Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemPhysChem doi.org/10.1002/cphc.202000592

Structural and Photophysical Properties of Various
Polypyridyl Ligands: A Combined Experimental and

Computational Study

Liesbeth De Bruecker,? Jonas Everaert,™ Pascal Van Der Voort,'? Christian V. Stevens,

[b]

Michel Waroquier,” and Veronique Van Speybroeck*™

Covalent triazine frameworks (CTFs) with polypyridyl ligands are
very promising supports to anchor photocatalytic complexes.
Herein, we investigate the photophysical properties of a series
of ligands which vary by the extent of the aromatic system, the
nitrogen content and their topologies to aid in selecting
interesting building blocks for CTFs. Interestingly, some linkers
have a rotational degree of freedom, allowing both a trans and
cis structure, where only the latter allows anchoring. Therefore,
the influence of the dihedral angle on the UV-Vis spectrum is
studied. The photophysical properties are investigated by a
combined computational and experimental study. Theoretically,
both static and molecular dynamics simulations are performed

1. Introduction

One of the major challenges of today's society is how to
provide materials and chemicals in a more sustainable and
energy efficient way. Still today most of our energy resources
originate from fossil fuels.”’ Sunlight is an abundantly available
energy source and may provide sustainable opportunities for
activating chemical reactions based on
photocatalysis.©709441846947751 However, most of the currently
used active photocatalytic homogeneous catalysts®**" neces-
sitate an environmentally unfriendly cycle to remove the
catalyst from the products. In this respect, it is important to
develop recyclable and reusable heterogeneous photocatalysts,
which can be achieved by anchoring the photocatalytic
complexes on a porous framework. The step to remove the
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to deduce ground- and excited state properties based on
density functional theory (DFT) and time-dependent DFT. The
position of the main absorption peak shifts towards higher
wavelengths for an increased size of the s-system and a higher
m-electron deficiency. We found that the position of the main
absorption peak among the different ligands studied in this
work can amount to 271 nm; which has a significant impact on
the photophysical properties of the ligands. This broad range of
shifts allows modulation of the electronic structure by varying
the ligands and may help in a rational design of efficient
photocatalysts.

catalyst can be avoided in this way and, as such, heterogeneous
photocatalysis can
alternative.l’6”"8581
Covalent organic frameworks (COFs) and covalent triazine
frameworks (CTFs) are a relatively new class of materials with a
large potential to be used as support materials for heteroge-
neous catalysis due to their high surface area" and tunability
because of the availability of various building blocks.®
Compared to other supports which have been explored for
anchoring photocatalytic complexes such as metal organic
frameworks,*>*® they are more stable.®*¥*® Interestingly, they
also display (photo)catalytic activity in their pristine form®'78*
without even anchoring an active complex, and in this sense it
is important to understand the electronic properties of the
various building blocks of the CTF framework. A special branch
of COFs and CTFs are those that contain polypyridyl ligands
(Figure 1), as they allow for a stable secured anchoring of active
complexes to the solid support.“®*® In principle, a large variety
of ligands can be used, creating a versatile platform to engineer
supports for anchoring various active complexes. For the CTF-
type materials, several N-heterocyclic systems have been
synthesized, including (bi)pyridine,®>#03966824446832 |, jtine*”
and pyrimidine®® systems. We recently studied the anchoring
of a Ru?", octahedrally chelated by three bidentate polypyridyl
ligands, on a biphenyl-based CTF where some of the biphenyl
linkers are replaced with polypyridyl ones.®** Furthermore, the
anchoring of Ir(l) on a CTF containing bipyridine has been
shown to be very promising for C—H borylation® and the post-
metalated hexaazatrinaphthylene based CTF with a Cu(OAc),
complex can be utilized as an efficient heterogeneous catalyst

serve as an environmentally cleaner
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Figure 1. Synthesis of CTFs via cyclic trimerization of aromatic polypyridyls.

B3 A review on this topic can be found in

for the Henry reaction.
Ref. [81].

Driven by this application oriented goal, we ought it
necessary to perform an in-depth investigation of the funda-
mental structural and photophysical properties of a series of
polypyridyl ligands, which can eventually be used in a CTF

scaffold. The considered nitrogen containing ligands are shown

in Figure 2. The box indicates the linkers which are experimen-
tally characterized in this work. Note that most of the linkers are
terminated by cyano groups to mimic the experimental
conditions in which a CTF is synthesized by trimerization of
linkers terminated by such groups as shown in Figure 1.” To
make a proper comparison with literature data we also
examined the pristine pyridine and bipyridine linker, which are

m

(12) (13)

Figure 2. Polypyridyl ligands studied in this work: (1): pyridine (2): pyridine-3-carbonitrile (nicotinonitrile) (3): 2,2"-bipyridine (4): 2,2’-bipyridine-5,5'-
dicarbonitrile (5): 5,5"-bis(4-cyanophenyl)-2,2"-bipyridine (6): 5,5™-bis(4-cyanophenyl)-2,2-bipyridine (7): [2,2-biquinoline]-6,6"-dicarbonitrile (8): [3,3"-biisoquino-
line]-7,7'-dicarbonitrile (9): 3,3'-dimethyl-[2,2"-biquinoline]-6,6"-dicarbonitrile (10): 8,8"-di-tert-butyl-3,3'-dimethyl-[2,2"-biquinoline]-6,6"-dicarbonitrile (11): 3,3'-
diamino-[2,2’-biquinoline]-6,6'-dicarbonitrile (12): phenantroline-5,5"-dicarbonitrile (13): quinoline-2,6-dicarbonitrile. The box indicates the linkers which are

experimentally characterized in this work.
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terminated by hydrogen atoms. For the bipyridine linker, we
also investigated the influence of the termination group, which
is the reason why we also included linker (5) terminated with
triazine groups. We performed a combined theoretical and
experimental study. Ligands (4), (6) and (13) were synthesized
and together with ligands (1)-(3), their photophysical properties
were characterized by means of UV-Vis spectroscopy. From a
theoretical point of view, the structural and photophysical
properties of all ligands were studied using both static and
molecular dynamics (MD) based density functional theory (DFT)
methods. We especially focused on the possible occurrence of
both cis- and trans conformers, where the nitrogen atoms are
either on the same or on opposite sides of two pyridine rings.
The trans structure is energetically the most stable, but for
anchoring of metal containing complexes the cis structure is
preferred.*?#" Fyrthermore we studied the influence of the
dihedral angle on the UV-Vis spectrum calculated by means of
time-dependent density functional theory (TDDFT) and per-
formed a fundamental analysis of the most important electronic
excitations. This theoretical study provides insight in the
characterization of the excited states of the linkers and can in
this way complement the experimental results. Earlier work
showed that within a COF scaffold, the principle of orthogonal
electronic structure engineering is valid, i.e, the overall
electronic structure can be tuned by independently varying the
constituents.® This has been shown for the catalytic complex,
but also extends to the combined complex-CTF catalyst. In this
sense, a detailed insight is provided into how the electronic
structure can be modulated by varying the ligands. Overall this
study should give a guidance to design nitrogen containing
CTFs and more in particular how the specific linker topology
influences the optical properties.

