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0 0 0 The thermodynamic properties AG h , AHI~, and ACp, h associated with the trans- 
fer of  non-ionic organic compounds from gas to dilute aqueous solution and the 
limiting partial molar properties C o and V~ of  these compounds in water are p,2 
described through a simple scheme of  group contributions. A distinction is made 
between groups made only of carbon and hydrogen, and functional groups i.e. 
groups containing at least one atom different from carbon and hydrogen. Each 
group is assigned a contribution, for each properly, through a least squares proce- 
dure which utilizes only molecules containing at most one functional group. 
Finally, for compounds containing more than one functional group, correction 
parameters are evaluated as the differences between the experimental values and 
those calculated by means o f  the group contributions, The different behavior o f  
hydrophilic compared with hydrophobic groups is discussed for the various proper- 
ties. A rationale for the correction parameters, i.e. for the effects of  the inter- 
actions among hydrophilic groups on the thermodynamic properties, is attempted. 

KEY WORDS: Group contributions; partial molar heat capacity; partial molar 
volume; free energy of hydration; enthalpy of hydration; dilute aqueous 
solutions; non-electrolytes. 

1. INTRODUCTION 

For some time considerable interest has been shown in such 
properties as gas solubility in water, structure of water and aqueous 
solutions of non-electrolytes, the effect of water in determining the 
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conformation of biological molecules, and the role of solvation in equi- 
libria and kinetics of reactions. This interest, coupled with the develop- 
ment of apparatus which permit the rapid measurement of highly pre- 
cise data, explains the large number of recent data for the standard 
thermodynamic functions of hydration A Gh ~ AHh ~ ASh ~ A C ~ and the p,h 
partial molar properties C~~ and 72 ~ (of non-charged organic 
compounds) in water. Data are presently known for the following 
number of compounds: 350 for AGh ~ 197 for AHh ~ 272 for C, ~ and p,2, 

425 for V2 ~ 
These data represent a substantial reservoir of information on 

water-organic solutes interactions. Unfortunately, in the absence of a 
rigorous statistical thermodynamic theory for aqueous solutions to 
provide a rationale for these interactions, it is not easy to predict how 
the changes of the thermodynamic properties of water are related to 
the molecular structure of the solute molecules. Thus it appears 
justified to search for such a correlation adopting empirical procedures. 

Three methods can be identified for this purpose. In the most 
commonly used, the contribution of a repetitive unit to each molar 
thermodynamic property is calculated as a difference between the 
property values for two consecutive members of a homologous series. 
In the second method, the molecules are subdivided into groups, each 
of which is assumed to contribute a constant amount to the thermo- 
dynamic quantity. These contributions are calculated using a least 
squares method. Finally, in a third procedure the hydrocarbons are 
selected as reference molecules and the effects of substituting some 
hydrocarbon surface area (or volume) with a like surface area (or 
volume) of hydrophilic nature are evaluated.(~-4) 

The second method was used some years ago by Hine and 
Mookerjee (5) and by Guthrie (6) to rationalize the free energies of hydra- 
tion and the partial molar heat capacities, respectively. In this paper we 
apply such a procedure to the partial molar volumes and to the enthal- 
pies of hydration. For the sake of homogeneity, the calculations are 
also performed for A Gh ~ and C~~ including recent experimental_ data. 
Heat capacities of hydration A Cp~ and partial molal volumes V 2 are also 
considered. 

The aim of this work is to give a compact picture of the state of 
our present knowledge of the main thermodynamic properties of dilute 
aqueous solutions of non-electrolytes and to test to what extent these 
properties can be reproduced by means of a simple scheme of group 
contributions. 
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Fig. 1. Ranges of experimental C~2, V2 ~ AGh ~ and AHh ~ for non-electrolytes 
in water at 25~ and ranges of corresponding gas molar heat capacities 

(C~g) and van der Waals volumes (Vw). 

2. MEASURED PROPERTIES AND EXPERIMENTAL DATA 

In general, each value o f - - o  - -  C ~ , 2 ,  V2, AGh ~ or AHh ~ was found in a 
single literature source and was converted, where necessary, to the 
units and standard states used in this paper. Some values were obtain- 
ed by combining data from different literature sources. In particular, a 

--o few Cp,2 data were evaluated from the heat capacity of hydration A C ~ p ,h  

and the molar heat capacity of  the gas, or from the heat capacity of  
solution of  the pure condensed substance, AC~~ and its molar heat 
capacity. Many A G, ~ were calculated from data for water solubility and 
vapor pressure of  the pure compounds. Finally, some AHh ~ values 
were obtained from solution and vaporization heats. 

The standard free energy changes for the isothermal transfer of 
molecules f rom gas to water were calculated assuming as standard 
states the ideal gas at 1M concentration and the hypothetical 1M ideal 
aqueous solution. SI units were used except for volumes which were 
expressed in cmLmol -t. The factor of  4.184 was used to convert  
calories to joules. In Fig. 1 are illustrated the ranges of known experi- 

- - o  - -  mental data for Cp,2, 1/2~ A G, ~ and AHh ~ of non-ionic organic com- 
pounds in water at 25~ 

We wish to emphasize that a substantial difference exists between 
the transfer properties, A G, ~ and AH,  ~ and the partial molar properties, 
- - o  Cp,2 and V2 ~ While the former are determined essentially by the 
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changes the solvent structure undergoes in the vicinity of the solute 
molecule, the latter also include internal contributions due to atoms 
and bonds of the molecule. The ranges of these internal contributions 
Le. gas molar heat capacities, C~~ and intrinsic volumes, as measured 
by van der Waats volumes, Vw, are also shown for comparison in Fig. 
1. For the single molecules, C ~ ranges from 20 to 60% of Co,2,-~ P , g  

whereas Vw represents 50 to 80% of V2 ~ 
Because of this large internal contribution, the heat capacity of 

hydration A C~h = Cp~ -- Cp~ and the volume function A V" = ~o _ Vw 
were also examined as more significant quantities. The gas heat capac- 
ities and the van der Waals volumes were estimated by group contri- 
butions according to Benson (7) and to Bondi,(8) respectively. 

The quantity A V" has: no evident thermodynamic meaning. 
Moreover, its value depends on the model chosen to evaluate the 
intrinsic volume. Nevertheless, we deemed it interesting to correlate 
this quantity with the solute molecular structure, since it should be 
more sensitive than V2 ~ to the changes that the solute molecule induces 
in the structure of the surrounding water. 

- - o  - -  The full list of experimental data for Cp,2, V2 ~ A G~ ~ and AHh ~ 
with the corresponding sources is given in the Appendix together with 
C~s and Vw used for calculating A Cp~ and A V', respectively. 

3. STRUCTURAL PARAMETERS 

The molecular structures were described through a scheme of 
group contributions as follows: 

1) A group is defined as an arrangement of one or more atoms con- 
taining no carbon-carbon bond, except for multiple bonds of alkenes 
and alkynes. The contribution the jth group gives to a thermodynamic 
property Z is indicatedas Bz(J), A group containing at least one atom 
different from carbon and hydrogen is called a functional group and is 
indicated as Y. 

2) Each group is characterized only by its constituent atoms, Le. is 
independent of the nature of neighboring atoms. Thus, the propane 
methylene group is considered equal to the methylene of ethanol. Y 
groups directly attached to an aromatic or heteroaromatic ring are the 
only exceptions in that they are distinguished from the corresponding 
groups bonded to aliphatic or alicyclic frames. 

3) Groups which are part of the ring skeleton of cyclic compounds are 
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Table IA. Group Contributions B z to the Partial Molar Heat 
Capacity and Partial Molar Volume of Non-Ionic Organic 

Compounds in Water at 25~ a't 

B z Contribution B z Contribution 

Groupb ~-o ~ -- o --  p,2 V2 ~ Gr~ Cp,2 V2 ~ 

J_mol-l.K q cmS.mo1-1 J.mol'l.K -1 eroS_tool -1 

CH 3 ll0A (68) 19.06 (86) ~NH -27.0 (6) 7.76 (7) 
CH 2 87,5 (49) 15.80 (62) N -35.0 (2) 8.04 (2) 
CH 71.4 (10) 12.33 (18) Nar 4.0 (5) 7.19 (5) 
C 28.3 (7) 9.54 (4) O -51.9 (1) 7.28 (1) 
c = c  89.1 (4) 20.51 (2) OH -10.1 (24) 6.74 (31) 
C-----C 74.0 (2) O -68.4 (4) 7.23 (6) 
H ( C y  22.4 (7) 2.78 (7) S 16.38 (1) 
,CH 2 71.9 (15) t4.09 (33) SO -114.1 (1) 17.40 (1) 
C H  79.6 (7) 11.76 (17) F -0.1 (1) 3.44 (1) 
C 9.54 a CI 35.4 (1) 13.74 (1) 

*C---C 65.9 (1) Br 53.5 (1) 19.04 (3) 
CHar 45.6 (15) 11.46 (9) I 272.0 (1) 31.24 (1) 
Car -0.6 (13) 8.28 (7) NH2CONH 30,84e(3) 
Ceond 8.6 (1) 7.37 (1) NHCONH -52.0 (1) 28.52 (1) 
CHO -43.7 (1) NH2CON -25.4 (1) 27,36 (1) 
CO -52.0 (3) 15.18 (4) NCON -85.5 (1) 25,67 (1) 
CO0 3.8 (2) 21.39 (3) OCOO 28,02 (2) 
COOH -23.1 (7) 20.34 (8) ,OCOO 20,71 (1) 
CONH 2 -24.4 (3) 23.11 (5) CONHCO 30,71 (1) 
CONH -47.1 (12) 22.31 (9) NH2COO 30.61 (1) 
CON -97.1 (1) 19.83 (8) CHO(6) 17.11 (1) 
CSNH 2 33.95 (1) COOH(~b) 65.3 (1) 19.81 (1) 
CO 15.58 (6) NHI(6) 0.3 (1) 10.34 (1) 

~COO 18.61 (2) NO2(~b) 18.74 (1) 
,CONH -71.4 (2) 20.84 (2) OH(~b) 9.4e(3) 7.20 (1) 
CON -98.9 (2) 15.66 (1) SH(4~) 15.13 (1) 

CN 14.94 (1) 
NH 2 -33.8 (12) 9.89 (15) A z 79.6 (93) 13.41 (118) 
NH 9.3 (3) 8.57 (4) f 

,.~.~ -42.5 (3) 3.77 (2) o" 13.2 0.70 

tSee Table IB for footnotes. 
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Table  IB.  G r o u p  Cont r ibu t ions  B z to the Hydra t ion  Func t ions  

o f  N o n - I o n i c  Organic C o m p o u n d s  at 25~ 

B z Contribution 

Group b AGh ~ g AHh ~ A Cp~ A V* 

kJ.mo1-1 kJ.mo1-1 J.mol-l.K -l cm3.mol "1 

CH 3 3.17 (186) -2.39 (80) 66.4 (68) 6.01 (86) 
CH 2 0.74 (131) -3.24 (45) 64.5 (49) 5.57 (62) 
CH -1.06 (38) -3.07 (17) 67.8 (10) 4.90 (18) 
C -3.87 (9) -4.56 (6) 44.7 (7) 4.95 (4) 
C=C -9.81 (22) -6.63 (3) 100.8 (4) 9.17 (2) 
C-~C -8.68 (8) 0,10 (4) 44.3 (2) 
H(C.) c 3.60 (38) 1,18 (7) -0.2 (7) -0.03 (7) 
.CH 2 0.75 (22) -3.07 (16) 47.3 (15) 4.45 (33) 
CH -1.58 (8) -5.23 (7) 74.1 (7) 5.04 (17) 
*C=C -8.64 (3) 64.3 (1) 
CHar -0.83 (26) -2,92 (19) 26.0 (15) 3.60 (9) 
Car -3.92 (24) -5.70 (17) 0.0 (13) 2,33 (7) 
Ccond -2.59e(9) -3.57e(4) 0.1 (1) 2.43 (1) 
CHO -18.83 (12) -91.0 (1) 
CO -23.06 (14) -23.18 (13) -79.5 (3) 3.48 (4) 
COO -20.34 (27) -22.77 (7) -37.0 (2) 6.24 (3) 
COOH -32.21 (3) -35.46 (5) -84,7 (7) 1.43 (8) 
CONH 2 -44.85 (1) -84.6 (3) 1.72 (5) 
CONH -59.93 (1) -87.4 (12) 3.32 (9) 
CON -45.42 (1) -112.4 (1) 3.42 (8) 
"CO -25,08 (2) 4.55 (6) 
"COO 5.65 (2) 
"CONH -108.2 (2) 3.83 (2) 
*CON -109.3 (2) 1.49 (1) 
CN -20.83 (3) -19.31 (2) 0.83 (1) 
NH 2 -24.13 (6) -33.21 (8) -75.5 (12) -0.01 (15) 
NH -25.67 (4) -39.46 (5) -7.7 (3) 1.08 (4) 
N -24.79 (2) -38.92 (1) -39.0 (3) -1.17 (2) 
*NH -25.97 (6) -36.54 (4) -45.1 (6) 1.54 (7) 
"N -24.08 (2) -34.52 (2) -33.7 (2) 4.64 (2) 
Nar -17.02 (13) -20.57 (12) -12,0 (5) 2.23 (5) 
NO 2 -19.88 (3) -19.47 (1) 
O -15.77 (6) -21.88 (1) -62.6 (1) 3.59 (1) 
OH -25.95 (25) -36.38 (16) -44.4 (24) -0.67 (31) 
O -18.29 (4) -20.62 (4) -90.6 (4) 5.00 (6) 

S -14.36 (2) 5.59 (I) 
SH -9.91 (2) 
SO -53.07 (1) -152.0 (1) 1.84 (1) 
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B z Contribution 

Group ~ AG~ g AH~ AC(,~ AV* 
kJ_mol 1 kJ.mo1-1 J.moll_K 1 cm3.mo1-1 

F -5.14 (1) -1.87 (1) -30.3 (1) -1.67 (1) 
CI -7.26 (8) -6.90 (1) 2.0 (1) 2.73 (1) 
Br -7.75 (7) -9.27 (1) 18.4 (1) 5.26 (3) 
I -7.98 (5) -9.64 (1) 235.2 (1) 12.63 (1) 
NH2CONH 1.93e(3) 
NHCONH -81.0 (1) 2.06 (1) 
NH2CON -99.9 (1) 1.00 (1) 
NCON -88.4 (1) 4.30 (1) 
CHO(6) -9.83 (1) 2.68 (1) 
CO(~b) -15.34 (1) 
COO(6) -14.08 (1) 
COOH(~b) - 22.8 (1) 0,67 (1) 
NH2(4~) -47.2 (1) 0.40 (1) 
NO2(,~) -8.60e(3) 2.61 (1) 
0 (6)  -0.50 (1) 
OH(~) -19.35e(4) -21.94e(4) -32.3e(3) -0.23 (1) 
s(6) -7.58 (1) 
SH(qS) -3.66 (1) 0,90 (1) 
CI(~) 2.32 (1) 
Br (~b). 1.13e(4) 

A z 1.06 (209) -13.87 (97) 115.9 (93) 12.17 (118) 

o -f 0.51 1.63 13.4 0.71 

aThe parameters A z and B z were obtained by solving Eq. (2) by a linear least squares 
analysis which considered only monofunctional compounds including hydrocarbons. 
Within the parentheses are indicated the number of compounds in which the group is 
present. When this number was less than 3, the corresponding compounds were not 
included in the regression analysis and the B z value was calculated as a difference (see 
text), bAn asterisk indicates a group inserted in a cyclic non-aromatic structure, while the 
subscript ar indicates a group which is a part of an aromatic or heteroaromatic ring. The 
subscript cond was added to a C group to indicate a carbon atom common to two or more 
aromatic rings. The symbol ~b denotes a group directly bonded to an aromatic or hetero- 
aromatic ring. CHydrogen atom on olefinic or acetylenic carbon and hydrogen atom of 
formic acid and its derivatives, aAssumed equal to the corresponding non-cyclic param- 
eter. eCalculated from compounds not included in the regression analysis, fStandard 
deviation ~r 2 = E [Z(calc) -- Z(exp)]2/(N-P), N and P being the number of compounds 
and parameters, respectively, gStandard states: 1M ideal gas and hypothetical IM ideal 
solution. A z depends on the standard states chosen while B z does not. For example, a 
value AAG = 18.94 kJ-mol "1, instead of 1.06 kJ-mol'l, - should be used when the standard 
states are ideal gas at 1 atm and the hypothetical ideal solution at unit mole fraction. 
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distinguished from the corresponding groups in open chains. They are 
marked with an asterisk; for example, "CH2 represents the methylene 
group of cyclohexane. This distinction eliminates any need for ring 
corrections. 

