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Abstract

Density and dynamic viscosity were measured for binary mixtures of 2-hydroxyethanaminium
acetate (2-HEAA), 2-hydroxyethanaminium pentanoate (HEAPe), and caprolactam acetate
(CPAc) from 293.15 to 373.15 K at 101.3 kPa. Surface tension was measured from 293.15 to
343.15 K, and refractive index from 293.15 to 353.15 K. The three systems were 2-HEAA +
CPAc, 2-HEAA + HEAPe, and CPAc + HEAPe. Excess molar volume and deviations in
viscosity, surface tension, and refractive index were calculated and correlated with the Redlich—
Kister equation. Excess molar volumes were predominantly negative, consistent with contraction
relative to ideal mixing. Viscosity deviations changed sign in the first two systems and were
negative throughout the measured interior compositions of CPAc + HEAPe. Refractive-index
deviations were mostly positive; for CPAc + HEAPe they reached 0.017, indicating a positive
excess molar refraction of about 3% that is attributed to the accommodation of flexible pentanoate
chains and hydrogen-bond donors around the rigid lactam rings. Surface-tension deviations were
predominantly negative for the two 2-HEAA systems, with positive values only in the dilute
region of 2-HEAA + CPAc, and positive at all 54 interior points of CPAc + HEAPe, reaching
+11.92 mN-m™. An Eyring-NRTL correlation reproduced the viscosities of 2-HEAA + HEAPe
with an average absolute relative deviation of 0.92%, whereas the corresponding deviations were
12.76% and 6.23% for 2-HEAA + CPAc and CPAc + HEAPe. These data provide thermophysical
properties and mixing information for the three ionic-liquid pairs at atmospheric pressure.

Keywords: Protic ionic liquids - Thermophysical properties - Binary mixtures - Excess molar
volume - Eyring—NRTL - Atmospheric pressure



1 Introduction

Ionic liquids (IL) are a class of compounds formed by organic cations and anions of
different sizes, which are liquids at room temperature. These solvents have a melting point
below 373.15 K and have recently been studied from academic and industrial viewpoints
as green process precursors because of their unique physicochemical properties [1-3].
Moreover, they can exhibit nanoheterogeneity in the liquid state depending on carbon
chain length; this arises from the coexistence of polar and nonpolar parts at the nanoscale,
driven by interactions among ions [4-6].

Another essential feature is the ability of imidazole-based ionic liquids to reduce
surface tension in binary mixtures, principally with water, making them excellent
extraction solvents [7, 8]. In addition to being less harmful to the environment [9], they
are less toxic and have a lower vapor pressure than other organic solvents [10]. As a
classification, they are classified into (i) protic ionic liquids (PILs) and (ii) aprotic ionic
liquids (APILs) [11].

Protic ionic liquids (PILs) form via a Brensted acid-based stoichiometric reaction using
amino group cations as a base, which simplifies the process and reduces synthesis costs,
making it possible to reuse and even recycle the compounds [12-14]. PILs have been used
as catalysts for the tert-butylation of phenol and esterification of alkenes with acetic acid
[15], as solvents for carbon dioxide absorption [16, 17], as polymer electrolyte membranes
[18], and as biosensors [19], among other applications. One of the most critical factors
distinguishing it from APILs is the presence of at least one proton capable of promoting
hydrogen bonds, interacting strongly with polar solvents [20].

Caprolactam-based ionic liquids (CPILs) [21] are less toxic than imidazole-based ionic
liquids [22]. In addition, carboxylate-based ionic liquids can dissolve cellulose and
lignocellulose during the biofuel production process [23].

However, for the industrial development and application of these PILs, a still-scarce
database of thermophysical and thermodynamic properties that can describe the behavior
of ionic liquids themselves or their mixtures with other solvents [24—-28] is necessary.
Given such needs, it is essential to determine specific properties such as viscosity, density,
and surface tension for industrial and scientific issues.

Viscosity plays a fundamental role in dissolving substances such as biomass
composites. However, high viscosity slows enzyme-catalyzed hydrolysis, which does not

occur in CPIL because of its low viscosity [23]. On the other hand, density data give
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access to the excess molar volume, which shows whether the components pack more or
less efficiently on mixing than in the pure liquids [13]. Density and viscosity are mainly
affected by the cation's chemical properties, while miscibility and thermal stability are
directly related to the anion; depending on the objective, it is possible to choose the most
suitable ion combination [24-26, 29-31]. Surface tension is also important, as it can affect
the rate of vapor absorption at the liquid-vapor interface and indicate that specific ILs act
as surfactants and may form micelles in aqueous solution or reverse micelles in nonpolar
solvents [27, 28]. These properties can be modified by changing the IL cation or anion, so
it is possible to develop ILs with ideal characteristics for a given process [32].
Therefore, this work aims to study two protic ionic liquids, ammonium-based (2-
hydroxyethanaminium acetate [2-HEAA] and 2-hydroxyethanaminium pentanoate
[HEAPe]), and caprolactam-based ionic liquid (caprolactam acetate [CPAc]), through
experimental measurements of density (p), dynamic viscosity (1), surface tension (o) and
refractive index of three binary mixtures of ionic liquids (2-HEAA + CPAc, 2-HEAA +
HEAPe, CPAc + HEAPe) over the temperature range 7= (293.15 to 373.15) K for density
and dynamic viscosity, (293.15 to 343.15) K for surface tension, and (293.15 to 353.15)
K for refractive index for whole composition ranges and atmospheric pressure. After
obtaining these properties, other derived thermodynamic properties were calculated, such
as dynamic viscosity deviation (An), surface tension deviation (Ao), excess molar volume
(VE), and refractive index deviation, to better understand the intermolecular interactions
among pure ionic liquids and their mixtures; ATR-FTIR spectra of the mixtures were also

recorded at 298.15 K.

2 Materials and Methods

2.1 Ionic Liquid Characterization

The ionic liquids used in this work were synthesized in our Research Group, as
previously described in literature [33, 34]. Table 1 presents all chemical compounds used
to synthesize the ILs studied in this work. Nuclear Magnetic Resonance (‘"H NMR)
determined the ILs' molecular structure. The water content of the samples was determined

by Karl Fischer titration; Fourier-transform infrared spectroscopy (FTIR) was used to



assess molecular structure. For additional information, see Online Resource 1. Table 2

provides IL specifications: structure, name, abbreviation, and CAS number.

