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Vapor Pressures and Enthalpies of Vaporization of a Series of the 1,3-Alkanediols

Sergey P. Verevkin*
Department of Physical Chemistry, University of Rostock, 18055 Rostock, Germany

Molar enthalpies of vaporization of a series of six 1,3-alkanediols were obtained from the temperature dependence
of the vapor pressure measured by the transpiration method. A large number of the primary experimental results
on temperature dependences of vapor pressures have been collected from the literature and have been evaluated
in order to derive vaporization enthalpies at the reference temperature 298.15 K. The experimental enthalpies of
vaporization were checked for internal consistency. New experimental results together with those selected from
the literature have been recommended for thermochemical calculations.

Introduction obtain enthalpies of vaporization possibly less affected due to
. . temperature adjustment. In this work, we extend our studies of

‘Alcoholic OH groups have a strong tendency to associate gi|s with vapor pressure measurements of the six alkanediols
with one another due to intermolecular hydrogen bonding. It (see Figure 2) by using the transpiration metRbe. This
has been also well-established that 1,3-alkanediols show con-nathod offers two advantages. The first advantage is the
formers stabilized by intramolecular hydrogen bonding in o5n6rtunity to withdraw moisture in preliminary experiments
solutions. Thus, competition between intra- and inter-molecular by flushing the sample with dry nitrogen, and the resulting
types of H-bonding is typical for 1,3-alkanediols in solutions  ¢onstant sample vapor pressure indicates that all moisture has
orin the bulk liquid phase. .Molar enthalpy of vaporization is  peen removed. The second arises from being able to measure
defined as the enthalpy required to transfer 1 mol of a compound e yapor pressures near ambient temperatures in order to reduce
from the liquid to the gaseous phase. In the bulk liquid phase, hossiple uncertainties in adjustment of the derived vaporization
alkanediols are present in a form where OH groups are involved enthalpy to the reference temperatiire- 298.15 K. For these

partly into the inter-molecular H-bonds anpl partly into the i.ntra- reasons, we decided to determine the vapor pressures of 1,3-
molecular H-bonds. A pattern of evaporation of intra- and inter- 4jkanediols using the transpiration method.

hydrogen-bonded species is different (see Figure 1). In order
to remove 1 mol of a 1,3-alkanediol from the liquid to the Experimental Section
gaseous phase itis necessary to disconnect (i) the van der Waals’ \jaterials. Samples of diols were commercially available from
interactions among molecules and (i) inter-molecular H-bonds. a|drich and Fluka and were further purified by fractional
Additionally, because the 1,3-alkanediol exists in intra-hydrogen- jstjllation with a spinning-band column under reduced pressure.
bonded form, an enthalpic contribution for its formation should ¢ degree of purity was determined using a Hewlett-Packard
be also _takgn into account. Thus, the_ mplar enthalpy of gas chromatograph 5890 series Il equipped with a flame
vaporization includes all these three contributions. The schemejgnization detector and a Hewlett-Packard 3390A integrator. The
of a vaporization process is presented in the Figure 1. Assuming .ayrier gas (nitrogen) flow was 7.2 L. A capillary column
thatx is the mole ratio of the intra-molecular H-bonded species Hp.g (stationary phase crosslinked 5% PH ME silicone) was
and (1— X) is the mole ratio of the inter-molecular H-bonded seq with a column length of 30 m, an inside diameter of 0.32
species, a rough measure of the intra-molecular H-bonding mm, and a film thickness of 0.2&m. The standard temperature
strength could be obtained with help of the homomorph alkanols program of the GC wag = 323 K for 180 s followed by a
as we have described it earl#r¢In order to get insight into heating rate of 10 Knin~to T = 523 K. No impurities (greater
the energetics of H-bonding, we have collected data on than 0.02 mass %) could be detected in the samples used for
vaporization enthalpies and vapor pressures of 1,3-alkanediolsyg vapor pressure measurements.
available in the literature (see Table 1). Vapor Pressure Measurements on 1,3-Alkanediols Using
Enthalpies of vaporizatiolfHr, can be measured directly ~ the Transpiration Method.Vapor pressures were determined
using calorimetry or derived from vapor pressure temperature using the method of transpiration in a saturated nitrogen
dependence. As can be seen, vapor pressure data of the 1,3trean?®24 and enthalpies of vaporization of 1,3-alkanediols
alkanediols have been measured mostly by ebulliometry atwere obtained applying the ClausitSlapeyron equation.
elevated temperatures close to the boiling point. It has beenAbout 0.5 g of the sample was mixed with glass beads and
pointed out in our previous study of vapor pressures of 1,2- placed in a thermostatted U-shaped tube (saturator) having a
alkanediol#? that there are a lot of complications in adjusting length of 20 cm and a diameter of 0.5 cm. The temperature in
ebulliometric results to the reference temperaflire 298.15 the measuring cell with saturator was kept constant within
K. Hence, vapor pressure measurements at the ambient tem0.1 K. The temperature inside the cell was measured by a
peratures (possibly close to 298.15 K) are desirable in order to platinum resistance thermometer PT-100 (Burster) with an
accuracy of+ 0.1 K. Glass beads with diameter of 1 mm

