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The vapor-liquid equilibrium properties of linear and branched alkanes with up to eight carbon
atoms have been determined by means of a simple perturbation theory. An accurate equation of state
for the reference system is combined with a mean field treatment of the perturbation term, along
with a reasonable set of potential parameters. Experimental trends of the critical properties of
alkanes are described qualitatively by the theory. In particular, the maximum in the critical pressure
and density of linear alkanes as a function of the number of carbon atoms is reproduced and
explained on a simple basis. The effect of branching on the critical properties is considered and it
is found that the decrease in the critical temperature with branching is correctly predicted. With a
few exceptions for some substances, other general trends in critical pressure and density are
predicted and explained. The effect of branching on the principle of corresponding states is also
studied, in particular on the coexistence densities and vapor pressures. It is found that branching
reduces the slope of the vapor pressure curve and makes the coexistence curve narrower when these
magnitudes are represented in a corresponding states plot. It is shown that a simple mean field
theory is able to describe qualitatively the variation in the critical properties of linear and branched
alkanes. ©1998 American Institute of PhysidsS0021-960608)50337-4

I. INTRODUCTION the development of potential parameters describing the inter-
action between alkane molecufe®?°and finally, (iv) inte-

The critical properties of alkanes have received attentioyral equations to obtain the structure of flexible molecules
during the last years.Experimentally a maximum in the for either shor® or long chains™*? It is clear that much
Cl’itical denSity Ofn'alkanes When plotted as a fUnCtion Of the effort is now focused on th|s area and great progress can be
number of carbon atorfis has been found. This was quite expected in the incoming years.
surprising, as it was previously believed that the critical den- |, this work we have a not so ambitious goal. Our aim is
sity of alkanes reached an asymptotic finite V"ﬂ@rther to show that with a good EOS for the reference system and a
experlmental WOI‘.k, and even.compl_Jter simulatidhseem reasonable set of potential parameters, some of the properties
to confirm the existence ,Of this maximum. , of alkanes can be understood even with a simple mean field

The effect of branching on the critical properties of al'first order perturbation theory. We will analyze how much

kanes is another interesting issue. It is well known thatcan be extracted from this simple treatment. Obviously, we

2:acnoc:\llr;?sgelleynei:]at"gep(r;?i}[/iggletse?n?)z?;?jrsee I‘Irjhtizeisb\(l)vlgrlwlg dggLn_%tre not searching for a quantitative agreement but rather for a
mented and a number of General Chemisand Organic quallta_tlve desc.rlptltl)n.. . . .
Chemistry textbooks have proposed a simple explanation A férSt step in this dlr_e_ctlon was performed in a previous
for this fact. Some recent Gibbs ensemble simulatidhs paper™” In fact, the conditions for the appearance of maxima

dealing with the effect of branching on the critical propertiesi” 1€ critical properties of chain molecules were clearly
have also appeared. !dentlfled: However, our previous wotkwas not fully sat-
Theoretically, the problem of the vapor—liquid equilib- Sfactory in two respects. N N
rium of alkanes has been considered less often. Some work ©OWing to our ignorance on the second virial coefficient
by Prigogine’s group' as well as by Flor}? and Pattersoi of hard branched alkanes, required as input for the reference
was pioneering in the area. However, it seems clear that aftétart of the perturbation theory, only linear chains were con-
the great progress in the statistical mechanics of flexible syssidered. This gap has been fulfilled in the preceding péper
tems performed during the seventies and eighties, the profihereinafter referred to as papgrand we can now attempt
lem can and probably should be undertaken and reformulateitis problem. Second, the mean field we proposed was esti-
in a new language. mated in a rather simple manner which did not consider the
From a theoretical point of view, the main contributions topological details of the molecule. In a general sense, the
that made the problem of the vapor—liquid equilibrium of mean field approximation considers the structure of the ref-
alkanes affordable are, in our opinion, the developmeti)of erence system at any density as that of the zero density limit.
perturbation theories for molecular fluidfs;?* (i) good  For spherical particles, this limit is a Heaviside step function,
equations of stat¢éEOS for hard flexible chaing?=2*(iii)  such that the pair correlation function is zero for distances
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TABLE I. Lennard-Jones parameters for the two models used in this work. Model | uses the potential param-
eters proposed by Ponceda al, while Model Il uses the parameters proposed in this work. The differeme
given in A and thee are given in units okg .

