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Abstract

Data on density, p, speed of sound, c, and refractive index, n,, of binary systems
containing N,N-dimethylacetamide (DMA) + N-propylpropan-1-amine (DPA) or + butan-1-
amine (BA) at 293.15 K, 298.15 K and 303.15 K, and + N-butylbutan-1-amine (DBA) or +
hexan-1-amine (HxA) at 298.15 K are reported. A densimeter and sound analyzer Anton Paar
DSA 5000 has been used for the measurement of p and c, whereas n, values have been
obtained by means of a refractometer RFM970 from Bellingham+Stanley. Also, values of

excess molar volumes, VmE, excess isentropic compressibilities, KE, excess speeds of sound,
¢, excess isobaric thermal expansion coefficients, af,, and of excess refractive indices, ng,

have been determined from these data. The investigated systems are characterized by amide-
amine interactions and structural effects, as it is shown by their negative or low positive V©
values and by the results from the application of the Prigogine-Flory-Patterson (PFP) model.
The breaking of amine-amine interactions is more relevant in systems containing linear primary
amines than in those with linear secondary amines, and the V,f values are lower for the latter
systems. Molar refraction has been used to evaluate the dispersive interactions in the mixtures
under study, yielding the result that DPA and HxA systems present similar dispersive
interactions and mainly differ in their dipolar character. Steric hindrance of the amide group in
DMA leads to weaker amide-amine interactions than in the corresponding N,N-

dimethylformamide (DMF) + amine systems.
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1. Introduction

N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are very polar
compounds (their dipole moment is 3.7 D [1, 2]) widely used in the industry, since they are
aprotic protophilic substances with excellent donor-acceptor properties and solubility. In
addition, they are employed for the separation of aromatic compounds and petroleum
hydrocarbons. Amides are very common in nature and are found in proteins, RNA, DNA, amino
acids, hormones and vitamins. The knowledge of liquid mixtures containing the amide
functional group is necessary for a deeper understanding of more complex molecules, as those
of biological interest [3]. Moreover, amides deserve to be investigated, as in pure state they
show a significant local order [4]. In the case of N,N-dialkylamides, due to the absence of
hydrogen bonds, this has been attributed to the existence of strong dipolar interactions [5].

Linear primary and secondary amines can form hydrogen bonds, appearing self-associated
complexes and even heterocomplexes in mixtures with other associated compounds [6-8]. The
amine group is also present in compounds of great biological significance. The proteins usually
bound to DNA polymers contain various amine groups [9]. Histamine and dopamine are amines
with the role of neurotransmitters [8, 10], and the breaking of amino acids releases amines. On
the other hand, the ions of many ionic liquids used in technical applications are related to

amines [11].

In earlier works, we have studied the thermodynamic properties of mixtures containing
ketones and amines [12-19]. It is interesting to examine the effect of replacing a ketone, a
moderately polar compound, by a more polar one, such as an amide. In our previous study [20],
we have reported data on density, o, speed of sound, c, and refractive index, n, of the binary
systems DMF + N-propylpropan-1-amine (DPA) or + butan-1-amine (BA) at (293.15-303.15)
K, and + N-butylbutan-1-amine (DBA) or + hexan-1-amine (HxA) at 298.15 K. Now, we
continue this series of works by replacing DMF by DMA, and treating these systems by means
of the Prigogine-Flory-Patterson (PFP) model [21]. A survey of literature data shows that there
are no experimental data on the considered mixtures. Nevertheless, DMF, or DMA + aniline or
pyridine mixtures have been investigated rather extensively, reporting calorimetric, volumetric,

vapor-liquid equilibria, ¢, or n, data [22-27]. Interestingly, at equimolar composition and
298.15 K, the excess molar enthalpies (H:) of the DMF or DMA + aniline systems are,

respectively, —2946 J-mol? [25] and —352 J-mol*! [27], which underlines the importance of

interactions between unlike molecules in such systems.



2. Experimental
Materials

Table 1 contains information about the source and the purity of the compounds, which have

been used without further purification. Table 2 lists experimental values of p, ¢, n,, thermal
expansion coefficient, a,, isentropic compressibility, x, and isothermal compressibility, «; ,
for the pure compounds. Our values are in good agreement with the literature data.

Apparatus and procedure

Binary mixtures have been prepared by mass in small vessels of about 10 cm?, using an
analytical balance HR-202 (weighing accuracy 0.01 mg), with all weighings corrected for
buoyancy effects. The standard uncertainty in the final mole fraction is estimated to be 0.0001.
Molar quantities were calculated using the relative atomic mass Table of 2015 issued by the
Commission on Isotopic Abundances and Atomic Weights (IUPAC) [28].

Temperatures were measured using Pt-100 resistances, calibrated according to the ITS-90

scale of temperature, against the triple point of water and the melting point of Ga. The standard
uncertainty of the equilibrium temperature measurements is 0.01 K and 0.02 K for p and n,
measurements, respectively.

Densities and speeds of sound have been measured using a vibrating-tube densimeter and
sound analyzer DSA 5000 from Anton Paar, which is automatically thermostated within 0.01K.

The calibration of the device has been described in a previous work [14]. The repeatability of

the p measurements is 0.005 kg-m=, whereas their overall standard uncertainty is 1 -10?

kg -m. The determination of the speed of sound is based on the measurement of the time of
propagation of short acoustic pulses, whose central frequency is 3 MHz [29], and which are

transmitted repeatedly through the sample. The repeatability of these ¢ measurements is 0.1
m-s* and their standard uncertainty is 0.2 m-s’. The excess vqume,an , and the excess speed of
sound, cF, of the system cyclohexane + benzene have been measured at (293.15-303.15) K to
check the experimental technique. The experimental results and published values [30-32] are in

good agreement. The standard uncertainty of V- is (0.010V- ‘ + 0.005 cm®-mol™), where

m,max

|\/E | stands for the maximum absolute experimental value of V.= respect to the composition.

m,max

The standard uncertainty of c* is estimated to be 0.4 m-s™.

A refractometer RFM970 from Bellingham+Stanley has been used for the n,

measurements. The technique is based on the optical detection of the critical angle at the

wavelength of the sodium D line (589.3 nm). The temperature is controlled by means of Peltier



modules and its stability is 0.02 K. The refractometer has been calibrated using 2,2,4-
trimethylpentane and toluene at the working temperatures (293.15-303.15) K, as recommended
by Marsh [33]. The repeatability of the measurements is 0.00004, and the standard uncertainty
is 0.00008.

3. Equations

The experimental values of p, molar volume, V,, «,, and x, can be obtained by means

of a densimeter and sound analyzer rather directly. The values of a, =—(1/p)(0p/dT), have

been calculated under the assumption that p depends linearly on T in the range of

temperatures considered. Moreover, as long as it is possible to neglect the dispersion and

absorption of the acoustic wave, x can be determined using p and c values through the

Newton-Laplace equation:

Ks=—7% (1)

The values F" of a quantity, F , for an ideal mixture at the same temperature and pressure

as the investigated solution are calculated from the relations:

Fi'=xF +xF,  (F=V,.C,) @)
Fid:¢1F1*+¢2F2* (F:ap’KT) @)

where F~ denotes the property for the pure component i, C, is the molar heat capacity at

pm
constant pressure, «; is the isothermal compressibility and ¢ =xV_, /V. represents the ideal

volume fraction. In the case of x and c, the following expressions are used:
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being p" =(xM,+x,M,)/V,; the ideal density, and M, the molar mass of the pure
component i . For the refractive index, n,, the ideal values are obtained from the equation [34]:
1/2

nt = (e, i ()| ©

The excess properties, F&, are then obtained from the relation:



FE=F—F" (F =V,.x5.C.0,.05) 0

4. Results

Values of p, c, and VmE as functions of x;, the mole fraction of DMA, and at the
considered temperatures are included in Table 3. For DBA or HXA mixtures, the measurements

were made at 298.15 K only, due to: (i) their low |V .| values; (ii) the weak temperature
dependence of V© encountered for the systems with BA or DPA. The corresponding results of

k5, ¢, and «; at 298.15 K are given in Table 4. The n, values and their corresponding

excess functions, ng , are collected in Table 5. Our experimental method is not accurate enough

to determine nf values for the systems containing DBA or HxA. Some of these results are

represented in Figures 1-7. We have not found literature data for comparison.

The data have been fitted by an unweighted linear least-squares regression to a Redlich-
Kister equation [35]:

=~

-1

FE=x(1-%)Y A(2x -1) (F=V,.x5.Ca,.0p) (8)

]
o

For each system and property, the number, k , of necessary coefficients for this regression has

been determined by applying an F-test of additional term [36] at 99.5% confidence level. Table

6 includes the parameters A, obtained, and the standard deviations a(FE ) defined by:

1/2

G(FE)Z ﬁZN:(FcZ,j ~Fo; )2 9

where the index j takes one value for each of the N experimental data F5 ., and FJ . is the

exp,j ! cal,j

corresponding value of the excess property FF calculated from equation (8).

