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Abstract
Recent times have witnessed notable progress in augmenting the effectiveness of pharmaceutical actions, leading to the 
creation of novel drug formulations and delivery technologies. A complete understanding of the molecular-level interactions 
between drug molecules and biological membranes is necessary to achieve optimal design in these processes. Comprehensive 
understanding of these interactions can be gained through thermodynamic research, which helps pharmaceutical professionals 
make well-informed decisions about which manufacturing compounds are most suited for a certain application. Because ionic 
liquids can interact with biological membranes and exert their effects on them, studying ionic liquids in combination with 
co-solvents in aqueous settings is important for many kinds of research. Using an Anton Paar DSA 5000 M apparatus, the 
densities, and speed of sound in a liquid mixture comprising L-phenylalanine and glycyl-L-phenylalanine within an aqueous 
1-decyl-3-methylimidazolium bromide ([C10mim]Br), the ionic solution was measured. This was done across temperature 
ranges of 288.15 K, 298.15 K, 308.15 K, and 318.15 K and experimental pressure of p = 0.1 MPa with concentrations of 
“0.000, 0.005, 0.030, and 0.050 mol kg–1”. From the experimental results, various acoustic and physicochemical properties 
were derived, including apparent molar properties, partial compression, isentropic compression, and transfer properties. These 
computations provided insights into intermolecular interactions within the combination of 1-decyl-3-methylimidazolium 
bromide, water, L-phenylalanine, and glycyl-L-phenylalanine. The mixture’s characteristics were explored through pair 
and triplet coefficients, taking into account empirical constants and expansibilities, thereby delving into solute–solvent, 
hydrophilic-hydrophilic, dipole–dipole, and ion-hydrophilic interactions.

Keywords  1-Decyl-3-methylimidazolium bromide ([C10mim]Br) · Glycyl-L-phenylalanine · L-Phenylalanine · Acoustic 
properties

Introduction

Ionic liquids (ILs) are liquid substances that maintain their 
state at or near room temperature and typically consist of 
organic cations and inorganic anions [1, 2]. ILs offer several 
advantages, including non-volatility [3–5], robust thermal 
stability [6], a broad chemical range [7], high conductiv-
ity [8–10], and effective solubility for both inorganic and 
organic materials [11, 12]. These remarkable attributes 
make ILs highly versatile and find applications in various 
fields. For instance, they are employed as electrolyte com-
ponents for batteries in the electrochemical sector [13–17], 
serve as efficient reaction environments in engineering pro-
cesses [18–20], and have been explored in pharmaceutical 
and medical contexts [21]. Moreover, the tunability of ILs, 
achieved by combining different cations and anions, offers 

 *	 Indra Bahadur 
	 bahadur.indra@nwu.ac.za

1	 Department of Chemistry, Dr. B. R. Ambedkar National 
Institute of Technology, Jalandhar 144011, India

2	 Department of Chemistry, Faculty of Natural 
and Agricultural Sciences, North-West University, 
Mmabatho 2531, South Africa

3	 Conn Center for Renewable Energy Research, University 
of Louisville, Kentucky 40292, USA

4	 Department of Chemistry, College of Science, 
King Saud University, P.O. Box 2455, Riyadh, 
Kingdom of Saudi Arabia 11451

5	 Thermodynamics‑Materials‑Separations Research Group, 
Department of Chemical Engineering, Mangosuthu 
University of Technology, Umlazi, Durban 4031, 
South Africa

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-023-05360-w&domain=pdf


1654	 Ionics (2024) 30:1653–1667

an eco-friendly alternative to conventional solvents. This 
tunability allows the creation of tailor-made compounds with 
optimal characteristics for specific applications, thus con-
tributing to environmentally conscious solutions [22–24]. 
In addition to their fundamental significance, investigations 
into the combination of ionic liquids with water hold a grow-
ing practical importance. This is due to the ability to finely 
adjust the characteristics of ionic liquids not solely through 
modifications to their molecular structure, but also their 
amalgamation with a compatible molecular solvent. This 
phenomenon is referred to as the “fourth evolution” of ionic 
liquids [25]. Imidazolium-based ionic liquids (ILs) consist 
of a five-membered imidazolium cation with varying lengths 
of alkyl chains (n(C) = 0, 1, 2, 4, 6, 8, 10, 12, etc.). These 
ILs range from 1-methylimidazolium chloride ([C0mim]Cl) 
to 1-dodecyl-3-methylimidazolium chloride ([C12mim]Cl), 
encompassing two isomers: 1,2-dimethyl- and 1,3-dimeth-
ylimidazolium chloride [26]. Properties of these imidazo-
lium-based ILs, combined with different anions, were exten-
sively investigated through various experimental techniques, 
including conductometry, densimetry, viscometry, dielectric 
spectroscopy, vapor pressure osmometry, and speed of sound 
measurements in both water and various organic solvents.

Proteins serve as a diverse category of organic compounds 
employed by cells and organs to support their functions and 
growth. They play a crucial role in enzymatic and genetic 
regulatory processes [27]. The physicochemical interactions 
occurring between ionic liquids and primary biomolecules 
such as amino acids, proteins, carbohydrates, and lipids are 
pivotal factors for comprehending the pharmacodynamics 
and pharmacokinetics of these substances. These interac-
tions also play a vital role in formulating drugs within the 
pharmaceutical industry [28, 29]. A comprehensive explora-
tion of the various thermophysical properties of vitamins in 
water and aqueous environments containing essential bio-
molecules offers insights into the distinct molecular inter-
actions between co-solutes and the hydrophilic and hydro-
phobic components of vitamins. This investigation aids in 
understanding the conformational stability of biomolecules 
within biological systems [30, 31]. Furthermore, to enhance 
the effectiveness of drug formulations, it is essential to pos-
sess an understanding of their interactions with amino acids. 
Amino acids possess a biocompatible nature, which could 
potentially lead to the formation of stable complexes, thus 
increasing overall stability. Consequently, a thorough ther-
modynamic analysis of the drug within aqueous mixtures 
containing amino acids becomes imperative [32].

