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a b s t r a c t

A new water soluble Re(I) complex with a zwitterionic structure, Bu4N[(bpy)Re(CO)3(dcbpy)] (where
Bu ¼ butyl; bpy ¼ 4,40-bipyridine; dcbpy ¼ 2,20-bipyridine-5,50-dicarboxylate), was successfully syn-
thesized and characterized by elemental analysis, 1H NMR, FTIR and ESI. Protonation studies in aqueous
solutions of the Re(I) complex showed three acidebase equilibriums with pKa1 ¼ 5.0, pKa2 ¼ 3.0 and
pKa3 ¼ 2.0. pKa1 was assigned to the protonation equilibrium at bpy while pKa2 and pKa3 could be
ascribed to protonation/deprotonation of the two carboxylates groups in the dcbpy ligand. With the aid
of TD-DFT calculations the nature of the electronic transitions responsible for the pH-dependent UVevis
spectroscopy of the Re(I) complex was identified. At pH ¼ 7 the lower energy band of the complex has
MLLCTRe(CO)3/dcbpy character while at pH < 2 it switches to MLLCTRe(CO)3/bpy. This change in the nature
of the lower energy band is responsible for the overall spectral changes in the 350e500 nm range after
protonation of the Re(I) complex.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Luminescent transition metal complexes have been utilized as
photosensitizers in areas such us solar energy conversion, electron
transfer studies, chemiluminescent and electroluminescent sys-
tems, binding dynamics of heterogeneous media and probes of
macromolecular structure [1]. In this regard, the spectroscopy,
photochemistry and photophysics of Re(I) carbonylediimine com-
plexes fac-ReX(CO)3(a-diimine) continue to attract much research
interest ever since their intriguing excited state properties were
first recognized in the mid-1970s [2].

Depending on the nature of the axial X ligand fac-ReX(CO)3(a-
diimine) complexes are often strong luminophores, either in fluid
solutions or in low-temperature glasses. The accessible excited
states, Re(I) to a-diimine metal-to-ligand charge transfer (MLCT),
metal-ligand-to-ligand charge transfer (MLLCT), ligand-to-ligand
charge transfer (LLCT), and/or intra ligand (IL) excited states, are
generally involved with the observed luminescence of these
lcan).

All rights reserved.
complexes at room temperature. A rational design in the synthesis
of the a-diimine ligands was used to tune the photophysical and
photochemical properties of themetal complexes in order to obtain
photosensitizers that might be utilized in broad research areas such
as electron transfer studies [3], solar energy conversion [4e6] and
catalysis [7]. Possible applications as luminescent sensors [8e10],
molecular materials for non-linear optics [11,12] or optical
switching [13] have also emerged. In particular, luminescent tran-
sition metal complexes of Re(I) and Ru(II) with polypyridyl ligands
have been recognized as good candidates for the development of
pH sensing devices [14e16]. As these complexes show exception-
ally rich excited-state behavior and redox chemistry as well as
thermal and photochemical stability [17,18], they have also been
used as biological labeling reagents and non-covalent probes for
biomolecules and ions [19e21]. Moreover, there are potential
biochemical and technical applications based on the formation of
adducts between transitionmetal complexes of Re(I), and biological
macromolecules such as DNA [22,23].

One of the major disadvantages of fac-ReX(CO)3(a-diimine)
complexes when applied to biological media is connected to their
usually very low solubility in water at physiological pH. In fact,
there are a very limited number of water soluble fac-ReX(CO)3(a-
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diimine) complexes [14,16,24e29] compared to the huge number of
Re(I) carbonylediimine complexes reported to be soluble exclu-
sively in organic solvents. In previous work, we have characterized
a water soluble Re(I) tricarbonyl complex including a biological
relevant ligand like pterin in its structure [29]. In this paper, we
present the synthesis of a new water soluble Re(I) tricarbonyl
complex coordinating the ligand 2,20-bipyridine-5,50-dicarboxylate
(dcbpy). The Re(I) complex, namely Bu4N[(bpy)Re(CO)3(dcbpy)]
(where bpy ¼ 4,40-bipyridine) was characterized by 1H NMR, FTIR,
ESI and elemental analysis. It has a zwitterionic structurewhere 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. To complete the Re(I) complex characterization,
protonation studies were performed in its aqueous solutions by
following the behavior of UVevis absorption spectra upon pH
change, within the 1e7 pH range. With the aid of chemometric
methods, three pKa values could be obtained from the protonation
studies that were assigned to the protonation of bpy ligand
(pKa1 ¼ 5.0) and to the acidebase equilibrium of the two carbox-
ylate groups (pKa2 ¼ 3.0 and pKa3 ¼ 2.0). TD-DFT calculations
helped to identify the nature of the electronic transitions in the
UVevis spectroscopy of the Re(I) complex aqueous solutions. At
neutral pH the lower energy band of the complex has MLLCTRe(CO)
3/dcbpy character while at pH ¼ 1 it switches to MLLCTRe(CO)3/bpy.
This change in the nature of the lower energy band is responsible
for the overall spectral changes in the 350e500 nm range after
protonation of the Re(I) complex.
2. Materials and methods

