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The contributions of hydrocarbon radicals (--CH3, >CH2, >CH--, >C<) and functional 
groups (--OH, --OCOO--, --NO2, --CN, >SO) to the enthalpies of soivation of organic 
molecules in zraxed water--tert-butyl alcohol solvents were calculated in the whole range of 
compositions at 298.15 K. The influence of the composition and properties of the mixture 
on the soivation of different functional groups [s discussed. 
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Data on group contributions to energy parameters of 
solvation are known 1-4 only for water and several non-  
aqueous solvents, while this information is almost absent 
for mixed solvents. At the same time, the problem of 
additivity of properties of organic compounds, including 
their properties in solutions, is rather urgent, because 
only studies of simple objects give information on more 
complex organic molecules. This work continues sys- 
tematic studies of the solvation of organic molecules s-8 
in water-alcohol mixtures and is devoted to the determi- 
nation of the contributions of the hydrocarbon radicals 
and polar groups of molecules in H~O--ButOH mix- 
tures. 

The enthalpy of solvation (ASH~ of a nonelectrolyte 
molecule consisting of the hydrocarbon R radical and n 
functional Y groups can be expressed through the group 
contributions as follows: 

j" 

~sH~ = ao + AsH~ -' ~ns ,AsH~ (I) 

where a 0 is the coefficient in Eq. (2) [br n-alkanes, 

~t t  ~ = ao + alVw, (2) 

where V~, is the van der Waals molar volume of alkane. 
The determination of group contributions in the 

enthalpy of solvation of o~an ic  molecules in H20- -  
ButOH mixtures in the whole range of compositions was 
difficult, since experimental data on enthalpies of solva- 
tion of hydrocarbons, which are necessary for determin- 

Table 1. Coefficients of Eq. (2) for enthalpies of solvation 
ofatkanes in the mixed H20--ButOH solvent at 298.15 K 

XButOH a0 --al XButOl:-t a0 --(21 

0.00 -12.81 0.272 0.30 1.75 0.426 
0.05 -1.68 0.324 0.50 t.00 0.435 
0.t0 1.60 0.364 0.75 0.95 0.429 
0.20 2.34 0.408 0.90 1.1 l 0.424 

1.00 1.25 0.42I 

ing the contributions of the corresponding radicals to 
the enthalpy of solvation, were no t  available. We ob- 
tained these data in another study. Using the regularities 
established, we calculated the coefficients in Eq. (2), 
which are presented in Table I. The  contribution of the 
hydrocarbon radicals to the enthalpy of solvation deter- 
mined from Eqs. (3a)--(3d) is presented in Fig. 1. 

AsH~ = 13.67 �9 a t, 

~H~ = 10.23-at, 

asH~ - )  = 6.78-a I + 1.3, 

.%H~ = 3.33.a I + 4.6. 

(3a) 

(3b) 

(3c) 

(3d) 

The coefficients in Eqs. (3a)--(3d) are numerically equal 
to the van der Waals molar volumes of the correspond- 
ing hydrocarbon radicals taken from Ref. 9. The in- 
crease in the enthalpies of solvation of the >CH--  and 
>C< radicals by 1.3 and 4.6 kJ rnol - l ,  respectively, is 
related to the fact that the enthalpies of evaporation of 
hydrocarbons containing the tertiary and quaternary C 
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Fig. 1. Dependences of enthalpies of solvation (3.sH ~ of 
hydrocarbon radicals in the H20--ButOH mixture and of the 
a 0 coefficient in Eq. (2) (curve /) on the composition of the 
solvent (X) at 298.15 K: - -CH 3 (2), >CH 2 (3), >CH--  (4), and 
>C< (5). 
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Fig. 2. Dependences of enthalpies of solvation (AsH ~ of 
functional groups in the mixed H20--ButOH solvent on its 
composition (X) at 298.15 K: - -O- -  ( /) ,  - -OCOO--  (2), - -CN 
(3), --NO2 (4), and >SO (3-). 

a toms  are 1.3 and  4.6 kJ mol  - I  lower,  respect ively,  
t h a n  the  c o r r e s p o n d i n g  en tha lp i e s  o f  evapora t ion  of  
n-a lkanes ,  l~ En tha lp i e s  of  d i sso lu t ion  are i n d e p e n d e n t  
o f  the  a lkane  s t ruc ture .  ~~ 

