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Group Contribution Values for the Thermodynamic Functions of Hydration at
298.15 K, 0.1 MPa. 3. Aliphatic Monoethers, Diethers, and Polyethers

Andrey V. Plyasunov,*T Natalia V. Plyasunova$ and Everett L. Shock'*

Department of Geological Sciences and Department of Chemistry and Biochemistry, Arizona State University,
Tempe, Arizona 85287, and CrystalTech Web Hosting, Inc., Phoenix, Arizona 85014

A compilation of experimental values of the infinite dilution partial molar Gibbs energy, enthalpy, and heat capacity

of hydration, together with partial molar volumes in water at 298.15 K and 0.1 MPa is presented for aliphatic
monoethers, diethers, and polyethers. These data are treated in the framework of the first- and second-order group
additivity methods. However, third- and higher-order effects (i.e., interactions expressed beyond the nearest
neighbors) are clearly present in agueous ethers. The effects can be accounted for by the introduction of a number
of corrections. For the second-order group contribution method, numerical values are determined for the following
groups: C-(C)2(H)(O)ethes C—(C)3(O)ethes O—(C)2, C—(H)2(O)2, C—(C)(O)(H), and corrections: a “ethoxyalkane”
correction, { CH3—CH,—O—CHy}, and a “diether” correction{ O—(CH,),—O}. For the first-order group
contribution method, in addition to the “ether” O group, a large number of corrections appears to be necessary
for accurate reproduction of the compiled data: “ethoxyalkane”, and “diether”, corrections, two “af€al”,

CH,—0} and{ O—CH(CH;)-O}, corrections, as well as “tertiary{ CierO} , and “ternary” { HCir+O}, corrections,

applied to monoethers that have direct contacts of tertiary and ternary carbon atom with oxygen.

Introduction dialkyl ethers. Nevertheless, this decision raised problems
because our analysis shows that even a second-order group
contribution method is not completely adequate for aqueous di-
and polyethers. It appears that for these compounds the influence
of neighboring atoms is felt beyond the nearest contacts,
signaling the importance of third- and higher-order effects for
aqueous polyethers.

Aliphatic ethers are classes of organic compounds having the
structural unit R—O—R;, where R and R represent alkyl
groups. Ethers are a comparatively well-studied group of organic
substances with a very broad spectrum of practical applications.
Their uses vary from major constituents in medicine and
pharmacology to components of food flavoring, powerful . ? . .
industrial solvents, and effective fuel oxygenates. Aliphatic This work is organized as follows. First, as for other classes

. " . ;
diethers and polyethers (glycol ethers), compounds having more?ge?ﬁ]ﬁglcn;?nn:cp% unr::?%n\g%fﬁ n;?gﬁoinfgfﬁrsﬁ\éﬁcdﬂgsgse dicff
than one R—O—R; structural unit, are important solvents with y y P P

many technological applications. The extensive industrial use and polyethers. Second, the database is used to derive optimal

of ethers results in their abundance in waste materials harmfulValues of the_ contributions of the funct|onal_ groups in the
for environmental and human health. Thermodynamic propertiesﬁramework.0f first and secon_d-order group contnbutl_on methods.
of these compounds in water are of interest for environmental The following standard partial molar thermodynamic functions

sciences, medicine, agriculture, chemistry, geochemistry, andOf hydration are the focus of this s_tudy: ;[he Gibbs energy
biology. (ArG®), enthalpy (AnH®), heat capacity ArC), and volume

This contribution is a continuation of our effott$ to provide (AnV” = V7). Any thermodyn_amlc function of hydration for a
an up-to-date compilation of thermodynamic properties of compound represents the d_|fference between the value of the
hydration of organic compounds and to determine functional property for this cqmpoun_d In the state of a standard aqueous
group contributions to the functions of hydration of these solutlon.and that in the |d¢al gas state. The standgrd state
compounds at 298.15 K and 0.1 MPa. Initially, we planned to conventions adopted in this study for gaseous, liquid, and
limit our consideration of ethers to the monoethers. However, aqueous compound are those recommended by IUPAC.
very few calorimetric enthalpy and heat capacity data are
available for aqueous solutions of monoethers. In addition, _ T
experimental determinations of the partial molar volurdg) ( Standard Gibbs Energy of Vaporization of Pure Com-
appear to have been made only for ethoxy ethane (diethyl ether) Pounds.In this study, values of the standard Gibbs energy of
Therefore, we decided to include data for di- and polyethers, Vaporization fvaxG°), which give the difference between the
for which there are accurate experimental determinations of Gibbs energy of a pure compound in the ideal gas state and in
enthalpy of solution, partial molar heat capacity, and volume. the liquid state, were calculated from vapor pressurgsgnd
The polyethers considered in this work are ethylene glycol second virial coefficientsBz;) according to

Auxiliary Data for Pure and Aqueous Compounds
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Table 1. Antoine Constants in the Equation logP¢/bar) = A — B/(T/K + C — 273.15)

temperature

compound A B C range/K data sources
2-ethoxypropane 3.9707 1086.98 219.92 2988 Ps, 1t AyaH?
1-methoxy-2-methylpropane 4.0080 1138.35 225.86 23D Pg, 11138 A, H12
2-methoxybutane 4.0030 1137.40 225.48 2460 Pg 11132 A, H12
2-propoxypropane 4.1070 1265.74 225.54 2760 P 11138 Ay H1?
1-ethoxybutane 3.9972 1217.78 212.76 2885 Ps, 14 AyagH?
2-ethoxy-2-methylpropane 3.7505 1043.27 205.69 2346 pgl5:16
2-ethoxy-2-methylbutane 4.2415 1406.22 230.53 2012 pg16-18
1,1-oxybis-2-methylpropane 4.0412 1348.84 211.65 2386 Ps,19 AyaH?
1,1-oxybisbutane 4.2866 1523.30 214.81 2985 Pg 141921 A0 H12
1,2-dimethoxyethane 4.3189 1330.25 223.46 22533 P 22727 Ao H1?
1-ethoxy-2-methoxyethane 4.0437 1248.02 205.58 —2BD Pg,28:132 A, H1?
1,2-diethoxyethane 4.0799 1318.51 202.59 2934 Py, 2930 A g pH12
1-methoxy-2-propoxyethane 4.1720 1382.55 207.221 —220 P 28133/, 5 H12
1,4-dimethoxybutane 4.4087 1544.95 218.95 2400 pgl3a
1,3-diethoxypropane 45011 1620.83 220.06 2480 P, 133 Ao gH1?
1-butoxy-2-methoxypropane 4.2204 1477.14 203.88 —2074D Pg 138 AyapH2
1,5-dimethoxypentane 4.4973 1682.76 216.97 2450 pl3a
1,4-diethoxybutane 4.5229 1704.72 214.46 2780 Pg,132
1,2-dipropoxyethane 4.4722 1676.34 212.29 27700 P,28:133 A, H12
1,2-dibutoxyethane 4.7733 2012.58 216.39 2400 Pg,28.138 A, H12
1,2-dimethoxymethane 4.0212 1060.48 221.75 2337 P 24143534 A H12
1,1-dimethoxyethane 4.2307 1235.34 228.59 2483 Pg35.14.26
1,1-diethoxymethane 4.0358 1223.94 215.78 2383 P, 2914 A H2
1,1-diethoxyethane 4.2720 1370.32 217.76 2337 p36:37.14

aEstimated by the group contribution corresponding-states méthod.

expB22P5/RT) represents the fugacity coefficient of a pure into account only binary interaction contributions to the excess

compound as calculated from the virial equation of state (EoS) Gibbs energy of a system (i.e., it presupposes the linear molality

truncated at the second virial coefficient, using value8sf dependence of Iy 2) according to

evaluated with the Tsonopouofosand/or Hayder O’ConnelP

corresponding state correlations. Values of the saturated vapor | _ 2g,,m 4

pressure of the best studied ethers were taken from the Poling NYm2= RT )

et al’ or Reid et eP handbooks. For other compounds we used

experimental vapor pressursf and enthalpy of vaporization ~ wheregy is the ether-ether binary self-interaction coefficient.

(AvapH°) data from the literature to determine, by the simulta- This linear concentration dependence of k. is a reasonable

neous fit of these data, the parametesR, C) of the Antoine approximation for many nonelectrolytes in water up to molality

equation, which was taken in the form: one or even slightly higher. In the Savage-Wood formalism,

there is the following group contribution approximation to

log (P3/bar)= A — BI{(T/K) + C — 273.13 2) estimategy.

