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Introduction

It is desirable in process engineering to replace measurements of some properties by predictive methods. This is specially the case for the first steps of process design, when the feasibility of the process has to be evaluated with the data available in literature and without willingness to conduct additional experiments. Increasingly complex molecules, i.e. substances with multiple functional groups and branched structures are targeted in process design, which necessitates predictive methods with strong physical basis. Before analyzing complex multifunctional molecules and mixtures, it is essential that pure and less complex compounds such as branched alkanes are adequately modeled. To this end, many approaches exist [START_REF] Poling | The properties of gases and liquids[END_REF], but the most well-known ones are based on group contributions.

In group-contribution (GC) methods, the molecular structure is decomposed into building blocks referring to functional groups and any property of a considered molecule is estimated as a function of the contributions of these building blocks. The assumption is that the electron structure of a functional group is not (much) altered by neighboring groups. As a consequence, the parameter value of any group is considered to have the same contribution to the property of a considered species, irrespective of the other groups present in that molecule. GC methods are thus predictive by definition.

GC-methods can be used to estimate pure component properties. For example, such methods have been developed to determine critical properties of pure components in a predictive manner [START_REF] Joback | estimation of pure-component properties from group-contribution[END_REF][START_REF] Marrero | Group-contribution based estimation of pure component properties[END_REF][START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF]. The estimated values of critical temperature and critical pressure can subsequently be used as parameters in cubic equations of state.

In process engineering, it is often required to develop a thermodynamic model for the prediction of fluid properties and phase equilibria (such as fugacities) for mixtures that might involve multifunctional branched molecules. The predictive power of cubic equations of state (EoS) remains limited for molecules involving polar and/or associative interactions leading to pronounced thermodynamic non-ideality. Equations of state (EoS) derived from statistical mechanical approaches have meanwhile grown to powerful engineering models [START_REF] Hemptinne | Application to Petroleum Engineering of Statistical Thermodynamics -Based Equations of State[END_REF].

An important representative is the Statistical Associating Fluid Theory (SAFT) that is based on Wertheim's perturbation theory [START_REF] Wertheim | Fluids with highly directional attractive forces. I. Statistical thermodynamics[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. II. Thermodynamic perturbation theory and integral equations[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. III. Multiple attraction sites[END_REF][START_REF] Wertheim | Fluids with highly directional attractive forces. IV. Equilibrium polymerization[END_REF][START_REF] Wertheim | Fluids of dimerizing hard spheres, and fluid mixtures of hard spheres and dispheres[END_REF]. Here, the fluid is first assumed to consist of hard spheres. Attractive forces between the spheres are taken into account through a dispersive potential that is added (e.g. square-well or Lennard-Jones potential). Then, chain sites on each sphere enable the formation of chains. Finally, the chain can then associate through short-ranged attractive interactions as a model for hydrogen bonds. All of these steps contribute to the residual Helmholtz energy.

Many versions of SAFT equations have been developed such as the original SAFT [START_REF] Huang | Equation of state for small, large, polydisperse, and associating molecules[END_REF], Chen-Kreglewski SAFT (CK-SAFT) [START_REF] Chen | Applications of the Augmented van der Waals Theory of Fluids: I. Pure Fluids[END_REF], simplified SAFT [START_REF] Fu | A Simplified SAFT Equation of State for Associating Compounds and Mixtures[END_REF], Lennard-Jones SAFT (LJ-SAFT) [START_REF] Kraska | Phase Equilibria Calculations with a Modified SAFT Equation of State. 1. Pure Alkanes, Alkanols, and Water[END_REF][START_REF] Kraska | Phase Equilibria Calculations with a Modified SAFT Equation of State. 1. Pure Alkanes, Alkanols, and Water[END_REF] , soft-SAFT [START_REF] Blas | Prediction of Binary and Ternary Diagrams Using the Statistical Associating Fluid Theory (SAFT) Equation of State[END_REF], variable-range SAFT (SAFT-VR) [START_REF] Gil-Villegas | Statistical associating fluid theory for chain molecules with attractive potentials of variable range[END_REF], perturbed-chain SAFT (PC-SAFT) [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF], SAFTD-LJ-Branch [START_REF] Zhang | Modeling thermodynamic properties of isomeric alkanes with a new branched equation of state[END_REF] . Some authors propose additional terms. In the context of molecular models, the polar term is probably the most common one, as in Polar PC-SAFT [START_REF] Nguyenhuynh | Application of GC-SAFT EOS to polar systems using a segment approach[END_REF][START_REF] Gross | An equation-of-state contribution for polar components: Dipolar molecules[END_REF][START_REF] Huynh | Application of GC-SAFT EOS to polycyclic aromatic hydrocarbons[END_REF].

