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A B S T R A C T

The photophysical properties of the complex Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] were studied in protic and
aprotic media with the aid of steady-state and time-resolved techniques and TD-DFT calculations. The absorption spec-
trum as well as the steady state and time resolved luminescence of the Re(I) complex display a marked solvent effect.
The highest and lowest energy absorption bands experience a bathochromic shift as the polarity of the solvent decreases.
In addition, the lowest energy band broadens. Two luminescence bands were observed around 430 and 600 nm in pro-
tic organic solvents like alcohols. The high energy emission is observed solely in aqueous solutions, while in aprotic
solvents only the low energy luminescence is detected. TD-DFT calculations allowed us to identify the main electronic
transitions in the low energy region as 1MLLCTRe(CO)3 → 4,4′-bpy and 1MLLCTRe(CO)3 → bpy-5,5′-diCOO. The simulated absorp-
tion spectra of the Re(I) complex in H2O, protic (EtOH, MeOH) and aprotic (CHCl3, CH2Cl2, CH3CN) organic solvents
follow the experimental absorption spectra with reasonable accuracy both in position and relative intensities. The mag-
nitude of the calculated dipole moment (μ) increases with the dielectric constant of the solvent (εr). Besides, the energy
of 1MLLCTRe(CO)3 → 4,4′-bpy also increases with εr. However, the energy of the 1MLLCTRe(CO)3 → bpy-5,5′-diCOO transition is
rather insensitive to εr. This disparity is attributed to the fact that the 1MLLCTRe(CO)3 → 4,4′-bpy transition is nearly parallel
to the orientation of μ while the 1MLLCTRe(CO)3 → bpy-5,5′-diCOO transition is almost perpendicular to it. Unrestricted TDFT
calculations were successfully applied to the triplet species. It is observed that in the triplet state the Re N distances are
shortened while Re C distances are elongated relative to the ground state. The calculated emission energy by TD-DFT
and/or Δ(SCF) methods was compared to the experimental emission maximum in chloroform. All the experimental re-
sults as well as the theoretical calculations indicate that solvent effects on the steady state and time resolved luminescence
of the Re(I) complex can be accounted by the coexistence of 3MLLCTRe(CO)3 → 4,4′-bpy,

3MLLCTRe(CO)3 → bpy-5,5′-diCOO and
1IL excited states.

© 2016 Published by Elsevier Ltd.
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1. Introduction

The nature of the axial X ligand in fac-ReX(CO)
3
(α-diimine) com-

plexes determines the fact that these compounds may or may not
be strong luminophores, either in fluid solutions or at low-tempera-
ture glasses. The accessible excited states, Re(CO)3 to αligand charge
transfer (LLCT), and/or intraligand (IL) excited states, are generally
involved with their observed luminescence at room temperature. Due
to the fact that they are thermally and photo-chemically stable as well
as rich in their excited-state behavior and redox chemistry these com-
plexes have been used in broad research areas such as electron trans-
fer studies [1], solar energy conversion [2–4], catalysis [5], as lu-
minescent sensors [6–8], and as labeling reagents and non-covalent
probes for biomolecules and ions [9–11]. For instance, biochemical
applications based on the formation of adducts between these rhe
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nium complexes and biomolecules like DNA have emerged [12,13].
A major drawback, however, relies on their limited solubility in aque-
ous media. In fact, most of the fac-ReX(CO)3(α-diimine) complexes
which annually appear on the literature reports are exclusively soluble
in organic solvents while only a few of them can be managed in aque-
ous solutions at physiological pHs [14–21]. In previous work we have
synthesized and characterized a water soluble fac-ReX(CO)3(α-di-
imine) complex coordinating the ligands 2,2′-bipyridine-5,5′- dicar-
boxylate (bpy-5,5′-diCOO) and 4,4′-bipyridine (4,4′-bpy) [22]. In the
Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] complex structure the
two negative charges of the carboxylate groups are balanced by the
positive charges of the Re(I) center and that of a tetrabutyl ammonium
cation (See Scheme 1). The pH dependent UV-vis spectroscopy of the
Re(I) complex was compared with TD-DFT calculations on the dif-
ferent acid-base species existing in aqueous solutions and the nature
of the responsible electronic transitions was established [22]. A switch
between a MLLCTRe(CO)3 → bpy-5,5′-diCOO to a MLLCTRe(CO)3 → 4,4′-bpy
character of the lowest energy excited state occurred when the
4,4′-bpy ligand was protonated explaining the overall spectral changes
in the 350–500 nm range after protonation of

http://dx.doi.org/10.1016/j.jorganchem.2016.05.012
0022-328/© 2016 Published by Elsevier Ltd.
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Scheme 1. Optimized structure of Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] com-
plex with atoms numbering.

