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Decreasing fluorescence efficiency in the solid-state is general and is mainly attributed to the intermolecular
vibronic interactions, which induce the nonradiative deactivation process. Whereas the isolated dye molecules
are virtually non-luminescent in dilute solutions, they become highly emissive upon solution thickening or
aggregation in poor solvents or in the solid-state show an increase of luminescence intensity, the phenomenon
of the aggregation-induced emission (AIE phenomenon). The development of efficient luminescent materials
is a topic of great current interest. Theoretical calculation shows that the dye molecules' aggregation-induced
emission characteristics result from intermolecular interactions. Utilizing such features, the molecules can be
employed as fluorescent probes for the detection of the ethanol content in aqueous solutions. Quantum-
chemical calculations using the method of density functional theory the computations of structure and elec-
tronic spectra of aggregated forms of 5-(4’-dimethylaminobenzylidene)barbituric acid and the Gaussian 98
program packages have been performed. The unusual spectral behavior of 5-(4’-dimethylamino-
benzylidene)barbituric acid was investigated theoretically by the DFT method and its time-dependent variant
TDDFT. Carried out calculations using Zindo, as well as ab initio calculations, confirm the appearance of a
new band during aggregation and its shift to the red region when the number of molecules increases.

Keywords: barbituric acid, electronic spectra, dye molecules, aggregation-induced emission, theoretical study,
hydrogen bond, electronic states, valence vibrations.

Introduction

Currently, fluorescent organic nanoparticles (FONSs) are less studied than fluorescent inorganic semi-
conductors or metallic nanoparticles, which have attracted significant research interest due to their unique
properties related to quantum effects at the micro level. Due to these properties, organic nanoparticles are
intensively studied for use in various fields, including fluorescent biological markers, photovoltaic cells,
LEDs and optical sensors. It is expected that fluorescent organic nanoparticles have a higher potential in
comparison with their inorganic counterparts, since they are more diverse and there are many methods of
their synthesis and preparation of nanoparticles.

One of the many potential applications of FON is related to their ability to show a change in fluores-
cence depending on the size, while this fluorescence property is very different from the similar characteristic
for the molecular form of the organic compound of the same nature. It is well known the fluorescence quan-
tum yield of organic chromophores usually decreases in the solid state, although they have a high fluores-
cence quantum yield in solution. This decrease in the fluorescence quantum yield in the solid state is usually
associated with intermolecular vibrational interactions, which cause nonradiative relaxation processes, such
as exciton binding, excimer formation, migration of excitation energy to trapped impurities, etc. However,
some exceptions have been reported [1-6], for example, for derivatives of barbituric acid [7—9], which show
enhanced emission in the solid state, rather than quenching of the glow.

This work is devoted to the theoretical study of optical electronic and vibrational spectra of 5-(4'-
dimethylaminobenzylidene)barbituric acid (DM).

Computational Details

Quantum-chemical calculations of the geometric structure of the DM molecule (Fig. 1) were carried out
with the density functional method (DFT) using the Gaussian 98 software package. Geometry optimization
was carried out using a three-parametric hybrid Becke method with gradient-correction correlation of the
Lee, Yang and Parr functional (B3LYP) and a standard 6-31G(d) basis set. The electronic spectra were ob-
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tained taking into account the time dependence of the density functional theory (TDDFT) method, where
discrete spectra of energy excitation and corresponding oscillator strengths were estimated for several tens of
low-energy singlet transitions [10, 11].
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Figure 1 Structural formula of DM

Results and Discussion

Electronic absorption spectra of the DM molecule and its complexes were calculated using wave func-
tions of the ground state. The absorption wavelength for a molecule is 371.58 nm, for aggregations of two,
three and four molecules this band shifts to the long-wavelength region and is 379 nm. As mentioned above,
the observed absorption band in the long-wavelength region of 460 nm was not found in model calculations
of complexes of DM molecules of two, three, and four.

Complex formation occurs due to intermolecular hydrogen bonding. Table 1 shows the frequencies of
valence vibrations of DM for an optimized geometric configuration.