Model OCH, OcH, OcH, OcH oc €CH, €CH, €CH, €cH €c

| 4.10 4.02 3.72 3.36 2.44 140 K 96 K 57K 36 K
1l 4.10 4.10 3.95 3.87 3.73 140 K 93 K 67 K 37K 1

N ©

less thano and unity otherwisé® In our previous work on Bellemans potentid® The prime indicates that the double
alkanes> the site—site correlation functions of the moleculessum is constrained to those pairs of carbon atoms four or
were approximated in this manner. Clearly, this does nomore bonds apart.

correspond to the rigorous mean field treatment. In fact, the The intermolecular energy between two molecules is
zero density limit of the site—site correlation function is not agiven by:

Hea\slésgjsle function even for the relatively simple diatomic N N

fluid®>>"and the same occurs_for the more complicated mod- Uier= E E be (o 1) 2= (0 174 ), )

els of alkane molecules. In this work, we present a perturba- k=11=1

tion theory which implements the mean field approximation, o e the summation is now over the N interaction sites of

exact!y. we W.""”F to analyze whether_ such fa.th_eory is able %®ach molecule. The same set of Lennard-Jones parameters
describe qualitatively the vapor-liquid equilibrium of short, are used for intramolecular and intermolecular interactions.

linear and branched alkanes. The values of the Lennard-Jones interactions between chemi-

The scheme of this paper is as follows. In Sec. I, thecaIIy different groups are obtained from the Lorentz—

potential model is described. Section Il is devoted to theBerthelot rule(LB). !
formulation of the perturbation theory. In Sec. 1V, the results Concerning thé values of the parameternde, several

are presented. Finally, the main conclusions of this work arRpices are possible. Initially, we have adopted the set of

given in Sec. V. parameters proposed by Poncela, Rubio and Fféiféese
parameters are able to fit the second virial coefficients of a
Il. MODEL number of linear and branched alkanes. The fact that second
virial coefficient calculations may help in the search of po-
As in paper |, the alkane is modeled by means of thetential parameters was already illustrated by Lopez-
united atom approach, where each @joup is described by Rodriguezet al. for n-alkanes’®?"42 The parameters thus
an interaction site located on the position of the carbon atonmpbtained were able to describe correctly the second virial
The carbon—carbon bond distance is takenlad.53 A,  coefficients and when modified slightly were even able to
while theC—-C—-Cbond angledis set to the tetrahedral value, describe the critical properties nfalkanes as obtained from
i.e., #=109.5 degrees. Certainly, the experimental bondGibbs ensemble simulatioR$.The parameters used by Pon-
angle is not exactly tetrahedral but depends on the length afela, Rubio and Freiféare presented in Table I. The model
the chain and on branching so that it may differ slightly for described by this set of parameters will be named Model |
different bonds and alkanes. However, to make calculationfom now on.
relatively simple we have ignored this complication, as we
do not expect the results to be severely distorted by sucf), pERTURBATION THEORY
approximation. The torsional degrees of freedom are treated

within the rotational isomeric state approximatig®iS), the The total energy of the system will be divided into a
details of which are explained elsewhéfé® reference and a perturbation part:
The intramolecular energy is divided into short and long = Uintrat Yinter= Uintrat (Up+ AU ). 3

range contributions as explained in paper I, with the differ- } )
ence that long range interactions are considered to start from The valuex =0 defines t_hl? reference system, Wh|le set-
atoms separated by four or more bonds and that they are A9 A =1 we recover the original system. Each LJ intermo-

longer hard sphere interactions but Lennard-Jdhkinter- lecular in_teractionu, Wi!| be divided into a reference and
actions. The intramolecular energy for a certain conformaPerturbation part following the Weeks—Chandler—Andersen

tion is thus given by: criterion (WCA),*® so that the reference potentiaj is given
by:
Uinra=Utia + Uinia=NgE1 + EK 2 " de((op /)t Uo(T) =4e (T /1) 2= (o IT4) ®) + £
~ (0l & 2o, @

— 1/6
whereE, is a temperature dependent torsional energy which Uo(rk) =0 rg>2"0y.

ensures that the RIS approximation gives the same confoifhe perturbation part of the potentia| is obtained from the
mational populations as the chosen continuous torsionatonditionu=ug+u;. Note that theintramolecular interac-
potential®® which is taken to be the familiar Ryckaert— tions of our reference system are of LJ typéhereas inter-
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molecular interactions are of the WCA type. This may ap-many density functional theori¢®FT). In these treatments,

pear somewhat unusual but we believe it is a very useful waghe free energy of the system is divided into a noninteracting
of implementing perturbation theories for flexible chains. Inpart (which depends only on the singlet correlation function
fact, this division of the potential guarantees that the referand in our case includes the ideal and intramolecular terms
ence system has the same conformational population as tlaad an interaction part. The free energy functional is mini-

full system at zero density. mized with respect to the singlet correlation functiore.,
The Helmholtz free energf is given by an ideal, an the set ofX). Although DFT is usually applied to nonhomo-
intramolecular and an intermolecular contribution: geneous fluids and in liquid crystal theorf@4®the fact that

