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Excess properties of binary mixturesmhlkanes have been evaluated from perturbation theory. A
good equation of state for the reference system mixture is combined with a simple approximation to
the perturbation term and with a reasonable set of potential parameters to yield a qualitatively
correct description of the trends of excess volumes and excess Gibbs energikarie mixtures
without the need for any adjustable parameter. Moreover, the theory can be made quantitative by
introducing two adjustable parameters for each temperature. These two parameters have a clear
molecular origin and they could be removed if some of the approximations of the theory proposed
here were replaced by a more rigorous evaluation. In this sense this paper is just a first step toward
a fully molecular theory of excess properties of alkanes. Excess properties estimated from
perturbation theory by using these two adjustable parameters are in excellent agreement with
experiment and are clearly superior to those obtained from the classic FOV theory proposed by
Flory, Orwoll and Vrij[J. Am. Chem. Sod6, 3507, 35151964]. It is our view that the theory of

this work is also conceptually superior to the FOV theory, since it rests on a more rigorous
molecular basis. ©1999 American Institute of Physids$S0021-960609)51431-]

I. INTRODUCTION a number of adjustable parameters for each substance and
mixture which must be fitted to experimental data. In par-
Experimental interest in the properties of alkane mix-ticular, the theory requires knowledge of the molar volume
tures is probably due to the importance of alkanes within theand some of its derivatives, such as the isothermal compress-
oil industry. However, mixtures of alkanes constitute also aribility and thermal expansion coefficiertSince experimen-
interesting challenge for liquid theories since long ago. Thaal data of isothermal compressibilities and thermal expan-
first important step toward an understanding of this type okion coefficients of pure alkanes were scarce at that time, a
mixtures was led by Prigogine’s group in the fiftteBrigog-  number of experimental groups undertook their determina-
ine and co-workers extended the cell theory developed byion. In particular, experimental determination of these coef-
Lennard-Jones and Devonsfirer spherical molecules to ficients was a very active area of research in our department
the case of flexible molecules. Although this extension wasver the sixties and seventi€s2° The FOV theory has be-
at the cost of introducing thad hocparameter “c” which  come quite popular in describing excess properties of mix-
gives “the number of translational degrees of freedom petures and its influence is quite large on experimental groups,
monomer,” it met considerable success. In the early sixtiegngineering oriented groups and polymer research
Freeman and Rowlinsdriound fluid—fluid immiscibility in  groups?%-??
n-alkane mixtures with large differences in size. This finding A major achievement in the field of statistical mechanics
was rather puzzling for the community of that tith€,as it of fluids occurred in 1967 when Barker and Henderson pro-
contradicted the old and well established principle “like dis- posed a perturbation theory for spherical Lennard-Join&s
solve like.” This surprise stimulated the theoretical researctsystems>24 The theory was both satisfactory from a quan-
in n-alkane mixtures. Obviously an intermediate step to uniitative point of view and from a conceptual point of view,
derstand the immiscibility oh-alkane mixtures with large since it was firmly based on statistical mechanics. A further
differences in size is to understand the excess properties @hprovement by Weeks, Chandler and Andef3dad the
lighter n-alkane mixtures. Initial attempts to explain the be-theory to even better quantitative results. In the seventies and
havior of n-alkane mixtures were done by Patters@md eighties, perturbation theories were extended successfully to
Flory et al,’ 1% though many other approaches were pro-linea®=?°and nonlinear rigid moleculeS.However, the ex-
posed latet!=* The treatment of Flory, Orwoll and VFfij tension of perturbation theory to flexible molecules has not
(hereinafter denoted as FQWeveloped in the middle sixties yet achieved the same degree of refinement. In some studies,
can be considered as a modification of that of Prigogine. Thélexible molecules are treated as linear rigid molecilles
repulsive forces are treated in a similar way but the attractivevhich is obviously a severe approximation. Other studies
forces are treated within a mean field approximation. Thevhich fully account for flexibility have not been extended to
FOV theory when applied to-alkane mixtures yields results molecules longer tham-butane®? Studies of perturbation
in excellent agreement with experiment. The theory containsheory of mixtures of flexible molecules are even more
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scarce than those of pure fluids. However, the progress pethe fitting can be eventually removed if some additional the-
formed in the last 15 years in the study of flexible moleculesoretical work is performed. This paper pretends to be a first
allows one to think that the time for development of pertur-step in the long range goal of showing that perturbation theo-
bation theories for flexible molecules has now arri¥éth ries can be used to describe quantitatively the excess prop-
fact, for the pearl necklace mod&l model of fully flexible erties of mixtures of flexible molecules.
tangent hard sphereand its LJ version, quite good theories The scheme of the paper is as follows. In Sec. Il the
are now available which are both satisfactory from a quantimean field perturbation theory used in this work is briefly
tative and a conceptual point of vieit >’ The same is true described. In Sec. I, we show how to correct for the mean
for pearl necklace-like mixture§-*?> Nevertheless, the situ- field by introducing a meaningful, temperature dependent pa-
ation is not yet fully satisfactory, since perturbation theoriessameter. The effect of conformational changes on excess
have not been implemented successfully to more realistiproperties is considered in Sec. IV. Section V is devoted to a
chain molecules with fixed bond angles, a torsional potentiafliscussion of the results obtained from the parametric form
and contiguous overlapping monomers as is the case @ff our equation of state. Finally, in Sec. VI the conclusions
n-alkanes. to this work are presented.

