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Abstract

Mixtures formed by 1-alkanol and one strongly patampound, nitromethane (NM),
ethanenitrile (EtN), dimethyl sulfoxide (DMSO, suldne (SULF), nitrobenzene (NTBz) or
benzonitrile (BzCN), have been investigated onlthgis of a set of thermophysical data, which
includes: excess molar functions, enthalpid#,, Gibbs energieanE1 , entropies,TSrE, isobaric

E
pm

heat capacitiesC:. , volumes, V. ; liquid-liquid equilibria (LLE), excess permitties and
deviations from the linearity of dynamic viscositieln addition, calculations have been
conducted to determine the Kirkwood-Buff integraigl the Kirkwood correlations factorg, ,
of the investigated mixtures. In the former caskS@JAC has been employed for modeling

the needed vapor-liquid equilibria data. Many systeinder consideration are characterized by
dipolar interactions between like molecules andehpwsitive values dfi -, CEm andTS:. On

the other hand, alkanol-solvent interactions, faxtames with a fixed 1-alkanol, become
weakened in the sequence: DMSOSULF > EtN > NM > BzCN > NTBz. In systems with a
given solvent, such interactions become also weaken the chain length of the 1-alkanol is
increased. Interestingly, the considered mixtuises show strong structural effects. Results on
Kirkwood-Buff integrals reveal that nitriles are reopreferred than nitroalkanes around a
central alcohol molecule. Calculations gpshow that, in terms of the mixture polarizatiore th
ssystems are rather unstructured, and that thml tbeecomes more important when the 1-

alkanol size increases in solutions with a givenesd.

KEYWORDS: 1-alkanols; polar solvents; thermophykicdata, Kirkwood-Buff

integrals; Kirkwood correlation factors, dipolateractions and structural effects



1. Introduction

Nitromethane, (NM), ethanenitrile (EtN), dimethylulfexide (DMSO), sulfolane
(SULF), nitrobenzene (NTBz) or benzonitrile (BzChBije polar compounds with very large
dipole moments,i/, (Table 1). For example, tha value of sulfolane is 4.81 D [1]. These

aprotic solvents have many applications. Sulfolangseful in the oil industry for the recovery,
by liquid extraction, of aromatic or saturated lyahrbons [2,3]. Nitriles are used as starting
materials in the synthesis of pesticides, fragameespharmaceuticals [4]. NM is important in
the manufacture of pesticides or drugs and NTB&sgential for the aniline production. NM is
also a high performance additive to fuel for ins#rcombustion engines [5], particularly
interesting since it is of relatively non-toxic ne¢. The considered solvents have a certain
structure in liquid state, which can be ascribethw&r high polarity. In fact, X-ray diffraction
studies on DMSO point out that this pure liquidsisuctured due to dipole-dipole interactions
[6]. Experiments using IR and Raman spectroscopitiriiques indicate that liquid NM has
molecules in monomeric state, and that self-assatidimers do not exist [7]. X-ray and
neutron diffraction measurements and simulationcutations reveal that orientational
correlations exist in pure NM resulting in antigbelaorder of the neighboring molecules [8]. It
is to be noted that sulfolane does not easily aattewith others molecules due to the steric
hindrance related to its globular shape which mdkat only the negative end of its largeis
exposed [9-12].

In the past years, we have investigated the migtliralkanol + SULF [13], or + DMSO
[14], or + EtN [15,16], or + NM [17], or + BzCN [18or + NTBz [17] using DISQUAC
[19,20] or ERAS [21], or the Flory model [22] orettconcentration-concentration structure
factor formalism, S..(0), [23,24]. We extend now our studies by the appilin of the

Kirkwood-Buff integrals (KBIs) formalism [25,26] dnthe Kirkwood-Fréhlich model [27-29]
to the mentioned systems. The former theory takts account fluctuations in the number of

molecules of each component and the cross flucnsitiand the KBIs are derived from
thermodynamic properties such vapour-liquid equidilfVLE) and excess molar volumeg; .

In the present work, VLE of the investigated systemere modelized by means of DISQUAC

using mainly interaction parameters from the litera (see below). The Kirkwood-Fréhlich
model allows calculate the Kirkwood’s correlatiactor,g, , [27-29] an important magnitude

which provides information about specific interaos in the liquid state.

The determination of KBIs using DISQUAC may be supped by the following
considerations. (i) For the studied systems, th& data available are scarce and are at different
temperatures. The DISQUAC application allows corapaesults on KBIs at the same
temperature (here, 298.15 K). This is importantsikBls are sensitive to temperature changes.
(i) In previous studies [13,14,16-18], we have whathat DISQUAC is useful to represent



G.. (excess molar Gibbs energies, see Figures includgapplementary material) and any type
of phase equilibria, vapour-liquid, liquid-liquidr solid-liquid equilibria. Therefore, one can
expect that the KBIs obtained are useful for treeaech of these systems. (iii) It is crucial to
note that the mentioned investigation is not cotetlionly in terms of the KBIs. In fact, one of
the aims of the work is to evaluate if the infotima obtained from the KBI formalism and

from the Kirkwood-Frohlich model is consistent withat provided from usual thermophysical

properties such as excess molar functions: en#mlpiHE, Grﬁ, VmE, entropies,
TS, (=H: -G.), excess permittivitiess”, or deviations from linearity of dynamic viscosg,
An, At this end, Table 2 contains datatoh, G, V.-, and TS values at 298.15 K for the
systems under study, and Table 3 lists the correipg - and A7 values.We remark that,

due to the lack of experimental data, BE values were usually obtained from DISQUAC.

2. Models
2.1 Kirkwood-Buff integrals
These magnitudes can be determined from thermodgndata by means of the

following expressions [26,30]:
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In equations (1-3)x and\7mi are the mole fraction and the partial molar voluwheomponent

i, respectively (i = 1,2);Vy, is the molar volume of the solution at the workiegperature],

andkr, the isothermal compressibility factor of the taibe.D is defined as:

0°G}
D=1+%(—a )fj @)
P, T

The Gij guantities allow estimate the so-called linearffc@ents of preferential solvation:



3 =xG - x2, X (5)

These magnitudes provide information about chaimgése local mole fractions of compound i
around a central j molecule [31].
2.2 Kirkwood-Frohlich model

We summarize some important hypotheses of the n@de29]. (i) A molecule of a
certain polar compound is represented by a dipalenemt inside a spherical cavity. (ii) The
effect of the induced polarization of the molecukesnacroscopically treated. At this end, it is

assumed that the dipole is rigid (it only rotatasyl that the cavity is filled by a continuous
medium of relative permittivitye,” (the permittivity value at a high frequency at ethonly the
induced polarizability contributes). (iii) Long-rga interactions are considered macroscopically
by assuming that the outside of the cavity is atinapus dielectric of permittivitg, . (iv)
Effects due to short-range interactions are takém account by means @, , which provides

information on the deviations from randomness efdhientation of a dipole with respect to its
neighbours. For a mixtureg,, can be determined, in the framework of a one-fawmtiel [27],

from macroscopic physical properties accordindh®expression [27-29]:

—_ 9kB-I-Vmgo (gr B g:o )(2£r ™ E:o )
NA:uzgr (“;‘roo + 2)2

(6)
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The symbols have their usual meanirg: is Boltzmann’'s constantN,, the Avogadro’s
number; andg,, the vacuum permittivity. For polar compounds, is estimated from the
relation &° =1.]n,§ [32,33]. The dipole moment of the solutioy,, is estimated from the
equation [27]:

H = X+ Xof ™
where 4 stands for the dipole moment of componerit1,2).

