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ARTICLE INFO ABSTRACT
Keywords: Two previously synthesized styrylquinolinium dyes, namely (E)-1-butyl-4-(4-(dimethylamino)
Stilbazolium dye styryl)quinolinium iodide (D36) and (E)-1-butyl-4-(4-hydroxystyryl)quinolinium iodide (D34),

Hirshfeld surface analysis

were compared in terms of their properties by single-crystal X-ray diffraction (XRD), Hirshfeld
X-ray crystallography

surface analysis, Fourier transform Raman (FT-Raman), Fourier transform infrared (FT-IR),

Crystal structure i L. . 1 13

Reversal solvatochromism fluorescence, and ultraviolet-visible (UV-Vis) spectroscopy, and "H- and "°C-NMR methods. Both

BLA dyes D36 and D34 crystallized in the triclinic and monoclinic systems in the centrosymmetric
space groups P-1 and P2;/n, respectively. The unit cell of D36 contains two molecules of the dye,
participating in weak intermolecular interactions, whereas that of D34 contains four formula
units. The phenolic hydroxy group of D34 participates in the formation of a hydrogen bond with
the iodide anion. The 4-styrylquinolinium moieties of the cationic dye molecules are nearly
planar. The dihedral angle between the mean planes through the ten-membered quinolinium
system and the benzene ring is 7.5° in D36 and 5.9(1)° in D34. The structural parameters
planarity and bond length alternation (BLA) are discussed, which are important for the evaluation
of the first hyperpolarizability f at the molecular level, even in a centrosymmetric crystal. The
UV-visible spectra of the dyes in 14 solvents of different polarities were investigated. The
reversible solvatochromic behavior of the dyes is demonstrated experimentally and compared
with known “binuclear dyes” by evaluating the Rezende model. Dye D36 does not fluoresce, and
D34 has a very low emission in the solvents tested.

1. Introduction

The design and development of organic nonlinear optical (NLO) materials with macroscopic second-order optical nonlinearities are
of great interest, because they can be used for imaging biological objects as well as signal processing devices, ultra-high-speed optical
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communication, data storage, optical limiters, logic circuit devices, and optical switches [1-4]. Krieg et al. examined D34 and related
dyes to D36 (Fig. 1), but with N-methyl and N-propyl tails acting as peroxidase’s fluorescent substrates for application in histo-
chemistry [3,4]. Compounds containing electron-donating (D) and electron-accepting (A) groups on opposite sides of a t-conjugated
linker are highly significant among organic functional materials. Because of its extreme structural flexibility and diversity, the organic
stilbazolium cation is arguably the most utilized chromophore to date for the synthesis of novel NLO materials [5]. A dye synthesized
by our group, viz. 4-[(E)-2-(4-hydroxynaphthalen-1-yl)ethenyl)]-1-ethyl quinolinium bromide, deposited on a thin layer, has already
proven nonlinear optical properties. The nonlinear absorption coefficient g is —(3.3 + 0.7) x 1077 m/W, and the third-order NLO
coefficient ¥® is 6.5 x 1072 m? V2 [6]. The study of structure-property relationships helps to decode the origin of optical
nonlinearity at the molecular level, suggesting strategies aimed at discovering new materials. A crystal of acceptable quality and
dimensions is needed for device applications. By selecting an appropriate solvent to optimize the growth conditions, high-quality
single crystals can be produced. However, a non-centrosymmetric arrangement in the crystal must be present to observe high
values of second-order nonlinear susceptibilities. Unfortunately, ca. 78 % of organic materials form centrosymmetric crystals [7]. Not
to be overlooked are the alternative approaches to arrange such charged chromophores in a non-centrosymmetric fashion, such as
anion metathesis, integration into polar thin films (of the Langmuir-Blodgett type), and polymer matrices [8]. Tweaking the BLA
properties of a molecule is one of the most recent NLO techniques for creating chromophores. The method that can determine if an
arrangement in the crystal structure is centrosymmetric or non-centrosymmetric is X-ray structural analysis.

These literature results inspired us to search for stilbazolium dyes with non-centrosymmetric chromophore arrangements and large
molecular hyperpolarizability. Whereas N, N-dialkyl substituted dyes [5] have many crystal structures solved, hydroxy substituted
stilbazolium dyes are known to be more difficult to grow crystals suitable for XRD [9-12]. In this study, we have carried out structural
and spectroscopic analyses of the p-hydroxy substituted dye D34, comparing it with the previously reported by our group structure of
p-dimethylamino analogue D36 [13], because both dyes have the same chromophore with an N-butyl tail but different
electron-donating groups (Fig. 1).

