N
N

N

HAL

open science

1IL and 3MLCT excited states modulated by H+4:
structure and photophysical properties of

[(2-bromo-5-(1H-pyrazol-1-yl)pyrazine) Re(CO)3Br]

N. Pizarro, M. Saldias, N. Guzman, C. Sandoval-Altamirano, S. Kahlal, J.-Y.

Saillard, J.-R. Hamon, A. Vega

» To cite this version:

N. Pizarro, M. Saldias, N. Guzméan, C. Sandoval-Altamirano, S. Kahlal, et al.. 1IL and
BMLCT excited states modulated by H+: structure and photophysical properties of [(2-bromo-
5-(1H-pyrazol-1-yl)pyrazine)Re(CO)3Br]. New Journal of Chemistry, 2019, 43 (6), pp.2449-2457.

10.1039/¢8nj04196b . hal-02051162v2

HAL Id: hal-02051162
https://univ-rennes.hal.science/hal-02051162v2
Submitted on 22 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-rennes.hal.science/hal-02051162v2
https://hal.archives-ouvertes.fr

archives-ouvertes

1IL and 3MLCT excited states modulated by H+-:
structure and photophysical properties of

[(2-bromo-5-(1H-pyrazol-1-yl)pyrazine)Re(CO)3Br]

N. Pizarro, M. Saldias, N. Guzman, C. Sandoval-Altamirano, S. Kahlal, J.-Y.

Saillard, J.-R. Hamon, A. Vega

» To cite this version:

N. Pizarro, M. Saldias, N. Guzmén, C. Sandoval-Altamirano, S. Kahlal, et al..
excited states modulated by H+ : structure and photophysical properties of [(2-bromo-5-(1H-pyrazol-
1-yl)pyrazine)Re(CO)3Br|. New Journal of Chemistry, Royal Society of Chemistry, 2019, 43 (6),

pp.2449-2457. 10.1039/c8nj04196b . hal-02051162

HAL Id: hal-02051162
https://hal-univ-rennesl.archives-ouvertes.fr/hal-02051162
Submitted on 13 Mar 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

1IL and 3MLCT


https://hal-univ-rennes1.archives-ouvertes.fr/hal-02051162
https://hal.archives-ouvertes.fr

IL and 3MLCT Excited States Modulated by H*: Structure and

Photophysical Properties

of [(2-bromo-5-(1H-pyrazol-1-

yl)pyrazine)Re(CO);Br]

Nancy Pizarro,® Marianela Saldias,® Nicolas Guzman,? Catalina Sandoval-Altamirano,® Samia Kahlal,?
Jean-Yves Saillard,? Jean-René Hamon, Andrés Vega*®¢

The reaction of 2-bromo-5-(1H-pyrazol-1-yl)pyrazine (L) and bromotricarbonyl(tetrahydrofuran)-rhenium(l) dimer leads to the monometallic complex [(2-

bromo-5-(1H-pyrazol-1-yl)pyrazine)Re(CO)sBr] (1), which displays a non-regular octahedral geometry around Re' center, a fac-correlation for carbonyls, with

pyrazine and pyrazolyl rings highly coplanar. | experiences one irreversible oxidation at Ep. = 1.067 V and two irreversible reductions at Epc = -1.445 V and

-1.675 V. DFT supports the oxidation is a metal-centered processes but the first reduction wave should be a ligand-centered process. Comparison with

related complexes suggest the second reduction is metal centered (Re'/Re®). Three absorptions bands were observed for I around 260, 315 and 400 nm, the

first two were assigned to intraligand (IL) m — 7" transitions while the band around 400 nm corresponds to a metal-to-ligand charge transfer (MLCT)

transition. Excitation of | at 280 nm leads to two emission bands at 360 nm and 640 nm, the first one attributed to the !IL transition and the second to
3MLCT. The 3MLCT emission decays with lifetimes of 17 and 44 ns in MeCN and DCM, respectively. Addition of trifluoroacetic acid to the solution leads to its
reaction with the 3MLCT excited state, giving rise to a long-lived and very oxygen sensitive specie, 3ILH*. This behaviour makes | potential sensor for protons

and possibly other cations in solution.

