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a b s t r a c t

Refluxing [Rh(2-phpy)2(Cl)]2 separately with the equivalent amount of 5-phenylazo-8-hydroxyquinoline
(Hq1), 5-(4-fluorophenylazo)-8-hydroxyquinoline (Hq2) and 5-(4-nitrophenylazo)-8-hydroxyquinoline
(Hq3) in toluene in aerobic condition afforded mononuclear orange coloured compounds having gen-
eral formula [Rh(2-phpy)2(q)] in excellent yields. The complexes were substantiated by IR, 1H NMR, ESI-
mass, EPR, UVeVis and emission spectra, cyclic voltammetry, single-crystal X-ray structure de-
terminations and density functional theory (DFT) calculations. Synthesis and comparison of their pho-
tophysical and electrochemical properties of a new branch of rhodium(III) complexes of 8-
hydroxyarylazo analogues are presented which are never studied before. The ground and excited-state
geometries, absorption, and emission properties of the complexes were examined by DFT and TDDFT
methods. The excitations and emissions are investigated by the natural transition orbital (NTO) analysis.
The emission occurred via 3MLCT or 3ILCT transition by theoretical analysis of triplet state DFT calcula-
tions. The cis-trans isomerism studies for the azo complexes have been done by experimental as well as
theoretical analysis.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The studies of transitionmetal complexes especially iridium and
rhodium complexes exhibiting highly efficient room-temperature
phosphorescence properties are main interest [1e4]. Especially,
the rhodium(III) complexes are to be considered as a promising
member due to their unique combination of chemical stability,
strong visible absorption, excited state reactivity, photo redox
chemistry and catalytic properties [5e12]. These properties of such
complexes can be attributed to the moderate spin-orbit coupling
provided by the rhodium(III) ion. The metal ligand interaction is a
consequence of the triplet excited state of metal to ligand charge
transfer which can emit molecular photoluminescence.

During the last few decades, a large number of reports have
been published focusing to design and characterize the
kkrajak@chemistry.jdvu.ac.in
luminescent metal complexes bearing 8-hydroxyquinoline and
their derivatives as ligands [13e17]. 8-Hydroxyquinoline de-
rivatives are of particular interest because of the possibility of
tuning the energy gap by the simple attachment of electron-
donating or electron-withdrawing groups and the commercial
availability of many 8-hydroxyquinoline derivatives. Although
considerable scientific efforts have been given on studying lumi-
nescent metal complexes of aluminium, platinum, palladium or
boron containing 8-hydroxyquinolines as ligands, the correspond-
ing investigations on the impact of ligand modifications on the
materials properties of cyclometalated organorhodium 8-
hydroxyquinolinolate complexes are not well known.

Diverse functionalities of the metal complexes containing 8-
hydroxyquinoline prompted us to design and synthesize new
types of rhodium(III) complexes of 8-hydroxyquinolate with
different ancillary ligands containing extended p-conjugation and
analyze the light-harvesting capabilities in respect to both the
molar extinction coefficient and the bathochromic shift of the
absorption.

In this article, we report the syntheses, molecular structures and
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photo-physical properties of threenewrhodium(III) complexes of the
types [RhIII(2-phpy)2(q1)] (1), [RhIII(2-phpy)2(q2)] (2), and [RhIII(2-
phpy)2(q3)] (3) where Hq1¼5-phenylazo-8-hydroxyquinoline,
Hq2¼ 5-(4-fluorophenylazo)-8-hydroxyquinoline and Hq3¼ 5-(4-
nitrophenylazo)-8-hydroxyquinoline as shown in Chart 1. Evidently,
we have introduced different arylazomoieties at the 5-position to Hq
ligand in order to follow the nature the bathochromic shift of the
MLCT absorption in the visible region. Here, we have demonstrated
thevariationofoptical propertiesbychanging thenature substitution
at the 5-position of the attached aryl azo moiety. The complexes are
characterized by IR,mass, UVevis, 1HNMRand EPR spectroscopy. The
electrochemical behaviours are also examined by cyclic voltammetry
study. Molecular geometries of the complexes were confirmed by
single crystal X-ray structure determination. The complexeswith the
free azo ligandmoietymay rotate against the azo bond to exhibit cis-
trans isomerisation in presence of photonic irradiation. Upon irradi-
ation with UV or blue light azobenzene derivatives [18e32] are
known to undergo efficient trans-to-cis isomerisation, which can be
reversed either photochemically or thermally. The thermodynami-
cally less stable cis isomer can be achieved from more stable trans
isomer by applying irradiation of UV light with specific wavelength
and the reverse can also be achieved easily with few seconds by
heating or visible light. All complexes are irradiated with the
dichloromethane solution of the complexes by UV light of fixed
wavelength and got some interesting results.

In recent years, with the development and improvement of
density functional theory (DFT) and the time-dependent density
functional theory (TDDFT) [33] the properties of both ground and
excited-states of the metal complexes can be measured with good
accuracy. By means of DFT calculations the geometry and the
electronic structure geometry optimizations of the ground and
excited-states were carried out to get the better result. We also
designed and analyzed the singlet and triplet excited state natural
transition orbitals (NTOs) obtained from TDDFT results and eval-
uate them with the ground state molecular orbitals (MOs) calcu-
lated by DFT calculations.

2. Experimental section

2.1. Materials

The solvents including dichloromethane, toluene, hexane,
acetonitrile etc and chemicals including 2-phenylpyridine, 8-
hydroxyquinoline etc which were used are analytically pure and
high grade. Dimer, [RhIII(2-phpy)4Cl2] compound was synthesized
by following literature procedure [34].

