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We present an extension of the statistical associating fluid th€®AFT) for branched chain
molecules using Wertheim’s first- and second-order thermodynamic perturbation theory with a
hard-sphere reference fluiGAFT-B). Molecules are formed by hard spherical sites which are
tangentially bonded. Linear chains are described as freely jointed monomeric units, whereas
branched molecules are modeled as chains with a different number of articulation points, each of
them formed by three arms. In order to calculate the vapor—liquid equilibria of the system, we have
considered attractive interactions between the segments forming the chain at the mean-field level of
van der Waals. The Helmholtz free energy due to the formation of the chain is explicitly separated
into two contributions, one accounting for the formation of the articulation tetramer, and a second
one due to the formation of the chain arms. The first term is described by the second-order
perturbation theory of Phaet al. [J. Chem. Phys99, 5326 (1993], which has been proven to
predict the thermodynamic properties of linear chain fluids in a similar manner to Wertheim’s
approach. The formation of the chain arms is calculated at Wertheim’s first-order perturbation level.
The theory is used to study the effect of the chain architecture on the thermodynamic properties and
phase equilibria of chain molecules. The equation predicts the general trends of the compressibility
factor and vapor—liquid coexistence curve of the system with the branching degree, in qualitative
agreement with molecular simulation results for similar models. Finally, SAFT-B is applied to
predict the critical properties of selected light alkanes in order to assess the accuracy of the theory.
Experimental trends of the critical temperature of branched alkanes are qualitatively captured by this
simple theory. ©2001 American Institute of Physic§DOI: 10.1063/1.1388544

I. INTRODUCTION purposes and in general, as new components for separation
Great effort has been made in recent years toward thgnd extraction operations. Branched chainlike molecules are

development and use of accurate equations of state for thalso important components in polymeric blends, which can

determination of the thermodynamic properties and phasgetermme some specific and desired thermodynamic proper-

equilibria of fluids in general, and chainlike systems in par—t'es' lecular-based theories h b d
ticular (see the book of Sengees al? for a recent review Numerous molecular-based theories have been propose

Most of the processes used in the chemical and oil industrie€ "€cent years to predict the thermodynamic properties and
involve nonspherical molecules, such as light and heavy hyphase equilibria of nonspherical molecules. Ampng thgm, th.e
drocarbons, and polymers. A great advance in this field hagost popular approaches are the reference interaction site
been made by the use of modern molecular theories, whicfodel (RISM),>° its extension to deal with polymers
provide a realistic description of the free energy of the sys{PRISM,*~" the perturbated hard chain thedrythe
tem, as they are able to make quantitative predictions for theeneralized-Flory theori€s,® the Percus—Yevick theory
phase behavior of complex systems. However, an accurafedsed chain equation of stafeand Wertheim's first-order
molecular description of the thermodynamic behavior andhermodynamic perturbation theor§TPT1).!#!® Most of
phase equilibria of branched chainlike molecules is less conthese theories have been used to study the thermodynamic
mon. This kind of substance is frequently used in the chemiproperties of linear chain fluids, although some attempts to
cal process design and chemical industries. Applications inpredict the behavior of branched systems have also been
clude their use as solvents for supercritical extractiormade. Yethiraj and Hait have performed molecular simula-
tions to obtain the thermodynamic properties of branched
JAauthor to whom correspondence should be addressed. Electronic-mair:1ard chains, and results have been compared with the predic-
lvega@etseq.urv.es tions from the generalized-Flory dimer equation of stte.
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More recently, Escobedo and de PdBlbave presented a
novel approach which combines the generalized-Flory
theory, the Wertheim approach, and computer simulation to
predict the thermodynamic properties of branched hard chain
systems.

The SAFT approacl !’ based on Wertheim’s first-order
perturbation theory?*3is an equation originally developed
for associating fluids. One can use it for making chain mol-
ecules having a spherical reference fluid, with the appropri-
ate number of associating sites and the right stoichiometry,
and taking the limit of full associatiof¥:*° This theory has
been widely used to predict thermodynamic properties and
phase behavior of linear chain molecufés®’ FIG. 1. Two-dimensional view of the molecular model for branched chains

Most versions of the SAFT equation of state are baseq’ith three armgblank segmenjsand one articulation poir(dark segment
he articulation segment is rigidly bonded to the arms forming 120° be-

