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Abstract

The enthalpies of vaporisation of isomers of butanediol were determined by calorimetric

measurements. A Knudsen effusion cell was used for this purpose.

The values of the standard enthalpy of vaporisation obtained for the different isomers were

compared and significant differences were found between them.
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1. Introduction

The enthalpy of vaporisation is a property which is often used for determining

other thermodynamic quantities and for investigating the structure of compounds

in the liquid or gas phase. Indeed, the enthalpy of transferring a solute molecule
from a gas to solution, the enthalpy of solvation, a very important property in sol-

vation research when the solute is liquid, is usually determined from a thermody-

namic cycle which includes the enthalpy of solvation, solution and vaporisation.

Also, from the enthalpy of vaporisation the energy level (Hartree–Fock en-

ergy+ zero point vibrational energy+ temperature dependent vibrational, rotational

and translational energies) of a certain compound in a gas or liquid phase can be

characterised provided this quantity is known for one of these states. If we bear

in mind that a liquid has a more complex structure compared to that of a gas, pro-
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gress in the understanding of the liquid structure can be achieved via the knowledge

of the enthalpy of vaporisation. As a characteristic property of a given substance the

enthalpy of vaporisation can also give information on the structural or chemical pu-

rity of a liquid.

In the present work the enthalpies of vaporisation of butanediols are determined

for all commercially available isomers and enantiomers. These compounds are part

of an interesting class of compounds, with relatively short chains, a certain flexibility
and the possibility of establishing hydrogen bonds. Different isomers and enantio-

mers exist but only a few experimental data on their enthalpy of vaporization are

found in the literature. Table 1 contains values for the enthalpy of vaporisation of

butanediol isomers reported by various workers. The discrepancies between the val-

ues of a given compound, the poor accuracy of some results or the lack of informa-

tion on others lead to the indubitable conclusion that work should be done in order

to get reliable results for these substances.

2. Experimental

The butanediols used in the present study were purchased from Aldrich Company

and were of the best quality commercially available. The mass fraction purity was

specified to be x > 0:99 for all substances except for R-1,3-butanediol, x > 0:98.
The substances were used without further purification except for R-1,3-butanediol

which was purified by sublimation by a cold finger technique. The purity was
checked by gas-liquid chromatography using a polar column (DB-wax polyethylene-

glycol) and a non-polar one (OV-1 polydimethylsyloxane). Values in the range

0:9916 x6 0:998 were found for the mass fraction purity. The test substances were
kept over molecular sieves in a dry atmosphere and manipulated inside a glove box

filled with dry nitrogen.

The determination of the heat of vaporisation was carried out by calorimetry

using a Knudsen effusion cell. A cylindrical vaporisation/sublimation cell with an

internal diameter / ¼ 10:9mm and a height h ¼ 10:2mm was used. The effusion hole

TABLE 1

Values quoted in the literature for the enthalpy of vaporisation DvapH 0
m of butanediols at T ¼ 298:15K

Substance DvapH 0
m

Method

kJ �mol�1

(�)-1,2-Butanediol 71:6� 0:8a; 69:1b Vapour pressure data

(�)-1,3-Butanediol 67:8� 2:1c; 74:5� 1:0a Vapour pressure data

1,4-Butanediol 76:6� 1:7c; 79:3� 0:5d Vapour pressure data; Calorimetry

meso-Butanediol 59:2e

aRef. [1].
bRef. [2].
cRef. [3].
dRef. [4].
eRef. [5].
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was bored in a teflon joint with thickness l ¼ 0:2mm placed over a viton joint in

order to assure tightness. Different effusion hole diameters /0 where used for the dif-
ferent compounds: /0 ¼ 2mm for 1,4-butanediol; /0 ¼ 1mm for ð�Þ-1,3- and R-1,3-

butanediols; /0 ¼ 0:5mm for ð�Þ-1,2 and meso-2,3-butanediols; /0 ¼ 0:2mm for

(S,S)-2,3-butanediol. The vaporization/sublimation cell containing an amount of
substance between (10 and 25)mg was inserted into a cylindrical stainless steel tube

adapted to the C-80 Setaram calorimeter cell compartment, which was connected to

the vacuum line. An empty cell was used as reference. The vacuum system consisted

of a two-stage Edwards E2M18 rotary pump and an Edwards EXT500CR turbomo-

lecular pump. The vacuum attained was of the order of 10�4 Pa. The device used for

closing and opening the cells was based on that described by Sabbah [6]. The opening

process did not contribute to the measured signal as verified in blank experiments.