HPLC grade methanol, ethanol, ethyl ether, iso-octane and
acetonitrile (J. T. Baker, USA), were used without further purifica-
tion. 2,20-bipyridine-5,50-dicarboxylic acid (H2dcbpy), 4,40-bipyr-
idine (bpy), NaH2PO4, Na2HPO4, tetrabutyl ammonium hydroxide
(Bu4NOH) methanolic solution (1 M) and ClRe(CO)5 were pur-
chased from SigmaeAldrich Chemical Co., USA at the highest purity
available and were used as received. Water of very low conductivity
(Milli Q grade) was used. UVevis spectra were recorded on a Shi-
madzu UV-1800 spectrophotometer. pH measurements were per-
formed with an ADWA model AD8000 pH meter using an A1131B
Scheme 1. Synthetic route for B
glass electrode (pH range: 0e13). FTIR spectra were recorded on a
Nicolet 8700 Thermo Scientific. 1H NMR spectra of the Re(I) com-
plex solutions were recorded at 300 K with a Bruker AM-500
spectrometer operating at 500 MHz. [D6]DMSO was used as a
solvent and the chemical shifts were referenced relative to the
(CH3)2SO in [D6]DMSO (d ¼ 2.54 ppm). Typically, solutions were
introduced into a 5 mm diameter tube.
2.1. Synthesis

The chemical structures of the materials used in this work and
the synthetic routes are depicted in Scheme 1. The Re(I) dcbpy
coordinated complex was prepared by amodification of procedures
reported for the synthesis of similar Re complexes [14,25,28,30]. A
100 ml round-bottomed flask was loaded with 150 mg
(6.1 � 10�4 mol) of H2dcbpy, 85 ml of methanol and 1.35 ml
(1.35 � 10�3 mol) of a Bu4NOH methanolic solution (1 M). In this
way, H2dcbpy, which is nearly insoluble in most organic solvents
[28], was easily dissolved in methanol by formation of its tetrabutyl
ammonium salt, (Bu4N)2dcbpy. The resulting colorless solutionwas
heated at around 70 �C. Then, 221 mg (6.1 �10�4 mol) of ClRe(CO)5
were slowly added to the vigorously stirred hot methanolic solu-
tion. The initially colorless liquid turned to red during the 9 h that
the reaction mixture was refluxed under a blanket of N2. The so-
lution was then cooled to room temperature, and evaporated to a
w2 ml orange oil. This orange oil was then dissolved in acetonitrile
(220 ml) along with 164.5 mg (6.1 � 10�4 mol) of AgCF3SO3. The
mixture was refluxed at 70 �C in the darkness under a blanket of N2
during 4 h. After evaporation of the reactionmixture to dryness, the
resulting brown-dark solid mass was suspended in 60 ml of
methanol, and a dark-brown precipitate, containing AgCl, was
filtered-off and washed several times with methanol. The resulting
red 100 ml methanolic solution was then loaded with 952 mg
(6.1 � 10�3 mol) of bpy. The resulting mixture was then refluxed
overnight in the darkness at 70 �C under a blanket of N2. After
evaporation of the solution to dryness, the orange-yellow solid
mass was washed with ethyl ether repeatedly to eliminate the
excess of the bpy ligand. The resulting solid was re-dissolved in a
minimum volume of dichloromethane, and the complex was
precipitated by the slow addition of cold iso-octane. The re-
u4N[(bpy)Re(CO)3(dcbpy)].
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crystallization procedure was repeated until a constant value was
obtained for the molar absorption coefficient. The obtained orange
solid was dried under vacuum. Yield, 500 mg (60%). Anal. Calcd. for
Bu4N[(bpy)Re(CO)3(dcbpy)].4H2O$(Molecular Formula
C41H58N5O11Re): C, 50.09; H, 5.95; N, 7.12. Found: C, 50.5 � 0.3; H,
6.0 � 0.2; N, 6.9 � 0.3. IR (KBr, cm�1): 1344 (m), 1624 (m), 1890 (s),
1915 (s), 2019 (s), 2963 (m), 3415 (m, broad). 1H NMR (500 mHz,
[D6]DMSO): d ¼ 9.32e9.28 (m), d ¼ 8.74 (d, J ¼ 6 Hz, 2H, Hd bpy),
d¼ 8.63 (m), d¼ 8.49 (m), 7.85 ppm (d, J¼ 6 Hz, 2H, Hg bpy), 3.13 (t,
J ¼ 7.5 Hz, 8H, N-(CH2eCH2eCH2eCH3)4), 1.54 (m, 8H, Ne(CH2e

CH2eCH2eCH3)4), 1.27 (m, 8H, Ne(CH2eCH2eCH2eCH3)4) and 0.88
(t, J ¼ 7.2 Hz, 12H, Ne(CH2eCH2eCH2eCH3)4).