5. Prigogine-Flory-Patterson model

In this version of the Flory theory, the excess volumes can be expressed as the sum of three
terms [21]: an interactional contribution, proportional to y,, (the interactional Flory
parameter); a free volume contribution (the so-called curvature term), related to the difference in
the degree of thermal expansion between the two components, and a p~ contribution which

arises from the differences in the internal pressures of the components. The mentioned terms are

given, respectively, by:
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In these equations the contact energy fraction ¥, is defined by:
y, = AP (13)

" oop oD,

The remaining symbols have their usual meaning [37-39]. V =V /V,, and V, =V, /V,; are

*

the reduced volume of the mixture and of component i, respectively; V,

m

i P and T, are the

characteristic parameters (reduction parameters) of the pure liquids which are obtained from

experimental data, such as «,; and «;;. For mixtures, the corresponding parameters are

calculated as follows [38, 39]:

Vr: = X1V;,1 + XZVn:,Z (14)
T = 4t p; + (Df p; - ¢’1le12 (15)
?P, n ®,0,
Tl* Tz*
p* =@ p: + @, p; - 0.6, 71, (16)

Finally, @ =XV,;/> XV, is the segment fraction and 6, is site fraction

(=@, (p,+S,¢)). S, is the so-called geometrical parameter of the mixture, which,

* * -1/3
assuming that the molecules are spherical, is calculated as S, = (Vm’l /vaz)

5.1. Theoretical results

Table 7 lists the values of V., and p; used in this work. y,, values determined from V-

at 298.15 K and equimolar composition are given in Table 8, which also contains the different



contributions to VmE calculated according to equations (10)-(12). A comparison between

experimental and theoretical results is shown, for some selected mixtures, in Figures 8 and 9.

6. Discussion

In the present section, the values of the thermophysical properties and the excess functions
arereferredto T =298.15 Kand x, =0.5.

DMA is a strongly polar compound (dipole moment /D = 3.7 [1]). This is reflected in the
fact that DMA + alkane mixtures present miscibility gaps up to quite high temperatures. For

instance, the upper critical solution temperature of the heptane system is 309.8 K [40].

The amines considered in this work are linear, either primary or secondary. They are weakly
self-associated and their dipole moments /D are low: 1.3 (BA) [41], 1.3 (HxA) [2], 1.0
(DPA) [41], and 1.1 (DBA) [41]. The values of the excess molar enthalpy, HE /J-mol™, for the
heptane mixtures are: 1192 (BA) [42], 962 (HxA) [42], 424 (DPA) [43], and 317 (DBA) [43].
These values can be explained in terms of the breaking of amine-amine interactions upon
mixing. We note that HF values are lower for systems with secondary amines, as the amine
group is more sterically hindered and self-association is lower in such amines. The

corresponding values of V. (heptane) /cm®mol™ are: 0.7171 (BA) [44], 0.3450 (HxA) [44],

0.2752 (DPA) [45], and 0.0675 (DBA) [45]. It is well stated that positive V" values arise from

the disruption of interactions between like molecules, whereas negative ones appear when

interactions between unlike molecules are created and/or when structural effects (differences in

size and shape [46-48] or interstitial accommodation [49]) exist. The parallel change of HF and

VE indicates that the disruption of amine-amine interactions upon mixing is the main

m

contribution to V5. Nevertheless, the low value of V. in the DBA + heptane system and the

negative one of the DBA + hexane system, —0.1854 cm®-mol™ [50], allow to state that structural

effects are present, since this is suggested to be the most relevant contribution when a positive

HE value is together with a negative V" value [48].

For the DMA + amine mixtures, we have obtained here either negative or small and positive
VE/ecm®mol™ values (Figures 1, 2): —0.1940 (BA); —0.2275 (DPA), 0.0063 (HxA); 0.0553
(DBA), which point to the existence of interactions between unlike molecules and structural
effects. On the other hand, along a given homologous series, V.= increases with the amine size
(Figures 1, 2). This means that, other than the phenomena which decrease V.= (differences in

size between components and lower positive contributions because of the disruption of amine-



amine interactions), the predominant effects are: i) the higher number of broken interactions
between DMA molecules by longer amines; and ii) the lower number and weaker DMA-amine

interactions created in systems involving larger amines, as then the amine group is more
sterically hindered. The replacement of HxA by DPA leads to a lower V" value, as in the case
of the HxA or DPA + heptane mixtures (see above). Therefore, this trend can be explained by
the decrease of the positive contribution to V° related to the breaking of interactions between
like molecules when a secondary amine is involved. Interestingly, the same behavior is
encountered in 1-alkanol + HxA or + DPA systems [51, 52]. The small positive V.= values of
the DBA solution over the whole concentration range underline the importance of the positive
contribution to V.= from the breaking of DMA-DMA interactions by the large aliphatic surface
of DBA. In fact, the corresponding V= curve, skewed to higher x, values (Figure 1), reveals
that DBA is a good breaker of the interactions between DMA molecules. The mentioned surface
is smaller for HXA and then very small positive V° values are encountered at lower DMA
concentrations (Figure 2). Negative V"= values at the other side of the concentration range
(Figure 2) suggest that interactions between unlike molecules are more favorable. This is
consistent with the observed VE minimum of the BA mixture at x, ~0.56 (Figure 2).

Interestingly, the symmetry of the V.= curve of the DPA system is opposite to that of the BA
solution (Figure 1). This feature together with V- (DMA + DPA) < VE (DMA + BA) (Table 3)
suggest that structural effects become relevant in the system with DPA. Calculations using the
PFP model are in agreement with this statement (see below).

The values of the derived properties ¢, aE are negative, while those of c® are positive

(Figures 3-6, Table 6). In any case, all of them are rather small in absolute value, indicating that
the studied systems show a nearly ideal behavior with respect to these properties. Nevertheless,
it should be mentioned that negative values of g, a, and A :(Avrf /AT)p (-3-10°
cmi-molt-K? (DPA); —2.8-10° cm®mol*-K! (BA)) are characteristic of systems where
relevant interactions between unlike molecules and/or structural effects exist [19, 53]. On the
other hand, the quantities V.> and ¢ change in line along a homologous series, while c*

shows an opposite variation. The same behavior is observed when replacing HXA by DPA.
6.1. Internal pressures

The internal pressure [54-57], P,,, is an adequate quantity to examine the intermolecular

forces in liquids and liquid mixtures:
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Here, the x; values of the mixtures have been obtained from

TV 2
Ky =K + # (18)

pm

assuming C,fm =0 [58], and aE =0 when experimental data are not available. For the pure

*

compounds studied, P,

int

/ MPa = 447.0 (DMA), 338.3 (BA), 343.5 (HxA), 303.4 (DPA), and
306.7 (DBA), whereas for the DMA mixtures P, /MPa= 386.8 (BA), 381.9 (HxA), 353.2
(DPA), and 348.2 (DBA). The most important contributions to P

. arise from dispersion forces
and weak dipole-dipole interactions [56], and therefore these results suggest that dipolar

interactions are stronger in the systems with linear primary amines.

We have also determined the excess internal pressures, P5 =P, —Px

int i int ?

(P =Ta, & —p

int
[59]). Thus, PE(DMA)/MPa=10.8 (BA), 5.3 (HxA), 11.7 (DPA), and 6.3 (DBA). Systems

values. For example, Pt =

int —

with strong interactions between unlike molecules show large P
61.4 MPa for the aniline + 2-propanone system [19]. This is seen to be verified by the above
results, although the fact that the value for the HXA mixture is lower than for the DPA system
may be due, at least partially, to structural effects, as they are similar to the hexane +
hexadecane mixture (6.5 MPa [1, 60]). This is also consistent with the observed trend for their

V.= values [12-15, 17, 19].

The Van der Waals model allows to obtain the internal pressure from [55]:

PV = RT -p (19)

*

int * E
me,l + XZ fm,2 +Vm

where V, . =RT /(p+ Pi;yi) is the free molar volume of the pure component i. The relative

fm,i
deviations of the results obtained from equation (19) and the experimental ones,

(P¥> =Py )/ By, for the DMA mixtures are 2.7% (BA), 1.6% (HxA), 5.8% (DPA), and 3.6%

(DBA). One can conclude that the VVan der Waals equation is useful for the P, calculation of

the studied solutions.
6.2. Molar refractions

The refractive index at optical wavelengths is closely related to dispersion forces, since the

molar refraction (or molar refractivity), R, , defined by the Lorentz-Lorenz equation [61, 62]:



2 f—
R - nDZ 1Vm _ N,a, (20)
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(where N, and ¢, stand for Avogadro’s constant and the vacuum permittivity, respectively) is
proportional to the mean electronic contribution, «,, to the polarizability, [61]. The values of

R, /cm®mol™ for the investigated systems are 24.7 (BA), 28.2 (HxA), 29.0 (DPA), and 33.6

(DBA). Clearly, dispersive interactions are more important for larger amines in a homologous
series. Moreover, it can be stated that these forces are quite similar for the HXA and DPA

systems, and therefore the corresponding difference in their P,, values is principally due to

dipolar interactions.
6.3. Comparison with other systems

For the considered amines, and also for aniline, mixtures with DMF are characterized by
lower VE/cm®mol™ values: -0.2630 (BA), —-0.0210 (HxA), -0.2893 (DPA), and 0.0178
(DBA) [20]; -0.6615 (aniline) [22], and —0.6092 cm?®-mol* at 303.15 K for DMA + aniline [26].
This allows to conclude that amide-amine interactions are stronger in mixtures with DMF.