perturbation theories of flexible molecules can be regarded as
a version of DFT is not new and was proposed by Enciso
where X=(X;,X,,..,Xq) is @ vector whose components are et al. previously?’ Here we only notice that once the func-
the molar fractions of the conformers of the systertthe  tional of the free energy has been written in termsXofthe
number of possible conformerg, may be large but it re- conformational population for a given density and tempera-
mains finite within the RIS approximatipnLet us now de- ture should be obtained by minimizing Eq&)—(9) with
scribe briefly each term. respect toX. Examples of this minimization for hard alkanes
The ideal term is given by: were performed in previous worR:*
_ 3 Actually, the minimization of Eqs(5)—(9) with respect
Aideall Nmor= kg T(IN(pA™) —1), ® {0 X for each density and temperature is an overwhelming
wherep is the number density\,,o is the number of mol- task for all but the simplest cases and further approximations
ecules in the systenkg is the Boltzmann constant andis  are required. Fortunately, for short flexible chains it is well
the thermal wavelength. Without loss of generality, we shalknown that density effects on the conformational population
assignA to equal the value ofr of the CH, group (i.e., are smalf®4® In fact, the conformational changes of vapor
UCHZ)- and liquid coexisting phases ofalkanes have been found to
The intramolecular term is given within the RIS approxi- Y&y No more than a few percent foralkanes smaller than
mation by3®43 n-octane>’ We shall ther_efore assume that for a given 'Fem_-
perature, the conformational population at zero density is
valid for all densities. When changes in conformational
Aintral Nmol= kBT; Xi '“(Xi)+i§1 Xing,iE1 population with density are neglected, the intramolecular
term given by Eq(7) is a constant for a given temperature
and does not affect the vapor—liquid equilibrium.
+Z’1 XiUintrai (LJ), @) Even with this approximation, the perturbation theory is
as yet incomplete, as we still need to know the structure and
whereng ; is the number of gauche bonds;,;(LJ) is the  thermodynamics of the reference system. This requires a fur-
intramolecular LJ energy of conformeandq is the number  ther approximation, which consists in assigning an effective
of possible conformers of the molecule. The use ofAhg,  hard body to the reference system. In a previous papiér,
term is not new and was already introduced in previousyas shown that mapping the WCA repulsive interaction sites
work 394344 into hard spheres with diameter given by the Barker—
First order perturbation theory will be applied so that theHenderson prescriptic";f‘] gave excellent results. In that pa-
excess free energy of the system interacting through thper, however, only one kind of interaction site was consid-
original potential is expanded about that of the reference sysered, so that the diameter of the effective hard sphikresas
tem up to first order. In this way, the intermolecular contri- simply given asd/o=dgy(T/(e/kg)) where the subindex
bution is split into a reference and a perturbation part: BH recalls the use of the Barker—Henderson prescription. In
this work, each type of site may eventually interact with an
Ainied X) =Ao(X) +As(X), ® other, so that tthchoice of theyreduced gne(kgyto use in ’
whereAy(X) is the intermolecular free energy of the refer- the preceding equation remains ambiguous. The choice we
ence system when the population of conformers is given byave taken is to reduce the temperature by means of an en-
the actual population of the full systetd, andA;(X) isthe ergy parameter that corresponds to the interaction of the
intermolecular free energy due to the perturbation potentialgiven site with the “average” site of the molecule. In the
The latter contribution is given by the following equa- context of the Lorentz—Berthelot rule, this means that the

A= Aigeart Aintra X) + Ainted X), 5)

i=q i=q

i=q

tion: energy parameter used to reduce the temperature ok site
A N Ly, is given by:

1 p
N 2 Z 2 8kIUEIJ Uf(r:|)go,k|(r:|:X)47Tr:|2dr§|: 1 v

mol £ k=11=1 © =1 ey 21 el . (10

wheregg (1, X) is the site—site correlation function between Therefore for each interaction site the diameter of the asso-
sitesk and| of the reference system and the asterisks denoteiated hard spherd, is given byd, /o =dgu(T/({/Kg)).
reduced units, i.es=ry /oy andul, =u, /€. Strictly speaking, however, the effective diameters of each

Substitution of Eqs(6)—(9) into Eq. (5) yields an ex- site should be considered as additional variational parameters
pression for the free energy which resembles that given bin Eq. (5).
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Having assigned an effective hard body to the referencén the above equatiom,q, is the van der Waals constant for
system, the thermodynamics is then calculated by means af Lennard-Jones fluid and M;; are "mean field factors,”
the modified Wertheim equation, which has been shown tgiven as the ratio of the van der Waals site—site constants to
give excellent results for hamtalkanes®**%'According to  the van der Waals constant for a spherical Lennard-Jones

this equation, the free energy is given By: molecule:
Ao (Za—1)] (2(1—y)3) f::luf(rﬁ)gé,m(rﬁ,X)4Wr§|2dr§|
- = oa— n——— =
NmoIkBT (2—y) Mui °1°u’1‘(r*)4q-rr*2dr*
— 1+y—0.5y2 Rk ek * *2 4%
-2a—2)——F—, 11 S U1 (i) 96 (Mg, X) 4 arr i =dry
(2= a-05y) (0 _ % , 15
Ayvdw

wherea ?S the nqnspheriqity parameter of the molecule ar‘q/vheregc’, « is the site—site correlation function of the hard
the packing fractiony, is given as the produgof the number body syétem at zero density aod = (dy+d,)/ (o + o).
density,p, and the average molecular volumé, Let us just In practice, only five types of interaction sites will be

