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The spectroscopic, electrochemical and photophysical properties of the new complex [P,N-
{(C6H5)2(C5H4N)NHP}Re(CO)3Br] (RePNN) are reported. The UV–Vis spectrum in dichloromethane
(DCM) shows an absorption maximum centered at 300 nm and a shoulder at 350 nm. These absorption
bands have been characterized, having a ppy ? p⁄

py and a MLCT character. Excitation at the first wavelength
(higher energy) leads to an emission band centered at 365 nm. Cyclic voltammetry shows a fully irreversible
oxidation wave around +1.45 V, assigned to ReI/ReII couple, whereas two irreversible reduction signals cen-
tered at �0.75 and �1.20 V are assigned to ligand reduction processes. The photophysical results show that
emission from the RePNN complex comes exclusively from the ligand. The MLCT excited state shows to be
non-emissive by coupling to vibrational modes leading to non-radiative decay path to ground state. The
luminescent decay fits to a bi-exponential function. DFT calculations suggest that intra-ligand ppy ? p⁄

py

and ppy ? p⁄
ph excited states may account for the existence of these two decay lifetimes. The additional

–NH– fragment present in the 2-(diphenylphosphinoamino)pyridine ligand compared to 2-pyridylphos-
phine, makes it more flexible and in consequence, enhances the non-radiative decay rate constant from
the 3MLCT to the ground state in the RePNN complex compared to those of 2-pyridylphosphine,
[P,N-{(C6H5)2(C5H4N)PRe(CO)3Br] (RePN).

� 2016 Elsevier Ltd. All rights reserved.
I
1. Introduction

Mononuclear ReI tri-carbonyl complexes having a chelating
P,N-molecule have been less studied compared to the correspond-
ing N,N-diimines, despite the fact that the presence of a phosphorous
atom at the coordination sphere of the metal may confer different
properties, due to its trans-effect [1–7]. Examples of reported com-
plexes with such P,N-ligands are limited to the simplest molecule
of this kind, 2-pyridyldiphenylphosphine, (C6H5)2(C5H4N)P. Exam-
ples are [{(C6H5)3P}{P,N-(C6H5)2(C5H4N)P}Re(NO)Cl2] [8] [{O,N-
(C6H5)3P}{(C6H5)2(C5H4N)PO}ReCl3] [9] or [{(C6H5)3P}{P,N-(C6

H5)2(C5H4N)P}Re(NO)0.87Br2.13] [10]. We have recently reported
the synthesis and preliminary emission properties of a novel Re
complex, [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePN) (Scheme 1 left)
[11]. In contrast to N,N-diimine ReI complexes, with high lumines-
cent quantum yields (0.01–0.30) and emission lifetimes of a hun-
dred nanoseconds [12,13], the RePN complex shows a low
emission quantum yield (less than 0.001) and a biexponential
emission decay with short luminescence lifetimes (in the order
of few nanoseconds) [11,14]. We have established by means of
experimental and TDDFT analysis that the dual emission observed
in such complex can be attributed to the existence of two excited
states related to the p⁄-systems on the pyridine and phenyl rings
[14]. Closely related to 2-pyridyldiphenylphosphine ligand, 2-
(diphenylphosphinoamino)pyridine (PNN) (Scheme 1 center) is
another bidentate P,N-chelating molecule which would be useful
for preparing new ReI carbonyl complexes, to study the effect of
having a phosphorus atom coordinated to the metal.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2016.03.014&domain=pdf
http://dx.doi.org/10.1016/j.poly.2016.03.014
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http://dx.doi.org/10.1016/j.poly.2016.03.014
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Scheme 1. [P,N-{(C6H5)2(C5H4N)P}Re(CO)3Br] (RePN) (left) 2-(diphenylphosphi-
noamino)pyridine (PNN) (center) and [P,N-{(C6H5)2(C5H4N)NHP}Re(CO)3Br]
(RePNN) (right).

Fig. 1. Molecular structure diagram for RePNN showing atom numbering scheme.
Displacement ellipsoids drawn at the 50% level of probability.
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Recently Aranda et al. [15] have prepared an IrIII derivative of
PNN, showing a dramatic spectroscopic effect when a NH-frag-
ment is inserted between the phosphorous and the pyridyl groups,
which is reflected in a blue shift of the emission. In the present
work, we describe the synthesis of the complex [P,N-{(C6H5)2
(C5H4N)NHP}Re(CO)3Br] (RePNN) (Scheme 1 right), and its
spectroscopic, electrochemical and photophysical properties. The
experimental results were also analyzed according to DFT/TDDFT
computational calculations. A comparison of this study with the
previously informed for RePN is also presented.

