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Abstract

Lattice–fluid models describe molecular ensembles in terms of the number of lattice sites occupied by molecular species
(r-mers) and the interactions between neighboring molecules. The lattice–fluid model proposed by Sanchez and Lacombe
(Macromolecules, 1978;11:1145–1156) was used to model specific retention volume data for a series of n-alkane solutes
with n-alkane, polystyrene, and poly(dimethylsiloxane) stationary liquid phases. Theoretical equations were derived for the
specific retention volume and also for the temperature dependence and limiting (high temperature) values for the specific
retention volume. The model was used to predict retention volumes within 10% for the n-alkanes phases; 22% for
polystyrene; and from 20 to 70% for PDMS using no adjustable parameters. The temperature derivative (enthalpy) could be
calculated within 5% for all of the solutes in nine stationary liquid phases. The limiting value for the specific retention
volume at high temperature (entropy controlled state) could be calculated within 10% for all of the systems. The limiting
data also provided a new chromatographic method to measure the size parameter, r, for any chromatographic solute using
characteristic and size parameters for the stationary phase only. The calculated size parameters of the solutes were consistent,
i.e. independent of the stationary phase and agreed within experimental error with the size parameters previously reported
from saturated vapor pressure, latent heat of vaporization or density data.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction based constructs known variously as compressible-
lattice, lattice–fluid, or Ising–fluid models represent

Lattice–fluid models have been used extensively the only molecular models which allow calculation
to interpret and model solubility and swelling data of chromatographic retention volumes or partition
for gases and supercritical fluids in polymers [1,2]. coefficients directly rather than the pressure or
Similar models have been used to interpret chro- temperature derivatives. Such models are a natural
matographic retention volume data obtained by extension of the original Flory–Huggins treatment
elution GC for infinite dilution solutes [3,4]. Other [9,10].
authors have used the same theoretical foundation to The basic concept of lattice–fluid models involves
model solute retention in supercritical fluid chroma- the description of the distribution of molecules,
tography [5–7]. All of these theoretical treatments of treated as r-mers, on a three-dimensional lattice with
chromatographic systems were based on the model each site and each mer occupying a volume v*. Each
proposed by Sanchez and Lacombe [8]. The lattice- r-mer occupies r sites on the lattice, so the hard-core

volume of each molecule or r-mer is rv*. If there are
*Corresponding author. N molecules of component i each occupying ai
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volume of r v*, the hard-core volume of component condition can then be used to derive solubilityi

i would be N r v*. If the total number of lattice sites isotherms for a solute component distributed betweeni i

is M, the total volume of a lattice would be Mv*. For a compressible gas or supercritical fluid and a
mixtures, intermolecular interactions are described condensed liquid or polymer. The solubility iso-
by an interaction parameter, x , which is a function therms, particularly with the solute at infinite dilu-ij

of the mer–mer interaction energies, e , e , and e . tion, lead to retention volume equations for chro-ii jj ij

One of the unique features of lattice–fluid models matographic systems.
is the concept that not all of the lattice sites must be
occupied even in a condensed phase. This allows for

1.1. Partition coefficient (retention volume)
the incorporation of free volume in a polymer and

equations
compressibility of both the stationary and mobile
phases. If the number of these unoccupied sites is

Sanchez and Rogers [3] derived a retention vol-krepresented as N , then M 5 N 1 o r N for a0 0 i51 i i ume equation for an infinite dilution component, i, in
system with k components. The thermodynamics of a MPgas chromatography using the relation that m 5igiven system can be described in terms of the Gibbs SP

m . The general expression for the chemical po-ifree energy, G5E1PV2TS, or Helmholtz free
tential of any component i in any phase is [12]:

energy, A5G 2 PV depending upon the conditions,
ki.e. constant pressure or constant volume. Existing fm ji ˜] ]5 ln f r 1 1 2 r Olattice–fluid models differ somewhat in their exact i iRT rjj51formulation of the energy, volume, and entropy

j21k kterms; however, the basic structures are similar to
˜*1 r v r O f x 2O O f f xH Ji i j ij i j ijthat point.

j51 j51 i51
Most lattice–fluid models yield an equation-of-

˜˜ ˜P2 r 1 2 rstate from the relation (≠G /≠V ) 5 0 or (≠A / iT,P,f ˜]] ] ]]1 r 1 1 ln(1 2 r )S DF Gi≠M) 5 2 Pv*, where the subscript f represents ˜ ˜ r̃˜T,f T T ri i
constant composition. The most frequently used EOS

(2)was proposed by Sanchez and Lacombe [11].