Introduction

Mononuclear rhenium(l) diimine tricarbonyl complexes
have been recently subject of many investigations because of
their interesting characteristics. This include well-behaved and
general synthetic procedures, and, very importantly,
remarkable stability. 2 Uses and potential applications include
light capture,3% anion sensing,” 8 bio-labeling and therapy,®13
and carbon dioxide photo-reduction* 1421 among others. Simple
aromatic chelating di-imines, like phenanthroline or bipyridyl
are appealing candidates to be explored; owing to their
planarity and limited conformational flexibility; since they
diminish non-radiative deactivation paths.?% 22 Comparatively
less studied, pyrazolyl-pyrazine derivatives are also attractive
candidates having conjugated systems and structural rigidity.
They are also relatively easy to prepare and to modify upon as
request. Pyrazolyl-pyrazine ligands also offer, when
coordinated, an additional nitrogen atom to act as an acid-base
center, which would influence the photophysical properties of

e Universidad Andres Bello, Facultad de Ciencias Exactas, Departamento de
Ciencias Quimicas, Vifia del Mar, Chile.

b-Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) — UMR 6226,
F-35000 Rennes, France.

¢ Centro para el Desarrollo de la Nanociencia y la Nanotecnologia, CEDENNA.

- The authors dedicate this article to the memory of our friend and colleague Prof.

Jean-Yves Pivan, Ecole Nationale Supérieure de Chimie de Rennes, who recently

passed away.

d-L: Actual Address: Instituto de Investigacién e Innovacion en Salud, Facultad de
Ciencias de la Salud, Universidad Central, Lord Cochrane 417, Santiago, Chile

Electronic Supplementary Information (ESI) associated with this article can be

found, in the online version, at http://dx.doi.org/xxxxx

their complexes,?* 2> adding an extra-feature to be considered
for potential applications.

The literature shows pyrazolyl-pyridazine complexes of Fe',
Co'" and Ru'".26-31 Transition metal complexes of 2,6-bis(pyrazol-
1-yl)pyrazine derivatives have been described as tridentate and
meridional ligands,3! while complexes of mono-substituted
pyrazine derivatives are scarce.?9 32-34
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Scheme 1. Structural diagram of [(2-bromo-5-(1H-pyrazol-1-
yl)pyrazine)Re(CO)3Br] (I) and its protonated form IH*.

To the best of our knowledge no previous example of a Re'
(d®) complex has been reported with this kind of chelator. Then,
expanding our research based on pyrazolyl-pyridazine
derivatives,35 in this work we extend the approach to the use of
pyrazolyl-pyrazine as ligands. The synthesis and spectroscopic
properties of the new rhenium(l) tricarbonyl complex (1) of the
ligand 2-bromo-5-(1H-pyrazol-1-yl)pyrazine (L), shown in
Scheme 1, are detailed. Density Functional Theory (DFT) and
Time-Dependent DFT (TD-DFT) calculations have been used to



rationalize these properties in terms of their electronic
structures, in comparison with those of the uncoordinated
ligand. The effect of acid on the photophysical properties is
analyzed.

Experimental
General considerations.

All reagents were used as received from the supplier
(Aldrich), with no purification before wuse. Solvents:
dichloromethane (DCM, UvaSol® or SeccoSolv® grade, Merck),
chloroform (CHCI;, Analysis grade, EMSURE® Merck),
acetonitrile (MeCN, Analysis grade, EMSURE® Merck), ethanol
(EtOH, Analysis grade, EMSURE® Merck), methanol (MeOH,
Analysis grade, EMSURE® Merck), N,N-dimethylformamide
(DMF, Uvasol® grade, Merck), benzene (CgHes, Analysis grade,
EMSURE® Merck), toluene (C¢HsCH3, Analysis grade, EMSURE®
Merck), and trifluoroacetic acid (TFA, for synthesis, Merck) were
employed as received. The ligand 2-bromo-5-(1H-pyrazol-1-
yl)pyrazine (L) was prepared according to the literature.3
Standard Schlenk techniques were used for all manipulations.

Synthesis of [(2-bromo-5-(1H-pyrazol-1-yl)pyrazine)Re(CO)sBr] (I).
The complex was prepared following a previously described
procedure,?3 by direct reaction of the ligand L, (0.0557 g, 0.262
mmol) with bromotricarbonyl(tetrahydrofuran)-rhenium(l)
dimer (Aldrich, 0.121 g, 0.133 mmol) at room temperature in
dichloromethane solution (Scheme 2). Upon mixing, an orange
solution was instantly obtained. Slow evaporation of the solvent
at room temperature lead to yellow crystals of I. Crystalline
material yield: 84%.
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Scheme 2. Synthetic path to I.