12,13 : L
on TPT1:%**At this level of aPpr0X|mat|0n1 t.he Helmholtz yyeen consecutive segments, whereas the bonds between the beads forming
free energy due to the formation of the chain depends onlyhe arms are fully flexible. The monomeric units, with diameteinteract

on the number of segments forming the molecules, but ngfrough the hard-sphere intermolecular potential. The total number of seg-
on how the beads are connected to make up the chain; on[je"s ' given byn=1-+m;+m,-+m.

contributions containing one associating bond are considered

in the evaluation of the Helmholtz free energy, which are

embgdded in the term invol\{ing th'e pair .radial distribution presented the extension of the TPT2 equation of state to deal
;uncno.n OT the refer(e;ncet:‘lw.d.dThls émpHE? thaththeh bondwith mixtures consisting of linear heteronuclear hard chain
ormation Is assumed to be independent of each other, ar'H%olecules. In all cases, the TPT2 predictions provide a more

that the overall effect of bonding is approximated by the ;.. ate description than the TPT1 version of the theory, as
formation of one bond multiplied by the total number of expected

bonds in the chain fluid. This is a good approximation for It becomes clear from the ensuing discussion that it
linear chains, in which all the connections between segments id be desirable to have a theoretical approach for

can be considered as equivalent along the chain moleculg ,ched chain molecules with the following ingrediefits:
However, this is no longer true for the case of branched,q 1o clearly distinguish the structural and topological dif-
chains, since the articulation segments and those connectggences hetween the segments located along the chain arms
to it behave in a different way than the segments located i,y those forming the articulation point of the branched
the chain arms. , s chain, such as the difference in flexibiliti2) simple enough
Wertheim's second-order perturbation thedPT2) to be straightforwardly applicablegd) easy to extend for
accounts, explicitly, for the correlation between three CONYealing with more complex systems, such as heteronuclear
secutive beads, describing in a more accurate way how thgranched molecules and their mixtures.
segments are arranged along the_chain. It is always possible The purpose of this work is threefold. First, we propose
to obtain a more reliable description of the Helmholtz freea, extension of the statistical associating fluid theory, which
energy using the formalism of Wertheim at higher orders Ofexpjicitly accounts for branched chains architecture: the for-
the perturbation scheme, but the structural informationnation of the chain arms is calculated using the TPT1 and
needed for this is _not re_adlly available. Th_ere have beeme articulation segments are accounted for through the
several works published in recent years using the secondpT2. \We call this version of the theory SAFT-branched
order perturbation theory to account for the formation of the SAFT-B). Second, we use the theory to study the effect of
chain. In particular, Mler and Gubbin¥’ have studied the pranching on the thermodynamic properties and phase equi-
thermodynamic and structural properties of hard triatomiqipria of isomeric chains. Third, we apply the proposed equa-
and tetratomic fluids using molecular simulation and thejon of state to predict the critical temperature of some al-
theory of Wertheim at the second-order level. Agreement bekanes, and results are compared with experimental data.
tween theoretical predictions and simulation data is remark-  The rest of the paper is organized as follows: In Sec. II
able in most cases, but the theory was not extended fafe describe the most relevant features of the model and

longer chains. Phast aI.39_have derived a new version of theory for branched hard chains. Results and discussion are
the TPT2 using the formalism of Wertheim within the frame- presented in Sec. IlI. Finally, conclusions are given in Sec.

work of monodisperse polymerization, in contrast with thejy.

approaches of Wertheim and Mer and Gubbins, which are

bas_ed on a rgference pqudlsperse m|?<ture. AIthoqgh the r& MOLECULAR MODEL AND THEORY

sulting equations have different analytical expressions, Phan

et al*® have demonstrated that predictions by the two ver- In this work we consider chainlike fluids in which mol-
sions of the theory are very similar. These authors have alsecules are modeled am tangent hard sphergmonomers,
proposed a general framework for developing equations oéach of diametetr, bonded with bond lengthequal to the
state for starlike molecules, although the calculation of thesegment diametdsee Fig. 1. The attractive interactions be-
Helmholtz free energy due to the formation of the chain istween the segments that form the chains are calculated

rather tedious. More recently, Shukla and Chapthémave
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through a van der Waals mean-field Helmholtz free energyB. The monomer reference term
Linear chains are described as freely jointed hard spherical
units. Branched chains are modeled as molecules with threda]e
arms, each of them having,, m,, andm; segments, re-
spectively, and a central segment connecting tlieee Fig.
1). Thus, the total chain length of a molecum, is given by
m=1+m,;+m,+m;. This expression can be written in an Amono AP A
equivalent way introducingn’, the number of segments NekgT NCkBTJr NekgT "
forming the articulation tetramer, namety=m; +my,+ms
—3+m’. Obviously, form’ =4 the previous equation is re-
covered, as expected. The central monomer is calledithe
ticulation segmenor branched pointThis segment connects
the three arms of the chain with rigid bonds, forming angles hs 7n(4—37)

of 120° between consecutive arms, as shown in Fig. 1, A chBTmW- )
whereas the segments of the chain arms are jointed through . i . .

