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ABSTRACT
Azo dyes are an important class of pH indicators, with some applications in novel sensors. In this paper,
the authors present a theoretical study to elucidate the effect of physical factors on the halochromic behavior of the azo dyes The studied azo dyes are methyl red and methyl orange and the physical factors
such as temperature, pressure, ionic strength of solvent and isotope type of constituent atoms are taken
into account. The obtained values for tautomery equilibrium constant show that the azo form of the indicators is more stable than their hydrazone form. Therefore, in the studies related to the acid-base equilibrium of the indicators, only azo form is considered. In the meantime, pH change of color change of the
indicators, ∆pH, with the physical factors in the acid-base equilibrium of the indicators is studied. Increased temperature causes pH of color change of indicators to decrease. This drop is approximately similar in various pressures. Increasing pressure at any temperature results the increase of pH of color
change. The effect of pressure on ∆pH is lower under higher pressures and is not dependent on the indicator type. By decreasing the polarity of the solvent used, the pH of color change of the indicators increases. The use of isotopes of atoms produces the increase in the pH of color change of the indicator
that its value depends on the type of atom and type of the indicator. The methodology in this work will
be useful in future dye design and is applicable to other dye classes as well. These findings indicate the
importance of physical factors on the halochromic behavior of dyes for further research the development
of pH-sensitive sensors.
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1. INTRODUCTION
In addition to their main use as colourant, dyes are
increasingly used in other fields, such as photovoltaic
cells, optical switches and light emitting diodes.
Some dyes show chromic properties, meaning that
their colour change depending on an external influence; such as thermochromism, photochromism and
halochromism properties [1-8]. A halochromic material is a material which changes color, when pH
changes occur. The pH indicators have this property.
To this day, the halochromic behavior of many dyes
(azo, sulfonphthaleine, phenolphthalein, phenolate,
quinolone dyes and et al.) has been studied experimentally and theoretically, [1,9-14] but so far, and to
the knowledge of the authors, the theoretical study of
the effect of physical factors on the color change pH
of the azo dyes has not been done. In this research,
we focus on two types of azo dyes including methyl
red and methyl orange. The azo dyes are widely used
as pH indicator in acidic medium, besides, they are
applied in many technical applications such as optical
storage capacity, optical switching, non-linear optics
and pH optical sensor [12,14-17]. Recently, azobenzene based chromophores with anchoring to singlewalled carbon nanotubes or graphene surfaces have
drawn attention for applications in color detectors and
optoelectronics due to their ability to undergo the
photon-induced isomerization that changes the molecular orientation and the electrical dipole moment
of the chromophore and thus modifies the electrostatic potential on these devices [18-22]. On the other
hand, such works can be devoted to realizing bioinspired detectors (e.g. the human eye) and to fabricate
synthetic single-photon systems such as superconductor nanowire detectors and avalanche photodiodes
[23].
This research aims at theoretical and computational
studying of changes of pH indicators ranges by
change of temperature, pressure, ionic strength of
solvent, substituent groups and isotopic type of constituent atoms. The results of this research can be
used in the design of favorable indicators and suitable
and predictable conditions for implementation and
synthesis of pH-sensitive polymers and sensory materials.
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2. MATERIALS AND METHOD
In this study, first, the structures of two types of indicators including methyl-red and methyl-orange, in
forms of azo, hydrazone (acidic modes) and base
(base mode) were mapped using GaussView program
and then fully optimized in Gaussian 03 program
package using B3LYP/6-31++G** level of theory
[24]. The optimized molecular structures of indicators
in various forms are displayed in Fig. 1 .Vibrational
frequency calculations were performed at the same
level of theory on the optimized structures to ensure
the stability of structures and to calculate thermodynamic quantities. In acidic form, substituent element
of carboxyl in methyl-red and sulfonyl hydroxide in
methyl-orange are protonated and in basic form, they
are deprotonated. The hydrazone form is tautomer of
the azo form in the acidic mode. The results of vibrational frequencies calculations indicate that all studied structures contain real vibrational frequencies or
number of zero negative imaginary frequency
(NIMAG=0).

