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The rapid development of modern quantum mechanical theories and
computational resources facilitates extended characterization of molecular
systems of increasing size and complexity, including chromophores of
biochemical or technological interest. Efficient and accurate computations of
molecular structure and properties in the ground and excited electronic states are
routinely performed using density functional theory (DFT) and its time-dependent
(TD-DFT) counterpart. However, the direct comparison with experiment requires
simulation of electronic absorption or emission spectra, for which inclusion of
vibrational effects leads to more realistic line shapes while at the same time
allowing for more reliable interpretation and prediction of optical properties and
providing additional information that is not available from experimental low-
resolution UV-vis spectra. Computational support can help identify the most
interesting chromophores among a large number of potential candidates for
designing new materials or sensors, as well as unraveling effects contributing to
the overall spectroscopic phenomena. In this perspective, recently developed
viologen derivatives (1,1′-disubstituted-4,4′-bipyridyl cation salts, viol) are
selected as test cases to illustrate the advantages of spectroscopic theoretical
methodologies, which are still not widely used in “chemical” interpretation.
Although these molecules are characterized by improved stability as well as
the dual function of chromism and luminescence, their detailed spectroscopic
characterization is hampered due to the availability of only low-resolution
experimental spectra. DFT-based absorption and emission spectra are
exploited in the analysis of optical properties, allowing detailed investigation of
vibrational effects and gaining more insights on the structure–spectra
relationship, which can be extended to develop further viologen dyes with
improved optical properties.
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1 Introduction

Photochromic molecular systems [1] undergo some chemical changes upon interaction
with photons of suitable energy ranges. The optical properties of the product of light
absorption are changing, either due to the modifications of its molecular structure [2,3] or
the difference in the atomic valence state [4], leading to the variation in macroscopic
properties such as color. The importance of color changing is related to the fact that these
properties are easily “detected” by human vision. These properties are highly desired in “real-
life” applications such as industrial [5] or biomedical [6] ones, which prompted extensive
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studies, leading in turn to the better understanding and development
of novel photochromic compounds. Organic photochromic
materials have high molar extinction coefficients; their
production is also cost-effective and eco-friendly while at the
same time allowing for a large versatility of possible new
compounds and materials. For these reasons, organic
photochromic materials have attracted considerable interest for
practical applications [5–7].

Nowadays, theoretical and computational methodologies
provide strong support for a better understanding of molecular
system properties, including excited-state processes [8,9] and
spectroscopic phenomena [10]. In this perspective, we focus on
the simulations of absorption and emission spectra, which allow us
for a better understanding or prediction of the structural and
spectral properties of several types of organic and inorganic dyes
of practical interest [10–16]. These computations become feasible
due to advances within density functional theory (DFT) [17] and its
time-dependent counterpart (TD-DFT) [18,19], which allowed
relatively easy computations of molecular structure and
properties [20,21], including molecular vibrations, in the excited
electronic states [22]. Moving from the simplest vertical models,
based on the computation of energy differences between the
electronic states combined with phenomenological broadening,
toward the simulation of realistic spectrum shapes accounting for
vibrational effects highly increased the interpretative ability and
accuracy of optical spectra simulations [23]. Indeed, spectra
obtained experimentally often have unintelligible peaks that are
difficult to interpret, while the first principle simulations allow for
additional insights to accurately analyze the relevant properties.
Therefore, computational studies can provide further insights into
well-knownmolecular systems and are also crucial for the analysis of
novel molecules.