The intricate characteristics and diverse molecular inter-
actions found in mixtures can be explored through exami-
nations involving physicochemical and thermodynamic 
methodologies [33, 34]. Thermodynamic properties play 
a crucial role in comprehending the various ionic, hydro-
philic, and hydrophobic interactions within different solution 

environments. They offer valuable insights into solute–solute 
and solute–solvent interactions in the solution phase. Two 
fundamental thermophysical attributes, namely volume and 
compressibility, facilitate a thorough understanding of the 
interactions occurring between solute and solvent molecules 
within mixtures [35, 36]. In our earlier work, we conducted 
a systematic examination of interactions within aqueous 
solutions containing three imidazolium-based ionic liquids, 
spanning from [C6mim]Br to [C12mim]Br to [C10mim]Br 
[37–43]. The findings from these systems revealed that volu-
metric parameters and acoustic parameters are influenced 
by the length of the alkyl chain in the ionic liquid. Nota-
bly, cations with alkyl chain lengths of n(C) = 6, 10, and 12 
were identified as structure-forming agents or kosmotropes. 
The current study endeavors to comprehensively examine 
a range of thermodynamic and acoustic parameters within 
the context of L-phenylalanine and glycyl-L-phenylalanine 
solvation in aqueous 1-decyl-3-methylimidazolium bromide 
([C10mim]Br) solutions at different concentrations (0.005, 
0.01, 0.03, and 0.05 mol kg–1). This analysis is carried out 
under atmospheric pressure and varying temperatures. The 
parameters under consideration encompass partial and 
apparent volumes and transfer volumes, as well as interac-
tion coefficients (both pair and triplet). These parameters 
serve to elucidate the diverse interactions occurring within 
the system, while also shedding light on the influence of the 
alkyl chain length of amino acids on their solvation behavior.

Instruments and procedure

Utilized materials

The ionic liquid under investigation, namely 1-decyl-3-meth-
ylimidazolium bromide ([C10mim]Br), was synthesized 
through a process involving acetonitrile, hexane, 1-meth-
ylimidazole, and 1-bromodecane. In preparation for this 
experiment, the compounds underwent vacuum drying and 
were subsequently stored over P2O5 within a desiccator for 
48 h. A comprehensive overview of the chemicals utilized 
in the current study can be found in Table 1.

Preparation of 1‑decyl‑3‑methylimidazolium 
bromide

The ionic liquid, 1-decyl-3-methylimidazolium bromide 
([C10mim]Br), was synthesized via the direct alkylation 
process of 1-methylimidazole using an excess of 1-bro-
mododecane in acetonitrile. This reaction took place 
within a round bottom flask under a nitrogen atmosphere 
at a temperature of 350.15 K over a period of 48 h. The 
progress of the reaction was monitored through thin-layer 
chromatography (TLC). The resulting product was then 
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subjected to drying using a rotary evaporator (Heidolph; 
type, Basis Hei-VAP ML, 50/60 Hz) under high vacuum 
conditions at approximately 335.15 K for a minimum of 
4 h. The resulting IL exhibited hygroscopic properties. To 
quantify the moisture content within the prepared sample, 
a highly sensitive volumetric Karl Fischer analysis titrator 
was employed. The analysis revealed that the moisture 
content in 1-dodecyl-3-methylimidazolium bromide was 

below 0.05 mass fraction. The resultant IL achieved a 
purity level exceeding 0.97 mass fractions. Spectroscopic 
analysis conducted using 1H NMR (Bruker 400 MHz) 
confirmed the absence of significant impurities in the 
ILs and their alignment with descriptions in existing lit-
erature [44, 45]. Supplementary materials, including the 
IL 1H NMR spectra and chemical shift, are illustrated in 
Figure S1.

Table 1   Specifications of studied chemicals

Chemicals CAS No Source
Molar 

mass(g·
mol-1)

Purity#

Mass 
Fraction 

Structure

L-Phenylalanine 63-91-2
Merck, 

Germany
165.19 0.99

Glycyl-L-

phenylalanine
3321-03-7

Merck, 

Germany
222.24 0.99

1-methylimidazole 616-47-7
Merck, 

Germany
82.10 0.99

1-bromodecane 112-29-8
Merck 

Germany
221.18 0.99

Acetonitrile 75-05-8

LOBA 

Chemie Pvt.

Ltd., 

Mumbai 

India

41.05 0.99

Hexane 110-54-3
TCI Pvt. 

Ltd
86.18 0.99

1-decyl-3-

methylimidazolium 

bromide

188589-32-

4

Synthesized 

in lab
303.28 0.97*

# As declared by the supplier, *on the basis of spectroscopic analysis (NMR)
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Sample preparation

These samples were prepared using freshly obtained water 
that underwent triple distillation and degassing. The water 
had a specific conductance of 10–6 S cm−1. The process of 
sample preparation involved using a Sartorius CPA225D 
electronic balance to achieve precise measurements. Typi-
cally, the molality of the solutions can be estimated to 
be accurate within a range of 2 × 10−5 mol·kg−1 in most 
instances.