3. Results
3.1 Kirkwood-Buff integrals

The Kkt values of the mixtures under study were calculasgslming that they behave

ideally with respect to this property. That i&; = @k, +@.K;,, where @ stands for the



volume fraction of the component i of the systemx¥,, /(>g\4q1+ >§\4Q); V,; is the molar

|
volume of component i), andky;, its isothermal compressibility. This assumpticas mot

influence on the final values of the Kirkwood-Bufftegrals [34,35]. In addition, the data

available in the literature for the studied mixsiren excess isentropic or isothermal

compressibilities show that these magnitudes agdl smabsolute value [36,37]. Values &f;

for the polar compounds considered in this worklsted in Table 1. For 1-alkanols, tig;

values are the same as in reference [38]. KirkwBoff-integrals were determined at 298.15 K.

References for most of the experimen¥didata needed for calculations are given in Table 2.
In absence of accurate values for this properB08t15 K,V values at 303.15 K were used for

a few systems (Table 2). For the 1-octanol + Etbteay, V- was taken from reference [39],

and for 1-propanol or 1-butanol + SULF mixturesnfrceference [40]. Most of the interactions
parameters needed for the application of DISQUAC alzulateD values (equation 4) were
taken from the literature (see below). Only a fdwwhem were modified, as it is now indicated.

3.1.1 1-alkanol + ethanenitrile, or + nitromethare +DMSO

There are three contacts in these systems: OH/€IEU2]; CN/CH [43] and OH/CN
[15], in EtN mixtures; OH/CH NO,/CH, [44] and OH/NQ [17] in NM solutions, and
OH/CH,; SO/CH and OH/SO [14] in systems including DMSO.

3.1.2 1l-alkanol + sulfolane

We have here six contacts: OH/€HDH/c-CH, [45,46]; c-SQ/CH,; ¢c-SQJ/c-CH;;
CH,/c-CH, and OH/c-S@[13]. It is remarkable that, in our original wojk3], the interaction
parameters for Cyc-CH, contacts were neglected in view of the low valoéshe excess

functions of cyclopentane r-alkane systems. The initial first DIS parameterstfie OH/c-S@
contacts in methanol or ethanol are haven sligtitnged for a better representation of fe

of these systems (see Figure S4, supplementaryiaipt€

3.1.3 1-alkanol + benzonitrile, or + nitrobenzene

There are also 6 contacts in these solutions.ixtunes with benzonitrile, the contacts
are: OH/CH; OH/GsHs[42,47]; CN/CH [18]; CN/CGHs [18]; CHs/CH, [48] and OH/CN [18].
In systems with NTBz, the CN/GHCN/GHs and OH/CN contacts are replaced by the
NO,/CH,; NO,/C¢Hs and OH/NQ contacts [17]. The first dispersive interchangefticients
for the contacts OH/CN in systems with methanokttranol, or for the contacts OH/N@
mixtures with ethanol, 1-propanol or 1-butanol weradified (Table 4) taking into account the
activity coefficients at infinite dilution of the-dlkanols available in the literature [49].

Results on Kirkwood Buff integrals and on lineaeffiwients of preferential solvation

are listed in Table 5 (see Figures 1-5).



3.2 Calculations on Kirkwood’s correlation factor

Dipole moments of the polar solvents are listed able 1. For 1-alkanols were taken
from reference [33]. Due to the lack of reliablepesimentaln, data, results for the mixtures

were obtained from [50]:

8 =[gu() +0u(me) | ®

That is, the mixtures were considered as ideal vepect tm,. Most of the values of this
magnitude for pure compounds,, , were taken from reference [1]. For 1-propanol BaCN

at 303.15 K,n,, values were obtained from [51] and [52], respetyivieor 1-heptanol at 298.15
K, the value used is that given in reference [33blar volumes and permittivities of the

solutions were determined frowj: and £"values obtained from references listed in Tables 2

and 3, respectively. For the 1-propanol + BzCNeysat 303.15 KV data were taken from
[54] and for the 1-pentanol + NTBz mixture at 2% K, from [55]. Permittivitties of pure

compounds were taken from the original papers werealues for the mixtures are reported

(Table 3). Results og, are listed in Table 3 and represented in Figurés 6

5. Discussion

Below, except when indicated, we are referringxcess molar functions at equimolar
composition and 298.15 K. The number of C atonis-atkanol is represented by, .

5.1 Polar compound + alkane mixtures

Figure 8 shows values of the UCST for NM, or EtNNOTBz, or BzCN +n-alkane
mixtures. We note that the critical temperaturiethe systems with NM or EtN are rather high,
which reveals the existence of strong dipolar axtgons in the mentioned mixtures. The same
can be stated for SULF, or DMSO solutions. In fé#og, mixtures SULF + heptane, and DMSO
+ cyclohexane show miscibility gaps at 429.4 K $#0£1[0.0637, 0.9603] [56] and at 323.15 K

for x 00[0.012, 0.9377] [57,58], respectively. The UCST/Ktloe NM or EtN + cyclohexane

systems is (in the same order): 365.8 [59] and 8460]. In view of these results, one can
conclude that interactions between like moleculesolne weaker, in systems with a fixed
alkane, along the sequence: SULF > DMSO > NM > BtNITBz > BzCN. This can be



confirmed by studying the relative changes in mma&ecular forces of homomorphic

compounds, which can be estimated fromtﬂzﬁfd-|Vap magnitude, defined as [61-63]:

AAH .= AH,,, (compound with a given polar group, X)

vap

AH,,,(homomorphic hydrocarbon) (9)

In this equatiod\H ,  is the standard enthalpy of vaporization at 29815The relative

p

variation of AAH__ (in k¥mol™?) is as follows: 39.1 (SULF) > 36.6 (DMSO) > 28M8M) >

vap
23.6 (EtN) > 18 (NTBz 17.7 (BzCN) (Table 1) and is in good agreemetit Wie observed
relative change of the UCSTs.

The impact of polarity on bulk properties can barmained through the effective dipole

moment, //, defined by [64-67]:

quN 1/2
o=|——~——-4A 10

Values of 7 for the pure polar solvents are listed in Tablé&ach values suggest that dipolar

interactions are very similar for NM, EtN, SULF bMSO, and weaker for NTBz and BzCN.

Calculations on the potential energy of dipole-tipimateractions in a pure polar liquid, roughly
proportional to €z /an) [68], confirm this point. It seems that, e.g. mngsicontaining NM or

EtN differ by dispersive interactions.

5.2 1-alkanol + polar compound

Experimental UCST results for 1-alkanol + NM, orEtN, or + SULF mixtures are
shown in the Figure 8. They deserve two commeiijtsSTHe existence of miscibility gaps at
temperatures not far from 298.15 K for systems aioitg an alcohol of medium size (e.g.,
UCST(1-hexanol + NM) = 308.75 K [69]) underlinesathdipolar interactions between like
molecules are still relevant. (ii) For a given polaompound, UCST(1l-alkanol) <
UCST(homomorphim-alkane), which reveals that interactions betweelikel molecules are
more relevant in the alcoholic solutions.