4,4′-Bipyridyl salts, called as viologens ((C5H5NR)2
+ and Viol2+),

are redox-active functional organic molecules composed of
conjugated bi-/multi-pyridyl groups characterized by reversible
two-step one-electron reductions related to significant visible
color change toward a radical cation (Viol+•) and then a neutral
form (Viol0), which can occur under appropriate stimuli [24–26],
such as, for instance, light irradiation. Due to these unique
properties, viologens have been widely studied and applied in
diverse fields such as electrochromic display [24], molecular
electronics, solar energy conversion, and storage devices [24,25].
The wide applicability of viologens and possibility to derive several
new chromophores are related to pyridyl groups, which are easily
modified, so the properties of the organic photochromic molecules
can be changed by modifying the ability to transfer intermolecular
charge by varying the substituents. Viologen derivatives have also
been exploited as building blocks in the metal–organic frameworks
(MOFs), resulting in many synthetic multi-functional MOFs with
varying colors [27], which show outstanding performance in many
fields, such as gas storage and separation; they are also used to create
devices with multiswitchable colors, representing a significant
breakthrough toward full-color devices [28]. Redox properties of
viologens have also been exploited in biosensing, which allows us to
monitor in vivo spatiotemporal dynamics of metabolic fluctuations
in chloroplasts and mitochondria, leading to a better understanding
of the signaling events between subcellular compartments [29].
However, despite their wide use, there is still a need for

chromophores with improved properties, particularly concerning
their stability due to often rapid quenching of radicals by oxygen in
air [26]. In this perspective, we focus on newly designed and
synthesized viologen derivatives, which show enhanced stability
combined with improved chromic and fluorescence properties
and have been extensively studied from an experimental point of
view [30] but still need to be better characterized to fully understand
their spectral properties. In this work, computation of vibrationally
resolved electronic spectra within the Franck–Condon (FC)
approximation and considering the Duschinsky effects is used in
order to decipher the origin of the experimentally observed broad
spectral peaks. These computations yield absorption and emission
spectra along with detailed information about the main vibronic
transitions determining spectral shape, as well as about structural
and electron density changes, upon electronic excitation. Such
comprehensive analysis allows us to obtain information about the
structural patterns of viologens which affect most of their optical
properties while at the same time providing guidelines for the
spectral simulations and the development of novel fluorescent dyes.

2 Computational details

The structural and spectroscopic properties of viologen cations
(Viol2+) in the DMSO solvent environment have been simulated
using the Gaussian 16 quantum chemistry package [31]. Geometry
structure and vibrational frequency computations in the electronic
ground state (S0) have been performed using DFT, while the
structure and vibrational frequencies in the first electronically
excited state (S1) have been computed using TD-DFT [22]. For
the ground electronic state, the hybrid functional B3LYP [32] in
conjunction with the SNSD basis set [33] is used. For the first
electronic excited state, the TD-DFT computations are performed
with the same basis set and the long-range-corrected CAM-B3LYP
[34] hybrid functional which is more suitable for excited-state
properties [35], including the magnetic properties needed for the
computation of electronic circular dichroism spectra [36].

Moreover, due to the fact that traditional functionals, such as
B3LYP and CAM-B3LYP, are lacking the description of the
dispersion effect, the DFT-D3 (BJ) [37] correction has been
added in all cases [37,38]. In order to match the experimental
conditions, solvent effects have been considered using the
polarizable continuum model in its conductor-like screening
formulation, CPCM [39]. This computational model was shown
to be suitable for the simulation of organic fluorophore optical
properties in non-protic solvents [10,11].

Vibrationally resolved spectra of viologen derivative keto
structures have been simulated considering the Franck–Condon
approximation [40], along with mode-mixing Duschinsky [41]
effects, within the adiabatic Hessian model, which hereafter is
abbreviated as AH|FC, or the simpler FC spectrum. For the
computations at the 0K and band assignments, we have resorted
to the time-independent (TI, sum-over-states) algorithm [42], while
path-integral time-dependent (TD) [43] computations have been
used to simulate room-temperature spectra. Both algorithms use the
same set of data and are implemented in the same code [31],
facilitating integrated TI–TD studies [44]. These theoretical
models and underlying approximations are extensively described
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in Refs [13,42] which also provide some practical guidelines on the
computational procedures. Here, we only highlight that in the case
of TI computations, the default number of FC integrals (108) has
been used, leading to the well-converged spectra (over 90%
spectrum progression) in all cases. Moreover, for polyatomic
molecules, the normal modes and vibrations change during the
electronic transition; therefore, in order to compute FC overlaps, it is
necessary to express both vibrational wave functions by the same set

of coordinates, for example, by using the Duschinsky approximation
[41,45], which is described as