2. Experimental
2.1. Materials and synthesis

The details of the synthesis and physical-chemical properties of the dyes D34 and D36 used in the present work are discussed in the
literature [14-19]. Our modified synthetic procedures, physical constants, and full spectral characterization of the compounds can be
found in the Supplementary data.

2.2. X-ray crystallography

Crystals of D34 suitable for single-crystal X-diffraction were grown by the slow evaporation technique from methanol/2-propanol
at room temperature. The X-ray intensity data were collected on an Oxford Diffraction Xcalibur2 diffractometer with a Sapphire2 CCD
and graphite-monochromated Mo-K, radiation, using CrysAlisPro [20]. A semi-empirical absorption correction based on
multiple-scanned reflections was applied [21], using ABSPACK in CrysAlisPro. The crystal structure was solved by direct methods
using SHELXS-97 [22] and refined with SHELXL-2019/3 [23]. Anisotropic displacement parameters were introduced for all
non-hydrogen atoms. Hydrogen atoms were placed in geometrically calculated positions and refined with the appropriate riding
model. Hirshfeld surface analysis was carried out with CrystalExplorer [24].

Crystal data for D34: C21H22INO, M; = 431.29, T=120(2) K, 1 =0.71073 A, monoclinic, P21/n, a = 10.4493(2) ./o\, b =9.0956(2) 10\,
c=19.7318(5) A, = 101.796(2)°, V = 1835.76(7) A%, Z =4, p = 1.561 g cm >, ;s = 1.751 mm~ !, F(000) = 864, crystal size = 0.53 x
0.06 x 0.06 mm, 0 range = 3.00-28.76°, reflections collected/unique = 32,498/4428, Ri,; = 0.0578, data/restraints/parameters =
4428/0/219, S = 1.059, R1 [I > 26(I)] = 0.0339, wR2 (all data) = 0.0667, Apmax, Apmin = 0.74, —0.53 eA~3.

2.3. Spectroscopic measurements

The infrared and Raman spectra were recorded between 4000 em ! and 50 cm ™! on a VERTEX 70 FT-spectrometer (Bruker Optics).
25 scans were performed for each spectrum with a resolution of 2 cm™!. The Raman spectra of D36 and D34 were measured at laser
output power of 15 mW and 200 mW, respectively. The UV-Vis spectra (1 cm quartz cell and concentration range within 1 x 107> M
were recorded on Agilent Cary 60 UV/Vis spectrometer operating between 190 and 800 nm, using solvents spectroscopic quality

N a b ¢ d
% ®N-CH,CH,CH,CHs

Fig. 1. Structural formula of the dyes D34 (R—OH) and D36 (R = NMe,) showing the atom numbering used in the NMR assignments.
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(Uvasol, Merck products). The maximum absorbance values of the dye obey the Bouguet-Beer-Lambert law as they were recorded at a
concentration of the order of 10~ M. UV-Vis spectra are normalized to the highest wavelength value of each spectrum. The fluo-
rescence measurements were performed between 300 and 900 nm on PerkinElmer LS 45 fluorescent spectrometer in the same solvents
at concentration 1 x 10~> M and 10 nm slit. *H and 1*C-NMR measurements, referenced to TMS (§ = 0 ppm), were made with Bruker
Avance (500 MHz) spectrometer. The dyes were dissolved in DMSO-dg.

D36

D34

Fig. 2. Molecular structures of D36 (CSD refcode: ZEMDUT) and D34 in the solid-state. Displacement ellipsoids are drawn at the 50 % probability
level. Hydrogen atoms are represented by small spheres of arbitrary radius. Dashed lines illustrate C-H---I short contacts in D36 and an O-H---I

hydrogen bond in D34.
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3. Results and discussion
3.1. Comparison of the solid-state structures of D34 and D36

We have structurally characterized D34 by X-ray crystallography, while a crystal structure determination for D36 has previously
been published in the Cambridge Structural Database (CSD) [25] with the CSD refcode ZEMDUT [13]. D36 and D34 crystallize in the
centrosymmetric space group P-1 and P2;/n, respectively. Fig. 2 shows the molecular structures in the solid-state, and Table 1
compares selected bond lengths and angles.

