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The article presents the results of a study on the spectral characteristics (UV-Vis region) of the indicator dye
Nitrazine Yellow on the surface of organosilica materials. Experimental data are compared with the results of
theoretical (quantum chemical) calculations. Several model scenarios were considered, in which the organosil-
ica surface is represented by characteristic structural features, including isolated Si(OH) groups, vicinal Si(OH)—
O-Si(OH) pairs, and geminal Si(OH), groups.

Quantum-chemical calculations were carried out using ab initio Time-Dependent Density Functional Theory
(TD-DFT), CAM-B3LYP functional and LANL2DZ basis set.

The results obtained indicate a satisfactory description of the influence of environmental effects on the absorp-
tion spectra of the three forms of nitrazine yellow over the silica surface.
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Introduction

The first reference in the literature to the indicator - 2,4-dinitrobenzene-azo-1-naphthol-3,6-disul-
fonic acid (Nitrazine Yellow, NY) dates back to 1934. Henry Wenker [1] described the synthesis and
properties of the azo dye, which, according to the author, is a promising chemical indicator. Indeed,
NY is used for the manufacture of indicator paper [1,2], in the analysis of food, fuels and lubricants
[3-5]. Due to the fact that the color transition zone of the indicator is located at pH 7 (6.2-7.2), it is
widely used in biochemical and medical research. [6]

Modern developments using NY are focused on the creation of reliable sensor materials. Using
NY, a portable 3D analytical device based on microfluidic paper was developed for the determination
of total ammonia in freshwater. [7]

When creating pH sensor materials, the indicator is introduced into the matrix by sorption, applica-
tion as a sol-gel coating, or by adding a dye during fiber formation.

Most such materials show a clear visible color change when the acidity of the medium changes.
The response of the sensors depends on the density of the tissue, the method of fixation, and the effect
of the matrix on the molecule of the embedded indicator.

To produce functionalized nonwovens, the electrospinning method is used, when the formation and
functionalization of nanofibers occurs in one step. The polymer solution (which already contains the
dye) is exposed to an electric current, which promotes the formation of fibers with a diameter of about
several hundred nanometers. The resulting nanofibers made of polycaprolactone (PCL) and polycapro-
lactone with chitosan showed a reverse color transition, but a significant difference was found between
them. For the structure without chitosan, a slow reaction was observed, and for the nanofiber samples
containing chitosan, a rapid color transition was observed. In addition, the color transition occurred in
the pH range from 4 to 6 for nanofibers with chitosan, and for the polycaprolactone material - in a
much wider pH range. [8]

According to the authors, this difference is due to the availability of the dye azo group. In the case of
PCL fiber, interaction between the ether group of PCL and the azo group of NY is possible, and for fiber
containing chitosan, interaction between the sulfate groups of the dye and the amino groups of chitosan
is possible. The speed of the color transition reaction is affected by the presence of chitosan, which in-
creases the hydrophilic nature of the nanofiber, so water molecules easily penetrate the material matrix
and reach the dye molecules. In other words, the azo group is not directly involved in the interaction be-
tween polycaprolactone and chitosan fibers and remains available to water molecules, and the dye mole-
cule is capable of deprotonation in an alkaline environment and, accordingly, can exhibit halochromic
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behavior. Theoretical calculations confirmed the experimental observations on the different nature of the
interaction of the dye with the polymer chains of polycaprolactone and chitosan. [9]

The possibility of fixing indicator dyes on an ion-exchange membrane with subsequent use as a
fiber-optic pH sensor was investigated by the authors in [10]. For the sensor with the embedded NY,
they observed a change in the dye dissociation constant and shifts in the absorption spectra. It was
found that the characteristics of the resulting sensor are affected by the concentration of the immobi-
lized dye, temperature, and ionic strength of the solution. The pH range of the color transition was 4.8-
6.6.