The experimentswere carried out under conditions leading to a total vaporisation of
the substance in the cell. The time required for completing the vaporisation was two to

five hours, corresponding to an effusion rate of the order of m ¼ ð7 � 10�10Þkg � s�1 in the
case of 1,4-butanediol and m ¼ ð1 � 10�9 to 2 � 10�9Þkg � s�1 for the other compounds
studied. A typical vaporisation curve is shown in figure 1.

The value of the calibration constant ð38:9� 0:2Þ J � V�1 � s�1 was determined
from the results obtained for the sublimation enthalpy of naphtalene {LGC refa

0031, x > 0:99; DsubH 0
mð72:6� 0:6ÞkJ �mol

�1 [7]}. The calibration was checked by

measuring the enthalpy of vaporisation for undecane {Fluka, gas chromatography
standard, x ¼ 0:998; DvapH 0

mð56:6� 0:6ÞkJ �mol
�1 [7]}. The value obtained was

DvapH 0
mð56:1� 0:3ÞkJ �mol

�1 ðn ¼ 6Þ.
Meso-2,3-butanediol was the only test compound that is solid at T ¼ 298:15K.

The enthalpy of vaporisation at this temperature was determined from the

enthalpy of sublimation at T ¼ 298:15K and from the fusion enthalpy at T ¼

FIGURE 1. Curve of the electromotive force E against time t corresponding to the vaporisation process

of a mass m ¼ 13:59mg of 1,4-butanediol at T ¼ 298:15K.
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306:6K. The enthalpy of fusion was determined by differential scanning calorime-
try, with a Perkin Elmer DSC7 calorimeter, according to the procedures given

elsewhere [8].

In this work uncertainties are taken to be the standard deviations.

TABLE 2

Enthalpy of vaporisation values DvapHm at T ¼ 298:15K obtained from different masses m of butanediol

isomers

m/(mg) DvapHm

kJ �mol�1

(�)-1,2-Butanediol
5.39 73.9

9.12 73.7

9.31 73.5

10.95 72.9

13.46 72.9

18.54 73.4

24.38 73.0

(�)-1,3-Butanediol
10.34 72.0

15.75 73.0

17.51 72.8

20.57 73.6

21.67 72.9

21.84 73.2

25.45 72.2

R-1,3-Butanediol

12.80 71.5

15.93 71.6

18.18 72.8

20.07 73.0

21.82 72.8

25.59 72.1

1,4-Butanediol

8.77 78.7

9.19 78.6

10.26 78.3

10.94 78.4

11.06 77.8

13.59 78.3

14.94 78.2

(S,S)-2,3-Butanediol

12.00 62.5

17.90 63.9

19.15 64.0

22.43 62.6

22.71 62.8
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3. Results

The values obtained for the enthalpy of vaporisation of butanediol isomers except

for meso-2,3-butanediol are presented in table 2.

Table 3 contains the values obtained for the enthalpy of sublimation of meso-2,3-
butanediol and table 4 those for the enthalpy of fusion of meso-2,3-butanediol. The

temperature of fusion of this compound is Tfus ¼ ð306:6� 0:2ÞK and DfusHm ¼
ð10:8� 0:1ÞkJ �mol�1.
The value of DvapH 0

m for meso-2,3-butanediol at T ¼ 298:15K was determined

from the experimental results of this substance through the following simple thermo-

dynamic cycle:

DvapH 0
mðT ¼ 298:15KÞ ¼ DsubH 0

mðT ¼ 298:15KÞ � DfusH 0
mðT ¼ 306:6KÞ

þ ðClp � CspÞð306:6K� 298:15KÞ;

where Clp and Csp are the heat capacities of the liquid and solid phases, respectively
assumed to be constant in the temperature range of interest.

Heat capacity measurements carried out by differential scanning calorimetry on the
solid at T ¼ 283:15K gave a heat capacity value of Csp ¼ ð213� 6ÞJ �mol�1 �K�1.