The  a 0 coef f ic ien t  in Eq. (2) cor responds  to the  
en tha lpy  of  so lva t ion  of  a lkane  w h e n  V w = 0. This  value  
is d e t e r m i n e d  on ly  by the  so lvent  nature .  T h e  change  in 
the  a 0 coeff ic ient  at di f ferent  com pos i t i ons  of  the  mix-  
ture  has an e x t r e m e  cha rac t e r  wi th  a m a x i m u m  in the  
range of  c o n c e n t r a t i o n s  o f  B u t O H  equal  to  0.2 mola r  
f ract ions  (m.f . )  and  an  ins igni f icant  m i n i m u m  in the  
range of  0.6 m.f.  ButOH.  T he  c h a n g e  in solvat ion of  the  
a0 c o n t r i b u t i o n  d e t e r m i n e s  m a i n l y  the  c h a r a c t e r  o f  n o n -  
specific so lva t ion  of  c o m p o u n d s  in the  mixed  solvent  
s tudied.  

The  data  p r e sen t ed  in Fig. 1 show tha t  the  solvat ion 
of  the  - - C H 3 ,  C H >  > C H - - ,  and  >C <  radicals  increases  
ins igni f icant ly  as the  c o n t e n t  o f  the  a lcohol  in the  mixed  
solvent  increases  to  0.2 m.f.  Bu tOH.  In the  c o m p o s i t i o n  
range of  0 . 2 - - 1 . 0  m.f. Bu tOH,  the  en tha lp i e s  o f  solva-  
t ion  of  these  groups  r e m a i n  a lmos t  u n c h a n g e d .  T he  
aforesaid can be ev idence  t ha t  the  p roper t i es  of  the  
mixed solvent ,  wh ich  d e t e r m i n e  nonspec i f i c  solvat ion,  
are cons tan t .  

Using Eq. (3),  we ca lcu la ted  the  i n c r e m e n t s  of  the  
funct ional  g roups  (Y = - - N O  2, - - C N ,  - - O C O O - - ,  >SO,  
- - O - - ,  - - O H )  (Fig. 2) to the  en tha lp i e s  o f  solvat ion of  
molecu les  of  ace ton i t r i l e  (1),  n i t r o m e t h a n e  (2),  p ropy-  
lene c a r b o n a t e  (3),  d ime thy l su l fox ide  (4),  2 - e thoxy -  

e thano l  (5),  ter t-butyl  a l coho l  (6) ,  e thy lene  glycol (7),  
2 ,3 -bu ty l ene  glycol (8) ,  1 ,4 -bu ty lene  glycol (9) ,  and  
glycerol  (10) in the  H 2 0 - - B u t O H  mixture :  

~ H ~  -- ..%H~ - a o - ~H~ (4) 

asH~ = ~sH~ - a o - asH~ (5) 

~Ho( - -OCOO - )  = AsH~(3) - a o - AsHO(__CH3) - 
- ~H~ - ~ H ~  (6) 

,XsH~ = ,~H~ - a0 - 2"AsH~ (7) 

AsHO(--O - )  = ~H0(5) - a 0 - 6sHO(--CH3) - 
- 3"~sH~ - ~s /P(- -OH),  (8) 

%H~ = ~H~ - a 0 - 3 �9 AsH~ - 

- ~ H " ( > C < ) ,  ( 9 )  

~ H ~  = [~f t~ - a o - 2 - ~H~ 

~Ho( - -OH)  = [c~Ho(8) - a 0 - 2 ~ H o ( _ C H ~ )  - 

- 2" ~H~  (t l) 

&sHo(--OH) = [AsHo(9) - a o - 4-~sHo(_CH2)] /2 , (12)  

6sHo(--OH) = [AsHO(10) - a 0 - 2.asHO(>CH~) - 

- ~sH~ (13) 

T h e  en tha lp i e s  of  so lva t ion  of  the  c o m p o u n d s  are pre-  
s en t ed  in Table  2. 
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Table 2. Enthalpics of solvation (-As H~ of compounds 1--10 in the mixed H20--ButOH solvent at 
298.15 K 