2.2. Physical measurements

Elemental analyses (C, H, N) were performed on a PerkineElmer
2400 series II analyzer. Electrospray ionization mass spectrometry
(ESI-MS) spectra were recorded on a Micromass QTOF YA 263 mass
spectrometer. IR spectra were observed and obtained with a
PerkineElmer L-0100 spectrophotometer with KBr disk. 1H NMR
spectra were measured on a Bruker FT 300MHz spectrometer in
CDCl3 solvent. By PerkineElmer LAMBDA 25 spectrophotometer
UVeVis spectra were investigated. The emission data were
collected on a Horiba FluroMax-4 fluorescence spectrometer. For all
luminescence measurements slit width of 3 nm was used for both
excitation and emission. By using CHI 620A electrochemical
analyzer using platinum electrode electrochemical measurements
were recorded under nitrogen atmosphere. Using freeze-pump-
thaw-degassed solutions of the complexes by a relative method
using quinine sulfate in the same solvent as the standard
[Fstd¼ 0.54 (at 298 K) in 0.1M H2SO4 at lex¼ 350 nm] by usual
method quantum yields of the complexes were determined. The
fluorescence life time was determined by usual method. The
quantum yields were calculated using eq (1),

Fr ¼ Fstd
Astd
Ar

Ir
Istd

h2
r

h2
std

(1)

where, Fr and Fstd are the quantum yields of unknown and stan-
dard samples, Ar and Astd (<0.1) are the solution absorbance's at the
excitation wavelength (lex), Ir and Istd are the integrated emission
intensities, and hr and hstd are the refractive indices of the solvent.
Timeecorrelated singleephotonecounting (TCSPC) measurements
were carried out for the luminescence decay of complexes in
dichloromethane. On a Hamamatsu MCP photomultiplier (R3809)
and were analyzed by using IBH DAS6 software, the fluorescence
decay data were investigated.
2.3. Syntheses

(E)-5-(phenyldiazenyl)quinolin-8-ol (Hq1), (E)-5-((4-
fluorophenyl)diazenyl)quinolin-8-ol (Hq2) and (E)-5-((4-
nitrophenyl)diazenyl)quinolin-8-ol (Hq3). The ligands Hq1, Hq2,
and Hq3 were prepared according to the literature procedure
(general abbreviation Hq) [35].

[RhIII(2-phpy)2(q1)] (1). A mixture of Hq1 (50mg, 0.20mmol)
and [(2-phpy)2Rh(m-Cl)]2 (150mg, 0.20mmol) in toluene (60mL)
was refluxed for 8 h. After cooling the solution to room tempera-
ture, the volume was reduced under reduced pressure to 6ml. An
orange precipitate was obtained after adding hexane about 18ml.
The precipitate was washed with ethanol and dried in air. On
diffusion of hexane to the dichloromethane solution of the crude
afforded orange coloured crystals of 1. Yield: 130mg (65%).
C37H26N5ORh: Elemental Anal. Calcd.: C, 67.38; H, 3.97; N, 10.62.
Found: C, 63.52; H, 4.03; N, 10.64. ESI-MS (CH2Cl2): m/z 660.1246
[M þ H]þ. IRexptl (KBr, cm�1) n: 1460 (N¼N), 1401, 1329, 1242; 1H
NMRexptl {300MHz, CDCl3, d (ppm), J (Hz)}: 9.32 (d,1H, J¼ 8.6), 8.71
(d, 1H, J¼ 5.7), 6.44 (d, 1H, J¼ 7.1), 7.00 (m, 1H), 7.45e7.91 (m, 10H,
Ar-H).

[RhIII(2-phpy)2(q2)] (2). It was prepared by the same procedure
of 1 using Hq2. Orange coloured crystal.Yield: 132mg (63%).
C37H25N5OFRh: Elemental Anal. Calcd.: C, 65.59; H, 3.72; N, 10.34.
Found: C, 65.71; H, 3.80; N, 10.32. ESI-MS (CH2Cl2): m/z 678.1161
[M þ H]þ. IRexptl (KBr, cm�1) n: 1479(N¼N), 1320, 1252, 1162, 1131,
1101; 1H NMRexptl {300MHz, CDCl3, d (ppm), J (Hz)}: 9.23 (d, 1H,
J¼ 5.3), 7.94 (d, 1H, J¼ 6.8), 5.97 (d, 1H, J¼ 7.6), 6.63 (m, 1H),
6.75e7.84 (m, 10H, Ar-H).

[RhIII(2-phpy)2(q3)] (3). It was prepared by the above
mentioned procedure using Hq3. Pink coloured product. Yield:
140mg (70%). C37H25N6O3Rh: Elemental Anal. Calcd.: C, 63.08; H,
3.58; N,11.93. Found: C, 63.25; H, 3.64; N,11.96. ESI-MS (CH2Cl2):m/
z 705.1091[M þ H]þ. IRexptl (KBr, cm�1) n: 1462(N¼N), 1328, 1244;
1H NMRexptl {300MHz, CDCl3, d (ppm), J (Hz)}: 9.24 (d, 1H, J¼ 5.9),
8.31 (d, 1H, J¼ 7.8), 5.97 (d, 1H, J¼ 8.1), 6.82 (m, 1H), 6.93e7.91 (m,
10H, Ar-H).
2.4. Crystallographic studies