2. Experimental

All reagents, (Re(CO)3(THF)Br)2 (THF:tetrahydrofuran) and
1,10-phenanthroline were used as received from the supplier
(Aldrich), with no purification before use. Solvents were dried
and freshly distilled before use. Standard Schlenk techniques were
used for all manipulations. 2-(diphenylphosphinoamino)pyridine
was prepared according a previously described method [15].

2.1. Synthesis

The RePNN complex was prepared following the previously
reported method described for RePN synthesis [11].

Briefly, a solution of 331.0 mg of 2-(diphenylphosphinoamino)
pyridine (PNN) (1.18 mmol) in chloroform (20 mL) was added to
a solution of 501.7 mg of [ReBr(CO)3(C4H8O)]2 (0.592 mmol) in
chloroform (20 mL), and stirred at room temperature during
24 h. Addition of cyclohexane precipitates the complex, allowing
the isolation of 500 mg of crude (67.1% yield). Recrystallization
by slow diffusion of toluene/cyclohexane (3/2) to a chloroform
solution yields almost transparent amber crystals, suitable for
X-rays analysis. Elemental Analysis: Calculated (experimental) for
C20H15BrPN2O3Re: C, 38.23 (37.77); H, 2.41 (2.56); N, 4.46 (4.19).
Elemental analysis was obtained from Centro de Análisis Pontificia
Universidad Católica de Chile. IR: mCO: 2050, 1910, 1890 cm�1.

2.2. Structure determination

The crystal structure of RePNN at 273 K was determined by X-
ray diffraction, on a plate-shaped 0.134 mm � 0.314 mm �
0.332 mm slightly amber transparent crystal. Data collection was
done on a SMART-APEX II CCD diffractometer system. Data was
reduced using SAINT [16], while the structure was solved by direct
methods, completed by Difference Fourier Synthesis and refined by
least-squares using SHELXL [17]. Multi-scan absorption corrections
were applied using SADABS [18]. The hydrogen atoms positions were
calculated after each cycle of refinement with SHELXL using a riding
model for each structure, with CAH distance of 0.95 Å. Uiso(H) val-
ues were set equal to 1.2 Ueq of the parent carbon atom. The final
structure shows that the ellipsoids corresponding to the chlorine
atoms of chloroform are elongated mainly in the perpendicular
of the carbon to chlorine bond, and more important in the direction
of the rotation around the C3 molecular axis of chloroform.
2.3. Cyclic voltammetry

Cyclic voltammograms at 50, 100, 300, 500 and 600 mV s�1 at
room temperature were recorded in DCM solutions (1.0 mM) using
tetrabutylammonium perchlorate (0.10 M) as electrolyte. A vitre-
ous 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.
2.4. Spectroscopic and photophysical measurements

UV–Vis spectra were recorded on an Agilent 8453 Diode-Array
spectrophotometer in the range of 250–700 nm in both aerated
dichloromethane (DCM) or dimethylformamide (DMF) solutions.
Emission spectra were measured in a Horiba Jobin-Yvon
FluoroMax-4 spectrofluorometer in both solvents mentioned
previously at room temperature or in ethanol–methanol glass
(4:1, v/v) at 77 K. Luminescence lifetime measurements were car-
ried out with the time correlated single photon counting technique
using a PicoQuant Fluotime 200 fluorescence lifetime spectrome-
ter. Experiments were made in DCM solutions either air-equili-
brated or argon-saturated. Quantum yield were measured using
procedures described in literature using Quinine Sulfate in 0.1 M
H2SO4 as standard compound [19].
2.5. 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) [20], and started from geometry determined by
means of X-ray diffraction. The LANL2DZ basis set was used only
for Rhenium. Excited state calculations were performed within
the time-dependent DFT methodology as implemented in G09. Sol-
vent effects for simulating dichloromethane have been incorpo-
rated through the polarizable continuum model (PCM) using the
integral equation formalism variant (IEFPCM) [21,22]. 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 cor-
responding 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 [23,24].
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3. Results and discussion

3.1. Structural description

The structure of the RePNN complex can be described as a cen-
tral ReI ion octahedrally surrounded by three carbonyl groups (in a
fac correlation), a bidentate PNN molecule and a bromide anion, as
shown in Fig. 1.
Table 1
Selected bond distances (Å) and angles (�) for RePNN. Selected values corresponding
to RePN [11] have been included between square brackets for comparison.

