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Abstract

Mixtures involving nitrobenzene and hydrocarbonsl-@lkanols and 1-nitroalkane, or
nitrobenzene have been investigated on the basiswvdifole set of thermophysical properties
available in the literature. The properties consdeare: excess molar functions (enthalpies,
entropies, isobaric heat capacities, and volumespour-liquid and liquid-liquid equilibria,
permittivities or dynamic viscosities. In additiaie mixtures have been studied by means of
the application of the DISQUAC, ERAS, and UNIFAC aets, and using the formalism of the
concentration-concentration structure factor. Thaesponding interaction parameters in the
framework of the DISQUAC and ERAS models are regbrtin alkane mixtures, dipolar
interactions between 1-nitroalkane molecules ar@akemed when the size of the polar
compound increases, accordingly with the relatiagation of their effective dipolar moment.
Dipolar interactions are stronger in nitrobenzeol@tfons than in those containing the smaller
1-nitropropane, although both nitroalkanes havey vemilar effective dipole moment
(aromaticity effect). Systems with 1-alkanols aharacterized by dipolar interactions between
like molecules which sharply increases when thearadk size increases. Simultaneously,
interactions between unlike molecules become weasethe OH group is then more sterically
hindered. Interactions between unlike moleculessaanger in systems with nitromethane than
in nitrobenzene solutions. The replacement of migthane by nitroethane in systems with a
given l-alkanol leads to strengthen those effeetated with the alcohol self-association.
Permittivity data and results on Kirkwood’s corteda factors show that the addition of 1-
alkanol to a nitroalkane leads to cooperative ¢dfewhich increase the dipolar polarization of
the solution, in such way that the destructionhef éxisting structure in pure liquids is partially

counterbalanced. This effect is less important wbager 1-alkanols are involved.
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1 Introduction

Nitroalkanes are aprotic solvents of high polaagyit is demonstrated by their large
dipole moments (3.56 D (nitromethane); 3.60 D,réathane); 4.0 (nitrobenzene)) [1]. They
have many applications. For example, nitromethanevidely used in the manufacture of
pharmaceuticals, pesticides or fibers. The indalsinterest on the chemistry of nitrobenzene
mixtures is due to this compound plays an esserdlalin the aniline production, and in the
preparation of other substances as dyes, paintesslvor the analgesic paracetamol.
Unfortunately, it is highly toxic and the hazardaitects to soil, groundwater [2,3] and human
health [4,5] must be taken into account.

There is little evidence that nitroalkanes are-asHociated in the pure state [6-9].

However, as a consequence of their laggevalues, strong dipolar interactions exist between

nitroalkane molecules, and binary mixtures formeg balkanol (from 1-butanol) and
nitromethane show liquid-liquid equilibrium (LLE)uoves with upper critical solution
temperatures (UCST) ranged between 291.1 K (labijta[10,11] and 352.6 K (1-
pentadecanol) [11,12]. Similarly, the UCST of thdecanol + nitroethane system is 294.1 K

[11,13]. In addition, rather large positive valwgsmolar excess Gibbs energieS(), and of

enthalpies H;) are encountered for the methanol, or ethanol-propanol, or 1-butanol +

nitromethane mixtures [14-16]. That is, 1-alkafdl-nitroalkane systems are characterized by

positive deviations from the Raoult’s law. Intenegly, non-random effects in the mentioned

solutions have been investigated by measuring isbbacess molar heat capacities;g) [17-

20], a very useful magnitude to gain insights itite variation of the solution structure with

concentration. In fact, it is well-known that mir¢s of the type polar compound + alkane, at

temperatures in the vicinity of the critical onee &haracterized by W-shaped:,'fm curves,

where non-random effects appear at intermediatgositions [19,21].

Regarding to nitrobenzene systems, a large dataleessts containing LLE
measurements for alkane solutions. Their critiemhgeratures vary from 291.9 K for the
heptane system [22], up to 309.7 K for the hexadecaixture [23]. These data have been used
for the determination of the critical exponents,p5]. Special attention has been also paid to
the dielectric behaviour of these systems neactitieal point [26,27].

The main purpose of the present work is to get apee understanding of the
interactions and structure of nitrobenzene + hyaltoon mixtures and of l-alkanol + 1-

nitroalkane, or + nitrobenzene systems. At this, endthole set of experimental data available

E
pm ?

in the literature,H:, C- | excess molar volume¥/f ), vapour-liquid equilibria (VLE), LLE,

permittivities (£,), or dynamic viscositiessf), are analyzed. Of particular interest is the

investigation of the aromaticity effect, by mearfstlee study of nitrobenzene solutions. In



addition, the selected systems are also treatdleifiramework of the DISQUAC [28,29] and
ERAS [30] models, and the results are compared thdke obtained from UNIFAC (Dortmund
version) using interaction parameters from therdiere [31,32]. The systems are also

investigated using the concentration-concentrasivacture factor §..(0)) formalism [33],
based on the Bhatia-Thorton partial structure facfg4]. The S..(0) formalism is concerned

with the study of fluctuations in the number of pwmiles regardless of the components, the
fluctuations in the mole fraction and the crosstilations, and arises from the generalization of
the Bhatia-Thorton partial structure factors toklithhe asymptotic behaviour of the ordering
potential to the interchange energy parametershen gemi-phenomenological theories of
thermodynamic properties of liquid solutions [35:37 Thus, we continue our detailed
programme concerned with the research of 1-alkarsdtong polar compound mixtures. Within
this programme, we have studied mixtures involviag., sulfolane [38], tertiary amides
[39,40], or nitriles [41].

2. Models

2.1 DISQUAC

The group contribution model DISQUAC is based omtiigid lattice theory developed
by Guggenheim [42]. Some of its more relevant festiare now briefly summarized. (i) The
geometrical parameters of the mixture compoundtl molecular volumes;, surfacesg;, and
the molecular surface fractiong;, are calculated additively on the basis of thaigreolumes
Rs and surface€)s recommended by Bon{43]. At this end, the volum&:y, and surface
Qchs Of methane are taken arbitrarily as equal to 1.[#%e geometrical parameters for the
groups used in this work can be found elsewhere4Bl4 (ii) The partition function is
factorized into two terms. The excess functionstheeresult of two contributions: a dispersive
(DIS) term arising from the contribution from thespersive forces; and a quasichemical

(QUAC) term which comes from the anisotropy of firedd forces created by the solution
molecules. FolG’, a combinatorial termG>“°"®, represented by the Flory-Huggins equation

[44,47] must be also included. Thus,

GE = GE’DlS"' GrE,QUAC_'_ GnI]E,COMB (1)

HnE =H E,DIS +H rTI?QUAC (2)

(iif) The interaction parameters change with thdeauoolar structure of the mixture components;

(iv) The coordination number is assumed to be #mesfor all the polar contacts=£ 4). This is



a very important shortcoming of the model, and astiplly removed via the hypothesis of

considering structure dependent interaction pararsefv) It is assumed th‘&{;nE =0.

The equations used to calculate the DIS and QUAGribaitions to G and H are
given elsewherf29,49]. The temperature dependence of the interaparameters is expressed

in terms of the DIS and QUAC interchange coeffits¢p9,49], C2'; COA¢ where £ t are

st,l ¥ st
two contact surfaces present in the mixture andl = 1 (Gibbs energy;

COP/OUAC = g2SYY(T )/ RT,); | = 2 (enthalpy,Co5" %Y = h2S?YAY(T )/ RT)), | = 3 (heat

capacityCgs ° ¢ = ¢ *(T) I R)). T, = 298.15 K is the scaling temperature @the
gas constant. The equations can be found else2&#9].
As in previous applications, DISQUAC calculatiomsld_E were conducted taking into

account that the values of the mole fractignof component 1 Xlxl) relating to the two

phases in equilibrium are such that the functid®¥,G"" (G =G+ G**) have a

common tangent [50].
2.2 ERAS
Some important features of the model are the fallgw(i) The excess functions are

calculated as the sum of two terms. One is linletiyidrogen-bonding effects (the chemical

contribution Xt . ), and the other is related to non-polar van deraMYainteractions

m,chem

including free volume effects (physical contributiX© , ). Equations forXE = HE, VE are

m,phys
given elsewhere [49]. (ii) It is assumed that oobnsecutive linear association occurs. The

related chemical equilibrium constari( ) is independent of the chain length of the assedia

species (1-alkanols), according to the equation:
A +A o AL 3)

with m ranging from 1 too . The cross-association between a self-associgeesA,, and a
non self-associated compouBdin the present investigation, 1-nitroalkanes itnobenzene) is

described by

A, +B L A B (4)

The association constant&(;) of equation (4) are also assumed to be indepenufethe

chain length. Equations (3) and (4) are characetdrlzyAh*, the enthalpy of the reaction that



corresponds to the hydrogen-bonding energy, anthéwolume changec(vi*) related to the

E

formation of the linear chains. (i) TR, ;.

term is derived from the Flory’s equation of state

[51], which is assumed to be valid not only forggeompounds but also for the mixture [52,53].

i=_.| _ (5)

*

P/P;T=TI/T arethe

where i = A,B or M (mixture). In equation (11), =V.. /\.; P

mi; i
reduced volume, pressure and temperature respgctiféle pure component reduction

parameters ,P", T

mi? i i

" are determined fronP-V-T data (density,a,, isobaric thermal
expansion coefficient, and isothermal compressibik; ), and association parameters [52,53].

