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This work reports on a variety of experiments performed as a contribution to an improved understanding of
the structure and dynamics of amide-water mixtures. Several thermophysical properties of the pyrrolidin-2-
one—N-methylpyrrolidinone-water ternary mixed solvent and its binary constituents were measured at
298.15 K. From the experimental readings excess and mixing properties were evaluated and analyzed in
connection with structural effects and ternary interactions. The properties investigated support the formation
of strong hydrogen bonds between water and the cyclic amides. For the binary constituents, the derived
properties support 1:2 PYR-water and 1:3 NMP-water intermolecular interactions. The observed
weakening of hydrogen bonds in the ternary system compared with the binary constituents reveals that no

significant ternary net interactions are present in the mixture.

Introduction

Over the last decades simple liquids and non-electrolyte solvent
mixtures have been characterized on the basis of their thermo-
physical properties. Most liquids with practical applications
and/or of theoretical interest are made up of large molecules
bound by weakly directional van der Waals forces and exhibit
a pronounced non-ideal behaviour. Water (W), on the con-
trary, is made up of small molecules strongly bound by
H-bonds, an order of magnitude greater than the van der
Waals forces. Anomalous properties of water such as a com-
paratively large liquid temperature range and a large heat
capacity (which drops to half upon boiling or freezing) can
be explained by the density of hydrogen bonds in water.
Hydrogen bonding in water is highly cooperative, that is,
interaction of a water molecule with a cluster of H-bonded
molecules is more likely than interaction with a single molecule
to form a dimer. Therefore, pure water is arranged in a
tetrahedral matrix that leads to a very stable complex network
structure at low and medium temperatures.' The large den-
sity of hydrogen bonds in water enables the formation or
breaking of such bonds in biomolecules with a minimum
energetic cost, which confers upon biomolecules very complex
structures and high reactivity at room temperature.

Amides are a very interesting class of solvents. They possess
the very common—in nature—donor-acceptor CO-NH pep-
tide bond and display the property of self-association by
H-bonding. In particular, cyclic amides (lactams) are model
molecules of the amide group in peptides. The cis-lactam
pyrrolidin-2-one (PYR; also known as ¢y-butyrolactam) is
highly self-associated in the pure state and the various types
of aggregates, mainly dimers in dilute solutions (139 -c = 3.55 D,
Scheme 1)*° and higher oligomers in concentrated solutions,
behave as independent entities. Therefore, PYR may serve as a
model for the H-bonding of the bases in nucleic acids for more

1 Electronic supplementary information (ESI) available: Thermophy-
sical properties of pure components (Table S1), binary constituents
(Tables S2, S3), ternary mixtures (Tables S4, S5), coordinates for the
maxima and minima of the ternary contributions (Table S6) and
coordinates for the maxima and minima of the partial molar excess
properties (Table S7). See http://www.rsc.org/suppdata/nj/b4/
b417601d/
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complex systems related to structural problems in molecular
biology.® PYR is also widely used in industrial applications.’

On the other hand, the highly selective tertiary amide
N-methylpyrrolidinone (NMP) is a powerful, non-protogenic,
chemically stable solvent used in the extraction of aromatic
compounds and in the separation of polar from non-polar
compounds;’ it has applications as a cleaning agent in the
electronic industry and in coal extraction.® NMP is a very
simple model for rigid, non-associating polar compounds and,
due to its high dipole moment, is assumed to be associated by
dipole—dipole interactions, the high polarity of the resulting
entity (139 .c = 4.09 D) being attributed to formation of a
favourable and stable, planar, five-membered ring. Even
though hydrogen atoms attached to the nitrogen atom are
lacking in this molecule, the pronounced H-bonding acceptor
ability of the CO oxygen makes NMP prone to H-bonding
when mixed with appropriate donor solvents.