the Re(I) complex [22]. With the aim of further deepening the under-
standing of the role of the different excited states on the electronic
structure of the complex, in this paper we continue with the study of
the photophysical properties of Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)]. For this purpose, laser induced optoacoustic spectroscopy
(LIOAS), steady-state and time-resolved luminescence techniques as
well as time-dependent density functional theory (TD-DFT) calcu-
lations were performed in both protic and aprotic media. The lumi-
nescence behavior of the Re(I) complex showed a strong solvent de-
pendence. When the spectrum was taken in water the emission oc-
curred peaking at λmax = 435 nm. In the aprotic solvents the maxi-
mum of the luminescence spectrum occurred at 604, 595 and 570 nm
for CH3CN, CH2Cl2 and CHCl3, respectively. In MeOH and EtOH,
however, two peaks were observed; one at 425 and the other around
600 nm. Depending on the solvent, two or three exponential functions
were needed to achieve a satisfactory fit of the time resolved lumines-
cence decays. The presence of O2 in the solutions quenched both the
steady state and time resolved luminescence of the Re(I) complex in
all the solvents. The calculated dipole moment, μ, increased monot-
onically with the solvent dielectric constant, εr. While the calculated
energy of the MLLCTRe(CO)3 → 4,4′-bpy transition increased with the in-
crease of μ, the calculated energy of the MLLCTRe(CO)3 → bpy-5,5′-diCOO
transition remained essentially constant. In addition, unrestricted TD-
DFT calculations on the triplet state were performed. These calcula-
tions showed that the S0-Tn transition should be viewed as a delo-
calized MLLCT transition where the electronic charge is transferred
from Re(CO)3 moiety to both 4,4′-bpy and bpy-5,5′-diCOO ligands.
All the experimental results as well as the theoretical calculations in-
dicate that solvent effects on the steady state and time resolved lu-
minescence of the Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] com-
plex can be accounted by the coexistence of 3MLLCTRe(CO)3 → 4,4′-bpy,
3MLLCTRe(CO)3 → bpy-5,5′-diCOO and 1IL excited states.

2. Experimental

2.1. Materials

The complex Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] was
available from previous work [22]. Spectrograde and HPLC grade
acetonitrile, chloroform and methanol (MeOH) from J.T. Baker, and
ethanol (EtOH) and dichloromethane from Sigma Aldrich were used
without further purification. 2-Hydroxybenzophenone (2-HBP),
phenalenone, D2O and NaOH were purchased from Sigma Aldrich at
the highest purity available and were used as received. Deionized wa-
ter (>18 MΩ cm−1, <20 ppb of organic carbon) was obtained with a
Millipore system.

2.2. Photophysical measurements

The UV-visible absorption spectra were obtained with a Shimadzu
UV-1800 spectrophotometer. Steady-state fluorescence measurements
were performed using a computer-interfaced Near-IR Fluorolog-3 Re-
search Spectrofluorometer, and were corrected for differences in spec-
tral response and light scattering. Both measurements were performed
at room temperature (ca. 25 °C) in quartz cells (1 cm path length). So-
lutions were deaerated with O2-free nitrogen in a gas-tight apparatus
before recording the spectra.

Emission quantum yields, Φem, were calculated with eq. (1), by
using solutions of a reference compound (Rhodamine B in ethanol,
Φref = 0.69) [23]:

where ns and nref are the refractive indexes of the solutions con-
taining the sample and the reference compound, respectively, A is the
absorbance of the sample or reference at the excitation wavelength (As
and Aref < 0.1), and I is the integral of the emission spectrum and was
used as a relative measure of the respective intensities of the lumines-
cence. Lifetime measurements were performed at room temperature
using the Time-correlated Single-Photon Counting (TCSPC) unit of
the Fluorolog-3 with 341 nm NanoLED excitation source.

Photoacoustic measurements were performed by using a set-up al-
ready described [24]. Basically, a Q-Switched Nd:YAG laser (Surelite
II, Continuum, 7 ns FWHM) operating at 355 nm was used as excita-
tion source. The fluence of the laser pulses was varied using a neu-
tral density filter, and the energy values were measured with a pyro-
electric energy meter (Laser Precision Corp. RJ7620 and RJP-735).
The laser beam was shaped by a 1 mm diameter pinhole in front of
the cuvette, so that the resolution time in our experimental set-up,
τ

R
, was ca. 800 ns [25]. The detecting system consisted of a 4 mm

thick x 4 mm in diameter home-made ceramic piezoelectric transducer
(PZT), pressed against a cuvette side wall parallel to the laser beam
direction. The detected acoustic signals were amplified, digitized by a
digital oscilloscope (TDS 3032, Tektronix), and stored in a personal
computer for further treatment of the data. New Coccine or 2-HBP
were used as calorimetric reference (CR) compounds in the buffer
and in CH3CN solutions, respectively [26,27]. A at λexc for the CR
and the sample were matched within 5%. Under the same experimen-
tal conditions for the sample and the CR, the signals generated by
64 laser shots were averaged to obtain a better signal to noise ratio.
The absorption spectrum of the solution was checked before and after

(1)
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each set of laser shots, in order to detect possible sample degrada-
tion. Solutions were deaerated by bubbling N2 or O2 for 15 min before
each experimental run. Given an excited species with a lifetime τ, if
τ ≤ 1/5τR

then this species releases its heat content as prompt heat. On
the other hand, when τ > 5τ

R
the excited species functions as heat stor-

age within the time resolution of the LIOAS experiment.
The peak to peak amplitude of the first optoacoustic signal (H) is

related to the fraction of the excitation laser fluence (F) absorbed by
the sample by Eq. (2) [25], which was used for the handling of the
LIOAS signals

where the experimental constant K contains the thermo-elastic para-
meters of the solution as well as instrumental factors. A and α repre-
sent, respectively, the absorbance of the sample at the excitation wave-
length and the fraction of the energy released to the medium as prompt
heat.