fully flexible bonds. 7 is the packing fraction of the hard sphere fluid, defined as

The model, although rather crude, accounts for the most - -
salient features of real chain molecules, such as bead con- 7= gp03=gmpc03:mpcb, ()
nectivity (representing topological constraints and internal
flexibility ), the reduced mobility of segments close to thewhereb represents the segment voluntes (/6)c°.
articulation point(compared to the total flexibility of the The contribution due to the dispersive attractive interac-
bonds located along the chain anm® the excluded volume tions is given at the mean-field level in terms of the van der
effects, and attractive forces between the beads forming th&/aals theory,
molecules. Because the SAFT approach is widely used in the = pmf_
literature, we will explain here only the most important fea- ] ] . .
tures concerning its extension for branched chainlike molWhere e is an integrated mean-field attractive energy that
ecules. For further details the reader is referred to the rece@ccounts for the long-range dispersion forces.
review of Muler and Gubbins’

The SAFT-branchedSAFT-B) approach presented here, .
as other versions of SAFT, is written in terms of the Helm-C- The chain term
holtz free energy, which can be expressed as a sum of differ-  The Helmholtz free energy due to the chain formation
ent microscopic effects: the ideal contributioA'®? the  can be written as
monomer reference ternh™°"°, that accounts for the repul-
sive and attractive interactions between the segments form- _
ing the chain, and the contribution due to the chain forma-  NcKgT  NckgT ~ NkgT'’
tion, A°™@" The Helmholtz free energy of a pure system of
branched chains may be written as

In our case, the Helmholtz free energy corresponding to
monomer—monomer interactions consists of a sum of the
contribution from the hard sphere reference fluid and that
from the long-range dispersion forces

()
A" the Helmholtz free energy of the hard sphere reference

system, originally obtained by Carnahan and Starfihig
given by

—NCmefﬂa (6)

chain chain chain
A Aarm Aart

(7)
where ASh@" is the Helmholtz free-energy contribution ac-
counting for the formation of the articulation tetramer with
rigid bonds described previous(gee.Fig. 2, and AShaN c- .
A Aideal  pmono  achain counts for the free-energy contribution due to the formation
(1)  ofthe flexible arms and their connections with the rest of the
chain (central tetramer as indicated in Fig. 2.

The contribution due to the formation of the three arms
of the chain can be adequately described using the first-order

= + +
NckgT  NckgT  NckgT - NkgT!’

where N, is the total number of moleculeg, the tempera- : L1310 c :
ture, andkg the Boltzmann constant. Each individual contri- perturbation contribution’ ™ Since the chains have, seg-

bution to the Helmholtz free energy of the system is ex—tmhigtso:]net(zee;'rlszt. asrmrinza:qn dt)r,]?_et ;ngZ?m%r;?t’ a;::(’o; Igr;tgre
plained separately here. : IgS. z gy

given by AS"@" can be obtained by adding each contribution
A. The ideal term associated with the individual arms, resulting the following
- . expressiort>1°
The Helmholtz free energy of an ideal system of chains :
can be written as follows: Adhain_ (3—m, —m,—mg)Ingnd o), (8)
which is equivalent to
ideal_ 3 .
AI eal— NCkBT[ln(pCA )_ 1], (2) Agfr'lr%m: (m/ _ m)NCkBT In ghs( 0'), (9)

where gn{ o) is the pair radial distribution function of the
wherep.=N_./V is the chain densityy the volume, and\ is  hard sphere fluid at the contact length. Equati®ncan be
the thermal de Broglie wavelength. The segment density oéasily obtained from Eq8) using the relationship between
the systemyp, is easily related to the chain density throughm andm’ introduced previously. In this work we have used
p=mp;. the expression from Carnahan-Starfthg
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given by the expression derived by Phetral.,*® which pro-