The single crystal appropriate for X-ray crystallographic analysis
of the complexes [Rh(2-phpy)2(q1)], 1 and [Rh(2-phpy)2(q2)], 2
were obtained by diffusion of hexane from dichloromethane of the
pure compound. The X-ray intensity data were composed on a
Bruker AXS SMARTAPEXCCD diffractometer (Mo Ka, l¼ 0.71073 Å)
at 293 K. The detector was located at a distance 6.03 cm from the
crystal and total 606 frames were restored with a scanwidth of 0.3ο
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in different settings of 4. By using SAINTPLUS and empirical ab-
sorption correction was applied using the SADABS package, the
data were reduced. Metal atom was placed by Patterson Method
and the rest of the non-hydrogen atoms were emerged from
consecutive Fourier synthesis. The structures were refined by full
matrix least-square procedure on F2. Anisotropic refinement of all
non-hydrogen atoms has been done. The hydrogen atoms were
incorporated in calculated positions. All calculations were done
using the SHELXTL V 6.14 program package. Molecular structure
plots were drawn using the Oak Ridge thermal ellipsoid plot ORTEP.
Relevant crystal data are given in Table 1.

2.5. Computational details

The geometrical structures of the singlet ground state (S0) and
the lowest lying triplet excited state (T1) were optimized in gas
phase without any symmetry constraints by the density functional
theory (DFT) [36] method with B3LYP exchange correlation func-
tional [37] approach. On the basis of the optimized ground state
and excited triplet state geometry structures, the absorption and
emission spectra properties in dichloromethane media were
calculated by time-dependent density functional theory (TDDFT)
approach associated with the conductor-like polarisable contin-
uum model (CPCM) [38]. We computed the lowest 60 singlet e

singlet transition and results of the TD calculations were qualita-
tively very similar. The TDDFT approach had been verified to be
reliable for calculating spectral properties of many transition metal
complexes [39]. A relativistic effective core potential (ECP) [40] on
Rh replaced the inner core electrons leaving the outer core
[(4s)2(4p)6] electrons and the (4 d6) valence electrons of Rh(III). In
the calculation a “double-x”quality basis set LANL2DZ was adopted
as the basis set for Rh atoms. For H atom we used 6-31G basis set
and for C, N and O atoms 6-31 þ G(d,p) basis set was used for the
optimisation of both the ground state and the lowest lying triplet
excited state geometries of all complexes.

Finally (NTO) analysis has been performed for all complexes to
understand the nature of excited states involved in absorption and
emission processes natural transition orbital. Figures showingMOs,
NTOs and the difference density plots were prepared by using the
GaussView 5.1 software. All the calculations were performed with
the Gaussian 09 software package [41], Gausssum 2.1 program [42]
Table 1
Crystal Data and Structure Refinement Parameters for complexes 1 and 2.

[RhIII(2-phpy)2(q1)], 1 [RhIII(2-phpy)2(q2)], 2

Formula C37H26N5ORh C37H25FN5ORh
Mr 647.53 677.53
Crystal system Triclinic Monoclinic
Space group P-1 C2/c
a/Å 9.645(5) 40.2540(9)
b/Å 15.899(5) 13.5123(3)
c/Å 24.766(5) 27.6551(6)
a/� 76.008(5) 90
b/� 89.907(5) 118.136(1)
g/� 89.937(5) 90
V/Å3 3685(2) 13264.7(5)
Z 2 8
Dcalcd/mg m�3 0.584 1.231
m/mm�1 0.247 0.550
q/� 2.5e28.4 3.0e27.6
T/K 293(2) 273
Reflns collected 16988 13682
R1,a wR2b [I> 2s(I)] 0.0736(12995),

0.1709(16988)
0.0377(7388),
0.0722(13682)

GOF on F2 1.101 0.866

a R1¼SrrFor- rFcrr/Sr For.
b wR2¼ [S[w(Fo2 - Fc2)2]/S[w(Fo2)2]]1/2.
was used to calculate the molecular orbital contributions from
groups or atoms.

3. Results and discussion

3.1. Syntheses

The substituted 8-hydroxyquinoline Hq1-Hq3 as shown in Chart
1 (general abbreviation Hq) were prepared according to the liter-
ature procedure [35] and were used as a monoanionic bidentate N,
O donor ligands. In order to vary the photophysical properties of the
complexes, the azoaryl groups were introduced at the 5-position of
the 8-hydroxyquinoline moiety. It is to be noted that the choice of
such ligands helps us to achieve our goal in the context of syntheses
of mononuclear rhodium(III) complexes with interesting optical
properties.

The stoichiometric reaction of [Rh(2-phpy)2Cl]2 (2-phpy¼ 2-
phenylpyridine) with appropriate Hq in boiling toluene afforded
orange coloured complexes, 1e3, of general formula [RhIII(2-
phpy)2q] in good yield as shown in Scheme 1. Details of the pro-
cedures are outlined in the experimental section. The complexes
were characterized by IR, 1H NMR, and mass spectroscopy. The
spectral data are listed in the syntheses section. The spectra are
given in Supplementary information(ESI), IR (Fig. S13, Fig. S14 and
Fig. S15), 1H NMR (Fig. S1, Fig. S2 and Fig. S3), and mass (Fig. S4,
Fig. S5, Fig. S6) spectra. Notably, the N¼N stretching frequencies of
1e3 appear at 1460, 1479, 1461 cm�1 respectively.