Table 1 Sample description of the chemicals used in this work

M/ ..
Chemical name CASRN g'mol” Source Imt.lala Prep. Purity>?  Tests
1 purity’
acetic acid 64-19-7  60.05 i‘lirr‘;‘z‘h >0.997  none 0.997 -
pentanoic acid 109-52-4  102.13 illilr‘::h >0.990 none 0.980 -
e-caprolactam 105-60-2  113.16 iﬁ‘::jh >0.990 none 0.990 -
2-aminoethan-1-ol 141-43-5  61.08  Dinamica  >0.990 none 0.990 -
(ethanolamine)
'H
2-hydroxyethan-1-
aminium acetate (2- 54300-24- 121.14  synthesis® - vacuum 0.975 NMR,
d
2 drying FTIR,
HEAA) KF
2-hyd han-1 H
-hydroxyethan-1-
aminium pentanoate - 163.22  synthesis® - vacuum 0.988 NMR,
P drying? FTIR
(HEAPe) KF
'H
caprolactam acetate B . B vacuum NMR,
(CPAC) 173.21  synthesis drying® 0.995 FTIR,
KF

% Initial reagent purity is the mass fraction reported by the supplier. ® Purity is the nonwater
mass fraction determined by Karl Fischer titration; © Synthesized in our laboratory by the
stoichiometric Bronsted acid—base reaction between the amine and the carboxylic acid
(Section 2.1). ¢ Synthesized liquids were dried under vacuum at 333.15 K and 20 kPa for
48 h.

Table 2 Ionic liquids Structure, Name, and Abbreviation.

Cation Anion Name Abbreviation
0
N 2-hydroxyethanaminium
/\/NH3 _ y y _
HO 0 Jk acetate 2-HEAA
N (|) 2-hyd th ini
~_NH; ) -hydroxyethanaminium
HO 0 /J\/v pentanoate HEAPe

* o)
NH,
Q o O-/”\ caprolactam acetate CPAc

Binary mixtures of ionic liquids were prepared in Falcon tubes (50 mL) by adding the

previously specified quantities of the substances to achieve a molar fraction range of 0.05
to 0.95, using an electronic analytical balance with a precision of + 0.0001 g.
The resulting mixtures were vortexed to ensure complete homogenization. They were

then stored in a vacuum oven for 24 hours before measurements were taken. We took care
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not to expose them to ambient light to prevent degradation and ensure the components

were not contaminated, especially by water.

2.2 Density and Viscosity Measurements

The pure substances’ density and dynamic viscosity measurements, and those of their
respective mixtures (2-HEAA + CPAc, 2-HEAA + HEAPe, CPAc + HEAPe), were
performed on an Anton-Paar SVM 3000 viscodensimeter. Measurements were made at 7'
=(293.15to 373.15) K and at atmospheric pressure (101.3 kPa). Our group also reported
the densities of pure 2-HEAA and HEAPe at 0.1 MPa in a previous high-pressure study
[35], on a different temperature grid (298.15, 313.15, 333.15, 353.15 and 373.15 K). The
two data sets are therefore independent determinations of the same isobar, and Section
2.7 compares them. Table 4 lists the values measured in the present work. For 2-HEAA
+ HEAPe, the mole fractions reported for the viscosity series (Table 5) differ from those
of the density series (Table 4); where the two properties are combined (Eyring—NRTL,
Section 2.6), the molar volume at the viscosity compositions was obtained from the
Redlich—Kister correlation of VE.

The standard uncertainty of temperature was taken as u(T) = 0.05 K, the value adopted
in our group’s most recent density study [36]and is used as a conservative estimate; the
resulting temperature terms are listed in Table S12. The standard uncertainty of each
reported mole fraction was obtained from its three-decimal resolution, assuming a
rectangular interval of £0.0005: u(x:) = 0.0005/N3 = 0.00029; the weighing contribution
(£0.0001 g on samples of about 15 g) is negligible. The combined standard uncertainty
of each measured property was evaluated following the GUM as reported in
supplementary material. The uncertainty for density and viscosity, respectively, are u(p)

=0.0014 g:cm™ and u(n) = 0.0147n.

2.3 Surface Tension Measurements

Surface tension measurements were performed on a Kriiss tensiometer with a resolution
of 0.01 mN-m! at temperatures 7 = (293.15 to 343.15) K, using du Noiiy ring method to
obtain the results. The technique uses a ring, generally made of platinum-iridium, to apply
a specific force on the fluid surface. This technique has reasonable accuracy, especially

for more viscous liquids measured with the Harkins—Jordan correction factor [37, 38].



A Julabo F32 bath controlled the sample temperature, monitored by a thermocouple.
The standard temperature uncertainty u(T) = 0.05 K was adopted from our group’s most
recent high-pressure density study [36]. The ring was cleaned by flaming, tared,
immersed, and evaluated with the instrument correction factor.

Four ring readings were averaged at each nominal temperature; their pooled standard
deviation is 0.055 mN-m™"'. Combined with the instrument resolution (0.01 mN-m™,
rectangular distribution) and the temperature contribution (< 0.015 mN-m™), uc(c) =0.25

mN-m™.

2.4 Refractive Index Measurements

Refractive index (nD) was measured using a Anton Parr Abbemat 550 refractometer at
T = (293.15 to 353.15) K and atmospheric pressure. No replicate refractive-index
readings were available, so u(nD) was evaluated from the refractometer accuracy
(£0.0002, rectangular distribution), the reporting resolution (0.0001) and the temperature
contribution (< 0.00002), giving uc(nD) = 0.00012. Ultrapure water (18.2 MQ-cm) was

used for instrument calibration.

2.5 Derived Properties

From density, dynamic viscosity, surface tension, and refractive index experimental
data, it is possible to calculate, respectively, excess molar volume (VE / cm?® mol™?),
dynamic viscosity deviation (4n / mPa-s), surface tension deviation (4o / mN-m™') and

refractive index deviation (Anp) of the mixtures using equations 1 to 4.

N
VE= D xMi(p~ =p ) (1)
i=1
N
An=n- mei (2)

i=1

Xi0; (3)

>

q

I

Q

[
D=



Anp = np — XiNp, (4)

-

where p, 1, 0 and np denote the density, dynamic viscosity, surface tension, and
refractive index of the mixture, respectively; N is the number of components, x;, p;, 1;,
0, Np;, and M; denote molar fraction, density, dynamic viscosity, surface tension,

refractive index, and molar mass of the pure compounds.

Excess and deviation properties were correlated by using the Redlich-Kister equation:

k
y=x;1-x) ) A;(1—2x;) (5)
]ZO ,

where y is VE, An, Ao or Anp; A; are the adjusted parameters, and £ is the degree of

polynomial expansion obtained through a polynomial adjustment using the least-squares

fitting procedure. The corresponding standard deviations were given by:

Z(yexp - ycal)2
(n—p)

s(y) = (6)

where Yey, is the experimental excess properties, and y.q; is the calculated excess
properties, n is the number of experimental points, and p is the number of parameters

used in the adjustment procedure.

2.6 Eyring—-NRTL Viscosity Model
According to Eyring's absolute reaction rate theory, viscous flow is approached as an
activation process. Due to the close analogy between excess flow activation energy and

excess free energy of mixing, the Eyring-NRTL [40] equation can be written as follows:



T21G21 T12G12
In(nV) = x;In(n, V) + x,In(n,V,) + x5 [X1 5,00 T Gy Gij
= exp(—a‘rij) (7)
Ag;i
Tij = R7i] (8)

Here n and V are mixture viscosity and molar volume; x;, n; and V; refer to the pure components.