4) A constant A z is introduced, common to all molecules, whose value 
depends only on the Z property. 

5) Molecules containing more than one Y group, i.e. polyfunctional, 
were described by adding one correction parameter Cz (Y1,Yi Ym)" 

Following the above rules, the Z property of any RY1Y2Y m mol- 
ecule, R being its hydrocarbon moiety, can be expressed as 

Z = A z + Y-,j n f lz  (j) + C z (Y1,Yi"Ym) (1) 

where nj is the number of times the j th group appears in the molecule 
under consideration. 

The A z constant term was introduced by Traube ~9) in a scheme of 
atomic additivities for partial molar volumes of organic compounds in 
water. It was suggested here by the non-zero intercept of a plot of the 
thermodynamic properties for a homologous series of organic com- 
pounds against any extensive quantity characterizing the solute such as 
molecular weight or intrinsic volume. (1~ A non-zero value of the ther- 
modynamic functions of solvation as well as of some of the partial 
molar properties (for point like inert molecules) are predicted by 
theories such as the SPT. (11) Introduction of the Az term leads to a 
description of the experimental data which is better than can be obtain- 
ed by addition of any other type of parameter, as shown by a few pre- 
liminary calculations. One further advantage is the fact that this term 
includes all information concerning standard states, thereby permitting 
Ba6 e.g. to be calculated independent of the choice of standard states. 

As far as the near-nearest effect is concerned, we think that a 
scheme of group contributions which also takes into account this effect 
should be recommended for the description of thermodynamic proper- 
ties which are directly related to the internal structure of the molecules, 
such as heats of formation. The different nature of the properties we 
are dealing within this paper, mostly determined by the changes that 
the solute surface induces in the structure of surrounding water, should 
justify our simplification. 
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4. CALCULATION PROCEDURE 

Parameters of Eq. (1) were determined in successive steps using 
the following procedure. First, only hydrocarbons and monofunctional 
compounds were considered, for which Eq. (1) reduces to 

Z = Az + Zj n~z ~i) (2) 

A least squares procedure applied to this equation yielded a first set of 
Bz values and the constant term Az. In this step, groups contained in 
less than three compounds were not considered. Compounds for which 
the least squares value differed from the experimental value by more 
than three times the standard deviation o- were discarded. 

In the second step, the Bz contributions of the groups not con- 
sidered in the regression analysis were calculated, one at a time, as a 
difference between the experimental value and that calculated by 
inserting into Eq. (2) the set of Bz values already determined. 

Finally, an analogous procedure was applied to determine the cor- 
rection terms Cz (Y1,Yi"Ym) for polyfunctional compounds. Their 
values were in fact calculated by fitting, one parameter at a time, the 
differences 

A = Z(exp) -- Z(calc) (3) 

where Z(calc) is calculated through Eq. (2) using all the Bz values pre- 
viously determined. 

5. RESULTS 

Table I summarizes the values of the Az constant and Bz param- 
eters for all properties examined in this work. Table IA refers to partial 
molar properties C~ and ~o, while Table IB refers to the hydration p,2 

functions AGh ~ AHh ~ and AC~h, including also A V*. The standard 
deviation o- relative to the compounds which entered the regression 
analysis is finally reported for each property. Standard deviations of 
single Bz values determined through the regression analysis and the 
average deviations of the remaining Bz parameters are generally lower 
than the standard deviation o- reported in the table. In particular their 
values range as follows: 0.5o- -- lo- for the A z constant and terminal 
groups; 0.1o- -- 0.20- for CH2, "CH2 and CHar; intermediate values for 
other groups. 

A comparison with similar studies by Hine (5) and by Guthrie (6) is 
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not straightforward owing to the different schemes used for group con- 
tributions and because of the different number and type of compounds 
taken into consideration. However, we would like to mention that 
Hine handled 212 ~Gh ~ values using 51 parameters, with a standard 
deviation of 0.7, while we described 209 compounds (hydrocarbons and 
monofunctional molecules) using 28 parameters, with a o- value of 0.5 
kJ-mol "1. Moreover, Guthrie obtained a weighted o- value of 6 using 

--o 12 parameters for 48 Cp.2 values, while our scheme required 21 struc- 
tural parameters in order to reproduce Cp~ values of 93 compounds 
with an unweighted cr value of 13 J-molLK -'~. 

Though the ability to reproduce experimental data is comparable 
in our and Hine's or Guthrie's schemes, quite different contributions 
are reported for the same groups, particularly terminal groups such as 
CH3, OH, COOH, etc. This is mainly due to the presence in our 
scheme of the constant term Az which does not produce the anomalous 
large values attributed to these groups by the additivity schemes so far 
adoptedJ 12) For repetitive internal groups, such as CH2, our scheme 
yields practically the same value found by others. 

Table II summarizes some typical correction parameters 
Cz(YbY2) for bifunctional saturated compounds of the type Y1-(C)n-Y2, 
aliphatic as well as alicyclic. We choose to report parameters deter- 
mined by several compounds or defined for many Z properties. The 
majority of the values reported refer to n=2,  which is the most 
frequent case. Values for n; ~ 2 can be satisfactorily calculated through 
the relationship 

lnCz,. = lnCz,2-  7z(n-2) (4) 

where Yz is a constant depending only on the Z property. Equation (4) 
was found not to hold for Z = C~~ In this case, the deviations A of 
the experimental data from those calculated using Eq. (2) show no 
regular trend when plotted against the number n of intermediate 
carbon atoms. Correction parameters for this property, for each Y1,Y2 
pair, were computed as the average ~ value over the various Y (  Y2 
distances. 

The reliability of Cz(Y1,Y2), as well as of B z, in cases where they 
are defined by a single compound, cannot obviously be ascertained. 
These numbers may only be accepted as provisional. 

A few Cz parameters for selected classes of polyfunctional com- 
pounds having particular structures, are finally collected in Table III. 
These correction terms may be constants (see for example the Cz value 
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Table II. Selected Correction Parameters Cz(Y1,Y2) for 
Saturated Bifunctional Compounds Yc(C) -Y2" 

C z Correction Parameter 
~ o  b ~ b 

Groups Cp, 2 V2 ~ aGh ~ hHh ~ 

Yl }'2 J ' m ~  cm3-m~ kJ'm~ kJ'm~ 

OH OH -54.9 c (6) -3.83 d (6) 17.33 (1) 20.82 (1) 
OH O -13.3 (5) -2.76 (4) 7.65 (4) 17.81 (5) 
OH NH 2 -44.1 c (5) -2.38 d (1) 
OH NH -70.2 (2) -2.28 (2) 
OH N -65.3 (2) -2.18 (1) 
OH COOH -2.58 e (7) 
OH CONH 2 17.4 e (2) -1.64 f (4) 
OH SO -0.69 d (2) - 
O O 4.2 c (8) -1.90 d (2) 4.42 d (2) 6.10 (6) 
O NH 2 -26.4 c (3) -1.64 d (1) 6.80 d (1) 14.32 a (1) 
NH 2 NH 2 -22.5 c (3) -2.09 d (2) 13.94 (1) 10.67 d (1) 
CO CO -14.1 (1) -1.87 (1) 
COOH COOH 16.6 (1) -2.74 d (1) 
CONH 2 CONH 2 -2.43 d (1) 
,X g X ~ 4.41 (5) 
.o OH -36.6 (2) -3.31 (2) 20.72 (2) 
,O O 6.5 c (4) -3.52 e (3) 11.36 (1) 19.43 (1) 
,O ~NH -37.2 (1) -2.20 (1) 10.18 (1) 13.86 (1) 
,O ,N -55.7 (1) -2.82 (1) 8.62 (1) 15.02 (1) 
,NH ,NH -72.4 (3) -1.76 (1) 17.02 (1) 8.85 (1) 
,NH ,N -72.0 (1) -2.32 (1) 10.29 (1) 9.18 (1) 
N N -77.9 (1) -2.96 (1) 6.05 (1) 9.26 (1) 

h 7z 0.25 (31) 0.44 (10) 0.73 (4) 

aUnless otherwise indicated, the data refer to molecules with Y1 and Y2 groups separated 
by two carbon atoms (n---2). The number of compounds which determined each param- 
eter is indicated within parentheses. ~ of the parameters listed for "Ep~ 2 and V2 ~ are 
also valid for hCp~ and h V , respectively (see text). CAverage over different n values. 
dData are also available for n;~2. They have been used to estimate the Yz parameter of 
Eq. (4). eThe value refers to compounds with n---1, fThe value refers to compounds 
with n=3.  Data are also available for n#3 .  They have been used to estimate the Yz 
parameter of Eq. (4). g X,X '=  F, CI, Br. t~Decay constant of Eq. (4). 
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f o r  - o  Cp,2 of polyols) or linear functions of the number of Y groups char- 
acterizing the considered class of compounds (see for example the Cz 
for V2 ~ of polyols). Parameters of Table III are not to be used in 
addition to parameters of Table II, i.e. compounds with three or more 
functional groups have been characterized by a single correction param- 
eter Cz(Y1,Y2 ""Ym), all the interactions among Y groups being included 
in this parameter according to Eq. (1). 

We would like to note that the correction parameters Cz reported 
for the partial molar properties C~~ and 1/2~ in Tables II and III are also 
valid for 2~ Cp~ and h V*, respectively. This is a consequence of the fact 
that the intrinsic terms (Cp~ and Vw) are additive quantities. 

The degree of success with which parameters reported in Tables I 
to  III describe the thermodynamic properties of organic compounds in 
water, may be appreciated by observing the differences between experi- 
mental and calculated values reported in the Appendix. 

The number of compounds utilized as well as the corresponding 
structural parameters determined in each single step of the calculation 
procedure are summarized in Table IV for all properties. Since several 
parameters were calculated from only one compound, we thought it 
useful to specify, in the same table, the total number of parameters 
which offer a mimimum of reliability, i.e. parameters determined by at 
least two compounds. The number of compounds they are generated 
from, and the corresponding standard deviation, are also indicated. It 
may be noticed that the o- value practically equals the value observed 
in the regression analysis (see Table I ). 

6. DISCUSSION 

Table IV shows that the group additivity scheme proposed here is 
valid for AGh ~ and ~o, for which properties 'the standard deviation over 
a large number of compounds is of the order of magnitude of the dis- 
agreement which may be found among different authors or even com- 
parable to the experimental error. A lower reproducibility is obtained 
for z~H~ ~ and  C-'-p~ data. Poor precision of many experimentaldata,  
expecially for hydrocarbons, is possibly responsible in the case of Cp~ 

Although the values of the parameters have a purely empirical 
meaning owing to the way they were calculated, we nevertheless wish 
to comment on their values since they seem indicative of the kind of 
influence that different solutes exert on the structure of the sur- 
rounding solvent. In this respect, Bz may yield a relative estimate of 
the thermodynamic effects involved in the interaction of hydrophobic 
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Table III. Correction Parameters Cz(Y~,Y2-Ym) for Selected 
Classes of Polyfunctional Compounds and for Compounds 

with Particular Structures 

No. of 
Z Property Class of Compounds C z Cpds 

- - o  a 
C~,2 

(J.mofl.K -1) 

2 ~  

(cm3.mol "1) 

aG: 

(kJ-mo1-1) 

Polyols: CnHn+2(OH) n (n=3-6) 
Diazines 
2,4-Pyrimidinediones 
2,5-Piperazinediones 

RO(CHR "CH20)nR '" (R,R ;R "= H,CH3; n=2-8) 
Polyols: CnHn+2(OH) n (n=3-6) 
NH2(CH2CH2NH) nH (n=2-4) 
Carbohydrates (non= 3-20) c 
Benzenediols b 
Pyridinamines b 
Diazines b 
Adamantane ring system 

RCXIX2X 3 (R=H,R; Xi=F,C1,Br) 
CX1X2X3X 4 (Xi=F,C1,Br) 
C X 1 X 2 X 3 - - C X 4 X 5 X  6 ( X i =  F , C 1 )  

2-Alkylpyrazines 

-48.4 8 
-59.7 3 
79.4 8 
45.8 3 

-1.84. n 17 
-2.52. n 8 
-2.34. n 4 
-3.71. non 38 
-1.98 3 
-2.46 3 
-2.80 4 

-12.98 3 

17.27 5 
34.58 5 
51.23 5 
12.67 3 

�9 ~ 0  - - 0  �9 0 m ~ of the parameters hsted for C~ 2 and V2 are also vahd for AC~ h and A V respec- 
twely (see text). ~he correction parameter is valid independently of the relative position 
of the two Y groups. CThis class includes mono- and polysaccharides as well as glyco- 
sides. The value of the correction parameter is obtained by multiplying -3.71 by the 

�9 number of hydroxyl groups (non) , independently of the number of ether oxygens. 

and hydrophil ic  groups  with water. Cz,  der ived f rom differences 
be tween  exper imenta l  data and data calculated for hypothet ical  mol-  
ecules containing funct ional  groups  complete ly  independen t  o f  each 
other ,  give an idea o f  the extra effects which arise f r o m  the interact ions 
be tween  two or m o r e  funct ional  groups.  

