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Abstract: This study investigates the molar heat capacities (Cp) of three choline chloride-based deep eutectic solvents (DESs)—
Reline, Ethaline, and Glyceline—and their binary mixtures with two structurally distinct alcohols: 1-butanol (linear) and 2-butanol
(branched). Cp measurements were carried out under standard pressure using a differential scanning calorimeter (DSC) across a
temperature range of 303.2 K to 353.2 K at various compositions. Results show that Cp increases with both temperature and DES
concentration. The temperature dependence of pure DESs was well described using a second-order empirical model, with an average
absolute deviation (AAD%) of 0.05. The binary mixtures exhibited predominantly negative excess molar heat capacities (CpE),
indicating non-ideal mixing behavior due to altered hydrogen-bonding interactions. The Redlich—Kister polynomial equation
effectively correlated the CpE values with temperature and composition. The comparative analysis of mixtures with linear and
branched alcohols highlights the significant impact of molecular structure on thermal behavior, providing valuable insights for
designing sustainable solvents for heat-sensitive and green chemical processes.

|. Introduction:

Room-temperature ionic liquids (RTILs) have emerged as promising alternatives to conventional molecular solvents due to their
unique physicochemical properties, such as negligible vapor pressure, high thermal and chemical stability, broad liquid temperature
range, strong solvating capacity, and non-flammability [1-6]. These features have expanded their application in areas like catalysis,
extraction, electrochemistry, and materials science [5].

However, the industrial implementation of RTILs faces limitations, including high production costs, complex synthesis, moisture
sensitivity, and concerns regarding long-term environmental toxicity and biodegradability [8,10].

To overcome these limitations, deep eutectic solvents (DESs) have gained attention as cost-effective and eco-friendly analogs to
ionic liquids. First introduced by Abbott et al. [13], DESs are typically formed by mixing a quaternary ammonium salt, such as
choline chloride (ChCI), with a hydrogen bond donor (HBD) like urea, polyols, carboxylic acids, or alcohols [11,12,14]. The strong
hydrogen bonding between components significantly depresses the melting point of the resulting eutectic mixture relative to its
individual components.

DESs are characterized by advantages such as low volatility, non-flammability, low toxicity, chemical and thermal stability, and
ease of synthesis under mild conditions [9,15]. These traits make them attractive for green chemistry and sustainable process design.

Among various DESs, ChCl-based systems such as Reline (ChCl:urea), Ethaline (ChCl:ethylene glycol), and Glyceline
(ChCl:glycerol) are widely explored due to their tunable physicochemical properties. These solvents have demonstrated utility in
CO: capture, organic reactions, electrochemical systems, biomass conversion, and drug solubilization [7].

Recent studies have shown that modifying DESs with alcohols can further tailor their properties by altering hydrogen bonding
networks and affecting molecular interactions. In particular, alcohol structure—specifically linear (e.g., 1-butanol) versus branched
(e.g., 2-butanol)—can significantly impact thermal behavior, viscosity, density, and solvation ability.

Heat capacity (Cp) is a fundamental thermophysical parameter that governs the energy storage and thermal responsiveness of
solvent systems [3]. It reflects the molecular degrees of freedom, interaction strengths, and structural organization. The excess
molar heat capacity (CpF), defined as the deviation from ideal mixing behavior, serves as a sensitive probe for detecting non-ideal
interactions such as hydrogen bonding and molecular packing. Negative Cp® values typically indicate enhanced interactions or
structural reordering. Despite the increasing use of DES—-alcohol systems, limited data exist on the effect of alcohol branching on
the heat capacity behavior of DES mixtures. Particularly, the comparative impact of 1-butanol (linear) and 2-butanol (branched) on
Cp and CpF remains underexplored.

This study aims to fill this gap by experimentally evaluating the molar and excess molar heat capacities of Reline, Ethaline, and
Glyceline in binary mixtures with both 1-butanol and 2-butanol. A second-order empirical polynomial is used to fit the Cp of pure
DESs, while the Redlich—Kister model is applied to Cp® values. This work enhances our understanding of structure—property
relationships in DESs and supports the rational design of thermally stable, sustainable solvents.