In summary, mixed solvents containing amides are an
important tool to interpret biologically interesting complex
molecules. To gain a deeper insight into the structure of
lactam-containing mixtures and to check the predictive ability
of different theoretical models, earlier contributions on cyclic
amides are extended in this work to the thermophysical proper-
ties of the PYR-NMP-W ternary system and their binary
constituents.” '

Experimental

The solvents PYR and NMP (Fluka), of the highest purity
commercially available, were used without further purification.
The solvents were degassed with ultrasound and protected
from light (NMP is photosensitive) over Fluka 0.3 nm mole-
cular sieves. Degassed ultrapure water from Millipore (Milli-Q,
resistivity 18.2 mQ cm) was used in all experiments. The purity
of the solvents was determined by GC using a Perkin Elmer 990
Gas Chromatograph and by comparison with the literature
thermophysical properties (Table S1 in the ESI, refs. 13-19
contained therein). The binary constituents PYR-W, NMP-W
and PYR-NMP were studied at 298.15 K and atmospheric
pressure over the full composition range. To avoid undesired
preferential evaporation, the samples were prepared by weigh-
ing with a Mettler AT261 microbalance (+1 x 107> g) and
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Scheme 1

syringing into vials with the same mixture volume, with a
stated precision of 41 x 10~* mole fraction. To ensure a fair
description of each of the three components, the PYR-NMP-W
ternary system was studied at 298.15 K according to the sample
distribution plotted in Fig. 1.

Densities (p) and speeds of sound (), were measured with an
Anton Paar DSA 5000 instrument. Densities were measured
according to the oscillating U-tube principle (£5x107° g
cm ) and the speeds of sound by measuring the travel time
through the sample of an impulse from a piezoelectric emission
(£0.5 m s"); the cell temperature was controlled by a built-in
solid state thermostat (1 x 107> K). The apparatus was
calibrated using water (Milli-Q) and n-nonane (Fluka, purity
>99.5%) as reference standards.

Dynamic viscosities () were measured using an Anton Paar
AMV200 rolling ball microviscometer whose temperature was
controlled using a Julabo F25 external thermostat (£1 x 1072
K). The rolling time was measured to +1x 107 s with an
stated precision of +5x 107> mPa s. Calibration was per-
formed using n-dodecane (Aldrich, >99.5%), hexan-1-ol (Flu-
ka, >99.5%), octan-1-ol (Fluka, >99.5%) and decan-1-ol
(Fluka, >99.5%) as standards.

Refractive indexes (np) were measured with an automated
Leica AR600 refractometer which provides a refractive index
precision of +5 x 107>, The temperature was controlled by a
Julabo F32 external circulator (1 x 1072 K) and the calibra-
tion was performed using water and a standard oil (np =
1.51416) supplied by the manufacturer.

PYR

NMP W

Fig. 1 Sample distribution for the study of the PYR-NMP-W ternary
system.
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Isobaric molar heat capacities (Cp ;) were measured using a
Setaram micro DSC III calorimeter. It consists of two vessels
(reference and measuring) lodged in a calorimetric block
surrounded by a thermostatic liquid (rn-undecane), which en-
sures a homogeneous temperature. The temperature was con-
trolled by two type K thermocouples to +1x 1072 K. The
measurement principle is based on the Calvet principle, which
determines the variation in the heat flow to/from the liquid
sample upon temperature scanning. Measurements were per-
formed according to the isothermal step method already
described.?’ Hexane (Fluka, >99.5%) was the reference ma-
terial and butan-1-ol (Aldrich, >99.5%) the calibration liquid.
Heat capacities were measured to within +1 x 107> J mol ™
K~ !. The experimental properties for the binary constituents
and the ternary system are reported in Tables S2-S5, ESI.

Results and discussion

General remarks

Excess molar volumes (VE), mixing viscosities (Amixs), and
excess molar free energies of activation (AG*L) were evaluated
from the experimental readings according to the expressions
reported earlier.” '? Isentropic compressibilities (k) were cal-
culated from the Laplace equation and excess isentropic com-
pressibilities (k§) were according to the ideal behaviour
criterium defined by Benson er al.?' Internal pressures (P;)
and excess internal pressures (PF) were calculated from the
Buchler—Hirschfelder—Curtis equation of state®* according to
the procedure previously reported.'! Excess molar isobaric
heat capacities (CEm) of the binary and ternary systems were
calculated according to Benson criteria.?!