* Telephone: +49-381-498-6508. Fax: +49-381-498-6502. E-mail: ~ Provide a surface that was sufficient for the vapbquid
sergey.verevkin@uni-rostock.de. equilibration. At constant temperature, a nitrogen stream was
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A%Hm = [x-Hyaw + X*Hinter] A%Hm = [(1-x)-Hyaw + (1-X)'Hinter] = (1-%)-Hingra A%Hm = [Hyaw + Hiner]
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Figure 1. Competition of the inter- and intra-hydrogen bonding in alkanediols, wkésehe mole ratio of intra-H-bonded molecules in the liquiigw
is the contribution into the vaporization enthalpy due to the van der Waals’ interactions among moldgules; the contribution into the vaporization
enthalpy due to intra-molecular hydrogen bondikig;e is the contribution into the vaporization enthalpy due to inter-molecular hydrogen bonding.
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passed through the U-tube, and the transported material wasderived from the transpiration method were reliable within
collected in a cold trap. The flow rate of the nitrogen stream (1 to 3) % and that their accuracy was governed by reproduc-
was measured using a soap bubble flowmeter and optimized inibility of the GC analysis. In order to assess the uncertainty of
order to reach the saturation equilibrium of the transporting gas the vaporization enthalpy, the experimental data were ap-
at each temperature under study. The mass of compoundproximated with the linear equation pt) = f (T ~1) using the
collected within a certain time interval was determined by using method of least-squares. The uncertainty in the enthalpy of
a gas chromatograph equipped with autosampler. Uncertaintyvaporization was assumed to be identical with the average
of the sample amount determined by GC analysis was assessedeviation of experimental Ipf®) values from this linear

to be within (1 to 3) %. Assuming that Dalton’s law of partial correlation.

pressures applied to the nitrogen stream saturated with the

substance i of interest is valid, valuesgf'were calculated as  Results and Discussion

follows: Temperature dependencies of vapor pressures of 1,3-al-

kanediols have been reported (see Table 1). To avoid discrep-
ancies arising from the use of different algorithms to adjust
values of vaporization enthalpiesTo= 298.15 K, all available
whereR = 8.314472 K~*-mol~*; m is the mass of transported  experimental vapor pressures were treated using egs 2 and 3.
compoundM,; is the molar mass of the compound, ands its A%Hr, (298.15 K) was calculated for the sake of comparison
volume contribution to the gaseous phage: is the volume of ity results from this work. The collection of the available
transporting gas, an@. is the temperature of the soap bubble ¢, herimental results and derivedHn, (298.15 K) values for
meter. The volume of transporting gég, was determined from 1 3 5ikanediols is presented in Table 1. The widely used
the flow rate and time measurements. DatepBfhave been  comprehensive compilations by Stephenson and Malandwski
obtained as a function of temperature and were fitted using ang Stu contain vapor pressure data for some alkanediols over

PU=MRT/VM; V=V, +Vi (Vi,>V) (1)

following equatior? a wide range of temperatures. The origin of the data presented
there is unclear and not traceable, methods of measurements
RIn p=a+ b + Agcp |n(l) 2 are unknown, as welllas are errors of measurements and purities

T To of compounds. In spite of this fact, we also treated the results

from Stephenson and Malanowskind Stul? using eqgs 2 and
where a and b are adjustable parameters andC; is the 3 and calculated\?Hr, (298.15 K) for the sake of comparison
difference of the molar heat capacities of the gaseous and thewith other results. However, the agreement or disagreement with
liquid phases, respectivelyp appearing in eq 2 is an arbitrarily  other data in each case should be questionable.
chosen reference temperature (which has been chosen to be Vapor pressure data of the 1,3-propanediol available from
298.15 K). Consequently, from eq 2 the expression for the the literature have been measured mostly by using ebulliometry

vaporization enthalpy at temperaturés derived: at elevated temperatures close to the boiling point, thus direct
comparison with the results from this work measured by
AH, (M) =-b+ A,ng T (3) transpiration at ambient temperatures was hardly possible (see

Figure 3). However, the enthalpy of vaporization of 1,3-

Values ofAC, have been calculated according to a procedure propanediol APHy (298.15 K) = (70.5 + 0.2) kJmol™*
developed by Chickos and Acré&Experimental results and ~ derived in this work (see Table 1) agrees withirl.5 k3mol™*
parametersa and b are listed in Table 2. We have checked With most of available results presented in Table 1.
experimental and calculation procedures with measurements of Available vapor pressure data for the 1,3-butanediol are
vapor pressures ofalcohols?* It turned out that vapor pressures  very consistent (Figure 4). Our results seem to be the first
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Table 1. Compilation of Data on Enthalpies of VaporizationAPHny (298.15 K) of 1,3-Alkanediolé

T range —ACp (C'p)c APHA (diol) APHm (alkanol) A9
techniqué K J-mol~1-K~t kJmol~1 ref kJFmol—t kJmol1
1 2 3 4 5 6 7 8
1,3-propanediofl) E 383-433 56.4 69.4+ 2.0 1
E 373-488 (176.43° 65.2 2
NA 332.5-487.3 63.1 9
C 298.15 72.4:0.3 3
E 367.3-489.0 71.4 4
E 401.7-488.1 70.1+ 0.3 5
E 314-460 66.5 6
NA 332488 68.9 7
E 413.4-458.4 70.6£ 0.5 8
LRTF 480-716 69.1+ 0.2 10
T 293.5-342.3 70.5+0.2 this work 52.4 18.1
=+ 1,3-butanedio(2) E 373-423 65.7 66.4+ 2.0 1
NA 340.7-449.7 (212.0% 56.7 9
E 363.0-481.5 71.6 4
E 395.6-481.5 69.8+ 1.2 5
362-483 71.6 7
E 365.0-518.3 70.0£ 0.8 11
C 298.15 72.8- 0.6 12
T 288.3-332.3 72.6+0.3 this work 54.2 18.4
(R)-1,3-butanedio(3) C 298.15 72.3: 0.7 12 54.2 18.1
2,4-pentanediol4) T 297.2-347.3 76.3 (252.7) 725+ 0.3 this work 57.3 15.2
3,5-octanedio(5) NA 375-518 100.9 (347.2) 7.7 7 63.0 14.7
2-Me-2,4-pentanedidb) NA 373-473 83.1 68.4 7
E 369.9-547.2 (278.9) 68.6:0.4 13
T 285.2-329.4 68.9+ 0.4 this work 58.5 104
2,2-diMe-1,3-propanediol (cr I) C 318.6 37.2 76:3.8 14
T 314.3-347.2 (243.3% 76.84+0.3 this work
2,2-diMe-1,3- propanediol (cr II) C 311.3 26.8 8HNA.4 14
T 283.9-311.3 (173.99 87.3+0.4 this work
2,2-diMe-1,3-propanediol(liq)7) 75.F 56.1 19.6
2-Me-1,3- propanediqB) LRTF 488-708 69.5 71.3:t 0.5 10
T 297.3-375.5 (226.7) 73.6+0.2 this work 54.1 195
3-Me-1,3-butanedio(9) E 346-475 76.4 71.8: 0.3 15
E 346.7-468.3 (253.2) 68.2 7 54.8 13.4
2-Me-1,3-butanedio(10) NA 399-561 76.3 72.6 7 54.2 18.4
(252.7)
3-Me-2,4- pentanediol (11) E 368-4124.5 90.1 725 4 59.5 13.0
(305.7)
2-Et-1,3-hexanedid(12) TEA 331-413 101.2 (348.4) 79.5 16
2,2,4-triMe-1,3-pentanedigl3) NA 413-502 99.6 74.0 7
E 395.9-489.4 (342.4y 75.3+0.5 17
2,2-diEt-1,3-propanedio{14) T 343-380 93.2 (317.6) 80.2+ 0.2 41 66.0 14.2
2-Et-2-Bu-1,3-propanedidll5) E 424.5-522.8 112.6 (381.4) 86.3+ 1.2 17
2-Et-2-Bu-1,3-butanedidlL6) NA 338—-500 116.0 (405.3) 77.2 7