6.1. Hydrophobic and Hydrophilic Groups 

Values  o f  main  g roup  �9 contr ibut ions ,  Bz, f o u n d  for the various 
properties,  are represen ted  in Fig. 2. T he  ent ropy of  hydra t ion  was here  
also considered.  G r o u p  cont r ibut ions  to this property were calculated 
th rough  the relat ionship Bxas = BaH --  Ba~. The  internal  consis tency 
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Table IV. S um m ary  of  the N u m b e r  of  Compounds  Examined 

and Parameters  De te rmined  a 

~ O  Compound C;,2 V? a G ; A I-I; 

Monofunctional - 93 118 209 97 
in the regression analysis (22) (24) (29) (21) 

Monofunctional - 28 37 37 24 
for calculation ofB z (21) (29) (17) (15) 

Polyfunctional 73 55 48 26 
for calculation of C z (22) (30) (17) (13) 

Not utilized b - monofunctional 33 15 21 19 
- polyfunctio'nal 45 100 35 31 

Total 272 425 350 197 

Compounds which generated 174 277 276 128 
'reliable' parameters c (45) (50) (45) (30) 

d o- 13.6 0.91 0.72 1.66 

aThe number of parameters determined in each calculation step are in parentheses. 
bI-Iere are included compounds for which lZ(exp)-Z(calc) I > 3o- and compounds which 
may be considered as a single group or which contain one or more structural features not 
included in Tables I-III. CThe term 'reliable' is used to indicate a parameter determined 
by at least two compounds, dStandard deviation obtained for 'reliable' parameters. Units 
as in Table I. 

of  AHh ~ AGh ~ and ASh ~ functions is thus preserved. 
Fig. 2 shows the mos t  important  features of  the thermodynamic  

behavior  of  monofunct ional  compounds  in water: 
i) A sharp separation exists between the values of  the Bz param- 

eters relative to the hydrat ion functions AHh ~ AGb ~ and ACp~ accord- 
ing to whether  a hydrophobic  or hydrophilic group is involved. The 
separation is not  found for ASh ~ and is feebly shown by n V'. When  
the Cp~ and ~o  properties are considered, the above separation is 
reduced compared  to the corresponding transfer quantities. This 
appears to be due to the intrinsic t e rm which contributes a large 
amoun t  to the partial molar  properties (see Fig. 1) and thus may mask  
solvation effects. 

ii) Hydrat ion enthalpies clearly distinguish hydrophilic groups 
containing hydrogen a toms f rom other  hydrophilic groups, the former  
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Fig. 2. Selected values of group contributions, B z, to the thermodynamic properties 
of non-ionic organic compounds in water at 25~ (Hydrophobic groups: ........ ; 

hydrophilic groups: . . . . .  ). 

being characterized by far more negative BaH values. This distinction 
may also be observed for AGh ~ A V" and, to a lesser extent, for TASk, 
but is absent in C~ ACp~ and 1/2~ 

iii) The contributions of CH3, CH2 and CH groups fall in a narrow 
range for all transfer quantities. The number of hydrogen atoms would 
thus seem to deserve a negligible importance in hydrophobic hydration 
contrary to the opinion expressed elsewhere/u) 

iv) The hydration entropy is always negative whatever group is 
considered and its value is not significantly dependent on the nature of  
the group. Therefore, entropy does not appear the proper function to 
characterize the behavior of organic compounds in dilute aqueous solu- 
tion. It seems the importance given to the entropy term in order to 
explain the thermodynamics of nonpolar solutes in water is 
exaggerated. (]4) In fact, the enthalpy is the most suitable function to 
distinguish polar from nonpolar groups. 

6.2. Interaction Between Hydrophilic Centers 

For saturated bifunctional compounds of  the type Yr(C).-Y2 the 
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Fig. 3 Comparison between the ranges of values of correction parameters Cz(YI,Y2) and 
the ranges of the sums Bz(Y1) + Bz(Y2) for bifunctional saturated aliphatic 

compounds of the type Y1-C-C-Y 2 (Y1,Y2 = O,OH,NH2). 

values of correction parameters Cz are always large and for each 
property generally possess the same sign independent of the nature of 
the Y1,Y2 pair. As seen in Fig. 3, where the cases of Y~,Y2 
=O,OH,NH2 and n=2  are taken ~ into consideration, the interactions 
give a systematically positive contribution (Cz > 0) to AG~, AH~, and 
TASk, 3 but a negative contribution to ACp~ and A V'. If the Cz values 
are compared with the sum Bz(Y1)+Bz(Y2), it may be noticed (Fig. 3) 
that the interactions enhance the action of the hydrophilic groups in the 
case of AC~h, while they generally oppose it for other properties. The 
Cz values decrease with increasing distance between Y1 and Y2 groups 
following an exponential law. The values of the decay constant yz are 
not large (see Table II) indicating a slow rate of decrease: particularly 
for partial molar volumes, the interactions are still clearly appreciable, 
as observed by others, (~5~ when Y~ and Y2 are separated by 5 or 6 
carbon atoms. 

No general behavior may be identified when the Y1 and Y2 
groups are inserted in an unsaturated backbone (olefines, aromatics, 
and heteroaromatics). This is possibly due to the insufficient number 
of experimental data and also, perhaps, to a higher sensitivity of sol- 
vation to the internal structure of these molecules. Examination of the 
differences between experimental values and those calculated under the 
hypothesis of no interference between the hydrophilic groups (see A 

3Entropy effects were calculated, analogously to BTaS values, from the corresponding 
enthalpy and free energy parameters. 
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Fig. 4. Range of A from [Eq. (3)] vs .  the number of functional groups for 
polyfunctional molecules RYIY2...Y m. The number of compounds yielding 

each range is indicated. For ny = 1, the number of compounds entering the 
regression analysis, and the corresponding range --3o-, are reported. 

values of the Appendix) permits recognition of 'singular' effects of 
interaction such as, for example: i) contrary to the general trend shown 
in Table II, the free energy of hydration of most disubstituted benzene 
derivatives is lower than that calculated considering Y1 and Y2 as inde- 
pendent groups; i/) the relative position of the hydrophilic groups 
proves sometimes unimportant thus allowing the definition of a single 
correction param.eter for a certain YI, Y2 couple (see the Cz values 
reported in Table III for benzenediols, pyridinamines, and diazines). 
Importance seems instead to be given to the overall structure of the 
unsaturated hydrocarbon moiety. The A values observed in the case of 
V 2 and Cp,2 for quinazoline and quinoxaline result in fact sensibly dif- 
ferent from the corresponding Cz values of simple diazines mentioned 
above. 

When the molecules contain more than two functional groups the 
situation may be very complex. Fig. 4 shows the ranges of A values 
[Eq. (3)] for polyfunctional molecules plotted against the number of 
functional groups ny. Despite the large spread of data at a fixed nv, it 
may be qualitatively observed that the interaction effects, inside each 
property, have generally the same sign and increase in magnitude with 
increasing number of functional groups. General rules which permit 
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the description of the thermodynamic behavior in water of all these 
molecules taking into account the number, type and relative position of 
the Y groups are evidently not possible at this time. A quantitative 
description appears to be possible only when the molecules contain 
some repetitive structural feature. For instance, the V2 ~ values of 
polymers such as poly(ethylene glycols) may be predicted by use of a 
single correction parameter (Table III). 

7. CONCLUSION 

This analysis of thermodynamic data for non-ionic organic mol- 
ecules in aqueous solution reveals that water reacts in a very specific 
way with respect to organic solutes and, as a consequence, the thermo- 
dynamic properties in water of molecules showing many different struc- 
tural features differ appreciably from those calculated as a sum of the 
contributions of each single feature. Therefore, the hope of achieving 
a good knowledge of the thermodynamic state in water of very complex 
molecules by using the information obtained from the study of small 
and simple molecules should be abandoned. However, the knowledge 
of group contributions is still useful in order to i) give a quantitative, 
although relative, estimate of the thermodynamic effects arising from 
the interaction of hydrophobic and hydrophilic groups with water, and 
ii) give a qualitative estimate of the effects caused by the presence of 
two or more functional groups. 

Therefore, even in the absence of an accepted theory of hydra- 
tion at the molecular level, the above information may assist studies of 
solvation of organic compounds in water, and thus may shed some 
light on the role played by solvation in equilibria and in rates of reac- 
tions in aqueous solution. 
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APPENDIX 

Tables V-VIII summarize the experimental data for the thermo- 
dynamic properties C ~ P,2, I/2~ A G~ and AH~ In each table monofunc- 
tional and polyfunctional compounds are considered separately and are 
given in the order: hydrocarbons, alcohols and phenols, ethers, amines 
and pyridines, ketones, aldehydes, carboxylic acids, esters, amides, 
hydroxyethers, hydroxyamines, hydroxyacids, hydroxyamides, amino- 
ethers, halo-compounds, thio-compounds, sugars, and miscellaneous 
compounds. Inside each class the compounds are subdivided into 
aliphatic, alicyclic, unsaturated, aromatic and ordered according to the 
number of carbon atoms. IUPAC nomenclature (47) has been generally 
used, except in a few cases where the common name was reported for 
the sake of simplicity. 

The tables provide for each compound the experimental value, 
the relative source, and the difference A = Z(exp)-Z(calc), where the 
calculated value is obtained from the group contributions of Table I. In 
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the case of polyfunctional compounds, one more A value is reported, 
where Z(calc) was computed using the data of Tables I to III. For 
reasons of uniformity, A values are sometimes reported with a number 
of figures which are inconsistent with the actual precision of the experi- 
mental data. In Tables V and VI values of the gas molar heat capac- 
ities, Cp~ and van der Waals volumes, Vw, utilized to calculate A Cp~ 
and A V ~ values are also given. 

Sources of additional experimental data, not utilized in the calcu- 
lations, are given within parentheses. The bibliography covers all liter- 
ature up to December 1979. 
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TABLE V .  Mo ta r  Heat  Capacit ies o f  Oases ICp~gas ) and  Pa r t i a l  Mo la r  Hea t  Capac i t ies  (~ ,21  

i n  Water  a t  25~ ~ 

MONOFUN~TIO~kL C(~OUNO C~,S b ~.~(e~p) Ref. c ~ MONaFUNCTIONAL COMpOU~O C~.~m, b ~,2{exp) Ref~ a a 

1. He tha~  35.? e Z43,2 e I ~  44,181) ~ ?e. Benzene~than~]~ 126.4 375 140 14.3 

E. E th~  32.6 e 3Qt5  e 4 ( l e l . l e3 )  3.5 79. Benze~etha~mt~ 149.3 448 140 -3,0 

3.  propa~ 73.5e ~8 . ] g  4 4181.183 ) _19,1 8O. Oenze~p~pa~ml~  172.3 516 140 -19,4 
e l .  ~ -Me thy l~ thanm l~  69.0 ~ 262.8 35 -46,9 ~ 

4. BU~  97,S" 4ZO,S e le3 (161) 
"4"3 82, @(-~thy lethan~l  ~ 91.3 3~1.4 35 -65,8 h 

S 2 -~ t~ l  p~pa~  9~8  e .~7,6 f 1~3 -529,2 h 81. e-E thy l  e~h~n~l ~ 
115.7"  4~.6 35 (1%41 ~.3 

6 .  pentet~ 120.Z" 572 8O 9,9 84. ~-Ethy$-I-propzn~tme 136.S $69.9 35 - I . 8  

-0,4 
8. Hexa~ 143,1" 635 BO -14.4 86. N-(l~ethylethyl}.Z-propa~mln e 160,3 Sl5 ~ 77,161 -158,8 h 

87. N -~ t y l - / - bu t , n~ l~  205.4 602 i 77,151 -Z3h7  ~ 
I~ .  ~yclohexa~ 106, 3e 516 ~ 5.3 

2-Kethyl - , -  (l~-methyl p~py l  ) - 
II, Ethene 416 e 743.D ~ 4 (IBl,]e3) -15.2 88" l_p~p~naml ~ 203,~ 643 L 77,161 -~.5 h 

I~. l-P~pe~ 63.9 r -~.~ I~3 -432.1 h 89. g-(1.-~kethylp~opyl)-Z-but~m ~ 2O6.3 679 ~ 77,151 .16B.5 b 

13, 2 -~L~ l - l - p rope~  89.1 e 367.6 ~ ~83 -71.G h ~ .  py r~ l t d l ~  8h l  m 333.5 35 -6 .4  

14, 1 ,3-B~tad ie~ 79.5 e 660,? ~ 1~3 Z67,7 h g l .  P i pe r l d t~  106.Z C 424.7 35 (112( IZ .9  

I~ .  s  43,9 e 221.9 ~ 1~  Z3.s 92. H~x~d~ - lH -~zep~  ] 30 .~  493.7 35 )0 . )  

15, l-P~pyne 60,7 e 393.5 / 183 I07.2 e 93. 2-Met~vlpiperidine 126,6 Z 531 39 1.3 

17. ]-Butyne 81.4 e -41.g ( I83 -~15.6 ~ 94, 4 -~ t~y lp iper id i~  I76.6 L 515 39 -14.7 
IB, 1 -Buten-3-?me 73,2 e I18,8 ~ IB3 -213.7 ~ 

95. Oc~hydrQazocl ~ 154,~ ~SZ ]5 -3,S 

1~. Benze~ BI.7 e 36~ ~0 (104,1811 ?.9 96. N ,N -O%~thy l~ than~ i~  91.8 ~ 397 35 (21) 29.3 

20. Methylbenze~ 103.6 e 430 P~ { IBI)  12.8 97. N-E~hyl-N-~thylethan~i~ 136.2 533.5 35 -~.o 

21. Ethylbenze~ 123.4 e 504 80 {IBl) =0.5 98. N,N-Dlethyletha~i~ 160.9 e 609 lG -20,8 

22. 1 ,3 -D i~ thy lbenze~  147.6 e 538 f I~1 56.7 h 99, I - ~y l py r r o l i d i ~  l ~ . l  s 450 35 8,0 

25, 1,4-Ci~t~Ibenze~ IZ6,g e 4~52 e 181 -19.3 h 1~. l-Met~Ipiperldi~ 128.~ 506 35 .B,O 

24 P ~pyl ~nze~ 1573 ~ 6~ 80 14.1 10%. Pyrldi~ 78.) e 305.7 lO -5.5 

26. ~H-~ Iuo~e  I l Z . 9  IZ44 e 181 ?)O.l ~ )03. 3-~thylpyrldi,e @9.6 e ~0 .2  70 
z?. ,~phtha ) e~e 132.~ ~ 476 ~ 181 1~.5 ~ ~'9 

)D4. 4-~t~l pyridi~ )DZ.Z 37~.9 70 36  
~B Ac~naphLhe~ 169,5 $59 ~ 181 4~.0 h I05. ~ .6-Di~thylpyridi ne 125m7 441.6 70 2.4 

)g Anthracene 131J ))Z I 181 -T)B.O ~ 1~ .  Qui~ll~ 13S*~ 419.6 71 o.~ 

30. 9henath~ne 191.3 1297 ~ IBI 722.D b 107. 2-Propan~ 74.9 e 241.3 113 (7) -6.8 

~1. P ~  Z lg ,Z 7e3 t )~) ]75.~ l ~ ,  2-Sutanone I02,9 e ]36.6 
32. Methanol 43.9 e IS~ z ~o~ 4317,~,~7 ) -21.4 15~ ).2 