*where f 5 (r N v ) /(rNv*) is the volume fraction of2˜ i i i i˜P r 1
*˜ ˜ component i, v represents the hard-core volume of] ] ]S D1 1 ln(1 2 r ) 1 r 1 2 5 0 (1) i˜ ˜ rT T a mer of component i, and x is the interactionij

* * *x 5 1/RT [P 1 P 2 2P ] parameter which is de-ij i j ij˜ ˜where P and T are the reduced pressure and tempera-
fined to be pair-wise additive in energy density [8],˜ture, respectively. r is a concentration term repre- * *e /v 5 P rather than energy.ij* i isenting the fraction of lattice sites that are occupied,

This definition results in an interaction parameter,
i.e.

x, with dimensions of mol / l. This is in contrast with
k the dimensionless interaction parameter more com-O N r monly used to describe polymer solutions.j j

j51
˜ ]]]] A more convenient form of the chemical potentialr 5 k

equation can be formulated by incorporating theN 1O N r0 j j
j51 equation-of-state, Eq. (1) in the form:

The final step in the application of a lattice–fluid ˜1 2 r
˜]] ln(1 2 r ) 5S Dmodel is to invoke the equilibrium requirement that r̃

the chemical potential of any component distributed
˜ ˜P r 1between two phases must be equal in both phases.

˜ ] ] ]S D2 (1 2 r ) 1 1 1 2 (3)F GThe chemical potential can be derived from the free ˜ ˜ r˜Tr T
energy expression by the definition m ; (≠G /i

≠n ) or m ; (≠A /≠n ) . The equilibrium The chemical potential equation then becomesi T,P,n i i T,M,nj j
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k mfm i(s)ji ˜ ˜ ˜] ] ]]5 ln f r 1 1 2 r O 5 ln f r 1 1 2 r 1 r ri i i(s) 2 i i 2RT r RTjj51

2 1 1 1j21k k ˜]] ] ]*3 2 (1 2 r ) 1 v x 1 1 2S D2 i i2F G˜ ˜ r˜ 2* T T1 r v r O f x 2O O f f xH J i 2i i j ij i j ij
j51 j51 i51

Equating the chemical potential for component i in˜ ˜˜ ˜P2 r P ri both phases gives˜]] ] ] ]1 r 1 2 (1 2 r ) 1Fi F˜ ˜ ˜ ˜˜ ˜T T r T r Ti i i ˜f ri(s) 2
˜]]ln 5 r rS D i 21 ˜f ri(m) m]S D1 1 2 (4)GGr

˜1 2 r1 12
] ]] ] *3 1 2 1 2 2 v x (5)S D i i2F G˜ ˜ r2T Ti 2In the classical GC example, the conditions assumed

for the mobile phase in the model are f andi(m) The LHS of Eq. (5) can be related to the chromato-˜ ˜r → 0. The reduced parameters for the system, P, T,m graphic partition coefficient by the relation˜ ˜˜ ˜r and r then become P , T , r and r , respectively. ˜i i m i f r N *M vi(s) 2 i(s) m m
]] ]]]]Then 5 5 K . The partition coeffi-i*˜ M v Nf r s s i(m)i(m) m

cient is related to the specific retention volume of am 1i(m)
˜]] ]5 ln f r 2 r 1 2S D solute at the column temperature [13] by the relationi(m) m iRT ri

K 5V r . Thusi g(i ) 2

Some explanation or justification for the physically ˜1 2 r1 12˜ ] ]] ]unrealistic assumption that the chromatographic mo- *ln V r 5 r r 1 2 1 2 2 v xS Dg(i ) 2 i 2 i i2F G˜ ˜ r2T Ti 2bile phase is composed of pure solute at zero
pressure is necessary. In practical GC, the mobile (6)
phase consists of an inert carrier gas with a low, but

Eq. (6) can be related to the expression originallyfinite, concentration of solute. This carrier gas is
derived by Sanchez and Rogers [3] by substitution ofnecessary to transport the solute through the column
the EOS terms for the stationary phase which givesbut does not influence the thermodynamic equilib-