Fig. 1 The optimized molecular structures of a) methyl red and b) methyl orange indicators in the forms
of 1) azo 2) hydrazone 3) base obtained at the
B3LYP/6-31++G** level of theory

3. RESULTS AND DISCUSSION
The purpose of this research is to investigate the effect of physical factors on pH range of color change
of indicators; therefore, all thermodynamic studies
were conducted under different conditions i.e. temperature, pressure, different solvents and change of
the isotopic type of carbon, oxygen, hydrogen and
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nitrogen atoms of the studied indicators (12C → 13C,
16
O → 18O, 1H → 2H and 14N → 15N).
In order to evaluate the relative stability of various
acidic states of indicators, first, the following tautomeric equilibrium is discussed.
Azo  Hydrazone

(1)
The thermodynamic quantities, ∆HT, ∆ST, ∆GT and
KT for tautomeric equilibrium (1) are calculated as
follows:

∆HT = H(Hy) – H(Azo)

(2)

∆ST = S(Hy) – S(Azo)
∆GT = G(Hy) – G(Azo)
KT = exp[-∆GT / RT]

(3)
(4)
(5)

Where H is enthalpy, S is entropy, G is Gibbs free
energy for each structure, ∆HT is enthalpy change,
∆ST is entropy change and ∆GT is Gibbs free energy
change for the desired tautomeric equilibrium (Eq. 1)
and KT is its equilibrium constant .All of the
thermodynamic quantities are calculated at various
temperature (273.15, 298.15 and 323.15 K), pressure
(1, 5 and 10 atm), and solvents (water, ethanol and
benzene) and are reported in Table 1 and Table 2.

Table 1. Thermodynamic quantities ∆HT, T∆ST and ∆GT in kcal/mol and equilibrium constants for the azohydrazone tautomery equilibrium of methyl red and methyl orange, KT, in the phase gas and the different pressures and temperatures, respectively in K and atm obtained at the B3LYP/6-31++G** level of theory

P

T

∆HT

methyl red
T∆ST
∆GT

KT

∆HT
-28

methyl orange
T∆ST
∆GT

KT
3.577´10-23

1

273.15

32.497

-2.408

34.905

1.175´10

28.557

0.505

28.052

5

273.15

32.497

-2.404

34.901

1.183´10-28

28.557

0.411

28.416

3.008´10-23

10

273.15

32.497

-2.404

34.902

1.183´10-28

28.557

0.412

28.145

3.021´10-23

1

298.15

32.459

-2.668

35.127

1.177´10-26

28.525

0.429

28.097

2.527´10-21

5

298.15

32.458

-2.668

35.127

1.177´10-26

28.525

0.399

28.126

2.407´10-21

10

298.15

32.459

-2.668

35.127

1.177´10-26

28.525

0.418

28.107

2.486´10-21

1

323.15

32.424

-2.930

35.354

1.225´10-24

28.493

0.418

28.075

1.025´10-19

5

323.15

32.423

-2.927

35.350

1.225´10-24

28.493

0.431

28.062

1.047´10-19

10

323.15

32.424

-2.930

35.354

1.225´10-24

28.493

0.450

28.043

1.079´10-19

Table 2. Thermodynamic quantities ∆HT, T∆ST and ∆GT in kcal/mol and equilibrium constants for the azohydrazone tautomery equilibrium of methyl red and methyl orange, KT, in the different solvents obtained at the
B3LYP/6-31++G** level of theory
methyl red

