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Abstract:

e synthesis of new terpyridine (Tpy) derivatives has been subject of extensive research due to its potential as functional materials
for solar energy conversion, among other applications. In this contribution, the 4-([2,2':6',2''-terpyridin]-4'-yl)phenol (TpyOH)
has been synthesized, characterized and studied through several methods, including X-ray crystallography and computational
approaches. Single crystal X-ray structure analysis shows that TpyOH is essentially planar, with dihedral angles of about 5.03°
between the central pyridinyl and the phenolic ring, and also 6.05 and 12.2° in the terpyridine moiety. In the crystal, molecules
are linked by intermolecular hydrogen bonds and through π-π stacking interactions. Using a time-dependent density functional
theory approach and taking into account bulk solvent effects, the absorption and fluorescence spectra of TpyOH were investigated
and compared. e TD-DFT S0 --> Sn and S1 --> S0 transition energies are in good agreement with experimental results. e
frontier molecular orbitals analysis showed that the low-energy absorption band has an intraligand charge transfer character (ICT),
while the high-energy band is a common feature of p–p* transitions of the Tpy moiety. e S1 --> S0 emission transition also has
an ICT character, with a 90% contribution from the HOMO --> LUMO transitions.
Keywords: Terpyridine, Krönhke reaction, Crystal structure, TD-DFT.

Resumen:

La síntesis de derivados terpiridinicos (Tpy) se ha investigado ampliamente debido a su potencial para la conversión de energía
solar. En este artículo se sintetizó y caracterizó el 4-([2,2':6',2''-terpiridin]-4'-il)fenol (TpyOH), a través de varias metodologías
como la cristalografía de rayos X y herramientas computacionales. El análisis de rayos X de monocristal mostró que el TpyOH es
plano, con ángulos diedros de 5,03° entre el piridinilo central y el anillo fenólico, con presencia de ángulos de 6,05 y 12,2º en la
porción terpiridínica. En el cristal, las moléculas están unidas por enlaces de hidrógeno intermoleculares y mediante interacciones
de apilamiento π-π. Utilizando cálculos DFT dependientes del tiempo (TD-DFT) y teniendo en cuenta el efecto de los disolventes,
se investigaron y compararon los espectros de absorción y fluorescencia de TpyOH. Las energías de transición TD-DFT de S0 -->
Sn y S1 --> S0 concuerdan con los resultados experimentales. El análisis de orbitales moleculares de frontera mostró que la banda de
absorción de baja energía corresponde a transferencia de carga intraligando (ICT); mientras que la banda de alta energía es común
en las transiciones p–p* del resto Tpy. La emisión debido a la transición S1 --> S0 corresponde a ICT, con una contribución del
90% proveniente de transiciones HOMO --> LUMO.
Palabras clave: Terpiuridina, reacción de Krönhke, estructura cristalina, TD-DFT.
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Resumo:

A síntese de derivados de terpiridina (Tpy) tem sido estudada devido ao seu potencial para a conversão de energia solar. Nesta
contribuição, o 4-([2,2':6',2''- terpiridina]-4'-il) fenol (TpyOH) foi sintetizado, caracterizado e estudado por vários métodos. A
análise de estrutura de raios X de cristal único mostra que o TpyOH é plano, com ângulos diedros de 5,03 ° entre o piridinilo central
e o anel fenólico, e também 6,05 e 12,2 ° na porção de terpiridina. No cristal, as moléculas são ligadas por ligações intermoleculares
de hidrogênio e através de interações de empilhamento π-π. Usando uma abordagem da teoria funcional da densidade dependente
do tempo e levando em consideração os efeitos do solvente em massa, foram investigados e comparados os espectros de absorção e
fluorescência do TpyOH. As energias de transição TD-DFT S0 --> Sn e S1 --> S0 estão de acordo com os resultados experimentais.
A análise de orbitários moleculares de fronteira mostrou que a banda de absorção de baixa energia possui um caráter de transferência
de carga intraligando (TIC), enquanto a banda de alta energia é uma característica comum das transições p–p*da fração Tpy. A
transição de emissão S1 ---> S0 também tem um caráter TIC, com uma contribuição de 90% das transições HOMO®LUMO.
Palavras-chave: Terpiridine, reação de Krönhke, estrutura de cristal, TD-DFT.