5.2.1 Kirkwood-Buff integrals and derived quasetti

Interestingly, for systems containing NM, or NTBa, BzCN or SULF or for the

mixture 1-octanol + EtN, th&; (i =1,2) curves show a rather high maximum and@ecurve

a deep minimum (Figure 1). Particularly, for theutanol + nitromethane mixture at 298.15 K,
G, (x = 0.37) = 2941,G,,(x = 0.41) = 3577 and5,,(x = 0.39) =-3244 (all values in



cm*mol™). One can then conclude that the mentioned solsitare mainly characterized by
interactions between like molecules. Results@&recurves are available in the literature for 1-
alkanol + heptane systems at 313.15 K [70]. Themrcentration dependence is rather different
to that described above since, in alkane system$; alkanol-alkanol interactions are

significant. Thus, for the 1-butanol system, fBg curve shows a maximum value sf 8000
cn molt at X, = 0.10, while the minimum value of tk&, curve, encountered & = 0.15, is
= —1000 cm*mol™. In comparison, th®,, values are more or less negligible [70]. According

to the G, values of 1-alkanol + polar solvernt DMSO) mixtures, results fod,, are negative

and for 4,, are positive (Table 5, Figures 2,3,5). In addititihre absolute values of these
magnitudes are usually large, indicating that atBons between like molecules are dominant.
This is consistent with our previous applicationtoé S..(0) formalism to 1-alkanol + 1-
nitroalkane mixtures [17], which showed that thesgstems are characterized by
homocoordination. Thus, for the ethanol + NM systamx, = 0.47, S..(0)= 4.9 [17].
Inspection of Table 5 allows state some interestmclusions. (i) For a given polar compound,

o,,decreases and,,increases whemy,is increased. That is, interactions between unlike
molecules become less relevant at such conditioterms of theS..(0) magnitude, this means
that homocoordination increases. Consequently, $gg0) value of the 1-propanol + NM
mixture (7.14 atx,= 0.38 [17]) is larger than that of the ethanousioh. ~ Since|d,,| and d,,

values of mixtures containing NM, NTBz, BzCN, SULd¥, of the 1-octanol + EtN system are

rather large, and the linear coefficients of pref¢ial solvation, reflect changes in the local

(I
mole fractions of component i around a central ke of type j, the local mole fractions will
largely differ from the bulk ones. This is in agmant with the observed variation of UCST
with the alkanol size for solutions with NM, EtNr, SULF (Figure 8). We remark that lower

G: values are encountered for mixtures involvingrirol-alkanols (Table 2), and that the

corresponding values of the Gibbs energy of mixij = G, + G%) are then more negative.
Compounds mix better. (i) For a fixed 1l-alkanohetreplacement of nitromethane or

nitrobenzene by the corresponding nitrile (ethamiémior benzonitrile) leads to highed,,
values and lowerd,,values. In other words, interactions between unlik@ecules become

relatively more important in nitrile systems. Thek&ood-Buff theory providesG, -G, >0

|
as a criterion to know if a solvent “a” is prefatrever a solvent “b” in the vicinity of a given
solute “i” [71,72]. Calculations using values oktKirkwood-Buff integrals listed in Table 5

show that for a = NM, b = EtN or a = NTBz, b = Bz(Re differencess, — G, are negative.

That is, nitriles are more preferred than nitroa® around a given alkanol molecule.



Accordingly, S..(0)values of 1-alkanol + EtN mixtures are lower thhose of 1-alkanol +
NM systems. For the sake of comparison, we prothderesult for the ethanol + EtN mixture,
S.c(0)(% =0.5)= 0.79 [16]. Note that for a given 1-alkanol, UCEM) > UCST(EtN) (Figure
8). (iii) The same procedure shows that sulfolaiméecules are more preferred around a central
1-alkanol moleculer,, = 1-4) than NM molecules, which is in agreementwite fact that, for
Ny, = 4, UCST/K = 291.1 (NM) [58,73] > 285.6 (SULF)3[1 However, this trend may be the
opposite for mixtures involving long chain 1l-alkéso(Figure 8). (iii) DMSO systems or
mixtures formed by EtN and shorter 1-alkanols dr@racterized by low values {3521| ando,,
(Table 5, Figure 4). Therefore, local mole fractiaio not differ from the bulk ones. Mixtures
containing l-alkanols and secondary or tertiarydasi[31,74-76], or 1l-alkanols and pyridine
[77], or the 1-propanol + tetrahydrofuran syster®,TB] behave similarly. For example, in the

case of the ethanol M,N-dimethylformamide mixture at 313.15 K ang= 0.4, 4,, and J,,

are, respectively, 6.5 an€0.48 cni*mol™ [31]. This can be interpreted assuming that, glon
the mixing process, a large number of interactibesveen like molecules are broken while,

simultaneously, a large number of alkanol-solveméractions are created. However, the low
|521| values indicate that the latter interactions da imwolve a large number of unlike
molecules. For example, NMR and permittivity measwgnts for the methanol + DMSO
system suggest that only dimers or trimers exigénsolution [80]. Lov4521| values mean that

the radius of the solvation microsphere is smatl #re distribution of the molecules in the
solution is nearly random. In such cases, the mixstructure can be ascribed to the existence
of orientational effects [74]. In order to expldiee relevance of these effects in the present
systems, we have shortly applied the Flory modg] {& some 1-alkanol + DMSO mixtures.

Below, we provide the interaction parame¥y, and corresponding standard relative
deviations,ar(an) , foanE, in order to characterize the differences betwegerimental and

theoretical results for this magnitude. Toig(H ©) values are calculated from:

2
HE —HE
O_r(HnE) :{iz m,exp = m,calc }1/2 (11)
N Hm,exp
whereN stands for the number of data points. More detailshis type of calculations can be
found elsewhere [16]. Usingii £ data from [81], we have obtained, (H:) (DMSO) = 0.174
(Noy = 4, X,,= 54.83 dcm?); 0.085 (0., = 6,X,= 62 Jcm®); 0.085 (0., = 8, X,,= 60.65

Jcm®); 0.074 (n,, = 10, X,,= 58.22 dcmi®). These results indicate that orientational effece



rather weak in systems with, sag,,, =5. Stronger orientational effects are encountered in

solutions with shorter 1-alkanols. Regarding 1-atkat EtN mixtures, our previous study [16]

using the Flory model reveals that orientation& @t are relevant in the methanol system or in

those solutions at temperatures close to the UCS,‘I(HE)z 0.169; ny, = 10). For the

remainder systems, the orientational effects alaakv(/ar(an) =0.077 (,, = 2); 0.094 6, =
4)) [16].

5.2.2 Enthalpy of alkanol-solvent interactions
In some previous works, we have evaluated the kytidd the interactions between 1-
alkanols and polar compounds including a functiogedup X (= NQ@Q; CN; O) [16,17,82]

(termed ad\H,, , ). Here, we follow the same procedure to deternfiht,,,, for X = SO and
c-SO, (Table 6) and for ethanenitrile systems witf), = 5,6 (values not previously reported).
Briefly, our approach consists in assuming thastiéictural effects are neglecteld,nE1 is then

the result of three contributions [64,83]. Two piesi onesAH, o, AH, ., which arise,

respectively, from the disruption of alkanol-alkhramd X-X interactions along the mixing

process, and a negative third contributidd ,,, . , due to the new OH---X interactions created

upon mixing. Therefore [38,84-86]:

HE = AH OH-OH + AH X-X + AH OH-X (12)

It is possible to conduct an evaluation®H ,,, extending the equation (12) tq — O [38,

86,87]. ThenAH,,, ., and AH, , can be replaced bl = (partial excess molar enthalpy at

infinite dilution of the first component) of 1l-alkal or polar compound + heptane systems.