Re1—P1 2.4106(18) Re1—C18 1.914(9)
[2.5037(13)]

Re1—Br1 2.6125(9) Re1—C19 1.974(9)
[2.6187(6)]

Re1—N1 2.204(6) Re1—C20 1.897(8)
[2.201(4)]

C20—Re1—C18 91.6(3) C19—Re1—N1 95.3(3)
C20—Re1—C19 89.9(3) C20—Re1—P1 97.0(2)
C18—Re1—C19 88.5(4) C18—Re1—P1 90.5(2)
C20—Re1—N1 171.4(3) C19—Re1—P1 173.1(2)
C18—Re1—N1 95.4(3) N1—Re1—P1 77.98(16)

[64.9(1)]

Fig. 2. Cyclic voltammogram of RePNN, measured in DCM containing
{(C4H9)4N}+ClO4

� 0.10 M as supporting electrolyte with a glassy-carbon working
electrode. (a) Oxidation wave. (b) Reduction wave. Arrows indicate the direction of
the potential sweep.
In terms of molecular structure, RePNN has the same connectiv-
ity that RePN, except the –NH– moiety between the pyridyl group
and the phosphorous atom in PNN compared to PN. As a conse-
quence of that, the chelated ring is now five membered while for
RePN is just four-membered. This is reflected mainly in the biting
N-Re-P angle, 78.0(2)�, closer to the 90� expected for a regular octa-
hedron than the value measured for RePN, 64.9(1)� (see Table 1).

3.2. Cyclic voltammetry

Cyclic voltammogram shows mainly two completely irre-
versible signals. A fully irreversible oxidation wave occurs at
around +1.45 V, as shown in Fig. 2a. By comparison to RePN this
process has been assigned to the metal-centered one-electron
ReI/ReII couple.

Two fully irreversible reduction waves occur between �0.75 V
and �1.20 V. By comparison to RePN and related compounds, the
last of these bands has been assigned to a ligand reduction. In order
to test this idea we have optimized the molecular structure of
RePNN by means of DFT calculations. The computed structure in
the gas phase closely resembles that determined by X-ray diffrac-
tion (Table S1). Vertical oxidation and reduction of the ReI mole-
cule leads to odd-electron species, where the unpaired electron
mainly resides on the rhenium atom in the oxidized specie RePNN+

(Fig. 3a) and into the ligand in the reduced specie RePNN� (Fig. 3b).
It is interesting to note that upon electron removal or addition,

important distortions of the geometry of the corresponding species
Fig. 3. Gas phase DFT computed spin density transitions for the vertical reduction
(a) and oxidation (b) of RePNN.



Fig. 4. (a) Absorption and (b) emission spectra of complex (solid lines) and ligand
(dotted lines) in DCM (red) and DMF (blue) aerated solutions at room temperature.
Emission spectra were recorded after excitation at 300 nm. Inset: Emission spectra
at 77 K of the complex in ethanol/methanol (4:1) after excitation at 300 nm (solid
line). For comparison, ligand emission spectrum was included (dotted line). (c)
Phosphorescence spectra of complex (solid line) and ligand (dotted line) in
ethanol/methanol (4:1) at 77 K after delay of 50 ls and excitation at 300 nm.
Inset: Comparison of the phosphorescence intensity of complex and ligand. Spectra
recorded in the same conditions (Color online.)

Table 2
Photophysical properties of the RePNN complex and the PNN ligand at room
temperature.

kabs, nm (e, 103 M�1 cm�1) kem, nm Uem sem, ns (%)

RePNN (Complex)
DCM 300 (6.0); 350 (1.0) 365 0.013 6.37 (65); 2.26 (35)
DMF 300 (6.0); 350 (1.0) 350 0.011 7.23 (44); 3.60 (56)
PNN (Ligand)
DCM 230 (19.0); 295 (4.5) 365 0.110 6.67 (3); 2.00 (97)
DMF 295 (4.5) 350 0.200 5.15

Values were no sensible to oxygen presence. Errors ± 10%.

Fig. 5. Biexponential luminescent decay of the RePNN complex in DCM at 360 nm
after excitation at 280 nm. Inset: Time-Resolved Emission Spectra (TRES).

Fig. 6. DFT computed frontier orbitals HOMO�1, HOMO, LUMO and LUMO+1 plots
for RePNN. A complete set can be found in electronic supplementary information.
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occurs after optimization (Table S1), which is consistent with the
observed irreversibility of both waves.