XSur - ~",sH~ mol -I 
1 2 3 4 5 6 7 8 9 10 

0.000 34.5 34.9 41.0 70.5 65.5 64.0 68.1 73.9 86.6 91.4 
0.050 25.5 25.6 29.8 64.2 54.4 51.7 63.1 64.6 79.9 86.6 
0.075 25.0 24.1 29.7 63. i 52.9 48.2 62.5 63. i 79.6 86.0 
0.100 25.2 24.9 30.3 62.7 51.5 46.5 62.5 61.7 79.3 86.0 
0.200 26.1 25.9 31.5 61.3 50.2 45.9 62.5 60.4 79.0 86.3 
0.300 26.2 26.6 31.8 60.2 49.5 46.0 62.5 59.7 78.8 86.5 
0.500 26.4 27.1 31.8 58.8 49.3 45.9 62.9 59.2 79.2 87.0 
0.750 26.0 26.7 31.2 57.3 49.5 46.6 63.1 59.3 80.3 87.2 
0.900 24.7 24.3 29.8 54.9 48.7 47.1 63.0 58.6 81.0 86.0 
1.000 22.1 22.4 27.4 50.7 47.2 46.8 62.3 57.0 81.4 84.0 
A~apH 33.2 38.3 42.8 52.9 47.2 46.8 61.1 76.5 59.0 85.8 

Note. The enthalpies of solvation of the compounds were calculated using the formula As-//~ = ,AsoIH ~ - 
A~apf[. The enthalpies of dissolution (AsolH) were calculated from the data in Refs. 7, 8, and 12; and the 
enthalpies of evaporation (,AvapH) were calculated using the data in Ref. 13. 

The  entha lpy  of  solvation o f  tert-butyl alcohol was 
d e t e r m i n e d  as the  d i f fe rence  be tween  the relat ive 
partial molar  en tha lpy  (see Eq. (13)) and the enthalpy 
of  evaporat ion (fi~ 

fi~ = HE + (1 - ,t'B~LOH)" (OHe/OXS~tOH) (14) 

The  enthalpy o f  mixing water with tert-butyl alcohol 
(HE/kJ m o l - t )  15 is descr ibed by the n in th -power  poly- 
nomial  relative to XButOH, whose coefficients are the 
following: a o = 0.02, a I = - 2 2 . 6 8 ,  a 2 = 285.42, a 3 = 
-1759 .6 ,  a 4 = 6384.8, a 5 = -14348 ,  a 6 = 20219, a 7 = 
-17395 ,  a 8 = 8345.7, a 9 = 1710.0. In calculating the 
enthalpy of  hydra t ion  of  ButOH,  the value of  the stan- 
dard enthalpy o f  dissolution ( - 1 7 . 2  kJ too l - l )  1 was used, 
which was obta ined f rom the ca lor imet r ic  data in the 
region of  small  concen t ra t ions  o f  the dissolved c o m -  
pound.  

For  de te rmin ing  the enthalpy o f  solvation o f  the 
hydroxy group in Eq. (8), AsH~ of  2,3-butylene 
glycol was used. 2 ,3 -Buty lene  glycol is an i somer  of  
2 -e thoxye thane ;  its molecu le  polar  groups are located at 
adjacent  C atoms.  

In the whole  range o f  composi t ions  o f  the mixture,  
the solvation o f  the funct ional  groups increases in the 
series O < O C O O  _- C N  <_ N O  2 < OH(8)  < OH(10)  < 
OH(7 )  < O H ( 9 )  < O H ( 6 )  < SO. Differences from this 
series are observed only for ,AsH ~ of  the functional  
groups of  acetoni t r i le ,  n i t romethane ,  and propylene car- 
bonate for which ( - - O C O O - - )  < ( - - N O ? )  < ( - - C N ) .  