methyl orange

solvent

∆HT

T∆ST

∆GT

KT

∆HT

T∆ST

∆GT

KT

Benzene

22.701

-0.447

23.148

1.073´10-

11.678

0.893

10.785

1.241´10-8

Ethanol

9.785

-0.388

10.173

3.400´10-8

5.621

0.448

5.173

1.613´10-4

Water

8.707

-0.312

9.018

2.440´10-7

4.984

0.323

4.661

1.408´10-4
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∆HT is positive for methyl-red and methyl-orange
indicators under different conditions of temperature
and pressure, and in the gas phase. Compared to methyl-orange, ∆HT values are larger for methyl-red.
∆HT decreases when temperature increases, which is
obvious due to the endothermic process. ∆HT does
not depend on pressure. ∆HT decrease considerably
for the indicators in the solvated form. ∆ST is negative for methyl-red but positive for methyl-orange.
Methyl-red ∆ST does not depend on pressure. As expected for intra-molecular processes, ∆ST values are
very small for tautomeric equilibrium process, which
is consistent with the experimental results reported by
Gilli et al [25].
The results show that, in all cases, the azo form of
methyl-red and methyl-orange indicators is more stable, compared to their hydrazone form. The difference in stability is greater for methyl-orange than for
methyl-red (tautomeric equilibrium constant for methyl-orange is larger than for methyl-red).
In all cases, with increased temperature, ∆GT and KT
increases. For each indicator, tautomeric equilibrium
constant increases by about 100 times with the temperature increase to 25 K. Tautomeric equilibrium
constant may either change slightly or remain stable
with the pressure.
In this study, Conductor – like Polarizable Continuum Model (CPCM) is used to consider the effect of
solvent. The method is derived from the Onsager
Continuum Model and formulated by Tomasi et al .In
the model, the solvent is considered as a continuous
environment with a uniform dielectric constant, inside which the soluble remains as a spherical cavity.
Molecule polarity can create bipolarity in environment, and the electric field created by solvent polarity
can interact with the soluble molecule bipolarity,
which results in system stability [26,27].
The obtained results from calculations in various solvents indicate that with increased solvent polarity
(increase of dielectric constant of solvent), KT also
increases. For example, tautomeric equilibrium con-
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stant of methyl red in water is 10 times the equilibrium constant in ethanol.
Generally, according to the results reported in Table
1 and Table 2, it is concluded that, compared to hydrazone form, the azo form is more stable for the
studied indicators. Therefore, in the study of the equilibrium of acid and base states of the indicators, only
azo form of acid state is considered.
In the equilibrium reaction (Eq. 7), the equilibrium
constant between acid and base states of indicators,
Ka, and the relationship between equilibrium constant
and Gibbs free energy change for the desired equilibrium, ∆Ga, are written as follows:
HIn  H + + In −

Ka =

(6)

H  In 
+

−

HIn

∆Ga = -RT ln(Ka)

(7)
(8)

Enthalpy change, ∆Ha, entropy change, ∆Sa, Gibbs
free energy change, ∆Ga, and equilibrium constant of
ionization process of indicator, Ka, are calculated for
the equilibrium reaction (Eq. 6) under different conditions and are reported in Tables 3, 4 and 5.
The reported results in Tables 3, 4 and 5 shows that
∆Ha is positive in all conditions, i.e. the ionization
process of indicators is endothermic. As the temperature increases under constant pressure, ∆Ha increases,
and (at constant temperature) under increasing pressure, it remains constant; that is, ∆Ha does not depend
on pressure. Ionization processes of indicators are
less endothermic in dissolved state (in water, ethanol
and benzene solvents, compared to gas phase, ∆Ha
contains less value). ∆Ha decreases with the increase
of solvents polarity (in water, ∆Ha is less than ethanol, and in ethanol, it is less than benzene). ∆Ha increases with considering of isotopic effect of constituent atoms in all cases.
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Table 3. Thermodynamic quantities ∆Ha, T∆Sa and ∆Ga in kcal/mol and equilibrium constants, Ka, for the indicators dissociation equilibrium of methyl red and methyl orange in the gas phase and the different pressures and
temperatures, respectively in K and atm obtained at the B3LYP/6-31++G** level of theory
methyl red

methyl orange

P

T

∆Ha

T∆Sa

1

273.15

339.145

6.013

333.132 exp(-613.786)