avalues in bold are recommended for the thermochemical calculaidrechniques: E= ebulliometry; T= transpiration; C= calorimetry; LRTF=

low residence time flow method; TEA thermal evolution analysis. NAs not applicable® Values of A’C, have been estimated from the isobaric molar

heat capacity of the liquid diols:'p, according to procedure developed by Chickos and AtretVapor pressures available in the literature were treated
using egs 2 and 3 in order to evaluate enthalpy of vaporization at 298.15 K in the same way as our own results irf Vatile 2f vaporization enthalpy

was calculated using enthalpy of sublimatiaf)Hn of cr Il phase and the sum of phase transitions between 298 K and the fusion temperature (observed in
the ref 31), which has been adjusted to the reference temperature 298.2§$,K;n & AHys) = 11.6 kdmol~! according a procedure developed by Chickos

and Acre€® fAlkanols used for comparison with the 1,3-alaknedidlgdq 11) and 14 were as follows: 1-butanol; 2-pentanol; 2-pentanol; 4-methyl-2-
pentanol; 6-methyl-4-octanol; 2,4-dimethyl-2-pentanol; 2,2-dimethyl-1-butanol; 2-methyl-1-butanol; 2-methyl-2-pentanol; 3-metitghaki® 4-dimethyl-
2-pentanol; and 2,2-diethyl-1-butanéIA is the difference between columns 5 and 7, which was supposed to be a rough measure for the strength of the

hydrogen bonding in 1,3-alkanediols.

&

agreement (see Table 1). The molar enthalpy of vaporization
of 1,3-butanedioAPH, (298.15 K)= (72.6 & 0.3) kImol~*
obtained in this work (see Table 1) agrees excellently with the

HO OH HO OH HO OH . . .
calorimetric result measured direct at the reference temperature
by Ermelinda Eusebio et &% APHn, (298.15 K) = (72.8 +
Pﬁ 0.6) kImol1.
W 2,2-Dimethyl-1,3-propanediol (or neopentylglycol) is solid

HO OH HO OH HO OH
Figure 2. Structure of 1,3-alkanediols studied in this work: 1,3-propanediol;
1,3-butanediol; 2-methyl-1,3-propanediol; 2,4-pentanediol; 2-methyl-2,4-
pentanediol; and 2,2-dimethyl-1,3-propanediol.

at room temperature with the monoclinic (cr, Il) crystal
structure?® At 314 K, 2,2-dimethyl-1,3-propanediol transforms
into a plastic crystal phase (cr, 1), the structure of which is cubic
and remains in this phase until the melting process at (4€83.0
vapor pressure measurements for 1,3-butanediol at ambient0.5) K25 This compound has been discus®e# as a potential
temperatures. Also enthalpies of vaporization derived from latent heat storage material because of it unusually high (see
ebulliometric and transpiration techniques are in a close Table 3) transitional enthalpies. Font and Muntdée#ported
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Table 2. Vapor Pressuresp and Enthalpy of Vaporization APHm, Obtained by the Transpiration Method

