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Abstract. The vibronic absorption spectra of Nile blue (NB) oxazine dye in an aqueous solution using 13 
hybrid functionals, the 6-31++G(d,p) basis set, and the IEFPCM solvent model were calculated. It turned 
out that the O3LYP functional provided the best agreement with the experiment. Various parameters of the 
NB cation in the ground and excited states (IR spectra, atomic charges, dipole moments, and transition 
moment) were obtained. Maps of the distribution of electron density and electrostatic potential have been 
built. The influence of four strong hydrogen bonds of the dye with water molecules on the absorption 
spectrum was analyzed. It has been shown that two from these bonds were strengthened upon NB excitation 
and two ones were weakened. It was found that explicit assignment of water molecules strongly bound to 
the dye leads to a redshift of the spectrum as a whole and worsened its shape.  
Key words: TD-DFT, vibronic transitions, aqueous solution, Nile blue, absorption spectrum. 

 
INTRODUCTION 

 
The Nile blue (NB, Fig. 1) is a highly fluorescent oxazine dye (see reviews [1,2]). The NB was firstly synthesized 

by Möhlau and Uhlmann in 1896 together with the Nile red (NR) [3].  
In the NB molecule, the diethylamino group is an electron donor, and the amino group is an acceptor. The latter 

contains the positive single charge of the NB molecule. In contrast to electrically neutral NR, the solubility and 
fluorescence intensity in the water of positively charged NB is much higher. As in the case of NR, the optical properties 
of an NB depend significantly on its environment. In particular, the absorption and emission maxima of NB also have a 
redshift (bathochromic) with increasing solvent polarity [1,2]. This positive solvatochromism indicates a greater 
stabilization of the excited state of the NB molecule by the more polar solvent in comparison with the ground state. 
Consequently, the magnitude of the dipole moment of NB in the excited state should be greater than in the ground state 
[4]. However, unlike neutral NR, the positive charge of the NB determines the dependence of its spectral characteristics 
on pH as well [5]. Besides, the NB molecule is capable of uptake an electron from the solvent and giving it a proton [6]. 
The spectrophotometrically determined ionization constant of NB in water is pKa=3.1 [7]. Due to the low sensitivity of 
NB to small changes in pH, it is recommended to use NB derivatives for its measurement [8]. Therefore, NB is used as a 
reference signal when measuring pH with the more sensitive FITC [9]. 

NB forms non-covalent complexes with nucleic acids (both by intercalation and by binding to the minor groove). In 
the complexes, the NB fluorescence is quenched. This allows it to be used to determine the concentration of nucleic acids. 
The study of the binding of the NB to DNA was performed by optical [10-14] and electrochemical methods [15-18]. The 
NB and its derivatives are used as DNA-sensitizing drugs for the photodynamic therapy of cancer [10,19-21] and bacterial 
[22] diseases. The main mechanism of DNA sensitization is the electron transfer from DNA to NB [11,23,24]. The optical 
absorption spectrum of the complex of NB with DNA was modeled in Ref. [24] considering this process by the TD-DFT 
method. 

Spectrophotometric studies of NB aggregation on clay sheets [25] showed that NB molecules are capable of forming 
both J- and H-aggregates. The aggregation of NB in water and an aqueous solution of urea was investigated using 
adsorption spectrophotometry and interpreted within the framework of the exciton theory in Ref. [26]. The 
thermodynamics of NB dimerization in water was studied spectrophotometrically [27-31] and using NMR [32]. 
Aggregation of NB is enhanced by its interaction with colloidal suspensions of SiO2 and SnO2 [33], bile salts [34], and 
single-stranded nucleic acid molecules [12]. 

