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Abstract

Sulfonphthaleine dyes are 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 sulfonphthaleine dyes.
The studied sulfonphthaleine dyes are phenol red, cresol red, bromophenol blue and the physical factors such as temperature,
pressure, dielectric constant of solvent and isotope type of constituent atoms are taken into account. In the meantime, changes
of pH of the color change of the indicators, ApH, with the physical factors in the acid—base equilibrium of the indicators are
studied. To this end, Enthalpy change, AH,, entropy change, AS,, Gibbs free energy change, AG,, and equilibrium constant
of ionization process of indicators, K,, are calculated for the equilibrium reaction under different conditions; then their val-
ues are interpreted by the laws of thermodynamics and statistical thermodynamics. The results show that ApH is positive
by increasing temperature at any pressure, increasing pressure at any temperature, decreasing the polarity of the solvent
used, and using isotopes of constituent atoms. The effect of temperature and pressure on ApH is lower respectively under
higher temperatures and pressures, and it is not dependent on the indicator type. The ApH values due to the isotopic factor
depend on the type of atom as well as that of the indicator. These findings indicate the importance of physical factors on the

halochromic behavior of dyes for further research and the development of pH-sensitive sensors.
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Introduction

Chromism has become a booming research field in various
scientific domains (Bamfield 2001; Golchoubian et al. 2019;
Van der Schueren et al. 2012). Some dyes show chromic
properties, which means that their color changes depend-
ing on external influences such as thermochromism, pho-
tochromism and halochromism properties. (Bamfield 2001;
Barachevskii et al. 2012; De Meyer et al. 2014; Kim 2006;
Kulinich and Ishchenko 2019; Kulinich et al. 2018; Surati
and Shah 2015; Zollinger 2003). A halochromic material is a
material whose color changes, when pH changes occur. The
pH indicators have this property. To this day, the halochro-
mic behavior of many dyes (azo, sulfonphthaleine, phenol-
phthalein, phenolate, quinolone dyes, etc.) has been studied
experimentally and theoretically (De Meyer et al. 2014,
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2016; Ghanadzadeh Gilani et al. 2017; Hermosilla et al.
2017; Hosseini et al. 2014; Van der Schueren et al. 2012;
Zhang et al. 2009), but so far, and to the knowledge of the
authors, the theoretical study of the effect of physical fac-
tors on the color change pH of the sulfonphthaleine dyes has
not been done. In this research, we focus on three types of
sulfonphthaleine dyes including phenol red, cresol red, and
bromophenol blue. Sulfonphthaleine dyes form a relatively
small dye class, but are widely used as acid—base indicators
because they show a clear color transition in function of pH.
Therefore, they find application in various other areas, such
as detection of pesticides, acid vapours, ammonia, CO,, the
quantitation of proteins in solution, the textile sensor, the
development of new glassy carbon electrodes and wound
bandages (Chang et al. 2011; Chen et al. 2005; Clayton and
Byrne 1993; De Meyer et al. 2016; Ensafi et al. 2010; Flores
1978; Hua et al. 2013; Kurzweilova and Sigler 1993; Naka-
mura and Amao 2003; Yang et al. 2010).

The basic structure of sulfonphthaleine dyes and sub-
stituents of the studied molecules are given in Fig. 1. The
dye set in this work covers most commercially available
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Fig. 1 Basic structure of sulfonphthaleine dyes, substituents of the
studied molecules and general color changing mechanism for sul-
fonphthaleine dyes. While the neutral structure X is observed only in