Introduction

Currently, terpyridines (Tpys) have a very important presence in the scientific literature due principally to
their optoelectronic properties and coordination capability (1, 2, 3). e different characteristics of Tpys
are provided by the three neighbouring pyridine rings and their spatial disposition, which form a very
particular and changeable electronic space. As a result, for example, Tpys are capable of forming coordination
compounds with various transition metals. is makes Tpys very promissory moieties in the development
of new materials with high technological potentials like photovoltaics (4), LEDs (5), solar cells (6, 7, 8, 9)
and chemo-sensor probes (10).

is interest in Tpys has represented a considerable effort on the synthetic field. Many methodologies
have been widely studied for the synthesis of Tpys, like the Potts, Jameson, Sasaky, Stille cross-coupling, and
the Kröhnke reaction (11), the latter being the most useful methodology to synthesize 4-aryl substituted
Tpys using very simple reagents under feasible conditions. e Kröhnke reaction involves the use of the
appropriate aryl-aldehydes and 2-acetylpyridine to give the corresponding 4-substituted Tpy in moderate
yields. is is a very important advantage over the aforementioned methodologies which require very
expensive reagents non-commercially available. However, the Kröhnke methodology has a very important
limitation regarding the synthesis of Tpys, since this synthetic route can only be used for the synthesis of 4-
aryl substituted Tpys.

e spatial disposition of the nitrogen atoms over the pyridine rings of Tpys is very important for
the physical and chemical properties. As a result of the free rotation presented by the sigma bonds
that connect the aromatic rings, Tpys have different structural conformations, which can present high
or low π-electronic delocalization, properties that can affect the optoelectronic properties drastically.
Interestingly, the conformation in Tpys can be altered or modified by specific guest, such as metal ions,
through coordination bonds. erefore, correlation of spatial conformations, crystallographic structure, and
optoelectronic properties of Tpys are very important for technological applications such as chemical sensors.
Herein, the synthesis, characterization, and the crystal structure of 4-([2,2':6',2''-terpyridin]-4'-yl)phenol
(TpyOH) are reported, a versatile tridentate ligand which may be used as building-block for the synthesis of
multicomponent systems with interesting photochemical and photophysical properties.
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Materials and methods

Synthesis

4-Hydroxybenzaldehyde and 2-acetylpyridine were purchased from Sigma-Aldrich (St. Louis - MO, USA)
and were used without further purification. Sodium hydroxide was obtained from Alfa-Aesar (Haverhill -
MA, USA). Following the Kröhnke reaction (Figure 1), TpyOH was obtained in moderate yield.

FIGURE 1
Synthetic route for 4-aryl substituted TpyOH

General procedure

Synthesis of 4-([2,2':6',2''-terpyridin]-4'-yl)phenol (TpyOH)

2.41 mL of 2-acetylpyridine (20 mmol) were added dropwise to a solution of 1.3 g of 4-hydroxybenzaldehyde
(10 mmol) and 2.1 g of sodium hydroxide (50 mmol) in 25 mL of ethanol at 0 ºC. Two hours later having
reached the room temperature, 10 mL of concentrated ammonium hydroxide were added and the solution
was refluxed overnight. Aer this, filtration at room temperature gave a yellowish solid that was recrystallized
from ethanol-water (1:1) to yield 2.03 g (57%) of light yellow crystals. M.p. > 300 °C (lit. (11) 302-306ºC).
FT-IR (cm-1): 3441, 3055-3039, 1597, 1527 and 1095. 1H-RMN (400 MHz, CDCl3) δ (ppm): 8,79 (d,
2H), 8,75 (d, 2H), 8,70 (s, 2H), 7,72–7,78 (m, 2H), 7,38–7.41 (m, 6H). 13C-RMN (100 MHz, CDCl3) δ
(ppm): 116.52, 117.53, 121.39, 125.02, 128.31, 128.58, 139.12, 149.71, 155.59, 160.13 MW: Calculated:
325.1201 Found: 325.171(MALDI-TOF).

Steady-state spectroscopy

All measurements were performed at room temperature (20 ± 1°C) in HPLC quality ethanol. e stationary
absorption spectra were measured using a Shimadzu UV-2401 PC double channel spectrophotometer
(Kyoto, Japan) in a 1 cm quartz cell. e steady-state fluorescence emission and excitation spectra were
recorded using a PTI Quantamaster™ 4000 spectrofluorometer (New Jersey, USA).

Computational details

All calculations were performed using the Gaussian09 quantum chemical program package (12). e
molecular structures of TpyOH in the electronic ground state were fully optimized with density functional
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theory (DFT) method using the parameter-free PBE0 hybrid functional and the 6-31+G(d,p) basis sets.
To include the solvent effects, we used the Polarized Continuum Model (PCM) with the integral equation
formalism (IEFPCM) developed by Tomasi et al (13, 14).