NB and its derivatives are used as a fluorescent probe for nanoparticles [35], lysosomes [10,36], proteins [37], 
protein-ligand complexes [38], micelles [39,40], as well as a Raman detector [41-43]. NB сhromophore is a part of sensors 
[44-47]. The change in the optical characteristics of the NB upon its binding with inorganic compounds is used to detect 
their traces [48-52]. The NB is also used for optical analysis of the content of anionic surfactants in a sample  [53].  The 

 
Figure 1. Chemical structure of Nile blue 
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high photostability of the NB allows it to be used as a laser dye [54] and in solar cells [55]. NB is used in histology and 
microbiology: its aqueous solution stains acidic components such as phospholipids and nucleic and fatty acids dark blue, 
while neutral lipids (triglycerides) - pink or red [56,57]. Hydrolysis of the NB produces the NR, which can be used to 
identify weak fingerprints [58]. 

Experimental studies of the optical characteristics of the NB were carried out on gold electrodes [59,60], in a 
monolayer on the surface of quartz glass [61], upon interaction with silver nanoparticles [62], ferrocene [63], graphene 
oxide [64], quantum dots (fluorescent nanoparticles) [65,66], rhodamine 110 [67] and other objects. Many NB derivatives 
with improved target characteristics (reduced phototoxicity, increased solubility, stronger luminescence, etc.) have been 
synthesized [68-72]. 

A significant number of experimental works are devoted to the study of the optical characteristics of NB itself in 
various solvents: solvatochromism [5,73-81], absorption [82-86] and emission [87-90] mechanisms, relaxation of excited 
states [91-94], Raman [95] and two-dimensional electronic (photon echo) [96-99] spectra for the analysis of excited states, 
nonlinear optical properties [100]. In the context of this work, the experimental results of other authors on 
solvatochromism and absorption mechanisms are especially interesting for us. 

Solvatochromism. In an alkaline aqueous solution (0.1M NaOH or NH4OH), the heterocyclic nitrogen atom of the 
NB molecule is hydroxylated, which causes the appearance of a new absorption band with λmax≈520 nm (the solution 
becomes red) [5,73]. In a strongly acidic medium (1M HCl) [5], this nitrogen atom is protonated; the charge of the NB 
molecule becomes equal to +2 (at low acidity of the solvent, protonation of NB can be photoinduced, i.e., the excited NB 
molecule undergoes it [74]). This causes a decrease in the intensity of the absorption band with λmax=635 nm and the 
appearance of an additional absorption band with λmax=460 nm (green solution) [5]. In proton-acceptor and electron-donor 
solvents (aniline, N,N-dimethylaniline, N,N-dimethylaniline) NB under the action of light loses a proton or attaches an 
electron, while its fluorescence is quenched [6,75-77]. In Ref. [78], based on experimental data, the values of the NB 
dipole moments in an excited state in various solvents were calculated. As mentioned above, NB exhibits a shift in the 
absorption and emission maxima to longer wavelengths with increasing solvent polarity. In this case, in the gas phase, 
they are, respectively, (580±10) nm and (628±1) nm, i.e., less than the corresponding values for most polar solvents, but 
more than for nonpolar ones [82]. 

Absorption mechanisms. In Ref. [84], the saturation of the π→π* the NB transition from the ground to the first 
excited state (S0→S1) was studied using picosecond laser pulses, at which the transitions to the higher excited states (S2, 
S3, ...) are noticeably reduced. This is accompanied by discoloration of the solution of the NB sulfate in ethanol. An 
experimental study of the vibronic coupling in the S0→S1 transition using femtosecond laser pulses was performed in 
Ref. [85]. 

