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ABSTRACT: The spectroscopic, electrochemical, and photo-
physical properties of the new complex [P,N-{(C6H5)2(C5H4N)-
P}Re(CO)3Br] are reported. The UV−vis spectrum in dichloro-
methane shows an absorption maximum centered at 315 nm and a
shoulder at 350 nm. These absorption bands have been
characterized to have MLCT character. Excitation at both
wavelengths (maximum and shoulder) leads to an emission
band centered at 550 nm. Cyclic voltammetry experiments show
two ill-defined irreversible oxidation waves around +1.50 and 1.80
V that are assigned to ReI/ReII and ReII/ReIII couples whereas an
irreversible reduction signal centered at −1.80 V is likewise
assigned to a ligand reduction process. These results support the
proposal of the MLCT nature of the states implied by the emission of the complex. The luminescent decay fits to a biexponential
function, where the lifetimes and emission quantum yields are dependent on the solvent polarity. DFT calculations suggest that
dπ → π*pyridine and dπ → π*phenyl excited states may account for the existence of two decay lifetimes.

■ INTRODUCTION

Rhenium(I) tricarbonyl diimine complexes, [(N,N)Re-
(CO)3L], have been receiving considerable attention due to
their interesting photophysical and photochemical properties,
which can be modified by changing the nature of either the
diimine ligand (N,N) or the L ligand (Cl, Br).1−4 These
structural changes have a direct effect on the excited state’s
character.5 In a comparison to N,N-diimines, P,N-mixed
complexes have been less studied so far, despite the fact that
the presence of a heteroatom with different properties, i.e.,
hardness, coordinating ability, or trans-effect, adds new
interesting features and possibilities which could be used to
further tune the properties of complexes to a specific target
application.6−13 Even though the structures of bidentate P,N
monometallic complexes of diphenylpyridylphosphine,
(C6H5)2(C5H4N)P, have been described for Ru,14−19 Pt,20,21

Tc,22 Rh,14,23 Ni,24 W,25−27 Re,28−32 and Fe,33 their photo-
physical properties remain largely unexplored. On the other
hand, only a few mononuclear rhenium complexes bearing P,N-
bidentate ligands have been described in the literature so far,

namely, [{(C6H5)3P}{P,N-(C6H5)2(C5H4N)P}Re(NO)Cl2],
30

[{O,N-(C6H5)3P}{(C6H5)2(C5H4N)PO}ReCl3],
29 and

[{(C6H5)3P}{P,N-(C6H5)2(C5H4N)P}Re(NO)0.87Br2.13].
31

Among these compounds, only the absorption spectrum of
[{(C6H5)3P}{P,N-(C6H5)2(C5H4N)P}Re(NO)Cl2] has been
reported. The absorption spectrum reveals a band in the
visible region centered at 479 nm, which has been assigned to a
d → π*((C6H5)2(C5H4N)P) metal to ligand charge transfer
(MLCT) transition with the help of time-dependent density-
functional theory (TD-DFT).31 We have recently reported the
synthesis and preliminary emission properties of a novel ReI

complex, [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (Scheme
1).34

Unlike complexes with N,N bidentate ligands, which have
relatively high luminescent quantum yields on the order of
0.01−0.30 and lifetimes on the order of 100 ns,3,35 our P,N
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complex shows a surprisingly low emission quantum yield
(lower than 0.001) and a biexponential emission decay with
short luminescence lifetimes (on the order of nanoseconds).34

Therefore, the aim of this work is to understand the underlying
basis for such behavior, in order to be able to design new
complexes for specific applications, for example, in the field of
solar energy conversion. In the current work, we present the
characterization of the spectroscopic, electrochemical, and
photophysical properties of this complex, by comparing both
experimental and computational results.

■ RESULTS AND DISCUSSION
i. Cyclic Voltammetry. Figure 1 illustrates the cyclic

vol tammogram of a 1 .0 mM solut ion of [P,N -

{(C6H5)2(C5H4N)P}Re(CO)3Br] in dichloromethane using
0.1 M tetra(n-butyl)ammonium perchlorate. Two irreversible
oxidation processes with similar peak current and anodic peak
potentials at ca. +1.50 and +1.80 V are observed during a
positive potential scan initiated at 0.0 V. With the switch of the
potential scan at +1.80 V, a reduction wave is observed at ca.
0.63 V with no coupled oxidation. If the potential is scanned
initially in the negative direction, an irreversible reduction
process is observed at −1.75 V. It is reasonable to propose that
the oxidation processes correspond to the two consecutive
metal-centered one-electron transfers ReI/ReII and ReII/ReIII, as
observed for [Re(1,2-bis(dimethylphosphino)ethane)3].