Q′ � JQ +K,

where Q′ is the normal coordinate of the final state and Q is the
normal coordinate of the initial state. The Duschinsky matrix J
describes the linear transformation between the initial-state normal
coordinates and the final-state normal coordinates. The shift vector

FIGURE 1
Connection between spectra and structure of viologens: insights from the theoretical analysis. (A) Experimental fluorescence spectrum recorded in
the DMSO solvent immediately after irradiation by the UV light at 365 nm [30]. Inset demonstrates structures of Viol1 (bold lines) and Viol2 (thin lines) with
the common bi-pyridinium unit reported as ball-sticks including atom labeling. (B) Theoretical vibrationally resolved TI-AH|FC emission spectra for Viol1-
boat-keto (red) and Viol1-chair-keto (blue) as well as TD-AH|FC spectra for Viol1-boat-keto at 0 K (violet, solid line) and 298.5 K (violet and dashed-
line). Individual TI vibronic transitions are shown as sticks and labeled (for Viol1-chair as an example) by the final vibrational state as |nm〉, where n
corresponds to the mode number and m corresponds to the number of quanta. The overall spectrum shape has been obtained by convolution with
Gaussian function with 135 cm−1 half-width at half-maximum (HWHM). (C) Electron density difference (ELD) between the excited and ground states. The
regions that have lost electron density as a result of excitation are shown in bright yellow, whereas the darker blue regions have gained electron density.
ELD densities were plotted with an isovalue threshold of 0.001. (D) Representation of normal modes related to themost significant vibronic contributions
to Viol1-chair-keto. (E)Duschinsky matrix for Viol1-chair-keto. Excited-state normal modes are listed in columns, while ground-state modes are listed in
rows. Most significant modes are highlighted in the inset. The depth of the color represents the degree of coupling between the two vibration modes, for
each element of the matrix (J2), from 0 (white) to 1 (black).
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K shows the displacement of normal modes between the initial and
final states. Moreover, vibrational wave functions can be expressed
by different types of coordinate systems. In this work, all
computations are performed using the Cartesian coordinate
system, but effective models for vibrationally resolved
computations in various coordinate systems, taking into account
the internal structure of molecules, have also been developed
[13,46–49].

3 Results and discussion

The viologen derivatives are characterized by simultaneous
emission and redox reactions, combined with structural changes
after the photon emission. That process is necessary to reverse the
redox reaction in order to return to the original structure and allow
subsequent light emission. However, their strong radical character
complicates their use in practical applications. The viologen
derivatives studied in this work, 1,1′-disubstituted 4,4′-bipyridyl
salts (see the inset of Figure 1A), include additional aromatic
fluorophore substituents such as acetophenone (Viol1, 1,1′-di
acetophenone 4,4′-bipyridyl, Viol12+ cation with the chemical
formula C28H24N2O2) (Supplementary Figure S1) or
naphthophenone (Viol2, 1,1′-di naphthophenone 4,4′-bipyridyl,
Viol22+ cation with the chemical formula C36H28N2O2), allowing
to increase the conjugated system, stabilize the molecular structure,
and enhance fluorescence [30]. Crystallography experiments
revealed that Viol1 may exist in two conformational forms, boat
and chair (Supplementary Figures S2, S3), of equal stability based on
the DFT computations (electronic + zero-point vibrational energies
within 0.2 kJ mol−1), while only one form has been observed for
Viol2 (Supplementary Figure S4) [30]. Additionally, both Viol1 and
Viol2 show excited-state keto-to-enol isomerization, which leads to
significant discoloration reaction in the DMSO solution and changes
in the emission spectra over the time. However, only the initial keto
forms, which correspond to the emission spectra immediately after
irradiation, as confirmed by FTIR and NMR experiments [30] and
for which structures are obtained based on X-ray spectra, have been
considered in this work for further theoretical characterization using
tools available in user-friendly packages.

3.1 Ground- and excited-state structures
and properties

Simulation of vibrationally resolved electronic spectra requires
characterization of initial- and final-state structures and vibrational
properties. Within the adiabatic Hessian model used in this work,
the equilibrium structures in both states are obtained from
unconstrained geometry optimizations, followed by molecular
vibration computations within the harmonic approximation, at
the DFT and TD-DFT levels, respectively. In such a way, both
the ground and excited states are characterized at the same level of
accuracy, and both absorption and emission vibrationally resolved
electronic spectra are computed on the equal footing.

