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Abstract

Enthalpies of dilution of aqueous solutions of 1-butanol, butanediols, 1,2,4-butanetriol and 1,2,3,4-butanetetrol (erythritol), were measurec
at 298.15K, using a LKB flow microcalorimeter. Experimental data were treated according to the McMillan—Mayer theory, to obtain the
enthalpic interaction coefficients. The pair interaction coefficignshows a clear dependence on number and position of OH groups. Results
are discussed in terms of molecular interactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction solution requires information about solvent—solvent,
solvent-solute, and solute—solute interactions. The
The thermodynamic properties of aqueous solutions of McMillan—Mayer solution theory[5] allows the for-
alcohols and polyols are of special importance in the elu- mal separation of effects, which arise from molecular pair,
cidation of the nature of interactions between nonpolar and triplet and higher order interactions. The magnitude and
polar groups and water and because of their connection withsign of solute—solute interactions are related to the changes
biological systems. It is well known that small alcohols act in thermodynamic properties when two solvated solute
as protein denaturating agents while polyols and sugars aremolecules interact with each other. They can be analyzed in
known to act as protein stabilizers and cryoprotectants for terms of the values of interaction coefficients obtained from
plant and animal tissues. Some studies suggest that the cryexperimental quantities in different ways. Many authors
oprotective nature of polyols depends on the number andhave assumed that the intermolecular energy is equal to the
position of hydroxyl groups. However, the behavior of this sum of two-body and three-body interactions for binary
type of solutes in water is not well understood due to the com- mixtures, but it should be noted that the contribution of
plexity of solute—water and solute—solute interactions that three-body interactions is small compared to that of two-

take place in aqueous solutiofis-4]. body interactions. Higher order interactions are generally
In a mixture, molecular interactions occur between both negligible[6-9].
like and unlike molecules. A full description of a binary In this work we present a systematic study of the

enthalpy of dilution and the virial enthalpic coefficients

- for aqueous solutions of 1-butanol, butanediols, 1,2,4-
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position effect in the enthalpic coefficients of the alcohols in Table 1
water. Enthalpies of dilution of alcohols in water at 298.15K

The McMillan—Mayer theory5] was employed to relate  ° m? AHg" i m AHgi°
the experimental values of the dilution enthalpy with solute 1-Butanol

a

molality and to obtain the pairwise interaction coefficients é'gigg g'iigg :ggf'g 8'222; gg;?g :ggzg
of 1-butanol, butanediols, 1,2,4-butanetriol and 1,2,3,4- (gg37 04225  _6154 05130 02462  —300.1
butanetetrol in water. 0.8401 0.4016  -572.8 0.5066 0.2431  —287.0
0.7526 0.3603  —508.1 05006  0.2403  —402.5
0.7521 03601  -533.7 03805 01829 -213.1
0.6796 0.3254  —426.4 03033 01460 —171.3
0.6772 0.3243  —440.4 01861 00921  -107.3

2. Experimental
1,2-Butanediol

The materials used in this work were the follow-  520%0 20633 -27058 17288 07868  —8650
o ) i 4.5069 1.8345 —2379.6 14991  0.6890 —719.4
ing: 1-butanol (J.T. Barker), 1,2-butanediol (Aldrich), 1,3- 34404 16392 —2141.8 09705 04564  —446.2
butanediol (Sigma), 2,3-butanediol (Fluka), 1,4-butanediol 3.3040 1.4093 —1772.0 0.7251 0.3447  —3285
(Aldrich), 1,2,4-butanetriol (Fluka) and 1,2,3,4-butanetetrol ~ 2.6418 11574 13936 05129 02461  -2131