36 An
example of a complex displaying a P,N coordination environ-
ment is found for [(4,7-phenyl-1,10-phenanthroline)(P-
(C6H5)3)2Re(CO)2]{B(C6H5)4}.

37 The irreversibility of the
oxidation process may be explained with the assumption that
ligand dissociation follows oxidation of the rhenium center. The
signal at ca. +0.63 V could be assigned to the reduction of the
resulting oxidation product giving the starting ReI complex,
since the second oxidation scan reproduces the first one. The

reduction observed at −1.75 V is probably ligand based, as
previously reported for other N,N-ReI complexes in the range
−1.2 to −1.8 V.35

ii. Absorption Spectra and Computational Results. As
shown in our previous work,34 the [P,N-{(C6H5)2(C5H4N)P}-
Re(CO)3Br] complex absorbs at 315 nm, with a shoulder
around 355 nm in CH2Cl2 (Figure 2). In contrast, the

(C6H5)2(C5H4N)P ligand shows an intense absorption band
centered at 257 nm, which has been assigned to a ππ*
transition due to the high molar absorptivity typically found for
this kind of band.38 The measured molar extinction coefficients
are 5.0 × 103 and 2.5 × 103 L mol−1 cm−1 at 315 and 350 nm,
respectively, which are comparable to those of related N,N
complexes.4 On the basis of these results, we assign both the
315 nm band and the 355 nm shoulder to a metal to ligand
charge transfer (MLCT) transition from the ReI d orbital with
contribution of carbonyl π orbitals (ReI dπ) to the ligand’s π*
pyridyl orbital (π*pyr) being fully consistent with the results
obtained from cyclic voltammetry.
Results from TD-DFT calculations support this explanation.

Table 1 summarizes the main computed transitions with their
respective energies, wavelengths, and oscillator strengths,
together with the orbitals implied. Figure 3 shows that the
computed transitions overlapped the absorption spectra of
[P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br]. According to these
calculations, transitions 1 and 2, located around 350 nm, are
predicted mainly as transitions between the dπ-type orbitals,

Scheme 1. Schematic Representation of [P,N-
{(C6H5)2(C5H4N)P}Re(CO)3Br]

Figure 1. Cyclic voltammogram of [P,N-{(C6H5)2(C5H4N)P}Re-
(CO)3Br] measured in CH2Cl2 containing 0.10 mol L−1

(C4H9)4N
+ClO4

− as supporting electrolyte with a glassy-carbon
working electrode at a scan rate of 100 mV s−1.

Figure 2. Absorption (left) and emission (right) spectra for [P,N-
{(C6H5)2(C5H4N)P}Re(CO)3Br] at 298 K (solid line, CH2Cl2) and
77 K (dashed line). Excitation wavelength: 350 nm.

Table 1. Summary of Energy, Wavelength, and Oscillator
Strengtha

no. E/eV
λ/
nm f major contributions

1 3.48 356 0.0016 HOMO → LUMO (90%)
2 3.51 353 0.0237 H − 1 → LUMO (89%)
3 3.74 332 0.0083 HOMO → L + 1 (76%)
4 3.80 326 0.0258 H − 1 → L + 1 (78%)
5 3.96 313 0.0014 H − 1 → L + 2 (51%) H − 1 → L + 3

(23%)
18 4.70 264 0.0331 H − 8 → LUMO (11%) H − 7 → LUMO

(60%)

aComputed for observed transitions in the absorption spectra of [P,N-
{(C6H5)2(C5H4N)P}Re(CO)3Br], together with the orbital implied.
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HOMO (H) and HOMO − 1 (H − 1), to a π*-type orbital
from the pyridinic ring of the P,N-ligand (LUMO),
respectively. Additionally, transitions 3−5 (Table 1) account
for the band at 315 nm involving a π*-type orbital from either
the pyridinic ring or the phenyl rings, being LUMO (L),
LUMO + 1 (L + 1), and LUMO + 2 (L + 2), excited states very
close in energy. Figure 4 depicts the TD-DFT computed