Another interesting chemical approach for the stable immobilization of indicator molecules on tex-
tiles is grafting by polymerization [11], which involves the use of reactive monomers that under cer-
tain conditions go into the state of free radicals and activate the surface of textiles. In this work, we in-
vestigated the photo-grafting of the NY molecule onto the surface of cotton fabric. At the first stage,
the NY dye is modified with glycidyl methacrylate (GMA) to obtain a photoreactive dye (GMA-NY),
and then potassium persulfate thermally initiates the radical grafting of the functionalized NY onto
cellulose. The treated cotton clearly changed color at different pH values. Dye modification and pho-
toinitiation did not change its spectral characteristics. The color transition interval was 6-7. [11]

Guido et al. developed and investigated sol-gel halochromic pH sensors. [12] Using the sol-gel
method, a hybrid structure based on 3-glycidoxypropyltrimethoxysilane (GPTMS) in the presence of
acid (BF;OEt, at different concentrations) and the dye NY was obtained, which was introduced into a
textile matrix (Fig. 1).
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Figure 1. Scheme of preparation of a hybrid structure with the content of NY [12]

The experimental results have shown that the pH-sensitive properties of nitrazine yellow are pre-
served after covalent immobilization on a silanol matrix due to its sulfo group. The concentration of
the catalyst (BF;OEt,) significantly affects the opening of the epoxy ring, the formation of the
=Si-O-Si= bond, and the degree of density of the silica matrix. The more cross-linked the inorganic
structure is, the more efficiently the hybrid halochromic matrix is fixed to the cotton.

Depending on the form of the dye, the presence of interactions with other molecules, and the nature
of fixation in the matrix, the color transition interval and reaction rate can vary significantly. There-
fore, the aim of this work was to model the corresponding complexes in the presence of aqueous
medium and calculate the absorption spectra.

Experimental part

The initial NY solution was prepared by dissolving an exact weight of the indicator in distilled wa-
ter. The indicator method was used to study the properties of the medium in the surface layer of sor-

bents (Table 1).
Table 1. The investigated sorbents

Ne Sorbent Modifier
1 Silica gel (SiOy) -
2 Silica gel with grafted n-propylamine groups ~ (CH»);NH,
3 Silica gel with grafted diethyl ester groups of B-(propy- ~(CH,);NHC(CH3),PO(OC,Hs),
lamino)-a-dimethylphosphonic acid
4 Silica gel with grafted B-(propylamino)-a-dimethylphos- ~(CH,);NHC(CHs3),PO(OH),
phonic acid groups

To a sample of each material (0.1 g), 5 ml of indicator solution with a concentration of
0.45 mmol L' was added. The solvent was removed by evaporation in a drying oven at a temperature
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of 80-100 OC to a dry suspended state. The absorbance spectrum of NY adsorbed on the surface of the
studied materials was measured on a Shimadzu UV-2600 spectrophotometer with an integrating
sphere in the range of 300 — 700 nm with a step of 1 nm (slit width 2 nm).

Modelling of complexes

Preliminary NY calculations were carried out by us in [13] in order to highlight quantum-chemical
approaches capable of giving adequate estimates of the spectral properties of the system in a
reasonable time. According to the obtained data, a convenient method of calculation is DFT with the
CAM-B3LYP functional. As a basis we used the double split pseudopotential basis LANL2DZ. The
CAM-B3LYP functional gives a slightly underestimated absorption wavelength, but it proved to be
significantly better than the B3LYP functional since the latter overestimates the wavelength
enormously. This circumstance is due to the apparent intramolecular charge transfer in the molecule.
Such situations lead to the necessity of using long-range-corrected exchange functionals and one of
them is CAM-B3LYP. We also used a polarization-continuum approach to describe the effects of the
water environment. All the calculations were performed using the Gaussian 09 quantum chemistry
package [14].

In our calculations we have considered several variants of silicate clusters modeling surface silanol
groups. The corresponding structures are presented in Fig. 2. In these clusters, the free valences of
silicon were terminated by hydrogen atoms.

Figure 2. Samples of silanol clusters

We also considered a small cluster that included several silanol groups that realize typical structural
situations. This cluster includes so-called vicinal and geminal groups Fig. 3

Figure 3. Schematic representation of the silanole fragment (left) and corresponding 3D structure after the geom-
etry optimization (right).