Following Majer et al1® we corrected the measured enthalpy _ RT
of vaporization for nonideality of the gaseous phase to extract G = zniniGii TN ®)
the value of the derivative (d IR3/dT) as follows: Y "

d In P A H* wheren; andn; represent the number of groupandj in two
RT2( 2) = vapl (3) interacting molecules of organic compounds in water, @&pd
ar 1+ P3(B,, — V3)/IRT stands for the excess Gibbs energy ofiaf interaction. To

simplify calculations, the following counting rules are ap-
The resulting parameters of the Antoine equation, together with plicable2® the CH; group is equal to 1.5 CHgroup; the CH
sources of data and the temperature ranges of validity, are givergroup is equal to 0.5 CHgroup, the C group is not counted.
in Table 1. For a number of diethers (1,4-dimethoxybutane, 1,5- Therefore, the following interactions have to be considered for
dimethoxypentane, 1,4-diethoxybutane) for which precise ex- aqueous solutions of ethers: gHCH,, O—0, and CH—O.
perimental vapor pressure data are unavailable, we employedAs an example, to calculate the activity coefficient of methyl
the boiling point values reported in Chemical Abstracts and by isobutyl ether (1-methoxy-2-methylpropane) in water, one needs
Sigma-Aldrich (http://www.sigmaaldrich.com) together with a to count 36 CH—CH,, 12 CH—0, and 1 G-O interactions.
group contribution corresponding-states me#idd estimate Aqueous solutions of 1,1-diethoxyethane (diethyl acetal) account
P3. Experimental and fitted values of the vapor pressure and for 49 CH,—CH,, 28 CH—0, and 4 G-O interactions. The
Bs. of the studied compounds are accessible in our dat&base numerical values of the binary parameters for the relevant

at http://orchyd.asu.edu. interactions at 298.15 K are availabiérom freezing point and
Estimation of Actiwity Coefficients of Ethers in Aqueous  calorimetric determinations in aqueous solutions: G{€8H,)
Solutions. Conversion of etherwater mutual solubility data = —34 Jkg-mol=2, G(CH,—0) = 37 Jkg-mol=2, and G(C-

into the values of the Gibbs energy of hydration of ethers O) = —57Jkg-mol=2.

requires estimates of activity coefficients for ethers dissolved For polyethers, which are derivatives of di-, tri-, and
in water. For moderately soluble ethers one can use the Savage tetraethylene glycols, the Savagé/ood model predicts very
Wood group contribution meth8¥*° for estimating excess  strong deviations from ideality in aqueous solutions, with very
properties of organic compounds in water. This method takes low calculated values for the activity coefficients of solutes.
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However, isopiestic datafor aqueous solutions of tetraethylene and in the state of condensed phases stable at 298.15 K, 0.1
glycol diethyl ether show only moderate deviations from ideality. MPa as well as properties of vaporization and auxiliary
As discussed by the authors of the Savagéod model? this properties of pure compounds. The following sections provide
approach may not be applicable for polyfunctional compounds. discussions of each of the thermodynamic properties used in
In addition, ether derivatives of glycols are highly soluble in the present study.
water®344Correspondingly, we did not include mutual solubility Standard Partial Molar Enthalpy of Hydration at 298.15
data for watetpolyether systems. K, 0.1 MPa.The most accurate values of the standard partial
In a number of instances one needs to calculate activity molar enthalpy of hydration AH®) can be obtained by
coefficients of ethers at temperatures other than 298.15 K. To combining the calorimetrically determined molar enthalpy of
calculate the excess Gibbs energy at various temperatures, ongolution in water AsqgH®*) and the standard molar enthalpy of

needs to know the excess enthalpyi-ef interactions Ki;): vaporization Qy,H®) according to the relation
B(G /T)) Ah|_| soIH vapH (8)

_ The value of the enthalpy of solution in water, if determined at
These values are determined from excess enthalpy measurementgmperatures other than 298.15 K, can be recalculatddo

for water—ether mixtures, and numerical values of the binary 298 15 K as follows:
parameters for the relevant interactions at 298.15 K are as

follows:#* H(CH,—CH,) = 36 }kg-mol-2, H(CH,—0) = 60 AgH(T) = A H™(T) = Ao C(T = T) (9)
J-kg-mol~2, and H(O-0O) = —104 Jkg-mol~2. Recalculations
to other temperatures can be done assuming khatare where the standard partial molar heat capacity of solution is
temperature independent over a limited temperature range:  defined asAsolC,, = C,, — Cp°(l), with C;, being the standard
G.(T) pa_rtial molar heat capacity _of a compound in water @at(l)_ _
G.(T) = T( AL ( 1)) @) being the mola_r h_eat capacity of a pure compound in the liquid
! T T state. Over a limited temperature range, say (273 to 323) K,

one can assume tha‘xsmc"" is constant. In the absence of
calorimetric values on one can use a group contribution
estimate without introducing serious error into the temperature
dependence ofgoH™.

There are only a few calorimetric data for the enthalpy of
solution in water AsoH®) for monoethers. Arnett et &
és)rovided measurements for ethoxyethane, and the only other
ource is the International Critical Tabis;iting 19th century
ata of Berthelot for methoxymethane and ethoxyethane. More
calorimetric measurements of the enthalpy of solution are
available for di- and polyethers.

Another method for evaluatingsoH® is by differentiating
%he excess enthalpiesl¥) of water-ether mixtures:

whereT, = 298.15 K.

Specifics of Aliphatic Mono-, Di-, and Polyethers in
Aqueous Solution.Ethers are strongly polar compounds and
are generally inert in chemical reactions in water and aqueous
solutions, except for solutions of mineral acids, where ethers
react producing an alcohol and an alkene. Ethers do not exhibit
any acidic properties and tend to be extremely weak bases. On
of the most important characteristics of ethers is their reaction d
with atmospheric oxygen to form peroxides, especially in
sunlight (auto-oxidation}® Once exposed to the atmosphere
even for a short period of time ethers of any type will contain
some amount of peroxide. This raises an issue of possible sampl
contamination that one should be aware of when considering
results of experimental studies. We found a very large discrep- o [oHE
ancy in data for aqueous ethers, much larger than that previously A H™ = (W)T o (10)
found for aqueous aliphatic alcohgl&etones, or esters. For 0

example most results for SOlUbl'Ity of 2- methoxy -2- methylpro- Less accurate values ohgoH® for monoethers and 1,2-

pane (methytert-butyl ether) at 298.15 K cluster around the dimethoxymethane may be evaluated from temperature-depend-
value of 0.5 mokg™; however, values as high as 186  entAg,G“results by means of

mol-kg~! and as low as 0.33mol-kg! are reported in peer-

reviewed journals. It is not clear whether such strong scatter . L[ 0ALGTIT
should be attributed only to the instability of ethers in aqueous AgH™ = — T (11)
solutions.

o Values of AsoH® obtained in this way refer to the middle of

Data Compilation the temperature interval of the availability 4£,G®, and they

A major part of this contribution is the compilation of a are recalculated to 298.15 K using a relation analogous to eq 9.
representative database of thermodynamic properties of aliphatic Gniazdowska and Narb&t determined the enthalpy of
ethers in aqueous solution at infinite dilution. As before, we partition (A,H®) of a number of ethers between water and
worked with primary sources of data that report original n-heptane from the temperature dependence of the corresponding
experimental values, avoiding literature compilations, which are partition coefficients. The values dfs,H™ can be evaluated
often mixtures of data from primary and secondary sources. Ourfrom these data provided that the standard partial molar
established procedures for converting primary data of different enthalpies of solution of ethers in-heptane L(xsmH‘;fep; are
types into functions of hydration, as well as their critical known:
evaluation, were described earfiefll of the primary data on
the functions of hydration for aliphatic mono-, di-, and poly- AH” = Aso,erpt— ApH“’ (12)
ethers are accessible through the ORCHYD datatagbe
database also includes recommended properties of hydration, The necessary values (zh‘smH;"ept for a few ethers can be
standard thermodynamic properties in aqueous solution, ther-evaluated from excess enthalpy measurements in the corre-
modynamic properties of pure compounds in the ideal gas statesponding system%or estimated from the temperature depen-
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Table 2. Enthalpy of Hydration of Ethers at 298.15 K and 0.1 MPa, Experimental and Group Contribution (GC) Values
AyapH® AnH®