As expected, the configuration of the styryl C—=C double bond is E in both D36 and D34. The C4-C9—C10-C11 torsion angle is
178.6° in D36 and 178.5(3)° in D34. The 4-styrylquinolinium moieties of the cationic dye molecules are nearly planar. The dihedral
angle between the mean planes through the ten-membered quinolinium system and the benzene ring is 7.5° in D36 and 5.9(1)° in D34.
The most likely cause of the deviation from planarity are the contacts formed between the cations of the dye. In the centrosymmetric
stacks of the dye cations one above the other, a slip is observed in which the benzene part of one molecule is located over the butyl tail
of the antiparallel molecule and the quinolinium ring over the bridging double bond (Fig. 3). The corresponding stacking distances
between the mean planes through the non-hydrogen atoms of the 4-styrylquinolinium moieties is 3.44 A in D36 and 3.34 A in D34.
Apart from face-to-face n---x stacking of the cationic dye molecules, C-H---I interactions in D36 and an O-H.--I hydrogen bond [d(D---A)
= 3.417(2) A] formed by the phenolic hydroxy group are the dominant intermolecular interactions in the solid-state. The overall
crystal packing in D36 and D34 is distinctly different, despite the similar face-to-face n---n stacking in both structures (Fig. 4). In the
triclinic crystal structure of D36, the dye molecules pack in a brick wall-like pattern. In contrast, the arrangement dye molecules in the
monoclinic structure of D34 may be described as a herringbone pattern.

To shed light on the crystal packing environments of the cationic dye molecules in the solid-state structures of D36 and D34 as a
whole, we generated and visualized the Hirshfeld surfaces [26]. Fig. 5 shows the normalized contact distance (dyorm) mapped onto the
Hirshfeld surface for D36 and D34 and the associated 2D fingerprint plots based on both contact distances between the nearest atoms

Table 1
Selected bond lengths and angles for D36 (CSD refcode: ZEMDUT) and D34.
D36 D34

C2-N1 1.328(8) 1.330(3)
C2-C3 1.377(8) 1.385(4)
C3-C4 1.378(7) 1.387(4)
C4-C4A 1.438(7) 1.434(4)
C4-C9 1.466(6) 1.452(4)
C4A—C8A 1.434(7) 1.419(4)
C8A—N1 1.375(8) 1.393(3)
C9-C10 1.326(7) 1.334(4)
C10-C11 1.448(7) 1.453(4)
Cl1-C12 1.395(7) 1.399(4)
Cl11-C16 1.402(7) 1.405(4)
C12-C13 1.378(7) 1.381(4)
C13-C14 1.401(9) 1.390(4)
C14-C15 1.386(9) 1.395(4)
C14-N2 1.386(7) -
Cl14-01 - 1.355(3)
C15-C16 1.389(7) 1.379(4)
C17-N1 1.511(8) 1.495(3)
N1-C2-C3 122.2(6) 122.6(2)
C2-C3-C4 120.9(6) 121.1(3)
C3-C4-C4A 117.8(4) 116.7(2)
C3-C4-C9 121.9(5) 122.5(2)
C4A—-C4-C9 120.3(4) 120.8(2)
N1-C8A—-C4A 118.7(5) 118.9(2)
C2-N1-C8A 121.3(5) 120.2(2)
C8A—C4A-C4 119.0(5) 120.4(2)
C10-C9-C4 124.3(5) 125.8(2)
C9-C10-C11 126.5(5) 126.6(2)
Cl2-C11-C16 116.6(5) 117.3(2)
Cl12-C11-C10 120.3(5) 119.7(2)
Cl6-C11-C10 123.1(5) 123.0(2)
C13-C12-C11 122.1(6) 121.9(2)
C12-C13-C14 121.1(6) 119.8(3)
C13-C14-C15 117.4(5) 119.6(2)
C16-C15-C14 121.4(6) 120.1(2)
C15-C16-C11 121.4(5) 121.4(2)
N2-C14-C13 122.1(6) -
N2-C14-C15 120.5(6) -
01-C14-C13 - 117.6(2)
01-C14-C15 - 122.8(2)
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D36

D34

Fig. 3. Centrosymmetric antiparallel stacks of the cationic chromophores in the crystal structures of D36 (CSD refcode: ZEMDUT) and D34. Color
scheme: C, grey; H, white; N, blue; O, red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

inside (d;) and outside (d.) the surface. Apart from the classical O-H---I hydrogen bond, which is only present in D34, the Hirshfeld
surface analysis reveals the similarity of the intermolecular interaction patterns in D36 and D34 in spite of the markedly different
crystal packing of the compounds.

BLA (bond length alternation) and planarity are the main structural factors that are crucial for estimating the first hyper-
polarizability at the molecular level, even in a centrosymmetric crystal [27,28]. The planar configuration favours n-conjugation and
hence polarization in the D-n-A molecules, resulting in the appearance of a dipole moment, and this has a positive impact on the value
of the first hyperpolarizability # [29]. A measure of the degree of polarization in a conjugated system, the structure parameter BLA is
defined as the average difference between the lengths of neighbouring single (C-C) and double (C—=C) bonds [30]. The best value of
BLA, at which maximum values of the first hyperpolarizability are produced, is 0.1 A. Substances having a BLA value of zero were
discovered to exhibit no nonlinear optical activity [31]. The calculated BLA parameter values for the dyes D36 and D34 are 0.067 and
0.117 A, respectively. The two aromatic fragments’ deviations from the bridge system’s plane above 3° provide the most likely reason
for the deviations from the optimal value of the BLA parameter.