Interestingly, deviations between experimental P,

values and results from equation (12) are

slightly larger for DMF systems: 7.6% (BA), 5.7% (HxA), 4.2% (DPA) and 3.1% (DBA) [20],

which suggests that dipolar interactions are more relevant in such solutions. Finally, it is
noteworthy that V- values are much lower for the mixture including aniline; this reveals that
interactions between unlike molecules are strengthened when aniline is involved. The same
trend is encountered for 2-alkanone + DPA or + aniline systems [12-19].

It is here pertinent to examine the effect of replacing a N,N-dialkylamide (DMF or DMA)
by a 2-alkanone of similar size (2-propanone or 2-butanone). V- values of 2-propanone or 2-
butanone + DPA, or + DBA mixtures are higher than those of the corresponding systems with
DMF or DMA. For example, V5(DPA)/cm®mol™= 0.243 (2-propanone) [12], 0.144 (2-
butanone) [17] and V.5 (DBA)/cm?®-mol ™= 0.417 (2-propanone) [12]; 0.265 (2-butanone) [17].
In addition, the H® values of these 2-alkanone mixtures are positive [16]. All this suggests that

amide-amine interactions are stronger than alkanone-amine interactions in mixtures containing a

linear secondary amine. Interestingly, aniline mixtures show a rather different behavior. For the
2-alkanone + aniline mixtures, we have HS/ J-mol® = —1236 (2-propanone); 1165 (2-
butanone) [18] and V" /cm?®-mol™ = —1.183 (2-propanone) [19]; —1.246 (2-butanone) [13]. The
lower V.= and the higher HE values of the 2-propanone mixture compared to those of the DMF

system indicate that interactions between unlike molecules are stronger in the latter solution and



that structural effects are more relevant in the 2-propanone system. Surprisingly, DMA-aniline

interactions seem to be weaker than (2-butanone)-aniline interactions (see the corresponding

H: values of these systems). This matter deserves a careful investigation, currently undertaken.

6.4. Prigogine-Flory-Patterson theory

In the framework of this theory, calculations show that y,, increases when replacing DMF
by DMA in systems with a given amine (component 2) (Table 8). In the original Flory model
[37], z,, is proportional to Az /v,, being v, the reduction volume of a segment and
An =y, +n,, —2mn,, . The positive 77; magnitudes characterize the energy of interaction for a
pair of neighboring sites. As 77,, remains constant, the y,, value increase may be due to the
predominance of the 77, decrease over that of 77, . The latter is linked to a weakening of the

amide-amide interactions; the former merely reflects a weakening of the interactions between

unlike molecules. Similar trends are also valid when BA is replaced by HxA in DMF solutions.
Interestingly, the DMA + DPA or + DBA systems are characterized by the same y,, value
(Table 8), which suggests that such mixtures essentially differ in size effects. Finally, an

inspection of the different contributions to V© listed in Table 8 shows that

(VE +VE. )/VE is much higher (in absolute value) for systems with DPA. This

m,curvature m,p effect

indicates that structural effects are more important for such a type of solution.

Regarding the composition dependence of V.©, the model describes fairly well this excess
function for the systems DMF or DMA + BA, or + DPA (Figures 8,9) . Results for the mixtures
with DBA or HxA are somewhat poorer as the representation of low VmE values is a very

difficult task for any theoretical model.

7. Conclusions

Binary systems of DMA + BA, + HxA, + DPA or + DBA have been studied at different

temperatures, reporting values of p, ¢, n, and of the excess functions (an, KSE, ck, aE and

n;) determined from these ones. Negative and low positive V.= values for the investigated
mixtures point out to the existence of interactions between unlike molecules, as well as of
structural effects. This is also supported by results from the PFP model. V.= values are higher in

the case of systems with linear primary amines, as the breaking of amine-amine interactions is

more relevant than when linear secondary amines are involved. Steric hindrance of the amide



group appears to be relevant, since comparisons with results of systems including amines and
DMF or DMA show that interactions between unlike molecules are stronger in the former
systems. The main differences between mixtures containing DPA and HxA come essentially
from dipolar interactions. Dispersive interactions increase with the amine size in systems with a

given amide.

Acknowledgements

F. Hevia gratefully acknowledges the grant received from the program ‘Ayudas para la
Formacion de Profesorado Universitario (convocatoria 2014), de los subprogramas de
Formacion y de Movilidad incluidos en el Programa Estatal de Promocion del Talento y su
Empleabilidad, en el marco del Plan Estatal de Investigacion Cientifica y Técnica y de
Innovacion 2013-2016, de la Secretaria de Estado de Educacién, Formacion Profesional y

Universidades, Ministerio de Educacion, Cultura y Deporte, Gobierno de Espaiia’.

References

[1] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic solvents: physical properties and
methods of purification. Wiley, New York, 1986.

[2] A.L. McClellan, Tables of Experimental Dipole Moments. Vols. 1,2,3, Rahara
Enterprises, El Cerrito, US, 1974.

[3] E.S. Eberhardt, R.T. Raines, Amide-Amide and Amide-Water Hydrogen Bonds:
Implications for Protein Folding and Stability. J. Am. Chem. Soc. 116 (1994) 2149-
2150. https://doi.org/10.1021/ja00084a067

[4] W.L. Jorgensen, C.J. Swenson, Optimized intermolecular potential functions for amides
and peptides. Structure and properties of liquid amides. J. Am. Chem. Soc. 107 (1985)
569-578. https://doi.org/10.1021/ja00289a008

[5] J.A. Gonzalez, J.C. Cobos, I. Garcia de la Fuente, Thermodynamics of liquid mixtures
containing a very strongly polar compound: Part 6. DISQUAC characterization of N,N-
dialkylamides. Fluid Phase Equilib. 224 (2004) 169-183.
https://doi.org/10.1016/j.fluid.2004.02.007

[6] J.A. Gonzélez, |. Garcia de la Fuente, J.C. Cobos, Thermodynamics of mixtures with
strongly negative deviations from Raoult's Law: Part 4. Application of the DISQUAC
model to mixtures of 1-alkanols with primary or secondary linear amines. Comparison
with Dortmund UNIFAC and ERAS results. Fluid Phase Equilib. 168 (2000) 31-58.
https://doi.org/10.1016/S0378-3812(99)00326-X

[7] U. Domanska, M. Marciniak, Volumetric and Solid + Liquid Equilibrium Data for
Linear 1-Alkanol + Decylamine Mixtures. Analysis in Terms of ERAS, DISQUAC, and
Modified  UNIFACY. Ind. Eng. Chem. Res. 43 (2004) 7647-7656.
https://doi.org/10.1021/ie0401206

[8] F.F. Liew, T. Hasegawa, M. Fukuda, E. Nakata, T. Morii, Construction of dopamine
sensors by using fluorescent ribonucleopeptide complexes. Bioorg. Med. Chem. 19
(2011) 4473-4481. https://doi.org/10.1016/j.bmc.2011.06.031

[9] D.L. Nelson, M.M. Cox, Lehninger Principles of Biochemistry. 3rd ed., Worth
Publishing, New York, 2000.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J.M. Sonner, R.S. Cantor, Molecular Mechanisms of Drug Action: An Emerging View.
Annu. Rev. Biophys. 42 (2013) 143-167. https://doi.org/10.1146/annurev-biophys-
083012-130341

M. Gotz, R. Reimert, S. Bajohr, H. Schnetzer, J. Wimberg, T.J.S. Schubert, Long-term
thermal stability of selected ionic liquids in nitrogen and hydrogen atmosphere.
Thermochim. Acta 600 (2015) 82-88. https://doi.org/10.1016/j.tca.2014.11.005

I. Alonso, V. Alonso, I. Mozo, I. Garcia de la Fuente, J.A. Gonzélez, J.C. Cobos,
Thermodynamics of ketone + amine mixtures: Part Il. Volumetric and speed of sound
data at (293.15, 298.15 and 303.15) K for 2-propanone + dipropylamine, +
dibutylamine or + triethylamine systems. J. Mol. Lig. 155 (2010) 109-114.
https://doi.org/10.1016/j.mollig.2010.05.022