˜ ˜rium requirements for the solute because of the very r 1 2 r2 2 ˜] ]]ln V r 5 r 2 ln(1 2 r )S Dg(i ) 2 i 2Hweak gas phase interactions between the solute and ˜ r̃T 2ithe inert carrier gas. Thus, it is reasonable to simply
1ignore the carrier gas in any theoretical model. ˜] *2 1 2 2 v r x (7)S D i 2 i2JrFor the stationary phase, the model assumes that 2

˜ ˜f → 0 and thus, r 5 r .i(s) s 2
This equation is equivalent to Eq. (18a) of Ref. [3] ifTherefore
it is assumed that 1 2 1/r ¯ 1 and that the definition2

m r *of v as the mer volume rather than the r-meri(s) i i˜]] ]5 ln f r 1 1 2i(s) 2 volume.RT r2

The interaction parameter term in Eq. (7) can be
˜ ˜˜ ˜2 r P P r2 i 2 2 calculated using the hard-core volume of an r-mer˜]] ]] ]] ]1 r 1 2 (1 2 r ) 1F Fi 2˜ ˜ ˜ ˜ * *which is given by the relation r v 5 (M ) /(r ),˜ ˜T T r T r T i i i ii i 2 2 2 2

thus
1

˜ M] *1 1 2 1 v r xS D iG Gi 2 i2r ]]* * * *r v x 5 [P 1 P 2 2P ]2 i i i2 i 2 i2*r RT1

˜ ˜ Sanchez and Rogers [12] used four sets of literatureUnder normal GC conditions P and P are both lessi 2

data to test Eq. (7) for several solutes with differentthan 0.001 and can be neglected.
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2liquid phases [14]. The results were satisfactory ˜zr r e1 i 2 22F G˜ ˜] ] ]](average error less than 15%) for nonpolar systems. ln K8 5 2 r r 1 2 2 r e 2S Di 2 2 i2r RT 22However, not surprisingly, for systems involving
(10)polar /nonpolar mixtures the partition coefficients

were consistently overestimated by the lattice–fluid
This is Eq. (39) of Ref. [4] if it is recognized thatmodel. The results were quite striking, nevertheless,

˜u 8 5 r .considering that only a geometric mean combining c(s) 2

Therefore, Eqs. (6), (7) and (10) are all similar*rule was used for P and no other mixture ori2

expressions for the partition coefficient or specificadjustable parameters were used in the model. The
retention volume. Eq. (7), however, contains a ratherpresent investigation is designed to extend the
unwieldy logarithm term and Eq. (10) is based onevaluation of the lattice–fluid model to a broader
the assumption that the mer volumes of the soluterange of chromatographic systems; to derive and
and solvent are equal and this is a questionableassess theoretical expression for the temperature-
assumption for typical GC systems. For thesedependence and limiting high-temperature values of
reasons, Eq. (6) will be used to model the data forthe retention volume; finally to develop a novel
gas chromatographic systems in this investigation.chromatographic method for the determination of the

characteristic size parameters of chromatographic
solutes.

1.2. Temperature effects on retentionMartire and Boehm [5] derived a similar equation;
however, the temperature-dependant parameters were

One method of evaluating Eq. (6) is to derive anwritten in terms of interaction energies using the
˜ expression to model the temperature dependence of*relation 1/T 5 e /kT. Thus Eq. (7) can be recast asi ii

chromatographic retention volume data. The station-a partition coefficient equation with e* values.
ary phase density can be calculated at any tempera-

˜ln K8 5 2 r r ture from the EOS, so the temperature dependence ofi 2

the retention volume can be expressed as:* *e e1ii 22 ˜] ] ] *3 1 1 2 2 ln(1 2 r ) 1 v xH JS D 2 i i2RT r RT2 ≠ 1
]] ] ln V rH Jg(i ) 2(8) ˜≠(1 /T ) r2

r̃ ≠x* ≠The overall interaction energy, e , for the interaction 2 i2ii ]] ] ]]* * *5 r T 1 T 2 2 vi i 2 iF S D Gof a mer with z surrounding mers is related to the ˜≠(1 /T ) ≠(1 /T )T2
simple mer–mer interaction energy, e , by theii

(12)*relation e 5 2 ze /2. Martire and Boehm used theii ii

negative sign to indicate attractive forces. Thus, Eq.
However, the derivative of the interaction parameter(9) can be written in terms of e values rather than e*
can be written as:values as

