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Abstract: Binary solvent mixtures of the non-ionic surfactant Triton X-100 with water,
methanol, ethanol, and 1-propanol, respectively, were investigated by solvatochromic
studies. The absorption spectral bands of methyl red dye, used as a solvatochromic probe,
were recorded in ternary solutions prepared with different mole ratios between Triton
X-100 and water/alcohols. The Kamlet-Abboud-Taft model was applied to estimate the
contribution of each type of intermolecular interaction to the total shift of the electronic
absorption band of the solute. The composition of the solute molecule’s first solvation
shell was comparatively estimated by using three models: the statistical cell model of
ternary solutions, the Suppan model, and the Bosch-Rosés model. The statistical cell
model allows the estimation of the difference between the interaction energies in the solute—
solvent pairs of molecules. The Bosch-Rosés model provided important information on
the 1:1 complex formed between Triton X-100 and water/alcohol molecules, as well as on
the symmetry/asymmetry related to the binary mixtures in the cybotactic region of the
solute’s molecule.

Keywords: solvatochromism; Triton X-100; molecular interactions; molecular spectroscopy

1. Introduction

Binary mixtures of a surfactant with an alcohol are often involved in the preparation
of microemulsions [1], as well as in applications.

Polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether (Triton X-100) (molecular
structure in Figure 1) is a non-ionic surfactant with a rigid hydrophobic molecular segment
and a flexible polar head, derived from polyoxyethylene and containing an alkylphenyl
group. It is a fluorescent compound, emitting, in the UV region, 280-340 nm [2]. Also,
Triton X-100 in aqueous solutions rotates the polarization plane of light [3]. Mixed with
some other solvents, Triton X-100 forms spherical or oblate ellipsoidal micelles composed
of ten to a few hundred molecules, organized with the hydrophobic tails in the core and
the hydrophilic heads towards the outer shell, in contact with the other solvent [4]. The
cloud point of Triton X-100 is 64 °C.

Triton X-100 is one of the most-used non-ionic surfactants for lysing cells. Therefore, it
is widely used in biomedical applications, for example, nuclear protein isolation [5,6], the
decellularization of human kidneys for the preparation of renal scaffolds [7], assisting the
delivery of small interfering RNA (siRNA) to cancer cells for tumor growth inhibition [8],
the solubilization of poorly soluble drugs [9], assisting antidiabetic drug delivery [10], the
inhibition of insulin fibrillization [11], the development of a bacterial ghost cell vaccine [12],
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West Nile and Ebola virus inactivation [13], assisting genetic disorder diagnosis [14], en-
hancing the production of bacteria with potential antitumoral effects [15], and the decellu-
larization of corneas to reduce immune response after transplantation [16] or of scaffolds
with a role in tissue engineering [17,18]. Moreover, Triton X-100 improves the antimicrobial
activity of some nanoparticles [19-22].

N NP NG N

In chemistry and chemical engineering, Triton X-100 is used in gas chromatographic

Figure 1. Schematic of a Triton X-100 molecule.

analysis [23], assisted atomic absorption analysis for increasing sensitivity [24], assisted
copolymerization—carbonization [25], and catalysis [26]. In biotechnology, Triton X-100 is
widely used for increasing the activity of some enzymes [27-30]. Also, Triton X-100 was
found to be very useful in environmental protection as a collector of unburned carbon
particles from fly ash [31], as an enhancer of poly(vinyl alcohol) (PVA) nanofiber production
for the filtration of nanoparticles from the air [32], as a soil washing agent [33,34] and
contaminated groundwater remediator [34], as a coal dust suppressor [35], as a wastewater
treatment [36—41], in the bioremediation of contaminated marine sites [42], and in the
regeneration of transformer insulation oil [43].

In optoelectronics, Triton X-100 was involved in the improvement in the efficiency of
solar cells [44-46] and phosphorescent organic light emitting diodes (PhOLED) used in
OLED displays [47], while in electronics, it was used for enhancing supercapacitor perfor-
mance [48-50]. Triton X-100 is also often involved in assisting nanoparticle synthesis [51-54]
and the development of sensors [55-59]. Other applications of Triton X-100 include en-
hancing the tribological properties of some materials [60], inhibiting the corrosion of steel
and coatings on steel surfaces [61,62], enhancing the sensitivity of dosimeters [63], analyz-
ing the heavy metals present in cosmetics [64], and as a reference liquid for hydrometer
calibration [65].

The interactions in binary solvent mixtures are complex since the solute is preferen-
tially surrounded by the component solvents but also the complex formed by the two
solvents. To understand the role of solvation in the chemical processes, it is important to
know what type of specific and/or nonspecific interactions take place in such systems and
to estimate the strength of these interactions. In this regard, solvatochromism is a rather
simple and efficient method to investigate the intermolecular interactions in solutions [66],
giving very good results in the case of ternary solutions (binary solvents mixture) [67-73].
The dependence of the solute’s absorption spectral band position and shape on the nature
of the solvent stays at the basis of this method. The shift of the solute’s absorption band
strongly depends on the nature and strength of the interactions between the molecules
of solute and solvent, respectively. Since the strength of the intermolecular interactions
strongly decreases with the distance between the molecules, only the interactions between
the solute’s molecule and the molecules of the solvent from its cybotactic region (first
solvation shell) significantly contribute to the shift of the spectral bands. Thus, several
theoretical models were developed for the estimation of the composition of the solute
molecule’s cybotactic region in the case of binary solvent mixtures. Among these, the most
used ones are the statistical cell model of ternary solutions [74], the Suppan model [75],
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and the Bosch—-Rosés model [76-79], with the mention that this last one can be generalized
for any number of solvents.