I09, )-PentanQne 127.1 418.3 155 5.6 

33  [ t ha~ l  G5,4 e ~GO) lOS (3,7,8,~7) -6.6 i i o ,  4-~thyl-2-pen~none 146.0 426 B6 9I.D h 

34 l-Pro~a~l B?.I e 35Z.9 lOS (3,8,67) -1.4 111. 2-Heptano~ 170.2 438 86 -159.5 h 

35. 2-Propa~ol BE.? e 361 s 3,165 (7,8,1421 -0,2 112. 4 -Hep ta~  173.1 416 

36 l-Su~l llO.O e 43).0 I05 (3,8) -4,7 i13, Z,4-Di~t~l-3-pen~ne 178.9 422 ~ -)~9,2 h 

37. ~-Methyl-I propa~ol 109,8 43~.5 1~  48) -16.0 i14. Acetaldehyde 54.6 e 146 ~ o.o j 
38. ~-Butanol I13,3 e 46~,~ ID~ ~8~50~ 0.6 i)~. ~D~cacyd 

~5.2 e 95.5 I14 {6Z. I373 16.7 
~9. Z-~thyl-Z-p~panol 113,r e ~40 10S 43,?,8,~1, 3S.9 

1673 116' A~tr acid 66.5 e 165 114 467,157,1773 -1.8 

liT. p~pa~ic er ~. l-Pen~nol 13~.9 e 523.B I0~ {8.1673 -5.2 92.8 2S3 If4 (67,157) -I.1 

41, 3-Pentanol 1360 639.8 lOS (501 3.9 I18' 8utan~ acid 115"8 337 114 467,1671 -4-5 

42. 2-Rethyl-Z-butanol 1369 520 ~ 8.165 (~) 4.6 119. 2-Methylprapa~ic acid 116.7 334 114 -143  

43, 2 ,2 -O i~ th~ l - I -pyop~no l  lZD. Pent,hale acid l IB ,8  432 114 134.~ so~.s los -ILS S.Z 

~. 1-ffexamol 15~.8 e 60~ z 93,165 12.4 I~I" Z.Z-Oi~tbylproRanoicacid I 3 9 . 8  417 114 ).8 

( 5  3-Hexa~ I IS9.0 653 SO 29.8 12~, Benzoic acid 103.6 ~ 372 86 o .o  j 

~ .~  9~.1 z~e.2 ISS -ss 46  I-Heptanol 178.7 e 7Z9 [ 91,165 123. Acet ic acid methyl ester 

47 2-propen-l-ol 76.D ~ 3?5 r B,165 483 8.e IZ4" Acetic acir ethyl e;ter 113.6" 396.6 155 (IGB) 5.S 

48 2-Buten-l-ol 98.2 406 ~ 8,165 (~)  4,9 125. Fo~mide 46,r ~ 62 IG7 {21) 4.S 

49 3-Buten- I -o l  99. 2 4OO i 8.165 {86) -05  126. A~ t~ ide  65.4 e lfi 0 167 ( I I~)  =5.4 

50. 4-Pen~n-l-ol 12~.2 4~3 i 8.165 (86) -549 h 127, Propanami6e 9Z.6 25~.8 155 0.9 

51. 3-Pentyn-l-ol Ill.8 405 L 8,165 -23,5 128- N-~thylfo~mide 71.5 164 167 (2].633 1,1 

52. Cyc lopen~ l  103.1 448 50 (B) l l . )  129, N-Methylace~mide 90.5 258 167 5.0 

53. Cyclohexanol lZ?.2 e 515 SO (B} 6.8 130. N-Ethylacet~ide 112.4 343 114 2,7 

54. Cyclohepta~l 13h N-Methylpropanamid e ISZ,O 561 50 (8) -19.0 116.4 334 114 -6.3 

58. Z-Cyclohexen-l-o] 123.9 475 i 8.165 ~.O j 132- N Propylace~mide 135.4 437 114 9.3 

56, Phenol 103.6 e 31~ 147 (101,1401 -1.1 133. N- ( ]~e~y le thy l }ace :amide  135.9 ~1  114 ~.5 

57. 4 -~ thy l phe~ l  IZ4.5 e 38r 140 ~.B 134- N-~thylbutanmidm 139.4 434 114 6.3 

58. ~n~e~ thaho l  112.6 396 140 (8) 11,9 f35. 2 ~ thy l -N  ~hy l p ropa~m id  e 142.0 431 114 -3.5 

59 ~-Ethylphe~l l~O.O 465 140 -2,6 136. N-~tylacet~ide 158.G 516 167 41141 1.0 

60 ~nz~eet ha~l 14~.4 ~2 140 .9.5 137. N-( 1 , l -D i~ thy le~y l  )acet~ide 1605 49~ 114 -3,4 

61  8enze~p~pano I 165.r 530 14O -~8.8 13S- 2,2-Os 163,5 476 llq -~5.4 

62. 1,1'-OKy~isethanB (Ethyl ether) I0y.8 ~ z )  4r 0.0 j 139- ff-Metbylpentan~Ide 162.4 524 I~7 (114) g.O 

~ .  Oxetaae 59.8 E 209 4~ -17.6 lqO" Rd~-OlF~thylfo~ami~e 88.9 225.I 62 {Z l )  0 .0  ) 

64. /e t rahydrofuran 8~.z Z94.6 35 (2 l )  -3.9 I~1- Z-py~rolidino~e 73.9 218.4 45 -5.3 

6~ Tetrahydro-~-py~an I07.1 )73, 2 3S (112) Z.9 )r 2-Piper idfnone 987 300.8 45 5,3 

66 2-~thyl  ~Lrahyd~ furan 109,3 435 1 33 lB.7 143. 1 -~ thy l  -Z-pyr rD) id ~ no~ g1 3 306.7 45 0.4 

144. l-Met hy 1-2-piperldi ~ne I16.1 377.8 45 -O,4 

68. Methanml~ 50.] e 155 35 -1.1 145. Fluor~ethane 37.5 e 189.5 f 4 4183) 0.0 j 

G9, l -P ropan~  9518 E 327 114 -319 146. Chlor~ethame 40.8 e ?2S.l~ 4 {1831 O.O j 

70, 2-P~panami~ 95.3 342 l l~ 4.3 147. Chlor~the~ 53.7 e 183,0 E 183 -~ .4  h 

7Z. 2-Met~l-l-p~anani~ 116.7 416 I14 -9,I 149I ]o~thane 44.1 e ~117 f 4 o.o j 

73. 2-~thyl-2-pPopan~Ine lZO,O e 403 I14 -).6 I~0. Sulfinylbls~a~ 
(~ i~thyl  sul foxide) 8g.o k 186.? If3 (7) o.o j 

74. 1-PenLanami~ 140.8 515 I I~  9.4 157. U~a 56.5 87.5 149 (67,83) 

75. l-Hexa~mi~ 153, 9 603 I14 (161 lO,l 152. ~ .~D i~ thy lu~a  BB.O 247.~ 14~ O.D ~ 

76. Cyclo~exa~i~ 134.3 4S] 16 -3.? 153. fl,~(' Di~:hylu~a ]06.7 274.4 148 O.oJ 

77. Ben~en~I~ I08,4 e 307 140 o,o ] 15r Tetra~th~lu~a 141.4 434.6 T~ 0.0 ~ 
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136. 1,24'~panedio1 

1S7. 1,3-P~panedfol  101.O ~9  141 (65) 

IBB* 1 ,4 -Bu~d fo l  124.0 34~.8 105 (141) 

159. } ,B-Pent.ned I o l  147.0 439 14% 

160. 2.2-01 ~y l  - 1,3-p~pane~l o I 148.1 43~.3 105 

161. 1 ,6-~exan~fo l  170.0 521.6 I05 (1411 

162, 1,2,3 p ropa~ t r l o l  11612 ~ i  2 65 (67) 

1,3 p~opa~dio l  t61,2 373,3 105 

T64. ( ~ ,S * )  - 1 ,2 ,3 ,4 -BuLa~te t  ~ I 
(Mes~ ry~ r t t o l )  154.4 3]0,0 65 

16S, 2,2-sl s(hyd~Y,y~e~hyl ) - 1,3-p~pa- 
~d lo l  (Prn~ery th~ i  t~ l  ) 174.3 328.8 105 

166, O-~rmbtnt t~ l  192.6 37~.6 65 

167, L-keeblnitol 192,6 37Z,8 65 

161. O-X~%i~ol lg2.6 ~.4 65 

1?~. b -~n i  to1 ~0 .8  455.4 65 

17L  Gluc i to l  Z)0.8 &s 65 

)7~. Oi~tho~thl~ 92,1 27~ 44 

ITS. O ~ e ~ o ~ e ~ , ~  lSSm 43~ 44 

174, 1 ,2~Ol~t~ox~etha~ ls  364 44 (115) 

176. 1 .2-Oie~o~yetha~ 163.8 56g 115 

177. l - (2~M~t3o~yetha~) pwpa~  165,9 563 11~ 

17~ . .1  - ( 2-~e tha~vet hax~ ) b~ tmne 1~ .9  6s2 115 

17g. I - ( 2  P~xye thox~Jp~pa~  209.8 701 11~ 

l a l .  1,3-0~oxa~ 94.6 239 44 

94,6 m 22Z,4 112 {21,35} m2. 1.40~o~a~ 
183, 1.3 OC~xepm~ 117.6 310 44 

1S4. I ,  1, -OWbis (2-eth~Vet~ane) Z19.7 e97.B lSS 

18~. 1,3,5 Trioxa~ 8S.7 180 44 

i ~ .  2 ,4,6-Tr I~nyl  -~ ,3,5- tr ioxa~ 191.4 40~ 44 

187, 2, S -O l~ tho~ te t r ahyd~  fu~an I6  S-I  410 44 

188. 1,~ Et~n~i~i~ 91.8 160 44 (141) 

114.8 256 141 1Bg, 1,3 P~pane~iami~ 

i ~ ,  1,4-B~tenedi~i~ 137.8 340 14l 

~s.~ t 27~ 3~ (llZ) 1)l. Ptperazi~ 

19~. 2 -~ thy l  p i pe raz i~  ) 19 .~  366 39 

1~3. 2,5-Di~thylpiperazi~ I39.4 z 444 3g 

lg4,  i -~th~ I pi perazlne 1Z1.4 ~ 343 39 

195. 1~4 D i~ thy lp iperaz (ne  144 .~  439 39 

196 Pyrazole 67.5 Z10.2 71 

1)7. leidazole 67.6 IB2.1 71 

76.0 201,5 71 19), Pyridazine 

)9g. Py r im ld t~  76,0 211.3 71 

200. Pyrazl ~ 76.0 217.4 71 

2~1. 4-Phenylpyrfmidi~ 158.1 451,9 71 

202. 2 ,2 '  B i py r i d I~  iSB,l 498.3 71 

204, IH-f i~zr 125.1 3o2,8 71 

20~. Ouinaz01i~ 131.0 36~.1 71 

2O7. I,lO-Phe~nthroli~e 1BS,9 53L9 71 

~ .  L~ .S ~ r~=z~  73.Z I~.e 71 

20~. 1H-Senzotriazole 172.4 314.8 71 

210. IH-Pu,ifl-6-m~m (Adenine) 139.7 226,0 llO 

211, Propa~toic acid 106.3 0,8 109 

212, 8ub~iotr acid 133.7 225 141 

)13. Pen~a~ioic acid 156.7 271 141 (lOg) 

214. Hexa~dl'olc acid 179,4 336 141 

zl~. Hep~ed~O~: ,e~d 202m 410 14~ 

216. ~-HeCh~ye%ha~l 1~.0 Z86.7 156 [115) 

217, 2 -e t~xye tha~ l  170,9 383.$ 156 (115) 

218. 2-Propo~ethanol 14).9 470.9 156 (llS) 

21g, ~-(1 ~thyle~oxy)e~a~l I~.O 4S7 ll5 

210, Z-Buto~ethanol  166.9 555,5 ISB (1151 

221, Tet rahyd~-Z-  fu r a~ thano  I 127.4 333 21 

222, Tetrahyd~-Z~-pyran-2-~f3anoi 145,3 433 21 

~23. 2-Phe~xyetha~)  158.2 459 740 

22S. 3-~I ~-l-p~panol I07,9 243 44 

2~7 S-A~i~.l-pentanol 153,g 4Z3.3 l~ 

c. b ~ z(exp) Ref~ & d 6 = ~OL~FUNCTIONAb C~CQ~O 
e , ~ .  , 

78.0 191.g 10~ (65,141) -42.0 72,1 2~e' &#~,~i~ 1.hexing1 

103,1 312.9 6S -15.2 38,g h 
229. 2- (M*thyl~mr haler hmnal 

-SZ.Z 1.9 
-61.8 -7.7 231" ~- (O4mtr~yl ~I no~ athena 

-56.9 -2 .8  232. 2- ( p t *~y l  am~ n~ } l t ha~ l  

1,3~p~pmnedf ol (TRIS) 

-76.0 -28,9 n 236. 2,2%2" Nl t r l lo tFtsethmnol  

237, 3 -~ ro~nzMr  acid 

-r  1,2 238. 4 -H~dro~en~4c  sctd 

-87.4 -40,O n ~40, ~ -~ ro~p~p ln= r  

-4z.7 4,7 241. 2-~thoxy�9 

-443 2.9 242. 2-E t ho~e t  hanamtn, 
-41.7 S.7 243. 3-Rethoxy- I -p ,pp lne~l  ~ 

Z4L r i~ 

.554 -8.0 24~. letrlf] uo~ ~ane 

I~,4 ~89 44 -74.9 -4,8 

126.4 3~ 44 -65,~ 4.B 

127.3 360 ~.4 .6Z.O z,g 

171.3 529 44 ~ -Z.9 

139.5 334.2 106 -84,~ -- 

184,~ 482.3 106 -81.6 - -  

1~7.4 4~e,O 106 -~2,~ 

124.8 3O6 ~ -29.1 -- 

} 2 4 . e  337 86 I . g  

77.1 149,6 84 27,3 *0.2 

17.7 0.z ~e.e 244.3 e~ 

loe.~ zso 44 -2~.1 -z.7 

-8.5 17,9 

129.9 325 44 -41.5 -1s , i  

~S.2 z 234 3~ ( n~ )  -37.1 0.0 ~ 

117,9 '~ 318 39 -@S.6 o.O j 

61.1 k ,~40.8 e le3 334.2 - -  

- i s  .s - 

L4  

-II.9 -1&.2 24;, Tet ra f  luo~etJ~ne 80,~ k 577. ) "  18~ 

10.4 $.1 248. l ,  1,2,3,3,3-Hexer luaro-l-F~pene I~2,6 leO.O" ie3 

4.4 o . I  230. CfiletOdi fluor~ethane 53.2 ~ 4O3,O e 183 
~ .0  l e .7  

2~l ,  O-G~ucosl ~08,~ ~Sl 67 -194,2 -- 

18.7 14,4 253  2,S-Hexanedio~ 1~0.5 357 45 -13.9 o.o J 

-19.7 -24,0 254. 1,4-Cye Iohex~nedl one 116,6 310 45 

16.7 lO.1 iZ4.5 373.6 104 

9.0 Z,4 256. 4-glt~ophenol IZ4.S 357.7 I04 

n.e -14.2 ~.g Se2.~ )O4 257. 3-Hyd~o~ybenzoni trile 

8.2 1,6 258, 4-H~rO~yben~nitr~ I e 96.9 363,6 104 o 
28,8 174 89.4 I0,1 259, Z,411H,3Hl~Pyrlmidinedio~ (UraC~l) 75.1 137 

90-3 z~o. )-MeChyl-2.4(ll4,3H)-pyrimldinedionr 90,4 Z05.0 174 74.B -4.S 

_37.5 -- ~61. S-Hsr ( IH ,3H) -py~imldin~ione 

+27.O -4,7 262. 1 , 3 -~ i~ thy l  -2,4 (1H,3H) - 

pyri~idi ~d ~one 131.4 373.0 174 72.3 -7.0 

264. 1,3,6 Tri~thyl-~,4(~H,3H)- 
-75.1 -2.B ~y r l~ id i  ned io~  131.4 357.2 17~ 56,5 -22.8 

-105.~ -32.8 Z6S. 5-s 1,3-Oimethyl-2,4(IH.3H)- 
-71.9 o.o ~ py rimidin'dion= 152.a 473.4 I74 83.3 6.0 

-77.9 0.0 j 266. 1 ,3 -o i e t~  1 -S-methyl -2,4 ( I H ,3H) - 

eS.g Z3n  17.2 267. 2,S-Plperazi~di~ 123.2 149 45 

-10.9 -- 268. 3 ~6-DI ~ ~hyl- 2,5 -piperazir~i~ne 167.1 335 4~ 1~.4 -27,r 

-67.9 -~6 2fi9, 1,4 -~i~thyl  - ?,6-piperazi nedione 158.1 ~96 45 50,1 43 

-$8,1 1,2 ~70, 4-~i~ 2(IH)pyrimldinone 

47. )  - -  ~72. Caffeine I ~  669 )lO 443,6 - -  

-4.7 - -  

L3  (e i A l l  quant i t ies  a~  given in  J ~1-1  g-I 

- ] 2 , 7  46,fi h (b) Calcula~d from group contrXbur according to  Benson (~ f s .  14,1B) unless othe~ise 

1~.9 73,2 ~ i .a ica t~d .  