To simulate the absorption and emission spectra, vertical excitation energies in the singlet and triplet
manifold were calculated using the PCM/TD-PBE0/6-31+G(d,p) level of theory. is approach has proven
to predict accurate descriptions of excited states for several organic (15) and metal-organic complexes (16,
17, 18). Geometry optimizations for the S0 and S1 states were performed without symmetry constraints and
were confirmed to be stationary points through vibrational frequency analysis.

Results and discussion

Synthesis and crystal structure

TpyOH was synthesized under mild conditions following the Kröhnke reaction with a yield similar to the
previously reported (11). Aer purification, TpyOH was crystallized in an orthorhombic crystal system
with P212121 symmetry. Full information of the structure was deposited at the CSD Database under the
deposition number 1454127 (Table 1). e crystal-packing diagram (Figure 2) shows that the asymmetric
unit of TpyOH contains one crystallographically independent molecule as part of four molecules per unit cell
with similar bond distance and dihedral angles. e geometry of TpyOH corresponds to a nearly coplanar
structure, where the central pyridinyl ring (Py2) makes a dihedral angle of about 5.03° with the phenolic ring
(PhOH), and 6.05 and 12.2° with the pyridinyl substituent rings Py1 and Py3, respectively.

e differences in the dihedral angles observed on the terpyridyl moiety can be attributed to the
intermolecular hydrogen bond O25-H26××××N18 formed between two adjacent molecules. As shown in
Figure 1, the molecules are column-like stapled along the a-axe of the unit cell with a packing dominated
mainly by intermolecular hydrogen bonds (1.85(3) Å), between the pyridinyl nitrogen of Py3 and the –OH
over the phenol-group at the neighbour molecule and by π-p interactions (3.52(3) Å) between molecules
of the same staple. Although the crystal structure of the target compound was published earlier (19) and
the crystallographic data are quite similar, the cell volume here reported is a little bit smaller (about 68 Å),
showing the possibility of polymorph formation for this compound (20).

FIGURE 2
X-Ray molecular structure of TpyOH. f1, f2, and f3 are the dihedral angles defined by

atoms C12–C11–C19–C24, C1–C2–C7–C12, and C18–C13–C9–C10, respectively
(le). And Cell packing of the four molecules in the unit cell along the a-axes, showing

hydrogen bonding as red lines. e molecules are column-like stapled along the a-axe (right)
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TABLE 1
Crystal data and structure refinement for TpyOH

Molecular Hirschfeld surface

e Hirshfeld surface is a useful tool for describing the surface characteristics of molecules. e molecular
Hirshfeld surface of TpyOH was generated by the CrystalExplorer 17.5 program (21), using a standard high
surface resolution with the 3D dnorm surface (Figure 3) mapped over a fixed color scale of -0.66 (red) to 1.2
Å (blue). e Hirshfeld surface is shown to be transparent to permit visualization of the molecular moiety,
and the 3D dnorm surface was used to identify close intermolecular interactions. e values of dnorm are
negative or positive either the intermolecular contacts are shorter or respectively longer than the Van der
Waals radii. e dnorm values were pictured onto the Hirshfeld surface using a red-blue-white color scheme,
where red regions represent a closer contact with a negative dnorm value, a blue region represents longer
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contacts with a positive dnorm value, and a white region represents exactly the distances by van der Waals
radii with a dnorm value of zero.

FIGURE 3
3D dnorm Hirshfeld-surface of the TPyOH molecule. Red spots indicate short distances
between neighbour molecules. e two shortest distances between molecules are formed

by hydrogen-bonds between OH-groups and nitrogen-atoms of neighbour molecules

e 2D fingerprint plots (Figure 4) can be interpreted as particular atom pair contacts between neighbour
molecules. It enables the separation of different interaction types that overlap in the full fingerprint (Figure
4a). e 2D fingerprints are symmetrical along the diagonal. e de- and di-axes represent the distances from
the molecule surface to the nearest nucleus external to the surface (de) and the distance from the surface to
the nearest nucleus internal to the surface (di). ese values provide an immediate picture of the nature of
intermolecular contacts in the crystal.
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FIGURE 4
2D-Fingerprints including reciprocal contacts between atoms of neighbour molecules: a)

overall; b) N-H and the surface area of a TpyOH molecule which has the nearest contact to
surrounding molecules discriminated by intermolecular atom-atom distances (inserted table)
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FIGURE 4 (CONT.)
2D-Fingerprints including reciprocal contacts between atoms of neighbour molecules: a)

overall; b) N-H and the surface area of a TpyOH molecule which has the nearest contact to
surrounding molecules discriminated by intermolecular atom-atom distances (inserted table)

In Figure 4b the spikes represent the nearest contact between N- and H-atoms (di=1.008Å, de=0.730 Å)
but in this type of interaction only 7.8% of the Hirshfeld surface is involved, the main contact area between
the surrounding molecules is formed between H--H (42% of the surface) and between C--H atoms (30.6%
of the surface).