T m MN2) P Pexp — Pealc APHm T m MN2) P Pexp— Pealc AfHm
Ka mg® dmse pd Pa kdmol—t Ka mg® dmse pd Pa kdmol—t
1,3-PropanediolfHm (298.15 K)= (70.45+ 0.24) kimol~*
In(p/Pa)= 301.4 87267.8 yl ( T/K
o R RTK R 2981
293.5 2.11 37.05 1.86 0.05 70.71 324.3 241 2.84 27.64 0.17 68.98
303.2 1.39 10.12 4.47 —0.09 70.17 327.3 2.29 2.09 35.58 0.86 68.81
309.3 0.94 3.87 7.88 0.00 69.82 330.3 2.07 1.54 43.72 0.05 68.64
312.2 1.88 6.15 9.97 —0.18 69.66 333.5 2.04 1.19 55.56 0.07 68.46
315.3 2.22 5.43 13.29 0.09 69.48 336.4 1.93 0.920 68.42 —0.22 68.29
318.4 2.32 4.56 16.59 —0.49 69.31 339.4 2.07 0.798 84.64 —0.51 68.13
321.3 2.32 3.49 21.68 0.05 69.15 342.3 1.93 0.598 105.3 0.86 67.96
1,3-ButanedioHn (298.15 K)= (72.564 0.29) kmol~*
In(p/Pa)= 320.2 92150.4 @In( T/IK
R R(T/K) R 298.1
288.3 2.61 51.85 1.39 —0.01 73.21 317.3 2.45 3.08 21.82 —0.27 71.30
290.3 3.17 51.97 1.68 —0.05 73.08 320.3 2.63 2.54 28.52 0.08 71.11
292.9 0.28 3.26 2.35 0.08 72.91 323.3 2.73 2.05 36.64 0.22 70.91
303.5 1.58 6.68 6.51 0.10 72.21 326.3 2.92 1.74 46.18 —0.22 70.71
308.3 1.69 4.66 9.94 —0.06 71.90 329.3 2.87 1.35 58.55 -0.27 70.52
311.3 1.95 4.12 13.01 —0.09 71.70 332.3 2.94 1.09 74.27 0.08 70.32
314.3 2.11 3.37 17.23 0.17 71.50
2,4-Pentanedioh?Hy, (298.15 K)= (72.53+ 0.30) kimol~*
In(ppa)= 333:3_ 952819 @In( TIK
R RTK) R (2981
297.2 1.11 5.51 4.80 0.08 72.61 324.4 3.08 1.33 55.07 1.43 70.53
300.2 1.02 3.75 6.45 0.12 72.38 3275 3.10 1.05 70.24 1.55 70.30
303.2 1.04 2.92 8.50 0.07 72.15 330.5 3.34 0.910 87.35 0.55 70.07
306.2 1.40 2.99 11.10 —0.05 71.92 333.4 4.20 0.910 109.6 1.3 69.85
309.2 1.74 2.85 14.53 —-0.14 71.69 336.5 4.05 0.700 137.6 1.0 69.61
312.2 1.97 2.47 18.92 —0.25 71.46 339.2 3.88 0.560 164.8 -1.6 69.40
315.3 2.11 2.10 23.90 —-1.22 71.23 344.4 6.06 0.595 241.9 0.8 69.01
318.4 2.52 1.92 31.19 —1.52 70.99 347.3 5.18 0.420 292.9 -1.9 68.79
321.4 2.79 1.62 40.95 —1.05 70.76
2-Me-2,4-Pentanedid\H, (298.15 K)= (68.884 0.39) kdmol~*
i) 3526 930534831, TIC
R R(T/K) R 298.1
285.2 0.61 5.08 2.50 —0.08 69.96 309.4 1.42 1.16 25.65 0.56 67.95
287.9 0.53 3.31 3.33 —0.07 69.73 3125 1.82 1.16 32.74 0.15 67.69
291.2 0.85 3.74 4.74 0.02 69.46 315.2 1.97 1.00 40.92 0.20 67.46
294.2 0.92 2.97 6.48 0.15 69.21 318.2 10.60 4.24 52.08 0.18 67.22
297.2 1.08 2.62 8.58 0.17 68.96 321.2 11.02 3.54 64.75 —1.01 66.97
300.2 1.06 1.93 11.47 0.36 68.71 323.3 2.72 0.732 77.52 0.13 66.79
303.2 1.08 1.73 14.71 0.12 68.46 326.3 2.62 0.578 9448 —2.74 66.54
306.5 151 1.58 19.97 0.44 68.19 329.4 3.21 0.539 123.9 1.5 66.28
2,2-diMe-1,3-Propanediol (cr, IDNSH, (298.15 K)= (87.32+ 0.27) kimol !
In(p/Pa)= 324.1 95312.2 26.8 ( T/IK
R R(T/K) R 298.1
283.9 0.589 48.10 0.29 0.00 87.70 301.7 1.20 10.96 2.61 2.61 87.23
288.5 0.83 37.94 0.52 0.52 87.58 304.7 1.56 10.07 3.67 3.67 87.15
291.2 0.94 30.11 0.74 0.74 87.51 307.9 1.01 451 5.35 5.35 87.06
295.2 1.00 20.02 1.19 1.19 87.40 309.4 0.90 3.47 6.15 6.15 87.02
298.4 0.99 13.53 1.74 1.74 87.32 311.3 1.16 3.75 7.35 7.35 86.97
2,2-diMe-1,3-Propanediol (cr, B&Hm (298.15 K)= (76.85+ 0.28) kimol~*
i) 30L0_ 819370372, TIC
P R RIK) R 2981
314.3 0.97 2.17 10.57 —0.16 76.25 332.3 1.87 0.859 51.53 —0.24 75.58
317.3 1.12 1.87 14.16 0.03 76.14 335.3 2.15 0.758 67.21 1.09 75.47
320.2 1.42 1.82 18.49 0.14 76.03 338.2 2.16 0.606 84.42 1.04 75.36
323.4 151 1.46 24.47 0.14 75.91 341.2 2.14 0.480 105.6 0.08 75.25
326.4 1.41 1.06 31.47 —0.08 75.80 344.2 1.96 0.354 131.4 —-1.5 75.13
329.4 151 0.884 40.56 —-0.12 75.69 347.2 1.76 0.253 165.4 —-1.4 75.02
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Table 2. (Continued)

T m MN2) p Pexp — Pealc A?Hm T m MN2) p Pexp — Pealc A?Hm
Ka mg® dmde pd Pa kdmol—t Ka mgP dmde P Pa kdmol—t
2-Me-1,3-PropanediohfHny (298.15 K)= (73.634 0.18) kmol~*
In(pipa)= 3230_ 943508695 ( TIK
R RTK) R \2981

