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ABSTRACT:

The 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 7- 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. The TD-DFT S0 --> Sn and S1 --> SO transition energies are in good agreement with experimental results. The
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. The S1 --> SO emission transition also has
an ICT character, with a 90% contribution from the HOMO --> LUMO transitions.

KEYWORDS: Terpyridine, Kronhke reaction, Crystal structure, TD-DFT.

RESUMEN:

La sintesis de derivados terpiridinicos (Tpy) se ha investigado ampliamente debido a su potencial para la conversién de energfa
solar. En este articulo se sintetizé y caracterizé el 4-([2,2":6',2"-terpiridin]-4'-il)fenol (TpyOH), a través de varias metodologfas
como la cristalografia de rayos X y herramientas computacionales. El andlisis de rayos X de monocristal mostré que el TpyOH es
plano, con dngulos diedros de 5,03° entre el piridinilo central y el anillo fenélico, con presencia de 4ngulos de 6,05 y 12,2° en la
porcion terpiridinica. En el cristal, las moléculas estan unidas por enlaces de hidrégeno intermoleculares y mediante interacciones
deapilamiento m-. Utilizando célculos DFT dependientes del tiempo (TD-DFT) y teniendo en cuenta el efecto de los disolventes,
se investigaron y compararon los espectros de absorcién y fluorescencia de TpyOH. Las energias de transicién TD-DFT de S0 -->
SnyS1--> SO concuerdan con los resultados experimentales. El andlisis de orbitales moleculares de frontera mostrd que labanda de
absorcidn de baja energfa corresponde a transferencia de carga intraligando (ICT); mientras que la banda de alta energia es comtn
en las transiciones p—p* del resto Tpy. La emisién debido a la transicién S1 --> SO corresponde a ICT, con una contribucion del
90% proveniente de transiciones HOMO --> LUMO.

PALABRAS CLAVE: Terpiuridina, reaccién de Krénhke, estructura cristalina, TD-DFT.
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ReEsumo:

A sintese de derivados de terpiridina (Tpy) tem sido estudada devido ao seu potencial para a conversio de energia solar. Nesta
contribuicio, o 4-([2,2":6',2"- terpiridina]-4"-il) fenol (TpyOH) foi sintetizado, caracterizado e estudado por virios métodos. A
andlise de estrutura de raios X de cristal inico mostra que o TpyOH ¢ plano, com 4ngulos diedros de 5,03 ° entre o piridinilo central
e o anel fenélico, e também 6,05 ¢ 12,2 ° na porgao de terpiridina. No cristal, as moléculas sio ligadas por ligagdes intermoleculares
de hidrogénio e através de interagdes de empilhamento 7-7. Usando uma abordagem da teoria funcional da densidade dependente
do tempo e levando em consideracio os efeitos do solvente em massa, foram investigados e comparados os espectros de absor¢ao e
fluorescéncia do TpyOH. As energias de transicio TD-DFT SO --> Sn e S1 --> S0 estio de acordo com os resultados experimentais.
A andlise de orbitdrios moleculares de fronteira mostrou que abanda de absorgio de baixa energia possui um cardter de transferéncia
de carga intraligando (TIC), enquanto a banda de alta energia ¢ uma caracteristica comum das transigdes p—p*da fragio Tpy. A
transi¢io de emissio S1 ---> SO também tem um cardter TIC, com uma contribui¢io de 90% das transicges HOMO°LUMO.

PALAVRAS-CHAVE: Terpiridine, reagio de Kronhke, 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). The 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. This 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).

This 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 Krohnke reaction (11), the latter being the most useful methodology to synthesize 4-aryl substituted
Tpys using very simple reagents under feasible conditions. The Krohnke reaction involves the use of the
appropriate aryl-aldehydes and 2-acetylpyridine to give the corresponding 4-substituted Tpy in moderate
yields. This is a very important advantage over the aforementioned methodologies which require very
expensive reagents non-commercially available. However, the Krohnke 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.

The 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 m-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. Therefore, 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 Krohnke reaction (Figure 1), TpyOH was obtained in moderate yield.

