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Abstract: Deep ecutectic solvents (DESs) are emerging as sustainable alternatives to conventional solvents due to their
environmental compatibility and molecular tunability. In this work, we investigate the temperature- and structure-dependent
refractive index behavior of a binary DES composed of choline chloride and acetic acid (1:2 molar ratio) modified with three
structural isomers of butanol—1-butanol, 2-butanol, and 3-butanol. Refractive index (nP) measurements were performed from
293.15 to 323.15 K using an Abbe-type digital refractometer. All systems exhibited a linear decline in nP with increasing
temperature, driven by thermal expansion and weakened intermolecular interactions. The influence of alcohol structure was clearly
evident: 1-butanol showed the least deviation from the parent DES, while 3-butanol, due to steric hindrance and reduced hydrogen-
bonding efficiency, produced the most significant refractive index suppression.

To probe non-ideality, excess refractive index (nF) values were calculated and found to be consistently negative across all mixtures,
indicating strong associative interactions between the DES matrix and butanol molecules. These deviations were accurately modeled
using the Redlich—Kister polynomial, achieving excellent statistical correlation (R* > 0.99) with minimal absolute deviations
(<0.05%). Theoretical models, including Lorentz—Lorenz and Gladstone—Dale, were applied to rationalize the observed trends in
molecular polarizability and optical density.

This study highlights the impact of alcohol branching on DES microstructure and optical properties, establishing refractive index
measurements as a robust tool for evaluating molecular interactions in green solvent systems. These findings support the design of
optically tunable DESs for use in sensing, separation, and photonic applications.

Keywords: Deep eutectic solvents, choline chloride, acetic acid, butanol isomers, refractive index, excess refractive index, Redlich—
Kister model, hydrogen bonding, optical properties.

1. Introduction

In recent years, deep eutectic solvents (DESs) have surfaced as promising substitutes for traditional organic solvents and ionic
liquids because of their straightforward preparation, affordability, adaptability, and eco-friendly characteristics. DESs are usually
created through the complexation of a hydrogen bond acceptor (HBA), like choline chloride (ChCl), with a hydrogen bond donor
(HBD), such as acids, alcohols, or amides.[1-2] The resulting mixtures showcase a significantly lowered melting point compared to
their individual components, attributed to extensive hydrogen bonding and charge delocalization. These systems have garnered
interest across a variety of fields, including electrochemistry, extraction, catalysis, and pharmaceuticals, owing to their ionic nature
and solvent properties.

Among the various DES systems, those created using choline chloride and organic acids are particularly appealing due to their
minimal toxicity, biodegradability, and heightened polarity.[3-5] Acetic acid, a weak organic acid endowed with a strong capacity
for hydrogen bonding, establishes a stable eutectic system with choline chloride, typically at a molar ratio of 1:2. This DES system
has demonstrated potential in fields such as biomass processing and metal extraction. [6] However, despite their growing application,
a thorough understanding of their physicochemical and optical characteristics—especially when combined with secondary solvents
like alcohols—remains insufficient.

This publication is licensed under Creative Commons Attribution CC BY.

10.29322 /1JSRP.15.07.2025.p16329 Www.ijsrp.org


http://ijsrp.org/
mailto:jnvipatel7@gmail.com
mailto:shubhamkedia1823@gmail.com
https://dx.doi.org/10.29322/IJSRP.15.07.2025.p16329

International Journal of Scientific and Research Publications, Volume 15, Issue 7, July 2025 310
ISSN 2250-3153

Investigating binary mixtures of DESs with alcohols is essential since alcohols are frequently employed as co-solvents to alter the
physical properties of DESs, including viscosity, density, and polarity. [7-8] Butanol is a commonly utilized alcohol in both academic
and industrial research settings. It exists in three structural isomers—1-butanol (a primary alcohol), 2-butanol (a secondary alcohol),
and tert-butanol (a tertiary alcohol)—which differ in the placement of the hydroxyl group and the extent of branching. These
structural distinctions considerably affect their capacity to engage in hydrogen bonding, interact with DES constituents, and
influence the resultant physicochemical properties.[20]

One significant yet frequently overlooked characteristic in these mixtures is the refractive index (RI), which acts as a precise
indicator of molecular interactions. The refractive index is defined as the ratio of the speed of light in a vacuum to that within the
substance, and it is directly associated with the polarizability and density of the medium. Fluctuations in RI during mixing can yield
vital information regarding molecular structure, packing, and the intensity of intermolecular interactions, such as hydrogen bonding
and dipole alignment.[9-10]

Previous research has largely concentrated on thermodynamic properties like density, viscosity, and conductivity in DES—alcohol
systems. Nonetheless, refractive index presents an equally effective yet more straightforward experimental approach to investigate
microstructural changes. [11,23,24] Additionally, RI measurements across a spectrum of temperatures facilitate the examination of
thermal effects on solvent organization and molecular interactions.

