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This computational chemistry research was performed using Becke’s three-parameter hybrid functional approach
with the non-local correlation provided by Lee, Yang and Parr, and the cc-pVTZ basis set. The geometry, its change,
and the charge redistribution in KL1421 when the molecule interacts with carotenoids and/or sensed molecules such
as NH, and acetic acid were studied. The orbital diagrams were used to illustrate the excitations and their variations
resulting from the formation of the above complexes. The increase in molar absorptivity is observed in compounds
with carotenoids, leading to a higher absorbance of KL1421. The latter allows us to conclude that a large amount of
energy could be emitted, or the emission becomes longer. Additionally, the analysis of the oscillator strengths reveals
that the strong interaction among species in KL1421 could facilitate radiation emission. We concluded that carot-
enoids could improve the sensing properties of the KL1421 luminophore.
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1. Introduction

In recent decades, sensors have become valuable
tools in our lives. The application of sensors is broad,
ranging from measuring temperature to alarm-
ing the presence of harmful materials in the envi-
ronment []. They can also be used to monitor
chemical, physical and biological parameters during
the bioprocess etc. The underlying principles and
mechanisms of sensors are different. The electric
signal is used to measure chemical properties when
electrochemical sensors are used. Electromagnetic
sensors capture responses to magnetic fields or elec-
tromagnetic waves. Changes in capacitance due to
proximity or touch are detected by capacitive sen-
sors. On the other hand, optical sensors sense light
or changes in the optical properties. This variety of
sensors has occurred due to their advantages in cer-
tain situations. For example, in a harsh environment
non-contact high-precision measurements are per-
formed mostly by optical sensors.

In many optical sensors - particularly those
based on fluorescence or luminescence - the sensi-
tivity of the luminophore is a critical component, as
it directly affects the sensor’s ability to detect target
analytes or environmental changes. The application
of luminophores in sensors requires low-cost and
low-power excitation. This means that the wave-
length of the excitation source should be in a range
of 365-470 nm. Despite the luminophores show-
ing a high quantum yield (over 60%), this yield de-
pends on the excitation conditions, i.e wavelength
and excitation power.

The sensitivity of optical sensors can be en-
hanced by increasing the light-matter interac-
tion, which effectively increases the light fraction
per unit area of the detection surface. This can
be done by attaching functional nanomaterials
or nanostructures to the proximity of the guiding
core [H]. To improve the sensing performance of
optical sensors, various strategies such as lumino-
phore optimization, nanomaterial incorporation,
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surface functionalization and signal amplifica-
tion are employed. Luminophore optimization
involves tailoring the photophysical and chemical
properties of the dye molecule to enhance sen-
sor performance in terms of sensitivity, stability
and selectivity. Chemical modification, the incor-
poration of an additional molecule into a known
luminophore, represents a form of luminophore
optimization aimed at enhancing the overall per-
formance of the optical sensor. So, what molecules
must be incorporated to increase the effectiveness
of optical sensors?

Recently, we have experimentally and theo-
retically investigated the properties and spectral
characteristics of the KL1421 luminophore, in-
cluding its interaction with water, ammonia, and
acetic acid vapours [H]. A significant change in
photoluminescence intensity and lifetime was
observed only for the luminophore sample ex-
posed to the acetic acid vapours [H]. These results
suggest that the luminophore exhibits a selective
sensing behaviour toward acetic acid vapours, as
no significant photoluminescence response was
observed for other tested substances.

The selective sensing of acetic acid vapours,
evidenced by the lack of response to other sub-
stances, prompted a deeper investigation into im-
proving the luminophore’s detection properties.
Therefore, here we pay attention to the properties
of the carotenoids. These organic pigments ex-
hibit a strong absorption in the blue-green region
due to their extended conjugated systems [@].
The transitions to the first state of some carot-
enoids are forbidden due to symmetry restric-
tions [, ]. They also tend to form compounds
through van der Waals interactions, hydrogen
bonding, or dipole forces due to their lipophilic
nature []. These facts are plausible to hypoth-
esize that carotenoid incorporation into KL1421
luminophore may improve its sensing efficiency
or expand its detection range.