3.3. Absorption and emission properties

The absorption spectrum of the RePNN complex (Fig. 4a) shows
a band centered at 300 nm (e = 6 � 103 M�1 cm�1) with a shoulder
at 350 nm (e = 1 � 103 M�1 cm�1). Almost no solvent effect can be
observed in the spectra of the complex in solvents of different
polarity (DCM or DMF, Fig. 4a). The absorption spectra of the
PNN ligand in the same solvents were also included for the pur-
pose of comparison. The PNN ligand has absorption bands with
maxima at 230 nm and 295 nm. The comparison of the spectra of
both species allows to assign the higher energy band of the com-
plex to a transition centered on the ligand (p? p⁄), while the
absorption at lower energy could be assigned to a metal to ligand
charge transfer transition (MLCT). Upon excitation at 300 nm at
room temperature, air equilibrated solutions emit light with a
maximum at 365 nm in DCM and at 350 nm in DMF (Fig. 4b).
The small Stokes Shift observed is compatible with a p? p⁄ tran-
Fig. 7. TD-DFT computed transitions for RePNN in gas phase (
sition, process which does not have important differences in the
geometry of the ground and excited states (similar dipole
moment). The emission spectra of the ligand exhibit a similar max-
imum after excitation at 300 nm, however, as can be seen in
Table 2, emission quantum yield values are an order of magnitude
higher compared to those for the complex. In both cases, the lumi-
nescence is not quenched by oxygen in solution. Excitation spectra
at the emission maxima (365 nm) show a band centered at
300 nm, which means that the involved transition corresponds to
the ligand orbitals (p? p⁄) (Fig. S1). The existence of overlap of
the wavelengths involved in the absorption and the emission pro-
cesses, allow the occurrence of the phenomena of light reabsorp-
tion. The low concentration of the compounds at each experience
and the analysis of its concentration dependency, permit us to be
sure that this phenomenon is negligible in our experimental
conditions.

At low temperature (77 K), the emission bands for both, the
complex and ligand, become clearly structured (Inset on Fig. 4b)
which is consistent with a transition centered on the ligand orbi-
tals. For the ligand, an additional shoulder can be observed at
a) and using PCM corresponding to dichloromethane (b).



Scheme 3. Schematic energy diagram proposed for all the possible deactivation
pathways upon excitation of RePNN.
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460 nm. The two maxima and the shoulder of the emission spectra
would be attributed to a vibrational progression or to the existence
of two or more non-equilibrated emissive excited states. Interest-
ingly, we did not appreciate any emission upon excitation at
350 nm either for ligand or complex solutions at room or low
temperature.

After pulsed excitation at 300 nm with a delay of 50 ls, a broad
and structured phosphorescence emission spectra can be observed
for both, the complex and ligand with a maximum around 500 nm
and a lifetime of 250 ls (Fig. 4c). Despite the similar shape of both
emission bands, the intensity goes strongly down for the complex
when compared to the ligand (Fig. 4c inset). These results indicate
that the emission processes is related to ligand orbitals, being the
MLCT excited state, a sort of quencher of the ligand pp⁄ triplet
excited state. A fast rate of internal conversion or intersystem
crossing processes can happen when two excited states close in
energy (and in geometry) are involved. In addition, the presence
of a third row metal like rhenium makes the intersystem crossing
a favored path [25]. The MLCT excited state is likely to be a non-
emissive state, so we did not observe any emission at lower ener-
gies. The difference between the band shapes of complex com-
pared with ligand, can be explained in terms of a distortion of
the ligand orbital geometry due to the metal coordination [26].

Time resolved experiments for the RePNN complex allow us to
observe a biexponential luminescent decay at 360 nm after excita-
tion at 280 nm in DCM and DMF solutions (Fig. 5). Lifetimes in the
order of a few nanoseconds are measured in both solvents (see
Table 2). The amplitude for the long (s1) and short (s2) components
shows a slight dependence with the solvent. Emission decay of the
PNN ligand in DCM solution shows similar lifetimes but different
amplitude values, while in DMF, ligand emission decay has a
monoexponential behavior with lifetime of 5.15 ns. These results
evidence the presence of two emissive excited states. Moreover,
the time-resolved emission spectrum (TRES) of the complex in
DCM solution shows the presence of two emission bands very close
in energy (inset Fig. 5). The shorter lifetime can be associated with
the band centered at 350 nm while the longer one has a maximum
at 360 nm. Both, the energies and the lifetimes, can be related to
excited states involving the ligand orbitals. In previous studies
the biexponential decay of RePN complex was related to the pres-
ence of two different MLCT triplet excited states very close in
energy, one of those involving the pyridine orbitals (d? ppy

⁄ ) and
the other one, the phenyl ones (dp ? pph

⁄ ) [14].
Additional evidence supporting the presence of a triplet excited

state is based on the detection of singlet oxygen phosphorescence
emission upon excitation of complex at 355 nm in DCM solution. A
singlet oxygen generation quantum yield of 1.5 � 10�3 was deter-
mined, value very close to our limit of detection.