accepted | order Il order
compound kdmol—t kJ-mol~t value GC value A/kJmol~t GC value A/kJmol~t
methoxymethane —36.%) :?7((:220, —30.9 G(T)52, —36.9 G°(T)53, —-33.97+20 -3334 063 —3244 —153
methoxyethane —33.50 &(T)%° —33.5+£4.0 —36.97 347 —37.61 4.10
1-methoxypropane 29.500.152 —36.80 G(T)%, —39.2 G*(T)>* —38.0+4.0 —40.60 260 —41.13 3.13
2-methoxypropane 26.780.142  —38.08 &(T)>* —38.1+4.0 —41.83 3.75 —40.63 2.55
ethoxyethane 27.320.142 —48.07 &(T)%5, —36.47 G(T)50, —46.40 &(T)%, —46.41+1.0 —46.10 —0.31 —46.11 —0.30
—46.07 Hex57 —46.57Cals, —49.07 Cat®
2-ethoxypropane 30.320.162 —46.12 &(T)>* —46.12+ 4.0 —45.46 —0.66 —45.80 0.32
1-methoxy-2-methylpropane 30.310.3112  —46.21 G(T)>* —46.21+ 4.2 —43.85 —2.36 —43.46 —2.75
2-methoxy-2-methylpropane 30.@40.162  —41.2 G(T)8, —52.34 G*(T)55, —48.6 G°(T)5S, —48.68+£2.0 —48.89 021 —48.82 0.14
—48.44H59, —46.94 G(T)I, —45.74 (T)%,
—51.84 G&(T)>*
1-methoxybutane 32.580.1742 —41.53 &(T)%, —54.33 &(T)* —47.13+4.0 —44.23 —2.90 —44.65 —2.48
2-methoxybutane 30.4% 0.312 —42.71 &(T)>* —42.71+ 4.2 —45.46 275 —44.15 1.44
1-methoxypentane 36.910.402 —45.91 &(T)% —-45914+ 5.0 —47.86 195 —48.17 2.26
2-ethoxy-2-methylpropane  32.970.332  —56.70 G(T)%8, —44.17 G(T)%2, —52.40 &(T)%3  —53.4+4.0 —5252 —0.88 —53.99 0.59
2-propoxypropane 33.950.342 —52.15 (T)* —52.15+ 4.2 —49.09 —3.06 —49.32 —2.83
1,1-oxybispropane 35.79 0 x 1012 —50.49 G(T)%5, —44.69 &(T)%, —52.19 &(T)>*  —49.88+3.0 —47.86 —2.02 —49.82 —0.06
2,2-0xybispropane 32.26: 0.1712 —54.23;) %(QE%;SS'% @(T)%5, —50.70 &(T)%, —51.74:2.0 —50.33 —1.41 —48.82 —-2.92
1-ethoxybutane 36.4% 0 x 102 —46.41 &(T)%, —48.31 &(T)®, —48.71 &(T)>* —48.43+4.0 —53.36 493 —53.15 4.72
2-methoxy-2-methylbutane ~ 35:20.62 —51.7g g(gia,)glse.so G(T)%, —55.20 G(T)I0, —52.50+4.0 —52.52 002 —52.34 —0.16
—46. T
1-propoxybutane 40.26: 0.4112  —49.76 &(T)%° —49.76+ 5.0 —51.49 1.73 —-53.34 3.58
1-methoxyhexane 42.180.432 —51.9 G(T)* —51.9+5.0 —51.49 —-0.41 —51.69 -0.21
1,2-dimethoxyethane 36.470.192 —59.42Caf® —59.42Cafs, —58.83 H* 7, —59.37£0.50 —62.04 267 —60.34 0.97
—59.67 Hx68 —59.42Caf?
1-ethoxy-2-methoxyethane 39.870.202  —66.08CaF® —66.08£0.50 —65.67 —-0.41 —6551 —0.57
1-methoxy-2-propoxyethane 43.650.222  —69.09CaF® —69.09+ 0.50 —69.30 0.21 —69.03 —0.06
1,2-diethoxyethane 43.27 0.222  —71.99CaP®, —72.27 Cal® —72.00+ 0.40 —69.30 —2.70 —70.68 —-1.32
1-butoxy-2-methoxypropane 47.840.242  —72.49Calf® —72.494+ 050 —72.93 0.44 —7255 0.06
1,2-dipropoxyethane 50.62 0.262  —76.79CaF° —76.79+ 0.50 —76.56 —0.23 —77.72 0.93
1,2-dimethoxymethane 29.170.284 —36.80 &(T)3%, —41.77 Cat® —41.12+2.0 —41.12 0 —41.12 0
1,1-diethoxyethane 394 0.5 —61.24 Call, —59.05 Cal? —59.86+ 1.50 —59.86 0 —59.86 0
1,1-oxybis(2-methoxy) 44,70+ 0.13%?  —74.61Hex67 —71.01 Cald, —75.50 H*68 —74.70+ 1.0
ethane —74.90 Hx74
3,6,9-trioxaundecane 5840.32 —92.66 Cal3 —96.50H°* 75 —96.3Cal® —96.19+ 1.50
2,5,8,11-tetraoxadodecane 63B.37¢ —102.29Hex 67, —102.52 Cal®, —102.31 Hx 68 —102.35+ 0.3
2,5,8,11,14-pentaoxapenta- 79.6+ 2.6'¢ —125.70 H* 77, —125.85H*67 —127.10 H*78, —125.76+ 1.5

decane —122.20 Cal®, —126.50 > 68

aEvaluated fromP¢(T) data, see Table 1.

dence of the infinite dilution activity coefficients of ethers in

of the heat capacity of hydratiomgc‘r’f) were evaluated for a
heptane ¥pe,) estimated using the UNIFAC modeas fol-

number of ethers by means of

lows:
ARGy = AglCy + Cill) — Cpi9) (14)
) d In yﬁept
AsoHhept= R(W (13) where C’(I) and C;,(ig) are the molar heat capacity of a

compound in the liquid state and in the ideal gas state,
Values of AoH® evaluated from the temperature dependence respectively. In the abseng:e of direct.calorimetric dgterminations,
of solubility in water or water-heptane partition data suffer from Vvalues of the heat capacity of solution were obtained from the
low accuracy, but they are employed because of the scarcity oftemperature dependence of the enthalpy of solution:
calorimetric information. o

Results of data evaluation fé,H>are summarized in Table A CP e (8A50IH )
2. The first column gives names of ethers. The accepted values sol~p aT Jp
of the standard enthalpy of vaporization of pure compounds at
298.15 K are listed in the second column. The third column ©F, in the case of tetraglyme (2,5,8,11,14-pentaoxapentadecane)
gives compiled values of\H* together with abbreviations ~and methyltert-butyl ether, evaluated from measurements of
employed to indicate the type of data converted to AREl® HE at different temperaturé@?_s )
value: As;H® denotes values based on the enthalpy of solution, ~ The results of data evaluation for the standard partial molar
HE stands for values obtained from excess enthalpy of mixing, heat capacity of hydratioA4C;) are given in Table 3. The
G>(T) denotes values based on temperature differentiation of accepted values of the molar heat capacity of compounds in
AnG® with eq 11 or eq 13. Results that we consider to be the the ideal gas state at 298.15 K are listed in the second column.
most reliable are given in bold. Our accepted valued g The third column gives compiled values #iCJ with the
together with their expected uncertainties are given in the fourth following abbreviations: Cal stands for values based on
column. calorimetric measurements of the heat capacity of solutldfis,
Standard Partial Molar Heat Capacity of Hydration at  (T) andH&(T) denote that temperature differentiationfaf,H>

298.15 K, 0.1 MPaA number of reports of experimental work  or HE were used to obtain thAhC‘; values.
present calorimetric measurements of heat capacity of solution Standard Partial Molar Gibbs Energy of Hydration at
in water, mainly for di- and polyethers. From these data, values 298.15 K, 0.1 MPaThe ethers in this study vary greatly in

(15)
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Table 3. Partial Molar Heat Capacity of Hydration of Ethers at 298.15 K and 0.1 MPa, Experimental and Group Contribution (GC) Values