The ability of NY to change color in solution is due to the presence of azo-hydrazone tautomerism
(Fig. 4, A-B). In a neutral aqueous environment, the hydrazone tautomer (Fig. 4, B) is more stable, and
in an alkaline environment (pH > 7), the dye molecule appears in a deprotonated form (Fig. 4, C),

which leads to a long wave shift of the absorption band. The corresponding forms will be referred to
as NY-A, NY-B, and NY-C.
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Figure 4. Light-absorbing forms of NY
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Optimization of NY geometry together with clusters of Fig. 2 and Fig. 3 in four different positions
relative to -SOs3 and -NO, groups gave an opportunity to form the structure of possible complexes.
Some typical ones are shown in Fig. 5.

1887 € &

[
3 e—¢ .
ﬁ—: [ 21 )‘\: 1.849
c—e e o ©

L2 £ &

'y "
Y&
0-‘\5 ®

Figure 5. Typical complexes of NY with silanol surface.

Calculations of the NY absorption spectra over the surface of modified organosilica with the de-
scription of the medium effects at the level of polarization-continuum model were carried out for dif-
ferent models of complexes (Fig. 5). The calculations showed a relatively small influence of the struc-
tures of complexes with silanol groups on the spectrum. For example, while NY-A absorbs at 445 nm
in aqueous medium, it absorbs at 432 nm on the surface according to CAM-B3LYP calculations. The
first long-wavelength transition of the NY-C form in aqueous medium absorbs at 629 nm, while at the
surface — 613 nm. The correspondence between the experimental and calculated data can be seen in
Fig. 6. Here the calculated data for the forms NY-A and NY-B are shown in yellow color, whereas the
absorption of the deprotonated form is shown in blue.
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Figure 6. Absorption of the indicator in solution over the sorbent (a) and on the surface of silica gel modified
with dimethoxysilane SiO,~O- Si(OCHj3)(CHzs), (b)
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In general, it can be seen that the calculated data are in satisfactory agreement with the experimen -
tal data.

Conclusion

It is known that silanol groups on the surface of unmodified silica differ in terms of pKa. [15, 16]
Chemical modification of the silica surface results in a greater diversity of surface sites differing in
their acidity. Analysis of the absorption spectra of NY adsorbed on the surface of various organosilica
materials, in combination with theoretical calculations, enables a more accurate evaluation of the influ-
ence of different local environments on the spectral characteristics of the indicator.

The presented work describes the application of a quantum-chemical method for calculating the
spectral properties of the NY indicator on a silicon surface. It is shown that a satisfactory description
of the spectrum can be achieved using a relatively cost-effective method in a sufficiently simple dou-
ble-split basis.
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I. B. XpucteHko, B. B. IBaHOB. KBaHTOBO-XiMiuHE Ta ekcniepuMeHTanbHe AOCNIAXEHHS HITPasuHOBOro XXOBTOrO Ha
NOBEpPXHi KpEMHe3eMmy.

XapkiecbKkuli HayioHanbHUl yHisepcumem imeHi B.H. Kapasina, matidaH Ceobodu, 4, Xapkis, 61022, YkpaiHa

Y cTatTi npeacTaBneHo pesynbTaTn AOCHIAXEHHA CNEeKTpanbHMX XapakTepuctuk (YP-obnacts) iHaNKaTopHOro
6apBHuka HiTpasuHosoro xoBToro (NY), agcopboBaHOro Ha NoBepxXHi KPeMHiopraHiyHnx matepianis. Exkcnepu-
MeHTarbHi JaHi MOPIBHIOKTLCA 3 pe3ynbTaTamMn TEOPETUYHMX (KBAHTOBO-XIMIYHMX) PO3PaXyHKIB.

B cnekTpax NormmMHaHHs CnocTepiraeTbCs 3Ha4yHe po3lMpeHHa cMyr nornuHanHa NY, wo obymoBneHo pi-
3HOMaHITTSIM YTBOPEHWX KOMMMEKCiB OapBHMKaA 3 MNOBEPXHEBMMM rpynamu. BpaxoBykuu, WO NOBEpPXHS
KpemMHe3eMy Mae cknafHy OyaoBy, pO3rfsiHyTO Kifbka MOAENbHUX CLEHapiiB, B sIKMX MOBEPXHSI KpeMHiopraHi-
YHMX MaTepianis NnpeacTaBieHa XapakTepPHUMU CTPYKTYPHUMU 0COBNMBOCTAMM, 30KPEMA i30MIbOBaHUMU FpynamMm
Si(OH), BiunHaneHmu napamu Si(OH)-O-Si(OH) Ta remiHanbHuMKM rpynamu Si(OH)s.

