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The Use of Molecular Orbital Calculations to 
Describe the Phase Behavior of Hydrogen-Bonding 
Mixtures 1 

J. P. Wolbach 2 and S. 1. Sandier =3 

In previous studies we have used Hartree-Fock theory and density functional 
theory to compute the enthalpy and entropy changes of dimerization Ibr 
methanol and a nunaber of small carboxylic acids. We have shown that by using 
these restdts in a physical equation of state, the statistical associating fluid 
theory ISAFTI. we are able to model the phase behavior of these pure 
hydrogen-bonding compounds with a reduction in the number of adjustable 
parameters: in this study, we use the pure-component parameters derived from 
the resuhs of our molecuhtr orbital calculations to describe the phase behavior 
of mixtures containing one associating and one nonassociating compound.  
again ttsing the SAFT eqttation of state, We show that the use of the pure-com- 
ponent SAFT parameters derived from our quantum-naechanical calcuhttions 
results in correlations of mixture VLE data with no loss of accuracy, and fre- 
quently with improved accuracy, compared to the original parameters reported 
Ibr use wflh the SAFT model. 

KEY WORDS: associating mixtures: hydrogen bonding; molecular orbital 
calculations. 

I. I N T R O D U C T I O N  

Molecular association has an important effect on the phase behavior of 
pure fluids and mixtures. As a result, much effort has been expended on 
modeling the effects of  association. These efforts can be separated into two 
classes: chemical theories, which postulate the formation of  distinct 
molecular aggregates in solution, and physical theories, which model the 
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association as being the result of a strong, specific molecular interaction. 
Both methods suffer from the use of a large number of ill-defined adjustable 
parameters in order to obtain good fits of experimental phase behavior 
data. If one were able to determine these association parameters a priori, such 
methods would be more useful, and possibly even completely predictive. 

In previous studies we used ab initio molecular orbital calculations to 
determine the thermodynanaic parameters of association for pure hydrogen- 
bonded dimers of small organic compounds, and have compared the results 
of our calculations to experimental estimates of the thermodynamic param- 
eters where they are available [1~ 2]. We have then used our calculated 
parameters in a physical equation of state, the statistical associating fluid 
theory (SAFT), and showed that using the information obtained from the 
molecular orbital calculations allows a reduction in the number of adjustable 
parameters in the SAFT equation of state for pure associating compounds 
with little or no loss in accuracy. 

In this study, we apply the results of our molecular orbital calculations 
to binary mixtures of an associating compound and a diluent. We again use 
the SAFT equation and consider mixtures containing methanol or a small 
carboxylic acid (formic, acetic, or propionic) as the associating component. 
We show that the pure-component parameters derived from the results of 
our molecular orbital calculations may be used to correlate mixture data 
with fewer adjustable parameters and better accuracy than in the original 
SAFT model. 

2. M O L E C U L A R  ORBITAL CALCULATIONS 

We have performed ab initio molecular orbital calculations to deter- 
mine the enthalpy, entropy, Gibbs free energy, and heat capacity changes 
for a number of hydrogen-bonding dimerization "reactions." These calcula- 
tions are for the association of isolated pairs of molecules and are repre- 
sentative of vapor-phase dimerization. The calculations were performed 
using two calculational methods: the computationally inexpensive Hartree-  
Fock (H-F) method and the more rigorous density functional theory 
(DFT)  method. The H-F calculations were performed using the small 
6-31g(d, p) basis set, while the DFT calculations were performed using the 
Becke3LYP functional and the medium-sized 6-31 + +  g(2d, p) basis set. 
Details of these calculations and a discussion of these two calculational 
methods were presented earlier [ I ] .  