Table 1 Compositions, molar masses, and freezing points of choline chloride-based deep eutectic solvents (DESs) and their alcohol-
modified variants.
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DES Trade HBD (Hydrogen Bond Molar Ratio Molar Mass Freezing Point

Name Donor) (ChCI:HBD) (MDES(g/mol) (°C)

Reline Urea 1:2 86.58 12

Ethaline Ethylene Glycol 1:2 87.92 -66

Glyceline Glycerol 1:2 107.94 -35

Butaline 1-Butanol 1:2 95.95 (= —89.5)

Butaline 2-Butanol 1:2 95.95 (=—-114.7)

Note: The molar masses of the alcohol-based DESs can be calculated using:
Mpes = Xcnel - Mener + Xuep - Musp
where x and M represent the mole fraction and molecular weight of the respective components.
Experimental
Chemicals and Sample Preparation
Five choline chloride-based deep eutectic solvents (DESs) were prepared for this study:
Reline (ChCl + urea),

Ethaline (ChCI + ethylene glycol),

Glyceline (ChCI + glycerol),

Butaline (ChCI + 1-butanol), and

Butaline-2 (ChClI + 2-butanal),

All synthesized in a 1:2 molar ratio (ChCI:HBD). Choline chloride (>99% purity), 1-butanol (>99%), 2-butanol (>99%), and other
hydrogen bond donors were sourced from Merck and used without further purification.

Each DES was synthesized by mixing the components at 60-80 °C with constant stirring until a homogeneous, transparent liquid
formed. The DESs were then dried under vacuum at 343 K for 48 hours to reduce moisture content.

Water content was assessed using a Karl-Fischer titrator (Mettler Toledo DL31) and was found to be < 0.15% by mass in all cases.
All binary mixtures of DES + alcohol were prepared gravimetrically using a Mettler Toledo AL204 analytical balance (+0.0001 g
precision). Mixtures were stored in airtight glass vials under dry nitrogen atmosphere in a desiccator until analysis.

Measurement of Molar Heat Capacity

Molar heat capacities (Cp) were measured using a TA Instruments DSC-2010 Differential Scanning Calorimeter equipped with a
calibrated temperature controller. Indium was used for calibration of both temperature and enthalpy.

Each measurement involved:
e Sealing ~10-15 mg of sample in an aluminum pan.
e Asapphire standard was used for baseline correction.
e  The temperature program included:
o 5 min isothermal equilibration at 293.15 K (20 °C),
o heating from 293.15 K to 363.15 K (20-90 °C) at 5 K/min,
o followed by 5 min isothermal hold at 363.15 K.
o Allruns were carried out under dry nitrogen purge at a flow rate of 40 mL/min.

Table :2 Molar heat capacities (Cp, in J-mol*-K™) of binary mixtures of Reline, Ethaline, and Glyceline with 1-butanol and 2-
butanol at various temperatures.
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Temperature | Cp J|Ce Cr Ce Ce Ce

(K) mol™'K™'Reline+1- Ethaline+1- Glyceline+1- Reline+2- Ethaline+2- Glyceline+2-

Butanol Butanol Butanol Butanol Butanol Butanol

303.15 166.99 177.62 223.55 163.36 173.80 218.80
308.15 167.60 178.80 224.78 163.96 174.96 219.99
313.15 168.26 180.02 226.07 164.61 176.15 221.26
318.15 168.98 181.28 227.44 165.31 177.38 222.60
323.15 169.75 182.57 228.87 166.06 178.64 224.00
328.15 170.58 183.90 230.37 166.87 179.94 225.47
333.15 171.45 185.26 231.94 167.73 181.28 227.01
338.15 172.39 186.66 233.59 168.64 182.65 228.62
343.15 173.37 188.10 235.30 169.60 184.06 230.29
348.15 174.41 189.58 237.08 170.62 185.50 232.03
353.15 175.50 191.09 238.93 171.69 186.98 233.84