Cy(9) AnCp accepted | order A Il order A
compound K-1-mol? JK1:mol? value GC value JKI-moll  GC value IKL-mol-1

ethoxyethane 126179 304 Caf° 3044 15 304 0 304 0
2-methoxy-2-methylpropane 13427 330 HY(T)® 3304+ 40 330 0 330 0
1,2-dimethoxyethane 12p 281a 242 Caf? 258H=(T)%® 253+ 10 266 -13 259 -6
1-ethoxy-2-methoxyethane 142812 321 H*(T)%® 321+ 16 328 -7 327 -6
1-methoxy-2-propoxyethane 152812 398 H(T)%° 3984+ 16 390 8 389 9
1,2-diethoxyethane 163 281a 408 Caf3 407 H(T)®® 407410 390 17 395 12
1-butoxy-2-methoxypropane 1882812 464 H(T)%° 464+ 16 452 12 451 13
1,2-dipropoxyethane 20@ 281a 492 H°(T)®9 492416 514 —22 519 —27
1,2-dimethoxymethane 20p 2812 180 Caf? 180+ 16 196 -16 190 —-10
1,1-diethoxymethane 134 27ab 335 Caf? 335+ 16 320 15 326 9
2,5,8,11-tetraoxadodecane 23p81a 413 Caf® 413420

3,6,9-trioxaundecane 21p281a 479 Caf® 479+ 16 482 -3 486 -7
2,5,8,11,14-pentaoxapentadecane PB8a 547 H(T)™® 5474 40 541 6 532 15

aQur estimate of uncertainty.Benson group contribution methé#.

their solubility in water. Some of the lower carbon number out (Setschenow) coefficients for ethers in water. Xie é€al.
compounds are totally miscible with water at ambient conditions, observed a quasi-universal linear correlation between the salting-
for example, ethoxyethane, 1,2-dimethoxyethane, 1,2-dimethoxy-out coefficients in NaCl solutions and LeBawolar volumes
methane. For higher homologues, like 'd9kybisbutane, the  for a variety of organic compounds. This correlation was used
solubility is very low. For ethers with infinite or very high by us to estimate the Setschenow coefficients for aqueous ethers
aqueous solubility, the Gibbs energy of hydration was evaluated and extrapolate observed distribution constants to pure water.

from the activity coefficient at infinite dilutiony), gas-water A major source of information is the ethewater mutual
distribution constants in the molarity concentration sciigd, solubility datams andxs, wherems stands for the molal solubility
and Henry’s law constantky) according to the following of a compound dissolved in water, argdstands for the mole
relations, see ref 3: fraction of a solute liquid saturated with water. The following
. statemeritgives the relation betweems, Xs, and A,G>:
AG” = —A,G° + RTIn( ) (16)
Ny, AG” = AgyG” = A, G° (19)

whereN,, = 1000M,, ~ 55.5084 is the number of moles of ) . .
H,O in 1000 g of waterM,, = 18.0153 gmol~* is the molar where the standard molar Gibbs energy of solutiag,G*) is

mass of water: given by
AG® = RTIn[Kp -2 17) AoG” = —RTIn (Mymy)y 2 (20)
“Povi Ny,

_ _ . _ whereyn 2 stands for the activity coefficient of a solute in the
where Kp¢ is defined asKpc = C(L'gloc(g)/c(aq), with ¢ saturated aqueous solution referenced to Henry'Slamd f, »
standing for the concentration per 1000 %of solvent, V7 is the activity coefficient of a liquid solute saturated with water
being the molar volume of pure watd?® = 0.1 MPa is the  referenced to Raoult’s law = 1 mkg™?). Values of fx  were
standard pressure, and calculated using the UNIQUACmModel, with the UNIQUAC

parameters taken from ref 94 or evaluated by us from composi-
A.G® = RTIn ﬁ 1 (18) tions of coexisting phases. The valuesygf, were calculated
h P° N, using the SavageWood®4° model, as explained above. In

general, mutual solubility data were employed only for the

with ky = I|m f,/x, wheref, stands for the fugacity of a solute  binary water+ ether systems with giess than 1 nkg, the
(2), andx is the mole fraction of a solute in the liquid phase. €xPected concentration range of validity of the Savegeod

In a few cases we treated the primary vapbquid group contribution model. For watet monoether systems
equilibriunP2.63.85-88 experimental data to calculate and extrapo- calculated values ofy » deviate from 1 by not more than 2%.
late to infinite dilution either activity coefficients or fugacityy ~However, the calculated values gk, in saturated aqueous
concentration ratios for aqueous methoxymethane and ethoxy-solutions of 1- and 2-methoxypropanes, for example, are as low
ethane. For these volatile compounds the fugacity coefficients as 0.6-0.7, indicating the importance of the concentration/
in the gas phase were calculated using the virial equation of activity correction for these solutes. For agueous mixtures with
state truncated at the second virial coefficient. The necessarydiethers, deviations from ideality are significantly larger for both
values of the second virial coefficient of pure water were the water-rich and organic-rich coexisting phases, making
calculated as recommended by Harvey and Lem@idhpse estimates 0fAsG™ more uncertain.
of pure ethers were evaluated using either the Tsonopdifolos  Another source of data, which was not previously employed
or Hayden-O’Connelf corresponding state correlations. The by our group, is wateralkane partition data for organic
second cross virial coefficients for interactions between water compounds. Such data are reported for ethers by a number of
and ethers were calculated from group contribution valfies. research group®¥°7"50Water-solvent partition coefficients are

Some authof$°192have reported gadiquid distribution usually’®99designated by the symbBl(we use the abbreviation
constants for ethers in physiological saline solution (ap- P to escape confusion with the symbol for pressure), and they
proximately 0.15 M NaCl aqueous solution). To recalculate these are defined as the ratio of molar concentrations of a solute in
values into a pure water medium, one has to know the salting- coexisting organic and aqueous phases, respectively:
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o . c(org) Temperature Corrections to the Standard Partial Molar
= c(a'q)ao c(aq) (21) Gibbs Energy of Hydrationln cases where experimental data
are reported at temperatures others than 298.15 K, the resulting
wherec stands for the concentration per 1000%awh solvent. values of AyG® were recalculated to 298.15 K using the
There are two main pathways to convert data on wegelvent approximation that\nCi(T) = AnC;(298.15 K)= const. The
partition coefficients to the values of the Gibbs energy of following relation is consistent with this approximatfon
hydration of a solute.
First, P* data can be combined with values of the gas-solvent AGE(T) =

partition coefficients () defined ad. = . 0“m 0c(org)/c(g), to T T— T T
00 r 00 r oo I
give values of the gaswater distribution constants o): AG (N7 + AH(T)—F—+ Ath$(T In-—T+ Tr)
r
p® (24)
KD,c = T (22)

whereT, = 298.15 K.

The relation betweeKp . andAG® is given by eq 17. Equation Standard Partial Molar Volumes at 298.15 K, 0.1 MPa.
22 is especially useful for the case of watkexadecane  Results of data evaluation for the standard partial molar volumes
partitioning, because accurate values of the-gexadecane  (V5) are given in Table 5. Accepted values\6f together with
partition coefficients are determined for man (Illlé?dreds of their estimated uncertainties are given in the third column.
organic compounds by Abraham and co-workérs! Note Determination of Group Contribution Values to the Ther-

that the occasionally used assumption that water-alkane partition . - . . -
coefficients are independent of the nature of an alkane contra-Medynamic Functions of Hydration Aliphatic Ethers at 298.15

dicts the UNIFAC model and can result in an error of up to 30 K, 0.1 MPa: Preliminary AnalysisAt the start of this discussion
rel. % in theP> value or about 1 kdnol~1 in the calculated it should be emphasized that we assume that the estimated

AnG® value. uncertainties of the thermodynamic functions of hydration of
Second,P” data can be used to calculate the value of the ethers, given in Tables 2 to 5, are close to their true uncertainties.
infinite dilution aCtiVity coefficient of a solute in Watet)/‘(’) Among different group contribution metho%’the Simp|est
according to the relation: is the first-order group contribution method. This method
N assumes that the properties of a group,,@t example, are
Yo = |:>°°(_Wg)},;°r (23) identical in all types of organic compounds, independent of its
Nor ¢ neighbors. In the framework of the simplest first-order method,

ethers can be constructed from gi&H,, CH, C, and O groups.