The first solvatochromic studies of Triton X-100’s binary mixtures with different
solvents were reported by Kohantorabi et al. [80,81], who experimentally estimated the
values of Kamlet-Abboud-Taft [82] solvatochromic parameters ¥, 8, and a for several
mixtures. These values were used in the present article for analyzing the spectral data.

Here, we report on the solvatochromic investigation of ternary solutions in which the
binary solvent was obtained by mixing Triton X-100 with water, methanol, ethanol, and
1-propanol, respectively. Methyl red dye (schematic of the molecule shown in Figure 2)
was used as a solvatochromic probe, its absorption spectral bands being recorded in
solutions prepared with different mole ratios between Triton X-100 and water/alcohols.
The Kamlet-Abboud-Taft model [82] was employed to estimate the contribution of each
type of intermolecular interaction to the total spectral shift of the electronic absorption
band of the solute. The composition of the cybotactic region of the solute’s molecule was
comparatively estimated by using the three above-mentioned models. The statistical cell
model of ternary solutions allowed the calculation of the difference between the interaction
energies of two molecules in pairs of the type of solute—solvent. The Bosch—Rosés model
provided important information on the 1:1 complex formed between Triton X-100 and the
other solvent molecules. It also allowed the estimation of the composition of the cybotactic
region of the solute’s molecules, emphasizing the symmetry/asymmetry related to the
binary mixture of solvents in this region.

Nsy
HiC COOH

|
CH,

Figure 2. Schematic of methyl red molecule.

2. Materials and Methods
2.1. Materials

All chemical compounds were bought from Sigma Aldrich (now Merck), St. Louis,
MO, USA. The double distilled water was prepared in our laboratory. The purity of the used
chemical compounds is as follows: Triton X-100—for analysis; methanol—ACS reagent,
>99.8%; ethanol—puriss. p.a. absolute, >99.8%; 1-propanol—ACS reagent, >99.5%;
methyl red—pH indicator, ACS reagent Ph. Eur. The ternary solutions of methyl red were
prepared with a concentration of 10~* mol/L. The methyl red powder was weighed with a
Mettler balance XSR105 (Mettler Toledo, Columbus, OH, USA). The binary solvents were
prepared by measuring the volumes of the liquid solvents with micropipettes.

2.2. Spectral Measurements

The spectra were recorded at room temperature with a QE65000 Ocean Optics spec-
trometer (Ocean Insight, Orlando, FL, USA) with a resolution of 0.76 nm. The illumination
of the samples was performed through an optical fiber with a deuterium-tungsten-halogen
source with a spectral range of 200-1100 nm.
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2.3. Theoretical Models

The contributions of each type of intermolecular interaction to the total spectral shift
of the methyl red absorption spectral band were estimated by the Kamlet-Abboud-Taft
model [82]. This model considers three parameters, which describe the non-specific (univer-
sal) interactions (orientation, induction, and dispersion), 7* [83], the specific interactions
of the type of hydrogen bond donor, « [84], and the specific interactions of the type of
hydrogen bond acceptor, B [85], respectively. It proposes the next linear solvation—energy
relationship (LSER) [82]:

v =1+ Ot + Cpf + Cag, 1)

where v and vy are the wavenumbers corresponding to the maximum of the electronic
absorption spectral band in solution and for isolated molecules (gas state), respectively,
while C1—Cj3 are correlation coefficients, which can be determined by the multiple linear
regression of Equation (1).

For the ternary solution data analysis, three theoretical models were approached: the
statistical cell model [74], the Suppan model [75], and the Bosch—-Rosés model [76-79].
These models estimate the mole fractions of the two solvents in the cybotactic region of
the solute’s molecule, which usually differ from those in the whole solutions due to the
interactions between the solute and solvent molecules.

The statistical cell model considers the first solvation shell (cybotactic region) of the
solute’s molecule as a statistical grand canonical ensemble [86], changing particles with the
whole solution [74]. The statistical average weights of the two solvent molecules in the first
solvation shell of the solute’s molecule are calculated with the next equations (for details,

see [73]): o
Vy — Vo

pr— 2
no= 5, 2)
V1 — U
p2 = Vl _Vzr (3)

where 7 is the wavenumber corresponding to the maximum of the analyzed spectral band
of the solute, while the indices 1, 2, and ¢ refer to the binary solutions of the type of
solute + solvent 1, solute + solvent 2, and the ternary solution, respectively. The model also
establishes a linear dependence:

Pl = 2 @)

| %] X2 kT

where x; and x, are the mole fractions of the two solvents, respectively, in the whole
ternary solution; k and T are the Boltzmann constant and temperature; and w; and wy
are the interaction energies in the pairs of molecules of the type of solute—solvent 1 and
solute—solvent 2, respectively. By the linear regression of the above equation, the difference
wy, — wy can be estimated.