The efficiency of the Re(I) complex toward singlet oxygen sensiti-
zation was assessed by the direct measurement of the 1O2 (1Δg) near-
infrared luminescence. After the irradiation of aerated solutions of the
complex the generation of 1O2 (1Δg) was evidenced by the appearance
of the characteristic 1O2 (1Δg) → 3O2 phosphorescence at 1270 nm.
Time resolved phosphorescence detection was used for singlet oxy-
gen detection. The near IR luminescence of 1O2 (1Δg) was observed
at 90° geometry through a 5 mm thick anti reflective coated silicon
metal filter with a wavelength pass > 1.1 μm and an interference fil-
ter at 1.27 μm by means of a pre-amplified (low impedance) Ge-pho-
todiode (Applied Detector Corporation, time resolution 1 μs). Simple
exponential analysis of the emission decay was performed with the
exclusion of the initial part of the signal. The quantum yield of 1O2
(1Δg) formation, ΦΔ, was determined by measuring its phosphores-
cence intensity using an optically matched solution of phenalenone
(ΦΔ = 0.98) [28] as a reference sensitizer.

2.3. Computational details

The electronic structure of the rhenium complex was studied by
performing Density Functional Theory [29–31] (DFT) and Time De-
pendent DFT [32–34] (TD-DFT) calculations using Gussian 09 soft-
ware [35]. The ground state structure of the complex was optimized
by DFT calculations using B3LYP functional and LanL2DZ basis set.
Vibrational frequencies were computed at the same level of theory
to confirm that these structures were minima on the energy surfaces.
Solvents effects (CHCl3, CH2Cl2, CH3CN, EtOH, MeOH and H2O)
on the optimization of the ground state structure were taken into ac-
count by means of the Polarizable Continuum Model (PCM) [36–38].
At the optimized ground state geometries, a set of 200 vertical exci-
tations were computed with either the B3LYP, M06 and PBE0 hy-
brid functional in the six solvents mentioned above. LanL2DZ basis
set was used for all the atoms in TD-DFT calculations with the B3-
LYP and M06 functional. TD-DFT calculations with the PBE0 func-
tional were performed using the 6-311++G(d,p) basis set for C, N,
O and H atoms while LanL2TZ(f) [39,40] (triple zeta basis set de-
signed for an ECP plus f polarization) was used for Re atom. Percent-
age compositions of different molecular fragments to molecular or-
bitals (MOs) from output files generated from Gaussian 09 were cal-
culated using the AOMix program [41]. Absorption spectra were sim-
ulated with Gaussian distributions with a full-width at half-maximum
(fwhm) set to 3000 cm−1 with the aid of GaussSum 2.2.5 program.

For characterization of the electronic transitions as partial charge
transfer (CT) transitions, the following definition of the CT character
can be used, eq. (3) [42]:

where Pg(M) and PI(M) are electronic densities on the metal in the
electronic ground state and the I-th excited state, respectively. Positive
CTI(M) values correspond to MLCT transitions, negative CTI(M) val-
ues correspond to LMCT transitions [42].

We can rewrite this definition by using the atomic orbital con-
tribution to a particular MO. Therefore, the CT character for a
H−n → L + m excitation is, eq. (4):

If the excited state is formed by more than one one-electron exci-
tation, then the metal CT character of this excited state is expressed in
eq. (5) as a sum of CT characters of each participating excitation, i→j
[42].

where CI(i→j) are the appropriate coefficients of the I-th transition
giving the percentage contribution of a configuration to the resulting
excited state TD-DFT wave function.

3. Results and discussion

3.1. Absorption spectroscopy

The UV-vis spectrum of the Re(I) complex in aqueous solutions
at pH = 7 consists of one intense absorption band centered at
λmax = 252 nm, a set of three intense bands centered at λmax = 293,
317 and 332 nm and a less intense broad absorption spanning between
350 and 450 nm. In organic solvents, relative to aqueous solutions, the
band centered in H2O at λmax = 252 nm experiences a bathochromic
shift as the polarity of the solvent is decreased. The complex set of
bands centered at λmax = 293, 317 and 332 nm in H2O tend to crowd
together as the solvent polarity is decreased and finally in CH2Cl2 only
a band centered at λmax = 309 nm is observed. In addition, the low
energy and less intense absorption band broadens and experiences a
bathochromic shift upon reducing solvent polarity, see Fig. 1.

Previous TD-DFT studies [22] on the un-protonated species of
the Re(I) complex, which prevails in aqueous solutions at pH = 7,
revealed that the band centered at λmax = 252 nm consists mainly of
intra ligand electronic transitions of 4,4′-bpy with some contribu-
tions of the Re(I) center. On the other hand, the band at 293 nm
is a MLLCTRe(CO)3 → bpy-5,5′-diCOO. The band at 317 is predicted as
a sum of intra ligand transitions of bpy-5,5′-diCOO and 4,4′-bpy.
However, the band at 332 nm, is mainly a MLLCTRe(CO)3 → 4,4′-bpy.
The lowest energy band, centered at λmax ∼360 nm, is predicted as
a MLLCTRe(CO)3 → bpy-5,5′-diCOO electronic transition [22]. In this pa-
per we have extended the TD-DFT calculations on the
[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]- complex to the set of CHCl3,
CH2Cl2, CH3CN, EtOH, MeOH solvents, with the purpose of under-
standing the role played by the solvent in the photophysical proper

H = K α F (1−10−A) (2)

CTI (%) = 100 (Pg(M)−PI (M)) (3)

CT(%) = %(Re)H−n−%(Re)L+m (4)

(5)
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Fig. 1. Solvent effects on the UV-vis spectrum of Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)] complex.