sulfonphthaleine compounds. These products have numer-
ous applications, often in biological and medical fields
(Byrne and Breland 1989; De Meyer et al. 2014; Flores
1978; Marona and Schapoval 2001; Yao and Byrne 2001).
The color changing mechanism of sulfonphthaleine dyes
can be ascribed to a protonation/deprotonation reaction, as
illustrated in Fig. 1. The dyes can exist in a neutral form,
X, in powder or in very acidic media. The most interest-
ing molecular change (and thus color change), however,
is the deprotonation of a single anion, X,, to a resonance
stabilized double anion, X,. When it solvated, deprotona-
tion will allow for a rearrangement of the internal bonds.
The driving force behind this deprotonation is twofold: the
internal rearrangement results in a larger conjugated system
and a SO; group is formed. The latter allows for a high inter-
action with the surrounding solvent molecules and is thus
energetically favorable. This internal rearrangement can be
confirmed experimentally by drop in pH upon solvation and
theoretically (a molecular dynamic simulation with explicit
solvent) by drop in calculated Gibbs free energy (De Meyer
et al. 2014). Therefore, in this study, only the equilibrium of
single anion, X,, and double anion, X, forms are considered
to investigate the changes in the behavior of halochromic
dyes with physical agents.

Since pH monitoring is one of the most important param-
eters in many industrial processes such as food, pharma-
ceutical, water and wastewater therefore, continuous online
pH control and maintaining a proper pH range is essential
in many of the physical and chemical reactions. pH vari-
ation can be affected on product quality and efficiency of
chemical reactions. pH determination can be performed by
using different methods. For example, pH test paper strips,
electrochemical and photochemical sensors, etc. Although
the pH test paper strips are available and easy to use, they
are not used in high accuracy applications. In recent years,
development of electrochemical and optical sensors has been
a great interest that indicates the importance of this field in
various sciences (Hosseini et al. 2014; Kelly and Cochrane
2015; Matéjec et al. 2019; Steyaert et al. 2015; Sun et al.
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very acidic solutions or in powder, the relevant color change origi-
nates from a deprotonation from the single anionic form, X, to a dou-
ble anion, X, (De Meyer et al. 2014)

2015). This research aims at theoretical and computational
study of changes of pH indicators ranges (used in pH optical
sensor) by physical factors of temperature, pressure, ionic
strength of solvent, substituent groups and isotopic type of
constituent atoms. The measure of the acid concentration in
an organic media is a common issue in chemistry (Mineo
et al. 2019). With the aim to study this subject in a facile
and widely way, the halochromic properties of indicators
in solvents with different dielectric constant are calculated.
The importance and prevalence of isotopic types studies
provide an incentive for development of new methods that
can be used for rapid and selective detection and monitoring
of the isotopic types both in the gaseous and in the liquid
phases. Some traditional detection methods such as elec-
trolysis, laser, NMR and MS spectroscopic techniques are
usually employed for isotope sensing and detection; how-
ever, these methods are believed to be expensive and time
consuming. The many uses of indicator or sensors of this
type include monitoring air quality, indicating agricultural
regime (nitrogen isotope relationships between crops and
fertilizer), detecting volatile organic compounds, detecting
toxic gases and controlling fossil fuel combustion products
(Bateman et al. 2005; Gibson et al. 2012; Mineo et al. 2019;
Ozyigitoglu 2020).

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 sensors.
Furthermore, the methodology of this work is applicable to
other dye classes as well.

Materials and methods

In this study, all calculations on the structures of three types
of indicators including phenol red, cresol red, and bromo-
phenol blue, in modes of single anionic (acidic form) and
a double anion (base form) were carried out in Gaussian03
using Density Functional Theory. Geometries were fully
optimized using B3LYP/6-31G** level of theory (Frisch
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et al. 2004). The optimized molecular structures of indica-
tors in various forms are displayed in Fig. 2. 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 hydroxyl in all dyes is
protonated and deprotonated in basic form. The results of
vibrational frequencies calculations indicate that all the stud-
ied structures contain real vibrational frequencies or number
of zero negative imaginary frequency (NIMAG =0).

The purpose of this research is to investigate the effect
of physical factors on pH range of color change of indica-
tors; therefore, all thermodynamic studies were done under
different conditions of temperature (273.15, 298.15, 323.15
and 373.15 K), pressure (1, 5 and 10 atm), different phases
(vacuum, benzene and water) and change of the isotopic
type of carbon, oxygen and hydrogen atoms of the studied
indicators (?C — 13C, '°0 — 30 and 'H— ’H).