3.2. UV-Vis and fluorescence spectroscopic study

The substances being studied are salts that are soluble in polar organic solvents but just a little in nonpolar ones. The specific
interaction in the solution, which involves a formation of hydrogen bonds and charge transfer complexes, may alter the HOMO-LUMO
energy difference, leading to a shift in the equilibrium-excited state level to a higher/lower energy in the polar solvent. Fig. 6 shows a
schematic illustration of the excited and ground states of two chromophores. The positive charge of the chromophore is localized on a
different type of heteroatom in each of the different forms because it moves from the pyridinium moiety to the amino/OH group upon
excitation. In the ground state (a), it is on the quinolinium nitrogen, and in the excited state (b), it is on the imine nitrogen or oxygen. It
is significant to observe that the charge can be delocalized more effectively in the benzoid form (a) than in the quinoid form (b), due to



M. Todorova et al. Heliyon 10 (2024) e29315

=
@
=N

S

w

S
e,

9
*4

e
o %N\Q\
7o
i w%
ey

™

D34

Fig. 4. Packing diagrams of D36 and D34, viewed along the b and the a axis respectively. Color scheme: C, grey; I, purple; N, blue; O, red. Hydrogen
atoms are omitted for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

deviation from planarity of the two parts of the latter. As a result, solvents can interact with both forms in various manners based on
their polarity, as shown on Fig. 6 with alcohol as an example.

Taking into account the solubility of dyes and the characteristics of solvents, 14 solvents with different proton donor (HBD = H-
bond donor) and proton acceptor (HBA = H-bond acceptor) abilities were selected [32]. The hydroxyl solvents water, methanol,
ethanol and n-butanol were selected as HBD (EI%I 0.5 = 1), and dipolar aprotic solvents (E¥ 0.3 + 0.5) were acetonitrile (MeCN),
dimethylsulfoxide (DMSO), dimethylformamide (DMF), acetone, 1,2-dichloroethane (DCE), pyridine, and non-polar HBA EY¥0+0.3)
- chloroform, ethyl acetate, tetrahydrofuran (THF) and 1,4-dioxane. In the last four solvents, the dye D34 is insoluble. Normalized
UV-Vis spectra of the dyes are shown in Fig. 7, and Table 2 presents the experimental data together with the relevant polarity values
for the mentioned solvents.

While the Vis spectrum of D34 has two to three absorbance bands in nearly all of the examined solvents, the dye D36 only has one
maximum in the visible region around 550 nm, which belongs to the CT band. The CT band of the quinoid form (QF) of D34 dye is
located in the longer wavelengths between 607 and 676 nm, while the CT band of the benzoid form (BF) is located in the shorter
wavelengths between 415 and 470 nm. Aggregation frequently results in the splitting of the quinoid form’s long-wavelength ab-
sorption band (Fig. 7b). The monomer of the quinoid form is liable for the longest band, and the dimer is responsible for the shorter
band at around 620 nm, which is frequently just hinted at as a shoulder. Depending on their polarity, the solvents can stabilize both the
BF and QF forms in different way. Because of this, it is possible that just the benzoid form or the quinoid form was present in some
solvents while both forms were present in others. The analysis shows that in the group of HBD solvents, the dye D34 has a similar
behaviour — in aqueous solutions, it exists only in its BF, but in alcohol solutions both forms were present. Both forms were also present
in aprotic solvents. Dyes of this kind are very sensitive to traces of moisture or acids in the solvents tested.

The difference in maximum values observed in 1,2-dichloroethane and water solvents, or the D36 shift, is 75 nm (133 cm™%)
(Fig. 7a). However, the CT band shift from water to chloroform is 43 nm, which is almost twice as small as the same solvent shift of the
"binuclear" DANSQI dye (84 nm) [33]. The spectral shift of the absorption maximum due to the changing solvent polarity is 262 nm for
the phenolic dye D34.
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Fig. 7. Normalized UV-Vis spectra of the dyes a) D36 and b) D34 in different polarity solvents. The D36 shift between water and 1,2-dichloro-
ethane is 75 nm (a). The numbers of the spectra correspond to the numbers of the solvents in Table 2. The designation BF is the abbreviation of
benzoid form; QFm is quinoid form (monomer); QFd is quinoid form (dimer).