mention that the modified Wertheim equation is obtainedconsideredi.e., CH, CHs, CH,, CH and G, so that defining
from Wertheim's equaticit**by simply imposing it to yield p | as the number of interactions of sites of typwith sites

may be found elsewherd*351 following manner:
Now, since we regard the system as a multicomponent 5 s
mixture of rotational isomerse and V are obtained as a A1 aww 3=
. —= n My, 16
conformational average: Noo P 2 kzl .Zl KIEKI TNk (16

q where it is clear thak andl denote the kind of sité.e., the
a=>, X, (120  valuesk=1,2,3,4,5 represent the GHCHs;, CH,, CH and C
groups, respectivelyandM, is an average mean field factor
q for all the kl interactions of that kind in the molecule.
V=3 xV,. (13) The zero density site—site correlat.|on lemctm‘xﬁg,’ij Qf
i=1 the hard body was evaluated as described in Appendix C of
paper I. We used method Il. Typically, we randomly selected
In this way, it is seen that Eq11) gives the configurational 100 pairs of conformers from a sample of 300 conformers
free energy of a system with WCA repulsive intermolecularand averaged over 4280 orientations for each site—site dis-
interactions which is forced to have the conformationalignce and pair of conformers. The Ca|cu|atiorggjj is time
population of an ideal gas of molecules with the LJ intramo-consuming. We have therefore evaluated the correlations at a
lecular potential. The values of, needed in Eq(12) should  single temperature for each alkafecall that the depen-
be chosen so as to exactly reproduce the second virial coeflence on temperature appears through the hard body diam-
ficient of the conformers considered. Rather than making thigter and through the conformational populajiofhis tem-
time consuming calculation for each alkane, we will use theperature was chosen to be close to the predicted critical
estimate given by the convex body geome@BG) meth-  temperature. We have observed, however, that the mean field
odology described in the preceding paper, which was seen fctors remain almost unchanged in a range of about 100 K.
be very accurate. This allows for a fast implementation of the
theory, since the evaluation ef in this way requires only a
few seconds in a workstation.

Now, both « and V are temperature dependent, as a
consequence of the temperature dependence of both the con- In this section, the main results of this work are shown
formational population and the diameter of the effective hardand discussed.
body. In order to reduce the computational cost of the theory, et us start by presenting the valueshof, for Model I,
these parameters are calculated only for three temperaturgg shown in Table I. This is done in Table (Humbers in
and are then fitted to a second order polynomial in the temparenthesisfor alkanes with up to six carbon atoms. Inspec-
perature. Details of the calculation of the nonsphericity andion of this table shows that bonding of a carbon atom with
volume of the molecules for each temperature are given inther carbon atoms greatly reduces the mean dispersive en-
paper 13 ergy felt by that atom. This is seen by comparing mean field

The structure of the reference system is taken within thgactors for CH—CH,, CH,—CH,, CH—CH and C—C interac-
mean field approximation as that of the effective hard bOdMionS, or S|mp|y by Comparing to the mean field factor of a
at zero density. In this wayy; becomes a trivial linear func- nonbonded Lennard-Jones interaction, which is equal to 1

IV. RESULTS

tion of the density, as is usual in mean field theories: [note that for CH the mean field factor is not exactly one
NN due to the fact thadly, in Eq. (15) is not exactly one for the
Al a d . e .
=p vdw E 2 8kI0'E|MkI- (14) chosen t'emperatu}.eThls decrease i, for h!gh order
Nimol 2 &=1i=:a carbons is a natural consequence of the reduction of the con-
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TABLE Il. Average mean field factors multiplied by 100. Numbers in parenthesis correspond to data for Model I, while the others correspond to Model II.
The entry for methane corresponds to S&H, interactions.

Alkane Average mean field factorsf
site k CH;, CH, CH C
sitel CH; CH, CH C CH, CH C CH C C
1 methane 9898)
2 ethane 8483)
3 propane 7576) 70 (68 65 (61)
4 2-methylpropane 6665) 58 (51) 49 (36)
5 n-butane 7072 64 (62 57 (53
6  2,2-dimethylpropane 5&7) 47 (29) 35(10)
7  2-methylbutane 6262) 56 (54) 53 (46) 50 (46) 47 (39 43 (31
8  pentane 6870 60 (59 51 (49
9  2,2-dimethylbutane 5665) 50 (47) 43 (26) 45 (40 38(21) 31(9)
10  2,3-dimethylbutane 566) 47 (41) 38 (27
11 2-methylpentane 6(2) 52 (50 51 (45 43 (40 42 (35 41 (30)
12 3-methylpentane 5@0) 53 (51) 48 (42) 46 (43) 42 (34) 37 (27)
13  n-hexane 6668) 57 (56) 48 (45)