Thus,

AH .., = HE (1-alkanol + polar compoun

—-H ~(1-alkanol + heptane)H:" (polar compound ptame) (13)

As in other applications, we have assumed thatlfalkanol +n-alkane systems, théifﬁ‘”

value is independent of the alcohol, which is ay\@mmon approach [21,70,87-90]. The value



used in this work is the same as in previous ssu#g,82], ani“ = 23.2 kdmol™* [91-93]. The

determination of thel = for DMSO or sulfolane + alkane mixtures is rathéfiallt since

calorimetric data are not available due to theeswély large miscibility gaps of these solutions
(see above). In the case of DMSO + alkane, theaggtiof the DMSO-DMSO interactions have

been evaluated, in the framework of the ERAS momebe equal-25 kJ mot, i.e., H " =

25 kJ motl* [94]. The corresponding value for sulfolane (32nkdl") has been obtained from
activity coefficients at infinite dilution of thisompound for hexane mixtures at the temperature
range (334.6-341.4) K [95]. In spite of the shomdrgs involved along calculations, results are

still meaningful since they have been obtainedimnilar way that those previously reported.

Figure 9 shows the variation &H ,,, with n,, for the systems 1-alkanol + NM, or + EtN, or

+ DMSO, or + SULF, or + NTBz, or + BzCN. For a fikd-alkanol, interactions between
unlike molecules become weaker in the order: DMSGULF > EtN > NM > BzCN > NTBz.

For a given polar compound, these interactionsvegakened when,,increases, probably

because the OH group becomes more sterically redder
5.2.3 Excess enthalpies and excess molar entropies

We describe now some common features of the systamdgr consideration. (i)

Hﬁvalues are usually large and positive (Table 2). &ample, Hﬁ(l-propanol)/:]”nol'l =

1911 (NM) [96]; 1829 (EtN) [97].That is, the maiartribution to H,ﬁ arises from the breaking
of the interactions between like molecules. Thehaet! + DMSO system is an exception since

an = —-391 Jmol* [98], and the contribution to this excess functfoom the interactions

between unlike molecules is here dominant. (ii) 'Hh,E curves of mixtures involving longer 1-
alkanols are skewed to higher mole fractions ofafeehol (see, eg. [81,96]). These curves are
nearly symmetrical for systems witty,,, = 1-3 [81,96]. (iii) BotH—InE1 and n,,, increase in line
(Table 2). (iv) Except for the methanol + NTBz gyst TS, values are positive (Table 2). These
are typical features of mixtures where self-assmeiaor solvation effects are not relevant.
Systems where the alcohol self-association is diétent show much loweH © values, which

decrease when the alcohol size is increased (eakanol + alkane [41]), or which remain

nearly constant for the solutions containing lon@ealkanols (e.g., 1-alkanol + dibutylether
[99]). The Hrﬁ curves are shifted towards low mole fractions e fl-alkanol and th&'S;
curves show negative values over almost the entirposition range, and positive values at

low alcohol concentrations [92]. In the case of ¢ileanol + hexane mixturé—,lﬁz 548 [100];



G, = 1374 [92] and TS, = -826 (all results in -dnol"). Values of TS and n,also
increase in line. These features are explainedrimg of the alcohol self-association [93]. The
decrease of alcohol self-association whigp is increased leads to increasifi§; values as the
alcohol network is more easily disrupted. Valuds TS are positive at low alcohol
concentrations as then interactions between alaolot#cules are more easily broken, an effect

that also determines the concentration dependentt.

TheHnE1 increase witlm,,, (Table 2), along a homologous series, can be equla

taking into account that, at this conditidht ,, , increases (is less negative) adgl decreases,

i.e., the interactions between unlike moleculesober weaker and the number of such

interactions is lower. It is remarkable that, witlgiood approximation, a linear dependence exist

between bothl - and AH,, , for mixtures including EtN, NM, BzCN or NTBz or DMBand

Now = 1-4. Mixtures with longer 1-alkanols and EtN oMBO are less sensitive tH,, .
(Table 7). For the homologous series including NMBaCN, Hﬁalso changes linearly with the
o,,minimum value (Table 7). Results are somewhat pomresolutions with NM or DMSO.
For a given 1-a|kanoIan values decrease when NM is replaced by EtN or NiEBeplaced
by BzCN. This is due to, for nitriles, the contrilom to H,ﬁ from the disruption of solvent-

solvent interactions is lower (weaker interactiora)d the corresponding contribution Itd)nE1

from the creation of interactions between unlikeenoles is higher in absolute vale (stronger

interactions). Regarding the latter point, it sliobke also kept in mind that nitriles ar more
preferred around a central 1-alcohol molecule thiimalkanes. The very large positi\}érﬁ

values of SULF systems may be related to the bmgadd the very strong interactions between

sulfolane molecules.

On the other handl'S; values also increase witl,, along a homologous series (Table

2). This remarks that association/solvation effédi@some progressively of minor importance,

particularly at highem,,, values. In fact, at 298.15 K, the system tempeeadéi solutions with,
e.g, NM or EtN and longer 1-alkanols is closerhe torresponding UCST. We compare now

TS. values for different homologous series. In systemith a fixed 1-alkanol, TS values
decrease when EtN is replaced by NM. This is dubed5: increase, that is th& increase,

when EtN is replaced by NM is higher than the cgponding H,ﬁ increase (Table 2). This

suggests that the decrease in the number of itiemacbetween unlike molecules when



replacing EtN by NM is accompanied by a IowlalrnE1 increase than that which one could
expect, probably because NM-NM interactions arensfer and it is more difficult to break
them. DMSO systems including longer 1-alkanols @raracterized by low and positi\@nf
values, WhereaerE and TS values are large and positive (enthalpic-entrepimpensation,

Table 2). This merely shows that such l-alkanoés gowod breakers of the strong DMSO-

DMSO interactions. Thus, although a large numbemtdractions between unlike molecules

exist, the contribution toan from the breaking of interactions between like ecoles is
largely dominant. For systems witly,, =1-4 and DMSO, interactions between unlike molegule
are more probabIeGE < 0, and consequently more negat(\?sﬁo values). However, except for

the methanol mixture, the contribution I%cl)nE1 related to the disruption interactions betweea lik
molecules is still dominant.

5.2.4 Excess molar heat capacities at constantspires

Direct calorimetrich,m measurements are scarce and the same occuk$Joralues at
different temperatures for the studied systemspite of this, some interesting statements can

E

be given with regards to the temperature dependeﬂdﬁ. () For NM systems,Cp’m/ Jmol

LK™ =9.3 (g, =1) [101]; 16.6 £, = 3) [102]; 20.6 (1, = 4) [36]. The large values measured
for ny,= 3,4 are due to the proximity of the UCST. Accagly, Cﬁmdecreases when the
temperature is increased [36,102]. The result far imethanol system suggests that self-
association effects may have importance. Note fdrathe ethanol + heptane mixtur@,ﬁmz
11.7 Imol-K™ [103]. For EtN solutions, we have estimat@@m values fromH . at different
temperatures. Thu$C;, /Fmol*-K™ = 5.3 (ny,,= 1); 7.4 Mo, = 2) [104]; 7.7 b, = 5); 13.7
(Noy = 6) [105]. This is a similar behavior to that otveel for NM mixtures, afrfmincreases

sharply when the system temperature is closerdd ST, that is, for the longer 1l-alkanols.

For DMSO mixtures, the available data are in calittion. For the 1-propanol mixture, the
directly measurecCpE’m value is —10.1 Jmol™K™, whereas experimentd-an results change
much more slowly with temperature: 1:6dI™K™ [106].