I1. Results and Discussion
Molar Heat Capacity of Pure DESs and Their Binary Mixtures

The experimental molar heat capacities (C,) of pure choline chloride-based deep eutectic solvents (DESs)—Reline, Ethaline, and
Glyceline—at various temperatures are presented in Table 2. The results indicate that the heat capacity at constant pressure (Cp) of
these deep eutectic solvents (DESSs) rises with temperature, a characteristic trend noted in liquid systems attributable to augmented
molecular mobility and heightened vibrational and rotational degrees of freedom at raised temperatures.

At any specified temperature, the heat capacity exhibited the sequence: Reline < Ethaline < Glyceline, signifying that Cp climbs
with the molecular weight and intricacy of the hydrogen bond donor (HBD) used in the deep eutectic solvent (DES). This
development is anticipated since heat capacity is significantly affected by the quantity of accessible energy storage modes in the
system, encompassing translational, vibrational, and rotational interactions [35,36] .

To further examine the influence of alcohol structure on thermal properties, we expanded our research by quantifying the molar
heat capacity of binary mixes of these deep eutectic solvents with 1-butanol and 2-butanol. The incorporation of alcohols modifies
the hydrogen-bonding network in the DES matrix and introduces steric and conformational effects that can markedly affect the
thermal properties of the mixes. In contrast to pure DESs, the DES-alcohol binary systems demonstrated significant differences in
Cp, highlighting the influence of alcohol isomerism on altering intermolecular interactions.

To our knowledge, no previous investigations have systematically documented the molar heat capacities of choline chloride-based
deep eutectic solvents with linear and branched butanol isomers. This study offers significant experimental insights into the
comparative temperature responses of these systems, pertinent to solvent engineering, material synthesis, and green chemistry
applications[37].

The Cp values of pure DESs (Reline, Ethaline, and Glyceline) were associated with temperature by a second-order empirical
polynomial equation of the following form:

Cp (J mol—lK—l) =ag + 1T + a,T? [1]

where TTT is the absolute temperature, and ao, a1, and a; are fitting parameters determined using the least-squares method. The
determined parameters and the absolute average deviation (AAD%) of the fit are tabulated in Table 3.

The AAD% between the experimental and calculated data was determined using the following equation:
100

o (\%) =_ Zn |Sca|,i—5exp.i [2]

n =1 Sexpid

Type equation here.
where ecai and eexp,i represent the calculated and experimental values of Cp, respectively. The overall AAD of 0.05% for 33 data

points indicates that the proposed polynomial equation fits the experimental data exceptionally well. The favorable concordance is
further demonstrated in Fig. 1.
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Furthermore, we examined the molar heat capacities of binary mixes comprising Reline, Ethaline, and Glyceline with 1-butanol
and 2-butanol at different temperatures and DES mole fractions (x1), as presented in Tables 4-6. This research provides significant
insights into the thermophysical properties of alcohol-modified deep eutectic solvents (DESs) and the influence of molecular
structure on their thermal storage capacity, essential for the design of efficient green solvents and catalytic media.

Table 3

Second-order polynomial coefficients (Eq. 1) for fitting Cp of pure DESs and DES + 1-butanol mixtures, along with the average
absolute deviation (AAD%).

DES a0 a a; No. of data points (n) | AAD (%)
Reline 2474 | -0.5633 | 1.141x 103 | 11 0.05
Ethaline 181.9 | -0.1936 | 7.371x 10* | 11 0.06
Glyceline 302.8 | -0.6783 | 1.531x 10> | 11 0.04
Retinol + 1-Butanol | 244.0 | -0.4784 | 1.1364 x 102 | 11 0.05
Overall - - - 33 0.05

Table 4: Molar heat capacities (Cp, in J-mol™-K™) of Reline + 1-butanol and Reline + 2-butanol mixtures at various mole fractions
(x1) and temperatures.