tact value of the site—site correlation functions. Note alscnumber in thex axis, Table Il shows a list of the alkanes
that the mean field factors for crossed interactions seem to beonsidered, together with the substance index used to repre-
well described by the simple prescription: sent it in Fig. 1.
— — = A quantitative agreement between theory and experi-
M= (Mt Myy)/2. (17 ment is not possible, since we are using the mean field ap-
Once the geometrical parameters of the reference systeproximation. Theoretical critical temperatures are lower than
are calculatedsee paper)land the mean field factors are experimental ones, as usual in mean field theories, where
known, the critical properties of the fluid may be determinedcorrelations are underestimated. Let us mention that in our
by setting to zero the first and second derivatives of the pregsrevious work®® where the site—site correlation functions
sure with respect to the volume, at constant temperature. were crudely approximated as Heaviside step functions, the
In Fig. 1, the experimental critical temperatufeS*for  critical temperatures of long chains were overestimated,
a number of alkanes with up to eight carbon atoms are comshowing that this incorrect treatment of the mean field may
pared to those of Model I, as predicted from our theory. Folactually overestimate the correlations. Indeed, we have ob-
each group of isomers, the experimental critical temperaturgerved that such a simple treatment would completely fail in
of a given alkane in that group is plotted in order of decreasthe gescription of the critical properties of branched alkanes,
ing temperature, and the corresponding prediction from th@yen though it may successfully predict several trends of
theory is plotted for the same value of the abscissa. In ordgjegr alkanes, as shown in Ref. 33.
to identify to what particular alkane corresponds each integer However, despite the use of the exact mean field, the

results presented in Fig. 1 for Model | are not fully satisfac-
tory. Experimental trends in the critical temperature do not

850 o Experimental seem to be correctly described by the theory when the pa-
> Model | rameters of Model | are used. Although we may not rule out
@ Model Il 0000000000000 the possibility of a failure of the theory, the discrepancies
550 ¢ 9000040 el could arise from the use of an inadequate force field. We
°00o °e have therefore proposed a new set of Lennard-Jones param-
« o, eters, presented in Table | and hereinafter denoted as Model
e s . ] Il. The values ofe are relatively similar in both Modelé
o @90Bang CLLTLLLL LI and ll), but the decrease in on going from the CHto the C
. B%apq “°°o o 0 W group is less pronounced in the new set. The average mean
350 [ nn°o°°°¢°°°°oooo © 07067 %00%00 field factors needed to implement the theory for this model
a®®s are presented in Table II.
° In Fig. 1 the critical temperatures predicted by the theory
250 ‘ : ‘ - ‘ for Model Il are presented. As can be seen, for this potential
4 10 16 22 28 34 40

model the theory captures the main trends of the variations
3 _ _ of the critical temperatures in alkanes. Similar plots for the

FIG. 1. Critical temperature of alkanes with up to eight carbon_ atoms, ag.itical molar volume and pressure are shown in Figs. 2 and

obtained from experimen(Refs. 52—5ft and from the theory of this work X

for Model | and Model I1. Each alkane is represented by an integer numbes- 1€ substance index used to represent each alkane along

along thex axis which is shown in the third column of Table III. the x axis of Fig. 2 and Fig. 3 is shown in Table Ill. For the