I. Alonso, I. Mozo, I.G. de la Fuente, J.A. Gonzélez, J.C. Cobos, Thermodynamics of
Ketone + Amine Mixtures. Part I1l. Volumetric and Speed of Sound Data at (293.15,
298.15, and 303.15) K for 2-Butanone + Aniline, + N-Methylaniline, or + Pyridine
Systems. J. Chem. Eng. Data 55 (2010) 5400-5405. https://doi.org/10.1021/je100472t
J.A. Gonzélez, I. Alonso, I. Mozo, I. Garcia de la Fuente, J.C. Cobos, Thermodynamics
of (ketone + amine) mixtures. Part VI. Volumetric and speed of sound data at (293.15,
298.15, and 303.15) K for (2-heptanone + dipropylamine, +dibutylamine, or
+triethylamine)  systems. J. Chem. Thermodyn. 43 (2011) 1506-1514.
https://doi.org/10.1016/j.jct.2011.05.003

I. Alonso, I. Mozo, I.G. De La Fuente, J.A. Gonzélez, J.C. Cobos, Thermodynamics of
ketone + amine mixtures 7. Volumetric and speed of sound data at (293.15, 298.15 and
303.15) K for 2-pentanone + aniline, + N-methylaniline, or + pyridine systems. J. Mol.
Lig. 160 (2011) 180-186. https://doi.org/10.1016/j.molliq.2011.03.015

J.A. Gonzélez, I. Alonso, |. Garcia De La Fuente, J.C. Cobos, Thermodynamics of
ketone + amine mixtures. Part 1X. Excess molar enthalpies at 298.15 K for
dipropylamine, or dibutylamine + 2-alkanone systems and modeling of linear or
aromatic amine + 2-alkanone mixtures in terms of DISQUAC and ERAS. Fluid Phase
Equilib. 343 (2013) 1-12. https://doi.org/10.1016/j.fluid.2013.01.011

I. Alonso, I. Mozo, I.G. de la fuente, J.A. Gonzalez, J.C. Cobos, Thermodynamics of
ketone + amine mixtures Part IV. Volumetric and speed of sound data at (293.15;
298.15 and 303.15 K) for 2-butanone +dipropylamine, +dibutylamine or
+triethylamine systems. Thermochim. Acta 512 (2011) 86-92.
https://doi.org/10.1016/j.tca.2010.09.004

I. Alonso, I. Mozo, |I. Garcia de la Fuente, J.A. Gonzalez, J.C. Cobos, Thermodynamics
of Ketone + Amine Mixtures. Part VIII. Molar Excess Enthalpies at 298.15 K for n-
Alkanone + Aniline or + N-Methylaniline Systems. J. Chem. Eng. Data 56 (2011) 3236-
3241. https://doi.org/10.1021/je200333p

I. Alonso, V. Alonso, I. Mozo, |. Garcia de la Fuente, J.A. Gonzalez, J.C. Cobos,
Thermodynamics of Ketone + Amine Mixtures. I. Volumetric and Speed of Sound Data
at (293.15, 298.15, and 303.15) K for 2-Propanone + Aniline, + N-Methylaniline, or +
Pyridine  Systems. J. Chem. Eng. Data 55 (2010) 2505-2511.
https://doi.org/10.1021/je900874z

F. Hevia, A. Cobos, J.A. Gonzalez, . Garcia de la Fuente, L.F. Sanz, Thermodynamics
of Amide + Amine Mixtures. 1. Volumetric, Speed of Sound, and Refractive Index Data
for N,N-Dimethylformamide + N-Propylpropan-1-amine, + N-Butylbutan-1-amine, +
Butan-1-amine, or + Hexan-1-amine Systems at Several Temperatures. J. Chem. Eng.
Data 61 (2016) 1468-1478. https://doi.org/10.1021/acs.jced.5b00802

H. Van Tra, D. Patterson, Volumes of mixing and the P * effect: Part I. Hexane isomers
with normal and branched hexadecane. J. Solution Chem. 11 (1982) 793-805.
https://doi.org/10.1007/BF00650519

H.J. Noh, S.J. Park, S.J. In, Excess molar volumes and deviations of refractive indices
at 298.15 K for binary and ternary mixtures with pyridine or aniline or quinoline. J.
Ind. Eng. Chem. 16 (2010) 200-206. https://doi.org/10.1016/j.jiec.2010.01.038



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

P.S. Nikam, S.J. Kharat, Excess Molar Volumes and Deviations in Viscosity of Binary
Mixtures of N,N-Dimethylformamide with Aniline and Benzonitrile at (298.15, 303.15,
308.15, and 313.15) K. J. Chem. Eng. Data 48 (2003) 972-976.
https://doi.org/10.1021/je030101n

T.E. Vittal Prasad, A. Adi Sankara Reddy, S. Kailash, D.H.L. Prasad, Activity
coefficients and excess Gibbs energy of binary mixtures of N,N-dimethyl formamide
with selected compounds at 95.5 kPa. Fluid Phase Equilib. 273 (2008) 52-58.
https://doi.org/10.1016/j.fluid.2008.07.018

R.S. Ramadevi, P. Venkatesu, M.V. Prabhakara Rao, M.R. Krishna, Excess enthalpies
of binary mixtures of N,N-dimethylformamide with substituted benzenes at 298.15 K.
Fluid Phase Equilib. 114 (1996) 189-197. https://doi.org/10.1016/0378-3812(95)02816-
1

G. Chandrasekhar, P. Venkatesu, M.V. Prabhakara Rao, Excess Volumes and
Ultrasonic Studies of n,n-Dimethyl Acetamide with Substituted Benzenes at 303.15 k.
Phys. Chem. Lig. 40 (2002) 181-189. https://doi.org/10.1080/00319100208086661

G. Chandra Sekhar, M.V. Prabhakara Rao, D.H.L. Prasad, Y.V.L. Ravi Kumar, Excess
molar enthalpies of N,N-dimethylacetamide with substituted benzenes at 298.15 K.
Thermochim. Acta 402 (2003) 99-103. https://doi.org/10.1016/S0040-6031(02)00542-7
CIAAW, Atomic weights of the elements 2015. ciaaw.org/atomic-weights.htm (accessed
2015)

D. Schneditz, T. Kenner, H. Heimel, H. Stabinger, 4 sound-speed sensor for the
measurement of total protein concentration in disposable, blood-perfused tubes. J.
Acoust. Soc. Am. 86 (1989) 2073-2080. https://doi.org/10.1121/1.398466

E. Junquera, G. Tardajos, E. Aicart, Speeds of sound and isentropic compressibilities of
(cyclohexane + benzene and (1-chlorobutane + n-hexane or n-heptane or n-octane or
n-decane) at 298.15 K. J. Chem. Thermodyn. 20 (1988) 1461-1467.
https://doi.org/10.1016/0021-9614(88)90041-9

K. Tamura, K. Ohomuro, S. Murakami, Speeds of sound, isentropic and isothermal
compressibilities, and isochoric heat capacities of {xc-C6HI2+(1—x)C6HG6},
x{CCl4+(1-x)C6HS6), and x{C7HI6+(1-x)C6H6} at 298.15 K. J. Chem. Thermodyn.
15 (1983) 859-868. https://doi.org/10.1016/0021-9614(83)90092-7

K. Tamura, S. Murakami, Speeds of sound, isentropic and isothermal compressibilities,
and isochoric heat capacities of {xc-C6H12 + (1 — x)C6H6} from 293.15 to 303.15 K.
J. Chem. Thermodyn. 16 (1984) 33-38. https://doi.org/10.1016/0021-9614(84)90072-7
K.N. Marsh, Recommended reference materials for the realization of physicochemical
properties. Blackwell Scientific Publications, Oxford, UK, 1987.

J.C.R. Reis, I.M.S. Lampreia, A.F.S. Santos, M.L.C.J. Moita, G. Douhéret, Refractive
Index of Liquid Mixtures: Theory and Experiment. ChemPhysChem 11 (2010) 3722-
3733. https://doi.org/10.1002/cphc.201000566

O. Redlich, A.T. Kister, Algebraic Representation of Thermodynamic Properties and
the Classification of Solutions. Ind. & Eng. Chem. 40 (1948) 345-348.
https://doi.org/10.1021/ie50458a036

P.R. Bevington, D.K. Robinson, Data Reduction and Error Analysis for the Physical
Sciences. McGraw-Hill, New York, 2000.

P.J. Flory, Statistical Thermodynamics of Liquid Mixtures. J. Am. Chem. Soc. 87
(1965) 1833-1838. https://doi.org/10.1021/ja01087a002

R. Bravo, M. Pintos, A. Amigo, Dependence upon temperature of the excess molar
volumes of tetrahydropyran + n-alkane mixtures. Can. J. Chem. 73 (1995) 375-379.
https://doi.org/10.1139/v95-049

J.A. Gonzédlez, N. Riesco, |I. Mozo, |. Garcia De La Fuente, J.C. Cobos,
Thermodynamics of Mixtures Containing Alkoxyethanols. XXI. Application of the Flory
Theory to the Study of Orientational Effects in Systems with Dibutyl Ether or 1-Butanol.
Ind. Eng. Chem. Res. 46 (2007) 1350-1359. https://doi.org/10.1021/ie0609012



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

X. An, H. Zhao, F. Jiang, W. Shen, The (liquid + liquid) critical phenomena of (a polar
liquid + an n-alkane) V. Coexistence curves of (N,N-dimethylacetamide + heptane). J.
Chem. Thermodyn. 28 (1996) 1221-1232. https://doi.org/10.1006/jcht.1996.0109

R.C. Reid, J.M. Prausnitz, B.E. Poling, The Properties of Gases and Liquids. McGraw-
Hill, New York, US, 1987.