frontier orbitals plots for [P,N-{(C6H5)2(C5H4N)P}Re-
(CO)3Br]. We did not include L + 1 in the representation
since this orbital is very close in energy and nature (π*-type
orbital from the pyridinic ring) to L. A complete scheme can be
found in Supporting Information.
iii. Emission Properties. When excited at 315 or 350 nm,

the title complex exhibits a broad emission band, with a
maximum centered at 550 nm (2.26 eV) and a Stokes shift of
11 200 cm−1 (see Figure 2). Such a large shift is usually
observed in MLCT transitions38 and indicates a dramatic
change in molecular dipole moment upon photoexcitation. The
emission spectrum at 77 K remains structureless (Figure 2),
which is also consistent with an MLCT emitting state,
discarding emission centered on the ligand. The maximum of
the emission band at low temperature is blue-shifted compared
to that of the room-temperature spectrum, as can be seen in

Figure 2, because the medium’s rigidity prevents stabilization by
solvent cage reorganization. Excitation and absorption spectra
overlap closely, ensuring that the emission arises from the
complex under study (see Supporting Information Figure S2).
Other characteristics of MLCT transitions are emission maxima
and quantum yields (Φem) dependent on the solvent polarity.
Table 2 summarizes photophysical parameters of the complex.

In aerated CH2Cl2 and DMF, emission quantum yields are 5.0
× 10−4 and 2.5 × 10−4, respectively, 2 orders of magnitude
smaller than the ones reported for related N,N complexes.4 The
DFT result confirms that the emission comes mainly from the
frontier orbitals, and the fact that excited state geometry differs
greatly from the ground state molecular geometry is consistent
with such a large Stokes shift.
We have also examined the emission decay kinetics. It can be

adequately modeled by a biexponential function having a fast
component and a slow component, τ1 and τ2, respectively
(Table 2). Both lifetimes are shortened with an increase in the
polarity of the solvent. The luminescence decay profile is
shown in Figure 5. The lifetime values are considerably shorter

compared to those found for some related N,N-complexes,
usually in the range of several hundreds of nanoseconds,35

which is in accordance with the low quantum yield observed. A
decay described by a multiexponential fit is often associated
with emission from more than one or many excited states.39,40

For the case of [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br], DFT
calculations show that the dπ → π*pyr excited state is very close

Figure 3. DFT computed transitions for [P,N-{(C6H5)2(C5H4N)P}-
Re(CO)3Br] overlapped with the experimental absorption spectra.34

Figure 4. DFT computed frontier orbital HOMO − 1, HOMO,
LUMO, and LUMO + 2 plots for [P,N-{(C6H5)2(C5H4N)P}Re-
(CO)3Br]. Complete scheme can be found in Supporting Information.

Table 2. Emission Quantum Yieldsa and Lifetimesa,b of
[P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] at 298 K

solvent Φem τ1/ns τ2/ns ΦΔ

CH2Cl2 (air) 5.0 × 10−4 3.8 (87) 39.1 (13) 0.064
CH2Cl2 (Ar) 6.7 × 10−4 4.0 (86) 45.6 (14)
DMF (O2) <10−4 2.9 (63) 14.2 (37)
DMF (air) 2.5 × 10−4 3.8 (66) 27.6 (33) 0.016
DMF (Ar) 5.7 × 10−4 5.9 (60) 37.2 (40)

aErrors were lower than 10%. bλexc = 400 nm and λobs = 560 nm.
Values in parentheses are amplitudes in percent contribution from
each decay component.

Figure 5. Luminescence decay curves of [P,N-{(C6H5)2(C5H4N)P}-
Re(CO)3Br] followed at 560 nm after excitation at 400 nm in CH2Cl2
(black) and DMF (red).
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in energy to the dπ → π*phenyl state, which would explain the
dual nature of the measured emission. The first component, τ1,
would correspond to the fast one, which is less sensitive to the
polarity change than the slow component τ2, whose value
decreases around 70% in DMF compared to CH2Cl2. With this
consideration, the fast component could be assigned to the
emissive state involving the π*phenyl orbitals, while the slow one
corresponds to dπ→ π*pyr. This kind of dual emission has been
observed for other rhenium complexes with phosphine
ligands.41 In order to analyze the energy associated with each
emissive state, we obtained a time-resolved emission spectrum
(TRES) for the complex, which is shown in Figure 6. As can be