Hence, we decided to check if the luminophore
compound with carotenoids could be more sen-
sitive, i.e. the photoluminescence response will
be observed for other substances, for example,
NH,. We considered that the incorporation of ca-
rotenoids could lead to an increase in the molar
absorptivity of the luminophore. This indicates
the enhancement of luminophore light absorption
efficiency, which can lead to the improved sensi-

tivity of the optical sensor, provided that photolu-
minescence quantum yield and other photophysi-
cal properties remain favourable.

This paper presents the theoretical calculations
of structure and the optical properties of novel
organic luminophores with and without carot-
enoids/molecules NH, and acetic acid to evaluate
the sensed properties of the KL1421 luminophore.

2. Methods of investigation

The results presented in the paper were achieved
by using the Gaussianl6 program [B]. The ge-
ometry of the KL1421 was obtained by B3LYP/
cc-pVTZ approach [, @] allowing results com-
parable to experimental ones [[16-26]. The equi-
librium geometry of the compounds under study
was found. The various conformers within dif-
ferent locations of acetic acid, NH,, and/or se-
lected carotenoids for the parent molecule were
designed to achieve the objectives. The Onion
method, along with Berny optimization, was ap-
plied to obtain the placement of the molecules
in the compound and to select the lowest total
energy conformer []. The optimization of
the more stable conformer was repeated by apply-
ing the above ab initio approach. The frequencies
were also evaluated to be sure that the position of
the molecules in the compound was in an equi-
librium state. The UV-Vis spectra of the com-
pounds were calculated using the time-dependent
(TD) approach [@, ]. The molecular orbital
analysis was performed to identify the transition
of the electron during excitation. Butadiene and
hexatriene were chosen for the study because they
are the shortest carotenoids consisting of differ-
ent numbers of conjugated double bonds, i.e. their
ability to absorb light in the UV-visible range is
different.

3. Results

The view of the molecule is depicted in Fig. m To ex-
hibit the changes in the geometrical and electronic
structure of the compound due to its interaction
with sensing molecules, or carotenoids, we analysed
the distance between N1 and N2, S and N1, the an-
gle S-N1-C1 and the dihedral angle S-N1-C1-
C2. The abovementioned distances between atoms
and angles are presented in Table 1. The significant
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Fig. 1. The structure of the KL1421 molecule (on the left) and the Van der
Waals surface (on the right) along with the electrostatic potential exhibit-
ing the negative charge (red colour) residence. The coloured axes represent

X (red), Y (green) and Z (blue) axes.

change in the distance N1-N2 should indicate
the bending of the parts of the molecule or their
rotation. The elongation of S-N1 or the increase
of S-N1-N2 and/or S-N1-C1-C2 would indicate
the changes in the position of C,H,SO, and, as
a consequence, the significant changes in the geo-
metrical and electronic structure due to interac-
tions with the carotenoids and sensed species.
The distances and angles were selected because
the carotenoids and sensed molecules are placed
near C,H,SO,, above the rest part of the compound
under study in the most stable conformers. Moreo-
ver, their placement concerning the parent mole-
cule remains approximately the same.

Referring to the data presented in Table 1, we
may state that carotenoids would slightly change
the geometric structure of the KL1421 and it is in-
dependent of the conjugated double bond number
(CDB): N1-N2 and S-N1 distances and S-N1-Cl1
and S-N1-C1-C2 angles are bigger in compari-
son to those of the parent molecule, but they are
equal in the KL1421 compounds with butadiene
and hexatriene.

The influence of the conjugated double bond
number of carotenoids on the geometric structure
of the parent molecule is foreseen from the analysis
of the selected distances and the angles of the com-
pounds with carotenoids together with sensed

Table 1. N1-N2 and S-N1 distances and S-N1-C1 and S-N1-C1-C2 angles exhibit the main changes in
the geometrical structure of the compound under study.