3.2. Molecular geometries

The molecular geometry of [RhIII(2-phpy)2(q1)] (1) and [RhIII(2-
phpy)2(q2)] (2) has been established by single-crystal X-ray deter-
mination. The complex 1 crystallizes in P21/c space group and that
of complex 2 as C2/c respectively. The asymmetric unit of complex 1
and 2 consists of two geometrically similar but crystallographically
distinct molecules. Molecular view excluding hydrogen atoms is
shown in Fig. 1. The numbering of the corresponding atoms in
molecules 1 and 2 are, respectively, n and n þ 50, e.g., Rh1�O1 and
Rh51�O51.

The selected bond distances and angles for complex 1 and 2 are
listed in Table S7 and Table S8 in the Supplementary informatio-
n(ESI), and the molecular views are shown in Fig. 1 for both the
complexes.

In complexes 1 and 2 the ligands (Hq1) and (Hq2) behave both as
O, N coordinating monoanionic bidentate ligand. The 2-
phenylpyridine (2-phpy) moiety adopts commonly an eclipsed
configuration. The geometry around the Rh(III) metal centres are
distorted octahedral for both the complexes and those are consid-
ered by N1-Rh1-N2 bond angle of 175.38(16) for complex 1 and
172.22(9) for complex 2 respectively. For the complex 1, the Rh1-N1
and Rh1-N2 bond distances emerge at 2.033(4)) and 2.034(4)
respectively and that of complex 2 are 2.023(2) and 2.050(2)
respectively (Table S7 and Table S8).

In summary it is concluded that although the approximate
standard deviations for both bond distances and angles are
comparatively high the crystal structures confirm the present ge-
ometry of the species.

3.3. Geometry optimisation, electronic structure, charge
distribution

The diamagnetic nature of the complexes at room temperature
representing their singlet ground state t2g6 configuration. The ge-
ometry optimisation for all the complexes at both ground singlet
(S0) and lowest lying excited triplet (T1) spin state were performed



Scheme 1. Synthetic scheme of the reported complexes.

Fig. 1. Top: ORTEP plots (30% probability level) and atom labelling scheme of molecule 1 of complex 1 and bottom: ORTEP plots (30% probability level) and atom labelling scheme of
molecule 1 of complex 2. Hydrogen atoms are omitted for clarity.
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in gas phases. The optimized structures of the complex 1 at singlet
ground state and triplet excited states are shown in Fig. 2 and Fig. 3
respectively while the same for complex 2 and 3 are given in
electronic Supplementary information(ESI) (Fig. S9, Fig. S10 and
Fig. S11, Fig. S12 respectively). The present geometries acquire a
distorted octahedral arrangement around the Rh(III) centre. In all
complexes the calculated Rh1-C1, Rh1-N3, Rh1-N1, Rh1-O1 bond
distances occur near 2.008, 2.243, 2.084, 2.226 respectively for 1
and for 2, 2.008, 2.243, 2.085, 2.227 respectively and 2.007, 2.248,
2.086, 2.238 Å for complex 3 respectively which are in very good
conformity with the experimental values and the slight inconsis-
tency may be due to the crystal lattice deformation existing in
actual molecules. Table 2 compare the optimized geometrical pa-
rameters of compound 1 in both singlet and triplet state rhodium.
The geometrical parameters for both ground and triplet state for
other two complexes are given in supplementary information(ESI)
[Table S6 and Table S7]. Bond angles are agreed to the same degree
of accuracy as bond lengths. The optimized geometries of all the
complexes in both S0 and T1 states do not show significant differ-
ences in the coordination sphere around the rhodium centre cor-
roborates with the similar fashion of binding of the ligands in the
complexes.

For all complexes in the ground S0 state, the ligand moiety (q) is
planar and the quinoline moiety ruins trans to the aromatic moiety
attached to N¼N bond which is characterized by the <C32-N5-N4-
C27z 179.902o-179.997� (for complex 1, 2, 3). In the triplet excited
state (T1), the geometry around N¼N bond is completely different
from the geometry observed in the S0 state. In T1 state the quinoline
moiety become cis to the aromatic moiety attached to N¼N bond
which is also characterized by the <C32-N5-N4-C27z ~107o-127�

(for 1, 2, 3).
Upon excitation, the complexes experience vertical transition

from ground state to singlet excited state and then undergo inter-
system crossing to reach the triplet excited state in which emission
might occur. According to structure-property relationship, the
structural changes would be expected between the S0 and T1 states.

The electronic structures calculated by DFT methods are pre-
sented in Fig. 2 for ground state and that of triplet excited state in
Fig. 3 for 1. For [Rh(2-phpy)2(q)] in this study, the occupied frontier
Fig. 2. Ground state optimisation struc
orbitals having contributions from the p-orbital character of the in
2-phenylpyridine (2-phpy) and somewhat frommetal d orbital and
some extent of p orbital 8-hydroxyquinoline-arylazo ligand (Hq).
For instance, for 1 the HOMO consist of 3% of d orbital of Rh(III) and
the rest is Hq1 ligand. The LUMO is totally localized on the p* orbital
of Hq1 ligand. For 2 and 3, the HOMO and LUMO also has almost
same contribution as in happened for 1. The contribution of metal
d orbital as well as contribution from p orbital of both 2-phpy and
Hq ligand in HOMO-1 to HOMO-6 and LUMOþ1 to LUMOþ6 are
given in Table S10 for 1 and Table S3 and Table S4 for 2 and 3
respectively in supplementary information(ESI).

Fig. 4 in main article and Fig. S18 in Supplementary informa-
tion(ESI) signifies the partial molecular orbital diagram bearing
isodensity frontier molecular orbital which are mainly associated
with the electronic transitions for complexes and it gives idea of the
energy difference between every HOMO and LUMO state.