Theoretical studies of the NB photoexcitation began with the early work of Blanchard [101], in which he calculated 
the atomic charges of the dye in the ground and excited states using the semiempirical MNDO method. A time-dependent 
wavepacket theory for dynamic absorption spectroscopy was used to analyze the evolution of the transient absorption 
spectrum of NB (without considering the solvent) following excitation with a 6 fs pulse in Ref. [102]. In Ref. [103], the 
energy of the S0→S1 transition in the NB molecule was calculated using the CIS quantum-chemical method (also without 
accounting for the solvent). Theoretical calculations of the absorption maxima using the TD-DFT vertical transition model 
with an implicit considering of the aqueous environment (CPCM approach [104]) were carried out in Refs. [81,105]. In 
Ref. [106], the effect of the solvent and a thermal motion was considered explicitly through hybrid QM/MM calculations, 
and the low-frequency out-of-plane vibrations of the NB chromophore were estimated. However, in all the above-
mentioned works, the calculated values of absorption maximum turned out to be significantly less than the experimental 
one for NB dilute solution in the aqueous solution λmax=634…636 nm [26,27,29-31,78,79,80]. However, the vertical 
transition model itself is quite simplified, although it is widespread in the literature (see review [107]). It does not consider 
the vibronic coupling, and therefore does not allow theoretically reproducing the asymmetric form of the experimental 
absorption and emission spectra of organic molecules. At the same time, the shape of the spectrum reflects the pattern of 
the excited states of the molecule and the transitions between them [108]. 

 
METHODS 

 
When a photon is absorbed, both the electronic and vibrational energy of the molecule of the dissolved substance in 

the solution changes, i.e. a vibronic transition occurs in it (Fig. 2). According to the Franck-Condon principle [109], the 
electronic transition from the ground state (GS) to the excited state (ES) occurs at constant coordinates of the nuclei of 
the solute molecule, as well as the nuclei of the nearest solvation shell (vertical transition Evert in Fig. 2). In this case, the 
molecule is in excited nonequilibrium (Franck-Condon, FC) state. This non-equilibrium nuclear core leads to the 
activation of vibrational energy levels (green wave in Fig. 2). Since the latter obey the Boltzmann distribution, there are 
many transitions from different vibrational levels of the ground electronic state to different vibrational levels of the 
electronically excited state. 

To calculate the vibronic one-photon absorption spectra, we used a generalized approach [110] implemented in the 
Gaussian16 software package [111]. This method is a time-dependent extension of time-independent vibronic 
spectroscopy, in which the intensity of a vibronic transition is calculated as 

𝐼𝐼 =∝ 𝜔𝜔∑ ∑ 𝜌𝜌𝑚𝑚𝜇𝜇𝑚𝑚𝑚𝑚2𝑚𝑚 𝛿𝛿 �𝐸𝐸𝑛𝑛−𝐸𝐸𝑚𝑚
ℏ

− 𝜔𝜔�𝑚𝑚 ,     (1) 



     MODELLING  IN  BIOPHYSICS                                                                                                                                    . 

Russian Journal of Biological Physics and Chemistry, 2022, vol. 7, No. 2, pp. 209-221 

211 

 
Figure 2. Energetic diagram of vibronic transition 
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, ω - frequency of the absorbed photon, the summation is performed over all m vibrational levels of 

the ground state and n vibrational levels of the excited state, ρm is the Boltzmann population of vibrational levels of the 
ground state, μmn is the transition dipole moment, δ is the Dirac distribution function. 

The main problem in Eq. (1) is that the analytical expression for μmn remains unknown. Therefore, in practice, the 
Taylor series is used near the equilibrium geometry of the ground electronic state: 

𝜇𝜇𝑚𝑚𝑚𝑚(𝑸𝑸) = 𝜇𝜇𝑚𝑚𝑚𝑚(𝑸𝑸GS) + ∑ �𝜕𝜕𝜇𝜇𝑚𝑚𝑛𝑛
𝜕𝜕𝑄𝑄𝑖𝑖

�
0
𝑸𝑸𝑖𝑖+. . .𝑁𝑁

𝑖𝑖=1 ,    (2) 

where Q are mass-weighted normal coordinates. The zeroth-order term in Eq. (2) corresponds to the Franck-Condon 
approximation (strong, allowed transitions) [109], and the first-order correction to the Herzberg-Teller approach (weak, 
forbidden transitions) [112]. To calculate the vibronic spectra, we used the general Franck-Condon-Herzberg-Teller 
method [113]. 