Computational details

In this work, the theoretical approach is based on both static and
molecular dynamics simulations. All static calculations were
performed with the Gaussian 16 software.?” Geometrical optimiza-
tions and rotational scans were calculated using density functional
theory (DFT). We checked that all computed internal normal modes
of the optimized structures show positive frequencies, ensuring
that the geometries represent minima of the ground state potential
energy surface. Excited states were investigated adopting the time-
dependent density functional theory (TDDFT) scheme,”” within the
linear-response approach as developed by Casida." Electronic
excitations are characterized by both the energies and oscillator
strengths,” which correspond to peak positions and intensities of
the transitions respectively. We convoluted the simulated spectra
with a Gaussian envelope with a half-width at half height of 0.1 eV
to simulate the Franck-Condon width of spectra. Solvent effects
have been taken into account in the static and TDDFT calculations
using a polarizable continuum model (PCM).®” For the pyridine
molecule, expressed by ligand (1), different functionals and basis
sets have already been tested in literature,”**" revealing that
B3LYP/6-31+ G* yields good results. In all our calculations, we used
the larger 6-31-+ 4 G** basis set. In accordance with what has
been reported in literature, there is still a discrepancy between
theory and experiment. No DFT level of theory is able to predict a
correct state ordering of the low-energy excited states of pyridine,
as observed in experiment.®***” Besides, we have used several
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functionals coming from different rungs on Jacob’s ladder®” to test
their performance in reproducing the structural properties of ligand
(4): PBE™ and BLYP®**"! based on Generalized Gradient Approxima-
tion (GGA), B3LYP"*" as hybrid functional, the long-range corrected
CAM-B3LYP,”  ®wB97X-D," LC-wHPBE®Y and the metahybrid
M06®® and TPSSh.”7#¢ These functionals will also be used to
compute the electronic excitations of bipyridine. Furthermore, we
also studied the dependence on the choice of basis set for the
calculation of the excited states.

The ab initio molecular dynamics (MD) simulations have been
carried out with the CP2K software package (CP2K 3.0)*% at the
BLYP level of theory. The time step for integrating the equations of
motion was set at 0.5 fs and the simulations were performed in the
NVT ensemble at a temperature of 300 K. Grimme D3 dispersion
corrections were included.”"”

Explicit information about the experimental details can be found in
the Supporting Information.

2. Results and Discussion

We start with analyzing the experimental UV-Vis spectra of
linkers (1)-(4) and (6) and explore the influence of extending
the s-system and increasing the s-electron deficiency. After this
we proceed with a computational study. As all linkers shown in
Figure 2 are composed of one or more pyridine rings, we first
investigate the ground and excited state properties of a
pyridine molecule alone (ligand (1)), before exploring the more
complex linkers. By comparing linkers (1) and (2), we examine
the effect of adding a cyano group. Subsequently, we
investigate the structural properties of linkers (3)-(8) which
possess an additional rotational degree of freedom around the
central axis. Biphenyl, being the most simple poly-cyclic
aromatic hydrocarbon with this internal rotation, has been
extensively studied in literature.?**® As the lone electron pairs
of the nitrogen atoms will have a significant effect on the
rotational profile of the energy, we preferred to take ligand (4)
as study case for a thorough analysis as this compound is more
representative for the polypyridyl linkers (3)-(10). At the same
time, the influence of the internal rotation on the photophysical
properties is investigated.

Complementary to a static approach, the sensitivity of the
UV-Vis spectra to structural deformations has also been ex-
plored via a series of molecular dynamics (MD) calculations. This
multi-step procedure has been introduced earlier by some of
us.®* Finally, we investigate the UV-Vis spectra of the other
ligands which contain a varying amount of nitrogen atoms and
which show different topologies of the aromatic rings in order
to select the most promising structure for the construction of
CTF scaffolds.

2.1. Experimental UV-Vis Spectra
The experimental spectra of linkers (1)-(4) and (6) are shown in
Figure 3 along with the energies of the main absorption peaks.

Two effects are studied. First, we analyze the influence of
extending the sz-system, which is achieved when more aromatic

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Experimental UV-Vis spectra of ligands (1)-(4) and (6) in acetonitrile as solvent. The energies of the main absorption peaks are indicated.

rings are added. Therefore, we compare linkers (1) and (3) on
the one hand, and linkers (4) and (6) on the other hand. In both
cases, the experiment predicts a shift towards larger wave-
lengths of 30 and 22 nm, respectively. This is indicated with
green arrows in Figure 4. The experimental values are shown
along with the computational results between parentheses,
which will be discussed in Sections 3.2 and 3.4. The system is 7-
electron deficient due to the presence of nitrogen atoms as
their free electron pairs are not part of the aromatic system and
as a result, the linker will accept electrons more easily. There-
fore, we also investigate the effect of increasing the s-electron
deficiency. This can be done by adding electron-withdrawing
groups such as the cyano group, CN™. Its influence can be
quantified by comparing the spectra of linkers (1) and (3) with
those of linkers (2) and (4) respectively. In both cases, we
observe a shift towards larger wavelengths: 13 nm and 20 nm,
respectively, as shown in light blue in Figure 4. These shifts are
in agreement with Ref. [90], in which it has been shown that
the band gap decreases when the nitrogen content of the CTF

N}@ +37(71)

(2

P

M

(4

increases. Finally, by comparing linkers (2) and (4), we study the
combined effect of increasing the size of the z-system and -
electron deficiency. We observe a large shift of 37 nm towards
larger wavelengths. This is indicated in dark blue in Figure 4.
The computational results will be discussed later.

