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Analysis of vibrational spectra (FT-IR and VCD) and
nonlinear optical properties of [Ru(L)3]

2+ complexes

NASARUL ISLAM and ALTAF HUSSAIN PANDITH*

Department of Chemistry, University of Kashmir, Srinagar, India

(Received 5 March 2014; accepted 16 August 2014)

Density functional theory calculations were performed on [Ru(L)3]
2+ (L = 1,10-phenanthroline, 2,2′-

bipyridine, 2,2′-bipyrimidine, 2,2′-bipyrazine) complexes by employing B3PW91 functional and
LAN2DZ basis set to predict their spectra and nonlinear optical response. The geometrical and coordina-
tion energy studies explained that the stability of [Ru(L)3]

2+ metal complexes depends on the extent of
interaction of the dπ orbitals of Ru2+ with the π* ligand orbitals, which is maximum for 1,10-phenan-
throline. The two enantiomers of the [Ru(L)3]

2+ show IR absorption peaks in the region of 1100–
1800 cm−1, and a slight shift occurs to lower frequency by solvent. The vibrational circular dichroism
peaks of [Ru(phen)3]

2+ had major contribution from out-of-phase stretching of 1,10-phenanthroline rings
and a minor contribution from H–C=C–H wagging and C=C stretching of rings. Maximum hyperpolar-
izability was observed for [Ru(phen)3]

2+ due to stronger anharmonicity in the π-electron system. Among
the [Ru(L)3]

2+ (L = bpy, bpm, and bpz) complexes, [Ru(bpm)3]
2+ shows enhanced hyperpolarizability

due to increase in the dipole along the X-direction. In derivative Ru2+ complexes, we found that hyper-
polarizability depends on electron-donating capability of the substituent. As per FMOs study, the HOMO
is predominantly metal fragment based, the LUMO is primarily ligand based, and the larger value of
hyperpolarizability corresponds to the lower ELUMO–EHOMO gap, reflecting that nonlinear optical
response is a consequence of additive dipolar responses of charge transfer and hyperpolarizability.
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Hyperpolarizability
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1. Introduction

Due to their rich photochemistry and photosensitizing applications, d6 coordination com-
plexes having nitrogen heterocyclic ligands, such as 1,10-phenanthroline (phen), 2,2′-bipyri-
dine (bpy), 2,2′-bipyrimidine (bpm), 2,2′-bipyrazine (bpz) and their derivatives, have
received much attention during the last two decades. Ruthenium complexes with organic
ligands, in particular, possess long-lived metal-to-ligand charge transfer (MLCT) excited
states and exhibit interesting properties having applications in electrochemistry, photolumi-
nescence, solar energy conversion, dye-sensitized solar cells (DSSCs), sensors and nonlin-
ear optics [1–10]. According to Kinnunen et al. [11], electrochemical applications of
bipyridine/pyridine-substituted ruthenium systems are based on the relatively low MLCT
energy, which mainly involves electron transfer from metal d-orbitals to ligand π*-orbitals.
Ru(II) complexes [RuL3]

2+ (L being nitrogen containing ligands) possess sufficiently high
thermal and chemical stability and are mostly studied due to their rich photophysical and
redox properties [12, 13]. Because of their chemical stability, facile electron transfer, strong
luminescence emission, and relatively long-lived excited states [14, 15], such compounds
have potential applications in nonradioactive DNA probes or therapeutic agents [16–23]
and molecular recognition [24–27]. This class of compounds has been incorporated in solar
energy-harvesting devices. The discovery of the optoelectronic properties of [Ru(bpy)3]

2+

[28, 29] has stimulated research, where a landmark was the development of DSSCs by
Gratzel and co-workers with a ruthenium(II)-coordination compound (molecular sensitizer
or dye) constituting the most critical part of the cell [30]. Ru(II) polypyridine complexes
[RuL3]

2+ have attracted attention in connection with the development of artificial multicom-
ponent systems for photoinduced electron or energy transfer and other related photonic
devices [31]. The [Ru(L)3]

2+-type complexes have distorted octahedral geometry with D3

symmetry, L being noncylindrical bidentate ligands (see figure 1), and exist in two enantio-
meric forms, Δ and Λ.

Recently, quantum chemical computations on transition metal complexes, applying the
Density functional theory (DFT) method, have been reported [32–44]. According to Amer
et al. [15], electronic properties of [Ru(L)3]

2+ complexes can be effectively manipulated by
ligand exchange or modification. It has been reported that the variation of the ligand sphere
can induce changes in the electron distribution around the metal center and, in turn, modify
the photochemical properties of the complexes [45]. Density functional MO (molecular
orbital) calculations for stacked DNA base pairs using [Ru(L)3]

2+ backbones were reported
by Kurita and Kobayashi [46]. Ziegler et al. calculated electronic structures and circular
dichroism spectra of bpy and phen complexes of iron(II) using the TD-DFT method [47].
Zheng et al. reported studies on disubstitution effects, electron structures, and related prop-
erties in some Ru(II) polypyridyl complexes using DFT [48]. These theoretical studies at
electronic structures level aimed at elucidation of the structural properties, and
structure-activity relationships of such complexes are very significant in guiding experimen-
tal work. Structural, spectral, and chiroptical properties of a number of chiral [M(L)3]

n+

complexes have been investigated by several workers, employing quantum chemical
computations [34, 49].