Whereyg’rg stands for the infinite dilution activity coefficient of However, such an attempt reproduces thermodynamic properties
a solute in an organic solvent, ahg andNog designate of the  of aqueous ethers with errors that often grossly exceed the
number of moles of water and an organic solvent in 1008 cm expected uncertainties of the experimental data.
of pure water or the organic solvent, respectively. The factor At first sight, the whole concept of group contribution has
Nw/Norg Simply converts the partition constant from the molarity only a limited application to aqueous ethers. For example, one
concentration scale to the mole fraction concentration scale. Forcan consider the change of the Gibbs energies of hydration in
ethersy, values are experimentally determifiéef for a few the series methoxymethanethoxyethane 1,1-oxybispropane
ether+ alkane systems. These values were employed by us,1,1-oxybisbutane. Each next member of this series is obtained
after recalculating, if necessary, to 298.15 K by means of eq by addition of two CH groups to the previous one. From our
13. In most cases the values )q";‘rg were estimated using the treatment of numerous data for the Gibbs energy of hydration
group contribution UNIFAC model. We checked that for  for aliphatic hydrocarbons, alcohols, ketones, and esters, the
experimentally studied ether alkane systems the UNIFAC  contribution of one CH group to theA,G* function is 0.7
estimates are in very good agreement with the measured valueskJ-mol~1. Therefore, the addition of two GHroups is expected
Relations given by eqs 22 and 23 are only valid in cases whereto increase the values of the Gibbs energy of hydration by 1.4
water and another solvent are practically immiscible. This kJ-mol~t. However, the following values af,G* (in kJmol™1)
circumstance determined our decision to employ only data for are obtained, see Table 4, for the series methoxymethane
partition of ethers between water and alkanes. ethoxyethane 1,1'-oxybispropane 1,1 -oxybisbutane: 0.05

Results of data evaluation for the standard partial molar Gibbs 0.20; —0.13+ 0.30; 2.85+ 0.40; and 3.94 1.00. It appears
energy of hydration4,G>) at 298.15 K, 0.1 MPa are given in  that ethoxyethane does not belong to this series, being rather
Table 4. The accepted values of the standard molar Gibbs energythe first member of another series: ethoxyethahethoxypro-
of vaporization of a pure compound at 298.15 K are listed in pane-1-ethoxybutane ..., where the changeAgG* along the
the second column. The third column gives compiled values of series approximately corresponds to the contribution of ong CH
AnG” together with abbreviations employed to indicate the type group. Other examples include attempts to “build” 1,2-
of data converted to thA,G™ value: y* denotes the activity = dimethoxymethane and 1,2-dimethoxyethane from the O group,
coefficient at infinite dilution; K. means the gaswater evaluated from methoxymethane, by adding,Gffoups and
distribution constant in the molarity scale; Sol denotes values subtracting CH groups. Estimated in this way the values of
evaluated from mutual solubility datdy denotes Henry's AnG~are approximately 10 and 2 %dol~! more negative than
constantsP* stands for wateralkane partition coefficients.  the experimental data for 1,2-dimethoxymethane and 1,2-
Accepted values oh,G>, together with their estimated uncer- dimethoxyethane, respectively. The physical reason for this
tainties, are given in the fourth column. For most compounds behavior is expected to be the mutual polarization of oxygen
the assigned uncertainty represents our judgment of the accuracynolecules in diethers, which decreases the strength of oxygen-
of the available data. More information related to our critical water interactions. The effect is particularly strong in acetals,
data evaluation (the method used, primary data reported,where two oxygen molecules are separated by a single meth-
estimated uncertainty, comments) is available in our online ylene group. Dipole-dipole interactions are of relatively short
database at http://orchyd.asu.edu. range, but the magnitude of the effect is so large that it is clearly
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Table 4. Gibbs Energy of Hydration of Ethers at 298.15 K and 0.1 MPa. Experimental and Group Contribution (GC) Values

AvaS® AG® accepted | order L Il order
compound kdmol—t kJ-mol~t value GC value kdmol~t GC value kdmol*
methoxymethane O.30°F°a,102.10kH86b, 0.30ky52b, —0.32k87¢, —0.21Kp 34, 0.05+0.20 -0.11 0.16 —-0.13 0.18
0.05ky
methoxyethane 0.56*pPa 0.56+ 0.50 0.59 -0.03 0.64 —0.08
1-methoxypropane 1.270.05 0.19 P*®0a 1.09 Sol, 0.95 Sol%, 1.22 Sot* 0.93+0.40 1.29 —-0.36 1.32 -0.39
2-methoxypropane 0.58 0.09% 0.48 SoH, 0.37 Sol%f, 0.52 Sot* 0.46+ 0.40 0.78 —0.32 0.77 —0.31
ethoxyethane 0.9% 0.0 —0.02y559, —0.41 P*50a —0.11y=56, —0.04k196h, —0.49Kp (107, —0.13+0.30 —0.03 -0.10 -0.01 -0.12
—0.63Kp C1071 —0.13 poloskb -0.63Kp, 109| ,0.10Kp Ql\e
—0.05 p096m 0.02y @570 —Q, 03}/°°110b _0 03K llllo
—0.32Kp 12, 0. J5peen, 0. 05Kp, 53a¢, —0.22Kp d131,
0.18y~88 —0.18Kp 114!, —0.20Kp, 415 —0. 06Kp ¢ 1161,
—0.43Kp 178, —0.19Kp 187
1-ethoxypropane 3.56 0 x 10° 0.62 P50, 0.50 Sol, 1.29 Sot?, 0.50 Sot* 0.73+ 0.4 0.67 0.06 0.67 0.06
2-ethoxypropane 2.720.1¢ 0.87 Sot, 0.87 Sot* 0.87+ 0.6 1.48 -0.61 1.54 -0.67
1-methoxy-2-methyl- 3.07+0.15  1.24 So¥, 0.95 Sol%’, 2.08 SoP* 1.90+£ 0.5 2.54 -0.64 2.43 —0.53
propane
2-methoxy-2-methyl- 2.774+0.05  —0.34Sol?, —0.44So0l?2 —0.81Kp (123 —0.55y>559, —0.48+ 0.4 —0.46 —0.04 —0.46 0.04
propane 0.51Kp %8, —0.57Kp 1?4, —0.75y*56, —0.01 Sot?5Y,
—1.25 Sof6, —0. 66Kp 1?6 0.76Kp 127, —0.10 Sot?8,
—0.84Kp, Clzgh —0. 57KD 1301 0.45 SoidL, —2. 11Kp 132
0.06 Sot, —0.12 Sot3%, —0.67Kp 2'e, 0.41 Sof’,
~1.56Kp 135, —1.02°1%, 0.03 Soi°, -0.37 Sot
—0.34S0Pt, —0.66 So’r1 —O 58 Sot20, —0.26 Sol38b,
—0.77 Sot*
1-methoxybutane 4.220.05 1.28 P02 1,52 Sol, 1.52 Sot* 144+ 04 199 -0.55 2.00 -0.56
2-methoxybutane 3.120.1¢ 2.04 Sot, 0.80 Sot* 1.42+ 0.7 1.48 —-0.06 1.45 -0.03
1-methoxypentane 7.100.3¢ 2.02 P02 2.02+ 1.0 269 -0.67 2.68 —0.66
2-propoxypropane 542 0.15 1.99 Sot, 2.85 Sof* 242+ 05 2.18 0.24 2.22 0.20
1-ethoxybutane 6.44 0.10 1.76Kp 139, 1.92 P50a 1.48Kp 1290, 0.75 Sofob 157+ 0.5 1.37 0.20 1.35 0.22
1-propoxybutane 9.22 0.3¢  1.38 P02 1.38+ 2.0 3.39 —-201 3.45 —-2.07
1-methoxyhexane 10.080.3¢¢ 2.52 psoa 252+ 1.0 3.39 -0.87 3.36 —0.84
1,1-oxybispropane 6.18 0.09  2.99y*559, 1.38 P50a, 2 959> 140, 2.69y~110b —1.03 Sol*!, 2.85+ 0.40 2.69 0.16 2.77 0.08
2.90Kp 142w, 3.98 Sol*3 3.02 Sot*x, 1.40 Sot4y
2,2-oxybispropane 4.05 0 x 10° 2.35Kp 8, 2.50 Sol44P, 2.03°559, 0.48 502, 184,56, 1.91+0.40 1.68 0.23 1.67 0.24
1.60 Sol*®, 4.45Kp, C14e 2.42Kp 12°h —0.60 Sot#’,
1. gzymmgz 1.83y=148aa 2 18kHlOGh 1. 967149 2. 11ym14o
2.76 Sof%b, 1.16Kp (109!, 2.40 Sot50, 1.89y=110b 1.82 Sol51b,
1.65 30141' 1.10 So¥s2bb, 1.18 50153 1. 74 80154 1.55 Sot,
1.62 Sot%5, 2.43 Sol%%b,
1.50 Sots7ee
2-methoxy-2-methyl- 5.744 0.1  0.01y559, 0.72Kp ¢*8, —1.25 Sofb, 1.98Kp 1290, —O 32KD 1301 0.03+ 0.40 0.24 -0.21 0.22 -0.19
butane 0.25SoF4 —0. 12)/00148Z —0.01y~148aa 0.87Kp ¢
—0.40Kp 92'e, —0.40 Sol33 0 73 50134 —0. 14 So’r58
—0.01 50‘17, 0.36 Sofdd 1,29 Sot¥7, 0.24 Sol*9b,
0.04 Sot3sb
2-ethoxy-2-methyl- 4,444 0.05 1.25Kp 8, 1.39 Sot25y, 2,51Kp 1290, 0.17Kp (130!, 0.31y815€e 0.68+ 0.60 0.24 0.44 0.31 0.37
propane —0.76 Sol®, 2.78 Sdf4ff —0.20 Sof?, 0. 57;/"“63gg 0.62Kp, CQZ' €,
—-1.25 50137 1.37 Sol3Bb
2-ett)hoxy-2-methyl- 7.224+ 0.1  3.90 Sot%,—0.03 Sot*hh, 1.61 SotoP 1.36+ 1.00 0.94 0.42 0.99 0.37
utane
1,1-oxybis-2-methyl- 9.47+0.15  1.33 Sot6? 1.33+ 3.00 519 -—-3.86 499 -—-3.66
propane
1,1-oxybisbutane 11.79 0.16  1.83 P50 4.93y=149 3.65y~140 4.04S0oFCdd 0.54 Sol63 3.97+ 1.00 4.09 -0.12 413 -0.16
3.39 Solt4b, 3.76 Solf5hb, 6,12 Solbtb, —1.95 Sol4l!,
—1.22 Sol%3, 2.84 Sol¢7, 2.13 Sotob, —1.48 Sol57hh
1,2-dimethoxyethane 5.980.1¢ —11.45P973 —12.27y~168 —11.73y169i -12.11+05 -11.82 -0.29 -11.90 -0.21
1,3-dimethoxypropane 8.0 0.3¢  —9.96 P50a —9.96+3.0 —1341 3.45 —13.44 3.48
1,2-diethoxyethane 9.780.15 —10.47 P972 —10.08 Sof3i, —9.86 Sot7°¢ —10.23+£ 0.4 -—10.42 0.19 -10.36 0.13
1,4-dimethoxybutane 10.980.3¢ —10.99 P972 —9.78 Sol’! —10.76+£ 15 -12.71 1.95 —-12.76 2.00
1,3-diethoxypropane 12.06 0.3¢ —9.19 P*97a —7.15 Sol"t —8.78+ 15 -12.01 3.23 —-11.90 3.12
1,5-dimethoxypentane 14.6830.4¢ —12.55 P97a —11.40 Sol"* —11.98+1.0 -12.01 0.03 —12.08 0.10
1,4-diethoxybutane 14.82 0.4 —11.02 P97a, —8.92 Sot’t —9.24+15 -11.31 2.07 —-11.22 1.98
1,2-dibutoxyethane 20.340.46 —6.82S0k3i, —9.35 Sot’t, —8.85 Sot72¢ —758+15 —7.62 0.04 -7.64 0.06
1,2-dimethoxymethane 1.650.1G  —4.92y«31kk —4.21 p97a —4 33,1731 —4.80+ 0.50 —4.96 0.16 —5.03 0.23
1,1-diethoxymethane  6.080.1¢ —3.52 Sot7#, —4.25 P*97a —4.69 Sof0 —3.72+£ 050 —-356 -0.16 —3.49 -0.23
1,1-diethoxyethane 7.860.15 —6.03 Sot’5, —4.94Sol76mm —5 .13 Soto™, —4.96 Sol’7" —5.194£0.50 -5.19 0 —5.19 0.00

