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In this work, we describe the synthesis of a novel 9-aminoacridine derivative that presents 
surprisingly different colors when exposed to neutral, acidic or basic mediums with potential 
application as pH indicator in organic solvents. Furthermore, pKa and molar absorptivity values 
were determined and theoretical studies supported by density functional theory (DFT) calculations 
were performed to elucidate the different structures of this compound.
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Introduction

9-Aminoacridine (9-AA) is a polycyclic heteroaromatic 
compound with three fused rings that can be used as 
specific fluorescent.1,2 Its derivatives, which also have 
fluorescence properties and are typically colored, have 
a wide range of applications such as biological activity3 
against neurodegenerative diseases and protozoal 
parasites.4 The anticancer effect of nitro-9-aminoacridine 
derivatives is reported in the literature.5,6 The 9-AA is also 
described to be a suitable matrix for the matrix assisted 
laser desorption/ionization (MALDI) and can even be 
used as indicator of transmembrane pH difference.7-9 A 
pH indicator highlights changes in the hydrogenionic 
potential and can be used to determine chemical processes 
involving acids and bases. More complex methods of 
quantifying acidity require expensive instrumentation, 
what makes the usage of pH indicators still important.10 
A relevant application of pH indicators concerns the 
monitoring of biochemical processes through color 
changes at visible wavelengths representing protonation 
and deprotonation of species.11 Several dyes have been 
used as pH indicators by the reversible action of acid 
and base forms.12

The pKa value is an important physicochemical 
parameter to predict the ionization state of a substance 
for the measurements of pH-dependent molecular 
properties (solubility and lipophilicity, for example) 

and in applications such as liquid chromatography and 
capillary electrophoresis for the separation of ionizable 
compounds.13,14 There are several methods to determine 
pKa values, such as potentiometric titration,15 ultraviolet-
visible (UV-Vis) absorption spectroscopy,16 calorimetry,17 
nuclear magnetic resonance (NMR) spectroscopy,18 and 
capillary electrophoresis.19 These are useful techniques 
for the determination of equilibrium constants due to its 
accuracy and reproducibility.

In this work, it was synthesized the compound 
2,4,5,7-tetranitro-9-aminoacridine (TNA), introducing four 
nitro groups in the aromatic rings of 9-AA (Figure 1), and 
the new derivative presented different colorations when 
exposed to neutral, acidic or basic mediums. Moreover, 
we performed a potentiometric titration to determine its 
pKa values in different mediums and we also confirmed 
the structures present in each medium through density 
functional theory (DFT) calculations.

Experimental

Materials

9-Aminoacridine hydrochloride monohydrate 98% 
(Aldrich, São Paulo, Brazil), sulfuric acid 98% (Vetec, Rio 
de Janeiro, Brazil), nitric acid 65% (Cromoline, São Paulo, 
Brazil) methanol 99.8% (Alphatec, Paraná, Brazil), ethanol 
99.8% (Neon Comercial, São Paulo, Brazil), sodium 
hydroxide (Synth, São Paulo, Brazil) and hydrochloric acid 
37% (Vetec, Rio de Janeiro, Brazil).
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Physical methods and techniques

Shimadzu UV-1800 spectrophotometer with 1 cm path 
length quartz cell was used to obtain the UV-Vis spectra 
and for absorption measurements. Digimed D-22 pHmeter 
(São Paulo, Brazil) fitted with combination Ag/AgCl pH 
electrode. 1H and 13C NMR spectra were recorded on 
Bruker Avance III HD 500 (Germany). The mass of the 
molecular ion was identified through analysis by matrix 
assisted laser desorption/ionization - time of flight mass 
spectrometer (MALDI-TOF MS) using a pulsed nitrogen 
ultraviolet laser (λ = 337 nm) of an AXIMA Performance 
MALDI-TOF MS (Shimadzu Biotech, Japan).

Synthesis of TNA

The synthesis procedure described herein to obtain the 
2,4,5,7-tetranitro-9-aminoacridine (Scheme 1) was recently 
published by our research group.20 In a round‑bottom flask, 
0.669 g of 9-aminoacridine hydrochloride monohydrate 
was added and the flask was submitted to an ice bath. 
Then, 4.5 mL of concentrated H2SO4 and 0.47  mL of 
HNO3 65% were added dropwise and the mixture was left 
stirring for 30 minutes. After that, the ice bath was removed 
and the mixture was heated at 90 °C for 30 minutes. The 
product crashed out as a yellow solid. Following that, the 
precipitate was dissolved in methanol and neutralized 
with a NH4OH 1.0 mol L-1 solution reaching pH 7 and, 
in sequence, the product was isolated through a vacuum 
filtration, washed with cold water and dried in a stove. 
The TNA was obtained as an orange solid with 87% 
yield. 1H NMR (500 MHz, DMSO-d6) d 9.03 (d, 2H, 
J 2.3 Hz, CH), 9.73 (d, 2H, J 2.3 Hz, CH), 10.02 (s, 2H, 