Vibrational circular dichroism (VCD) measures the differential absorption of left versus
right circularly polarized IR light during molecular vibrational excitations. VCD is a valu-
able technique for determining the solution conformation of chiral transition-metal com-
plexes [49]. The unique nature of VCD spectroscopy results from the combination of a
number of vibrational transitions spanning the (3N-6) vibrational modes of a chiral
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molecule, N, being the number of atoms in the molecule [50]. Extending the application of
ab initio analysis, computationally, VCD and IR band assignments in the gas and liquid
phases were evaluated for a large number for transition metal complexes [39–44, 51–53].

The work reported here was carried in two parts. In first part, we simulated infrared (IR)
and VCD spectra of [Ru(phen)3]

2+, [Ru(bpy)3]
2+, [Ru(bpm)3]

2+, and [Ru(bpz)3]
2+ com-

plexes in different solvents, on their optimized molecular structures, using DFT. In the sec-
ond part, we calculated nonlinear optical properties of these complexes and their
derivatives.

2. Computational details

The quantum chemical computations on Ru2+ complexes were performed using the Gauss-
ian 03 quantum chemistry package [54]. The initial geometries were optimized by the DFT
method by employing Becke’s three-parameter hybrid functional B3PW91 and LAN2DZ
basis set [55, 56]. That the optimized structures are real energetic minima was established
by getting positive values for all the frequencies on the potential energy surface. IR and
VCD spectra of two enantiomeric forms (Δ and Λ) were calculated at the same level of the-
ory. The VCD intensities were calculated with the magnetic field perturbation method [57]
implemented in the Gaussian 03 set of codes, using Gage Invariant Atomic Orbitals. In
order to obtain real-time spectral frequencies, all the calculated frequencies were uniformly
scaled by 0.97 for all the conformers. The excited state characteristic excitation energy
(in nm) and oscillator strength of the ultraviolet and circular dichroism spectral peaks were
calculated using TD-DFT approach [58], employing B3PW91 exchange correlation
functional and LAN2DZ basis set on initially optimized geometries of neutral molecules in
gas phase and ethanol solution. The polarizable continuum model (IEFPCM) was used for
modeling the effects of solvent on the molecular properties of complexes [59]. The total
dipole moment (μ), average linear polarizability (α), and first-order hyperpolarizability (β)
were calculated from Gaussian 03 W output files using equations (1)–(3) [60].

l ¼ ðl2x þ l2y þ l2zÞ (1)

a ¼ 1

3
ðaxx þ ayy þ azzÞ (2)

b ¼ ½ðbxxx þ bxyy þ bxzzÞ2 þ ðbyyy þ byzz þ byxxÞ2 þ ðbzzz þ bzxy þ bzyyÞ2�
1
2 (3)

The B3PW91 functional was chosen based on numerous earlier studies which suggest it
to be efficient and reasonably accurate in predicting ground and excited state energies of a
broad range of organic molecules and inorganic complexes [38, 42, 43, 61, 62].

3. Results and discussion

3.1. Molecular geometry

The optimized structures of all the studied compounds with atom numbering scheme are
shown in figure 2. Some selected structural parameters (bond lengths and angles) of the four
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[Ru(L)3]
2+ complexes are listed in table S1 (see online supplemental material at http://dx.

doi.org/10.1080/00958972.2014.961921), along with their corresponding experimental data
[34, 63] and root mean square error. From a comparison between optimized and experimen-
tal parameters, we find that the optimized bond lengths and bond angles of optimized
structures are closer to experimental ones, agreeing within a range of 0.05–0.09 Å and
0.5°–1.0°, respectively. The negligible differences in the structural parameters may be
ascribed to the fact that the experimental values are for crystalline molecular aggregates
having intermolecular interaction, whereas theoretical studies are calculated for gas-phase
isolated molecule. The Cartesian coordinates of all the calculated optimized geometries are
given in table S2 (Supplementary material). From table S1, it is clear that the Ru–N bond
distances increase in the sequence Ru–N(bpz) (2.1035 Å) < Ru–N(bpm) (2.1041 Å) < Ru–
N(bpy) (2.1095 Å), as expected on the basis of the π-back bonding interaction between the
dπ orbitals of ruthenium(II) and the π* ligand orbitals of different ligands. For example, the
Ru–N distance is shorter in the case of [Ru(phen)3]

2+ complexes than in [Ru(bpy)3]
2+

derivatives, phen being a better π acceptor than bpy. In order to discuss theoretically the
coordination stabilities of the complexes, we calculated their coordination energy (ΔE) [64]
and free energy change (ΔG) using equations (4) and (5). Further, change in free energy
was correlated with log K using equation (6),

DE ¼ E2þ
Ru þ 3EL� Ecomplex (4)

where E2þ
Ru , EL, and Ecomplex are the energies of metal ion, ligand, and the complex,

respectively (L = bpy, bpm, bpz, phen)

DGcomplex ¼ Gcomplex � ðG2þ
Ru þ 3GLÞ (5)
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Figure 1. Sketches of the ligand structures (a) 1,10-phenanthroline, (b) 2,2′-bypridine, (c) 2,2′-bipyrimidine, and
(d) 2,2′-bipyrazine and derivatives of Ru(II) complexes.
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Figure 2. Optimized geometry of the Δ and Λ enantiomers of [Ru(phen)3]
2+, [Ru(bpy)3]

2+, [Ru(bpm)3]
2+ and [Ru

(bpz)3]
2+.

Table 1. Computed values of SPE (a.u.), coordination energy (ΔEwater), free energy change (ΔG), and stability
constants (log K) calculated at B3PW91/LAN2DZ level of theory.