The enthalpies  o f  solvation o f  the - - C N ,  - - N O  2, and 
- - O C O O - -  groups are very close in the whole range of  
composi t ions  o f  the mixed solvent.  This  can be related 
to insignificant differences in their  e lec t ron-accep tor  
and e l ec t ron -donor  (except  n i t romethane)  properties and 
in sizes (Table 3). The  enthalpies  of  solvation of  these 
groups remain a lmost  unchanged  within  the composi -  

t ion range o f  0 .2--1 .0  m.f. Bu tOH.  This can be evidence  
for an insignificant change in e l e c t r o n - d o n o r  proper t ies  
as the composi t ion  o f  the mixed so lven t  is varied. This 
conclus ion can be also conf i rmed by the close values of  
donor  numbers of  the c o m p o n e n t s  o f  the mixture:  water  
and tert-butyl a lcohol  (see Table 3).  

The  sulfo and hydroxy groups  with p redominan t ly  
e l ec t ron-donor  properties are c h a r a c t e r i z e d  by the more  
pronounced  dependences  of  the erathalpies o f  solvation 
on the composi t ion  o f  tile m ix tu re .  In the compos i t ion  
range o f  0. I - -  1.0 m.f. ButOH, the solvat ion o f  the >SO 
and - - O - -  groups weakens no t iceab ly .  This  is explained 
by a decrease in the e l e c t r o n - a c c e p t o r  ability o f  mo l -  
ecules o f  the m e d i u m  (Fig. 3). T h e  E r values o f  the 
mixture were de te rmined  from E q .  ( l  I) obta ined  t7 for 

Table 3. Van der Waals molar volumes (Vw) and donor-accep- 
tor properties (DN, E-f) of dissolved compounds and solvents at 
298.15 K 

Compound V.~(R) Y,,,(YI DN E T 

AcetonitNle I3.67 14.70 14. l 46.0 
Nitromethane 13.67 16.80 2.7 46.2 
Propylene carbonate 30.68 19.1 15.1 46.6 
Dimethytsulfoxide 27.34 l 7.37 29.8 45.1 
2-Ethoxyethanol 44.36 5.2 a - -  50.8 
tert- Butyl alcohol 44.34 8.04 38 43.9 
Ethylene glycol 20.46 8.04 b 20 e 56.3 c 
1,4-Butylene glycol 40.92 8.040 --  --  
2,3-Butylene glycol 40.90 8.040 --  --  
Glycerol 27.24 8.04 b 19 57.0 
Water -- - -  33.2 63.1 

,",rote. The values of V,,,/cm 3 tool -t  were, obtained from Ref. 9; 
D.~vTkcal mol -I ,  Ref. 15; E T. Ref. 16. 
a V.,, for the - -O--  group, b The V,,, value is presented for one 
OH group, c Values for ethylene glycot. 
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Fig. 3. Dependences of enthalpies of solvation (~.stI ~ of 
hydmxy (/) and su!fo groups (2) in the mixed H20--ButOH 
solvent on the eleetron-acceptor ability of the mixture (ET) at 
298.15 K. 
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Fig. 4. Dependences of enthalpies of solvation (,XsH ~ of 
hydroxyl groups of 2,3-butylene glycol (1), glycerol (2), ethyl- 
ene glycol (3), 1,4-butylene glycol (4), and tert-butyl alcohol 
(5) in the mixed H20--ButOH solvent on its composition at 
298.15 K. 

the composition range of 0.06--33.2 mole H20 per liter 
or 0.1--0.99 m.f. Bu~OH. 

E T = 43.9 + 2.82"ln(CH20/1.Ot + l), (15) 

where CH20 is the molar concentration of water in the 
mixture. 

The enthalpies of solvation of the hydroxy groups of 
ten-butyl alcohol, ethylene glycol, 1,4- and 2,3-butylene 
glycols, and glycerol are presented in Fig. 4. In the whole 
range of compositions of the mixture, the enthalpies of 
sol'cation of the monofunctional ButOH are the most 
exothermic, because the mutual effect of functional 
groups of the same nature are absent. The solvation of the 
hydroxyl groups decreases as the number of OH groups in 
the alcohol molecule increases, i.e., in the ten-butyl 
alcohol--ethylene glycol--glycerol series. The mutual ef- 
fect of hydroxyl groups decreases when they diverge. This 
may explain the fact that the AsH~ values for 
1,4-butylene glycol are more negative than those for 
ethylene glycol. The enthalpy of solvation of the OH 
group of 2,3-butylene glycol is more endothermic that 
AsH ~ of OH groups of diols and glycerol. We observed the 
similar decrease in the solvation of the hydroxyl group of 
2,3-butylene glycol in the case of the water-methanol 
solvent Is and explained this by the formation of the 
intramolecular bond in 2,3-butylene glycol. 