This study applies the PC-SAFT framework [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF]. An important feature of SAFT models is the underlying molecular model. The molecular model, although rather coarse-grained, is sufficiently detailed to distinguish various interaction types, which is a prerequisite for adequately correlating or predicting mixtures with substances that have asymmetric interaction-types.

In this work, an improved heterosegmented GC method for PC-SAFT applied to branched alkanes is proposed. The proposed model captures the effect of neighboring functional groups (i.e. GC) on a considered functional group by a neighborhood-correction term, which leads to a substantially improved description of some branched structures.

This study is organized as follows. A bibliographical review of GC approaches and their applicability for branched alkanes. Next, experimental data from literature that is used to adjust group-contribution parameter is analyzed. Finally, a group-contribution concept for PC-SAFT is proposed where neighborhood-corrections are incorporated.

Bibliographical review of GC-SAFT methods

A determining aspect for using an equation on a complex mixture is the parameterization. The usual and most accurate parameterization method is regression on experimental data. Yet, when no data are available, a predictive method is required.

The pure component parameters defining the molecular model of SAFT equations are the energy parameter ε, defining the van der Waals attraction, the segment size parameter σ and m as the number of spherical segments in chain-like molecules. More parameters can be added depending on the polarity and the association strength of a molecule. Those parameters are used to calculate the different contributions to the molar residual Helmholtz energy so that

ܽ ௦ = ܽ ௦ +ܽ ௗ௦ + ܽ (1)
Where ܽ ௦ is the Helmholtz energy of the hard-sphere reference term and ܽ ௗ௦ that of the dispersion term, ܽ is the contribution from chain formation. The association and polar contribution are not discussed here because they are zero for alkanes. Depending on the way the groups are introduced, the GC SAFT methods can be classified in homosegmented and heterosegmented GC approaches.

Homosegmented GC-SAFT approaches

In homosegmented GC methods, molecular chains are considered to be composed of identical segments (the segments representing the various chemical functional groups) and mixing rules are used for determining molecular parameters from functional group parameters.

Vijande et al. [START_REF] Vijande | Description of PVT behaviour of hydrofluoroethers using the PC-SAFT EOS[END_REF] were the first to implement a group-contribution approach within the SAFT framework. They developed a homosegmented GC approach for hydrofluoroethers and nalkanes using the PC-SAFT EoS by considering a linear dependence of pure component parameters of a homologous series on the molecular mass. Vapor pressures and liquid densities were calculated and compared to experimental data showing deviations lower than 1% for both calculated properties on hydrofluoroethers. The mixing rules are

= ∑ ࢻ ࢻ ࢻ (2) = ∑ ࢻ ࢻ ࢻ ࢻ (3) = ∑ ࢻ હ ࢻ હ (4)
where n αi denotes the number of groups of type α within molecule i.

In subsequent work [START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF][START_REF] Vijande | Group-Contribution Method with Proximity Effect for PC-SAFT Molecular Parameters. 2. Application to Association Parameters: Primary Alcohols and Amines[END_REF], mutual perturbation parameters were added to consider proximity effects between functional groups.

The group of Passarello and de Hemptinne [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF][START_REF] Thi | Application of group contribution SAFT equation of state (GC-SAFT) to model phase behaviour of light and heavy esters[END_REF] developed a GC approach by using the Lorentz Berthelot combining rules

= ∑ ࢻ ࢻ ࢻ (5) = ට ∏ ࢻ ࢻ ࢻ ቀ∑ ࢻ ࢻ ቁ (6) = ∑ ࢻ ࢻ ࢻ ∑ ࢻ ࢻ (7) 
The approach has been applied to the SAFT-VR [START_REF] Gil-Villegas | Statistical associating fluid theory for chain molecules with attractive potentials of variable range[END_REF][START_REF] Alej | The thermodynamics of mixtures and the corresponding mixing rules in the SAFT-VR approach for potentials of variable range[END_REF] and to the PC-SAFT [START_REF] Gross | Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules[END_REF][START_REF] Gross | Application of perturbation theory to a hard-chain reference fluid: an equation of state for square-well chains[END_REF] models. It appeared that the accuracy of the method was good, with deviations generally within 3% on vapor pressure and 2% on saturated liquid volumes of various hydrocarbon series [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF]. Every type of functional group α, with ݊ ఈ groups per molecule i contributes with a chain fraction ݊ ఈ ܴ ఈ to the overall chain parameter ݉ . In order to account for the branching of molecules, the contribution of the group to the segment-number parameter ݉ is adjusted depending on the position of the group with respect to the end of the chain, as shown in Figure 1. The parameters of each group have been obtained by simultaneously regressing on vapor pressure and liquid density data of linear alkanes first (for CH 2 and CH 3 ) and branched alkanes second (for CH).