observed in the plot, the fast component τ1 seems to be
associated with an emission maximum around 490 nm, while
the slow component τ2 shows an emission band centered at 565
nm. This result is consistent with both the existence of two
emissive states and the assignment of the orbitals involved
according to calculations shown in Table 1, where the π*phenyl
orbitals are higher in energy than the π*pyr ones.
On the other hand, an increment of Φem and a lengthening of

both lifetimes are observed in argon-saturated solutions, which
can be attributed to quenching of both emissive excited states
by oxygen (see Table 2). These results allow us to assign a
triplet character to the MLCT states, which is compatible with
the ultrafast intersystem crossing reported for ReI tricarbonyl
complexes.33 Moreover, as shown in Figure 7a, laser flash
photolysis at 355 nm reveals a broad transient absorption
centered at 520 nm, which disappears with a biexponential
profile, with lifetimes of 0.67 and >5.0 μs in argon-saturated
solutions. The transient was not observed when the solutions
were equilibrated with air, which probably implies that it
corresponds to a state with triplet multiplicity (completely
quenched in the presence of oxygen), or a species whose
production is blocked by oxygen. This transient could arise
from the emissive state dπ → π*pyr, because the slow
component is strongly quenched by oxygen and could lead to
photoproducts, i.e., a decarbonylated molecule. We did not
examine the photochemistry of the complex, but there are
many examples of carbon monoxide loss after a tricarbonyl
complex’s electronic excitation.42−44 Therefore, the broad
transient absorption at 520 nm might be assigned to a
decarbonylated complex molecule.

As further evidence for the triplet character of the MLCT
states, we found that, after irradiation at 355 nm, aerated
solutions of the complex were able to generate singlet oxygen
(Figure 7b). The production quantum yield (ΦΔ) was found to
be strongly dependent on the solvent polarity (see Table 2).
This fact confirms the existence or presence of transients with
triplet state multiplicity. According to the Wilkinson scheme
and notations,45 it is possible to propose that both initial
transients, the shortest lived one (τ1) and the longed lived one
(τ2), participate in the generation of singlet oxygen. With only
kinetic considerations taken into account and the assumption of
a singlet multiplicity, it is possible to calculate the proportion of
each species quenched by ground state oxygen in oxygen-
saturated solutions [considering that PSQ

O2 equals kSQ
O2 [O2]/(kSD

+ kSQ
O2 [O2])]. With the highest value reported for singlet state

quenching, 4 × 1010 M−1 s−1,46,47 and the highest solubility of
oxygen in organic solvents, 3 mM,48 the proportion of
quenched species is around 30% for the shortest lived transient
and 80% for the longest one. According to lifetimes measured
in DMF under oxygen-, air-, and argon-saturated conditions,
reported in Table 2, and taking an oxygen solubility in DMF
equal to 3.1 mM,48 we can evaluate values for kSQ

O2 equal to 5.0
× 1010 and 1.4 × 1010 M−1 s−1 for each state.

Figure 6. Time-resolved emission spectrum (TRES) of [P,N-
{(C6H5)2(C5H4N)P}Re(CO)3Br] in CH2Cl2 after excitation at 400
nm. Slow (black) and fast (red) components.

Figure 7. (a) Flash photolysis absorption spectrum of the complex
[P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] in deareated CH2Cl2. (b)
Singlet oxygen luminescence at 1270 nm after complex excitation at
355 nm in CH2Cl2 (blue). Reference was denoted in black.
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All this evidence suggests that the underlying mechanism of
emission quenching for P,N-complexes is the nonradiative
decay to the ground state. Nonradiative decay pathways would
be facilitated by two main factors: (a) the proximity in energy
between the MLCT excited state and the ground state with a
gap of only 2.26 eV, in addition to the significant geometry
distortion that is produced due to metal oxidation, both related
to the energy gap law;49 and (b) the conformational flexibility
that the the pyridylphosphine ligand confers to the complex’s
efficient electronic-to-vibrational coupling modes, as compared
to those of the rigid aromatic diimines in the N,N complexes.50

In this context, both factors may be associated with an increase
of the vibrational overlap between the ground and excited
states, resulting from the combination of stretching modes
present in this molecule, ν(Re−P), ν(Re−N), ν(Re−Br), and
ν(C−O), with the concomitant faster radiationless decay.2,51

With all the possible deactivation pathways upon excitation
described above taken into account, a schematic energy
diagram is proposed (Scheme 2).

