift of λem
compared with that of the group A complexes and no vibronic
structure in the emission spectra at 77 K. On the other hand, the
feature of the UV−vis reflectance spectrum is similar to those of
the group A complexes. Therefore, it may be concluded that the
emissive excited state is the inseparable mixture of 3MLCT and
3[(dxy)

1(dπ*)
1] excited states.

It should be noted that all of the technetium complexes showed
λem values very similar to one another including the emission
spectral band shapes with vibronic structures. These emission
spectral patterns are very similar to those of the group A rhenium
complexes. It is commonly recognized that the energy levels of the
metal-centered orbitals in a technetium complex are stabilized
compared with those in the rhenium analogues and the energy gap
between the metal-centered HOMO and LUMO of a technetium
complex is smaller than that of a rhenium analogue.68,69 It is
reasonable to assume that the dπ* orbitals of Tc-pz and Tc-cpy
are lower in energy, while those of Re-pz and Re-cpy are higher
in energy than the π* orbitals of pz and cpy, respectively. If an
N-heteroaromatic ligand π* orbital remains constant in energy, the
LUMO of the technetium complex possesses metal character and
that of the relevant rhenium complex has N-heteroaromatic ligand
character. Therefore, the emissive excited states of Tc-pz and
Tc-cpy are the metal-centered 3[(dxy)

1(dπ*)
1] states, and those of

the isomorphic Re-pz and Re-cpy are best characterized by
3MLCT character.

■ CONCLUSION
The tetracyanidonitridorhenium(V) and -technetium(V) com-
plexes with N-heteroaromatic ligands have been synthesized,
and their spectroscopic and photophysical properties have been
characterized. The pyridine coordinate rhenium(V) complex
showed a quite high emission quantum yield: 0.93. In the
present study, we demonstrated that the nature of the emissive
excited state of the d2 nitridometal complex was controlled by
the energy level of the N-heteroariomatic ligand to show
3[(dxy)

1(dπ*)
1] or a metal-to-N-heteroaromatic ligand charge-

transfer (3MLCT) excited state. It is the first time that d2 oxo-
or nitridometal complex exhibited the 3MLCT-type emission.
The rhenium complexes exhibited two types of excited states by
a change in the π* level of the N-heteroaromatic ligand. All of
the technetium complexes possessed a 3[(dxy)

1(dπ*)
1] excited

Figure 7. Plot of ln knr against the emission maximum energy (νem) for
the complexes in the group A (open squares) and group B and
Re-3bzpy (open circles) in the crystalline phase at 296 K.
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state because the electron occupied and unoccupied techne-
tium-centered energy levels are lower than the π* level of the
N-heteroaromatic ligand.
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