Excess thermodynamic properties reflect the non-ideal be-
haviour of solvents when different components are mixed and
can be attributed to differences in the molecular shape and size
of the components, to differences between like—like and unlike
interactions, and to the reorientation of the molecules in the
mixture. The excess and mixing properties for the binary
constituents (X¥) were correlated with composition, x, using
the Redlich-Kister eqn. (1):**

XE=x(1- )Y 425 - 1) (1)

=1
where x represents either the lactam mole fraction in the
amide—water system or the PYR mole fraction in PYR-NMP
binary compositions, the values of the A; coefficients being
obtained by a least-squares procedure and the proper number
of coeflicients, k, determined by an F-test.?* The coefficients are
reported in Table 1 along with the standard deviations. The
ternary excess and mixing properties, XEgR, were fitted to the
Cibulka®® equation:

Xter = Xpin T x1x2x3(By + Bix; + Boxy) (2
where X5\ represents the sum of the particular property for
the three binary constituents deduced from eqn. (1) using the
parameters of Table 1; the last term in eqn. (2) is the so-called
ternary contribution to the corresponding property. The para-
meters deduced from a least-squares procedure are listed in
Table 2 and the maxima and/or minima of the ternary con-
tributions are given in Table S6 (ESI).

Partial molar quantities are defined as the rate of change
with concentration of extensive functions and account for the
binary and higher-order interactions between components.
From the fitting coefficients of the molar excess volumes and
molar excess heat capacities, the partial molar excess proper-
ties, VE and CE,m, were evaluated for the binary constituents
and the ternary system according to the intercept method,'? the
limiting values at infinite dilution being evaluated as the values
at mole fraction approaching zero. Plots of the excess and
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Table 1 A, coefficients of eqn. (1) and standard deviation ¢ for the xPYR + (1 — x)W, xNMP + (I — x)W and xPYR + (1 — x)NMP binary

Ao A, A As Ay As o
Mixture Excess molar volume V5/cm? mol ™!
xPYR + (1 — x)W —2.1731 1.1070 —0.1480 —1.0170 0.9738 0.0031
XNMP + (1 — x)W —4.4862 2.6435 —0.4154 —2.0437 2.0941 0.0084
xPYR + (1 — x)NMP —0.8812 0.0517 —0.0286 0.0782 0.0009
Mixing viscosity A,x/mPa s
xPYR + (1 — x)W 11.443 2.356 —11.647 4.738 2.984 0.015
XNMP + (1 — x)W 10.354 —18.403 15.742 2.949 —19.224 11.916 0.035
xPYR + (1 — x)NMP —13.822 —6.897 -2.914 —1.632 —1.096 0.004
Excess molar free energy of activation AG*E /kJ mol ™!
xPYR + (1 — x)W 12.823 —7.679 3.170 —0.676 0.002
XNMP + (1 — x)W 14.313 —14.811 9.308 —4.749 3.071 0.022
xPYR + (1 — x)NMP —1.527 —0.266 —0.072 —0.017 0.002
Excess isentropic compressibility k§/TPa~!
xPYR + (1 — x)W —193.32 245.77 —190.80 135.63 —232.29 182.58 0.35
XNMP + (1 — x)W —273.25 353.30 —266.06 203.86 —383.87 303.57 0.53
xPYR + (1 — x)NMP —32.85 1.09 —4.18 0.05
Excess internal pressure PF/MPa
xPYR + (1 — x)W —271.27 119.76 —67.11 41.35 0.41
XNMP + (I — x)W —351.40 183.14 —87.99 84.59 —67.55 0.23
xPYR + (1 — x)NMP —4.72 —0.57 —0.09 0.00
Excess isobaric molar heat capacity CETm/J mol ™!
xPYR + (1 — x)W 30.52 —23.07 5.59 —2.41 16.78 0.11
XNMP + (1 — x)W 39.12 —42.20 27.24 0.22
xPYR + (1 — x)NMP 1.81 —0.12 1.08 —0.03 0.01

mixing properties for the ternary and binary systems are
reported in Figs. 2-14 and discussed in more detail below; to
provide an easier view of the ternary system, projections of the
level curves for the three-dimensional plots are also provided.