Calculation of vibronic spectra requires a calculation of the overlap integrals, which depend on the normal 
vibrational modes of the ground and excited states. For integration, the Duschinsky linear transformation [114] is used to 
represent two corresponding sets of coordinates with each other: 

QGS=JQES+K,      (3) 
where J is the Duschinsky matrix, K is the shift-vector. The expressions for J and K depend on the model of the electronic 
transition (adiabatic or vertical) and the level of approximation (whether the potential energy surfaces (PESs) of the 
ground and excited states are taken to be the same (see Fig. 2) or not). 

The transition from a time-independent approach to a time-dependent theory is realized by replacing summation 
over states with integration over time. For this, the Dirac distribution function δ in Eq. (1) is replaced by expression 𝛿𝛿 =
1
2𝜋𝜋 ∫ 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖+∞

−∞ d𝑡𝑡. Ultimately, the absorption spectrum is calculated as the Fourier transform of the trace of the exponential 
operator: 

𝐼𝐼 =∝′ 𝜔𝜔 ∫ 𝜒𝜒(𝑡𝑡)𝑒𝑒𝑖𝑖(𝑖𝑖adia−𝑖𝑖)𝑖𝑖+∞
−∞ d𝑡𝑡     (4) 

where ∝′= ∝
𝑍𝑍
, 𝑍𝑍 = ∏ �2sinh � ℏ𝑖𝑖𝑖𝑖

2𝑘𝑘𝐵𝐵𝑇𝑇
��
−1

𝑁𝑁
𝑖𝑖=1  is the total Boltzmann population of vibrational levels of the ground state, 

𝜔𝜔adia = 𝐸𝐸adia
ℏ

, Eadia is the adiabatic energy (difference between the energies of the ground vibrational states of the ground 
and excited electronic states, see Fig. 2), χ(t) is the vibrational wave function. The temperature T=298 K was used. For 
the numerical integration of Eq. (4), 218 steps and the Δt=218×10-17=2.62×10-12 s time interval were used. For broadening 
the Gaussians with half-width on half maximum HWHM=600 cm-1 were chosen so that the calculated spectra 
corresponded best to the experimental one. 

The spectra were calculated using the adiabatic Hessian model, in which both the ground and excited states are 
considered on the same ground, and the harmonic PESs are calculated near their equilibrium geometry (RGS and RES, 
respectively, in Fig. 2). The first derivatives of the electronic moments of the transition along the coordinates, 𝜕𝜕𝜇𝜇𝑚𝑚𝑛𝑛

𝜕𝜕𝑄𝑄𝑖𝑖
, were 

calculated numerically. Force constant matrices were calculated from analytical gradients.  
We used the IEFPCM approach [115] which includes an external iteration procedure whereby the Gaussian16 

computes the energy in solution by making the solvent reaction field self-consistent with the solute electrostatic potential 
(the latter being generated from the computed electron density) [116]. The Pople’s 6-31++G(d,p) basis set was used. It 
provides acceptable accuracy with moderate resource consumption [117]. Although some authors [118] argue that diffuse 
functions should be used at transition energies above 5 eV (less than 250 nm), authors of TD-DFT benchmarks 
[108,117,119] consider their use mandatory.  

It is known that the results of TD-DFT calculations of the excited electronic states of organic molecules are largely 
determined by the functional used [108,117,119-122]. In the case of significant intramolecular charge transfer, it is 
recommended to use long-range corrected functionals [123-126], e.g. CAM-B3LYP, LC-ωHPBE, and ωB97XD. 

The original spatial structure of the NB molecule was taken from the PubChem database (CID 16939). The 
aminodiethyl group had an anti conformation. The visualization of the computational structures, electron densities, and 
electrostatic potentials was carried out using the Gaussview software [127]. 
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Figure 3. The calculated vibronic absorption spectrum of NB in aqueous solution (thin line) and the corresponding 
experimental spectrum (2 μM) adapted with permission from Ref. [87] (thick line). Copyright 2001 American Chemical 
Society. The vertical lines are the dipole strength of the vibronic transitions from Table 2 