Figure 1: Distinction between isomers possible by taking into account the position of methyl groups through a different contribution R that is function of the position. Different parameters are used for end of chain CH 3 in magenta as compared to middle of chain CH 3 in red.

NguyenHuynh [START_REF] Nguyenhuynh | A modified group-contribution PC-SAFT equation of state for prediction of phase equilibria[END_REF] proposed to improve the GC method by Tamouza et al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] by adding an extra parameter (hereby changing the name to mg-SAFT). The improvement is the "exclusion" of the over-accounting of dispersion energy between intra-molecular segments through an empirical correlation parameter. Three families (n-alkanes, n-alkyl-cycloalkanes and n-alkylbenzenes were investigated). It allowed to improve significantly the prediction capability of the model for heavy compounds, particularly the prediction of vapor pressure, liquid density, and enthalpy of vaporization. The overall average absolute deviation obtained on the regression database is found to be 1.76% for vapor pressure and 0.85% for saturated liquid density for n-alkanes.

Tihic et al. [START_REF] Tihic | A Predictive Group-Contribution Simplified PC-SAFT Equation of State: Application to Polymer Systems[END_REF] presented yet another GC approach applied to the PC-SAFT [START_REF] Solms | Computational and Physical Performance of a Modified PC-SAFT Equation of State for Highly Asymmetric and Associating Mixtures[END_REF] EoS. Their originality was to consider a decomposition following the Constantinou-Gani GC method [START_REF] Constantinou | New group contribution method for estimating properties of pure compounds[END_REF] thus introducing the distinction between first order groups (FOG: CH3, CH2, CH…) and second order groups (SOG: larger groups) so that

= ∑ ( ࢻ ࢻ ) ࢻ + ∑ ( ࢼ ࢼ ) ࢼ (8) = ∑ ( ࢻ ࢻ ࢻ ) ࢻ + ∑ ( ࢼ ࢼ ࢼ ) ࢼ (9) 
/ = ∑ ( ࢻ ࢻ ࢻ /) ࢻ + ∑ ( ࢼ ࢼ ࢼ /) ࢼ (10) 
The concept of second order groups accounts for proximity effects and structural isomers. All group parameters (first and second order) were adjusted to a data-base of pure component {ε i , σ i , m i } values, rather than directly to experimental data or correlated experimental data. For nalkanes from n-pentane to n-eicosane the model showed an average error of 2.4% in vapor pressure and of 0.9% in liquid density towards experimental data.

Also, another study [START_REF] Burgess | New Group-Contribution Parameters for the Calculation of PC-SAFT Parameters for Use at Pressures to 276 MPa and Temperatures to 533 K[END_REF] presented a GC method for calculating PC-SAFT parameters by extending the group contribution model of Tihic and co-workers [START_REF] Tihic | A Predictive Group-Contribution Simplified PC-SAFT Equation of State: Application to Polymer Systems[END_REF], for alkanes, aromatics, and cycloalkanes. The parameter values are a function of contributions from the various functional groups present and the nature of the various carbon atoms (aliphatic, aromatic, and naphthenic) comprising the molecule. Two different sets of GC parameters were proposed: one set for prediction of PC-SAFT parameters at high pressures, and another set for obtaining an accurate parameter set at low pressures.

Using the homo GC approach for mixtures may not be enough, since binary interaction parameters are generally necessary. Nguyen-Huynh et al. have proposed several papers in order to include such additional parameter in the GC framework [START_REF] Nguyen-Huynh | Modeling Phase Equilibria of Asymmetric Mixtures Using a Group-Contribution SAFT (GC-SAFT) with a kij Correlation Method Based on London's Theory. 1. Application to CO 2 + n -Alkane, Methane + n -Alkane, and Ethane + n -Alkane Systems[END_REF][START_REF] Nguyen-Huynh | Modeling Phase Equilibria of Asymmetric Mixtures Using a Group-Contribution SAFT (GC-SAFT) with a kij Correlation Method Based on London's Theory. 2. Application to Binary Mixtures Containing Aromatic Hydrocarbons, n -Alkanes, CO 2 N 2 and H 2 S[END_REF][START_REF] Nguyenhuynh | Situ Determination of Phase Equilibria of Methyl Benzoate + Alkane Mixtures Using an Infrared Absorption Method. Comparison with Polar GC-SAFT Predictions †[END_REF][START_REF] Tran | Modeling VLE of H 2 + Hydrocarbon Mixtures Using a Group Contribution SAFT with a kij Correlation Method Based on London's Theory[END_REF][START_REF] Mourah | Modelling LLE and VLE of methanol+n-alkane series using GC-PC-SAFT with a group contribution kij[END_REF].