The optimized structures are reported in the Supplementary
Material as the Cartesian coordinates, while the changes between the
ground and excited states are analyzed in Supplementary Table S1 in

terms of molecular parameters such as bond lengths, angles, and
dihedral angles. Overall, Viol1-boat, Viol1-chair, and Viol2 show
similar structures (Supplementary Figures S2–S7), with almost
perpendicular relative orientations between fluorophore
substituents and the central bipyridyl moiety (Figures 1C, D), as
illustrated by the dihedral angle C7–C8–N9–C10 (Figure 1A) in the
ground-state structures of 82°–89°. These orientations remain
essentially unchanged upon electronic excitation, with maximum
differences below 2°. This can be explained by the analysis of frontier
molecular orbitals (Supplementary Figure S8), which are both
localized on the central bipyridyl moiety. The structural changes
upon electronic excitation are also localized mainly on the central
part and can be correlated with the electron density differences
(ELDs), as reported in Figure 1C; Supplementary Figures S9–S11,
which are localized over atoms 9–22 and exhibit the same pattern of
density loss/gain upon excitation in all cases. The largest differences
are observed in the atoms linking two pyridyl rings (C12, C15, C16,
and C17), with all of the molecules showing negative ELD (loose of
electron density) on the central bond C15–C16, which leads to its
elongation by approximately 0.075 Å, and positive ELD (gain of
electron density) on C12–C15 and C16–C17, which leads to their
shortening by 0.062 Å. These bond length variations are connected
with the angles C12–C15–C16 and C15–C16–C17, which decrease
by approximately 0.5°.

3.2 Absorption and emission spectra

When comparing with the experimental spectrum, theoretical
simulation allows us to highlight and assign all specific spectral lines
that contribute to the overall broad and unresolved experimental
bands, which in turn gives insights into the specific structural
patterns determining peaks with the highest intensity. This is
clearly the case for studied viologens, for which very broad
recorded spectra (Figure 1A) do not provide any specific
information about vibronic transitions. In turn, simulated TI-FC
absorption (Supplementary Figures S12–S14) and emission spectra
(Supplementary Figures S15–S17) give insights into complex
vibrational structure, which is responsible for the broadening and
asymmetry of bands. Additionally, TD computations also allow
accounting for the temperature effect, yielding spectra at the room
temperature (Figure 1B). Let us first focus on the direct comparison
between the experiment and simulation, which are reported in
Figures 1A, B, respectively, for the fluorescence spectrum of
Viol1. First, we can note a clear resemblance between the
experiment and computation, with the intense transitions
encompassing a rather broad wavelength range of over 60 nm.
Theoretical analysis of TI and TD spectra highlights the two
dominant bands, which can be assigned to specific vibronic
transitions based on TI-FC computations. First band originates
from the 〈0|0〉 and close-lying transitions, while the second,
vibronic band, is red-shifted by approximately 1,700 cm−1

(30 nm), and accompanied by a broad shoulder. Inclusion of hot
bands appearing at room temperature by TD computations at
298.5 K leads to broader bands characterized by the same distinct
vibronic features which better match the experiment. It should be
noted that the simulated spectrum is red-shifted with respect to the
experiment; the latter is characterized by λmax of 410 nm, while for
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the simulated spectrum, the 〈0|0〉 transition is at approximately
370 nm and the λmax is at 390 nm. This discrepancy can be
potentially improved by the computation of electronic energies at
a higher level of theory [36,50]; however, unfortunately, accurate
computations of energies in excited states still represent a very
challenging task for larger systems [51,52]. That major drawback in
the predictive ability of TD-DFT-based computations can be
potentially alleviated by benchmarking, aimed at specific
classes of systems [44], which goes beyond the scope of the
present work.