From isodensity molecular orbital plot and orbital contribution
table it is assumed that in all complexes, the electron density in
HOMO (H) mainly reside on quinoline moiety including azo group
and aromatic system attached to N¼N bond along with a minimal
metal d orbital (3%). The electron densities of HOMOe 1 for 1, 2 and
3 are mainly associated with metal d and 2-phpy moiety. In HOMO
e 2 the electron density resides onmainly Hq ligand for 2 and 3 and
for 1 it is for metal d as well as p of 2-phpy ligand. The electron
density of HOMO�3 are found at the ligand 2-phpy parts for all the
complexes. For HOMO e 4 the electron density engaged in metal
d as well as p orbital of 2-phpy for complex 2 and complex 3 and
azo part for complex 1.

In case of unoccupied molecular orbital, i.e, LUMO, the electron
density contribution in each LUMO to LUMOþ6 state occurring
from either p* orbital of 2-phpy ligand or p* orbital of ligand Hq.
The metal d-orbital has no role to play in LUMO state for electronic
transition for all the three complexes. The energy difference of
HOMO and LUMO are �2.87 eV, �2.86 eV and �2.33 eV for the
complex 1, 2 and 3 respectively.

L þ 1 of all complexes originates from ligand p* orbital localized
on N¼N bond, quinoline moiety and aromatic system attached to
N¼N bond contribution as well as 2-phpy fragment. L þ 2 orbital
shows a strong contribution of the p* of 2-phpy moiety.
ture of complex 1 in ground state.



Fig. 3. Triplet state optimisation structure of complex 1.

Table 2
Comparison of the selected bond lengths (Å) and angles (o) for Complex 1 in both singlet ground state and triplet excited state.

bond lengths bond angles and dihedral angle

SINGLET STATE(S0) TRIPLET STATE(T1) SINGLET STATE(S0) TRIPLET STATE(T1)

Rh1-N3 2.243 Rh1-N3 2.241 O1-Rh1-N3 75.491 O1-Rh1-N3 75.705
Rh1-O1 2.226 Rh1-O1 2.227 N2-Rh1-C12 80.848 N2-Rh1-C12 80.848
Rh1-N2 2.073 Rh1-N2 2.073 N1-Rh1-C1 80.720 N1-Rh1-C1 80.681
Rh1-C12 2.002 Rh1-C12 2.003 O1-Rh1-C12 172.760 O1-Rh1-C12 172.569
Rh1-N1 2.084 Rh1-N1 2.085 N3-Rh1-C1 171.460 N3-Rh1-C1 171.971
Rh1-C1 2.008 Rh1-C1 2.009 N1-Rh1-N2 175.126 N1-Rh1-N2 175.083

C27-N4-N5-C32 179.963 C27-N4-N5-C32 107.732

Fig. 4. Partial molecular orbital diagramwith some isodensity frontier molecular orbital mainly involved in the electronic transitions for complex 1, 2 and 3. The arrows indicate the
HOMO�LUMO energy gaps. X axis denotes the energy axis with unit eV.

A. Maity et al. / Journal of Organometallic Chemistry 887 (2019) 48e63 53
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The isodensity surfaces of the Highest and Lowest Singly
Occupied Molecular Orbitals, namely HSOMO and LSOMO for all
species, at the relaxed T1 geometry are shown in Fig. 5. Also, the
corresponding electrons spin density, which is defined as the dif-
ference between a and b spin contributions to the total electron
density, are depicted in Fig. 5. The analysis of the singly occupied
molecular orbitals at the T1 geometry showed that the LSOMO is
mainly located on the 8-hydroxyquinoline-arylazo moiety and re-
sembles the HOMO of Corresponding S0 geometry.

On the other hand p orbital of quinoline moiety and N¼N bond
contributes primarily to HSOMO along with a small contribution
arises from the p orbital of the aromatic system attached to N¼N
bond and some contribution from metal d orbital and HSOMO re-
sembles the corresponding LUMO of the S0 geometry. The spin
density plot at T1 state for all the complexes illustrates that the spin
density is mainly localized on the ligand moiety (hq) thus the
lowest-lying triplet excited state (T1) is the virtually intra ligand
(3IL) excited state (ligand-localized) in all complexes.
3.4. Absorption spectral properties

The electronic absorption spectral data and all the parameters
for complexes 1e3 are summarised in Table 3. The electronic ab-
sorption spectra of complexes 1, 2 and 3 in dichloromethane at
298 K are shown in Fig. 6. The electronic absorption spectra of 1, 2, 3
show intense absorption bands at 487e521 nm assigned to mainly
intra-ligand or ligand to ligand transition, i.e, 1ILCT/1LLCT, together
with less intense low-energy absorption bands and shoulders at ca.
396e386 nm which are assigned also to intra-ligand or ligand to
Fig. 5. Isodensity surface plots of the highest and lowest singly occupied molecular orbitals
for the complexes 1, 2 and 3 at their T1 state geometry. Blue and green colours show regio
respectively. (For interpretation of the references to colour in this figure legend, the reader
ligand transition and another high-energy absorption bands
showing at 265e296 nm assigned basically due to metal to ligand
transitions. In view of the increased electron density on the
rhodium centres due to the phenyl pyridine ligands, the high-
energy absorption features are assigned to spin-allowed metal to
ligand charge-transfer 1MLCT (dp(Rh)-p*(2-phpy)) transitions. On
the other hand low energy but high intense absorption bands
mainly assigned due to intra ligand or ligand to ligand tran-
sition(p(2-phpy)-p*(2-phpy)) or (p(2-phpy)-p*(hq)).

