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Abstract This article presents a combined experimental
and computational study of Ru(II) complex containing 2,5-
pyridinedicarboxylic acid ligand. The novel complex
[Ru(py-2,5-COOH),(PPh3),]-3H,0 has been obtained in
the reaction of [RuCl,(PPhs)s] with 2,5-pyridinedicarbox-
ylic acid in methanol and has been studied by IR, IH, 3p
NMR, UV-Vis spectroscopy, and X-ray crystallography.
The electronic structure of [Ru(py-2,5-COOH),(PPhs),]
has been calculated with the density functional theory
(DFT) method. The spin-allowed electronic transitions of
the complex have been calculated with the time-dependent
DFT method, and the UV-Vis spectrum has been discussed
on this basis and rationalized by determination of ligand
field splitting (10Dq) and Racah’s parameters from the
experimental spectrum. The luminescence property of the
complex has been examined.

Keywords Ruthenium(II) complex -
2,5-Pyridinedicarboxylic acid - X-ray structure -
Electronic structure - DFT calculations - Fluorescence

Introduction

The coordination chemistry of ruthenium is a field of current
growing interest from various viewpoints. The attention of
scientists concentrates on synthetic aspects, structural,
physicochemical properties, and reactivity. The pyridine
derivative ligands have energetically low lying m-antibond-
ing orbitals, which can accept electrons from filled d orbitals
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of metal atoms. In consequence, they can exhibit charge
transfer bands with interesting spectroscopic properties in
the visible region [1]. Ligands containing pyridine ring are
wide studied and their m-donor properties are interesting.
Their combination with other donor atoms should in prin-
ciple afford complexes with tunable spectroscopic properties
[2]. Furthermore, phosphine ruthenium(Il) complexes with
N-donor ligands are still of interest for their potential
applications as well biological activity [3-9].

The azine ligands have energetically low lying
n-antibonding orbitals, which can accept electrons from
filled metal d orbitals. In consequence, they can exhibit
charge transfer bands with interesting spectroscopic prop-
erties in the visible region [1]. Ligands containing pyridine
ring are wide studied and their m-donor properties are
interesting. Its combination with other donor atoms should
in principle afford complexes with tunable spectroscopic
properties [2, 10, 11].

Hence, synthesis and spectral characterization of new
ruthenium complexes containing triphenylphosphine are of
great importance. Earlier was published the complex with
2,3-pyridine dicarboxylic acid ligand in which triphenyl-
phosphine ligands were in trans position [12].

In this communication, the 2,5-pyridinedicarboxylic
acid was used as ligand, and in the obtained complex,
ligands (PPh;, py-2,5-COOH) were in cis positions.
The quantum chemical study included a characterization of
the molecular and electronic structures of the complex by
analysis of optimized molecular geometries, electronic
populations using the natural bond orbitals scheme.
The latter was used to identify the nature of the interactions
between the ligands and the central ion. The calculated
density-of-states (DOS) showed the interactions and
influences the orbital composition in the frontier electronic
structure. The time-dependent density functional theory
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(TD-DFT) was finally used to calculate the electronic
absorption spectra. Based on a molecular orbital scheme,
these results allowed the interpretation of the UV-Vis
spectra obtained at an experimental level. The complex
reported in this article combines the interest in ruthenium
phosphine coordination compounds and complexes con-
taining pyridine derivative ligands [13-19].

Experimental

All other reagents were commercially available and were
used without further purification.

Synthesis of the [Ru(py-2,5-COOH),(PPhs),]-3H,0O
complex

[RuCl,(PPh3)s] (0.19 g, 0.2 mmol) and 2,5-pyridinedicar-
boxylic acid (0.06 g, 0.4 mmol) in CH;0H (80 cm3) were
refluxed for 3 h. The starting material gradually dissolved
and the color of the reaction solution became red-brown.
The reaction solution was filtered, and the single crystals
were obtained by slow evaporation of solvent. Yield 69%.

IR: 3455 vou; 3058 vppms 1715 veoomn; 1594 veoo; 1562
vens; 1481 5(C—CH in the plane)> 1433 vpnep_pny; 1352, 1286,
1274 vco0; 1090 d(c_cH in the plane)s 7995 747 d(c—c out of the
plane)s 691 5(C—C in the plane)s 521, 488 vp_ph, Ru-N-

"H NMR (v, CDCl5): 7.820-7.476 (m, PPhs/pyridine).
3P NMR (8, CDCls): 29.175 (s, PPh3), 22.183 (s, PPhs).