ties of the [(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]- complex. In the fol-
lowing section, TD-DFT results corresponding to the lowest energy
band of the Re(I) complex will be discussed in detail, as the electronic
transitions in this near UV-vis energy region are the ones responsible
of the observed luminescence of the Re(I) complex (communicated
in the Steady state and time resolved luminescence section, see be-
low). The calculated TD-DFT results in the 300–400 nm region are
summarized in Table 1 for the [(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]-

complex in CHCl3, CH2Cl2, CH3CN, EtOH, MeOH and H2O. The
main molecular orbitals (MOs) involved in the electronic transitions
are H-7, H-6, H-5, H-3, H-2, L and L+1. Fig. 2 shows spatial plots of
those MOs in H2O, which provide interesting insights to the electronic
transitions. Similar MO plots are observed in the organic solvents (not
shown). In H2O, there are four calculated electronic transitions. The
lowest energy transition, calculated at λcalc = 370.8 nm, corresponds to
a MLLCTRe(CO)3 → bpy-5,5′-diCOO (a delocalized Re(CO)3→bpy-5,5′-di-
COO charge transfer transition). At λcalc = 337.4 nm appears an elec-
tronic transition which is mainly a sum of different LLCT
bpy-5,5′-diCOO → 4,4′-bpy with minor contributions of
MLLCTRe(CO)3 → 4,4′-bpy. At λcalc = 327.4 nm an MLLCTRe(CO)3 → 4,4′-bpy
appears. The highest energy transition appears at 314.7 nm as an
admixture of IL(bpy-5,5′-diCOO), IL(4,4′-bpy) and
MLLCTRe(CO)3 → 4,4′-bpy excitations. In the organic solvents, the
LLCTbpy-5,5′-diCOO → 4,4′-bpy has disappeared and only the
MLLCTRe(CO)3 → bpy-5,5′-diCOO and MLLCTRe(CO)3 → 4,4′-bpy electronic
transitions are present. The calculated wavelength, λcalc, for the
MLLCTRe(CO)3 → bpy-5,5′-diCOO transition is rather insensitive to the po-
larity of the solvent. However, λcalc for MLLCTRe(CO)3 → 4,4′-bpy ex-
periences a bathochromic shift as the dielectric constant of the sol-
vent, εr, decreases. Fig. 3a shows the dependence of the calculated di-
pole moment of the Re(I) complex, μ, on the solvent dielectric con-
stant. It is observed that μ increases from around 13.5 D in solvents
of low polarity like CHCl3 to nearly 15.6 D in H2O. This depen-
dence of μ upon εr could imply that a polar solvent shifts the ground
state of the Re(I) complex toward greater charge separation, while
a nonpolar solvent shifts it toward a less polar structure. This effect
has been previously reported [43]. Moreover, the vector of the dipole
moment points along the axial axis (μ vector components in CHCl3:
X = −13.5029, Y = −0.3281 and Z = −1.2967) and is nearly perpen-
dicular to the equatorial plane of the molecule. Fig. 3b shows that a

Table 1
Solvent effects on the calculated absorption data for [(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)]- in the 310–400 nm wavelength region.

Solvent εr

λcalc/nm
(fosc)

Main
electronic
transitions (%
coefficients) Main character %CT

H2O 78.3553 314.7
(0.2059)

H-9 → L
(49%),
H-10 → L+1
(32%),
H-8 → L+1
(10%)

IL(bpy-5,5′-diCOO),
IL(4,4′-bpy),
MLLCTRe(CO)3 → 4,4′-bpy

–

327.4
(0.1569)

H-6 → L+1
(73%),
H-7 → L+1
(8%),
H-5 → L+1
(4%),
H-2 → L+1
(6%)

MLLCTRe(CO)3 → 4,4′-bpy 46.1

337.4
(0.0666)

H-6 → L+1
(11%),
H-5 → L+1
(26%),
H-3 → L+1
(25%),
H-2 → L+1
(28%)

LLCTdcbpy → 4,4′-bpy –

370.8
(0.0782)

H-6 → L
(80%),
H-7 → L
(10%),

MLLCTRe(CO)3 → bpy-5,5′-diCOO 47.5

CH3CN 35.688 312.2
(0.3674)

H-9 → L
(83%)

IL(bpy-5,5′-diCOO) –

328.0
(0.1774)

H-6 → L+1
(85%)

MLLCTRe(CO)3 → 4,4′-bpy 45.1

369.3
(0.0825)

H-6 → L
(91%)

MLLCTRe(CO)3 → bpy-5,5′-diCOO 47.0

MeOH 32.613 314.8
(0.1954)

H-9 → L
(46%),
H-10 → L+1
(32%),
H-8 → L+1
(13%)

IL(bpy-5,5′-diCOO),
IL(4,4′-bpy),
MLLCTRe(CO)3 → 4,4′-bpy

–

329.8
(0.1835)

H-6 → L+1
(81%)

MLLCTRe(CO)3 → 4,4′-bpy 48.7

371.1
(0.0817)

H-6 → L
(84%),
H-7 → L
(10%)

MLLCTRe(CO)3 → bpy-5,5′-diCOO 50.3

EtOH 24.852 312.5
(0.2962)

H-9 → L
(67%),
H-4 → L+2
(12%)

IL(bpy-5,5′-diCOO) –

329.6
(0.1911)

H-6 → L+1
(88%)

MLLCTRe(CO)3 → 4,4′-bpy 47.1

369.5
(0.0859)

H-6 → L
(93%)

MLLCTRe(CO)3 → bpy-5,5′-diCOO 48.6

CH2Cl2 8.93 316.0
(0.3579)

H-9 → L
(83%)

IL(bpy-5,5′-diCOO) –

338.2
(0.2123)