Moving to the more detailed analysis, it is noted that the spectra
for two Viol1 conformers are essentially indistinguishable, so given
their equal stability and the same property changes upon electronic
excitation, only Viol1-chair-keto has been considered, as shown in
Figures 1C–E, reporting electron density changes (ELDs) and the
most important vibrations along with their coupling between two
electronic states. Overall, the two most relevant vibrations (see
Table 1), ν13 and ν135 (Figure 1D), are both related to the
changes in the central part of the chromophore. For ν135, the
main contribution is due to the C15–C16 stretch, which is coupled in
the synchronized manner with C–C stretches from pyridyl rings,
while ν13 can be described as the out-of-plane twisting of the
C15–C16 bond coupled to phenyl ring rotations. Other distinct
vibronic transitions are due to these modes two-quantum
combinations, while the most distinct contribution to the
shoulder is the overtone |1352〉 at approximately −3,360 cm−1

with respect to the origin. However, transitions up to two quanta
yield only approximately 40% of the total spectrum intensity,
highlighting the importance of many small contributions to the
overall spectrum shape. Indeed, the TI spectrum computed using the

default number of FC integrals (108) is consistent with the fully
converged TD spectrum at 0 K. The absorption spectra
(Supplementary Figure S18) also show three distinct broad
bands, with most intense peaks related to the transitions from
the vibrational ground state of the electronic ground state to the
vibrations, which are related to the peaks observed in the emission
spectra (Supplementary Figure S19) via the Duschinsky matrix
(Figure 1E; Supplementary Figures S20–S22). Notably, the excited
state vibration ν12′ (Supplementary Figure S23) is a combination of
ground-state modes ν12 and ν13, with the larger contribution of the
latter, while in the higher energy range, the two excited state
vibrational modes ν130′ (Supplementary Figure S24) and ν136′
(Supplementary Figure S25) can be distinguished, both having
significant contributions from ν135. It should be noted that
despite the close resemblance of the normal modes ν136′ and
ν135, their wavenumbers vary between the two states, from
1,680 cm−1 in the ground state to 1,734 cm−1 in the excited state.
These differences and overall mode-mixing contribute to the
absorption–emission spectral asymmetry. All these spectral
features can be clearly correlated with the changes in structure
and properties between the two states.

Theoretical analysis provides a clear link between spectra,
molecular properties, and their changes between electronic states.
First, we note that the same vibrations show the largest vibronic
contributions to the absorption/emission spectra of the two
Viol1 conformers, which is expected as Viol1-boat-keto and
Viol1-chair-keto are two very similar molecules. This indicates
that the different orientation of substituent phenyl rings in the
two structures has little influence on the vibrationally resolved
spectrum of Viol1, simulations are in line with experimental
observations for both absorption and fluorescence spectra. For
the Viol2-keto molecule, it is observed that despite the larger
number of transitions, the overall shapes of the emission and
absorption spectra are similar compared to Viol1 (see
Supplementary Figures S18, S19), with the main peaks related to
the 〈0|0〉 transition and two additional bands (main one and the
shoulder) due to vibronic effects.

Absorption and emission spectra assignment for all three
molecules is reported in Table 1, with the energies of the main
peaks relative to the 〈0|0〉 transition energy in order to facilitate
comparison. Three absorption spectra show the most intense bands
at approximately 1,645, 1,730, 1,810–1,840, and 3,378 cm−1. Those
transitions involve three modes, their overtones, and combinations.
For example, transitions at the relative energies of 1,645 and 1,733/
1,734 are described as |130′1〉 and |136′1〉 for Viol1 structures, while
the corresponding transitions (|160′1〉 and |168′1〉) are at 1,644 cm−1

and 1,733 cm−1 for Viol2. Moreover, the transition at the relative
energy of 1,752 cm−1 of the Viol1-boat-keto molecule and the
relative energy of 1,749 cm−1 of the Viol1-chair-keto molecule are
the two-quantum transitions involving |130′1〉 and |12′1〉 modes.
For the emission spectra, the most intense bands involve two
vibrations leading to transitions at approximately −1,680, −1,770,
and −3,360 cm−1, of which the former is the one-quantum transition
involving |1341〉, |1351〉, and |1671〉 for Viol1-boat-keto, Viol1-
chair-keto, and Viol2-keto, respectively. Detailed analysis
indicates similar characters of normal modes contributing to the
spectra in all cases (Figure 1D; Supplementary Figures S23–S25),
which are mode ν13/ν12′ delocalized over the whole molecule and

TABLE 1 Vibrational energies (in cm−1) with respect to the 〈0|0〉 transition and
band assignment of the most important vibronic transition to the simulated
absorption and emission spectra of viologens. All transitions originate from
the initial vibrational ground state and are labeled by the final vibrational
state as |nm〉, where n corresponds to the mode number andm corresponds to
the number of quanta.