In complex 1 three bands occurred at 487 nm
(εz 58489M�1 cm�1), 396 nm (εz 25614M�1 cm�1) and 265 nm
(εz 86494M�1 cm�1). Whereas for complex 2 these bands are
appeared at 491 nm (εz 112041M�1 cm�1), 396 nm
(εz 13466M�1 cm�1) and 293 nm (εz 57511M�1 cm�1) respec-
tively and 521 nm (εz 38300M�1 cm�1), 386 nm
(εz 12819M�1 cm�1) and 296 nm (εz 35120M�1 cm�1) respec-
tively of uv bands are appeared for complex 3which are also shown
in Table 3. Clearly our aim is to shift the intense lower energy band
to a higher wavelength when we go from complex 1 to complex 3.
As for complex 1 the lower energy high intense band occurred at
487 nm as it has only benzene ring in the azo ligand part whereas
491 nm is the transition band appeared for complex 2 and it is
somewhat shifted due to electronegative F atom in the benzene
ring and its eI effect. The transition band shifted to higher wave-
length most, i.e, at 521 nm. In complex 3 due to incorporation of
nitro group in the ring and we know eR effect of the group causes
the shift.

To understand the nature of the observed UVevis transitions
properties of [Rh(2-phpy)2(q)], theoretical calculations have been
, HSOMO and LSOMO, respectively, along with the corresponding electron spin density,
ns of positive and negative difference between the alpha and beta electron densities,
is referred to the Web version of this article.)



Table 3
Photophysical parameters of all the mononuclear complexes in dichloromethane solution at room temperature.

Complex lmax, nm (ε, M�1 cm�1) lemi, nm F (� 10�3) kr, s�1 (� 108) knr, s�1 (� 109) t ns

1 487(58489) 560 6.78 1.45 21.24 0.0467
396(25614)
265(86494)

2 491(112041) 580 11.06 12.9 115.77 0.0085
396(13466)
293(57511)

3 521(38300) 615 49.17 2.05 3.96 0.2398
386(12819)
296(35120)

Fig. 6. Absorption Spectra of complexes 1, 2 and 3 in dichloromethane at room temperature.
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conducted. To further rationalize the photophysical properties of
complexes 1, 2 and 3 TD-DFT calculations on the corresponding
molecular orbitals involved in the transitions were carried out
which are depicted in Table S11, Table S5 and Table S6 respectively
in electronic Supplementary information(ESI). Fig. 6 shows the
experimental UVeVis spectra and TD-DFT calculated excited states
with oscillator strength are in Table S11 for complex 1, Table S5 and
Table S6 respectively for complex 2 and 3 in electronic Supple-
mentary information(ESI). TD-DFTcalculations reproducewell with
the experimental absorption spectra (curves in Fig. 6). For complex
1, 2 and 3, the lowest energy absorption band (487 nm, 491 nm and
521 nm in Fig. 6) all are assigned mainly to the ILCT or LLCT tran-
sition. The low intense low energy bands of complex 1, 2 and
3(396 nm, 396 nm and 386 nm respectively are also ILCT or LLCT
transition. The higher energy absorptions below 300 nm for all the
complexes are too complicated to be resolved. It is basically metal
to ligand charge transfer, i.e, MLCT(Rh)/2-phpy or MLCT(Rh)/hq
transitions are all included. The calculated absorption energies
associated with their oscillator strengths, the main configurations
and their assignments as well as the experimental result of 1, 2 and
3 are given in Table S11, Table S5 and Table S6 in electronic Sup-
plementary information(ESI) respectively.

In order to analyze the nature of absorption, we performed an
NTO analysis based on the calculated transition density matrices.40

This method offers the most comprehensive representation of the
transition density between the ground and excited states in terms
of an expansion into single-particle transitions (hole and electron
states for each given excitation).
Here we refer to the unoccupied and occupied NTOs as ‘‘elec-
tron’’ and ‘‘hole’’ transition orbitals respectively. Note that NTOs are
not the same as virtual and occupied MO pairs from the ground
state calculations. Fig. S18 in Supplementary information(ESI) il-
lustrates the natural transition orbitals (NTOs) for complex 1 and
those for complex 2 and 3 are given in Supplementary informa-
tion(ESI) (Fig. S7 and Fig. S8 respectively). Based on our TDDFT
NTOs analysis the bands in the region 265e525 nm for all com-
plexes can be characterized as a mixture of MLCT, LLCT and ILCT
states.

As illustrated in Fig. S18, optical excitations occur from the
occupied (hole) transition orbitals to the unoccupied (electron)
transition orbitals. Hole NTOs contributing to the bands are local-
ized on the Rh centre along with p orbital of ligands (t2g�p) while
the electron NTOs are mainly delocalized over the p*orbital of the
ligand moiety.

3.5. Emission spectral properties

The emission spectral behaviour of all the complexes was
studied at room temperature in dichloromethane. The photo-
physical parameters are listed in Table 3. Fig. 7 represents the
emission spectra of the complexes in dichloromethane solution.

Upon photo excitation, complexes 1e2 display long-lived and
low intense greenish-yellow luminescence at 560 nm and 580 nm
respectively in DCM solutions at 298 K. In DCM solutions at 298 K,
complex 3 display similar but high intense orange emission spectra
with maxima at near about 615 nm. These are shown in Table 3.