5.2.5 The&. vs.H'- diagram

We briefly summarize some important features of thipe of diagrams. More details

can be found elsewhere [107-109]. @EzHE/Z is the dividing line between positive and



negative values @&, . Systems below this line show negati@, values. The lineG-=H
divides the diagram in two parts with a differeigrsforTSE. (i) In the first quarter of the
plot, non-associated mixtures are situated betweetinesGS=H /3 andG- =H"/2. Such
solutions are characterized ®§m< 0 andl'S; > 0. For example, for the cyclohexane + hexane

system,G[, = 101 [110]; H;= 230 [111]; TS; = 129, all results in-dol*and C;, = -1.39
Jmol™-K™ [112]. (iii) Mixtures with self-associated compalsare encountered in the region

well above from the lineG; =H . These solutions hav€ > 0 andTS;< O (see above).

(iv) In the region between the lineS5=H-/2 and G5 =H:, we find mixtures such as
alkanone, or linear organic carbonate, Mrmethylpyrrolidone + alkane, i.e. systems
characterized by dipolar interactions. Thus, fer dimethyl carbonate + heptane mixtlﬁﬁ =
1156 Jdmol™*, value obtained using DISQUAC interaction paramsefeom the literature [113];

H = 1988 dmol* [114]; TS; = 832 Jmol™* and C,, = 2.83 dmol™-K ™ [115]. (v) If solvation
exists, then the solutions are situated in thelthirarter of the diagram. This is the case of the
2-propanone + CHGmixture, with G- = — 605 [116] andH - = - 1972 [117] dmol™. We note
that many of the systems under consideration aeedl in the first quarter of the diagram

(Figure 10), between the line§.=H:/2 andG =H[. Therefore, they haveC > 0
andTSﬁ> 0. One should say that dipolar interactions agee lrather relevant. Interestingly,

some 1-alkanol + EtN mixtures are located closthéoG: =H ~/2 line, i.e, close to the region

of non-associated systems. This is consistent athprevious investigation of these mixtures
in the framework of the Flory model, that showsttlogientational effects are of minor

importance for systems with ethanol 1-propanol diutanol (see above). The methanol +

NTBz system is situated above but very close to lihe G§=HE indicating that self-

m 1
association effects are scarcely relevant. The aneth+ DMSO mixture is encountered in the

region where solvation effects are determinant. figmainder DMSO systems are in the first
and fourth quarters and have the larger posiﬂ'\ﬁﬁ values. In large extent, mixing is

determined for such solutions by entropic effects.
5.2.6 Structural effects and magnitudes at constahime
Interestingly, many of the present systems shoferdift signs foHEandV,f functions

(Table 2), which indicates the existence of stradteffects [118,119]. An extreme case is that

for 1-alkanol + SULF mixtures, with very large pos HnEle-moI'l values at 303.15 K (1551



(Noy= 1); 1971 ., = 2)) [120] and very low negativ¥,~ /cm™mol™ values at the same
temperature £0.826 (N, = 1); —0.697 (N, = 2)) [121]. Other mixtures, e.g., the 1-hexanol +
EtN system, are characterized by large posithl;%1 values (2313 +dnol™ [105]) and low
positive VmE values (0.205 cfrmol™ [122]), which is also indicative of the existenoé
structural effects. As a rule, bofH,ﬁandeE values increase in line along a given homologous

series (Table 2), which suggests N/LE variation is closely related to that of the intgi@nal

effects.

It is well known thatan values are not entirely determined by interacliefiects, but
also to structural effects [64,83]. The former amere properly considered usidﬁm, the
excess internal energy at constant volume. If teahdigher order ih/mE are neglected,

UJ, can be written as [64,83]:

a
Uy, =H--—LTVFE (14)
K-

T

a
where —pTV,f is the equation of state (eos) contributiorHﬁ), and qa, is the isobaric
Kt

thermal expansion coefficient of the mixture. mstwork, a, and x; were determined
assuming ideal behavio(= ¢,F, + ¢ ,F,; F, is the property of the pure compouidor these
magnitudes. Structural effects have a weak impacl—kﬁ datafor many of the investigated
systems, sincé—lﬁand U\Em results do not differ substantially (Table 2). &lde exceptions are
encountered for the mixtures (between parenthesisiralicated absolute differences in %
betweenH - andU, values): methanol + SULF (20.6 %), or + NTBz &B4), or + BzCN

(13.2%), or + DMSO (58.6%). Interestingly, molegutiynamic simulations predict positive

U\Em values for the methanol + DMSO system (38@al) [123], which is very different to

the experimental value given in Table 2162 Jmol®). The Gr'rfvs.U\fm diagram is very



similar to the G vs. H - diagram, and the discussion conducted above lsvatitl. The main
change affects to entropies ad- -UJ = TS, -TS, [64]. Thus, a change of this

magnitude is produced for the mehanol + NTBz syssince TS = - 147 andTS;, = 17

(values in dmol™)

5.2.7 Dielectric constants and Kirkwood'’s corretatifactor

The values of excess permittivities;, at ¢,= 0.5 are collected in Table 3, and were

determined, from the original data, accordingi® ¢équation [124]:

grE = gr - ¢1‘9r1 - ¢2£r2 (15)

(&,is the permittivity of pure compound i). The metbbh EtN, or + SULF, or + BzCN, or +

DMSO systems are characterized by > 0. In such cases, the interactions between @nlik
molecules lead to the formation of multimers oft@g effective dipole moments than those of
the pure compounds and this positive contributist is prevalent over those arising from the

disruption of interactions between like molecul&2,126]. For the remainder systems under
considerationg” < 0, and the contribution tg" from the breaking of the alcohol network and

of the dipolar interactions between solvent molesuk dominant [125,127-130]. It is to be

noted that the dependence &t for 1-alkanol + EtN, or + NTBz witm,,, is similar to that

observed for other mixtures such as 1l-alkanol Hotyxane, or + cyclohexylamine, or +

dipropylether [125]. This behaviour has been exgdiin terms of the weaker and lower self-
association of longer 1-alkanols [125] and seemiset@ general trend. Althougtf data for

solutions with EtN or NM and a given l-alkanol atedifferent temperatures, it is possible to

conclude that cooperative effects which lead tooaeneffective polarization of the mixture are
more relevant in EtN solutions sin& (EtN) is much higher thai® (NM). The same occurs
for BzCN systems with respect to those includingB®TThat is, alkanol-nitrile interactions

contribute more positively tos" than alkanol-nitroalkane interactions. The larged a

negatives® values of 1-propanol, or 1-butanol + NTBz mixtyresmpared with the results for

NM mixtures, are remarkable. They reveal that ttracture of the mixture compounds is
largely broken upon mixing. This may due to NM-NMtdractions are stronger than those

between NTBz molecules and to the aromatic comp®anel better breakers of the alkanol self-



association. On the other hand, cooperative effgetsnuch important in SULF systems than in

NM solutions, which is consistent with the resutstained from the Kirkwood-Buff integrals.
A surprising result is encountered for DMSO mixgires” (methanol) = 4.04 [80] <¢F (1-

propanol) = 6.19 [131]. This unusual behaviour rigé supported byNMR spectral studies
that show that the most stable complex is of tmenxfdMSO 3propanol [131] in the 1-propanol

solution, while is of the type DMS@methanol in the methanol mixture. Neverthelessjust

be underlined that large discrepanciesgprnvalues for the 1-propanol + DMSO system exist in

the literature. Thuse™ = —0.44 [132,133] or-4.9 [134].