KBaHTOBO-XiMiyHi po3paxyHku 6ynv nposeaeHi 3 BUKOPUCTaHHAM ab initio Teopii dyHKLiOHany rycTuHu, 3anex-
Horo Big Yacy (TD-DFT), cdoyHkuioHany CAM-B3LYP ta 6a3uncHoro Habopy LANL2DZ.

OpepxaHi pe3ynbTaTty cBig4aTb Npo 3a40BiNbHWIA ONUC BNIMBY HABKOIMLLIHBOIO CepeaoBuLLa Ha CNeKTpr
NOrNMHaHHA TPbOX (POPM HITPA3MHOBOIO XOBTOIO Ha NMOBEPXHi KpEMHE3EMY.

Knroyoei cnoea: HimpasuHosul xoemudl, r1oeepxHsi KpemHesemy, TD-DFT, Y®/Budume
noanuHaHHs.

KoHdnikT iHTepeciB: aBTOpK NOBIAOMASAOTbL MPO BiACYTHICTb KOHMMIKTY iHTEPECIB.

HadicnaHo do pedakuii 14.05.2025 lMputiHsmo do dpyky 25.06.2025

Kharkiv University Bulletin. Chemical Series. Issue 44 (67), 2025

86


https://doi.org/10.1016/j.colsurfa.2017.11.018
https://doi.org/10.26565/2220-637X-2024-42-08

	Conclusion
	3. Sabnis R.W. Handbook of Acid-Base Indicators. CRC Press, New York. 2008, 398 p. https://doi.org/10.1201/9780849382192
	4. Mao Z., Lu J., Lu Z., Wang Z., Zhou W. Reagent and method for identifying fresh and stale rice Chem. Abstr. 2006, 144, 232019.
	5. Gutman I. R., Mil’man V. M., Vladimirskaya A.Y. Determination of the acidity of distillates of diesel fuels and kerosines. Chem. Abstr. 1968, 68, 61300.
	6. Brown J. E., Diaz L., Christoff-Tempesta T., Nesbitt K. M., Reed-Betts J., Sanchez J., Davies K.W. Characterization of Nitrazine Yellow as a Photoacoustically Active pH Reporter Molecule Anal. Chem. 2015, 87(7), 3623–3630. https://doi.org/ 10.1021/ac503515k
	7. Jonathan J. P., Almeida M. , Sray L., McKelvie I., Kolev S. Development of a micro-distillation microfluidic paper-based analytical device as a screening tool for total ammonia monitoring in freshwaters. Analytica Chemica Acta 2019, 1079, 120-128. https://doi.org/10.1016/j.aca.2019.05.050
	8. Trovato V., Vitale A., Bongiovanni R., Ferri A., Rosace G., Plutino M.R. Development of a Nitrazine Yellow-glycidyl methacrylate coating onto cotton fabric through thermal-induced radical polymerization reactions: A simple approach towards wearable pH sensors applications. Cellulose 2021, 28(2), 3847–3868. https://doi.org/10.1007/s10570-021-03733-w
	9. Van der Schueren L., De Meyer T., Steyaert I., Ceylan O., Hemelsoet K., Van Speybroeck V., De Clerck K. Polycaprolactone and polycaprolactone/chitosan nanofibres functionalised with the pH-sensitive dye Nitrazine Yellow. Carbohydrate Polymers 2013, 91 (1), 284-293. doi: 10.1016/j.carbpol.2012.08.003
	10. Van der Schueren L., Hemelsoet K., Van Speybroeck V., De Clerck K. The influence of a polyamide matrix on the halochromic behaviour of the pH-sensitive azo dye Nitrazine Yellow. Dyes and Pigments 2012, 94 (3), 443-451. https://doi.org/ 10.1016/j.dyepig.2012.02.013
	11. Ielo I., Giacobello F., Sfameni S., Rando G., Galletta M., Trovato V., Rosace G., Plutino M. R. Nanostructured Surface Finishing and Coatings: Functional Properties and Applications. Materials (Basel) 2021, 14(11), 2733. https://doi.org/10.3390/ma14112733