In this study, Conductor—Ilike Polarizable Continuum
Model (CPCM) is used to consider the effect of solvent.
The CPCM model was spread in the scientific community
due to its accuracy and the relative simplicity of the expres-
sions involved in the definition of the solvent reaction field.
First and second derivatives of the molecular free energy
with respect to nuclear motions needed for geometry opti-
mizations and frequency calculations can be computed with
accurate and very efficient algorithms. In this 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 the environment, and the electric field created by solvent
polarity can interact with the soluble molecule bipolarity
which results in system stability (Cossi et al. 2003; Tomasi
and Persico 1994).
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Fig.2 The optimized molecular structures of a phenol red, b cresol
red and ¢ bromophenol blue indicators in the forms of 1) single anion,
X,» and 2) double anion, X;, obtained at the B3LYP/6-31G** level of
theory

Results and discussion

In the equilibrium reaction (Eq. 1), the equilibrium constant
between the acid and the base states of indicators, K, and
the relationship between equilibrium constant and Gibbs free
energy change for the desired equilibrium, AG,, are written
as follows:

HIn < H* + In~ (1)
H*| x [In~
o o) "
[Hin]
AG, = —RT In(K,) 3

Enthalpy change, AH,, entropy change, AS,, Gibbs free
energy change, AG,, and equilibrium constant of ionization
process of indicator, K, are calculated for the equilibrium
reaction (Eq. 1) under different conditions and are reported
in Tables 1, 2 and 3.

The reported results in Tables 1, 2 and 3 show that AH,
is positive in all conditions which means the ionization
process of indicators is endothermic. As the temperature
increases under constant pressure, AH, increases, and it
remains constant under constant temperature by increas-
ing the pressure; that is, AH, does not depend on pressure.
Since the enthalpy of ideal gases is pressure independent
((0H/0P); = 0) and in all calculations, reaction compo-
nents are considered ideal gases; so the enthalpy changes
of the reaction are independent of pressure. Ionization
processes of indicators are less endothermic in dissolved
state. AH, decreases by increasing the solvents polarity
(in water, AH, is less than ethanol, and in ethanol, it is
less than vacuum). AH, increases by considering isotopic
effect of constituent atoms in all cases. TAS, is positive
in all the studied conditions. Considering the fact that
the number of process components in products is higher
than raw materials, such conclusion is logical and cor-
rect. TAS, increases by increasing the temperature under
constant pressure and it decreases by increasing the pres-
sure under constant temperature. By paying attention to
thermodynamic relationships of (dS/0P); = —aV and
a =1/V(V/0T), that o for ideal gases equalstoa = 1/T
is resulted (0AS/0P); = — AV/T that AV and T both are
positive quantities, therefore, AS must be decreased by
increasing pressure under constant temperature. AG, is
positive in all conditions which means ionization process
of indicators is non-spontaneous. Results show that AG,
decreases by increasing temperature under constant pres-
sure and it increases by increasing pressure at constant
temperature. Therefore, it is concluded that high temper-
ature and low pressure conditions are favorable for the
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Table 1 Thermodynamic quantities AH,, TAS, and AG, in kcal/mol
and equilibrium constants, K, for the indicators dissociation equilib-
rium of phenol red, cresol red and bromophenol blue in the gas phase

and the different pressures and temperatures, respectively in K and
atm obtained at the B3LYP/6-31G** level of theory