UV-Vis (methanol, 2 [nm] (log ¢)): 444 (1.14), 332
(1.97), 305 (sh), 265 (2.74), 212 (4.98).

Physical measurements

Infrared spectrum was Perkin Elmer FT-IR spectropho-
tometer in the spectral range 4000—450 cm™' with the
sample in the form of KBr pellet. Electronic spectrum was
measured on a Lab Alliance UV-Vis 8500 spectropho-
tometer in the range of 600—180 nm in methanol solution.
'H and *>'P NMR spectra were obtained at room tempera-
ture in CDCl; using a Bruker 400 spectrometer. Lumi-
nescence measurement was made in methanolic solutions
on an F-2500 FL spectrophotometer at room temperature.

DFT calculations

The calculations were carried out using the Gaussian09
[20] program. The DFT/B3LYP [21] method was used for
the geometry optimization and electronic structure deter-
mination, and electronic spectra were calculated by the
TD-DFT [22] method. The calculations were performed
using a DZVP basis set [23] with f functions having
exponents of 1.94722036 and 0.748930908 for ruthenium
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atom, and polarization functions for all other atoms:
6-31 g**—carbon, nitrogen and 6-31 g—hydrogen.
The PCM (polarizable continuum model) solvent model
[24] was used in the Gaussian calculations with methanol
as the solvent. The contribution of a group to a molecular
orbital was calculated using Mulliken population analysis.
GaussSum 2.2 [25] was used to calculate group contribu-
tions to molecular orbitals and to prepare partial DOS
spectra. The DOS spectra were created by convoluting the
molecular orbital information with Gaussian curves of unit
height and FWHM (Full Width at Half Maximum) of
0.3 eV.

Crystal structure determination and refinement

X-ray intensity data were collected with graphite mono-
chromated Mo K, radiation at temperature of 150.0(2)K,
with @ scan mode. Lorentz, polarization, and empirical
absorption correction using spherical harmonics imple-
mented in SCALE3 ABSPACK scaling algorithm [Cry-
sAlis RED, Oxford Diffraction Ltd., Version 1.171.29.2]
were applied. The structure was solved by the Patterson
method and subsequently completed by the difference
Fourier recycling. All the non-hydrogen atoms were refined
anisotropically using full-matrix, least-squares technique.
All the hydrogen atoms were found from difference Fourier
synthesis after four cycles of anisotropic refinement, and
refined as “riding” on the adjacent carbon atom with
individual isotropic temperature factor equal 1.2 times the
value of equivalent temperature factor of the parent atom.
The Olex2 [26] and SHELXS97, SHELXL97 [27] pro-
grams were used for all the calculations. Details concerning
crystal data and refinement are gathered in Table 1.

Results and discussion

The complex was synthesized by a simple reaction between
[RuCl,(PPh3);] and chemically twofold quantities of the
ligand in refluxed methanolic solution. In the IR spectrum
of the complex, the v(C—O) bands are found decreased
scientifically compared to the free ligand and appeared in
the 1594 and 1352-1274 cm™" regions corresponding to
the v,,(C-0) and v((CO) modes of the coordinated car-
boxylate moiety. This considerable difference between v,
and v is indicative of strong coordination of the carbox-
ylate oxygen to the ruthenium(Il) acceptor center.
The presence of a band at the 1715 cm™' indicates the
carboxylic group not involved in coordination.

The complex crystallises in monoclinic P2;/n space
group in solvated form by three water molecules. Figure 1
presents the molecular structure of the complex, and the
selected bond distances and angles are collected in Table 2.
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Table 1 Crystal data and structure refinement details of [Ru(py-2,5-
COOH),(PPh3),]-3H,0 complex

Table 2 Selected bond lengths [10\] and angles [°] for [Ru(py-2,5-
COOH),(PPhj3),] with the optimized geometry values

Empirical formula RuOgN,P,C50Hzg, 3(H,0)

Formula weight 1011.88

Temperature, K 150.0(2) K

Crystal system Monoclinic

Space group P2,/n

Unit cell dimensions

a, A 11.238(2)

b, A 21.182(4)

c, A 18.731(4)

p 94.87(3)