Perturbation theory has a clear molecular origin, with
well Qef|ned approximations and ther.efo_re it has become.thﬁ_ A MEAN FIELD PERTURBATION THEORY FOR n-
favorite treatment adopted by the liquid state community,n| K ANE MIXTURES
working mostly in physics, physical chemistry or even in
chemical engineering. There are two reasons why the FOV  In the preceding paper, hereinafter denoted as paffer |,
theory is not popular among the theoretical liquid state comwe presented a rather general approach to first order pertur-
munity. First of all, the cell theory has been abandoned irbation theory for flexible molecules. The reference system
liquid research statélthough it is quite a good theory for was accurately described by a modification of Wertheim’s
solid$®~49. Second, the parameter “c” of Prigogine has an EOS, which has shown to give very reliable results for
obscure molecular origin. In fact, it cannot be derived fromn-alkanes:>~>>However, in order to make the theory simple,
any theoretical treatment and remains a completely empiricsome approximations were made for the remaining intra-
parameter. Because of that, the FOV theory is not considergaolecular and perturbation contributions. Essentially, we ig-
a useful tool by the liquid state community. On the othernored the effect of conformational changes on the equation
hand, experimentalist and polymer research groups still usef state and invoked the simple mean field approximation for
the FOV theory because tractable perturbation theories have first order perturbation term. The implementation of the
not been extended to realistic flexible molecules such agean field approximation is not unique and we suggested
n-alkanes or real polymers, so that there is no theoreticdWo alternative possibilities. In the first version, hereinafter
alternative yielding results in quantitative agreement with exdenoted as mean field(MF1), the structure of the reference
periment. system as given by the site—site correlation functions was

In the last years we have worked in the implementatior@Pproximated by a Heaviside step function. In the second
of perturbation theory for alkane and alkane mixtures. The/ersion, denoted as mean fieldF2), the structure of the
simple mean field approximation has been adopted. The réeference system was approximated by its zero density limit.
sults presented by the theory have not been quantitative butAs our main interest in this paper is to describe excess prop-
number of qualitative features of alkane and alkane mixture§'ties in the liquid regime, we expect the MF1 approach to
have been described correctly. In particular, the existence d¢i¢ more appropriate and we will mainly consider this ap-
a maximuni®*8in the critical pressure and densffythe  Proach in what follows. The reader is referred to paper | for
effect of branching*>*on the critical properties and the gen- further details on the theory and on notation. Contrary to
eral shape of the critical lines of alkane mixtu¥dsave been Paper I, where we were mainly concerned with linear and
described by the theory. In this work we study the perfor_branched alkanes of low molecular weight, in this work we
mance of this theory for describing excess properties owvill concentrate on linean-alkanes that span the range from
n-alkanes. Although our main aim is to show that with aC4 0 Geo. We thus find it convenient to employ an alterna-
simple and molecular based theory excess properties of afive force field that very much resembles that used previ-
kanes can be described qualitatively, we shall also try to g@US!Y in og?_}sr to describe the second virial coeﬁjuerggs of
one step further in the search for quantitative agreement. Od}'?lkangé " Moreover, recent computer simulatioi$ .
aim is to show that perturbation theory can be used succes¥Sing similar parameters obtained reasonable agreement with
fully to describe quantitatively excess properties of alkanéEXPeriment fom-alkane liquids. We will use a single size
mixtures. In particular, it will be shown that perturbation Parameter,ocy, = ocy,=3.85 A and two strength param-
theory is comparable in accuracy to the popular FOV theorgters,ecn,/kg=104 K, ecyy, /kg=49.7 K. Note that we have
in describing excess properties of alkanes. For that purposslightly modified the size parameter proposed previotisly,
we shall fit some parameters of the theory to experimentairom 3.923 A to 3.85 A(the change being less than 2%
data. One may argue that this leaves our treatment in thibecause better agreement with experimental excess proper-
same empirical category as the FOV. However, it will beties was achieved. Furthermore, this allows us to use the
shown that since the theory has a clear molecular origin, thempirical fit to the nonsphericity parameter and to the mo-
parameters required in our treatment have a clear molecul&ecular volume proposed by us in previous wétilthough
meaning and this is in contrast to the FOV theory. Moreoverthe size parameter used in that work was3.923 A, we



3194 J. Chem. Phys., Vol. 111, No. 7, 15 August 1999

TABLE I. Excess volumesin cm®/mol) for n-alkane mixtures as obtained
from experiment and for the MF1 and MF1C versions of the perturbation
theory. The temperature in Celsius is denoted. as

Mixture t i vieie Ver

Cs+Cio 20 -0.45 —-0.24 -0.20

Cs+Crz 20 -0.70 —-0.39 -0.31

Cs+Cua 25 —0.96 —0.54 —-0.52

Ce+Cig 20 —-1.08 -0.61 —0.49 (2
Ciot+Cig 20 -0.16 —-0.09 —-0.07

Cg+Cis 20 —-0.42 —0.24 -0.19

find that simply rescaling the molecular volume of that fit by
(3.85/3.923§ gives a very good estimate for the volume of
our model. The differences with the potential parameters of
the previous paper are mainly due to two reasons. In the first
place, the parameters used in paper | were optimized to de-
scribe the properties of a very large set of both branched and
linear alkanes. We found that the use of completely transfer¢3)
able potentials for such a set was at the cost of changing the
Lennard-Jones parameters previously optimized for
n-alkanes. Second, the optimization procedure is different, as
the set used in paper | was optimized for use in the mean
field theory proposed in that paper, while the parameters
used here were optimized to predict experimental second
virial coefficients ofn-alkanes. We cannot expeat priori
that the parameters used in the previous paper will give the
best agreement with experiment when tested by means of
simulation, as the theory includes several approximations
which may have required to alter these. On the other hand,
the set of parameters used in this paper are known to yield
rather good predictions for the second virial coefficients and
liquid vapor equilibrium ofn-alkanes?%8:%°

Let us now compare the predictions of the MF1 theory
for the above force field with experimental results. In Table
I, experimental excess volumes for somalkane mixtures
at T=298.15 K and atmospheric pressiifé?are compared
with the MF1 theony’® As can be seen, the MF1 theory gives
fair qualitative agreement, correctly predicting the sign an
order of magnitude of the excess volume, even though th
results are systematically overestimated by a factor of 2 or
so. Other less evident trends are also predicted by the theor
namely, the increase of absolute value of the excess volume
when the difference in size of the components increéses
lines 1 to 3 of Table)land the decrease in excess volume as
the size of the components increases at fixed size differenc
(compare lines 3 and 6 of Tablg It may appear somewhat
surprising that the MF2 theory, which described the critical!
lines of alkane mixtures with relative success, completel))
fails in describing the excess volumes of the same mixture
(results not shown In fact, predictions of this theory were
wrong by a factor of 10 or more and we will no longer
consider this version in what follows. These findings can b
rationalized if one considers the following facts:
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be rather reasonable for the purpose of describing critical
lines. On the contrary, the excess properties we are con-
sidering refer to the liquid state, which typically has
much higher packing fraction§.e., y>0.45). At such
high densities, the structure of the fluid is considerably
modified relative to that in the low density limit and the
MF2 approximation seems to be no longer valid.