E. Matteoli, L. Lepori, A. Spanedda, Thermodynamic study of heptane + amine
mixtures: 1. Excess and solvation enthalpies at 298.15 K. Fluid Phase Equilib. 212
(2003) 41-52. https://doi.org/10.1016/S0378-3812(03)00260-7

E. Matteoli, P. Gianni, L. Lepori, Thermodynamic study of heptane + secondary,
tertiary and cyclic amines mixtures. Part V. Excess and solvation enthalpies at 298.15
K. Fluid Phase Equilib. 306 (2011) 234-241. https://doi.org/10.1016/j.fluid.2011.04.013
L. Lepori, P. Gianni, A. Spanedda, E. Matteoli, Thermodynamic study of (heptane +
amine) mixtures. Il. Excess and partial molar volumes at 298.15 K. J. Chem.
Thermodyn. 43 (2011) 805-813. https://doi.org/10.1016/j.jct.2010.12.025

L. Lepori, P. Gianni, A. Spanedda, E. Matteoli, Thermodynamic study of (heptane +
amine) mixtures. I1l: Excess and partial molar volumes in mixtures with secondary,
tertiary, and cyclic amines at 298.15 K. J. Chem. Thermodyn. 43 (2011) 1453-1462.
https://doi.org/10.1016/j.jct.2011.04.017

D. Patterson, Free Volume and Polymer Solubility. A Qualitative View. Macromolecules
2 (1969) 672-677. https://doi.org/10.1021/ma60012a021

S.N. Bhattacharyya, M. Costas, D. Patterson, H.V. Tra, Thermodynamics of mixtures
containing alkanes. Fluid Phase Equilib. 20 (1985) 27-45. https://doi.org/10.1016/0378-
3812(85)90019-6

L. Lepori, P. Gianni, E. Matteoli, The Effect of the Molecular Size and Shape on the
Volume Behavior of Binary Liquid Mixtures. Branched and Cyclic Alkanes in Heptane
at 298.15 K. J. Solution Chem. 42 (2013) 1263-1304. https://doi.org/10.1007/s10953-
013-0023-9

A.J. Treszczanowicz, G.C. Benson, Excess volumes for n-alkanols + n-alkanes II.
Binary mixtures of n-pentanol, n-hexanol, n-octanol, and n-decanol + n-heptane. J.
Chem. Thermodyn. 10 (1978) 967-974. https://doi.org/10.1016/0021-9614(78)90058-7

T.M. Letcher, Thermodynamics of aliphatic amine mixtures I. The excess volumes of
mixing for primary, secondary, and tertiary aliphatic amines with benzene and
substituted benzene compounds. J. Chem. Thermodyn. 4 (1972) 159-173.
https://doi.org/10.1016/S0021-9614(72)80021-1

S. Villa, N. Riesco, |. Garcia de la Fuente, J.A. Gonzélez, J.C. Cobos, Thermodynamics
of mixtures with strongly negative deviations from Raoult’s law: Part 5. Excess molar
volumes at 298.15 K for 1-alkanols+dipropylamine systems: characterization in terms
of the ERAS model. Fluid Phase Equilib. 190 (2001) 113-125.
https://doi.org/10.1016/S0378-3812(01)00595-7

S. Villa, N. Riesco, I. Garcia de la Fuente, J.A. Gonzélez, J.C. Cobos, Thermodynamics
of mixtures with strongly negative deviations from Raoult’s law. Part 8. Excess molar
volumes at 298.15 K for 1-alkanol + isomeric amine (C6H15N) systems:
Characterization in terms of the ERAS model. Fluid Phase Equilib. 216 (2004) 123-133.
https://doi.org/10.1016/j.fluid.2003.10.008

L. Venkatramana, R.L. Gardas, K. Sivakumar, K. Dayananda Reddy, Thermodynamics
of binary mixtures: The effect of substituents in aromatics on their excess properties
with benzylalcohol. Fluid Phase Equilib. 367 (2014) 7-21.
https://doi.org/10.1016/j.fluid.2014.01.019

E.B. Bagley, T.P. Nelson, J.W. Barlow, S.A. Chen, Internal Pressure Measurements
and Liquid-State Energies. Ind. Eng. Chem. Fundamen. 9 (1970) 93-97.
https://doi.org/10.1021/i160033a015

E.B. Bagley, T.P. Nelson, J.M. Scigliano, Internal pressures of liquids and their
relation to the enthalpies and entropies of mixing in nonelectrolyte solutions. J. Phys.
Chem. 77 (1973) 2794-2798. https://doi.org/10.1021/j100641a016



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

M.R.J. Dack, Solvent structure. The use of internal pressure and cohesive energy
density to examine contributions to solvent-solvent interactions. Aust. J. Chem. 28
(1975) 1643-1648. https://doi.org/10.1071/CH9751643

E. Zorebski, Internal pressure studies of alcohols on the basis of ultrasonic
measurements. Mol. Quantum Acoust. 26 (2005) 317-326.

W. Marczak, K. Kielek, Internal Pressure in Binary Mixtures of Methylpyridine
Isomers with H20 and D20. Int. J. Thermophys. 31 (2009) 85-96.
https://doi.org/10.1007/s10765-009-0615-1

R. Dey, A.K. Singh, J.D. Pandey, A new theoretical approach for estimating excess
internal pressure. J. Mol. Lig. 124 (2006) 121-123.
https://doi.org/10.1016/j.mollig.2005.09.005

M.F. Bolotnikov, Y.A. Neruchev, Y.F. Melikhov, V.N. Verveyko, M.V. Verveyko,
Temperature Dependence of the Speed of Sound, Densities, and Isentropic
Compressibilities of Hexane + Hexadecane in the Range of (293.15 to 373.15) K. J.
Chem. Eng. Data 50 (2005) 1095-1098. https://doi.org/10.1021/je050060q

A. Chelkowski, Dielectric Physics. Elsevier, Amsterdam, 1980.

P. Brocos, A. Pifieiro, R. Bravo, A. Amigo, Refractive indices, molar volumes and
molar refractions of binary liquid mixtures: concepts and correlations. Phys. Chem.
Chem. Phys. 5 (2003) 550-557. https://doi.org/10.1039/B208765K

J. Krakowiak, H. Koziel, W. Grzybkowski, Apparent molar volumes of divalent
transition metal perchlorates and chlorides in N,N-dimethylacetamide. J. Mol. Lig. 118
(2005) 57-65. https://doi.org/10.1016/j.mollig.2004.07.013

S.S. Bittencourt, R.B. Torres, Volumetric properties of binary mixtures of (acetonitrile
+ amines) at several temperatures with application of the ERAS model. J. Chem.
Thermodyn. 93 (2016) 222-241. https://doi.org/10.1016/j.jct.2015.09.002

Y. Miyake, A. Baylaucq, F. Plantier, D. Bessiéres, H. Ushiki, C. Boned, High-pressure
(up to 140 MPa) density and derivative properties of some (pentyl-, hexyl-, and heptyl-)
amines between (293.15 and 353.15) K. J. Chem. Thermodyn. 40 (2008) 836-845.
https://doi.org/10.1016/j.jct.2008.01.006

F. Sarmiento, M.l. Paz Andrade, J. Fernandez, R. Bravo, M. Pintos, Excess enthalpies
of 1-heptanol + n-alkane and di-n-propylamine + normal alcohol mixtures at 298.15 K.
J. Chem. Eng. Data 30 (1985) 321-323. https://doi.org/10.1021/je00041a025

P. Goralski, M. Wasiak, A. Bald, Heat Capacities, Speeds of Sound, and Isothermal
Compressibilities of Some n-Amines and Tri-n-amines at 298.15 K. J. Chem. Eng. Data
47 (2002) 83-86. https://doi.org/10.1021/je010206v

D. Warminska, A. Ptaczek, H. Koziel, W. Grzybkowski, Adiabatic Compressibilities of
Divalent Transition-Metal Perchlorates and Chlorides in N,N-Dimethylacetamide and
Dimethylsulfoxide. J. Chem. Eng. Data 54 (2009) 745-751.
https://doi.org/10.1021/je8004134

J.G. Baragi, M.I. Aralaguppi, T.M. Aminabhavi, M.Y. Kariduraganavar, S.S. Kulkarni,
Density, Viscosity, Refractive Index, and Speed of Sound for Binary Mixtures of 1,4-
Dioxane with Different Organic Liquids at (298.15, 303.15, and 308.15) K. J. Chem.
Eng. Data 50 (2005) 917-923. https://doi.org/10.1021/je049609w