Compounds N1-N2 S-N1 S-N1-C1 |S-N1-C1-C2
KL1421 3.26 3.82 72.81 -103.77
KL1421 & butadiene 3.39 3.92 77.17 -107.74
KL421 & hexatriene 3.38 3.92 77.17 -107.74
KL1421 & NH; 3.27 3.90 73.57 -105.66
KL1421 & acetic acid 3.40 3.96 73.76 -108.45
KL1421 & butadiene & NH;, 3.38 3.95 77.65 -107.01
KL1421 & butadiene & acetic acid 3.38 3.95 77.64 -107.01
KL1421 & hexatriene & NH, 3.45 4.03 76.09 -108.09
KL1421 & hexatriene & acetic acid 3.39 4.12 74.21 -107.26
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molecules. The changes in the parameters chosen
are larger in the case of hexatriene (3 CDB) than
those in the case of butadiene (2 CDB) considering
the influence of acetic acid and NH,. In the case of
the butadiene and sensed molecules, the geometric
structure of the parent molecule is comparable to
that of KL1421 & butadiene, while in the case of
such kind of compounds with hexatriene, the re-
markable changes of the position of C,H,SO, con-
sidering the parent molecule are foreseen (Table 1).

The results of the study of dipole moments in-
dicate KL1421 as a polar molecule (Fig. m, Table 2).
So, it can form dipole-dipole interactions or hy-

drogen bonds. When the bond is formed with ca-
rotenoids, dipole-dipole interactions are formed
due to the charge redistribution in the carotenoids
which is clearly shown in Fig. @ The non-dipole
molecules become dipole due to the charge redis-
tribution caused by KL1421. Still, the phenomenon
has no significant influence on the dipole momen-
tum of the compounds, i.e. KL1421 & butadiene or
hexatriene remain with approximately the same di-
pole momentum as KL 1421 (Table 2).

The electronic structure of KL1421 could be
changed by interaction with polar molecules such
as NH, or acetic acid following the significant

Table 2. The dipole moment in Debye, its projection to X, Y and Z axes*, and the HOMO-LUMO gap (Gap) in eV.

Compounds X Y Z Total | Gap

KL1421 8.14 3.58 -0.52 8.91 3.14

KL1421 & butadiene -7.98 0.12 -3.27 8.63 3.27
KL1421 & hexatriene -7.71 2.19 -3.08 8.59 2.97
KL1421 & NH; 6.59 3.54 -0.36 7.49 3.29

KL1421 & acetic acid 6.42 3.65 -0.87 11.16 3.36
KL1421 & butadiene & NH; 9.54 -0.69 4.07 10.39 3.24
KL1421 & butadiene & acetic acid 9.14 -4.84 2.34 10.60 3.23
KL1421 & hexatriene & NH, 6.91 -3.05 1.57 7.71 3.33
KL1421 & hexatriene & acetic acid -6.84 -2.89 -0.76 7.46 3.35

* The coordinate axis orientations are different from what is possible to see in Figs. 1-2.

Fig. 2. The Van der Waals surface with the electrostatic potential of KL1421 & butadi-
ene (on the left) and KL1421 & hexatriene (on the right). The coloured axes represent

X (red), Y (green) and Z (blue) axes.
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variations of the dipole moment of KL1421 & NH,
or KLL1421 & acetic acid (Table 2).

So, the interaction of KL1421 & butadiene with
sensed molecules can increase the dipole moment
of the compound (as shown in Table 2, which
presents the total dipole moment of KL1421 &
butadiene with NH; and KL1421 & butadiene
with acetic acid). However, in the case of the com-
pound containing hexatriene, this interaction
decreases the total dipole moment of KL1421.
Hence, the geometrical and electronic structure
variations are carotenoids and sensing molecule
dependent.

The interaction between KL1421 and carot-
enoids is strong, which follows from the analysis
of the orbital diagram indicating the changes in
the energy levels (Fig. E). In the diagram, we exhib-
ited only the energy levels involved in the sensing
processes.