The lactam—W binary constituents

The structures of PYR and W are governed by H-bonding,
whereas NMP displays strong dipole—dipole interactions. The
excess and mixing properties (Figs. 2-5) show a pronounced
non-ideal behaviour; excess molar volumes were remarkably
negative for the two lactam—W systems with a greater contrac-

tion for NMP-W, the minima being —0.5738 cm® mol™' at
xpyr = 0.3988 for PYR-W and —1.2041 cm’ mol™' at
xnmp = 0.3868 for NMP-W. These contraction effects can
be attributed to two main factors: (i) the strong lactam—water
intermolecular forces and (ii) the very different shape and size
of the lactams compared to water, which gives rise to notice-
able geometry effects. The greater values for NMP-W arise
from the weaker association forces in pure NMP (with a
subsequent strong mixing effect) compared to pure PYR,
which is self-aggregated in the pure state.

The partial molar excess volumes (Fig. 4) of the three
components show a complex behaviour; Table S7 (ESI) gives

Table 2  B; coefficients of eqn. (2) and standard deviation ¢ for the x;,PYR + x,NMP + (I — x; — x,)W ternary mixtures at 298.15 K.

Property By B, B, g

VE 1Er/em?® mol ™! 4.0514 —1.9194 —2.6627 0.0303
Amixirer/mPa s 13.072 —86.406 1.568 0.7416
AG*E 1pr/kJ mol™! —47.325 28.222 72.846 0.266
k§1pr/TPa™! —709.77 622.14 1162.70 7.217
PErgr/MPa 583.25 —477.49 —540.99 6.553
CB.m.1ER/J Mol ™! 15.56 21.55 46.64 0.99
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the maxima, minima and infinite dilution values. The lactam
partial molar excess volumes [Fig. 4(a) and 4(b)] display two
strong minima at low lactam concentration (greater for NMP);
at high lactam concentration, however, an inversion with a
smooth maximum for NMP occurs. The W partial molar

View Article Online
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Fig. 2 (a) Molar excess volume, V%, (b) mixing viscosity, A, and (c) molar excess Gibbs energy of activation, AG*E, of the (@) xPYR + (1 —
X)W, (H) xXNMP + (1 — x)W and () xPYR + (1 — x)NMP binary mixtures at 298.15 K.
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Fig. 3 (a) Excess isentropic compressibility, k5, (b) excess internal pressure, PE, and (c) molar excess isobaric heat capacity, ngm, of the (@)
xPYR + (1 — x)W, (H) xNMP + (1 — x)W and (®) xPYR + (1 — x)NMP binary mixtures at 298.15 K.

excess volumes [Fig. 4(b)] show a similar behaviour, though
the shapes were somewhat more complex; for both lactam—-W
systems a minimum appears at high lactam concentration,
greater for NMP; at low lactam concentration an inversion
occurs with a soft maximum for NMP-W (Fig. 4). Table S7
(ESI) collects the location of the minima for the lactam partial

{b)
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Fig. 4 Partial molar excess volumes, VE, of (a) lactam, in lactam + r x

water mixtures, or PYR, in PYR + NMP mixtures, and (b) water, in
lactam + water mixtures, or NMP, in PYR + NMP mixtures for the
(—) xPYR + (I — x)W, (---) xXNMP + (1 — x)W and (- - —) xPYR +
(1 — x)NMP binary mixtures at 298.15 K.

Fig. 5 Partial molar excess isobaric heat capacities of both compo-
nents, Cp ,, for the (—) xPYR + (1 — x)W, () xXNMP + (1 — x)W
and (- - =) xPYR + (I — x)NMP binary mixtures at 298.15 K.
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Fig. 6 (a) Molar excess volume, VEITER, and (b) ternary contribution of molar excess volume, V,%TER — VEIBIN, of the x;,PYR + x,NMP +

(1 — x; — x2)W ternary mixtures at 298.15 K.

molar excess volume, and the maxima for the W partial molar
excess volumes at the same composition, showing the opposite
contributions of W and the lactams to the volumetric properties.