Steady-state spectroscopy

e absorption and emission spectra of TpyOH in ethanol solution are shown in Figure 5. As can be
observed, the absorption spectrum shows an intense band centred at λ = 286 nm and a weak long-wavelength
absorption in the 330–410 nm range. e low-energy band is assigned to the intraligand charge transfer
transition (ICT), while the high-energy band is a common feature of p–p* transitions of the Tpy moiety
(22, 23, 24, 25). From the comparison between the UV-visible spectrum of TpyOH and the corresponding
terpyridine systems bearing electron-donating or electron-withdrawing groups, is clear that the intensity
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of the ICT band is mainly governed by the electron donating strength of the substituent. Specifically,
terpyridines carrying an -NR2 electron donor substituent show a strong absorption band around 360-399
nm.

On the contrary, for the case of NO2 substitution, the spectrum shows only one absorption band at
higher energy, as expected for a p–p* transition centred on the ligand (22, 23, 24, 25). Furthermore, the
emission spectrum of TpyOH shows a broad emission band centred at λ = 384 nm, with a very large Stokes
shi of almost 100 nm, indicating that TpyOH undergoes with difficulty self-absorption processes. is
suggests that TpyOH could be a good candidate for applications such as chemo-sensors. is emission band
corresponds to energy relaxation from a nearly coplanar S1 state formed aer the photo-absorption process
(as it is shown in the following Figure 5).

FIGURE 5
Absorption (blue line) and emission (red line) spectra of TpyOH in ethanol. e fluorescence spectrum

was taken with an excitation wavelength of 285 nm. e vertical sticks correspond to the vertical
absorption and emission transitions calculated at the PCM/TD-PBE0/6-31+G(d,p) level of theory

DFT ground state properties and conformational analysis

DFT geometry optimization of TpyOH in the ground state was performed taking into account three
different isomers, generally named as transoid, cisoid, and a mixture between them (from now on labelled
as TpyOH 1, TpyOH 2, and TpyOH 3), which differ in the spatial orientation of the terpyridyl nitrogen
atoms. Optimized ground state structures of these Tpy isomers in ethanol are depicted in Figure 6, while
selected structural parameters are included in Table 2. For the TpyOH 1 isomer, the phenol substituent
forms a dihedral angle of approximately 34° relative to central terpyridine ring, while the three terpyridine
aromatic rings are nearly planar, with f2 and f3 of about -1.8° and -1.9°, respectively. For the TpyOH 2
isomer, the substituted phenol ring and the terminal terpyridine rings are twisted for about 38° and -139°,
respectively, while for the TpyOH 3 corresponding dihedral angles (see Figure 2 for angles designations) are
f1 = 36°, f2 = -144° and f3 = -3.7°.
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FIGURE 6
Optimized molecular structures of TpyOH 1, TpyOH 2 and TpyOH 3 conformers

in ethanol, calculated at the PCM/TD-PBE0/6-31+G(d,p) level of theory

e results showed that TpyOH 1 is the most stable conformer, with the TpyOH 2 and TpyOH 3
conformers lying higher in energy at 13.0 and 5.51 kcal/mol in the gas phase, and 6.52 and 3.12 kcal/mol in
ethanol. Comparing Figures 2 and 6, it is clear that TpyOH 1 corresponds to the crystal structure, for this
reason, in the following section, we will only limit the analysis to this conformer.
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TABLE 2
Selected structural parameters of TpyOH by X-ray, and theoretical calculations for isomers 1, 2, and 3

S0 --> Sn excitation energies calculations. Absorption spectrum

TD-DFT computational studies were performed to elucidate the electronic structures of the S0 state of
TpyOH 1. e calculated excitation energies with their contribution, oscillator strengths, and coefficients
are reviewed in Table 3. e best agreement with the experimental data was obtained using the PCM/TD-
PBE0/6-31+G(d,p) level of theory. Specifically, the calculated S0 --> S1 ICT transition is 3.98 eV (311 nm),
while the S0 --> S2 transition is 4.15 eV (299 nm). is table also shows that the lowest-energy singlet -->
singlet transition at 311 nm has its main contribution from the highest occupied molecular orbital HOMO
(DFT orbital 85) to the lowest unoccupied molecular orbital LUMO (DFT orbital 86) and is assigned as
an ICT transition.
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TABLE 3
Excitation energies (eV/nm), largest excitation coefficients, electronic

transition configurations and oscillator strengths for TpyOH 1 in
ethanol computed at the PCM/TD-PBE0/6-31+G(d,p) level of theory.

