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Abstract. The pyridylhydrazone ligand incorporating a pendant pyrene moiety HL has been synthesized
starting from 2-hydrazinopyridine and its coordinating behaviour towards rhodium(III) have been scrutinized.
The complex of type [RhL(PPh3 )2 Cl2 ], incorporating five-membered chelate ring has been isolated and the
structure has been authenticated by single-crystal X-ray diffraction study. The ligand exhibits an oxidative
response at ∼1.2 V upon coordination with rhodium(III) and the optoelectronic properties as well as theoretical
exploration have been performed by the density functional theory (DFT) as well as time-dependent density
functional theory (TD-DFT) analyses.
Keywords. Polycyclic aromatic hydrocarbon (PAH); hydrazone; photoluminescence; redox activity.

1. Introduction
Metal complexes of Schiff bases have been
comprehensively used as building blocks to fabricate
a large variety of topologies. Among them, hydrazones
have captivated the researchers due to their illustrious
aptitude towards chelation, biological activities as well
as due to their structural flexibility that can provide
rigidity to the synthesized metal-ligand scaffold. 1–18
Hydrazones can generate an environment comparable to
the one present in biological systems usually by coordination through oxygen and nitrogen atoms. A variety of
significant characteristics of carbonic acid hydrazides,
along with their applications in medicine and analytical
chemistry have led to significant awareness in their complexation characteristics with transition metal ions. 19–23
In recent times, it has been authenticated that the N–N
bond in the hydrazones participates as a key activating unit and plays a decisive role as Lewis base that
emerges as a directing group (DG) towards rhodiumcatalyzed C–H activation reactions. 24–26 It has been
further validated that Rh(III) is connected to the N-atoms
of the hydrazone group during the catalytic cycle. 24 In
* For correspondence

this connection, the exploration of the molecular and
electronic structures of novel rhodium(III) hydrazone
complex is imperative for the search of suitable electron
transfer as well as optoelectronic characteristics within
the metal–organic framework. In this paper, we report
the designed synthesis of a new pyridylhydrazone ligand incorporating a pendant pyrene group, 1 (Scheme
1) starting from 2-hydrazinopyridine. The rhodium (III)
complex 2 has been synthesized and it has been observed
that the ligand and the complex is emissive in nature.
The rhodium complex has been characterized comprehensively by X-ray diffractometry which discloses the
formation of a five-member metallacycle. Spectral characterization, as well as theoretical analysis of 2, has been
reported extensively. An additional remarkable feature
in the complex is that the ligand framework can function as an electron donor upon coordination and this has
been corroborated from the nature of the redox orbitals.
2. Experimental
2.1 General
The chemicals used in this work were purchased from the
following sources: 2 hydrazinopyridine from TCI Chemicals
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Scheme 1.

Synthesis of ligand 1 and complex 2 starting from 2-hydrazinopyridine.

(India) Pvt. Ltd.; 1-pyrenecarboxaldehyde was procured from
Alfa Aesar. Triphenylphosphine was purchased from Sigma
Aldrich, India. Rhodium trichloride salt was purchased from
Arora Matthey Pvt. Ltd. All solvents and the chemicals were
utilized as received, without further purifications. UV-vis
spectra were recorded on a Perkin Elmer LAMBDA 25 spectrophotometer. 1 H NMR spectra were measured on Bruker
FT 500 and 13 C-NMR was measured on Bruker FT 400 operating at frequencies 100 and 150 MHz respectively (Figures
S4–S7, Supplementary Information). 31 P-NMR of 2 was measured on Bruker FT 400 MHz spectrometer which operates at
161.99 MHz (Figure S8, Supplementary Information). Elemental analyses (C, H, N) were performed on a Perkin Elmer
2400 series II analyzer and electrochemical measurements
were recorded on a Versa Stat II Princeton Applied Research
potentiostat/galvanostat using a platinum electrode under
an argon atmosphere. Tetrabutylammoniumhexafluorophosphate ([N(n-Bu)4 ]PF6 ) was used as a supporting electrolyte
and potentials were referenced to the Ag/AgCl electrode without junction correction. The emission data were collected on
a Perkin Elmer LS 55 fluorescence spectrometer. For all luminescence measurements, excitation and emission slit widths
of 4 nm were used. Quantum yields of the complex were
determined at 25 ◦ C in freeze–pump–thaw degassed solutions of dichloromethane. Anthracene in ethanol is used as
the standard during quantum yield measurement for compounds. 27,28 The quantum yields were calculated using eqn
(1). 26
Φr = Φstd

