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We recently reported the COSMESAC—BP model for predicting vapor pressure and its temperature
derivative, the enthalpy of vaporization. This COSMSAC—BP model, which contains no compound specific
parameters, is based on determining three major solvation components: (i) an electrostatic contribution,
calculated using the quantum mechanical COSMO (conductor-like-screening-model) method with a statistical
mechanical correction for solution nonideality (deviation from a perfect conductor); (ii) a dispersion contribution,
obtained from a mean field treatment; and (iii) a cavity formation contribution determined from thermodynamic
perturbation theory. This COSMESAC—BP model was previously validated to successfully correlate normal
boiling point temperatures and enthalpies of vaporization for 369 molecules. In this present study, we have
extended the COSMOSAC—BP model to describe large and more-complex molecules, including pollutants,
herbicides, insecticides, and drugs,. The average absolute deviation in the predicted boiling points of these
complex molecules, which spans the range of-2688 K is 17.8 K, or 3.7%. This is similar to the value of

3.2% that was obtained for the 369 molecules in the earlier study, indicating that this method can be applied
well outside the systems used to train the model. More importantly, we report here the predicted the normal
boiling temperatures for 10 pesticides for which no experimental data are available. This illustrates the advantage
to the COSMO-SAC—BP model: predicting several properties for a wide variety of molecules simultaneously

in a unified framework with few parameters (unlike group contribution methods (or quantitative strticture
property relationships).

1. Introduction 4.3%. In addition to these first-order methods, Constantinou and
Th [ boil ¢ . GanP achieved higher accuracy using second-order or nearest-
Eﬁn?m:a r?l I?gr t;mgera:]urr?“o Ip%rie t;]omm[?onlentﬁvli? in neighbor-bonded group corrections that are based on combina-
essential property for many chemical, biochemical, EnvIron- ¢ ¢ first-order UNIFAC-type groups (this adds 43 new
mental, and safety studies. A large amount of experimental data . .
. . - second-order groups fitted by comparisons to data on hundreds
for the normal boiling temperatures of common chemicals is ! . . -
available in the literature. However, for large, complex mol- of compounds in the Design Institute for Physical Property Data
' ’ (DIPPR) databa$k They reported an average absolute error

ecules (including some pollutants, insecticides, herbicides, o ’ - . &
medicinal intermediates, pharmaceuticals, and molecules Con-Of 10.5 K (2.0%) for their training set in the DIPPR database.

structed in computer simulations), there is a paucity of data, Other GCMs that were developed by Marrero-Morejon and
partly because the low vapor pressures make experimentsPardillo-Fontdevila and Cordes and Raréyre also widely
difficult to perform. used. Recently, Nannoolal et*aproposed an improved GCM
To estimate this important property, many methods have beenthat is based on the method of Cordes et al. in which the
developed, as reviewed by Reid et aflorvati? has provided experimental data of the normal boiling temperature~$@800
a summary of estimation methods of normal boiling tempera- compounds was regressed to an accuracy of 6.5 K. Limitations
tures. Most of these methods are based on the group contributiorpf these structural group methods is the restriction to nonpolar
method (GCM), which assumes that the interactions betweenmolecules, because of the importance of solvation for polar
groups are the same in different molecules, and that the groupscompounds and the empirical aspect of identifying the particular
are independent from each other. Joback and Resed 41 groups to be included in the regression.
groups in a first-order GCM for correlating the properties of
438 organic compounds, with an average absolute error of 12.9

K ?nd dag ?k\l/etrage lftk))sol_ute per'ceniherror ofb3.6°/c;. Stein‘et ala that, with their two-descriptor QSPR model, a standard error
exiende at work by increasing the number of groups and ¢ g« \yas opbtained for hydrocarbons, 17 K for chlorinated

using a larger database. They used more than 4000 compounds . .
as the training set for 85 groups, resulting in an average absolutecompounds’ and 20 K for fluorinated compounds. Ericksen et

11 i
error of 15.5 K, or 3.2%. When they applied their method to al.'! used both structural groups and property descriptors to

more than 6000 other compounds, the errors were 20.4 K orestimate normal boiling temperatures, resulting in an absolute
' "7 7 deviation of 7.75 K (1.9%) for more than 1000 compounds in

their training set. Compared to the structural group method, their

Recently, descriptors other than structural groups have been
used in QSPR models. For example, Katritzky éfakported
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phase. However, the QSPRs and GCMs use different models The van der Waals Gibbs energy has two contributions and

to correlate different thermodynamic properties. is expressed in terms of the Helmholtz energy as follows:
The COSMG-RS (conductor-like screening model for real

solvent) approach of Klartt!3 provides a novel way to treat ~AGHY™W  AAWIW

the liquid state for predicting thermodynamic properties. In —rT — Ry T 4L~ e =

COSMO theory, energies and charge density distributions for AAiSP AR

a molecule in a perfect conductor are calculated by ab initio oy T

methods. The surface of that molecule then is partitioned into RT RT

segments, based on a standard segment area, and the segmentlgl

are assumed to be independent of their neighbors in the perfectVh€re Z = PVI(RT) is the compressibility factor, which is
conductor phase. The energy for the transition from the @PProximately zero in aliquid phase and unity in an ideal gas

conductor state to a real liquid state is then calculated self- ph_ase.hThe Helmholtz energy of Ca;]’i% fc;rmation is modeled
consistently from statistical mechanics. This allows the predic- USing thermodynamic perturbation thedfy:

-1 @3)

tion of thermodynamic properties for both mixtures and pure cav - 3) ;
compounds. Lin et al. developed the COSMBAC (segment S _ -~ ]77 —on) _ 1—nl2
activity coefficients) variation of the COSMERS model, to RT (20 =1 — ,7)2 (20 =2)In (1- ,7)3
predict the vaporliquid equilibrium* vapor pressures, and (4)

enthalpies of vaporizatiolf. A particular advantage of the

COSMO-based methods is that they can be used to predictwherea is an sphericity parameter ands the packing fraction.
several thermodynamic properties (e.g., normal boiling tem-  The dispersion term was obtained using a first-order mean
peratures and heats of vaporization) simultaneously from the field approximation to account for all possible pairwise interac-
same modelwhich is a significant advantage over QSPRs or tions between the atoms in different molecules:

GCMs.

The present study extends the COSME8AC model for wisp D Zejkn}imL
predicting normal boiling points of pure compounds by con- AA; T
sidering 84 environmentally important chemicals with a variety RT - RTV (5)
of functional groups and molecular sizes. —iL
whereej = /€€, is a pair-interaction energy between atom

2. Theory typej and atom type& and has units of energy times volume.

In the COSMO-SAC method, the vapor pressure is obtained The superscript indicates that only specidsis considered,

from the following expression: because the liquid phase is pure, aqids the effective number
of atoms of typg within a species molecule obtained from
i [rT| [P
InP}’ap=E—'_;l+InV— —InT;p 1) A s\
Vi i =3 (|— (6)
12

whereAG is the Gibbs energy of solvatio, is the liquid
molar volume of specidsandf is the fugacity coefficient, which ~ whereS; is the exposed surface area or solvent-accessible area
accounts for the nonideality of the vapor phase. In this work, of atomaandSyis the bare surface area, calculated using the
because all the calculations are based on the normal boilingatomic radii set Re), which are used in quantum mechanics
point, we assume that the vapor phase is ideal, so that the third(QM) calculations.
term in eq 1 vanishes. This mean field treatment is based on the assumption that
The Gibbs energy of solvation results from the electrostatic the pairwise atom interactions between different molecules is
and polarization interactions between molecules. It can be independent of the molecular size and atom position within the

written as the sum of a van der Waals (vdW) Gibbs free energy molecule so that each atom in one molecule can interact with
that is due to instantaneous electron correlation and an elec-all the atoms in another molecule, and, thus, contributes to the

trostatic free energy: interaction energy. This is accurate for small molecules.
However, because the vdW interaction is short-range, compared
Agi’ﬁo' = Agi*/‘i’dw + Agi*/ie" 2) to the electrostatic interaction, we revisit this assumption below

for the longer molecules considered in this study.

As shown in ref 15, the electrostatic free energy is obtained in ~Normal boiling temperatures are calculated by solving eq 1
this method as follows: at a pressure of 1 atm, using Newton'’s iterative method.