The basic hypothesis of the Suppan model [75] is that the solute will be preferentially
solvated by the most polar solvent, i.e., the solvent with the largest electrical dipole moment.
The next equation is established between the mole fraction of the two solvents in the
cybotactic region of the solute’s molecule (y2 /Y1) and the corresponding mole fraction of
the two solvents in the whole solution (x; /x1):

B2 _ 222 G)

n X1



Symmetry 2025,17,199

50f24

In the above equation, Z is the index of preferential solvation, introduced by Van and
Hammond [87]. Its value can be estimated from the spectral data [88].

The statistical cell model and the Suppan model neglect the specific interactions
between the molecules. Unlike these, the Bosch—Rosés model takes into account the specific
interactions between the molecules (solute-solvent and solvent-solvent) and also the
formation of the 1:1 complex between the molecules of the two solvents. The model defines
two preferential solvation parameters, which describe the tendency of the solvatochromic
indicator to be solvated by the second solvent (f, /1) and the complex of the two solvents
(f12/1), respectively, by comparison to the first solvent:

Y2/ y1
_ 6
fan (x2/x1)° ©
_ y/n
fizn = /a1 )

where x1, X2, 1, and y, have the same meaning as in the Suppan model.
With these notations, the transition energy corresponding to the maximum of the
electronic absorption band in the ternary solution can be written as:

Er = y1E1 + y2E» + y12E12, (8)

where Eq, Ey, and Eq; are the transition energies corresponding to the maximum of the
absorption spectral band in the binary solution with solvent 1, solvent 2, and their com-
plex, respectively.

From Equations (6)—(8), replacing y; + y2 + y12 = 1 and x1 + x, = 1 results in:

Eixd + Exfoy1(1—x1)* + Enafiojixi(1—xp)
2+ fo1(1—x1)> + foax(l—x)

E = . (9)

By applying the nonlinear regression of the above equation, the parameters Ejy, f5 1,
and f1,/1 are estimated. Further, the compositions of the cybotactic region can be calculated:

X
yl - ’ (10)
2+ fo153 + fronx1x2
Yo = f2/1x% (11)
X2+ 133 4+ fiaxix
X1X2
Yo = fr21%1 12

2+ Hrx3 4+ fiaxixg

3. Results and Discussion

The spectra of methyl red dissolved in the binary solvent mixtures Triton X-100/water,
Triton X-100/methanol, Triton X-100/ethanol, and Triton X-100/1-propanol were recorded
for different ratios between the mole fractions of the solvents composing the mixtures.
Figures 3 and 4 show two examples of methyl red’s electronic absorption spectral bands,
recorded in each of the five used solvents (Figure 3), respectively, in the four used binary
mixtures, for equal mole ratios between the two solvents (Figure 4).

Two spectral bands can be distinguished in the visible range of the spectra from
Figures 3 and 4, one with a maximum corresponding to around 410 nm and another one
with a maximum corresponding to around 490 nm. These bands correspond to the acid—
base resonance forms of methyl red, schematically shown in Figure 5 (see also [89-91]).
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The first band corresponds to the base form of methyl red [92], and it is predominantly in
the presence of Triton X-100 and water, respectively (see Figure 3), while the second band
corresponds to its acid form, being predominantly in the presence of alcohols (Figure 3).
In the case of the mixtures, the presence of Triton X-100 determines a decrease in the
second band amplitude, with the first spectral band remaining predominant (Figure 4).
This happens because the Triton X-100 molecule has a rather high HBA (hydrogen bonding
acceptor) count of 6, being able to make hydrogen bonds with the protons of the alcohols’
hydroxylic group. Methyl red has an HBA count of 4 and an HBD (hydrogen bonding
donor) count of 1, also being involved in hydrogen bonding with the molecules of sol-
vents, as schematically shown in Figure 6. However, neither Triton X-100 molecules nor
water/alcohol molecules can exclusively solvate methyl red. Consequently, concerted
interactions among all molecules must be considered, as described in [93]. An example of
such possible concerted interactions is shown in Figure 7.

Methyl Red dissolved in:
109 Triton X-100
Water
—~ 0.8 Methanol
=} —— Ethanol
S —— 1-Propanol
o 0.6
o
c
8 044
—
(o}
n
S 02
0.0

T T T T v T T T ¥ T T 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 3. Electronic absorption spectral bands of methyl red dissolved in Triton X-100, water,
methanol, ethanol, and 1-propanol, respectively.

Methyl Red dissolved in
1.0 50% Triton X-100 and
50% Water
0.8 —— 50% Methanol
’;? —— 50% Ethanol
© —— 50% 1-Propanol
© 0.6
o
&
o 044
—
o
38
< 021
0.0+

T T T T T T = T il T T 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 4. Electronic absorption spectral bands of methyl red dissolved in the binary mixtures of
Triton X-100 with water, methanol, ethanol, and 1-propanol, respectively, for equal mole ratios.