We present the results of our calculations for the associating com- 
pounds considered in this study in Table I. The methanol dinaer is linear, 
while the carboxylic acid dimers are cyclic, as these compounds have been 
experimentally observed to form only such dinaers in the vapor phase. Pre- 
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viously [2] we have shown that both calculational methods led to results 
which were found to be m agreement with the available experimental 
estimates. Although the results lbr the methanol dimer are quite different tbr 
the two calculational methods, there are large discrepancies in the reported 
experimental estimates tbr these types of weakly associating compounds. 

3. USE OF CALCULATED THERMODYNAMIC QUANTITIES 

3.1. Application to Pure Components 

We initially used our calculated results in an equation-of-state model 
to describe the phase behavior of pure associating compounds. The equa- 
tion of state we chose is the statistical associating fluid theory (SAFT) 
developed by Chapman and co-workers [3-5] fi'om the ilrst-order ther- 
modynamic perturbation theory (TPT1) of Wertheim [6-9].  SAFT has 
been shown to yield accurate correlations for the properties of associating 
and nonassociating fluids over a wide range of molecular sizes [ 10-12]. 

In this model pure fluids are treated as chains of equal-sized spherical 
segments interacting with a square-well potential. The equation of state is 
expressed in terms of the residual Helmholtz free energy and contains three 
parameters for nonassociating compounds: the number of segments (m), 
the volume of an individual segment (v""), and the depth of the square-well 
potential (u"//,'). In order to describe association, molecules are assigned 
specific bonding sites, and the interactions between these sites are modeled 
using the square-well potential. This introduces two additional parameters 
for pure associating fluids. The well depth of the interaction between 
association site A and association site B is described by the parameter 
e"x~/k, and the well width characterized by the dimensionless parameter 
i, AB. Further details of the SAFT equation for pure components are 
presented elsewhere [ 2]. 

In an earlier study [ 13 ], we reported a procedure by which we related 
the results of our molecular orbital calculations to the association 
parameters in SAFT. This was done by forcing the vapor-phase composi- 
tion of monomers and dinaers at low pressures predicted by the SAFT 
equation to match the composition predicted by our molecular orbital 
calculations. As a result, we were able to fit pure-component vapor 
pressure and liquid density data for associating compounds using fewer 
adjustable parameters than in the original SAFT model. We now sum- 
marize our results for the compounds considered in this study. 

One of the restrictions of TPT1 is that pairs of molecules may only 
singly bond, so in order to account for the lbrmation of cyclic dimers in the 
vapor phase of the carboxylic acids, these are assigned only one bonding 
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site per molecule. This is the same choice made by Huang and Radosz in 
the original implementation of SAFT [ 10]. 

Our  fits to the data for pure formic and acetic acids involved only 
three adjustable parameters, while our  fit to VLE data for propionic acid 
used only two adjustable parameters. This is an improvement  from original 
SAFT, which used at least four, and possibly five, adjustable parameters. 
The average errors in calculated vapor  pressure and liquid density from 
both our  methods,  along with the errors li'om using the best-fit parameters 
of  the original SAFT, are presented in Table II. Our  best-fit parameters for 
both  the H-F  and the D F T  calculational methods are presented in 
Table III. 

Methanol  contains one hydrogen-bonding proton and two lone elec- 
tron pairs. If one includes all of these as potential bonding sites, methanol  
would be assigned three association sites. Alternatively, one could postulate 
that it is not possible to bond to both lone electron pairs simultaneously 
and then treat methanol  as having only two association sites. 

We tested both models when fitting the pure-component  data, using 
only three adjustable parameters in each case. For  comparison,  in the 
original SAFT model methanol was assumed to have two association sites, 
and four adjustable parameters were used. We found that our  best fit when 
using H-F-based parameters was obtained with a three-site association 
model. However,  we were unable to obtain a fit of  the vapor  pressure with 
average errors of less than 5 % using our  DFT results with either associa- 
tion model. Consequently,  we used the three-site model with the H-F  

]'able 11. Average Errors for the Associating Compounds in this Study" 