Partial molar volumes at infinite dilution, V,ET;J”, are very
important properties because they take into account both
geometric factors and solute-solvent interactions. This prop-
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Fig. 7 Partial molar excess volumes of component i, VE,,TERJ, for the
x1PYR + x;NMP + (1 — x; — x,)W ternary mixtures at 298.15 K.

erty can be split into different contributions according to
eqn. (3):26%7

VR = Vwi+ Ve, = Vi (3)

where Vy ; is the intrinsic solute van der Waals volume, V7, ; is
the free volume, and V; the solute molar volume. The van der
Waals term represents the inaccessible volume for the solvent
(Table 3); the free volume is a measure of the solute-solvent
interstitial volume and accounts for all solute-solvent interac-
tion effects.?” Substitution of the lactams’ infinite dilution
values (Table S7, ESI) into eqn. (3) affords the free volumes
Vepyr = 24.91 cm?® mol™! and Venmp = 32.64 cm?® mol ™!,
that is, the higher the van der Waals volume (i.e., for NMP) the
larger the free volume. On the basis of the W partial molar
excess volume at infinite dilution, W free volumes of 4.29 cm?
mol~! in PYR and 3.46 cm® mol™! in NMP were deduced, the
PYR excluded volume being greater due to its dimer structure.
On the basis of the volumetric properties, application of the
scaled particle theory (SPT) to partial molar excess volumes at
infinite dilution provides further information into the structure
of these systems; according to this model the limiting partial
molar excess volume of a solute i can be split into the terms:

VE® = V. + Vin + ksRT — V; 4)

where V. and Vj, represent the cavity formation and solute-
solvent interaction contributions, respectively. According to
the SPT model the transfer of a solute from a gas to a liquid
can be envisaged in two steps:*’*3* (i) formation of a solvent
cavity with the result of the V. expansion and (ii) due to an
attraction effect the solute-solvent interactions give rise to the
Vint contraction contribution. The V5, values were determined
by combining the limiting partial molar excess volumes and the
V. values (Table 4), the latter being evaluated with eqns. (5)
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Fig. 8 (a) Infinite dilution partial molar excess volumes, V% *, and
(b) infinite dilution partial molar excess isobaric heat capacities, Ch o,
for the x;PYR + x,NMP + (1 — x| — x,)W ternary mixtures at 298.15
K. Properties for: (—) PYR as a function of xXNMP + (I — x)W
(xpyr = 0); (---) NMP as a function of xPYR + (1 — x)W (xpmp = 0);
(= - -) W as a function of xPYR + (I — x)NMP (xw = 0).
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where subscripts 1 and 2 refer to solvent and solute, respec-
tively, and o; represents the hard sphere radii calculated from
the vaporization enthalpies (Table 3).

The NMP cavity volume in water is greater than that of
PYR because of the relative shapes and sizes, but the interac-
tion volume (absolute value) is greater for PYR. The -NH-CO-
group possesses one hydrogen-bond donor (the hydrogen
atom) and three acceptors (two lone pair of electrons on
oxygen and one on nitrogen) and PYR thus can participate
in an efficient PYR-W H-bonding interaction,** giving rise to a
greater Vi, value; however, NMP can only form hydrogen
bonds through the CO oxygen because there are no hydrogen
atoms on the N atom and the methyl group hinders the amide
nitrogen. Stepwise dilution of W in the lactams is followed by

Kerer /TPa"
|
i

<140 (a)

NMP o PYR
o7 805 °

w

/TPa™?
o

E

E

x)W ternary mixtures at 298.15 K.

increasing the PYR cavity and interaction volumes, as expected
from the PYR-PYR dimers. Likewise, the component with
lowest isothermal compressibility, PYR (Table 3), yields a
greater interaction volume whereas NMP, with a lower internal
pressure (Table S1, ESI), gives a lower cavity volume.*’ There-
fore, the cavity volume is the main factor contributing to the
infinite dilution properties of the lactam—W systems, consistent
with the difference in size of the mixing molecules.

Further information may be deduced from the other proper-
ties measured. Viscosity is an important transport property of
liquids, either pure or mixed. The force needed to make a fluid
layer move in relation to a neighbouring layer is called shear;
hence shear viscosity reflects the internal friction of a fluid and
provides a measure of the extent of the interactions. Mixing
viscosities and molar excess free energies of activation for the
two lactam—W systems were positive [Fig. 2(b) and 2(c)] and
larger for NMP-W, this feature also denoting an efficient and
strong lactam—W H-bonding.*® The maxima of mixing viscos-
ities were 2.876 mPa s at xpyr = 0.5258 (1:2 PYR: W) and
4.099 mPa s at xapvp = 0.2815 (1:3 NMP : W). This noticeable
difference appears because pure NMP is not H-bonded and
further mixing with W causes this interaction, with the result-
ing high increase in viscosity; pure PYR, on the contrary, is
strongly self-associated and mixing with W does not produce
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Fig. 11 (a) Excess isentropic compressibility, k5 tgr, and (b) ternary contribution of excess isentropic compressibility, k51pr — kE,BIN, of the