3.2. Ground State and Excited State Properties of Pyridine
and Nicotinonitrile

We will now proceed with the theoretical study. We start with
pyridine as the smallest species of the N-hetero-aromatic family
(ligand (1)) and which is regarded as reference system to tackle
the more complex linkers. Several experimental studies®***® are
devoted to pyridine and due to its small size and G,, symmetry
very accurate methods can be used to investigate this system
computationally f26211974734313231 - An  extended benchmark
study of the excitation energies in the pyridine ring has been
done by Egidi et al..””® This computational study uses a large set

—O 40—

(6

Extending mt-system
Increasing m-electron deficiency

I Extending T-system and increasing m-electron deficiency

20 e O-0OX00
SN T AN A

Figure 4. Influence of extending the zz-system and increasing the s-electron deficiency of the linkers on the position of the main absorption peak. Shifts are
given in nm. We report experimental results along with the computational findings between parentheses. The computational results are obtained at the
B3LYP/6-31+ + G** level of theory with acetonitrile as solvent and are discussed in Sections 3.2 and 3.4.
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of multi-reference, coupled cluster singles and doubles (CCSD),
and DFT methods. Contrary to the wave function based
methodologies, TDDFT fails to reproduce the excited state
ordering as observed in experiment,®**®® for all tested func-
tionals (B3LYP, CAM-B3LYP and MO06-2X). The same failure of
TDDFT has also been noticed for biphenyl.?® It was found that
PBETPBE calculations significantly underestimated the excita-
tion energy of the 1'B, state because the dynamical and non-
dynamical correlations are not considered appropriately. In-
deed, it is known that TDDFT sometimes underestimates the
energy differences of low-lying excited states of conjugated
systems with several degenerate states such as porphyrines and
fullerenes.>%%®

In the following, we focus on the first three singlet
excitations in pyridine, resulting from B3LYP/6-31+ + G**
calculations. As the ground state is a singlet, only singlet
excitations can have a non-zero oscillator strength. This is due
to the spin selection rule, which states that no change in the
spin quantum number can occur.?¥ This rule is strongly obeyed
and can only be relaxed by effects that make the spin a poor
quantum number like spin-orbit coupling. The molecular
orbitals (MOs) involved in the first three singlet transitions are
shown in Figure 5. The three highest occupied MOs (HOMO,
HOMO-1, and HOMO-2) are displayed on the left in descending
order and the unoccupied orbitals (LUMO and LUMO+1) are
displayed on the right. As their ordering can easily be switched
by changing the level of theory or by extending the 7-system,
we therefore prefer to specify the levels with their true nature,

g

TaQ
B,

¢

250 (0.0076)

being n, m,, or m, The HOMO is a non-bonding orbital, n,
whereas all others are s-orbitals, of which two quinoid (Q) and
two antiquinoid (AQ) structures. This nomenclature is borrowed
from the Jahn-Teller distorted benzene radical anion.'® Placing
an electron in a 7," orbital causes a shortening of the lateral
bonds, while placing it in a 7m,," orbital results in an elongation
of those bonds. The transition with the lowest excitation energy
involves an electron transfer from the n-orbital to 7,* and is
indicated with a blue arrow in Figure5. For the second
transition, presented in black, an n— ,,* excitation takes
place. This transition is dark, i.e., the oscillator strength, f,=0.
The third transition, indicated in green, is the brightest one
with f=0.0382 and corresponds to the highest peak in the UV-
Vis spectrum. It has two contributions, namely o — 70" and
7o — o' In the case when the transition has multiple non-
negligible contributions, the strongest components are taken
up in the figure accompanied by their corresponding amplitude
in square brackets. It implies that the 229 nm peak mainly
consists of a strong 7, — 7" transition with an amplitude of
0.64 and a less significant m,, — 7se" transition with an
amplitude of 0.29. This mix of local transitions in the dominant
excitation peak is also reported by Egidi et al.” The darkness of
the second transition at 234 nm can be explained based on
symmetry rules. As shown in the Supporting Information, the
symmetry of the excited state must equal the symmetry of one
of the components of the dipole moment operator. Pyridine
belongs to the C,, symmetry point group and the orbitals
shown in Figure 5 have B,, A,, A, B;, and A, symmetry in order

234 (0.0000)

Figure 5. Visualization of the important orbitals of pyridine (1) along with their symmetry labels. The arrows indicate the most dominant contributions of the
first three singlet excitations, characterized by the excitation energy in nm, oscillator strength, f, between brackets, and amplitude in square brackets if more
contributions are reported for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-2 in descending
order. The unoccupied MOs in the right represent respectively the LUMO+ 1 and LUMO. This labeling is conform the binding energies taken up in Table S1.
The transition with the lowest excitation energy is indicated with a blue arrow, the dark transition is presented in black and the brightest transition is
indicated in green. Calculations carried out at the B3LYP/6-31+ + G** level of theory and with acetonitrile as solvent.
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Figure 6. Visualization of the important orbitals of linker (2). The arrows indicate the most dominant contributions of the first three singlet excitations,
characterized by the excitation energy in nm, oscillator strength, f, between parentheses, and amplitude in square brackets if more contributions are reported
for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-2 in descending order. The unoccupied MOs in
the right represent respectively the LUMO+ 1 and LUMO. This labeling is conform the binding energies taken up in Table S1. The transition with the lowest
excitation energy is indicated with a blue arrow, the dark transition is presented in black and the brightest transition is indicated in green. Calculations carried

out at the B3LYP/6-31 + +G** level of theory and with acetonitrile as solvent.

of ascending energy. The dipole moment operator components
have the B,, B,, and A, symmetries.’¥ Therefore, the second
transition is forbidden as the product of A, and A, is A,.
Relaxation of this rule is possible by vibronic coupling, which
we will not study in this paper.