Comptmd I\,lodel No. of sites T range ( K ) % error P';'P ~ error/~liq 

Formic acid 293 393 

Acelic acid 

l)ropionic acid 

Methanol 

Original SA I-T 
H-F 
DFT 
Original SA FT 
H-F 
DFT 
Original SAI:T 
H-F 
DFT 
Original SAFT 
H-F 

283 573 

313 463 

257 483 

0.62 0.49 
I].76 0.27 
0.62 0.10 
1.90 0.65 
0.86 1.58 
0.94 0.63 
0.35 0.09 
0.87 0.67 
0.75 0.87 
0.83 0.88 
1.23 0.64 

" D~lta ['ronl Tht, rmodl'tl~lmic Tahh's.liw Non-14vdrocarhons (Therlllodyll:.lmic Research Center 
Center, Texas A&Ivl University, College Station: loose pages to 1995). 
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results only when correlating mixture data. The average errors in the 
calculated vapor pressure and liquid density of our three-site H-F fit, along 
with those of the original SAFT, are presented in Table II. The optimized 
parameter values for both methods are included in Table III. 

3.2. Correlation of Mixture Data 

To test whether the pure-component SAFT parameters derived from 
our molecular orbital calculations could improve the correlation of mixture 
VLE data, we fit low-pressure data for systems containing one associating 
compound and one diluent (nonassociating compound) using a single 
binary interaction parameter and the vdW one-fluid mixing rules. The 
binary interaction parameter enters into the mixing rule for the averaged 
depth of the square well (u/kT), 

u ZiZiaiximinl/[ui i /kT](v"), i  
k T  ~i  L i  Xi 'Yi l l l iDl i l  ' ~ii 

(1) 

where 

i,,"t,,= 3 + /  " "  
v ~/3]]3 (2) 

and 

t t i i =  (1 - k ~ i ) ( u i i t t i j )  I "- (3) 

In Eq. (2), the temperature-dependent segment volume (v ~ is related to the 
temperature-independent segment volume (v ~176 in the following way 

[ ( -  3L/'~] 3 
V"= V" 1 -- 0.12 exp \~AT-~] j (4) 

while the parameter u. (the temperature-dependent square-well depth) in 
Eq. (3) may be expressed as 

u. u',,' 1+  (5) 
k k 

In Eq. (5), e/k is a constant that has been correlated with Pitzer's acentric 
factor and the critical temperature [14,15] for various molecules. 
However, in this work the energy parameter is for segments, not molecules, 
and a value of 10 for e/k was assumed for all the compounds studied 
[ 10, 16]. This is the same procedure tbllowed by Huang and Radosz [ 16] 
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when fitting low-pressure mixtnre VLE data, and further details on the 
equation of state for mixtures are given there. 

We used the SAFT parameters derived by Huang and Radosz [10] 
for the diluent in each system, and these parameters are presented in 
Table III. We performed either bubble-point pressure or bubble-point tem- 
perature calculations, depending on whether the data used were obtained 
at constant temperature or pressure. The objective thnction minimized 
when fitting the data was, respectively, 

I P~'l~ - P~Pl Iv ~'''~ -.v~'~"l 
_ - ~  p~.~p +Y~ " v ~'~p (6)  

o r  

I T'a'lc | , talc - T~'"I + y ,  I. - . v ~ ' " l  
TCXp y~,xp (7) 

3.2.1 Mixtures hwhuling AcMs 

We initially considered mixtures of propionic acid and n-heptane at 
two temperatures, and the results are shown in Fig. 1. At both tem- 
peratures our parameter sets for the acid produce better results than the 
original SAFT parameters, although our parameter sets do require some- 
what larger values of the binary interaction parameter. 

We next considered bubble temperature calculations for mixtures of 
propionic acid + benzene and propionic acid + carbon tetrachloride. 
These results are presented in Fig. 2. Again, the parameter sets derived from 
our quantum mechanical calculations gave excellent agreement with the 
experimental data, performing better than the original SAFT parameters, 
though, again, the optimum values of the binary interaction parameter are 
somewhat larger than those for the original SAFT parameters. 