Volume, A’ 4442.7(15)

Z 4

Calculated density [Mg/m?] 1.513

Absorption coefficient, mm~! 0.492

F(000) 2080

Crystal dimensions, mm 0.3 x 0.1 x 0.08

0 range for data collection, ° 2.91-25.05

Index ranges -8 <h<13
—24 <k<25
-22<1<22

Reflections collected 27940

Independent reflections 7854 [Rinyy = 0.0519]

Data/restraints/parameters 7854/0/614

Goodness-of-fit on F? 0.983

Final R indices [/ > 20(])] R, = 0.0353
wR, = 0.0728

R indices (all data) R, = 0.0590
wR, = 0.0760

Largest diff. peak and hole 0.897 and —0.458

Fig. 1 Molecular structure of [Ru(py-2,5-COOH),(PPh3),]

Exp Calc
Bond lengths [1&]
Ru(1)-N(1) 2.077(2) 2.138
Ru(1)-N(2) 2.095(2) 2.139
Ru(1)-0(1) 2.101(2) 2.131
Ru(1)-0(5) 2.108(2) 2.131
Ru(1)-P(1) 2.3397(9) 2.426
Ru(1)-P(2) 2.3422(9) 2.427
Angles [°]
N(1)-Ru(1)-N(2) 86.04(9) 84.05
N(1)-Ru(1)-0O(1) 78.44(9) 77.76
N(2)-Ru(1)-0(1) 90.09(9) 93.88
N(1)-Ru(1)-0(5) 89.64(9) 93.88
N(2)-Ru(1)-0(5) 78.16(9) 77.76
O(1)-Ru(1)-0O(5) 163.88(8) 168.85
N(1)-Ru(1)-P(1) 88.57(7) 89.06
N(2)-Ru(1)-P(1) 174.29(7) 172.32
O(1)-Ru(1)-P(1) 86.98(6) 87.95
O(5)-Ru(1)-P(1) 103.71(6) 99.39
N(1)-Ru(1)-P(2) 174.66(7) 172.29
N(2)-Ru(1)-P(2) 88.99(7) 89.04
O(1)-Ru(1)-P(2) 103.54(6) 99.39
O(5)-Ru(1)-P(2) 87.43(6) 87.95
P(1)-Ru(1)-P(2) 96.46(3) 98.03

The structure can be can be considered as a distorted
octahedral with the largest deviation from the expected 90°
bond angles coming from the bite angle of 2,5-pyridine-
dicarboxylic acid. It equals to 78.16(9)° and 78.44(9)° for
N(2)-Ru(1)-O(5) and N(1)-Ru(1)-O(1) angles, respec-
tively. The angles are practically the same indicating
identical binding of the two pyridine derivative ligands.
The P(1)-Ru(1)-P(2) angle is greater than 90° (96.46(3))
which may be attributed to the steric interactions between
bulky PPh; ligands. The mutually cis position of triphen-
ylphosphine ligands confirms two signals of the *'P NMR
spectrum at 29.175 and 22.183 ppm. The bond length is
normal and comparable with ruthenium(II) complexes with
N-carboxylate-donor ligands. The C=0O bonds of the
coordinated moiety (1.243(4) A)is slightly longer (~0.04
A) and the C-O bonds (1.276(3) A) is shorter (~0.02 A)
than the corresponding bonds length of the free carboxyl.
In the structure, several weak inter- and intramolecular
hydrogen bonds exist [28] collected in Table 3. The crystal
packing with some of hydrogen bonds are presented on the
Fig. 2. In the structure of the complex, some electronic
interactions (n—7 stacking) between PPh; phenyl and pyr-
idine dicarboxylic acid ring is visible. Figure 3 presents the
alignment of centroids formed by pyridine and phosphine
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Table 3 Hydrogen bonds for [Ru(py-2,5-COOH),(PPhs;),]-3H,O (A and °)