x1PYR + x,NMP + (1 — x; — x,)W ternary mixtures at 298.15 K.
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such a strong viscosity effect. The maximum at equimolar
PYR-W composition indicates that the cyclic lactam structure
is retained up to about x = 0.5, where W starts to work as
solvent. The strong maximum for NMP-W at low lactam
concentration (1:3) indicates a very effective interaction be-
tween unlike molecules. If the lactam concentration increases
then this interaction becomes less effective because the NMP—
NMP dipole interactions are a barrier for H-bonding over this
concentration range; it should be noted that mixing viscosities
for NMP were greater than for PYR at low amide concentra-
tions, but at high amide concentration the ordering changed,
consistent with the SPT results.

Several authors have suggested that excess isentropic com-
pressibilities become increasingly negative with an increase in
the strength of unlike interactions.>”*® Excess isentropic com-
pressibilities showed strong minima, —77.33 TPa~! at xpyr =
0.1931 for PYR and —112.03 TPa™' at xymp = 0.1848 for
NMP [Fig. 3(a)], revealing the existence of strong lactam—W
H-bonding. The deeper minimum for the latter can also be
attributed to the absence of H-bonds in pure NMP; at low
amide concentration NMP causes a disruption of the W
structure (also confirmed by the larger cavity volume from
SPT analysis), thus slowing the compressibility down to a
deeper minimum.

Internal pressure, defined as the energy required to vaporize
a unit volume of a substance, is closely related to the cohesive
energy density and provides a measure of the strength of
interactions. The internal pressure, P;, involves the fundamen-
tal parameters (polarity and structure) associated with the
behaviour of liquid mixtures and, in contrast to excess proper-
ties, provides values different from zero for the pure compo-
nents. An analysis of the excess internal pressure [Fig. 3(b)]
leads to similar conclusions; this property is strongly negative
for the two systems, with minima of —71.73 MPa at xpyr =
0.3767 for PYR and —94.90 MPa at xypp = 0.3552 for NMP.
The greater PYR internal pressure relative to NMP (Table S1,
ESI) reveals the stronger H-bonding structure of pure PYR
compared with the dipolar structure of pure NMP. The
negative excess internal pressure emerging upon mixing with

o
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W indicates the formation of PYR-W H-bonds; the less
negative values for PYR-W reflect the residual PYR-PYR self
associations remaining in the mixture that lead to a smaller
internal pressure as compared with NMP.

The high isobaric molar heat capacities deduced (Figs. 3 and
5 and Table S1, ESI) indicate strong intermolecular forces for
the two systems. The excess isobaric molar heat capacities,
(C}E_ym) for the water-containing mixtures, large and positive,
gave maxima of 8.70 J mol~! K~ ! at xpyr = 0.3295 for PYR
and 12.70 J mol™" K~ at xnmp = 0.2852 for NMP; these
positive values indicate the existence of strong H-bonding
heteroassociations, the values for PYR being smaller because
of the residual PYR-PYR interactions that remain after mix-
ing. The partial molar excess isobaric heat capacities, C5 p.m» aI¢
plotted in Fig. 5; Table S7 (ESI) collects the maxima and
minima along with the values at infinite dilution. The behaviour
of the lactams’ partial molar excess isobaric heat capacities is
complex and shows a sharp decrease with an increase in lactam
concentration and maxima at high amide concentration. In the
W-rich region the C?m values were higher for NMP-W and in
the lactam rich region an inversion results, concurrent with the
partial molar excess volumes (Fig. 4). The infinite dilution
values reveal strong W-lactam interactions (Table S7, ESI),
the small maxima at high amide concentration and the larger
value for PYR being attributed to the lactam dimers. The water
partial molar excess isobaric heat capacities, smaller than those
of the lactams, are also complex and show maxima and minima
and an ordering inversion in the lactam-rich ranges.