O vides essentially the same thermodynamic description as the
4 ’\/q theory of Wertheint®®

- \\ ~ 1
o \ 3 A'?’ETZZ —NckgTIn m
/, &\ 1+ T+an|\™
\ ~NekgTln| | =72
<!> < > 1_m m’2
! —(T , 13

where A is a new parameter introduced in the theory that
depends on the packing fraction and molecular geometry.
Although Eq.(13) accounts for the formation of the articu-

lation tetramer at the second-order perturbation level, this
version of the theory does not contain explicitly the geom-
etry of the articulation point, but only its rigidity and the

number of segments forming the tetramer. Since this articu-
lation point is associated with four monomeric segments, we
have sem’ =4 in Eq.(13). Phanet al>*® have demonstrated

FIG. 2. Schematic representation of the formation of branched chains usinghat the previous equation may be expressed in a simplified

Wertheim'’s first- and second-order perturbation theory. The blank segmen : : :
are located along the chain aritterough fully flexible bondsand the dark %ay if A <1.In this case (1_ ‘/1+ 4)\)/(1+ ‘/1+ 4)\) is also

segment, which is rigidly bonded to the rest of the chain, represents théMall compared to unity, and EGL3) may be written a¥
articulation point.

1+ 1+40)™
A= —NKkgT In ; . (14)
2™ 144N
1—9/2 Equations(13) and (14) are valid for flexible and rigid
Ind o) = (1—- )% (10 molecules. Note thatn’ =4 in Eg. (14), as in the previous

one, and the only difference between both equations arises

A", the Helmholtz free energy due to the formation of thefrom a different dependence with If the bonds that form
articulation tetramer, is approximated in this work by the tetramer are rigid is given by>383°
Ag?tain _ ATer  Afer (11) = 9@(070,“)_1 (15)
chBT chBT chBT , [ghs( 0')]2 ,

AL represents the first-order perturbation term due to thavhereu is a function defined as= 2o sin(w/2), wherew is
formation of the tetramer an#2%,, accounts for the second- the bond angle, and{¥(c,o,u) is the three-body distribu-
order contribution due to the formation of the articulation tion function of three tangentially hard sphere segments with
4-mer molecule(see Fig. 2 Note that the most accurate end segments forming an angle
perturbation order that could be used to evaluate the forma- In order to obtain the most reliable description of the
tion of such a moleculé4-mer chainlike within the Wer-  thermodynamic properties, accurate values of the hard sphere
theim’s thermodynamic approach is the third ortfef?3°  three-body distribution function at the contact geometry, as a
However, this term involves the hard sphere four-body disfunction of the packing fraction, are needed. Attard and
tribution function for the configuration corresponding to the Stelf? have obtained an expression fof2)(a,o,u) using
fully bonded molecule, as a function of the packing fraction.the Percus—Yevick closure relation to solve the Ornstein—
Unfortunately, there is neither an analytical expression noZernike integral equatioftriplet approximation, PYg?
molecular simulation data for this function from which an (3) _
appropriate approximation could be developed. Ohs (07,0,U) = Gnd ) Gnd o) Go( 0, 0, ), (16)

The first-order contribution to the formation of the ar- whereg, is a new hard sphere three-body distribution func-
ticulation tetramer, which only depends on the number oftion defined by the previous equation.”Mu and Gubbin®
segmentg(in this case the number of hard sphere units ishave used these results and proposed an analytical functional

m’=4) and is independent of the arrangement of its monoform for g,, which depends on the packing fraction,

mers, is written as follows**° 5
l+ant+by

AR =NeksT(1—m")Ingpd o). (12 0= 1= 7 (17

A%L., accounting for the second-order perturbation conwherea and b are angle-dependent constants. Valuesa of
tribution due to the formation of the articulation tetramer, isandb can be found in the Appendix of the work from Ner
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and Gubbins® Molecular simulation results obtained by Ill. RESULTS AND DISCUSSION
Attard®® and Miler and Gubbin& show that the PY3 ap-

proximation accurately describes the behaviorggfin a X _ )
wide range of densities €0 7<0.47), including the limit of section to study the thermodynamic properties and vapor—
high packing fractions. liquid equilibria for linear and branched chainlike fluids. We