Table 2

Electronic properties of the dyes D36 and D34 in solvents of different polarity parameters.
Ne Solvent EY D36 D34

Abs Er(D36) Abs Em Er(D34) BF Er(D34) QF(m) Stockes shift”
BF QF(m/d/n)

1. water 1.000 512 55.90 414 - 554 68.98 140
2. methanol 0.762 548 52.13 442 580 br 552 64.69 49.30 110
3. ethanol 0.654 553 51.66 453 607 564 63.12 47.06 103
4. n-butanol 0.586 562 50.87 470 627 553 60.83 45.60 83
5. MeCN 0.460 542 52.85 428 - 550 66.80 - 122
6. DMSO 0.444 550 52.03 444 662/624 575 64.40 43.19 130
7. DMF 0.386 545 52.41 443 - 560 64.54 - 117
8. acetone 0.355 544 52.61 438 662/614/567 550 65.28 43.19 112
9. DCE 0.309 586 48.79 434 - 533 65.80 - 99
10. pyridine 0.302 568 50.29 461 676/624/584 n.a. 62.02 42.30 -
11. chloroform 0.259 554 51.56 - - -
12. ethylacetate 0.228 537 53.24 - - - - -
13. THF 0.207 541 52.85 - - - - -
14. 1,4-dioxane 0.164 529 54.05 - - - - -

Abbreviations: EY is the normalized value of a molar transition energy and for the reported solvents were taken from Ref. [32]; Abs is Amax (A) (nm) of
CT band; Em is Apax (F1) (nm); Ex(D36) and E1(D34) are corresponding intramolecular transfer energy of charge of D36 and D34 in kecal.mol!; BF is
benzoide form; QF (m/d/n) is quinoid form (monomer/dimer/n-mer); br is a broad band; n.a.- not available.

@ Stokes shift is the difference in nanometers between positions of the band maxima of the absorption and emission spectra.
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Fig. 8. Plots of the dependence a) of Er (D36) and b) of Er (D34) in its BF and QF vs. E¥ of solvents of different polarity. Er (dyes) is given in units of
keal mol 1.
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What is the sign of the solvatochromism of the dyes under study? In 2010, Dominguez and Rezende linked the chemical hardness
(1) of a molecule to its charge distribution, creating a generalized model to predict the solvatochromic behaviour of cyanines [34,35].
We calculated the chemical hardness 7 for the dye chromophore D36, using the data from the published tables [34], as a sum of the
hardness of the fragments: 104.6 kcal mol " for the donor fragment dy, 85.4 kcal mol~* for the acceptor fragment a17 and 5 kcal mol ™
for the amino group, | = 104.6 + 85.4 +5 = 195.0 kcal mol . For D34 the sum of the hardness of the fragments is: d; + a17+ OH
group, 1 = 104.6 + 85.4 4+5.1 = 195.1 kcal mol~!. These values, according to the model of Dominguez and Rezende, predict a
reversible solvatochromism.

Is this really the case? In order to clarify the solvatochromic behaviour of the dyes, we used the experimental data from the UV-Vis
spectroscopic study to construct the graphical dependence of the transition energies of the dyes in different solvents against the EY
polarity parameter for the same solvents (Fig. 8). The corresponding intramolecular charge transfer energy Er (dye) in kecal mol™! (1
kecal mol~! = 4.184 kJ mol’l) was calculated according to equation (1) [32]:

285915
) max (nm)

Er (Dye) @

The Rezende model represented the solvatochromic plots (Fig. 8) as a hyperbolic curve with a minimum of reversal. We may
conclude that both dyes exhibit real reversible sovatochromic behavior based on experimental measurements in a sufficiently broad
range of solvents.

From the available experimental range of solvents, it can be said that the reversal of solvatochromism for dye D36 occurs in solvent
DMSO with a critical point of E7(30) value of 49.7 (EX value 0.586). However, for dye D34, this event occurs in the solvent n-butanol,
with a critical point of Er(30) = 45.1 (BN = 0.444).

It is well known that increasing the annelation of the donor or acceptor fragment has a significant impact on the dye’s ground and
excited states, making the former less zwitterionic and eventually switching its negative solvatochromism to reversed behavior [8,35].
Therefore, we make a comparison with the "binuclear" dimethylamino-substituted dyes reported earlier by our group [8,33]. Fig. 9
compares the CT band maxima of dyes D36, D34, and DANSQI [33] registered in a common list of solvents. The difference between
DANSQI and D36 comes down to the shift of A, of D36 by about 50 nm to longer wavelengths (bathochromic shift), which means
lower transition energies for “one and half nuclear” dye D36. Comparison between the hydroxy substituted dye D34 and the dime-
thylamino substituted D36 shows about 100 nm lower wavelengths for D34.