Measurement of density and the speed of sound

The density and speed of sound were assessed using the 
Anton Paar DSA 5000 M from Austria. Detailed explana-
tions of calibrations and methodologies were provided in 
our previous research [38]. The internal Peltier temperature 
controller of the instrument ensured temperature stability 
within 1.0 × 10−3 K. The instrument is capable of determin-
ing density with a precision of 0.001 kg m−3 and ultrasonic 
velocity with a precision of 0.01 m s−1. The experimental 
uncertainties for density and speed of sound measurements 
were both below 0.5 kg·m−3 and 1.0 m·s−1, respectively.

Volumetric properties

Apparent molar volume

Thermophysical properties such as density and the speed 
of sound are essential for accurately characterizing liquid 
systems. These properties offer the advantages of both quick 
and precise measurement, while also being sensitive enough 
to detect even trace amounts of impurities. In this study, 
the focus was on understanding the volumetric properties 
of specific mixtures. To achieve this, the experimental den-
sities of L-phenylalanine and glycyl-L-phenylalanine were 
measured within an aqueous solution containing the ionic 
liquid 1-decyl-3-methylimidazolium bromide ([C10mim]Br). 
The measurements were taken across a range of concentra-
tions (in mol kg−1) including 0.000, 0.005, 0.01, 0.03, and 
0.05 mol kg–1 and at various temperatures (T, in K) such as 
288.15, 298.15, 308.15, and 318.15 and experimental pres-
sure of p = 0.1 MPa.

The densities obtained through experimental meas-
urements for all the solutions have been documented in 
Table S1. Graphical representations in Fig. 1 illustrate the 
contrasts between the experimentally derived densities of the 
aqueous ionic liquid mixture (consisting of 1-decyl-3-meth-
ylimidazolium bromide and water) and the data from exist-
ing literature sources [46, 47]. Analysis of Fig. 1 indicates a 
resemblance in trends between the literature-reported values 
and the experimental findings. Figure 2 visually presents the 

density information obtained from experimental assessments 
for glycyl-L-phenylalanine, juxtaposed with data extracted 
from existing sources in the literature [48, 49]. The density 
evaluations concerning the binary combination (glycyl-L-
phenylalanine + water) exhibit a consistent pattern with the 
densities outlined in the literature (depicting a decline in 
density with rising temperature, akin to what is depicted in 
Fig. 2). This alignment implies a degree of comparability 
between the two datasets. By applying the formula employed 
in our prior research [38] endeavors, we successfully calcu-
lated the volumetric expansion (Vϕ) utilizing data acquired 
from experimental density measurements.

Every symbol retains its conventional significance as doc-
umented in our earlier paper. The density and apparent molar 
volume (Vϕ) data obtained from the experimental work are 
presented in Table 2. The computed apparent molar volumes 
are visually represented in Figs. 3 and 4. In Fig. 3, the appar-
ent molar volume of L-phenylalanine is showcased within 
aqueous solutions containing 1-decyl-3-methylimidazolium 
bromide, across varying temperatures. Likewise, Fig. 4 por-
trays the molar volume of glycyl-L-phenylalanine in both 
aqueous solutions and (1-dodecyl-3-methylimidazolium bro-
mide + water) mixtures, observed at different temperatures. 
The values recorded for Vϕ in Table S1 exhibit a positive 
trend, increasing with higher concentrations of 1-decyl-
3-methylimidazolium bromide and elevated temperatures. 
A positive value suggests a pronounced interaction between 
the solute and solvent.

Partial molar volume

Upon applying a least squares fitting procedure to correlate 
the apparent molar volume with the equation outlined in our 
prior publication [38], we derive the partial molar volume 
( V0

�
).

The conventional meanings of every symbol are 
expounded upon in our earlier paper [38]. The impact of 
interactions between the solute L-phenylalanine/glycyl-L-
phenylalanine and the solvent ionic liquid becomes evident 
through the asymptotic value ofV0

�
 . This value remains 

constant despite any interactions between the solute and 
solvent at extremely low concentrations. The slope ( S∗

V
 ) 

observed in the experiment reflects interactions between 
valine and glycyl-L-valine molecules, serving as a meas-
ure of the volumetric pairwise interaction. Table 2 presents 
the values of both V0

�
 andS∗

V
 , along with their correspond-

ing standard errors. A clear connection emerges as con-
centration and temperature exhibit a concurrent rise. 

(1)Vϕ = [(M∕�) − {(� − �O)∕(mA��O)}]

(2)Vϕ = V0
�
+ S∗

V
mA
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Empirical observations illustrate an expanding overlap 
between the two spheres, resulting in an augmented vol-
ume attributed to the coalescing ionic species from diverse 
co-spheres. Encounters between hydrophobic compounds 
and ions commonly yield favorable consequences. These 
interactions work to minimize the overall extent of hydro-
phobic and hydrophilic contact areas. Elevated tempera-
tures prompt the solvation layer to release a greater num-
ber of molecules, thereby amplifying the volume at infinite 
dilution. With an elevation in solution temperature, there 
is a minor breakdown of the solvation layer, enabling a 
slightly increased influx of solvent into the solution and 
resulting in solution expansion. Notably, as the molar mass 
of glycyl-L-phenylalanine rises, so does the magnitude of 
V0
�
 . When compared to temperature, concentrations of 

whole [C10mim]Br exhibit negative values ( S∗
V
 ). Molecules 

of L-phenylalanine and glycyl-L-phenylalanine exhibit 

weak interactions within ternary solutions, evidenced by 
the negative values of S∗

V
 . A smaller S∗

V
 value leads to the 

attenuation of solute–solute interactions while intensifying 
solute–solvent interactions. The presence of a positive V0

�
 

value in solutions of 1-decyl-3-methylimidazolium bro-
mide containing amino acids suggests feeble solute–solute 
interactions. Given the absence of a consistent trend, it is 
anticipated that additional factors will modify solute + sol-
ute interactions. Larger values indicate a greater preva-
lence of solute + solvent interactions compared to sol-
ute + solute interactions.