The MF1 theory approximates the contribution per site
to the first order perturbation term () to a constant
which is independent of chain length and of density. As
was shown in paper (see Fig. 6 the average contribu-
tion per site to the first order perturbation term does not
depend much either on density or on chain length and
this is correctly described by MF1. On this basis, it can
be stated thaperturbation theories which assign a den-
sity and chain length independent sitgte correlation
function will provide a qualitatively correct description
of pure fluids and mixtures of linear chain molecules in
the liquid state.

Although apparently quite crude, the Heaviside function
is a reasonable approximation to the structure of a high
density linean(not branchegfchain fluid. That this is so
can be seen for example in the paper of Martin and
Siepmanr?? where site—site correlation functions for
n-alkanes in the liquid state are obtained from simulation
and are seen to resemble a Heaviside step function rather
closely. Further evidence arises from Fig. 6 of our pre-
vious paper. In this figure, the value bf e agefor n=1
andy=0 is the mean dispersive energy felt by a mono-
mer whose site—site correlation function is a Heaviside
function (i.e., for hard spheres the low density limit is
the Heaviside function Comparing this value with that
obtained for the mean dispersive energy of relatively
long chain molecules at moderate liquid densities it can
be seen that differences are not more than a 10% or so.
Accordingly, the value of ,¢age@dopted by the Heavi-
side function is not too far from its typical liquid value in
chain molecules

Points 2 and 3 illustrate why MF1 gives qualitatively

8orrect results for mixtures of chain molecules in the liquid
tate. However, to bring the theory into quantitative agree-
glent with experiment it is necessary to go one step further.

Ill. CORRECTING FOR THE MEAN FIELD APPROACH

In accordance with point 2 of the previous discussion,

the mean field integrald,,, will be set to a constant inde-
pendent of chain length, density and type of site. However,

n order to correct for the deficiencies noted in point 3, we
hall allow these constants to be slightly different from the
value obtained assuming a Heaviside step function. By de-
noting the latter value ad"™, the modified mean field inte-
egrals; are now written as follows:

ha(y)=Fy(T)IM, @

(1) The MF2 theory approximates the pair correlation func-where F,(T) is a substance independent parameter which
tion of the reference system by its low density limit. corrects for the lack of correlations introduced by the MF1
Since the packing fraction along the critical lines is notapproximation. Since the Heaviside step function is not a bad
too high(i.e.,y=0.10), the MF2 approximation turns to description for the site—site correlation function in the liquid
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FIG. 1. Densities ofh-alkanes(at T=298.15 K and zero pressyrgom C,  FIG. 2. Equation of state ofi-hexane anch-hexadecanédensity versus

up to Gg as obtained from experimefgymbols and from the MF1C per-  pressurgat 60 °C as obtained from the perturbation theory ME&@nbols

turbation theory of this worksolid ling). Experimental results were obtained and from experimentiines). Experimental results were obtained using Sim-

by using Simha’s equation of statRef. 74 with the parameters given in  ha’s equation of statéRef. 74 with the parameters reported in Ref. 75. The

Ref. 75. molar volume is denoted by, and the molar volume at zero pressure is
denoted av,.

state we expect the value &f(T) to be close to one. To

lead the theory to quantitative agreement with experimentpressures ofi-hexane ana-hexadecane at 60 °C as obtained
some experimental information must be introduced at thigrom theory is compared with experimental data. The agree-
point. We shall fix the value oF; at each temperature by ment between theory and experiment is fair. In Table I, ex-
imposing the condition that the density mfdecane (G) at  perimental excess volumes are compared with MF1C, show-
zero pressure as obtained from the theory matches the eitg that the introduction of the fitting parameter considerably
perimental orthobaric density. In this way, only one experi-improves the predictions of the theory.

mental data per temperature is needed and the temperature We have also tested the predictions of the theory for the
dependence of thE, parameter in the range 20—120 °C is chemical potentials and activity coefficients. Using the sym-
well described by the simple relatioff;=(1.092630 metric criterion, the activity coefficient of component 1,
—0.000453)2 (t is the Celsius temperatyreAnalysis of can be obtained as:

this fit shows thaf; is everywhere close to one. This pro- 0 _ _

vides further evidence for the fact that the Heaviside step #a(TPoxe) = pa(T,P) ke T In(xy) =kgTIn(y1),  (2)
function is a fair approximation to the site—site correlationwhereu,(T,P,x;) is the chemical potential of component 1
function of alkane liquids. The temperature dependence of the mixture angwd(T,P) is the chemical potential of com-
F, reflects the decrease of correlations which follows fromponent 1 wherx;=1. The chemical potentials can be ob-
the decrease of the orthobaric densities as temperature itained by differentiating the Helmholtz free energy:

creases. IA KT u
Although we obtain the parameté, fitting to experi- NB ) - ﬁ 3)
mental data, it must be pointed out that this parameter has a INy TVN, B

clear molecular origin. 'T‘ fgture _work this p_aramete_r can be As the algebra required to obtain the chemical potential
calculated theoretically if site—site correlation functions are

. X ) ) is invol it i i to check for th i
obtained from integral equatiofi$®® In this work, however, " *> ved, it is a good idea to check for thermodynamic

we will keep the theory as simple as possible while Sti"con5|stenc§7 using the expression:
retaining the molecular framework. Since bdth and |M™ exe
are density independent, our theory is still of the mean field WBszl IN(y1) +x21n(y2). )
type. Since it is closely related to the MF1 theory, this ver-
sion of the theory which includes the paramefgrwill be
denoted hereinafter as MF1 correciddF1C).