Fig. 7. Emission spectra of complex 1, 2 and 3 at dichloromethane solution at room temperature.
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The photoluminescence property mainly originates from triplet
state charge transfer transitions. Table S12 in Supplementary
information(ESI) describes the calculated emission energies asso-
ciated with their oscillator strengths, the main configurations and
their assignments as well as the experimental result of complex 1
and 2, and 3. It is believed that the change in electronegative atom
and group in the aryl azomoiety of themolecule responsible for the
fluorescence spectral change as wavelength increases from com-
plex 1 to 3with the variation of the ligand. In order to elucidate the
T1 states of the complexes from a theoretical perspective, the
electron spin density isosurfaces were studied by DFT calculations
(Fig. 5). The isosurface of the spin density and HSOMO and LSOMO
of complex 1, 2 and 3 is localized mainly on the 8-
hydroxyquinoline-arylazo moiety and somewhat on metal
(Fig. 5). This is in agreement with the known 3MLCT/3LLCT/3ILCT
excited state of cyclometalated Rh(III) complexes.

The photoluminescence property mainly originates from triplet
state charge transfer transitions and electron spin density at T1
state (Fig. 5) reveals the ligand-centered 3IL nature of T1 state for all
complexes. TD-DFT study at T1 state for all complexes corroborates
with mainly the 3ILCT or 3LLCT nature for all the transitions.

In order to analyze the nature of emission, we performed an
NTO analysis based on the calculated transition density matrices.
Fig. S20 illustrates the natural transition orbitals (NTOs) for all three
complexes. Based on our TDDFT NTOs analysis at T1 state all the
bands for complex 1 and 2 and 3 can be characterized as
3MLCT/3ILCT/3LLCT transitions as electron density over metal is
very small. As illustrated in Fig. S20, optical excitations occur from
the occupied (hole) transition orbitals to the unoccupied (electron)
transition orbitals. The hole and electron NTOs contributing to the
bands are mainly metal-ligand and ligand localized, respectively.

From the NTO analysis we can see that the electron density of
hole predominantly located at the [d(Rh) þ p(Hq1)] for complex 1,
[d(Rh)þ p(Hq2)] for complex 2 and d(Rh)þ p(2-phpy)þ p(Hq3) for
complex 3 and electron density of unoccupied (electron) transition
orbital is mainly locate at p* orbital of 2-phpy for complex 1 and
complex 2 and p* orbital of Hq3 for complex 3. Thus we conclude
that emission transition characters are fromd(Rh)þ p(Hq1) to p*(2-
phpy) þ p*(Hq1) for complex 1 and d(Rh) þ p(Hq2) to p*(2-
phpy) þ p*(Hq2) for complex 2. In case of complex 3 both hole
and electron NTOs contributing to the bands are mainly ligand
localized.

At room temperature in solution state the quantum yield value
of the complexes are in the range [(6.0e49.0) x 10�3] which are
given in Table 3.

Time resolved luminescence spectrum is the measurement of
the decay process and the emissive nature of the complexes. Thus
time resolved luminescence spectra are recorded for all the com-
plexes. All the complexes display a mono-exponential decay nature
and the decay plot for the complex 3 is shown in Fig. 8 while the
same plot for other complexes, i.e, for 1 and 2 are given in Sup-
plementary information(ESI) (Fig. S16 & Fig. S17 respectively). The
fluorescence life time (t), radiative (kr) and nonradiative (knr) decay
rate constant are collected in Table 3.
3.6. Trans/Cis isomerism interpretation by UVeVis studies

With UV light or blue light irradiation with particular wave-
length to a freely rotating azo moiety of a complex undergoes trans
/ cis isomerism by rotating of the azo bond very rapidly. The free
type azo moiety in a complex thus undergoes rapid trans/cis
photoisomerisation and the obtained cis isomer is pretty much
stable. By this theory, it have been irradiated all the three trans
complexes by passing 450 nm UV light directly to the complex
solution for only 5min and the colour of the ~10�5(N) solution of
each complexes has been changed and the compound remained
stable for hours and by these transformed solution UVeVis spectra
have been taken and there has been different spectra obtained for
all the complexes from the ground state stable trans isomers. Thus
it can be concluded that by irradiation with UV light, i.e, hy to the
trans isomer there is a new isomer obtained and this is obviously cis
isomer and it is believed to be happened by the free rotation of azo
bond by photonic irradiation. The experimental observation
matches with the theoretical interpretation. By theoretical point of
view, the ground state geometry shows that the all complexes are
in trans conformation (Fig. 2) for complex 1 and such incident



Fig. 8. Changes in the time-resolved photoluminescence decay of complex 1 in dichloromethane at room temperature obtained with 525 nm excitation. The emission at 615 nmwas
monitored for 3.

Fig. 9. UVeVis spectra of complex 1(Left), complex 2(middle) and complex 3(right). The black spectrum is for without light irradiation and red spectrum is for with light irradiation
for 5min of dichloromethane solution at room temperature for each complexes. (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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happened with other two complexes which are given in Supple-
mentary information(ESI). The UVeVis spectra of both isomer for
all the complexes are given in Fig. 9 for complex 1, 2 and 3
respectively and colour changing images are also given in Fig. 10.