The reduction parameters for the mixtd?h*(,-;: and Th; are calculated from mixing rules [52,53].

The total relative molecular volumes and surfadeh® compounds were calculated additively
using the Bondi’s method [43].

2.3 Modified UNIFAC (Dortmund version)

This version of UNIFAC [31,32] differs from the gimal UNIFAC mode[54] by the

combinatorial term and the temperature dependefte dnteraction parameters. The equations

used to calculatéS. and HS are obtained from the fundamental equation for abtivity

coefficienty, of component i:

Iny, =Iny o +In s (6)

where Iny~® and Iny"®

° represent the combinatorial and residual termpeetvely.

Equations are available elsewhé4®]. In Dortmund UNIFAC, two main groups, OH and
CH3OH, are defined for predicting thermodynamic praipsrof mixtures with alkanols. The
main group OH is subdivided in three subgroups: ®H(OH(s) and OH(t) for the
representation of primary, secondary and tertitgrels, respectively. The GBH group is a
specific group for methanol solutions. In the casaitroalkanes and nitrobenzene two main
groups exist. The main group CNO2 is divided ireéhsubgroups: GO, for nitromethane;
CH,NO, for the remainder 1-nitroalkanes, and CHNQ@r 2-nitroalkanes. There is also a main
group, ACNQ, for nitrobenzene. The subgroups within the samaén group have different
geometrical parameters, and identical group engrgyaction parameters. It is remarkable that

the geometrical parameters, the relative van deal$\aolumes and the relative van der Waals



surfaces are not calculated from molecular paramdilee in the original UNIFAC, but fitted
together with the interaction parameters to theedrpental values of the thermodynamic
properties considered. The geometrical and interagiarameters were taken from literature
and used without modificatiofi82]. No interaction parameters are available @ methanol +
nitrobenzene system.

2.4 The concentration-concentration structure facto

Mixture structure can be investigated by means be tS..(0) function

[33,35,36,55,56]:

RT X %
S.c(0)= = 7
(0) (0°G"/0%),, D ()
with
_ X% 2w 14 X% [ O°G)
D=-220°G"/0 =1+ == —" 8
== ( X)er RT{ % ). (8)
D is a function closely related to thermodynamid#its [57-59]. For ideal mixturesGrE'id =0

(excess Gibbs energy of the ideal mixturB)® = 1 and Sec(0) = xix.. From stability

conditionsS..(0) > 0. If a system is close to phase separati§n,(0) must be large and

positive (%o, if the mixture presents a miscibility gap). If napound formation between
components existsS..(0) must be very low (0, in the limit). Therefori@c(0) > X% (D < 1)

indicates that the dominant trend in the systenthés homocoordination (separation of the
components). The mixture is then less stable thandeal. If 0 <S(0) < X%, = Sec(0)¢, O >

1), the fluctuations in the system have been rewhogad the main feature of the solution is
compound formation (heterocoordination). The systenthen more stable than ideal. In
summary S.c(0) is an useful magnitude to evaluate the noneamtkss in the mixture [55,56].

In this work, we have used DISQUAC to evalu&tg(0) for a number of mixtures.

3. Adjustment of model parameters

3.1 DISQUAC interaction parameters

In terms of DISQUAC, the studied systems are reggrals possessing the following
types of surfaces: (i) type a, aliphatic (§8H,, in n-alkanes, or toluene, or 1-nitroalkane, or 1-
alkanols); (ii) type r (N@in 1-nitroalkanes or nitrobenzenee); (iii) typéss= b, GHs, or GHs

in benzene, toluene or nitrobenzene; s = ¢-DHtyclohexane; s = h, OH in 1-alkanols).



The general procedure applied in the estimatioth@finteraction parameters have been
explained in detail in earlier works [29,49]. Finallues of our fitted parameters are listed in
Tables 1 and 2. Some important remarks are prdueéow.

3.1.1 Nitrobenzene + benzene

This system is only characterized by the (b,r) aoptwhich is assumed to be

represented by DIS interaction parameters. Suckcehs supported by the low experimental
H > values of this system (261ndol™ at equimolar composition and 293.15 K [60]). TBE'";

coefficient was obtained from data on activity dmédnts at infinite dilution [61]. Final
parameters are given in Table 1.

3.1.2 Nitrobenzene + alkane, or + toluene

Mixtures with alkane are built by three contacesbj, (b,r) and (a,r). The interaction
parameters for the (a,b) contacts are dispersickama known from the research of alkyl-
benzene + alkane systems [45]. The interactionnpaters of the (b,r) contacts are already

known and thus only those corresponding to the¢ (@ntacts must be determined (Table 1). As

in other many applications, we have us€f"“ =C2"° (I = 1,2,3). That is, the QUAC

cr,l
coefficients for the (a,r) and (c,r) contacts axdeipendent of the alkane [29,40,62].

The system involving toluene is characterized leyshme contacts. Here, we have held
the interaction parameters for the (a,b) and @ntacts and determined newly those for the
(b,r) contact (Table 1), assuming that it is dispe.

3.1.3 1-Alkanol + 1-nitroalkane

The contacts present in these solutions are: (#h)) and (h,r). The interaction

parameters for the (a,h) contacts are describedI8/ and QUAC interaction parameters,

previously determined from the study of 1l-alkaroh-alkane systems [46,63-65], and the

CorO%C( = 1,2,3) coefficients are also known from therresponding treatment of 1-

nitroalkane + alkane systems [48]. Therefore, ahéyinteraction parameters for the (h,r) have to
been obtained (Table 2).
3.1.4 1-Alkanols + nitrobenzene
We have now six contacts: (a,b), (a,h), (a,r),)dnr) and (h,r). The contacts (b,h) are
represented by DIS and QUAC interaction paramevengh are already known from the study
of 1-alkanol + toluene mixtures [65,66]. Thus, omhe interaction parameters for the (b,r)
contacts have to be determined (Table 2) as ttoygbé remainder contacts are known.

3.2 Adjustment of ERAS parameters

Values ofV_,V., and P" of pure compounds at=298.15 K, needed for calculations,

have been taken from the literature in the cask-alkanols [67], and are listed in Table S1 of

supplementary material for 1-nitroalkanes or nitnobene. For the 1-alkanold,,



Ah, (=—25.1 kdmol™) and AV, (=-5.6 cni-mol™) are known fromH > and V. data for the
corresponding mixtures with alkanes. These value® lbeen used in many other applications
[67]. The binary parameters to be fitted agaihlﬁ and VmE data available in the literature for

1-alkanol + 1-nitroalkane or + nitrobenzene systemastherKag, Ah,, , AV, and X, . They

are collected in Table 3.

4. Theoretical results
Results from DISQUAC on phase equilibiig; and CpEm are shown in Tables 4-8 and

in Figures 1-7 (see also Figure S1 of supplementaterial). Tables 4 and 7 contain relative

deviations for pressure ar}drﬁ , respectively, defined as

2
_ i FZexp - I:)calc 1/2
ar(P)—{NZ{—F;Xp }} (9)
l H E _ H E 2
E = m,exp m,calc 1/2
dev( HY) ={, Z{ HE (= 0_5)}} (10)

where, N stands for the number of data points. ERAS resul‘[anE1 for l-alkanol +
nitromethane or + nitrobenzene systems are showralote 7 (Figures 5 and 6). Some ERAS

calculations oanE are collected in Table S2 (see Figure S2 of suppiteary material). Figure
S1 compares, as an example, ERAS results with 'mpataIan values for the methanol +
nitromethane mixture. Results from the applicatoddrthe UNIFAC model on VLE,HrEand

CpEm are collected in Tables 4, 7 and 8.