Elemental Analysis: Flash 2000, Thermo Scientific, Organic
elemental analyzer. Calculated (experimental) for
Ci0HsBraN4OsRe: C, 20.9 (21.3); H, 0.88 (0.95); N, 9.74 (9.13)
FTIR-ATR (major peaks cm): vc=o: 2021, 1926, 1894;
ve=n: 1481, 1406 vcy: 3146. 'H NMR (400 MHz (CD3),S0O) 8(ppm)
9.60 (d, J = 0.9 Hz, 1H), 9.31 (d, J = 3.0 Hz, 2H), 9.15 (d, J = 0.9
Hz, 1H), 8.59 (s, 1H), 7.05 (d, J = 2.3 Hz, 1H), 7.04 (d, ) = 2.2 Hz,
1H). 13C NMR (101 MHz, (CD3),SO) &c(ppm) 195.27, 186.6,
147.25, 146.24, 144.45, 136.60, 132.61, 112.51. (3CNMR and
IHNMR spectra in Fig. S1).

Structural determination. The crystal structure of | was
determined by X-ray diffraction at 298 and, to check structural
changes and dataset quality improvement, at 100 K, using a
Bruker SMART-APEX Il CCD diffractometer system. Data
reduction was performed with SAINT.3¢ Multi-scan absorption
corrections were applied using SADABS.37 The structure solution
was by direct methods, completion by Difference Fourier
Synthesis and refinement by least-squares using SHELXL.38 The

hydrogen atom positions were calculated after each cycle of
refinement with SHELXL using a riding model, with a C—H
distance of 0.96 A. Uiso(H) values were set equal to 1.2Ueq of the
parent carbon atom. Table S1 (prepared with Publcif 3°) shows
a summary of structural and refinement details. No significant
differences were found between the structures determined at
298 and 100 K.

Cyclic Voltammetry. Cyclic voltammograms at room
temperature for L, and | were recorded in a CH-INSTRUMENTS
650 E potentiostat in DMF solutions (1.0 mM) using
tetrabuthylammonium perchlorate (0.10 M) as supporting
electrolyte. Cyclic voltammograms were recorded at 100 mV s-1
between +1.7 and -1.7 V. Before runs, the sample solutions
were deoxygenated by bubbling argon gas for 30 min. A vitreous
carbon electrode was used as working electrode, a platinum
electrode as auxiliary electrode, and an Ag/AgCl electrode as
reference electrode. Ferrocene was used as internal standard
(Ex =0.473 V vs Ag/AgCl, Ar); AE = 0.069 V (Ar)).

Spectroscopic and photophysical measurements. IR spectrum
(4000-400 cm) of the compound was measured using a Jasco
FTIR-4600 spectrophotometer equipped with an ATR PRO ONE.
1H and 3C NMR spectra were recorded on a Bruker Avance 400
spectrometer at 298 K, using DMSO as solvent. UV-Vis spectra
were recorded on an Agilent 8453 Diode-Array
spectrophotometer in the range of 250-700 nm in aerated
solvent solutions at room temperature. Emission spectra were
measured in a Horiba Jobin-Yvon FluoroMax-4
spectrofluorometer in different solvents at room temperature
or in ethanol-methanol glass (4:1, v/v) at 77 K. Luminescence
lifetime measurements were carried out with the time
correlated single photon counting technique using a PicoQuant
FluoTime300 fluorescence lifetime spectrometer. A sub-
nanosecond Pulsed Laser LDH-P-C-405 nm was employed as
pulsed light sources (FWHM ~ 54 ps; average power 31 pJ). Time
resolved experiments were made in different solutions, either
air-equilibrated or argon-saturated. Emission quantum yields
(Dem) were measured using procedures described in literature
employing [Ru(bpy)s](PFs), in acetonitrile solution as
standard.? Singlet oxygen, O,(1Ag), measurements were carried
out in a FluoTime 200 consisting in a multichannel scaler
NanoHarp 200. Excitation at 355 nm was achieved with a pulsed
laser (FTSS355-Q3, Crystal Laser, Berlin, Germany) working at 1
kHz repetition rate. For the detection of emission at 1270 nm a
NIR PMT H10330A (Hamamatsu) was employed. The O(A)
quantum vyields (®a) were determined by comparing the
intensity at zero time of the 1270 nm signals to those of
optically-matched solutions of phenalelone as reference (®a =
0.95 in DCM).4% 42 The transient difference absorption spectra
and transient lifetimes were measured on an Edinburgh LP980
laser flash photolysis spectrometer. The excitation pump source
was the Aurora Il Integra 30 Nd:YAG/OPO system. The
excitation wavelength was 355 nm (laser pulse ~ 10 mJ, 8.2 ns)
for all the samples unless otherwise noted. For each
measurement, optically dilute solutions were degassed by
bubbling argon gas for about 20 min.