To estimate the contribution of each type of intermolecular interaction to the total
spectral shift of the electronic absorption spectral band on methyl red, the Kamlet-Abboud-
Taft model was approached. Tables 1-4 show the parameters involved in Equation (1),
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as well as the wavenumbers corresponding to the maximum of the electronic absorption
spectral band of methyl red for the studied binary solvent mixtures.

/O-
CHs Oo=C
()
CHs; N
base form of methyl red
_H+ H+
o o
CHs 0=C CHs O=C
Oy = e O
CHs; HN+ CH, HN
acid forms of methyl red

Figure 5. Base and acid forms of methyl red.

Figure 6. Illustration of different types of interactions between methyl red, Triton X-100, and
methanol molecules.

N ~
CHy” THsC

Figure 7. Concerted interactions among methyl red, Triton X-100, and methanol molecules.
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Table 1. Mole fractions of Triton X-100 and the parameters involved in Equation (1), as well as the

experimentally recorded wavenumbers corresponding to the maximum of the electronic absorption

spectral band of methyl red for the binary solvent Triton X-100 + water.

Mole Fraction of Triton X-100 T* B o Vexp (cm™1)
0.0 1.08 0.49 1.30 23,342
0.1 0.88 0.63 0.59 24,353
0.2 0.87 0.67 0.49 24,399
0.3 0.91 0.59 0.41 24,444
0.4 0.88 0.62 0.39 24,444
0.5 0.87 0.65 0.39 24,491
0.6 0.88 0.60 0.34 24,491
0.7 0.87 0.62 0.35 24,537
0.8 0.93 0.52 0.27 24,537
0.9 0.90 0.55 0.28 24,585
1.0 0.87 0.57 0.31 24,585

Table 2. Mole fractions of Triton X-100 and the parameters involved in Equation (1), as well as the

experimentally recorded wavenumbers corresponding to the maximum of the electronic absorption

spectral band of methyl red for the binary solvent Triton X-100 + methanol.

Mole Fraction of Triton X-100 T* B x Vexp (em~1)
0.0 0.55 0.84 1.17 24,081
0.1 0.80 0.65 0.83 24,125
0.2 0.84 0.60 0.67 24,216
0.3 0.86 0.58 0.59 24,261
0.4 0.88 0.59 0.54 24,307
0.5 0.86 0.59 0.50 24,353
0.6 0.89 0.57 0.43 24,399
0.7 0.88 0.55 0.37 24,444
0.8 0.88 0.56 0.33 24,491
0.9 0.86 0.57 0.32 24,537
1.0 0.87 0.57 0.31 24,585

Table 3. Mole fractions of Triton X-100 and the parameters involved in Equation (1), as well as the

experimentally recorded wavenumbers corresponding to the maximum of the electronic absorption

spectral band of methyl red for the binary solvent Triton X-100 + ethanol.

Mole Fraction of Triton X-100 T* B ® Vexp (em~1)
0.0 0.54 0.90 0.98 24,353
0.1 0.82 0.62 0.66 24,399
0.2 0.80 0.62 0.61 24,444
0.3 0.83 0.60 0.54 24,444
0.4 0.87 0.56 0.46 24,444
0.5 0.80 0.66 0.48 24,491
0.6 0.84 0.62 0.43 24,491
0.7 0.88 0.57 0.35 24,537
0.8 0.86 0.58 0.34 24,537
0.9 0.86 0.57 0.31 24,585
1.0 0.87 0.57 0.31 24,585

The coefficients C;—Cz from Equation (1) were obtained by applying multiple linear

regression to the data in Tables 1-4. Fisher’s test of significance [94] was applied to the

multiple linear regression data and the results are given in Tables 5-8.
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Table 4. Mole fractions of Triton X-100 and the parameters involved in Equation (1), as well as the
experimentally recorded wavenumbers corresponding to the maximum of the electronic absorption
spectral band of methyl red for the binary solvent Triton X-100 + 1-propanol.

Mole Fraction of Triton X-100 T* B o Vexp (cm™1)
0.0 0.59 0.95 0.84 24,307
0.1 0.71 0.72 0.66 24,353
0.2 0.88 0.58 0.56 24,399
0.3 0.85 0.60 0.55 24,399
0.4 0.86 0.58 0.47 24,444
0.5 0.83 0.66 0.50 24,444
0.6 0.86 0.60 0.41 24,491
0.7 0.85 0.61 0.38 24,491
0.8 0.88 0.57 0.33 24,537
0.9 0.88 0.57 0.31 24,537
1.0 0.87 0.57 0.31 24,585

Table 5. Results of the multiple linear regression analysis of the data in Table 1 (Triton X-100 + water)
according to Equation (1).