Astd Ir ηr2
2
Ar Istd ηstd

(1)

Where r and std are the quantum yields of an unknown
and standard sample (std = 0. 270 for anthracene), Ar and
Astd are the solution absorbances at the excitation wavelength
(λex ), Ir and Istd are the integrated emission intensities, and
ηr and ηstd are the refractive indices of the solvents. Timecorrelated single-photon counting (TCSPC) measurements
were carried out for the luminescence decay of Ligand 1
complex 2 in dichloromethane. For TCSPC measurement,
the photoexcitation was done at 300 and 330 nm using
two picosecond diode laser (IBH Nanoled-07) in an IBH
Fluorocube apparatus. The fluorescence decay data were

collected on a Hamamatsu MCP photomultiplier (R3809) and
were analyzed by using IBHDAS6 software. X-ray intensity
data for 2 was measured at 293(2) K on a Bruker AXS SMART
APEX CCD diffractometer using Mo Kα (λ = 0.71073 Å).
Metal atoms were located by direct methods, and the rest of the
non-hydrogen atoms emerged from successive Fourier synthesis. The structures were refined by full-matrix least-squares
procedures on F2. The hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL
default parameters. Calculations were performed using the
SHELXTL V 6.14 program package. 30 Thermal ellipsoids
were drawn at the 50% probability level. Molecular structure plots were drawn using the Oak Ridge thermal ellipsoid
plot ORTEP. 31 Hydrogen atoms were kept fixed using the
riding model during refinement. Crystallographic data and
refinements for the complex is presented in SI (Table S1, Supplementary Information†). The ORTEP plot is presented in
Figure 1.

2.2 Computational study
The molecular geometries of the singlet ground state (S0 ) of
the synthesized complex 2 have been calculated by the DFT
method using the (R)B3LYP 32,33 hybrid functional approach
incorporated into the GAUSSIAN 09 program package. 34
The geometries of the complex were fully optimized in the
gas phase without imposing any symmetry constraints. The
nature of all the stationary points was checked by computing vibrational frequencies, and all the species were found
to be true potential energy minima, as no imaginary frequency was obtained (NImag = 0). The single crystal X-ray
coordinates have been used as the initial input in all calculations for 2. On the basis of the optimized ground and
excited state geometries, the absorption and emission spectra properties in dichloromethane (CH2 Cl2 ) media were
calculated by the time-dependent density functional theory
(TD-DFT) 35–38 approach associated with the conductor-like
polarizable continuum model (CPCM). 39–41 We computed
the lowest 200 singlet-singlet transitions and singlet-triplet
transitions each in absorption and emission processes, respectively and the results of the TD calculations were qualitatively
similar to the observed spectra. The TD-DFT approach is now
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well-known as a rigorous formalism for the treatment of
electronic excitation energies within the DFT framework for
calculating spectral properties of many transition metal complexes. 42–45 Hence TD-DFT had been shown to provide a
reasonable spectral feature for the compound under investigation. The rhodium atom was described by a double-ζ
basis set with the effective core potential of Hay and Wadt
(LANL2DZ), 46,47 and the 6-31G basis set 48,49 was used
for the other elements present in the complex to optimize
both ground state and the lowest lying triplet excited state
geometries. The calculated electronic density plots for frontier
molecular orbitals were prepared by using the Gauss View 5.0
software. The GaussSum program, version 2.2, 50 was used to
calculate the molecular orbital contributions from groups or
atoms.