Computational Details. All geometry optimizations were
performed by DFT calculations at the B3LYP/6-31+G(d,p)*3-46
level of theory using the Gaussian09 Rev C.01 package of
programs (G09),*” and started from geometry determined by



means of X-rays diffraction. The LANL2DZ basis set was used
only for rhenium. The geometry optimization for IH* started at
the one of I. The computations for the one electron oxidized I*+*
or reduced I species were done based on the optimized
geometry for I. Excitation calculations were performed within
the TD-DFT methodology as implemented in G09. 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 2000 cm! was employed to
reproduce the spectra. Representations for molecular orbitals
were generated using the GO9 cubegen tool and have been
visualized using VMD and Povray 3.6 programs.*8

Results and discussion

Structural Description. Fig. 1 shows a molecular structure
diagram for I. As clear from the figure, the coordination around
Re' is a distorted octahedron with facial carbonyl groups. Table
1 shows a summary of the main bond distances and angles. The
pyrazolyl-pyrazine bite angle (N1-Rel-N3) is only 74.0(1)°, as
required by the ligand. Both rings, pyrazine and pyrazolyl are
nearly coplanar, as reflected by the N1-N2-C4-N3 torsion angle,
-4.4(5)°.

015

Fig. 1 Molecular structure diagram for | as determined at 100 K.
Partial atom numbering is included. Displacement ellipsoids
drawn at the 50% level of probability. Hydrogen atoms are
drawn as spheres of arbitrary radii.

Table 1. Selected bond distances (A) and angles (°) for I as
determined by X-ray diffraction at 100 K.

Rel—C14 1.908(5) Rel—N1 2.140(4)
Rel—C13 1.912(5) Rel—N3 2.167(4)
Rel—C15 1.925(5) Rel—Brl 2.5988(8)
C14—Rel—C13 86.77(19) C15—Rel—N3 96.26(16)
C14—Rel—C15 89.93(18) N1—Rel—N3 73.98(14)
C13—Rel—C15 91.65(18) C14—Rel—Brl 89.06(13)
C14—Rel—N1 100.67(16) C13—Rel—Brl 93.33(13)
C13—Rel—N1 172.34(16) C15—Rel—Brl 174.84(12)
C15—Rel—N1 90.21(15) N1—Rel—Brl 85.01(9)
C14—Rel—N3 171.78(15) N3—Rel—Brl 84.30(9)
C13—Rel—N3 98.43(16)

DFT, TD-DFT and Electronic Structure. To get a deeper insight
into the electronic structure of this molecule, we performed

DFT calculations by optimizing the gas phase geometry starting
from the X-ray structure of I. As clear from Table S2, no
important differences between the optimized and experimental
distances are observed. Fig. 2 depicts the Kohn-Sham orbital
diagram of I.

The optical transitions were computed by means of TD-DFT
calculations assuming the DFT-optimized ground state
geometry. Table 2 summarizes the energy of the major
computed transitions, while Fig. 3 shows the simulated spectra
of the molecule. The results are consistent with an absorption
in the UV-Vis region of metal to ligand charge transfer (MLCT)
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Fig. 2 Kohn-Sham orbital diagram computed for I, with the
following % composition of: Re/Br(coordinated)/CO/L,.

Table 2. Major TD-DFT-computed transitions for I, with their
oscillator strength and associated charge transfer character.

A/nm f  Major Contributions Character
368 0.085 HOMO-4 — LUMO (92 %)  dm(M+Br) — m*(L)
306 0.132 HOMO-6 — LUMO (58 %)  m(L) — m*(L)

269 0.284 HOMO-6 — LUMO+1 (78 %) m(L) —> m* (L)




To study the protonation effect on the electronic structure
of I, we have also performed DFT calculations for the
protonated complex IH*. Fig. S2. show frontier and near frontier
Kohn-Sham orbitals for IH*. For this specie the HOMO-LUMO
transition has major dn(M+Br) — dn*(M+Br+L,) character. As
shown in Fig. 2, the HOMO-LUMO GAP for | is computed to be
2.75 eV. The corresponding value for IH* diminishes to 1.60 eV.
The same tendency is found for the difference in energy
between ground state and the lowest energy triplet state, being
2.16 eV for  and 0.57 eV for IH*.
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Fig. 3 TD-DFT computed spectrum for |, including oscillator
strength for each transition.