2 1 0 3 4

Fig. 3. The orbital diagram illustrates how the selected
KL1421 orbital energy levels (number 0) are changed
when the molecule approaches butadiene (3), hex-
atriene (4), NH, (1) or acetic acid (2).

The HOMO of KL1421 consists of the 7 type
orbital of C,H,SO,, while that in KL1421 & hex-
atriene is the 7 type orbital of this carotenoid. In
KL1421 & butadiene, it is the 7 type orbital of
C,,H,N, a part of the parent molecule. The latter
could be the reason for the HOMO-LUMO gap
increasing in the case of the interaction of the par-
ent molecule with butadiene, and that for decreas-
ing in the case of hexatriene. Hence, the optical
properties of KL1421 with carotenoids are conju-
gated double bonds number dependent. This find-
ing also follows from the analysis of the variability
of dipole moment (or the charge redistribution
along with structural changes): the dipole mo-

ment of KL1421 in the presence of the carotenoids
exhibits a differential decrease.

Notably, the results of the analysis of the en-
ergy level variations of KL1421 & butadiene are
similar to those of KL1421 & acetic acid. In both
cases, the HOMO and HOMO-1 are the 7 type or-
bital of C ,H N and C,H,SO,, respectively, repre-
senting similar transitions during excitation or re-
laxation. However, there is no orbital energy shift
or splitting due to the KL1421 interaction with
NH.. So, it is rather difficult to sense this molecule
with the KL1421 luminophore. This follows from
the orbital diagrams illustrating a weak interac-
tion between KL1421 and NH,, and a strong one
with acetic acid. However, these interactions be-
come strong due to the presence of carotenoids.

Notably, the charge redistribution of the
KL1421 compounds with carotenoids and that
with sensed molecules is also different, as evi-
denced by variations in their dipole moments as
well as the orbital diagram (Fig. @). The presented
orbital diagram exhibits that in the KL1421-carot-
enoid-sensed molecule, the charge transfer from
carotenoid to KL1421 will take place. For exam-
ple, in the KL1421 & butadiene & sensed mole-
cules, HOMO is the m orbital of butadiene, so dur-
ing the HOMO-LUMO excitation, the electron
will be transferred from butadiene to KL1421. Ta-
ble 3presents the results that demonstrate signifi-
cant changes in optical properties, i.e. wavelengths
and molar absorptivity changes are foreseen from
the data. Moreover, the shifts are carotenoids and
sensing species dependent.

3-2 3-1 3 0 4 4-1  4-2
Fig. 4. The orbital diagram illustrates how the selected
KL1421 orbital energy levels (number 0) are changed
when the molecule approaches butadiene (3), hex-
atriene (4), butadiene and NH, (3-1), butadiene and
acetic acid (3-2), hexatriene and NH, (4-1), or hex-

atriene and acetic acid (4-2).
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Table 3. The wavelengths corresponding to the excitation of sensing species in the compounds KL1421 with
and without carotenoids. The calculated UV-Vis spectra are not presented here because of the focus on improv-
ing the properties of KL1421 as a luminophore to be used in the sensor. Therefore, only the excitations relevant to

detecting NH; or acetic acid are included.

Compounds Excitation Wavelength, nm Molar absorptivity
KL1421 & NH; HOMO-3 to LUMO 339.80 40
KL1421 & acetic acid HOMO-3 to LUMO 462.92 60
KL1421 & butadiene & NH; HOMO-4 to LUMO 395.91 100
KL1421 & butadiene & acetic acid HOMO-5 to LUMO 345.65 250
KL1421 & hexatriene & NH; HOMO-4 to LUMO 344,24 110
KL1421 & hexatriene & acetic acid HOMO-8 to LUMO 300.75 260

It is necessary to mention that the oscillator
strengths of the excitations presented in Table 3
vary from 0.0004 to 0.0009 and from 0.0011 to
0.0028 for the KL1421 & NH, and KL1421 & ace-
tic acid, respectively, with and without carotenoids.
These values of oscillator strength indicate that
the above transition is non-radiative. Thus, the ab-
sorbed energy would be dissipated without emit-
ting a photon through vibrations and rotations, and
the excited electron would reach the triplet state

(see Fig. E).