] ]1 * * * *≠x T T T Ti2 i 2 i 2˜ ˜] *ln K8 5 2 r r 1 2 2 r v r xS Di 2 i i 2 i2 ]] ] ] ] ]* *2 v 5 2 v 1 2 2F Gr i i2 * * * *v v v v≠(1 /T ) œ œi 2 i 2

zri 2˜ ˜ ˜]]2 r e 1 r e 2 r e (9)f g2 ii 2 22 2 2 ≠ 12RT
]] ] ln V rH Jg(i ) 2˜≠(1 /T ) r2The definition of x in terms of e then becomesi2

] ˜* *v v r≠i i 2ze ze ze1 ii 22 i2 ] ] ]] ]* *5 r T 1 2 1 2T 2F GS DS Di 2 i2] ]] ]] ]x 5 2 2 1S D * *v v T≠(1 /T )i2 œ2 2 2* *RT 2v 2v v*i 2

Expressing the temperature derivatives in a differentIf it is assumed that the mer volumes of components
form givesi and 2 are equal, then
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˜1/T . There is some temperature dependence, how-2≠ 1
]] ] ln V r ever, because the slope in the practical temperatureH Jg(i ) 2˜≠(1 /T ) r2 ˜region is equal to r (1 1 a T ) and the intercept2 2] ˜ ** * extrapolated from the linear region is 2 r a T .v v 2 2 2i i ˜] ]* * *5 r T 1 2 1 2T 2 r TS Di 2 i2 2 2F This gives an empirical relation for the intercept of a* *v vœ2 2

van’t Hoff plot
˜≠ ln r2˜ 1]]2 Tr (13)2 G ˜ *˜ ˜]Lim ln V r 5 2 r (1 2 1/r ) 2 r a Tf g≠T H Jg(i ) 2 i 2 2 2 22 ˜1 / T →0 r2

The last term of Eq. (13) is proportional to the (16)
isobaric thermal expansion coefficient, a , of the2

In Eq. (16), the only solute parameter is r . Thus, rstationary phase which is defined as a ; 1/V(≠V/ i i2
can be determined from the intercept of a van’t Hoff≠T ) . In terms of reduced parameters, the relation isP

˜˜ plot if the stationary phase parameters, r , r , a ,˜*a T 5 2 (≠ ln r /≠T ) . Thus, the slope of the 2 2 22 2 2 2 p
*and T are known. The applicable values of thevan’t Hoff-type plot for solute i can be expressed in 2

reduced density and thermal expansion coefficientterms of the isobaric thermal expansion coefficient,
are the average values over the experimental tem-characteristic temperature, and density of a stationary
perature range.liquid phase. The only solute parameters required are

*the size parameter, r , the mer volume, v , and thei i

characteristic temperature, T *.i

2. Results and discussion≠ 1
]] ] ln V r 5 rH Jg(i ) 2 i˜≠(1 /T ) r2

2.1. n-Alkane stationary phases]* *v vi i ˜] ]* * *3 T 1 2 1 2T 2 r T (1 1 a T )F GS D2 i2 2 2 2* *v v In order to evaluate the specific retention volumeœ2 2

equation as well as the derived equations for the(14)
temperature dependence (enthalpy) and limiting val-

Likewise, the lattice–fluid model can be used to ues at high temperature (entropy) of the specific
predict the limiting values for the retention volumes retention volumes, specific retention volume data
of chromatographic solute at very high temperatures, were required for a given set of solutes and solvents
i.e. at 1 /T → 0. over a range of temperatures. The most fundamental-

ly significant systems would be the n-alkanes. Such a
1.3. Limiting retention at high temperature data set has been reported [15] for the C to C4 10

n-alkanes in the C to C n-alkanes at 80, 100, and22 36
The intercept of a van’t Hoff-type plot of 1208C.
˜1/r ln V r vs. 1 /T can be derived from Eq. (6) In order to calculate the partition coefficients,2 g(i ) 2

by retention volumes, and density of the stationary
phase, a set of three characteristic parameters (P*,1

]Lim ln V r T*, and r*) is required for each component. SanchezH Jg(i ) 2˜1 / T →0 r2 and Panayiotou [12] reported such data for the
˜˜5 2 r (1 2 1/r ) 1 Lim (r /T ) (15) normal alkanes up to n-C H along with poly-F Gi 2 2 2 17 361 / T →0

styrene, polyethylene, and PDMS. These parameters
˜˜Evaluation of the Lim (r /T ) term of Eq. are given in Tables 1 and 2. The size parameter, r,1 / T →0 2 2