In Fig. 10, one can see the hyperbolic inversion minima curves of the three stilbazolium dyes for their total solvent ranges - DANSQI
[331, 4-{(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-1-pentylquinolinium bromide dihydrate (III) [8] and D36. It is clear that
all three dyes show reversed solvatochromic behaviour.

However, there appears to be a discrepancy with the Rezende model [34]. The problem is that by calculating the chemical hardness
n of the chromophore of DANSQI and the dye 4-{(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-1-pentylquinolinium bromide
dihydrate (III), which is common to both dyes, as a sum of the hardnesses of the donor fragment d2, the acceptor fragment al7 and the
amino group, we get 7 = 85.4 4+ 83.6 + 5.0 = 174, which value suggests positive solvatochromism. We experimentally proved that
these dyes exhibit "true" reversed solvatochromic behaviour.

Both dyes under study were also investigated with respect to their emission properties in solvents of different polarities. Whereas
D34 exhibits weak fluorescence, D36 shows no emission of its own. Fluorescence spectra were appended in the Supplementary data
(Figs. S1-S5). The photoinduced processes model developed through in-depth experimental and theoretical studies can be used to

$ & S F eSS
q\é & & & & 9 é{'}o 3\0 O‘co p
v ] \)QQ'
&

——D36 =—#=D34-BF ==DANSQI

Fig. 9. Comparison between CT absorption band maxima in the spectra of dyes D36, D34, and DANSQI [33] measured in a common list of solvents:
(1) water, (2) methanol, (3) ethanol, (4) n-butanol, (5) DMSO, (6) DMF, (7) acetone, (8) pyridine, (9) chloroform, and (10) tetrahydrofuran.
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Fig. 10. Comparaison of Rezende model solvatochromic plots for the three stilbazolium dyes DANSQI [33], III [8], and D36.

evaluate the photophysical properties of D36 and D34 [36-39]. The model takes into account two possible deexcitation pathways.
Following photoexcitation into the Franck-Condon (FC) state, the dye returns to the Sy surface either through a twisted intramolecular
charge transfer (TICT) state, which is dark, or through a partially relaxed “locally excited* (LE) state, which is a radiative process. By
twisting the olefinic double bonds, this sort of conformer is created. The polarity and viscosity of the solvent are two environmental
factors that heavily influence the rotating movements of the dye molecules. The dyes can be utilized for guest-host complexation for
the fluorescence detection of non-fluorescent analytes due to these features [36].

3.3. Infrared and Raman spectroscopic study

The IR and Raman spectra of D36 and D34 in the solid state are appended in the Supplementary data (Figs. S6-59). The spectral
picture of the styrylquinolinium dyes in IR spectra is complicated and needs detailed study. Nearly all IR bands are asymmetric. The
solid state effects, such as Davidov splitting, and Evans holes effects are observed [40]. Since the electron interaction between the
strongest neutral donor and one of the strongest acceptors, the quinolinium fragment, leads to electronic interaction, which in turn
results in a vibrational one, that is why nearly all vibrations are strongly mixed and the intensities are strongly influenced. This has
been confirmed by the detailed interpretation of the IR spectrum using quantum chemical calculations of 4-{(E)-2-[4-(dimethylamino)
naphthalene-1-yl]ethenyl}-1-methyl quinolinium iodide monohydrate (DANSQI) [33]. The vibrational spectra of D36 were compared
to the spectra of DANSQI. Table 3 presents characteristic band assignments from the vibrational spectra of D36.

The band at 1575 cm ™! in the IR spectrum and at 1576 cm ™ in the Raman spectrum is mixed vibration including v (C = C) of the
two aromatic nuclei. The band at 1542 cm ™ belongs to 6° synphase vibration of both CHs and the DMA group. The bands at 1436 cm ™
(IR) and 1433 c¢m ™! (Raman) are attributed to the mixed skeletal vibrations of the aromatic moieties with out-of-plane vibration yc.y of
the double bridge bond. The bands at 1377, 1332, 1301, 1292, 1226, 1191 em~1/1379, 1333, 1306, 1287, 1236, and 1190 cm™! in
both IR and Raman spectra are assigned to the mixed vibrations, which include in the plane deformation vibrations of aromatic
skeletal, of the C-H groups of both rings and double bond, and the dimethylamino group. The bands for the deformation C-H vibrations
of the methyl groups in the N,N-dimethylamino group (DMA) are observed at 1120 cm™! (IR)/1123 em™! (Raman). Breathing vi-
brations of the aromatic nuclei were observed at 1047 cm™! in the IR spectrum.