SPE (gas)
SPE
(ethanol) SPE (water)

SPE
(acetonitrile) ΔE (water) ΔG (water) Log K

[Ru
(phen)3]

2+
−1787.3793 −1787.5628 −1787.5706 −1787.5654 1.1888 2907.917 3.861697

[Ru(bpy)3]
2+ −1561.4663 −1561.6568 −1561.6647 −1561.6594 1.1737 2890.432 3.213631

[Ru
(bpm)3]

2+
−1656.0827 −1656.2976 −1656.3022 −1656.3004 1.1102 2724.968 3.175763

[Ru(bpz)3]
2+ −1656.0365 −1656.2650 −1656.2775 −1656.0365 1.0486 2562.609 3.148258

Ru(II) −92.7127 −93.4621 −93.4840 −93.4725
Phen −564.4959 −564.5080 −564.5087 −564.5080
Bpy −489.1933 −489.2051 −489.2058 −489.2050
Bpm −520.7533 −520.7682 −520.7690 −520.7684
Bpz −520.7584 −520.7682 −520.7690 −520.7586

3292 N. Islam and A.H. Pandith
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where G2þ
Ru , GL, and Gcomplex are the free energies of metal ion, ligand, and the complex,

respectively.

LogK ¼ �DGcomplex=2:303RT (6)

Theoretically computed values of single-point energy (SPE), coordination energy, free
energy change (ΔG), and stability constants (log K) for the studied complexes are reported
in table 1. From the values of their single-point energies, the ruthenium complexes are more
solvated in water as compared with acetonitrile and ethanol and the solvation energies par-
allel the polarity of the solvents. The coordination energy of complexes in water are [Ru
(phen)3]

2+ (1.1888) > [Ru(bpy)3]
2+ (1.1737) > [Ru(bpm)3]

2+ (1.1102) > [Ru(bpz)3]
2+

(1.0486). According to equation (4), the larger positive value of ΔE, and hence the greater
the algebraic value of the coordination energy, reflects greater stability of the complex. This

Figure 2. (Continued).
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indicates that Ru2+ forms more stable complex with phen than other ligands studied in this
work and the trend of their coordination stabilities follows the order [Ru(phen)3]

2+ > [Ru
(bpy)3]

2+ > [Ru(bpm)3]
2+ > [Ru(bpz)3]

2+. This stability order is also reflected from the order
of theoretically calculated stability constant (log K). The trend is consistent with the order
of the π-acid character of the studied ligands, being maximum for 1,10-phenanthroline.

3.2. Vibrational analysis

We have calculated the normal modes of vibration for both enantiomers of the Ru2+ com-
plexes under investigation. The two enantiomers, Δ and Λ, of these Ru2+ complexes show
no significant dissimilarities in the IR absorptions, but their VCD spectra have enantiomer-
specific features and can be used for the determination of the absolute configuration of the
particular enantiomer. There is slight shift in frequency to lower values by employing polar
(water) or less polar (ethanol or acetonitrile) solvent, reflecting the stability of Ru2+

complexes in polar solvents. Some selected simulated vibrational frequencies of the [Ru
(phen)3]

2+ and [Ru(bpy)3]
2+ complexes are compared with the experimental values, along

with proper assignments, in table S3 (see Supplementary material). The infrared spectrum
obtained for Ru2+ complexes displays characteristic peaks in the mid-IR regions 1100–
1800 cm−1. For [Ru(phen)3]

2+ (see figure 3), the IR absorption in mid-IR region are at
1172, 1358, 1400, 1436, 1451, 1481, 1511, 1637, and 1684 cm−1. These vibrations have
major contribution from out-of-phase stretching of 1,10-phenanthroline rings and a minor
contribution from H–C=C–H wagging and C=C stretching of rings. An additional IR band
appears at 3481 cm−1 corresponding to C–H stretch of 1,10-phenanthroline rings. Excitation
of Ru–C bond occurs at lower frequency, 765 cm−1. Figure 3 shows a remarkable solvent
effect. The IR bands have low intensity in solvent phases as compared with gaseous phase
and shift to lower frequencies, which may be attributed to the intermolecular interaction
occurring in solution. The vibrational frequencies observed for [Ru(L3)]

2+, where L = bpy,
bpm, and bpz, arise exclusively in the ligand part of the complex. IR spectra of three com-
plexes are remarkably similar except peak intensity. However, an additional peak appears in
the bmp complex at 1611 cm−1 [see figure 4 and figure S1 (Supplementary material)]. The
characteristic IR bands of [Ru(L3)]

2+ at 1278, 1323, 1365, 1446, 1489, 1610, and
1696 cm−1 are assigned to out-of-phase stretching of the aromatic rings and C=C stretching.
An additional IR band at 3489 cm−1 is attributed to terminal C–H stretch. Simulated IR
peaks for [Ru(bpy)3]

2+ and [Ru(phen3)]
2+ are in agreement with the experimental data (see

table S3, Supplementary material).
VCD spectra show a strong dependence on the configuration of ligands around the metal

complex, as expected for such systems. The VCD signal of [Ru(phen)3]
2+ due to out-of-

phase stretching modes of three 1,10-phenanthroline rings displays two doublets at 1139,
1154, 1267, and 1305 cm−1, respectively [see figure 5(a)], which show right (negative)
polarization for Δ-configuration and left (positive) polarization for Λ-configuration without
changing the sign of polarization. VCD signals for Δ and Λ configurations show opposite
polarization at 1480, 1586, and 1693 cm−1 with enhanced intensity, and change the sign of
polarization at the two frequencies (1520 and 1632 cm−1). The enhanced polarization may
be due to the combined effect of out-of-phase stretching and C=C stretching of 1,10-phe-
nanthroline rings. VCD spectra for C–H stretch of Ru(II) phen complex display negative
polarization for Δ-configuration at 3440 and 3480 cm−1 and positive polarization for

3294 N. Islam and A.H. Pandith
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Λ-configuration. In solution [figure 5(b)], there is an overall decrease in the intensity of the
VCD signals, most prominent at 1693 cm−1.