(15) must be empirical because the true limit of the was calculated from the relation for those com-
˜˜ratio r /T is zero as shown in Fig. 1. Moreover, the ponents with determinate molecular weights, M.2 2

equation-of-state is not well behaved at high tem- Likewise, the mer volume for each component was
3* * *peratures. However, in the temperature range T # determined from the relation v 5 10 RT /P ori i i

˜˜* * *T , r /T is approximately a linear function of v 5 M /r r . The characteristic parameters for the2 2 2 i i i i
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˜ ˜ ˜˜Fig. 1. Variation of r /T with 1/T for polymers with different size parameters. Assuming P # 0.001 (? ? ?) r#100, (—) r520,2 2 2 2

(— — —) r510.

*higher molecular weight n-alkane stationary phases values for r were also determined from an extrapo-2

* *were estimated by extrapolation of the published data lation of the mer volume, r v 5 M /r , which is ai i i i

for lower n-alkanes [12]. For example, Fig. 2 shows linear function of carbon number for the n-alkanes.
the carbon number dependence of T* and r* for the The results from this extrapolation agreed with in
n-alkanes, and the extrapolated data for n-C H to 1–2% of the values obtained from the extrapolation22 46

n-C H which are also given in Table 2. The of r* data for the lower n-alkanes.36 74

Table 1
Characteristic parameters of the chromatographic solutes [12]

3MP* 10 RT*Solute T* (K) P* (Atm) r* (g/ml)
]]] ]]r 5 v* 53 P*10 RT*r*

Propane 371 3089 0.690 6.48 9.83
n-Butane 403 3178 0.736 7.58 10.4
n-Pentane 441 3059 0.755 8.08 11.8
n-Hexane 476 2941 0.775 8.37 13.3
n-Heptane 487 3050 0.800 9.57 13.1
n-Octane 502 3039 0.810 10.34 13.6
n-Decane 530 3000 0.837 11.75 14.5
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Table 2
Characteristic parameters for the stationary liquid phases

310 RT*Liquid phase T* (K) P* (atm) r* (g /ml) r 4 21]]v* 5 10 a (K )
P*

n-C H 607 2484 0.008 17.6 20.1 9.322 46

n-C H 613 2406 0.890 18.2 20.9 9.424 50

n-C H 623 2259 0.890 19.6 22.6 8.628 58

n-C H 627 2201 0.900 20.1 23.4 8.430 62

n-C H 630 2125 0.900 20.6 24.3 8.332 66

n-C H 633 2050 0.900 21.0 25.3 8.334 70

n-C H 636 1992 0.900 21.5 26.1 8.136 74

Polyethylene [12] 649 4194 0.904 ` 12.7 4.7 [16]
Polystyrene [12] 735 3523 1.11 ` 17.1 6.9 [17]
Poly(dimethyl siloxane) [12] 476 2980 1.10 ` 13.1 10.3 [17]

a a577 1.04 15.9
a Calculated from density data.

Estimation of the size parameters for the stationary C to C . The characteristic pressures were calcu-22 36

phases was necessary because the usual assumption lated from the r, T* and r* values.
that 1 2 1/r ¯ 1 resulted in significant errors. It was The specific retention volumes for the n-alkane2 ]*observed empirically that a plot of r T vs. r was solutes were calculated from the characteristic pa-œi 1 i

2linear (R 50.9995) for the n-alkanes from C to rameters using Eq. (6). The interaction parameter1

C . The r values given in Table 2 were calculated was calculated from the characteristic pressure using17

*from a linear extrapolation for the n-alkanes from only the geometric mean assumption for P , i.e.i2

Fig. 2. Characteristic parameters of n-alkanes. Sanchez and Panayiotou [3]: (d) T*, (j) r*; this work: (s) T*, (h) r*.
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Fig. 3. Comparison of calculated and experimental specific retention volumes for n-alkanes solutes in n-C H , n-C H , and n-C H .22 46 28 58 36 74

(y) Butane, (d) pentane, (s) hexane, (j) heptane, (h) octane, (.) decane.