A change in the composition of the mixed solvent 
affects insignificantly the enthalpies of solvation of hy- 
droxyl groups in the range of gButOH > 0.2 m.f. The 
strongest change in ~ H ~  occurs when additions 
of tert-butyl alcohol are small (XButOH < 0.2 m.f.). An 
increase in the content of ButOH in the mixture results 
in a decrease in solvation of the OH group of polyhydric 
alcohol and its enhancement  in the case of di- and 
trihydric alcohols. 

This work was financially supported by the Russian 
Founda t ion  for Basic Research (Project No. 
95-03-08426a). 

References 

I. V. P. Belousov and M. Yu. Panov, Termodinamika vodnykh 
rastvorov neelektrolitov [ Thermodynamics of Aqueous Solu- 
tions of Nonelectrolytes], Khirniya, Leningrad, 1983, 264 
pp. (in Russian). 

2. S. Cabani and P. Gianni, J. Chem. Soc., Faraday Trans. 1, 
1979, 75, 1184. 

3. R. Fuchs and W. K. Stephenson. Can. Z Chem., 1985, 
63, 349. 

4. V. I. Smirnov and G. A. Krestov, Zh. [(him. Terrnodin. 
Termokhim. [J. Chem. Thermodyn. Thermochem.], 1993, 2, 
5 (in Russian). 

5. O. A. Antonova, D. V. Batov, and V. P. Korolev, Zh. 
Obshch. Khim., 1993, 63, 2200 [J. Gen. Chem., 1993, 63 
(Engl. Transl.)]. 

6. O. A. Antonova, D. V. Batov, and V. P. Korolev, 27,. 
Obshch. Khim., 1994, 64, 1253 [J. Gen. Chem., 1994, 64 
(Engl. Transl.)]. 

7. D. V. Batov, N. G. Egorova, A. F. Svishchev, and V. P. 
Korolev, Zh. Obshch. Khim., 1994, 64, 1761 [J. Gen. 
Chem., 1994, 64 (Engl. Transl.)]. 

8. D. V. Batov, O. A. Antonova, N. G. Egorova, and V. P. 
Korolev, Zh. Obshch. Khim., 1996, in press [J. Gen. Chem., 
[996, in press (Engl. Transl.)]. 

9. A. Bondi, Z Phys. Chem., 1964, 68, 441. 



1720 Russ. Chem.BulL, Vol. 46, No. 10., October, 1997 Batov and Korolev  

10. B. N. Solomonov and A. I. Konovalov, Usp. Khim., 1991, 
60. 45 [Russ. Chem. Rev., 1991, 60 (Engl. Transl.)]. 

! l. D. V. Bamv and V. P. Korolev, Zh. Obshch. Khim., 1992, 
62, 2429 [.L Gen. Chem., t992, 62 (Engl. Transl.)]. 

!2. N. G. Manin, O. A. Antonova, and V. P. Korolev, Z77. 
Obshch. Khim., 1996, 66, 1271 [J. Gen. Chem., 1996, 66 
(Engl. Transl.)]. 

13. Y. Marcus, Ion Sotvation, Wiley: New York, 1985, 306 pp. 
t4. V. P. Belousov and A. G. Morachevskii, Teploty smesheniya 

zhidkostei [Heats of Mixing of Liquids], Khimiya, Leningrad, 
I970, 256 pp. (in Russian). 

15. Y. Marcus, J. Solut. Chem., 1984, 13, 599. 
16. Ch. Reichard, Solvent Effects in Organic Chemisrry, Verlag 

Chemie, Berlin, 1979. 
17. H. Langhals, Angew. Chem., Int. Ed. Engl., 1982. 21, 724. 
1.8. D. V. Batov. O_ A. Antonova, N. G. Egorova, and V. P. 

Korolev, Zh. Obshch. Khim., 1996, 66, 214 (J. Gen. Chem., 
1996, 66 (Engl. Transl.)]. 

Received December 9, 1996 