2.3 Syntheses of the ligand
2-(2-(pyren-1-ylmethylene)hydrazinyl)pyridine, HL (1):
To an ethanolic solution of 1- pyrenecarboxaldehyde
(460.5 mg, 2.0 mmol) was added 2-hydrazinopyridine
(218.3 mg, 2.0 mmol) in ethanol and the resulting mixture was stirred for 3 h. A yellow solid was separated,
which was filtered and dried in vacuum over fused calcium chloride. Yield: 500 mg (78%). Anal. Calcd (%)
for 1, C22 H15 N3 : C, 82.22; H, 4.70; N, 13.08. Found:
C, 82.12; H, 4.66; N, 13.11. HRMS: m/z = 322.1638
(calcd. 322.1344) (Figure S5, Supplementary Information);
FT-IR (cm−1 ): 1610 (s, νC=N ); 1 H NMR (CDCl3 , 500 MHz),
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(δ, ppm) = 10.81 (s, 1H), 8.74 (d, J = 9.0 Hz, 3H), 8.57
(d, 8.0Hz, 1H), 8.20 (dd, J1 = 8.0 Hz, J2 = 9 Hz, 4H),
8.11–8.01 (m, 3H), 7.71–7.67 (m, 1H), 7.54 (d, J = 8.5 Hz,
1H), 6.83 (s, 1H); 13 C-NMR(150 MHz, CDCl3 ): (δ, ppm) =
193.08, 135.61, 131.37, 131.17, 131.07, 130.87, 130.77,
130.54, 128.35, 127.98, 127.55, 127.28, 127.13, 126.93,
126.66, 125.76, 125.43, 124.75, 124.62, 124.17, 123.09,
122.63.

2.4 Synthesis of the complex
[RhL(PPh3 )2 Cl2 ] (2): To a solution of 32.2 mg (0.1 mmol)
of 1 in 25 mL of dry toluene was added 90 mg (0.097 mmol)
of [Rh(PPh3 )3 Cl] and the reaction mixture was refluxed for
5 h. The red solution so formed was allowed to cool and
the dark orange solid was filtered off. The residue was dried
in vacuum. Diffusion of dichloromethane solution of the
complex into n-hexane afforded single crystal of 2. Yield:
36 mg (35%). Anal. Calcd (%) for 1a C58 H44 N3 P2 Cl2 Rh:
C,68.38; H, 4.35; N, 4.12. Found: C, 68.25; H, 4.31; N,
4.15. HRMS: m/z = 1018.5782 (calcd. 1018.1521); FTIR (cm−1 ): 1603 (m, νC=N ); 687 (vs, ν Rh−P(sym) ), 518 (vs,
νRh−P(asym) ); 1 H NMR (500 MHz, CDCl3 ): (δ, ppm) =
8.30 (m,1H), 8.14 (m, 3H), 8.03–7.99 (m, 4H), 7.90–7.89
(m, 4H), 7.73–7.68 (m, 9H), 7.48–7.46 (m, 5H), 7.08 (d,
J = 7.0 Hz, 3H), 7.05–6.99 (m, 11H), 6.79 (m, 1H), 6.55
(d, J = 9 Hz, 1H), 6.43 (d, J = 8.5 Hz, 1H), 5.32 (s,
1H); 13 C-NMR (100 MHz, CDCl3 ): (δ, ppm) = 135.44,
135.11, 135.06, 135.01, 132.32, 132.22, 132.10, 132.07,

Figure 1. ORTEP view of 2a: Hydrogen atoms are omitted for clarity, and thermal ellipsoids are
set at 50% probability. Selected bond lengths (Å) and angles (deg): Rh1-N1 2.0257(17), Rh1-N3
2.0336(16), Rh1-Cl1 2.3872(5), Rh1-Cl2 2.3842(5), Rh1-P1 2.3924(4), Rh1-P1a 2.3923(4),
N2-N3 1.370(2), N2-C5 1.333(3), N1-C5 1.372(3), N3-C6 1.304(3); N1-Rh1-Cl2 93.91(5),
N1-Rh1-N3 79.03(7), N3-Rh1-Cl1 93.96(5), Cl2-Rh1-Cl1 93.10(19).
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129.90, 129.33, 129.09, 128.70, 128.60, 128.06, 127.90,
127.81, 127.76, 127.72, 127.50, 127.40, 125.35; 31 P NMR
(161.99 MHz, CDCl3 ): δ 30.74 (d, 1 J Rh−P = 144.17 Hz,
PPh3 ).