]]* * *P 5 P P . The results are shown in Fig. 3 in the entropy dominated regime in which only the sizeœi2 i 2

form of a plot of calculated versus experimental parameter r would determine the retention volume1

specific retention volumes. The average relative error of a solute. In this entropy-driven domain, the largest
of the calculated data for all of the solutes and solute with the highest r value would be retained1

stationary phases was less than 10%. This is a less than solutes with smaller r values in a given1

satisfactory result in view of the fact that no adjust- stationary phase due to the unfavorable entropy
able (mixture) parameters were used. The tempera- change for the larger solutes.
ture dependence of the retention volume data was Although Eq. (16) is empirical, it provides a
calculated from Eq. (14) using the isobaric thermal completely independent method for calculation of the
expansion coefficient for the stationary phases given size parameter for any solute from the limiting value
in Table 2. Likewise, the limiting (high temperature) of the specific retention volume for any stationary
values of the specific retention volume were calcu- phase with known characteristic and size parameters.
lated from Eq. (16) using the size parameters for the Table 3 shows the results for such calculations for
solutes given in Table 1. The results are shown in the n-alkane systems. This method for the evaluation

˜Fig. 4 in the form of a van’t Hoff plot of 1 /r ln V 8 of lattice–fluid size parameters is unique due to thes g

vs. 1 /T in which a very unique intersection pattern is infinite dilution and the limiting high temperature
observed for the extrapolated lines which pass condition of the solutes which means that no
through a common point at about 900 8K. Such an equation-of-state parameters are required for the
extensive extrapolation to 1/T50 is physically un- evaluation of the size parameters for the solutes. The
realistic, but the pattern is intriguing because the reversal of elution order of the solutes at high
high temperature extrapolation would represent an temperature is predicted by Eq. (16). The term in
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Fig. 4. van’t Hoff plots for n-alkanes in n-C H . (y) Butane, (d) pentane, (s) hexane, (j) heptane, (h) octane, (.) decane. Solid lines:34 70

regression of experimental data; dotted lines: calculated from Eqs. (14) and (15).

square brackets is always positive because a is 2.2. Polystyrene stationary phase2
24 21about 10 K for most polymers. Thus, increasing

r values for the solutes result in decreasing specific In their original study, Sanchez and Rogers [3]
retention volumes as shown in Fig. 4. analyzed their model using a portion of the retention

With the exception of docosane, the calculated volume data of Stiel and Harnish [14]. In the present
size parameters for a given solute are surprisingly investigation, the entire data set was used to evaluate
independent of the stationary phase and reasonable Eq. (6) for the n-alkane solutes and the results are
close to the literature values determined by nonch- shown in Fig. 5. In this case, the theoretical line is
romatographic experimental methods. The agreement plotted over the full temperature range and the
is excellent considering the extended extrapolation to theoretical lines for all the solutes converge at high

˜1/T → 0 to required for the chromatographic data. temperature because of the unrealistic values of r2

Table 3
Lattice–fluid model size parameters calculated from Eq. (16)

Solutes Stationary liquid phase r

n-C H n-C H n-C H n-C H n-C H n-C H n-C H Avg. Lit. [12]22 46 24 50 28 58 30 62 32 66 34 70 36 74

n-C H 5.6 – 6.6 6.0 6.7 6.4 6.6 6.3 7.64 10

n-C H 6.8 7.2 7.9 7.4 8.2 7.2 7.4 7.4 8.15 12

n-C H 7.7 8.3 8.6 8.2 9.1 8.1 8.1 8.3 8.46 14

n-C H 8.6 9.2 9.6 9.2 9.9 9.0 9.2 9.2 9.67 16

n-C H 9.4 10.4 10.7 10.2 10.9 10.1 10.1 10.3 10.38 18

n-C H 10.5 12.0 12.6 12.7 12.7 12.1 12.6 12.1 11.810 22
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Fig. 5. Theoretical model, Eq. (6), for n-alkanes in polystyrene. (♦) Propane, (d) n-pentane, (s) n-hexane, (j) n-heptane.

Fig. 6. Comparison of calculated and experimental [9] specific retention volumes for n-alkane solutes in polystyrene at 408, 423, 448, 473,
and 498 K. (♦) Propane, (d) n-pentane, (s) n-hexane, (j) n-heptane, (- - -) ideal conditions.