From similar measurements made on the undercooled liquid at T ¼ 298:15K
Clp ¼ ð237� 6ÞJ �mol�1 �K�1 was obtained. From these values we may conclude that

TABLE 3

Enthalpy of sublimation values DsubHm at T ¼ 298:15K obtained from different masses m of meso-2,3-

butanediol

m/(mg) DsubHm

kJ �mol�1

10.17 77.1

10.77 77.0

16.22 77.4

17.11 78.0

21.08 77.7

22.00 77.1

TABLE 4

Enthalpy of fusion values DfusHm and fusion temperature Tfus obtained from different masses m of meso-

2,3-butanediol

m/(mg) Tfus DfusHm

K kJ �mol�1

4.25 306.4 10.8

3.59 306.5 10.7

2.38 306.7 10.9

2.05 306.7 10.9

1.94 306.8 10.8
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the third term in the above equation gives a negligible contribution to Dvap
H 0
m(T ¼ 298:15K).
From the results obtained an estimation of vapour pressure values at

T ¼ 298:15K can be made, resulting in pv ¼ 4; ð9 � 10�1Þ; ð9 � 10�1Þ; ð8 � 10�2Þ;f
4 and ð4 � 101ÞgPa, respectively for (�)-1,2-butanediol, (�)-1,3-butanediol, R-1,3-
butanediol, 1,4-butanediol, meso-2,3-butanediol and (S,S)-2,3-butanediol. For the

compounds under study DvapHm ¼ DvapH 0
m. In table 5 we present the results for

DvapH 0
m for the butanediol isomers in this study at T ¼ 298:15K.

The values obtained in the present work are close to those quoted by Steele [1] and

Sabbah [4] whenever comparison is possible, but the differences with the values of

other authors are significant.

The results obtained for DvapH 0
m of the isomers were compared using the sta-

tistical t-test for the difference of the means. The significance levels for the
two-sided t-test corresponding to the differences between the means are given in

table 6.

As one can see from table 6, the probability of a type I error is significant only

for the difference between the means of (�)-1,2-butanediol and (�)-1,3-butanediol.
The difference between the results obtained for (�)-1,3-butanediol and (R)-1,3-bu-
tanediol gives a significance level smaller than 0.05, the limit value often accepted,

and all the other systems have DvapH 0
m values significantly different from each

other.

TABLE 5

Enthalpy of vaporisation DvapH 0
m at T ¼ 298:15K for the compounds studied in this work

Substance DvapH 0
m

kJ �mol�1

(�)-1,2-Butanediol 73:3� 0:4
(�)-1,3-Butanediol 72:8� 0:6
(R )-1,3-Butanediol 72:3� 0:7
1,4-Butanediol 78:3� 0:3
(S,S)-2,3-Butanediol 63:2� 0:7
meso-2,3-Butanediol 66:6� 0:4

TABLE 6

Comparison of the mean values of the enthalpies of vaporisation of all pairs of butanediol isomers

(�)-1,2-
Butanediol

(�)-1,3-
Butanediol

(R)-1,3-

Butanediol

1,4-

Butanediol

(S,S)-2,3-

Butanediol

meso-2,3-

Butanediol

(�)-1,2-Butanediol 1 0.150 0.002 <0.001 <0.001 <0.001

(�)-1,3-Butanediol 1 0.034 <0.001 <0.001 <0.001

(R )-1,3-Butanediol 1 <0.001 <0.001 <0.001

1,4-Butanediol 1 <0.001 <0.001

(S,S)-2,3-Butanediol 1 <0.001

meso-2,3-Butanediol 1

Significance levels for the two-sided t-test applied to all pairs studied in this work.
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4. Conclusion

The enthalpy of vaporisation of commercially available butanediol isomers and

enantiomers were determined. No data are available for some of the compounds in-

vestigated here.
At a confidence level of 99.9 percent the results found for the enthalpies of vapori-

sation of the isomers differ from each other except for the pairs (�)-1,2- and (�)-1,
3-butanediols, and (�)-1,3 and (R)-1,3-butanediols. For these pairs the confidence
levels are 85.0 percent and 96.6 percent, respectively.

Differences between the enthalpies of vaporisation of the isomers cannot be as-

cribed to structural differences of the compounds in the final or in the initial state,

since both contribute to the property. Since for the ideal gas no intermolecular inter-

actions exist, the enthalpy of vaporisation is often related only to the liquid state
properties. As the conformation of the isolated molecules of butanediols is deter-

mined by intramolecular hydrogen bonds of different strengths [9], such a procedure

would be incorrect. In such cases the enthalpy of vaporisation is a valuable tool for

probing the liquid structure provided the value of the enthalpy in gas state is known.
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