Let us now present results for the MF1C theory. In Fig.
1, the experimental orthobaric densities of alkanes from C
to Cigat 298.15 K are compared with the theoretical predic-
tions(zero pressure densitled\s it can be seen, although we TABLE 1. Logarithm of the activity coefficient of component 1 at infinite

We have checked that our calculations indeed satisfied this
equation.

In Table Il, the activity coefficients of the lightest com-
ponent(component 1 at infinite dilution as obtained from

force F, to match the experimental density of £ the de-
scription of the experimental data of othealkanes not in-

dilution as obtained from MF1C and from experiment.

. SN o Mixt t F1G X
volved in the fitting is fairly good. This is easy to understand paure In(1=*9 InGE)
if one invokes again the hypothesis that site—site correlation  Cs+Cyg 35 —0.089 —-0.138
functions become almost independent of chain length at high ~ Ce*+Cis 40 —0.062 —0.094
densities. The theory describes not only the zero pressure 261824 gg :g'gﬁ :8'223
densities but also provides a fairly good description of the C;Jrcz‘z‘ 75 0330 0325

high density regime. In Fig. 2, the equation of state at high
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700 T T T T T T T TABLE Ill. Excess enthalpieéin cal/mo) for n-alkane mixtures as obtained
650 from experiment, from the MF1C perturbation theory, and from the MF1C
theory once the intra-molecular term is includ@dF1Cl).
500 4 Gas phase
o 550: Mixture t HMFIC p e HE®
£ s Cs+C; 20 -0.26 0.29 0.22
E w0 Co+Cio 20 -2 6 4
g o Ce+Cy, 20 -3 12 11
° Cs+Cis 20 -6 31 31
350 CiotCis 20 -1 10 10
300 Cg+Cyg 20 -3 19 21
250 [ 1 1 n 1 2 1 1 1 1

0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8

Density (gr/cma) X . .
excess enthalpies ofalkane mixtures. However, it is seen

FIG. 3. Vapor—liquid equilibria fom-octane as obtained from the MF1C jn Table IIl that the agreement is not quantitative. In particu-

theory (solid ine) and from experimentsymbolg. lar, MF1C is unable to predict positive values of the excess
enthalpies at low temperatures. The fact that the predictions
of excess enthalpies are not quite good is striking, taking into

MF1C and from experimenisee Refs. 14,11,12 and refer- account that all the other properties were correctly described.

ences thereinfor some selected-alkane mixtures are pre- How can we solve this problem?

sented. As it can be seen in Table Il, the agreement between

theory and experiment is satisfactory. Since activity coeffi-lV. THE EFFECT OF CONFORMATIONAL CHANGES

cients and excess Gibbs energies are related througiEq. It is somewhat mysterious and surprising that a theory

good agreement for activity coefficients means aiso gooqjescribing correctly the equation of state, coexistence prop-

ﬁ‘gr_e;me”Fl_E’F excess ?|bbs Znerg;_es. EF'?' 3, the Vzpor&ties, excess volumes and excess Gibbs energies does not
th_UI d(faqw |Nr||lgléoex(|jsfence ensi lest oc rz]ine as (I) " perform well for excess enthalpies. What is going on?
amned from and from experiment are sholmapply Since at low temperatures excess enthalpies predicted by

the MFLC to temperatures higher than 120°C we extrapolat%e theory are negative and experimental values are positive,

to high temperatures the it #,). As can be seen, the agree- a possible route to bring theory into agreement with experi-

ment between theory and simulation is quite good at IOWment is to raise the enthalpy of the mixture. In a perturbation

temperatures. The critical temperature is overestimated b%ﬁeory A is obtained as a sum @, andA,;. The termA,

about 15%. . .
contributes mainly to the entropy of the system and very
We have thus shown that MF1C reproduces reasonabll\,(ttle to the internal energy, while the teri; contributes

\(/jv_eltl_ the bfetr;]av:;)(r)gf F;L:_rm-gdl]kalr:(es. In f?ﬁ?’ ;c]heoretlcal pre- d very little to the entropy of the system and significantly to
Ictions of the otfiquid-alkanes at nigh préssures and o ntarpg| energ§® Taking this into account and compar-

of the vapor-liquid equilibria are satisfactory. The MF1C ing the first order perturbation expansion with the expression

gives also g_ood predmpqns for t.h.e excess yolgmes, EXCESFr the free energy in terms of entropic and energetic contri-
Gibbs energies and activity coefficients. Taking into accoun i

that the potential model used to describe alkanes is realistic,unons’

the evaluation of the molecular volume is performed A=A;+A;=U-TS (6)
exactly%® the EOS for the reference repulsive system is quiteye can approximately identifiA, with U and A, with
good®* and that the estimate of the first order perturbation_ g |n a further step, we can consider that at zero pressure,
term is both simple and theoretically sounded, the resulty,o internal energy and the Helmholtz free energy are
presented so far illustrate that perturbation theories can do &quivalent to the enthalpy and Gibbs free energy, respec-
quite good job for describing the propertiesrealkanes and  yely. Accordingly, we can bring the theoretical predictions
n-alkane mixtures. However, there is still waiting an un- ¢ 1o enthalpy into closer agreement with experiment by

pleasant surprise. raising the value of the internal energy of the mixture or,

Enthalpies for the pure components and for the mixture,qivalently, by raising the first order perturbation term for
can be calculated through derivatives of the Helmholtz fregy o free energy of the mixture. This raiseAn can be justi-