AGE = Agi*is + AG*° + AGS 3. Parameters and Testing Sets

il T ifi

_ The COSMGO-SAC model uses 23 (4 6 + 13) parameters
whereAG'™ is the absolute energy difference of the molecule to describe any compound consisting of C, N, H, O, F and Cl
between the ideal conductor phase and the ideal-gas phase, angtoms. There are four universal parameters (two for the COSMO
AG* is the correction to the free energy that is due to the calculation éef and/orcyy) and two for the dispersion energy
charge-averaging processes in which each segment calculatedalculations ¢ and R./Re|)), one set of radii Re) for the six
from quantum mechanics is reorganized into a standard segmentatom types, which have been optimized to reproduce boiling
Also, AG;i**is the restoring Gibbs energy required to change points and enthalpies of vaporization for 369 compounds, and
from the ideal conductor state to the real liquid state, which is one set of dispersion parameters for each of the 13 different
calculated from the sigma profile or charge density, using bonding types we have used. The values of these parameters
statistical mechanics as described elsewhere. are given in Table 1.
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Table 1. Parameters Used in the COSMG-SAC—BP Model (a) Normal Boiling Tempertures for 369 com pounds
Universal Parameters 700
parameter value .-'
Bert 9.24 R 600 1 . !
Chb 6812.49 kcal/mol Ae? oo oz
q 0.272 500 4 ..
Rd/Rel 0.611 A
(L]
Atomic Bonding Specific Parameters 400
atom type (bonding specific) R (A) alR(KA3) 3 .
2 .
H 1.57 1173.51 o
C_t(sp3) 1.90  8277.96 © 3007 .
C_d (sp2, ethene, aromatic) 1.90 11235.27
C_s (sp, ethyne, nitrile) 1.90 12337.01 200 4
N_t (sp3, NH;, amine, aniline) 1.81 9039.50
N_d (sp2, nitro, aromatic) 181 11527.19
N_s (sp, nitrile) 1.81 4057.52 100 4
O__tH (sp3, bonded to H, alcohol, carboxylic) 1.70 9113.10
O__t (sp3, ether, ester€0—C, aromatic oxygen) 1.70 8910.89
O_d (sp2, carbonyl, ketone, aldehyde, ester, carboxylic)  1.70 4418.22 0 T T T T T T
O__dN (nitro oxygen) 1.70 4890.04 0 100 200 300 400 500 600 700
F 1.71 4747.68 Expt (K)
Cl 1.98 27891.21
(b) Normal Boiling Tempertures for linear long chain
Table 2. Accuracy of the COSMO-SAC—BP Model, in Regard to 700 com pounds
Prediction of the Normal Boiling Point + COSMO-SAC with Mod.1
Deviation of .
Normal Boiling Point Ty) 6501 | ° COSMO-SAC .
compound number of temperature AAPDP ¢ A
type compounds AAD? (K) (%) 600 4 ol
L]
alkane 37 11.30 3.23 .
alcohol 31 15.97 3.49 _ 550 4 4
aldehyde 8 7.53 2.12 <
ketone 21 11.16 2.71 2 - .
acid 11 9.36 2.05 © 500 o
ester 21 10.63 2.58
ether 16 11.72 3.63 o S
nitro 5 4.80 1.26 450 1 y
nitrile 7 16.24 4.60 e
amine 22 11.96 3.75 400 -
aromatic 24 12.81 2.83
alkene 9 8.14 2.49
alkyne 7 6.95 2.19 150 r . . . v .
F-containing 5 10.34 4.60 350 400 450 500 550 600 650 700
Cl-containing 24 11.46 3.24 Expt (K)
multifunctional 121 15.68 3.56 . -
overall 369 12.94 3.24 Figure 1. Normal boiling temperatures for several compounds: (a) the

a Average absolute deviatioh Average absolute percent deviation.

369 compounds in the training set and (b) linear long-chain compounds.

considered only compounds that are stable at their normal
Inputs to this model are (i) sigma profiles generated by the boiling point and for which there are experimental data for the

COSMO calculation, representing the unique charge density normal boiling temperature to compare. The testing set has a
distribution for each species, and (i) liquid density obtained variety of species, from polychlorinated biphenyls (PCBs) and
from experimental data or by an estimation method. The DIPPR polynuclear aromatic hydrocarbons (PAHS) to insecticides.
databaseprovides liquid densities at the normal boiling point
by extrapolating reported experimental data at different tem- 4 Reasults and Discussion
peratures. The error in density using the DIPPR method for most
compounds is 5% or less. For species for which experimental For the training set of 369 molecules described elsewttere,
data are not available, the LeBas group contribution méthod the accuracy of the COSMESAC—BP model described here
is used to estimate liquid density at the normal boiling point. It is given in Table 2 and Figures 1 and 2. The overall average
is reported that the average error for this method is 4%, and it absolute deviation (AAD) is 12.9 K, with an average absolute
appears to be applicable to a greater variety of molecules thanpercentage deviation (AAPD) of 3.2%. Table 2 shows the large
other methods. Because the liquid phase density does not changeariety of chemical functionalities that can be accurately
much with temperature near the normal boiling point and the described with this model. The long-chain alcohols, up to 17
errors are relatively small, the liquid densities obtained from carbon molecules in the training set have high normal boiling
the DIPPR database or the LeBas method can be used wheriemperatures. The largest AAD comes from alcohol, nitrile and
experimental data are not available. Also, as we show later, thecompounds that have two or more functional groups. The nitrile
model predictions are relatively insensitive to liquid density compounds have the largest AAD and AAPD, and, therefore,
errors of 5%. the lowest accuracy, which indicates that care should be taken
There are a total of 84 compounds in the test set. Thesewhen using COSMO-based models for compounds that have a
compounds were obtained from a handbook of the propertiesnitrile group. Other researché?$ave also remarked about the
of environmentally important chemicals by Mackay et®lvVe inaccuracy of COSMO models for nitrile groups. Considering
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Figure 2. (a) Average absolute deviation (AAD) and (b) average absolute 100 4
percent deviation (AAPD) for the 369 compounds described in the training 0
set.
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the large range ‘?f functional groups in the molecular S,trucwre’ Figure 3. Normal boiling temperatures for 84 environmentally important

the overall AAD is comparable to QSPR methods, which have chemicals: (a) normal dispersion and (b) dispersion using modification 1.