316.053

6.228

309.825

exp(-570.844)

5

273.15

339.145

5.144

334.001 exp(-615.388)

316.053

5.355

310.697

exp(-572.450)

334.379 exp(-616.087)

316.053

4.980

311.073

exp(-573.143)

332.576 exp(-561.381)

316.115

6.864

309.250

exp(-522.009)

333.531 exp(-562.990)

316.115

5.911

310.204

exp(-523.618)

333.940 exp(-563.687)

316.115

5.500

310.615

exp(-524.312)

332.016 exp(-517.078)

316.175

7.503

308.673

exp(-480.725)

333.049 exp(-518.686)

316.175

6.469

309.707

exp(-482.355)

333.493 exp(-519.377)

316.175

6.024

310.150

exp(-483.003)

10

273.15

1

298.15

5

298.15

10

298.15

1

323.15

5

323.15

10

323.15

339.145
339.237
339.237
339.237
339.327
339.327
339.327

4.764
6.662
5.707
5.297
7.312
6.279
5.835

∆Ga

Ka

∆Ha

T∆Sa

∆Ga

Ka

Table 4. Thermodynamic quantities ∆Ha, T∆Sa and ∆Ga in kcal/mol and equilibrium constants, Ka, for the indicators dissociation equilibrium of methyl red and methyl orange in the different solvents obtained at the
methyl red

methyl orange

solvent

∆Ha

T∆Sa

∆Ga

Ka

∆Ha

T∆Sa

∆Ga

Ka

Benzene

250.095

7.459

242.635

exp(-409.862)

230.275

7.300

222.972

exp(-376.378)

Ethanol

183.095

8.627

174.577

exp(-294.682)

166.267

8.845

157.422

exp(-265.726)

Water

178.449

8.489

169.959

exp(-286.889)

161.760

8.758

152.999

exp(-258.260)

Table 5. Thermodynamic quantities ∆Ha, T∆Sa and ∆Ga in kcal/mol and equilibrium constants, Ka, for the
indicators dissociation equilibrium of methyl red and methyl orange with change of isotopic type of constitmethyl red
Isotope

∆Ha

T∆Sa

∆Ga

Ka

∆Ha

T∆Sa

∆Ga

Ka

C

339.259

6.664

332.595

exp(-561.414)

317.908

6.413

311.494

exp(-525.796)

O

339.254

6.658

332.595

exp(-561.414)

316.493

6.609

309.884

exp(-523.078)

H

341.447

7.075

334.373

exp(-564.415)

318.438

7.174

311.264

exp(-525.407)

339.238

6.660

332.578

exp(-572.627)

316.245

6.834

309.410

exp(-522.278)

13
18
2

methyl orange

15

N

T∆Sa is positive in all studied conditions. Considering
the fact that the number of process components in
products is higher than raw materials, such conclusion
is logical and correct. T∆Sa increases at higher temperature under constant pressure and it decreases at
constant temperature under higher pressure.

∆Ga is positive in all conditions, i.e. ionization process of indicators is non-spontaneous. Results show
that ∆Ga decreases with increasing temperature under
constant pressure and it increases with increasing
pressure at constant temperature. Therefore, it is concluded that high temperature and low-pressure condi-
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tions are favorable for the reaction. Comparison of
∆Ga values with ∆Ha and T∆Sa values indicate that
acid ionization of indicators is controlled by entropy
agent (entropy of the process) and ∆Ga values in solvents phase are much smaller than in gas phase (in
view of the interactions of soluble and solvent in the
CPCM model, the species become more stable, especially the pregnant species). So, it is expected in the
real and experimental conditions; ∆Ga values will be
smaller. As a result, high-polarity solvents are another
favorable condition for ionization process of indicators. ∆Ga increases with isotopic change of the constituent atoms of the indicator.
Due to the stability of acid mode, compared to base,
Ka values are very small in all conditions. The obtained results indicate that ionization equilibrium constant was larger at high temperature and low-pressure
conditions and in the solution phase, especially in the
polar solvents. The isotopic effect decreased Ka values in all cases.
To investigate the changes in pH range of color
change of indicators, resulted from different physical
factors (temperature, pressure, solvent and isotopic),
it is assumed that the concentration ratio of [In-]/