3. Results and Discussion
3.1 Synthesis and structure
The ligand HL, 1 used in the current work has been
synthesized by refluxing 2-hydrazinopyridine with 1pyrenecarboxaldehyde (1:1 molar ratio) in ethanol. It
provides three different types of donor N-atoms among
which the pyridyl–N and one of the hydrazonyl–N atoms
behave as donor centres during coordination. Upon
refluxing a solution of 1 in toluene with Wilkinson’s
catalyst in 1:1 molar ratio, a dark red coloured solution
was obtained which was further evaporated in vacuo
and chromatographed to obtain [RhL(PPh3 )2 Cl2 ], 2 in
good yields. The mode of chelation is shown in Scheme
1, where the ligand forms a five-member ring with
rhodium(III) in 2. During the course of the reaction, the
ligand loses a hydrazonyl proton, while the square planar
Rh(I) loses electrons thereby forming [RhL(PPh3)2 Cl2 ]
and hence it may be considered as an example of oxidative coordination reaction.
The complex 2 crystallizes in monoclinic C2/m space
group and the ORTEP view is depicted in Figure 1. The
X-ray structure revealed that the ligand binds as bidentate uninegative with the pyridyl-N and a hydrazonyl-N
linked to rhodium(III), thereby forming a stable fivemember chelate ring and the metal center is in a distorted
octahedral environment. The N–N length in the complex
has been found to be 1.370(2), and this is indicative
of the single bond character. The Cl atoms are cis
with respect to each other and both the Rh–Cl lengths
in the complex are nearly equal. The crystallographic
parameters of 2 are listed in Table S2, Supplementary
Information.
3.2 Ground state geometries and frontier molecular
orbital compositions
The complex 2 has been found to be diamagnetic with
singlet ground state (t26 ) as expected for rhodium(III).
The geometry optimization was performed using the
crystallographic coordinates at (R)B3LYP levels in the
gas phase in its singlet spin state without any ligand
simplification. The optimized geometry is shown in
Figure 2, and the significant calculated metrical parameters are listed in Table 1 along with a comparison
with the experimental value. The optimized structural

Figure 2. Optimized geometry of 2 (H atoms are excluded
for transparency).
Table 1. Selected average bond lengths and angles obtained
by DFT for 2.
Bond distance (Å)
Rh1-N1
Rh1-N3
Rh1-Cl1
Rh1-Cl2
Rh1-P1
Rh1-P1a

2.06606
2.08719
2.44860
2.45038
2.48078
2.48152

Bond angles (◦ )
N1-Rh1-Cl2
N1-Rh1-N3
N3-Rh1-Cl1
Cl1-Rh1-Cl2
N1-Rh1-Cl1
P1-Rh1-P1a

93.26646
79.03(7)
93.81146
94.91263
171.8209
174.2204

parameters of 2 are generally in good agreement with
the experimental values. The HOMO of the compound
is essentially composed of π MO having a substantial
contribution from the pyrene, hydrazone and pyridyl
moieties, whereas the LUMO is constituted primarily
by triphenylphosphine and rhodium atom, and this set
of orbitals are perceptive in their redox behaviour (vide
infra). Isodensity plots of some selected orbitals of the
Rh(III) complex are portrayed in Figure 3. The partial
frontier molecular orbital compositions and energy levels of some selected orbitals (H-5 to L+5) along with
the HOMO–LUMO energy gap are listed in Table S4,
Supplementary Information.
3.3 Absorption spectra
The electronic spectra of the free ligand 1 and the chelate
2 were recorded in dichloromethane at room temperature. The spectrum of 1 is provided in Figure S1,
Supplementary Information while that of 2 is portrayed
along with its theoretical spectra in Figure 4. Multiple
transitions are distinctive of the spectra in the complex
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Figure 3. Partial MO diagram and isodensity surface plots of some selected FMOs of 2 (All
the energy values are given in eV).