a much larger number of parameters, compared to only 23

temperature-independent parameters in the COSMO model hereaap values for the set of 369 compounds and 84 chemicals
To test the method, we predicted the normal boiling temper- are 12.97 K (3.25%) and 22.1 K (4.44%), respectively. These

atures of 84 chemicals of interest in environmental studies. This results indicate that errors of 5% in the liquid densities lead to

group included alkanes, aliphatic esters, aliphatic amines, average changes of only0.3 K in the predicted boiling point.

aliphatic acids, halogenated hydrocarbons, phthalate esters, andonsequently, we conclude that the uncertainties of liquid

polynuclear aromatic hydrocarbons. These are listed in Table 3densities have little effect on the predictions.

and depicted visually in Figure 3. The overall AAD and AAPD The few outliers in the testing database are all large

values are 21.9 K and 4.4%, respectively. Except for a few molecules, such asis-(2-ethylhexyl)-phthalate and dibutylphtha-
outliers, the boiling temperatures of most of the chemicals are |ate. One possible model improvement is to revisit the dispersion
predicted reasonably well. Some of the outliers are larger, long- energy calculation. The dispersion interactions are due to
chain molecules, as shown in Table 4. instantaneous electron correlations that decay B% Iéading
Because liquid density is a required input property, we to a limited effective range, compared with the long-range
examined the effect of density errors on the predictions. The electrostatic forces. Consequently, we will consider the below-
DIPPR database has up to a 5% uncertainty in experimentalgiven modifications to the mean field treatment of the dispersion
liquid density and the Le Bas method results in an error4fo. interactions.
Therefore, we chose to consider the impact of both a 5% Here, we consider three modifications from the previous mean
increase and decrease in the values of liquid density for the setfield treatment. The first is based only on molecular size. For
of 369 training set and 84 environmentally important chemicals. medium- and large-sized molecules, we assume that atoms in
The results show that, with a 5% increase of liquid densities, one molecule cannot make their full contribution to the vdwW
the overall AAD for 369 compounds in the training set is 13.0 interaction energy. The reason is that the vdW dispersion
K (3.26% for AAPD); the overall AAD for 84 chemicals is  correlation in the electrons on atanfor interacting with atom
22.5 K (4.5% for AAPD). However, with a 5% decrease, the | are not compatible with the vdW dispersion correlation in the
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Table 3. List of Normal Boiling Temperatures for Environmentally Important Chemicals