Inspection ofg, results listed in Table 3 allows state that thesadered mixtures are
rather unstructured in terms of the dielectric pe&tion. In fact, at¢, = 0.5, g, values are
slightly larger than 1, or very close to 1. In daati, along a homologous series, whay),
increasesg, (@,) curves have progressively a wider region whggevalues remain close to 1

(Figure 6). That is, solutions become more unstmect, as interactions between unlike

molecules are then less relevant. For the sakeraparison, Figure 6 also includes thg(¢,)

curve for the methanol + hexylamine mixture. lth@entration dependence is very different,

showing a sharg, increase at lowp, values, which indicates that, in that region, riat¢ions
between unlike molecules largely contribute torttigture polarization.
5.5 Dynamic viscosities

We discuss now the values of viscosity deviatignsfthe linear behaviour, calculated

using the equation:

A ==X+ XJ1, (16)

wherey, stands for the dynamic viscosity of componentasits given below are at equimolar
composition. Firstly, it must be remarked that thg values listed in Table 3 are negative.

They can be explained assuming that the mixingges®deads to a higher fluidization of the
solution due to the breaking of alcohol self-asatbeh and of dipolar interactions between

solvent molecules. These negative contributions/Ap are prevalent over the positive
contribution related to the interactions betweetikenmolecules. On the other hand, for
mixtures with a given solvent) values decrease with the increasing@f, since alkanol-
solvent interactions become then less probableoriegly with this statement, largehs
values are encountered for methanol systems. Aaptxm is the sulfolane solution, which is

consistent with the very large and positiMe; value of this system. Viscosity and density data



can be used to determine the enthalfid ™, and entropyAS , of activation of viscous flow
on the basis of the Eyring’s theory [135-137]. Blarting equation is [138,139]:

In——m = *— 17)

The plots of In(; V/hNA) vs. 1T give a straight line for each mixture addH ", and AS can

be estimated from its slope and intercept. We haaleulated the values for the methanol +
DMSO, or + NM, or + EtN systems at equimolar conitias and 298.15 K using data from the
literature [140-142]. The results arAH" /kI}mol™* = 13.9 (DMSO0), 9.4 (NM), 8.1 (EtN) and

AS /kImol* K* = 5 (DMS0), -2 (NM), —3.9(EtN). It is clear that the activation process
from the initial state to the transition state agigen composition is mainly determined by

enthalpic effects. If one takes into account thémPas values of pure solvents in methanol

systems (1.991 (DMSO), 0.614 (NM), 0.341 (EtN)) i eems thaf\H " is largely dependent
on such values. Other effects are, of course, pteseis pertinent to compare results for

methanol + DMSO, or + cyclohexylamine mixtures sirioth solvents have very similgr

values (1.908 mPa for cylohexylamine [143]). For the amine solutidkH = 17.6 kdmol™;
AS = 10.2 3mol™* ‘K™ [143]. These results suggest the importance efastional effects on

AH" values. We must remark the large difference exdshietween theH £ /Jmol™ values of

these systems=3248 (cyclohexylamine) [144]-391 (DMSO) [98]. It seems thaf\H"
increases when alkanol-solvent interactions becsinmager. Nevertheless, an extension of the
available database, including new accurate viscosgasurements, is required to investigate
this matter in detail, as size and shape effe@satso relevant when analyzing viscosity data
[145].

6. Conclusions

Many of the considered systems are located betwten lines G- =H\/2

andG-=H "

m?

and consequently are characterized by dipolaraetions, showing positive

values foH £, CFE,m andTS; . For systems with a given 1-alkanol, interactibesween unlike

molecules become weaker in the order: DMSGULF > EtN > NM > BzCN > NTBz; and in

systems with a fixed solvent they are weakened wheri-alkanol size increases. The studied

E

mixtures also show strong structural effects. kt,td, ., and U\,Em results do not largely differ,



except for a few systems (58.6%. for the methanbIMSO system). The impact of structural
effects is larger for excess entropies. Calcufation Kirkwood-Buff integrals reveal that
systems containing NM, or NTBz, or BzCN or SULF tbe 1-octanol + EtN mixture are
characterized by interactions between like molecule contrast, local mole fractions are very
similar to the bulk ones for DMSO systems or forxtmies including EtN and shorter 1-
alkanols. In such cases, the mixture structurebsmaascribed to the existence of orientational
effects. On the other hand, our results indicas¢ tiitriles are more preferred than nitroalkanes

around a central alcohol molecule. It has been sti®ovn, from theg, values obtained in this

work, that the systems are rather unstructured tlaaicthis trend becomes more relevant when

the chain length of the 1-alkanol increases intsmis with a given solvent.

7. List of symbols
Cp heat capacity at constant pressure
AH enthalpy of interaction (equation 13)
AH standard enthalpy of vaporization
Ok Kirkwood's correlation factor (equation 6)
G Gibbs energy
Gj Kirkwood-Buff integral (equations 1-3)
H enthalpy
Noyy number of C atoms in 1-alkanol
S entropy
S entropy at constant volume
T temperature
U, internal energy at constant volume
Vv volume
X mole fraction in liquid phase

Greek letters

Op isobaric themal expansion coefficient
£ relative permittivity

@ volume fraction

n dynamic viscosity

Ky isothermal compressibility

U dipole moment

effective dipole moment (equation 10)

RN



r

x12

relative standard deviation (equation 11)

interaction parameter in the Flory model

Superscripts

E

excess property

Subscripts

N
m
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TABLE 1
Physical properties of pure compounds at 29815 K

Compound V.| HI1D a AAH, a,l Kl
cm'mol™* 103K 10*2-pat

Ethanenitrile 52.87 [1] 3.53[1] 1.858 23.6[146] 1.41[1] 1070 [1]
Nitromethane 53.96 [1] 3.56[1] 1.855 28.6[146] 1.24 [1] 738[147,148]
Dimethylsulfoxide 71.33 [1] 4.06[1] 1.840 36.6[1,146] 0.928 [1] 520 [1]
Sulfolane 05.24 [12%] 4.81[1] 1.870 39.1[146,149] 0.8[150] 505 [1,150]
Benzonitrile 103.06 [1]  4.01[1] 1.51217.7[146,151] 0.86[1] 611 [152]
Nitrobenzene 102.74 [1] 4.0[1] 1.51018[146,153] 0.833[1] 424 [154,155]

V., molar volume;u, dipole moment;z, effective dipole moment (equation 1(1)AHvap,

differences between the standard enthalpy of vagtioin at 298.15 for a compound with a

given polar group and that of the corresponding droorphic hydrocarbon (equation 9y;,,

isobaric expansion coefficienk; , isothermal compressibility factdivalue at 303.15 Kiusing

K (adiabatic compressibility) = 40B0** P4 [150] andC, = 180 Jmol™K™ [1]



TABLE 2

Excess molar functions at constant pressure, epythairﬁ, Gibbs energy,Grﬁ, entropy,T&'ﬁ,

and vqume,VmE, and excess molar functions at constant volunternal energy,UVEm, and

entropy, TS, for 1-alkanol(1) + polar compound(2) mixtures auiegplar composition and