We fixed o = 0.25. The binary interaction energies were taken as linearly temperature dependent:

Agij(T) = Agj(Trep) + (T — Trep)Agj,  Trer = 333.15K €))

The four coefficients were obtained by bounded nonlinear least squares of the log-viscosity
residuals in Equation 10. Molar volumes were calculated from the measured densities. For 2-
HEAA + HEAPe, whose viscosity and density series were reported at different mole fractions,
the molar volume at each viscosity composition was obtained as the ideal volume plus the
Redlich—Kister correlation of VF at the same temperature (Table S6), so that the volumes used in

the model are consistent with the reported excess volumes.

0.F.=

i

- 10
ln(néxp) (10

: [ln(ni) - ln(nzxp)r

2.7 Comparison with Literature
Figure 1 compares the available density, viscosity and surface-tension measurements of the
pure substances with reported values. Relative differences were calculated from the literature

average and the present experimental data:

Yiit = Yexp
Yiit

err% = 100 - (11)



where yy;; is the literature average and y,,,, is the experimental data. The values available
in the literature: 2-HEAA (density [14, 41, 42], viscosity [41, 42]), HEAPe (density [43,
44], viscosity [43, 44], surface tension [43]), CPAc (density [34, 45], viscosity [34, 45]).
Relative differences reach about 1.1 % for density, 17 % for viscosity and 6 % for surface
tension (Fig. 1), well above the uncertainties of the present measurements. Surface
tensions of 2-HEAA and CPAc could not be compared for lack of literature data.
Refractive indices are not compared in Fig. 1, because literature values were found only

for 2-HEAA [14] and not for HEAPe or CPAc.
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Fig. 1 Relative differences from available literature data: (a) density, 2-HEAA (A),
HEAPe (o), CPAc (*); (b) viscosity, same symbols; (c) surface tension, HEAPe (o)

The observed inconsistencies, particularly in the viscosity data, likely stem from non-

uniform experimental conditions. Variations in synthesis and purification procedures,
9



measurement techniques, and the limited amount of published data may all contribute to
these discrepancies. Dias, Sosa, and Costa [41] reported similar problems and also
emphasized that these properties are highly sensitive to impurities. This only strengthens
the need for additional experimental data.

We also compared the pure-component densities measured in this work with the 0.1
MPa isobar reported by our group for 2-HEAA and HEAPe in a previous high-pressure
study [35]. Because the two studies were carried out on different temperature grids, the
comparison constitutes an independent check rather than a repetition of the same
measurement: the average absolute relative deviation is 0.09 % for 2-HEAA and 0.12 %
for HEAPe, with a maximum single-point deviation of 0.24 %. The root-mean-square
difference of this comparison, 0.0014 g-cm™, was adopted as the reproducibility of the

density measurements (Section 2.2).

3 Results and Discussion

3.1 Structural Characterization of the Ionic Liquids

The spectra of the isolated products show prominent FTIR transmittance minima near
1524 and 1398 cm™! for both 2-HEAA and HEAPe, and near 1621 cm™* for CPAc (Fig.
2). The paired bands for 2-HEAA and HEAPe are consistent with carboxylate stretching,
whereas the CPAc feature lies in the lactam carbonyl region. These observations, together
with the 'H NMR shifts in Table 3, support the proposed product structures [34, 46].

The product spectra differ from those of the acid and base precursors in band position
and intensity. Features near 900-940 cm™ also change after synthesis. Because
vibrational bands overlap in these regions, such intensity changes do not by themselves
quantify acid deprotonation or hydrogen-bond strength [47, 48].

A change or apparent loss of a feature near 800-865 cm™ does not establish the
disappearance of N—H bonds or independently prove ion-pair formation. The spectral
interpretation therefore rests on the combined FTIR and "H NMR observations rather than

on a single band [49].
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Fig. 2 FTIR transmittance spectra of the reactants and isolated products: (a) acetic acid,
ethanolamine, and 2-HEAA; (b) acetic acid, e-caprolactam, and CPAc; (¢) pentanoic acid,
ethanolamine, and HEAPe. The arrows near 1524 cm™ in panels (a) and (c) identify the
product carboxylate band region

Table 3 compares the '"H NMR chemical shifts of the precursor mixtures and isolated

products. The exchangeable N—H signal changes from 6.25 to 5.83 ppm for 2-HEAA and
from 5.10 to 4.54 ppm for HEAPe; the CPAc 'H signal changes from 7.41 to 7.19 ppm.

These differences indicate changes in local proton environments after synthesis, but do

not quantify proton transfer, ion pairing, or hydrogen-bond strength.

The '"H NMR spectra of the ionic liquids are shown in Figs. S1, S2, and S3 (Online

Resource 1).
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Table 3 "H NMR chemical shifts of the precursor mixtures (SM) and isolated products.
*NH denotes an exchangeable-proton signal and does not assign a fixed NH2 or NH5*
stoichiometry from chemical shift alone

2-HEAA HEAPe CPAc
H 'H(ppm) S8'H(ppm)IL  8'H(ppm) &'H(ppm)IL  &'H(ppm) &'H(ppm) IL
SM SM SM

1 2.75 2.75 2.65 2.72 7.41 7.19

2 3.51 3.71 343 3.49

3 1.67 1.68 1.90 1.95 2.45 2.45

4 - - 1.37 1.39 1.67 1.67

5 - - 1.20 1.21 2.05 2.04

6 - - 0.80 0.81 3.19 3.19
NH* 6.25 5.83 5.10 4.54

3.2 Experimental Thermophysical Properties

The experimental data of density (p), dynamic viscosity (#), surface tension (o), and

refractive index (np) of the binary mixtures (2-HEAA + CPAc, 2-HEAA + HEAPe, CPAc

+ HEAPe) in temperatures 7 = (293.15 to 373.15) K for density and dynamic viscosity,
(293.15 to 343.15) K for surface tension, and (293.15 to 353.15) K for refractive index,

at atmospheric pressure (101.3 kPa), are listed in Tables 4-7.