NH2); 13C NMR (125 MHz, DMSO-d6) d 113.5, 120.5, 
125.2, 140.0, 143.4, 147.3, 157.2; IR (ATR) ν / cm-1 3371, 
3283, 3236, 3094, 1666, 1617, 1503, 1339, 1092, 730. 
MALDI-TOF MS m/z, calculated for C13H7N6O8 [M + H]+ 
375.0325, found 375.0326. The remaining spectra and 
other characterizations can be found in the Supplementary 
Information.

Computational methods

Quantum mechanical calculations by DFT using the 
Gaussian 09 program Rev. D.01 were performed.21 B3LYP 
hybrid functional22 and the 6-311+G(2d) basis set were 
used. Firstly, the geometries of protonated, neutral and 
deprotonated TNA were optimized at B3LYP/6-311+G(2d) 
level of theory in methanolic and ethanolic medium. 
In this work, the polarized continuum model (PCM),23 
a self‑consistent reaction field method, was used to 
investigate the solvent effect. With the optimized structures, 
in methanol and ethanol, the electronic spectra for the three 
TNA species, using the time-dependent density functional 
theory (TD-DFT) method, were predicted.

Results and Discussion

UV-Vis spectra

The TNA compound presents a variation in its coloration 
due to changes in the hydrogenionic concentration, which 
produces an alteration in the chemical structure of the 
molecule according with the equilibrium described in 
Figure 2. This is an essential feature in pH indicator 
compounds. In acidic medium (pH < 4), the compound 
presents itself in a yellow coloration (protonated TNA), 
while in neutral medium (pH ca. 7), the coloration changes 
to orange, and in basic medium (pH > 10), the solution 
becomes red (deprotonated TNA). This color gradient can 
be observed in Figure 2.

This color palette was characterized using the UV‑Vis 
technique applied to each of the species in methanol, 
as well as the precursor 9-AA in a wavelength range 
between 200 and 800 nm (Figure 3). The UV-Vis spectra 

Figure 1. Structure of TNA compound.

Scheme 1. Synthesis of TNA.
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for the three species of TNA in ethanol can be found in the 
Supplementary Information.

A bathochromic shift can be observed when migrating 
from the protonated to the neutral and, then, to the 
deprotonated species with maximum absorption values in 
368, 416 and 500 nm, respectively (Figure 3a). In Figure 3b, 
it can also be observed a bathochromic shift between the 
maximum absorption of 9-AA (400 nm) and the maximum 
absorption for the neutral TNA (416 nm).

Absorptivity determination procedure

The absorptivity and molar absorptivity (ε) give the 
probability that the analyte will absorb a photon of given 

Figure 2. Color gradient and equilibrium for the TNA species (methanolic 
solutions).

Figure 3. UV-Vis spectra obtained for (a) the three TNA species, basic, 
acidic and neutral mediums; (b) the 9-AA and the neutral TNA.

energy.24,25 The most common technique to determine ε are 
UV-Vis spectroscopic methods, due to their accuracy and 
simplicity.26 In UV-Vis spectroscopy, Beer’s law, which 
establishes a linear relationship between absorbance and 
concentration, has great importance.

To determine ε, solutions of TNA in methanol/ethanol 
(with pH adjusted to 12 using NH4OH 30%, neutral pH or 
pH adjusted to 1 using HCl 37%) were prepared varying the 
concentration between 1.18 × 10-5 and 5.90 × 10-5 mol L-1, 
range within which Beer’s law applies. The analyses were 
performed in authentic triplicates. Figure 4 shows the linear 
regression performed to determine the molar absorptivity 
for the deprotonated TNA in methanol and Table 1 shows 
the linear regression data. The values for the remaining 
assays can be found in the Supplementary Information. 
All species showed high ε values that are desirable in 
quantitative analysis because they show a higher analytical 
sensibility.26

Potentiometric titration procedure

Potentiometric titrations involve the potential or pH 
measurements as function of titrant known added volumes. 
The simplest method to find the end point is to locate the 
inflection point on the titration curve. Other methods are 
plotting the first derivate (ΔpH/ΔV), which presents a separate 
peak for each end point, or second derivate (Δ2pH/Δ2V)  
of the curve, in which the end point is indicated by its 
intersection with the volume axis.25