5. Discussion
Hereafter, we are referring to values of the thetynamic excess functions at 298.15 K

and equimolar composition. The number of C atom4-alkanols and in 1l-nitroalkanes are
represented by, andn,,,, respectively. The impact of polarity on bulk peoties can be

examined through the effective dipole momenat, defined by [49,57,68,69]:



quN 1/2
o=|——~——5A _ 11

Here, i is the dipole momentlN, the Avogadro’s numberg, the permittivity of the

vacuum, V,, the molar volume, and<B the Boltzmann’s constant. Values ¢i for 1-

nitroalkanes and nitrobenzene are collected in€r8blAs for a pure polar liquid, the potential

energy related to dipole-dipole interactions isfiist approximation, proportional to-(zz “/r°)
[70] or more roughly to € zz*/V?2)[71] (r is the distance between dipoles), dipolar intévast
between nitroalkane molecules decrease in the:oriiemethane fZ = 1.855) > nitroethanel{ =
1.625) > 1-nitropropane{= 1.453). For nitrobenzeng/= 1.510. Dipolar interactions between
1-alkanol molecules are much weaker and also deeneh the increasing of molecular size=
1.023 (= 1) > 0.852 (i, = 2) > 0.752 (1, = 3) > 0.664 (1, = 4) > 0.580 (1, = 6) [49].

5.1 Nitrobenzene + hydrocarbon mixtures

Firstly, we must remark that nitromethame nitroethane + alkane systems show LLE
curves characterized by UCSTs, which in the casétr@imethanesolutions are very high: 387.2 K
and 398.1 K for the systems with octane [72] awedade [73], respectively. The critical

temperatures of nitroethane + octane (314.5 K),+odecane (325.8 K) [74] are lower

andH £ /Jmol™ values of heptane mixtures decrease whgy is increased: 1593n(,,= 3);
1390 (o, = 4); 1220 €., = 5) [48]. Similarly, HE (CeH12)/dmol™ = 1690 (., = 2); 1549
(Nyoz = 3); 1370 6o, = 4); 1225 1, = 5) [48]. These experimental results are in agesgwith

the existence of strong dipolar interactions betweiroalkane molecules and reveal that the

mentioned interactions become weaker whgg increases, accordingly with the relative variation

of 7. Regarding nitrobenzene + alkane systems, UCSTA03:01 K (octane) [75]; 295.96 K

(decane) [76] andHE (cyclohexaneT = 293.15 K) = 1654 -@nol™* [77]; 1447 (hexane) [78].

Such set of data suggests that dipolar interactietseen nitrobenzene molecules are stronger
than those between 1-nitropropane molecules, evsnvihe distance between nitrobenzene
molecules is larger (Table 9). This can be ascritmethe existence of intramolecular effects
between the phenyl and the N@roups of nitrobenzene which lead to enhanced laipo
interactions. Intermolecular effects between thenyh ring and the polar group of a given
aromatic polar molecule is encountered in manyesgyst Thus, l-alkanol (from ethanol)
[46,79] or 1l-alkylamine (from ethylamine) [80] + gtane mixtures are miscible at any
composition at 298.15 K, while the UCST of the esponding solutions with phenol or aniline
are 327.3 K [81] and 343.1 K [82], respectivelymarly, UCST(decane)/K = 266.8 (2-



propanone) [83], 277.4 (acetophenone) [84], or U@Bdecane)/K = 284.7 (butanenitrile)
[85]; 293.1 (benzonitrile) [86].

It is interesting to conduct a short comparisonwieeh mixtures containing 1-
nitroalkanes and alkanes or benzene. For examrﬂ),lfqe,(benzene)/‘.ﬂnol'l =790 (ny,= 1); 63

(N, = 3) [87]; and 261 (nitrobenzen&/K = 293.15) [60]. That is, when thealkane is

replaced by benzene, mixtures become miscible Hﬁl values decrease, which can be
ascribed to the new interactions between unlikeeowks created upon mixing (intermolecular
effects). This is a rather general trend, as theviing values revealHE(Cers)/ Jmolt = 751
(aniline) [88]; 860 (phenolT = 313.15 K) [89]; 125 (acetophenone) [90]; 138 (@panone)
[91]; - 66 (butanenitrile) [92]; 32 (benzonitrile) [93].Alkanols are a remarkable exception and

an(l-alkanol # methanol) + heptane) >H§(1-a|kano| + benzene). Thus for 1-hexanol

mixtures, HrE/J-moI'1 = 527 (heptane) [94]; 1141 (benzene) [95]. Aromdydrocarbons are
better breakers of the alcohol self-association thalkanes.

5.2 1-alkanol + 1-nitroalkane

We start remarking that the existence, for thedatisas, of LLE curves with relatively
high UCST values (see Introduction Section) shoat thpolar interactions are very important.
For the sake of comparison, we provide UCST vabfdsexane mixtures with tertiary amides
together with dipole moments of these very poldssances. Thus, UCST/K = 337.7 [96], K
dimethylformamide; ;= 3.68 D [1]); 305.3 [97] N,N-dimethylacetamide;= 3.71 D [1]);
324.6 [98] N-methylpyrrolidone; = 4.09 D [99]. For the 1-hexanol + nitromethaneteys
UCST = 308.7 K [100]. This value is much lower thdre corresponding result for the
nitromethane + hexane mixture (375.4 K [72]). Tisatthe replacement of amalkane by an
isomeric l-alkanol leads to a decreased UCST vyalhech reveals that 1-alkanols are better
breakers of the dipolar interactions between nlikar@e molecules. The existence of alkanol-
nitroalkane interactions is supported by the faet systems witm,, = 1-4 andn,,, = 1 are
miscible at 298.15 K and any concentration (seevbgel

Next, we are going to evaluate the enthalpy of Hhbonds between 1-alkanols and

nitroalkanes (termed &, ,.,). Neglecting structural effects [57,101H° can be

considered as the result of three contributionse pbsitive oned\H , o, AH yoo.n000 COME,

respectively, from the breaking of alkanol-alkareoid nitroalkane-nitroalkane interactions

along the mixing process. The negative contribytitH,, ., is due to the new OH---NO2

interactions created upon mixing. That is [67,102]1



HnEq =AH g0n F AH (oo n02 T AH oo (12)

An evaluation of AH_,, o, can be conducted extending the equation (12)te- O [67,

105,106]. Then,AH,, o, and AH,,\o, Can be replaced byd =~ (partial excess molar

enthalpy at infinite dilution of the first compongrof 1-alkanol or nitroalkane + heptane

systems. Thus,

AH o, nop = H S (1- alkanol + nitroalkane
—-HE” (1-alkanol + heptane)HE" (nitroalkane + heys} (13)

There are some shortcomings for this estimatiod\df,,, o, values. (i) Somél - data used
were calculated froranE1 measurements over the entire mole fraction rargeFor 1-alkanol

+ n-alkane systems, it was assumed th&f” is independent of the alcohol, a common
approach when applying association theories [30110®]. We have used in this work, as in
previous applications [67,110],an'{° = 23.2 kdmol™* [111-113]. Nevertheless, it should be
remarked that the values &, o, collected in Table 10 are still meaningful as thesre

obtained following the same procedure that in ofr@vious investigations, which allows to

compare enthalpies of interaction between 1-allsaant different organic solvents. Inspection
of Table 10 shows thahH o, increases more or less smoothly withy, that is, interactions
between unlike molecules become weaker, which neyadrribed to the OH group is more
sterically hindered in longer 1l-alkanols. On théeothand, the increased UCST values for
nitromethane mixtures with longer 1-alkanofg,( > 6) suggests a sharp decrease of the number of
interactions between unlike molecules, while irtBoas between like molecules become strongly
dominant.

5.2.1 Molar excess enthalpies and entropies

The l-alkanol + nitromethane mixtures are charaetrby: (i) large and positivHrE
values H 5 /Imol* = 1265 (0., = 1); 1633 f,,= 2); 1911 f,,= 3); 2131 §, = 4) [16];
2781 (n,, = 6), T = 313.15 K [114]). (ii) SymmetricaHE curves, which, at the middle of the

concentration range, are more or less flattenedoasequence of the proximity of the UCST

(Figure 5). (iii) Positivd'S; (=H > —G~) values: 228 (i, = 1); 463 (0., = 2); 1459 f,,, = 6,



T = 313.15 K) (values calculated usi(n?gﬁ/\]'mol'l =1040 (,, = 1); 1170 §,, = 2) [14]; 1322
(ny, = 6, DISQUAC value at = 313.15 K)). These features support our prevemmslusion on
the relevance of dipolar interactions in the présgstems. Note that several typical properties

of 1-alkanol + alkane mixtures are: (i) Ioan values, as alkanes are poor breakers of the
alkanols self-association; (ii) for the same reagba H,ﬁ curves are skewed to low alcohol
mole fractions; (iii) very negativeTSE values. For example, for the 1-propanol + hexane
system,G5 = 1295 [115],H = 533 [116] andTS; =—762 (all values in-nol™).