The properties analyzed support strong lactam—W H-bond-
ing. The existence of weaker intermolecular forces in pure NMP
affords stronger mixing properties; the residual PYR-PYR
interactions in the PYR mixtures and the different degrees of
association between both molecules and water may be the
reason for the different behaviour of the two systems.

The PYR-NMP binary constituent

The excess and mixing properties of the PYR-NMP binary
constituent (Figs. 2-5) are smaller and display a simpler
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Fig. 13 (a) Molar excess isobaric heat capacity, CEmTER, and (b) ternary contribution of molar excess isobaric heat capacity, CEm.TER - C}E{m,BIN,
of the x; PYR + x,NMP + (1 — x; — x,)W ternary mixtures at 298.15 K.
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behaviour. The molar excess volume is slightly negative, with a
minimum of —0.2205 cm® mol ™! at xpyr = 0.4848 caused by
the very efficient packing due to the similar shape of both
molecules. The partial molar excess volumes (Fig. 4) show a
regular trend without maxima or minima; the infinite dilution
values listed in Table S7 (ESI) are smaller for NMP due to its
larger size and the dimer nature of PYR that produces a less
efficient packing; in contrast, PYR molecules may be packed
more tightly in the less compact NMP structure. The infinite
dilution values afford the free volumes V.pyr = 25.31 cm’
mol~! and V,nmp = 35.26 cm® mol ™!, the greater NMP free

Table 3
enthalpy, AHY, and hard sphere diameter, o, at 298.15 K

View Article Online

volume giving rise to a smaller partial molar excess volume at
infinite dilution; therefore, geometric factors, mainly size,
determine the values of this property.

Application of the SPT model to NMP and PYR affords a
larger cavity volume for NMP, consistent with its shape
requirements for a greater cavity when dissolved in PYR than
for PYR dissolved in NMP (Table 4). Also, NMP gives a
greater interaction volume because the cyclic PYR-PYR di-
mers are a barrier for the interaction with NMP molecules;
however, when PYR is dissolved in NMP an interaction
appears because NMP is not H-bonded while PYR has two
hydrogen bonding sites.

Mixing viscosities (Fig. 2) are negative, with a pronounced
minimum of —3.694 mPa s at xpyr = 0.6298, which eliminates
the existence of H-bonding between both lactams. The PYR—
PYR interactions are disrupted by the presence of NMP, an
effect not balanced by new heteroassociations. This feature is
confirmed by the negative AG*%, and the close to zero k5, PF and
Cg,m values (Figs. 2 and 3). The partial molar excess isobaric
heat capacities (Fig. 5) show a regular trend, with small infinite
dilution values similar for both lactams (Table S7, ESI).

In summary, the mixing process for the NMP-PYR consti-
tuent is controlled by geometric factors and the efficient
packing favoured by the shapes of both molecules, but with
a disruption of the like-like interactions not balanced by the
formation of new interactions.

The PYR-NMP-W ternary system

The behaviour of the binary constituents of this system is very
complex and therefore the structure of the ternary mixture
should, in principle, be even more complex. The excess molar
volume [Fig. 6(a)] was negative over the whole composition
range; the greater values that appear in the water-rich zones
reflect, although geometry effects are important, that the main
contributing factor is the lactams—water H-bonding. The tern-
ary contribution [Fig. 6(b)] is always positive but not too high,
with a maximum at 1PYR:INMP:2W (Table S6, ESI).
Although the small ternary contributions would indicate that
the simultaneous presence of three molecules does not notably
affect either the like—like or the unlike binary interactions, the
formation of this maximum does not support ternary associa-
tions and denotes that the molar excess volume is controlled
mainly by geometric factors.

The partial molar excess volumes are negative for the three
molecules, except for PYR in lactam-rich regions (Fig. 7), and
show a very complex behaviour. The values for the lactams are
more negative in the water-rich areas near the infinite dilution
limit and for water in both lactam-rich zones, denoting strong
lactam—W interactions; the simultaneous presence of both
lactams diminishes this property. The infinite dilution values
are plotted in Fig. 8; upon dissolving PYR in the NMP-W
binary solvent (continuous line) the values become less nega-
tive with an increase in the NMP content, giving rise to a
maximum; this feature reveals a competition between NMP
and PYR to bind water at the PYR infinite dilution limit. A
similar trend appears for NMP (dashed line) with increasing
values when the PYR content increases. For W (dashed—dot
line) the property is less negative when PYR concentration