; : 2.3694 1.0497 —12217 04728 02273  —201.2
(erythritol) (Sigma). The alcohols and polyols were of the 03181 01540 1294

highest commercially available purity and were degassed

and maintained in desiccators before use. Water content™=Butnedol

X . : 5.1371 1.9691 —2023.3 14820  0.6596  —561.1
was determined in all cases by the Karl Fischer method. 4.3911 1.7322 —17495 0.9636 0.4390 _348.7
Water was doubly distilled, treated according to literatureand ~ 3.3028 1.3608 —1311.3 0.7361 0.3388  —257.1
degassed before use. All solutions were prepared by weight ;-gi’s i-égég *1323;‘ 8-23% ggﬁ *iggg
using a Mettler balance AT-261 dual range with sensitivity o2 07640 6683 0.4506 02101 1428

of 10-° g in the lower range. Final concentrations were cor-

i i 1,4-Butanediol
rected according to water content analysis. dtanecio

alle . 6.3088 23151 —1820.8 2.8693 1.2035 —1033.3
Measurements of heats of dilution were carried out 59390 22092 —1795.3 2.7561 1.1615  —993.8
at 298.15+0.01K. The applied flow-calorimeter (type  5.2385 2.0000 -1639.2 2.6236 11118 9439
10700-1, LKB, Bromma/Sweden) was used in the mixing 50193 1.9326  -1531.9 24368 10408  -88l.1
de. It th tated b h tat (Col- 42687 1.9162 —1521.6 2.4015 1.0273  —874.3
mode. It was pre-thermostated by a cryothermostat (Col- , g6,7 18800 -—15581 17727 07791 —6550
ora Kryo-Thermostat WKS5) set to 5K below the working 4.6260 1.8083 —14453 1.5963 0.7070  —596.1
temperature of the instrument. The inflowing solution and  4.3605 17222 -1415.6 1.4756 0.6570  -511.8
: . 3.9837 1.5970 —1337.1 1.1837 05339  —405.9
water were brqught 'Fo the correct working tempe_rature_ N 1830 L4822 _1258.7 10332 04692 3533
two thermostating coils before they met at the_ mixing point 3 4515 14030 —11994 0.8801 0.4024  —2692
of a 0.56 ml heat exchanger spiral. Two peristaltic pumps  3.0943 1.2858  —1100.5 0.6734 0.3108  —234.2
were used: Pharmacia LKB P-2 and Biotech LP 80-A. The ; 3 gytanediol
flow rates were determined by weighing the masses of lig- 4.2572 1.7430  —1905.0 0.8388 0.3954  —302.2
uids passing through the pumps in a given time. The Biotech 3.7334 1.5600  —-1747.8 0.7651 0.3619  -268.5
s 31 3.3033 1.4040 —1449.7 0.7085 0.3359  —251.2
pump was set to a fixed Water flow pf 6.6310°¢g s The _ 549 13861 14294 0.6375 03032 2330
Pharmacia pump was used in variable mode with pumping 5031 0.8980  —8416 0.5972 0.2846  —208.6
speeds between 3.28102 and 3.33x 10 2gs L. It was 1.5591 07123  —6443 05103 02441 1585
adjusted in such a way that all dilution heat had been dis- 12251 05678 ~ —485.2 02858 01381 971
sipated to the heat sink before the mixed solutions left the e AHg
. . . . 1 Il
spiral. The sensitivity of the microcalorimeter amounted to 12 4-Butanetiol
100uV mW-1, The cglorimetric signal was registered by a '3 790; 14939 _989.4
Hewlett Packard multimeter 34401A, which measures up to  3.1969 1.2928 —885.4
1000V with 6.5 digits resolution and accuracy in the order ~ 2:5892 1.0780 —756.5
of 0.002% 1.9688 0.8452 -593.9
: : 1.4006 0.6188 —4245
0.8247 0.3755 —245.2
0.2751 0.1290 -52.2
. . 1,2,3,4-Butanetetrol
3. Results and discussion 0.7919 0.3754 156
_ _ o 0.6904 0.3292 -13.7
The experimental results for the enthalpies of dilutionof 1-  0.5988 0.2871 -129
butanol, 1,2-butanediol, 1,3-butanediol, 2,3-butanediol, 1,4- 0.4977 0.2401 -105
0.3995 0.1938 -7.9