The binding energies of some relevant MOs are reported for
the series of ligands (1)-(6) in Table S1 of the Supporting
Information. The nature of these orbitals is also given, and it is
indicated how the binding energy of these orbitals with a certain
nature changes in terms of the specific structure of the ligands.
We can now easily investigate the effect of adding a cyano group
and thus increasing the s-electron deficiency of the system, by
comparing the UV-Vis spectra of ligands (1) and (2). The
isosurfaces of the orbitals involved in the most dominant
contributions of the first three singlet excitations of linker (2) are
shown in Figure 6 and can be compared to those of linker (1)
shown in Figure 5. We notice that the n-orbital is now lower in
energy than 7, although the difference is very small (see
Table S1), and that it is no longer figuring as HOMO. Furthermore,
the orbitals of 77, and 7., are rotated clockwise over one atom
when CN™ is added. Based on the nature of the orbitals, we notice
that the characteristics of the first three excitations of ligand (2)
are the same as in pyridine. The only difference is the smaller
contribution of the main absorption peak at 240 nm, but the
largest contribution is identical. Furthermore, the second peak at
246 nm is not dark, in contrary to what has been observed in
pyridine. This is because the symmetry group is reduced, namely
from G,, to C, and therefore there are no symmetry forbidden
transitions. Indeed, in the C; symmetry group, the dipole moment
operator components have A’ and A” symmetry, and thus every
transition is electric-dipole allowed.

The theoretical and experimental UV-Vis spectra of linkers
(1) and (2) are shown in Figure 7. Although there is a significant
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Figure 7. Theoretical (full lines) and experimental (dashed lines) UV-Vis
absorbance spectra of ligands (1) and (2). Calculations carried out at the
B3LYP/6-31 + +G** level of theory and with acetonitrile as solvent.

shift between theory and experiment, which has also been
observed in Ref. [23], the calculations confirm the experimen-
tally observed shift towards higher wavelengths when CN™ is
added. The calculated shift is 11 nm for the bright excited state,
which is in excellent agreement with the experimental shift of
13 nm as shown in Figure 4.

Our calculations on these reference systems show that the
addition of a cyano group results in a shift of the main
absorption peak towards larger wavelengths and confirm our
experimental results.

© 2020 The Authors. Published by Wiley-VCH GmbH
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3.3. Structural Properties of Polypyridyl Ligands

After analyzing the photophysical properties of the reference
systems (1) and (2), we study several polypyridyl ligands which
are promising for the construction of CTF scaffolds as shown in
Figure 1. Before we investigate the excited state properties, we
perform an in-depth analysis of the structure of the ligands
exhibiting a rotational degree of freedom around the central
bond, i.e., linkers (3)-(8). This rotation is characterized by the
dihedral angle shown in Figure 8. In order to perform a
rotational scan, we start with an optimized cis conformer, after
which we vary the dihedral angle with a step size of 10°. At
every step, the structure is fully optimized except for the frozen
dihedral. A schematic representation of the rotational profile,
relative to the trans configuration, is shown in Figure 9. Two
minima are observed as the ligands have two (meta)stable
conformers, namely trans and cis. In the trans conformation,
characterized by a dihedral angle of 180°, the nitrogen atoms
are at opposite sides of the bond between the two pyridine
rings, while in cis the nitrogen atoms are at the same side of
the bond, corresponding to a dihedral angle ¢.. The conforma-
tional equilibrium is determined by conjugation of the two
m—systems, steric hindrance by the hydrogen atoms and
electrostatic interactions.”**! The trans conformer is predicted
to be lower in energy than the cis conformer. The reason for
this is that the repulsive interaction between the lone-pair

Figure 8. Schematic representation of the dihedral angle ¢ in a polypyridyl
ligand.

electrons of the nitrogen atoms is smaller than the attractive
interactions between a nitrogen and a hydrogen atom situated
on different rings.

Now we focus on linker (4), for which we discuss the
rotational profile in detail and test the performance of various
levels of theory. The trans conformer is the most stable
structure, both in the gas phase as with acetonitrile as solvent.
This is in agreement with literature data found for bipyridine
where it has been reported that the trans conformer is also
present in organic solvents and in basic or very strong acidic
environment.®™ Furthermore, results of X-ray analysis indicate
that the molecule has a trans configuration in the crystalline
state.*™ The trans configuration is found to be planar in our
theoretical calculation, which is in agreement with Ref. [55].
However, dipole moment measurements in organic solvents
and in basic solutions indicate a non-planar trans configuration,
with a dihedral angle of 20°.'” This discrepancy has been
studied before. As the non-planarity was not due to the lack of
electron correlation during the optimization,”” it has been
shown that the solvent-solute interactions lie on the basis for
this deviation. However, we observe a planar trans conforma-
tion in our static calculations in which solvent is included using
PCM.

On the other hand, the cis form has not yet been observed
in its isolated form. Only in some specific environments it
appears that the cis conformation indeed exists and even
prevails. So are metal-chelate compounds®*'® and mono-
cation structures of bipyridine favoring the cis-form.®*™ Also
compounds forming an adduct with typical Lewis acceptors
such as SbCl;, AsCl;, BiCl;®*'** or embedded in phosphinic
centers'"” appear as stable structures with the bipyridine in a cis
conformation. The cis structure is not planar, which is caused by
the steric hindering between the extended non-bonding
orbitals of the nitrogen atoms. However, when embedded in a
transition metal complex, the linker is planar”® The large
difference in the permanent dipole moment between the cis
and trans conformers means that not only chelating and
protonation effects, but that also pure electrostatic interactions
contribute to the stabilization of the cis structure.

'E'A e
= "N\ — Gas
2 —— Acetonitrile
g
w
Ecis~trans /
Ei . i
@ Etrans—cis ) /7\
Y - e o A/ Feic= OHa
T T T T T T T T |}
0 20 %:40 60 80 100 120 140 160  180-0,.

Dihedral angle ¢ [°]

Figure 9. Schematic representation of the torsional potential energy curve for the relaxed ground state, both in the gas phase and in solvent. The two (meta)

stable conformers are indicated.
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We now examine the dependence of ¢, on the selected
DFT method. This structural parameter may vary in a relatively
wide window (30°—43°) as shown in Table 1. The long-range
corrected functionals, CAM-B3LYP, wB97X-D and LC-wHPBE,
yield significant larger ¢ values compared to the other
functionals. Furthermore, it is not surprising that the dihedral
angle is strongly correlated with the energy difference between
the trans and cis structures, E., and with the barrier E, i
which has to be overcome to go from the trans to the cis
configuration (Figure 9). These energies are also tabulated in
Table 1. Values of E,, are not varying much with the choice of
functional. Larger deviations are observed for the barrier
Eirans—cis and obviously for E._yans = Egrans—cis — Ecis 00, i.e., the
barrier which has to be overcome to go from the cis to trans
structure. The smallest barriers are noticed for the long-range
corrected functionals. Other structural parameters of the
geometry of the trans structure of ligand (4) are tabulated in
Table S2 of the Supporting Information. Only results for B3LYP
and MO06 are shown as the other functionals are inferior for the
description of the excited states as will be shown in Section 3.4.
Both for organic and inorganic molecules, M06 performs
particularly well.***' We may generally conclude that the
influence of the level of theory on the geometrical parameters
of the trans configuration is negligibly small.