[HIn] is constant (the ratio of [In-]/[HIn] is limit ratio of the required concentrations for observation of
color change of indicators.) and [H+] concentration
changes in different conditions proportional to Ka.
Regarding the relationship between pH and [H+] concentration, changes in pH range of color change,
∆pH, can be calculated based on the following relationships:
K a1 =

[H + ]1[In − ]
[HIn]
+

Ka2 =

(9)

−

[H ] 2 [In ]
[HIn]

(10)

+

[ H ]2 K a 2
=
[H + ]1 K a1

(11)

pH = pH 2 − pH1

pH 2 = − log[H + ] 2

and

+

pH1 = − log[H ]1
pH = − log

H 
H 
+

+

2

(12)

= − log

1

Ka2
K a1

(13)

Table 6. The changes in pH of color change of indicators in the gas phase resulted from change of pressure obtained at the different temperatures and the B3LYP/6-31++G** level of theory
methyl red

∆pH

methyl orange

273.15 K

298.15 K

323.15 K

273.15 K

298.15 K

323.15 K

1 atm → 5 atm

0.696

0.698

0.698

0.698

0.699

0.699

5 atm → 10 atm

0.303

0.300

0.300

0.301

0.301

0.301

Table 7. The changes in pH of color change of indicators in the gas phase resulted from change of temperature
obtained at the different pressures and the B3LYP/6-31++G** level of theory
methyl red

∆pH

methyl orange

1 atm

5 atm

10 atm

1 atm

5 atm

10 atm

273.15 K→ 298.15 K

-22.759

-22.756

-22.760

-21.209

-21.207

-21.207

298.15 K→ 323.15 K

-19.241

-19.241

-19.242

-17.929

-17.907

-17.928
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Table 8. The changes in pH of color change of indicators in the solution resulted from change of solvent obtained at the B3LYP/6-31++G** level of theory
∆pH

methyl red

methyl orange

Ethanol → Benzene

50.022

48.056

Water → Ethanol

3.384

3.242

Table 9. The changes in pH of color change of indicators in the gas phase resulted from change of isotopic type
of constituent atoms obtained at the B3LYP/6-31++G** level of theory
∆pH

methyl red

methyl orange

C → 13C

0.014

1.645

16

O → 18O

0.014

0.464

1

H → 2H

1.318

1.476

4.884

0.117

12

14

N → 15N

The results reported in Table 6 show that, the increase of pressure from 1 atm to 5 atm for both types
of indicators at any temperature, increased the pH of
color change to 0.7, and the increase of pressure from
5 atm to 10 atm, increased the pH of color change to
0.3 and shows that the effect of pressure on ∆pH is
low under high pressures and is not dependent on the
indicator type.
The results obtained in Table 7 show that the increase
of temperature decrease the pH of color change of
indicators. This drop is approximately similar at various pressures. For methyl-red and methyl-orange indicators, the temperature change of 273.15 K ®
298.15 K was -22.8 and -21.2, respectively, and for
298.15 K ® 323.15 K, it was -19.2 and -17.9, respectively.
Considering of the indicators in the solvents, the results are more consistent with experimental samples.
The results reported in Table 8 show that, changing
the solvent from water to ethanol, pH of color change
of indicators varies by 3.4 for methyl-red and by 3.2
for methyl-orange, and, changing the solvent from
ethanol to benzene, the change increases to about 50
and 48.
The results reported in Table 9 show that use of isotopes produced the increase in the pH of color change