D-H--A d(D-H) d(H--A) d(D--A) /(DHA)
C(2)-H(2)--0(2) #1 0.93 2.51 3.190(4) 130
C(5)-H(5)--0(4) 0.93 2.45 2.769(4) 100
C(5)-H(5)--0(5) 0.93 2.52 3.056(3) 117
C(8)-H(8)---O(1) 0.93 2.55 3.092(4) 118
C(20)-H(20)---O(5) 0.93 2.38 3.265(4) 158
C(30)-H(30)--0(4) #2 0.93 2.55 3.305(4) 148
C(40)-H(40)---O(5) 0.93 2.40 3.235(4) 149
C(50)-H(50)---0(1) 0.93 231 3.197(4) 158
O(97)-H(97A)--O(2) #3 0.98(6) 2.35(6) 3.070(5) 129(4)
O(98)-H(98A)---O(6) #3 0.862(10) 1.92(2) 2.732(4) 157(5)
O(99)-H(99A)---O(98) 0.876(10) 2.30(5) 2.736(5) 111(4)
0(99)-H(99B)---0(97) 0.856(10) 1.97(2) 2.773(5) 156(5)

Symmetry transformations used to generate equivalent atoms: #1 1 — x, 2 —y, —z; #2 =112 + x,32 —y, =12 + zz#3 1 —x,2 —y, 1 — 2

A r
b7
{ \

Fig. 2 The crystal packing of [Ru(py-2,5-COOH),(PPh;),]-3H,O
complex

phenyl rings. The plane-to-plane distance between the
#Ph(P) centroid, determined by C(33) to C(38) carbons,
and pyridine ring is equal to 3.345 A, and the angle
between the between normal to #Ph(P) and #py is 9.97°
indicating n—mn stacking interaction.

To obtain an insight in the electronic structures and
bonding properties of the complex, calculations using the
density functional theory (DFT) method with the B3LYP
functional of GAUSSIAN-09 were carried out. Before the

@ Springer

Fig. 3 The mn-stacking interactions in the [Ru(py-2,5-COOH),
(PPh3),]-3H>O molecule

calculations, their geometries were optimized in singlet
states using the DFT method with the B3LYP functional. In
general, the predicted bond lengths and angles are in a
good agreement with the values based on the X-ray crystal
structure data, and the general trends observed in the
experimental data are well reproduced in the calculations.
The stabilization energies calculated in NBO [29] analysis
have shown that the 2,5-pyridinedicarboxylic ligands
donate the charge to ruthenium, and the stabilization
energy is 353.70 kcal/mol, while the back donation is
(Ru — py-2,5-COOH) 76.02 kcal/mol. The data suggest
that the donation from ligands to dg, orbitals plays a role in
the electronic structure of the complex which can be seen
in the natural atomic charge on the ruthenium central ion in
the complex is —0.025.
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Fig. 4 The density-of-states (DOS) and overlap DOSs (inset)
diagrams for [Ru(py-2,5-COOH),(PPhs),] complex

In the frontier region, neighboring orbitals may be a quasi-
degeneracy of the energetic levels, and taking into consid-
eration only the HOMO and LUMO may not yield a realistic
description of the frontier orbitals. For this reason, the DOS
and overlap population density-of-states (OPDOS) in terms
of Mulliken population analysis were calculated using the
GaussSum program. They provide a pictorial representation
of MOs compositions and their contributions to chemical
bonding. The DOS and OPDOS diagrams are shown in
Fig. 4, and they may enable us to ascertain the bonding,
nonbonding, and antibonding characteristics with respect to
the particular fragments. A positive value in OPDOS plots
means a bonding interaction, while a negative value repre-
sents antibonding interaction, and a near zero value indicates
a non-bonding interaction. From the DOS plot of the com-
plex, one can see that the dg, orbitals play significant role in
frontier HOMO orbitals with contribution of pyridine
derivatives ligands. The frontier LUMOs are localized on the
py-2,5-COOH ligands and in the higher virtual orbitals
(LUMO + 4 to LUMO + 7) participate the d orbitals of
ruthenium central ion. The interaction of ruthenium d orbi-
tals with py-2,5-COOH ligands causes noticeable increases
inenergy levels of highest HOMO orbitals, which is reflected
in the fact that the presence of PPh; is visible at lower
occupied orbitals (HOMO-4). Additionally, the change in
energy levels of molecular orbitals refers to luminescent
properties of the complex. On the OPDOS plot (inset in
Fig. 4), the antibonding interaction between py-2,5-COOH
ligands and ruthenium(II) central ion in the frontier HOMO
and LUMO orbitals is visible. The values of the interaction
and mentioned earlier stabilization energies indicate the
ligand as a strong o-donor and medium 7-acceptor.