The influence of solvent on the energetics is large as can be
seen in Figure 9 and Table 1. The results reported in Table 1 are
obtained with acetonitrile, which has a relative permittivity of
&, =37.5. The barrier E,,,_; decreases with at least 10 kiJ/mol,
resulting in an increase of the probability of finding the ligand
in the cis conformation. This is in agreement with the findings
of Ref. [45] where the authors report an increase of the dipole
moment when ¢, increases. The larger dipole moment is
attributed to a higher population of the dipolar cis structure.

To support these findings, we performed a series of
molecular dynamics (MD) simulations at 300 K and checked if a
transition from the trans to cis structure or vice versa takes
place. In Figure 10, the histograms are shown for the dihedral
angles encountered in the MD simulations from the trans to cis
conformer (left) and vice versa (right). When starting in the
trans conformer, we do not observe any transition after 53 ps.
In the inset of the left pane of Figure 10, it is shown that the
peak of the trans conformer is situated at 175° instead of at
180° as we would expect from the geometry optimizations. This
confirms the non-planar trans configuration with a dihedral
angle of 20° observed in experiments."”” When starting from
the cis conformer, we see a transition to the trans conformer
after 48 ps. After this, the linker remains in the trans conformer
and no transition back to the cis structure has been observed

Table 1. ¢ Ecisr Erans—.ciss and Eis_qans fOr ligand (4), both with and without acetonitrile as solvent. Energies are given in kJ/mol and angles in °. Calculations
carried out at the B3LYP/6-31 + + G** level of theory.
Functional Without solvent With solvent
¢d; E(‘VS EYFGHS*EV’S EC/S**U[I"S ¢(‘IS Ed; EU(II’)S‘»EVYS EC/S‘VV[I"S
PBE 326 28.31 37.16 8.85 29.7 14.48 27.13 12.65
BLYP 34.0 27.71 35.25 7.54 30.8 13.85 25.23 11.38
B3LYP 35.7 28.69 35.58 6.89 324 14.33 25.14 10.81
Mo06 34.7 28.67 37.32 8.65 31.8 14.49 27.05 12.56
TPSSh 33.0 29.18 37.49 8.31 29.9 14.95 27.18 12.23
CAM-B3LYP 39.5 28.92 33.92 5.00 36.1 14.04 22.69 8.65
wB97X-D 40.9 27.48 33.31 5.83 38.1 12.81 21.05 8.24
LC-wHPBE 425 27.76 33.92 6.16 39.2 13.02 20.63 7.61
g v
o g
3 o
9 5
< ]
[s) o
2 ‘6
3 Z
£ 3
£ 3
e
160 165 170 175 180 185 190 &
—1I50 —1I00 —‘50 (I) 5I0 1(I)0 150 —200 —1|50 —lIOO —l’:O (I) 5|O l(l)O 150 200

Dihedral angle ¢ [°]

Dihedral angle ¢ [°]

Figure 10. Histogram of the dihedral angle for the MD simulations starting from the trans conformer (left) and cis conformer (right) of linker (4). In the left
pane, we zoomed in on the range between 160° and 190°. Calculations carried out at the BLYP level of theory.
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after 100 ps. These results are expected, considering the rather
high values for E; and E,,_ s reported in Table 1. The MD
calculations were performed at the BLYP level of theory and in
gas phase, however, the overall qualitative picture is expected
to remain unaltered when solvent is taken into account.

Next, we study the influence of various terminations of the
bipyridine linker on the energy profile, inspired by the synthesis
conditions of the CTF scaffold. The results are shown in Table 2.
Therefore we examine linkers (3)-(5) with H, CN", and triazine as
termination group respectively. Compared to the pristine
bipyridine linker, E; and E,,,_ . are slightly increased for a
cyano- or triazine group termination. In addition, ¢ is larger.
Bipyridine (linker (3)) has been studied extensively in literature
and we find a good correspondence between our values and
literature data (see Table S3). Table2 also reports E., @
Evvans—ciss and Eg_.ans for the other ligands with a rotational
degree of freedom and we do not observe large differences
between them. We mention the presence of an extra rotational
degree of freedom of linker (6), i.e., the rotation between the
pyridine and benzene ring. However, this angle changes with
less than 2° when a rotational scan is performed for ¢, the
dihedral angle between the two pyridine rings.

3.4. Excited State Properties of Polypyridyl Ligands
3.4.1. Influence of Level of Theory on Excited State Properties
After studying the ground state properties, we investigate the

electronic excitation spectra. First of all, we study the influence
of the chosen functional on the UV-Vis spectrum of the trans

conformer of linker (4). The resulting calculated spectra are
compared with experiment in Figure 11. As expected, the lack
of including Hartree-Fock exchange in PBE results in a spectrum
which needs a significant blue-shift to match the experimental
data.>®*? Contrarily, the long-range corrected functionals,
shown in red, require a large red-shift, which is in agreement
with earlier studies on compounds ranging from MOFs®® to
noble metal nanoclusters.”® The best correspondence between
theory and experiment is found for B3LYP and MO06, for which
the excitation energies of the two absorption peaks are
indicated in Figure 11 along with the experimental values. Also
the dependence on the choice of the basis set has been studied
(see Figure S10): the UV-Vis spectrum varies only slightly. As no
reference data has been found in literature for linker (4), we
compare the calculated spectrum of the extensively studied
linker (3) with experimental and computational literature data
in order to test the chosen level of theory. Table S4 of the
Supporting Information shows the structural parameters of the
trans conformer of linker (3) from literature data and our
calculations. In Table 3, the energies for the visible absorption
peaks for the trans conformer of linker (3) are reported.
Experimental studies reveal two absorption bands at 279 and
232 nm. ™ |n Ref. [79] an overview is given of other exper-
imental results. The gas phase UV-Vis spectrum has been
calculated at the PBE1PBE/6-31 4 G** level of theory in Ref. [48],
in which two intense transitions at 265 and 227 nm are
observed. We conclude that B3LYP and MO06 perform equally
well and in the remainder of this paper we will systematically
employ B3LYP as functional. Remark that those calculations
were performed in the gas phase in contrast to the previous
simulations in order to be comparable with the literature.