Phenol red Cresol red Bromophenol blue

P T AH, TAS, AG, K, AH, TAS, AG, K, AH, TAS, AG, K,

1 273.15 385.692 6.802 378.890 exp(— 698.1) 385.240 7.953 377.287 exp(—695.1) 369.599 7.408 362.191 exp(— 667.3)
1 298.15 385.771 7.508 378.263 exp(— 638.5) 384.653 8.037 376.617 exp(—635.7) 369.692 8.183 361.508 exp(— 610.2)
1 32315 385.848 8.217 377.631 exp(—588.1) 384.732 8.792 375.939 exp(—585.5) 369.782 8.962 360.819 exp(— 561.9)
1 373.15 385.996 9.648 376.349 exp(—507.6) 384.882 10.314 374.568 exp(—505.2) 369.951 10.532 359.419 exp(— 484.7)
5 27315 385.692 5.929 379.762 exp(— 699.7) 384.574 6.413 378.161 exp(—696.8) 369.698 6.634 363.064 exp(— 668.9)
5 298.15 385.771 6.554 379.217 exp(— 640.1) 384.654 7.084 377.571 exp(—637.3) 369.692 7.230 362.463 exp(— 611.8)
5 32315 385.848 7.184 378.664 exp(—589.7) 384.732 7.759 376.973 exp(—587.1) 369.782 7.929 361.852 exp(— 563.5)
10 273.15 385.692 5.553 380.139 exp(—700.4) 384.574 6.037 378.537 exp(—697.4) 369.599 6.158 363.441 exp(— 669.6)
10 298.15 385.771 6.143 379.622 exp(— 640.8) 384.654 6.673 377.981 exp(—638.0) 369.692 6.819 362.872 exp(— 612.5)
10 323.15 385.848 6.739 379.109 exp(—590.4) 384.732 7.314 377.418 exp(—587.8) 369.782 7.484 362298 exp(— 564.2)

Table 2 Thermodynamic quantities AH,, TAS, and AG, in kcal/mol and equilibrium constants, K, for the indicators dissociation equilibrium of
phenol red, cresol red and bromophenol blue in the different solvents obtained at the B3LYP/6-31G** level of theory

Phenol red Cresol red Bromophenol blue

AH, TAS, AG, K, AH, TAS, AG, K, AH, TAS, AG, K,
Ethanol 197.573 7.926 189.646 exp(—320.1) 197.416 7.308 190.108 exp(—320.9) 185.967 7.656 178.311 exp(—301.1)
Water 192.192 7.686 184.506 exp(—311.4) 192.046 7.393 184.653 exp(—311.7) 180.903 7.788 173.115 exp(—292.2)

Table 3 Thermodynamic quantities AH,, TAS, and AG, in kcal/mol and equilibrium constants, K, for the indicators dissociation equilibrium of
phenol red, cresol red and bromophenol blue with change of isotopic type of constituent atoms obtained at the B3LYP/6-31G** level of theory

Phenol red Cresol red

Bromophenol blue

AH,  TAS, AG, K, AH,

TAS,

AG K

a

AH, TAS, AG K

a a a a

IZCHBC
160*)|80
1H—>2H

385.787 7.509
385.778 7.508
387.909 7.891

378.278
378.270
380.018

exp(— 638.5)
exp(— 638.5)
exp(— 641.5)

384.670
384.661
386.836

8.039
7.084
7.471

376.631
377.576
379.366

exp(— 635.7)
exp(— 637.3)
exp(— 641.2)

369.715 8.187
369.698 8.183
371.755 8.580

361.528
361.516
363.176

exp(— 610.3)
exp(— 610.2)
exp(613.0)

reaction. The comparison of AG, values with AH, and
TAS, values indicates that acid ionization of indicators is
controlled by entropy agent (entropy of the process) and
AG, values in the solvents phase are much smaller in gas
phase (in view of the interactions of soluble and solvent in
the CPCM model, the species become more stable, espe-
cially the pregnant species). As a result, high-polarity sol-
vents are other favorable conditions for ionization process
of indicators. In this study, all static calculations in sol-
vents phase were carried out in Gaussian09 using density
functional theory (DFT) and CPCM model as these meth-
ods are computationally efficient. However, to fully under-
stand the origin of the AG, values, a QM/MM molecular
dynamic simulation study in a solvent molecular environ-
ment was used in combination with inclusion of implicit
solvent, CPCM calculations, that takes into account the
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flexibility of the dye and the explicit interactions with the
surrounding solvent molecules. This procedure allowed us
to reach to a remarkable agreement between the theoreti-
cal and experimental AG, values and enabled us to fully
unravel the pH-sensitive behavior of sulfonphthaleine dyes
in solution phase. This methodology could also be applied
to other dyes and could be served as a basis for the con-
struction of more advanced theoretical models to study the
interactions of (sulfonphthaleine) dyes in a solution envi-
ronment. So, it is expected in the real and experimental
conditions that AG, values would be smaller or they could
even be negative. AG, increases with isotopic change of
the constituent atoms of the indicator.