To recap, the Helmholtz free energy due to the formatior{irSt,StUdy_ the compresgibility factoZ, = P/pcksT, ,Of iso-
of branched chains formed by segments and articula- meric chains, and investigate the effect of branching on pres-
tion points can be easily written as & sure. We next consider the phase equilibria of branched

chains of several isomers and its comparison with that cor-
responding for linear molecules. Finally, we compare the
predicted critical temperatures for some alkanes with experi-

We apply the SAFT-B approach outlined in the previous

A= N kg T(1—m)In ghd o) mental data taken from the literature in order to assess the
' accuracy of the SAFT-B approach.
— Neke Tl (1+V1+4N)" (19) To obtain the coexistence curve of pure fluids, we have
¢ at 2m 144N |’ determined the vapor—liquid equilibrium properties by solv-

ing the equilibrium conditions

S P70, T)=Py(ny,T), (19
where we have assumed that each of thg articulation

tetrames contributes equally to the Helmholtz free energy.  HL(7L,T)=py(7y,T), (20)
Since the Helmholtz free energy depends only/om’, and

Nart, and the _SeCO”O_' parametem’() is kept fixgd fqr thg phases. For simplicity, the integrated mean-field energy,
isomers considered in this work, SAFT-B predicts |dent|calwi” be considered here as the unit of energy and the hard

thermodynamic properties for branched molecules with thepnere diameter, as the unit of length. Hence, the reduced
same number of segments and articulation points. temperature is defined & = kg T/ €, and the reduced pres-

To describe real branched molecules we have used ﬂ?ure asP* =Pble,;, whereb is the monomer volume pre-
model and theory presented here under the united atonqﬁougy defined inméec. 1.

model approack?3%3"Alkanes are modeled as homonuclear . . o
chainlike molecules with fixed bond length. Different chemi- A- Thermodynamic properties and phase equilibria of
cal groups, such as GHCH,, and CH, are described as hard Pranched chains

spherical segments with the same diameter, interacting In this section we consider athermal branched chains,
through a mean-field attractive force at the van der Waalge., systems in which the intermolecular potential between
level. A simple empirical relationship, introduced by Jacksonthe molecules is purely repulsive and no mean-field attrac-
and Gubbing? between the number of carbon ato@# the  tive contribution to the Helmholtz free energy is considered.
alkane molecule and the number of spherical segments fBhis can be obtained from the theory outlined in the previous
used to calculate the chain length, which is givennby 1 section by setting the free energy associated with the mean-
+(C—1)/3. This equation, which gives a reasonable deield contribution equal to zeréd™=0, in Eq.(3).

scription of the critical temperatures of the homologous se-  We first study chainlike molecules formed by four and
ries of n-alkanes, is also used in this work to describefive hard spherical segments. Figure 3 shows a schematic
branched alkanes. Since the critical temperature of alkaneag/o-dimensional view of some isomers considered here and
mainly depends on the number of carbon atoms, we expeelescribed by the SAFT-B approach, classified by the number
this approximation to be appropriate in the framework of thisof segments and articulation points per molecule. We have
work. To be consistent with the election of m’ is calcu-  only shown the chain models for which SAFT-B predicts
lated according to the same rule, namely =1+ (C’ different thermodynamic properties. Other isomers, such as a
—1)/3, whereC' is the number of carbon atoms in the ar- system formed by chains with six segments=6) and one
ticulation tetramer. Since real branched chains with threarticulation point occupying the third position in the main
arms are formed by four carbon atoms) is set equal to 2. backbone of the chain, have identical thermodynamic prop-
This value is used to describe all the alkane isomers considerties(predicted by SAFT-Bas systems with the same num-
ered in this work. Note that the value chosen fior should  ber of segments and articulation points per molecule. This is
be understood as affectiveway to account for the effect of a direct consequence of the approximations used to derive
the branching degree on the thermodynamic behavior of ¢he equation of state presented in this work.

given system. An equivalent way to calculate the valumbf Figure 4a) shows the compressibility factor, as a func-
is as follows. Consider the unique branched alkane formetion of the packing fraction, of four different hard chains.
by four carbon atoms, 2-methylpropane. In this special casé&;urves corresponding to low compressibility factor values
the total number of segments is equal to the number of beadspresent the predictions for isomeric molecules with four
forming the articulation tetramer, and hemoe=m’. Whena segmentsif=4) and those for high compressibility values
heavier three-arm alkane is considered, the valuendh-  to chains withm=5. In both cases, solid lines represent the
creases according to the empirical rule of Jackson angredictions corresponding to linear chains and dashed lines
Gubbins?® whereas the value oin’ is kept constant and are the results for branched molecules with one articulation
equal to 2. point. SAFT-B predicts similar pressure values for different