OH
g
0 1. NaOH, EtOH, ﬂ P
HO. p
\”\” “\1 P /l]\ rt. 2 hours :[
Mo Y —— Q
T H\M//.N 2. NH,0H(25%) I ;]\
H Reflux, overnight [“‘R N’ l/“\‘c
=N Nx)

Figure 1. Synthetic route for 4-aryl substituted TpyOH

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 °C. Two hours later having
reached the room temperature, 10 mL of concentrated ammonium hydroxide were added and the solution
was refluxed overnight. After 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) 302-306°C).
FT-IR (cm'!): 3441, 3055-3039, 1597, 1527 and 1095. 'H-RMN (400 MHz, CDCls) 8 (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). >*C-RMN (100 MHz, CDCI3) §
(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 SPCCtl‘OSCOPy

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

Computational details

All calculations were performed using the Gaussian09 quantum chemical program package (12). The
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 PBEO 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. This 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 SO 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 Kréhnke reaction with a yield similar to the
previously reported (11). After purification, TpyOH was crystallized in an orthorhombic crystal system
with P2,2,2; symmetry. Full information of the structure was deposited at the CSD Database under the
deposition number 1454127 (Table 1). The 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. The 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 Pyl and Py3, respectively.

The differences in the dihedral angles observed on the terpyridyl moiety can be attributed to the
intermolecular hydrogen bond O25-H26xxxxN18 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) A), between the pyridinyl nitrogen of Py3 and the -OH
over the phenol-group at the neighbour molecule and by 7-p interactions (3.52(3) A) 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 A),
showing the possibility of polymorph formation for this compound (20).

Fi%ure 2. X-Ray molecular structure of TpyOH. 1, 2, and 3 are the dihedral angles defined by atoms C~Cy—CisCay C-C-Cr-Cy, and Ci~Ciy~CoCyy, respectively (left). And
Cell packing of the four molecules in the unit cell along the a-axes, shawing hydrogen bonding as red lines. The molecules are column-like stapled along the a-axe (right).

FIGURE 2
X-Ray molecular structure of TpyOH. f1, {2, and f3 are the dihedral angles defined by
atoms C12-C11-C19-C24, C1-C2-C7-C12, and C18-C13-C9-CI10, respectively
(left). And Cell packing of the four molecules in the unit cell along the a-axes, showing
hydrogen bonding as red lines. The molecules are column-like stapled along the a-axe (right)
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TABLE 1
Crystal data and structure refinement for TpyOH

Table 1 Crystal data and structure refinement for TpyOH.

Crvstal data

Chemical CuHiN:0
formmla
M 32336
Crystal system | Orthothombic, F212:2,
spdce group
Temperature (K | 100
a, b e(A) 4.5788 (6). 16.204 (2), 20.798 (3)
A% 15431 (3)
Z 4
Fadiation tvpe Mo Ka
o (mm™) 0.09
Crystal size |01 =016=013
(oomy)
Data collection
Diffractometer SuperMova, Dual Cu at =zemo, Atlas
diffractometer
Absorption Multi-scan
correction Cryzdlis PRO, Aglent Technologies, Version

11713628 (release 01-02-2013 CrysAlis171
NNET) (compiled Feb 1 2013.16:14:44) Empirical
absorption correction using sphenical harmomies,
implemented in SCALE3 ABSPACK scaling

alzonthm
Tmin, T (0.084, 0089
No. of measured. | 9237, 2803, 2507
independent and
ohserved [I =
2o(l] reflechions
Riu 0.036
(5in 8 mes (AT | 0,600
Fefinement
R[F? = 2c(FY], | 0.040, 0100, 1.10
wR(F), 5
Mo. of | 2803
reflections
Mo. of | 230
parameters
Mo, of restramts | 0
H-atom H atoms treated by a nuxture of independent and
treatment constramed refinement
Apeay, Apesn (e | 0.13,-0.18
A

Molecular Hirschfeld surface

The Hirshfeld surface is a useful tool for describing the surface characteristics of molecules. The 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
A (blue). The 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. The values of dnorm are
negative or positive either the intermolecular contacts are shorter or respectively longer than the Van der
Waals radii. The dnorm values were pictured onto the Hirshfeld surface usinga 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.