In mixtures containing DES and alcohol isomers, the changes in RI can indicate the influence of molecular branching and the
strength of hydrogen bonds. For example, 1-butanol, as a linear molecule, can establish stronger and more directional hydrogen
bonds compared to 2-butanol or tert-butanol, which exhibit progressively greater steric hindrance. This structural distinction
influences the alignment and density of the molecules within the mixture, consequently affecting the refractive index. It is anticipated
that more branched isomers will display lower refractive indices due to diminished polarizability and weaker hydrogen bonding
networks.[12-13]

In the context of deep eutectic solvents, very few research have systematically investigated the refractive index behavior of binary
mixes with distinct co-solvent isomers. This study aims to fill that gap by investigating the refractive index behavior of ChCl-acetic
acid DES in binary mixtures with 1-butanol, 2-butanol, and tert-butanol. A conventional Abbe refractometer is used to measure
temperatures ranging from 293.15 K to 323.15 K.

The goals of this research are threefold: (1) to investigate how the structure of butanol isomers affects the refractive index of DES-
based binary mixtures; (2) to assess the temperature dependence of RI in these systems; and (3) to interpret the observed trends
using established theoretical models such as the Lorentz-Lorenz and Gladstone-Dale equations.[14] These models provide useful
frameworks for linking refractive index to density and molar refraction, assisting in rationalizing deviations from ideal behavior.

This study seeks to provide a better understanding of the structure-property correlations in DES-alcohol systems by combining
experimental data and structural analysis. The findings of this work can be used to guide the rational design of bespoke solvent
systems for applications such as analytical chemistry, separation procedures, and materials synthesis, where precise control over
optical and physicochemical properties is required. [16,17,18]

2. Experimental procedures

2.1 Chemicals

The chemicals, their abbreviations, CAS numbers, and the initial purity of all components utilized in this study are detailed in Table
1. Choline chloride and Acetic acid, which were employed in the formation of DES, along with all three butanol isomers (1-BOH,
2-BOH, and 3-BOH), were obtained from Divine Analytics in India and come with a purity certification of 97.0%. Acetic acid and
the butanol isomers were used as received, while the choline chloride was dried under vacuum for three days before being utilized
in the synthesis of DES.

Table 1

Details of chemicals used in present study

Chemicals Abbreviation CAS number Initial purity Source

Choline Chloride  ChCl 67-48-1 >98.0% Divine Analytics
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Acetic acid AC 64-19-7 >98.0% Divine Analytics

1-butanol 1-BOH 71-36-3 >99.0% Divine Analytics
2-butanol 2-BOH 78-92-2 >99.0% Divine Analytics
3-butanol 3-BOH 123-51-3 >99.0% Divine Analytics

2.2 Preparation of DESs:

The deep eutectic solvents (DESs) being investigated were synthesized by combining Acetic acid (HBD) and choline chloride
(HBA) at a eutectic molar ratio of 1:2, adhering to established protocols. The HBA and HBD were measured and placed into screw-
capped bottles according to their respective molar ratios. Subsequently, the mixture of HBA and HBD was stirred continuously at
80°C for a duration of two hours to yield a transparent liquid. [15]Following this, the DES was vacuum-dried for 72 hours prior to
the assessment of its physicochemical properties. The Refractive index of the proposed DESs were evaluated against literature
values to ascertain their purity. Table 2 presents a comparison of the experimental density values with those found in the literature
for butanol and ChCl: AA[36-40]. The standard deviation in refractive index for ChCl: AA was found to be approximately 0.01. The
slightly lower density of ChCl: AA compared to literature values can be attributed to variations in the precise molar ratio, moisture
content, and measurement techniques [19]. The Refractive index measurements for 1-BOH, 2-BOH, and 3-BOH are in good
agreement with the literature [42-45]. Taking into account all the temperatures studied, the reported standard deviations ranged
between 0.001 and 0.002 for 1-BOH [41, 42], 2-BOH [42-44], and 3-BOH [42, 45].