Heterosegmented GC-SAFT approaches

SAFT models consider molecules as chains of tangent spherical segments. In the homosegmented approaches, all spherical segments are identical, with average parameters as shown in the previous section. It is also possible to consider a molecule consisting of (spherical) segments of different type, for example different segment size parameters, or each with an specific van der Waals (dispersive) energy parameter. In these heterosegmented approaches, the Helmholtz energy is explicitly expressed in terms of the involved segment types. The equations use the group parameters directly. This implies that in principle, more structural isomers can be distinguished.

Banaszak et al [START_REF] Banaszak | Copolymer SAFT Equation of State. Thermodynamic Perturbation Theory Extended to Heterobonded Chains[END_REF] and Shukla and Chapman [START_REF] Shuklak | SAFT equation of state for fluid mixtures of hard chain copolymers[END_REF] developed the basic procedure for treating heterosegmented molecules in the context of copolymers. Later, a heterosegmented PC-SAFT model was presented by Gross el al. [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF] and Domanska and Paduszynski [START_REF] Paduszyński | Heterosegmented Perturbed-Chain Statistical Associating Fluid Theory as a Robust and Accurate Tool for Modeling of Various Alkanes. 1. Pure Fluids[END_REF] using different chain contributions to the Helmholtz energy. Also, Peters et al. [START_REF] Peters | Development of a group contribution method for polymers within the PC-SAFT model[END_REF] developed a heterosegmented GC approach for polymer systems based on the PC-SAFT EoS. Table 1 summarizes the Helmholtz energy expressions according to the homosegmented and the heterosegmented GC-PC-SAFT model. One can see how for the heterosegmented approach, group parameters are implemented directly into the equations whereas mixing rules are required for the homosegmented approach.

McCabe and co-workers [START_REF] Peng | Developing a predictive groupcontribution-based SAFT-VR equation of state[END_REF] combined a GC approach to a hetero-SAFT-VR [START_REF] Mccabe | The thermodynamics of heteronuclear molecules formed from bonded square-well (BSW) segments using the SAFT-VR approach[END_REF][START_REF] Peng | On the thermodynamics of diblock chain fluids from simulation and heteronuclear statistical associating fluid theory for potentials of variable range[END_REF] model leading to a GC-SAFT-VR. Because of the consideration of a specified chain connectivity, the GC-SAFT-VR EoS can distinguish between various structural isomers. Several chemical families such as alkanes, esters, alkylbenzenes, and associating chemical families have been studied. Furthermore, the GC-SAFT-VR EoS has been applied to describe phase equilibria of small molecules in polymer systems. For methyl-alkanes we note that the agreement with experimental data is good, with an overall deviation from experimental data for the liquid densities of 3.96% and 6.46% for the vapor pressures. As a test of the theory, several branched alkanes (dimethylalkanes) not included in the process of parameter identification were studied but show deviations higher than 10% in vapor pressures for all compounds and an overall deviation of 5% in liquid density.

Lymperiadis et al. [START_REF] Lymperiadis | A group contribution method for associating chain molecules based on the statistical associating fluid theory (SAFT-gamma)[END_REF][START_REF] Lymperiadis | A generalisation of the SAFT-group contribution method for groups comprising multiple spherical segments[END_REF] developed a GC EoS based on SAFT-VR, called the SAFT-ߛ EoS, assuming that the molecule is constructed by fused heteronuclear united-atom groups. Within this formalism, an extra parameter (shape parameter S k ) is introduced per group for non-associating components, which essentially characterizes the portion of the group that contributes to the overall molecular properties. The parameter is equivalent to parameter ݉ ఈ of ref [START_REF] Burgess | New Group-Contribution Parameters for the Calculation of PC-SAFT Parameters for Use at Pressures to 276 MPa and Temperatures to 533 K[END_REF]. The authors present optimized group parameters for CH 3 , CH 2 , CH 3 CH, with average deviations of 3.6% for vapor pressure and 0.9% for liquid densities for various families of organic compounds (n-alkanes and other hydrocarbons as well as alcohols).

Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] compared the homosegmented approach and the heterosegmented approach for the PC-SAFT model using the same concept of parameter regression and the same training data. Their work showed that the heterosegmented GC approach leads to significantly better agreement with experimental data for the calculation of liquid density and vapor pressure for various chemical families including alkanes. The percentage average absolute deviations (%AAD) in liquid density and vapor pressure are respectively 1.140% and 4.639% for n-alkanes, 3.291% and 2.773 % for methylalkanes, 1.236% and 4.270% for ethylalkanes, 7.583% and 7.220 % for dimethylalkanes, 5.128% and 6.804% for trimethylalkanes.

However, a closer look at the results suggests that the results of Sauer et al. may still need further improvement to provide average deviations below 5% for dimethylalkanes and trimethylalkanes. In this work, we thus evaluate the performance of the heterosegmented GC-PC-SAFT as proposed by Sauer et al. [START_REF] Gross | Modeling Copolymer Systems Using the Perturbed-Chain SAFT Equation of State[END_REF][START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] for branched alkanes.