Table 2. ¢ Ecisr Eqvans—cisr aNd Ecis_yans for linkers (3)-(8). Energies are given in kJ/mol and angles in °. Calculations carried out at the B3LYP/6-31 + + G** level

of theory and with acetonitrile as solvent.

Ligand (pds Eds Erramacis Easamms
75\ 7/ 342 11.97 20.86 8.89
= A /[4]\ /" 324 1433 25.14 10.81
N/:N o o N:\V\
e\ 333 13.77 2446 10.69
"}MN/>[6)<\M et 3238 13.19 24.09 10.90
s NV W/ - 342 14.94 24.11 9.17
f# jmil =
—_ / N\ — 36.4 14.20 2574 11.54
@)

Table 3. Energies of the visible absorption peaks [nm] and oscillator strength, f, between parentheses of the trans conformer of linker (3). Own calculations
and literature data, both computational and experimental, are compared. Calculations are performed in the gas phase.

Level of theory Electronic excitations

B3LYP/6-31 4 +G** 272 (0.465)
MO06/6-311 + + G** 273 (0.456)
PBE1PBE/6-31 4 G***¥ 265 (0.485)
Experiment®! 279

233 (0.061) 209 (0.065)
233 (0.0366) 210 (0.051)
227 (0.057) 201 (0.080)
232
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Before continuing with the analysis of the UV-Vis spectrum, we — <*> <*> _.
briefly discuss the influence of the solvent on the excitation N N/[z,)\ /
spectra. The results of linker (4) are shown in Table S5 of the
Supporting Information. When solvent is included, we observe s Hioe EAAEE = ngD.(_D
B3LYP —— TPSSh —— LC-wHPBE ——- Experiment

a shift of 5-9 nm towards larger wavelengths compared to the
gas phase results.

We now examine the UV-Vis spectrum of linker (4) in detail.
Figure 12 visualizes the orbitals involved in the most dominant
contributions of the first non-dark and two bright excitations.
They have the same character as the orbitals of ligand (2)
shown in Figure 6. The first non-dark and first bright excitation
are identical to these of linker (2) involving an n— m,* and
e — 7" excitation, respectively. The second bright excitation
appears at a smaller wavelength (248 nm), has a much lower
oscillator strength (f=0.0837) and involves the following
transitions: y, — 7" and 7y — 74" Furthermore, we studied
the differences in geometry between the ground and relaxed
excited state structures as shown in Table S6 of the Supporting
Information. We remark that for the excited states the distance
between the two rings decreases.

3.4.2. Influence of Extending m-system and Increasing
n-electron Deficiency

The ligands in the series (1)-(6) show an increasing s-electron
deficiency by adding a cyano group, CN", or an aromatic ring
containing nitrogen atoms as termination group as demon-
strated in Figure 4. Addition of aromatic rings to the chain
extends the m-system. The theoretical UV-Vis spectra for this
series of linkers are displayed in Figure 13. We observe that the
larger the termination group, going from linker (3) over (4) to
(5), the larger the shift of the highest peak towards longer
wavelengths. This confirms the experimental results of Section
3.1. The MOs involved in the important excitations of linker (4),
(3) and (5) are shown in Figure 12 and Figures S11 and S12 of
the Supporting Information respectively. The character of all
orbitals is identical and the contributing transitions to the first
and two bright excitations are the same. Compared to linkers
(3) and (4), the state ordering is interchanged for linker (5): for
the former, the brightest transition is the second one, whereas
it is the first for linker (5). However, we note that the excitation
energies of the first two transitions lie very close to each other
for linker (5). The energy shift of the bright excitation between
linker (3) to (4) is circa 41 nm, where a shift of 20 nm has been
observed experimentally as shown in Figure 4.

The influence of extending the m-system is best studied by
comparing linkers (1) and (3) on the one hand and (4) and (6)
on the other hand. The main absorption peak for linkers (1) and
(3) shifts 41 nm (see Figure 11), which is larger than the
experimental shift of 30 nm. A similar shift is noticed between
ligands (4) and (6) (45 nm), which again is an overestimation
with respect to experiment (shift of 22 nm).

By comparing the shifts between ligands (2) and (4), and
between (3) and (5), we can study the combined effect of an
extended s-system which is also more s-electron deficient. For
both cases, we observe a large shift of 71 and 83 nm

ChemPhysChem 2020, 21,2489-2505  www.chemphyschem.org
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Figure 11. UV-Vis spectra of ligand (4) for several functionals (full lines)
together with the experimental spectrum (dashed line). The energies of the
first and second absorption peak are indicated for B3LYP, M06, and
experiment. Calculations carried out with the 6-31+ + G** basis set and with
acetonitrile as solvent.

respectively as can be extracted from Figure 11. For complete-
ness, the orbitals involved in the main absorption peak of linker
(6) are shown in Figure S13 of the Supporting Information. The
characters of the HOMO and LUMO are identical to these of the
previously described linkers.

3.4.3. Influence of Dihedral Angle on Excited State Properties

In the previous subsections, we limited the excited state
calculations by assuming that the system is in the energetically
most favorable trans configuration corresponding with a
dihedral angle of ¢ =180°. As some polypyridyl ligands favor
the cis conformation in some specific environments, we extend
this study by investigating the influence of the dihedral angle
on the UV-Vis spectrum. As reference compound we consider
ligand (4) for which experimental data are available in the
literature. Structural properties have also been investigated
theoretically in this study and have been discussed in Section
3.3. At the B3LYP/6-31 + + G** level, a metastable cis conforma-
tion is found at ¢, =35.7°. The UV-Vis spectrum is calculated
for each point of the rotational scan and displayed in Figure 14
for some specific values of the dihedral angle.