S.L. Oswal, P. Oswal, R.L. Gardas, S.G. Patel, R.G. Shinde, Acoustic, volumetric,
compressibility and refractivity properties and reduction parameters for the ERAS and
Flory models of some homologous series of amines from 298.15 to 328.15 K. Fluid
Phase Equilib. 216 (2004) 33-45. https://doi.org/10.1016/j.fluid.2003.09.007

M. Dominguez, H. Artigas, P. Cea, M.C. L6pez, J.S. Urieta, Speed of sound and
isentropic compressibility of the ternary mixture (2-Butanol + n-Hexane + 1-
Butylamine) and the constituent binary mixtures at 298.15 K and 313.15 K. J. Mol. Lig.
88 (2000) 243-258. https://doi.org/10.1016/S0167-7322(00)00143-4

S.L. Oswal, N.B. Patel, Speeds of Sound, Isentropic Compressibilities, and Excess
Volumes of Binary Mixtures of Acrylonitrile with Organic Solvents. J. Chem. Eng. Data
45 (2000) 225-230. https://doi.org/10.1021/je980305h



[73]

[74]

(78]

[76]

[77]

P. Scharlin, K. Steinby, Excess thermodynamic properties of binary mixtures of N,N-
dimethylacetamide with water or water-d2 at temperatures from 277.13 K to 318.15 K.
J.  Chem. Thermodyn. 35 (2003) 279-300. https://doi.org/10.1016/S0021-
9614(02)00359-2

P. Garcia-Giménez, J.F. Martinez-Lépez, S.T. Blanco, I. Velasco, S. Otin, Densities
and Isothermal Compressibilities at Pressures up to 20 MPa of the Systems N,N-
Dimethylformamide or N,N-Dimethylacetamide + a,w-Dichloroalkane. J. Chem. Eng.
Data 52 (2007) 2368-2374. https://doi.org/10.1021/je700339f

J.P.E. Grolier, G. Roux-Desgranges, M. Berkane, E. Jiménez, E. Wilhelm, Heat
capacities and densities of mixtures of very polar substances 2. Mixtures containing N,
N-dimethylformamide. J. Chem. Thermodyn. 25 (1993) 41-50.
https://doi.org/10.1006/jcht.1993.1005

J. Konicek, 1. Wadso, Thermochemical Properties of Some Carboxylic Acids, Amines
and N-Substituted Amides in Aqueous Solution. Acta Chem. Scand. 25 (1971) 1541-
1551. https://doi.org/10.3891/acta.chem.scand.25-1541

J.M. Resa, C. Gonzélez, S. Ortiz de Landaluce, J. Lanz, Vapor—Liquid Equilibrium of
Binary Mixtures Containing Diethylamine + Diisopropylamine, Diethylamine +
Dipropylamine, and Chloroform + Diisopropylamine at 101.3 kPa, and Vapor
Pressures of Dipropylamine. J. Chem. Eng. Data 45 (2000) 867-871.
https://doi.org/10.1021/je000020g



Table 1

Sample description

Chemical CAS Source Me_thod_of Purity? Analysis

number purification method
N,N-dimethylacetamide . . b
(DMA) 127-19-5 Sigma-Aldrich None > 0.995 GC
N-propylpropan-1-amine an . b
(DPA) 142-84-7 Aldrich None > 0.99 GC
N-butylbutan-1-amine . b
(DBA) 111-92-2 Aldrich None > 0.995 GC
butan-1-amine (BA) 109-73-9 Sigma-Aldrich None > 0.995 GCP
hexan-1-amine (HxA) 111-26-2 Aldrich None > 0.995 GCP

2 In mole fraction.

® Gas chromatography.



Table 2

Physical properties of pure compounds at temperature T and pressure p = 0.1 MPa. @
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a p", density; ¢, speed of sound; a;, isobaric thermal expansion coefficient; x;, adiabatic

compressibility; «;, isothermal compressibility; C. ., isobaric molar heat capacity; and ng,

pm
refractive index. The standard uncertainties are: u(T)=0.01K (for ny values, u(T)=0.02 K);
u(p)=1kPa; u(c’)=0.2m-s; u(p")=0.00005 gcm?; u(n;)=0.00008 and (relative

values) u, (e, )=0.015; u, (x; )=0.002; u, (7 )=0.012.



Table 3

Densities, p, excess molar volumes, V=, and speeds of sound, c, for N,N-dimethylacetamide

(1) + amine (2) mixtures at temperature T and pressure p = 0.1 MPa. ?

. plgem®  vE/emimolt ¢/m-st x,  plgeem® VE/emimolt  ¢/m-s?

DMA (1) + DPA (2); T/K=293.15

0.0000 0.73778 1208.7 0.4914 0.81947 -0.2137 1304.1
0.0621 0.74684 ~0.0656 12188 0.5582 0.83282 ~0.2096 1321.1
0.1201  0.75556 -0.1122 12286 0.6520 0.85273 -0.1936 1347.3
0.1432  0.75911 -0.1272 12326 07141 0.86668 -0.1719 1366.3
0.2142 0.77035 -0.1659 12454 07604 0.87751 -0.1495 13815
0.2434 0.77511 01780 12508 0.8012 0.88743 -0.1312 1395.5
0.3154 0.78722 -0.1971 1264.9 0.8494 0.89962 ~0.1098 1413.2
0.3398 0.79148 -0.2052 1269.9 0.9017 0.91334 -0.0754 1433.4
0.4140 0.80484 -0.2178 1286.0 0.9457 0.92538 -0.0441 1451.5
0.4668  0.81475 -0.2175 1298.2 1.0000 0.94087 1475.1
DMA (1) + DPA (2); T/K=298.15
0.0000 0.73322 1187.3 0.5678 0.83024 -0.2214 1303.8
0.0668  0.74299 -0.0767 1198.4 05999 0.83691 -0.2120 1312.5
0.1010 0.74814 -0.1103 12042 0.6543 0.84864 -0.1998 1328.2
0.1466 0.75510 ~0.1400 12122 0.7153 0.86240 -0.1823 1347.1
0.2032  0.76403 -0.1719 12225 0.7605 0.87301 ~0.1619 1362.0
0.2606 0.77342 ~0.1967 12335 0.8006 0.88277 -0.1440 1375.9
03112 0.78198 ~0.2125 12436 0.8576 0.89720 -0.1137 1396.8
0.3584  0.79022 ~0.2214 12534 0.8960 0.90729 ~0.0875 1411.8
0.3933 0.79648 -0.2258 1261.1 0.9495 0.92191 ~0.0469 1433.8
0.4622  0.80932 -0.2314 12770 1.0000 0.93630 1455.7
0.5019  0.81700 -0.2303 1286.7
DMA (1) + DPA (2); T/K=303.15

0.0000 0.72870 1166.7 0.5632 0.82479 -0.2412 1282.9
0.0609  0.73755 ~0.0658 11768 0.5926 0.83089 ~0.2360 1290.9
0.1008  0.74351 -0.1011 1183.7 0.6511 0.84343 -0.2204 1307.7
0.1975 0.75853 ~0.1674 12011 0.7089 0.85641 -0.2019 1325.4
0.2416  0.76569 ~0.1905 1209.6 0.7618 0.86882 -0.1802 1342.8
0.2915 0.77407 -0.2173 12195 0.7881 0.87517 ~0.1655 1351.9
0.3409 0.78258 -0.2288 1229.8 0.8571 0.89250 -0.1226 1376.9
0.3957  0.79240 -0.2427 12418 0.9026 0.90448 -0.0903 1394.6