The simulated VCD spectra of [Ru(bpy)3]
2+ [see figure 6(a)] show a net negative polari-

zation (low intensity) at 1278 and 1701 cm−1 with gradual increase in intensity at 1520 and
1549 cm−1 for the Δ-configuration (opposite to Λ-configuration), and exhibit a prominent
change in polarization at 1521 and 1531 cm−1. These signals arise due to out-of-phase
stretch as well as bending of bipyridine rings. An additional peak has been observed with
negative polarization of Δ-configuration at 3485 cm−1 due to C–H stretch. The peak posi-
tion does not seem to show any solvent dependence; however, the intensity of peaks is
affected by changing the solvent, particularly from 1500 to 1600 cm−1 [see figure 6(b)],
which may be attributed to intermolecular interaction arising from solvent effects. The trend
in the VCD spectra of Δ-[Ru(bpm)3]

2+ and Λ-[Ru(bpm)3]
2+ (see figure S2) at 1194, 1417,

1418, 1464, and 1491 cm−1 matches the pattern of VCD spectra of Δ-[Ru(bpz)3]
2+ and

Λ-[Ru(bpz)3]
2+ [see figure S3 (Supplementary material)], respectively, except in the

enhancement of intensity for the latter two enantiomers. However, the VCD bands at 1163
and 1607 cm−1 show opposite polarization for Δ-[Ru(bpm)3]

2+ and Δ-[Ru(bpz)3]
2+;

Δ-[Ru(bpm)3]
2+ (Λ-[Ru(bpm)3]

2+) shows positive (negative) polarization, while Δ-[Ru
(bpz)3]

2+ (Λ-[Ru(bpz)3]
2+) shows negative (positive) polarization. In both [Ru(bpm)3]

2+ and
[Ru(bpz)3]

2+, the Δ-enantiomers are right polarized at 1119, 1194, 1417, and 1491 cm−1

and left polarized at 1418 and 1464 cm−1, while the sign of polarization at these frequencies

Figure 3. IR spectral intensity in the mid-IR region (1200–1800 cm−1) of [Ru(phen)3]
2+ in vacuum, ethanol,

water, and acetonitrile; a scale factor of 0.97 is used.
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is opposite for Λ-enantiomers. These VCD bands, which arise due to out-of-phase stretch-
ing normal modes of ligand, provide a clear resolution of the configurations of these chiral
ruthenium metal complexes. The VCD single pattern at these frequencies does not show
any significant change upon solvation, except for peak intensity, with maximum decrease in
intensity at 1464 cm−1.

Figure 4. IR spectral intensity in the mid-IR region (1200–1800 cm−1) of [Ru(bpy)3]
2+ (a) in vacuum and (b) eth-

anol, water, and acetonitrile; a scale factor of 0.97 is used.
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In order to understand the electronic absorption behavior, we employed TD-DFT/
LAN2DZ level of theory using the Gaussian 03 package for simulation of electronic
absorption spectra in gas phase and in ethanol. For investigating solvation effect on absorp-
tion behavior, we adopted the dielectric polarizable continuum model (IEFPCM), which
incorporates continuum as polarizable dielectrics. The calculated excitation energies, oscilla-
tor strength, and orbital contributions for [Ru(L)3]

2+ complexes are shown in table 2.

Figure 5. VCD spectral intensity in the mid-IR region (1100–1800 cm−1) of [Ru(phen)3]
2+ (a) in vacuum and (b)

ethanol, water and acetonitrile; a scale factor of 0.97 is used.
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[Ru(phen)3]
2+ shows a maximum absorption at 362 nm, whereas [Ru(bpy)3]

2+, [Ru
(bpm)3]

2+, and [Ru(bpz)3]
2+ show maxima at 356, 361, and 356 nm, respectively. These

lowest energy excitations involve charge transfer from filled π-orbital of Ru(II) to π*-orbital
of bidentate ligands (phen, bpy, bpm, and bpz). The simulated spectra in ethanol are consis-
tent with those recorded experimentally [65] see figure 7(a) and (b). The bathochromic shift
observed in the solvent phase is due to enhanced stability of the polar excited states of the

Figure 6. VCD spectral intensity in the mid-IR region (1100–1800 cm−1) of [Ru(bpy)3]
2+ (a) in vacuum and (b)

ethanol, water, and acetonitrile; a scale factor of 0.97 is used.

3298 N. Islam and A.H. Pandith

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

25
 0

9 
D

ec
em

be
r 

20
14

 



metal complexes. The red shift in the UV spectra of [Ru(phen)3]
2+ as compared with

[Ru(bpy)3]
2+, [Ru(bpm)3]

2+ and [Ru(bpz)3]
2+ is attributed to extended π-conjugation and

increased donor properties of 1,10-phenenthroline, whereas in [Ru(bpm)3]
2+, the

solvato-chromic shift seems primarily due to the increased polar nature of the first excited
state [23].