Table 1: Main differences between the homosegmented and heterosegmented GC-PPC-SAFT for non-polar and non-associative molecules

In those equations, ߞ is the reduced density, ݀ is the temperature dependent segment diameter, ݃ ௦ is the radial distribution function, m ଶ εσ ଷ തതതതതതതത and m ଶ ε ଶ σ ଷ തതതതതതതതതത are abbreviations used in the calculation of the dispersive term, the subscripts α and β correspond to groups, the subscripts i and j correspond to molecules. n ୧ is the number of groups of type α in the molecule i.

Homosegmented GC-PC-SAFT Heterosegmented GC-PC-SAFT SAFT equation
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Hard chain contribution
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Hard sphere contribution
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Dispersive contribution
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Analyzing experimental data for rationalizing GC-parameterization strategies

We here stress the importance of critically evaluating the available experimental data. The compounds investigated in this work are listed in table 1 of the supporting information.

The DIPPR [START_REF] Rowley | DIPPR® Data Compilation of Pure Chemical Properties[END_REF] database generally provides uncertainties for their correlations, which are obtained from their methodology based on an internal consistency assessment (i.e. evaluating the thermodynamic consistency between different type of pure component properties, as for example the Clapeyron rule) [START_REF] Cox | The Properties of Gases and Liquids, 5th Edition[END_REF]. We propose using data analysis, consisting in evaluating patterns in fluid phase behavior, as also proposed by Mathias [START_REF] Mathias | Some Patterns of Fluid Phase Behavior[END_REF]. We have used the approach by Rozmus [START_REF] Rozmus | Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] to further evaluate the quality of the vapor pressure correlations (i.e. consistency within a family of molecules). This analysis is very similar to that proposed by Mathias et al [START_REF] Mathias | Some Patterns of Fluid Phase Behavior[END_REF].

Rozmus et al [START_REF] Rozmus | Equation d'état électrolyte prédictive pour le captage du CO2[END_REF] proposed to assess experimental data using a method based on the Clausius-Clapeyron equation:

( ) ln 1 b vap T = T P h R T σ ∂ ∆ = -∂ ( 11 
)
where R is the gas constant, P σ the vapor pressure, With the Clausius-Clapeyron assumptions (constant enthalpy of vaporization), the logarithm of vapor pressure is linear with respect to the inverse of temperature so that the vapor pressure is approximately known if one point and the slope are known. For many substances, experimental data exist at the normal boiling point and we thus use this point for data analysis.

It is possible to represent each component with a single point on a diagram showing vap h ∆ versus T b and observe the trends within a given family (thus possibly identifying outliers). This is done in Figure 2, using quasi-experimental data taken from the DIPPR database for various branched alkanes. It appears that, as already observed by Mathias et al [START_REF] Mathias | Modified Trouton's Rule for the Estimation, Correlation, and Evaluation of Pure-Component Vapor Pressure[END_REF], all substances lie approximately on a line that goes from low enthalpies of vaporization and low boiling temperatures for low molecular weight compounds, to high values for substances of high molecular weight. Yet, the graph, as it is, does not clearly reveal the effect of the molecular topology. For better isolating the effect of branching, we find it advantageous to take the linear n-alkane with the same number of carbons as a reference and graphically represent the difference with its branched isomers for both enthalpy of vaporization and normal boiling temperature, according to ܐ∆ ܘ܉ܞ ܚ܍ܕܗܛܑ () = ܐ∆ ܘ܉ܞ ܚ܍ܕܗܛܑ -ܐ∆ ܘ܉ܞ ܍ܖ܉ܓܔ܉‪షܖ [START_REF] Chen | Applications of the Augmented van der Waals Theory of Fluids: I. Pure Fluids[END_REF] ܂ ܊ ܚ܍ܕܗܛܑ () = ܂ ܊ ܚ܍ܕܗܛܑ ܂- ܊ ܍ܖ܉ܓܔ܉‪షܖ [START_REF] Fu | A Simplified SAFT Equation of State for Associating Compounds and Mixtures[END_REF] As an example, for 2-methyloctane , we get

∆h ୴ୟ୮ మషౣ౪౯ౢౙ౪ (௦௧) = ∆h ୴ୟ୮ మషౣ౪౯ౢౙ౪ -∆h ୴ୟ୮
This correction removes the effect of the molecular mass, which otherwise shifts heavier substances to the upper right corner of the diagram (figure 2). The location of a compound in the proposed diagram then better shows the effect of molecular topology.