2.2. ESIeMS analysis

ESIeMS analyses were performed in positive ion mode using
mass spectrometer BRUKERMICROTOF-Q II equipped with CID. The
capillary temperature was 180 �C. Stock solutions of the complex
were prepared in methanol at a concentration 10�4 M. Diluted
solutions were prepared from the stock solutions. High flow elec-
trospray with an assistance of corona discharge taking place at the
tip of the electrospray capillary was used to avoid decomposition
(interchange of ligands and solvent) of the Re(I) complex and to
induce ionization of neutral analytes [31e33]. The source voltage
applied was 8 kV, the source current 15 mA, the sheath gas flow rate
was 30 (a.u.) and the capillary temperature was 150 �C. Ion optics
parameters: multipole 00 offset: �3.3 V, lens 0: �6.2 V, multipole
0 offset: �6.3 V, lens 1: �9.2 V, gate lens: �91.9 (V), multipole 1
offset: �6.6 (V) and multipole RF amplitude: 602.3 (Vp-p). A sy-
ringe pump (Agilent, USA) with 2.3 mm in diameter was used to
introduce the sample at a flow rate of 10 ml/min andmethanol. Each
experiment was repeated at least three times in order to ensure
reproducibility. Spectra were obtained and analyzed with the
program Thermo XcaliburQual Browser.

2.3. Protonation studies and spectroscopic analysis

pKa values were determined by spectrophotometric pH titra-
tions using NaH2PO4/Na2HPO4 (each 0.1 M) buffer. In each experi-
ment, 50 ml of solution containing the Re(I) complex
([Re] ¼ 3 � 10�5 M), initially at pH ¼ 6.7, were turned to pH ¼ 7 by
addition of 3M NaOH. After that, the pH was gradually lowered to
pH ¼ 1 by addition of 50 or 100 ml aliquots of 3 M HClO4, and then
the absorption spectrum of each solution was recorded. The pro-
cedure was repeated reversing the pH from 1 to 7 by adding 50e
100 mL aliquots of 3 M NaOH. When it was necessary, the absor-
bances were corrected by the appropriate dilution factors. We used
chemometric-techniques [34] in order to retrieve, from the absor-
bance matrix, the concentration profiles and the spectra of each
contributing species [35,36]. These methods can be applied to
bilinear spectroscopic data from a chemical reaction to provide
information about composition changes in an evolving system. In
the present work we used the alternating least-squares (ALS) al-
gorithm to simultaneously estimate concentration and spectral
profiles [37]. ALS extracts useful information from the experimental
data matrix A(i � j) by the iterative application of the following
matrix product: A ¼ CST þ E where C(i � n) is the matrix of the
concentrations profiles; ST(n � j) is that containing the spectral
profiles, and E(i � j) represents the error matrix. The indexes i, n
and j denote the sampling pHs, absorbing species and recorded
wavelengths, respectively. Resolving matrix A may be a rather
difficult task [38] since on the one hand, n is usually unknown [39]
and on the other hand, curve resolution methods cannot deliver a
single solution because of rotational and scale ambiguities [40]. We
applied Factor Analysis and Singular Value Decomposition to the
experimental matrix for the estimation of n. In order to reduce
rotational ambiguities we used some chemically relevant con-
straints [41] such as non-negativity, closure, selectivity and
unimodality.

2.4. Computational details

The electronic structure of Re(I) tricarbonyl complexes were
determined using tools of DFT [42e44] as implemented in Gaussian
09 package [45], using the three-parameter hybrid functional
developed by Becke [46] in conjunctionwith the LYP [47] exchange
potential (B3LYP) with the LanL2DZ basis set which uses Dunning
D95V basis set on C, N, O, H [48] and Los Alamos ECP plus DZ on Re
[49e51]. Vibrational frequencies were computed at the same level
of theory to confirm that these structures were minima on the
energy surfaces. The vertical transition energies were calculated at
the optimized ground-state geometry using TD-DFT [52e54] at the
same level of theory for the four protonation states of the Re(I)
complex (see below). Both optimized geometries and UVevis cal-
culations were carried out including solvent effects (water) through
the Polarizable Continuum Model [55e57] as implemented in the
Gaussian 09 package to produce a number of 80 singlet-to-singlet
transitions.

3. Results and discussion

3.1. Spectroscopic characterization

The Re complex was obtained in good yield and it was charac-
terized by elemental analysis, FTIR, 1H NMR, and electrospray
ionization mass spectrometry spectra. The substance IR absorption
spectrum is consistent with both the facial configuration of the
carbonyl ligands and with its Cs symmetry, as revealed by the
presence of the two intense absorptions bands which are observed
in the 2050e1880 cm�1 region. According to previous reports on
similar compounds, the sharp band at higher frequency (about
2019 cm�1) is attributed to the 1A0 mode (totally symmetric in-
phase stretching of the three CO ligands), whereas the remaining
two bands at intermediate and lower frequencies (1915 and
1890 cm�1), are assigned to the 2A0 (totally symmetric out-of-phase
stretching) and A00 modes (asymmetric stretching of the equatorial
CO ligands) [15,29,58]. The presence of Bu4Nþ in the structure of
the complex is witnessed by the frequencies at 1344 and 2963 cm�1

which correspond to CeH of CH3 stretching vibration and by the
one at 1624 cm�1 which is indicative of the bending stretching of
the quaternary ammonium group [59]. The broad feature at
3415 cm�1 is indicative of eOH stretching due to the presence of
crystallization water molecules.