The simulated ECD spectrum of [Ru(phen)3]
2+ displays a high-amplitude negative band

at 384 nm, an intense positive band at 362 nm, and another low-amplitude band with
positive Cotton effect (CE) at 291 nm [see figure 8(a) and (b)]. CD spectra of [Ru(bpy)3]

2+,
[Ru(bpm)3]

2+, and [Ru(bpz)3]
2+ display intense negative bands at 373, 378, and 381 nm,

respectively, with positive Cotton effect, followed by a high-amplitude positive band (posi-
tive CE) at 356, 361, and 356 nm. Theoretically, ECD spectra of Ru(II) complexes exhibit
a substantial increase in the Cotton effect of the lowest transition, demonstrating the impact
of the addition of extended π-conjugation in case of [Ru(phen)3]

2+.

3.3. Nonlinear optics

Organometallic and coordination complexes have emerged as chromophores for produc-
ing NLO materials, due to the large variety of structures and diversity of electronic
properties that are possible by virtue of tunable metal centers [66]. These compounds
have the combined properties of both organic and inorganic compounds. The metal cen-
ters usually form π bonds with ligands and with each other, resulting in charge-transfer
transitions, i.e. ligand to metal, metal to ligand, etc. Photophysical investigation of Ru2+

complexes containing polypyridine ligands as well as their nonmetallated counterparts
has been reported since the 1990s by groups such as Wang and Wasielewski, Yellowless
et al., as well as the Schanze group [67]. The above-mentioned Ru2+ complexes possess
D3 symmetry and are octapolar metal complexes [68]. Their relatively high NLO
responses are attributed to intense multidirectional [dπ(Ru2+) – π* (bpy or phen)] MLCT
(metal ligand charge transfer) excitations. Electronic descriptors such as polarizabilities
(α) and hyperpolarizabilities (β) of such chemical systems characterize their response to
an applied electric field. These quantities (α and β) determine the strength of molecular
interactions as well as the cross section of different scatterings and collisions. Thus, opti-
cal nonlinearity in these complexes is likely a consequence of additive dipolar responses
of MLCT, α, and β. The calculated values of electronic parameters such as dipole
moment, polarizability, and hyperpolarizability obtained using equations (1)–(3) for these
complexes are given in table 2. The values of polarizability and hyperpolarizability
reveal that these complexes are good candidates for NLO properties. Among these com-
plexes, the [Ru(phen3)]

2+ has maximum hyperpolarizability, possibly due to stronger an-
harmonicity and extension of the π-electron system. A comparison between these
[Ru(L3)]

2+ (L = bpy, bpm, and bpz) complexes show enhancement of nonlinearity for
[Ru(bpm3)]

2+, due to increase in the dipole along the X-direction, resulting in more
polarizations along this direction. The substitution effect on nonlinear properties of Ru2+

complexes was investigated using different electron-donating and withdrawing groups as
substituents on bpy and phen backbones (see figure 1). From table 3, it is clear that
the substituents have slight effects on geometrical parameters of these complexes. The
π-electron-withdrawing substituents decrease the Ru–N bond length and increase the
N–Ru–N angle, whereas electron-donating groups have an opposite effect; although
the overall substitution effect on geometrical parameters of the complexes are negligible.
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Interestingly, the Ru–N bond lengths and N–Ru–N bond angles for remaining
unsubstituted ligand show opposite change upon substitution. The coordination energies
of [Ru(bpy)2(bpy)′]

2+ derivatives [where (bpy)′ represents ligand with substituents] are
0.781(1) > 0.778(2) > 0.773(3) > 0.769(4) > 0.763(5) > 0.761(6) > 0.758(7) > 0.752(8)
> 0.768(9) > 0.763(10) > 0.761(11) > 0.753(12) and of [Ru(phen2)(phen)′]

2+ derivatives
are 0.948(1) > 0.935(2) > 0.933(3) > 0.901(4) > 0.889(5) > 0.887(6) > 0.881(7) > 0.88
(8) > 0.878(9) > 0.875(10) > 0.871(11) > 0.867 (12), respectively. Ru2+ complexes of
bpy derivatives are less stable than Ru2+ complexes of phen derivatives; however, within
the same group (i.e. either bpy derivatives or phen derivatives), the stronger the

Table 2. Key transitions, transition energy (cm−1), wavelength (λ nm), oscillator strengths (f), and orbital contri-
bution for [Ru(L)3]

2+ metal complexes calculated at TD-DFT level of theory.

[Ru(phen)3]
2+ [Ru(bpy)3]

2+

Energy λ f Contribution Energy λ f Contribution

1 24288.75 411.71 0.001 HOMO->LUMO
(98%)

1 24539.59 407.50 0.002 HOMO->LUMO
(98%)

2 24804.14 403.16 0.001 HOMO->L + 1 (94%) 2 25183.22 397.09 0.003 HOMO->L + 1 (95%)
3 24821.88 402.87 0.003 HOMO->L + 2 (94%) 3 25197.74 396.86 0.001 HOMO->L + 2 (95%)
4 25322.89 384.90 0.030 H-2->LUMO (11%), 4 26551.15 373.63 0.020 H-1->LUMO (78%),