H-6 → L+1
(61%),
H-7 → L+1
(33%)

MLLCTRe(CO)3 → 4,4′-bpy 54.9

370.9
(0.0862)

H-6 → L
(59%),
H-7 → L
(37%)

MLLCTRe(CO)3 → bpy-5,5′-diCOO 53.6

CHCl3 4.7113 316.2
(0.4087)

H-9 → L
(77%)

IL(bpy-5,5′-diCOO) –

345.9
(0.2085)

H-7 → L+1
(87%)

MLLCTRe(CO)3 → 4,4′-bpy 55.0

369.1
(0.086)

H-7 → L
(89%)

MLLCTRe(CO)3 → bpy-5,5′-diCOO 53.4

correlation exists between the energy of the MLLCTRe(CO)3 → 4,4′-bpy
transition and μ: 1/λcalc increases with the increase of the dipole mo-
ment. However, the energy of the MLLCTRe(CO)3 → bpy-5,5′-diCOO tran-
sition remains essentially constant and is independent on the magni-
tude of μ. The fact that MLLCTRe(CO)3 → 4,4′-bpy is an electronic tran-
sition where the charge density is transferred on the axial axis of
the molecule, i.e. parallel to the direction of μ, while in the
MLLCTRe(CO)3 → bpy-5,5′-diCOO transition the charge density transfer re-
sides on the equatorial plane, explains the trend of the 1/λcalc vs. μ
plots observed in Fig. 3b for both transitions.

With the aid of AOMIX program, which takes advantage of Mul-
liken population analysis to get information on electronic structure of
molecules, we calculated the orbital percentage composition of the rel-
evant MOs based on the contributions of the different fragments in
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Fig. 2. Frontier MO plots of H-7, H-6, H-5, H-3, H-2, L and L+1 in H2O (isovalue = 0.02) at the B3LYP/LanL2DZ level of theory. See text for details.

which the whole molecule can be split for analysis. The following
fragments were defined: (i) Re atom, (ii) the three carbonyls, (iii)
4,4′-bipyridine (4,4′-bpy) and (iv) 2,2′-bipyridine-5,5′-dicarboxylate
(bpy-5,5′-diCOO). Table 2 lists the orbital percentage composition
of the relevant MOs of [(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]- in the
six solvents studied based on the fragments defined above. With the
aid of those percentage compositions we calculated the percentages
of charge transfer (CT(%)) of Table 1 using eq. (3)-5. The CT(%)
for both MLLCTRe(CO)3 → 4,4′-bpy and MLLCTRe(CO)3 → bpy-5,5′-diCOO de-
creases as the solvent polarity increases, see Table 1 and Fig. S1. This
is due to two facts. On the one hand, the percentage composition of
Re orbitals in H-7 is higher than in H-6 in H2O, CH3CN, MeOH and
EtOH while in CH2Cl2 and CHCl3 both H-6 and H-7 have similar per-
centage contributions of Re orbitals. On the second hand, the main

contributions to MLLCTRe(CO)3 → 4,4′-bpy and
MLLCTRe(CO)3 → bpy-5,5′-diCOO transitions come from H-6 in H2O,
CH3CN, MeOH and EtOH while in CH2Cl2 both H-6 and H-7 MOs
participate and in CHCl3 H-7 is the main MO involved in both elec-
tronic transitions. Fig. S2 shows the simulated absorption spectra
for all the solvents under study. No significant differences in the
calculated absorption spectra were encountered when the level of
theory was switched between B3LYP/LanL2DZ, M06/LanL2DZ and
PBE0/6-311++G(d,p)/LanL2TZ(f). The comparison with the experi-
mental spectra of Fig. 1 is quite satisfactory and the simulated spec-
tra follow the observed absorptions with reasonable accuracy both
in position and relative intensities. Moreover, the bathochromic shift
experienced by the wavelength corresponding to the lowest energy
band of Fig. 1 is reproduced by the spectra of Fig. S2. Interest-
ingly, the solvent effect on
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Fig. 3. a: dependence of the calculated dipole moment of
[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]−, μ, on the solvent dielectric constant, εr. μ was
calculated at the (■) M06/LanL2DZ ( ), B3LYP/LanL2DZ and ( ) PBE0/
6-311++G(d,p)/LanL2TZ(f) level of theory. The red arrow displays the direction of μ
which is nearly parallel to the axial 4,4′-bpy ligand of [(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)]- complex. 3b: Calculated energy of the (■) MLLCTRe(CO)3 → 4,4′-bpy and (□)
MLLCTRe(CO)3 → bpy-5,5′-diCOO transitions vs μ at the B3LYP/LanL2DZ level of theory.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

the highest energy band of Fig. 1 (a bathochromic shift on λmax as the
polarity of the solvent is decreased from 252 nm in H2O to 256 nm in
CHCl3) is also observed in Fig. S2. However, the calculated λmax for
the highest energy band in CH3CN and EtOH deviates from that trend
and appear at the shortest wavelengths. This disparity was observed
either with B3LYP, M06 or PBE0 functional.

3.2. Steady state and time resolved luminescence

The steady state luminescence of
Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] shows a strong solvent
dependence. Fig. 4 shows the emission spectrum of N2-deaerated so-
lutions of the Re(I) complex in the six solvents with λexc = 360 nm.
When the spectrum was taken in water the emission occurred peak-
ing at λmax = 435 nm. In the aprotic solvents the maximum of the lu-
minescence spectrum occurred at 604, 595 and 570 nm for CH3CN,
CH2Cl2 and CHCl3, respectively. How

Table 2
Composition (% character) of relevant Molecular Orbitals of
[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]- calculated with the AOMIX program.