where the subscripts refer to the liquid) and vapor(V)
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FIG. 3. Arepresentation of some of the isomers considered by the SAFT-B 0 L L L
equation of state with four, five, and six hard-sphere segments. 0.0 0.1 02 0.3 0.4
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3.5

chains (at a given chain length and packing fractipml-
though the compressibility factor of branched molecules, as a
function of packing fraction, exhibits a different curvature
than that for linear chains. Due to this, the pressure of
branched hard molecules is lower than the corresponding for
linear isomers at high packing fractions, but higher at low
and intermediate densities. This behavior, which can be ob-
served more clearly in Fig.(8), seems indeed reasonable 2.7
since the excluded volume, and hence the pressure, are ex-
pected to increase with the stiffness, because it is harder to N
pack less flexible molecules. The same general trend is also
observed when Monte Carlo simulation results fromlligtu 2.3
and Gubbin® for a branched tetramer are compared to
simulation data from Dickman and H#llcorresponding to
linear chains. Finally, note that this prediction is in agree-
ment with previous results obtained from Phetral.® who
compared the compressibility factor of freely jointed and
freely rotating chains. These authors have found that the

3.1

1.9

pressure of less flexible molecules is slightly larger than the 15 , . . .
pressure of freely jointed chains at the low and intermediate 0.05 0.07 0.09 0.11 0.13 0.15
density range. (b Ul

It is also observed that the difference between the pres: I . . .

. . . IG. 4. Compressibility factor, as a function of the packing fraction, of
sure corresponding to linear and branched chains, at the saf@ar and branched hard chairia) in the whole fluid range(b) enlarge-
packing fraction, decreases with the chain length. This hasent of the low packing fraction region. Solid lines represents the predic-
also been observed by other auth{j‘y%’? and it is expected, tions for linear chains and dashed lines are those corresponding to branched
since the pressure of repulsive chain systems is not a Stroﬁégams with one articulation point for molecules formed by fdlawer

. . . . rvesg and five(upper curvessegments.

function of the details of the molecular structure; it mainly
depends on the number of segments per chain. As the chain
length is increased, the relative number of beads close to thgponding to molecules with 6, 10, and 16 segmés¢z the
articulation point decreases. This effect is qualitatively deschematic two-dimensional view for some molecular models
scribed by the SAFT-B approach: The Helmholtz free energyn Fig. 3). Different curves in Fig. &) represent the com-
that accounts for the branching effect is essentially indeperpressibility factor of systems formed by hard chains with six
dent of m, whereas the free-energy contribution due to the(lowest compressibility valugsand ten segmentshigher
formation of the chain arms scales with the number of segeompressibility factors and different number of articulation
ments. points per molecule: onédotted line$, two (long-dashed

We have also studied the behavior of the compressibilitylines), three (long-dashed ling and four (dot-dashed ling
factor versus the packing fraction of some isomers correSolid lines represent the theoretical compressibility of linear
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FIG. 6. Compressibility factor, as a function of the packing fraction, of
linear and branched tetramers. Solid and dotted lines represent the predic-
tions from TPT1 and TPT2, respectively, for linear tetramers, and dashed
and dot-dashed lines are those corresponding to branched tetramers using
SAFT-B and TPT2 for starlike molecules, respectively.

degree of the system is increased. Although it is not shown
here, the SAFT-B equation of state also predicts a compress-
ibility factor-packing fraction curve with different shape or
curvature for linear and branched chains, as in previous sys-
tems.

Before presenting the results corresponding to the
vapor—liquid phase behavior of branched chains, we have
analyzed the effect of branching for both linear and branched
molecules, treated at the same perturbation level, namely
TPT2. This comparison is important since TPT1 does not
distinguish between linear and branched chains. The simplest
case in which the implementation of the TPT2 approach for
two isomeric molecules can be easily done is that for chains
formed by four segments. We have used the two TPT2 ver-
sions introduced by Phaet al>° to describe the thermody-
namic behavior of both systems. Figure 6 shows the com-
FIG. 5. Compressibility factor, as a function of the packing fraction, of pressibility factor, as a function of packing fraction, of these
Q”T-Zrﬁ”edsﬁ{ﬁgggeﬂoT{Zf ﬁg‘gjﬂg‘?ﬁ?&léﬁznmﬁgz Sgstﬁgg ﬁﬁgg\?\,';ts fluids. For comparison, we have also included the results for
arc;i(I:uIation segmén)slong-dashed linéthree artic?ulation poinjs and dot- a _Imear tetramer using TPT1, a? well as the prEdICtl(_)nS ob-
dashed lingfour articulation beadsrepresent the theoretical predictions for tained from SAFT-B corresponding to the branched isomer.
chainlike isomeric molecules obtained from SAFT-B. As can be seen, TPT1 and TPT2 predict similar values and