H-1->LUMO (70%) H-2->LUMO (5%)
5 26344.67 379.58 0.030 H-2->LUMO (70%), 5 26568.09 376.39 0.019 H-2->LUMO (78%),

H-1->LUMO (11%) H-2->L + 1 (7%)
6 26518.08 377.10 0.003 H-2->L + 1 (27%), 6 26823.77 372.80 0.001 H-2->L + 2 (48%),

H-1->L + 2 (25%) H-1->L + 1 (47%)
7 27671.46 362.38 0.217 H-2->L + 1 (38%), 7 28191.69 354.71 0.120 H-2->L + 1 (22%),

H-1->L + 2 (37%) H-2->L + 2 (18%)
8 27681.14 361.26 0.217 H-2->L + 2 (38%), 8 28205.40 355.54 0.122 H-2->LUMO (10%),

H-1->L + 1 (38%) H-2->L + 2 (23%)
9 29137.79 343.20 0.003 H-2->L + 1 (17%), 9 29883.05 334.64 0.001 H-2->L + 1 (30%),

H-2->L + 2 (22%) H-1->L + 2 (31%)
10 34277.99 291.73 0.134 HOMO->L + 3

(43%),
10 30321.01 329.80 0.000 H-3->LUMO (49%),

H-2->LUMO (4%) H-8->L + 1 (8%)
[Ru(bpm)3]

2+ [Ru(bpz)3]
2+

1 25443.74 393.02 0.001 HOMO->LUMO
(98%)

1 24007.40 414.25 0.002 HOMO->LUMO
(98%)

2 26044.63 383.96 0.003 HOMO->L + 1
(68%),

2 25131.60 397.91 0.001 HOMO->L + 1 (96%)

HOMO->L + 2 (23%)
3 26050.27 383.87 0.003 HOMO->L + 1

(23%),
3 25147.73 397.65 0.003 HOMO->L + 2 (96%)

HOMO->L + 2 (68%)
4 26149.59 381.06 0.027 H-2->LUMO (36%), 4 26394.70 377.01 0.024 H-1->LUMO (79%),

H-1->LUMO (50%) H-1->L + 1 (8%)
5 26368.14 370.81 0.022 H-2->LUMO (49%), 5 26597.12 375.98 0.024 H-2->LUMO (79%),

H-1->LUMO (36%) H-1->L + 2 (7%)
6 27277.86 366.60 0.000 H-2->L + 2 (29%), 6 26781.82 373.39 0.000 H-2->L + 2 (48%),

H-1->L + 1 (30%) H-1->L + 1 (47%)
7 27488.43 361.57 0.122 H-2->L + 2 (27%), 7 27964.24 357.60 0.138 H-2->L + 2 (33%),

HOMO->L + 3 (34%) H-1->LUMO (13%)
8 27894.07 358.50 0.092 H-1->L + 2 (27%), 8 27965.85 356.58 0.139 H-2->LUMO (13%),

HOMO->L + 4 (34%) H-2->L + 1 (33%)
9 27951.34 357.76 0.001 H-2->L + 1 (12%), 9 29943.54 333.96 0.001 H-2->L + 1 (37%),

HOMO->L + 5 (69%) H-1->L + 2 (38%)
10 28792.58 347.31 0.001 H-2->L + 10 (11%), 10 30939.64 323.21 0.001 H-5->L + 1 (15%),

H-1->L + 9 (12%) H-3->LUMO (54%)
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electron-donating ability of the substituent, the higher the stability of the Ru2+ octahedral
complexes with bidentate ligands. From table 4, it is evident that the magnitude of the
hyperpolarizability of all [Ru(phen)3]

2+ and [Ru(bpy)3]
2+ derivatives is significantly

affected by incorporation of substituent on phen or bpy backbone. The values of
hyperpolarizability depend on the electron-donating capability of substituent; the metal
complex (I) with NH2 as the donor group gives a higher value for hyperpolarizability
as compared with complex (V) where the donor group is CH3. The enhancement of
first hyperpolarizability from VI to I is attributed to enhanced electron density to

Figure 7. UV–Visible spectra of [Ru(L)3]
2+ (a) in vacuum and (b) ethanol; a scale factor of 0.97 is used.
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π-conjugation. Bpy and phen are π-electron-rich systems; when acceptor groups like
NO2 are attached to them, the donor ability of the ligand gets reduced and, hence, leads
to a reduction in β value. Thus, in metal complexes VII–XII, the hyperpolarizabilities
decrease with increase in electron-withdrawing nature of attached group.

To understand this phenomenon in the context of molecular orbitals, we examined
the HOMO and LUMO states generated via GAUSSIAN03W using TDDFT level of
theory. The FMOs of [Ru(phen)3]

2+, [Ru(bpy)3]
2+, [Ru(bpm)3)]

2+, and [Ru(bpz)3)]
2+

reveal that the HOMO is predominantly metal fragment based and the LUMO is local-
ized on the ligand (see figure 9). The results (table 5) show that the larger value of
first hyperpolarizability correlates to lower ELUMO–EHOMO gap, reflecting that hyperpo-
larizability of these metal complexes is caused by charge-transfer characteristics of
FMOs. The HOMO of these complexes is mainly dπ-type orbitals, thus highly sensitive
to substituent properties. With an increase in π electron-withdrawing ability of the sub-
stituent, the Coulombic attraction of the substituent for the electrons on HOMO orbitals
is strengthened, resulting in decrease in energy of the molecular HOMO as well as
LUMO energy of VII–XII [Ru(phen)3]

2+ and [Ru(bpy)3]
2+ derivatives. Table 5 shows

that increase in β is related to HOMO’s energy; generally, higher the HOMO, larger
the hyperpolarizability. Thus, strong donating groups lead to higher β values, as for
NH2 – as substituent, due to enhanced metal to ligand charge-transfer transition. Energy
gaps are reduced when the two hydrogens are substituted by electron-donating groups,
resulting in red shift in electronic absorptions of derivative complexes showing exis-
tence of correlation between HOMO and LUMO gaps and β values: the lower is the
gap, the higher is the hyperpolarizability of the derivative complex. In this study, we
have observed that incorporating the donor groups into metal complexes not only
enhances β values, but also decreases the ELUMO–EHOMO gap, as compared with unsub-
stituted complexes and those with electron-withdrawing substituents. This suggests that
the charge-transfer process increases by introducing donor groups in these complexes.
In addition to this, we present the effect of substitution on geometrical parameters and
coordination stability of metal complexes.