 
RESULTS AND DISCUSSION 

 
We analyzed the singlet-singlet transition S0→S1 (HOMO→LUMO), which determines the absorption of NB in the 

visible region. The calculated energies of electronic and vibronic transitions largely depend on the fraction X of the exact 
Hartree-Fock exchange in the functional used. This feature was analyzed in detail in Refs. [121,122]. Therefore, pure 
functionals with X=0 cannot correctly reproduce the TD-DFT spectra. The vibronic absorption spectrum obtained using 
the O3LYP [128] functional (X=12 %) with λvibron=637 nm is in best agreement with the experiment on the position of the 
maximum λmax≈635 nm (Table 1) and overall shape (Fig. 3). A good result (λvibron=630 nm) was also shown by the 
τHCTHhyb functional (X=15 %). Note that the spectrum of a dilute NB solution lacks a short-wavelength shoulder, unlike 
other oxazine dyes, but asymmetry occurs (the short-wavelength slope is gentler than the long-wavelength one). As can 
be seen from Fig. 3, this asymmetry is due to vibronic transitions. In addition, one can notice a short-wavelength hump 
in the experimental spectrum, which has not been reproduced theoretically. Most likely, it is of dimeric origin, since the 
propensity for NB aggregation is very high [27-32]. 

O3LYP is an improved version of the most popular B3LYP functional. At the same time, the functionals with long-
range correction (CAM-B3LYP, LC-ωHPBE, and ωB97XD) gave λvibron values that are significantly lower than the 
experimental λmax value. Table 1 shows that the λvibron values exceed the vertical transition wavelengths λvert by ~90 nm. 
As mentioned in the Introduction, the model of vertical transitions cannot correctly reproduce the experimental spectrum, 
although a direct comparison of the calculated λvert and the experimental maximum λmax is widespread in the literature 
(see Refs. [81,105] for NB). Nevertheless, the comparison between λvibron and λmax is correct [119]. In the above-mentioned 
work [105], based on the analysis of the calculated energies of vertical transitions in a series of 10 oxazine dyes, the 
authors concluded that the CPCM model gives underestimated values of λvert compared to λmax. They overcame this 
problem by using the SMD model [129] instead of the CPCM. In this work, this regularity takes place in the case of the 
of them that ensured the achievement of the experimental λmax value. 

The choice of the basis set has a much smaller influence on the calculated vibronic spectrum compared to the 
functional. In the present study, the differences between the values of λvibron for different basis sets were insignificant 
 

Table 1. The calculated values of the wavelengths and energies of the vertical transitions and the maxima 
of the vibronic absorption spectra for NB in aqueous solution (6-31++G(d,p) basis set). For functionals 
with long-range correction, X for small and large distances are indicated 

Functional (X %) λvert (nm) Evert (eV) λvibron (nm) Evibron (eV) 
O3LYP (12) 542 2.29 637 1.95 

τHCTHhyb (15) 538 2.30 630 1.97 
B3LYP (20) 527 2.35 601 2.06 
X3LYP (22) 523 2.37 604 2.05 
APFD (23) 518 2.39 604 2.05 
PBE0 (25) 514 2.41 601 2.06 
M06 (27) 519 2.39 599 2.07 

SOGGA11X (40) 492 2.52 573 2.16 
BMK (42) 490 2.53 541 2.29 

M052X (56) 489 2.54 571 2.17 
CAM-B3LYP (11-65) 489 2.54 559 2.22 
LC-ωHPBE (0-100) 467 2.66 551 2.25 
ωB97XD (22-100) 489 2.54 560 2.21 
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(Table 2). Therefore, further analysis of the NB photoexcitation in an aqueous solution will be performed using the 
O3LYP/6-31++G(d,p)/IEFPCM theory level. 

Comparing the calculated IR spectra of NB in the ground and excited states (Fig. 4), one can see that photoexcitation 
significantly changes the intensities and the frequencies of the vibrations. The NB cation contains 44 atoms, respectively, 
the total number of vibrational normal modes is N=3×44-6=126. The intense vibronic transition #7 (00→341) with  
ν=597 cm-1 is in good agreement with the experimentally observed vibronic mode at ν=590 cm-1, corresponding to 
deformations of the rings of the NB chromophore [85,86,89,91,96]. 