Substance index
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TABLE Ill. List of the alkanes considered together with their corresponding 1.0
substance index. For each of the critical properflgs,V, andp., the table o Experimental
shows the substance index assigned to a given alkane in the corresponding o Model Il
figure. The notatioR, S denotes the absolute configuration of the asymmet-
ric carbon atoms. 08 | “Gggpa,, @ _—_
a g oo
a g®
Order index - B0oh, o
5 @ of
Te Ve Pc S 0.6 | Bo, R
Alkane (Fig. 1) (Fig. 2 (Fig. 3 N on
>
1 methane 1 1 1 =fe °°°°°°Oooo°ooo°oo
2 ethane 2 2 2 0440 °°oooo°°°
3 propane 3 3 3 %0000
4 2-methylpropane 5 4 5 000
5 n-butane 4 5 4 °
6 2,2-dimethylpropane 8 8 8 0.2 ) s ' A s
7 2-methylbutane 7 6 6 4 10 18 22 28 34 40
8 pentane 6 7 7 Substance index
9 2,2-d|_methy|butane 13 12 11 FIG. 2. Critical molar volume of alkanes with up to eight carbon atoms, as
10 2,3-dimethylbutane 11 13 9 obtained from experimer(Refs. 52—5% and from the theory of this work
11 2-methylpentane 12 10 12 for Model II. Each alkane is represented by an integer number along the
12 3-methylpentane 10 11 10 axis which is shown in the fourth column of Table lIl.
13 n-hexane 9 9 13
14 2,2,3-trimethylbutane 19 21 14
15 2,2-dimethylpentane 21 17 19 . . o . "
16 3,3-dimethylpentane 17 19 15 is able to describe qualitatively trends in the critical proper-
17 2,3-dimethylpentari) 16 22 16 ties of alkanes.
18 2,4-dimethylpentane 22 16 20 A more detailed comparison of the experimental and the-
;g é'metﬂy:gexa”e ig ;g ig oretical critical properties of alkanes is presented in Table IV
-methylhexane for the isomers with six carbon atonfise., GH;,). To illus-
21 3-ethylpentane 14 18 17 ) .
22 n-heptane 15 14 21 trate that the theory can also be appllgd to cyclic alkanes,
23 2,2,3,3-tetramethylbutane 27 34 23  results are also presented for cyclohexére, GHq,). Our
24 2,2,3-trimethylpentari) 32 40 27 treatment of cyclohexane is a straightforward extension of
;2 g,gyi-trfmemy:peniane 4213 gg ;‘3‘ that described for other alkanes. This molecule is known to
,2,4-trimethylpentane . .
57 2 2-dimethylhexane 39 2% 37 have two preferred co_nformatlons, known a_ls chqlr and boat.
28 3,3-dimethylhexane 34 39 30 However, the population of the chr?ur conﬂggratlon !argely
29 3-ethyl,3-metilpentane 23 36 25 exceeds that of the boat configuration, as it is considerably
30 2,3,4-trimethylpentane 29 33 26 more stablé. We have therefore chosen to describe cyclo-
g; §v3'ﬁ”lnzethy'h:xla”e 323;; 23% 32%3 hexane as a single chair conformer.
a3 3'2 diyn;e;hmye”t]ef(gﬁgtg'e - a1 - As it can be seen in Table IV, quantitative agreement
34 2.4-dimethylhexar(®) 37 28 34 between theory and experiment is not good due to the mean
35 2,5-dimethylhexar(&,R 38 25 38 field approximation. However, the theory describes correctly
36 2-methylheptane 36 24 40 in most of the cases the ordering of the critical properties.
37 3-methylheptan&) 30 32 35
38 4-methylheptane 35 27 36
39 3-ethylhexan®) 31 37 32 40
40 n-octane 26 23 39
P ° © Experimental
o Model If
%o
critical volume, agreement is not so good as for the critical 20| °°°°o |
temperature but still main trends with branching and length °°°°o°° o
of the chain are described correctly. For the critical pressure £ eee °°°°°o°°°°°
. . <]
the theory works quite well and trends of the experimental o= . °e
results are described correctly. Overall, the results presented oo
in Figs. 1-3 for Model Il can be considered as satisfactory. ~ 2°[  “esa g
. . a
We must admit, however, that the theory is not always able """ﬂ“"““nuuun ]
to order exactly the critical values for a family of isomers. 9@ afdog®
This would require a theory capable of predicting differences
(0) 1 111 1 i 1 1 10 L L L I L
of less than 5% in the critical properties, a point which is h 3 s P p” ” 20

beyond our possibilities as a consequencd1dfour igno-
rance on the exact force field of each molec(®,the de-
scription of the structure by a simple mean field term é3)d

Substance index

FIG. 3. Critical pressure of alkanes with up to eight carbon atoms, as ob-
tained from experimentRefs. 52—5%and from the theory of this work for

the truncation Of. the pertl'era.tion expansion. V\_/e do believeModeI Il. Each alkane is represented by an integer number along éxés
however, that this is the first time that a theoretical treatmenthich is shown in the fifth column of Table IIl.
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TAB!_E IV. Critical properties of hexane isom_ers and of cycI_ohexane ,aswith branching, due to the relatively big volume of g:Htes
obtained from experiment and from the mean field theory of this work with

the potential parameters of Model Il. Values of the mean interaction energy(,:omp,ared with that of Ciiand _CH',On the other hand’ with
E, as given by the double sum of E.8) for some isomers are also pre- the sigmas of Model Il branching Increases only slightly the
sentedE’ was obtained a&, but with theM , factors in Eq(18) settoone. ~ Molecular volume of alkane molecules, in agreement with
In the evaluation oE, e was given in units okg, ando in A. estimates of the molecular volume by other methtds.
Therefore, both Model§l and Il) predict an increase of the

Experiment . ., molecular volume with branching and according to EB)
Alkane T./K Theory E'/10* E/10 h il K d in th itical
cyclohexane 553.50 47106 1486 gs2 that will provoke a decrease in the critical temperature.
n-hexane 507.40 386.85 17.41  9.48 The third factor affecting the critical temperature is the
3-methylpentane 504.40 38551  17.23  9.07 mean dispersive energy as given by the double sum of Eg.
2-3,d"r1:fi‘thy'bUtane 499.93 380.86  17.05 883 (18) and denoted a&. Each term of the double sum contains
2-methylpentane 497.45 377.09 17.23 9.12 : 3 ;
2.2 dimethylbutane 488.73 37704 1677 870 two factors. '_rhe fII’StlonGSk|(0'k|) , accounts fo_r changes in
the average interaction energy between a pair of molecules,
Ve/(Lmol™) regardless of steric effects. The second factor is the average
gieeﬁ;ﬁjemane 06.33757 06?59973 mean field factoMy which accounts for steric hindrance.
3-methylpentane 0.367 0.579 To see the .effect of each factor we present in Table I\_/ the
2-2,dimethylbutane 0.359 0.572 value ofE (fifth column) and the value thaE would adopt if
2-3,dimethylbutane 0.358 0.574 all average mean field factoM, were set to unityfourth
cyclohexane 0.308 0.452

column. By analyzing the fourth column of Table I\.e.,
p./at E’) it can be seen that branching reduces the average inter-
cyclohexane 40.18 30.71 action energy between a pair of molecules. For instance, by