Table 4 Density data (p) for studied IL mixtures at T = (293.15 to 373.15) K and

atmospheric pressure (101.3 kPa). *

p/gem’
x T/ K
! 293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 373.15
2-HEAA (1) + CPAc (2)
1.000 1.1536  1.1481 1.1424  1.1368 1.1311 1.1256 1.1199 1.1141 1.1082
0.857 1.1427  1.1369 1.1310 1.1252 1.1195 1.1137 1.1079 1.1017 1.0956
0.730 1.1309 1.1248 1.1184 1.1125 1.1065 1.1006 1.0945 1.0881 1.0819
0.615 1.1189 1.1124 1.1060 1.0998 1.0936 1.0872 1.0810 1.0747 1.0685
0.505 1.1073  1.1006 1.0941 1.0874 1.0809 1.0744 1.0678 1.0611 1.0543
0.423 1.0941 1.0872  1.0804 1.0735 1.0667 1.0599 1.0531 1.0463 1.0390
0.312  1.0847 1.0777 1.0707 1.0635 1.0564 1.0494 1.0420 1.0348 1.0277
0.225 1.0754 1.0673 1.0598 1.0525 1.0451 1.0375 1.0300 1.0225 1.0152
0.147 1.0623 1.0546 1.0470 1.0392 1.0315 1.0237 1.0159 1.0075 0.9998
0.071 1.060 1.052 1.044 1.036 1.028 1.020 1.012 1.004 0.9963
0.000 1.059 1.051 1.044 1.035 1.028 1.019 1.011 1.003 0.9955
2-HEAA (1) + HEAPe (2)

1.000 1.1536  1.1481 1.1424  1.1368  1.1311 1.1256  1.1199 1.1141 1.1082
0.841 1.1399  1.1341 1.1283  1.1226 1.1169 1.1111 1.1054  1.0994 1.0932
0.705 1.1284 1.1226 1.1167 1.1108 1.1050 1.0992 1.0932 1.0871 1.0809
0.577 1.1143  1.1084 1.1024 1.0964 1.0904 1.0845 1.0784 1.0724 1.0659
0.467 1.1031 1.0973 1.0913 1.0852 1.0792 1.0732 1.0671 1.0609 1.0544
0.373 1.0938 1.0878 1.0817 1.0757 1.0697 1.0636 1.0576 1.0516 1.0456
0.285 1.0831 1.0771 1.0709 1.0647 1.0585 1.0523 1.0461 1.0396 1.0332

12



0202 1.0733 10672 1.0610 1.0547 1.0485 1.0424 1.0361 1.0296  1.0230
0.126 1.0631 1.0569 1.0506 1.0442 1.0379 1.0317 1.0252 1.0187 1.0121
0.000 1.0480 1.0418 1.0355 1.0291 1.0227 1.0169 1.0103 1.0037  0.9971
CPAc (1) + HEAPe (2)
1.000  1.059 1051 1.044 1.035 1.028 1019 1011  1.003  0.9955
0949 1.0601 1.0522 1.0443 1.0364 1.0285 1.0205 1.0125 1.0045  0.9970
0.882 1.0627 1.0553 1.0475 1.0399 1.0322 1.0245 1.0167 1.0090  1.0013
0775 1.0610 1.0535 1.0461 1.0386 1.0312 1.0236 1.0162 1.0086  1.0011
0671 1.0582 1.0511 1.0438 1.0364 1.0291 1.0220 1.0145 1.0072  1.0000
0.578  1.0559 1.0488 1.0417 1.0346 1.0276 1.0205 1.0133 1.0061  0.9994
0467 1.0543 1.0475 1.0408 1.0339 1.0271 1.0202 1.0132 1.0061  0.9993
0320 1.0526 1.0459 1.0394 1.0330 1.0265 1.0199 1.0133 1.0065  0.9997
0.179 1.0503 1.0438 1.0374 1.0311 1.0248 1.0183 1.0118 1.0050  0.9985
0.113  1.0497 1.0433 1.0369 1.0307 1.0244 1.0179 1.0114 1.0046  0.9981
0.000 1.0480 1.0418 1.0355 1.0291 1.0227 1.0169 1.0103 1.0037  0.9971

* Standard uncertainties: u(xi) = 0.00029, u(T) = 0.05 K, and u¢(p) =0.0014 g-cm™3.

Table 5 Viscosity (1) for studied IL mixtures at T =(293.15 to 373.15) K and atmospheric
pressure (101.3 kPa). *

17 /mPa-s
T/K
Xq 293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 373.15
2-HEAA (1) + CPAc (2)
1.000 2404 1045 505.3 267.4 152.6 92.16 59.12 39.67 27.56
0.857 2381 1033 500.7 265.0 151.5 92.24 59.18 39.63 27.49
0.730 1476 656.6 327.2 178.0 104.6 65.41 43.03 29.46 20.86
0.615 964.3 441.6 225.6 126.2 76.08 48.73 32.80 21.71 15.75
0.505 536.4 254.8 135.7 78.78 49.06 32.35 22.38 16.08 11.89
0.423 344.4 170.4 93.40 55.70 35.58 24.03 16.99 12.50 9.565
0.312 181.3 93.81 53.59 33.21 21.96 15.30 11.12 8.350 6.444
0.225 99.71 54.12 32.33 20.82 14.23 10.21 7.610 5.853 4.617
0.147 49.98 28.95 18.27 12.34 8.786 6.529 5.024 3.979 3.263
0.071 34.39 20.42 13.16 9.060 6.559 4.947 3.857 3.093 2.555
0.000 38.41 22.23 14.09 9.587 6.883 5.156 3.997 3.190 2.617
2-HEAA (1) + HEAPe (2)
1.000 2404 1045 505.3 267.4 152.6 92.16 59.12 39.67 27.56
0.874 2542 1114 558.8 2973 170.1 103.5 66.26 44.27 30.62
0.798 2559 1150 570.0 306.5 176.5 107.7 69.06 46.22 31.71
0.715 2548 1158 579.5 313.6 181.3 110.8 71.07 47.41 32.69
0.627 2532 1162 584.6 317.7 184.2 112.8 72.23 48.04 32.98
0.533 2448 1138 579.4 317.7 185.3 113.9 73.23 48.93 33.82
0.423 2409 1132 579.2 320.7 187.4 115.2 73.98 49.21 33.63
0.295 2368 1129 584.8 324.5 190.3 117.8 75.76 50.54 34.81
0.159 2283 1095 569.6 317.0 186.5 115.2 73.96 49.03 33.53
0.000 2401 1162 608.6 340.0 200.5 122.6 78.65 52.17 35.51
CPAc (1) + HEAPe (2)

1.000 38.41 22.23 14.09 9.587 6.883 5.156 3.997 3.190 2.617
0.949 47.81 27.92 17.47 11.72 8.307 6.152 4.718 3.734 3.035
0.882 77.76 42.23 25.10 16.11 11.02 7.937 5.946 4.607 3.669
0.775 93.49 51.06 30.57 19.70 13.46 9.641 7.179 5.522 4.367
0.671 147.1 78.94 46.35 29.26 19.61 13.80 10.10 7.467 5.954
0.578 196.2 104.8 61.06 38.18 25.35 17.64 12.77 9.560 7.352
0.467 308.4 162.4 93.17 57.25 37.29 25.48 18.10 13.28 9.996
0.320 562.0 291.0 163.4 98.12 62.34 41.49 28.69 20.38 14.94
0.179 861.5 441.6 244.7 144.5 89.98 58.85 39.53 27.51 19.64
0.113 1103 557.2 304.6 177.4 108.9 69.87 46.53 31.97 22.54
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0.000 2401 1162 608.6 340.0 200.5 122.6 78.65 52.17 35.51
* Standard uncertainties: u(xi) = 0.00029, u(T) = 0.05 K, and uc(n) = 0.015n (Online
Resource 1).