The increase in AG, values with isotopic change of the
constituent atoms of the indicator can be interpreted by the
following statistical thermodynamic relationships.
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T1)

di = Gete X Girans X Grot X Gvib X Gnucl (5)

-0,./2T hv.

e 7 J

qvib = H <—1 "y /T), 9vj =% and v; =
joN e

The molecular partition function, g;, is written as the
product of electronic, g, translational, g, vibrational,
q.ip> Totational, ¢,.., and nuclear, q,,.;, partition functions.
The vibrational partition function is given by the product of
vibrational functions for each frequency. 9‘/,_ is called the
characteristic vibrational temperature and the vibrational
frequencies are given by v,. k; and y; are spring constant and
reduced mass, respectively.

To this end, the molecular partition functions obtained in
the frequency calculations are reported in Table 4. The
obtained results show that the acidic and base forms differ
greatly in the numerical values of the vibrational partition
function and their differences in the other partition functions
are negligible. This can be attributed to the elimination of a
bond between hydrogen and oxygen atom and vibrations as
to it in acidic form. When an atom in a molecule is changed
to an isotope, the mass number will be changed, so u; will
be affected but spring constant, kj, will not (mostly). This
change in the reduced mass will affect the vibrational modes
of the molecule, which will affect the vibrational partition
function. When an atom is replaced by an isotope of larger
mass, y; increases leading to smaller v; and GV]. This drop in
the vibrational characteristic temperature, ij; increases the
vibrational partition function and thereby increases the total
partition function. The ratio of the numerical values of the
total partition function of the isotopic state to the natural
state for acidic and base forms, g, (isotopic) /g, (natural),
and change of the equilibrium constants with the isotopic
variation of the constituent atoms of the indicators,
K, (isotopic) /K, (natural), are reported in Table 5. The results
presented in Table 5 show that the increase in the value of
the total partition function in all cases is greater for the
acidic form than the base form, and this results in an equi-
librium constant ratio of less than one or an increase in the
AG, by changing the constituent isotopes

. SN _ K, (isotopic)
[AGa(lsotoplc) AG  (natural) = —RT In X, (oataral) . Due to

AG,>01in all states, K, values are very small in all condi-
tions. The obtained results indicate that ionization equilib-
rium constant was larger at high temperature and low pres-
sure conditions and in the solution phase, especially in the
polar solvents. The isotopic effect decreased K, values in all
cases.

Table 4 The statistical thermodynamic quantities qy;y, Gyrans, Grot a1d Giory Calculated for a) acidic and b) base forms of phenol red, cresol red and bromophenol blue indicators in the natural state

and isotopic state (with change of isotopic type of constituent atoms) obtained at the B3LYP/6-31G** level of theory

Bromophenol blue

Cresol red

Phenol red

Rot Total Vib Trans Rot Total Vib Trans Rot Total

Trans

Vib

0.164D - 119 0.261D+9 0.114D+8 0.485D — 104 0.169D — 143 0.292D+9 0.144D+8 0.715D — 128 0.903D - 97 0.674D+9 0.555D+8 0.338D — 80

a-natural
b-natural
a-13¢
b-13¢C
a-130
b-130
a-2H
b-2H

0.237D-90 0.672D+9 0.570D+8 0.907D — 74

0.317D+9 0.155D+8 0.217D—-125 0.145D—-94 0.703D+9 0.569D+8 0.581D — 78

0.146D — 134 0.316D+9 0.161D+8 0.746D — 119 0.370D —88 0.701D+9 0.582D+8 0.151D - 71

0.574D — 137 0.291D+9 0.150D+8 0.251D — 121
0.569D — 119 0.272D+9 0.121D+8 0.187D — 103 0.596D — 143 0.304D+9 0.153D+8 0.276D — 127 0.337D—-96 0.689D+9 0.569D+8 0.132D —79