0.4536 0.80316 —0.2476 1255.2 0.9464 0.91644 —0.0520 1412.6



0.4910

0.0000
0.0556
0.1101
0.1416
0.2017
0.2645
0.3006
0.3448
0.3993
0.4461

0.0000
0.0490
0.1067
0.1477
0.2508
0.3494
0.4513
0.5505

0.0000
0.0536
0.1214
0.1929
0.2540
0.3630
0.4684
0.5051

0.0000
0.0517
0.1082
0.1535
0.2556
0.2921
0.3582
0.4583

0.0000

0.81033

0.75553
0.76111
0.76685
0.77031
0.77724
0.78493
0.78956
0.79551
0.80324
0.81028

0.73705
0.74668
0.75803
0.76612
0.78662
0.80649
0.82709
0.84739

0.73233
0.74283
0.75625
0.77041
0.78258
0.80457
0.82594
0.83343

0.72750
0.73770
0.74889
0.75783
0.77826
0.78562
0.79885
0.81922

0.76019

—0.2451

0.0057
0.0150
0.0202
0.0263
0.0327
0.0411
0.0436
0.0513
0.0526

12642 1.0000 0.93169
DMA (1) + DBA (2); T/K=298.15

1241.5
1246.5
1251.6
1254.8
1261.3
1268.7
1273.2
1279.2
1287.1
1294.4

0.5040
0.6059
0.6466
0.6971
0.7538
0.7900
0.8612
0.8925
0.9566
1.0000

0.81954
0.83747
0.84529
0.85562
0.86809
0.87660
0.89469
0.90328
0.92228
0.93629

DMA (1) + BA (2); T/K=293.15

—-0.0355
—-0.0680
—0.0867
—0.1253
-0.1611
—0.1687
-0.1736

1268.1
1276.6
1286.8
1294.1
1313.2
1332.2
1352.7
13735

0.5968
0.6577
0.7542
0.8499
0.9063
0.9420
1.0000

0.85698
0.86951
0.88954
0.90960
0.92143
0.92898
0.94108

DMA (1) + BA (2); T/K=298.15

—-0.0378
—0.0862
—-0.1198
-0.1418
—0.1808
-0.1925
—0.1938

1246.1
1255.7
1268.1
1281.2
1292.8
1314.3
1335.9
1343.6

0.5646
0.6946
0.7540
0.8534
0.9055
0.9446
1.0000

0.84566
0.87259
0.88492
0.90573
0.91672
0.92485
0.93633

DMA (1) + BA (2); T/K=303.15

—0.0456
—-0.0875
-0.1083
-0.1617
-0.1783
-0.1832
-0.2014

12245
1233.9
1244.3
1252.8
1272.3
1279.6
1292.6
1313.3

0.4971
0.6574
0.7957
0.8498
0.9090
0.9404
1.0000

0.82713
0.86025
0.88919
0.90040
0.91297
0.91948
0.93195

DMA (1) + HxA (2); T/K=298.15
1303.8 0.6130 0.85274

0.0540
0.0568
0.0572
0.0542
0.0502
0.0437
0.0332
0.0271
0.0106

-0.1771
-0.1624
—0.1354
-0.1022
-0.0716
—0.0526

-0.1948
—-0.1823
-0.1607
-0.1210
—0.0960
—0.0606

—-0.2009
-0.1930
—0.1582
-0.1161
-0.0918
—0.0590

0.0027

1435.7

1304.4
1324.5
1333.6
1346.1
1361.6
13725
1396.6
1408.3
1435.3
1455.7

1383.5
1396.8
1418.5
1440.4
1453.5
1461.8
1475.2

1356.4
1385.3
1398.7
1421.8
1434.2
1443.0
1455.6

1321.7
1356.9
1388.8
1401.1
1415.1
1422.3
1436.1

1374.5



0.0575 0.76737 0.0052 1308.5 0.6994 0.86931 —-0.0020 1389.5

0.1197 0.77545 0.0052 1314.0 0.7620 0.88202 —0.0064 1401.2
0.1582  0.78060 0.0084 1317.5 0.8060 0.89133 —0.0094 1410.3
0.2079 0.78743 0.0114 1322.4 0.8544 0.90192 —0.0086 1420.5
0.2450 0.79271 0.0087 1326.1 0.8959 0.91134 —0.0090 1430.2
0.3068 0.80176 0.0082 1333.0 0.9467 0.92330 —0.0066 1442.2
0.4037 0.81674 0.0063 1344.4 1.0000 0.93637 1455.8
0.5122 0.83471 0.0068 1359.1

@ The standard uncertainties are: u(x )=0.0001; u(p)=1kPa; u(T)=0.01K. The standard

uncertainties are:  u(p)=0.00005 gem?;  u(V,r)=(0.010)V,,,| +0.005 cm?-mol);

u(c)=0.2 m-s™.



Table 4
Excess functions, at temperature T = 298.15 K and pressure p = 0.1 MPa, for x, adiabatic

compressibility, ¢, speed of sound, and «_, isobaric thermal expansion coefficient, of N,N-

p!

dimethylacetamide (1) + amine (2) mixtures. 2

9 K‘g /TPal ¢cE/m-st aE /106.K1P X K'E /TPat  ¢&/m-st Ot;: /106.K1P

X
DMA (1) + DPA (2)

0.0668  -9.7 5.8 -1 05678  —45.0 38.3 26
01010 -14.1 8.6 -2 05999  -44.6 39.1 26
0.1466  -19.5 123 -4 06543 -43.4 39.9 26
02032 256 16.7 -7 07153  -40.5 39.7 26
0.2606 -31.1 21.0 10 0.7605 -37.3 38.3 24
03112 -35.1 24.5 14 0.8006  —33.6 36.1 22
0.3584  -38.2 27.6 -16 08576  —26.7 30.7 -18
0.3933  -40.3 29.8 -19 0.8960  —20.9 25.4 14
04622  -43.2 33.7 22 09495  -11.2 14.7 -7
05019  -44.3 35.7 24
DMA (1) + DBA (2)

0.0556 2.3 17 05040 -16.7 15.2

01101  -4.3 33 06059 -18.1 17.5

0.1416  -55 43 0.6466  -18.2 18.1

02017  -7.8 6.2 06971 -18.1 18.8

02645 -10.1 8.1 07538  -17.2 18.7

0.3006  -11.2 9.2 07900 -16.2 18.3

0.3448 127 10.6 08612 -13.1 15.9

0.3993  -14.3 123 08925 -11.0 13.9

04461 -15.4 136 0.9566 5.4 7.4

DMA (1) + BA (2)
0.0536 7.7 5.4 11 05646  —35.9 35.0 31
01214 -16.2 11.7 20 06946  -31.3 336 31
01929 -23.1 175 25 07540 -27.4 30.8 31
02540 -27.9 22.0 27 08534 -18.8 22.9 26
0.3630  -33.9 28.7 29 0.9055  -13.2 16.8 22
0.4684  -36.4 33.1 30 09446  -8.1 10.6 -16
05051 365 34.1 30
DMA (1) + HxA (2); T/K=298.15
0.0575  -1.8 16 06130 -12.2 13.3

0.1197 -3.8 3.4 0.6994  -11.7 135



0.1582 -4.9 4.3 0.7620 -10.6 12.6

0.2079 —6.3 5.7 0.8060 -9.7 11.9
0.2450 7.1 6.6 0.8544 7.9 10.0
0.3068 -8.8 8.3 0.8959 —6.4 8.3
0.4037  -10.5 10.3 0.9467 -35 4.8

0.5122  -11.9 12.3

® The standard uncertainties are: u(x,)=0.0001; u(p)=1kPa; u(T)=0.01K. The standard

uncertainties are: u(c®)=0.4; and (relative values) u, («£)=0.015; u, (&) = 0.025.

® Density values at 293.15 and 303.15 K at the mole fractions reported at 298.15 K were

obtained from the corresponding Redlich-Kister adjustments for VmE :



Table 5

Refractive indices, n,, and the corresponding excess values, nf, of N,N-dimethylacetamide (1)

+ amine (2) mixtures at temperature T and pressure p = 0.1 MPa. 2

X, Ny ng /10® X, Ny ng /10

DMA (1) + DPA (2); T/K = 293.15
0.0000 1.40398 0.5582 1.42085 104
0.0621 1.40569 23 0.6520 1.42418 102
0.1201 1.40731 42 0.7141 1.42649 97
0.1432 1.40797 49 0.7604 1.42826 90
0.2142 1.41003 69 0.8012 1.42986 82
0.3154 1.41303 87 0.8494 1.43179 69
0.3398 1.41376 89 0.9017 1.43396 52
0.4140 1.41609 99 0.9457 1.43581 32
0.4668 1.41780 103 1.0000 1.43814
0.4914 1.41860 104

DMA (1) + DPA (2); T/K = 298.15
0.0000 1.40135 0.4622 1.41524 110
0.0668 1.40324 28 0.5678 1.41882 111
0.1010 1.40422 41 0.6543 1.42192 107
0.1466 1.40554 56 0.7153 1.42421 101
0.2032 1.40720 72 0.7605 1.42597 94
0.2606 1.40892 86 0.8006 1.42755 85
0.3112 1.41045 95 0.8576 1.42988 70
0.3584 141191 101 0.9495 1.43376 31
0.3933 1.41302 106 1.0000 1.43595

DMA (1) + DPA (2); T/K =303.15
0.0000 1.39871 0.5632 1.41619 105
0.0609 1.40041 21 0.5926 1.41723 104
0.1008 1.40155 35 0.6511 1.41934 97
0.1975 1.40440 65 0.7089 1.42153 91
0.2416 1.40577 79 0.7881 1.42468 79
0.2915 1.40727 87 0.8571 1.42755 63
0.3409 1.40885 99 0.9026 1.42948 46
0.3957 1.41059 104 0.9464 1.43142 29
0.4536 1.41246 106 1.0000 1.43382
0.4910 1.41370 106

