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We present a multiple water-soluble azo dye with a D-n-A-n-D conjugated structure, 3,5-bis-(2,4,6-
trilydroxyphenylazo)benzoic acid (THPBA) developed using phloroglucinol as the electron-donating group,
benzoic acid as the electron-accepting one, and the azo double bond as the bridging one. The UV-Vis spec-
tral properties of the elaborated structure as well as its spectral response to the pH are investigated in de-
tail. The results show that the present THPBA, combining carboxyl, azo, and multi-hydroxyl groups, pos-
sesses excellent UV-vis spectra (emax = 2.794x107—2.115%x10" L/mol-cm) with changing pH values and sol-
vents. Especially in DMF-H>0 (v/v=1:9), there is an obvious spectral response for THPBA to pH in the lin-
ear range 5.2-7.5, which is successfully applied to detect pH values in aqueous and commercial fruit juice
samples.

Keywords: 3,5-bis-(2,4,6-trihydroxyphenylazo)benzoic acid, UV-vis spectral properties, pH detection,
environmental analysis.
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IIpedcmasnen cro#CHbIll 8000PACMBOPUMDLLL A30KpACUmENb ¢ conpsicerHol D-r-A--D cmpyxmypoti —
3,5-6uc-(2,4,6-mpucudpoxcugpenunaszo)oenszoiinas xkucioma (THPBA), pazpabomannulii ¢ ucnoivb3o8anuem
XJI0pONIOYUHONA 6 Kayecmee OOHOPHOU 2pynnbl, DeH30UHOU KUCTOMbl — 8 Kauecmee aKyenmopHou cpynnsl u
a30-060UHOU c853U — 8 Kayecmee ceazyioweli epynnol. Mccnedogansl cnekmpanbhvie cOUCMEA CMPYKMYpbl
6 Y®-suoumoii obaracmu, a maxdice ee CneKmpanbHblli OMKIUK Ha usmenenue pH. [lpeodnacaemvlii kpacu-
menv THPBA, o6vedunsiiowuil KapoOoKCUIbHyI0, d30- U MYIbMUSUOPOKCUTbHYIO ePYNNbl, 001a0aem omaut-
HolMU YD 1 GUOUMBIMU CREKMPAMIL Emax UsMeHAemcs om 2.794x107 0o 2.115x10% a/mons- cm npu uzmene-
Huu pH u 3amene pacmeopumeneii. Ocobenno 3amemusl UsMeHe s @ cnekmpax npu ucnoivzoganuu DMF-
H>O (vv=1:9), e0e nanuuue THPBA obycroerueano omkiuxk Ha usmeHenue pH 6 ouanasoune 5.2—-7.5, umo
VCHEWHO NpUMeHeHO OJid onpeoeseHuss WeloYHOCMU 68 HEeKOMOPLIX B0OHbIX U KOMMepUeCKUx obpaszyax
@DPyKmMoswvIx coKos.

Knioueevie cnosa: 3,5-ouc-(2,4,6-mpucudpoxcughenunazo)ben3onnas KUcioma, cneKmpaibhvie CGoul-
cmea 8 YD-euoumom ouanasone, onpedererue pH, ananus oxpyosscarowetl cpeosi.

** Full text is published in JAS V. 87, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Ultraviolet-visible spectroscopy (UV-vis) investigates electronic transitions from the low
energy state to the high energy one. Yet, a great change in the absorption intensity can be observed when
some guest molecules or ions bind with the anions [1, 2], metal ions [3-5], and protons [6, 7] of the host me-
dium. Owing to this, UV-vis spectra are widely applied in various analytic and sensing fields. A large num-
ber of organic conjugated molecules with large n-conjugated structures have been reported, such as Schiff
base [8], azo [9-11], squaraine [12—14], fluorescein [15—17], luminol derivatives [18], and so on. Among
them, azo and its derivatives are of great interest due to their convenient synthetic procedures, controllable
molecular structures, and promising polydentate chelating ability [19, 20].