According to our calculations, the two next electronic transitions (S0→S2 and S0→S3) in the visible region of the 
spectrum have a very low oscillator strength f (Table 4), and therefore do not make a significant contribution to the 
absorption spectrum. When calculating the vibronic spectrum of the S0→S1 transition, the sum of the Franck-Condon 
factors was 99.69%. Thus, the contribution of the Herzberg-Teller correction in Eq. (2) turned out to be negligible. 

 
Table 2. The calculated values of the wavelengths and energies of the vertical transitions and the maxima 
of the vibronic absorption spectra for NB in aqueous solution with the O3LYP functional and different 
Pople’s basis sets 

Basis set λvert (nm) Evert (eV) λvibron (nm) Evibron (eV) 
6-31G(d,p) 542 2.29 636 1.95 

6-31++G(d,p) 552 2.25 637 1.95 
6-311++G(d,p) 551 2.25 637 1.95 

6-311++G(3df,3pd) 548 2.26 637 1.95 

 

Table 3. Calculated parameters of vibronic transitions during NB excitation in an aqueous solution 

#  

(i) 
Transition 

λ 

(nm) 

ΔE 

(eV) 

ν  

(cm-1) 
I 

p 

(a.u.) 
Definition of vibrations 

1 00→00 646 1.92 0 76970 9.04 - 

2 00→51 643 1.93 84.9 4929 0.576 Bending vibrations of the chromophore in its plane 

3 00→71 642 1.93 113 3245 0.378 Bending vibrations of the chromophore perpendicular 
to its plane 

4 00→171 634 1.96 312 9889 1.14 

Compression-stretching of all four chromophore rings 

5 00→321 624 1.99 563 5117 0.580 

6 00→331 623 1.99 573 2263 0.256 

7 00→341 622 1.99 597 10880 1.23 

8 00→381 620 2.00 665 3574 0.402 

9 00→641 604 2.05 1083 5055 0.555 Vibrations of valence bonds and angles of the 
aminodiethyl group 

λ is the wavelength, E is the transition energy, ν is the vibration frequency, I is the line intensity, and p is the dipole strength 
 

 

Table 4. Calculated parameters of ground and excited electronic states and transitions between them in the 
visible region of the spectrum for NB in an aqueous solution 

Electronic 
states 

Eeq
* 

(eV) Electronic 
transition 

λadia 

(nm) 

Eadia 

(eV) 

λvert 

(nm) 

Evert 

(eV) 

λvibron 

(nm) 

Evibron 

(eV) 
f Involved transitions 

S0 (GS) -27570.60 

S1 (ES1) -27568.59 S0→S1 617 2.01 542 2.29 637 1.95 0.859 HOMO→LUMO 

S2 (ES2) -27567.97 S0→S2 471 2.63 435 2.85 533 2.33 0.0508 (HOMO-1)→LUMO 

S3 (ES3) -27567.53 S0→S3 404 3.07 371 3.34 471 2.63 0.0033 (HOMO-2)→LUMO 
*equilibrium energy (PES minima, see Fig. 2) 
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Figure 4. Calculated IR spectra of ground and first excited states of NB in aqueous solution. The peaks of the IR 
spectrum of the excited state, corresponding to the vibration frequencies involved in vibronic transitions (see Table 1), 
are shown by red arrows 

 
The NB cation contains 168 electrons and, accordingly, 84 occupied molecular orbitals (MOs). The visualization of 

the frontier MOs involved in the considered electronic transition S0→S1 is shown in Fig. 5. Their configurations are close 
to the results from Refs. [103,105,106] calculated at the levels of the theory B3LYP/6-311++G(d,p), B3LYP/6-31G(d), 
and MS-CASPT2/ANO-LVDZP, respectively. 