DMA (1) + DBA (2); T/K =298.15
0.0000 1.41495 0.5543 1.42341

0.0554 1.41559 0.6061 1.42456



0.1101
0.1413
0.2106
0.2645
0.3006
0.3448
0.3993
0.4461
0.5040

0.0000
0.0490
0.1067
0.1477
0.1916
0.2508
0.2962
0.3494
0.4513
0.5007

0.0000
0.0536
0.1214
0.1929
0.2540
0.2974
0.4027
0.4684
0.5051
0.5646

0.0000
0.0517
0.1082
0.1535
0.1894
0.2556
0.2921
0.3582
0.4583

1.41627
1.41667
1.41761
1.41838
1.41893
1.41961
1.42053
1.42137
1.42243

1.40059
1.40249
1.40474
1.40633
1.40804
1.41031
1.41207
1.41411
1.41796
1.41983

1.39789
1.39999
1.40265
1.40547
1.40786
1.40955
1.41359
1.41610
1.41751
1.41978

1.39507
1.39714
1.39943
1.40125
1.40271
1.40535
1.40678
1.40941
1.41329

DMA (1) + BA (2); T/K =293.15

16
34
46
58
70
79
88
95
97

DMA (1) + BA (2); T/K =298.15

17
37
57
71
79
90
93
94
94

DMA (1) + BA (2); T/K = 303.15

18
39
53
66
82
88
100
106

0.6466
0.6971
0.7538
0.7900
0.8613
0.8925
0.9566
1.0000

0.5505
0.5968
0.6577
0.6982
0.7542
0.8499
0.9063
0.9420
1.0000

0.5979
0.6554
0.6946
0.7540
0.7912
0.8534
0.9055
0.9446
1.0000

0.5583
0.5962
0.6574
0.6970
0.7537
0.7957
0.8498
0.9090
0.9404

1.42545
1.42667
1.42813
1.42907
1.43120
1.43216
1.43436
1.43592

1.42171
1.42344
1.42571
1.42722
1.42931
1.43280
1.43483
1.43611
1.43813

1.42105
1.42323
1.42471
1.42698
1.42837
1.43067
1.43259
1.43399
1.43595

1.41717
1.41864
1.42099
1.42250
1.42467
1.42629
1.42834
1.43054
1.43168

98
96
91
87
80
58
40
28

93
89
85
80
73
58
43
27

107
106
101
96
88
82
70
50
37



0.4971

0.0000
0.0575
0.1197
0.1582
0.2079
0.2450
0.3068
0.4037
0.5122

1.41479

1.41571
1.41652
1.41744
1.41804
1.41882
1.41942
1.42049
1.42224
1.42433

106
DMA (1) + HXA (2);

1.0000
T/IK =298.15
0.6130
0.6994
0.7620
0.8060
0.8544
0.8959
0.9467
1.0000

1.43375

1.42641
1.42832
1.42978
1.43085
1.43205
1.43310
1.43445
1.43590

@ The standard uncertainties are: u(x,)=0.0001; u(T)=0.02K; u(p)=1kPa. ; u(ny)

0.00008; u(ng )=0.0002.



Table 6
Coefficients A; and standard deviations, o(F®) (equation (9)), for the representation of the F*

property at temperature T and pressure p = 0.1 MPa for N,N-dimethylacetamide (1) + amine (2)
systems by equation (8).

System T/IK  Property ® F® Ao As A A A ofFF)
DMA + DPA  293.15 VE -0.861 0.132 -0.15 0.002
nt /10 416 69 118 69 0.7
298.15 VE 0910 0.140 -0.23 0.0018
KE -176.9 -431 205 0.07
ct 1423 907 54 33 20 0.6
ag 1107 948  -79 14 0.4
nt /10° 4455 43 127 85 0.4
303.15 VE -0.983 0.063 —0.12 0.0017
nt /10°° 428 -17 50 176 1.1
DMA + DBA  298.15 VE 0.222  0.08 0.0015
KE -66.4 387 -21.1 11 0.06
ct 604 514 35 32 21 006
DMA + BA  293.15 VE —-0.696 -0.07 -0.11 0.004
nt /10° 390 32 44 67 0.7
298.15 VE 077 014 -0.21 0.005
Ke -1459 06 -9.0 0.12
ct 1357 48 23 9 0.13
ap 1107 -119 25  -156 1
nt /10° 378 23 74 110 0.8
303.15 VE -0.81 007 -0.24 0.005
nt /10 429 3 105 189 1
DMA + HxA  298.15 VE 0.024 006 -0.07 -0.08 0.0014
K 470 193 67 0.1
ct 48.3 307 173 8 0.1
® FE =V, units: cm®mol™; F® =c®, units: m-s*; F® =x¢ units: TPa'; FF =q; /10°°,

units: K™.



Table 7

Values of molar volume,V

and Flory reduction parameters for volume, V,

pi* , at 298.15 K of pure compounds.

*

m,i?

and pressure,

Compound V,,; /lem*mol* V., / cm3 mol* p: /J-cm?
DMPF® 77.42 61.97 711.4
DMA 93.05 74.82 691.4
DPA 138.00 106.59 508.8
DBA 171.13 135.82 491.7

BA 99.87 76.42 578.0
HxA 133.11 104.68 555.6

2 Values determined using densities, thermal

compressibilities given in Table 2 and in reference [20].

® N,N-dimethylformamide.

expansion coefficients and isothermal



Table 8

Values of the contributions to V.©, at 298.15 K and equimolar composition, for DMF or DMA +

amine systems calculated according to the PFP model (equations (10)-(12)) using the interaction

parameters, y;,, also listed.

V. contributions / cm3-mol*

a b 1y.6m-3 -
System Zz o Inte;gﬁc]lqonal Curvatureterm  p~ effect term
DMF + BA 25 0.0284 —-0.085 -0.206
DMF + HxA 8.4 0.1001 —-0.015 -0.110
DMF + DPA 6.2 0.0837 —-0.064 —-0.308
DMF + DBA 8.15 0.1110 —-0.004 —-0.089
DMA + BA 9.3 0.1180 -0.111 -0.214
DMA + HxA 12.42 0.1680 -0.026 -0.135
DMA + DPA 13.45 0.2035 -0.088 -0.351
DMA + DBA 13.45 0.2069 -0.010 —-0.140

2 DMF, N,N-dimethylformamide.

® Determined from VmE data at equimolar composition [20], this work.
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Figure 1

Excess molar volumes, VmE, for DMA (1) + DPA (2), or + DBA (2) systems at 0.1 MPa and

298.15 K. Full symbols, experimental values (this work): (@), DPA; (l), DBA. Solid lines,

calculations with equation (8) using the coefficients from Table 6.
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Figure 2

Excess molar volumes, VmE, for DMA (1) + BA (2), or + HxA (2) systems at 0.1 MPa and

298.15 K. Full symbols, experimental values (this work): (@), BA; (H), HxA. Solid lines,

calculations with equation (8) using the coefficients from Table 6.
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Figure 3

Excess isentropic compressibilities, K‘SE , for DMA (1) + DPA (2), or + DBA (2) systems at 0.1

MPa and 298.15 K. Full symbols, experimental values (this work): (@), DPA; (), DBA. Solid

lines, calculations with equation (8) using the coefficients from Table 6.



Figure 4

Excess isentropic compressibilities, K'SE, for DMA (1) + BA (2), or + HxA (2) systems at 0.1

MPa and 298.15 K. Full symbols, experimental values (this work): (@), BA; (l), HxA. Solid

lines, calculations with equation (8) using the coefficients from Table 6.
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Figure 5

Excess speeds of sound, ¢&, for DMA (1) + DPA (2), or + DBA (2) systems at 0.1 MPa and
298.15 K. Full symbols, experimental values (this work): (@), DPA; (l), DBA. Solid lines,

calculations with equation (8) using the coefficients from Table 6.



Figure 6

Excess speeds of sound, ¢, for DMA (1) + BA (2), or + HxA (2) systems at 0.1 MPa and
298.15 K. Full symbols, experimental values (this work): (@), BA; (H), HxA. Solid lines,

calculations with equation (8) using the coefficients from Table 6.
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Figure 7

Excess refractive indices, nS, for DMA (1) + amine (2) systems at 0.1 MPa and 298.15 K. Full

symbols, experimental values (this work): (@), DPA; (l), BA. Solid lines, calculations with
equation (8) using the coefficients from Table 6.
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Figure 8

Excess molar volumes, VmE , for DMA (1) + amine (2) systems at 0.1 MPa and 298.15 K. Full
symbols, experimental values (this work): (@), BA; (), DBA. Solid lines, Flory results.
Dashed lines, contributions to VmE according to the Prigogine-Flory-Patterson model (“int”,

interactional; “cur”, curvature; “P*”, P* effect): (——-), BA; (- - - -), DBA.
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Figure 9

Excess molar volumes, VmE , for amide (1) + DPA (2) systems at 0.1 MPa and 298.15 K. Full
symbols, experimental values : (@), DMF [20]; (H), DMA (this work). Solid lines, Flory
results. Dashed lines, contributions to VmE according to the Prigogine-Flory-Patterson model

(“int”, interactional; “cur”, curvature; “P*”, P* effect): (— —-), DMF; (— - - ), DMA.
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