0.185D - 113 0.260D+9 0.118D+8 0.571D— 98

0.253D - 117 0.282D+9 0.121D+8 0.864D — 102 0.443D — 141

0.279D — 111

0.281D+9 0.127D+8 0.993D — 96

0.200D — 136  0.606D+8 0.159D+8 0.192D — 121 0.875D —-90 0.687D+9 0.584D+8 0.351D —-73

0.636D — 113  0.271D+9 0.127D+8 0.218D — 97

0.304D - 99

0.134D - 82 0.678D+9 0.567D+8 0.522D — 66

0.752D - 78 0.684D+9 0.579D+8 0.298D — 61

0.531D - 117 0.312D+9 0.161D+8 0.267D — 101

0.313D-112 0.620D+8 0.165D+8 0.321D —97

0.275D+9 0.123D+8 0.103D — 83

0.273D+9 0.127D+8 0.222D - 79

0.641D — 95

*The electronic partition function in all states is equal to one
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To investigate the changes in pH range of color change
of indicators resulted from different physical factors (tem-
perature, 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*] con-
centration changes in different conditions are proportional
to K,. Regarding the relationship between pH and [H*] con-
centration, the changes in pH of color change, ApH, can be
calculated based on the following relationships:

_ [H][In7]
= " [HIn] (7N
[H*].[In7]
2= “HIa] )]
[H], _ K
[, Ky ®
ApH = pH, — pH, pH, = —log[H*], and
pH; = —log[H"] (10)

ApH = —log 2], =—log K (11)
[H], K.

To study the effect of temperature on the pH of color
change of the indicators, two temperature changes of
273.15—298.15 K and 298.15—323.15 K (range of
each one equal to 50 K) at pressures of 1, 5, and 10 atm,
and to study the effect of pressure, two pressures changes
of 1 -5 atm and 5— 10 atm (range of each one equal to
5 atm) at temperatures of 273.15, 298.15 and 323.15 K are
considered and their results are reported in Tables 6 and 7.
The obtained results in Table 6 show that increasing the
temperature increases the pH of color change of indica-
tors (ApH > 0). This increase for each indicator is equal
in the various pressures and values for phenol red, cresol
red, and bromophenol blue indicators with temperature
change from 273.15 K—298.15 K were 25.884, 25.797
and 24.798, respectively, and for temperature change from
298.15 K—323.15 K were 21.888, 21.802 and 20.976,
respectively. Therefore, it can be concluded that this increase
nearly is not dependent upon indicator type and pressure
applied and the effect of temperature on ApH is lower under
higher temperatures.

Table 5 The ratio of g, and K, (dissociation equilibrium constant of the indicators) in the isotopic state to the natural state for a) acidic and b)
base forms of phenol red, cresol red and bromophenol blue indicators obtained at the B3LYP/6-31G** level of theory

Phenol red Cresol red Bromophenol blue

13C 180 ZH 13C 180 ZH 130 180 ZH

¢ 60 H 2¢ 60 H 2¢ 150 H
G (50L0piC) a) 0.178D+2 0.387D+1 0.213D+21 0.304D+3 0.386D+1 0.373D+27 0.172D+3 0.392D+1 0.155D+13
o (natural) b) 0.151D+2 0.382D+1 0.389D+19 0.297D+3 0.764 0.127D+25 0.166D+3 0.387D+1 0.328D+13
K, @sotopic) 0.849 0.990 0.002 0.977 0.198 0.003 0.967 0.988 0.021
K, (natural)