Y. Tao et al. / J. Chromatogr. A 862 (1999) 49 –64 59

predicted from the EOS at very high pressures. At 2.3. Poly(dimethylsiloxane) stationary phases
the experimental temperatures, however, the model is
reasonably accurate. The comparison of experimental Laub and co-workers have published an extensive
and calculated specific retention volumes is illus- collection of specific retention volume data for
trated in Fig. 6. The model consistently overesti- various poly (dimethylsiloxane) phases [18–21]. A
mates the retention volume by about 25%. This is preliminary investigation of this system, however,
comparable to Sanchez and Roger’s reported maxi- revealed a deficiency in the published [12] charac-
mum error of 30% for n-hexane in polystyrene [3]. teristic parameters for this stationary phase. The
The linear van’t Hoff plots extrapolated from experi- published characteristic parameters did not produce
ments to very high temperatures shown in Fig. 7 the correct density values over the experimental
display the same intersection pattern as was observed temperature range. Shih and Flory [22] measured the
with the n-alkane solutes. The size parameters density of PDMS over a wide temperature range.
calculated from Eq. (16) were 5.9, 8.1, 8.3, and 9.0 The experimental data along with the density calcu-
for propane, pentane, hexane, and heptane, respec- lated from the published characteristic parameters are
tively. The corresponding literature [12] values are shown in Fig. 8. New values of the characteristic
6.5, 8.1, 8.4, and 9.6. temperature and density were calculated from the

Fig. 7. van’t Hoff plots for n-alkanes in polystyrene. (♦) Propane, (d) n-pentane, (s) n-hexane, (j) n-heptane. Solid lines: regression of
experimental data; dotted lines: calculated from Eqs. (14) and (16).
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Fig. 8. Density calculated from Flory’s polynomial [22]. (s) Density calculated from EOS using T*5577 K, r*51.04 g/ml; (d) density
calculated from EOS using T*5476 K, r*51.10 g/ml.

experimental density data and the results are also of the model is excellent for n-alkane systems but
illustrated in the figure. The revised characteristic less satisfactory for n-alkane solutes in polystyrene
temperature and density were used to calculate the and poly(dimethylsiloxane). Nevertheless, the lat-
specific retention volumes of six n-alkanes from 30 tice–fluid model is one of the few available models
to 808C. The results are shown in Fig. 9. In this case, that can be used to calculate specific retention
the error increases with increasing size of the solute. volumes and partition coefficients for volatile solutes
The average error for n-pentane was 22% (compar- in liquids or polymers.
able with polystyrene) but almost 70% for n-decane. The equations are simple and tractable because no

The temperature dependence of the specific re- adjustable parameters are required. The energy den-
tention volume for each solute is illustrated in Fig. sity or characteristic pressure for the mixture is
10. The common crossover phenomenon is again calculated using geometric mean approximation, i.e.

]]* * *observed at high temperatures (¯6508C.) P 5 P P . Thus, the retention volume equationsij i jœ
should be accurate for systems in which the geomet-
ric mean approximation is accurate. That is, the

3. Conclusions model should be most accurate for systems in which
the mer components of the solute and stationary

The lattice–fluid model proposed by Sanchez and phase are chemically similar. Thus it was observed
Lacombe [8] provides a method to calculate absolute that the alkane-alkane systems were accurately
retention volumes for gas chromatographic systems modeled; however, the results were less satisfactory
using published characteristic constants for the solute for the stationary phases containing phenyl or silox-
and stationary phase and a geometric mean approxi- ane moities. The model can be made to fit ex-
mation for the mixture parameter P*. The accuracy perimental retention volumes for both the poly-
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styrene and poly(dimethylsiloxane) systems by using even for the systems in which the calculated re-
an empirical correction to the interaction parameter tention volume data were not satisfactory.
as suggested by Rogers and Sanchez [4]; however, Finally, the model also provides a method, Eq.
the integrity and elegance of the original model must (16), to calculate the limiting value of the retention
be sacrificed. volume of chromatographic solutes at very high

If the isobaric thermal expansion coefficient of the temperatures if the characteristic parameters for the
stationary phase is known or can be calculated from stationary phase along with the size parameter of the
the equation-of-state, the lattice–fluid model pro- solute are known. More interestingly, however, the
vides a foundation, Eq. (14), for calculating the slope measured limiting data can be used with Eq. (16) to

˜of van’t Hoff-type plots of 1 /r ln K8 vs. 1 /T, i.e. the calculate the size parameter for a chromatographics

enthalpy of transfer of the solute from the mobile to solute. The results of such calculations for all of the
the stationary phases. Fig. 11 shows a comparison of applicable system are illustrated in Fig. 12.
the calculated and observed slopes for all of the The Sanchez–Lacombe lattice–fluid model pro-
systems investigated in this study. The agreement vides a theoretical foundation for the prediction and
between the model and experimental data is good interpretation of gas chromatographic retention data