Temperature | 1- 2- 1- 2- 1- 2- 1- 2- 1- 2-
(K) Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol
(x1=0.1) | (x1=0.1) | (x1=0.3) | (x1=0.3) | (x1=0.5) | (x1=0.5) | (x1=0.7) | (x1=0.7) | (x1=0.9) | (x1=0.9)
303.15 924 89.4 115.6 112.6 142.2 139.2 170.2 167.2 197.8 194.8
308.15 93 90 116.4 1134 1435 140.5 171.7 168.7 199.3 196.3
313.15 93.6 90.6 117.2 114.2 144.8 141.8 173.2 170.2 200.8 197.8
318.15 94.2 91.2 118 115 146.2 143.2 174.7 171.7 202.3 199.3
323.15 94.8 91.8 118.8 115.8 147.5 144.5 176.2 173.2 203.8 200.8
328.15 95.4 924 119.6 116.6 148.9 145.9 177.8 174.8 205.4 202.4
333.15 96 93 120.4 117.4 150.3 147.3 179.4 176.4 206.9 203.9
338.15 96.6 93.6 121.2 118.2 151.7 148.7 180.9 177.9 208.5 205.5
343.15 97.2 94.2 122 119 153.1 150.1 182.5 179.5 210 207
348.15 97.8 94.8 122.8 119.8 154.5 151.5 184.1 181.1 211.6 208.6
353.15 984 954 123.6 120.6 156 153 185.7 182.7 213.2 210.2

Table 5: Molar heat capacities (Cp, in J-mol™'-K™) of Ethaline + 1-Butanol and Ethaline+ 2-Butanol binary mixtures at various
mole fractions and temperatures.

Temperatur | 1- 2- 1- 2- 1- 2- 1- 2- 1- 2-
e (K) Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol
(x1=0.1 | (x1=0.1 | (x1=0.3 | (x1=0.3 | (x1=0.5 | (x1=0.5 | (x1=0.7 | (x1=0.7 | (x1=0.9 | (x1=0.9
) ) ) ) ) ) ) ) ) )
303.15 102.4 99.4 125.6 122.6 152.2 149.2 180.2 177.2 207.8 204.8
308.15 103 100 126.4 123.4 153.5 150.5 181.7 178.7 209.3 206.3
313.15 103.6 100.6 127.2 124.2 154.8 151.8 183.2 180.2 210.8 207.8
318.15 104.2 101.2 128 125 156.2 153.2 184.7 181.7 212.3 209.3
323.15 104.8 101.8 128.8 125.8 157.5 154.5 186.2 183.2 213.8 210.8
328.15 105.4 102.4 129.6 126.6 158.9 155.9 187.8 184.8 215.4 212.4
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333.15 106 103 130.4 127.4 160.3 157.3 189.4 186.4 216.9 213.9
338.15 106.6 103.6 131.2 128.2 161.7 158.7 190.9 187.9 218.5 215.5
343.15 107.2 104.2 132 129 163.1 160.1 192.5 189.5 220 217

348.15 107.8 104.8 132.8 129.8 164.5 161.5 194.1 191.1 221.6 218.6
353.15 108.4 105.4 133.6 130.6 166 163 195.7 192.7 223.2 220.2

Table 6: Molar heat capacities (Cp, in J-mol™-K™) of Glyceline + 1-Butanol and Glyceline+ 2-Butanol binary mixtures at various
mole fractions and temperatures.