Most of the vibrations of DMA are mixed with the vibrations of other functional groups, as can be seen from Table 3. The defor-
mation vibrations 5(C-H) of the methyl groups of DMA are observed at 941, 1226, and 1377 cm linthe IR spectrum and at 938, 1236,
1379, and 1494 cm ™! in the Raman spectrum. Several pure vibrations of the DMA group are also observed. An asymmetric deformation
vibration §% (C-H) (DMA) is shown at 1542 cm ™! in both spectra. An asymmetric stretching vibration 1* (C-H) (DMA) is observed at
3078 and 2955 cm ! in the IR spectrum.

The bands in the IR and Raman spectra of compound D34 were compared with those (theoretical and experimental) of a series of
hydroxystyrylquinolinium dyes [41]. The assignment of the bands in the IR and Raman spectra of D34 to the corresponding normal
vibrations is presented in Table 4. The table shows that the bands are the result of mixed vibrations. The comparison of the IR and
Raman spectra of D34 with the experimental and theoretical spectra of a series of hydroxy dyes also shows complete agreement.

3.4. H- and >C-NMR spectroscopic study

The assignments of the multiple signals, especially those of the methine protons and carbon atoms in the NMR spectra of D36 and
D34 was well confirmed by the homonuclear correlation spectroscopy (COSY), heteronuclear single-quantum correlation spectroscopy
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Table 3
The measured IR and Raman frequencies and the assignment of the bands to the corresponding normal vibrations of the dye D36.
Observed IR Frequency Observed Raman Frequency Calculated IR Frequency [cm '] Vibrational Assignments
[em™'] [em™] [33]
420 414 421 skel. def. ip
433 437 y(C-H) aromatic nuclei
487 487 ring puckering NF, §(C = C) QF
501 500 501 mix vibr. § (C = C) aromatic nuclei
871 876 869 y(C-H) aromatic nuclei
941 938 947 skel. vibr. aromatic nuclei + §(DMA) + y(C-H) QF
1120 1123 1129 S(C-H) of the both CH3 groups in DMA
1191 1190 1190 B(C-H) QF
1226 1236 1229 B(C-H) aromatic nuclei + §(DMA)
1292 1287 1284 B(C-H) aromatic nuclei + (C-H) (C]C)
1301 1306 1301 B(C-H) aromatic nuclei + (C-H) (C=C)
1332 1333 1330 B(C-H) C]C + B(C-H) aromatic nuclei, »(C-C) aromatic
nuclei
1377 1379 1376 B(C)+ B(C-H) aromatic nuclei + B(CH) (C]C) + v(C-N-C)
+ DMA
1436 1433 v(C = C) QF + v(C = C) aromatic nuclei + pC-H (C=C)
1494 1492 v(C = C), p(C-H) aromatic nuclei + &° and §*° CHz (DMA)
1542 1542 1550 5% (CH3) (DMA)
1575 1576 1570 v (C = Q)aromatic nuclei
2955 2954 2959 v * (CH3) (DMA)
3078 3079 v * (CH3) (DMA) synphase

Abbreviations: DMA (N-dimethylamino group), BF — benzene fragment, QF quinoline fragment, v - stretching vibration, 6 - deformation vibration, f§ -
in plane deformation vibration, y - out of plane vibration.

Table 4
The measured IR and Raman frequencies and the assignment of the bands to the corresponding normal vibrations of the dye D34.
Observed IR Frequency Observed Raman Frequency Calculated IR Frequency Vibrational Assignments
fem™] fem™] fem ™7 [41]
428 431 ring puckering BF + y(O-H)
466 466 skel. def. of aromatic nuclei + B(C = C)aromatic nuclei
482 480 485 B(C = C)aromatic nuclei
588 583 yC-H (C=C) + B(C = C)aromatic nuclei + y(C = C) aromatic
nuclei
713 712 B (C = C)aromatic nuclei
806 801 8(C = C)aromatic nuclei + p(C=C)
825 827 y(C-H) aromatic nuclei + §(C = C)aromatic nuclei
869 876 B(C-H) aromatic nuclei
956 958 953 antiphase y(C-H) aromatic nuclei
975 975 970 antiphase y(C-H) QF, pure
997 996 997 v(C-H) QF + yC-H (C=C)
1033 1029 1031 B(C-H) aromatic nuclei + pC-H (C—=C)
1066 1067 B(C-H) QF + BC-H (C=0C)
1170 1170 1170 B(C-H) aromatic nuclei + (O-H)
1215 1217 B(C-H) aromatic nuclei + §(CHs)
1286 1286 1283 BC-H (CIC) + 8(0-H)
1309 1309 1309 B(C-H) QF + BC-H (C]C) + v(C-N)
1328 1326 1328 B(C-H) aromatic nuclei + pC-H (C—=C)
1350 1351 BC-H (C—=C) + B(C-H) NF + p(C-H) QF
1365 1365 1361 B(C-H) NF + B(C-H) QF + v(C = C)aromatic nuclei
1404 1403 1406 B(C-H) C]IC + v(C = C)aromatic nuclei + v(C-H) aromatic
nuclei + &° (CHs)
1469 1473 &° (CH3)+ B(C-H) QF
1517 1519 8° (CH3) QF + u(C = C) QF
1566 1563 1556 v(C = C) aromatic nuclei
1593 1590 1588 U(C=C) + v(C = C)aromatic nuclei