Table 1

Frequencies and forms of valence vibrations of bonds of DM

Valence vibrations, cm* Forms of vibrations
v (C1-0Ov) 1841.99 0.65 d*(Cy) + 0.22 d¥(Cy) — 0.37 d*(O7) — 0.12 d¥(Oy)
v (N2-Hg) 3615.50 —0.05 d*(N2) + 0.05 d¥(Np) + 0.73 d*(Hs) — 0.64 d¥(Hs)
v (C3-O9) 1790.45 0.06 d*(Cs) + 0.53 d¥(C3) — 0.03 d*(Og) — 0.32 d¥(Oy)
v (C4-Cyp) 1602.07 —0.17 d¥(C4) — 0.05 d¥(C4) + 0.29 d*(Cyp) + 0.05 d¥(C1p)
v (Cs-019) 1752.57 —0.33 d¥(Cs) + 0.46 d¥(Cs) + 0.21 d*(C10) — 0.26 d¥(Ci0)
v (Ng-H11) 3612.97 —0.02 d*(Ng) — 0.07 d¥(Ng) + 0.21 d*(H11) + 0.95 d¥(H11)

Due to structural features, derivatives of barbituric acid can form intermolecular hydrogen bonds. Let's
look at dimera as an example (Fig. 2).
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Figure 2. Complex of two molecules — configuration 1

As can be seen in Figure 2, two hydrogen bridges (NzHs....... O39) and (NasgHas....... Qo) with lengths of
2.88 A and 2.89 A are formed in the dimer, respectively. The calculation of vibrational frequencies (Table 2)
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indicates the formation of a hydrogen bond: the valence vibration of N»-Hg shifts to the low-frequency re-
gion, from 3615.50 cm™ in the monomer (Table 1) to 3323.90 cm™ in the dimer. The characteristic vibration
of the C33-O3g carbonyl bond varies from 1841.99 cm™ to 1802.80 cm™*. The same is observed for the second
hydrogen bridge.

Table 2

Frequency and form of valence vibration bonds in a complex of two DM molecules

Valence vibrations, cm™ Forms of vibrations
v (C1-0y) 1844.87 —0.08 d*(Cy) + 0.64 d¥(Cy) + 0.05 d*(O7) — 0.36 d*(Oy)
v (N2-Hs) 3323.90 —0.05 d*(N2) + 0.02 d¥(N,) + 0.67 d*(Hs) — 0.28 d¥(Hs)
v (C3-09) 1731.72 0.41 d*(C3) + 0.28 d¥(Cs) — 0.23 d*(Og) — 0.15 d¥(Og)
v (C4-Cyp) 1599.45 0.03 d¥(C4) — 0.15 d¥(C4) — 0.07 d*(C12) + 0.24 d¥(C12)
v (Cs-019) 1774.74 0.51 d*(Cs) — 0.12 d¥(Cs) — 0.30 d*(Cyp) + 0.07 d¥(C1p)
v (Ng-Ha1) 3612.30 —0.06 d*(Ne) — 0.05 d¥(Ng) + 0.77 d*(H11) + 0.64 d¥(H11)
v (C33-O39) 1802.80 0.48 d*(Cs3) + 0.37 d¥(Cs3) — 0.26 d*(O39) — 0.19 d¥(O3)
v (N34-Hao) 3613.95 0.01 d*(Ns4) — 0.07 d¥(N34) — 0.08 d*(Hao) + 0.99 d¥(Hao)
v (C35-O41) 1790.78 0.36 d*(Cs5) — 0.21 d¥(Css) — 0.21 d*(O41) + 0.12 d¥(O41)
v (C36-Cas) 1602.67 —0.14 d¥(Cs) — 0.10 d¥(C36) + 0.20 d*(Cas) + 0.18 d¥(Caa)
v (C37-042) 1756.02 —0.15 d*(Cs7) + 0.49 d¥(Cs7) + 0.07 d*(O42) — 0.30 d¥(O4p)
v (N3g-Hag) 3352.15 —0.05 d*(Nss) + 0.02 d¥(N3s) + 0.66 d*(Haz) — 0.29 d¥(Has)

Analysis of the vibrational frequencies and forms of normal vibrations of the DM and its dimer shows
the mode with the largest contribution from the valence bond NH, which participates in the formation of a
hydrogen bond with the C=0 group of the neighboring molecule, has the highest amplitude of oscillations
during complex formation. At the same time, it was interesting to find out how the formation of hydrogen
bonds affects the electronic spectrum of the compound in solution.