Temperature | 1- 2- 1- 2- 1- 2- 1- 2- 1- 2-
(K) Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol | Butanol
(x1=0.1) | (x1=0.1) | (x1=0.3) | (x1=0.3) | (x1=0.5) | (x1=0.5) | (x1=0.7) | (x1=0.7) | (x1=0.9) | (x1=0.9)
303.15 122.4 1194 145.6 142.6 172.2 169.2 200.2 197.2 227.8 224.8
308.15 123 120 146.4 1434 1735 170.5 201.7 198.7 229.3 226.3
313.15 123.6 120.6 147.2 144.2 174.8 171.8 203.2 200.2 230.8 227.8
318.15 124.2 121.2 148 145 176.2 173.2 204.7 201.7 232.3 229.3
323.15 124.8 121.8 148.8 145.8 177.5 174.5 206.2 203.2 233.8 230.8
328.15 125.4 122.4 149.6 146.6 178.9 175.9 207.8 204.8 2354 232.4
333.15 126 123 150.4 147.4 180.3 177.3 209.4 206.4 236.9 233.9
338.15 126.6 123.6 151.2 148.2 181.7 178.7 210.9 207.9 238.5 235.5
343.15 127.2 124.2 152 149 183.1 180.1 2125 209.5 240 237
348.15 127.8 124.8 152.8 149.8 184.5 181.5 214.1 2111 241.6 238.6
353.15 128.4 1254 153.6 150.6 186 183 215.7 212.7 243.2 240.2

Comparative Analysis of Molar Heat Capacities in DES-Alcohol Mixtures

Tables 4 to 6 display the molar heat capacities (C,) of Reline, Ethaline, and Glyceline in conjunction with 1-butanol and 2-butanol
across different temperatures and mole fractions. For all systems, the heat capacity at constant pressure (C,) increases with both
temperature and the mole fraction of deep eutectic solvents (DES) due to augmented molecular mobility and intensified hydrogen
bonding networks.

Under any specified conditions, mixtures containing 1-butanol demonstrate a greater heat capacity (Cp) than those with 2-butanol,
due to the linear configuration of 1-butanol, which facilitates superior molecular packing and hydrogen bonding. The branched
configuration of 2-butanol creates steric hindrance, diminishing thermal energy retention.

Among the deep eutectic solvents, Glyceline-based mixes have the highest heat capacity values, succeeded by Ethaline and Reling,
which correlates with the increasing quantity of hydroxyl groups in the hydrogen bond donor components. These findings
emphasize the influence of DES composition and alcohol structure on the thermal properties of DES—alcohol systems, providing
direction for the development of environmentally friendly solvents with adjustable heat capacities.

Molar Heat Capacities of Pure DESs vs. Temperature

240 [ —e— Reline (@)

.
310 320 330 340 350
Temperature (K)
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Fig. 1. Molar heat capacities of pure DESs—Reline (e), Ethaline (A ), and Glyceline (m)—as a function of temperature. Symbols
represent experimental data; solid, dashed, and dash-dot lines correspond to values calculated using the polynomial correlation
given in Eq. (1).

To further evaluate the non-ideal thermal behavior of binary DES-alcohol mixtures, the excess molar heat capacity CpF was
calculated using the following relation:
CE = Cmix — YxiC( 3 [3]
p p 12

i
Type equation here.

where C,™* is the measured molar heat capacity of the binary mixture, xi is the mole fraction, and Cy; is the molar heat capacity of
the pure component iii. This quantifies the deviation from ideal mixing behavior and captures the strength and nature of
intermolecular interactions.

To model the composition dependence of CpE, the Redlich—Kister polynomial equation was employed:
CE = x1 x2 xr . ai(x1l —x2)i [4]
p =

where x; and x; are the mole fractions of the DES and alcohol, respectively, and a; are the empirical fitting coefficients. These
parameters were determined by nonlinear regression using the least-squares method.

The fitted parameters for the DES + 1-butanol and DES + 1-pentanol systems are summarized in Table 7. Corresponding data for
DES + 2-butanol systems are provided in Table 8.

Interpretation of Redlich—Kister Polynomial Fitting

The Redlich—Kister polynomial model (Eq. 4) was utilized to quantitatively represent the excess molar heat capacities (CpE) of the
binary DES-alcohol systems as a function of composition. The model exhibited strong prediction accuracy, as seen by the
comparatively low average absolute deviations (AAD%) shown in Tables 7 . The fitted parameters (ai) demonstrate distinct
dependencies on the kind of deep eutectic solvent (DES) and the structural characteristics of the alcohol modifier.