e frontier molecular orbitals and its composition are shown in Figure 7 and Table 4, respectively. From
Table 4, on the one hand, it can be observed that the HOMO is composed of 34.0% p (Tpy) and 66.0% p
(PhOH), whereas the LUMO orbital is localized on the terpyridine moiety with a 99.0% π* (Tpy). On the
other hand, the next high-energy transitions at 299 nm (f = 0.4651, Table 3) and 289 nm (f = 0.3646, Table
3) dominate the energy absorption band. Table 3 also shows that the S2 state has its main contribution from
the H --> L+1 transitions (96%), while the S3 state has contributions from the H --> L ICT transitions
(29%) mixed with the H-1 --> L+1 (66%) transition. Both states have a p–p* character due to the p–p*
transitions of the terpyridine and the phenol ring.



Brian Castro Agudelo, et al. Synthesis, characterization, X-ray crystal structure and DFT calculat...

PDF generated from XML JATS4R by Redalyc
Project academic non-profit, developed under the open access initiative 89

FIGURE 7
Frontier molecular orbitals of TpyOH 1 in ethanol calculated at the

PCM/TD-PBE0/6-31+G(d,p) level of theory (isosurface value: 0.02)

TABLE 4
Frontier molecular orbital compositions (%) in the ground state

for TpyOH 1 at the PCM/TD-PBE0/6-31+G(d,p) level of theory

Optimization of the S1 excited state. Fluorescence emission spectrum

Optimization of the S1 Franck−Condon state of TpyOH 1 in both gas phase and ethanol solution resulted
in a more coplanar structure (Figure 8). Specifically, the dihedral angles f1, f2 and f3 decrease 15.1, 1.19,
and 1.41° in the gas phase, and 12.5, 1.68, and 1.21° in ethanol, respectively. According to these results, we
can conclude that the resonance interaction is more efficient in the first excited state than in the ground
state. Table 5 lists the calculated emission energy, electronic transition configuration, and frontier molecular
orbital compositions (%) in the S1 excited state of TpyOH 1. As can be observed, the calculated S1 -->



Revista Colombiana de Química, 2018, vol. 47, no. 1, January-April, ISSN: 0120-2804 2357-3791

PDF generated from XML JATS4R by Redalyc
Project academic non-profit, developed under the open access initiative 90

S0 transition at 355 nm in ethanol has its main contribution from the HOMO and LUMO orbitals (90%
contribution) and oscillator strength of 0.2383. is result shows the ICT character of the emission band.

FIGURE 8
S1 optimized molecular structures of TpyOH 1 in a) gas phase and b) ethanol

solution calculated at the (PCM)/TD-PBE0/6-31+G(d,p) level of theory

In the S1 excited state, the HOMO is composed of 35.0% p (Tpy) and 65.0% p (PhOH), whereas the
LUMO orbital is mainly localized on the terpyridine moiety with a 94.0% π* (Tpy). e frontier molecular
orbitals in the S1 excited state of TPyOH 1 in ethanol are depicted in Figure 9.

TABLE 5
Excitation energy (eV/nm), largest excitation coefficients, electronic transition configuration,

oscillator strength f, and frontier molecular orbital compositions (%) in the S1 excited
state for TpyOH 1 calculated at the PCM/TD-PBE0/6-31+G(d,p) level of theory
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FIGURE 9
Frontier molecular orbitals in the S1 excited state of TPyOH 1 in ethanol calculated

at the PCM/TD-PBE0/6-31+G(d,p) level of theory (isosurface value: 0.02).

Conclusions

In this contribution, the 4-([2,2':6',2''-terpyridin]-4'-yl)phenol compound was synthesized in a moderate
yield following the Krönhke conditions and its structure was unambiguously determined by X-ray single-
crystal diffraction, 1H- and 13C-NMR, and UV-vis techniques. Crystallographic and DFT results showed
that the transoid conformation (TpyOH 1 isomer) corresponds to the most stable and predominant
structure for the model compound. Comparison between the geometrical parameters of the optimized
ground state and the crystal data shows that the differences are related to the intermolecular hydrogen bond
formed between two adjacent molecules in the crystal packing.

e S0 --> Sn and S1 --> S0 transition energies calculated with the PCM/TD-PBE0/631+G(d,p) level
of theory are in good agreement with experimental results. TD-PBE0 results show that both the absorption
band observed in the 330–410 nm range and the emission band have their main contribution from the
HOMO to the LUMO orbitals and are assigned as intraligand charge transfer (ICT) transitions.
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