As can be seen from Table 3, the absorption band at 371.58 nm, characteristic of a monomolecule, is
slightly shifted to the long-wave region (378.49 nm) and at the same time a new absorption band
(396.17 nm) appears for the S1 state with zero oscillator strength.

Table 3
Calculated energies and wavelengths of electronic transitions of two DM molecules
Transition Energy Wave function Wavelength Oscillator
of transition, eV nm strength
S1 (fn—on*) 3.13 1Dy = 0.71 (Q136—Q137) 396.17 0.0
Ss (fn—n*) 3.27 D1 = 0.40 (Q135—P137) — 0.39 (P136—P138) 378.49 0.0623
S4 (fn—om*) 3.39 1Dy = 0.38 (p135—¢137) + 0.39 (Q136—>P138) 365.22 0.1248

In the case of a complex of three molecules, two models with different structures are formed —
flat (Fig. 3) and non-planar (Fig. 4). The flat configuration of three molecules is more stable by
4.15 kcal/mol.
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Figure 3. Complex of three molecules with flat structure — configuration 1
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Figure 4. Complex of three molecules with a non—planar structure — configuration 1

Models of two, three and four molecules (Fig. 5) with a configuration different from the above were al-
so calculated.
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Figure 5. Complex of two (a), three (b) and four molecules (c) — configuration 2
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Figure 6 shows the distribution of electronic levels for a monomolecule and complexes of several mole-
cules. The electronic levels corresponding to the absorption band of the monomolecule are selected. When
the number of molecules increases, new low-lying electronic levels appear. In both cases, both for configura-
tion 1 and for configuration 2, a new absorption band (absorption band for aggregation), electronic level S,
appears. For configuration 1, the oscillator strength for this band is zero, for configuration 2, this band has a
weak oscillator strength: for two molecules, the absorption band is 392.55 nm, for three molecules —
407.80 nm, for four molecules — 409.32 nm. Also, when the number of molecules increases, degenerate
states appear, for example, for a complex of four molecules S1= S, = 3.03 nm, Sz = S4 = 3.05 nm.

It follows from the given data that upon aggregation of a large number of molecules DM, the absorption
band of the monomolecule shifts to a longer wavelength region and a new band characteristic of aggregation
appears.
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Axis y — Energy, eV, axis x — electronic levels.
Configuration 1: 1 — monomolecule; 2 — a complex of two molecules; 3 — a complex of three molecules
(non-planar and planar structure). Configuration 2: 2, 3, 4 — complexes of two, three and four molecules

Figure 6. Distribution of electronic levels for monomolecules and complexes of two, three
and four DM molecules with different configurations

According to calculations, the energy difference between the highest occupied and the lowest unoccu-
pied molecular orbitals, the gap between HOMO and LUMO decreases with an increase in the number of
molecules, this is observed both for configuration 1 and configuration 2.
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It has also been suggested that an intermolecular proton transfer reaction from a nitrogen atom to an ox-
ygen atom may occur during aggregation. Two-proton proton transfer for a monomolecule, complexes of
two, three and four molecules with different configurations was calculated. However, according to the distri-
bution of electronic levels for a complex of three molecules, two-proton transfer does not occur. There is on-
ly stabilization in the excited state, that is, a decrease in the energy barrier for two-proton transfer. Energy
difference in the ground state is 1.05 eV for configuration 1 and configuration 2, energy difference in the
excited state for levels Sg, Ss, Sa is 0.99 eV for both configurations. States Se, Ss, S4 correspond to the ab-
sorption wavelength of the monomolecule (371 nm). The S; states correspond to a new absorption band
shifted to the long-wavelength region (for aggregation). For configuration 1, the oscillator strength for the
Si state is zero. For configuration 2, the oscillator strength for the first excited state is 0.0004 (NH) and
0.0011 (20H).