Partial molar volume of transfer

The equation employed in our earlier publication [38] was 
utilized to ascertain the volumes of L-phenylalanine and 
glycyl-L-phenylalanine that underwent transfer from water 

Fig. 1   Comparison of experimental and literature [46, 47] values of densities for 1-dodecyl-3-methylimidazolium bromide + water mixtures at 
different temperatures (a 288.15 K, b 298.15 K, c 308.15 K)
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to aqueous solutions. This approach also revealed that sol-
ute + solvent interactions are more dominant compared to 
solute + solute interactions when these compounds are dis-
solved in [C10mim]Br under conditions of infinite dilution.

The parameter ΔV0
�
 offers valuable understanding regarding 

the interaction between a co-solvent and a solute, excluding any 
influence from solute–solute interactions. Drawing from our 
preceding research [41], we successfully determined the con-
centrations of valine within a water medium. Additionally, in 
this current study, we computed the partial molar transfer for 
glycyl-L-phenylalanine. The partial molar volume of transfer 
values, as calculated, is presented in Table 3. For L-phenylala-
nine and glycyl-L-phenylalanine, the results are positive values. 
The presence of positive values suggests robust ion-ion interac-
tions within the ionic liquid containing amino acids. When ΔV0

�
 

takes a positive value, it indicates that valine and glycyl-L-
phenylalanine may possess the ability to enhance structural 

(3)ΔV0

�
= V

0

�

(

in aqueous
[

C
10
MIm

]

Br solution
)

− V
0

�
(in water)

arrangements. This positive value aligns with the co-sphere 
hypothesis, which states that a solute’s potential to form struc-
tures corresponds to the strength of interactions among its co-
spheres. These co-sphere overlap model parameters not only 
shed light on interactions between solvents but also provide 
insight into interactions between solvents themselves.

In accordance with the co-sphere overlap model for ternary 
mixtures, positive values denote the solute’s capacity to create 
structures, facilitated by structural interactions between two co-
spheres. Notably, when the value is positive, solute + solute 
interactions tend to be weaker compared to solute + solvent 
interactions. Potential interactions between a solute and co-
solute encompass several scenarios: (1) interactions between 
polar-ionic groups, (2) interactions between polar-polar groups, 
(3) interactions between polar-nonpolar groups, and (4) interac-
tions between nonpolar-nonpolar groups. As per this model, (1) 
and (2) interactions lead to a positive (), whereas (3) and (4) 
interactions yield a negative ΔV0

�
 . The findings of our current 

investigation underline the significance of polar-ionic group 

Fig. 2   Comparison of experimental and literature [48, 49] values of densities for aqueous solution of glycyl-L-phenylalanine at different tem-
peratures (a 288.15 K, b 298.15 K, c 308.15 K)
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interactions (1) and polar-polar group interactions (2) between 
the polar groups of valine and glycyl-L-phenylalanine mole-
cules and the polar groups as well as ions within the ionic liq-
uids. These results point toward the heightened importance of 
these interactions with increasing concentrations of the ionic 
liquid, indicating their reinforcement within the examined con-
centration range.

Temperature‑dependent properties

We investigated the relationship between temperature and 
apparent molar volumes at infinite dilution, employing the 
general polynomial equation as outlined in our previous 
work [38].

The symbols employed in Eq. (4) retain their conventional 
meanings, which were elucidated in our previous work [38]. 
Table 4 presents the constants (a, b, and c) corresponding to 
L-phenylalanine and glycyl-L-phenylalanine in aqueous solu-
tions of 1-decyl-3-methylimidazole bromide. It is noteworthy 
that while glycyl-L-phenylalanine has a negative coefficient 
for c, valine’s coefficient for c is positive. Conversely, both 

(4)V0
�
= a + b

(

T − Tref
)

+ c
(

T − Tref
) 2

amino acids demonstrate positive values for both coefficients a 
and b. The variables utilized to compute the theoretical values 
are also outlined in Table 4. To assess the disparity between 
theoretical and experimental values, the absolute standard 
deviation (σ) is calculated using the provided equations and 
is displayed in Table 4.

In this context, denoted as Y = Vo
�
 s (= Vφ at infinite dilu-

tion), it is evident from Table 4 that the polynomial equation 
effectively provides a close approximation for amino acids and 
ionic liquids, considering their marginal variations. The abso-
lute temperature serves as a means to express the temperature 
dependency (T) of the partial molar volume. Utilizing the sub-
sequent formula, the limiting values of apparent molar expan-
sibilities are computed.

Comprehending the interplay of intermolecular forces 
within the solution [50] is facilitated through the utiliza-
tion of the limiting apparent molar expansibilities at infi-
nite dilution ( �0

E
 ) and (∂�0

E
/∂T)p. The system’s aptitude for 

(5)� = (1∕n)Σ[abs((Yexptl. − Ycalc.)∕Yexptl.)]