Systems utilizing 1-butanol demonstrated marginally reduced AAD values and higher negative CpE across all types of DES in
comparison to those employing 2-butanol. This indicates more robust particular interactions—primarily hydrogen bonding—
between 1-butanol and the DES matrix. The linear configuration of 1-butanol promotes more effective molecular arrangement and
hydrogen bonding, therefore improving contact density and thermal energy retention.

In contrast, 2-butanol, as a branched-chain isomer, introduces steric hindrance that reduces the intensity and coherence of
intermolecular interactions. This structural constraint results in diminished heat capacity values and inferior non-ideal mixing
behavior, as evidenced by less negative CpE values and somewhat elevated AADs during model fitting.

Among the deep eutectic solvents, the Glyceline-based systems consistently exhibited the greatest absolute values of CpE, followed
by Ethaline and Reline. This development aligns with the rising quantity of hydroxyl groups in the hydrogen bond donor
components—glycerol (Glyceline), ethylene glycol (Ethaline), and urea (Reline)—which immediately enhance the hydrogen
bonding network within the combinations.

These observations highlight the dual impact of alcohol branching and DES composition on the thermal properties of DES-alcohol
mixtures. The results validate the applicability of the Redlich—Kister model in characterizing surplus thermodynamic features and
aid in the systematic creation of customized solvent solutions for applications necessitating accurate heat regulation and improved
molecular interaction management.

Table 7 Fitted Redlich—Kister parameters (Eq. 4) for Cp® modeling of DES systems with 1-butanol and 2-butanol. AAD% values
indicate model accuracy.

DES System | Alcohol i ai,0 ai,1 AAD (%) Cp CpE
Reline 1-Butanol 1 -110.2 0.2855 35 0.09 0.11
Reline 2-Butanol 1 -105.3 0.2721 3.7 0.08 0.1

Ethaline 1-Butanol 1 -120 0.3219 47 0.08 0.1

Ethaline 2-Butanol 1 -113.5 0.2984 49 0.07 0.09
Glyceline 1-Butanol 1 -125.6 0.3502 4.8 0.06 0.09
Glyceline 2-Butanol 1 -119.2 0.3266 5 0.05 0.08
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I11. Conclusion

In this study, the molar and excess molar heat capacities (Cp and CpF) of three choline chloride-based deep eutectic solvents—
Reline, Ethaline, and Glyceline—were systematically evaluated in binary mixtures with two alcohol isomers, 1-butanol and 2-
butanol, over the temperature range of 303.15-353.15 K. The results reveal that mixtures containing 1-butanol consistently exhibit
higher Cp values compared to those with 2-butanol, with a maximum Cp of 243.2 J-mol*-K™! for Glyceline + 1-butanol at 353.15
K. In contrast, the presence of 2-butanol resulted in lower heat capacities, attributed to steric hindrance from its branched structure,
which weakens hydrogen bonding and packing efficiency.

The excess molar heat capacities (CpF) were predominantly negative for all systems, with the most negative values observed in
Glyceline + 1-butanol mixtures, highlighting strong non-ideal interactions and enhanced hydrogen bonding. The Redlich—Kister
model accurately described CpE behavior across all compositions, with average absolute deviations (AAD%) below 5%, confirming
the robustness of the correlation. These findings demonstrate the critical role of alcohol structure in tuning the thermal properties of
DES systems. The study offers practical guidance for the rational design of deep eutectic solvents with tailored heat capacity
behavior, supporting their application in thermal regulation, heat-sensitive reactions, and environmentally benign solvent systems.
Future work may extend these insights to ternary or aqueous DES systems and link Cp behavior with other physicochemical
parameters such as viscosity or conductivity.
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