2-3,dimethylbutane 30.86 19.46 comparingn-hexane and 3-methyl pentane it can be seen
3-methylpentane 30.83 19.50 h th | t of tw b CHand a CH

22, dimethylbutane 30.40 19.35 ow the replacement of two GHroups by a Chland a ,
2-methylpentane 29.71 18.59 group reduces the average interaction energy between pairs
n-hexane 29.30 18.92 of molecules by 1%. This is due to the low valuesc@nd o

for highly substituted carbons. When the steric hindrance

i.e., My, is included(see fifth column of Table IYit can be
) . seen that the average interaction energy of 3-methyl pentane
Also, the very high critical temperature of cyclohexane Wheng oot 49 lower than that of-hexane. This additional 3%
compared to that ofi-hexane is described correctly. reduction in the interaction energy of the branched alkane is

An advantage of this simple theory with respect to morey,q 1 the Jow values that take the average mean field factors
sophisticated methods such as Gibbs ensemble S|mulat|onsi}.§ branched alkane&see Table . Such a decrease in the
that it allows for a rationalization of the results, which can be

: . X X ! average mean field factor is a consequence of the so called
explained in terms of well defined, physically meaningful

i o the ol oo | correlation holé!*25®which may be seen to increase con-
parameters. By solving Eq5) for the critical point in @  gjgerably in branched molecules. To illustrate the meaning of

similar manner as in Ref. 33, it can be shown that the Criticalthe correlation hole, the site—site correlation functions for
temperature is given by the following equation: CH,—CH, and CH—CH groups of 2-methyl propane at zero
density are shown in Fig. 4. As it can be seen, the contact

value of the correlation functions decreases on going from

R i
Fla]a FlalaygwE
TS S euoTM

\Y,
(18)

_ _ 1.0 —
whereF[ «] is a decreasing function ef whose exact form e CH,~CH, interaction //
is irrelevant for the discussion. ==+ CH-CH interaction /

In this way, we are able to attribute the trends observed 08 f
in the critical temperature to the competition between three
different properties of the molecule, namely, the nonspheric- 06 |
ity, @, the molecular volumey and the mean dispersive =
energy,E. >
In paper |, it is shown that for a given number of carbon 04r
atoms, branching provokes a decrease rso that this fac-
tor alone will result in an increase af; . o2 b
Equation(18) shows thafl .. is an inverse function of the
molecular volume. The effect of branching on this property,
however, is hard to determine, as it depends dramatically on 99,3 70 50 5.0 70 8.0 9.0
the chosen values of. When all type of sites (CH r/A

CH,...) have the same diameter, b'ranchlng rgduces ,s“ghtl}éIG. 4. Site—site correlation functions at zero density for 2-methyl propane
the molecular volume. However, W|t_h the choice of SIgMaS(Model Il) obtained from numerical integration. We present results for the
of Model I, the molecular volume increases substantiallyCH;—CH; and CH-CH correlation functions.
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primary to tertiary carbons, due to the increasing steric hin-
drance that increasingly branched carbons present for con- ©- —o 2,2-dymethylbutane
. . L. a - -a 2-methylpentane

tacts. It is thus clear that branching greatly diminishes the o—o n-hexane

average dispersive energy felt by the interaction sites as a

consequence of both smaller potential wells and greater cor-  0.65

relation holes. This results in a decrease of the critical tem-

perature. N
It is thus seen that our theory allows to identify the fac- =

tors that determine the experimenial. Our arguments are

in contrast with the naive explanation presented in some

textbooks’® where emphasis is made solely on the last point

of the previous discussiofthe correlation hole Here it is

shown that the total effect is a compromise between several .

factors and the moderate decrease of critical temperatures  %%%%5 >80 250 3.00

with branching is a consequence of this compromise. The plp,

three factors affecting Eq18) («,V and the mean interac- FIG. 5. Corresponding states plot of the liquid coexistence densities of

tion energy,E) should be considered when discussing then-hexane, 2-methyl pentane and 2,2-dimethyl butane as obtained from ex-

effect of branching on the critical temperature. When thes@eriment(symbols in the lower part of the ploand the perturbation theory

three factors are considered simultaneously as in our theor§! this work for Model Il (symbols in the upper part of the plot

it may be eventually found that the effect of a small nonsphe-

ricity is greater than that of the mean dispersive energy. In-

deed, our theory predicts that such a behavior appears f@ressure curvénot shown predicted a decrease of the abso-

highly branched isomers of the octane series, leading to kute values of the slope with branching, in agreement with

higher critical temperature for the branched alkane than foexperiment.