1H NMR spectra shows, among others, the two typical doublet
signals from bpy at d 8.74 and 7.85 ppm that according to the
literature [60] can be assigned to Hd and Hg, respectively. 1H NMR
signals corresponding to the 6H of the dcbpy ring and to the 4H (Ha

and Hb) of the bpy ring appeared as very broad and badly resolved
in the d ¼ 8.43e9.40 ppm range and could not unequivocally be
assigned to the Re(I) complex structure. Signals of Bu4Nþ ligand
were detected at d ¼ 3.13, 1.54 and 1.27 ppm, methylene moiety
each, and d¼ 0.88 ppm corresponding to the methyl group. Surface
integration ratio between Hd:Hg:Ne(CH2)4e signals was 1:1:4.

Fig. S1 shows positive ion ESI mass spectra of Bu4N[(bpy)
Re(CO)3(dcbpy)], (M), in methanol. The intact molecular ion of the
complex, M was detected as protonated [M þ Hþ] and sodiated
form [M þ Naþ] at m/z ¼ 912.33 and m/z ¼ 934.31, respectively.
Additionally, the Re complex with one additional Bu4Nþ, as
[M þ Bu4Nþ] was observed at m/z ¼ 1153.61. Furthermore, signals
observed at m/z ¼ 693.03 and m/z ¼ 715.01 correspond to [M e
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Bu4Nþ þ Naþ] and [M e Bu4Nþ þ 2Naþ], respectively. MSeMS
spectra were recorded. Most intense signal produced by fragmen-
tation ofm/z¼ 934.31 was observed atm/z¼ 796.25 (Spectrum not
shown).

Moreover, ESI mass spectra were recorded after the addition of
Bu4NPF6 to the methanolic solution of the rhenium complex. In this
experiments the signals detected with higher intensity were m/
z ¼ 1153.61,m/z ¼ 968.88 (cluster of four Bu4Nþ) andm/z ¼ 934.31.

The most intense signal was observed at m/z ¼ 1153.61 and
correspond to a chemical formula of C57H86O7N6Re. As mentioned
before this signal corresponds to the Re complex with one addi-
tional Bu4Nþ moiety. Elemental analysis and 1H NMR spectra
showed that the complex has, in its structure, only one Bu4Nþ unit.
The species detected by ESIeMS at m/z ¼ 1153.61 could be formed
in the solution due to an exchange of the Bu4Nþ cation between
two molecules of the complex before the ionization took place, as
shown in the following reaction scheme:
2 Bu4N
�ðbpyÞReðCOÞ3ðdcbpyÞ

�
/ðBu4NÞ2

�ðbpyÞReðCOÞ3ðdcbpyÞ
�þ þ �ðbpyÞReðCOÞ3ðdcbpyÞ

��

Fig. 1. UVevis spectral changes experienced by Bu4N[(bpy)Re(CO)3(dcbpy)] complex
in protonation studies. (a) Spectral changes in the 4e7 pH range. (b) Spectral changes
in the 3.8e1 pH range. See text for details.
3.2. UVevis spectroscopy

The absorption spectrum of Bu4N[(bpy)Re(CO)3(dcbpy)] in
neutral solutions, i.e. at pH ¼ 7, consists of four strong absorption
bands (Ɛw 2 � 104 M�1 cm�1) centered at lmax ¼ 251, 290, 316 and
332 nm and a weaker band of medium intensity
(Ɛ w 3 � 103 M�1 cm�1) that appears as a shoulder centered at
w362 nm. In acidic media (pH ¼ 1) the band at lmax ¼ 290 nm
shifts to 295 nm and experiences an intensity enhancement
compared to the neutral solution while the bands at 251, 316 and
332 nm hardly experience any wavelength shift though they suffer
an intensity increase. The low energy shoulder, however, shifts to
376 nm at acidic pH. A reversible protonation/deprotonation
behavior is found in the UVevis spectrum of the Re(I) complex as a
function of the pH upon addition of HClO4 from pH ¼ 7 to pH ¼ 1.
Those spectral changes can be reversed by addition of NaOH from
pH ¼ 1 backward to pH ¼ 7.