energyA: fied if one assumes that site—site correlation functions be-
H 1({oAINkgT IAINkgT tween different species in the mixture are different from
NkgT -7 (1) p T site—site correlations ?n 'Fhe pure fluiledeed, such ghanges
ViNy Ny T.Np.Np have been observed in idealized polymer models in a recent
U study®). Actually, introducing a second parameter to ac-
=Nk T+Z, (5) count for these differences, we were able to bring excess
B

enthalpies into close agreement with experiment. However, it
whereZ is the compressibility factot) is the internal energy follows from Eq.(6) that an increase in the internal energy of
andp is the number density. In Table 1ll, the excess enthalthe mixture will result in an increase in its Helmholtz free
pies as obtained from MF1C and from experiment are preenergy. Thus, by introducing a second parameter we were
sented. The MF1C predicts correctly small values for theable to improve the predictions for the excess enthalpy, but
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this was at the cost of spoiling the predictions for the Gibbs A, . Aintra

free energy. Orwoll and Flo} face a similar problem in the NkgT (n—3) kaT’ (7)
FOV theory. The way they solve the problem was to intro-

duce a parameter to corregt (i.e.,I') so that good excess Qintra E;

enthalpies were predicted and then to introduce a completely kT 2Xg+ ksT ~L=xtIn(xp) = 2xg+ In(Xg+)]

ad hoc entropic terni.e., I's) to recover good values of the
Gibbs excess energies.
At this point it seems as if we had reached a dead end

Were we can no Iopger ad\{ance. Hovyever, the_re IS a term Qhere ainra IS the contribution to the intra-molecular free
which we have paid very little attention, both in this work energy per torsional degree of freedomthe number of

and in paper I. This is the intra-molecular term. We have ;05 atoms anch(-3) is the number of torsional degrees
been assuming all the time that conformational population

X ) df freedom of the molecule ang;, Xq+ and x4~ are the
are only a function of temperature and depend neither OR action of torsional degrees of freedom in the* andg™

density nor in composition. However, it is reasonable to &Xstates, respectively, whilg, is the energy difference be-

pect small but appreciable conformational changes whegeen the gauche and trans states. In what follows, we will
mixing two different alkanes. In fact, it has been shown pre- q 5 fixed value for this energy of 3302, 2 J/rfia., 790
viously that packing effects can change the fraction of ' ’

cal). These molar fractions satisfy the following constraints:
gauche bonds by about 2%—5%! These small changes
may have a significant effect on excess enthalpies, however. Xg+=Xg-, 9
Assume, as an example, that on mixing propéigd mol-
ecule with n-pentane(flexible moleculg at equimolar com-
position, the population of gauche conformers increases in The way Eq.(8) has been written emphasizes the fact
about 3%. The increase of the torsional energy per moleculthat the intra-molecular free energy per torsional degree of
is then given as the product of the number of torsional defreedom can be split into an energdfiicst square bracket on
grees of pentane, times the molar fraction of pentane, timekhe right hand side of E¢8)] and an entropic terrfsecond
the increase of gauche conformers, times the energy of gquare bracket on the right hand side of E8)]. At zero
gauche bond, i.e.: :20.5x0.03x 3302)=99J. By taking a  density, the residual contributions to the free enefgyand
look at Table Ill, we can see that this is indeed a significanA1, vanish and the fraction of trans bonds is obtained by
amount of energy compared to the typical values of the exminimizing the intra-molecular free energy. This amounts to
cess enthalpies, similar to the difference between our calcigolving the following equatior{subject to the constraints
lated enthalpies and the experimental data. Our working hygiven by Eqs.(9)—(10):

_ Uintra . Sintra
kgT Kg

: ()

Xit+Xg+ +Xg-=1. (10

pothesis is that the positive values of the excess enthalpies of sa
alkanes at low temperatures are due to conformational (ﬂ) =0. (11)
changes(i.e., a small increase in the fraction of gauche Ko+ | N1

bondg. Certainly, the rigorous evaluation of conformational
changes within a perturbation theory is an overwhelmingr
task. It would imply to provide expressions f8g, A; and rac
Ainra fOr each conformational population and to minimize the ig F{ E, ) /
kgT

Solving Eg.(11) leads to the following result for the

tion of torsional degrees of freedom in the gaticktate:
=

total free energy with respect to the population of conformers ~ Xg+ = €X 1+2expg - keT) /! (12

at each temperature and density. In previous work we have - o

done that for repulsive models of short alkarfes., up to where the superscripg recalls the fact that this is the popu-

n-octane.”* However, extending this treatment to longer lation at zero density. We will assume from now on that the

n-alkanes including attractive forces is at this point an almosgonformational populationsf the pure components are

impossible task. We shall try to approach the problem in &iven by the ideal gas population along all the density range

less rigorous way by invoking the following approximations: Although some _conformational changes with density should
be expected, this happens to be rather sM&fl.Contribu-

(1) The energy of a given conformer depends mainly on thgjon of the intra-molecular term to other thermodynamic
number of gauche conformers, so that the LJ intraproperties can be obtained by derivation of the function
molecular contribution can be neglected. This is reasonA, I T,N,x4+(T,V,N)] with respect toT (internal energy,
able, because the torsional energies are usually much (pressurandN (chemical potential As xg+ is generally
bigger than the nonlocal intra-molecular Lennard-Joneg, function of T, V andN, the chain rule must be used. Fur-

interactions. thermore, the following equality must be taken into account:
(2) The torsional degrees of freedom are independent from

each other. 3Aintra B
(3) There are three rotational statéfor each torsional de- g+ | 1 =0, (13

gree of freedomRIS approximatiopwhich are denoted x;{ T

4 _
as trans(t), gauché, (¢*) and gauchi (g°). where the subscripts following the parenthesis indicate the

With these approximations, the expression for the intraquantities that should be kept constant when performing de-
molecular free energy of the pure fluid reduces*6&: rivatives and the subscripts following the square brackets
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indicate the values of the variables at which the derivative 020 T ' ' T T
must be evaluated. The contribution of the intra-molecular 015 |
term to the thermodynamic properties of the pure alkanes are
then given by:

0.10 -

0.05

Zinra=0, (14 0.00 | M"J)
Uintra ig Eq 005
_N kBT = 2( n— 3)Xg+ kB_T , (15) onol
Ui(kgT) TSikgT)
) A 015 |
ﬂlntra: intra ' (16) . . ' . . . .
kBT N kBT “0.100 0.126 0.150 0.175 0.200 0.225 0.250
whereA;,o/NkgT is given by Eqs(7)—(12). *g

Let us now fo‘?“S on the treatment of the _mIXture' WeFIG. 4. The intra-molecular free energy,./KgT per torsional degree of
shall assume that in the mixture the conformational populageedom as function of the molar fraction of tgauche state ;). The
tion of components 1 and 2 is the saffie., the population energy of the gauche stafs =3302 J/mol(i.e., 790 cal was used in the
of trans bonds in the mixture is the same for molecules ofalculations which were performed far=300 K. The zero of energy has

; ; ; ; ) been set at the minimum of the free energy curve. Values of the intra-
type 1 and t.ype.)Z With this approximationAinya/NkgT of molecular energy and entropy are also shown.
the mixture is given by:

Aintra

WBT:Xl(nl_

E
3)| X IN(Xp) + 2Xg+ IN(Xg+) + 2%+ ﬁ}
B

tribution to the remaining thermodynamic properties is ob-

tained by using standard thermodynamic relatitarsd with
+Xa(Np—3) [ X IN(X¢) + 2Xg+ In(xg+)+2xg+ﬁ} the help of the chain ruje
B
17 | [ Al (NKgT) g+ 20
However, we shall allow the mixture to have conformational<inta™ IX s ap |’ )
changes relative to the pure components. Accordingly, the ¢ TN N, Xg+ TNy Ny
conformational population in the mixture may be expressed
in terms of the change with respect to the ideal gas populay, .. E,;
tion by the following empirical expression: NkgT kB—TZXg+(X1(n1—3)+X2(n2—3))—T
Xgr =Xg+ T 0, (18) OAintral NkgT (axg+)
_ 2 y
5o F2(T)yilx2(n2_ ny) , (19 IXg+ NN aT
(X1V1+X2V5) o

_ — (21
whereV,; andV, denote the molecular volumes of compo-

nents 1 and 2, respectively, and the volume fraction is given
by y=pVmixure [S€E EQ.(12) Of the previous papér Note
that when Eqs(18)—(19) are used for the pure components,
the ideal gas population is recovered. On the contrary, for a +(Ng(n;—3)+Ny(n,—3))
given mixture(i.e., n,,n{,V,,V; fixed), Eq. (19) predicts

/-Ll,intra:
kgT

(n—3)

E
X IN(X;) + 2Xg+ IN(Xg+) + 2Xg+ kB_}I'}

that conformational changes will increase with increasing Jinral Ke T IXg+ 22
density. Also, for fixedy, X1, X, andn; Eq. (19) predicts that IXg+ A\
T.N;.N,

conformational changes increase with. The denominator
of Eq. (19) accounts for the fact that for a certain difference
in size (h,—n;), conformational changes should be smaller  In Fig. 4, thea;,;o/kgT term as a function of the number
as the size of the chains increases., larger conformational of gauché bonds is shown. The minimum is found for the
changes are expected when mixing &d G than when population of gauchebonds given by Eq(12). The zero of
mixing C,qp and Gy,). The parameteF,(T) is obtained for the Helmholtz free energy was set arbitrarily to its minimum.
each temperature by fitting the experimental excess enthalg-he energetic and the entropic terms of the intra-molecular
ies of the G+ C;s mixture. This second parameter of the contribution are also shown. As it can be seen, a change of
theory shows a temperature dependence that can be d2% in the population of the gaucheopulation changes the
scribed by the relatiofF,=0.000915 9% 0.007 18694 exp free energy in about 10 kg T, whereas the change in inter-
(—t/47.4815) where, again,is the celsius temperature and nal energy is two orders of magnitude larger, 1@gT. One
the fit has been performed in the range 20-120 °C. can therefore expect that when the populationgafiche
Once we have an explicit expression for the intra-bonds is close to its ideal value, the derivative of the Helm-
molecular contribution to the free energy, holtz free energy with respect tq+ is very close to zero.
Aintrd T:N1,N2,Xg+(T,V,N1,N5) ], the intra-molecular con- This allows us to perform the following approximation:

Xg+
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I(Apral (NKT)) the MF1 approximation. Two additional factors are intro-
_ duced to bring the theory to quantitative agreement, namely,
IXg+ TNpNp ] F, which corrects for the use of the step function, andRhe
o factor which accounts for conformational changes in the
n-alkane mixture.
_| [ #Amal (NKgT)) ] N 23
Mg TNy N, g V. RESULTS

9
In this section the results of the MF1CI theory will be

The use of Eq(23) simplifies considerably the resulting , osented for a number of mixtures. Some results were pre-

expressions for Eq$20)—(22) that now read as follows:

sented in Tables I-1ll and we shall proceed now to a more
Zira=0, (24)  extensive comparison. In Table IV, excess properties for a
number ofn-alkane mixtures and temperatures are presented.
Uinra Ex For each mixture, experimental results, results from FOV
Nk T - KeT 2Xg+(X1(N1=3) +X3(N2 = 3)), (29 theory and the results from the MF1Cl perturbation theory of
this work are presented. As can be seen, MF1Cl yields ex-
M1 intra E; cellent results for the prediction of excess properties.
KeT =(n1=3)| x¢In(xp) +2xg+ |”(Xg*)+zxg*k8_-|- : In order to compare the performance of these two theo-
(26) ries, we have defined the average deviatlons:
We shall include the intra-molecular contribution both to '~ Ndata oxp 2
the properties of the pure substances through Efjs{(16) Ayx= Zl (Xexci — Xexei) “Mdata (27)