According to calculations, the dipole moment μ of the dye molecule almost does not change upon photoexcitation: 
μGS≈μFC≈μES≈6 D (Table 5) which contradicts the positive solvatochromism of NB. Therefore, it can be expected that the 
solvatochromism of NB is determined not by the dipole-dipole interaction with the solvent, but by site-specific contacts 
(hydrogen bonds) with it (see below). The μ values calculated by us are in satisfactory agreement with the values obtained 
in Refs. [26] (μGS=5.08 D), [78] (μGS=2.25 D, μES=4.29 D (Lippert-Mataga); μGS=1.11 D, μES=4.02 D (Bakshiev);  
μGS=1.65 D, μES=6.19 D (Kawski-Chamma-Viallet)), [83] (Δμ=μES - μGS=2.9±1.5 D), [94] (μGS=3.27 D), [105] (μGS=4.94 
D), but much less than the values calculated in Ref. [106] (μGS=20.7 D, μFC=18.2 D). Note that in Ref. [105] the value of 
the transition dipole moment M=4.98 D was obtained for NB at CPCM/B3LYP/6-311++G(d,p) theory level. 

To understand the photoinduced charge redistribution in the NB molecule, we analyzed its Merz-Kollman [130] 
charges of heavy atoms in the ground and excited states. Upon photoexcitation, the shift of the electron density at 
immobile nuclei (transition to the Franck-Condon state) occurs mainly from the C10 atom to the N5 atom. Therefore, the 
μx component decreases even changing sign and μy component increases in absolute value, and, in general, the dipole 
moment μ of the molecule grows very slightly (see Table 4). The relaxation of NB to an equilibrium excited state by 
adjusting the coordinates of the nuclei to the excited configuration of the electron shells leads to an increase in the electron 
density on the C19 atom and its decrease on the C3 and C22 atoms. In turn, this causes a further decrease of μx, an increase  

 

 
Figure 5. Frontier MOs, the transition between which corresponds to the main absorption peak in the visible region: 
HOMO (left) and LUMO (right). Positive lobes are shown in red and negative lobes in blue 
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Figure 6. The electron density difference between Franck-Condon and ground states of NB cation. Regions of positive 
values are shown in red and negative values in blue 

 
of the μy modulus, and an insignificant decrease in the total dipole moment μ of the cation. It should be noted that the 
redistribution of the electron density during the GS→FC vertical transition is much more significant than during the 
FC→ES relaxation (see Fig. 2).  

Visualization of the difference in electron density (Fig. 6) shows that its photoinduced redistribution is complex and 
covers both the entire dye chromophore and side groups. 

As you know, water is capable of forming strong hydrogen bonds with molecules of a solute. They are site-specific 
interactions that are considered in continuum models averaged only. To assess the effect of these hydrogen bonds on the 
photoexcitation of the NB molecule, we calculated the vibronic absorption spectrum for the "NB+4H2O" hydrated 
complex (Fig. 7). All simulation parameters remained the same as in the calculations of the single cation NB described 
above. 

 
Table 5. Calculated moments of NB cation in aqueous solution 

 
The coordinate axes are directed along the principal axes of inertia of the molecule 

Dipole 
moment (D) 

Ground  
state (S0) 

Excited state (S1) Ground to excited state transition  
dipole moment (D) Franck-Condon 

(FC) 
Equilibrium 

(ES) 
μx 2.02 -1.62 -1.28 Mx 13.5 
μy -5.70 -5.94 -6.02 My -2.53 
μz 0.326 0.341 0.0665 Mz 0.401 
μ 6.06 6.17 6.16 M 13.8 

 
Figure 7. Calculated structure of the NB hydration complex with four water molecules. Strong hydrogen bonds are 
shown with a dotted line. Their lengths in Å (distances between heavy atoms) are given for the ground and equilibrium 
excited (in parentheses) states. A water molecule bound to the endocyclic nitrogen atom N5 is in front of the 
chromophore plane due to steric hindrances from the H9 and H15 atoms 
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Figure 8. The calculated vibronic absorption spectrum of the "NB+4H2O" system (thin line) and the 
experimental spectrum (2 μM NB in water) from Ref. [87] (thick line) 