We measured the UVevis spectrum of Bu4N[(bpy)
Re(CO)3(dcbpy)] in NaH2PO4/Na2HPO4 buffer solutions at room
temperature and titrations were carried out by adding aqueous
HClO4 to observe spectral changes (see Fig. 1). Fig. 1a shows the
spectral changes observed between pH ¼ 7 and pH ¼ 4, in a pH
region where the spectral changes were very moderate. However,
three isosbestic points at 242, 287 and 314 nm could be identified in
that region. The spectral changes observed between pH ¼ 4 and
pH ¼ 1 (Fig. 1b) were more noticeable than those between pH ¼ 7
and pH¼ 4. Between pH¼ 2.8 and pH¼ 1, an isosbestic point could
be identified at 285 nm, while at the intermediate pHs, i.e. between
pH¼ 3 and pH¼ 4, no isosbestic points are present. This behavior is
indicative of the existence of various protonated/deprotonated
species in simultaneous equilibriums. Therefore, we decided to
apply chemometric techniques in the analysis of the full matrix of
UVevis spectra of Fig. 1a and b to get an estimation of the pKa
values for the corresponding acid/base equilibriums. Both Factor
Analysis and Singular Value Decomposition were used for the
estimation of the number of independent contributions yielding n
values of 4. Orthogonal projection approach was used to obtain
initial guesses of the spectra corresponding to each contributing
species [61]. The spectral shapes obtained by using a multivariate
curve resolution-alternating least squares (MCR-ALS) method for
the four species are shown in Fig. 2. Fig. 2 also shows the
distribution functions for the four species over the whole pH range.
From this figure, three pKa values can be obtained, i.e. 2.0, 3.0 and
5.0. According to literature reports, the pyridinic free nitrogen of
coordinated bpy ligand is supposed to be more basic than carboxy
substituents in coordinated dcbpy ligand. For instance, the disso-
ciation of carboxylic protons in (2,20-bpy-4,40-dicarboxylic acid)
Ru(II) complexes was found to occur in two steps with pKa1 ranging
between 2.8 and 3 and pKa2 in the range 1.5e1.8 [62,63] while for
(2,20-bpy-5,50-dicarboxylic acid) Ru(II) complexes a single
pKa w 2.8 [62] was identified. On the other hand, the proton
dissociation pKa in heteroleptic Ru(II) complexes coordinating the
bpy ligand was reported to be 4.5 [64]. On this basis the three pKa
values obtained for Bu4N[(bpy)Re(CO)3(dcbpy)] can be assigned to
the protonation of bpy ligand (pKa1 ¼ 5.0) and to the acidebase
equilibrium of the two carboxylate groups (pKa2 ¼ 3.0 and
pKa3 ¼ 2.0). The three pKa values thus obtained for the Bu4N[(bpy)



Fig. 2. Spectral shapes and distribution functions obtained from chemometric analysis
of Fig. 1a and b for the pH-dependent species of the Re(I) complex: (ReL)L (blue down
triangles), (ReL)H (green up triangles), (ReL)H2

D (red circles) and (ReL)H3
2D (black

squares). See text for details. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Re(CO)3(dcbpy)] agree well with the pKa values reported for [(bpy)
Re(CO)3(2,20-bpy-4,40-dicarboxylic acid)]CF3SO3 [25].

3.3. DFT and TD-DFT calculations

Density Functional Theory (DFT) and Time-Dependent Density
Functional Theory (TD-DFT) calculations of ground and excited
state properties of a series of Re(I) tricarbonyl complexes have been
recently employed to interpret the experimental absorption bands
arisen from a set of MLCT, LLCT and IL transitions [65e73].
Fig. 3. Molecular plot from DFT calculations of [(bpy)Re(CO)3(dcbpy)]� showing the
labeling of some relevant atoms that appear in Table 1.
3.3.1. Structural characterization
The optimized ground-state geometry is displayed in Fig. 3 for

the bare (un-protonated) complex, i.e. [(bpy)Re(CO)3(dcbpy)]�. The
Re(I) ion is in a slightly distorted octahedral environment. The bond
lengths, as shown in Table 1, are within normal ranges found in
related Re(I) complexes [29,60,65,68,70,74]. A planar substituted
bipyridine coordinated to the metal defines an equatorial plane
acting as a bidentate ligand [d(Re-N) ¼ 2.176 �A, d(Re-N) ¼ 2.178 �A,
:(N-Re-N) ¼ 75.7�]. Two CO groups lie at cis-positions nearly onto
this plane [Re-C distances of 1.926 and 1.925 �A]. The octahedron
apical positions are occupied by a third CO group [d(Re-
C) ¼ 1.924 �A] and a bpy molecule [d(Re-N) ¼ 2.228 �A]. The bond
lengths of Re-N are always longer than the bond lengths of Re-C,
being the Re-N(bpy) bond length the longest. Re-(CO) bonds are
nearly perpendicular to each other [OC-Re-CO angles in the 89.1e
90.4� range]. The optimized ground-state geometry for the fully
protonated complex, i.e. [(Hbpy)Re(CO)3(H2dcbpy)]2þ (not shown),
is similar to that of [(bpy)Re(CO)3(dcbpy)]�, only a very small in-
crease in Re-N and Re-C bond lengths is observed after protonation
(Table 1). In the fully protonated complex, an increase in the Re-
N(dcbpy) distances (relative to the un-protonated complex) is
accompanied by a decrease in Re(I)-dcbpy angle while the length-
ening of the Re-N24 distance always leads to an increase in the (N1-
Re-N24) and (N2-Re-N24) angles.

3.3.2. IR and UVevis spectroscopy
The optimized ground-state geometry of [(bpy)

Re(CO)3(dcbpy)]� was used to calculate the normal mode fre-
quencies which were compared to the experimental IR frequencies
observed for Bu4N[(bpy)Re(CO)3(dcbpy)] in the CO stretching re-
gion. Calculated IR frequencies are in good agreement with the
experimental values. For instance, the calculated IR frequency for
the 1A0 mode, 1977.3 cm�1, compares with the experimental one,
2019 cm�1, with a shift of D ¼ (yexp � ycalc) ¼ 41.7 cm�1. For the 2A0

and A00 modes, the predicted values are 1889.6 cm�1 and 1883 cm�1,
respectively, which can be compared to the experimental IR fre-
quencies, 1915 cm�1 (D ¼ 25.4 cm�1) and 1890 cm�1 (D ¼ 7 cm�1),
respectively.