Figure 3: Shift in the enthalpy of vaporization (∆ ) vs shift in the boiling temperature (T b ) according to equations 12 and 13: the 4-methylnonane and 2-methyloctane do not follow the general trend

Figure 3 thus shows the results as presented using equations 12 and 13, for all compounds investigated in this work (see table 1 of supporting information). Linear n-alkanes fall onto the zero-zero position. It can be observed that all branched alkanes have negative values for ∆h ୴ୟ୮ ౩ౣ౨ (௦௧) and T ୠ ౩ౣ౨ (௦௧) : they are always more volatile compared to the corresponding n-alkane. This phenomenon increases as the number of branches increases. It may be related to an increased bulkiness of the molecules. Considering only single branches (mono-methyls), the trends are somewhat blurry, but it seems that 2-methyls behave as if they were more volatile (more linear or less bulky) compared to 3-methyls. Yet, looking at 4methyls, the trend is opposite: the farther away the methyl group lies from the chain end, the bulkier it behaves. Although the number of available data is lower for dimethyls, the trend observed for 2,2-dimethyls and 3,3-dimethyls is similar as that observed for 2-and 3monomethyls: the 3,3-dimethyls behave as less 'bulky' than 2,2-dimethyls.

Diagrams such as figure 3 make it possible to zoom and visualize the effect of molecular topology. If a trend can be made visible on such a plot, then our goal is to ensure that the group contribution method is capable to capture this trend. It can give rationale to decisions about what substances require a more refined or individualized parameterization, and where neighboring groups are particularly relevant. For example, if 2-methyl-, 3-methyl-, or 4-methyl-nonane do not fall approximately within the same location in the diagram, one cannot expect a simple GC-approach (i.e. unable to distinguish among isomers) to be successful.

In addition, if a substance falls out of the expected corridor in the ∆ℎ ௩ -T b diagram one can speculate on whether the experimental data is reliable. In figure 3, we observe two such cases, which are 2-methyloctane and 4-methylnonane, which we have discarded from our experimental database. We recognize that this logic implies that the phenomenon that is considered (here vapor pressure) can be entirely described by considering only the number of groups. Examples can be found where such trend does not exist (example is melting point of di-acids). The reason for this is that other phenomena, that cannot be described by a simple GC scheme (as for example steric issues related to the molecular conformation), have a significant effect on the property at hand.

Improved GC method for the heterosegmented PC-SAFT approach

Principle

In this work, we suggest to further improve the heterosegmented SAFT approach by considering that group parameters may be affected by neighboring groups. Such considerations have already been investigated by Wu & Sandler [START_REF] Wu | Use of ab initio quantum mechanics calculations in group contribution methods. 1. Theory and the basis for group identifications[END_REF] who used ab initio calculations to help GC developers define molecular fractions that truly can be considered transferable. Unfortunately, their work leads to the conclusions that rather large groups should be used, thus leading to the need of a large amount of data and reducing the scope of GC methods.

We therefore considered the method proposed by Vijande [START_REF] Vijande | Group-Contribution Method for the Molecular Parameters of the PC-SAFT Equation of State Taking into Account the Proximity Effect. Application to Nonassociated Compounds[END_REF] who suggests using a correction term on group parameters that is inversely proportional to the distance with other groups, according to

П ࢻ = П ࢻ + ∑ Ʌ ࢻࢼ ࢻࢼ ࢼஷࢻ (14) 
Where П ࢻ can be any parameter (such as ε, σ, m) of the considered group ߙ, П ࢻ is the initial parameter-value of a simple GC-PC-SAFT EoS (without correction), further, index β runs through all groups of the molecule and Ʌ ఈఉ is the correction parameter for each pair of groups (indices are not interchangeable). The quantity ܲ ఈఉ is the (integer-valued) 'distance' (in terms of bonds) between two functional groups. As an example, consider n-butane. At first, each individual group is labeled (shown here as superscripts):

CH 3 (1) -CH 2 (2) -CH 2 (3) -CH 3 (4) 
Then, the distance between the leftmost CH 3 (ߙ = 1) and the first CH 2 (β = 2) is ܲ ఈఉ =1.

To decide on which parameters (ε, σ, m) the neighborhood-correction should be applied, we use the assumption initially used by Tamouza at al. [START_REF] Tamouza | Group contribution method with SAFT EOS applied to vapor liquid equilibria of various hydrocarbon series[END_REF] which is to consider that the branching should be captured by the segment number parameter m α . It is then observed that the effect of the closest neighbor (i.e. when ܲ ఈఉ =1), is often quite different from that of groups that are farther away. Hence, it was decided to use a specific neighborhood parameter for the closest neighbors, thus modifying the original equation as follows:

ࢻ = ࢻ + ∑ ൬ Ʌ (ࢻࢼ) ࢻࢼ ୀ ൰ ࢼ( ࢻࢼ ୀ) + ∑ ൬ Ʌ (ࢻࢼ) ࢻࢼ ൰ ࢼ( ࢻࢼ வ) (15) 
Where the two parameters Ʌ (હ) and Ʌ (હ)ۼ refer to the neighborhood-parameter for immediate neighboring groups or for more distant groups, respectively.