aWater-heptane partition? Recalculated from 293.15 K.Recalculated from 323.15 K.Recalculated from 293.5 K.Data are reported for physiological
saline and recalculated to a pure water medium as explained in thé Redalculated from 301.2 K.Recalculated from 303.25 K.Recalculated from
296.15 K.! Recalculated from 303.15 KRecalculated from 318.15 K.Water-octane partition! Recalculated from 310.2 K" Water-hexadecane partition.
" Recalculated from 308.15 K.Data are reported for Krebs solution and recalculated to a pure water medium using the'&ustetement thaKg ¢ in
water average 0.92 of value in Krebs solutiditVater—cyclohexane partitiorfl Recalculated from 293.3 K.Recalculated from 299.2 K.Calculated according
to eq 1 fromPs values; see Table 1 and second virial coefficiérits.Recalculated from 294.65 K.Recalculated from 295.35 K.Recalculated from 292.9
K. W Recalculated from 285.7 K.Synthetic method of solubility determinatiohVolumetric method of solubility determinatioflnert gas stripping method.
aa Exponential saturation methobP. Recalculated from 297.8 K¢ Recalculated from 297.2 K9 Recalculated from 293.1 Ke¢Recalculated from 313.15
K. fRecalculated from 300.65 K9 Recalculated from 293.42 K Recalculated from 297.95 K.Recalculated from 373.15 K.Recalculated from 333.8
K. ¥ Recalculated from 293.4 K.Recalculated from 297.3 Ki™Medium is 0.001 M NaOH to prevent hydrolysi$.Temperature is not specified, assumed
to be 293.2 K

seen in compounds where oxygen molecules are separated byhermodynamic functions of hydration of a large database of
two methylene groups. Similar problems were encountered by organic compounds. These authors introducee(CH,),—
Cabani et al? in their group contribution analysis of the corrections for diethers, stating that the values of the corrections
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Table 5. Standard Partial Molar Volumes of Ethers at 298.15 K and 0.1 MPa. Experimental and Group Contribution (GC) Values

V2° accepted | order A Il order A
compound crirmol1 value GC value crdmol~t GC value crd-mol—t
ethoxyethane 90.40°, 90.507°, 89.908C, 90.40%813, 90.4+ 0.3 90.4 0 90.4 0.0
89.30822
2,2-oxybispropane 1150, 117.2054a 115.44+ 1.0 115.4 0 115.4 0.0
1,2-dimethoxyethane 95.08, 95.2684 94.8485 94,7286 955+ 0.4 95.46 0.04 94.25 1.25
96.0887, 95.5988 95,8989
95.889 95,859, 95,7078
95.4579, 95.60%, 95.609
1,2-diethoxyethane 126.88 127.29% 126.84+ 0.5 126.92 -0.12 128.75 —-1.95
1,2-dimethoxymethane 80.%7, 80.42°, 80.5078 80.867° 80.6+ 0.3 81.17 —0.57 80.36 0.24
1,1-dimethoxyethane 101.54 101.5+1.0 101.5 0 101.5 0.0
1,1-diethoxymethane 113.88 114.597° 114.2+ 0.5 112.63 1.57 114.86 —0.66
1,2-oxybis(2-methoxy) 132.4284 132,90, 132.6989, 132.729, 132.6+ 0.3 132.58 0.02 132.01 0.59
ethane 132.4078 131.60°2
3,6,9-trioxaundecane 16288 164.165 165.0078 164.14+ 0.8 164.04 0.06 166.51 —2.41
2,5,8,11-tetraoxadodecane 169%6169.36%4 170.3%, 169.90°7, 169.74+ 0.5 169.70 —0.00 169.57 0.13
169.1888 170.30% 169.63%,
169.83%, 169.00°
2,5,8,11,14-pentaoxapenta- 205.9384 207.0%, 207.33°%, 206.5688, 206.8+ 0.5 206.83 —0.02 207.12 —0.32

decane 207.13%, 206.6689, 206.88%

aQur calculation ofV, from published density of saturated solution.

decrease with increasing distance between O atoms “following values of the Gibbs energy of hydration for the ethoxyalkanes
an exponential law”. were systematically more positive (by more than 2nidi—1)

These examples demonstrate the limitations of the first-order than experimental determinations; for polyethers the difference
group contribution method for reproducing the thermodynamic exceeded 4 kinol~L. In contrast, for diethers group contribution
properties of aqueous ethers and, particularly, polyethers. It isvalues of AhG® were more negative and, for the case of 1,2-
important to note that the mutual effect of oxygen atoms is seen dimethoxyethane, by as much as 3rkadl~1. Although the
even beyond the nearest neighbors. Usually, the suggestediatasets for the enthalpy and heat capacity of hydration are
remedy to improve the performance of the first-order method generally less representative, they also demonstrated a systematic
is to select larger groups, which include fragments of molecules disagreement between experimental and calculated values of
containing atoms with strong mutual interactions. Within the the functions of hydration using the overall fit for ethers. The
framework of the first-order group contribution method there disagreement observed for the properties of hydration is caused
are too many choices to select a new set of groups. Therefore by third- or higher-order effects, which are noted and discussed
we started our quantitative data treatment employing the second-above. The simplest way to account for the third-order effects
order group contribution method, which explicitly accounts for in the framework of the second-order group contribution method
nearest-neighbor interactions. is to add corresponding corrections.