5 l .~  - -  (c) S~urce~ of e x ~ n ~ a l  dat~, Sour~s o f  d~  oat u t i l i z ed  in th is  wo~ a~  enclosed i~ 

55. 2 - -  (d) 6 = C~,~(exp / - C~,2(ealc) .  Calculated values we~ obtained f ~  Eq.2 ~sing pa r~ te=  

72.7 - -  ~por te~  In  Table I ,  

- l zo .o  - (~) Exp~rl~ntal ~a~.~ r~ Stu l l  ( ~ f . 172 ) .  

16,8 0.0 j (f) Evaluated by us as ~ ,h + C~ ,gas* whe~ the hydration heat rapacity is tile experi~fital 

-24.S - v~ l~  

-46.9 (g) The ~hole ~ l ecu l e  may be cor ls i~md as a un i q~  ~tngle g~up.  

-50,3 - -  (~) C~pOund not used to  dmterndne any param~er o f  Tables [ to  [ I L  

-15.9 -2.g (1) Eva}uated by ~ as 5C~, s + C~, z. The heat capacity of so lu t i~ ,  mC~. s, and the ~ l a r  

-6,4 6.6 heat r of the pu~ liquid, C~,&, we~ take. f ~  the f i rs t  and ~econ~ q~ted 

-~.4 e.B ~ fe~n~ .  ~pect~vely, 

-27.~ .14.~ (j) Single ~x~iko~un~ used to calculate one para~ter of T~ble [ or If. 

-9.0 4.0 (k) ZxperI~ntal value fr~ Benson (Ref.)4), 

-50A - l~ , l  ( I )  Calcula~d according to Rfhani (~ef.1531, 

-22.2 16.1 (m) A = C~ Z(exp) - ~ ?(talc). Caledla~d values ~ obtained f ~  s using para~te~ 

- -  ~po~d  in ?ables'I to I l l ,  

- ~ . 4  g.3 {n) CaICUIa~d usi~ 9 the coc~ct ton pa rade r  o f  po lyo ls  (Table I l l } .  

-$4.~ -]1.1 (o) Th1~ :~ound contains one or m~ group~ not included in ?a~le I. 

-42.1 I,S 
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TABLE V I .  van  der  Waals Volumes (V  w) and par t ia l  Mo la r  Vo lu~es  (V~) i n  Water a t  2~~ a 

1. ~e~ ,~  17.~ 37.3 130 (~7~) = 

Z. E~ ,~  27.3 SI.Z ~30 (17e( -~.32 

3. P~a~  37,6 67.0 130 - o .~  

6. mtha~o3 217  35.25 I05 (2.76.92. -O.95 
IZe.~34.17~ 

7. ~ano l  319  5~.12 lOS (2.76.92. Q.IZ 

~, I -Prope~l  42.2 70,63 105 (2.76.9Z. =0.17 

175) 

10, 1 -~nD1  52.4 ~ .46  ~65 {7~.76.9~. -0.1~ 
~B.IZS.134. 
~75~ 

19. ~-~exa~l 72.9 ~37.56 IZ8 {98( -0.54 

ZO. E-H~xa~l 72.~ ~3B.49 98 0.50 

Z2. 1 Hep~o ]  E31 133.43 IZ8 -0.56 

74. 3 -H~o3  531 133~ 9~ 0.~9 

26, 2-P~open- 1-ol ~ . ?  64.3 175 -0.5D 

~9. C~clQkexe~l ~3.~ 103.~4 36 {~9) I , ]B  

31. C~ l~o t~  ~ .1  ~797 69 -rues 

33. ~ t h? ]  c?~op~pa~h*nP l  5~? 92,4 69 0,92 

3~. Cyc~open~ha~ l  6~.9 103.6 69 .O.47 

35. ~%hylcyc~opentane~a~] 7~,~ ~18.2 69 - I . ~  

36. C?r 73.7 118.1 69 -0.O6 

53.9 ~ .~7  B8 (60,87,101) 0.00 ~ 

3~. eenzene~t~nol 641 ~ .eZ  h ?e -O.69 

44. ~etrahyd~-Z~-pyran 51,7 91.73 34 (69.74~13~) 0,64 

O.Z? 45. 2 -~ l~L r~hyd~ fu ran  ~2,1 ~4~  34 ~9)  

6~,5 105*4~ 119 (69) 0,27 

47. Z .5 -DT .~ t r~yd~u ran  623  111,~  34 (69] ~,54 

51. I -P~paR~ I~  ~4.7 74,1Z 36 (~07) 0.17 

S~. Z~p~pa~m] ~ 447  7~.5 ~ 108 1,76 

56. Z-~t~v2 -Z -p rop~ t  ~ 54.g 93,0 ~ 108 3.OO ~ 

56. I-~ex~n~l ~ 75.4 121.6 36 0.26 

56.1 90.98 163 -0 .~  

6Z. CXC~ oheptan~l ~ 75.8 118.50 163 - I .10 

63. Cyc l~c t~n~ t~  85.6 133,4 163 -O.Z9 

64, Tr l  r I .  1 ' "?) ~ecan- I - a~ l~  

65. Be~ze~m~ (&n iX ie }  564  89,30 171 (~7) 0 .~  ~ 

66. Benze~mt~an~t~  66.6 1~4.? ~ I07 0.05 

67. N -Me t t~v l~ tha~ l~  34.g 59 ,~  36 (87,107,17E( -0.59 

68. N-Ethyletha~mi~ 55,3 9168 36 (;07] -0.01 

7Z. ~zer 3~.3 ~3.71 3r 0.77 

73. ~y r~ l~d (~  ~5.6 7777 34 (1~ }  0.~4 

-0.16 

77. 2 . 6 -01~1p1~  76.O I74.~ 133 -O.67 

7g. N -C thy l -N -~ l~a~ ,~  66.8 106.77 ~6 0.54 

82. I-~k~thylp~pe~dl~ 66.O I10.54 ~4 (117) -0.42 

B3. pyHd l~  45.5 77.3 133 [51,70,71, -~.s 
- 87,108) 

85~ 3-Pe~hyl p? r i~  ~ 

89, Z -p~p~o~  ~9.0 66.8 69 (17.113) o , l o  

~9.3 8E.9 69 ~17.155) 0.8O 

59.~ 98.0 69 -0.~9 

-~.85 95. Cyc lC~en~  ~0,5 84.5 69 

g6. Cyclohexano~ 60.4 99,? 69 0.~6 

97. C~r  70.1 113.8 69 0.~7 

O.29 Cyc l o~n~  89.8 142.0 69 

I ~ .  ~nz~ldeh?de 60.9 96.0B 59 0.00 ~ 

IDa. FO~JC acid 23.0 34.? 143 ~$5.87,~1~} - I .~3  ~ 

]OZ. Acetic &cJd 33.2 51.9 143 (~5,571~11) - o .~  

1~3. P~p~C  acid 43.4 67.9 143 {~5,87} -~.?0 

1 ~ .  BU~ ,O~r  I : l d  53.? 84 .6  143 [55187.1$3) 0 .~0  

000~ 

I I 1 .  ~O~C ~Cle eth~l e~ r  4Z.S ?Z,8 69 D.3e 

I I Z .  Aort ic  acid ~ t~ l  es~ r  47.5 7Z.4~ lS~ -O.45 

~ -EuVr~ l  ~c~o~ ) 43,1 73.3 69 -o.g9 

115, Fox ,  de Z5,5 38.573 79 117,55.54, -0.78 

I17, ~eC~ee  35.7 55 .~4  79 (55.9~,113, 0,~5 

15~) 

1~4. K -P~y l~o~ lde  56.5 87.89~ 79 -1.76 

I76. N-~th~lp~pln~m~dr se.e ~.?~z 79 0.1~ 

179. N:pr~pylp~pan~m~de 77.0 ~21,526 79 0.3~ 

56.8 9O.3 163 -031 

131 Hexah~ -~ -a~p~  n-2-o~ 56,~ I ~ .O  163 o.31 

133. N .N -D~ lace~mde  56.8 90.5~0 79 (13.37.64. 0.10 
97 ) 

13~, N .N-D~e~hy l f o~de  67.D I07 .1~  79 (~3~ 1,41 

135. N .N-01 ~p~pan~ l  de 67.~ 105.364 79 -O,85 

136. N ,~ -D~e t~ l~ce~de  77.3 121.681 79 (13} -0,33 

137. N.,-D~eth?~pr~pan~lde 87.5 137.557 79 (13) -0,13 

139. N .N-B~ 5 ( ~-~h?~e~hy~ )ace~ lde  97.7 ~52.0 13 -~.19 

. . . . . . . . . . . . .  ,o;o~, 

147, 3-Br~-I-~ro~e~ ~ . C  77 ,6  I lS  0 . s a  

0 . ~  ~ i ~ .  l , lC -Th i~ l se th~  (O i . t ~ [  su l f ide)  ~B*6 9~.5 175 

sul Tox~de) 42.9 68.92 113 (64) o .~  6 

153, Ar 

15Z. E t~ne th i o=~e  (Thl~ce~al iee( 41.0 66.42 125 (163) 0,D0 m 

I53. Carbonic ~:$d d~ , t h~ l  ester 46.O ?7.6 59 - I .95 
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ISS. 1 .3 -D l~o l~n -2 -o~  35.7 62.3 (~g o.oo = 

1s6. 2 , 5 -~ l t d4md lo~  4~.2 72.3 163 0.00 z 

157. NI t ~ r  6Z.6 97,71 ~9 D,~O = 

1~ ,  u~  32.6 44.238 89 (17,55,92, 
I03,124,125, 

16~} 

43,2 G2.2 92 [IZ4) -l. IO 

162. E thy lu~a 53.4 80.2 92 f . lO 

t6 )  IP r~y lu~a  63,)  94,g ,~2 o.~ 

t.S4, (l*~thyl~%~l)u~a 63,7 t g .0  ~z 4.31 { 

16S* B~t.y1 urea 73,@ I16.1 92 5.4O ~ 

16~. N ,N-O i= thy I=~a  S3.7 78.68 I~ o.oo = 

167. N,N-Olet~ylu~a 7~.2 174.9 s2 4.4Z ~ 

~zs) 

16~. ~4.B ' .O fe~y l  ~m  74.3 115.1 ~z 4.46 L 

170, letrI~hylu~a 74.B I IG,30 i ~  {)2,12S) o.~ r 

l / l .  1.2*Ethaoediol 36.S 54.60 IZO (65,69,90, -3.E9 

tSO,l?S) 

I)2. 1,2-propa,~dio) ~ .S  71.2~ 98 (6S,I )6)  .z.~.~ 

174, z .3-Be~e~dSol 57.0 ~ .56  98 -3.10 

l?S. 1,3-Bu~n~iol S7.O ~.32 g8 (136) -1.55 

176. 1,4-Buta~dlo? 5 / ,0  88,35 )8  (69,105,1Z9, - I , 73  
134,1~,175) 

177. 2 ,Z -C i v i l  - 1 ,3-p~pan~foY 67.2 10~,34 I0~ -3,79 

l ~ i  ~ - i  ,z-Cyc 1Dhexa~io I 58.1 101.3 69 -S.4B 

)86. t .~.t~- 1,2-Cyc Iohexanedi~ 1 GSI ?03.0 69 -3.78 

167, ~ ,4 -Cyr  o l  

hexane~lol 763  116.6 69 ~701 

i~. ~ -  1 .Z-Cycl~epzan~diQ I 77B 117.0 69 -387 

1,)-dSol (1 ,Z-~em, .~ne~ oi) 94.1 13~.~ &9 -z 8~ k 

1,4_dio1 ~4.1 139.3 6~ - 164  ~ 

193. i ,2-Sen~diol 59.4 87.~5 103 -314 

395. 1,4-Benze~diol 59.4 BS. 696 I03 -1 .S l  

1~. 1 ,2 ,3 -P~pa~Lr io l  51,4 70.95 = 65 {g2,124) =G.Gl 

197 2-{Hyd~yl)-~-~yl- 

r 66.Z 87.?0 = 65 ( lZ4)  - ) .$3  

I~9 z,~-Bis h?d~x~yl )-l,]- 
p~pa~dlol (Fen~e~th,lto) 76.4 101.81 I0~ -II.29 

202. R1bitol el.O I03.Z 99 {6~) -1?.SO 

203, D Xylital BI.0 $02,4 99 (16~) -13,30 

2E .  O -~nn i~ l  9~.8 ]]9.33 9~ (eS,~9,99) - I s , / 5  

2~. GIucI~I (so~ i to l )  ~.s 11~.9 S9 (6S.6g) -14.~ 

207. ~o~ [~s t  t o l  8~,~ IZ l  13? -~,42 

Z~ .  Poly(v}nyl  a lcohol)  ~ r  unl~ ~5.1 33 . ]  ~ 335 - I , ~7  

211, 1 ,Z -p l~ t~xye tha~  5~,~ 95.88 319 (69,90, - 1 .~  

212. 1,2-O)ethpx~ethe~ 75-7 I~) . ~  ~19 -2.~0 

2T3. 1.3-O~oxola~ 3~.7 65.37 34 (69) -47B  

2)?. 1 ,% ' -0xVb tS (2 -~ox~e th ,~ )  7g-4 132.69 %Z0 (6),9b, -3.B7 

218. l , l '=Ox~ts(2-ethoxyethane} Bg,B 165.Q G9 [)S&) -~  

2Zl .  