Electrochemistry. To test the electrochemical behaviour and
electronic structure of the ligand and the compound, we have
carried out cyclic voltammetry experiments for both species in
argon-saturated DMF solution. Table 3 shows a summary of the
main cyclic voltammetry parameters. Under argon atmosphere,
as expected, the positive scan reveals one irreversible oxidation
for the complex around 1.1V vs F¢*/F., corresponding to Re'!/Re"
(Fig. 4, up), whose process is absent in the free ligand L,.

Table 3. Summary of cyclic voltammetry results for Land I. Potentials
in V vs Fc*/Fc in DMF with tetrabutylammonium perchlorate (0.1 M)
as electrolyte.

Ep,c1(V)
| -1.445
L -3 -

Ep,c2 (V) Ep,cs (V) Ep,a: (V)
-1.675 - 1.067
-1.940 -

The negative scan displays a unique irreversible process for
the ligand L,, a reduction wave with E, c equal to -1.940 V (Fig. 4,
below) while two irreversible reduction processes were
observed for the complex at-1.445V and -1.675 V. The first one
is attributed to the reduction of the ligand by comparing with
Re! diimine ligands reported previously,*® 50 while the second
reduction wave at-1.675 V can be assigned to Re!/Re? process
such as has been observed in similar compounds of Re' when
dmf and dichloromethane solutions is used.> 52

The assignment of redox processes on | is supported by the
DFT computed spin density for the one-electron vertically

oxidized or reduced species |** and I*- (Fig. 5) and is consistent
with metal centred oxidation and ligand centred reduction.
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Fig. 4 Cyclic voltammograms for | (—) and L, (—) measured in
1.0 mM argon saturated DMF solution. Tetrabutyl-ammonium
perchlorate 0.10 M used as electrolyte.

Fig. 5 DFT computed spin density for the one-electron
vertically oxidized and reduced species I1°* (a) and I*- (b).

It is important to note that the reductive behaviour of the
rhenium complex is remarkably different from the free ligand,
which has been described previously for a series of rhenium
complexes with diazine ligands,>® where it becomes clear that



coordination makes the ligand more electron poor and
stabilizes the radical anion.

Absorption and emission properties. The absorption spectra for
I and L, in DCM and MeCN solutions are shown in Fig. 6. For |,
three bands can be observed around 260, 315 and 400 nm. It is
noteworthy that the computed and experimental spectra (Fig.
3) arein a satisfying agreement. The bands which are at shorter
wavelengths display extinction coefficients in the order of 104
M-1cm1 (Table 4). These two higher energy bands are also
observed for the un-coordinated ligand (L), being assigned to
an intraligand m — 7" (IL) transitions. This agrees with the
computed excitations, as shown in Table 2. On the other hand,
the band centered at 400 nm has an extinction coefficient at
least one order of magnitude lower and is consistent with the
dn(M+Br) — ©*(L) charge transfer predicted by TD-DFT (Table
2). The hypsochromic shift of the longest wavelength band
observed by changing the solvent from DCM to MeCN is
consistent with the MLCT (more precisely MLLCT) assignation.
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e (104 M lem™)

Wavelength (nm)

Fig. 6 Absorption spectra of I (solid lines) and L, (dashed lines) in
aerated DCM and MeCN solutions.

Fig. 7a and 7b show the emission spectra measured in
aerated MeCN and DCM solutions for | upon excitation at 280
nm. Two emission bands around 360 nm and 640 nm can be
observed. The broad emission at longer wavelength is assigned
to an MLCT excited state, while the higher energy band is similar
in energy to the uncoordinated ligand (L;) and is attributed to

the Tyrazine—>T* pyrazine IL transition.3% The second emission band
of L, (~430 nm, shoulder in the case of MeCN) is not observed
when coordination to the metal takes place. The lower energy
emission of the ligand could be related to a Mpyrazo—=>Tt*pyrazine IL
transition or to the presence of a twisted intramolecular charge
transfer (TICT) excited state.>* These transitions would not be
expected following coordination. Emission lifetimes at the
higher energy emission bands of | were also coincident with the
reported ones for the free ligand (see Table 4, and following
sentences).3°
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Fig. 7 Emission spectra of | in: a, MeCN, b, DCM and c, adding
TFA to aerated DCM solution (Aexc 280 nm). L, spectrum was
added3> (dashed lines) for comparison.