curvature for the compressibility factor of linear chains in the

whole range of densities. The TPT2 version of Phaal. for
chains. Two main effects are observed: First, the compresstarlike moleculegsee Eq.(36) in Ref. 39, withm=1 and
ibility factor of the system is increased as the chain length if = 3] predicts a compressibility factor for branched chains
larger, and second, the compressibility factor correspondingpwer than that for linear isomers at high densities, but
to branched chains decreases as the branching degree higher at low and intermediate packing fractions. This means
higher. We have also considered longer linear and branchetiat the TPT2 approach also predicts a crossing region in the
hard chain molecules{= 16) with one, two, three, and four compressibility factor curves of linear and branched tetram-
articulation pointdFig. 5(b)]. As can be observed, the same ers at low densities, in agreement with results obtained from
general trend is found for longer molecules as the branchinGAFT-B. Some deviations between both theoGEBT2 for

0.0 0.1 0.2 0.3 04
(b) n
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starlike molecules and SAFTRre observed at high densi- 0.23
ties, due to the fact that the TPT2 theory accounts explicitly
for the geometry of this kind of fluid, whereas the SAFT-B
equation of state only describes its rigidity and the number of
segments in the articulation tetramer. The great advantage of
SAFT-B over a more standard TPT2 version, such as the
TPT2 approaches of Werthetfand Pharet al.* is that it
can be easily used to describe the thermodynamic behavior 021 |
of branched chains witm>4.
In summary, the main effect of branching degree on the ~
thermodynamic properties of hard chain fluids is to decrease
the compressibility factor of the system at high densities. On
the contrary, the pressure of branched molecules is higher
than that of linear chains at low and intermediate packing
fractions. The difference between the pressure values corre- 0.19
sponding to different isomers increases as the packing frac-
tion is higher and decreases as the chain length increases.
We next proceed to investigate the vapor—liquid proper-

022

ties of some branched chains with attractive interactions at “0.00 005 0,'10 0.35 o020
the mean-field level of van der Waals. Figur@7shows the (a) n

coexistence diagram of four different molecules, two linear

(solid lineg, and two branched chains with one articulation 0.18

point (dashed lines The molecular architecture of these
molecules is shown in Fig. 3. The coexisting curves at low
temperatures correspond to isomeric molecules formed by
four segments and those at higher temperatures to isomers 017 [
with five beads. In this figure we have only considered the
upper region of the vapor-liquid phase diagram of the sys-
tems studied, where the differences between the coexisting
properties are larger. As can be observed, the main effect of
the presence of one articulation point in the chain on the
upper region of the coexistence diagram is to decrease the
critical temperature and density with respect to the corre-
sponding values for linear isomers. This behavior, predicted
by the SAFT-B equation of state, which is also observed in 015 |
real systems such as branched alkanes of low molecular
weight?’ can be explained by taking into account the results
obtained for the compressibility factor of linear and branched
chains. Since the mean-field free-energy contribution at a . . ‘
given packing fraction is the same for any isomer, the differ- 1% 20 0.22 0.24 0.26 0.28
ences between the phase behavior of both systems can be () n
attributed to the difference in the equation of state corre- o - s L

. . . FIG. 7. Vapor-liquid coexisting curve of hard chains with attractive inter-
sponding to the hard sphere reference fluid. In particular, thgcjons at the van der Waals levet) upper region of the diagranb)
lower value of the critical temperature of branched chainsnlargement of the phase diagram corresponding to the liquid branch at low
(Compared to that of linear molecujes a direct conse- temperatures. Lines represent the theoretical predictions for linear chains
quence of a higher value for the compressibility factor Ofl(_solid lineg and branched molecules V\_/ith one articulation pditshed

. . . ines) formed by four(lower curve$ and five(upper curvessegments.

branched chains with respect to that of linear molecules at
low densities.