(6)�0
E
= (�Vo

�
∕�T)p = b + 2c

(

T − Tref
)

Table 2   Value of limiting 
apparent molar volume ( V0

�
 ) 

and experimental slopes 
(Sv*) of L-phenylalanine and 
glycyl-L-phenylalanine and in 
aqueous solutions of 1-decyl-3-
methylimidazolium bromide at 
different temperatures

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazolium bromide

amB (mol·kg−1) 288.15 K 298.15 K 308.15 K 318.15 K

L-Phenylalanine
V
0

�
 × 106 (m3 mol−1)
  0.005 119.74 (± 0.00012) 121.00 (± 0.00011) 123.15 (± 0.00011) 124.99 (± 0.00010)
  0.010 120.22 (± 0.00011) 121.38 (± 0.00011) 123.64 (± 0.00010) 125.99 (± 0.00011)
  0.030 121.17 (± 0.00010) 122.34 (± 0.00011) 124.61 (± 0.00010) 126.97 (± 0.00010)
  0.050 122.12 (± 0.00011) 123.29 (± 0.00010) 125.57 (± 0.00010) 127.94 (± 0.00011)

S
∗
V
 × 106 (m3 kg mol−2)
  0.005  − 5.43 (± 0.00212)  − 5.36 (± 0.00205)  − 5.24 (± 0.00192)  − 5.15 (± 0.00183)
  0.010  − 5.39 (± 0.00204)  − 5.33 (± 0.00198)  − 5.20 (± 0.00185)  − 5.07 (± 0.00172)
  0.030  − 5.31 (± 0.00194)  − 5.25 (± 0.00188)  − 5.11 (± 0.00175)  − 4.98 (± 0.00163)
  0.050  − 5.22 (± 0.00192)  − 5.16 (± 0.00186)  − 5.02 (± 0.00173)  − 4.88 (± 0.00160)

Glycyl-L-phenylalanine
V
0

�
 × 106 (m3 mol−1)
  0.000 155.82 (± 0.00033) 157.01 (± 0.00032) 158.80 (± 0.00031) 160.69 (± 0.00030)
  0.005 156.30 (± 0.00032) 157.49 (± 0.00031) 159.28 (± 0.00030) 160.98 (± 0.00030)
  0.010 156.78 (± 0.00033) 157.97 (± 0.00032) 159.77 (± 0.00031) 161.51 (± 0.00031)
  0.030 157.22 (± 0.00032) 158.92 (± 0.00031) 160.22 (± 0.00030) 162.13 (± 0.00029)
  0.050 158.15 (± 0.00032) 159.36 (± 0.00031) 160.67 (± 0.00030) 163.09 (± 0.00029)

S
∗
V
 × 106 (m3 kg mol−2)
  0.000  − 10.30 (± 0.00582)  − 10.25 (± 0.00572)  − 10.16 (± 0.00556)  − 10.08 (± 0.00540)
  0.005  − 10.25 (± 0.00566)  − 10.20 (± 0.00556)  − 10.11 (± 0.00540)  − 10.05 (± 0.00528)
  0.010  − 10.21 (± 0.00579)  − 10.15 (± 0.00568)  − 10.06 (± 0.00551)  − 10.04 (± 0.00544)
  0.030  − 10.15 (± 0.00561)  − 10.05 (± 0.00544)  − 10.00 (± 0.00534)  − 9.92 (± 0.00519)
  0.050  − 10.05 (± 0.00564)  − 9.99 (± 0.00553)  − 9.94 (± 0.00543)  − 9.81 (± 0.00521)
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Fig. 3   Plots of apparent molar volume (Vϕ) for L-phenylalanine in aqueous 1-dodecyl-3-methylimidazolium bromide solutions, a mIL = 0.005 
mol kg−1, b mIL = 0.01 mol kg−1, c mIL = 0.03 mol kg−1, and d mIL = 0.05 mol kg−1 at different temperatures

Fig. 4   Plots of apparent molar volume (Vϕ) for glycyl-L-phenylalanine in aqueous 1-dodecyl-3-methylimidazolium bromide solutions, a 
mIL = 0.00 mol kg−1, b mIL = 0.005 mol kg−1, c mIL = 0.01 mol kg−1, d mIL = 0.03 mol kg−1, and e mIL = 0.05 mol kg−1 at different temperatures
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both creating and dismantling structures finds elucidation in 
Hepler’s insights [51].

As the concentration of the ionic liquid increases, the result-
ing data exhibit a somewhat irregular pattern. To decipher 
these interactions, one can consider the concepts of packing 
or caging. The positive values of ∂ �0

E
/∂T for both amino acid 

and their dipeptide within the system, as presented in Table 5, 
highlight their capability to foster structural formations. These 
results originate from two factors �0

E
 (Elec) and �0

E
 (Str) which 

(7)(��0
E
∕�T)p = (�2Vo

�
∕�T2)

p
= 2c

signifies the standard apparent molar expansibility result-
ing from electrostriction-induced changes (involving the sol-
utes’ surrounding hydration layer), and �0

E
 (Elec) denotes the 

standard apparent molar expansibility stemming from shifts in 
the solvent’s structure. Consequently, when temperatures are 
lower, �0

E
 (Str) surpasses �0

E
 (Elec), while at higher tempera-

tures, �0
E
 (Elec) supersedes �0

E
 (Str). The computed values for 

L-phenylalanine/glycyl-L-phenylalanine within the examined 
solutions are provided in Table 6, and these figures unveil sig-
nificant insights about solute–solvent interactions. The favora-
ble outcomes for the tested solutes suggest that solvent mol-
ecules might be liberated from solvation layers during heating, 
showcasing a characteristic of aqueous hydrophobic hydration 
solutions. These findings underline the presence of contrasting 
interactions between hydrophilic and hydrophobic molecules. 
Hepler’s constant, reflecting the sign of the second derivatives 
of the standard partial molar volume concerning temperature, 
emerges as a more informative parameter to elucidate a solute’s 
propensity to form and dismantle structures within solutions.

Acoustical properties

Apparent molar isentropic compression

The apparent molar isentropic compression (Kϕ,s) of the 
specified systems can be determined using the provided 
standard equation [38].

The significance of each term within the aforementioned 
equation is in line with its conventional interpretation, as 
expounded upon in our previous report [38].