Table 4. Summary of photophysical properties measured for L, and | in solution of DCM and MeCN.

;\.a S
Compound Solvent €/ 1(;’4 '/w'lr:m_l) Aem/NM Dem, air Dem, Ar Tair / NS tar/ Ns kr,ar / 1052 (o))
262 (1.4) | R R’ 1.4
DCM 314 (1.0) 360, 440 0.0100 0.0230 6.7 1.9 12.1 0.09
Li
264 (2.4) ] | . 1.8 1.2 40.0
MeCN 316 (1.7) 372,432 0.0250 0.0480 8.4 55 373 0.11
DCM gii 82; 371° - - ) ) 0.09
N b C C C c :
| 409 (0.5) 645 0.0016 0.0018 44.0 49.0 0.037
MeCN ﬁi 82; 364° - - ) - 0.08
" b C c C c :
386 (0.7) 630 0.0006 0.0014 17.0 20.2 0.070

Errors were lower than 10%. ? kex = 280 nm. ® Aex = 280 or 405 nm. ¢Lex = 405 nm. For |, ®em and T were evaluated at 645 nm. Aex = 355 nm for @,.



However, when trifluoroacetic acid (TFA) is added to lin air-
equilibrated DCM solution, an increase of the emission intensity
at 470 nm is observed (Fig. 7c), while the intensity at 645 nm
decreases. It must be stated that after protonation, the
absorption spectrum of complex | remains unchanged (see Fig.
S3 in supplementary material), which would be an evidence of
an excited-state reaction. Then, just the excited state seems to
be modulated when acid is added to the medium. Since the
excited state has MLLCT character, it might be protonated even
though the ground state it is not (the electron density on the
ligand is increased).

The characteristic rigidochromic effect of the emissive MLCT
excited state for | is confirmed by the emission spectrum at 77
K in EtOH:MeOH (4:1) shown in Fig. 8.55 A structureless band
centered at 570 nm is observed with higher intensity when
compared with emission at 298 K. The weak emission displayed
forlat room temperature in the mixture of polar protic solvents
is centered around 450 nm, which agrees with a favored
emission from the IL excited state for the IH* specie.

Time resolved emission experiments allow us to observe a
single exponential luminescence decay at 645 nm upon
excitation at 405 nm in aerated MeCN and DCM solutions for |
(Fig. 9), with lifetimes of 17 and 44 ns, respectively. This
emission is associated to the MLLCT excited state, while at higher
energy (~470 nm), a biexponential emission decay is observed,
which can be related to the IL singlet excited states with
lifetimes similar to the reported ones for the non-coordinated
ligand L;.3%

Even though the emission quantum yields (®em) and
lifetimes (t) were almost not affected by the presence of
oxygen, a triplet character can be attributed to the emissive
MLCT excited state due to the ultrafast intersystem crossing
that has been reported for this kind of complexes.>® 57
Moreover, a notable difference can be observed between the
radiative rate constants (k;) reported in Table 4, for the emission
with IL or MLCT character, with the IL emission k. being two
orders of magnitude larger. The generation of singlet oxygen,
0(%Ag), was detected following the emission at 1270 nm upon
excitation of aerated solutions. The singlet oxygen quantum
yields (®a) are included in Table 4. Values were comparable to
the reported ones for similar complexes.>® However, due to the
similarity of ®a with the reported values for the free ligand,3® it
is also possible that singlet oxygen is being sensitized by an IL
triplet excited state, then the 3IL excited state must be close in
energy to MLCT. Nevertheless, we have no additional data to
prove that the triplet IL plays a significant role in the excited
state behaviour.