The an(nOH) variation of 1-alkanol + nitromethane systems d&@nexplained as
follows. (i) Interactions between unlike moleculase weakened (IowefAHOH,N02|values)
when n,,, increases. (ii) Dipolar interactions between lkelecules become more important at

this condition, as theTSﬁ(nOH) variation shows. Note the very high result fbfﬁiof the 1-

hexanol solution at 313.15 K, a temperature on§54K higher than the UCST. Dipolar
interactions are weakened when nitromethane isicedl by nitroethane, as the UCST values of

the corresponding 1-nonanol mixtures reveal: (B28n,,,=1) [11,117]; 283.6 K o, = 2)
[11,13].

5.2.3 Molar excess volumes
It is well stated thaV/ - is the result of different contributions. Those efhare positive

arise from the breaking of interactions betweem likolecules. Interactions between unlike

molecules and structural effects (changes in frdeme, differences in size and shape between

the system components, interstitial accommodatmjtribute negatively Mrf. Thus, the
positive VmE /(cm®mol™?) values of the systems 1-nitropropane gH (0.690) [118] or 1-

propanol + heptane (0.271) [119] indicate that itiein contribution tonE comes from the
disruption of the dipolar interactions between ttagropane molecules and from the breaking
of the alcohol self-association, respectively. Tower VmE /(cm®mol ™) value of 1-propanol +

nitromethane mixture (0.236 [18]) newly points a@atthe existence of interactions between

unlike molecules in this kind of systems, which ateo characterized by strong structural
effects. In fact,HEand V,f values of some solutions are of opposite sign,(&’té.(methanol +
nitromethane) =0.152 cn'mol™ [17]). This is a typical feature of mixtures whesgong
structural effects exist [120,121]. In additiohetpositiveVmE values encountered for these
solutions (0.342 cfmol™ for 1-butanol + nitromethane [19], see also abare)rather low, if

one takes into account the very Iarblaf values involved. On the other hand, for a given 1-



nitroalkane, bothH:-and VSincrease in line with,,. That is, theV."(n,,,) variation is
closely related to that of the corresponding irtgomal contribution to this excess function.
Interestingly\/mE is lower for the methanol + nitromethane systerD(168 cnimol™ [122]
than for the corresponding mixture with nitroethgr@®.141 cni-mol™ [123], values at 293.15
K). An inversion of this behaviour is observed faslutions with n,, >2. Thus, V.5 (1-

propanol)/crirmol™: 0.213, (o= 1) [122]; 0.111 ., = 2) [123]. This suggests that effects

linked to interactions between unlike molecules amere important in the methanol +
nitromethane system, and that those related tobtheking of dipolar interactions between

nitroalkane molecules are predominant in systentd wj, = 2 and),,= 1. At the latter

conditions, effects due to alcohol self-associaienome more relevant in solutions witfy,, =

2. Accordingly with this interpretation, th«éj curve of the 1-propanol + nitroethane systems is
skewed to lower concentrations in the alcohol, gfiile corresponding curve for 1-propanol +
nitromethane is nearly symmetrical [122,123].

5.2.4 Molar excess heat capacities at constantspires

It is important to keep in mind thﬁ,fm values of 1-alkanol + alkane mixtures are high

and positive (11.7-thol™:K*for ethanol + heptane [124]). In additio@pE’m increases with the
temperature and, at enough high values of this matg) decreases [46,125]. For example, in
the case of the 1-decanol + decane mixt@g, (x = 0.3925)/dmol™~K™* = 14.81 (298.15 K);
25.04 (348.15 K); 24.31 (368.15 K) [125]. Mixturesaracterized by strong dipolar interactions

E

show low positichp'mvaIues. Thus,CpE’m/J-moI'l-K'l = 4.4 (1-propanol + 2,5,8-trioxanonane)

[126]; 0.96 (ethanol + DMF) [127]. Therefore, tlﬁﬁmvalue of the methanol + nitromethane
mixture (9.3 dmol™-K™ [17]) reveals that association/solvation effeets still important in this
solution. The avaiIabIeEZpE’m data for 1-propanol or 1-butanol + nitromethan&tares are very

large (16.6 [18] and 20.6 [19}rdol™-K ™, respectively), and decrease when the temperature

increased [18,19] (Table 8). These are typicalufest encountered in systems at temperatures
not far from their UCST [21]. In this framework,abbservedCEm(nOH) variation at 298.15 K

in nitromethane solutions (Table 8) can be ascribaxh increase of non-random effects related
to the proximity of the critical temperature. Tlﬁfm result of the ethanol + 1-nitropropane

mixture (14.9 dmol™K™ [20]) seems to be higher than the correspondingievaf the

nitroethane system, which can be explained corisigi¢hat dipolar interactions are much less



relevant in 1-nitropropane mixtures where effaetaited to alcohol self-association become
more relevant.

5.3 1-alkanol + nitrobenzene

The H,ﬁ values of these systems are also large and ;msiﬂﬁ/ Jmol*= 1109 (., =
1) [128]; 1430 @, = 2); 1946 @, = 4) [129]. Consequently, the main contributiorl—ltﬁ

arises from the breaking of interactions betweka olecules. TheHE(nOH) variation can

be explained as above. i.e., in terms of a weakeafnthe alkanol-nitrobenzene interactions

produced whem,, increases (Table 10), together with the correspandicrease of dipolar

interactions between like molecules. The excesamallumes are negative:0.191 (n,,, = 3),

-0.117 (h,, = 4), —0.075 (h,, = 5) (T = 303.15 K) [130], i.e., the contribution M}f from

structural effects is here dominant.

On the other hand, comparison &H,, ., values for systems with nitromethane or
nitrobenzene (Table 10) suggests that interacti@t&ween unlike molecules are weaker in the
latter solutions. However, the comparison betweHﬁvaIues pertaining to different
homologous series should be conducted with caitiamder to state reliable conclusions. It is

known thatanis not only determined by interactional effectst &iso by structural effects. In

fact, it is more appropriated compaté\fm results (isochoric molar excess internal energy),

which can be obtained from [57,101]:

a
Uy, =H--—LTVFE (14)

Ky

E
m?

a
where —pTVmE represents the equation of state (eos) contributibd
Kt

a, and K; are,

respectively, the isobaric thermal expansion coigffit and the isothermal compressibility of

the mixture. The determination of the eos contrdouheeds of accurate volumetric data. Here,
the very differenl\/mE values of 1-alkanol + nitromethane, or + nitrober@systems (see above)

suggest that the eos term may be decisive Whena:timngﬁvalues pertaining to these series.

E

We have roughly determined,,, /J'mol™ values for 1-propanol + nitromethane (1826), or +

nitrobenzene (1882) systems, and for 1-butanol ttomiethane (2008), or + nitrobenzene
(1992) mixtures, assuming the ideal behavior tewate a, and ; values of the mixtures.
The rather similar results obtained for solutionshwa given 1-alkanol point out that the

different H,ﬁ values are largely due to the different structeffdcts in the considered systems.



5.4 Dielectric constants and Kirkwood’s correlatitactor

Here, we analyze the permittivity datp, for 1-alkanol + nitromethane, or +

nitrobenzene mixtures. The excess permittivitigfs, are defined as:

£rE = £r - qgrl - ¢2£r2 (16)

whereg = xV,, /Z XV, is the volume fraction. The" values referred to below are, except

when indicated, at 298.15 K amgl=0.5. For the present systers§ values are very negative.
Thus, &° (nitromethane; 293.15 K) =1.74 (n,,= 1); -2.55 (n,,= 2); -3.20 (n,,= 3)
[131,132]; ande” (nitrobenzene) =2.46 (n,, = 2); —4.01 (n,, = 3); —4.23 (n,, = 4) [133];
-2.67 (N, = 5); -0.90 (n,,= 7) (T = 293.15 K) [132,134]. These negative experimental

results indicate that the predominant trend indblitions is the breaking of the alcohol self-
association, as well as the disruption of the dipoiteractions between nitroalkane molecules,

as such effects lead to a decrease of the dipalaripation of the mixture [135-137]. The
contribution to &7 due to interactions between unlike molecules mayelther positive or

negative, and that depends on the chemical nafuhe anixture compounds and of the size and
shape of the multimers formed upon mixing by the t@mponents. Negative contributions are
encountered when the mentioned multimers form,@gljc structures and have less effective

dipole moments than those of the multimers builth® pure components [135]. Interestingly,
the €5 (g = 0.5) value of the nitrobenzene + benzene mixisiralso very negative-{4.88
[138]). It is clear that benzene is a good breakehe dipolar interactions between nitrobenzene
molecules. The variation of" (nitrobenzene) withn,,, seems to be a rather general trend, as
many mixtures behave similarly. For exampl,(hexane)=-1.12 (n,, = 4) [139]; —2.43
(Ngy = 5); =2.52 (N, = 7) [140]; =1.62 (n,, = 10) [141]; or & (cyclohexylamine) = 2.22
(N, = 1) [142] - 0.27 (n.,, = 3); —0.85 (N, = 4); —0.91 (n,, = 7): —0.41 (n,, = 10) [135].
This behaviour has been explained in terms of dlaet and weaker self-association of longer
1-alkanols [135].