Table 6 Surface Tension (o) for studied IL mixtures at T = (293.15 to 343.15) K and
atmospheric pressure (101.3 kPa). *

o/ mN-m!
x T/K

1 293.15 303.15 313.15 323.15 333.15 343.15

2-HEAA (1) + CPAc (2)
1.000 52.98 52.15 50.80 49.33 48.10 47.00
0.857 45.60 45.03 44.10 43.00 42.00 41.00
0.730 42.65 41.78 40.68 39.58 38.53 37.40
0.615 41.40 40.30 39.40 37.85 37.05 35.45
0.505 40.61 39.61 38.50 37.20 36.30 35.00
0.423 40.05 39.05 38.10 36.80 35.80 34.60
0.312 39.80 38.80 37.90 36.50 35.50 34.50
0.225 39.70 38.70 37.70 36.20 35.20 34.20
0.147 39.65 38.65 37.65 36.50 35.30 34.50
0.071 39.15 38.18 37.13 35.20 34.08 33.53
0.000 35.80 35.30 34.30 33.43 32.53 31.50

2-HEAA (1) + HEAPe (2)
1.000 52.98 52.15 50.80 4933 48.10 47.00
0.841 43.90 43.35 42.30 41.35 40.23 39.40
0.705 39.08 38.33 37.58 36.33 34.95 33.30
0.577 37.70 36.93 36.03 35.20 34.10 32.80
0.467 36.93 36.03 35.20 34.25 33.10 31.70
0.373 36.08 35.03 34.18 33.28 32.30 31.28
0.285 34.90 34.10 33.10 32.00 31.33 30.13
0.202 34.44 33.75 32.75 31.65 30.53 29.40
0.126 33.50 32.60 31.60 30.55 29.45 28.15
0.000 33.18 32.30 31.45 30.58 29.50 28.50

CPAc (1) + HEAPe (2)
1.000 35.80 35.30 34.30 33.43 32.53 31.50
0.949 40.79 40.27 39.35 38.86 37.39 36.67
0.882 44.83 44.28 43.30 42.61 41.10 40.42
0.775 47.13 46.53 45.37 43.97 42.96 42.01
0.671 46.72 46.05 44.82 43.19 42.46 41.29
0.578 45.70 44.97 43.81 42.47 41.62 40.42
0.467 44.89 44.07 43.10 42.26 41.08 40.01
0.320 45.00 4411 43.28 42.27 41.13 40.20
0.179 44 35 43.44 42.47 40.16 39.88 38.80
0.113 42.34 4143 40.39 37.67 37.71 36.52
0.000 33,18 32.30 31.45 30.58 29.50 28.50

* Standard uncertainties: u(x:) = 0.00029, u(T) = 0.05 K, and uc(c) = 0.25 mN-m ™.

Table 7 Refractive index data (np) for studied IL mixtures at T = (293.15 to 353.15) K
and atmospheric pressure (101.3 kPa). *

np
x T/K
1 293.15 303.15 313.15 323.15 333.15 343.15 353.15
2-HEAA (1) + CPAc (2)
1.000 1.4705 1.4682 1.4659 1.4635 1.4611 1.4586 1.4561
0.814 1.4688 1.4663 1.4639 1.4614 1.4589 1.4564 1.4539
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0.652 1.4667 1.4642 1.4617 1.4591 1.4564 1.4536 1.4509

0.532 1.4652 1.4624 1.4596 1.4568 1.4540 1.4512 1.4483
0.421 1.4634 1.4604 1.4575 1.4545 1.4515 1.4485 1.4454
0.330 1.4614 1.4583 1.4552 1.4521 1.4490 1.4459 1.4430
0.245 1.4598 1.4565 1.4533 1.4500 1.4467 1.4434 1.4401
0.181 1.4573 1.4539 1.4506 1.4472 1.4438 1.4405 1.4375
0.109 1.4555 1.4520 1.4485 1.4449 1.4413 1.4377 1.4341
0.053 1.4523 1.4486 1.4449 1.4412 1.4374 1.4337 1.4306
0.000 1.4496 1.4459 1.4421 1.4382 1.4343 1.4304 1.4265
2-HEAA (1) + HEAPe (2)
1.000 1.4705 1.4682 1.4659 1.4635 1.4611 1.4586 1.4561
0.832 1.4698 1.4674 1.4650 1.4626 1.4601 1.4576 1.4550
0.687 1.4694 1.4669 1.4645 1.4620 1.4594 1.4568 1.4541
0.562 1.4691 1.4666 1.4640 1.4614 1.4587 1.4560 1.4533
0.352 1.4684 1.4658 1.4632 1.4605 1.4578 1.4549 1.4521
0.121 1.4666 1.4639 1.4611 1.4582 1.4553 1.4523 1.4493
0.059 1.4663 1.4635 1.4606 1.4576 1.4547 1.4516 1.4486
0.000 1.4662 1.4633 1.4604 1.4574 1.4544 1.4513 1.4482
CPAc (1) + HEAPe (2)
1.000 1.4496 1.4459 1.4421 1.4382 1.4343 1.4304 1.4265
0.887 1.4673 1.4638 1.4602 1.4567 1.4532 1.4499 1.4464
0.776 1.4681 1.4647 1.4613 1.4578 1.4543 1.4507 1.4470
0.664 1.4678 1.4645 1.4611 1.4578 1.4544 1.4510 1.4477
0.562 1.4675 1.4643 1.4611 1.4578 1.4545 1.4511 1.4477
0.468 1.4668 1.4636 1.4604 1.4573 1.4541 1.4510 1.4478
0.369 1.4667 1.4636 1.4605 1.4573 1.4541 1.4509 1.4477
0.276 1.4662 1.4631 1.4601 1.4571 1.4540 1.4508 1.4476
0.198 1.4658 1.4628 1.4598 1.4567 1.4537 1.4506 1.4475
0.091 1.4653 1.4624 1.4595 1.4565 1.4534 1.4502 1.4470
0.000 1.4662 1.4633 1.4604 1.4574 1.4544 1.4513 1.4482

* Standard uncertainties: u(xi) = 0.00029, u(T) = 0.05 K, and u¢(nD) = 0.00012.

Density and dynamic viscosity decrease with increasing temperature in every tabulated
series. Surface tension decreases with increasing temperature in every tabulated series
except CPAc + HEAPe at x: = 0.113, where the values at 323.15 and 333.15 K (37.67
and 37.71 mN-m™) agree within their expanded uncertainty.