The MLCT excited state is dynamically quenched after the
addition of TFA to the aerated DCM solutions. As shown in Fig.
10, the emission lifetime at 645 nm (t = 44 ns) is reduced after
the addition of acid (t =7 ns at 0.0218 M TFA), with a quenching
rate constant kq equal to 5.5 x 10° M-1s1 (see Stern-Volmer plot
in supplementary material, Fig. S4). The protonated excited
state or the specie IH* favored the emission from the IL excited
state at 470 nm. The time resolved emission spectra (TRES, inset
in Fig. 10) shows that the biexponential decay has two
components: t1=1.72 ns and 12 = 6.89 ns, which are coincident
with the reported lifetimes for the transition with IL character

of the non-coordinated ligand.3> Absorption spectral changes
must occur if the ground state energy is affected upon

protonation, as previously reported for other complexes.>®
5

—— EtOH:MeOH [ 298 K
—— EtOH:MeOH/ 77 K

Intensity (1 0° Counts)

L L Il
Wavelg?logth (nm)

700 800

500

Fig. 8. Emission spectra of | in EtOH:MeOH 4:1 at 77 K and 298
K (Aex = 400 nm).
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Fig. 9 Single exponential emission decays for | in aerated MeCN
and DCM solutions (Aem = 645 nm and Aex = 405 nm).
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Fig. 10 Emission decay for | in aerated DCM solution with and
without TFA (Aem 485 or 650 nm and Aex = 405 nm). Inset: TRES
of I upon addition of TFA in aerated DCM solution. For clarity,
we just include the higher energy region (420 nm to 550 nm).



The transient absorption spectrum for | in deaerated DCM
solution upon excitation at 355 nm is displayed in Fig. 11. The
maximum of the transient absorption at 520 nm decays single
exponentially with a lifetime t = 50.8 ns, which can be related
to the 3MLCT excited state. Upon TFA addition in absence of
oxygen, the maximum in the transient absorption spectrum
displayed a hypsochromic shift to 460 nm, being comparable
with the transient absorption band previously reported for the
pyrazolyl-pyrazine ligand.3> The trace decay is now
biexponential with two lifetimes: the short component, t = 49
ns, and the long component, tr; = 2.50 ps. The longer lifetime is
coincident with the value reported for the 3IL excited state of a
similar ligand to L;.3> While the transient absorption for I is still
displayed in aerated solutions, it was not possible to observe
the transient absorption in aerated solution upon TFA addition.
Then, the transition with IL character is more sensible to the
presence of oxygen and the long-lived triplet of the protonated
species seems to sensitize oxygen readily.
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Fig. 11 Transient absorption spectra of | in deaerated DCM
solution, in absence (black line) and in presence of TFA (green
line), at room temperature and 140 ns after excitation at 355
nm. Inset shows the trace decay at 520 nm upon addition of acid
in deaerated DCM solution.

Considering the results, we were able to propose the
reaction sequence diagram shown in Scheme 3.

I+ CF;COOH —¢&~IH" + CF;C00"

hv

MLCT, + CF;COOH — 3ILH"

Aem = 645 nm QD =25ups
Tem = 49.0 ns

Scheme 3. Summary of the emissive behavior of each specie
present in solution upon the addition of trifluoroacetic acid to a
DCM solution of I.

The emission bands observed for | at higher energy can be
ascribed to a singlet excited state with !IL character, while the one at
lower energy is assigned to a triplet 3MLCT excited state. We
hypothesize that the trifluoroacetic acid addition to the medium do
not produce the IH* specie. In contrast the 3MLCT excited state may
react with the acid to sensitize the IL excited state of the protonated
specie (3ILH*), a long-lived triplet excited state which is very sensitive
to the oxygen presence in solution.

Conclusions

The monometallic complex [(2-bromo-5-(1H-pyrazol-1-
yl)pyrazine)Re(CO)3Br] (1), can be easily synthesized from the
reaction of 2-bromo-5-(1H-pyrazol-1-yl)pyrazine (L) and
bromotricarbonyl(tetrahydrofuran)-rhenium(l) dimer. I display
a non-regular octahedral geometry around Re' center, a fac-
correlation for carbonyls, with pyrazine and pyrazolyl rings
highly coplanar. Voltammetry experiments and theoretical DFT
calculations support the oxidation is metal-centered processes
and the first reduction is ligand centered. Absorption bands
were assigned to intraligand m — mt* transitions and metal-to-
ligand charge transfer transition. Excitation of | at 280 nm leads
to two emission bands, the first one associated to the singlet IL
excited state (lIL), while the second one to the triplet MLCT
excited state (3MLCT). The 3MLCT lifetime was sensible to the
solvent polarity. The trifluoroacetic acid, when added to the
solution, may react with the 3MLCT excited state yielding the
long-lived and oxygen sensitive state 3ILH*. These findings make
| a potential sensor for protons and possibly other cations.
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