As an example, we apply equation 15 to the 2,2,3,5-tetramethylhexane figure 4 and correct the segment number parameter m of the >C< group (number 2) by considering proximity effects with CH groups. There are two CH groups in the molecule. The first one (number 5) is at a distance ܲ ఈఉ =1, so that the correction parameter to be used is Ʌ ൫>C<-CH൯ 1 the second one (group number 8) is located at ܲ ఈఉ =3 from the group we consider, so that the correction parameter to be used is Ʌ ൫>C<-CH൯ ܰ . The equation is then : 

݉ வழ (మ) = ݉ வழ + ቆ Ʌ ቀಭిಬ (మ) -ిౄ (ఱ) ቁ భ ଵ ቇ + ቆ Ʌ ቀಭిಬ (మ) -ిౄ (ఴ) ቁ ಿ ଷ ቇ

First regression: without neighborhood-correction, to investigate which families require correction

All the group parameters (ε, σ or m) are first regressed simultaneously to the entire database listed in table 1 of the supporting information. We use vapor pressure and liquid density correlations from DIPPR choosing 11 points for each alkane from the temperature range containing the accepted experimental data and excluding the most uncertain data identified earlier (section 3). Unlike Sauer et al [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF], only correlated values rather than true experimental data are used and consequently, the number of points (Np) is 11 in our case for each alkane, independently of the number of available experimental points for that same alkane. All compounds contribute therefore with the same weight to the objective function.

The resulting regression deviations and parameters are given in table 2 and 3 where the percentage average absolute deviation (%AAD) is defined as [START_REF] Blas | Prediction of Binary and Ternary Diagrams Using the Statistical Associating Fluid Theory (SAFT) Equation of State[END_REF] with w either representing vapor pressure, or liquid molar volume, and N p denoting the number of data-points for each type of data. In table 3, the average percent absolute deviation in vapor pressure represented for each family of alkanes shows that uncertainties on dimethyls without quaternary carbon, dimethyls with quaternary carbon, trimethyls and multimethyls are still higher than the expected uncertainties (of ≃ 5%). In addition, one notices that the parameters of the quaternary carbon have no physical sense (negative values of m α and σ α ). The value of ε α /k was set to zero because this gave the best results. The quaternary carbon has no external surface and therefore does not contribute to the dispersive energy. Improvement should thus be proposed to try to meet those experimental uncertainties on the identified families.

۲ۯۯ% = ∑ ฬ ି ฬ ୀ

Second regression: using neighborhood-correction, to improve the results

The same method of regression as in section 4.2 was used but applying the neighborhood correction, as shown in equation 15. The fitted parameters are now the three group parameters of the quaternary C, as well as Ʌ (હି) and Ʌ (હି)ۼ between the quaternary group and some other groups as shown in table 4. Note that the Ʌ (હି) are not symmetric, but that it was decided, in view of reducing the number of adjustable parameters, to set the correction parameters between >CH and >C< equal to those between >C< and >CH. A total of 9 parameters were thus regressed. The resulting values are given in table 4 Table 5 shows that the heterosegmented GC-PC-SAFT with neighborhood-corrections improves the deviations for all the families of alkanes where proximity effects have been taken into account (dimethyls with >C<, trimethyls with 1 >C<, and multimethyls).

We have also investigated the possible improvement brought by the proximity correction (equation 15) to other compounds (e.g. containing two CH groups), but no significant improvement could be achieved.

The results with and without neighborhood-corrections for all alkanes used in the regression process are presented in table 1 of the supporting information. The liquid densities were not discussed here because the improvements seem to mainly affect vapor pressure calculations without worsening the prediction of saturated liquid densities.

Analysis and discussion of results

The improvement can now also be illustrated with a ∆ℎ ௩ -T b diagram as shown in figure 5.

The blue diamonds show experimental data obtained from the DIPPR correlations, red squares are computed using parameters from the first regression section 4.2 while green triangles are results using the neighborhood-parameters from this work (section 4.3). The first regression, is an approach similar to the original approach of Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] and made it difficult to distinguish isomers (such as the 2,2-dimethylhexane and the 3,3-dimethylhexane) compared to the method provided in this work that uses the neighborhood correction.

Figure 5: experimental data from DIPPR (blue diamonds) compared to calculated data using the first regression (red squares) and the second regression (green triangles).

The predicted enthalpy of vaporization of alkanes at their normal boiling point using the heterosegmented GC-PC-SAFT EoS are very satisfactory compared to other GC methods [START_REF] Jia | Prediction of the Enthalpy of Vaporization of Organic Compounds at Their Normal Boiling Point with the Positional Distributive Contribution Method[END_REF] specialized for this particular property: 0.47% relative deviation from experimental data in our work compared to 2.7 % in the cited work.