COSMO-SAC—BP COSMGO-SAC—BP/1
compound Th, experiment (K) Ty, calculated (K) AT (K)2 Ty, calculated (K) AT (K)2
Aliphatic Acids
formic acid 373.90 384.50 10.60 384.50 10.60
dichloroacetic acid 467.20 465.67 —1.53 465.67 —1.53
Aliphatic Amines
triethanolamine 608.55 668.41 59.86 668.41 59.86
2,2-diethanolamine 541.54 542.74 1.20 542.74 1.20
Aliphatic Esters
ethylformate 327.00 322.60 —4.40 322.60 —4.40
methylacrylate 354.00 356.55 2.55 356.55 2.55
methylmethacrylate 373.50 371.71 —-1.79 371.71 —-1.79
propylformate 354.10 348.32 —5.78 348.32 —5.78
ethylacrylate 372.75 387.35 14.60 387.35 14.60
Alkanes
2,2,5-trimethylhexane 397.00 423.59 26.59 423.59 26.59
2-methylheptane 390.70 409.62 18.92 409.62 18.92
Alkenes
isobutylene 266.70 249.67 —17.03 249.67 —17.03
2-methyl-2-butene 311.00 292.54 —18.46 292.54 —18.46
2-methyl-1-butene 304.30 297.09 -7.21 297.09 -7.21
cis-2-pentene 309.80 300.66 —9.14 300.66 —9.14
trans-2-pentene 309.40 300.05 —9.35 300.05 —9.35
Alkylphenols and Other Substituted Phenols
2,6-dimethylphenol 474.22 458.19 —16.03 458.19 —16.03
2,4-dimethylphenol 484.13 461.82 —22.31 461.82 -22.31
3,4-dimethylphenol 500.15 491.58 —8.57 491.58 —8.57
Aromatic Acid
phenylacetic acid 538.70 543.95 5.25 543.95 5.25
phthalic acid 598.00 711.17 113.17 711.17 113.17
Aromatic Amines
diphenylamine 575.15 585.91 10.76 569.73 —5.42
Aromatic Esters
ethylbenzoate 485.00 502.94 17.94 497.46 12.46
benzylbenzoate 596.20 649.16 52.96 595.61 —0.59
propylbenzoate 503.70 548.28 44.58 503.58 -0.12
Chlorobenzenes
hexachlorobenzene 582.55 607.76 25.21 607.76 25.21
pentachlorobenzene 550.20 574.38 24.18 574.38 24.18
1,2,4,5-tetrachlorobenzene 516.20 531.00 14.80 531.00 14.80
Chlorophenols
pentachlorophenol 583.20 619.30 36.10 619.30 36.10
2,4,6-trichlorophenol 519.20 517.06 —2.14 517.06 —2.14
Cycloalkanes
1,1,3-trimethylcyclopentane 378.10 386.62 8.52 386.62 8.52
1,1,3-trimethylcyclohexane 410.00 413.16 3.16 413.16 3.16
trans-1,4-dimethylcyclohexane 392.60 401.97 9.37 401.97 9.37
decalin 465.00 450.05 —14.95 450.05 —14.95
propylcyclopentane 404.10 397.74 —6.36 397.74 —6.36
pentylcyclopentane 453.00 454.20 1.20 441.87 —11.13
Cycloalkenes
cyclopentene 317.00 293.56 —23.44 293.56 —23.44
cyclohexene 356.00 336.01 —19.99 336.01 —19.99
1,4-cyclohexadiene 360.15 344.35 —15.80 344.35 —15.80
cycloheptatriene 389.70 387.92 —-1.78 387.92 —-1.78
cycloheptene 387.00 373.11 —13.89 373.11 —13.89
1-methylcyclohexene 382.00 364.04 —17.96 364.04 —17.96
1,2,3,4-tetrahydronaphthalene 490.00 465.16 —24.84 465.16 —24.84
p-limonene 450.00 453.41 3.41 453.41 341
Dienes
isoprene 307.00 300.89 —6.11 300.89 —6.11
1-decene 440.00 469.90 29.90 44481 4381
Ethers
methylchloromethylether 332.65 345.22 12.57 345.22 12.57
epichlorohydrin 389.60 360.87 —28.73 360.87 —28.73
tetrahydropyran 361.00 342.40 —18.60 342.40 —18.60
2-methylfuran 337.00 338.96 1.96 338.96 1.96
2-chloroethylvinylether 381.20 373.22 —7.98 373.22 —7.98
1,2-epoxyethylbenzene 467.30 462.07 —5.23 462.07 —5.23

bis-(2-chloroethyl)ether 451.00 437.78 —13.22 437.78 —13.22
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COSMO-SAC—BP COSMGO-SAC—BP/1
compound Th, experiment (K) Th, calculated (K) AT (K) Th, calculated (K) AT (K)
Fungicides
nitrotrichloromethane 385.00 388.42 3.42 388.42 3.42
Halogenated Hydrocarbons
1,1-dichloroethylene 304.55 304.73 0.18 304.73 0.18
vinylchloride 259.30 256.67 —2.63 256.67 —2.63
cis-1,2-dichloroethylene 333.00 336.67 3.67 336.67 3.67
trans-1,2-dichloroethylene 321.00 309.57 —11.43 309.57 —11.43
tetrachloroethylene 394.20 419.33 25.13 419.33 25.13
1,1,2,2-tetrachloro-1,2-difluoroethane 365.75 368.90 3.15 368.90 3.15
2-chloro-1,3-butadiene 333.00 335.12 2.12 335.12 2.12
perchlorocyclopentadiene 512.20 565.78 53.58 565.78 53.58
hexachlorobutadiene 488.20 547.26 59.06 547.26 59.06
Heterocyclic Compounds
2,3-dimethylpyridine 433.00 428.97 —4.03 428.97 —4.03
diphenylenimine 628.20 599.55 —28.65 599.55 —28.65
acridine 618.70 615.17 —3.53 604.43 —14.27
Monoaromatic Compounds
2-methyl-propylbenzene 444.00 473.56 29.56 473.56 29.56
Nitroaromatic Compounds
1-nitronaphthalene 577.20 605.94 28.74 605.94 28.74
Nitrophenols
O-nitrophenol 490.40 504.16 13.76 504.16 13.76
Phthalate Esters
dimethylphthalate 555.00 550.28 —4.72 550.28 —4.72
diethylphthalate 571.00 667.06 96.06 630.66 59.66
dibutylphthalate 613.20 738.64 125.44 632.42 19.22
bis-(2-ethylhexyl)-phthalate 657.20 899.29 242.09 734.38 77.18
Polychlorinated Biphenyls (PCBs)
2-chlorobiphenyl (PCB-%) 547.20 597.93 50.73 590.57 43.37
3-chlorobiphenyl (PCB-2) 557.70 596.73 39.03 589.30 31.60
Polynuclear Aromatic Hydrocarbons (PAHs)
acenaphthylene 543.15 517.23 —25.92 517.23 —25.92
1,4-dimethylnaphthalene 537.00 524.23 —-12.77 524.23 —-12.77
1,3-dimethylnaphthalene 536.15 518.40 —-17.75 518.40 —-17.75
2,3-dimethylnaphthalene 541.15 527.15 —14.00 527.15 —14.00
fluoranthene 655.95 650.42 —5.53 649.18 —6.77
pyrene 667.95 652.30 —15.65 646.41 —21.54
2-ethylnaphthalene 527.00 527.04 0.04 518.17 —8.83
benz(a)anthracene 708.15 701.06 —7.09 638.04 —70.11
trans-1,2-diphenylethene 579.15 598.88 19.73 546.39 —32.76