22~, 

223. 

Z~S. 

Z~6. 

2ZB, 

Z30, 

Z31. 

Z3~. 

Z34. 

~35. 

Z~ ,  

23~. 

213 .  

Z ~ .  
0 .7~  

2, S ,~. 11 -T l t r ~do~cene  I03.5 169.63 

2 .~ ,R, I ~, 14-Pl~ox~pente~eca~ 127,7 2~,6G 

~e ~r,~?~r~fura~ 10).8 t77,1 

1,3-~r ep l n~ t= l~  s ) . s  78.83 

~ .~ -Hep~ees~tam~ ~ 9~.7 141.57 

1 -~3  p+~ r=z l~  6Z.6 102.30 

1.3.5,7-Tel  r )a ta%~ cyc 10 (~.3, I ,  1 ) " ' ]  - 
~ece~ (HHT) 72 ~ 111,4 

poTy(e~ylenei~pe) l~O0 o z~.o 37 .~  
o 

Poly (e ChR] eneim~ ~ ) 5~ 280 37.16 

1.56s ZS~" Poly(ethyleneiml~)  ~n~P~  un i t  2e.0 37,5 

0.0Z 

o.oe 

o.~z 

_1.16 268. 1.3,5~T~iazi~ 39,7 

277. Et~&~(~ide 44,~ 
S~.Z 

O,Zl 

O.IO 
ZSO. 2-kce%am4do-~-~hylpropan~ide 85.8 

-0. ~O 
281, N ,N ,K' ,N ' -Te t~ thy l  keptane- 

- t 26  28B. 3 .6-Ol~ thy l -Z ,5-p~ peraz~d~ o~  75.S 

o.~o 2~ ,  i ,A -01~t~ l~2 ,5~pt  per=z(~edione 76.) 

-o .~)  

ee.~ o.$z z93- z=Prop~.ye~ao~l 

z~4. z eo to~e t~ l  7es  

6S -z.to 

120 ~9O.)B0} -sel -O.Z~ 

ize (90) -?.6~ - e .~  

69 - lo .71 

42 (107, t lB,  -a.g~ 0.19 

~2 (IS~) -I.75 -0A2 

leS -~.77 -1.7,' 

163 - e . ~ Z  -~ .16  t 

41 (112,163) -T.76 O.OD g 

~ -~ .~  0.~0 ~ 

~i (153, I~) =glO 

lIB -Z 61 -0.1O ~ 

lib - ~ .~  -O.6~t ~ 

71 -Z.Y~ - -  

71 -~ ~0 -O.4O 

~ .7~  7~ - l ~m  - -  

?~.7 ~S -6S?  

66=6 17 -~ 89 - -  
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2~ .  Te t rahyd~-Zh-py ran -2 -~hRno l  6eL5 I08.1 74 -3.Z1 0.10 370. T~halose 157.4 2~ .g  167 -31.40 -1.72 

e07  g~.1; ~0  (~0.16~) -s.zo - I . 52  37L  Ce~lutr io~e 229.9 3~ .Z  162 -38.45 2.36 297. D ie thy l e~  g l>col  

zge. ~ t~y~e=  g ly?o l  ~ . g  129.27 120 {~0.1S~) -6.g~ - I . ~  872. 4-O-~-L~=/~r~b~oW~-o~lucos~ ~2~.9 312.Z 162 -~S.4S 6.3~ ~ 

299. Te t r ae thy l e=  g lyco l  109.0 166.25 120 (90.158) - 8 .~  - I . 52  373. Na l t ~ t r ] ~e  229.9 304.8 lTZ -r -2.0~ 

~ .  Pe~taethy le~ g lyco l  133.Z 703.85 158 -10.~6 - 036  374. Melezi tose 230.3 310.0 99 (1621 -39.46 1.35 

301. Hex~ thy l e~  g lycol  ~dodecy l  375. D-Raf f imse 230.3 307.0 99 (1621 -42.4~ -1.65 
e ther  Z79.2 435.6 91 -10.67 037  376. Z-O-B-Col l o t r i  ~ I glyce ~ 1 268.9 359.5 162 -~ . ]O  -1.55 

302. Heptae thy le~  91ycol ~ecy l  377. Ce l l o~ t taose  302.5 ~09.0 162 - 4800  8.94 

�9 378. ~-a-~-cel lo t r losy l -~- f f I~cese 302.5 ~10.8 162 -45.50 6 .~  L 
zoo. Oet~e~y~e~ 81yoo~ ~ecy l  

e ther  327.5 5O9.7 91 -14.33 O.39 379. ~-0 -S-La ~i ~ r i b t osy  1 e e ~1 obiose 302,S 4]O.S 15~ -46.50 5 .~  i 

3O4 p~l~(et~ylene 9)yco l )  2~4 e Z~.5 37.41 158 -2.0~ -0 .33 L 380. Stacby~e ~08,9 401,0 162 -57.51 -5.87 ~ 

305. Po1~(ethylene g lyco l )  ~0  ~n.3 37.14 120 (1551 -2.0~ -0.23 L 38L  Cellop~n~aose 375.O 499.6 162 -66.74 -3.67 

~. ~olu glycol) IO00 ~ Z4,3 3/,03 ~zo [1~B) -LO~ -0.21 ~ 3B2* Cellohexao~e 447,5 601.7 16Z -73.99 0,21 

307. Po ly (e~y lene g lyco l )  20C0 e 24.~ 36 .~  IZO -~.00 -0.18 L 183. Soluble s t ash  ~ r i r  un i t  7Z.5 97.5 152 -11.85 -0.7~ 

308. ?ely(ethylene g lyco l )  1SOOg o Z4.2 35.87 120 -2.02 -0 .18 s 3~ .  ~y l ose  ~ r i c  un i t  72.5 9910 162 - 10135 0.78 

309. Poly(ethylene glycol) 20000 o 24.2 ~.8 18 -2.09 -0.25 ~ 385- =-Cyclodextrin ~5.5 6O2.0 162 -67.80 -O.?Z 

24.2 36.9 120 (90,1581 -1.98 -0.14 387. Rethyl-~-D-galact~pyranoside 94.~ ]3Z,6 162 -15,95 -1.11 

311. OJg~py le~g l yco i  81 . l  [Z4,64 158 ~3190 -O.22 3B8, Methyl-B*O-galactOpyra~side 94.2 13Z.9 162 -15.65 -0.81 

312. T r i p~py l e~  g lyco l  1153 177.61 158 -5.40 0.12 389. Me thy l -~ -D -g l ucopy~s ide  94.2 132.6 162 (~4.751 *15+95 -1.11 

313, Tetraptopyle~ glycol 149.9 731.36 158 -6,12 1.24 390, ~et~l-B-O-gl~r 94.2 133.6 162 (75) -14.96 -0.11 

184.3 283,7f 160 314. Pen tap~py le~  g lyco l  -8 .20 1 .~  391. 3-o-Hethyl-O-glvr g4.Z 134.0 162 -14.65 O.Z9 

315. Po l y (p~py ie~  g lyco l )  3~3 ~ 34.7 53.35 158 -3.00 -1.27 s 392. Methyl-r 94,? 132.9 15~ -18,55 - 081  

316. Poly(propyle~ glycol) 410 o )4.6 53.17 165 -1.67 -o.og ~ 3g3. 6tny(-~-b-91ucopyr~ss I04.5 149.48 24 .14.95 -Oll 

317. Po l y (p ropy le~  g lyco l )  940 e 345  $3.13 168 - I . 80  -0.30 L 3~ .  HeRyl~-O-glucopyr~noside 145.4 215 .6 24 -lhg4 z,go 

318. Pe l y (p~py le~  glycol) ~ e  395. Oc~y l -~-O-g lucopyr~s ide 166.8 246.8 24 -1~.3r ~50  
un i t  34.4 53.09 158 -1.38 O.46 396. Cyclohe~Vl~-O-gluoopyra~side 1360 197.4 24 -14.31 9.53 

319. Z-~s 39.0 55.25 4Z (1~.I01} 2,~8 0.~ s 397. Cyc ( ohe~ l  ~ -O -~ ,~py r  anoside 116.0 197.7 24 -14.0 [  0.88 

320. 3 -~ i eo - ] - p~  49,3 ?5.Zt 42 (~ )  -Z*~Z -0,37 3~ .  p~ l -~ -O-g lucopy~znos ide  126.4 177=5 162 -17.55 -Z.7Z 

121" 4-~i~-l-but~Z 59"5 91'17 I06 -2"07 -0"68 399. MethyI-B-cell~ioSlde 1~6.7 231.0 162 -26.90 -0.93 

322. 5 -Am i~ - l - pen=~ l  69.7 107.07 1~  -1.97 .0.88 r pheny l -6-ce l lob ios ide 198.9 283.6 162 - 20 .~  5.17 z 

)23. 6-~1~-l-hexanol BOO 123.36 I06 -I.4B -0.60 401. Pheny1-B-lactoside Igs.g 253.3 162 -21.I0 4.87 = 

3~4. 2 - (Methy l~ i~ )e%ha~% 49.7 77.D? 4Z -2.30 -0.02 40Z. Fe~ thy l a t edB -Cyc l~ex t r i n  703.6 1077 162 1113.42 - -  

325. Z-(Ethylamino)etha~] 59.9 92.91 42 -2.~6 0.02 4O3. Galacturonic acid ~.2 I07.6 99 -19.15 - -  

326. 2 - ( I ) i ~ t hy l a~ ino )e tha~ l  60.2 9417  42 0.$4 2.72 x 4C~L Glucu~n ic  acid ~.2 110.2 99 -16.56 

327. 2-(Oie%~lami~)etha~l 80,6 I23.04 42 (I061 -2,18 0.00 t 405. 2-(HeXylsulflnyl)etha~l IOB.g 166.5 52 -0.59 0.00 

328. ~Pyridi~l 51.0 75.4 133 -6 .5 I  - -  ~5 .  3- (He~ l  su I f i  nyl ) - 1 -p ropa~ l  I l g . 1  182.3 52 -0.69 -0.18 

329, 2 . 2 ' - Im i~b i se thaeo l  ~7 .  4 - (Hexy l su l f t , y l ) - l - buCa~ l  I29.3 198.3 52 -0.49 -0.06 
(Die~a~l~i~} 64,6 94.35 106 -4.3l 

~08. 2- (Octylsu I fl ~yl )ethanol 129.3 195.) 52 -0.69 O.O0 
330. 2 .~' -(Ethyllmi no)hi se ~anol 85.Z 125.0l I06 -3.?I 

409. 3- (Octyls u 1 f i nyl ) - l - p rop~ l  139.6 2133  62 -0.69 -0.15 
331, ~ .2 '. 2"-Ni tr( lotrl eethanol 

(Trie~a~l amid) 89.8 127,76 10(6 -4.~ -- 410, 4-( Octyls u I fi ~I ) -l-bu U~I 149.8 229,9 82 -0.49 -0,06 

332. 2 Hydroxyacetic acid 37.8 6L75  96 -4.53 -1.95 411. 2.5-Hexanadione 71.2 111.6 69 -1.57 0.00 s 

333. z-kLvd~p~panoic acid 48.0 69.3~ 96 -2.49 0.09 412. 1,4-Cyclohexa~edione 61.9 g2.B 69 -8.12 - -  

334, 2-Hydro~vbuta~ic acid 583 85.45 96 -2.22 0.36 413. Etha~dlole acid d i~ thy l  es~  57.9 9].4 69 -2.90 

335. 2 Hyd toxy -2 -~ thy l p~pa .o i c  acid 58.3 ~ .78  96 -1.35 h23  414. ~ thoXy l ce t i e  acid ~y l  ester  86.4 93.3 69 -2.69 - -  

336. 2-gydroXypenLanoic acid - I . 59  68.5 IO0.&7 ge -3.00 -O.4Z 415 A~%ic ~c~d ~tho~y~thyl es~ 56.4 94.4 69 

337. 2-Hydroy#-3-~ylbuta~oicaci6 68.5 IO0,S3 96 -2 ,43 O,16 415. 5 -~yd ro~y t r i cyc Io [3 ,3 ,1 , I~ *~  
dee=no~ (2 -Ad~n~=~ )  gLD 137.2 69 -0.8~ k - -  338. 2-R~droxyhexanoic ac id 78.7 117.26 96 2.01 0.57 

339  L Tar ta r i c  acid 68.? 83.45 131 -8.77 - -  417�9 FLvdrazinecarbothlomide 45.4 6r 163 - -  

340. ,~o-Tartarlc acid 65.7 82.90 132 -9.32 418. Z-Thi~e-4-imid=zolldino~ 50.I 76.6 163 p -- 

-Z.~ 341  2-Kyd~xyace~mide $0.3 562  164 (84.1241 -2.86 -0.16 419- 3-Hy4r~ybenzaldehyde 66+5 97.87 121 - -  

342. 2-Hyd~xyptopan~ide 50.5 73.I? 164 (857 - I . 53  1.17 L 420. 4-Hvdrox~enzaldehyde 66.6 96.94 121 -3.18 -- 

343. 4-HydroXybutan~ide 60.7 58.90 164 -1.75 -0.11 421" 3-Nit~Ophenol 68.2 99.71 121 2.04 

344. r  71.0 105.1 164 - l . 14  0�9 422- 4 -~ f t~pheno l  68.2 98.23 121 -3�9 - -  

345. 5~Hydroxypentanamide 71.0 105.4 164 -1.06 0.23 423" 3-~drOxybenzoni t r~ le ~6.1 97�9 101 -- 

3~. 6-H~roxyhexan~ide BI.~ 121.1 154 -1.15 -0.16 424- 4-Hyd~oxybenzonlttl)e 56.1 g8,3 1oi p - -  
42S. Caffei~ 97.3 144,2 46 / .16  - -  

347. 4-Hydro~octan~ide I01.7 15119 164 - h74  -O.IO 

3~. 4~Hydro~decan~ de 122.1 ~83,3 164 1.94 -O*30 

349. 2-Methaxyetha~mi~ 45.4 79.59 &2 - I . 64  O.gO B (a) ~11 quant i t ies  a~  g i~n  in  ~3  ~1 -1  

350. 3-Methoxy-l-p~panamine 68.6 98.95 42 -1.48 -0�9 (b) Van der Weals ~1~S  were evaluated using group con t r ibu t ion  ~por ted  by Bondi (Refs. 