In the provided equation, “c” signifies the experimental 
speed of sound, and “ρ” represents the solution’s density. 
Figure 5 draws a comparison between the measured speed 
of sound within an aqueous ionic liquid mixture (1-decyl-
3-methylimidazolium bromide + water) and the data refer-
enced from existing articles [46]. This comparison indicates 
that while the experimental values align with the literature 
data in terms of trends at low and high concentrations, there 
is a noticeable deviation from the literature data. Experimental 
measurements of the speed of sound for glycyl-L-phenylala-
nine were matched against literature data [52, 53], leading to 
the graphical representation displayed in Fig. 6. The speed of 
sound measurements for the binary mixture (glycyl-L-phe-
nylalanine + water) closely follows the trends reported in the 
literature. Table S2 presents the experimental speed of sound 
values and the estimated apparent molar isentropic compres-
sion (Kϕ,s) for L-phenylalanine and glycyl-L-phenylalanine. 

(8)Kϕ, s = [(MKs∕�) − {(Ks�0 − Ks, 0�)∕(mA��0)}]

(9)Ks = 1∕(c2�)

Table 3   Values of partial molar volume of transfer, ΔV0

�
 , of L-phe-

nylalanine and glycyl-L-phenylalanine and in aqueous solutions of 
1-decyl-3-methylimidazolium bromide at different temperatures

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazo-
lium bromide

amB 
(mol·kg−1)

ΔV0

�
 × 106 (m3 mol−1)

T = 288.15 
K

T = 298.15 
K

T = 308.15 
K

T = 318.15 K

L-Phenylalanine
  0.005 1.49 0.18 0.49 1.31
  0.020 1.97 0.57 0.98 2.31
  0.040 2.92 1.53 1.94 3.29
  0.060 3.87 2.48 2.90 4.25

Glycyl-L-phenylalanine
  0.005 0.48 0.48 0.48 0.28
  0.010 0.96 0.96 0.97 0.82
  0.030 1.40 1.91 1.42 1.44
  0.050 2.34 2.35 1.87 2.40

Table 4   Empirical parameters of L-phenylalanine and glycyl-L-phe-
nylalanine and in aqueous solutions of 1-decyl-3-methylimidazolium 
bromide

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazo-
lium bromide

amB (mol 
kg−1)

a × 106 (m3 
mol−1)

b × 106 (m3 
mol−1 K−1)

c × 106 (m3 
mol−1 K−2)

ARD (σ)

L-Phenylalanine
  0.005 121.18 0.16459 0.00145 0.0040
  0.010 121.53 0.16597 0.00298 0.0033
  0.030 122.49 0.16665 0.00298 0.0032
  0.050 123.44 0.16733 0.00299 0.0032

Glycyl-L-phenylalanine
  0.000 157.08 0.14674 0.00175 0.00127
  0.005 157.59 0.14587 0.00125 0.00179
  0.010 158.07 0.14646 0.00136 0.00168
  0.030 158.77 0.15531 0.00051 0.00251
  0.050 159.21 0.13091 0.00303 0.01737
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The observations reveal that 1-dodecyl-3-methylimidazolium 
bromide exhibits a consistently negative apparent molar isen-
tropic compression (Ks) across the entire temperature spec-
trum. As temperatures rise and 1-decyl-3-methylimidazolium 
bromide concentrations increase, the unfavorable effects of 
apparent molar isentropic compression (Ks) become less 
prominent. Positive outcomes suggest that the aggregation 
of solute molecules around ionic-charged amino acids has a 

more substantial influence on the solvent, in comparison to 
situations resulting in negative outcomes.

Partial molar isentropic compression

As per the equation employed in our previous paper [38], the 
apparent molar isentropic compression (Ks) deviates along-
side changes in molal concentration.

Table 5   Values of limiting 
apparent molar expansibility 
�0

E
 for L-phenylalanine and 

glycyl-L-phenylalanine and in 
aqueous solutions of 1-decyl-3-
methylimidazolium bromide at 
different temperatures

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazolium bromide

amB (mol kg−1) �0

E
 × 106 (m3 mol−1 K−1) (∂�0

E
/∂T)p (m3 

mol−1 K−2)
T = 288.15 K T = 298.15 K T = 308.15 K T = 318.15 K

L-Phenylalanine
  0.005 0.0315 0.0635 0.0956 0.1276 0.0032
  0.010 0.0516 0.0610 0.0703 0.0797 0.0009
  0.030 0.1180 0.1012 0.0843 0.0674  − 0.0017
  0.050 0.1231 0.1013 0.0795 0.0577  − 0.0022

Glycyl-L-phenylalanine
  0.005 0.0141 0.0152 0.0161 0.0170 0.0007
  0.010 0.0216 0.0236 0.0253 0.0261 0.0008
  0.030 0.0291 0.0319 0.0345 0.0353 0.0009
  0.050 0.0365 0.0402 0.0437 0.0444 0.0009

Table 6   Values of apparent 
molar isentropic compression, 
Kϕ,s, and experimental slopes, 
S
∗
K

 , of L-phenylalanine and 
glycyl-L-phenylalanine and in 
aqueous solutions of 1-decyl-3-
methylimidazolium bromide at 
different temperatures

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazolium bromide

amB (mol·kg−1) 288.15 K 298.15 K 308.15 K 318.15 K

L-Phenylalanine
K

0

�,s
 × 106 (m3 mol−1 GPa−1)