AAT = T — T2 b As described in ref 17.

electrons on atonn for interacting with atonk. These three- for lesrect FOr long linear chain molecules, we fouh@ec:to be
body corrections can be included (the Axelrotkller formal- dependent linearly on the number of carbons in the molecule
ism) but are ignored here. The net effect of these three-body as follows: lgftect = 9 + 0.9(Crum — 6). This expression reduces
corrections is to decrease the net vdW interactions between thosehe overestimate of normal boiling temperatures for long-chain
atoms in large molecules that are far from each other. To accountchemicals, while leaving the results for small molecules
for this effect, we introduce a size-dependent contribution factor unchanged.

7. The effective number of atoms of typevithin species is If the Inax value of species is smaller than the effective

then modified as follows:

length, thenr = 1, so that an atom in one molecule can fully
interact with all other atoms. If thi,ax value of species is

i S greater than the effective length, an atom makes only a partial
m = z —X7T (7) contribution to the total interaction energy. That is, with an
51\ S increase of molecular size, the energy contribution of each atom
1 i1 - decreases.
effect = "max A second possible modification is to make the dispersion
| (8) interaction position-dependent by considering the local concen-
effect ; H H .
i if laect < Imax tration of different atomic types:
max
. 1 o
wherelmaxis the maximum molecular length of specieblere, AN = —z Zejkmj'mLij )
leiect IS an effective length, a value within which the vdw Vi 5

interaction between an atom in one molecule and the atoms in
other molecule can be considered to interact fully. We deter- wherePj is the likelihood of an interaction between atom types
mined, empirically, that an average value®A is optimum of j andk normalized by the likelihood of interactions between



5432 Ind. Eng. Chem. Res., Vol. 45, No. 16, 2006

Table 4. List of Normal Boiling Temperatures for Linear Long-Chain Molecules

COSMO-SAC—BP COSMG-SAC—-BP/1
compound Th, experiment (K) Th, calculated (K) AT (K)2 Th, calculated (K) AT (K)2
1-nonene 420.02 435.70 15.68 414.81 —5.21
1-nonyne 423.85 434.79 10.94 413.43 —10.42
octane 398.83 404.11 5.28 404.11 5.28
nonane 423.97 436.05 12.08 432.54 8.57
octanal 447.15 448.07 0.92 435.83 —11.32
nonanal 468.15 474.68 6.53 460.57 —7.58
octylacetate 484.45 509.65 25.20 481.11 —-3.34
decane 447.31 460.88 13.57 453.55 6.24
undecane 469.08 491.37 22.29 480.48 11.40
dodecane 489.47 513.11 23.64 498.60 9.13
octanoic acid 512.85 507.04 -5.81 497.30 —15.55
decanoic acid 543.15 542.99 —0.16 525.55 —17.60
lauric acid 571.85 584.54 12.69 559.77 —12.08
1-octanol 468.35 479.57 11.22 469.32 0.97
1-nonanol 486.25 502.35 16.10 488.26 2.01
1-decanol 504.07 524.54 20.47 506.75 2.68
1-dodecanol 536.95 567.81 30.86 542.88 5.93
1-tetradecanol 568.80 604.18 35.38 572.44 3.64
1-pentadecanol 583.40 622.99 39.59 587.69 4.29
1-hexadecanol 597.23 643.22 45.99 604.87 7.64
1-heptadecanol 610.50 661.48 50.98 620.55 10.05
aAT = -I-Ealc _ Tgxpt.
Table 5. Comparison of the Results from Applying COSMO-SAC—BP Model with Modifications
Training Set Test Set
number of smalp mid—large? long-chairs overall smalk mid—large® overalf
parameters (305) (43) (21) (369) (68) (16) (84)
COSMO-SAC—BP 23 124K (3.2%) 135K (2.9%) 19.3K(3.7%) 129K (3.2%) 16.1K (3.6%) 44.8K (7.6%) 21.9K (4.4%)
COSMO-SAC—BP/1 26 124K (3.2%) 119K ((2.6%) 7.6K(1.5%) 12.1K(3.0%) 16.1K(3.6%) 24.7K (4.1%) 17.8K (3.7%)
COSMO-SAC—BP/2 26 143K ((3.7%) 159K (3.5%) 144K (3.0%) 143K (3.6%) 169K (3.8%) 15.0K(2.4%) 16.7K(3.5%)
COSMO-SAC—BP/3 39 122K (3.1%) 17.4K(3.8%) 19.7K(4.1%) 13.0K(3.2%) 155K (3.4%) 20.8K(3.6%) 16.6 K (3.4%)