At 293.15 K, the pure-component densities follow 2-HEAA > CPAc > HEAPe. CPAc
is much less viscous than the other two pure liquids, whereas HEAPe is more viscous
than 2-HEAA from 303.15 K upward. Density and viscosity therefore do not follow a
common ranking across these compounds; the measured trends alone cannot isolate
effects of chain length, cation geometry, or hydrogen bonding.

The density ordering of 2-HEAA and HEAPe is consistent with the independent high-
pressure study discussed in Section 2.7. This agreement supports the density trend, but
does not establish which intermolecular contribution controls mixing or viscous flow

[35].
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3.3 Excess Molar Volume

Figure 3 shows predominantly negative excess molar volumes. For 2-HEAA + CPAc,
positive values occur at x: = 0.071 and 0.147, reaching +1.10 cm?*-mol ™! at x; = 0.147 and
373.15 K; the minimum is —2.08 cm?®-mol™" at x1 = 0.615 and 373.15 K. All interior values
for 2-HEAA + HEAPe are negative, with a minimum of —2.32 cm?* -mol™" at x: = 0.373
and 373.15 K. All 81 interior values for CPAc + HEAPe are negative; at xi(CPAc) =
0.179 and 363.15 K, VE =-0.23 cm?*-mol'. Negative VF denotes contraction relative to
the ideal-volume reference and does not, by itself, identify a unique molecular
mechanism.

The ATR-FTIR spectra of the mixtures were measured at 298.15 K (Fig. 4). In 2-HEAA
+ CPAc, features near 1068 and 1621 cm™! shift toward 1084 and 1625 cm™!, and a feature
near 1255 cm™ moves toward 1277 cm™. These observations show composition-
dependent spectral changes at the measured temperature; they cannot establish the cause

of the VE trend over the full temperature interval.
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Fig. 3 Influence of temperature on the excess molar volume of binary mixture: (a) 2-
HEAA (1) + CPAc (2); (b) 2-HEAA (1) + HEAPe (2); (c) CPAc (1) + HEAPe (2).
Temperatures: (m) 293.15 K, () 303.15 K, (A) 313.15 K, (V) 323.15 K, (¢) 333.15 K,
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(€)343. 15K, (»)353.15K, ( )363.15K, and ( ) 373.15 K. All lines were obtained by

polynomial adjustment of Redlich—Kister equation

The band near 1703 cm™ changes mainly in inten

sity across the composition series,

without a resolved shift in its reported position. Changes in intensity can reflect changing

component proportions and local environments, whereas a change in band frequency

requires a demonstrable change in peak position. The

spectra therefore do not establish a

direct connection between this band and the signs of VE or Ac.
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Fig. 4 ATR-FTIR for binary systems obtained at 298.15 K and atmospheric pressure: (a)
CPAc +2-HEAA; (b) CPAc + 2-HEAA. (c) HEAPe + 2-HEAA; (d) HEAPe + 2-HEAA.
(e) CPAc + HEAPe; (f) CPAc + HEAPe.

For 2-HEAA + HEAPe (Figs. 4c and 4d), features near 1068 and 1307 cm™ move
toward 1084 and 1336 cm™, and the intensity near 1524 cm™ varies with composition.
The pronounced negative VE values indicate nonideal volume contraction. The spectral
changes are consistent with altered local environments but cannot separate packing,
hydrogen-bonding and ionic contributions to that contraction [50].

For CPAc + HEAPe (Figs. 4e and 4f), features near 1069 and 1526 cm™ move toward
1085 and 1542 cm™. The intensities of bands near 1704 and 1255 cm™ decrease as the
CPAc fraction decreases. Because these intensity changes accompany a change in
component proportion, they cannot by themselves quantify a change in bond strength or

explain the observed VE trend [47].

3.4 Dynamic Viscosity Deviation

Figure 5 shows that the sign and magnitude of An depend on composition. For 2-HEAA
+ CPAc, the minimum is =696 mPa's at xi: = 0.505 and 293.15 K, while positive
deviations occur in the 2-HEAA-rich region. For 2-HEAA + HEAPe, the maximum is
+156 mPa-s at x1=0.798 and 293.15 K the deviation changes sign across the composition
range. CPAc + HEAPe has negative deviations at every interior point, reaching —1117
mPa-s at xi(CPAc) = 0.179 and 293.15 K. The magnitude of the negative minimum
decreases with temperature in each system, but the composition of the minimum does not
shift in a common direction. An exceeds its expanded uncertainty at 78 of 81, 53 of 72
and 81 of 81 interior points for the three systems, respectively; the unresolved values lie

close to the sign changes.
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Fig. 5 Influence of temperature on the viscosity deviation of binary mixture: (a) 2-HEAA
(1)+ CPAc (2); (b) 2-HEAA (1) + HEAPe (2); (c) CPAc (1) + HEAPe (2). Temperatures:
(m) 293.15K, (0) 303.15K, (A)313.15K, (V) 323.15 K, (¢) 333.15 K, («€) 343.15 K,
(™) 353.15 K, () 363.15 K, and ( ) 373.15 K. All lines were obtained by polynomial
adjustment of Redlich—Kister equation.

All measured mixture viscosities decrease as temperature increases. At a fixed
temperature, An compares the mixture viscosity with a mole-fraction-weighted average
of pure-component viscosities; a negative value does not imply that the mixture is less
viscous than both pure components. The deviations demonstrate nonlinearity with
composition, but their signs alone do not identify the interactions responsible for viscous

flow [51].

3.5 Eyring-NRTL Viscosity Model
Figure 6 compares measured viscosities with the Eyring—NRTL correlation fitted over

the measured temperature and composition range. The residuals by composition and
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(b)

temperature are shown in Fig. S19. The model describes 2-HEA A + HEAPe substantially

more closely than the other two systems and is used here as a correlation within the

investigated range.
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Fig. 6 Measured dynamic viscosities (symbols) and Eyring—NRTL calculated values
(lines) for (a) 2-HEAA (1) + CPAc (2), (b) 2-HEAA (1) + HEAPe (2), and (c) CPAc (1)
+ HEAPe (2). Each panel identifies its measured mole fractions xi; symbols and curves
use a matching symbol—curve pair for each composition.

The fitted parameters and error statistics are listed in Table 8. AARD is 12.76%, 0.92%,
and 6.23%, and the largest absolute relative residual is 58.62%, 3.56%, and 23.77% for
systems (a), (b), and (c), respectively. The high R? for system (a) reflects its broad
viscosity range and does not remove the large relative errors at some compositions. With
the temperature dependence referred to Trer = 333.15 K, the interaction energies Agij( Trer)
are well determined, whereas the temperature coefficients Ag;' are smaller than twice
their standard errors except Agxi' of CPAc + HEAPe. For 2-HEAA + HEAPe, a
temperature-independent form with two parameters gives the same AARD (0.93 %).
Excluding the estimated viscosity at x: =0.798 and 373.15 K (Table 5) changes the fitted

coefficients by less than one standard error and the AARD by less than 0.01 percentage
20



point. The fitted Ag coefficients are empirical correlation parameters, not independently

measured mixing energies.