Abbreviations: BF — benzene fragment, QF quinoline fragment, v - stretching vibration, § - deformation vibration, § - in plane deformation vibration, y
- out of plane vibration.

(HSQC), and heteronuclear multiple-bond correlation spectroscopy (HMBC) methods. All spectra are included in the Supplementary
data (Suppl. Figs. S10-S19). The signals of the CH-protons from the aromatic systems and the ethylene bridge can be seen in Fig. 11 in
the range of 9.8 to 6.6 ppm.

It is instructive to trace the chemical shift of the protons along the charge transfer axis in the molecules of the two chromophores.
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The reduced electron density (-M, —I of quinolinium N) of the 2-position proton in the quinolinium moiety is the reason why it gives a
signal in the lowest field at 9.32 ppm for D34 and 9.15 ppm for D36. Since H2 and H3 are vicinal, the doublet for the proton in the third
position, H3, is detected at 8.45 ppm for D34 and 8.35 ppm for D36. The two doublets for H2 and H3 protons in the spectrum of D36
with J = 6.7 Hz are upfield shifted compared with the same signals in the D34 spectrum. The chemical shifts of the protons from the
bridging double bond much more adequately reflect the changes in the electronic structure of the dyes since they are distant from the
ring current regions of the aromatic rings and the associated carbon atoms, therefore carrying the largest positive and negative charges.
The signals for the two vinyl protons - H, and Hg in the series of dyes synthesized by us generally appear in two variants: 1) as two
doublets with a large J constant and with a difference in the chemical shift of the signals for these protons AS(Hf - Ha) up to around 0.6
ppmy; 2) as the only singlet for two protons. The signals for these two protons appeared at 8.21 ppm and 8.02 ppm for Hp and Ha in the
D36 spectrum, respectively. In the "H-NMR spectrum of the 4-hydroxy substituted dye D34, the signals for the ethenyl protons are part
of a multiplet centered at 8.15 ppm, which contains two doublets with J = 15.8 Hz. These two protons are easily recognizable because
of the high values of their spin-spin interaction constants in the 15-16 Hz interval, which is indicative of the E (trans)-configuration of
the double bond. However, in the D34 '3C-NMR spectrum, the carbon atoms of the double bond are clearly discernible as signals at
144.37 (CB) and 116.38 (Ca), and 145.38 and 113.06 ppm for D36, respectively. In the benzene fragment of the dyes, four protons are
present (two by two equivalent), which in 'H-NMR appear as doublets at about 7.89 ppm (H2' and 6) and 6.9 ppm (H3' and 5),
respectively.

Thus, due to the fact that the dyes D34 and D36 have different magnitudes of ICT interaction, this leads to a shifting of the proton
resonance of the methine protons within A8 0.10-0.17 ppm between the same proton’s signals. The same shifting in the 1*C-NMR
spectra of both dyes is around 1.1-7.32 ppm.

4. Conclusions

Single-crystal X-ray diffraction studies of both dyes D36 and D34 clearly indicate that the cations in the crystals form face-to-face
molecular pairs connected by =---n interactions. The results of the vibrational spectra of the dyes studied are in accordance with the X-
ray structural study and show strong vibrational interaction between the aromatic nuclei by the ethylenic double bond, which is
responsible for the interaction between them. On the basis of experimental measurements in a sufficiently wide range of solvents, we
can conclude that both dyes show real reversible sovatochromic behaviour. The dye D36 does not fluoresce, and D34 shows very low
emission in proton and aprotic dipolar solvents. Presumably in the D36 molecule and to some extent in D34, the relaxation goes
through a twisted intramolecular charge transfer (TICT) state, and this is the dominant non-radiative process.

The dyes displayed finely tuneable optical properties in the ground and excited states, which were dependent on the nature of
substitution and solvent polarity.
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Fig. 11. Aromatic regions of the "H-NMR spectra of D36 and D34 in DMSO-ds.
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