Fig. 9. Comparison of specific retention volumes of n-alkanes in PDMS. (d) Pentane, (s) hexane, (j) heptane, (h) octane, (m) nonane,
(.) decane, (- - -) ideal conditions.
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Fig. 10. van’t Hoff plots for n-alkanes in PDMS. (d) Pentane, (s) hexane, (j) heptane, (h) octane, (m) nonane, (.) decane. Solid lines:
regression of experimental data; dotted lines: calculated from Eqs. (14) and (16).

Fig. 11. Comparison of the slopes of n-alkanes in PDMS, polystyrene, and n-C H –n-C H . (m) PDMS, (d) polystyrene, (s)22 46 36 74

n-C H –n-C H .22 46 36 74



Y. Tao et al. / J. Chromatogr. A 862 (1999) 49 –64 63

Fig. 12. Comparison of size parameters. (s) Sanchez and Panayiotou [12], (d) polystyrene, (h) n-C H –n-C H , (m) PDMS.22 46 36 74

[2] P.D. Condo, I.C. Sanchez, C.G. Panayiotou, K.P. Johnston,as well as the effect of temperature on such chro-
Macromolecules 25 (1992) 6119–6127.matographic data. The next logical step will be to

[3] I.C. Sanchez, P.A. Rodgers, Pure Appl. Chem. 62 (1990)apply the same model to the much more complex
2107–2114.

systems encountered in supercritical fluid chromato- [4] P.A. Rodgers, I.C. Sanchez, J. Polym. Sci. B: Polym. Phys.
graphic systems. 31 (1993) 273–277.

[5] D.E. Martire, R.E. Boehm, J. Phys. Chem. 91 (1987) 2433–
2446.

[6] J.-J. Shim, K.P. Johnston, Am. Inst. Chem. Eng. J. 37 (1991)Acknowledgements
607–616.

[7] P.D. Condo, S. Sumpter, M.L. Lee, K.P. Johnston, Ind. Eng.
This research was supported by a grant from the Chem. Res. 35 (1996) 1115–1123.

[8] I.C. Sanchez, R.H. Lacombe, Macromolecules 11 (1978)National Science Foundation.
1145–1156.

[9] P.J. Flory, J. Chem. Phys. 10 (1942) 51–61.
[10] M.L. Huggins, Ann. NY Acad. Sci. 43 (1942) 1–32.

References [11] I.C. Sanchez, R.H. Lacombe, J. Phys. Chem. 80 (1976)
2352–2362.

[12] I.C. Sanchez, C.G. Panayiotou, Models for Thermodynamic[1] D.S. Pope, I.C. Sanchez, W.J. Koros, G.K. Fleming, Macro-
of Phase Equilibrium Calculation, Wiley, New York, 1994.molecules 24 (1991) 1779–1783.



64 Y. Tao et al. / J. Chromatogr. A 862 (1999) 49 –64

[13] J.F. Parcher, Chromatographia 47 (1998) 570–574. [18] R.J. Laub, J. High Resolut. Chromatogr. Chromatogr. Com-
[14] L.I. Stiel, D.F. Harnish, Am. Inst. Chem. Eng. J. 22 (1976) mun. 10 (1987) 565.

117–122. [19] R.J. Laub, J.H. Purnell, J. High Resolut. Chromatogr.
[15] J.F. Parcher, P.H. Weiner, C.L. Hussey, T.N. Westlake, J. Chromatogr. Commun. 11 (1988) 650.

Chem. Eng. Data 20 (1975) 145–151. [20] C.-F. Chein, R.J. Laub, J. High Resolut. Chromatogr.
[16] H.-G. Elias, Makromolekule, Plenum Press, New York, Chromatogr. Commun. 4 (1981) 539.

1977. [21] C.-F. Chein, R.J. Laub, J. High Resolut. Chromatogr.
[17] S. Matsuoka, T.K. Kwei, Macromolecules: An Introduction Chromatogr. Commun. 6 (1983) 577.

to Polymer Science, Academic Press, New York, 1979. [22] H. Shih, P.J. Flory, Macromolecules 5 (1972) 759.