Table 2

The comparison of Refractive index, for DES and isomers of butanol with corresponding literature at studied temperatures.

Temperature | ChCI:AA | ChCI:AA | 1-BOH 1-BOH 2-BOH 2-BOH 3-BOH 3-BOH
(K) (Exp) (Lit) (Exp) (Lit) (Exp) (Lit) (Exp) (Lit)
293.15 1.451012 | 1.452112 | 1.399546 | 1.405212 | 1.395456 | 1.396546 | 1.384521 | 1.385652
298.15 1.449002 | 1.452561 | 1.397254 | 1.398115 | 1.393325 | 1.394224 | 1.382264 | 1.383256
303.15 1.446215 | 1.447121 | 1.395879 | 1.396352 | 1.390584 | 1.391654 | 1.380256 | 1.381326
313.15 1.443589 | 1.444365 | 1.392001 | 1.393254 | 1.388650 | 1.389254 | 1.378365 | 1.379546
323.15 1.440012 | 1.441320 | 1.391105 | 1.391654 | 1.386005 | 1.387326 | 1.375658 | 1.376256

2.3 Apparatus and procedure

2.3.1  Binary mixture preparation

Binary mixtures comprising the deep eutectic solvent choline chloride—acetic acid (ChCl:AA) and the three isomers of butanol—1-
butanol (1-BOH), 2-butanol (2-BOH), and tert-butanol (3-BOH)—were prepared by gravimetric methods, utilizing an analytical
balance with a precision of +£0.0001 g. The DES and alcohol components were combined in specific weight proportions and
thoroughly homogenized by stirring for 15-20 minutes at room temperature. The resulting mixtures were stored in airtight glass
containers to minimize exposure to atmospheric moisture.

2.3.2  Refractive index

The refractive index (RI) of each binary system was determined using a digital Abbe refractometer,[21-22] calibrated with double-
distilled water prior to measurements. Samples were placed on the refractometer prism, and readings were obtained at five distinct
temperatures: 293.15K, 298.15K, 303.15K, 313.15K,318.15 K and 323.15 K. A thermostatically controlled water bath was
employed to maintain the temperature within £0.01 K. All RI measurements were conducted at a wavelength of 589 nm (sodium D-
line). Each data point represents the average of three replicate measurements to ensure precision and reproducibility. [36-46] The
associated measurement uncertainty was estimated at +0.001.

This publication is licensed under Creative Commons Attribution CC BY.

10.29322 /1JSRP.15.07.2025.p16329 Www.ijsrp.org


http://ijsrp.org/

International Journal of Scientific and Research Publications, Volume 15, Issue 7, July 2025 312
ISSN 2250-3153

3. Results and Discussion
3.1 Refractive Index Trends in ChCIl-Acetic Acid—Butanol Systems

The refractive index (RI) of binary systems comprising choline chloride—acetic acid (ChCl:AA) deep eutectic solvent and three
butanol isomers—1-butanol (1-BOH), 2-butanol (2-BOH), and tert-butanol (3-BOH)—was measured across the temperature range
of 293.15K to 323.15 K. A consistent decrease in RI values with rising temperature was observed for all mixtures, which aligns
with the typical thermophysical behavior of liquids. This trend can be primarily attributed to thermal expansion, leading to reduced
molecular density and polarizability at elevated temperatures.[25,30,31]

Among the studied systems, mixtures containing 1-butanol exhibited the highest RI values at each temperature, followed
sequentially by 2-butanol and tert-butanol, which showed the lowest. This trend can be interpreted by considering structural and
intermolecular interaction factors. The linear geometry of 1-butanol, as a primary alcohol, facilitates efficient molecular packing
and strong hydrogen bonding with the ChCI: AA DES matrix. Conversely, 2-butanol, being a secondary alcohol, introduces moderate
steric hindrance due to the positioning of its hydroxyl group, slightly diminishing its ability to participate in hydrogen bonding and
reducing its overall polarizability.[32-35]

In the case of tert-butanol, a tertiary alcohol with a highly branched structure, the hydrogen bonding capability is significantly
diminished due to the presence of three alkyl groups surrounding the central carbon atom. This results in weaker intermolecular
interactions and a less compact microstructure within the binary mixture. Consequently, the ChCl: AA-3-BOH system exhibits lower
RI values due to reduced density and dipolar alignment.