Vo (cm—1) Cq C, Cs Adj. R-Square  F Value
29,115 (694) L 5237 (766) 0.821 46.735
22,525 (1105) 3138 (1860) 0.156 2.846

24,938 (33) —1194 (60) 0.975 389.796

33321 (986)  —7625 (668) —3460 (747) 0.945 87.149
26,113 (257) —1434 (313) —934 (66) 0.992 639.740
24,471 (165) 746 (260) —1138 (49) 0.986 355.108
27,068 (958)  —2204(807) —518 (501) —833 (118) 0.992 430.510

1 Number in the brackets is the standard deviation.

Table 6. Results of the multiple linear regression analysis of the data in Table 2 (Triton X-100 + methanol)
according to Equation (1).

Vo (cm~—1) C1 Cy Cs Adj. R-Square  F Value
23,423 (336) 1 1101 (400) 0.396 7.566
25,210 (265) —1434 (434) 0.498 10.929
24,655 (41) —569 (68) 0.873 69.116
—4019 —6154
31,423 (3307) Biss) e 0.609 8.785
25,829 (74)  —1158 (72) 949 (27) 0.996 1160.524
23,910 (53) 1663 (117)  —1048 (37) 0.995 912.471
24972 (308)  —650(187) 764 (270)  —1002 (27) 0.998 1454.548

1 Number in the brackets is the standard deviation.

The highest F value was obtained for the multiple linear regression function of all
parameters for the binary solvent Triton X-100 + methanol. In the case of the binary solvents
Triton X-100 + water and Triton X-100 + ethanol, the highest F values were obtained for the
multiple linear regression function of only 7* and «, so that the term C, can be neglected.
For the binary solvent Triton X-100 + 1-propanol, the highest F value was obtained for
the multiple linear regression of § and «, while the term C;7* can be neglected. The next
equations give the results for the binary solvents investigated:

Ur . w = 26,113.36782 — 1434.42074 7t — 933.5958x, (13)

Ur 4 M = 24,972.13348 — 649.937197t" + 763.61986p — 1002.43939«, (14)
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Ur4p = 25,240.40436 — 569.067897T* — 590.24541a, (15)
Tw 4 p = 24,604.19756 + 208.015578 — 594.72577x. (16)

The contributions of each type of intermolecular interaction (in cm~! and %) to the
total spectral shift (v — vp) of the electronic absorption spectral band of Triton X-100 are
listed in Tables 9-12 and shown in Figures 8-11, respectively. The calculated wavenumbers
corresponding to the maximum of the electronic absorption spectral band according to
Equations (13)—(16) are also listed in Tables 9-12, respectively, and the correlations between
the calculated and the experimental wavenumbers corresponding to the maximum of the
electronic absorption spectral band are illustrated in Figures 1215, respectively.

Table 7. Results of the multiple linear regression analysis of the data in Table 3 (Triton X-100 + ethanol)
according to Equation (1).

Vo (em—1) Cq C, Cs Adj. R-Square  F Value
24041 (152) 1 542 (186) 0.429 8.511
24,806 (120) 517 (190) 0.390 7.395

24,654 (26) —344 (48) 0.833 50.907
22,783 (2103) 1416 (1469) 873 (1456) 0.385 4132
25240 (150)  —569 (145) —590 (69) 0.936 73.950

24,467 (65) 453(150)  —536(73) 0.912 52.958
26,028 (780) 1128 (780) —511(497)  —615 (73) 0.936 50.010

1 Number in the brackets is the standard deviation.

Table 8. Results of the multiple linear regression analysis of the data in Table 4 (Triton X-100 + 1-
propanol) according to Equation (1).

Vo (cm~1) (] C, Cs Adj. R-Square  F Value
23,890 (146) 1 679 (176) 0.581 14.849
24,786 (96) —529 (149) 0.538 12.643
24,677 (15) 471 (29) 0.964 271.791
23,664 (1218) 847 (916) 138 (737) 0.530 6.646
24905 (83)  —216(78) 575 (43) 0.980 241.716
24,604 (17) 208 (43) —595 (30) 0.990 486.496
24,365 (174) 183 (132) 339 (103) —585 (29) 0.991 361.996

1 Number in the brackets is the standard deviation.

90

L [
- n
80 . - - ] n
| |
70 ]
X -
= 60 + Triton X-100 + Water
n
2 = Cn*
5 50
e ° * Cua
£ 404
=
o]
O 304 °
L ]
e o o
204 ° °
o © °
10 T ¥ T L T Ll T L T * T
0.0 0.2 04 0.6 0.8 1.0

Triton X-100 mole fraction

Figure 8. Contributions of each type of intermolecular interaction to the total spectral shift of the
electronic absorption spectral band of methyl red dissolved in Triton X-100 + water.
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Table 9. Contributions of each type of intermolecular interaction (in cm~! and %) to the total spectral
shift of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + water and
the calculated wavenumbers corresponding to the maximum of the electronic absorption spectral
band according to Equation (13).