Solvent MO Re 3COs 4,4′-bpy Bpy-5,5′-diCOO

H2O H−7 58.92 26.23 1.33 13.52
H−6 54.38 24.03 9.38 12.21

L 2.07 4.16 0.59 93.18

L+1 0.87 2.64 95.85 0.65

CH3CN H−7 58.83 26.57 0.86 13.74
H−6 53.80 24.15 9.89 12.16

L 2.06 4.22 0.64 93.08

L+1 0.92 2.87 95.45 0.75

MeOH H−7 59.11 26.31 1.28 13.31
H−6 55.22 24.41 9.27 11.10

L 2.09 4.18 0.60 93.13

L+1 0.87 2.61 95.89 0.64

EtOH H−7 58.90 26.59 0.89 13.62
H−6 54.36 24.37 9.74 11.53

L 2.07 4.23 0.67 93.03

L+1 0.92 2.86 95.47 0.75

CH2CL2 H−7 58.61 25.91 3.26 12.22
H−6 57.58 25.39 6.37 10.66

L 2.16 4.28 0.66 92.89

L+1 0.86 2.52 96.04 0.57

CHCl3 H−7 57.91 25.30 7.53 9.26
H−6 58.60 25.94 1.28 14.18

L 2.25 4.39 0.77 92.59

L+1 0.86 2.45 96.14 0.54

ever, in MeOH and EtOH, two peaks were observed; one at 425
and the other around 600 nm. On the other hand,
Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] is a weak luminophore
with Φem ranging between 10−3 and 10−2.

A sum of two exponentials were required to achieve a satisfactory
fit of the emission decay profiles of the Re(I) complex solutions in
H2O, MeOH, EtOH and CH3CN, while 3 components were required
for the satisfactory analysis of the traces in CH2Cl2 and CHCl3. A fast
component decay, τ1 ∼ 1–6 ns, shows no correlation on the solvent po-
larity. However, the second component decay lifetime, τ2 ∼ 10–25 ns,
increases with the polarity of the solvent. The longest third component
decay, τ3 ∼ 150–250 ns, was only observed in CH2Cl2 and CHCl3. The
presence of O2 in the solutions quenched both the steady state and time
resolved luminescence of the Re(I) complex in all the solvents. For
instance, in CH3CN, τ2 = 13.2 ns in N2 equilibrated solutions while
τ2 = 7.5 ns in air equilibrated solutions. A similar decrease of τ with
the increase of O2 concentration was observed in the other solvents,
see Table 3.
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Fig. 4. Solvent dependence of Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] emission
spectrum: H2O, MeOH, EtOH, CH3CN, CH2Cl2 and CHCl3. Solutions were deaerated
by bubbling N2. Excitation wavelength is 360 nm.

Table 3
Re(I) complex luminescence lifetimes (λexc = 341 nm, % relative amplitudes between
parenthesis) and luminescence quantum yields in different solvents. % Relative ampli-
tudes are calculated as 100.Biτi/(∑iBiτi), where Bi represents the pre-exponential factor
corresponding to τi decay component of the luminescence.

Solvent λmax/nm τ (N2)/ns τ (air)/ns
Φem(N2)
(±10%)

H2O 435 τ1:1.7 (6%), τ2:21.4
(94%)

τ1:1.3 (6%), τ2:20.8
(94%)

3.4 × 10−3

MeOH 425 τ1:5.9 (62%), τ2:22.9
(48%)

τ1:4.2 (54%), τ2:11.4
(46%)

4.3 × 10−3

590 τ1:4.7 (70%), τ2:20.0
(30%)

τ1:3.4 (57%), τ2:13.8
(43%)

EtOH 425 τ1:5.5 (65%), τ2:14.6
(35%)

τ1:2.8 (38%), τ2:9.3
(62%)

2.0 × 10−3

604 τ1:4.8 (65%), τ2:23.1
(35%)

τ1:4.1 (80%), τ2:20.0
(20%)

CH3CN 435 τ1:3.7 (30%), τ2:13.2
(70%)

τ1:1.5 (33%), τ2:7.5
(67%)

1.2 × 10−3

604 τ1:3.6 (61%), τ2:12.2
(39%)

τ1:3.1 (52%), τ2:10.3
(48%)

CH2Cl2 595 τ1:2.4 (10%)
τ2:10.0 (52%)
τ3:160 (38%)

τ1:1.8 (12%)
τ2: 9.6 (66%)
τ3:116 (22%)

2.9 × 10−3

CHCl3 570 τ1:3.0 (13%)
τ2:13.5 (41%)
τ3:239 (46%)

τ1:2.3 (8%)
τ2:13.2 (48%)
τ3:191 (44%)