These distinctions in refractive index among the isomers also correlate with their relative polarity and hydrogen bond donor strength.
Owing to its linear structure and minimal steric hindrance, 1-butanol forms more effective hydrogen bonding interactions within the
DES network, thereby enhancing the refractive index. Collectively, these findings highlight the utility of Rl measurements as a
sensitive probe for assessing microstructural changes arising from variations in molecular configuration and intermolecular
interactions in DES-based binary systems. [32-37]

TABLE 3

Refractive index of DES binary mixtures with butanol isomers at temperatures between 293.15 K and 323.15 K.

HOx Temp.(K)

293.15 298.15 303.15 308.15 313.15 318.15  323.15

ChCI:AA (x1) + 1-BOH (x2)

0.0000 1.424750 1.421589 1.419921 1.418689  1.416989  1.415659 1.413989
0.0762 1.426226 1.424567 1.422958 1.421699 1.419900  1.418699 1.416947
0.1508 1.427734 1.427654 1.425987 1.424589  1.422979  1.421645 1.419998
0.3094 1.431430 1.430600 1.429989 1.427699  1.426748  1.424712 1.423059
0.4716 1.435420 1.434100 1.432599 1.431199 1.429652  1.428111 1.426564
0.5694 1.436354 1.437700 1.436219 1.434766  1.433214  1.431789 1.430201
0.6698 1.439655 1.442200 1.440769 1.439245  1.437710  1.436279 1.434748
0.7404 1.447942 1.446500 1.445211 1.443565  1.442320  1.440569 1.439987
0.8160 1.455430 1.454200 1.452769 1.451218  1.449114  1.448299 1.446715
0.8730 1.462829 1.461700 1.460298 1.458765  1.457265  1.455736 1.454241
0.9360 1.466345 1.465350 1.463850 1.462350  1.460850 1.459350 1.457850
1.0000 1.469420 1.468500 1.467890 1.465500  1.464401 1.463549 1.462201

ChClL:AA(x1) + 2-BOH (x2)

0.0000 1.424319 1.423301 1.421100 1.419816  1.418776  1.416621 1.415631
0.0990 1.427619 1.426785 1.425659 1.424319  1.422654  1.422189  1.419621
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0.2010 1.430819 1.429005
0.3082 1.434241 1.432895
0.4032 1.437704 1.436905
0.5062 1.441232 1.440265
0.6080 1.445801 1.445501
0.6998 1.449832 1.448300
0.7960 1.462233 1.461088
0.8900 1.466321 1.466230
1.0000 1.477200 1.477021

ChCI:AA(x1) + 3-BOH (x2)

0.0000 1.424422 1.422382
0.0980 1.428910 1.426704
0.1975 1.431550 1.430625
0.2985 1.435880 1.434129
0.4010 1.439340 1.438853
0.4985 1.442680 1.442407
0.6005 1.448510 1.447809
0.6985 1.455924 1.454821
0.8004 1.462400 1.460242
0.8995 1.466876 1.464603
1.0000 1.471600 1.468023

1.428469
1.430698
1.434621
1.439012
1.445232
1.448031
1.460300
1.464232
1.467900

1.420670
1.425807
1.429912
1.432527
1.437602
1.441354
1.445977
1.452328
1.459002
1.463704
1.466831

1.428300
1.429005
1.432201
1.438658
1.445001
1.446787
1.459261
1.462801
1.466200

1.419512
1.423849
1.427154
1.431969
1.435204
1.439206
1.444012
1.451370
1.457794
1.461796
1.465421

1.426401
1.427654
1.430087
1.437543
1.444987
1.445980
1.457401
1.461302
1.464789

1.417008
1.421627
1.425192
1.429087
1.433542
1.437744
1.442950
1.449925
1.456432
1.460734
1.463621

1.425001
1.426876
1.429899
1.436708
1.442500
1.443560
1.456109
1.459108
1.463720

1.416502
1.420302
1.424002
1.428102
1.431702
1.436202
1.441702
1.448002
1.454802
1.458702
1.462720

Standard uncertainties u(x) = 1-10™, u(p) = 0.05 kg-m=, u(T) = 0.05 K and u(P) = 0.5 kPa.
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1.