297.3 1.58 21.28 2.04 0.02 73.69 326.6 2.32 2.24 28.17 —0.09 71.66
300.4 1.72 16.45 2.85 0.11 73.48 328.5 1.11 0.924 3259 -0.32 71.52
303.4 1.59 12.02 3.64 —0.03 73.27 328.6 2.94 2.35 33.96 0.78 71.52
306.4 1.62 9.05 4.90 0.03 73.06 331.4 2.01 1.33 41.15 -0.23 71.32
309.4 2.07 8.52 6.61 0.17 72.85 333.4 1.59 0.931 46.90 —1.43 71.18
312.4 1.75 5.68 8.41 —0.04 72.64 336.3 2.02 0.924 59.31 -0.97 70.98
3125 1.91 6.02 8.61 0.09 72.64 338.6 1.86 0.691 72.62 1.00 70.82
314.5 1.72 4.73 9.96 —-0.22 72.50 341.4 2.88 0.901 86.56 —1.45 70.63
316.4 2.51 5.66 12.05 0.03 72.36 342.6 1.16 0.333 9448 —1.55 70.54
318.5 1.94 3.74 14.10 —-0.30 72.22 343.5 2.75 0.693 106.8 4.3 70.48
319.5 1.77 3.13 15.51 —-0.17 72.15 347.6 211 0.416 137.9 0.9 70.20
321.4 2.44 3.61 18.42 0.00 72.02 349.3 1.82 0.311 158.9 4.7 70.08
3225 2.20 2.99 19.84 -0.35 71.94 352.5 2.28 0.322 192.1 0.2 69.86
3235 0.74 0.924 21.69 —0.25 71.87 355.4 2.75 0.311 240.7 7.6 69.65
323.6 1.90 2.35 22.02 —0.10 71.86 357.5 3.03 0.311 264.3 —-3.4 69.51
326.4 2.10 2.12 26.89 —0.92 71.67

aTemperature of saturatioRMass of transferred sample, condensed at 243 K. ¢ Volume of nitrogen, used to transfer mas®f the sampled Vapor

pressure at temperatufe calculated fronm and the residual vapor pressureTat 243 K.
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Figure 3. Plot of vapor pressure against reciprocal temperature for 1,3- Figure 4. Plot of vapor pressure against reciprocal temperature for

propanediol: a, ref 5; 0, ref 9; x, ref 10;0, ref 6; W, ref 8; x, ref 7; @,
ref 4; @, this work.

1,3-butanediol: A, ref 5; x, ref 9; O, ref 11; M, ref 7; @, ref 4; @, this
work.

the simultaneous measurements of vapor pressure and sublimaBecause of the comparison is valid &t= 298.15 K, the

tion enthalpies A2Hm, using the Knudsen effusion method experimental enthalpy of phase transition of 2,2-dimethyl-1,3-
combined with a calorimetric device. But vapor pressures were propanediol had to be adjusted to the reference temperature.
studied only at 313.3 K (crystalline phase) and 318.6 K (plastic The adjustment was calculated from the equation suggested for
phase). In this work, we have performed extended vapor the fusion enthalpy?

pressure measurements of 2,2-dimethyl-1,3-propanediol for

both cr, I and cr, Il modifications, and its appropriate {ALH_ (T, JK) — ALH,, (298.15 K}/(Imol %) =

enthalpies of sublimation have been obtained (see Tables 1 and or 1, -1

2). As can bee seen from Table 1, our results are in excellent {(0.75+ 0.15C, [Fmol K )[(Ty,J/K) — 298.15} —
agreement with those from calorimef4/however, our results {(10.58+ O.ZKIL/J-moI_l-K‘ N(Ti,/K) — 298.15} (4)

for AJHp, are substantially more accurate. An additional probe

of consistency of our experimental data on sublimation enthal- where temperature of the phase transition was taken instead of
pies of 2,2-dimethyl-1,3-propanediol (see Table 1) provides a Ty, Cg’ was taken from ref 19, and:'p was calculated

comparison of the differenc&?Hn, (cr, Il) — AIHn (cr, Il) =
{(87.3— 76.8)= (10.5+ 0.5)} kJ-mol~* (referred to 298.15
K) with the experimental enthalpy of phase transitidis
(315.2 K) = (12.8 £ 0.2) kImol™t, measured by DSE&.

according well-established procedut&33With this adjustment
(the uncertainty of the correlation was not taken into account),
the enthalpy of phase transition &t= 298.15 K, AHs315.2

K) = (11.64 0.2) kImol™1, was calculated. Thus, the enthalpy
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Figure 5. Strength of the hydrogen bonding in the 1,3-alkanediols, derived from differences between vaporization enthalpy of a 1,3-alkanediol and an

alkanol (differences are presented in parentheses).

I g \4/
—— B ———
OH OH

OH
(25.5)

(26.2)
Figure 6. Strength of the inter-molecular hydrogen bonding in alkanols,
derived from differences between vaporization enthalpy of an alkaaadi
an alkané® (differences are presented in parentheses).

4.3

Table 3. Enthalpy of Phase Transition,AHys, and Enthalpy of
Fusion A'C,Hm of the 2,2-Dimethyl-1,3-propanediol

AHtrs Tus Alcer Trus
kJmol—* K kJ-mol~* K ref

13.64 314 471 398 26
13.8 315.2 4.6 403.2 27
125 310.1 4.59 402.3 28
12.41 314.8 4.44 403.3 29
14.1 313.2 4.0 398.2 25
12.78 314.6 14
12.8 315.2 4.3 402.5 30
12.43 314.4 4.34 402.8 31
12.52 314.5 32
125 314.5 19

aResults selected for calculations (see text).

of phase transition calculated from the differencé\§Hn (for
crystalline and plastic phase) measured in this work differs from
those measured by calorimetry (and adjusted t0298.15 K)
only by 1.1 kdnol~l. Hence, our results for sublimation

nitriles 35> However, this method is not applicable for the set of
1,3-alkanediold to 16 (as listed in Table 1) due to essentially
different types of branching of the alkane chain in each species.
Hence, another way to check consistency of the 1,3-alkanediols
1to 16is required. In our recent paper enthalpies of vaporization
of ethanolamines at 298.15 K were compared with those of their
homomorphs (alkylamines§. These species are able to form
inter- and intra-molecular hydrogen bonding (HB) in solutions
and in the gaseous phase similar to alkanediols. In this work
we extend a concept of homomorph compodfhédoward 1,3-
alkanediols { to 16 in Table 1) in order to assess consistency
of their vaporization enthalpies.