As we know, the pH plays a key role in various physiological processes, i.c., cell growth, cell genera-
tion and conversion, cell proliferation, calcium regulation, drug resistance, phagocytosis, endocytosis, and
signal transduction. Too high or too low pH values will result in serious clinical problems, such as physical
fatigue, memory loss, poor attention, lumbago, diarrhea, and even gout, hypertension, cancer, and hyper-
lipidemia [21, 22]. Great efforts have been devoted to develop efficient sensing methods to monitor the pH
and discover its pathological and physiological processes [23—-26]. However, there remains a challenge to
construct some monitoring systems for on-site pH detection with the merit of simplicity, efficiency, and
cost-effectiveness.

With this goal in mind, a multiple water-soluble azo dye with a D-n-A-n-D conjugated structure, 3,5-
bis-(2,4,6-trihydroxyphenylazo)benzoic acid (THPBA), was prepared, which incorporated phloroglucinol,
benzoic acid, and the azo double bond into one molecule. After its UV-vis spectra had been investigated in
detail, the proposed THPBA was applied for selectively monitoring pH in some aqueous and commercial
fruit juice samples with satisfactory results.

Experimental. All the chemical reagents utilized in this work were of AR grade from Sinopharm
Chemical Reagent Co., Ltd., and used directly without further purification. The water applied in this work
was doubly deionized.

FTIR spectra of THPBA with a KBr disc were acquired using a Nicolet NEXUS 870 FTIR spectropho-
tometer at room temperature from 4000-500 cm™'. 'H NMR and *C NMR spectra were recorded on a
Bruker AVANCE 600 using tetramethylsilane (TMS) as an internal standard and D,O as a solvent. Ele-
mental analyses were conducted using a Vario EL-III elemental analytical apparatus. UV-vis spectra were
recorded on a Lambda 35 UV/Vis spectrometer from 300 to 600 nm, and the band-slit was set as 2.0 nm us-
ing a 1-cm square quartz cell. The pH was measured by a PHS-25 pH meter.

THPBA was synthesized as mentioned below, and its stock solution with a concentration of
2.213x10~* mol/L was prepared using doubly deionized water as a solvent, which was stored at 4°C in
a fridge. Phosphate buffers (PB) were prepared by mixing 0.01 mol/L H3POj4 solution, 0.01 mol/L K;HPO4
solution, 0.01 mol/L KH,POj4 solution, or 0.01 mol/L KOH solution in a proper ratio to obtain the desired pH
values (pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0).

For preparing environmental water and fruit juice samples, the aqueous sample was obtained randomly
from tap water on the campus. Vinegar, orange juice, and lemon juice were purchased from the local farm
product market near Qufu Normal University, China. The prepared samples were filtered several times by a
4 um microporous membrane and stored at 4°C in a fridge for the subsequent analysis.

For the preparation of THPBA, 0.0501 g (3.292x107* mol) 3,5-diaminobenzoic acid was dissolved in a
mixture of ethanol/H,O (v/v 1:1) containing 0.0270 g (3.913x107* mol) of NaNO,. When the mixture was
cooled down to 0°C, the appropriate HCI solution was dropped into it to maintain its pH between 1-2. After
the mixture was stirred for 30 min, 0.0035 g (6.21x107° mol) of urea was added to destroy the excess nitrous
sodium. Then the obtained mixture was added into 10 mL of saturated Na,COs solution (pH 8) containing
0.0825 g (6.542x107* mol) phloroglucinol and stirred continuously for another 2.0 h at 0-5°C. The resulting
precipitate was filtered and recrystallized three times from ethanol to get a red THPBA crystal in a yield of
84.6%.

IR (KBr), v (cm™'): 2510-3520 (-OH & -COOH), 1702 (C=0), 1621 (N=N), 1598, 1514, 1453 (Ar ring),
1178 (C-0); 'H NMR (D,0, 600 Hz) § (ppm): 11.5 (s, 1 H, COO-H), 8.7 (t, 3 H, Ar-H), 7.4 (m, 4 H, Ar-H),
5.12 (w, 6 H, -OH). 3C NMR (D0, 150 MHz) § (ppm): 95.6, 118.4, 123.4, 126.6, 132.7, 152.3, 155.9,
163.1, 165.2. Anal. Calcd for C19H14N4Og: H, 3.31; C, 53.53; N, 13.14. Found: H, 3.25; C, 53.66; N, 13.30.