Our binary interaction optimization procedure had to be modified for 
the acetic acid + n-heptane system. At 30~ this system forms an 
azeotrope, and the use of Eq. (6) as the objective function in the optimiza- 
tion resulted in values of the binary interaction parameter that led to 
predictions of liquid-liquid equilibrium, regardless of the parameter set 
used. Consequently in the optimization we constrained the binary interac- 
tion parameter to values which did not allow for liquid-liquid equilibrium. 
Mathematically, the constraint forces (OP/Ox,,~aJT to change sign only once 
and (O)'acid/OXacid)T n o t  to change sign. This is the only system in this study 
for which such a procedure was used. Figure 3 displays the results. The 
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Fig. 2. Bubble temperature calculations for the systems 
propionic acid + benzene la) and propionic acid + CC14 
(b). Both systems are at a pressure of 760 mm Hg. 
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parameter sets derived from quantum mechanics are better able to predict 
the azeotropic and vapor-phase compositions than the parameters of the 
original SAFT model, although the total pressure is too low for all the 
models. 

Figure 4 contains the results lbr the acetic acid + benzene and acetic 
acid + carbon tetrachloride systems, respectively. These systems again 
show that using parameter sets lbr the pure acids which have been derived 
from the molecular orbital calculations results in a better correlation of 
mixture phase-equilibrium data. 

In our fits of mixture phase behavior involving tbrmic acid, we studied 
one azeotropic system (Ibrmic acid + 1-chloropropane) and one system 
which exhibited liquid-liquid equilibrium (formic acid + benzene). As the 
three parameter sets performed nearly identically on these systems, we do 
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Fig. 3. Bubble pressure calculations Ibr the system acetic 
+ n-heptane at 3OC. The experimental azeotropic com- 
position is x,,~,d ~0.36.  Using the original SAFT 
parameters the azeotropic composition is predicted to be 
.v,~i J ~ 0,225. while use of the parmneters derived from 
either set of our quantum mechanical results produces an 

azeotrope at .v,,~..~ - 0.325. 
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Bubble pressure calculations l\~r the system acetic 
acid + benzene at 25:C (a) and bubble temperature 
calculations for the system acetic acid + CCI~ at 460 mm 
Hg (b). In b. the two lines corresponding to the results 
obtained using our quantum mechanical calculations fa l l  
on top of each other. 
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Table IV. Average Deviations for lVlixlure" 

Associating T P 
compotlnd Diluenl (:C) (iIInl Itg) Method k, AP ,/Iv 

Propionic acid n-I-teptane 25 19 45 SAFT 
H-F 
DFT 

Propionic acid u-Heptane 50 17 142 SAFT 
H-F 
DFT 

Acetic acid n-Heptane 30 20 69 SAFT 
H-F 
DFT 

Acetic acid Benzene 25 15-95 SA FT 
H-F 
DFT 

Formic acid Benzene 25 42 119 SAFT 
H-F 
DFT 

IVlethanol CHCI~ 35 230 369 SAFT 
H-F 

0.017 {1.47 0.031 
0.069 0.45 0.009 
0.076 0.41 0.018 
0.010 1.00 0.036 
0.059 1.09 0.009 
0.065 1.82 0.018 
0.057 2.39 0.079 
0.090 2.92 0.018 
0.099 2.89 0.027 
0.029 0.82 0.018 
0.060 0.28 0.008 
0.069 0.30 0.010 
0.109 [.10 0.081 
0.126 2.55 0,076 
0.136 3.89 0.069 

-0.038 4.67 0.014 
-0.018 2.71 0.008 

Method k, 3 T ,:1 v 

Propionic acid Benzene 80 141 760 SAFT -0.006 2.54 0.004 
H- F 0.(i)32 0.51 0.005 
DFT 0,039 I. 1 I 0.006 