298.15 K.
1-alkanol HE/ GE/ TS/ VE/ U,/ TS,/

Jmol* Jmol* Jmol* cm®mol* Jmol* Jmol*

l-alkanol + ethanenitrile
Methanol 1086 [156] 668 434 -0.142 [122] 1147 495
Ethanol 1502 [156] 838 664 -0.026 [122] 1511 673
1-propanol 1829 [97] 956 873 0.055 [122] 1810 854
1-butanol 2044 [157] 1038 1006 0.104 [122] 2009 971
1-pentanol 2005 [105] 0.159 [122]
1-hexanol 2313 [105] 0.205 [122]
1-nonanol 2671 [158]
1-decanol 3032 [158] *
1-alkanol + nitromethane
Methanol 1265 [96] 1040 [159] 225 -0.152 [101] 1323 283
Ethanol 1632 [96] 1170 [159] 462 0.026 [160] 1623 534
1-propanol 1911 [96] 1284 758 0.235[160] 1826 672
1-butanol 2131 [96] 1338 793 0.333 [160] 2011 673
1-hexanol  2781[161] 1424¢ 1357
1-alkanol + DMSO
Methanol -391 [98] -718 327 -0.588 [162] -162 556
Ethanol 459 [98] -397° 850 -0.228 [162] 544 935
1-propanol 762 [98] -200 892 -0.038 [162] 776 906
1-butanol 969 [81] -45° 1014 0.114 [162] 927 972
1-pentanol 1180 [81] 62 1118
1-hexanol 1334 [81] 129 1205 1209 1080
1-octanol 1502 [81]
1-decanol 1606 [81]
1-alkanol + sulfolane

Methanol 1551 [120] 91724 640 -0.826 [121] 1871 961
Ethanol 1971 [120] 1128¢ 843 -0.697 [121] 2223 1095



TABLE 2 (continued)

1-alkanol + benzonitrile

Methanol 976 [163] 862 114 ~0.358 [163] 1105 243
Ethanol 1209 [163] 948 261 -0.330 [163] 1325 377

1l-propanol 1454 [163] 1196 258 -0.262 [163] 1545 349

1-alkanol + nitrobenzene

Methanol 1109 [164] 1256 -147 —-0.386 [165] 1273 17
Ethanol 1430 [166] 1331 99

1-propanol 1807 [166] 1380 427 -0.192 [167] 1883 503

1-butanol 1946 [166] 14061 545 -0.117 [167] 1992 591

*DISQUAC valueextrapolated value from DISQUAC resulfsalue at 313.15 K; ‘value at
303.15K



TABLE 3

Excess permittivieserE, and Kirkwood correlations factors), , at ¢, = 0.5 and deviations of

dynamic viscosities,An7, at x = 0.5 for 1-alkanol(1) + organic solvent(2) mixar at

temperaturd.

System TK £F Ok T/K AnImPas

Methanol + ethanenitrile 298.15 0.51 [37] 1.38 298. -0.08[141]

ethanol + ethanenitrile 298.15 -0.24[141]

1-propanol + ethanenitrile  298.15 —-1.40 [168] 1.13 298.15 -0.54[141]

1-butanol + ethanenitrile 298.15 —-1.48 [168] 1.03 298.15 -0.79[141]

1-pentanol + ethanenitrile 298.15 -1.67 [168]

1-hexanol + ethanenitrile 298.15 -1.57 [168]

1-heptanol + ethanenitrile 298.15 —-1.48 [168] 0.97

Methanol + nitromethane 293.15 -1.74[133,169] 1.29 293.15 -0.07[142]

ethanol + nitromethane 293.15 -2.55[133,169] 1.13 293.15 -0.24[142]

1-propanol + nitromethane  293.15 -3.20 [133,169] 1.04 293.15 -0.54[142]

1-butanol + nitromethane

Methanol + DMSO 298.15 4.04 [80] 157  298.15 -0.22[140]

-0.21 [80]

ethanol + DMSO 298.15 0.066 [134] 1.37  298.15 -0.31[140]

1-Propanol + DMSO 298.15 6.19 [131] 155 298.15 -0.40 [140]
-4.9 [134] -0.52 [131]

-0.44 [132,133]

1-butanol + DMSO 298.15 -0.7[132,133] 124  298.15 -0.51[140]

Methanol + sulfolane 298.15 0.602 [170] 1.33 298.15 -3.18 [170]

Ethanol + sulfolane 293.15 - 0.85[133,17%] 1.21

Methanol + benzonitrile 293.15 0.584 [133,169] 1.37 303.15 -0.031 [54

ethanol + benzonitrile 293.15 0.40[133,169] 1.21 303.15 -0.140 [54

1-propanol + benzonitrile  303.15  —0.86 [172} 1.13  303.15 -0.315[54}

1-pentanol + benzonitrile 303.15 -0.678[54]

Methanol + nitrobenzene 293.15 -1.26[133,169] 1.32 298.15 -0.055[173]

ethanol + nitrobenzene 293.15 -2.46 [133,169] 1.20 298.15 -0.18[173]

1-propanol + nitrobenzene  293.15 -4.01 [133,169] 1.10 298.15 -0.40[173]

1-butanol + nitrobenzene 293.15 -4.23[133,169] 298.15 -0.56 [173]

1-pentanol + nitrobenzene  293.15 -2.67 [133,174] 1.13

1-heptanol + nitrobenzene  293.15 -0.90 [133,174] 1.17




dalue at 293.15 Kivalue at 303.15 K

TABLE 4

First dispersive interchange coefﬁciemgﬁ, for (s,hf contacts in 1-alkanol + benzonitrile, or

+ nitrobenzene, or + sulfolane mixtures.

C25 (contact) Methanol Ethanol 1-propanol 1-butanol
C25 (OHICN) 7 8.5 P

C2S (OHING,) 0.12 0.5 1 1

Cas (OH/SQ) 35 3.5 3.3 ckei

% = CN in benzonitrile; s = NQOn nitrobenzene; s = SAn sulfolane; h = OH, in 1-a|kano|§;
[18] ; [17]; “[13]



TABLE 5

Values of the Kirkwood-Buff integralss; , and of linear coefficients of preferential sdiwa,

5” at 298.15 for the mixtures 1l-alkanol(1) + nitethmane(2) (NM), or + ethanenitrile(2)

(EtN), or + nitrobenzene(2) (NTBz), or + benzota2) (BzCN), or + DMSO(2), or +

sulfolane(2) (SULF) systems. Maximum/minimu@) and d'ij values are reported including the

concentration ) at which these maxima/minima are encountereden@iise, G, and 9,

results are determined at equimolar concentration.

System G,/ G,,/ G,/ 0,/ 0,/
cn®molt  cm®mol*  cn® mol® cn? molt cm® mol*
Methanol + NM 281 310 -175 -99 75
(x%=0.30) (x=0.85) (x=042) (x=0.37) (%=0.76)
Ethanol + NM 1222 1061 -1192 -590 555
(%=0.43) (x=048) (x=046) (x=045) (%=0.47)
1-propanol + NM 2319 1621 -2000 -996 847
(x%=0.36) (%=0.39) (x=0.37) (x=0.37) (%=0.38)
1-butanol + NM 2941 3577 -3244 -1441 1619
(%=037) (x=041) (x=0.39) (%=0.38) (%=0.40)
Methanol + EtN 21 -24 -83 -26 15
1-propanol + EtN -9 110 -163 -38 68
1-butanol + EtN -14 246.5 =221 -51.7 117
1-hexanol + EtN -45 561 -309 -66 217
1l-octanol + EtN 1264 1266 -1170 -378 486
(%=014) (%=035) (x=023) (%=023) (%=033)
Methanol + NTBZ 480 1576 -585 =207 205
(x%=0.50) (x=0.93) (x=0.86) (x=0.29) (%=0.86)
1-propanol + NTBZ 1610 4046 —2487 -897 1339
(%=0.63) (x%=092) (x=068) (%=0.65) (%=0.69)
1-butanol + NTBZ 2650 5501 -3758 -1457 2125
(x%=058) (x=0.64) (x=0.62) (x=0.62) (%=0.63)
Methanol + BZCN 275 308 -349 -125 101
(x,=0.66) (%=0.86) (x=0.76) (%=0.67) (%=0.79)