The existence of intra-HB in 1,3-alkanediols in the gaseous
and in the solutions is well-documented by spectroscopic
measurements. This finding is valid for the case of very diluted
solutions where inter-HB is absent, and the only observed
hydrogen bonds are the intramolecular ones. In pure alkanediols,
exact quantification hydrogen of bonding is difficult because
of presence of both inter- and intra-molecular bonding simul-
taneously. Nevertheless, a strength of the overall hydrogen
bonding in 1,3-alkanediols in the pure bulk liquid phase can be
assessed with help of experimental vaporization enthalpies and
a conception of homomorph compourfds837Similar calcula-
tions have been performed receftlyor the comparison of
enthalpies of vaporization af-alkanols and those of alkanes.
Indeed, for alkanes only non-associating intermolecular van der
Waals’ interactions determine the values of their enthalpies of

enthalpies of 2,2-dimethyl-1,3-propanediol have been shown to vaporization. Enthalpies of vaporization of alkanes that are
be consistent. It should be also mentioned that the enthalpy ofobtained by replacing the OH group by a €gtoup (R-CH)
phase transition selected for the calculations above is in closewill essentially represent the non-associative contribution of the

agreement with other values available from the liter&fuf@
(see Table 3).

alcohol (R-OH) to its enthalpy of vaporization. The difference
of the enthalpies of vaporization between alkanols (ROH) and

The comprehensive compilation of the experimental results its homomorph (RCk) presents a crude measure for contribu-

available for 1,3-alkanediols is presented in Table 1. The

tion to the enthalpy of vaporization due to self-association of

successful comparison of our vaporization enthalpies derived alcohols. A remarkable constancy of differences in enthalpies
from the transpiration techniques with those measured by otherof vaporization at 298.15 K of (24 to 25)dol~* was observed,

methods has allowed recommending the valtéd, (298.15
K) for compounds studied in this work (Figure 2) as reliable.

However, the internal consistency of the whole data set

presented in the Table 1 remains questionable.
The correlation of enthalpies of vaporization with the number

indicating that the contribution té\’Hf, of alcohols due to
inter-HB is nearly independent of the chain length.

Following this pattern, experimental data on the enthalpies
of vaporization of 1,3-alkanediols at 298.15 K (Table 1) were
compared with thos&Hp, (298.15 K) values of their homo-

of C-atoms in the series of homologues is a valuable test to morphs. There are two possible homomorphsz®-CHs and

check the internal consistency of the experimental results.

Vaporization enthalpieAHr, appear to be a linear function of
the number of carbon atoms of the aliphatic eStemsd aliphatic

ROH, that could be suggested for 1,3-alkanediols. In the case
of the alkane CHR-CH;, the overall level of hydrogen bonding
could be assessed. For instance, for 1,3-propandiol, the differ-
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ence APHn (298.15 K, 1,3-propandioly- AfHm (298.15 K, interpretation in Figure 5. Hence, the set of 1,3-alkanediols from
pentane)= 44.3 kdmol~! is distinctly smaller than that value  Figure 5 could be recommended for further thermochemical
that is expected from alkandfsto be 2x 25 = 50 k}mol™! calculations. Several species, namdlg, 13, 15, and16 have
(see above). The reason for this discrepancy is apparently dugbeen excluded from this interpretation because of lack of
to the fact that intra-HB is weaker than inter-HB. A crude experimental vaporization enthalpies of their homomorphs.
measure for contribution to the enthalpy of vaporization due to However, due to the high quality of the experimental measure-
intra-HB could be assessed with the help of ROH (alkanol) as ments, the results fot3 and 15 belong to the recommended

the homomorph (see Figure 1). values.
For 1,3-propandiol, the differencA’Hy, (298.15 K, 1,3- This investigation was undertaken to establish a consistent
propandiol)— A’Hy, (298.15 K, 1-butanol= 18.1 kdmoltis set of vapor pressures and vaporization enthalpies of 1,3-

again smaller than 25 kdol"!, which is expected from alkanediols in the temperature range close to ambient temper-

alkanols?* however, the ratio between intra-HB and inter-HB  &tures. A large number of the primary experimental results on
in 1,3-propandiol in the bulk liquid phase remains not defined. V&POr pressures at various temperatures and treated them in a
Nevertheless, the concept of ROH as the homomorph is usefulCOnSistent manner in order to derive vaporization enthalpies at
for establishing consistency of the alkanedibl® 16 listed in the reference temperature 298.15 K. Results from this compila-
the Table 1. Starting with the 1,3-propandidl),(other al- tion together with the critical surveys reported in our recent
kanediols are arranged in Figure 5 in the sequence of branchingStudies?? have encouraged the re-evaluation of the Benson-
of the alkane chain in the 1,3-propandiol itself. It is already YP€ increments for c?lcyla}tlon of thermochemical properties
well-established for alkanols that branching of the alkane chain ©f the aliphatic diolst! similar to what has been done for
reduces the association, and evaporation of the branched specigdliPhatic alcohols recentff.

is easier in comparison with a linear one (see Figure 5). The
same trend has been observed for alkaneditdsl4 presented

in Figure 5. The experimental vaporization enthalpies of the (1) Schierholtz, O.J,; Staples, M. L. Vapor pressure of certain glydols.

: Am. Chem. Sod935 57, 2709-2711.
appropriate branched alkanols (homomorphs) have been reported(z) Gallaugher, A. F.. Hibbert, H. Studies on reactions relating to

recemb}s,w and are listed .in the Tab|e. 1 .(CO|Umn 7). The carbohydrates and polysaccharides. LV. Vapor pressure of the
differences of the enthalpies of vaporization between 1,3- polyethylene glycols and their derivativek. Am. Chem. S0d.937,
alkanediols and alkanols are presented in Table 1 (column 8) _ 59 2521-2525.