and to the mixture through Eq§24)—(26). This version of
the theory, which involves adding the intra-molecular contri-Whereng.,is the number of experimental data. By using the
butions to the MF1C theory will be denoted as MF1CI. Notestate points of Table IV where experimental and theoretical
that, neither the EOS of the pure fluid nor that of the mixtureresults from both MF1CI and FOV are given, the average
is modified by the addition of the intra-molecular term. deviations have been evaluated. The average deviations for
Therefore, the excess volumes are not affected and are idefiie MF1CI perturbation theory are,=0.10 cni/mol for the
tical as those obtained by MF1C. On the contrary, both thexcess volume and d@f,= 3.7 cal/mol for the excess enthal-
chemical potential and Helmholtz free energy are changedies. The corresponding deviations for the FOV theory are
Despite this, properties such as the activity coefficients ardy="0.11 cni/mol for excess volume and,=8.1 cal/mol
affected only in a very small degree. For instance, the activior excess enthalpies. As can be seen, the MF1CI theory
ity coefficients presented in Table Il change in the third/yields results comparable in accuratyr even better to
fourth digital number once the intra-molecular term is in-those presented by Flost al*° This is remarkable since the
cluded. It can be concluded that excess volumes and activitgnly experimental data required in MF1Cl are the densities
coefficients obtained from MF1Cl are almost indistinguish-0f C1o and the excess enthalpies of thg+C, mixture. In
able from those of the MF1C theory which were alreadyFlory’s theory, the equation of state, compressibilities and
presented in Tables | and Il. However, the intra-moleculathermal expansion coefficient of each pure alkane are needed
contribution has a significant contribution to the excess enin addition to two additional parameter§ @ndI's) which
thalpies, resulting in predictions that differ considerablyare fitted to describe excess enthalpies and activity coeffi-
from those given by the MF1C theory. In order to show this,cients. The results of Table IV cover a wide range of tem-
excess enthalpies from the MF1CI theory are compared tgeratures and chain lengths so that it illustrates the utility of
experiment for some selected mixtures in Table Ill. As it canperturbation theory in a broad range of conditions.
be seen, the agreement with experiment is now quite good. In Fig. 5, the excess volumes for the-octane
The basic idea behind MF1Cl is that the inclusion of the+ n-hexadecane mixture at several temperatures are shown.
intra-molecular term brings a new internal energy and a nev\s seen, the MF1ClI theory yields quite good results, describ-
entropic term. A conformational change raises both the ining the general shape of the excess volume curves. The mini-
ternal energy term and the entropic tefdTS), and this mum in the excess volume occurs for molar fractions richer
change is approximately equal for both magnitudes so thdh the lighter componertn-octane. In Fig. 6, excess enthal-
the Helmholtz free energy of the System Changes in a Verpies for then-hexane+ n-hexadecane mixture at different
small amount. Consequently, the EOS and the chemical pdemperatures are presented. Again, the theory describes quite
tential do not change much with conformational changeswell the experimental data and it is able to predict the change
However, conformational changes bring important change# sign of the excess enthalpy with temperature.
in the intra-molecular contribution to the internal energy and  In Table V, results for the activity coefficient of the
in the intra-molecular contribution to the total entropy of the shorter alkane at infinite dilution are presented for a number
system. of mixtures. The agreement between MF1CI theory and ex-
Our final version of the theory is therefore a first orderperiment is reasonable. The value bffor the logarithm of
perturbation theory, with a molecular based force field, ahe activity coefficient at infinite dilution obtained from
good description of the reference system through the modiMF1Cl is of Ay, ,=0.03 to be compared with the value
fied Wertheim EOS and a perturbation term evaluated withirobtained from the FOV theory which is (Afm(ylx):0.0S.
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TABLE IV. Excess volumesin cm®/mol) and enthalpiegin cal/mo) as obtained from experiment, from the
MF1CI theory of this work and from the FOV theory.

Vexo! (cm®mol) H.xd (cal/mo)
Mixture X1 t Exp FOV MF1ClI Exp FOV MF1ClI
Cs+ G 0.5 30 - -0.07 -0.72 -0.29
Cs+Cyo 0.5 20 -0.42 -0.52 6 8
Cs+Cig 0.5 20 -0.82 -1 36 37
Cs+Cy 0.5 20 - -0.03 0.22 0.29
Ce+Cio 0.5 20 -0.2 -0.24 4 7 6
Cs+Cip 0.5 20 -0.31 -0.34 —-0.39 11 12 12
0.5 35 -0.38 —0.44 -0.47 - 7
Cs+Cua 0.5 25 —-0.52 —0.54 - 18
Cs+Cis 0.5 20 -0.49 -0.56 —-0.61 31 23 31
0.5 30 —-0.58 —-0.65 —-0.69 23 21 23
0.5 40 —-0.69 -0.76 —-0.79 16 19 16
0.5 51 -0.82 -0.9 -0.9 9 16 9
0.5 60 -0.97 -1.05 -1.01 4 13 4
0.5 76 - —1.24 -4 7 -6
0.5 100 - -1.69 -23 -3 -19
Cs+Cos 0.5 51 -1.19 -1.34 -1.31 33 31 32
0.5 60 - ~1.46 22 27 22
0.5 76 - -1.78 6 19 5
Cg+Cae 0.5 76 - —2.22 28 33 37
C,+Cy, 0.5 25 -0.17 -0.23 -0.22 - 7
0.5 35 -0.2 -0.26 -0.25 - 5
C;+Cy 0.5 20 -0.31 -0.4 -0.38 25 16 25
0.5 40 —0.45 -05 —-0.49 - 14
0.5 50 - —-0.56 10 13 9
0.5 76 -0.77 -0.74 -0.76 - -1
Cy+Cyy 0.5 76 -1.22 —-1.24 -1.22 - 9
Cy+Cye 0.5 76 —-1.56 -1.77 -1.62 31 35 39
Cg+Cis 0.5 20 -0.19 —0.24 -0.24 21 12 19
0.5 30 -0.21 -0.27 -0.27 - 15
05 50 —-0.33 -0.36 -0.35 - 8
0.5 76 —-0.48 -0.52 —-0.48 - 1
05 106 -0.74 -0.82 —-0.69 - -7
Cg+Cyy 0.5 51 - -0.64 28 21 28
0.5 76 - —-0.86 10 16 10
0.5 96 - -1.08 -1 11 -1
0.5 106 -1.33 —~1.46 -1.22 -6 8 -6
Cg+Csp 0.5 76 - -1.11 23 24 28
0.5 96 —1.49 -1.61 —1.4 - 10
0.5 106 -17 -1.86 —-1.57 - 2
Cg+Cse 0.5 96 -1.62 -1.83 —-1.53 - 18
0.5 106 -1.85 -2.07 -1.72 - 9
Co+Csp 0.5 96 -1.14 -1.19 —1.06 - 12
Co+ Cse 0.5 76 - —-0.94 29 26 38
0.5 96 -1.25 -1.39 -1.18 - 20
0.5 106 -1.41 —~1.59 -1.32 - 12
0.5 126 -1.89 -2.05 -1.65 - -2
Cy+Cey 0.5 126 —2.51 -2.62 -2.75 - 93
Cio+Cis 0.5 20 —-0.07 -0.1 —-0.09 10 5 10
0.5 30 —0.09 -0.1 -0.11 - 8
Cis+Cae 0.5 76 - -0.22 14 9 22
VI. CONCLUSIONS on chain length. For each temperature it is assumed that the