3.9

It nergy (eg) "
— W (] N

Excitation ener
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o
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The excited electron transitions to the triplet
state are quantum mechanically forbidden. This
significantly slows the process of energy emis-
sion. As a result, the radiative transition back to
the singlet state occurs at a much slower rate. No-
tably, in the KL1421 & carotenoids & sensed mol-
ecule, the triplet state is closer to the singlet one,
but higher than the ground state in comparison to
that of parent and sensed molecules (Fig. H). This
finding allows us to speculate that singlet-triplet
transfer in the compounds with carotenoids will be

KL1421 & NH3, Singlet

KL1421 & NH;, Triplet
KL1421 & acetic acid,
Singlet

KL1421 & acetic acid,

Triplet
KL1421 & hexatriene & acetic acid,
Singlet
KL1421 & hexatriene & acetic acid,
Triplet

KL1421 & butadiene & NH, Singlet
KL1421 & butadiene & NH;, Triplet
KL1421 & hexatriene & NH;, Singlet

KL1421 & hexatriene & NHs, Triplet
KL1421 & butadiene & acetic acid,

Singlet

KL1421 & butadiene & acetic acid,

Triplet

Fig. 5. The excitation energy of the singlet and triplet states concerning the ground state.
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Table 4. Selected excitations correspond to the largest oscillator strength in the UV-Vis spectrum.

Compounds Excitation Wavelength, nm Oscillator strength
KL1421 HOMO-LUMO 504.29 0.0044
KL1421 & butadiene HOMO-6 to LUMO+1 336.37 0.0212
KL1421 & hexatriene HOMO-7 to LUMO+1 320.22 0.0316
KL1421 & NH; HOMO to LUMO 437.09 0.0022
KL1421 & acetic acid HOMO-3 to LUMO 358.45 0.0030
KL1421 & butadiene & NH; HOMO to LUMO+2 320.17 0.0307
KL1421 & butadiene & acetic acid HOMO to LUMO+2 319.96 0.0350
KL1421 & hexatriene & NH; HOMO-4 to LUMO 344.24 0.0350
KL1421 & hexatriene & acetic acid HOMO-2 to LUMO+2 281.84 0.1131

faster than that in the KL1421 & sensed molecule,
while transfer from the triplet state to the ground
one will be longer [@]. Notably, the inclusion of
carotenoids in the KL1421 compounds does not
influence the dissipation of the absorbed energy.
The process of energy emission remains slow due
to the transition between quantum mechanically
forbidden states.

It is not surprising that the values for molar
absorptivity increase remarkably due to the pres-
ence of carotenoids (Table 3). Hence, the absorb-
ance of KL1421 becomes higher and, as a conse-
quence, more excited energy could be emitted, or
the emission becomes longer (see Table 4).

It is foreseen that in the case of KL1421 &
hexatriene & acetic acid, the excitation leading
to redistribution in KL1421 (no charge transfer
among C,H,SO, and the rest part of the molecule)
is allowed, i.e. radiative. So, the inclusion of ca-
rotenoids in KL1421 could improve their sensing
properties not only due to its larger energy ab-
sorption or longer emission. The radiation emis-
sion of certain wavelengths could also indicate
the presence of sensing species.

4. Conclusions

Referring to the results obtained, we may state that
carotenoids and sensed molecules induce a slight
change in the geometric structure of the par-
ent molecule KL1421. The structural changes of
KL1421 are not influenced by the conjugated
double bond number of carotenoids. However,
this number is important for varying the geo-
metric structure of the parent molecule when in
the KL1421 & carotenoid compound NH, or ace-
tic acid is present.