aFor small molecules, the maximum molecular length<i A. ® For mid—large molecules, the maximum molecular lengtt~ig A, with nonlinear
structure £ The long-chain molecules are those with straight linear carbon chains longer than 9 A.

atom typej and all atom types within a molecule. The if gjis unity, then the dispersion interaction is highly dependent
Boltzmann distribution is used for this probability function: on the surface area.

We refer to these three modifications as follows: modification

exp[—[(ej/Dj3)(6k/Dk3)]1’2/T} 1 (denoted as COSMESAC—BP/1), which involves size
P = (10) dependence (see egs 7 and 8); modification 2 (denoted as
_ 3 3\q1/2 COSMO-SAC—BP/2), which involves size and intramolecular
(/o) Z expl —[(¢/Dy) (/DT position dependence (eqs-10); and modification 3 (denoted

as COSMG-SAC—BP/3), in which size, intramolecular position
wheree is the dispersion coefficienD; the diameter (twice as dependence, and multiexponent parameters are the properties
large asRe)) of atom typej; a is the number of all atom types of interest (eqs #11). o ]
within moleculei. For this calculation, we assumddto be The results for each of these modifications are summarized
room temperature (300 K). This choice is somewhat arbitrary; in Table 5 and compared with'the results of the orig?nal model.
however, other temperature choices lead to additional problems.Each of the three cases has its advantages and disadvantages.
(Thus, using a different temperature for each compound adds (1) COSMO-SAC—BP/1, which includes only molecular
additional complexity and parameters to the model.) If all atom Size, leads to an AAD for linear long-chain molecules that
types would have the same dispersion energy, the probability reduces from 19.3 K to 7.6 K, and the AAD for moderately
factor reduces to unity. On the other hand, a large dispersionlarge molecules in the test set is reduced from 44.8 K to 24.7
coefficient for a particular atom type increasing the probability K. This modification leads systematically to lower boiling points.

for this type of interaction is increased in this modification. (2) COSMO-SAC—BP/2, which includes both size and
The last modification we considered is to use, in eq 7, a intramolecular position, leads to an AAD for linear long-chain
differentq value @; for each atom typ¢): molecules that decreases only to 14.4 K, which is twice the
value obtained with modification 1. However, for the moderately
' q large molecules in the test set, AAD decreases to 15.0 K, which

m = Z —XT (11) is only 60% of the error for modification 1. However, modifica-

&1\So tion 2 required reoptimization for all dispersion interaction

parameters, whereas this was not required within modification
The value ofq (eq 7) orq; (eq 11) was optimized using the 1

369-compound training set. The rangega$ from zero to unity. (3) COSMG-SAC—BP/3, which has multiexponent param-
If qj is zero, therm is the actual number of atoms of spegies  etersq;, leads to an AAD value for small molecules of 12.2 K
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Table 6. Predicted Normal Boiling Temperatures for Ten Pesticides

Predicted Boiling Temperature (K)

pesticide Stein and Brown'’s group
compound COSMBSAC—-BP COSMG-SAC—-BP/1 contribution method
Herbicides
Atrazine 659.68 622.18 586.20
Barban 727.14 671.55 609.77
Bifenox 848.32 745.70 698.31
MCPB 678.66 621.46 619.26
Insecticides
Aminocarb 653.51 612.13 571.05
Bendiocarb 678.78 657.81 588.32
Carbofuran 691.82 675.09 584.58
Fungicides
Anilazine 705.55 671.19 638.06
Benomyl 864.52 800.54 735.05
Carbendazim 636.80 600.84 596.08

Table 7. Predicted Sublimation and Vapor Pressures at 298.15 K for Ten Pesticides