Table 4. Computational results for the main bond lengths (Å), bond angles (°), and coordination energies (a.u) of
[Ru(byp)3]

2+ and [Ru(phen)3]
2+ derivative complexes.

[Ru(bpy)3]
2+ [Ru(phen)3]

2+

S. No Group Ru–N* Ru–N** A* A** ΔEGas Ru–N* Ru–N** A* A** ΔEGas

I NH2 2.116 2.104 79.03 78.68 0.781 2.0882 2.0751 80.03 79.68 0.948
II OCH3 2.113 2.105 79.01 78.7 0.778 2.0878 2.0751 80.01 79.68 0.935
III OH 2.111 2.105 78.94 78.7 0.773 2.0841 2.0754 79.96 79.71 0.933
IV C2H5 2.11 2.107 78.83 78.7 0.769 2.0832 2.0754 79.96 79.71 0.901
V CH3 2.109 2.108 78.79 78.71 0.763 2.0798 2.0757 79.8 79.73 0.889
VI H 2.109 2.109 78.75 78.71 0.761 2.0761 2.0761 79.72 79.75 0.887
VII F 2.097 2.111 78.04 78.71 0.758 2.0758 2.079 79.69 79.77 0.881
VIII Cl 2.095 2.111 78.01 78.71 0.752 2.0758 2.079 79.68 79.77 0.880
IX Br 2.088 2.117 77.97 78.71 0.768 2.0749 2.0822 79.65 79.79 0.878
X COOH 2.087 2.119 77.97 78.71 0.763 2.0747 2.0831 79.65 79.81 0.875
XI CN 2.085 2.119 77.95 78.72 0.761 2.0746 2.0854 79.63 79.81 0.871
XII NO2 2.079 2.121 77.93 78.72 0.753 2.0741 2.0891 79.61 79.83 0.867

*Express coordination length and angle between center ion and ligand with substituents.
**Expresses the co-ligand.
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3.4. Electrochemical data

Geometry optimizations of the neutral and oxidized derivative of [Ru(phen)3]
2+ and

[Ru(bpy)3]
2+ were carried out in gas phase and in acetonitrile. The ground-state oxidation

potentials were computed from the free-energy differences between the neutral and oxidized
ground species and calculated as (G0−G+)GS [69] and are given in table 5. The Gibbs free
energy in acetonitrile of the complex (Gc

act) is defined as (Gc
act) = Gc

vac + ΔGc
act, where Gc

vac
is the Gibbs free energy in gas phase and ΔGc

act is the free energy of solvation. Gc
vac is

obtained by performing a single-point calculation at the optimized geometry in vacuo,
followed by frequency calculations in order to include the vibrational contribution to the
total partition function. ΔGc

act is obtained by a single-point calculation in a solution and a
reference calculation in a gas phase at the geometry optimized in ethanol. The theoretically

Figure 8. Circular dichroism spectra of [Ru(L)3]
2+ (a) in vacuum and (b) ethanol; a scale factor of 0.97 is used.
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calculated oxidation potential of [Ru(phen)3]
2+ and [Ru(bpy)3]

2+ are in close agreement
with the experimentally calculated values [23, 48]. The results show that the oxidation
potentials of [Ru(phen)3]

2+ and [Ru(bpy)3]
2+ derivatives with electron-donating substituents

Figure 9. Schematic representation of the energies of HOMO and LUMO molecular orbitals and their related
energies for [Ru(phen)3]

2+, [Ru(bpy)3]
2+, [Ru(bpm)3]

2+, and [Ru(bpz)3]
2+.

Table 5. Computed values of HOMO (eV), LUMO (eV), hyperpolarizabilty (β × 10−30 esu), and oxidation poten-
tial (eV) of metal complexes at B3PW91/LAN2DZ level of theory.

Complex Group EHOMO (eV) ELUMO (eV) ΔELUMO–HOMO βtotal Eoxd

[Ru(bpy)3]
2+

I NH2 −10.397 −6.69687 3.700832 27.178 1.301
II OCH3 −10.547 −6.72681 3.820565 24.356 1.298
III OH −10.615 −6.73497 3.880431 23.454 1.297
IV C2H5 −10.620 −6.77307 3.847777 21.645 1.296
V CH3 −10.7705 −6.87103 3.89948 20.987 1.296
VI H −10.7836 −6.88409 3.89948 18.351 1.295
VII F −10.8603 −6.88491 3.975401 18.399 1.293
VIII Cl −10.893 −6.89987 3.993089 18.217 1.296
IX Br −11.0372 −6.90314 4.134047 18.093 1.296
X COOH −11.1515 −6.90858 4.242895 18.013 1.289
XII CN −11.1869 −6.90885 4.277999 17.987 1.287
XIII NO2 −11.3637 −6.90994 4.453788 17.954 1.285
[Ru(phen)3]