Mole Fraction of Cymc* Cyt* Csu Csu Veale
Triton X-100 (cm™1) (%) (cm™1) (%) (cm™1)
0.0 —1549.17 56.07 —1213.67 43.93 23,351
0.1 —1262.29 69.62 —550.82 30.38 24,300
0.2 —1247.95 73.18 —457.46 26.82 24,408
0.3 —1305.32 77.33 —382.77 22.67 24,425
04 —1262.29 77.61 —364.10 22.39 24,487
0.5 —1247.95 77.41 —364.10 22.59 24,501
0.6 —1262.29 79.91 —317.42 20.09 24,534
0.7 —1247.95 79.25 —326.76 20.75 24,539
0.8 —1334.01 84.11 —252.07 15.89 24,527
0.9 —1290.98 83.16 —261.41 16.84 24,561
1.0 —1247.95 81.17 —289.41 18.83 24,576

Table 10. Contributions of each type of intermolecular interaction (in cm ™! and %) to the total spectral
shift of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + methanol
and the calculated wavenumbers corresponding to the maximum of the electronic absorption spectral
band according to Equation (14).

Mole Fraction Cymc* Cymc* G G2 Czu Ciu Veale
of Triton X-100 (cm™1) (%) (cm—1) (%) (cm—1) (%) (cm—1)
0.0 —357.47 16.46 641.44 2954 —1172.85 54.00 24,083
0.1 —519.95 28.13 496.35 26.85 —832.02 45.02 24,117
0.2 —545.95 32.58 458.17 2734 —671.63 40.08 24213
0.3 —558.95 35.08 442 .90 2780 —591.44 37.12 24,265
0.4 —571.94 36.57 450.54 28.81 —541.32 34.62 24,309
0.5 —558.95 37.00 450.54 29.82 —501.22 33.18 24,363
0.6 —578.44 40.04 435.26 30.13 —431.05 29.84 24,398
0.7 —571.94 41.97 420.00 30.82 —370.90 27.22 24,449
0.8 —571.94 42.99 427.63 32.14 —-330.80 24.87 24,497
0.9 —558.95 42.51 435.26 33.10 —320.78 24.39 24 528
1.0 —565.45 43.12 435.26 33.19 —-310.76 23.70 24 531
601 Triton X-100 + Methanol
554 ° . C1TE*
50 A Cp
§ 45 . e Ca
= e 5 =
é 35 . L] ° o . N "
€ 30{ a Y
[e] 1 A A °
O 2 ° .
20
154 "
00 02 04 06 08 10

Triton X-100 mole fraction

Figure 9. Contributions of each type of intermolecular interaction to the total spectral shift of the
electronic absorption spectral band of methyl red dissolved in Triton X-100 + methanol.
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Table 11. Contributions of each type of intermolecular interaction (in cm ! and %) to the total spectral
shift of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + ethanol and
the calculated wavenumbers corresponding to the maximum of the electronic absorption spectral

band according to Equation (15).

Mole Fraction of Cymc* Cyt* Csu Csu Veale
Triton X-100 (cm™1) (%) (cm™1) (%) (cm™1)
0.0 —307.30 34.69 —578.44 65.31 24,355
0.1 —466.64 54.50 —389.56 45.50 24,384
0.2 —455.25 55.84 —360.05 44.16 24,425
0.3 —472.33 59.71 —318.73 40.29 24,449
04 —495.09 64.58 —271.51 35.42 24,474
0.5 —455.25 61.64 —283.32 38.36 24,502
0.6 —478.02 65.32 —253.81 34.68 24,509
0.7 —500.78 70.80 —206.59 29.20 24,533
0.8 —489.40 70.92 —200.68 29.08 24,550
0.9 —489.40 72.79 —182.98 27.21 24,568
1.0 —495.09 73.01 —182.98 26.99 24,562

Table 12. Contributions of each type of intermolecular interaction (in cm ™! and %) to the total spectral
shift of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + 1-propanol
and the calculated wavenumbers corresponding to the maximum of the electronic absorption spectral

band according to Equation (16).

Mole Fraction of G Cp Ciu Ciu Veale
Triton X-100 (cm—1) (%) (cm—1) (%) (cm—1)
0.0 197.61 28.34 —499.57 71.66 24,302
0.1 149.77 27.62 —392.52 72.38 24,361
0.2 120.65 26.59 —333.05 73.41 24,392
0.3 124.81 27.62 —327.10 72.38 24,402
04 120.65 30.15 —279.52 69.85 24,445
0.5 137.29 31.59 —297.36 68.41 24,444
0.6 124.81 33.86 —243.84 66.14 24,485
0.7 126.89 35.96 —226.00 64.04 24,505
0.8 118.57 37.66 —196.26 62.34 24,527
0.9 118.57 39.14 —184.36 60.86 24,538
1.0 118.57 39.14 —184.36 60.86 24,538
80+
70+ = e "
. - ]
< 60 . "
‘E u Triton X-100 + Ethanol
LS 50+ = Cr
§ ° e C
2 404 o
8 ] L) ¢ °
30 1 ° °
[ ] [ ]
20 : —
0.0 02 04 06 08 1.0

Figure 10. Contributions of each type of intermolecular interaction to the total spectral shift of the
electronic absorption spectral band of methyl red dissolved in Triton X-100 + ethanol.
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Figure 11. Contributions of each type of intermolecular interaction to the total spectral shift of the

electronic absorption spectral band of methyl red dissolved in Triton X-100 + 1-propanol.
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Figure 12. Calculated (with Equation (13)) versus experimental wavenumbers corresponding to the

maximum of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + water.