It is also worth stressing the quality of the results obtained for the normal boiling point calculations compared to a number of well-known group contribution methods. Table 6 shows that the GC-SAFT approach predicts this property with an accuracy below 0.7% for all families, which cannot be attained by the selected methods. Detailed results are available in table 2 of the supporting information. 

Conclusion

The heterosegmented GC-PC-SAFT model was shown by Sauer et al. [START_REF] Sauer | Comparison between a Homo-and a Heterosegmented Group Contribution Approach Based on the Perturbed-Chain Polar Statistical Associating Fluid Theory Equation of State[END_REF] to be superior to the homosegmented approach. Results for branched alkanes, however, show higher deviations than expected when analyzing vapor pressure experimental data. This can be explained by the fact that neighboring groups may perturb the electron density of a given group. To alleviate the problem, this study proposes neighborhood-corrections, where groupcontribution parameters are incremented depending on the distance to other significant groups. The average deviations in vapor pressure calculations on the branched families containing a quaternary carbon have thus decreased from 39 % to 27 %. When considering complex molecules, which is the aim of our study, it is expected that the regular group contribution approach will not work. The proposed modification can then be extended to adjust other parameters or other groups.

The liquid densities were not discussed here because the improvements seem to mainly affect vapor pressure calculations without worsening the prediction of saturated liquid densities. Other properties will probably also be affected by the proposed approach but were not investigated here. 

  the enthalpy of vaporization at the normal boiling temperature and T the temperature.
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 2 Figure 2: enthalpy of vaporization (∆ ) vs boiling temperature (T b ) from experimental data of alkanes.

Figure 4 :

 4 Figure 4: example on the use of the neighborhood parameter for the correction of a >C< parameter as a function of the distance with CH goups.

Table 2 : Adjusted Alkane Group Parameters of the Heterosegmented GC-PC-SAFT approach . The parameters for the CH3, CH2 and CH are final; those of >C< are further refined in section 4.3 and table 4.
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	Group	mα	σα,Å	εα/k,K
	CH3	0.749403	3.70393	185.918
	CH2	0.794548	3.02763	156.784
	>CH	0.564269	0.870882	252.16
	>C<	-0.737247	-0.456943	0

Table 3 : regression deviations obtained from this work without neighborhood-correction (detailed results available in table 1, supporting information)

 3 

		n-alkanes	monomethyls Dimethyls with	Dimethyls with no >C< Trimethyls with 1 >C< multimethyls
				>C<			
	% AAD in	4.6	2.8	10.9	7.2	7.1	11.2
	Vapor						
	pressure						
	% AAD in	1.1	4.5	6.5	8.1	2.6	8.6
	liquid						
	density						

  and deviations are improved as shown in table 5. All detailed deviations are detailed in table 1 of the supporting information. Only the quaternary group parameters are modified in table 4 as compared to table 2.

Table 4 : Adjusted Alkane group parameters of the Heterosegmented GC-PC-SAFT approach by neighborhood-correction (the used database is listed in table 1 of the supporting information)
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	Group	mα	σα,Å	εα/k,K
	>C<	0.131697	0.923746	0
	Group α	Group β	Ʌ (હି)	Ʌ (હି)ۼ
	>C<	CH3	0	-0.16937
	>CH	>C<	-0.0505477	0.0606485
	>C<	>CH		
	>C<	>C<	-0.0213632	0.0793068

Table 5 : % AAD in Vapor pressure obtained with and without introducing neighborhood-corrections.
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		Dimethyls	Trimethyls	multimethyls
		with >C<	with 1 >C<	
	Without	10.9	7.1	11.2
	nighborhood-			
	corrections			
	With	2.4	5.9	8.7
	neighborhood-			
	corrections			

Table 6 : Deviations in the calculation of normal boiling temperatures per family using different group contribution methods as compared to experimental data from DIPPR [43]
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		Alkanes Methyls Dimethyls with >C<	Dimethyls	Trimethyls	multimethyls
					with no >C<	with 1 >C<	
	% AAD	0.3	0.3	0.1	0.6	0.2	0.6
	heterosegmented						
	GC-PC-SAFT with						
	neighborhood						
	correction						
	% AAD Marrero et	3.1	3.0	1.5	1.2	2.0	1.5
	Gani [3]						
	% AAD	3.2	2.5	1.0	0.7	1.8	2.3
	Constantinou [4]						

Table 2 :

 2 Supporting information

			%AAD Vapor pressures			%AAD liquid densities
			without	with			without	with
		T range	neighborhood-	neighborhood-		T range	neighborhood-	neighborhood-
	NP	(K)	correction	correction	NP	(K)	correction	correction