and the excitations are ascribed chiefly to the chargetransfer transitions within the bidentate ligand scaffold
along with a varying amount of contribution of the metal
d-orbitals. In an attempt to have a grasp of the optical absorption processes, we carried out time-dependent
density functional theory (TD-DFT) analysis in CH2 Cl2
solvent using the CPCM model. The most pertinent
transitions involved, along with the energies, characters and oscillator strengths of the complex are listed in
the (Table 2). Natural transition orbital (NTO) analysis
was used to examine the origin of the absorption processes and are depicted in SI (Table S5, Supplementary

Information). This method offers the most compact
representation of the transition density between the
ground and excited states in terms of expansion into
single-particle transitions (hole and electron states for
each given excitation). In this case, we refer to the
unoccupied and occupied NTOs as ‘electron’ and ‘hole’
transition orbitals, respectively. In 2, lower energy
absorptions in the visible region at 503, 463 and
431 nm are computed respectively at 507 nm (2.445 eV,
f = 1.031), 495 nm (3.287 eV, f = 0.013) and 394 nm
(3.147 eV, f = 0.082). The lowest excitation is assigned
to π(hydrazone) → dz 2(Rh) + π ∗ (Npy ) + p(Cl)
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dichloromethane solution. The complex 2 upon
excitation at the wavelengths where their 1ILCT/1LLCT
admixed with 1 LMCT absorption maxima were
observed, exhibit broad luminescent band near
450 nm (Figure 5) and these remain unaffected with
the energy of excitation wavelengths. The ligand and
its rhodium(III) complex have been found to behave as
moderate emitters (quantum yields () = 0.9 − 1.7 ×
10−2 ). The emission maxima (λem ), quantum yield (),
lifetime (τ), and radiative (kr ) and nonradiative (knr )
decay rate constants are summarized in Table 3. The
luminescence spectrum and the time-resolved photoluminescence decay of 1 and 2 are presented in Figure S2,
Supplementary Information.
Figure 4. Experimental (red) and theoretical (green)
absorption spectra 2.

essentially 1 LMCT admixed with some 1 ILCT/1 LLCT
character. While the other two are attributed to 3p(Cl) →
π ∗ (hydrazone) LLCT and π(hydrazone) → π ∗
(hydrazone) ILCT transition, respectively. The next
band near 375 nm is computed at 357 nm (3.472 eV,
f = 0.204) as a π∗(hydrazone) → π∗(Ph)1 ILCT transition. The transition near 313 nm (4.095 eV, f = 0.022,
λtheo = 312.0 nm) can exclusively be attributed as a
π (hydrazone) → d2z (Rh)1 LMCT transition. Electronic
spectra of the complex exhibit multiple transitions and
these excitations are attributed mainly to the chargetransfer transitions within the ligand framework with a
varying degree of metal 4dxz/4dz2 contribution in the
ground/excited state.

3.5 Electrochemistry
Electron-transfer properties of the rhodium(III) complex was scrutinized by cyclic voltammetry in acetonitrile solution (0.20 M [N(n-Bu)4]PF6 supporting

3.4 Luminescence spectra
The emission spectral behavior of the ligand and
the complex were studied at room temperature in

Figure 5. Combined luminescence spectra of HL, 1
(orange), and [RhLPPh3 )2 Cl2 ] 2 (red) in CH2 Cl2 at room
temperature.