Viol1-boat-keto Viol1-chair-keto Viol2-keto

Energy Transition Energy Transition Energy Transition

Absorption

107 |12′1〉 104 |12′1〉 78 |12′1〉

1,645 |130′1〉 1,645 |130′1〉 1,644 |160′1〉

1,733 |136′1〉 1,734 |136′1〉 1,723 |160′112′1〉

1,752 |130′112′1〉 1,749 |130′112′1〉 1,733 |168′1〉

1,840 |136′112′1〉 1,836 |136′112′1〉 1,811 |168′112′1〉

3,378 |136′1130′1〉 3,378 |136′1130′1〉 3,376 |160′1168′1〉

Emission

−106 |131〉 −106 |131〉 −78 |121〉

−212 |132〉 −212 |132〉 −164 |171〉

−1,678 |1341〉 −1,680 |1351〉 −1,680 |1671〉

−1,785 |1341131〉 −1,786 |1351131〉 −1,758 |1671121〉

−3,357 |1342〉 −3,360 |1352〉 −3,359 |1672〉
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modes ν130′/160′ and ν136′/168′ localized on bipyridyl, which
correlates with the ground-state modes ν134/135/167 for Viol1-
boat-keto, Viol1-chair-keto, and Viol2-keto, respectively. These
vibrations not only show similar patterns of atomic
displacements but are also characterized by similar energy ranges
and are clearly correlated with the structural changes upon
electronic excitation. The most important contributions are from
the C–C stretching in the linkage between two pyridyl rings, coupled
to the synchronous stretch of all C–C bonds in the central part.
These can be correlated with the structural changes at the linkage
between two pyridyl rings C12–C15–C16–C17, such as the changes
in C7–C8–N9, C12–C15–C16, and C15–C16–C17 angles by
approximately 0.5°, as well as the C–C bond length deviations by
over 0.05 Å.Moreover, the changes along these modes correspond to
the shortening and elongations in the C–C bonds in the central part
according to the alternate changes in the electron density upon
excitation.

4 Conclusion and perspectives

Overall, detailed theoretical analysis indicated that spectral
properties of Viol1 and Viol2 in their keto forms are largely
determined by the central 4,4′-bipyridyl part, which is identical
in all cases. This explains why both absorption and emission spectra
are very similar for these three molecules, suggesting that larger
modifications could be expected for asymmetric substitutions
showing some push–pull characters or modifications within the
central moiety or its linkage.

This example highlights that it is nowadays rather
straightforward to simulate realistic vibrationally resolved
spectra for semi-rigid molecules or moderately flexible systems
for which there are no significant structural changes upon
electronic excitation. However, analysis of more flexible systems
or direct insights into excited-state processes are still significantly
more challenging. Concerning the spectral simulation a viable
route goes by resorting to the internal coordinate description
[47–49,53], effective anharmonic treatments of some large
amplitude degrees of freedom [13], or wavepacket dynamics
[54]. Moreover, some improvements can also be made within
vibronic harmonic models, such as AH|FC, by using the
anharmonic corrections computed, for instance, by second-
order vibrational theory. That is nowadays feasible due to the
effective generalized VPT2 model [13,55,56] and the
implementation of TD-DFT analytic second derivatives [57];
however, the accuracy of such obtained vibrational energies
remain to be assessed. Finally, there is an issue of direct
simulation of excited-state processes, such as, for instance, the
keto-enol isomerization, which is instrumental for the improved
fluorescence and stability of Viol1 and Viol2 molecules. These
processes can be considered either by direct excited-state dynamics
studies [8,58,59] or by static computations analyzing the relevant
excited-state pathways [60], leading to the final full
characterization of all the excited-state phenomena.
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