We have determined the Kirkwood’s correlation fagly , of systems containing 1-

alkanols by means of the equation [143-145]:

—_ 9kB-I-Vmgo (gr B g:o )(2£r + g:o )
“ NA:uzgr (“;‘roo + 2)2
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where the symbols have the usual meaning [135hiBeif the calculation procedure have been
given previously [135,146]. The equation needed floe determination ofg, for the
nitrobenzene + benzene system is different as benzea non-polar compound and can be
found elsewhere [147]. Physical properties ofepcompounds and density data needed for
calculations were taken from the literature [1,132,148-152]. In absence of experimental
measurements on refractive indices, this magnituake considered as ideal [153]. For 1-alkanol
+ nitrobenzene systems, results plotted in Figush@®w that the mixture structure increases
smoothly over a rather wide concentration range, #¥at this increase becomes even softer
when n,, increases. Thus, the addition of 1-alkanol to aitane leads to cooperative effects,
which increase the total effective dipole momenthaf solution, and that partially compensate
the destruction of the existing structure in pugeitls. This effect becomes less relevant when
longer 1-alkanols are involved. The same behavgancountered for 1-alkanol + nitromethane
mixtures. Here, it is important to pay attentiorthie nitrobenzene + benzene system. Figure 8
clearly shows that there is a large loss of stmectypon mixing for this mixture, which might be

indicative of the existence of random effects

5.5 Dynamic viscosities
The discussion is now conducted in terms of demistiof viscosity from the linear

behaviour, defined as

A ==X+ XJ1, (18)

Results given below are at equimolar compositiérstly, we must remark thaks; values of
the studied systems are negative. At 303.154A4 (ny,,= 1)/mPas =—0.084 (n,,=1);
-0.211 (g, = 2); — 0.408 (N, = 3) [122]; Ar7 (N, = 2)/mPas =— 0.066 (., =1); —0.193
(Noy = 2); —0.407 (N, = 3) [123]; and A7 (nitrobenzene)/mPsa =—0.043 (n,,=1); —0.172
(Noy = 2); —0.342 (ny, = 3); —0.494 (N, = 4) [151]. These results can be explained in terms

of a higher fluidization of the solution due to theeaking of alcohol self-association and of
dipolar interactions between nitroalkane moleculés. viscosity is strongly dependent on the
size and shape of the mixture components, we campaw the results of nitrobenzene

solutions with those of 1-alkanol + toluene systain303.15 K. The latter mixtures show lower
values. Thus,A77/mPas =—0.056 (n,,= 1); —0.228 (n,,= 2) [154]; —0.381 (ny,= 3);
—0.557 (n,,= 4) [155]. From this comparison, it is possible ¢onclude that alkanol-

nitrobenzene interactions lead to a lower fluidaatof the corresponding mixture (highAr

values). Of course, interactions between unlikeetwles are also present in systems with



nitromethane or nitroethane. This can be demomstraly comparing £77/mPas) data for
mixtures with N, = 2 at 293.15 K £ 0.239 (n,, = 2); —0.540 (N, = 3) [123]) with results
for 1-alkanol + pentane systems at 298.15-K0(264 (N,,= 2); —0.599 (h,,= 3) [156]).

Positive contributions tA77, related to interactions between molecules, ae @hcountered in
many others systems, as l-alkanol + cyclohexylafdi&@,158]. In fact, if interactions between
unlike molecules are enough importad{/7 values may be positive. This is the case of 1-
propanol, or 1-butanol + cyclohexylamine mixturds383.15 K (0.344 and 0.181 mBa
respectively [158]). The effect of the replacemehnitromethane by nitroethene in systems
with a given l-alkanol is not clear. It seems tAap values are slightly lower for methanol or
ethanol + nitromethane mixtures (see above). Thighttbe due to this nitroalkane is a better
breaker of the alcohol self-association. More eixpental work is needed in this field. Finally,
we note thatA7 (nitroalkane) decreases whem,, increases, which is the same behaviour
observed for 1-alkanol + alkane, or + toluene systeTherefore, it can be ascribed not only to
a weakening of the interactions between unlike mdés caused by the OH group become
more sterically hindered whem,, increases, but also to the decreasing of the alcegif-
association at this condition.

5.6 S..(0) results.

Inspection of Figures 9a and 9b allows state sonsgasting remarks. (i) We note that,
for the studied systemsS..(0) > 0.25. This means that homocoordination (i.egractions
between like molecules) is the main feature forhsumixtures. (i) In the case of the
nitrobenzene + heptane system, e (0) curve shows a large maximum at 298.15 K (Figure
9a), a temperature close to the corresponding U@SI.9 K [159]). As already mentioned, this
is a typical behaviour shown by systems at tempegatin vicinity of the UCST, which are
characterized by a strong homocoordination. (iiig Teplacement of heptane by methanol leads
to a large S..(0) decrease (Figure 9a). Homocoordination becomekevedue to the new
methanol-nitrobenzene interactions created upomuix his newly demonstrates the existence
of interactions between unlike molecules in 1-atkar nitroalkane mixtures. (iv) For
nitromethane solutions, the maximum of t§e. (0) curves increases in the sequence: methanol
> ethanol > 1-propanol > 1-butanol (Figure 9a)elattions between like molecules become
more relevant whem,, increases, as then the system temperature isr ¢twsbe UCST. (v)
For ethanol mixtures,S..(0) changes in the order: nitromethane > nitroethanel-

nitropropane (Figure 9b). That is, interactionswesn like molecules are more relevant in

nitromethane mixtures, and slightly more importémtnitroethane systems than in those



containing 1-nitropropane. (vi) Finally, the moaeinsistently predicts tHg..(0) decrease of

the 1l-propanol + nitromethane system at 333.15.&, when the separation from the UCST
increases. (Figures 9a and 9b).
5.7 Comparison between results from models andrerpntal data

DISQUAC results on VLE, LLEH,, or C;, | (Tables 4-8) show that the model can be
applied rather successfully over a wide range aofipierature. Indeed, deviations between
experimental and theoreticdrllnf results for the systems methanol, ethanol, 1-prolpar 1-
butanol + nitromethane at 323.15 K are somewhgelaHowever, it must be underlined that
the experimental data seem to be overestimateds, The C,fm value, roughly evaluated from

data at 298.15 K and 313.15 K, for the methanoitromethane mixture is 24.3ndol*K™?
[16], much higher than the value directly measu@a8 Jmol™K™ [17]). As a general trend,
one can state that the larger differences betwegrerenental results and DISQUAC

calculations arise when the system temperaturdosedo the UCST. At this condition, the
experimental H-and LLE curves become flattened, while the theoaétones are more

rounded. This is due to DISQUAC is a mean fieldotlgeand calculations are conducted
assuming that the thermodynamic properties areyticel close to the critical temperature,

when, really, they are expressed in terms of pdaws. LLE curves are determined by means

of DISQUAC assuming, erroneously, th@,ﬁ is an analytical function close to the critical
point. The instability of a system is given §§°G" /6)(12),,'T and represented by the critical

exponenty >1 in the critical exponents theory [57]. In tarhework of this theory, mean field

models ¢ = 1) provide LLE curves which are too high at th€ ST and too low at the LCST

[57] (lower critical solution temperature). Forghieason, th€2* coefficients (s = a,h) must be

sr,1
ranged between certain limits in order to provide very high calculated critical temperatures.
This explains the difficulty in describing simulously VLE and LLE using the same

interaction parameters and the slightly large(P) values obtained in the case of 1-alkanol +

nitromethane systems (Table 4). On the other htdred critical exponent linked to the order

parameter is, in mean field theorig§, = 0.5, and the derived LLE curves are more rounded

close to the UCST, as fluctuations of the orderapeater due to the sharp increase of the
correlation length are not considered. For theoh#nzene n-alkane mixtures, there is an
additional difficulty when describing the UCST \ation with the number of C atoms of the
alkane, as the experimental UCST values show anmimi for the heptane system (Table 6).
That is, the solubility of mixtures involving pentor hexane is loweN-methylpyrrolidone

systems show a similar trend, which has been engdaiby the phase rich in alkane is



approaching to it gas-liquid critical point [160]As already mentionedi,;mcurves of systems
of the type polar compound + non-polar compoundVarehaped. In the case of 1l-alkanol +
nitromethane systems, small negative values ageardountered at low alcohol concentrations
and at the temperatures closer to the UCST. Thieerdration dependence ﬁgm is not
properly described by the model (Figure 7). HoweMBtSQUAC correctly predicts the
decrease oCEm when the differencelfUCST) is increased (Table 8).