Theoretical calculations in the literature have shown that the
highest occupied molecular orbital (HOMO) in fac-ReX(CO)3(a-
Table 1
DFT calculated bond lengths (�A) and angles (�) around the Re ion in [(bpy)
Re(CO)3(dcbpy)]�, (ReL)�, and [(Hbpy)Re(CO)3(H2dcbpy)]2þ, (ReL)H3

2D.

(ReL)� (ReL)H3
2þ

Bond lengths (�A)
Re-N1 2.176 2.182
Re-N2 2.178 2.184
Re-N24 2.228 2.231
Re-C46 1.926 1.926
Re-C47 1.925 1.927
Re-C48 1.924 1.929
Bond angles (�)
N1-Re-N2 75.7 75.4
N1-Re-N24 84.6 85.1
N1-Re-C46 172.6 172.9
N1-Re-C47 97.6 97.9
N1-Re-C48 92.6 92.5
N2-Re-N24 84.9 85.5
N2-Re-C46 97.5 97.9
N2-Re-C47 172.9 173.1
N2-Re-C48 92.2 92.1
C46-Re-N24 92.1 92.1
C46-Re-C47 89.1 88.6
C46-Re-C48 90.4 90.1
C47-Re-N24 92.2 92.1
C47-Re-C48 90.3 90
C48-Re-N24 176.4 177
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diimine) complexes corresponds to an orbital mainly localized in
the Re center with some delocalization over X ligands. This delo-
calization also accounts for the mixing of IL andMLCT states. On the
other hand, the lowest unoccupied molecular orbital (LUMO) is
localized exclusively on the a-diimine ligand [58]. The calculated
TD-DFT results are summarized and compared with experimental
data in Table 2 for the four protonated species of the Re(I) complex:
[(bpy)Re(CO)3(dcbpy)]�, (ReL)L; [(Hbpy)Re(CO)3(dcbpy)], (ReL)H;
[(Hbpy)Re(CO)3(Hdcbpy)]þ, (ReL)H2

D and [(Hbpy)
Re(CO)3(H2dcbpy)]2þ, (ReL)H3

2D. It is observed that the main
spectral features (the four intense UV absorptions and the less
intense UVevis shoulder) for (ReL)L, (ReL)H, (ReL)H2

D and (ReL)
H3

2D are predicted to a great accuracy, both in position and relative
intensities, by TD-DFT calculations. Hereafter we compare TD-DFT
results for (ReL)� and (ReL)H3

2D, since the intermediate proton-
ated species, i.e. (ReL)H and (ReL)H2

D, show similar behavior.
For (ReL)L the main HOMOs involved in the most intense

electronic transitions are H-12 (a p orbital delocalized between the
Re(I) and the bpy ligand), H-10 (a molecular orbital of the exterior
ring of bpy molecule), H-9 (a p orbital delocalized on the dcbpy
ligand), H-8 (a s orbital delocalized in the equatorial plane of the
Re(I) bonds) and H-6 and H-7 (p orbitals of Re-C bonds). On the
other hand, the main LUMOs of (ReL)� are L and Lþ2 (p* orbitals of
Table 2
Comparison of experimental absorption data with TD-DFT calculations for (ReL)�, (ReL)H

Compound lobs/nm
( 3/103 M�1 cm�1)

lcalc/nm (fosc)

(ReL)� 252 (34.5) 255.51 (0.544)
258.53 (0.094)
273.39 (0.056)

293 (27.4) 290.26 (0.063)
317 (33.3) 314.47 (0.155)

314.69 (0.245)
332 (35.9) 327.33 (0.160)

337.31 (0.065)
361 (5.2) 370.77 (0.079)

(ReL)H 252 (36.6) 243.24 (0.078)
250.61 (0.071)
259.00 (0.202)
264.49 (0.252)
265.31 (0.11)
265.86 (0.057)

293 (27.1) 288.99 (0.089)
317 (33.8) 314.89 (0.392)
331 (37.0) 365.71 (0.085)
361 (5.4) 410.98 (0.152)

(ReL)H2
þ 252 (38.0) 250.90 (0.087)

259.22 (0.36)
259.33 (0.083)
259.59 (0.066)
263.39 (0.061)
263.65 (0.057)
271.00 (0.052)

293 (29.5) 301.59 (0.112)
317 (35.3) 317.28 (0.255)

320.12 (0.126)
332 (36.4) 328.65 (0.098)
360 (6.0) 389.75 (0.051)

412.78 (0.199)
(ReL)H3

2þ 253 (37.3) 252.36 (0.07)
254.09 (0.06)
257.41 (0.45)
259.11 (0.11)
260.12 (0.06)
263.90 (0.06)

295 (31.5) 295.59 (0.26)
316 (35.0) 317.33 (0.26)
331 (32.9) 329.27 (0.10)
371 (5.4) 388.74 (0.17)