We have also analyzed the liquid phase envelope of isoef branched molecules with one articulation point, and the
mers with four and five segments at low temperatures. Afong-dashed line corresponds to branched isomeric mol-
can be seen in Fig.(8), a crossing region exists in the liquid ecules with two articulation segments. As in the previous
branch between linear and branched molecules arogwnd systems, the effect of branching on the phase diagram is to
~0.245, which is consistent with the crossing observed irshift the coexistence curve to lower temperatures and densi-
the compressibility factor between isomeric molecules. ties. This displacement increases as the number of articula-

Finally, we consider the effect of the number of articu- tion points in the molecule is increased.
lation points per molecule on the phase behavior. The vapor— Summarizing, the main effect of branching on the phase
liquid coexistence curves of three isomers formed by six segbehavior of fluids formed by branched chains which interact
ments are shown in Fig. 8. The solid line represents théhrough a mean-field attractive potential at the level of van
vapor—liquid equilibria of linear chains, the dashed line thatder Waals is to shift the vapor—liquid coexistence curve to

'~ 0.16 |
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FIG. 8. Vapor-liquid coexistence diagram for hard chains with attractive substance index

interactions at the van der Waals level. Solid liflgsear), dashed linegsone
articulation poin}, and long-dashed lingswo articulation segmenksre the
theoretical predictions for chainlike molecules formed by six segments.

FIG. 9. Critical temperature§educed with respect to the critical tempera-
ture ofn-butane of alkanes up to eight carbon atoms. Squares correspond to
the experimental data taken from the literatiRef. 47), and dark circles
represent the predictions obtained from the SAFT-B equation of state. Each
alkane is represented by an integer number along #eés which is shown
lower temperatures and densities as the branching degreeitsTable Il of (Ref. 48.

made larger.

since the proposed molecular model is rather crude to de-
scribe the finer differences between isomeric alkanes. The
The molecular models studied in the previous sectiormodel only takes into account the fact that the adjacent seg-
can be used to understand the phase behavior of real systemgents to the articulation point are rigidly bonded to the chain
such as branched alkanes. These substances have differgiis, while those forming the rest of the ché&mms of the
coexistence envelopes and critical properties than those cofoleculd are freely jointed.
responding to linear alkanés. The theoretical predictions could be improved by intro-
Figure 9 shows the critical temperaturgeduced with  ducing some modifications in the model and theory. It is
respect to the experimental critical temperaturextiutane  possible to consider a more realistic model in which
of linear and branched alkanes up to eight carbon atoms. Weranched chains are represented by heteronuclear chains, i.e.,
use the critical temperature ofbutane as unit of tempera- the segments modeling the chemical groups of alkane mol-
ture because this molecule can be considered as the firstules can have different molecular parameters. This modi-
n-alkane that shows a regular behavior with respect to théication in the model, which introduces different molecular
rest of the members of the homologous series. For eacholumes in the description of linear and branched chains, has
group of isomers, the experimental critical temperature of @roven to be important in previous studies of isomeric
given alkane in that group is plotted in order of decreasingnolecules’® A further modification in the model consists of
temperature, and the corresponding prediction from thencluding a more accurate description of the dispersate
SAFT-B is represented for the same value ofttexis. This  tractive) intermolecular forces. As discussed by Yethiraj and
way of representing the critical temperatures of alkanes hagall'* and Escobedo and de Pabtahe effect of branching
been introduced previously by MacDowell and Vé§dn  on the thermodynamic properties of the system will be more
order to identify which particular alkane corresponds to eactpronounced for molecules with attractive interactions, such
integer number in thex axis, MacDowell and Vega have as the Lennard-Jones intermolecular potential. Unfortunately,
represented in a tableee Table I1l of their worka list of the  there is no analytical expression available at present for the
alkanes considered together with the substance index usedﬂqee-body correlation function of the reference flgis a
represent it. Squares correspond to the experimental datanction of the reduced temperature and density
taken from the literatufé and circles represent the predic-
tlops from thg theory. Ag can be observed, SAFT-B quantl-lvl CONCLUSIONS
tatively describes the critical temperature realkane mol-
ecules. However, agreement between experimental results We have presented an extension of the statistical associ-
and predictions from the SAFT-B equation of state is onlyating fluid theory to describe branched chainlike molecules.
qualitative for branched alkanes. This behavior is expectedhe so-called SAFT-Branchd®AFT-B) equation of state is

B. Critical temperatures of n-alkane isomers
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