Isobaric thermal expansivity, op, isothermal compressibility, k7, molar volume, V;, van der Waals volume, Vy ;, standard vaporization

Component ocp/kK’1 kz/TPa™! Vi/cm3 mol™! VW,,»/cm3 mol ™! AHY /K] mol ™! U/A

PYR 0.726 413.79° 76.85¢ 50.5 68.7¢ 541"
NMP 0.850" 526.68" 96.44¢ 60.4' 49.72 5.68"
w 0.257¢ 452.85¢ 18.07° 12.4 43.99° 275

@ Ref. 13. 7 Ref. 7. ¢ Ref. 16. ¢ Calculated from op, ks and Cp,, (Table S1, ESI). ‘ Calculated from density values (Table S1, ESI).” Ref. 28.
€ Ref. 29. " Calculated using o and AHY according to the procedure of Pierotti. ° 7 Ref. 31.
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Table 4 Cavity volume, V., and interaction volume, Vi, from SPT
theory for the solutes and mixtures considered at 298.15 K

Solvent Solute Ve/em?® mol ™! Ving/em® mol ™! y

\% PYR 88.06 —13.77 0.363
PYR w 44.38 —28.72 0.650
w NMP 99.44 -7.52 0.363
NMP w 34.36 —19.80 0.599
NMP PYR 138.49 —63.98 0.599
PYR NMP 194.72 —100.09 0.650

increases, as foreseen from the behaviour of the binary con-
stituents.

Mixing viscosities [Fig. 9(a)] are positive in the water-rich
zones and negative when both lactams are prevailing. The
ternary contributions [Fig. 9(b)] are predominantly negative
and the minimum at (roughly) 2PYR : INMP: IW eliminates
ternary heteroassociations (Table S6, ESI). Because of the
absence of lactam-lactam heteroassociations this is the least
favourable composition for H-bonding; on the contrary, the
maximum of the ternary contribution appears when water and
one of the two lactams are predominant. These results are
supported also by the behaviour of the excess molar Gibbs
energy of activation and its ternary contribution (Fig. 10).

The excess isentropic compressibilities [Fig. 11(a)] are always
negative, with less negative values when the water content
decreases. The ternary contribution [Fig. 11(b)] shows a maxi-
mum in the water-poor regions and a minimum in water-rich
regions (Table S6, ESI), this feature indicating that the pre-
sence of the three components is not followed by ternary
interactions and that water controls the formation of H-bonds
with both lactams.

Internal pressures [Fig. 12(a)] are always negative and move
sharply to less negative values when the water content de-
creases. The ternary contribution [Fig. 12(b)] is always positive
with a maximum at (roughly) IPYR: INMP:2W (Table S6,
ESI); therefore, geometric factors arising from the shape and
size of the molecules involved appear as the main factors in the
ternary system.

Excess molar isobaric heat capacities and the ternary con-
tributions (Fig. 13) are always positive, consistent with the sign
of the ternary contribution to the excess molar volume. The
slight expansion compared with the binary constituents affords
a positive ternary contribution to the heat capacity, although
no ternary heteroassociations were observed. The partial molar
excess isobaric heat capacities (Fig. 14) and the infinite dilution
values are strongly positive (Fig. 8). The lactam values increase
with the water content and the water values are smaller when
both lactams are simultaneously present. The same behaviour
is reported for the values at infinite dilution, thus confirming
the aforementioned conclusions.

Concluding remarks

The binary constituents and the ternary system display a
complex behaviour, determined by the shape and size of the
three components and the water—lactam H-bonding. Water
interacts more efficiently with PYR because of the two bonding
sites available in PYR, while a strong mixing effect appears in
NMP, due to absence of H-bonds in pure NMP. The PYR—
NMP binary system exhibits no unlike H-bonding, but rather
an efficient packing between both molecules in the mixture
followed by strong disruption of like-like interactions.

For the PYR-NMP-W ternary system the behaviour of the
properties eliminates the formation of ternary associations; the
binary interactions between each lactam and water remain in
the ternary mixture, although they are weakened or even
destroyed when the water concentration decreases and the
lactam concentrations increase.
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