A brief summary of the results obtained from theplegation of the DISQUAC,
UNIFAC and ERAS models is shown in Table 11. Weenibtat DISQUAC describes much

more accurately than UNIFAC thermodynamic propertes H,ﬁ (Tables 7 and 11) or

C;m(TabIe 8). The critical temperatures are also bewpresented by DISQUAC. In fact,

UNIFAC predicts UCST(nitrobenzene)/K = 280 (decard®)0 (hexadecane), which are poorer
results than those provided by DISQUAC (Table 6)isTmeans that properties which depend
on second-order derivatives are much better destrily DISQUAC and suggests that the
underlying statistical model is more precise thhat tused in UNIFAC, based on the local
composition concept. Finally, we remark that, alifgo UNIFAC calculations on 1-alkanol +

nitrobenzene systems should be avoided, the madeides a good representation of VLE for

the remainder mixtures (see Tables 4 and 7).

DISQUAC also improves ERAS results ¢th" (Tables 7 and 11) an@’ (Figure S1,
supplementary material). The most interesting tefsam the ERAS model is that deviations
between experimentaH © values and theoretical results increase wigh for nitromethane
systems. That is, larger deviations are encountes@n dipolar interactions become
progressively more important. Particularly, we ntitat the theoreticaHE curve of the 1-

hexanol system is skewed towards low mole fractafrthe alkanol (Figure 5), which suggests
that effects related to the alcohol self-assoaiatoe overestimated by the model. For the
nitrobenzene solutions examined, the correspordigviptions are lower, as dipolar interactions
are here comparatively less relevant. Neverthelgegemark that the same type of asymmetry

is encountered for thl?InE1 curve determined using ERAS for the 1-butanol orxt(Figure 6).

5.8 DISQUAC interaction parameters
(i) The C;7 coefficients in nitrobenzene r-alkane mixtures change with the alkane

size. As it has been explained above, this is reéderovide acceptable LLE results. The

interaction parameters for nitrobenzene + hydramarfystems have been employed to predict
an values of related ternary mixtures. Calculatioresseh been conducted using binary

parameters only, i.e, neglecting ternary interastid-or the ternary mixtures nitrobenzene +



benzene + heptan®l (=17), or + cyclohexaneN(= 18) at 298.15 K [161], we have obtained,
respectively, de H) = 0.047 and 0.180. These so different resultsitpout that the
experimental values should be taken with cautisny@ have demonstrated, along a number of
works, that DISQUAC is a reliable tool to predidt® and H,ﬁ of ternary mixtures using only

binary interaction parameters [162,163]. Regardhmey mentioned systems, other theories do
not provide better results. For example, the gtaplry givesdey H;) = 0.148 and 0.102 for
the systems with heptane and cyclohexane, resp8ciil61]. The Flory model provides, in the
same order, 0.205 and 0.035 for this magnitude][161

Finally, we have paid attention to the nitroberenindane mixture, as solid-liquid
equilibrium (SLE) data are available for this systg164]. Indane is important in the
petrochemical industry and it is built by one artimaing and one aliphatic ring. Thus, there
are three contacts in this solution: (b,c); (bl &c,r). The experimental SLE datd £ 23) are
well represented by fitting only th&? coefficient (=1.55). Results (see Figure S3,

cr,1
supplementary material) were obtained using theleg@hysical constants of pure compounds
available in the literature [164]. DISQUAC provide@®05 and the Ideal Solubility Model 0.028
for o, (T) (relative standard deviation for the temperatusdingd similarly tog, (P) (equation.
9)).

(i) The Cr?rfi’*c coefficients (I =1,2,3) are independent of the htdan systems with
nitrobenzene. This behavior is also encounteresystems such as 1-alkanol + linear organic
carbonate [165], or m-alkanoate [166] or f-alkanone [167] or + benzene, or + toluene [66].

(iiiy The C2*°coefficients (I = 1,2) for methanol, ethanol or rbpanol +
nitromethane systems are somewhat different froosehof the remainder l-alkanol + 1-
nitroalkane mixtures. This merely reflects the idiffty in describing thermodynamics
properties of systems including first members afnbimgous series [29]. Similar trends have
been observed for 1-alkanolN;N-dialkylamide [40], +n-alkanenitrile [41], + aniline [168], or
+ cyclic ether [69] mixtures.

5.9 ERAS interaction parameters
The model provides rather reliabllelﬁ results (Table 7) using a consistent set of

parameters (Table 3). Inspection of Table 3 alleesclude: (i) interactions between unlike

molecules become less relevant whem,,increases, as it is indicated by the
corresponding(,,, decrease; (i) the contribution to the excess fonet arising from physical
interactions is larger whem,,, increases. Table S2 (supplementary material) shbaisthe
model gives correct” (x = 0.5) values. However, it fails when describM( x,) (Figure S2,

supplementary material). It means that the statngtural effects present in these solutions are



not properly described by ERAS. In a previous stiid], better results oW : for 1-alkanol +
nitromethane systems were obtained assuming teanithoalkane is weakly self-associated,

which is not justified. However, no result biﬁwas provided in that work [149].

6. Conclusions

From the existing database for the studied mix{utdsas been shown that, in alkane
solutions, dipolar interactions between 1-nitroatkamolecules are weakened whe,,
increases. This is in agreement with thgn,,) variation. The aromaticity effect leads to
interactions between nitrobenzene molecules aomgtr than those involving the smaller 1-
nitropropane. Dipolar interactions between like eaolles are prevalent in systems with 1-
alkanols, and become more important whey, increases. At this condition, interactions
between unlike molecules become weaker, as the @idpgis more sterically hindered.
Interactions between unlike molecules are strorigesystems with nitromethane than in
nitrobenzene solutions. The replacement of nitrbamed by nitroethane in systems with a given
l-alkanol leads to effects related with the alcokelf-association are more important.
Permittivity data and the application of the KirkwebFrohlich model for theg, determination
show that the addition of 1-alkanol to a nitroakdeads to cooperative effects, which increase
the total effective dipole moment of the solutionsuch way that the destruction of the existing
structure in pure liquids is partially compensatéhis effect is less important for largey,,

values.

7. List of symbols

C interchange coefficient in DISQUAC

Cp heat capacity at constant pressure

AH enthalpy of interaction

Ok Kirkwood'’s correlation factor (eq. 17)

G Gibbs energy

H enthalpy

AhiD self-association enthalpy of component i

AhEB association enthalpy of component A with compadiiien
Ki self-association constant of component i

Kas association constant of component A with compbBen
Nyoz number of C atoms in 1-nitroalkane

Noy number of C atoms in 1-alkanol



Eavll

Sc(0)

Greek letters
Op

&

r

X =

QS X X

Pat

12

Superscripts
E

Subscripts
j
m

S,t

pressure
reduction parameter for pressure of the compainent
reduced pressure of component i

entropy

concentration-concentration structure factor @q.

temperature

internal energy at constant volume
volume

reduction parameter for molar volume of the cong i
reduced volume of component i
self-association volume of component i

association volume of component A with comporient

mole fraction in liquid phase

isobaric themal expansion coefficient
relative permittivity

dynamic viscosity

isothermal compressibility

dipole moment

effective dipole moment (eq. 11)
relative standard deviation (eq. 9)

physical parameter in ERAS

excess property

compound in the mixture, (i, j =1,2)

molar property

type of contact surface in DISQUACAS= a (CH; CHy); b (GHs); ¢ (c-CH);

h, (OH); r (NO2)
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TABLE 1

Dispersive (DIS) and quasichemical (QUAC) interafmnoefficientsC>'*and C2A° (1 = 1,

sl

sl

Gibbs energyt = 2, enthalpy| = 3, heat capacity) for (s,r) contdcis nitrobenzene(1) +

organic solvent(2) mixtures.