48.3 82.56 ~1 (I~.1121 -~.20 O.O08 19.201. except for  H{C). O(e~het). CO0. N~. and CS groups, whose values we~ taken f~m ~ I .  ~orpholi ~ 
3~2 r 58.8 10128 41 -2.82 0.00 ~ E dward (Ref.681 Ri,g r we~ applied fo110wing E~Xard (R~f.691 and Shahidi 

353* ~ i ch l o r~ tha~e  347  58.06 2 I.~ -- (Ref.1631- 
364 Trichlor~ethane 43.5 723 137 5.35 -- C c) Sources of e~peri~ntaT data Sources of data not util ized in this wo~ a~ enclosed {e 

3~8. b -A r~b i~se  /o.1 93.2 ~ (}62) -1~.54 -o .?o ~a ~n~heses, 

386. O-RiPest ?O.l 95.? 99 (7S.~S) -13.84 I . ~  (d) ~ ; ~(~xP) - V~(caIc)" ~Ic~lated vagus we~ ~ ~ Eq'Z using P a r a ~  ~ -  

767. Z-Oec~/-O-tibose 65,5 93.8 162 -I0,5~ O,6Q ~ orted i n  lable ] .  

3SB. D-Xylase 70, ]  9S.4 99 (16~) -13,34 1.50 (e) The whole ~ l ecu l e  may be c~s i c~d  as a un i q~  s ing le  group, 

16~ b-F~cr 54.9 l l r ) ,4 ~67 -18.66 -0.II (f) At 3O%, . 

360. O-Galactose 84.9 110.Z 99 {75.1621 -18,75 -O.ZO (91 ~ingle co~o~nd used to calculate one para~ter o f  Table I or I f .  

361. D-Glucose 84,9 112.04 12S (75,99, -16.93 1,64 (h) At ~0~ 
124.1621 ( i )  Oompound not used to  de~ ine  a~y gara~ter of Tables I ta ] z I .  

362. 2-Deo~#-D-glucose 80,3 110.4 162 -14.14 0,70 [J) At IyC. 

363. D-Mannose 84.9 111.7 16Z (99) -17.25 1.30 [k) Calculated usin 9 the co~ct ion p a r t i e r  for thea~a~ntane ring syst~ CTable I l l ) .  

364. L~$orbose 84.9 110.6 16~ -]8.45 O.09 ( I )  a = ~(exp) - V~(calc). C~Icula~d values we~ obtained from Eq.I using p a r ~ t e ~ -  

365. Cellobiose 157.~ 213.6 162 -24.70 4.95 s ported in Tables I to ] I I  

366. Lactose 157.4 209.1 99 (1621 -29.20 0�9 (m) At  24~ 

367. Haltose ]57.4 ~08.8 16~ (~ )  -29.50 0.18 In}  Calcu la~d using the r  pa rade r  o f  po)yols (Table I l l ) .  

368. Helibiose 157.4 Z04.Q 162 34.30 -4.62 ~ (o) The number next to the n~  i s  the ~leCular welgh~ give~ by the author. Reported 

369- Suc~se 157.8 ~11.6 99 (65.78. -25.51 1.17 quan t i t i es  ~ fe r  to on e ~le of  ~no~ r  , n i t .  

125'159.162) (p) This compound c~tai,s one or ~ g,~ups ~ot included ie Table I. 
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TABLE V I I .  Free Energies of  Hydrat ion (~) at 25~ a 

139,1813 

2. Ethe~ 7.66 183 (4.27,~9,)4, 0.26 
139,1fil1 

3. P~pa~  8.1e 183 (~,g4,139,181) 0.04 

4. ~,~Le~ 8.70 183 (4,E7,29,94, -0.18 
13~,1al) 

5, 2*~yT~ropane 9,70 183 [94) 0,19 

~, ee .~  9.76 94 ( l~e) 0.14 

g.97 e 22,132 -(L2e 

8. 2.2-Olmt~Yl~re~lne IO,~ 183 (94) 0.~9 

IO, 2 -~ t~ l pen~  lo.56 94 -0.43 

12. ~.~-O~Oylb~t~ 10.8~ 94 0.24 

13. Hep~  10.96 94 ( )~ }  "O l~  

is .  oc~ I~.IO 9~ U~) 

17. 2 , 2 ,S - l r ( ~y l hex~e  31,39 | 22,13z -z,o? ~ 

21. ~t~IcyclopenOnr e.68 ) i  1o2 

).33" ZZ,UZ -z-~) e 22. Cycl~ep~a~ 

~3. ~ylOr 7.14 94 0.73 

2S. ~ .  i .  Z -D~y l~c l ohexa~  6.6~ 9~ -0.~3 

ZT. l -Prnpe~ 5.31 94 (1~3) O.lO 

Z). 2-~thXl-l-pr~e~ 4,87 183 (94) 0.09 

30. l-Pen~ 6.~ ~4 0.27 

3~. 2-Plethyl - l - bu~  5.48 94 1.12 

33, 3 -~ thy l  * 1 - bu~  7,65 94 0.33 

39, Cyc l o~n~  2.34 94 O47 

1.S4 ~4 - lOS  

63, l~Hep~ 2.51 94 0.~ 

56. 1 -Bu ~n-3-~ne 0,17 163 

S~. ~hylbenze~ -3.71 181 (6,943 0.13 

~9. E thy lb~Ze~  -3.~3 181 {6,943 -0*23 

64, (l-~thyle~yl)ben~e~ - I .26  94 (leT) 0.47 

65. 1,2,4~Trl~t~yl)~e~ -3.60 94 0,0( 

67, ( ) - ~ t hy l p~py l  )be.~e~ -1 ,~  94 -089  

71. l ,  I ' - ~hy l e~  ~benZe~ -11.78e 1,5B ?,se f 

?~  9H-F]~nre~ -14.41 e 23,)Z7 (15l}  5,10 t 

7~. Naphthale~ - io .o1"  13,1E7 (94,181) o 1 ~  

79. z .e-Bi~thylnaph~ale~ -11,~ e 1,1~7 -0,40 

80. Ace~phthe~ -13.t7 e 1.127 (g4,)8)) 1.27 ~ 

ST. Anth~ace~ -17.10" 23,~27 (94,181) -0.10 

82, Phe~n t~  -16.53 | 23.121 (94,181] 1.07 

ez, py~  - le .se"  23,127 (1813 4.)0 ~ 

6~* E~ ]  -~O.gB 26 (94) o.oo 

87, Z-propa~ I -19.90 15 -0.28 

e9  2 -~y l - I  - p~p~ l  -18.93 26 -0.o6 

90, 2 -6u~ I  -19,15 38 (~6) -o,2e 

-~e.so 2e 

~ .  2-Pen~a~l -18.38 E~ -o2s  

~ .  2 -~h~ -2 -bu ta~ l  -18.54 le  -0.03 

~7. I-x~ano~ ~le.Ze 16 (3O) -O.lS 

103, l -Hepta~ l  -17,76 ~5 -0.49 

I ~ .  Cyc l o~p~ l  -21.9S 3e -0.99 

1~0, Phe~l -27,68 145 -1.3Z 

111, ~-~e~vl~he~l  -14.S8 14e 1.70 

11), 4- ( I , l  -[l imP~yl e~ ' l  ) phe~l  -24,79 146 

I~ .  N -P~y1 -1 -p~p~ ,~  

-I?.9~ 4e 

- ILO~ 4e {73) 

-ZOn9 

-20.~S 

o.e} 

-0.gZ 

0.4S 

OCS 

-0.07 

-2U r 

O.SB 

1.91 ~ 

o . o o . '  

o e l  

o .32  

- o . 2 9  

-o .~1 

o . o o  

- o . l o  

o . 7 s  

-o . s8  

-o . a2  

- o . 1 4  

o .67  

-o .6~ 

-o . z~  

- o 4 o  

- 1 1 3  



Group Contributions of Non-Ionic Solutes 589 

;~NOFUffCT I ONAL CO)~OUND AG~(exp) Ref. b ~ 

163. 2-P~pamne -16.12 45 (Z7.2~,3C) -0.46 

164. 2-Elutam= *ISmZZ r (30) -0.~ 

ISS. 2 -Pen t=~  -14.76 30 (el) -0 .58 

166. 3~eez t=~  -14.Ze 4~ ((I] -0.IO 

167. 3 -~e thy l -~ -b~ t~  -13.~e S,81 (81) -0.01 

168. ~-H~.~ -13.76 e S,8~ (81) -0.33 

i~z. Z ,4=o l~ t~ -3 -pen=a=  -ll.~= I5,160 060) -0,02 

lyS 2-acre=he -12.~ 30 -O.il 

174. ~ - N o a a ~  -10,41 30 0 . ~  

175 5 -~o .a~=  -ll.le" s,81 (el) 0.03 

1~6. z-u~eca~ -9.os 30 o.~a 

17T TricyclQ[~,3,t,l ','] d~ano~ 
(Z -Ad=anano~ )  -18.6~e Z),aS b 

!78. l-Pbe~le)a~ (Ace~phe~) -19.1e 94 o.oo* 

17s. A:e ta lee~d r  -14.50 3O -6~ 

18o. P~panal -14.40 30 -0.$4 

l~t, a u ~ l  -13.Z9 30 -o.)~ 

182- Pen~n~l -12.68 ~0 *0.30 

183. ~exanal -)1.76 30 -O.)2 

Ia4. ~p~nal . -11.18 30 -02e 

~5 .  acre*el -9.58 30 0,52 

187. ~-Z-~=.&I - IT .B8 Sl -o.~ 

~9o. b .ma , ~  -2,4-H~xadtenal - 1939  )~ O.44 

!91 ~e.zMdehyde -16.84 94 0.00 ~ 

~93 P~pa~Ic acid "s 77 (~4) 0.16 

194. eu~no i c  ~c~d .26.59 27 (96) -0.09 

95. F'omir ,cicl  ~ t hy l  es te r  .11.64 94 0,88 

798. Fomlc acid et} ly} ester  - I%07  94 0.71 

!97 A~ t l c  acid ~ t h y l  este~ .13.87 ~7 -0.93 

98. Ferule acid propyl ester -10.39 94 0.65 

799. roml r  ~cld I -~ t~y l e t~ l  ester  -8.65 94 1,95 E 

z~0 Acet ic  ~cid ethy l  estee . IZ ,95  Z7 (30) -Q7S 

zo~ ~ ro~a~c  ac~ mth~1 est~ -~Z.Z7 ~o -0.07 

~02. r e l i c  acid Z -~ thy l p ropy l  ester  -9.30 94 0.37 

203. Acetic acid prepyl es te r  -H .95  77 -O.4S 

zoo. ~ropanolc acid etl~yl es te r  -11.70 94 -0.24 

?O6 BuUnoic acid ~yl es~ r  -11.85 SO -0.3~ 

~07. r ' o~ i c  aci~ 3 -~ tby l b .~ l  ester  -8.90 94 O,OZ 

208. Acetic a<id Outyl est~e -10.67 94 0.05 

z~ .  Acetlc acid 2-~Ipropyl ester -9.B7 ?4 0.22 

~lp .  P~panolc acid p~pyZ as~ r  -10.77 g4 0.~5 

es te r  -9,30 94  0.79 

~12. au~no~o ac%d er es~r -10.aA 94 O.Z8 

z l3 .  ~ t ane i c  acid ~hy l  ester -10.77 3O -0,05 

~14. ~cetic ~Cld pentyl es~r -10.~7 94 -0.79 

~15 Acetic acid 3 -~ t~y l bu t~ l  ester  -9.25 94 o,io 

216. Bu~nolc acid p~o)yl ester  .9.S~ N 0.45 

?17 Pentanoic acid e~ly l  ester  .I0.56 96 -0,58 

Zl~ Hexznclc aci~ ~Eyl es~r -10.41 so -0.43 

?T9 Acets ~r ~yl e~r -g.~7 9~ -O.23 

?ZO. )ropanolc aci~ ~ty% e~r -~.3) 9r O.gl 

:2Z .  bc~noic ~cid ~J~v l  ester  -8.53 ~o -0.04 

ZZ3. Benzoic zci~ ~r estee .17,~2 94 0.00 B 

~74 ~eet~mide ~.63 I~ 0.00 ~ 

~5 .  ~ l u o ~ a ~  -0.gZ l ~  (4,94) C.O0 g 

~Z6 Ch le~ thane  -2.SS ~S3 (4.~4} 0.TO 

2Z7. Chle~tha~ -2.6~ 94 -0.34 

2Z8. )-Chlerop~pa~ -2.1~ 94 0.4) 

279. ~-Chlorop~pa~ -I.03 94 -O.11 

231 ~-ChIoropemtane -O,Z9 94 -0,23 

233. ~-Chlor~penta~ O.17 

~3~ Ch lo~ thene  -Z.4~ 183 (94) 2,74 ~ 

740 ~ -~ r~p ropane  - z .~  ~ -~,S9 

242. ) -B ~- ~-~thyl propane -0.11 94 D,56 

N014OFU N~ 10#(~ C0~0ilND ~ {exp )  Ref* b ~c 

743. 1 -B r~ -3 -~ t~ l bu ta~  0.845 04 

Z~ ,  B~enze~  -6.11 94 

245. i * a~ -4 -~hy l  benze~ -5.B2 ~4 

~4~. 1 -B~=2 -e thy l benze~  -4.g7 94 

Z4Z, 1 -B~o -2 -  ( 1 -~ thy l e t hy l  i ~ ( , z (~  -~.5r 94 

~48, Z~ the~  -371 94 (4) 