Intermolecular Surface

contact atom- Area

atom %
c.C 6,9
C.H 306
C.N 5,3

Figure 3. 3D dnorm Hirshfeld-surface of the TPyOH molecule. Red spots indicate short distances
between neighbour molecules. The two shortest distances between molecules are formed by hydrogen-

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

FIGURE 3
3D dnorm Hirshfeld-surface of the TPyOH molecule. Red spots indicate short distances

between neighbour molecules. The two shortest distances between molecules are formed
by hydrogen-bonds between OH-groups and nitrogen-atoms of neighbour molecules

The 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). The 2D fingerprints are symmetrical along the diagonal. The 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). These values provide an immediate picture of the nature of
intermolecular contacts in the crystal.
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[,
a
d
3 di
d. _
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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Intermolecular Surface
contact atom- Area
atom %o
E..C 6,9
N 30,6
C..N L
H...H 42
N..H 7,8
N...N 0,9
O..H b,5
0..0 0
C..0 0
N..O 0

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=1.008A, de=0.730 A)
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

The 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’A = 286 nm and a weak long-wavelength
absorption in the 330-410 nm range. The 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 -NR; electron donor substituent show a strong absorption band around 360-399
nm.

On the contrary, for the case of NO, 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 atA = 384 nm, with a very large Stokes
shift of almost 100 nm, indicating that TpyOH undergoes with difficulty self-absorption processes. This
suggests that TpyOH could be a good candidate for applications such as chemo-sensors. This emission band
corresponds to energy relaxation from a nearly coplanar S1 state formed after the photo-absorption process
(as it is shown in the following Figure 5).

0.6

] —— Absorption
0.5 1 —— Emission
0.4

0.3

Absorbance
Intensity [a.u.]

0.2
a1§
0.0

TD-PBE0/6-31+G(d,p)

250 300 350 400 450 500 550 600
Wavelength [nm]

oooo0
O=2NWh
f

FIGURE 5
Absorption (blue line) and emission (red line) spectra of TpyOH in ethanol. The fluorescence spectrum
was taken with an excitation wavelength of 285 nm. The 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 {3 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° 12 =-144° and f3 = -3.7°.
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s

—eoonoo- S G0 Bifoe L o Rgroe L0

TPyOH 1 TPyOH 2 TPyOH 3
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

The 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

Table 2. Selected structural parameters of TpyOH by X-ray. and theoretical calculations for
isomers 1, 2. and 3

(PCALYTD-PBE0/6-31+G{d.p)
Experimental TpyOH1 TpyOH 2 TpvOH 3
Bond lengths (A) X-ray Gas Phase | EtOH | Gas Phase | EtOH | Gas Phase | EtOH
Ni-C: 1.34498 1.33981 1.34142 1.33750 1.34050 1.33843 1.39998
Cr—C5 1.48502 1.48801 1.48932 1.49029 1.49077 1.48994 149068
Cr—Ng 1.33936 1.33667 1.33744 1.33426 1.33705 1.33383 1.33640
Ng—Cs 1.34203 1.33668 1.33746 1.33419 1.33704 1.33564 1.33805
Co—Ci3 1.49163 1.48800 1.48933 1.49030 1.49076 1.48745 1.48942
Cpz—Nig 1.33723 1.33988 1.34144 1.33750 1.34052 1.33965 1.34145
C11—Cro 1.48729 1.47714 1.47726 1.47739 1.47687 1.47743 147710
C2—03s 1.36008 1.35871 1.35736 1.35827 135694 1.35858 1.35719
O35—Hzg 0.90706 096283 | 0.96483 | 096284 0.96486 0.96285 0.96486
Bond angles (%)
N1—Cr—Cs 116.672 116.882 116952 116937 117.037 116913 120.706
C,—C7—Njg 115.859 116.949 116.791 116.797 116.928 116.794 116.971
Ng—Cs—Ci3 114.966 116.944 116.792 116.796 116.928 116.455 116.697
Co—C13—Nig 118.047 116.901 116.955 116.947 117.037 117.039 116976
C1—C1n—Cro 121.225 121 361 121 382 121 545 121.557 121.389 121.486
C23—C22—02s 118.259 117.496 117.505 117.466 117.505 117.483 117.516
Cr—C25—Has 110.134 109.800 110.189 109 887 110.205 109.828 110.190
Dihedral angles (%)