1.1 × 10−2

The luminescence lifetime of the related complex
Re(CO)3(4,4′-bpy)3

+ corresponding to the radiative and non-radiative
decay of the MLLCTRe(CO)3 → 4,4′-bpy is 93 ns in CH2Cl2 and 439 ns
in CH3CN [44]. On the other hand, for the
[Re(4,4′-bpy)(CO)3(bpy-4,4′-diCOOH)]+ complex in aqueous solu-
tions, a pH dependent lifetime ranging from τ ∼ 50 ns (at pH∼1) to
τ ∼ 90 ns (at pH∼10) was reported [45], though no assignment to
whether it corresponded to an MLLCTRe(CO)3 → bpy-4,4′-diCOO or a
MLLCTRe(CO)3 → 4,4′-bpy excited state was made on that report. On
this basis, solvent effects on the steady state and time resolved lu-
minescence of the Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)] com-
plex can be accounted by the coexistence of 3MLLCTRe(CO)3 → 4,4′-bpy,
3MLLCTRe(CO)3 → bpy-5,5′-diCOO and 1IL excited states. While the short-
est lifetime (2–5 ns in Table 3) should be attributed to the 1IL
(4,4′-bpy and/or bpy-5,5′-diCOO

based) excited states, it is uncertain to make a clear assignment of
the ∼20 ns and ∼200 ns lifetimes of Table 3 to each of the
3MLLCTRe(CO)3 → 4,4′-bpy or 3MLLCTRe(CO)3 → bpy-5,5′-diCOO excited
states. However, the triplet character of the emitting excited state is
manifested in the intrinsic quenching effect by O2 in organic solvents.

3.3. Singlet oxygen generation and LIOAS experiments

Singlet oxygen generation in D2O or CH3CN solutions could not
be detected under our experimental conditions. The fact that 1O2 (1Δg)
is not generated with this complex is related to the low 3MLLCT emis-
sion in those solvents. This is in agreement with our previous results
in relation to the photosensitized generation of singlet oxygen from
structurally related Re(I) complexes: 1O2 (1Δg) generation was not ob-
served when the luminescence quantum yields of the Re(I) complexes
were as low as Φem∼10−3 [23,24].

The photoacoustic signal in both solvents showed the same be-
havior: no time shift or changes of shape, with respect to the calori-
metric reference signal (See Inset of Fig. 5 for aqueous solutions). Lin-
ear relationships in both solvents were obtained between the ampli-
tude of the first optoacoustic signal (H) and the excitation fluence (F)
for samples and references at various A, in a fluence range between 1
and 30 J/m2. The ratio between the slopes of these lines for sample and
reference yielded the values of α for the samples. For the complex in
CH3CN solution, see Fig. 5, the slopes were independent on the spe-
cific atmosphere and were the same that the CR measured at the same
experimental conditions, as shown in Fig. 5. From these plots, consid-
ering that α

R
= 1 for CR, the α values were calculated for the complex

in both solvents. Therefore, α = 1.00 ± 0.04 were obtained in aqueous
and in CH3CN solutions (either under N2 or O2 atmosphere). Conse-
quently, this complex released to the medium all the absorbed energy
as prompt heat (integrated by the transducer) in processes faster than
τ

R
/5. These values combined with fluorescence data and singlet oxy-

gen quantum yield production fit the energy balance of eq. (6) [24,25]:

Fig. 5. Amplitude of the photoacoustic signals as a function of laser fluence for aqueous
solutions: New Coccine (CR, ●), Re(I) complex ( ). Inset: Normalized photoacoustic
signals of aqueous solutions for the CR (dotted line) and the Re(I) complex (solid line)
with matched absorbances (0.167 ± 0.002).

Ea = Φem Eem + α Ea + Φst Est (6)
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where Eem is the “0–0” luminescence energy, Ea is the molar en-
ergy of the laser pulse (hc/λexc), Est is the molar energy content of the
species formed with a quantum yield Φst which stores energy for a
time longer than the heat integration time and decays with a lifetime τ.
When singlet oxygen acts as storing species, the corresponding values
for this species are Φst = ΦΔ and τ = τΔ.

3.4. Triplet energy calculations

Triplet emission energies were computed by optimizing the geom-
etry at their excited state with analytic TD-DFT calculations utiliz-
ing B3LYP functional and LanL2DZ basis set. This approach pro-
vided the vertical transition energy of the lowest triplet excited state
at its optimal geometry. In addition, we also used a Δ(SCF) method.
While TD-DFT directly computes the vertical transition energy of the
lowest triplet state at its optimal geometry, the Δ(SCF) method is
based on the difference in total energies between self-consistent calcu-
lations of the ground singlet and triplet electronic configurations and
approximates “0–0” transitions. The validation of both techniques re-
lies on the consistency between Δ(SCF) and TD-DFT results [46,47].
All calculations were carried out in the presence of CHCl3 as a sol-
vent through the PCM to better simulate experimental results. In unre-
stricted TD-DFT calculations, the choice of the triplet of interest (Tn)
was based on the nature of the lowest energy singlet-singlet transition
(H−7 → L see Table 1) in CHCl3. Then, the optimized geometry of
Tn and the calculated wavelength, λcalc = 491.4 nm, corresponding to
a H−6 → (Hα, L+1β) vertical transition were obtained. Fig. 6 shows
frontier MO plots of the triplet's Hα and L+1β along with the sin-
glet's H−6. Hα is a MO centered on the bpy-5,5′-diCOO ligand while
L+1β is centered on the 4,4′-bpy ligand. Therefore, the S0-Tn transi-
tion should be viewed as a delocalized MLLCT transition where the
electronic charge is transferred from Re(CO)3 moiety to both 4,4′-bpy
and bpy-5,5′-diCOO ligands. The S0-Tn energy difference computed
as Δ(SCF) energy where Tn and the S0 structures are at the S0 (ΔE1
(Tn@Tn:S0@S0)) and Tn (ΔE2 (Tn@Tn:S0@Tn)) relaxed geometry are
reported in Table 4, at the B3LYP/LanL2DZ/PCM(CHCl3), PBE0/
LanL2DZ/PCM(CHCl3) and M06/LanL2DZ/PCM(CHCl3) level of
theory. ΔE1 values are too “blue” compared to the experimental ones
(vide supra) while ΔE2 are higher by 0.2–0.3 eV. Table 5 shows se-
lected bond lengths and angles around Re atom for the ground (S0)
and triplet (Tn) state computed at the B3LYP/LanL2DZ/PCM(CHCl3)
level of theory (See Scheme 1 for the numbering of atoms in Table 5).
It is observed that in the triplet state the Re-N1, Re-N2 and Re-N24
distances are shortened while Re-C46, Re-C47 and Re-C48 distances
are elongated relative to the ground state. This is in agreement with the
nature of the 3MLLCT where formally the charge on the Re center is
2 + and a negative charge is located over the azine ligand, increasing
thus the electrostatic attraction between the Re center and the coordi-
nated ligand, with a concomitant decrease in Re N bonds distances.
The increase of Re C bonds distances points to a steric effect im-
posed by the approaching of the azine ligands. It is interesting to note
that the Re-N1 and Re-N2 distances are shortened by 0.062 Å while
the Re-N24 distance is only shortened by 0.023 Å. The elongation of
Re-C46, Re-C47 and Re-C48 distances is 0.040, 0.039 and 0.037 Å,
respectively, i.e. very similar for the three Re C bonds. Fig. 6. Frontier MO plots of the triplet's Hα and L+1β along with the singlet's H-6 (iso-