Table 8 Eyring—NRTL parameters and statistics for the interior mixture data; Trr = 333.15 K,

uncertainties are standard errors.

2-HEAA (1) + CPAc (2) 2-HEAA (1) + HEAPe (2) CPAc (1) + HEAPe (2)
Agl2lve)/ 20300 = 6100 8520 £ 230 14200 + 1200
w2 30 + 220 50477 42 £39
‘mol™-K
Agl(Treh ~1660 + 820 —4001 + 63 ~6040 = 120
B 30+ 30 11421 _13.0+44
‘mol ™K
R 0.9882 0.9997 0.9570
MAE / mPa-s 13.84 5.47 11.85
AARD / % 12.76 0.92 6.23

The Arrhenius equation (12) was fitted to the viscosity data to summarize the apparent

temperature dependence over the measured interval:

En
Inn =In(e) + o (12)

Here R is the universal gas constant (8.314 J-mol™*-K™), n. is a formal extrapolation
parameter, and E, is an apparent temperature-slope parameter over the measured interval.
In all 32 tabulated pure-component and mixture series, a quadratic function of 1/T
improves the corrected AIC by more than 2 relative to the linear Arrhenius relation; the
median log-viscosity RMSE decreases by about 92%. Accordingly, the Arrhenius
parameters in Tables S5, S7, and S9 summarize the measured interval and should not be

interpreted as temperature-independent activation energies or extrapolated beyond it.

3.6 Surface Tension Deviations

Figure 7 shows deviations relative to the mole-fraction-weighted surface tension of the
pure components. For 2-HEAA + CPAc (Fig. 7a), the minimum is —=5.82 mN-m™" at x1 =
0.730 and 303.15 K, well beyond the expanded uncertainty at that point (U = 0.64
mN-m™, k=2).
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For 2-HEAA + HEAPe (Fig. 7b), all deviation ranges are negative and exceed their
expanded uncertainties; the minimum is —8.24 mN-m™ at x: = 0.705 and 343.15 K (U =
0.63 mN-m™).

For CPAc + HEAPe (Fig. 7c¢), all 54 interior deviations are positive and exceed their
pointwise expanded uncertainties, U = 0.61-0.69 mN-m™ (k = 2). The maximum is
+11.92 mN-m™ at xi(CPAc) = 0.775 and 293.15 K; the minimum is +5.01 mN-m™ at
x1(CPAc) = 0.949 and 333.15 K. The mixture surface tensions therefore lie substantially
above the mole-fraction-weighted pure-component reference across the measured interior
compositions. The Redlich—Kister residual standard deviations for this system are
0.00166—0.00346 mN-m " across the six temperatures (Table S8, Online Resource 1).

Surface tension is an interfacial property, and the interfacial composition was not
measured. The observed Ac values therefore cannot be assigned uniquely to bulk-volume

contraction or to a specific molecular interaction.
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Fig. 7 Surface-tension deviations of (a) 2-HEAA (1) + CPAc (2), (b) 2-HEAA (1) +
HEAPe (2), and (c) CPAc (1) + HEAPe (2). Temperatures: (m) 293.15 K, (@) 303.15 K,
(A)313.15K, (V) 323.15 K, (¢) 333.15 K, () 343.15 K. All lines were obtained by
polynomial adjustment of Redlich—Kister equation

3.7 Refractive Index Deviations

Figure 8 shows positive refractive-index deviations for most interior compositions. The
maxima are 0.0067 for 2-HEAA + CPAc at x: = 0.330, 0.0011 for 2-HEAA + HEAPe at
x1 = 0.352, and 0.0174 for CPAc + HEAPe at x:(CPAc) = 0.887, all at 353.15 K. With
U(AnD) = 0.0003 (k = 2), every interior deviation of 2-HEAA + CPAc and CPAc +
HEAPe exceeds U, whereas only 19 of the 42 interior deviations of 2-HEAA + HEAPe
do, all at x1 = 0.352-0.687. The much larger CPAc + HEAPe deviation is analyzed in
Section 3.8.
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Fig. 8 Influence of temperature on the refractive index deviation of binary mixture: (a) 2-
HEAA (1) + CPAc (2); (b) 2-HEAA (1) + HEAPe (2); (¢) CPAc (1) + HEAPe (2).
Temperatures: (m) 293.15 K, (0) 303.15 K, (A) 313.15 K, (V) 323.15 K, (¢) 333.15 K,
(€)343.15K, () 353.15 K. All lines were obtained from the Redlich-Kister polynomial
fit

The Lorentz—Lorenz relation shows that the refractive index depends on both number

density and effective polarizability:

ng—1 4mNyan,
n2+2 3 V,

(13)

where a,, is the mean molecular polarizability, N, is the Avogadro constant, and V , is
the molar volume. Consequently, deviations in np can reflect changes in number density
and effective polarizability. A negative VE indicates contraction relative to the ideal-

volume reference, but does not identify the cause of an optical deviation.
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2-HEAA + HEAPe has the most negative VF values but Anp values that are small (<
0.0011) and only partly resolved. The properties therefore do not show a common ranking
across the systems. The FTIR spectra were obtained at 298.15 K and cannot establish the
mechanism of their trends throughout the wider temperature range.

All Redlich-Kister parameters and standard deviations from the derived properties are
presented in the Online Resource 1 (Tables S4, S6, S8 and S10). For CPAc + HEAPe, the
three-term Redlich—Kister correlation of Anp has s =0.0018-0.0021, larger than U(Anp),
because Anp rises steeply between xi(CPAc)=0.887 and 1; it is given only as a smoothing

function.

3.8 Refractive Index of CPAc + HEAPe

The CPAc + HEAPe system departs markedly from the other two. Adding 11.3 mol %
HEAPe to CPAc raises np from 1.4496 to 1.4673 at 293.15 K, and every interior mixture
has a refractive index between 1.4653 and 1.4681, close to or slightly above that of pure
HEAPe (1.4662). At xi(CPAc) = 0.887, Anp reaches 0.0158 at 293.15 K and 0.0174 at
353.15 K, roughly three times the largest deviation of 2-HEAA + CPAc and more than
an order of magnitude larger than that of 2-HEAA + HEAPe (Fig. 8c; Table S11 in Online
Resource 1). The deviation decreases almost monotonically toward the HEAPe-rich side,
so the optical nonideality is concentrated where small amounts of HEAPe are dispersed
in CPAc.