COSMO-SAC—BP COSMGC-SAC—-BP/1 Grain-Watson'’s Method for Liquid/Solid
pesticide experimental
compound sublimation, Inpsu9 In(Pvan) In(Psub In(Pvan) In(Psub In(Pvan) In(PsuH
Herbicides
Atrazine -9.21 —-1.49 —6.96 -0.17 —5.64 —0.89 —4.46
Barban —6.62 —4.97 —6.46 —2.97 —4.46 —2.05 —3.08
Bifenox -8.0 —10.01 —-11.81 —6.15 —7.95 —6.54 —7.89
MCPB —-9.21 —-3.82 —6.60 —-1.67 —4.45 —-2.52 —4.20
Insecticides
Aminocarb —6.08 —3.08 n.a. —1.47 n.a. -0.15 n.a.
Bendiocarb —5.38 —4.62 n.a. —3.78 n.a. —-0.99 n.a.
Carbofuran —-5.91 —5.18 n.a. —4.51 n.a. -0.81 n.a.
Fungicides
Anilazine —14.01 —1.40 —5.34 -0.32 —4.27 —3.46 —6.63
Benomyl —-12.22 —13.50 n.a. —10.83 n.a. —8.46 n.a.
Carbendazim —8.80 —2.50 n.a. —1.10 n.a. —-1.37 n.a.

2 Sublimation pressures at 298.15 K are estimated from the predicted vapor pressures using the réf@ = In(farfsud) ~ AHU(T)/(RT)[1 —
(T/Tm)]. All pressures given in pascals. Experimental data of heat of fusion and melting point are available for five compounds that allows sublimation
pressure predictions to be made. For the remaining compounds, only predicted vapor pressures of the liquid are reported, and the term “n.a.” is used to
indicate that a sublimation pressure prediction could not be made.

(3.1%); however, the results for long-chain and mliarge melting point data are availabléThe predicted vapor pressures
molecules are less satisfactory. for the hypothetical liquids are also given in the table. For
Consequently, we recommend COSMSAC—BP/1 for the comparison, predictions using the generally accepted Grain
prediction of normal boiling temperatures, especially for linear Watsor?® method also are listed. The measured and predicted
long-chain or moderately large molecules. sublimation pressures are very low, and the accuracy of the

Both to illustrate the application of the COSMGAC—BP COSMO-SAC—BP method, although not very good, is gener-
model, and to challenge the COSMSAC—BP model, Table ally better than the GrainWatson method. One reason for this
6 lists the normal boiling point temperature predictions for four may be that the COSMOSAC—BP method was developed to
herbicides, three insecticides, and three fungicides for which predict normal boiling points; however, here it is being used
no experimental normal boiling temperatures are available. For for vapor pressure predictions at temperatures that are hundreds
comparison, predictions using Stein and Brown's GCM are of degrees lower. Also, eq 12 neglects terms that are related to
listed. The COSMG SAC—BP predictions are systematically the heat capacities of the liquid and solid, which may be
higher, although we cannot yet determine which is more accurateimportant over such temperature ranges, but for which data are
(or whether the chemicals would decompose before the predictednot available. Finally, some of experimental data may not be
boiling point is reached). accurate. Anilazine is a case in point; it is a relatively small

To make comparisons with experimental data in Table 7, we molecule with a predicted boiling point that is moderate, whereas
compare experimental datand predictions for the sublimation  its reported vapor pressure in unusually low, much lower than
pressures of these pesticides at 298.15 K. Because these¢he predictions of methods considered here. Also, the two
compounds are solids at 298.15 K and COSNMEAC predicts methods considered here for the predictions of sublimation
liquid vapor pressures, we have corrected the predictions from pressuresthe Grain-Watson method and the modified COS-
hypothetic vapor pressures to sublimation pressures, using MO-—SAC—BP method-are in reasonable agreement with each

other, even though they are based on very different assumptions.

fus
par  [faR  AHTH(T,) T _
In(Psub) = In(@) ¥ TRT 1- T (12) 5. Conclusions

m

Our previous work developed a new method for predicting
for the five compounds for which reported heat of fusion and vapor pressures and enthalpies of vaporization that leads to
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satisfactory accuracy for a test data set of 369 species. ThisR,/Rej = ratio between hard sphere radii and van der Waals

method combines COSMO solvation with a mean field treatment

and perturbation theory. The present work uses the COSMO
SAC—BP model to predict normal boiling temperatures for 84
environmentally important chemicals that contain C, H, O, N,

F, and Cl atoms. For molecules smaller than 9 A, the normal

boiling temperatures are obtained without any modification to
the previous model. However, for medium- and large-sized
molecules, an effective length is introduced to modify the van
der Waals interaction energy contribution. With the introduction
of an effective length (COSMOSAC—BP/1), there is a slight
improvement (12.1 K) in predictions for the training set, and a
more significant improvement for the testing set and linear long-
chain compounds (see Tables 5 and 6 and Figure 1b).
Overall, the predictions of boiling temperatures of the test

set of environmentally important chemicals give an average

absolute deviation (AAD) of 21.9 K (4.4%), using the original

(vdw) atomic radii
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