  0.005  − 43.16 (± 0.559)  − 43.19 (± 0.539)  − 43.12 (± 0.526)  − 42.99 (± 0.519)
  0.010  − 43.37 (± 0.462)  − 43.39 (± 0.446)  − 43.32 (± 0.435)  − 43.18 (± 0.429)
  0.030  − 43.30 (± 0.525)  − 43.31 (± 0.507)  − 43.24 (± 0.495)  − 43.10 (± 0.485)
  0.050  − 43.37 (± 0.510)  − 43.38 (± 0.492)  − 43.30 (± 0.482)  − 43.15 (± 0.476)

S
∗
K

 × 106 (kg m3 mol−2 GPa−1)
  0.005  − 40.18 (± 9.788)  − 38.78 (± 9.441)  − 37.82 (± 9.215)  − 37.25 (± 9.089)
  0.010  − 37.16 (± 8.092)  − 35.88 (± 7.807)  − 34.99 (± 7.622)  − 34.44 (± 7.518)
  0.030  − 38.93 (± 9.212)  − 37.63 (± 8.898)  − 36.73 (± 8.696)  − 36.19 (± 8.585)
  0.050  − 38.07 (± 8.881)  − 36.79 (± 8.576)  − 35.95 (± 8.394)  − 35.45 (± 8.291)

Glycyl-L-phenylalanine
K

0

�,s
 × 106 (m3 mol−1 GPa−1)

  0.000  − 43.13 (± 0.570)  − 43.15 (± 0.550)  − 43.09 (± 0.536)  − 42.95 (± 0.529)
  0.005  − 43.29 (± 0.492)  − 43.30 (± 0.475)  − 43.24 (± 0.464)  − 43.10 (± 0.457)
  0.010  − 43.19 (± 0.557)  − 43.21 (± 0.537)  − 43.15 (± 0.525)  − 43.01 (± 0.518)
  0.030  − 43.22 (± 0.554)  − 43.23 (± 0.535)  − 43.16 (± 0.523)  − 43.02 (± 0.516)
  0.050  − 43.24 (± 0.562)  − 43.25 (± 0.543)  − 43.18 (± 0.532)  − 43.03 (± 0.525)

S
∗
K

 × 106 (kg m3 mol−2 GPa−1)
  0.000  − 41.50 (± 9.971)  − 40.12 (± 9.625)  − 39.13 (± 9.385)  − 38.56 (± 9.254)
  0.005  − 39.37 (± 8.659)  − 38.03 (± 8.352)  − 37.12 (± 8.151)  − 36.60 (± 8.041)
  0.010  − 40.89 (± 9.749)  − 39.51 (± 9.406)  − 38.58 (± 9.183)  − 38.05 (± 9.058)
  0.030  − 41.18 (± 9.707)  − 39.81 (± 9.376)  − 38.93 (± 9.163)  − 38.40 (± 9.046)
  0.050  − 41.17 (± 9.847)  − 39.81 (± 9.509)  − 38.98 (± 9.306)  − 38.45 (± 9.193)
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Here, S∗
K

 represents the experimental slope that character-
izes interactions between (solute–solute), while K0

�,s
 stands 

for the limiting isentropic compression. The molality of 
amino acids in 1-dodecyl-3-methylimidazolium bromide 
solution is quantified in moles per liter (mA). The values for 
the experimental slope ( S∗

K
 ), limiting isentropic compression 

( K0
�,s

 ), and associated standard errors are presented in 
Table 6, computed through a least squares fitting approach. 
Notably, at lower temperatures, substantial interactions 
between water molecules and amino acids are observed, 
resulting in negative amino acid values [54]. The negative 
values signify a weakening of the attractive forces between 
water molecules and amino acids at higher temperatures, 
thereby permitting some water molecules to escape into the 
overall volume of the liquid. In the context of infinite 

(10)K�, s = K0
�,s

+ S∗
K
mA

dilution, interactions between solute + solute are minimal, 
while interactions between solute + solvent hold 
significance.

Partial molar isentropic compression of transfer

By applying the Eq. (11) extracted from our previous inves-
tigation [38], we computed the partial molar compression of 
amino acids transitioning from water to aqueous solutions 
containing 1-decyl-3-methylimidazolium bromide.

The corresponding values for L-phenylalanine and glycyl-
L-phenylalanine are presented in Table 7. The valine concen-
trations ( V0

�
 ) (in water) were obtained from our preceding 

(11)
ΔK0

�,S
= K

0

�,s

(

in aqueous
[

C
10
MIm

]

Br
)

− K
0

�,s
(in water)

Fig. 5   Comparison of experimental and literature [46] values of speed of sound for aqueous solution of 1-decyl-3-methylimidazolium bro-
mide + water at different temperatures (a 288.15 K, b 298.15 K, c 308.15 K)
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investigation [41]. In the current study, we conducted measure-
ments to determine the levels of glycyl-L-phenylalanine in 
water. For 1-decyl-3-methylimidazolium bromide, the calcu-
lated values for both L-phenylalanine and glycyl-L-phenylala-
nine remain negative across the entire spectrum of tempera-
tures and concentrations. This tabulated data reveals an 
increase as the concentration of 1-decyl-3-methylimidazolium 
bromide rises. A low score implies that 1-decyl-3-methylimi-
dazolium bromide ions tend to dominate around an amino 
acid’s zwitterionic center, indicating their role as structurally 
developing ions. The interaction between 1-decyl-3-methylim-
idazolium bromide and zwitterionic amino acid residues 
strengthens with the escalation of bromide concentrations [55].