To separate the two contributions in Eq. 13, the molar refraction was evaluated from
the measured densities (Table 4):

2

Ry = %Zg—;; RE =Ry, — Z XiRon (14)

where M is the mole-fraction-weighted molar mass of the mixture and R ; are the molar
refractions of the pure liquids. The two pure components have similar molar refractions,
43.92 cm?*mol ! for CPAc and 43.15 cm?*-mol™ for HEAPe at 293.15 K. If Rm were
additive (Rm® = 0), the measured contraction of the mixture volume alone would raise np
by at most 0.0025 above the linear mole-fraction reference over the whole composition
range and temperature interval. The measured Anp at xi(CPAc) = 0.887 is about seven
times larger. Reproducing it requires a positive excess molar refraction of +2.6 % at
293.15 K and +3.0 % at 353.15 K, which decreases to +0.1 % at xi(CPAc) = 0.091. The
large Anp of CPAc + HEAPe is therefore dominated by an increase in effective
polarizability per mole, and only secondarily by tighter packing. For comparison, Rm"
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reaches about +1.7 % in the CPAc-rich region of 2-HEAA + CPAc and about —1.2 % in
2-HEAA + HEAPe, where the volume contraction alone would predict Anp = 0.007 but
the measured deviations do not exceed about 0.001.

We attribute this behavior to the contrasting molecular architectures of the two liquids.
CPAc combines a compact, rigid seven-membered lactam ring with the small acetate
anion, a geometry that cannot fill space efficiently and is expected to leave interstitial free
volume between the rings. HEAPe contributes a flexible pentanoate anion with a four-
carbon alkyl tail and a 2-hydroxyethanaminium cation bearing —NHs* and —OH hydrogen-
bond donors. When HEAPe is dilute in CPAc, the alkyl tails can occupy the free volume
between the lactam rings, while the cation can donate hydrogen bonds to the lactam
carbonyl group and to the carboxylate anions. This accommodation is consistent with the
volumetric data: at xi(CPAc) = 0.882, VE is —0.76 cm?* mol™" at 293.15 K and —0.97
cm?-mol " at 353.15 K (U = 0.6 cm?-mol™), so both the contraction and Anp increase with
temperature at the CPAc-rich end. Hydrogen bonding to the C=0O group enhances the
polarization of the lactam amide group and the delocalization of its m electrons. In
addition, the ordering of chain segments around rigid rings makes the local field
anisotropic, which the isotropic Lorentz—Lorenz relation does not account for and which
appears as an apparent excess refraction. Both effects raise the effective polarizability
above the additive value. The ATR-FTIR spectra of this system are consistent with altered
carbonyl and carboxylate environments: features near 1069 and 1526 cm™ move toward
1085 and 1542 cm™', and the intensities near 1704 and 1255 cm™ change with
composition (Section 3.3). The near-constant np of all interior mixtures further suggests
that about 10 mol % HEAPe is sufficient to restructure the CPAc-rich environment, after
which composition has little further effect on the optical response.

Two observations limit the strength of this interpretation. First, an excess molar
refraction of about 3 % is larger than the values usually reported for liquid mixtures and
larger than those found for the other two systems in this work. Second, Anp and Rp" are
referenced to the pure-component values, so their magnitude depends directly on the
refractive index of pure CPAc, the lowest of the three liquids. Refractive-index
measurements at additional compositions between xi1(CPAc) = 0.887 and 1, together with
spectroscopic probes of the lactam carbonyl group, would test the proposed mechanism.
The interpretation above is therefore offered as the structural hypothesis most consistent

with the present volumetric, optical, and infrared data.
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4 Conclusions

Density and dynamic viscosity were measured for the three binary mixtures at 293.15—
373.15 K, surface tension at 293.15-343.15 K, and refractive index at 293.15-353.15 K,
all at atmospheric pressure. Excess molar volumes are predominantly negative, indicating
contraction relative to the ideal-volume reference. Viscosity, surface-tension, and
refractive-index deviations depend on composition and temperature and, with the
uncertainties evaluated in this work, are resolved at most compositions; VF of CPAc +
HEAPe is resolved only for xi(CPAc) > 0.671, and all 54 interior Ac values of CPAc +
HEAPe are positive and exceed their expanded uncertainties. Redlich—Kister correlations
describe the reported deviations with system-dependent quality. The Eyring—NRTL
model correlates 2-HEAA + HEAPe viscosities closely but has larger relative residuals
in the other two systems. The Arrhenius parameters are descriptive over the measured
range. For CPAc + HEAPe, the refractive-index deviation of up to 0.017 cannot be
explained by volume contraction alone; a Lorentz—Lorenz analysis indicates a positive
excess molar refraction of about 3% in the CPAc-rich region, which we attribute to the
accommodation of the flexible alkyl chains and hydrogen-bond donors of HEAPe around
the rigid lactam rings of CPAc. Apart from this structural hypothesis, the measurements

establish nonideal mixing behavior without identifying a unique molecular mechanism.

Supplementary Information

Online Resource 1 contains the 'H NMR spectra; tabulated excess molar volumes and viscosity,
surface-tension, and refractive-index deviations; measured-property plots; Redlich—Kister
parameters; apparent Arrhenius parameters; Eyring—NRTL residual diagnostics; and pointwise
uncertainty calculations.
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    y  e x p
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  ln  ( 𝜂 V ) =   x 1 ln  (   𝜂 1   V 1 ) +   x 2 ln  (   𝜂 2   V 2 ) +   x 1   x 2  [     𝜏 21   G 21    x 1 +   x 2   G 21 +     𝜏 12   G 12    x 2 +   x 1   G 12 ] ,     G  i j = exp  ( − 𝛼   𝜏  i j )                   ( 7 )


    𝜏  i j =   ∆   g  i j  R T                                                                                                                                                                                                                                                                             ( 8 )


  Δ   g  i j  ( T ) = Δ   g  i j  (   T  ref ) +  ( T −   T  ref ) Δ   g  i j 1 ,     T  ref = 333 . 15   K                                                                                               ( 9 )


  ∆ 𝜂


  O . F . =   ∑  i = 1  n     [    ln ⁡   (   𝜂  i ) −  ln ⁡   (   𝜂  e x p  i )   ln ⁡   (   𝜂  e x p  i ) ] 2                                                                                                                                                                                         ( 10 )


  err % = 100 ·    |   y  l i t −   y  e x p |    y  l i t                                                                                                                                                                                                           ( 11 )
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   ln ⁡  𝜂 =  ln ⁡   (   𝜂 ∞ ) +       E  𝜂  R T                                                                                                                                                                                                                                 ( 12 )


      n  D 2 − 1    n  D 2 + 2 =   4 𝜋 3     N  A   𝛼  m    V  m                                                                                                                                                                                                           ( 13 )


    𝛼  m


    N  A
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    R  m =   M  𝜌     n  D 2 − 1    n  D 2 + 2 ,     R  m  E =   R  m −   ∑  i ​    x  i   R  m , i                                                                                                                                                       ( 14 )
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