~50. %-]odopropa~ -2 45 94 

Z51. 2-1 odo~pa~  -I.~4 94 

Z52. 1-I~uta~ -1.O8 94 

Z53. ~e tha~ th i o l  -S . le  94 

254. E~h a~h to l  -S.42 94 

255, ~enze~th io l  -10.57 94 

2~6, Th i ob tS~ tha~  (D i~hy l su l f i de )  -6,45 94 

2S7. 1 , l ' -Thtob lseth~ne -~.~w 94 

~58. Methyl t~ntobenze~ M1,r  94 

750. p~ops~ni tri ~e -15.0~ 27 

ZSl.  ~u~n~te~le - lS.~s z7 

zsz. ~ r~ tha~  -IS.S2 ~4 

Z63. l -N IC rop~p~  -J 3,9~ ~4 

264. Z-N~tr~p~pa~ -13.13 ~4 

265, Ni t r~benze~ -17,23 94 

206. 1-F~thyl -Z-n l  t rc~enze= -~S.OI g4 

0.79 

-o.za 

O.02 

0.os 

OAS 

-O.OZ 

-O.l~ 

-O.S0 

0.40 

-0.49 

0.00 ~ 

0.~ 

-0.01 

0.oo~ 

-0.IS 

Ol~ 

0.41 

-1 .S2 

o.sz 

zs~. I , z -E th~ .~ foz  -~Z~O~ 77 17.33 0.00~ 

Z69. 1 ,2 ,3@ropa~t~ io l  - ~ . 56  2B 127) 37.81 - -  

ZTO. o~th~ymtha~ -12.27 94 n .14  4.ze f 

Z71. ~ ,2 -D~oxye th~ .e  -ZO.ZO 43 Z.43 -~.99 

272. 1 ,1 -O ie tho~e t~a~ -13.70 94 0 .6  -0.01 

273, 1 ,2 -Dte to~e~ane -14.78 94 6.&O l . ~  

Z76. 1 ,3-Dtoxo la~ -17.14 33 16.13 

Z75, 1,4-Oloxa~ -Z1.15 33 11,3~ o.oo g 

Z76. 1 .2 -E thane~ i~ i~  -~1.7~ 43 (94) ~3.g4 0 .~  ~ 

777. ~p~ raz~  -~o .~  37 17.02 o.oo~ 

Z7B. I-Hetl~v I ptpeeazi ~ -32.S3 37 10.~9 O,O3 ~ 

I~.~r -0.03 

28Z, 2-{Z-ICethyl p~pyl ) pyrez~ ~ -2%11 ]1 1~.Z5 -O.4Z 

p~r~zl ~ -1s 31 18,37 

Z~7. 2-F ~po~ye ~he~ I - ~84  43 7.6~ O,O~ 

Z~ .  Z-~ toxyethano]  -Z~.2Z 4S 7 57 -0.07 

�9 Z89 2-~at~o~ye~anam~ ~ .27.39 43 6.B0 O.O0 ~ 

Z�0, 3-Hetho~-l-prop~nmine -28.98 43 4 47 0,09 

291, ~rpt~H ~ -30,02 37 I0.18 0.0o s 

Z94, O i c h l o r ~ t h a ~  -S.~8 94 6.84 -O.Ol 

~5 .  I , l -O~chlo~ethane .) J4 9~ 7.81 Q.96 

298, 3. I -O i ch~bu t~ne  -~.01 06 6.9~ OAt  

Z97. D1br~ethr -~ e2 94 s ~ 1.37 

300. 1,2-04chlo~opeop~ne -5.25 94 S.3~ O,~S 

301. 1,2-Dibr~etha~ -B.79 94 4 17 -0.Z4 

302, 1 , 2 -O ib r~op~pe~  -8,10 94 

303, I -Be~ -2 -Ch lo~ tha~  -e.16 94 4.31 -o.1o 

304 1,3 Dtchlo~pane -7.~3 94 3 ~I 0.4}* 

302. ~ - l , 2 -O i ch~o roe thene  -3 . ; 0  ~4 l z  83 - 

3~. I +2- Di ch lo~be~ze~  -57~  94 -o.zs - -  

)09. 1+3-Utc~lo~benzene ~4.11 94 13~ - -  

31D, 1,4-Dlchlor~en~ene -4,22 94 i 24 - -  

311 1,4-Oib~benze~ -~6~ 94 -1 .~o - 

31~. T r i f l uoe~ tha~  3,32 9~ 18ao  1.53 

313 Trlchlor~tha~ -4,46 2B (94) 17 3Z 0.05 

~14 % ,l, l-Trichlor~thane -l.O3 94 20.39 0.ii 

01~ cn l e , 0~ i f l ~o~e th ,~  -x  as ~sz (g~) 15.47 -~ so  

SJ7 I ,  J ) 2 - l r i ch l o~oe tha~  =8.16 ~ i  J~ .~  - 

318 I r i c~ l o r~ the~  -18 )  ~4 2~.1D - -  

31g. Te t r~ )uo r~ r  13~  183 (94) 36.47 1 .~  
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POLYFONCTIO~AL ~MPOUNO AG~{exp) Ref* b ~c A L 

320, Tetrach 10~ane 0.40 94 32.25 -2.33 

3Zl. Ch 1o~tri fluor~e~ane 10,56 94 ~,06 1.48 

322, Diehlorcdi f I u o r ~ t h a ~  7.08 94 34.70 0,12 

323, B r ~ t r i f l u o ~ t h a ~  7.48 g4 33.47 +I ,11 

324. 1 ,1 ,2 ,  E*Tetrach I o r~ t~ane  -g.87 g4 20*23 -- 

3~5, 2 -Ch lo~ - I ,  1,1 * t r i  f l uo~e tha~  0,23 94 24i@9 

326, Tetra fluor~thene 5.76 183 35,09 - -  

3e.o~ 327. Tetrach Ior~thene 0.23 94 

328. Pen te th lo r~ thane  -5.71 94 34.4"5 

329, Hexachlor~thane -5.88 94 44.36 - -  

330. 1, 1 ,2 .2-Tet~ach l~ro- l ,  Z- 
d f f luoroethane 3,42 94 r ~1.80 

331. 1,1 ,Z -THeh le~ - I ,Z ,2 -  
tr i f luoroetha~ 7,42 94 51.31 O.OB 

332. 1, I-a I ehl orotetrafluor~thane I0,50 94 5Z*~B 1.05 

333. l ,Z -O lch ]O~- ]  * ~ .2 ,Z*  
te t raf luor~tha~ 9.70 94 51.4B 0.25 

334. Ch loropentaf  l uo r~ tha~  11,99 94 51,65 0.42 

335. l, 1, Z ,3,3,3-Hexa f luo~- 1 -p~o~ 9,67 183 53,15 - -  

336. 4 -B r~phe~ l  -~9.85 145 - I . 53  - -  

337, 3-Nit~p~e~l -40.31 122 -2,26 - -  

-44 .SB 14S (122) -5.53 338. 4-~I  trophen01 

339, 3-Hyd ~xybenzalde~yde -39.81 122 -0.53 - -  

340, 4-Hyd~xybenzaldetLvde +43.83 145 {122) -4.55 

341. 3-Hydroxybenzoni t r i  l e -4O.44 122 

34~. 4-ffydroxybenzo.t t r i  l e  +42.57 122 h 

~.4~ 343, Z-Chloropyrldi ~ -1e.3g 12 

344. 3-ChTo~pyrldl ~ -15.80 12 4.08 

POLyFUttCT]Ot(AL C~MPOUNp AG~(exp) Ref. b A c A ~ 

345. l, 1 '-Thiobis (2-Ch1 or~) -]6.40 94 8,45 

346, 2 ,2 ,2 -T r l  f l uo~ thano l  - IB ,0Z  154 25.44 

347. 1. I * 1 +Tri fluo~propan-~-el ~17.40 }54 24.6B 

34~. 2, ~ , 3 , 3 -Te t r a f l uo~p~pan -  I - e l  -20.41 154 29.}8 

349. 2 , 2 , 3 ,3 ,31pena l  luoro ~ 
pro~an- l -o l  -17,38 154 40,2Z 

350. l,l ,1,3,3,3-Hexafluoro- 
p~pan-2-o l  -15.77 154 48.78 

-I f (a) A l l  quantities e~ given in kJ ~1  . ~ ~ e~ to the isothemal transfer of the 

~le~le f~ Be ideal IM gas state to the hypothetic~1 ideal ~ous solution at 

(b) Sources of experi~ntal data. Sour~s of data not u~ilized in this work a~ enclosed 

~n pa~ntheses. 
(c) ~ = AG~(~Xp) ~ AG~(CalO). Caleula~d values we~ obtained from Eq.2 using p a r ~ t e ~  

~por~ed in Table I .  

d The whole ~ leou le  ~ y  be cons lde~d as a uniq~ single gr ip .  

(e) Eval~ted by us as ~C~(exp) = RTIn p/X * 17.88 (kJ ~l- ). The vapor p~ssu~ P(a~m) 

o f  the pu~  c~pound and the solute ~ l e  fraction X in saturated aqueous solution ~ 

taken from the f i ~ t  and sec~ quoted ~ f e ~ n ~ .  ~spact i~ ly.  

I f )  Compound not ~ed to dateline any para~ter of Tables I to I l l .  

(g) SSngle ~m~o~d used to  ca lcu la te  one pa ra~ te r  o f  Table ] or I I .  

(h}  This c~o~d  ~n~afns one or  ~ g~ups not ~nc l u~  in  Table I ,  

(J)  ~ = aC~(exp) - aG~{calc). Calculated values we~ ob%einer f ~  Eq.l using parade= 

~po r t ed  in Tables I to  SiS. 

TABLE V l l l .  En tha lp ies  o f  Hyd ra t i on  (~H f~ )  a t  25~ a 

MONOFUNCTIOflAL CDMFOUNO -AH[{exp) Ref. b a c 

1. Methane %3.79 183 (4,29,139*1B1) d 

Z. s  1g.76 183 (4,29,131,181) -1.11 

3.  P~pane 22*50 183 (4,139,181) -0 ,5 ]  

4. Butane Z5,97 183 (4,139,18] )  -0,83 

5. 2-~thylpropane 22,49 ~83 ].61 

6, pentane 24.70 8O (138) 3.67 

7, 2 ,2-Oi~t~,v  I propane 27.84 183 0.14 

8. Hexa~ 3L60  80 (138) 0.02 

9, Heptane 33.~9 13B 0.97 

39.75 138 -1.64 

~1, Cyc Iopropane 13.72 183 9,37 e 

12. Cyc I ohexa~ 33,20 80 -0,91 

13. Et:hene 15.33 183 (4.181) 0,45 

_e,ss �9 14. T+P~pene 28.21 183 

1L  Z~M~x l - l - p~opene  ~4.e8 1B3 -LTe  

15. 1,3-Butadfene 37,68 183 -17.61 e 

14.79 1B3 -3,37 17. Ethyne 

18+ l -P ropy~  15,52 183 -0.64 

19, l+But~,ne 15.51 ]83 2.71 

20. ] -Bu~-3-yne 14.40 183 1,29 

~l. Senzene 31.77 80 {4,6,181) -0.41 

22. Me~ly lbenze~ 36.26 8O (6,187) 0.27 

23. Ethylbenze~ ~.~4 80 (6,1el) -0.46 

24. 1,3-OC~thylbenzene 47.51 6 {]81) 0.20 

25. 1 .4 -D im thy l~nze~  ~.~ 6 [ lS1) 0,76 

~3.~0 S0 26. Propyl benzene -O,~B 

27. ( l +Methyl e thyT ) bemze~ 41.46 ~81 0.53 

28, Naphtha le~  46.86 181 -2.53 

29, ~-FIuo~ 53,14 181 g,93 e 

30, kce,aphthene 49.62 181 5.43 e 

MONOFIJNCTIONAL COMPOUND -AH~{exp) Ref~ ~c 

Sl. A . ~ r a = ~  SB.~e le l  -1,z7 

32. P ,e .a . t h~ne  s4,~g m l  Z.gZ 

33. Pxrene 63.60 mY  O.e~ 

34. Methanol 44.52 71 (3,28)  8,12 e 

3S, E~enol  ~Z.+O 71 (3,28) 3.40 

~.6S 36. l-PrepaY] 52.45 71 (3,28) 

37. 2-Propeno1 58.2T 71 (3,2B) -0.~1 

07g 38, l-Butanol 61.58 71 {3*29) 

39. 2 -Methy l+ l -p~pano l  60.15 71 (281 T. ]9 

40. z-Butane+ 62.72 3S (2~,71) - I . 38  

41, 2-Methy l -2-p~pa~el  63.92 71 {3,~8) -1.94 

42. 1-Pe,m~1 64,76 7] (29( o~ 

43, 3-Pentano] 65.98 38 - l , ~3  

44. ~-Meth~1.2-butanol 65.65 Z9 -0.43 

45. 1-Hexa~l 66.20 7T 2.66 

46. 3-Hexa~ l 69.58 38 -1.75 

47. 4-Hep~a~l 75.31 38 -4.24 

48, Cyclopen~nel 66,86 38 0.9] 

49. Cyc 1 ohexanol 70.5D 38 0.04 

50. CXcloheptanol 74,56 38 -0,65 

51. phe~l 56.94 145 -0.85 

52. 2 -Methy Iphe~ l  62.68 f 10,54 {145) -~,41 

53. 3-Methylp,e~l 5B.65 t I0,54 2.61 

5'$. 4-~ylphenol 61.63 f T0,54 ( 1~ )  -0.36 

55. 4- ( 1. ] -Di~thylethyl ) phone I 63.8l 146 6.80 e 

56+ ~>ll-Oxyblse~a~ (s e~her) 47.011 9.116 (~g.155) 0.00 g 

57. Tetrahydrofuran 47.26 33 (74) -0.49 

58. Tetrahydro-2H-pyrafl 48,88 33 {74) Olg7 

59. z-Methyl tat rahydrofuran 51.38 33 -0.05 

50 2.5-Di~thyl tat ~Rhyd~furan 56.30 33 =0.43 
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~OFUNC~I~AL ~NO -~ (exp )  ~ f . b  ~c pOLY~T ]~L  C~P~NO -~ (exp )  gef .  b Ac Ah 

51. ethanaxd ~ 54.0Z 

6Z. 1 -p ropa~mi~  55.75 

63. 2-Propanmi~ 55.05 

59. e-Ethy]ethanami ~ 65.12 

7~. N -Boty] - ]  - bu tan~ i  ~ 75.99 

73. 2 -~ thH-~ - (~ -~ ' opy~ ) - l -  
p~pa ,~ ,  6snz  

52. 1-Kethylp~r~ l i d i ~  53 .~  

87. 4 -~ thy l  pyr~d J ~ 55.52 

90. 4-Ethyl p~ri~i, 5Z.2Z 

95. 3.4-o~%pyrldi~ 56.65 

98. ~,6 B i s (~ , l - d i . t ~ l e~y l ) py r i d~  57.03 

TOO ~ -~no~  45.71 ~ 

I04. ~ -~xaoo~ 51 .~  

~09. ~ ,4-o~ ~ t h y l - ~ - p e n ~ n o ~  58.00 

~12. 1 -Cyclopropylethano~ 49.30 

~14. Cyc~op~o~a~ 

~5 .  C~c~ohexa~ 

~]6. Tr I cycle {3.3 . l .  1 ' ' ' ]  deca~  

119. P~openelc acid 

~Zl. ~-W~hylpropa~o~e a:~e 

1~3. Acet ic acid ethyl ester 

)25. 2-Met~Ipropa~ie acid 

!30. n -eu~e t~ tde  

t36. ~ 1 finilbls~tha~ 
(Di~Vlsul foxide) 
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71 
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71 

7] 
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73 
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32 
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37 

87 
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~5,54 (561 

45,54 (Z5,56,8~) 

~6 
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25 (1601 
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5s.s 7~ 
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4S.60 ~sz (~e) 

4g.oD 15~ 

*e .m  56 

47.sD 56 

~ . 3 0  71 

18.13 lm  (~) 
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3~.6e ~ 45.I0~ 

35.73 ~ 169.54 

~ .Z4  ~ 1~3.54 

-1.~1 141. ~ .2 -E~a~o l  7 2 . 3 0  f 53.~7Z 2 0 . ~  o . o o  s 

0 . 2 0  142. 1 , 2 . 3 - P ~ p . ~ t r J o l  103.47 28 29.11 - -  

~ ,03 ~45, 1 - ( Z - ~ t h o •  p r o ~ a ~  69 ,09  I lS  6 . 2 9  0 . 1 9  

- O . l ~  146 .  1 , 2 - o l ~ t h o ~ t ~  71 .92  I lS  3 ,46  - Z , ~  

6 . 1 4  O.04 
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] 0 ' 3~  154. l ,  ~ -O i~by l h~ raz i~  74 .~  ~ 49,54 Z3,51 - -  
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