We start the analysis from the planar trans conformer with a
dihedral angle of 180°. The brightest transition is situated at
high wavelengths, corresponding to a low excitation energy.
When ¢ decreases, the peak shifts to smaller wavelengths and
thus the excitation energy increases. Meanwhile the conjugated
m-system decreases when the structure becomes less and less
planar as the m-interactions along the bond get weaker.
Furthermore, the oscillator strength decreases. The lowest

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/cphc.202000592

Chemistry
Articles Europe
European Chemical

ChemPhysChem doi.org/10.1002/cphc.202000592 Societies Publishing

: o 248 (0.0837)
[039]
TiAQ*
n
325(0.0007)
248 (0.0837) mo*
[036] é
mAQ

(Y

Figure 12. Visualization of the important orbitals of linker (4). The arrows indicate the most dominant contributions of the first non-dark and two bright
excitations, characterized by the excitation energy in nm, oscillator strength, f, between parentheses, and amplitude in square brackets if more contributions
are reported for a specific excitation. The occupied MOs in the left represent respectively the HOMO, HOMO-1 and HOMO-5 in descending order. The
unoccupied MOs in the right represent respectively the LUMO + 3 and LUMO. This labeling is conform the binding energies taken up in Table S1. The
transition with the lowest excitation energy is indicated with a blue arrow and the first and second bright transitions are represented with green and red

respectively. Calculations carried out at the B3LYP/6-31 + 4+ G** level of theory and with acetonitrile as solvent.
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Figure 13. Theoretical UV-Vis spectra of ligands (1)-(6). The energies of the main absorption peak are indicated. Calculations carried out at the B3LYP/6-31 +
+G** level of theory and with acetonitrile as solvent.

wavelength is observed for structures with a dihedral angle of s just the sum of its components, i.e., linker (2). The dominant
92°. Then the spectrum closely resembles that of linker (2) as  absorption peak of ligand (4) comes from a my — 7my"
shown by the dotted black line. Indeed, the orbitals in the two  transition, which, in this compound, corresponds with a
rings are only slightly connected and the spectrum of linker (4) HOMO—LUMO excitation as demonstrated in Figure 12 for the
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Figure 14. Influence of the dihedral angle on the UV-Vis spectrum of ligand (4). The experimental spectrum is indicated with a dashed line and the dotted line
represents the spectrum of linker (2). Calculations carried out at the B3LYP/6-31 + + G** level of theory and with acetonitrile as solvent.

trans structure. For a dihedral angle of 92°, the MOs are shown
in Figure S14 of the Supporting Information. When ¢ decreases
further, the peak shifts to larger wavelengths again. This is
accompanied by an increase of f as the conjugated w—system
increases again when the structure becomes more planar. So
the largest conjugated system has the smallest excitation
energy, which is in agreement with Ref. [80]. The observed shift
between planar and non-planar structures is 50 nm. Special
attention is devoted to the cis conformer which is shown in
orange. The orbitals involved in the most important transitions
of the cis conformer are shown in Figure S15 of the Supporting
Information and are compared to the orbitals of the trans
structure. The brightest transition of the cis conformer is shifted
13 nm towards smaller wavelengths compared to the trans
structure. Just as for the trans conformer, we compare the
geometries of the optimized ground and excited states as
shown in TableS7 of the Supporting Information. It is
interesting to note that, whereas the ground cis structure has a
dihedral angle of circa 32°, the excited states become planar.
Finally, we also note that for most values of ¢, a second peak is
observed around 250-260 nm. However, no second peak is
found for dihedral angles around 90°. This has been observed

ChemPhysChem 2020, 21,2489-2505  www.chemphyschem.org
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earlier: the presence of two bands is an indication that the
structure is not twisted, whereas only one band is visible in this
region for a large twist.®”

As already stated above, the main absorption peak mainly
consists of a HOMO—LUMO transition for all dihedral angles.
Therefore, these observations are in agreement with the well
known fact that the HOMO-LUMO gap decreases when the
conjugated system increases as shown in Figure S16 of the
Supporting Information.

The same rotational analysis has been performed for linkers
(3), (5)-(8) and their UV-Vis spectra are taken up in Figures 517,
$18, S19, S20 and S21 respectively. All these spectra show the
same qualitative behaviour, the main absorption peak fluctu-
ates over a relatively large wavelength range up to 80 nm, but
for some linkers, the global pattern can be different at some
specific values of the dihedral angle.

We also performed some MD simulations from which
snapshots are extracted which are used as input structures for
TDDFT calculations.”**? The small spread in the dihedral angles
results in a broadening of the main absorption peak as shown
in Figure S22.
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3.4.4. Other Ligands

Finally, we extend the study by a series of linkers (7)—(13) which
might be interesting building blocks for CTF structures. Table 4
gives an overview of the energy of the main absorption peaks
along with the dihedral angle of the optimized structure. For
linkers (3)-(8), both the cis and trans conformers are studied.
Experimental values are given in the last column.

First, we compare linkers (7) and (8) with the cis conformer
of linker (4). They have similar dihedral angles, nevertheless, the
shift of the position of the main absorption peak is rather large,
ie, 47nm and 65nm respectively. This is because the
conjugated sr-system of linkers (7) and (8) is larger with respect

to linker (4) which results in a shift towards larger wavelengths.
However, it is remarkable that although linkers (7) and (8) have
a similar value of ¢, and only differ in the position of the two
nitrogen atoms, their UV-Vis spectra reveal some specific
discrepancies (Figure S30 in the Supporting Information). Both
spectra exhibit three dominant peaks, but the position of the
main absorption peak at the smallest excitation energy is
shifted by 18 nm. They represent HOMO—LUMO excitations
and their MOs are shown in Figures S23 and S24 of the
Supporting Information. These orbitals are similar to those of
naphthalene as predicted by Hiickel’s theory.”” The contribu-
tion of the nitrogen atoms on the ring to the molecular orbital
coefficients are reported in Table S8. The largest contributions