the corresponding-alkane, in agreement with experiment. In Figs. 6-8, the experimental critical properties of
Let us now focus on the critical molar volum¥,., n-alkanes are compared with the predictions from our theory

which may be expressed in terms of the molecular volumdor Model II. It is obvious that our mean field treatment
and the packing fraction at the critical poimt,: reproduces the maxima found experimentally in the critical
density and critical pressure. Not only is the existence of the

V2 maxima correctly described, but their location as well. To
Ve=—=. (19 our knowledge this is the first time that a theory reproduces
yela] correctly these trends. Recall that a few years ago, it was

thought that there was no maximum in the critical density of

According to our theoryy. may be shown to be a steeply gikanes but that it reached an asymptotic vélTée origin
decreasing function ok. This means that the decreaseain  of these maxima was explained in detail in a previous
which follows from branching has the effect of increasing papeF?’ and will not be reproduced here. Let us jus’[ mention
Ye, resulting in a decrease &fc. On the other hand, the that the appearance of the maxima requires overlapping be-
molecular volume seems to increase slightly with branchinggween the constituting monomer units. In addition, it is re-
as explained above. The actuél results from a delicate quired that there be not too large end monomer—middle
balance between two opposite trends, although experimental
data show that the dependence is more important, since in
most casesy. seems to decrease with branching. 800
Once differences in the absolute values of the critical S Experimena
properties have been presented and analyzed, let us now ana- o
lyze these differences in a corresponding states sense. 625 | o °
A corresponding states plot of the coexistence liquid
densities of three hexane isomenshexane, 2-methyl pen- °
tane and 2,2-dimethyl pentane is shown in Fig. 5 for both o a o o
theory and experiment. As it can be seen, the trend toward e 480 T o o °
narrower coexistence curves for branched molecules is cor- o g ©
rectly predicted by the theory. Such a trend is a consequence o o

of the decrease af, which is known to affect the shape of Zép o
the coexistence curve. In fact, for linear fluidCLJ or Ki- e
harg it has been shown that as the anisotropy of the mol- &
ecule increases, the vapor-liquid envelope becomes 0 _—

. o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
broader®°%5" Here, the same effect is observed, and it is N

seen that the more anisotropic the molec(ale given bya), FIG. 6. The critical temperature of linearalkanes with up to eight carbon
the b_roader the envelope. Fo_r the same substances, s@ms as obtained from experiméRefs. 52—54 (open circlé and from the
Clausius—Clapeyron corresponding states plot of the vapgferturbation theory of this work for Model llbpen squargs
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250 qualitatively the existence and position of maxima in the
o T ° 0 o0 o o critical density and pressure, when plotted as a function of
° ° the number of carbon atoms.
200 | © The effect of branching on the critical temperature and
a Model I

density is analyzed in detalil. It is found that the decrease in
the critical temperature with branching may be attributed to
an important decrease in the intensity of the dispersive forces
o and a slight increase in the molecular volume, although the
g influence of these two factors is somewhat mitigated by the
decrease of the nonsphericity, which acts on the opposite
b direction. In fact, highly branched alkanes may have higher
critical temperatures than the correspondimglkane due to

the important decrease i On the other hand, the decrease
1T 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 in the critical molar volume with branching may be attrib-
N uted to an increase in the critical packing fraction, which is
FIG. 7. The critical densitD, (in gL ) of linear n-alkanes with up to usually more important than the increase in the molecular
eight carbon atoms as obtained from experin{&fs. 52—5%(open circlg volume.
and from the perturbation theory of this work for Model(tpen squargs The principle of corresponding states in isomers is also
analyzed. It is found that linear alkanes present larger devia-
tions from the principle of corresponding statéer both
monomer differences in either mass for the critical density ovapor pressures and coexistence densitiean branched al-
interaction energy for the critical pressure. kanes. This is explained on the basis of the smaller nonsphe-
ricity of the latter.
The theory of this work is able to describe a number of
features of the vapor—liquid equilibrium of alkanes on a
In this work, a mean field first order perturbation theory simple basis. To our knowledge, this is the first attempt to
is proposed for alkanes. A modified version of Wertheim’sexplain these features from a first principles theory. Cer-
EOS, obtained by imposing the true second virial coefficientainly, an understanding of the critical properties of linear
of the hard body, is used to describe the reference systerdnd branched alkanes in the light of Statistical Thermody-
The perturbation contribution is obtained from site—site cor-namics is by far more difficult that the naive picture provided
relation functions evaluated in the limit of zero density.  in elementary text books of Organic and Physical Chemistry.
A set of Lennard-Jones parameters recently proposed it this paper, some of the key elements are presented. Obvi-
the literature is used to describe the force field of the alkanegusly, further work is needed to get quantitative agreement
It is found that this set does not give satisfactory predictiondetween theory and experiment. In particular, the mean field
for the critical temperatures of alkanes. A modified set ofapproximation should be replaced by a better description of
parameters has been proposed which considerably improvée structure of the reference system. Progress on this line
the results, yielding a qualitative description of the critical can be anticipated.
properties of both branched and linear alkanes. For the case
of linear alkanes in particular, the theory is able to reproduce, cx NOWLEDGMENTS
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