of the indicators that their values depend on the type
of atom and type of the indicator.
CONCLUSIONS
Initially, the structures of two types of azo indicators
including methyl-red and methyl-orange, in the states
of acidic (azo and hydrazone forms) and base were
optimized in Gaussian 03 program package using
B3LYP/6-31++G** level of theory.
Vibrational frequency calculations were performed
on optimized structures to ensure the stability of
structures and to calculate thermodynamic values.
The results from vibrational frequency calculations
show that all the studied structures have real vibration frequencies or zero NIMAG.
The computational results on the tautomeric equlibrium of the azo and the hydrazone forms of the indicators indicate that ∆HT in the gas phase is positive for
the indicators under different temperature and pressure conditions. ∆HT values for methyl-red are larger
than for methyl-orange. ∆HT decreases with increasing temperature and it does not depend on pressure.
∆ST is negative for methyl-red and positive for methyl-orange. Methyl-red ∆ST is not dependent on
pressure. In all cases, ∆GT and KT increase with increase of the temperature. With increased solvent
polarity (increase of solvent dielectric constant), ∆ST
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∆GT and KT also decrease and increase, respectively.
The results show that, in all cases, the azo form of the
indicators is more stable than their hydrazone. This
stability difference is greater for methyl-orange, compared to methyl-red. Therefore, in the study and calculations of the acid-base equilibrium of the indicators, only azo form is considered. In all cases, ∆Ha
has a positive value. It increases with increased temperature under stable pressure, and at constant temperature conditions, with increasing pressure, it stays
constant; that is, it does not depend on pressure. ∆Ha
decreases with increasing solvent polarity (its value
is less in water than in ethanol and less in ethanol
than in benzene). ∆Ha increases with change of isotope type of constituent atoms of the indicators. T∆Sa
values are positive in all studied conditions. They
increase with increasing temperature under constant
pressure conditions and decrease with increasing
pressure at constant temperature. ∆Ga values are positive for all cases. The results show that ∆Ga values
decrease with increasing temperature under constant
pressure and increase with increasing pressure at constant temperature. Therefore, it is concluded that high
temperature and low-pressure conditions are favorable for the reaction .The isotope effect increases ∆Ga
values. Due to the stability of acidic forms compared
to base forms, Ka values are very small in all conditions. The obtained values indicate that the equilibrium constant of ionization is higher in the conditions
of high temperatures, low pressures, polar environment and non-use of isotopes of constructive atoms.
Increased temperature causes pH of color change of
indicators to decrease. This drop is approximately
similar in various pressures and, for methyl-red and
methyl-orange indicators, at the change in temperature from 273.15 K ® 298.15 K, it is -22.8 and -21.2 ,
respectively, and at a change in temperature from
298.15 K ® 323.15 K, it is -19.2 and -17.9. Increasing pressure from 1 atm ®5 atm at any temperature
for both types of indicators results in the increase of
pH of color change by 0.7 and from 5 atm ®10 atm it
results in the increase of pH of color change by 0.3;
that is, the effect of pressure on ∆pH is lower under
higher pressures and is not dependent on the indicator
type. By changing the solvent from water to ethanol,
pH of color change of indicators, ∆pH, varies by 3.4

Farzaneh Zanjanchi et al.

for methyl-red and by 3.2 for methyl-orange, and by
changing the ethanol to benzene, its value increases
by about 50 and 48. The use of isotopes produce the
increase in the pH of color change of the indicators
that their value depend on the type of atom and type
of the indicator.
The results of this research can help and guide the
identification of favorable indicators, to predict pH of
their color change in different conditions. Also, these
results can act as the basis for future research on the
interaction of dye molecules and polymers used on
fabric base. For example, using halochromic properties in the color of polymers or textiles can produce
sensory materials. These textile sensors are used in
the production of wound dressing. They maintain all
the features of the texture, are flexible and can be
used on large surfaces, and can communicate warning messages by a color change at a particular point.
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