Figure 7 shows a hydrogen bond diagram for a dimer, a complex of three, four, five, and six molecules.
As can be seen, with an increase in the number of molecules, the energy of hydrogen bond increases. It is
assumed that with a further increase in the number of aggregating DM molecules, this tendency is preserved.

6
1 2 3 4 5 6 7

Axis y — hydrogen bond energy, eV, axis X — number of molecules
Figure 7. Diagram of changes in the energy of the hydrogen bond between DM molecules

When the number of aggregating molecules increases, this band shifts to a longer wavelength region.
For a complex of two molecules, this band is 392 nm, for three — 408 nm, for four molecules — 409 nm,
and for a complex of five molecules, the band with charge transfer is 411 nm.

Sandwich complexes of two, four, six, eight and ten molecules were also calculated using the Zindo
method (Fig. 8, Table 4).

Figure 8. Sandwich complexes of two and four molecules DM
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Table 4
Energy and wavelengths of electronic transitions calculated by the Zindo method
for molecular DM sandwich complexes
2 molecules 4 molecules
R (N-0), A E,eV A, nm f R (N-0), A E, eV A, nm f
2.4 2.10 591 0.3485 2.4 2.17 572 0.4320
3.51 353 0.1107 3.53 351 1.1046
3.84 323 0.2026 3.82 324 0.6658
2.5 2.42 513 0.4722 2.5 2.48 500 0.5498
3.50 354 0.2054 3.50 354 1.3224
3.86 321 0.1089 3.83 323 0.3824
6 molecules 8 molecules
R (N-0), A E,eV A, nm f R (N-0), A E, eV A, nm f
2.4 2.19 567 0.4293 2.4 2.23 556 0.5073
3.55 349 0.9919 3.56 348 0.5275
3.86 321 0.8270 3.83 323 1.0770
2.5 2.50 496 0.5686 2.5 2.52 491 0.6202
3.54 350 1.4535 3.55 349 1.4867
3.86 321 0.3540 3.88 319 1.1954
10 molecules
R (N-0), A E, eV A, nm f
2.4 2.28 543 0.5653
3.45 360 0.5595
3.85 321 0.5798
2.5 2.58 480 0.6573
3.48 356 0.8648
3.87 320 1.9797

Note. R (N-O) — distance between molecules in the upper and lower planes.

Table 4 shows three absorption bands. Two bands in the region of about 350 and 320 nm, don’t change
with increasing molecules. The longer wavelength band has a red shift with a larger number of molecules.
The band at 320 nm is the band of n-electrons of the benzene ring. By its nature, the maximum at 350 nm is
characterized by the transfer of m-electrons from the benzene ring to the barbituric acid ring (intramolecular
transfer). A band having a red shift is observed during aggregation and is a band with charge transfer from
one molecule to another (intermolecular transfer).

Conclusion

The unusual fluorescence of DM was investigated theoretically by the DFT method and its time-
dependent variant TDDFT.

Calculations carried out using Zindo, as well as ab initio calculations, confirm the appearance of a new
band during aggregation and its shift to the red region when the number of molecules increases.

According to the calculated data, when aggregation of a large number of DM molecules, the absorption
band of a monomolecule splits into several, and at the same time, a charge transfer band appears, which
shifts to a longer wavelength region as the number of molecules increases.

The obtained theoretical calculations are consistent with experimental data [12]. According to experi-
mental data, the maximum absorption and fluorescence of DM in the solid state compared to solutions is
shifted to a longer wavelength region. Moreover, the intensity of fluorescence of DM in the solid state is sig-
nificantly higher than that of fluorescence in solution. This is due to the fact that many intermolecular hydro-
gen bonds are formed in the solid state, that is, aggregations are obtained.

Calculations confirm that the greater the number of molecules involved in aggregation, that is, the more
hydrogen bonds between DM molecules, the more the absorption maximum shifts. Thus, our calculations
confirm the fact that due to the formation of hydrogen bonds between molecules, the intensity of the absorp-
tion and fluorescence bands increases and a shift to the red region is observed.
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