value = 0.02) of [(4,4′-bpy)Re(CO)3(bpy-5,5′-diCOO)]− complex. See text for details.
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Table 4
Calculated wavelengths, λ1 and λ2, corresponding to the energy differences ΔE1 and
ΔE2, respectively. ΔE(S0→Tn) are computed as Δ(SCF) energy where Tn and the S0
structures are at the S0 (ΔE1(Tn@Tn:S0@S0)) and Tn (ΔE2(Tn@Tn:S0@Tn)) relaxed
geometry. All calculations were performed at the at B3LYP/LanL2DZ, PBE0/LanL2DZ
or M06/LanL2DZ level of theory including solvents effects (CHCl3) through the PCM.

λ1/nm λ2/nm

B3LYP 467.2 524.4
PBE0 442.2 497.1
M06 439.8 492.7

Table 5
Optimized geometrical parameters of S0 and Tn for [(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)]−. Bond lengths (Å) and angles (°) around the Re ion were calculated at the uB3-
LYP/LanL2DZ/PCM (CHCl3) level of theory.

S0 Tn

Bond lengths (Å)
Re-N1 2.178 2.116
Re-N2 2.178 2.116
Re-N24 2.229 2.206
Re-C46 1.926 1.966
Re-C47 1.926 1.965
Re-C48 1.925 1.962
Bond angles (°)
N1-Re-N2 75.7 78.0
N1-Re-N24 84.6 86.6
N1-Re-C46 172.6 171.8
N1-Re-C47 97.6 94.2
N1-Re-C48 92.6 96.5
N2-Re-N24 85.0 86.6
N2-Re-C46 97.5 94.2
N2-Re-C47 172.9 171.8
N2-Re-C48 92.3 96.4
C46-Re-N24 92.0 90.4
C46-Re-C47 89.0 93.4
C46-Re-C48 90.5 86.9
C47-Re-N24 92.0 90.5
C47-Re-C48 90.4 86.9
C48-Re-N24 176.5 176.1

4. Conclusions

The absorption spectrum as well as the steady state and time re-
solved luminescence of the Bu4N[(4,4′-bpy)Re(CO)3(bpy-5,5′-di-
COO)] complex displays a marked solvent effect. The high energy
absorption bands experience a bathochromic shift as the polarity of
the solvent decreases. In addition to the bathochromic shift, the low-
est energy band broadens. TD-DFT calculations allowed us to iden-
tify the main electronic transitions in the low energy region as
1MLLCTRe(CO)3 → 4,4′-bpy and 1MLLCTRe(CO)3 → bpy-5,5′-diCOO. The mag-
nitude of the calculated dipole moment increases with the polarity of
the solvent. Besides, the energy of 1MLLCTRe(CO)3 → 4,4′-bpy increases
also with solvent polarity increase. However, the energy of the
1MLLCTRe(CO)3 → bpy-5,5′-diCOO transition is rather insensitive to the sol-
vent polarity. This disparity is attributed to the fact that the
1MLLCTRe(CO)3 → 4,4′-bpy transition is nearly parallel to the orientation
of the dipole moment while the 1MLLCTRe(CO)3 → bpy-5,5′-diCOO transi-
tion is almost perpendicular to it. Both electronic transitions show
a decrease of their CT(%) with increasing solvent polarity. The sol-
vent effect on the position of the luminescence maximum and life-
time is consistent with the radiative and non-radiative deactivation
of 1IL, 3MLLCTRe(CO)3 → 4,4′-bpy and 3MLLCTRe(CO)3 → bpy-5,5′-diCOO ex-
cited states. No singlet oxygen generation was detected either in D2O
or CH3CN. LIOAS experiments showed that after photonic excitation

all the absorbed energy was released to the medium as prompt heat
in agreement with the low quantum yield of luminescence and the
absence of any long-lived energy storage species. Unrestricted TD-
DFT calculations were successfully applied to the triplet species. It is
observed that in the triplet state the Re N distances are shortened
while Re C distances are elongated relative to the ground state,
in agreement with the CT nature of the triplet state. The calculated
Δ(SCF) energies were somewhat “blue” shifted relative to the experi-
mental ones.
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