contribution of each site—site interaction to the perturbation

n-alkane mixtures is proposed. The theory uses potential pégrm is given by the product of _a parameter denoted as
rameters fom-alkanes which represent the current state of2"d the value of the perturbation term evaluated from a
the art. The equation of state used for describing the refefi€aviside step function. The value B for each tempera-
encen-alkane mixture(or pure fluig is probably the most ture is obtained by fitting the orthobaric density of,CThis
accurate proposed so f&The evaluation of the perturba- procedure provides good values of excess volumes and ex-
tion term is performed by assuming that for a given temperacess Gibbs energies foralkane mixtures. However, excess
ture, site—site correlations ofalkane liquids do not depend enthalpies do not agree so well with experiment. The as-

In this work a mean field perturbation theory for
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0.0 f— T T T T T T T T TABLE V. Logarithm of the activity coefficient of component 1 at infinite
_01'_ dilution for n-alkane mixtures as obtained from experiment, from the
' MF1CI theory of this work and from the FOV theory.
02+ 2 © oo
r . 5 In(y12)
=z 93r Sa a, 208
2 \ . Mixture t Exp FOV MF1CI
o 04
13 Cs+Cyg 30 -0.088 -0.13 —0.049
g T ’ Cs+Cig 35 —-0.138 -0.173 —0.089
el T . Cs+Cyy 60 —-0.274 -0.303 -0.211
o Tk ¢ Ce+Cug 20 —0.099 -0.11 —0.065
o7 o TTeIsK Ce+Cig 30 —-0.101 -0.116 —0.063
08 e e Co+Cue 40 —0.094 -0.11 -0.062
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 Cs+Cig 50 —-0.11 —-0.123 —0.06
Mole fraction C8 Ces+Cig 60 -0.117 -0.123 —0.057
+ -0. -0. -0.
FIG. 5. Excess volume as a function of the molar fractiom-afctane for Cot Cua 35 0.131 0.144 0.101
, : Cs+Cy 40 -0.161 -0.191 —-0.141
the n-octane + n-hexadecane mixture. Results from perturbation theory CiC 60 0219 _0.048 0477
MF1CI (solid line) and from experimentsymbolg are presented for the C6+C22 60 _0'253 _0'292 —0'218
following temperaturesT=293.15 K, T=324.15 K, T=349.15 K andT 67 24 ) : )
—379.15 K. Ce+Cyq 70 —0.309 —0.382 —0.293
C;+Cyg 30 —0.074 —0.085 —0.064
C,+Cug 35 -0.113 -0.122 —0.099
. . . C;+Cy 40 —-0.134 -0.154 —-0.137
sumption is made that conformational changes are respon- Ci+Cos 60 _0.207 _0.042 0211
sible for this difference. Certainly, further work to clarify  c,+c,, 75 -0.364 -0.413 -0.35
this point is needed. In particular, computer simulations may Cs+Cis 35 -0.09 —-0.113 —0.09
be quite useful. By including the intra-molecular contribu- ~ Cs+Cas 60 —0.184 —0.222 —0.195
Cg+Cs, 75 —0.325 —0.36 —0.33

tion to the free energy and simplifying its formulation, it is

then possible to obtain good predictions for excess enthalpies
once conformational changes are permitted in the mixing

process. A second parametédt,, is introduced into the

intra-molecular term(the number of possible conformers

theory, and it is obtained by fitting the excess enthalpy of thejrows too fast so that the free energy minimization becomes
Ce+ Cy6 mixture. The summary is that a perturbation theorya titanic task for alkanes longer thamdecang and in de-
with a molecular flavor is able to describe excess propertiegcribing the dependence of tig andA; terms on the con-
of n-alkanes with an accuracy similar to that obtained by th&ormational populations. Step$) and (i) represent in our
venerable FOV theory. The theory presented here can bgpinion the energy barrier to be passed in order to get quan-

considered only a first step. We hope it encourages furtheitative agreement with experiment from a fully molecular
theoretical work in the area. In particular, it would be impor- theory.

tant to remove the parametdfs andF, by purely theoret-
ical results. This could be done ifi) Site—site correlation
functions for n-alkanes could be evaluated from integral
equations. The PRISM thedRf® would be a quite good
candidate.(ii) Conformational changes were included in a
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