Results and discussion. As it is a polar and multi-protic molecule, its UV-vis spectral properties are
greatly affected by the types of solvents. Here, the effect of some polar or protic solvents on the UV-vis
spectra of THPBA was investigated with the same concentration of 2.2x10~> mol/L for dimethyl sulfoxide
(DMSO), N,N-dimethylformamide (DMF), acetonitrile, ethanol, and water, as shown in Fig. 1a. From Fig. la
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we can see that in all the tested polar or protic solvents, the UV-vis spectral curves of THPBA possess al-
most the same profile with a maximum absorption peak (Amax) ranging from 432 to 448 nm and a molar ab-
SOIptivity &max = 2.794x10%-2.115x10* L/mol-cm. However, when the solvent changes from the strong polar
and aprotic (DMF and DMSO) to the protic one (ethanol and H>O), the Amax value is shifted a little to short
wavelengths, and emax decreases. Perhaps, this phenomenon is attributed to the fact that in strong polar and
aprotic solvents such as DMF and DMSO, THPBA exists in a single molecular state. In protic solvents, es-
pecially in H>O, strong intermolecular hydrogen bond interaction makes the conjugated system of THPBA
distorted, and the conjugated electron cloud density is decreased [27]. Therefore, the mixed solvent of
DMF/H,0 (v/v=1:9) was selected for all the following experiments.

I,a. u. a I,a. u. b

0.6 1

0.4 -

02

—DMF |
DMSO
—H0
Ethanol
Acetonitrile|

0.6 |

0.4 1

0.2 1

pH=3
pH=4
pH=5
pH=6
pH=T
pH=8
pH=9
—— pH=10

0 —

700 A, nm 300 400 500 600 700 A, nm

0 : :
300 400 500 600

Fig. 1. a) The UV-vis spectra of THPBA in DMF, DMSO, acetonitrile, acetone, water, and ethanol;
b) effect of pH on the UV-vis spectra of THPBA in DMF-H>O (1/9, v/v; ctupea=2.2x10> mol/L).

As THPBA is a protic molecule, the pH value affects its form of existence and alters its UV-vis spec-
trum. Accordingly, the effect of the pH on the UV-vis spectrum of THPBA was investigated from pH 3.0 to
10.0. As shown in Fig. 1b, when the pH increases from 3.0 to 8.0, the maximal absorption intensity improves
from 0.4507 to 0.6245 a.u. with Amax shifting a bit from 425 to 447 nm. Meanwhile, we suggest that THPBA
is a potential probe for pH detection in this pH range. While the pH reaches 8.0, both the absorption intensity
and the absorption peak do not change any more. THPBA possesses quite a stable configuration when the
pH is greater than 8.0. The observation can be attributed to the fact that hydroxyl (-OH) and carboxyl
(-COOH) groups in THPBA molecules are gradually turned into phenol oxygen and carboxyl anions, im-
proving the pH, which increases the electron cloud density of the conjugated system in THPBA. When the
pH is greater than 8.0, all -OH and -COOH groups in THPBA are completely turned into phenol oxygen and
carboxyl anions, so no changes happen anymore.
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Fig. 2. a) Effects of different metal ions on the UV-vis spectra of THPBA (i.e., Ag®, Ba®", Bi**, Fe?*,
Cd*", Ca?', Cr*", Cu**, Fe’', Hg?", K, Mn*", Ni?", Pb*", Zn*" respectively) in DMF-H,O, respectively
(v/v=1:9,pH 7.0, ctupea=2.2x10"° mol/L, cCions= 1.0x107°> mol/L); b) UV-vis spectral changes
of THPBA by repeated addition of NaOH and HCI from 0 to 1.1 equiv.
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The selectivity of THPBA to the pH was investigated at pH 7.0 upon addition of some common metal
ions such as Ag*, Ba®", Bi**, Fe?', Cd**, Ca*', Cr**, Cu?*, Fe**, Hg?", K*, Mn?", Pb*", Ni**, and Zn?" with the
same concentration of 1x107° mol/L, respectively. As shown in Fig. 2a, there is no obvious influence of all
the tested ions on the UV-vis spectrum of THPBA, i.e., the change in the absorption intensity at 446 nm is
less than 5.0% compared to that of THPBA itself at pH 7.0.