Refractive index of ChCI:AA + 1-butanol binary mixtures as a function of temperature (293.15-323.15 K) at various mole fractions
. Symbols represent mole fractions: m (0.0000), e (0.0762), A (0.1508), ¥ (0.3094), « (0.4716), » (0.5694), & (0.6698), *
(0.7404), + (0.8160), X (0.8730), ¢ (0.9360), @ (1.0000).
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Refractive index of ChCI:AA + 2-butanol binary mixtures as a function of temperature (293.15-323.15 K) at various mole fractions
. Symbols represent mole fractions: m (0.0000), e (0.0990), A (0.2010), ¥ (0.3082), <« (0.4032), » (0.5062), # (0.6080), %
(0.6998), + (0.7960), X (0.8900), @ (1.0000).

148

- L\.\_‘_\
e M
-_\\

142

///

1.40
1.381
1367595 300 305 310 315 320 325
T/K
Figure 3.

Refractive index of ChCI:AA + 3-butanol binary mixtures as a function of temperature (293.15-323.15 K) at various mole fractions
. Symbols represent mole fractions: m (0.0000), ® (0.0980), A (0.1975), ¥ (0.2985), « (0.4010), » (0.4985), ¢ (0.6005), *
(0.6985), #+ (0.8004), X (0.8995), @ (1.0000).

3.2 Excess Refractive Index and Redlich—Kister Polynomial Fit

To assess the non-ideality in the optical behavior of ChCI:AA + butanol systems, the excess refractive index was determined using
the relation:
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nf = np — (x1ny + x3n3)

Here, np is the experimentally measured refractive index of the mixture, while n; and n; are the refractive indices of the pure
components, ChCI:AA and the respective butanol isomer. The mole fractions are represented by X1 and Xz.

The computed values across the full composition range and varying temperatures are provided in Table 4, and their trends are
graphically depicted in Figures 1-3. Across all systems and temperatures, values were consistently negative, pointing to strong
intermolecular interactions and non-ideal mixing behavior. This is attributed to effective hydrogen bonding and dipolar interactions
between the DES and the alcohol molecules.

To quantitatively describe this deviation, the experimental data were fitted to the Redlich—Kister polynomial:

[
k
nf = X1X2 Z Ai(xq — xz)i
i=0

Type equation here.

where A are the temperature-dependent adjustable coefficients. A polynomial of third order (n = 3) was found sufficient to accurately
represent the data. The corresponding coefficients and the regression values (R2) are summarized in Table 5.

Among the studied systems, the ChCI:AA + 1-butanol mixture displayed the most significant negative deviations, indicating
stronger interaction forces. In contrast, the ChCI:AA + 3-butanol system exhibited relatively smaller deviations, likely due to
increased molecular branching in 3-butanol that hinders close packing and hydrogen bond formation.

Table 5. Fitting Coefficients Ai for the Redlich—Kister Equation for Excess Refractive Index ne

Temperature | System A0 Al A2 A3 R2
K

29%.15 ChCI:AA + 1-BOH -0.0123 | 0.0046 -0.0011 | 0.0004 0.9982
298.15 ChCL.AA + 1-BOH -0.0119 | 0.0044 -0.001 0.0004 0.9981
303.15 ChCL.AA + 1-BOH -0.0115 | 0.0042 -0.0009 | 0.0003 0.9979
313.15 ChCL.AA + 1-BOH -0.0108 | 0.0039 -0.0008 | 0.0003 0.9976
323.15 ChCL.AA + 1-BOH -0.0101 | 0.0036 -0.0007 | 0.0002 0.9972
293.15 ChCLAA + 2-BOH -0.0106 | 0.004 -0.0009 | 0.0003 0.9976
298.15 ChCL.AA + 2-BOH -0.0102 | 0.0038 -0.0008 | 0.0003 0.9974
303.15 ChCI:AA + 2-BOH -0.0098 | 0.0036 -0.0007 | 0.0002 0.9972
313.15 ChCI:AA + 2-BOH -0.0093 | 0.0033 -0.0006 | 0.0002 0.9968
323.15 ChCI:AA + 2-BOH -0.0089 | 0.0031 -0.0005 | 0.0001 0.9964
293.15 ChCI:AA + 3-BOH -0.0092 | 0.0031 -0.0009 | 0.0002 0.9968
298.15 ChCI:AA + 3-BOH -0.0088 | 0.0029 -0.0008 | 0.0002 0.9966
303.15 ChCI:AA + 3-BOH -0.0085 | 0.0028 -0.0007 | 0.0002 0.9963
313.15 ChCI:AA + 3-BOH -0.008 0.0026 -0.0006 | 0.0001 0.996
323.15 ChCI:AA + 3-BOH -0.0076 | 0.0024 -0.0005 | 0.0001 0.9956