Contact (s.r) Coz Coz Cos Cai°  Cfe cff
(b,n’ 1.5 1.7 -1

(b,rf -2 -2.8 -1

(a,rf (n=5) -0.32 0.12 -3 3.8 3.8 4
(a,rf (n=6) -0.44 0.12 -3 3.8 3.8 4
(arf(n=7) -0.535 0.12 -3 3.8 3.8 4
(arf (n=8) -0.60 0.12 -3 3.8 3.8 4
(arf (n=9) -0.65 0.12 -2 3.8 3.8 4
(a,rf (n=10) -0.69 0.12 -1 3.8 3.8 4
(arf (n=12) -0.745 0.12 -1 3.8 3.8 4
(arf (n = 13) -0.783 0.12 -1 3.8 3.8 4
(c,rf -0.28 0.85 -3 3.8 3.8 4

%ype a, aliphatic inn-alkanes or toluene; type, bk, or GHs in aromatic compounds

considered (benzene, toluene or nitrobenzene); ¢ymeCH in cyclohexane; type r, NQn

nitrobenzene’in nitrobenzene + benzen&n nitrobenzene + toluendin nitrobenzene +n-

alkane;n is the number of C atoms in thealkane;%in nitrobenzene + cyclohexarfestimated

value



TABLE 2
Dispersive (DIS) and quasichemical (QUAC) intergjmeoefficientsC, P and C)"*¢ (I = 1,

Gibbs energy] = 2, enthalpy] = 3, heat capacity) for (h,r) contettsn 1-alkanol(1) + 1-

nitroalkane(2) or + nitrobenzene(2) mixtures.

. b DIS DIS DIS QUAC QUAC QUAC
( nOH 1 nNOZ) Chr,l Chr,Z Chr,3 Chr,l Chr,Z Chr,3

1-alkanol + 1-nitroalkane

1,1 11 10.8 2 -25 -1.8 5
1,=z2) -0.3 6 2 5.2 -1 5
(2,1) 7.8 10.8 16 -0.35 -1.6 5
(2,22 -0.3 6 16 5.2 -1 5
(3,1) 7.8 10.8 16 -0.1 -1 5
3,22 0.2 6 16 5.2 -1 5
4,1) 0.6 6 23 5.2 -1 5
4,22 0.85 6 16 5.2 -1 5
(6, 1) 2 6 40 5.2 -1 5
6,2 2) 2.6 6 40 5.2 -1 5
(8, 1) 4.5 6 40 5.2 -1 5
8,22 5 6 40 5.2 -1 5
(10, 1) 7.8 6 40 5.2 -1 5
(10,= 2) 8.8 6 40 5.2 -1 5
(12,1) 13 6 40 5.2 -1 5
(12,2 2) 14 6 40 5.2 -1 5
(15, 1) 21.6 6 40 5.2 -1 5
(15,= 2) 23 6 40 5.2 -1 5
1-alkanol + nitrobenzene

(1, 6) 0.12 2 7 6.8

(2, 6) 1 2.3 7 6.8

(3, 6) 4 3.5 7 6.8

(4, 6) 3 3.5 7 6.8

(7, 6) 6 3.5 7 6.8

%ype h, OH in 1-alkanols, type r, NQ@-nitroalkanes or in nitrobenzerjfeﬂOH is the number of
C atoms in the 1-alkanat; ., is the number of C atoms in the 1-nitroalkane atiirobenzene;

‘estimated value.



TABLE 3

ERAS parametefdor 1-alkanol(1) + 1-nitroalkane(2) or + nitrotzme(2) mixtures at 298.15

K.

System Ke  Ahg /kImolt  Av,, /cnt molt X, /Jcn?
Methanol + nitromethane 118 -15 -7.5 16
ethanol + nitromethane 82 -15 -7.5 32
1-propanol + nitromethane 82 -15 -75 45
1-butanol + nitromethane 45 -15 -95 68
1-hexanol + nittomethafle 25 -15 -95 110
Methanol + nitrobenzene 80 -15 -7. 16
ethanol + nitrobenzene 60 -15 -6.1 22
1-propanol + nitrobenzene 60 -15 -6.1 36
1-butanol + nitrobenzene 60 -15 -6.6 36

K g » @ssociation constant of component A with compoBer\h,, , association enthalpy of

component A with component B‘.sv;B , association volume of component A with component

B; X, physical parametefsystem at 313.15 K



TABLE 4
Molar excess Gibbs energié‘sﬁ, at equimolar composition and temperatufe for

nitrobenzene(1) + organic solvent(2) mixtures ar Xealkanol(1) + 1-nitroalkane(2) systems.

Relative standard deviations for presswrg(P) (equation 9), are also given.

System TK N GE 13 mol* o.(P) Ref.
Ex® DQ° Exp DQ°  UNIF®
Nitrobenzene + gH;, 353.15 7 1160 1174 0.004 0.019 0.087 169
Nitrobenzene + &g 373.15 6 334 335 0.003 0.015 0.024 170
Methanol + nitromethane  298.18.3 1040 1036 0.002 0.034 0.030 14
9 1030 0.003 0.025 0.024 171

348.15 13 982 968 0.001 0.016 0.024 14
388.24 13 971 893 0.007 0.025 0.032 14
ethanol + nitromethane 298.133 1170 1179 0.002 0.013 0.010 14
348.15 13 1040 1029 0.00050.012 0.008 14
398.17 13 911 812 0.00030.035 0.007 14
1-propanol + nitromethane 333.123 1170 1021 0.001 0.055 0.017 15
Methanol + nitroethane 298.1%® 1000 1009 0.002 0.026 0.041 171

342.50 974 947 172
(932)
ethanol + nitroethane 354.23 857 863 172
(864)
1-propanol + nitroethane 368.72 800 814 172
(808}
Methanol + nitrobenzene  323.336 1270 1251 0.005 0.005 0.035 173
423.15 16 992 998 0.015 0.031 173
1-heptanol + nitrobenzene 450.65 1329 1329 174
(778§

number of experimental dat&xperimental result obtained by reducing the VLEdessuming
that G,ﬁ is represented by a Redlich-Kister equation witlo wv three coefficients. The non-

ideality of the vapour phase is taken into accdynimeans of the second virial coefficients
calculated according to the Hayden-O’Connell metfr@]; “DISQUAC result using interaction

parameters listed in Tables 1 and“@NIFAC result using interaction parameters from the

literature [32];°x, = 0.454; X, = 0.486. X, = 0.504;" x, = 0.521



TABLE 5
Coordinate$of the azeotropes for 1-alkanol(1) + 1-nitroalk@)gor + nitrobenzene(2)

mixtures.

System T, /K P,/kPa X, Ref.

az

Ex? DQ° Exp DQ° Exp° DQ°

Methanol + nitromethane 348.13848.15 151.91 152.0 0.952 0.954 14
Ethanol + nitromethane 348.1848.15 97.57 9592 0.761 0.768 14
1-propanol + nitromethane 333.1833.15 33.68 32.20 0.448 0.406 15
Ethanol + nitroethane 351.21351.21 101.32 100.52 0.931 0.970 172
1-propanol + nitroethane 367.8867.88 101.32 99.25 0.743 0.761 172
1-heptanol + nitrobenzene  448.1848.15 96.5 100.45 0.844 0.837 174

T, temperaturepP,,, pressurex,.,, mole fraction’experimental resulfDISQUAC result
using interaction parameters listed in Tables 12nd



TABLE 6
Coordinates of the critical poiritior nitrobenzene(1) t-alkane(2) mixtures and for 1-

alkanol(1) + 1-nitroalkane(2) systems

X, T /K Ref
Exp’ DQ° Exp’ DQ*
Nitrobenzene +n-alkane
n-Cs 0.386 0.345 297.1 291.2 76
n-Ce 0.428 0.392 293.1 292.7 159
n-C; 0.471 0.439 291.9 293.3 159
n-Cg 0.505 0.481 293.1 294.9 75
n-Cy 0.544 0.521 294.2 296.5 175
n-Cio 0.574 0.559 296.0 298.2 76
n-Ci, 0.630 0.621 300.4 301.6 176
N-Ci4 0.676 0.681 304.9 305.0 177
n-Cie 0.713 0.736 309.7 312.4 23
l-alkanol + nitromethane
1-butanol 0.405 0.393 291.14 293.9 10,11
0.418 290.35 19
1-hexanol 0.352 0.292 308.65 309.7 10,11
0.320 308.75 100
1-dodecanol 0.179 0.145 341.32 343.2 10,11
1-pentadecanol 0.136 0.111 352.65 354.7 11,12
1-alkanol + nitroethane
1-decanol 0.240 0.234 294.1 296.8 11,13

“critical composition,X,_; UCST, T, ; "experimental valuéDISQUAC results using

interaction parameters listed in Tables 1 and 2



TABLE 7

Molar excess enthalpield,

m?

at equimolar composition and temperatlifer nitrobenzene(1) +
organic solvent(2) mixtures or for 1l-alkanol(1) +nitroalkane(2), or + nitrobenzene(2)

systems. Relative deviations idﬁ, deV H:) (equation 10), are also included.