Table 6 The changes in pH of color change of indicators, ApH, in the gas phase resulted from change of temperature (in K) obtained at the dif-

ferent pressures (in atm) and the B3LYP/6-31G** level of theory

Phenol red Cresol red Bromophenol blue

1 5 10 1 5 10 1 5 10
273.15—-298.15 25.884 25.884 25.884 25.797 25.840 25.797 24.798 24.798 24.798
298.15—323.15 21.888 21.888 21.888 21.802 21.802 21.802 20.976 20.976 20.976

Table 7 The changes in pH of color change of indicators, ApH, in the gas phase resulted from change of pressure (in atm) obtained at the differ-

ent temperatures (in K) and the B3LYP/6-31G** level of theory

Phenol red Cresol red Bromophenol blue

273.15 298.15 323.15 273.15 298.15 323.15 273.15 298.15 323.15
1—5 0.697 0.695 0.695 0.695 0.695 0.695 0.695 0.695 0.695
5—10 0.304 0.304 0.304 0.304 0.304 0.304 0.304 0.304 0.304
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Table8 The changes in pH of color change of indicators, ApH,
resulted from change of phase obtained at the B3LYP/6-31G** level
of theory

ApH Phenolred  Cresolred  Bromophenol blue
Ethanol — gas 138.279 136.716 134.240
Water — Ethanol 3.768 3.853 3.999

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

ApH Phenol red Cresol red Bromo-
phenol
blue

2c- B¢ 0.011 0.010 0.015

15010 0.005 0.703 0.078

'"H—’H 1.287 2.015 1.223

The results reported in Table 7 show that increasing of
pressure from 1 to 5 atm for each three types of indicators at
temperatures of 273.15, 298.15 and 323.15 K increased the
pH of color change to the amount of 0.695, and increasing
pressure from 5 to 10 atm increased the pH of color change
to the amount of 0.304, and this shows that the effect of
pressure on ApH is lower under higher pressures and is not
dependent on the indicator type and temperature applied.

By considering the solvent model effect (CPCM) on the
indicators, the obtained results will find more consistency
with experimental samples. The results reported in Table 8
show that by changing of solvent from water to ethanol, pH
of color change of the indicators, ApH, varies by 3.8-4.00,
and by changing the phase from ethanol solvent to vacuum,
ApH increases to about 134—138.

The isotopic effect on carbon, oxygen, and hydrogen
atoms of the indicators has been studied. The results reported
in Table 9 show that use of isotopes produced the increase in
the pH of color change of the indicators (ApH > 0) that their
values depend on the type of atom and type of the indicator.

Conclusions

Initially, the structures of three types of sulfonphthaleine
indicators including phenol red, cresol red, and bromophenol
blue in modes of single anionic (acidic form) and a double
anion (base form) were optimized in Gaussian 03 program
package using B3LYP/6-31G** 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.

To elucidate the effect of physical factors on the halochro-
mic behavior of the sulfonphthaleine dyes (or change of
pH of the color change of the indicators, ApH), acid—base
equilibrium of the indicators and its related thermodynamic
quantities (enthalpy change, AH,, entropy change, AS,,
Gibbs free energy change, AG,, and equilibrium constant
of ionization process of indicators, K,) are studied under dif-
ferent conditions; Then, their obtained values and variations
are interpreted by the rules of thermodynamics and statisti-
cal thermodynamics. The obtained results indicate that the
equilibrium constant of ionization is larger in the conditions
of high temperatures, low pressures, polar environment and
use of constructive atoms in natural state (non-use of iso-
topes). Therefore, it is concluded that these conditions are
favorable for the reaction.

The results show that ApH is positive by increasing tem-
perature at any pressure, increasing pressure at any tempera-
ture, decreasing the polarity of the solvent used and using
of isotopes of constituent atoms. The effect of temperature
and pressure on ApH is lower respectively under higher tem-
perature and pressures and is not dependent on the indicator
type. The ApH values due to the isotopic factor depend on
the type of atom and type of the indicator.

The results of this research can help and guide the identi-
fication of favorable indicators predicting 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, can be used on
large surfaces, and can communicate warning messages by
a color change at a particular point.
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