About 50 mg of TNA was dissolved in 125 mL of 
methanol saturated with NaCl, in order to control ionic 
strength (methanol ionic strength 235.3 mmol L-1).28,29 
The mixture was left for 20 min in a sonicator at room 
temperature to accelerate the dissolution process. Then, 
the solution had its pH value adjusted to nearly 1, with 
a 0.5 mol L-1 methanolic HCl solution and after that, the 
sample was titrated with a 0.0465 mol L-1 standardized 
methanolic NaOH solution to obtain the inflection points 

Figure 4. Linear regression curve for the deprotonated TNA in methanol 
monitored in 482 nm.
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for TNA in methanol. The analyses were performed in 
authentic triplicates. Figure 5a shows one of the curves 
obtained. The same procedure was repeated to obtain the 
titration curve for TNA dissolved in ethanol (ethanol ionic 
strength 9.4 mmol L-1, Figure 5b).28,29

With aid from the first and second derivatives of the 
curve it was possible to determine the inflection point and 
obtain the values for the pKa1 and pKa2 in methanol as 
the means of the data from the three different experiments 
using a 95% confidence interval for the measurement 
uncertainty. The resultant pKa1 was 4.72 ± 0.43 and pKa2 
was 8.37 ± 0.77. The inflection point for the ethanol titration 
was obtained, as described previously for the methanol 
titration, and a pKa1 value of 4.83 ± 1.07 and a pKa2 value 
of 11.33 ± 0.21 were obtained.

According with the titration curves represented in 
Figure 5, it can be observed that the second inflection is 
softer than the first one for both solvents. However, the 
visual color change is more intense in the orange to red 
transition than in the yellow to orange one. Observing 
the titration curves and the difference between the pKa 
values obtained it is possible to conclude that the influence 
of the solvent is of vital importance. The dissociation or 
autoprotolysis constant for a solvent, which relates the 
concentration of the protonated solvent, to that of the 
deprotonated solvent, should be considered.25 This may 
explain different inflection points for different solvents. 

Although the aim of this work was to study the TNA 
behavior in methanolic and ethanolic solutions, the 
solubility of the neutral TNA in other solvents, such as 
polar protic, polar aprotic, and non-polar solvents, was also 
tested (Supplementary Information).

Theoretical studies

To gain a better understanding of the different structures 
of TNA in different mediums and to obtain deeper insights 
about electronic transitions, color of the samples in 
different pH and the TNA protonation and deprotonation, 
DFT calculations were performed bringing significant 
contributions.

The optimized geometries in ethanol for protonated, 
neutral and deprotonated TNA as well as the highest 
occupied molecular orbital/lowest unoccupied molecular 
orbital (HOMO/LUMO) are shown in Figure 6.

It is interesting to highlight the variation in the C−NH2 
bond length as protonation and deprotonation occurs. In 
neutral medium the C−NH2 bond length is 1.32828 Å 
and after protonation in N10 (see Scheme 1) this same 
bond length decreases to 1.31167 Å since this nitrogen 
becomes more deficient in electrons and starts to exercise 
an electron-withdrawing inductive effect over the amino 
group, resulting in a slight C−NH2 bond length shortening. 
The more accentuated shortening occurs when the amino 

Table 1. Data from the linear regression assays

Solvent Wavelength / nm Absorptivity / (L mol-1 cm-1) R-squared

Protonated TNA ethanol 368 16495.9 ± 199.8 0.998

methanol 363 15853.9 ± 169.6 0.998

Neutral TNA ethanol 416 12300.3 ± 74.4 0.999

methanol 410 13263.3 ± 90.3 0.999

Deprotonated TNA ethanol 468 16151.6 ± 104.9 0.999

methanol 482 16791.3 ± 85.3 0.999

9-AAa − − 16300 −
a9-AA: value obtained from the literature.27

Figure 5. Potentiometric titration curve obtained for one of the titrations (a) in methanol; (b) in ethanol.
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group is deprotonated in basic medium, making the 
carbon‑nitrogen bond acquire a double bond character 
(C=NH–), as shown in Figure 6. The C−N bond length 
decreases from 1.32828 to 1.28605 Å.

The UV-Vis absorption spectrum of a compound is 
the result of the electronic transition between occupied 
molecular orbitals and virtual orbitals. For the three 
species evaluated in this work, the electronic transition 
data calculated by B3LYP/6-311+G(2d) and experimental 
bands in the visible region are shown in Table 2.