 
According to our calculations, two hydrogen bonds of NB chromophore with water in the excited state are stronger 

than in the ground state, which is manifested in their shortening. On the contrary, two bonds of the side amino group of 
the dye with water molecules are weakened by photoexcitation (see Fig. 7). The phenomenon of strengthening and 
weakening of hydrogen bonds with a solvent upon photoexcitation of various organic molecules was first discovered by 
Zhao and Han (see, for example, Ref. [131]). The vibronic absorption spectrum of the "NB+4H2O" system, has the worst 
shape compared to a single NB cation. In this case, a small short-wavelength vibronic peak at ≈520 nm appears in the 
calculated spectrum, which is not observed in the experiment (Fig. 8). Besides, its absorption maximum is at λvibron=647 
nm, the spectrum is redshifted by ≈10 nm. The absorption intensity has not changed (cf. Figs. 3 and 8). 

Note that this pattern took place when calculating the energies of vertical transitions of proflavine in water [132]. 
Its explanation can be given as follows. Since the interaction with water molecules for NB in the excited state is stronger 
than in the ground state, the PES of the excited state drops lower than for a completely implicit specification of the 
aqueous environment (see Fig. 2). The convergence of the PESs of the ground and excited states leads to a decrease in 
Eadia and Evert values, and, as a consequence, to an increase in λvibron. 

It is of interest to analyze the effect of strong hydrogen bonds with water on the electronic and vibrational states of 
the dye. We note the changes in the vibronic transitions (cf. Figs. 4 and 9). Their number has decreased from 9 to 8, and 
the transitions themselves have changed significantly (cf. Tables 1 and S2). IR spectra (Fig. S6) and Duschinsky matrix 
(Fig. S7), respectively, also changed; in particular, the normal vibration modes of water molecules have been added. 
However, the configurations of the frontier orbitals (Fig. S8), electron density difference (Fig. 9), and electrostatic 
potential (Fig. S9) difference of the "NB+4H2O" complex practically coincide with those for a single NB cation. It is 
interesting to note that out of four water molecules strongly bound to the OX4 cation, only one strongly polarizes upon 
excitation of the latter (bound to the N5 endocyclic nitrogen atom, see Fig. 9). As mentioned above, the electron density 
on this atom increases the most. This leads to a noticeable redistribution of the charge on the water molecule located 
nearby. This feature can also be seen on the corresponding electrostatic potential maps (Fig. S9 in Supplementary 
Material). 
 
 

 
Figure 9. The electron density difference between Franck-Condon and ground states of the "NB+4H2O" system 
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CONCLUSIONS 
 

Of the 13 hybrid functionals used in this work to calculate the vibronic absorption spectrum of the NB dye in an 
aqueous solution, the best agreement with the experiment (λmax=635 nm) in the position of the main maximum was given 
by O3LYP (λvibron=637 nm) with 6-31++G(d,p) basis set and IEFPCM solvent model. Vibronic coupling plays an 
important role in dye excitation. Thus, λvibron exceeds λvert by ~90 nm. The same shape is observed for vibronic spectra 
obtained using other functionals. Differences are observed in the position of the spectrum on the wavelength axis. 
Photoexcitation leads to changes in the vibrations, both in their frequencies and intensities. The dipole moment of the dye 
molecule in the ground state turned out to be almost the same as in the excited state. This result contradicts positive 
solvatochromism NB and means the important role of site-specific interactions (hydrogen bonds) in the solvatochromic 
behavior of the dye. Considering site-specific interactions in the form of an explicit assignment of four water molecules 
that form strong hydrogen bonds with the dye cation led to a redshift of the entire spectrum by ≈10 nm. At the same time, 
the shape of the spectrum worsened. A strengthening of two hydrogen bonds upon NB excitation was found, which 
explains the observed bathochromic effect from the nearest hydration shell of the dye.  
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