Determination of Second-Order Group Contribution Values After a number of trials we selected the following corrections
to the Thermodynamic Functions of Hydration at 298.15 K, and rules for their implementation. First, we introduce the
0.1 MPa. In the following discussion, we use the Benson “ethoxyalkane”{CH;—CH,—O—CH,} correction, which should
notation for the second-order group contribution metfed® be applied to monoethers containing this structural unit. This
first the polyvalent atom (or group of atoms) is identified, correction should not be used for di- and polyethers. Second,
followed by its “ligands”, or immediate neighbors. For example, for diethers and polyethers we introduce a “diethdfQ—
C—(H)3(C) represerst a C atom connected to three H atoms (CH,),—CO} correction, which should be applied for compounds
and another C atom, and-€C), represents the O group having this structural fragment. There are indications that the
connected to two C atoms. The groups necessary to represen©—O0 interaction is strong enough even when the oxygen atoms
the selected set of compounds are-(C)(H)s, C—(C)2(H),, are separated by 3 or even more methylene groups, however,
C—(C)3(H), C—(0)(H)3, C—(C)(O)(H),, C—(C)(O)(H), C—(C)s- available data are not sufficiently accurate to justify the
(0), C—(C)(O)(H), C—(H)2(0O)2, O—(C)2. Following existing corresponding corrections. In any case it is expected that the
practice?°%-3we accepted the identity of the second-order groups effects of the mutual polarization of the oxygen atoms would
C—(0)(H)s = C—(C)(H)s. We call this set “minimal”, because  strongly diminish with additional Ckgroups.
the analysis of data may show the need for adding new groups By including these corrections, the resulting fit was statisti-
or corrections. cally much better for all the thermodynamic functions of

Preliminary Calculations.For a number of groups,€(C)- hydration. Nevertheless, the experimental values of the enthalpy
(H)3, C—(C)2(H)2, C—(C)3(H), C—(C)(O)(H),, we employed hydration of polyethers could not be satisfactorily reproduced.
values from Plyasunov et &l.determined by fitting a large  Finally, we decided to excluda,H® data for polyethers from
database of aliphatic hydrocarbons, alcohols, ketones and esterghe fitted dataset. Quantitative description of these properties
The attempt to describe the whole dataset of mono-, di-, and have to wait until we have examine data for other derivatives
polyethers by the “minimal” set of groups for the second-order of glycols. In any case, the ordering placement of oxygen atoms
group contribution method listed above worked well for the in the structure of these compounds significantly changes their
partial molar volumes, but failed for all caloric properties of properties compared to those of mono- and diethers. For the
hydration. The greatest disagreement between compiled experipartial molar heat capacity of hydration we did not observe a
mental and group contribution values of the functions of significant improvement of the fit by excluding polyethers. This
hydration was observed for the series ethoxyethdnethox- might be due to the scarcity of the data and bigger uncertainties
ypropane-1-ethoxybutane, diethers, and polyethers. Calculated in the experimental values. On the other hand, the effects seen
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Table 6. Numerical Values of the Group Contributions to Each Thermodynamic Function of Hydration at 298.15 K and 0.1 MPa Together
with Their Uncertainties at the 0.95 Confidence Level for the Second Order Metho#l

AnG® AnH® ARCy? A\

group kdmol~t kJmol~1 JK1mol™t cme-mol—t
Yo 7.95 —2.29 0 1.12
C—(C)a(H)(O)etner —2.8240.30 (5) 0 fixed (5) (0) 3.69 (1)
C—(C)3(Oetner —7.77+ 0.46 (4) 0 fixed (3) —102 (1) (0)
0—(C) —15.52+ 0.20 (34) —13.76+ 1.39 (27) —96+ 9 (12) 4.65+ 0.89 (11)
C—(H)2(0)z 10.63+0.72 (2) 5.08 (1) 11820 (2) 18.81+ 1.85 (2)
C—(C)(H)(O) 5.21 (1) 4.87 (1) (0) 14.39 (1)
{CHs- CH,-O—CHy} ~1.42+0.41 (3) —-3.34+2.11 (2) 0 fixed (1) —0.99 (1)
{O—(CHp),—0} 2.224 0.65 (3) —3.79+ 2.81 (6) 1+ 16 (8) —1.60+ 1.25 (6)
C—(C)(H)s 3.72+£0.0? —8.194 0.18 1324 4P 25.564 0.64
C—(C)(H)2 0.68+ 0.03 —3.52+ 0.09 62+ 20 15.61+ 0.11
C—(C)s(H) —~1.934+0.16° 2.34+ 054 —17+10° 5.96+ 0.80°
C—(C)(H)A(0) 0.77+0.20° —5.174 0.40 68+ 6 17.25+ 0.50°

aThe number of compounds containing the selected group for each of the property is given in parehteses. from Plyasunov et al.

in the Gibbs energy and enthalpy of hydration might have less

Determination of the First-Order Group Contribution

influence on the heat capacity of hydration, the next derivative Values to the Thermodynamic Functions of Hydration at

function. In fitting the overall set of partial molar volumes,
including polyethers, we found that assuming the identity of
the groups &(0O)(H); and C-(C)(H)s worsens the agreement

298.15 K, 0.1 MPa: Optimal Values of the Contributions of
First-Order Groups to Thermodynamic Functions of Hydra-

tion at 298.15 K, 0.1 MPaAs in the case of the second-order

between the experimental and fitted values compared to the casepproach, we used eq 25 as a basis for evaluating the properties
where the groups are considered different. The latter gives for of individual groups. As described above, an attempt to

C—(O)(H)3 V5 = 26.7+ 0.2 cn¥-mol~%; the value for G-(C)-
(H)3 from our previous studdis 25.56+ 0.64 cn¥-mol~L. The

reproduce the thermodynamic properties of ethers using only
one “ether”, O, group, was completely unsuccessful. Analysis

two values appear to be statistically different, however, the result of data in the framework of the second-order group contribution

for V5 of the C-(O)(H)s group is obtained from only 3

method called for introduction of a number of corrections in

compounds. We decided to not separate these groups in thisaddition to the O group. These corrections are also necessary
study, especially taking into account that no such differences to improve the performance of the first-order group contribution

in values for C-(O)(H); and C-(C)(H); groups were observed
for the other thermodynamic functions of hydration. Consider-
ation of other derivatives of glycols may clarify this situation.

Optimal Values of the Contributions of Second-Order
Groups to Thermodynamic Functions of Hydration at 298.15
K, 0.1 MPa.The main assumption behind group additivity for
thermodynamic functions of hydration is that a propeny ¢f
a compound is given by

Y=Y+ Y nYi+ S ny, (25)
T T

The first summation (the running index is for the second-

method.

First, we introduce two “acetal” correction§O—CH,—0O}
and{O—CH(CHg)-O}, for compounds having these structural
fragments. Then, as in the case of the second-order method,
we accept the “diether{O—CH,),—0O}, and the “ethoxyal-
kane”,{ CH;—CH,—O—CHy}, corrections. Finally, we introduce
“tertiary”, {CwerrO}, and “ternary”, { HCirO}, corrections,
applied to compounds with direct contacts of tertiary and ternary
carbon atom with oxygen. The last two structural variations are
present in the current database only for monoethers, and it is
unclear if their use should be extended for diethers and
polyethers. Note that the necessity of the correction for the
contact of a tertiary carbon atom with a polar functional group

order functional groups. The second summation (the running Was fo_und previously for aqueous alcqhols, ketones and ésters
index|) is for the corrections for third- or higher-order effects and thiols: However, ethers are the first class of compounds

(i.e., for effects that are expressed beyond the nearest neighbors)Vhere we have to introduce the “ternary” correction.