Coefficients of interactions

Derived from the McMillan and Mayer hypothesis [56], Fried-
mann and Krishanan [57] formulated a mathematical approach 
to approximate the interaction coefficient. Equations (12) and 

(13) offer a means to calculate the partial molar volume of 
transfer and partial molar isentropic compression of transfer.

where mB represents the molality of the ionic liquid (1-dode-
cyl-3-methylimidazolium bromide), A denotes an amino 
acid, and B corresponds to 1-dodecyl-3-methylimidazolium 
bromide. The parameters VAB and VABB denote volume-
related characteristics, while KAB and KABB signify adiabatic 
compressibility attributes, collectively used to depict the pair 
and triplet interaction coefficients. These volumetric and 
compressibility parameters, VAB, VABB, KAB, and KABB, are 
harnessed to express the dynamics of pair and triplet interac-
tions. To ascertain these constants, equations incorporating 
the values of ∆Vϕ

0 and ΔK0
�,S

 were solved, resulting in the 

(12)
ΔV�0

(

water to aqueous
[

C10MIm
]

Br solution
)

= 2VABmB + 3VABBmB
2

(13)
ΔV�0

(

water to aqueous
[

C10MIm
]

[Br]solution
)

= 2KABmB + 3KABBmB
2

Fig. 6   Comparison of experimental and literature [52, 53] values of speed of sound for aqueous solution of glycyl-L-phenylalanine at different 
temperatures (a 288.15 K, b 298.15 K, c 308.15 K)
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determination of pair and triplet interaction coefficients 
showcased in Table 8. Within the realm of VAB, both positive 
and negative aspects emerge for L-phenylalanine and glycyl-
L-phenylalanine, though values consistently lean toward 
positivity. Valine’s VABB values manifest a mix of positive 
and negative outcomes, whereas glycyl-L-phenylalanine 
predominantly demonstrates beneficial effects. When the 
VAB evaluation yields affirmative results, amino acids and 
1-decyl-3-methylimidazolium bromide interact in pairs. The 
presence of positive KABB readings indicates the compress-
ibility of both amino acids. Across all temperatures, the dou-
ble coefficients KAB yield negative values. The contrast 
between the positive values of VAB and the negative values 
of VABB for L-phenylalanine and glycyl-L-phenylalanine 

suggests an overlap in the hydration spheres of solute and 
co-solute molecules. In amino acid + 1-decyl-3-methylimi-
dazolium bromide + water mixtures, paired interactions are 
pivotal, as deduced from the volumetric and compressibility 
analyses, reflecting positive pair interaction coefficients.

Conclusion

In an exploration of the solvation dynamics of L-phenylala-
nine and glycyl-L-phenylalanine within an aqueous solution 
of 1-dodecyl-3-methylimidazolium bromide ([C10mim]Br), 
a comprehensive investigation was conducted on various 
volumetric and acoustic properties. This encompassed met-
rics such as apparent molar volumes (Vϕ), apparent molar 
volumes at infinite dilution ( V0

�
 ), partial molar volume of 

transfer ( ΔV0
�
 ), partial molar isentropic compression (Kϕ,s), 

partial molar isentropic compression at infinite dilution 
( K0

�,s
 ), and partial molar isentropic compression of transfer 

( ΔK0
�,S

 ). Spanning temperatures within the range of 288.15 
to 318.15 K, the study aimed to elucidate the interactions 
between solute and solvent. The findings unveiled that the 
partial molar volume of transfer exhibited positive values, 
intensifying further with the escalation of 1-dodecyl-3-meth-
ylimidazolium bromide concentration. Notably, two promi-
nent interaction types emerged as significant in our investi-
gation: (1) interactions involving polar-ionic groups and (2) 
interactions between polar groups. Hepler’s constant 
emerged as a key parameter, providing valuable insights into 
the potential of amino acids to shape and break down molec-
ular structures.
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Table 7   Values of partial molar isentropic compression of transfer 
ΔK0

�,S
 of L-phenylalanine and glycyl-L-phenylalanine and in aqueous 

solutions of 1-decyl-3-methylimidazolium bromide at different tem-
peratures

a mB is the molality of aqueous solutions of 1-decyl-3-methylimidazo-
lium bromide

amB 
(mol·kg−1)

ΔK0

�,S
 × 106 (m3 mol−1 GPa−1)

T = 288.15 
K

T = 298.15 
K

T = 308.15 
K

T = 318.15 K

L-Phenylalanine
  0.005 0.15  − 1.57  − 2.80  − 3.56
  0.010  − 0.06  − 1.77  − 3.00  − 3.75
  0.030 0.01  − 1.70  − 2.92  − 3.67
  0.050  − 0.06  − 1.76  − 2.98  − 3.73

Phenylalanine
  0.005  − 0.16  − 0.16  − 0.15  − 0.15
  0.010  − 0.07  − 0.07  − 0.06  − 0.06
  0.030  − 0.09  − 0.09  − 0.08  − 0.07
  0.050  − 0.12  − 0.11  − 0.09  − 0.08

Table 8   Values of pair and triplet interaction coefficients of L-phe-
nylalanine and glycyl-L-phenylalanine and in aqueous solutions of 
1-decyl-3-methylimidazolium bromide at different temperatures

T (K) VAB × 106 
(m3 mol−2 
kg)

VABB × 106 
(m3 mol−3 
kg2)

KAB × 106 
(m3 mol−2 
kg GPa−1)

KABB × 106 
(m3 mol−3 kg2 
GPa−1)

L-Phenylalanine
  288.15 87.97  − 679.22 1.18  − 23.73
  298.15 26.46  − 21.97  − 75.09 794.73
  308.15 43.65  − 200.50  − 130.20 1386.92
  318.15 97.80  − 758.88  − 163.88 1748.92

Glycyl-L-phenylalanine
  288.15 35.26  − 168.80  − 4.13 41.55
  298.15 48.00  − 329.23  − 4.04 41.27
  308.15 40.66  − 301.03  − 3.78 40.02
  318.15 30.79  − 96.61  − 3.66 39.55
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