The reversibility of THPBA responding to the pH was investigated by repeated addition of NaOH and
HCI from 0 to 1.1 equiv. As shown in Fig. 2b, the maximal absorption intensity of THPBA increases with a
small shift to the long wavelength direction upon addition of NaOH, which gradually recovers after repeated
addition of HCI, and vice versa. The observation suggests that there is an excellent reversibility for the
UV-vis spectrum of THPBA upon addition of NaOH and HCI alternately.

To evaluate the potential application in practice, a series of UV-vis spectral titration experiments was
carried out with different pH values in the range from 3.0 to 8.0 using different amounts of HCI or NaOH
aqueous solutions. As shown in Fig. 3a, the maximal absorption intensity of THPBA increases with the
gradual improvement of the pH from 3.0 to 8.0 and reaches the maximum when the pH is 8.0 (inset in
Fig. 3a). Especially, there is a nice linear relationship between the maximal absorption intensity of THPBA
and pH values between pH 5.2 and 7.5 (Fig. 3b). Also, from Fig. 3b, the regression equation and detection
precision for pH detection can be obtained, i.e., Amax = 0.224 + 0.053 pH with a correlation coefficient
R*=0.9851.
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Fig. 3. a) UV-vis spectral titration curves of THPBA at different pH values between
pH 3.0 and 8.0 (inset: changes in Amax over the pH range tested with a nonlinear fit);
b) linear relationship between Amax and the pH.

Based on the conclusion above, the present THPBA was successfully applied for pH analysis in some
aqueous and commercial fruit juice samples, namely, tap water, vinegar, orange juice, and lemon juice. For
this, the pH values of all the above four samples were deduced from the above linear regression equation of
Amax = 0.224 + 0.053 pH, which were compared with the data obtained from a commercial PHS-25 pH meter
as well. As illustrated in Table 1, the pH values deduced from A = 0.224 + 0.053 pH are almost consistent
with those directly recorded from the commercial PHS-25 pH meter, confirming the reliability of the present
THPBA as a pH sensor for pH detection in real samples.

TABLE 1. Results of pH Spectral Determination for Some Samples (n = 5)

Sample UV-vis method PHS-25 meter
Tap water 6.9£0.15 6.7
Vinegar 5.3+0.23 4.8
Orange juice 5.8+0.30 6.1
Lemon juice 6.1£0.35 5.7

Note. crupga= 2.2% 1075 mol/L.
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Conclusions. A water-soluble D-n-A-n-D conjugated azo dye, 3,5-bis-(2,4,6-trihydroxyphenylazo)ben-
zoic acid (THPBA), was identified and synthesized. Combining a electron-donating phloroglucinol group, an
electron-accepting benzoic acid group, and a bridging azo double bond, THPBA exhibited a strong and sharp
absorption peak at ca. 446 nm with a molar absorptivity (emax) from 2.794x10* to 2.115x10* L/mol-cm, con-
tingent on pH values or the types of solvents. Importantly, THPBA expressed an excellent spectral response
to the pH in the range from pH 5.2 to 7.5 with a linear regression equation of Amax = 0.224 + 0.053 pH and a
correlation coefficient R* = 0.9851. There was no obvious effect on pH detection in the presence of some
other coexisting metal ions. When applied for pH detection in practice, the deduced pH values were well
consistent with those recorded directly from a PHS-25 pH meter, implying that the present THPBA can be a
potential pH sensor.

Acknowledgments. The authors gratefully acknowledge financial support from the National Natural
Science Foundation of China (No. 21806089) and the Natural Science Foundation of the Shandong Province
(No. ZR2018MBO038).