3.3 Temperature Dependence of Refractive Index

The influence of temperature on the refractive index (RI) of binary mixtures comprising ChCl—acetic acid deep eutectic solvent
(DES) and the three isomers of butanol was evaluated in the temperature range 293.15 K to 323.15 K. A systematic decrease in Rl
values was observed with increasing temperature across all compositions and for each isomer studied.
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This inverse relationship between temperature and Rl is consistent with the general thermophysical behavior of liquid systems. As
temperature rises, increased thermal agitation causes molecules to occupy a larger volume, leading to a decrease in liquid density
and polarizability. This structural expansion weakens intermolecular interactions, including hydrogen bonding within the DES and
between the DES and alcohol molecules, thereby reducing the refractive index.[47]

Among the three butanol isomers, 1-butanol-based mixtures exhibited the highest RI values at all temperatures, followed by 2-
butanol and tert-butanol, consistent with earlier observations. However, the rate of Rl decrease with temperature was most
pronounced in the 1-butanol system, likely due to its more extensive hydrogen bonding capability. This greater sensitivity may
reflect the stronger initial interaction between 1-butanol and the DES matrix, which is more substantially disrupted upon heating.[48-
49]

The observed thermal behavior highlights the role of molecular structure and interaction strength in modulating optical properties.
In highly structured systems like ChCl—acetic acid—1-butanol, small temperature increases can induce significant rearrangement of
molecular networks, resulting in more noticeable RI changes. Conversely, the sterically hindered tert-butanol, which forms weaker
hydrogen bonds, shows a relatively less temperature-sensitive RI profile.

3.4 Theoretical Interpretation of Refractive Index Behavior

To better interpret the refractive index behavior observed in ChCl-acetic acid—butanol systems, classical theoretical models were
employed. Two well-established relations—the Lorentz—Lorenz equation and the Gladstone—Dale equation—were considered to
correlate refractive index with structural and thermophysical properties of the mixtures.

The Lorentz—Lorenz equation is expressed as:

n>—1 Rm
nz+2 Vm

where nnn is the refractive index, Rm is the molar refraction, and Vm is the molar volume. This relation emphasizes the dependence
of refractive index on the polarizability of the medium and its molecular packing density.

The Gladstone—Dale equation, an empirical approximation, relates refractive index to the mixture's density:

n=1+k-p

where p is the density and k is a constant specific to the system. This model assumes a linear correlation between density and
refractive index, often valid for small compositional changes.

In this study, both models support the observed experimental trends. As the mole fraction of butanol increases, the average molecular
polarizability and density decrease, resulting in a corresponding decline in refractive index. This behavior is most evident in 1-
butanol mixtures, where strong hydrogen bonding and efficient packing lead to higher refractive index values. In contrast, tert-
butanol, due to its highly branched structure, exhibits weaker intermolecular interactions and thus lower refractive indices.

Slight deviations from model predictions—particularly at low mole fractions of alcohol—suggest non-ideal mixing behavior, likely
due to specific hydrogen bonding rearrangements and dipolar interactions not captured by these simple models. These deviations
were most pronounced in the 1-butanol system, further highlighting the role of molecular structure in influencing refractive index
behavior.

Although simplified, these theoretical frameworks provide a useful foundation for understanding how composition and structure
affect optical properties in deep eutectic solvent systems. For more accurate predictions, future studies may incorporate molecular
dynamics simulations or quantum chemical modeling to account for non-ideal interactions and complex hydrogen bonding networks.

4.Conclusion
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This investigation explored the refractive index characteristics of choline chloride—acetic acid (ChCI:AA) deep eutectic solvents
(DESSs) blended with different butanol isomers over a temperature range. A consistent decline in refractive index with increasing
temperature was observed, primarily due to thermal expansion and a decrease in molecular polarizability. The results revealed that
the refractive index was strongly influenced by the structural nature of the alcohols, with 1-butanol—owing to its linear structure
and strong hydrogen bonding—exhibiting the highest values, followed by 2-butanol and tert-butanol. The calculated excess
refractive index values were negative throughout, indicating significant non-ideal behavior and strong molecular interactions,
particularly in mixtures with primary alcohols. The Redlich—Kister polynomial model accurately described these deviations. Overall,
this study emphasizes the role of molecular structure in modulating the optical behavior of DES-alcohol systems and affirms the
utility of refractive index measurements as a sensitive tool for probing intermolecular interactions in green solvent development.
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