- . . (3) Knauth, P.; Sabbah, R. Energetics of intra- and intermolecular bonds
and Figure 4. These differences could be interpreted as a rough ™" iy, alkanediols. I. Calorimetric investigation of the enthalpies of

measure for the strength of the intra-HB in 1,3-alkanediols. vaporization at 298.15 KBull. Soc. Chim. Fr1988 5, 834-836.
Indeed, it is apparent from Figure 1 that summation of the three (4) Thomas, L. H.; Meatyard, R. Viscosity and molecular association. VI.

contributions into vaporization enthalpy provides the following éﬁ;gc'e}thoenoflfgégyf”g;l'cgcéhc"s and phenals.Chem. Soc., Inorg.,

result: (5) Markovnik, V. S.; Sachek, A. I.; Peshchenko, A. D.; Shvaro, O. V.;

Andreevskii, D. N. Vapor pressure of some glycalermodin. Org.
. Soedin., Gor’kii1981 54—57.
APH,, (1,3-alakanedioly- APH,, (alkanol)= (1 — X) x Hiy, (6) Daubert, T. E.; Danner, R. Physical and Thermodynamic Properties
of Pure Chemicals: Data Compilatiptdemisphere Publishing Co.:
. . . New York, 1989.
where x is the mole ratio of the intra-molecular H-bonded (7) stephenson, R. M.; Malanowski, Bandbook of the Thermodynamics
species in the bulk liquid phase. of Organic CompoundsElsevier: New York, 1987.

According to Figure 5, it is evident, that alkyl substitution (8) Olson, J. D. Thermodynamics of hydrogen bonding mixtures. 3. Excess
properties of ethyleneglycot 1,3-propyleneglycol mixturesluid

Literature Cited

of th_e 2-positior_1 of the 1,3-propanediol does not impact intra- Phase Equilib1996 116, 414420,
HB in the species, 8, and 14 and the strength of intra-HB (9) Stull, D. R. Vapor pressure of pure substances organic compounds.
remains constant at the level of (18 to 19)rkdl~! because 10) I\?vdl- EngGC’tlAemVl%’\?j_ 3(19, 5hl7—540. O M- Giles. N. E. Critical boint
; B P ilson, G. M.; VonNiederhausern, D. M.; Giles, N. F. Critical poin
branching t.ake place afar from the OH-groups in diols. What and vapor pressure measurements for nine compounds by a low
happens with the strength of intra-HB by the consequent alkyl residence time flow method. Chem. Eng. Data002 47, 761-764.
substitution of hydrogens in position 1 and 3 of 1,3-propanediol, (11) Steele, W. V.; Chirico, R. D.; Knipmeyer, S. E.; Nguyen, A. Vapor
namely, in close proximity to the OH-group. It is apparent to pressure of acetophenonef)tl,2-butanediol, £)-1,3-butanediol,
hat tial di f the OH hould disturb diethylene glycol monopropyl ether, 1,3-dimethyladamantane, 2-ethox-
expect_ that spa 'a_ crowding or the '_QTOUP S _Ou Istur yethyl acetate, ethyl octyl sufide, and pentyl acetdteChem. Eng.
formation of any kind of hydrogen bonding (like in alkanols, Data 1996 41, 1255-68. _
see Figure 5). This trend can be seen in Figure 4: strengths of(12) Efmse_“nda Egsi?lod':/'-? Loﬁfsy J. g-é&%lgg '\f-zg;fz-gl-eltaov M. L.
] : ) : .; Simoes, R. 1. Chem. Thermody , .
H bo”‘ﬂl'” 13 glkanedlo!d, 59,10, and11 are of ,(4 to 5) (13) Daubert, T. E.; Hutchison, G. Vapor pressure of 18 pure industrial
kJ-mol~* lower in comparison to 1,3-propanediol. It is apparent chemicals AIChE Symp. Serl99Q No. 279 93-114.
that the most crowded did possess the weakest intra-HB of (14) Font, J.; Muntasell, J. Simultaneous measurements of enthalpies of
-1 Ut i iti sublimation and vapor pressures. Application to polyols derived from
10.4 kdmol™t. M.ethyl substitution qf hydrogen in posmpn 1 neopentaneThermochim. Actd 994 246, 57-64.
of 1,3-propanediol has hardly any impact on intra-HB in 1,3- (15) Kachalova, R. V.; Nemtsov, M. S. Physical-chemical characteristics
butanediols2 and 3, in accord with the very small effect on of some intermediates in the production of isoprene from isobutylene
association between ethanol and 2-propanol (see Figure 6). and formaldehydeZh. Prikl. Khim.1968 41, 2315-2319.
| ite of the fact that differen of enthalbies of vaporiza- (16) Blaine, R. L.; Levy, P. Use of thermal evolution analysis for the
n spite or the fac erences or e pies orvap determination of vapor pressure of agricultural chemicalsal.

tion discussed here present only a crude measure of the strength  Calorim. 1974 3,185-98.
of the intra-molecular hydrogen bond in 1,3-alkanediols, these (17) Steele, W. V.; Chirico, R. D.; Knipmeyer, S. E.; Nguyen, A. Vapor

; ] ; e : pressure, heat capacity, and density along the saturation line: measure-
differences have fulfilled an expectation (within combined ments for benzenamine, butylbenzeaegbutylbenzenetert-butyl-

experimental uncertainties of about 1-kdl™') concerning benzene, 2,2-dimethylbutanoic acid, tridecafluoroheptanoic acid,
trends in the alteration of intra-HB strength with the degree of 2-butyl-2-ethyl-1,3-propanediol, 2,2,4-trimethyl-1,3-pentanediol, and
branching of the alkane chain, which have been observed for . 1:chloro-2-propanolJ. Chem. Eng. Dat@002 47, 648-666. .

. L . r(|18) Chickos, J. S.; Acree, W. E., Jr. Enthalpies of vaporization of organic
species presented in Figure 5. These observations have prove and organometallic compounds, 1888002.J. Phys. Chem. Ref. Data
the consistency of the experimental results involved in the 2003 32,519-878.