Table 2. Main optical transition at the TDDFT/B3LYP-6-31G level for the complex 2 with the composition in terms of
molecular orbital contribution of the transition, computed vertical energies and oscillator strength in dichloromethane.
Transition

CI

Composition

Energy (eV)

Oscillator strength ( f )

λtheo (nm)

S0 → S3
S0 → S4
S0 → S7

0.70178
0.64440
0.51200
0.37967
0.42823
−0.36827
0.45051
0.38044

HOMO → L+1 (98%)
H-4 → L+2 (83%)
HOMO → L+3 (52%),
H-1 → L + 1 (29%)
H-2 → L+2 (37%)
H-2 → LUMO (27%)
H-5 → L+1 (41%)
HOMO → L+14(29%)

2.4452
2.9252
3.1465

1.0306
0.0129
0.0823

507.05
423.85
394.04

3.4724

0.2047

357.05

3.9729

0.022

312.07

S0 → S14
S0 → S33
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UV-Vis and luminescence spectral data for ligand and complex in CH2 Cl2 at room temperature.

Compound

λmax [nm] (ε [M−1 cm−1 ])

1

388 (64879), 287 (35899), 236
(67629)

401

τ1 = 2.40 0.019

39.014

2.014

2

503 (28207), 463 (37800),
431 (26689), 375 (19387), 313
(43356)

448

τ2 = 4.87
5.045
0.009

17.839

1.964

a The

λem (nm)

τ (ns)

Φ

kr , s−1 (×105 ) knr , s−1 (×108 )

compounds 1 & 2 are excited at 309 & 313 nm respectively.

ligand viz., LUMO+1 in comparison to that of the metalrich LUMO. This is due to the fact that ligand scaffold
is composed primarily of conjugated imine along with
weak electron deficient pyridyl and hydrazonyl moieties. On the contrary, the HOMO is constituted by the
pπ orbitals, encompassing the entire ligand backbone
(hydrazone 35% pyrene 37% and pyridyl 27%), with
practically no participation from metal AOs. Thus the
oxidative couple at 1.2 V can be attributed to an exclusive ligand-centred oxidation process.

4. Conclusions

Figure 6. Cyclic voltammogram of [RhL(PPh3 )2 Cl2 ] (2)
(scan rate: 100) in CH3 CN solvent at 298K. Conditions:
0.20 M [N(n-Bu)4 ]PF6 supporting electrolyte; platinum
working electrode.

electrolyte) by using a platinum working electrode and
the reported potential is referenced to Ag/AgCl electrode. The value for the ferrocenium/ferrocene couple,
under the experimental condition was 0.52 V. The
rhodium(III) compound 2 was found to be electro-active
in solution and exhibit a quasi-reversible one electron
reductive couple at −0.7 to −0.8 V and an irreversible
oxidative couple at 1.2 V (Figure 6). To investigate the
nature of redox orbitals and the underlying electron
transfer processes we have performed theoretical studies
and it reveals that there is an appreciable metal contribution in LUMO along with some σ* of Rh-P bonds (Table
S2, Supplementary Information). Reductive responses,
therefore, are related with the metal-centred electron
transfer processes i.e., primarily an Rh(III)/Rh(II) couple and an additional electron enters into the vacant
4dz 2 AO during the course of reduction. This attribution is apparent from the energetically high-lying nature
of vacant ligand-based orbitals in typical Schiff base

A new ligand (HL, 1) containing π-acidic pyridine functionalized hydrazone in conjunction with the polycyclic
aromatic hydrocarbon (PAH), pyrene has been suitably designed and synthesized. It was further treated
with Wilkinson catalyst to synthesize the complex 2 via
an oxidative coordination reaction. The complex displays rich spectral features in the UV-vis region and
its redox active character has been validated from the
well-defined responses at mild potentials as well as from
the theoretical analysis. The ligand is emissive and its
complex with Rh(III) has been also found to be moderately emissive with a slight quenching of the emission
quantum yield as compared to that of the free ligand.
The molecular and electronic structures, optoelectronic
behaviour as well as the nature of the emitting excited
state have been authenticated by density functional theory (DFT) and time-dependent density functional theory
(TD-DFT).
Supplementary Information (SI)
CCDC contains the supplementary crystallographic data for
this paper with a deposition number of CCDC 1831093
for 2. This data can be obtained free of charge at www.
ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: (internet.) +44–1223/336–033; E-mail:
deposit@ccdc.cam.ac. uk.
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