451.72 (0.06)
the dcbpy ligand), Lþ1 (p* orbital of the bpy ligand) and Lþ4 (p*
orbital of the three CO). TD-DFT predicts that the lower energy band
of (ReL)L, at around 360 nm and predicted at 371 nm, is MLCT in
nature with most of the electron density transferred from the Re-C
bonds to the dcbpy part of the molecule (See Fig. 4). Since H-6 and
H-7 consist mainly of p orbitals of Re-C bonds, this lower energy is
not a pure MLCT transition and should be viewed better as a
MLLCTRe(CO)3/dcbpy transition (i.e. a delocalized Re(CO)3 / dcbpy
CT transition). The higher energy band of (ReL)L, observed at
252 nm and predicted to be at 255 nm, consists mainly of intra
ligand electronic transitions of bpy with some contributions of the
Re(I) center. The band at 293 nm (predicted at 290) is a MLLCTRe(CO)
3/dcbpy. The band at 317 is predicted as two bands at around
314 nm being both a sum of intra ligand transitions of dcbpy and
bpy. The band at 332 nm, predicted at 327 nm, is mainly a
MLLCTRe(CO)3/bpy.

For the fully protonated species, (ReL)H3
2D, the relevant HOMOs

involved in the most intense electronic transitions are H and H-1 (p
orbitals delocalized between the Re-C bonds), H-2 (a s orbital
delocalized between Re-C and Re-N(dcbpy) bonds), H-3 and H-6 (p
orbitals delocalized on the dcbpy ligand), and H-7 and H-8 (p or-
bitals delocalized on the bpy ligand). On the other hand, the main
LUMOs of (ReL)H3

2Dare L, Lþ2 and Lþ3 (p* orbitals delocalized on
, (ReL)H2
þ and ReLH3

2þ.

Electronic transitions (% coefficients)

H-12 / Lþ1 (94%)
H-8 / Lþ4 (36%), H-6 / Lþ10 (12%), H-13 / Lþ1 (9%), H-8 / Lþ3 (4%)
H-11 / Lþ1 (19%), H-4 / Lþ3 (19%), H-3 / Lþ3 (13%), H-8 / Lþ2 (6%)
H-8 / Lþ4 (14%), H-7 / Lþ2 (43%), H-7 / Lþ6 (19%), H-9 / L (3%)
H-10 / Lþ1 (44%), H-9 / L (30%), H-8 / Lþ1 (18%)
H-10 / Lþ1 (26%), H-9 / L (57%), H-8 / Lþ1 (7%), H-7 / Lþ2 (4%)
H-6 / Lþ1 (75%), H-7 / Lþ1 (6%), H-5 / Lþ1 (5%), H-3 / Lþ1 (5%)
H-6 / Lþ1 (12%), H-5 / Lþ1 (26%), H-3 / Lþ1 (26%), H-2 / Lþ1 (29%)
H-6 / L (82%), H-7 / L (9%), H-3 / L (3%), H-2 / L (3%)
H-15 / L (92%)
H-14 / L (72%)
H-12 / L (91%)
H-11 / L (86%)
H-7 / Lþ5 (14%), H-6 / Lþ4 (22%), H-6 / Lþ5 (10%), H-6 / Lþ8 (13%)
H-7 / Lþ4 (21%), H-8 / Lþ3 (9%)
H-10 / L (25%), H-8 / Lþ6 (10%), H-6 / Lþ3 (20%), H-6 / Lþ8 (15%)
H-9 / Lþ1 (88%)
H-7/Lþ1 (91%)
H-7 / L (94%)
H-6 / Lþ6 (31%), H-6 / Lþ8 (35%)
H-10 / L (58%), H-3 / Lþ7 (10%)
H-9 / L (62%)
H-9 / L (15%), H-4 / Lþ3 (37%)
H-5 / Lþ5 (13%), H-4 / Lþ4 (10%), H-4 / Lþ9 (11%), H-3 / Lþ6 (15%)
H-8 / L (75%)
H-8 / L (15%), H-6 / Lþ2 (14%)
H-5 / Lþ2 (13%), H-4 / Lþ2 (47%)
H-6 / Lþ1 (36%), H-3 / Lþ2 (37%), H-1 / Lþ2 (12%)
H-6 / Lþ1 (15%), H-1 / Lþ2 (73%)
H-6 / Lþ1 (34%), H-3 / Lþ2 (54%)
H-5 / Lþ1 (65%), H-4 / Lþ1 (30%)
H-3 / L (89%)
H-8 / Lþ1 (69%)
H-3 / Lþ2 (69%)
H-7 / Lþ1 (73%)
H-2 / Lþ9 (15%), H-1 / Lþ5 (19%), H / Lþ9 (18%)
H-6 / Lþ1 (76%)
H-2 / Lþ6 (20%), H-1 / Lþ6 (12%), H-1 / Lþ7 (23%)
H-3 / L (12%), H-1 / Lþ3 (15%), H / Lþ3 (41%)
H-3 / L (36%), H-1 / Lþ2 (37%)
H-3 / L (38%), H-1 / Lþ2 (43%)
H-1 / Lþ1 (22%), H / Lþ1 (75%)
H-1 / L (27%), H / L (71%)
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the dcbpy ligand), Lþ1 (a p* orbital delocalized on the bpy ligand),
and Lþ6 and Lþ9 (p* orbitals centered on the three CO). TD-DFT
predicts that the lower energy band of (ReL)H3