REFERENCES

1. L. Hu, J. Xu, C. Wang, Y. Zhu, Y. Tang, L. Yin, Z. Yan, ChemistrySelect, 14, 4118-4124 (2019).

2 S. Elmas, F. Ozen, K. Koran, A. Gorgulu, G. Sadi, . Yilmaz, S. Erdemir, Talanta, 188, 614622 (2018).

3. M. Xu, Z. Gao, Q. Wei, G. Chen, D. Tang, Biosens. Bioelectron., 74, 1-7 (2015).

4. L. Xing, X. Zheng, W. Sun, H. Yuan, L. Hu, Z. Yan, Spectrochim. Acta, A, 203, 455-460 (2018).

5.Y. Guang, X. Ren, S. Zhao, Q. Yan, G. Zhao, Y. Xu, J Environ. Sci. Health, A, 53, 555-560 (2018).

6. H. Kim, C. Heo, H. Kim, J. Am. Chem. Soc., 135, 17969-17977 (2013).

7. X. Han, H. Wang, X. Ou, X. Zhang, ACS Appl. Mater. Interfaces, S, 5811-5814 (2013).

8. G. Zhao, F. Song, G. Wei, R. Wu, Z. Yan, F. Zhang, S. Guang, H. Xu, Sens. Actuat. B, Chem., 286,
163-172 (2019).

9.Y. Hao, W. Chen, L. Wang, B. Zhou, Q. Zang, S. Chen, Y. Liu, Anal. Methods, 6,2478-2483 (2014).

10. O. Arslan, B. Aydiner, E. Yalcin, B. Babur, N. Seferoglu, Z. Seferoglu, J. Mol. Struct., 1149, 499-509
(2017).

11. G. Dhaka, N. Kaur, J. Singh, Supramol. Chem., 27, 654660 (2015).

12. J. Sun, X. Zheng, X. Wu, D. Li, G. Xia, S. Yu, Q. Yu, H. Wang, Anal. Methods, 9, 6830-6838 (2017).
13.Y. Wang, C. Wang, S. Xue, Q. Liang, Z. Li, S. Xu, RSC Adv., 6, 6540-6550 (2016).

14. L. Hu, Y. Zhang, L. Nie, C. Xie, Z. Yan, Spectrochim. Acta, A, 104, 87-91 (2013).

15. G. Li, Y. Liu, J. Song, Y. Ye, J. Fluoresc., 27, 323-329 (2017).

16. L. Hu, L. Nie, G. Xu, H. Shi, X. Xu, X. Zhang, Z. Yan, RSC Adv., 4, 19370-19374 (2014).

17. G. Wei, Z. Yan, J. Tian, G. Zhao, S. Guang, H. Xu, 4nal. Chem., 92, 3293-3301 (2020).

18. S. Guang, J. Tian, G. We, Z. Yan, H. Pan, J. Feng, H Xu, Talanta, 170, 89-96 (2017).

19. Q. Zhao, H. Yuan, X. Xu, L. Hu, P. Gong, Z. Yan, Dyes Pigm., 165, 217-222 (2019).

20. Q. Zhao, X. Xu, Y. Xu, K. Gongsun, L. Hu, S. Yan, W. Yao, Z. Yan, 4Appl. Surf. Sci., 501, 144208
(2020).

21.J.Yu, J. Med. Chem., 55, 6814—6821 (2012).

22. T. Brazzini, F. Calle, Sens. Actuat. B, Chem., 176, 704—707 (2013).

23.J. Zhang, M. Yang, ACS Sens., 1, 158-165 (2016).

24. R. Gui, W. Huang, Anal. Chim. Acta, 767, 134-140 (2013).

25. Z. Yan, X. Zhang, C. Bao, H.Tang, Q. Zhao, L. Hu, J. You, Sens. Actuat. B, Chem., 262, 869-875
(2018).

26. F. Zhang, M. Wang, Anal. Chim. Acta, 1077 200-207 (2019).

27. A. Saeed, A. Khurshid, M. Bolte, A. Fantoni, M. Erben, Spectrochim. Acta, A, 143, 59-66 (2015).