Based on the pseudo-octahedral geometry of the studied
complexes and taking into account the d—d transitions

assigned to lA1 - lTl and 1A1 — 1T2 in octahedron (or
'A, > 'A,/B,/E in lower symmetry fields), the ligand field
parameter 10Dq can be estimated to 23592 cm™" for the
complex. Adequately, Racah’s parameters are B = 475
ecm™'; C = 1891 cm™" and the nepheloauxetic parameter
has value §55 = 0.66. The values of Racah parameters are in
consistence with the calculated Mayer bond orders [30]
pointing covalent character of the bonds between ruthenium
and 2,5-pyridinedicarboxylic acid (Ru-N 0.8, Ru-O 0.9,
Ru-P 1.6).

The electronic spectrum of the complex was calculated
with the TDDFT method with methanol as solvent in the
PCM. The longest wavelength experimental band (444 nm)
originates in the H—1 — L+1 (92%) and H—2 — LUMO
(97%) transitions. As the HOMO-1 an HOMO-2 are delo-
calized on central ion and py-2,5-COOH ligands, whereas the
LUMO and LUMO + 1 are formed of n*-bonding orbitals of
pyridine dicarboxylic ligand the transitions can be seen as a
delocalized MLLCT (Metal-Ligand-to-Ligand CT) transi-
tions. The same character can be assigned to the experimental
absorption at 332 nm (dry — 70 -tigana H—3/—4 — LUMO
(68%), H—2 — L+3 (91%) and dg, — mp, H—2 — L+4
(41%), H—2 — L+5 (23%)). The experimental absorption
band at 265 nm can be attributed to Metal-Ligand Charge
Transfer transitions occurring from the d ruthenium orbitals to
py-2,5-COOH and PPh; ligands (H—1 — L+11 (23%),
HOMO — L+10 (66%); H-2 — L+8 (81%); H-2 —
L+9 (97%)). The highest experimental bands close to 212 nm
may result from transitions in the PPhs ligands and from
n — m* excitations in the pyridine carboxylic ligands.

Emission property of the complex has been examined in the
methanol solution (with concentration of 1-10~> mol/dm?) at
room temperature. Figure 5 presents the fluorescence 2D map
and the plot of emission spectrum.

The excitations at 340 and 439 nm gave two emission
peaks with maxima at 430 and 510 nm. The excitation at
shorter wavelength gave much stronger emission (/43¢/
Is;o = 5.5:1). The emissions originating from the lowest
energy metal-to-ligand charge transfer (MLCT) state,
derived from the excitation involving a d, — nf}gand tran-
sition are observed. The assignment is supported by the
analysis of the frontier orbitals of the complex showing a
partial contribution of ligands nature. Moreover, the dif-
ferences in the intensity of the fluorescence maxima can be
associated with the higher share of the ligands (py-2,5-
COOH and PPh3) the molecular orbitals involved in the
transitions at 340 nm.

Summarizing, new ruthenium(II) complex with pyridine
dicarboxylic acid ligands has been synthesized. The
molecular structure of the complex is determined by X-ray,
and the spectroscopic properties as infrared, 'H, *'P NMR
spectra were studied. Based on the crystal structures, the
computational studies were carried out in order to
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Fig. 5 Fluorescence 2D map
and spectrum of [Ru(py-2,5-
COOH),(PPhj3),] complex in
methanolic solution

EX(nm)

800 -

700

600 -

500 —

400

a.u

300 o

200

100 +

exc=439 nm

450 500

determine the electronic structure. The electronic spectrum
was calculated with the use of TD-DFT method, and the
transitions character was commented in connection with
structure of molecular orbitals. Emission property of the
complex has been examined. Emissions originating from the
lowest energy metal-to-ligand charge transfer (MLCT) state,
derived from the excitation involving a d, — ﬁ;gand transi-
tion are observed. The assignment is supported by the anal-
ysis of the frontier orbitals of the corresponding complex
showing a partial contribution of ligands nature.

Supplementary data

Supplementary data for CsoH3gN,OgP,Ru-3(H,0) is
available from the CCDC, 12 Union Road, Cambridge CB2
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1EZ, UK on request, quoting the deposition number
817684.
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