The red line represents the linear regression of the data.
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Figure 13. Calculated (with Equation (14)) versus experimental wavenumbers corresponding

to the maximum of the electronic absorption spectral band of methyl red dissolved in Triton X-

100 + methanol. The red line represents the linear regression of the data.
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Figure 14. Calculated (with Equation (15)) versus experimental wavenumbers corresponding to the

maximum of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + ethanol.
The red line represents the linear regression of the data.
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Figure 15. Calculated (with Equation (16)) versus experimental wavenumbers corresponding to the
maximum of the electronic absorption spectral band of methyl red dissolved in Triton X-100 + 1-
propanol. The red line represents the linear regression of the data.

The non-specific interactions (described by the term C;7t¥) are dominant in the binary
mixtures Triton X-100 + water, Triton X-100 + ethanol (except the binary solution of methyl
red in ethanol, corresponding to the null value of the Triton X-100 mole fraction), and
Triton X-100 + methanol above the value of the Triton X-100 mole fraction equal to 0.4.
However, in the case of the binary mixture Triton X-100 + 1-propanol, the contribution of
the non-specific interactions can be neglected. Also, the contribution of the non-specific
interactions increases with the increase in the Triton X-100 mole fraction.

The contribution of the specific interactions of the type of hydrogen bond acceptor
(described by the term C;) can be neglected for the binary mixtures Triton X-100 + water
and Triton X-100 + ethanol, while for the other two binary mixtures, it slowly increases
with the increase in the Triton X-100 mole fraction.

The contribution of the specific interactions of the type of hydrogen bond donor
(described by the term Cza) is important, being present in all investigated binary mix-
tures. It is dominant in the case of binary mixtures Triton X-100 + 1-propanol and Triton
X-100 + methanol up to the value 0.3 of the Triton X-100 mole fraction. The contribu-
tion of this type of interaction generally decreases with the increase in the Triton X-100
mole fraction.
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The Kamlet-Abboud-Taft model gives very good correlations between the calculated
and experimental values of the wavenumbers corresponding to the maximum of the
electronic absorption spectral band of methyl red for all investigated binary mixtures, the
values of the slope and Adj. R-Square being close to 1, respectively (see Figures 12-15).

To estimate the composition of the cybotactic region (first solvation shell) of the solute’s
molecule, three models were applied: the statistical cell model of ternary solutions [74], the
Suppan model [75], and the Bosch-Rosés model [76-79]. The comparative results obtained
by approaching these models are shown in Figures 16-19.
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0.0 0.2 0.4 0.6 0.8 1.0

Triton X-100 mole fraction in the whole solution

Figure 16. Comparative estimation of the methyl red molecule cybotactic region’s composition
by statistical cell model, Suppan model, and Bosch-Rosés model for the binary mixture Triton
X-100 + water. The green line represents the first bisector.
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Figure 17. Comparative estimation of the methyl red molecule cybotactic region’s composition
by statistical cell model, Suppan model, and Bosch-Rosés model for the binary mixture Triton
X-100 + methanol. The green line represents the first bisector.

As a first observation in the above figures, Triton X-100 behaves as the active solvent
(its molecules interact more strongly with the methyl red molecule by comparison with
the other solvent molecules) in all investigated binary mixtures, its mole fractions in the
cybotactic region of the methyl red molecules being higher than the corresponding ones in
the whole solutions.
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Figure 18. Comparative estimation of the methyl red molecule cybotactic region’s composition
by statistical cell model, Suppan model, and Bosch-Rosés model for the binary mixture Triton
X-100 + ethanol. The green line represents the first bisector.
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Figure 19. Comparative estimation of the methyl red molecule cybotactic region’s composition

by statistical cell model, Suppan model, and Bosch-Rosés model for the binary mixture Triton
X-100 + 1-propanol. The green line represents the first bisector.

Generally, there is a good agreement between the estimations made by the three
models. For the binary mixture Triton X-100 + water, the Bosch-Rosés model slightly
underestimates the mole fractions of Triton X-100 in the cybotactic region of the solute’s
molecule, while for the binary mixture Triton X-100 + methanol, the same model slightly
overestimates it.

The Bosch-Rosés model considers the formation of the 1:1 complex between the two
solvents” molecules. Figures 20-23 show the composition of the cybotactic region of the
methyl red molecule, as estimated by this model.