System TK N H E/3 mol* dey( HE) Ref.
Exgd DQ° Exp° DQ° UNIF/
ERAS'
Nitrobenzene + benzene 293.1%7 261 262 0.006 0.020 0.14Z2 60
Nitrobenzene + toluene 293.187 221 217 0.012 0.030 0.118 60

Nitrobenzene + hexane 298.15 12 1447 1467 0.004 0.020 0.209 78
323.15 12 1498 1500 0.002 0.009 0.084 78

Nitrobenzene + gH;, 293.15 9 1654 1667 0.027 0.024 0.326 77
Methanol + nitromethane 298.189 1265 1262 0.003 0.0680.035/0.058 16
6 1268 0.017 0.087 0.04f 128

313.15 19 1629 1387 0.002 0.149 0.13Z 16

ethanol + nitromethane 298.139 1632 1715 0.002 0.0450.362/0.074 16

313.15 19 2086 1959 0.003 0.104 0.104 16

1-propanol + nitromethane  298.189 1911 2027 0.002 0.0420.323/0.103 16
313.15 19 2644 2256 0.004 0.132 0.059 16

1-butanol + nitromethane 294.194 1937 2126 0.007 0.088 0.40Z 16
295.15 18 2095 2147 0.009 0.095 0.326 178

298.15 19 2131 2211 0.003 0.0520.313/0.112 16

18 2220 0.005 0.095 0.26fF 178

303.15 18 2312 2315 0.005 0.086 0.209 178

313.15 19 2810 2518 0.002 0.088 0.01fF 16

1-hexanol + nitromethane 313.185 2781 2848 0.002 0.0270.120/0.127 114
Methanol + nitrobenzene 298.18 1109 1158 0.024 0.126 0.056 128
ethanol + nitrobenzene 298.1% 1430 1446 0.011 0.0910.365/0.062 129
1-propanol + nitrobenzene  298.130 1807 1839 0.007 0.0490.402/0.076 129
1-butanol + nitrobenzene 298.1% 1946 1977 0.006 0.0560.375/0.077 129

number of experimental datdexperimental result calculated using standard tievis
determined in the original articles from the adjusht of the experimental data to different
fitting equations;"DISQUAC result using interaction parameters listedTables 1 and 2;
dUNIFAC or ERAS resulttUNIFAC result obtained with interaction parametieosn literature
[32]; 'ERAS result using parameters listed in Table 3



TABLE 8
Isobaric molar excess heat capacit@ﬁ,n , at equimolar composition and temperaftrfer 1-

alkanol(1) + 1-nitroalkane(2) systems.

System TK C[I)Em /I molt-K? Ref
Exp DQ°  UNIF°
Methanol + nitromethane 298.15 9.3 8.8 19 17
1-propanol + nitromethane 288.15 19.1 178 —-29 18
298.15 16.6 164 -75 18
308.15 14.7 149 -109 18
1-butanol + nitromethane 293.15 26.0 214 -82 19
298.15 20.9 21.0 -10.6 19
308.15 16.3 203 -146 19
Ethanol + 1-nitropropane 298.15 14.9 14.7 1.4 20

%experimental resulPDISQUAC result using interaction parameters liste@ables 1 and 2

‘UNIFAC result obtained with interaction parametieosn literature [32]

TABLE 9
Physical constants of pure nitroalkahes

Compound P /bar T./IK V_/cmmol*  u/D Loy
Nitromethane 63.1 588 53.96 3.56 1.855
Nitroethane 512 557 71.86 3.60 1.625
1-nitropropane 44%8 675.2 89.44 3.59 1.453
Nitrobenzene 46% 732 102.74 4.0 1.510

*P,, critical pressureT_, critical temperaturey,,, molar volume;u , dipole momenty. ,

effective dipole moment (equation 11), data takemfreference [1], except when indicated;

®from the application of Joback’s method [180]



TABLE 10

Partial molar excess enthalplf’elstl *, at 298.15 K at 0.1 MPa for nitromethane(1) or

nitrobenzene(1) + alkane(2) or for 1-alkanol(1)itraalkane(2) mixtures, and hydrogen bond

enthalpiesAH,,\o,, for 1-alkanol(1) + nitromethane(2), or + nitrolzene(2) systems.

System HE* /kJmol™ AH gy, v0p /KMol
Nitromethane(1) + cyclohexane(2) 16159]

Nitrobenzene(1) + hexane(2) 9.53 [78]

Methanol(1) + nitromethane (2) 9.29 [179] -30.4
Ethanol(1) + nitromethane(2) 11.97 [179] =-27.7
1-propanol(1) + nitromethane(2) 13.68 [179] -26.0
1-butanol(1) + nitromethane(2) 16.00 [179] -23.7
Methanol(1) + nitrobenzene (2) 9.19 [128] -23.5
Ethanol(1) + nitrobenzene(2) 11.75 [129] -21.0
1-propanol(1) + nitrobenzene(2) 13.63 [129] -19.1
1-butanol(1) + nitrobenzene(2) 14.72 [129] -18.0

“values obtained fronH > data over the whole concentration range

TABLE 11
Comparison of average results obtained from DISQUAIBIFAC, and ERAS
models.
Model Average(, (P) )* Averagedey HE) )°
DISQUAC 0.026 N =13) 0.069 1 = 23)
UNIFAC 0.028 N =11) 0.214N = 22)
ERAS 0.0831 =9)

i=N i=N
“calculated asy_ o, (P), /N (= number of systems)alculated asy_de\( Hg), /N

i=1 i=1
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Figure 1 LLE for nitrobenzene(1) + nonane(®, (175]), or + hexadecaneu(,
[23]) mixtures. Solid lines, DISQUAC calculations.
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Figure 2 LLE for 1-alkanol(1) + nitromethane(2) tuises. Points, experimental

results: @), 1-butanol [10,11]; £), 1-hexanol [100]; @), 1-dodecanol
[10,11]. Solid lines, DISQUAC calculations.
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Figure 3 G. for the 1-heptanol(1) + nitrobenzene(2) mixtwerahe temperature

range (448.15-470.15) K. Points, experimental teqdl74]. Solid line,
DISQUAC calculations.
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Figure 4 HE  for nitrobenzene(l) + organic solvent(2) mixturePoints,

experimental results®), benzeneT = 293.15 K, [60]); @), hexane T
= 323.15 K, [78]); @), cyclohexanel = 293.15 K, [77]). Solid lines,
DISQUAC calculations.
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Figure 5 HE for 1-alkanol(1) + nitromethane(2) mixtures. Msj experimental

values: @) [16]; (O) [128], methanolT = 298.15 K); @), ethanol T =
298.15 K, [16]); @), 1l-hexanol T = 313.15 K, [114]). Solid lines,
DISQUAC calculations. Dashed lines, ERAS results.
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Figure 6 HE for 1-alkanol(1) + nitrobenzene(2) mixtures 8825 K. Points,

experimental values [129]9(), methanol; @), 1-butanol. Solid lines,
DISQUAC calculations. Dashed lines, ERAS results.
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Figure 7

CpEm for 1-alkanol(1) + 1-nitroalkane(2) mixtures &@8215 K. Points,

experimental values®), methanol + nitromethane [17]m(),1-butanol
+ nitromethane [19]; £), ethanol + 1-nitropropane [20]. Solid lines,
DISQUAC calculations.
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Figure 8 Kirkwood'’s correlation factorg, , vs. volume fraction for the

mixtures: (1), ethanol(1) + nitrobenzene(2); (2hutanol(1) +

nitrobenzene(2) M = 298.15 K); (3), 1l-heptanol(l) +
nitrobenzene(2) T = 293.15 K); (4) nitrobenzene(l) +
benzene(2) T = 298.15 K). For references needed for

calculations see text.
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Figure 9a DISQUAC calculations 8p.(0)at 298.15 K

for the mixtures: (1), methanol(1) + nitromethane(2
(2), ethanol(1) + nitromethane(2); (3), 1-propahpk
nitromethane(2); (4), 1-butanol(1) + nitromethange(2
(5), nitrobenzene(1) + heptane(2); (6), methanok1)
nitrobenzene(2).
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Figure 9 DISQUAC calculations 08..(0) for the mixtures: (1),

ethanol(1) + nitromethane(2); (3), ethanol(1) +adthane(2);
(4), ethanol(1) + 1-nitropropane(2) = 298.15 K); (2), 1-
propanol(1) + nitromethane(2Z) € 333.15 K).



vDataonH:, C5 | VF VLE, LLE, £, 1 are used to investigate the mixtures

pm?

v'DISQUAC, ERAS, S..(0) and the Kirkwood-Frohlich models are applied

v'"Aromaticity effect strengthens dipolar interactiomsitrobenzene + alkane mixtures
v'Dipolar interactions between like molecules aresglent in 1-alkanol systems

v'Alkanol-nitroalkane interactions are weakened witenl-alkanol size increases