Propionic acid CCla 77 137 760 SAFT -0.002 1.81 0.009 
H-F 0.027 0.55 0.009 
DFT 0.028 0.78 0.007 

Acetic acid CCla 76-112 76() SAFT 0.035 1.73 0.014 
H-F 0.068 0.33 0.009 
DFT 0.074 0.39 0.009 

Formic acid i-C~HvCI 46 I01 760 SAFT 0,109 8,66 0.125 
H-F 0.118 7.20 0.114 
DFT 0.074 6.54 0.110 

Methanol Benzene 57 81 760 SAFT 0.039 0.80 0.015 
H-F 0.028 0.21 0.008 

Methanol n-Pentane 30-65 760 SAFT 0.022 1.57 0.045 
H-F 0.013 1.81 0.048 

" Data fronl Vapor-Liquid Equilil~rium Data Collection, J. Gmehling and U. Onken, eds. 

(DECHEMA, Frankfurt/Main, Flushing, NY, i9771. 

S41) 18 d-HI 
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not present these results graphically. The average errors in calculated vapor 
mole fraction and calculated temperature or pressure for these systems 
using parameters from the original SAFT and from our methods are 
presented in Table IV. 

3.2.2. MLYtures Including Methanol 

We initially studied two methanol-containing azeotropic systems: 
methanol + chloroform (Fig. 5), and methanol + benzene (Fig. 6), and 
only used parameters derived from the results of our H-F calculations in 
these fits, as we could not obtain a satisfactory description of pure 
methanol using the results of the DFT  calculations. In both of these cases, 
as with mixtures involving acids, the parameters derived from our H-F 
calculations yielded better correlations of the mixture data than did the 
SAFT model with additional adjustable parameters. Unlike the case for 
acids, however, here using our parameters results in smaller values of the 
binary interaction parameters. The negative values of kii for the methanol 
+ CHCI 3 mixture may indicate that a small degree of cross-dimerization 
is occurring. We have also investigated a third azeotropic system, methanol 
+ n-pentane. However, in this case the two parameter sets performed 
nearly identically, so we do not present the results graphically. The average 
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360 
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~) 320 

i 300 280 
260 
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220 
200 ~ i 

0.0 0.2 0.4 0.6 0.8 1.0 

Mole Fraction MeOH 

�9 Experimental Data 
Original SAFT 

. . . . .  Using H-F Results 

Fig. 5. Bubble pressure calculations for the azeotropic 
system methanol + CHCI~ at 35~ 
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Fig. 6. Bubble temperature calculations for tile azeotropic 
system methanol + benzene at 760 mm Hg. 

errors in calculated vapor mole fraction and calculated temperature or 
pressure for the systems involving methanol are also presented in Table IV. 

4. C O N C L U S I O N S  

This work shows the applicability of quantum mechanically derived 
thermodynamic parameters of association in describing the phase behavior 
of mixtures containing hydrogen-bonding fluids. In earlier work, we used 
the results of our quantum-mechanical calculations to fit pure-component 
vapor pressure and liquid density data tbr a number of associating com- 
pounds using the SAFT model with a reduction in the number of 
adjustable parameters and little or no loss of accuracy. In this work, we 
have shown that the use of the pure-component SAFT parameters derived 
from our quantum-mechanical calculations results in correlations of 
mixture VLE data without a loss of accuracy, and frequently improved 
accuracy, compared to the original SAFT parameters. 

For mixtures involving acetic or propionic acids, our parameter sets 
require larger binary interaction parameters than the original SAFT 
parameters, probably as a result of the high degree of association in these 
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fluids. For the highly nonideal mixtures involving formic acid, all of the 
parameter sets require large binary interaction parameters. However, when 
correlating data for mixtures including methanol, our H-F parameter sets 
needed smaller binary interaction parameters to achieve comparable (or 
superior) fits of experimental VLE data. 
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