From the UVeVis spectral changes as well as the changing of the
colour of the solution hence prove that probably from the ground
state trans isomer after irradiated with photon changes to stable cis
isomer and this result correlating the theoretical DFT method.
3.7. Electron paramagnetic resonance (EPR) study for cis-trans
isomerism pathway

1e3 are EPR silent as 1HNMR spectra confirm the diamagnetic
nature of all the complexes in parent trans isomer. The colours of



Fig. 10. Images taken before UV light irradiation(left hand side) and images taken after hn irradiation(right hand side) for complex 1(upper), complex 2(middle) and complex
3(below).
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Fig. 11. X-band EPR spectra of (a) 1 (b) 2 and (c) 3 in CH2Cl2 at 298 K after irradiation
with UV light.
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the CH2Cl2 solution of the complexes were changed after irradia-
tion with UV light. The bright yellow orange colour of 1 and 2
changed to a pink colour, while pink colour of 3 changed to light
yellow. Interestingly, the CH2Cl2 solutions of the complexes after
irradiation with UV light are EPR active as there is no 1HNMR
spectra obtained with that light irradiated complexes, hence prove
that the paramagnetic nature. The EPR spectra were recorded at
298 K as shown in Fig. 11. The CH2Cl2 solutions give isotropic hy-
perfine spectra with g values 2.003 that endorse the existence of
organic radicals.* The observation authenticates the geometric
isomerisation (trans / cis) occurs through a radical pathway.

3.8. Electrochemical studies

Cyclic voltammetry was performed for all the complexes in
dichloromethane solution at room temperature under nitrogen
atmosphere with tetraethyl ammonium perchlorate (TEAP) as the
supporting electrolyte using a Pt electrode as working electrode
and the potentials are referenced to the saturated calomel electrode
(SCE) without junction correction.

The redox activities of the complexes were investigated by cyclic
voltammetry in CH2Cl2 at 295 K. The cyclic voltammograms are
illustrated in Fig. 12. 1e3 exhibit irreversible anodic peaks may be
due to the formation of phenoxyl radical state. The anodic peak
potentials are 0.94, 0.97 and 0.98 V respectively. The oxidation
potential increases from 1 to 3 due to electron withdrawing nature
of the aryl group increases from 1 to 3.

4. Theoretical interpretation of trans-cis isomerism

By theoretical point of view, the ground state geometry shows
that the all complexes are in trans conformation which have
dihedral angle of around ~179� for all the complexes which were
discussed in geometrical optimisation part by DFT calculations. It
confirms that the geometry of all the complexes in ground state are
in trans conformation with respect to azo moiety. Now On excita-
tion of the complexes, i.e, in singlet excited state optimisation by
fixing the dihedral angle near almost 0�, all the trans isomers
become to another conformer and these are none other than cis
conformers and the dihedral angle changes to :C27-N4-N5-
C32¼12.403� for complex 1, :C27-N4-N5-C32¼ 8.179� for 2 and
:C27-N4-N5-C32¼17.939� for 3 and it give us idea about cis
geometrical isomers and all the isomers are shown in Fig. 13.

The UVeVis spectra of both the conformers for all the complexes
are also investigated by means of TDDFT calculations. The ground
state time dependent DFT calculation gives the UVeVis spectra for
trans isomers for all the complexes which are same as experi-
mentally obtained UVeVis spectra of the complexes 1, 2 and 3
before UV light irradiation. The TDDFT calculation of singlet excited
state optimisation geometry (taking the cis optimisation geometry)
show almost similar UVeVis spectrum to that of spectrum of irra-
diating the sample solution by UV light for all three complexes. The
intense absorption peak with wavelength maxima obtained from
theoretical TDDFT calculation is ~520 nm which is shown in Fig. 14
which is pretty much closer to the experimental UVeVis spectrum
obtained after UV light irradiationwhich has absorption maxima at
518 nm for 1 shown in Fig. 9. The UVeVis spectra of the cis isomers,
i.e, uv light irradiated isomers obtained for complexes 2 and 3 by
experimentally(Fig. 9) and theoretically(Fig. 14) are matched
satisfactorily which have given absorption maxima at about
~490 nm for both complexes proving the existence of cis isomer.
This observation from theoretical calculation perspective sup-
ported comprehensively the trans-cis isomerism. The UVeVis
spectrum of the isomer for complex 1 in excited state obtained
theoretically is shown in Fig. 14.

5. Conclusion

In summary, we were synthesized and characterized the [Rh(2-
phpy)2q] complexes incorporating bi-coordinating 8-



Fig. 12. Cyclic voltammetric diagrams of (a) 1, (b) 2 and (c) 3 in CH2Cl2 at 298 K.
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Fig. 13. Optimisation structure obtained from DFT calculations for cis isomers of complex 1 in (a), complex 2 in (b) and complex 3 in (c).
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Fig. 14. UVeVis spectra obtained by TDDFT calculations for cis isomer of the complex 1 in (a), complex 2 in (b) and complex 3 in (c).

Chart 1. Reported ligands and complexes.

A. Maity et al. / Journal of Organometallic Chemistry 887 (2019) 48e6362



A. Maity et al. / Journal of Organometallic Chemistry 887 (2019) 48e63 63
hydroxyquinoline-arylazo ligands. We have performed a compre-
hensive study of the electronic structure of the complexes. The
optimized geometries, energies, frontier orbitals and excited states
that emerged from the calculations provided a detailed description
of the absorption and emission properties of the complexes. The
different Rh(III) species using various O, N coordinating 8-hydrox-
yquinoline-arylazo ligands along with their theoretical in-
vestigations and comparative physicochemical and electrochemical
studies were considered comprehensively. It was also investigated
how the photoluminescence of the complexes changes by incor-
porating electron withdrawing group at the ligand centre and the
result was very much satisfactory what we expected. The trans-cis
isomerism studies are carried out by UV light irradiation of the
complexes. The isomerisation pathway is also determined by EPR
spectroscopic measurement. The cis-trans isomerism studies are
also done theoretically.
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