308 Journal of Chemical and Engineering Data, Vol. 52, No. 1, 2007

(19) Kamae, R.; Suenaga, K.; Matsuo, T. Suga, H. Low-temperature thermal (32) Suga, H. Calorimetric studies of some energy-related materials.

properties of 2,2- dimethyl-1,3-propanediol and its deuterated ana- Thermochim. Actd 999 328 9-17.

logues.J. Chem. Thermodyr2001 33, 471-484. _ (33) Chickos, J. S.; Acree, W. E., Jr. Enthalpies of sublimation of organic
(20) Nichals, N.; Skold, R.; Spink, C.; Wadso, I. Thermochemistry of and organometallic compounds, 1942001.J. Phys. Chem. Ref. Data

s_olutiqns of b_ioch_emical model_ com_pounds: alpha, omega—dicarboxy— 2002 31,537—698.

lic acids, -diamines, and -diols in aqueous solutidh, Chem. (34) Emel'yanenko, V. N.; Verevkin, S. P. Koutek, B.; Doubsky, J. Vapor

Thermodyn1976 8, 993-9. o pressures and enthalpies of vaporization of a series of the linear
(21) Emel'yanenko, V. N.; Verevkin, S. P.; Boese, R. Determination of aliphatic nitriles.J. Chem. Thermodyr2005 37, 73- 81.

vapor pressures and enthalpies of vaporizatiomef-alkanediols. (35) Krasnykh, E. L.; Verevkin, S. P.; Koutek, B.; Doubsky, J. Vapor

Phys. Chem. Chem. PhySubmitted for publication. d enthalpi f izati f ’ f |
(22) Verevkin, S.P. Determination of vapor pressures and enthalpies of g(r:eestzggj ?:rrl]er?].nTﬁeeﬁzd(;m\%%ogg‘:\;gr}_o?z%'senes ofitaky

\Zlgporization of 1,2-alkanediol§luid Phase Equilib2004 224, 23— (36) Kapteina, S.: Slovik, K. Verevkin, S. P.; Heintz, A. Vapor pressures

23) Vérevkin, S. P. Pure component phase changes liquid and gas. In and vaporization enthalpies of a series of ethanolamife€hem.

: o ; Eng. Data2005 50, 398-402.
E)r(gs:r??ee:t;! ',\I'Ahu?trirglgdgﬂgggfl.eil;/le;sgrerggntg;;hgr;hs\r/mcl)EddySngmlc (37) Benson, S. W. Some observations on the structures of liquid alcohols

Elsevier: Amsterdam, 2005; Vol. 7, Chapter 1, pp3®. and their heats of vaporizatiod.. Am. Chem. S04996 118 10645

(24) Kulikov, D. V.; Verevkin, S. P.; Heintz, A. Enthalpies of vaporization 106_49' ) . o . o
of a series of linear aliphatic alcohols. Experimental measurements (38) Kulikov, D.; Verevkin, S. P.; Heintz, A. Determination of vaporization

and application of the ERAS-model for their predictiiuid Phase enthalpies of the aliphatic brancheds @nd G alcohols from
Equilib. 2001, 192, 187-202. transpiration methqu. Chem. Eng. Dat2001, 46, 1593-1600. _

(25) Barrio, M.; Font, J.; Lopez, D. O.; Muntasell, J.; Tamarit, J. L.; Chanh, (39) Roganov, G. N.; Pisarev, P. N.; Emel'yanenko, V. N.; Verevkin, S.
N. B.; Haget, Y.; Teisserie, M.; Guion, J.; Alcobe, X. Binary system P. Measurement and prediction of thermochemical properties. Im-
neopentylglycol/pentaerythral. Chim. Phys1992 89, 695-706. proved Benson-type increments for the estimation of enthalpies of

(26) Murrill, E.; Breed, L. Solig-solid, phase transitions determined by vaporization and standard enthalpies of formation of aliphatic alcohols.
differential scanning calorimetryrhermochim. Actd97Q 1, 239 J. Chem. Eng. Dat2005 50, 1114-1124.

246. (40) Majer, V.; Svoboda, V.Enthalpies of Vaporization of Organic

(27) Frank, H. P.; Krzemicki, K.; Voellenkle, H. Phase transition in CompoundslUPAC Chemistry Data Series 32; Blackwell Scientific
neopentyl glycolChem.-Ztg1973 97, 206-2077. Publications: London, 1985; p 300.

(28) Oftt, J. B.; Goates, J. R.; Woolley, E. M. (Sol# liquid) phase (41) Verevkin, S. P.; Emel'yanenko, V. N.; Roganov, G. N. Measurement
equilibria and enthalpy changes in (water 2,2-dimethyl-1,2- and prediction of thermochemical properties. Improved Benson-type
propanediol).J. Chem. Thermodyri982 14, 1077-1082. increments for the estimation of enthalpies of vaporization and standard

(29) zhang, A.; Zou, H.; Yang, M., Heat capacity and phase transitions of enthalpies of formation of aliphatic diol8. Chem. Eng. Datdo be
2,2-dimethyl-1,3- propanediol between 270 and 440G&odeng submitted for publication.

Xuexiao Huaxue Suebd®88 9, 1085-1087.
(30) Granzow, B. Hydrogen bonding and phase transitions of a group of

alcohols derived from 2,2- dimethylpropadeMol. Struct.1996 381, Received for review September 25, 2006. Accepted November 5, 2006.

127-131. _ _ The author gratefully acknowledges the financial support from the
(31) Salud, J; Lopez, D. O.; Tamarit, J. L.; Barrio, M.; Oonk, H. A. J.  Research Training Group “New Methods for Sustainability in Catalysis

Two-component systems of isomorphous orientationally disordered anq Technique” of German Science Foundation (DFG).

crystals. Part 2. Thermodynamic analysisMater. Chem1999 9,

917-921. JE060419Q