butanediol, 1,2,4-butanetriol and 1,2,3,4-butanetetrol (ery- :
thritol) inwater are reported ifable 1. In all cases the relative Z Un!tsf mol kql-
standard deviation is less than 1 J mbl Units: Jmor ™.
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Table 2
Virial enthalpic coefficients of alcohols and polyols in water, at 298.15K
Solute Bk ex? ook Amd Reference
1-Butanol 926 334 1.0923-0.0921 This work
1003+ 15 646+ 56 [9]
1,2-Butanediol 777 73 -10 5.2030-0.1540 This work
923 60 1.5310-0.0934 [16]
1,3-Butanediol 621 33 -5 5.1371-0.2101 This work
1353 14 0.1547-0.01828 [10]
750 14 0.8971-0.1263 [16]
1,4-Butanediol 705 -19 -1 6.3088-0.3108 This work
2078 -8 0.1568-0.07044 [10]
787 -8 1.202-0.2094 [16]
657+ 12 0.04-0.02 [17]
2,3-Butanediol 619 6951 -9 4.2572-0.1381 This work
2766 51 0.09252-0.00998 [10]
837+ 10 514+9 2.4679-0.0549 [18]
1,2,4-Butanetriol 524 20 -9 3.7991-0.1290 This work
1,2,3,4-Butanetrol 44 -5 0.7919-0.1938 This work
398 —53 [16,19]
359 -11 [16,20]

a Units: J kg mot2.
b Units: J kg mol~3.
¢ Units: Jkg mol—2.
d Units: mol kg™t

According to the treatment proposed in the -coefficientshyy andhxxx the analysis is restricted to the
McMillan—Mayer theory of solutions, the dilution enthalpy first pairwise coefficienkyy.
for a binary mixture can be expressed as a virial expansion In the pairwise association of alcohols and polyols, inter-
of solute molalities, in such a way that the coefficients actions involving the side-chains are significant and affected
characterizing the interactions between solute molecules carby the number and position of the OH groupable 2shows
be obtained10-12]from the following equation, fitting the  that the pair enthalpic interaction coefficiehx, between
experimental data by least squares: two alcohol molecules, is positive for all the systems stud-
ied. The higheskyy value is for 1-butanol in agreement with
results presented by other authors who have studied this sys-

The homotactic coefficientdix, hxxx and of higher tem. The values become smaller as the number of OH groups
order describe solute—solute interactions between sol-increase§l3—15]. The results obtained in this work for diols
vated molecules, whilen;, and ms represent the initial  are consistent with those reported by most authors. The small
and final solute molalities, respectively. The interac- differences can be attributed to the differences in the con-
tions between polar non-electrolyte molecules include: centration range used and the resulting differences in least
(1) dipole—dipole interaction between polar groups, (2) squares fitting of experimental data, with exception ofife
hydrophobic—hydrophobic interaction between alkyl groups, values reported by Fujisawa et H0] which are quite high.
(3) polar—apolar interactions between the solvated polar No results have been found in literature for 1,2,3-butanetriol
groups and solvated apolar alkyl groups. Besides, theseand the value reported for 1,2,3,4-butanetetrol is much higher
interactions occur between solvated molecules, so that theythan our resulf16].
are affected differently in the concentration range used The hyy values decrease as the number of OH groups
[13,14]. increases, in the following order: 1-butanol>1,2-

The enthalpic coefficients obtained in this work and the butanediol > 1,4-butanediol > 1,3-butanediol > 2,3-
concentration ranges are presentet@idahle 2and compared  butanediol > 1,2,4-butanetriol > 1,2,3,4-butanetetrol.
withthose reported in literature. Inthis work, the hydrocarbon ~ The positive value of the enthalpic coefficient can be
chain remains constant and the number and position of OHinterpreted as the result of different contributions. In first
groups varies. As the concentration range used in each casglace the polar—polar interaction between OH groups strongly
is wide except for erythritol due to solubility limitations, the hydrated with water that can participate in hydrogen-bonding
adjustment by least squares was done to obtain the best fittingnteractions and have a negative contributionifg. The
of the experimental data obtaining two or three coefficients. endothermic effect due to partial dehydration of the solva-
However, due to the large uncertainty in the higher order tion layers, characterized by a positive contributiorif.

AHgil = hxx(ms —mj) + hxxx(mfz - m|2) + hxxx(m? - m|3)
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