Considering the main calculated transitions (high 
oscillator strength) in the visible region and analyzing the 
bathochromic shift, where the values found were 405, 437 
and 527 nm for the protonated, neutral, and deprotonated 
TNA, respectively, it was possible to note the same behavior 
of the experimental data (see Figure 3). This feature can be 
correlated with an increase in the π-electron density of the 
molecule while the deprotonating process occurs, leading 
to a decrease in the HOMO-LUMO gap, with values equal 
to 3.06, 2.83, and 2.35 eV for the protonated, neutral, and 
deprotonated TNA, respectively, and, consequently, a 
bathochromic shift.30

For the protonated TNA, only one wavelength was 
calculated presenting high oscillator strength and being 
assigned to an electronic transition between HOMO‑LUMO 
orbitals. In neutral TNA, two wavelengths were calculated; 
however, the transition between HOMO-LUMO + 1 
obtained higher oscillator strength than the HOMO-LUMO 
transition, being the main spectroscopic event in the visible 
region. Four electronic transitions were identified through 
calculations for deprotonated TNA, given that 527 nm is 
related to the HOMO-LUMO transition and is the most 
important since it has the highest oscillator strength. All 
calculated wavelengths for its respective species are within 
the range of the experimental spectral band. The energy 
for all transitions involving the molecular orbitals are also 
included in Table 2.

In acidic medium the TNA is protonated in the ring 
nitrogen (N10) rather than in the amino group, which can 
be elucidated comparing the theoretical electronic spectrum 
of each protonated species with the experimental one for the 
protonated TNA. Figure 7 shows the optimized structures 
for the TNA protonated in the amino group (I) and in 
N10 (II) as well as the theoretical spectra.

Figure 6. Optimized structures in ethanol for protonated (I), neutral (II) and deprotonated (III) TNA and their HOMO/LUMO molecular orbitals. The 
arrow with color gradient is related to the observed color in experimental preparation as shown in Figure 2.

Table 2. Experimental and theoretical electronic transition data in the visible region for TNA in ethanol

MOt λExp / λmax / nm λCalc / nm OS ΔE / eV

Protonated TNA HOMO → LUMO 400-450 / 400 405 0.1205a 3.06

Neutral TNA HOMO → LUMO 400-510 / 416 461 0.0495 2.69

HOMO → LUMO + 1 437 0.4672a 2.83

Deprotonated TNA HOMO → LUMO 400-565 / 500 527 0.5988a 2.35

HOMO → LUMO + 1 514 0.0666 2.41

HOMO → LUMO + 3 480 0.0522 2.58

HOMO → LUMO + 2 441 0.0116 2.81

aTransition with high oscillator strength. MOt: molecular orbitals in transition; λExp / λmax: experimental range of spectral band / maximum wavelength in 
visible spectrum; λCalc: calculated wavelength; OS: oscillator strength; ΔE: gap between molecular orbitals involved in transition.
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The simulated spectrum of the optimized molecule I, 
represented by the black line, showed no spectral band 
in visible region and only one electronic transition was 
identified at 431 nm with very weak oscillator strength 
(0.0481). In contrast, the spectrum of the optimized 
molecule II, represented by the red line, presented a 
broadband from 338 to 460 nm with a transition between 
HOMO-LUMO molecular orbitals at 405 nm, presenting 
high oscillator strength (0.1205, see Table 2). Evaluating 
the visible region it is possible to note that the blue line is 
slightly higher than the red one, which indicates that there 
is a possibility of the protonation in amino group happening.

The theoretical studies in methanol showed similar 
results to the ones in ethanol and the data can be found in 
the Supplementary Information.

Conclusions

In summary, we describe the synthesis of a novel 
9-aminoacridine derivative that presents different colors 
when exposed to acidic medium (pH < 4, yellow), neutral 
medium (pH ca. 7, orange) and basic medium (pH > 10, red). 
The TNA compound presents a variation in its coloration 
due to changes in the hydrogenionic concentration, which 
produces an alteration in the chemical structure of the 
molecule. Further studies were performed by means of 
potentiometric titration, molar absorptivity determination 
and theoretical studies supported by DFT calculations. This 
class of compounds (9-AA derivatives) could contribute to 
the development of a novel pH indicator in organic solvents. 
Additional studies will be conducted in order to evaluate 

the performance of the novel compound as a pH indicator 
for titrations in organic mediums.

Supplementary Information

Supplementary data (NMR, infrared and UV-Vis 
spectra, linear regression curves, theoretical calculations 
and solubility tests) are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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