Table 4. Dihedral angle [°] and energy of the main absorption peak [nm] and [eV] between brackets for all linkers. Linkers (3)-(8) have both a cis and trans
structure and E,,,, E., and ¢ are reported whereas the other linkers only have one optimized structure for which E and ¢ are given. Largest shift of the
main absorption peak with respect to pyridine amounts to 271 nm and belongs to ligand 11. In the last column the experimental results are displayed.
Calculations carried out at the B3LYP/6-31 + + G** level of theory and with acetonitrile as solvent.
Lin ker Errans Ecr‘s ¢cr‘s E ¢ Eexp
@ 229(5.41) / 251(4.94)
=\ 240(5.17) / 264(4.70)
@
WA 270(4.59) 257(4.82) 34.2 281(4.41)
=\ & J 311(3.99) 298(4.16) 324 301(4.12)
N/:N o o N:\V\
\_N/ \ N/(S] \N / \NJ/ 353(3.51) 338(3.67) 333
= O \_/ [5)\" / O =" 356(3.48) 340(3.65) 328 323(3.84)
= Nt N4 — 377(3.29 345(3.59 342
~— OO s s
266(4.66)
= /N = 377(3.29) 363(3.42) 36.4
(8)
275(4.51)-270(4.59)
310(4.00) 112
252(4.92)
305(4.07) 106
258(4.81)
500(2.48) 158
351(3.53)
296(4.19)-285(4.35)
— N
./ \— 311(3.99) 180
(12)
289(4.29)
N
‘ A
7 S, 326(3.80) 180
(13)
301(4.12)
255(4.86)
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are indicated in green and show that both the HOMO and
LUMO of ligand (7) have a large contribution from the nitrogen
atoms, whereas only the LUMO of ligand (8) has a significant
contribution. The inclusion of nitrogen into the orbital results in
a lowering of the orbital energy due to the larger electron
negativity of nitrogen compared to carbon. For ligand (7), both
the HOMO and LUMO decrease in energy, whereas for ligand
(8), only the LUMO gets stabilized. Therefore, the HOMO-LUMO
gap is smaller for ligand (8), i.e. 3.905 eV, than for ligand (7), i.e.
4,085 eV. This explains the observed shift in the main
absorption peak for these linkers.

Second, we focus on linkers (7) and (9)-(11) which have
more or less the same ring topology but differ in the number of
side groups. The UV-Vis spectra are displayed in Figure 15. We
can explain the position of the main absorption peak by
accounting for the size of the conjugated z-system which is
correlated to the dihedral angle. We observe that the more
planar the structure is, i.e., ¢ is close to 0° or 180°, the more the
peak shifts towards larger wavelengths. Ligands (9) and (10)
show an optimized structure with a dihedral angle equal to
112° and 106° respectively, and are thus far from planar. Their
main absorption peaks are clearly positioned at lower wave-
lengths than those in ligands (7) and (11). We found in Section
3.4.3 a shift of around 50 nm between planar and dihedral
angles of 90° for linker (4). The shifts observed between linkers
(7), (9) and (10) are of the same order of magnitude. However,
for linker (11), we notice an absorption peak at 500 nm, isolated
from the peaks of the other linkers which are situated in the
range of 350 nm-200 nm. This significant shift toward larger

wavelengths cannot be explained by considering only the size
of the m-system which is correlated to the dihedral angle, but
can be explained by the presence of the electron-donating NH,
groups. Indeed, this linker has an extra occupied orbital situated
on the NH, group, which is higher in energy than occupied
orbitals which are not situated on these groups. Therefore, we
observe an extra transition for linker (11) at very high wave-
lengths. Compared to linker (1), the main absorption peak is
shifted 271 nm towards larger wavelengths for linker (11).

Furthermore, it is also interesting to compare the cis
structure of linker (4) and linker (12) shown in Figure S31 of the
Supporting Information. As the latter has a larger conjugated &
-system, we expect the peak to be situated at larger wave-
lengths. Indeed, we observe a shift between the peaks
corresponding with a 7, — 7,* transition of 13 nm towards
longer wavelengths. Remark that ligand (12) has a transition
with higher oscillator strength at 289 nm.

Finally we also compare linkers (2) and (13) of which the
UV-Vis spectra are shown in Figure 16. The shift of the main
absorption peak, which is a 7, — 7, " transition for both linkers,
amounts to 86 nm. Indeed, linker (13) is more m-electron
deficient and has a larger sz-system than linker (2). Furthermore,
we notice that both linkers have a stronger excitation, at
221 nm and 255 nm respectively.

This shows that the position of the main absorption peak
can be explained, and even tuned, by changing the size of the
conjugated m-system, the amount of s-electron deficiency and
by adding functional groups.

5
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c
©
Qo
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Figure 15. Theoretical UV-Vis spectra of ligands (7),(9), (10), and (11). Calculations carried out at the B3LYP/6-31 + + G** level of theory and with acetonitrile as

solvent.
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Figure 16. Theoretical UV-Vis spectra of ligands (2) and (13). Calculations carried out at the B3LYP/6-31+ +G** level of theory and with acetonitrile as solvent.

For completeness, the orbitals contributing to the most
important excitations of linkers (7)-(12) are shown in Figur-
es S23, S24, S25, S26, S27, S28 and S29 of the Supporting
Information. The UV-Vis spectra are shown in Figures 15 and 16
and Figures S30 and S31 of the Supporting Information.
Furthermore, all singlet excitation energies along with the
oscillator strength are listed in Table S9 of the Supporting
Information for all linkers studied in this work.

4. Conclusions

We investigated, both experimentally and computationally, the
structural and photophysical properties of various polypyridyl
ligands which can be used to build CTFs. Therefore, we
performed TDDFT calculations at the B3LYP/6-31+ + G** level
of theory and investigated the shift of the main absorption
peak. We found that the larger the 7 -system and the higher its
7 -electron deficiency, the more the main absorption peak shifts
to larger wavelengths. This can be achieved by adding aromatic
rings, increasing the nitrogen content, or terminating the linker
with electron withdrawing CN~ groups. Furthermore, we
studied the influence of the dihedral angle, determined by the
rotation about the central C—C bond, which is characteristic for
all polypyridyl ligands under study in this work, on the UV-Vis
spectrum. We found that the main absorption peak shifts to
smaller wavelengths when the m-system decreases, which
occurs when the dihedral angle is close to 90°. Furthermore, we
showed that the position of the main absorption peak can be
further shifted to larger wavelengths by increasing the nitrogen
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content of the linker. The maximum shift can amount to
271 nm with respect to pyridine, which is sufficiently large to
have a significant impact on the photophysical properties of
the polypyridyl ligands. This broad range of shifts of the main
absorption peak gives perspective in the modulation of the
electronic structure by varying the ligands. Therefore, this study
reveals how the optical properties of the CTF scaffold can be
tuned by choosing the linkers.
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