■ CONCLUSIONS
Light absorption by [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br]
leads to an excited state having triplet MLCT character. The
luminescent decay has been determined to be well-described by
a biexponential fit with a short and a long component. The
difference observed between both lifetimes, together with the
sensitivity to solvent polarity, leads us to conclude that they
come from different excited states. TD-DFT calculations
validate the existence of two different states lying very close
in energy, supporting the idea that the two emissions come
from dπ → π*pyridine and dπ → π*phenyl excited states. In
addition, these results allowed the identification of the nature of
the participating orbitals. Therefore, the involvement of two
emissive excited states of different nature would be responsible
for the biexponential luminescent decay observed, which has
not yet been reported for N,N complexes. Finally, we propose
that the low emission quantum yield for this complex can be
mainly attributed to conformational flexibility of the
pyridylphosphine ligand, which confers to the complex efficient
electronic-to-vibrational coupling modes, increasing the rate of
radiationless decay.

■ EXPERIMENTAL WORK

i. Synthesis. The [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br]
complex was prepared following a previously reported
method.34

ii. Cyclic Voltammetry. Cyclic voltammograms at room
temperature for [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] were
recorded in CH2Cl2 solutions (1.0 mM) using tetrabutylam-
monium perchlorate (0.10 M) as supporting electrolyte. Cyclic
voltammograms were recorded at various sweep rates: 50, 100,
300, 500, and 600 mV s−1. A vitreous carbon electrode was used
as working electrode, a platinum electrode as auxiliary
electrode, and a saturated calomel electrode as reference
electrode. Iron ferrocene was used as internal standard.

iii. Spectroscopic and Photophysical Measurements.
UV−vis spectra were recorded on an Agilent 8453 diode-array
spectrophotometer in the range 250−700 nm in both aerated
dichloromethane (CH2Cl2) and dimethylformamide (DMF)
solutions. Emission spectra were measured in a Horiba Jobin-
Yvon FluoroMax-4 spectrofluorometer either in both solvents
mentioned previously at room temperature or in ethanol−
methanol glass (4:1, v/v) at 77 K. Excitation spectra were
recorded between 290 and 450 nm for an emission maximum
of 550 nm. Luminescence lifetime measurements were carried
out with the time correlated single photon counting technique
using either an Edinburgh Instruments OB-900 or a PicoQuant
Fluotime 200 fluorescence lifetime spectrometer. Nanosecond
laser flash photolysis experiments were performed on argon-
saturated dichloromethane solutions by excitation at 355 nm
and sweeps of the absorption spectra between 400 and 600 nm.
The instrument was described previously,52−55 but now some
additional accessories are available: a Continuum Surelite I 10
Hz Q-switched Nd:YAG laser is used while the signals are
collected by a WaveSurfer 600 MHz LeCroy oscilloscope.
Software written in National Instrument LabViews 8.056

controlled the laser, monochromator, and shutters, and
captured the data that are fed to an Igor Pro 6.357 written
program for treatment and display. Experiments were made in
dichloromethane solutions which were either air-equilibrated or
argon-saturated. Quantum yields were measured using
procedures described in literature.58

iv. Computational Details. All geometry optimizations
were performed at the B3LYP/6-31+G(d,p) level of theory
using the Gaussian09 Rev C.01 package of programs (G09),59

and started from geometry determined by means of X-ray
diffraction.34 The LANL2DZ basis set was used only for
rhenium. Excited state calculations were performed within the
time-dependent DFT methodology as implemented in G09.
Solvent effects for simulating dichloromethane have been
incorporated through the polarizable continuum model (PCM)
using the integral equation formalism variant (IEFPCM).60,61

Absorption and emission spectra were simulated from the
above calculations using the GaussSum 3.0 suite of freely
available processing tools. A full width at half-maximum
(fwhm) of the Gaussian curves corresponding to 3000 cm−1

was employed to convolute both spectra. Representations for
molecular orbitals were generated using the G09 cubegen tool
and have been visualized using VMD and Povray 3.6
programs.62,63

Scheme 2. Schematic Energy Diagram Proposed for All the
Possible Deactivation Pathways upon Excitation of [P,N-
{(C6H5)2(C5H4N)P}Re(CO)3Br]
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