2D, at around 371,
and predicted at 389 nm, is MLLCTRe(CO)3/bpy in nature. This
observation contrasts with the prediction for the lower energy
band of (ReL)L, which is MLLCTRe(CO)3/dcbpy in nature (See Figs. 4
and 5). The higher energy band of (ReL)H3

2D, observed at 253 nm
and predicted to be at 257 nm, is nearly a pure intra ligand elec-
tronic transition of bpy with a minor contribution from the dcbpy
(the contributions of the Re(I) center which were present in the
electronic transition at 252 nm in (ReL)� have disappeared here).
The bands at 295, 316 and 331 nm, predicted at 295.6, 317 and
329 nm, respectively, are an admixture of MLLCTRe(CO)3/dcbpy and
intra ligand transitions of dcbpy. From the above analysis it is
evident that protonation of (ReL)L to yield (ReL)H3

2D, moves the
MLLCTRe(CO)3/bpy transition from 327 nm (predicted for (ReL)L) to
389 nm (predicted for (ReL)H3

2D).
Fig. 5. Molecular orbital diagrams for complex (ReL)H3
2D. HOMO and Lþ1 are the

major MOs involved in the lower energy transition (lmax ¼ 371 nm), while orbitals
LUMO, Lþ2, H-3 and H-7 are the major contributors to the electronic spectrum in the
220e350 nm range.

Fig. 4. Molecular orbital diagrams for complex (ReL)L. H-6 and LUMO are the major
MOs involved in the lower energy transition (lmax ¼ 361 nm), while orbitals Lþ1, H-9,
H-10 and H-12 are the major contributors to the electronic spectrum in the 220e
350 nm range.
The calculated electronic spectra of (ReL)L, (ReL)H, (ReL)H2
D

and (ReL)H3
2D are simulated from the theoretical results to ease the

comparisonwith experimental data. The simulationwas performed
with the following function [75]:

IðEÞ ¼ 1
p

X

i

s$fi
s2 þ ðE � 3iÞ2

where I is the peak intensity in the spectrum at a given energy E, 3i
is the calculated energy of the electronic transition, s is the band
width and fi is the intensity of the electronic transition. In the
absence of a theoretical basis, s is often used as a fitted parameter.
The simulations are shown in Fig. 6 in comparison with the spectra
of the contributing species to the spectral changes of protonation
studies (Fig. 2). The comparison is quite satisfactory and the
simulated spectra of (ReL)L, (ReL)H, (ReL)H2

D and (ReL)H3
2D follow

approximately the trend of the spectral changes in Fig. 1 in the UVe
vis region. Moreover, the displacement of the lower energy band,
from w362 nm at neutral pH to 376 nm at pH ¼ 1 (Fig. 1b) is in



Fig. 6. Comparison of the spectral shapes for the four species obtained from chemometric analysis of UVevis spectral changes of Fig. 1a and b (black lines) with TD-DFT calculated
electronic transitions (blue lines) and simulated spectra (red lines) for (ReL)L, (ReL)H, (ReL)H2

D and (ReL)H3
2D.

H.H. Martinez Saavedra et al. / Journal of Organometallic Chemistry 745-746 (2013) 470e478 477
agreement with the change in the nature of the lower energy band
(predicted by TD-DFT calculations) from MLLCTRe(CO)3/dcbpy in
(ReL)L (lmax ¼ 371 nm) to MLLCTRe(CO)3/bpy in (ReL)
H3

2D(lmax¼ 389 nm). It is to noteworthy that the bandwidth, s, was
chosen to approximately fit the experimental absorption peaks in
the 250e350 nm region by the calculated energies. By choosing a
fixed value of s, a reasonable good agreement between theory and
experiment is observed in that wavelength region though a lesser
agreement is found at the region of the low energy band
(l > 350 nm). By choosing a higher value of s, a better agreement
can be achieved in the region of the low energy band, however
losing the relative good agreement between calculated and
observed spectra in the 250e350 nm region. This is a consequence
of the band width being dependent on a particular electronic
transition rather than being the same for the whole spectrum.
4. Conclusion

A new Re(I) complex, Bu4N[(bpy)Re(CO)3(dcbpy)], has been
obtained successfully and characterized by 1H NMR, FTIR and ESI.
Due to its zwitterionic structure, it has a good solubility in water.
From protonation studies, three pKa values could be obtained from
chemometric analysis of pH-dependent spectral changes. Those
values of pKa were assigned to the protonation of 4,40-bipyridine
ligand (pKa1 ¼ 5.0) and to the acidebase equilibrium of the two
carboxylate groups (pKa2 ¼ 3.0 and pKa3 ¼ 2.0) in dcbpy. TD-DFT
calculations showed that at neutral pH, where (ReL)L is the pre-
dominant species, the lower energy band of the complex has
MLLCTRe(CO)3/dcbpy character while at pH ¼ 1, where (ReL)H3

2D is
the most abundant, the nature of the lower energy band switches
to MLLCTRe(CO)3/bpy. This change in the nature of the lower energy
band is responsible for the overall spectral changes in the 350e
500 nm range after protonation of the Re(I) complex. The calculated
electronic spectra of (ReL)L, (ReL)H, (ReL)H2

D and (ReL)H3
2D were
in good agreement with the spectral profiles of the contributing
species to the spectral changes of protonation studies.
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