The first term on the right-hand side of eq 2B)(is equal to
Y for an imaginable compound without any groups at all (i.e.,
for a material point)Y, values for various functions of hydration

As in the case of the second-order method, preliminary runs
showed very poor reproduction of experimental valuesy3*
and ApH* in the overall fit including polyethers. Thus, poly-

can be calculated from the thermophysical properties of pure €thers were excluded from the fitting procedure for the Gibbs

water?! (see Plyasunov et &lfor details).
Values ofY; andY; of eq 25 for ether groups were obtained

by a weighted least-squares fitting procedure. Results for the
O-containing groups are presented in Table 6. For each group

we list the value of the group contribution together with its
uncertainty at the 0.95 confidence level. In parentheses we g

the number of compounds containing the selected group. No
determinations of the second-order group contribution values

are possible fol; of the group C-(C)3(0), and forAnC;’ of
the groups & (C)(H)(O), and C-(C)»(H)(O) due to the absence

energy and enthalpy of hydration. The final results for the first-
order group contribution properties of hydration of individual
groups are shown in Table 7. As before, we applied a weighted
least-squares fitting procedure to derive numerical values for
the contributions, and for each group we give the value of the

ivedroup contribution together with its uncertainty at the 0.95

confidence level. In parentheses we give the number of
compounds containing the selected group.

Discussion

of data. It should be emphasized that the Gibbs energy and Aqueous aliphatic mono- and polyethers represent classes of

enthalpy of hydration of individual groups listed in Table 6 were

organic compounds, for which both the first- and the second-

obtained without consideration of polyethers and, therefore, order group contribution methods appear inadequate for accurate
should not be used to calculate these properties for polyethersreproduction of thermodynamic functions of hydration. It
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Table 7. Numerical Values of the Group Contributions to Each Thermodynamic Function of Hydration at 298.15 K and 0.1 MPa Together
with Their Uncertainties at the 0.95 Confidence Level for the First-Order Method®

group or _ A& A _ A& 2
correction kdmol~1 kJmol~t JK~1mol~t cmé-mol~?t
Yo 7.99 -2.29 ob 112
o) —15.40+ 0.21 (34) —15.60+ 2.88 (27) —88+ 14 (12) 6.24+ 0.51 (11)
(HCterO)ecorr —1.05+ 0.31 (5) 0 fixed (5) (0) —3.39 (1)
(CrerrO)corr —3.17+0.47 (4) —9.32+5.50 (3) —-10 (1) 0)
{ CHa- CHp-O—CHg} corr —1.31+0.42 (3) —4.91+ 4.01 (2) 6 (1) 0.60 (1)
{O—(CH2)2=O} corr —2.30+ 0.67 (3) —5.25+5.80 (6) 56+ 24 (6) —0.57+0.72 (2)
{O—CH2—O} corr 9.85+ 0.73 (2) 12.04 (1) 4729 (2) 1.87+ 1.06 (2)
{O—CH(CHs)-O} corr 6.97 (1) 3.81 (1) () 5.01 (1)
CHs 3.67+0.07 —8.02+ 0.29 13144 25.49+ 0.79
CH; 0.70+ 0.04 —3.63+£0.12 62+ 20 15.73+ 0.13
CH —-1.72+0.1@ 1.144+ 0.63 —6+ 8P 6.43+ 0.86°
C —4.51+0.3P 10.394 0.99 —96+ 11° —3.50+ 1.68

aThe number of compounds containing the selected group for each of the property is given in parerfth@dess from Plyasunov et &l.

appears that the regular placement of O atoms in the structureby an error of up to 10 kinol~1 in the value of the Gibbs energy
of diethers and polyethers changes the properties of the structurabf hydration. In fact, only linear monoethers without the
units constituting a compound. This effect is clearly seen in “ethoxyalkane” group can be described more or less accurately
diethers, with two O atoms separated by two methylene groups,using the first-order group contribution approach. The perfor-
and it may be present in compounds where the distance betweemance of this additivity method can be considerably improved
O atoms is even greater. The cause of this phenomenon, thedy introduction of specific corrections. However, the list of these
mutual polarization of oxygen molecules, decreases the strengthcorrections is large, see above. The reader may check our
of oxygen-water interactions. As a result, one has to accountselection of groups for each of the compounds in this study at
for third- and perhaps higher- order effects, which are expressedhttp://orchyd.asu.edu.
beyond the nearest neighbors. In the current study these effects Qur result for the first-order group contribution value for the
are included through the introduction of a number of corrections. Gibbs energy of hydration of the oxygen group, O, is similar

For the second-order group contribution method there are twoto that of Cabani et at$? (—15.40+ 0.21) kdmol! in this
additional corrections: the “ethoxyalkane” correcti¢@Hs— study versus-15.77 kdmol~1 in ref 199. However, the results
CH,—O—CHj}, applicable for monoethers only, and the “di-  for enthalpy, heat capacity and molar volume are rather different,
ether” correction{ O—(CH,),—O}. However for diethers with  which is not surprising given that only 1 primary source was
3 and 4 CH groups separating the oxygen atoms (1,4- used by Cabani et al. for evaluation of these functions. In
dimethoxybutane, 1,4-diethoxybutane and 1,3-diethoxypropane)contrast, we used 27 primary data sources¥igi, 12 primary
the differences between experimental and fitted valueA{Gf - data sources foA,C%, and 11 data sources fot. We would
were larger than the accepted uncertainties. This may signaljike to emphasize the importance of working with a large and
the necessity to introduce corrections even for 3 and 4 carbongijyerse set of compounds when determining the values of the
groups between the O atoms, but the amount and quality of thegroup contributions to the thermodynamic properties. Many
corresponding experimental data so far available would not deficiencies of the first- and second-order group contribution
justify such corrections. The “diether” correction improves the  methods would have been overlooked had we been dealing only
reproduction of the properties of polyethers as well, but is with monoethers, or with a smaller overall set of compounds.
insufficient on its own to yield a quantitative reproduction of Additional experimental studies are needed for aqueous ethers.
the e_nthalpy of hydration for polyethers. The problem .Of As already mentioned, no determinations were possibl&for
description ofA,G* andAyH® for these compounds has to wait ©
until we can incorporate other derivatives of glycols. of the second-order group-&C);(0), and for_Ath of the

We found it possible to fix the values of the properties of groups C(C)(H)(O) a_tnd C(CR(H)(O), and their correspond-
hydration for the group €(C)(H),(O) at the results obtained ing flrst.-o.rder corrections due to t.h.e absence of data. To cover

the existing gaps in data, additional measurements of all

previously by fitting a large dataset of organic oxygen- : S
containing compounds including alcohols, ketones and esters properties for acetals, containing the groups(8)x(O). and

However, for the groups €(C)s(H)(O) and C-(C)(O) the ‘C—(H)(C)(O),, would be helpful. Precise measurements of the

absolute values of the functions of hydration, determined in this heat capacity af‘d density of aqueous solutions of ethers with
work, appear to be very different from those for aqueous ternary and tertiary carbon atoms are also needed, as well as
aIcoHoIs and estetsthus the groups are assigned “ether’ measurements for ethoxyalkanes different from ethoxyethane.
subscripts in the current study. The differences among theseWe could not f_md in the open literature any |nf0rr_nat|on leading
stoichiometrically identical groups in the three classes of to.thel evaluation of the Gibbs energy of hydration for glymes
compounds stems from different oxygen atom environments: (di-, tri-, and tetraethylene glycol dimethyl ethers). Experimental

the “ester’, COG-(C),, group in esters, hydrogen atom in studies of these properties would expand the usefulness and

alcohols, and hydrocarbon groups in ethers. Thus, the differencecCuracy of group contribution models.

in absolute values of the functions of hydration for these groups
is caused by effects of third-order interactions.

The first-order group contribution method, in its simplest Thermodynamic properties of aqueous organic compounds
formulation, shows clear and expected limitations in the are of great technological and societal importance. Perhaps the
reproduction of the thermodynamic properties of aqueous mono-most useful applications of these properties are for understanding
and polyethers. For example, its application to acetals, com-the fate of organic pollutants in an aqueous environment
pounds having the structural unit«@H,—0, is accompanied  (Henry’s constant, solubility) and for discovery of drugs with

Future Directions
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favorable ADME (absorption, distribution, metabolism, and ties, especially for polyfunctional compounds. It appears that
excretion) properties (first of all solubility). These are areas of in addition to the traditional Benson groups, corrections for
very active research programs that are oriented to predicting higher-order effects are necessary for the thermodynamic
properties using many types of experimentally and theoretically function of hydration of organic compounds containing several
derived descriptors combined with sophisticated computer polar functional groups.
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