3.4. Computational calculations

In order to get deeper insight of the photophysical behavior of
this system, we performed TD-DFT calculation in gas phase and
in DCM. Main results are summarized in Table S3. Fig. 6 depicts
Scheme 2. Synthe
the DFT computed frontier orbitals HOMO�1, HOMO, LUMO and
LUMO+1 plots for RePNN. These results support that the lowest
energy transition involve a charge transfer from the metal to the
pyridine orbitals (MLCT), while the higher energy transitions
involve ligand orbitals (complete DFT computed frontier orbitals
can be found in supplementary information, Table S1 and
Fig. S2). As clear from the comparison between the results for
gas phase and DCM, the solvent has a stabilizing effect which
results in the shifting to a higher energy of the HOMO–LUMO tran-
sition. The simulated spectra shown in Fig. 7, matches well with
the experimental results. For comparison, DFT frontier orbitals
for the ligand were also computed (Table S2 and Fig. S3). The cal-
culations show that the lower energy bands imply transitions from
the pyridine orbitals to phenyl ones (ppy ? pph

⁄ ) and from pyridine
to pyridine (ppy ? ppy

⁄ ). Thus, it is possible to relate the biexponen-
tial decay observed for ligand in DCM solution to the co-existence
of these two emissive excited states. The slight red-shift of the
emission band at low temperature would support this conclusion
because these transitions involve minor redistribution of electron
density.

Probably, solvent-specific interactions can occur in the case of
DMF ligand solution, which would favor the existence of one of
these excited states, specifically the ppy ? pph

⁄ with longer lifetime.
As the lifetimes for the complex are similar, it might be supposed
that the observed emission is due to transitions involving the
ligand orbitals.

The quenching of the luminescence for the complex can be
explained in terms of a fast internal conversion of the ppy ? pph

⁄

and ppy ? ppy
⁄ excited state to the non-emissive MLCT excited

state. This would be in agreement with the low emission quantum
sis of RePNN.



70 P. Mella et al. / Polyhedron 111 (2016) 64–70
yield observed for the related RePN complex, which was explained
in terms of the conformational flexibility conferred by the
2-pyridylphosphine ligand [14].

An energy levels diagram is proposed in Scheme 3. As the pres-
ence of oxygen does not reduce the emission quantum yields or
quenches the lifetimes of ligand or complex, we attribute a singlet
character to the ligand pp⁄ excited states (1IL and 1IL0 in Scheme 2).
These states could evolve to a triplet pp⁄ excited states (3IL) or to a
non-emissive triplet MLCT excited state (3MLCT), which has been
reported to be the more favored excited state for rhenium com-
plexes due to the fast intersystem crossing that singlet excited
state undergo as a result of spin-orbit coupling effects [27].

4. Conclusions

The increased flexibility of the ligand 2-(diphenylphosphi-
noamino)pyridine, PNN, when compared to the more rigid PN,
(due to the presence of NH– fragment between the phosphorous
and the pyridyl), enhances the non-radiative decay rate constant
from the triplet MLCT excited state to the ground state. The pres-
ence of this NH-bridge allows some additional vibration modes
that would be coupled to electronic states making the non-radia-
tive path the favored one. Emission of RePNN complex comes from
ligand centered excited states, being its quantum yield lower than
ligand alone due to a favored intersystem crossing to a non-emis-
sive triplet MLCT excited state.
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Appendix A. Supplementary data

CCDC 1407598 contains the supplementary crystallographic
data for [P,N-{(C6H5)2(C5H4N)NHP}Re(CO)3Br]�CHCl3. These data
can be obtained free of charge via http://www.ccdc.cam.ac.
uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Experimental
and computed bond distances for the [P,N-{(C6H5)2(C5H4N)NHP}
Re(CO)3Br]+ cation and the [P,N-{(C6H5)2(C5H4N)NHP}Re(CO)3Br]�

anion. DFT-computed orbitals for PNN and TDDFT transitions. Sup-
plementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.poly.2016.03.014.
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