TABLE 5 (continued)
Ethanol + BZCN

1-propanol + BZCN

Methanol + DMSO
Ethanol + DMSO
1-Propanol + DMSO
1-butanol + DMSO
Methanol+ sulfolane

Ethanol + sulfolane

1-propanol + sulfolane

1-butanol + sulfolane

326

(x,=0.55)
401

-104
236.4
615.9

(X, = 0.56)
1088
(x,=0.53)
2594
(x,=0.50)

340 -402
(%=0.78) (x,=0.67)
1040 -540
(x=0.87) (x=0.70)
-91 -30
-89 -45
-80 -59
-66 -73
-65.8 -155
730 -589
(%=0.72) (x,=0.65)
1267 -1234
(%=0.62) (x=0.58)
2812 -2786
(%=0.54) (x=0.52)

-164

(x,=0.59)
-205

-97.9
-303.7
(X, = 0.59)
-561
(x,=0.55)
-1332

(%= 0.51)

146
(%= 0.68)
255
(%= 0.73)

22.4
303.6
(X, = 0.66)
589
(X, = 0.59)
1382
(x,=0.52)




TABLE 6
Partial molar excess enthalpfes};, atT = 298.15 K at atmospheric pressure for solute(1)

+ organic solvent(2) mixtures, and enthalpies o&lkanol/solvent (polar group X)

interactions AH,, ., for 1-alkanol(1) + organic solvent(2) mixtures.

System HE® /kJmol™ AH ., /kI:mol™
Ethanenitrile(1) + gH1x(2) 15.0 [175]

DMSO(1) + alkane(2) 25.0 [94]

Sulfolane(1) + hexane(2) 32.@5]

1-pentanol(1) + ethanenitrile(2) 11.9 [105] -26.3
1-hexanol(1) + ethanenitrile(2) 13.9 [105] -24.3
Methanol(1) + DMSO(2) -1.58 [98] —49.8
ethanol(1) + DMSO(2) 0.90 [98] -47.3
1-propanol(1) + DMSO(2) 2.51 [81] -45.7
1-butanol(1) + DMSO(2) 3.34 [81] -44.9
1-pentanol(1) + DMSO(2) 5.33 [81] -42.9
1-hexanol(1) + DMSO(2) 6.55 [81] -41.7
1-heptanol(1) + DMSO(2) 7.87 [81] -40.3
1-octanol(1) + DMSO(2) 9.55 [81] -38.7
1-decanol(1) + DMSO(2) 12.0 [81] -36.2
Methanol(1) + sulfolane(2) 5H5] -49.8
ethanol(1) + sulfolane(2) 6.215] -49.0

*rom activity coefficients at infinite dilution fahe sulfolane + hexane system in the
temperature range (334.6-341.4¥alue at t 303.15 K



TABLE 7

Results for the regressions of the tygé (x = 0.5;T/K= 298.15) =m+ nY?for 1-

alkanol(1) + organic solvent(2) mixtures.

Solvent Now b Regression re o /3mol™
Ethanenitrile 12,34,6910 HE=5790+0.14@H,, ., 0.983 134
1,234 H: =8065 + 0.218H,,., 0.990 71
Nitromethane 1,2,3,4 H:E =5286 +0.132H,,,,,, 0-995 44
Dimethyl sulfoxide 1,2,3,4 HE =13339 + 0.278H,,, . 0.992 93
5,6,7,8,10 HE =3819 + 0.060H,,, 0.980 46
Benzonitrile 1,2,3 HE =5909 + 0.18AH,,. ., 0-976 74
Nitrobenzene 1,2,3,4 HE = 4763 + 0.158H, 0, 0.996 44
Ethanenitrile 1,3,4,6 HE =512- 28.750,, 0.943 214
Nitromethane 1,2,3,4 HE =1227- 0.655,, 0.996 42
Dimethyl sulfoxide 1,2,3,4 HE = -2339 +438.35,, 0.946 238
Benzonitrile 1,2,3 HE =229 +5.975,, 1 0.02

%Y = AH,,,, /Jmol™* (enthalpies of the 1-alkanol/solvent (polar gré{)pnteractions; values

from Table 6 and [16,17])n units: Imol%;Y = 521/cm3~mol'l (linear coefficients of preferential

solvation for molecules of polar compound arouréiatral 1-alkanol molecule; values from

Table 5); munits: Jmol™; n units: Jcm®, number of C atoms in the 1-alkanbtoefficient of

linear regressiorfstandard deviationg, (H ) :{ﬁ D(Hiee~Hoed 32
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Figure 1 Kirkwood-Buff integrals, G;, for the 1-butanol(1) + nitromethane(2)

system at 298.15 K
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Figure 2 Linear coefficients of preferential solvatio@);, for 1-butanol(1) +

nitromethane(2) (NM), or + sulfolane(2) (SULF) srss at 298.15 K



200
_ 1-butanol( 1]=22) —
100 T
_O methanol( 1]=22)
£
(VJE 2 methanol ( 1]=21)
0
AN i _
‘(S' 1-butanol( L]=21)
- 100 =
- 200 T T T T T T T T T
0.0 0.2 Q.4 0.6 0.8 1.0
Z,
Figure 3 Linear coefficients of preferential solvatior),, for 1-alkanol(1) +

ethanenitrile(2) systems at 298.15 K.
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Figure 4 Linear coefficients of preferential solvatior),, for 1-alkanol(1) +

DMSO(2) systems at 298.15 K
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Figure 5 Linear coefficients of preferential solvatior),, for 1-alkanol(1) +

nitrobenzene(2) systems at 298.15 K




3.5

Figure 6 Kirkwood correlation factors,g,, for the systems at 298.15 K: (1),
methanol(1) + ethanenitrile(2); (2), 1-propanolflethanenitrile(2); (3),
1-heptanol(1) + ethanenitrile(2); (4), methanoklhexylamine(2); (----)
[176], 1-propanol(1) + nitromethane(d) € 293.15 K).
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Figure 7 Kirkwood correlation factors,g,, for the systems 1-propanol(l) +

nitrobenzene(2) (solid liné€l, = 293.15 K), or + benzonitrile(2) (dashed
line, T =303.15 K).
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ethanenitrile (EtN) [179], or nitrobenzene (NTBz)8(-186], or +
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G~ vsH S diagram for mixtures investigated in this work. Meas of the

excess molar functions are given at equimolar caitipo and 298.15
K (see Table 2). Symbols®(), 1-alkanol + NM; (O), 1-alkanol + EtN;
(A), l-alkanol + NTBz; I[(0), 1l-alkanol + BzCN; 4), 1l-alkanol +
sulfolane T = 303.15 K); W),1-alkanol + DMSO. For comparison are
also represented the following mixture®)¢ (1) cyclohexane + hexane
[110,111]; (2) ethanol + hexane [92,100]; (3) dinytcarbonate +
heptane [113,114].



HIGHLIGHTS
®» 1-akanols + CH3;NO,, CH;CN, CH3;SOCH,;, sulfolane, CsHsNO, or CgHsCN are
studied

» A database containing H:, G5, TS:, C©

pm

V=, LLE & and A valuesis used

» Kirkwood-Buff integrals and the Kirkwood correlations factors are determined
= Dipolar interactions between like molecules are dominant. Structural effects are also

important

» The G- vsH . diagram has been plotted.