C12-C11—C1e—Ca4 5.034 33.979 33285 35.194 34.229 35958 33.667
N—CrC7Cpy 6.054 -1.780 -1.752 -138.787 | -142.652 | -143.706 | -144.672
NizC1:-CeCuo 12.203 -1.943 -2.027 -138.469 | -142 489 -3.737 -3.590
C21—Ca—025—Hoas -7.140 -0.374 -0.314 -0.388 -0.282 -0.716 -0.510

S0 --> Sn excitation energies calculations. Absorption spectrum

TD-DFT computational studies were performed to elucidate the electronic structures of the SO state of
TpyOH 1. The calculated excitation energies with their contribution, oscillator strengths, and coefficients
are reviewed in Table 3. The best agreement with the experimental data was obtained using the PCM/TD-
PBE0/6-31+G(d,p) level of theory. Specifically, the calculated SO --> S1ICT transition is 3.98 ¢V (311 nm),
while the SO --> S2 transition is 4.15 ¢V (299 nm). This 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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Excitation energies (¢V/nm), largest excitation coeflicients, electronic

TABLE 3

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

Table 3.

configurations and oscillator strengths for TpyOH 1 in ethanol computed at the PCM/TD-

PBE0/6-31+G(d.p) level of theory.

Excitation energies (eV/nm). largest excitation coefficients. electronic transition

Electronic transitions Composition Coefficient | E(eV)/(nm) [ Oscillator
Se— 5 (85)H — (86) L (67%) 057893 3.9832/311.27 0.0317
(84) H-1 — (87) L+1 (28%) 037622
So— S (825}; ;’_(fgg: g:;"}' 069121 | 4.1458/299.06 | 0.4651
Sp—= S (84) H-1 — (87) L+1 (66%). 0.57394 4.2764/289.93 0.3646
(85) H — (86) L (29%) 0.37919
Sp— 5y (83) H-2 — (87) L+1 (74%) 0.60879 43729/283.53 0.0099
{(80) H-5 — (86) L (11%) 0.23649
Sp— S (83) H-2 — (86) L (41%) 0.455006 4.3898/282 44 0.1411
(84) H-1 — (86) L (43%) 046312

The 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% 7* (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.
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LUMO +2 (88)

HOMO (85) HOMO -1 (84) HOMO -3 (82)

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)

(Y

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

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

Contribution (%)
Orbatal Energy (eV) Tpy PhOH Main bond type
(88) LUMO+2 | -0.9421779214848 | 96.0 4.00 n* (Tpy) + n* (PhOH)
(87) LUMO+1 | -1.76680044386092 | 830 12.0 ¥ (Tpv) + n* (PhOH)

(86) LUMO | -1.76837348931256 | 990 | 100 * (Tpy)
(85) HOMO | -6.5419507154456 | 34.0 | 66.0 7 (Tpy) + = (PhOH)
(84) HOMO-1 | -6.7969372037268 | 100 0.00 7 (Tpy)

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

a) - b)

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 S; 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% 7* (Tpy). The frontier molecular
orbitals in the S; excited state of TPyOH 1 in ethanol are depicted in Figure 9.

TABLE 5
Excitation energy (¢V/nm), largest excitation coeficients, 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

Table 5. Exatation energy (eV/nm), largest exatation cosfficents, electronic fransition configuration, osallator strength f, 2nd fronfier molecular orbital compositions (%)
n the 5, excited state for TpyCH 1 calcilated at the PCM/TD-PBED/6-31+Gid p) level of theary.

Electronic transitions Composition Coefficient | E(eV)/(um) Oscillator
S1— S (B3 H — (B6) L (90%:) 0.67100 3.49/335 02383
(B H-1— @) L{5%) | -0.16353

Molecular erbital compositions

Contribution (%)

Orbital Energy (V) Tov PhOH Main bond fype
(86) LUMO 3.05 940 600 = (Ipy) = = (PHOE)
(85) HOMO 516 350 550 % (Ipy) * n (PROH)
(83) HOMO-1 510 100 0.00 = (Ipy)
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’ N

® ‘
ey

LUMO (86) HOMO (85) HOMO -1 (84)
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 Kronhke conditions and its structure was unambiguously determined by X-ray single-
crystal diffraction, 'H- and >C-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.

The SO --> Sn and S1 --> SO transition energies calculated with the PCM/TD-PBE0/631+G(d,p) level
of theory are in good agreement with experimental results. TD-PBEOQ 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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