Important information on the symmetry/asymmetry related to the binary mixtures of
solvents in the cybotactic region of the solute’s molecules can be extracted from the above
Figures 20-23. Thus, a very interesting behavior can be observed in Figures 20 and 22, where
the molecules of Triton X-100 from the cybotactic region are almost totally replaced with the
molecules” complex. This determines a strong asymmetry of the variation curves of the two
solvents’ mole fractions in the cybotactic region of the solute’s molecule with an increasing
Triton X-100 mole fraction in the whole solution. On the other hand, for the binary mixtures
Triton X-100 + methanol and Triton X-100 + 1-propanol, in Figures 21 and 23, a symmetry
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can be observed between the variation curves of the two solvents” mole fractions in the
cybotactic region of the solute molecules, the mole fractions of the 1:1 complex reaching
maximum values around the value 0.5 of the Triton X-100 mole fraction in the whole
solution. It seems that the presence of the specific intermolecular interactions of the
type of hydrogen bond acceptor (see Figures 8-11) is important for the symmetry of the
two solvents” mole fractions in the cybotactic region of the solute’s molecule. Further
investigation is necessary in this direction.

c n Water
9 404 . e Triton X-100 N
% ’ A 1:1 Triton X-100 - Water complex
= N A A
o
'-oa 0.84 - A
o] A
©

A
o 4
. 0.6 L]
o A
m |}
£ 044 A -
£ |

| |

c
S 021 4 .
° []
© = .
= 0.0- e o © o o o o o & ®
<
o T T T T T T T T T T T
= 0.0 0.2 0.4 0.6 0.8 1.0

Triton X-100 mole fraction in the whole solution

Figure 20. Bosch-Rosés model estimation of the methyl red molecule cybotactic region’s composition
for the binary mixture Triton X-100 + water.
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Figure 21. Bosch-Rosés model estimation of the methyl red molecule cybotactic region’s composition
for the binary mixture Triton X-100 + methanol.

By the linear regression of Equation (4), the statistical cell model allows the estimation
of the difference of wy — w; between the interaction energies in pairs of molecules of
the type of solute-solvent 1 and solute-solvent 2, respectively. Figures 24-27 show the
dependences In(p1 /p;) versus In(x; /x3), according to Equation (4).

For all investigated binary mixtures of Triton X-100, the difference w; — wy is positive,
meaning that Triton X-100 molecules interact with methyl red molecules more strongly
than water, methanol, ethanol, and 1-propanol molecules, respectively. This confirms
the previous results obtained from the Bosch—Rosés model (Figures 16-19) that Triton
X-100 is the active solvent in the investigated binary mixtures. For the binary mixture Triton
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X-100 + water, the value wy — wy = 1.48 kcal/mol is higher than the lowest value of the
hydrogen bond energy (considered to be 1 kcal/mol).
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Figure 22. Bosch-Rosés model estimation of the methyl red molecule cybotactic region’s composition
for the binary mixture Triton X-100 + ethanol.
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Figure 23. Bosch-Rosés model estimation of the methyl red molecule cybotactic region’s composition
for the binary mixture Triton X-100 + 1-propanol.

o0
L e S S B O — T T T T T T T
-15 1.0 -05 0Jo 0.5 1.0 1.5 2.0 2.5
059 In(x Water/ X rriton x-1oo)
~1.04

In (p Water/p Triton X-1 00)

Triton X-100 + Water
w, — w, = 1.48 kcal/mol

Figure 24. In(p;/p;y) versus In(x;/x,) according to Equation (4) for the binary mixture Triton X-
100 + water. The red line represents the linear regression of the data.
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Figure 25. In(p;/p) versus In(x;/x,) according to Equation (4) for the binary mixture Triton X-
100 + methanol. The red line represents the linear regression of the data.
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Figure 26. In(p;/p;y) versus In(xj/x;) according to Equation (4) for the binary mixture Triton X-
100 + ethanol. The red line represents the linear regression of the data.
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Figure 27. In(p; /p,) versus In(xq /x,) according to Equation (4) for the binary mixture Triton X-100 + 1-

propanol. The red line represents the linear regression of the data.
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4. Conclusions

Binary solvent mixtures of Triton X-100 with water, methanol, ethanol, and 1-propanol,
respectively, were comprehensively investigated by solvatochromism.

The contributions of each type of intermolecular interaction to the total spectral shift
of the solute’s electronic absorption spectral bands were estimated by the Kamlet-Abboud-
Taft linear solvation energy relationships model, finding a very good correlation between
the calculated and the experimental values of the wavenumber corresponding to the
maximum of the electronic absorption spectral band of the solute.

Three theoretical models (the statistical cell model, Suppan model, and Bosch-Rosés
model) were utilized for the analysis of the experimental data. A good correlation was
found between the estimations of the solute molecule’s cybotactic region made by these
models. Triton X-100 was found to be the active solvent in all binary mixtures investigated.

The Bosch-Rosés model establishes that the mole fraction of the 1:1 complex formed
by the molecules of the solvents has important values in the cybotactic region of the solute’s
molecule. A strong asymmetry was found for the binary mixtures Triton X-100 + water and
Triton X-100 + ethanol in the cybotactic region of the solute’s molecule, the molecules of
Triton X-100 being almost completely replaced by the 1:1 complex formed by the two solvent
molecules. For the binary mixtures Triton X-100 + methanol and Triton X-100 + 1-propanol,
symmetric compositions were observed in the cybotactic region of the solute’s molecule.

Further investigations of the behavior of Triton X-100 in solvent mixtures are necessary
to increase the knowledge of this compound and to develop new applications.
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