The carotenoids become polar due to the charge
redistribution caused by the polar KL1421. Nota-
bly, the dipole momentum of KL1421 & butadiene
or hexatriene remains as it is for KL1421.

The results of our investigations exhibit that
the conjugated double bond number influences
the charge redistribution in the KL1421 & ca-
rotenoid & sensed molecule compounds. The in-
teraction of KL1421 & butadiene with sensed
molecules can increase the dipole moment of
the compound, while that of KL1421 & hexatriene
is decreased. These findings allow us to conclude
that the geometrical and electronic structure
variations are carotenoids and sensed molecule
dependent.

The presented molecular diagrams show
the strong interactions of KL1421 and carotenoids,
and KL1421 & carotenoids with sensed molecules.
It also exhibits the optical properties dependent
on the number of the conjugated double bonds.
The results of our investigation prove that NH,
could not be sensed by KL1421, although it could
be possible by KL1421 & carotenoid due to the en-
ergy level variations and the shifts of the peaks
corresponding to the excitations corresponding to
the charge transfer from the sensed molecule.

We also find that in the KL1421 & carotenoids
& sensed molecule, the triplet state is closer to
the singlet one. Hence, the singlet-triplet transfer
in the compounds with carotenoids will be faster
than that in the KL1421 & sensed molecule, while
the transfer from the triple state to the ground one
is longer and more efficient.

The molar absorptivity indicates a higher ab-
sorbance of the compound under study with
carotenoids than without them. Additionally,
the analysis of oscillator strength reveals that
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the strong interaction among species in KL1421
& carotenoids could facilitate radiation emission.

In conclusion, the carotenoids are a good choice
to improve the sensory properties of KL1421,
the novel organic luminophores.
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Santrauka

Pristatomy tyrimy tikslas — nustatyti, ar karotenoi-
dai gali pagerinti KL1421 liuminoforo jutiklines savy-
bes. Teorinis modeliavimas atliktas taikant vieng i$ tan-
kio funkcionalo artinj B3LYP kartu su cc-pVTZ baze.
Buvo istirta KL1421 molekulés geometriné ir elektroni-
né struktira bei jos poky¢iai dél Sios molekulés sgveikos
su karotenoidais ir (arba) aptinkamomis molekulémis,
tokiomis kaip NH; ir acto ragstis. Taip pat apskaiciuotas
tiriamy dariniy UV-Vis spektras.

Nustatyta, kad KL1421 geometriné ir elektroniné
struktiira nezymiai kinta dél sgveikos su karotenoidais
ir aptinkamomis molekulémis. Konjuguoty dviguby
jungciy skaic¢ius karotenoiduose neturi jtakos miné-
tiems pokyc¢iams KL1421 karotenoido junginiuose, ta-
¢iau tampa svarbus, kai KL1421 ir karotenoidy jungi-
nyje yra NH, arba acto rigsties. Taip pat nustatyta, kad

KL1421 ir butadieno sgveika su aptinkamomis mo-
lekulémis gali padidinti junginio dipolinj moments,
o KL1421 ir heksatrieno - sumazinti. Remiantis $iais
rezultatais daroma i$vada, kad geometrinés ir elektro-
ninés struktiiros poky¢iai priklauso nuo karotenoidy
ir aptinkamy molekuliy sgveikos, kg patvirtina mole-
kuliniy orbitaliy analizé. Be to, nustatyta, kad tiriamy
junginiy optinés savybés taip pat priklauso nuo karo-
tenoido tipo junginyje.

Analizuojant suzadinimus nustatyta, kad KL1421
negali aptikti NH,, nors KL1421 karotenoido junginys
gali tai padaryti. Molinei absorbcijai badinga didesné
tiriamo junginio absorbcija su karotenoidais nei be ju.
Apibendrinus gautus rezultatus, daroma i$vada, kad ka-
rotenoidai gali pagerinti KL1421 - naujy organiniy liu-
minofory — aptikimo savybes.
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