2+

I NH2 −10.8875 −7.80195 3.085569 45.675 1.342
II OCH3 −11.0943 −7.75841 3.335919 43.786 1.339
III OH −11.1515 −7.71025 3.441231 43.778 1.337
IV C2H5 −11.1651 −7.67406 3.491027 41.096 1.337
V CH3 −11.3501 −7.61446 3.735663 41.063 1.335
VI H −11.3814 −7.55652 3.824919 39.929 1.331
VII F −11.4263 −7.55163 3.874717 39.903 1.329
VIII Cl −11.4345 −7.53812 3.896486 38.796 1.330
IX Br −11.4399 −7.53691 3.903017 38.487 1.328
X COOH −11.4753 −7.53473 3.940572 38.084 1.325
XII CN −11.5134 −7.53337 3.980027 37.385 1.300
XIII NO2 −11.5624 −7.52711 4.035267 37.079 1.298
[Ru(bpm)3]

2+ H −9.92831 −6.05494 3.873356 36.613 1.289
[Ru(bpz)3]

2+ H −9.74271 −5.71751 4.025199 8.7317 1.283
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are more positive and those with electron-withdrawing substituents are slightly negative to
those of the parent Ru(II) complexes. Thus, ligands with electron-donating substituents are
stronger π-acceptors than the ligand (phen or bpy) in the parent complexes. In all the deriv-
ative complexes modeled here, the first reduction is consistent with the addition of electrons
to the LUMO localized on ligand [23]. Thus, the oxidation center is localized on the Ru(II)
and the first reduction center is localized on the ligand; efficiency of this process increases
with increase in electron-donating character of substituents present on the ligand. Therefore,
the above theoretical data will be helpful in developing highly stable metal complexes with
strong nonlinear optical responses.

4. Conclusion

We carried out theoretical studies on Ru2+ complexes by employing DFT at B3PW91/
LAN2DZ level. The geometrical parameters of optimized metal complexes were in agree-
ment with experimental parameters; the bond lengths agreeing within 0.05–0.09 Å and the
bond angles agreeing within 0.5°–1°. Ru–N bond distances increase in the sequence Ru–N
(bpz) < Ru-N(bpm) < Ru-N(bpy) as expected on the basis of dπ–π* orbital interactions as
compared with [Ru(Phen)3]

2+, the better π acceptor. We observed that the coordination
energy of Ru2+ complexes in water follows the trend [Ru(phen)3]

2+ (1.1888) > [Ru
(bpy)3]

2+ (1.1737) > [Ru(bpm)3]
2+ (1.1102) > [Ru(bpz)3]

2+ (1.0486) reflecting the stability
of [Ru(phen)3]

2+. The IR spectrum obtained for Ru2+ complexes displays characteristic
peaks from 1100 to 1800 cm−1. For [Ru(phen)3]

2+, the out-of-phase stretching of 1,10-
phenthroline rings, H–C=C–H wagging, and C=C stretching of rings contribute to IR and
VCD spectra. Due to the intermolecular interaction occurring in solution, the IR bands have
low intensity in solution compared with gaseous phases. The vibrational frequencies
observed for [Ru(L)3]

2+, where L = bpy, bpm, and bpz, arise exclusively in the ligand part
of complex. The ab initio predicted frequencies for [Ru(bpy)3]

2+ and [Ru(phen)3]
2+ are in

fair agreement with the experimental ones. The Ru2+ complexes show relatively high NLO
responses, which may be a consequence of additive dipolar responses of MLCT, α, and β;
[Ru(phen)3]

2+ has maximum hyperpolarizability. A comparison between different [Ru
(L)3]

2+ (L = bpy, bpm, and bpz) complexes reveal enhancement of nonlinearity for [Ru
(bpm)3]

2+, which is due to an increase in dipole moment along the X-axis, resulting in more
polarization. Substituents have small effects on geometrical parameters and the magnitude
of hyperpolarizability mainly depends upon the electron-donating capability of a
substituent. The HOMO is predominantly metal localized and the LUMO is primarily
ligand centered. A significant correlation exists between ELUMO and EHOMO gap and β
values; the lower the gap, the higher the hyperpolarizability of a derivative complex.
Oxidation potentials of [Ru(phen)3]

2+ and [Ru(byp)3]
2+ derivatives with electron-donating

substituents are more positive and those with electron-withdrawing substituents are slightly
negative to those of parent Ru(II) complexes. These theoretical findings are significant in
the sense that these may guide in developing highly stable Ru2+ complexes with meaningful
nonlinear optical applications.
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Supplementary material

Supporting information contains figure S1 [IR spectral intensity in the mid-IR region
(1200–1800 cm−1) of (a) [Ru(bpm)3]

2+ and (b) [Ru(bpz)3]
2+, a scale factor of 0.97 is used],

figure S2 [VCD spectral intensity in the mid-IR region (1100–1800 cm−1) of [Ru(bpm)3]
2+

(a) in vacuum, and (b) ethanol, water, and acetonitrile, a scale factor of 0.97 is used] and
figure S3 (VCD spectral intensity in the mid-IR region (1100–1800 cm−1) of [Ru(bpz)3]

2+

(a) in vacuum, and (b) ethanol, water, and acetonitrile, a scale factor of 0.97 is used).
Table S1 (optimized and experimental geometrical parameters (bond length and bond angle)
of Ru(II) complexes), table S2 (Cartesian coordinates of the ruthenium(II) complexes calcu-
lated at B3PW91 /LAN2DZ level of theory) and table S3 [theoretical and experimental IR
frequencies of Ru(phen)3]

2+ and [Ru(byp)3]
2+ complexes].
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