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The heat capacity of 2-methyl-3-buten-2-ol over the interval T = (5 to 370) K was measured in an
adiabatic calorimeter. The standard entropy and heat capacity of the liquid phase at a
reference temperature 298.15 K were found to be So

m = (232.6 ± 1.0) J � K�1 �mol�1 and
Cs,m = (237.4 ± 0.9) J � K�1 �mol�1. The triple-point temperature Tfus = (245.03 ± 0.03) K and the correspond-
ing enthalpy of fusion Dcr

l Ho
m = (5.199 ± 0.012) kJ �mol�1 were also determined. The enthalpy of vaporisation

was determined with a Calvet-type calorimeter to be Dg
l Ho

mð305:1 KÞ = (46.9 ± 1.6) kJ �mol�1. The vapour
pressure over the temperature interval (280 to 328) K was measured with a static technique. The standard
entropy of vaporisation at T = 298.15 K was found to be Dl

gSo
m = (132.7 ± 0.2) J � K�1 �mol�1. The standard

enthalpy of combustion for liquid 2-methyl-3-buten-2-ol DcHo
m(l, 298.15 K) = �(3145.1 ± 2.7) kJ �mol�1

was measured with two static-bomb isoperibol combustion calorimeters. From the experimental data,
the standard enthalpies of formation for liquid and gaseous 2-methyl-3-buten-2-ol were found to be
DfH

o
m(l, 298.15 K) = �(251.6 ± 2.8) kJ �mol�1 and DfH

o
m (g, 298.15 K) = �(203.3 ± 2.8) kJ �mol�1, respectively.

The latter value was confirmed by high-level quantum chemical calculations. Molecular association in the
gas phase and its effect on thermodynamic properties of the compound were discussed.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction aiding identification of sick trees by the beetle [6].
2-Methyl-3-buten-2-ol (C5H10O, CASRN 115-18-4) is one of the
volatile organic compounds that are important in atmospheric
chemistry, especially as precursors of tropospheric ozone [1,2].
For example, this compound was shown to account for approxi-
mately 20% of local OH reactivity in the Sierra Nevada Mountains
in the day-time [3]. The main emitters of 2-methyl-3-buten-2-ol
seem to be pine species [4]. Though only a limited number of plant
species investigated emit 2-methyl-3-buten-2-ol, its emission may
play an important role in regional photochemistry and could con-
tribute a significant amount of acetone to the atmosphere [5]. On
the other hand, this natural unsaturated alcohol, which is inten-
sively emitted by pine needles, is one of two principal aggregation
pheromone components of a spruce bark beetle, Ips typographus,
2-Methyl-3-buten-2-ol is used mainly as a starting material or
intermediate in the synthesis of medical drugs, vitamins A and E,
and perfumes [7].

Available thermodynamic properties for the compound are
limited to the vapour pressure [7–14], liquid heat capacity [7,8],
and enthalpy of formation [15]. As demonstrated below, the
available vapour–pressure data are inconsistent. In addition, such
a flexible molecule with an –OH group is of intrinsic interest due
to the possible mutual effects of rotating tops and hydrogen
bonding. The latter results in molecular association in both the
liquid and gas phases.

In this work, we report results of an experimental study of the
thermodynamic properties of 2-methyl-3-buten-2-ol, including
heat capacity in the condensed phases, temperatures and enthal-
pies of phase transitions, and enthalpies of combustion and forma-
tion in the liquid and gaseous states. Quantum chemical and
statistical thermodynamic calculations are used to verify the
gas-phase thermodynamic functions and to assess the effect of
the molecular association on the reported properties.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jct.2015.07.028&domain=pdf
http://dx.doi.org/10.1016/j.jct.2015.07.028
mailto:Zaitsaudz@gmail.com
http://dx.doi.org/10.1016/j.jct.2015.07.028
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct


FIGURE 1. Results of the fractional-melting experiments for 2-methyl-3-buten-2-ol.
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2. Experimental

2.1. Sample

A commercial sample of 2-methyl-3-buten-2-ol (Sigma–Aldrich
#136816) was dried over anhydrous CuSO4 and distilled. The
mole-fraction purity of the sample was 0.991 based on a
fractional-melting study in an adiabatic calorimeter (table 1,
figure 1). The mass fraction of the sample was determined to be
0.995 with a CHROM-5 chromatograph equipped with a thermal-
conductivity detector. A SUPELCOWAX 10 capillary column of a
60 m length, 0.53 mm inner diameter, and 0.5 lm film thickness
was used. The temperature of the column during the analysis
was programmed to rise from t = (160 to 240) �C. The injector
and detector temperatures were kept at 300 �C. This sample was
used for measurement of the heat capacity, enthalpy of formation,
and enthalpy of vaporisation.

A second commercial sample of 2-methyl-3-buten-2-ol (Alfa
#B20790) was dried over anhydrous CuSO4. No further purification
was carried out. The degree of sample purity was determined with a
gas chromatograph (GC) with a flame ionisation detector. A capillary
column HP-5 was used with a 30 m length, 0.32 mm inner diameter,
and 0.25 mm film thickness. The temperature of the column during
the analysis was programmed to be t = 160 �C. Injector and detector
temperatures were kept at 250 �C. The mass fraction of the primary
component was found to be 0.998. The residual water content,
642 ppm, was determined by Karl Fischer titration. A Mettler DL35
Karl Fischer Titrator with Hydranal Composite 2 and Hydranal
Eichstandard 5.0 (Riedel-de Haen) was used for the analysis. This
sample was used for vapour–pressure determination. Descriptions
of both samples used in this research are summarized in table 1.

2.2. Adiabatic calorimetry

The heat capacity of 2-methyl-3-buten-2-ol under vapour–
saturation pressure (Cs) in the interval of (5 to 370) K and the
properties of fusion were determined in a Termis TAU-10 adiabatic
calorimeter. The apparatus and experimental procedures were
described previously [16]. The sample was loaded into a calorimet-
ric container of 1.13 cm3 internal volume in a dry box to avoid
moisture absorption. Depending on temperature, the heat capacity
of the sample contributed (0.40 to 0.65) of the total heat capacity of
the system. The equilibration times were close to 100 s at the low-
est temperatures. At higher temperatures the equilibration times
did not exceed 300 s for the crystal and 400 s for the liquid. In the
pre-melting range, the equilibration took up to 4100 s.

The expanded uncertainty of the heat-capacity measurements
was 4 � 10�3Cp in the interval of T = (20 to 370) K and gradually
increased at lower temperatures, but did not exceed 2 � 10�2Cp

at T = 5 K [16]. All the reported uncertainties correspond to the
0.95 confidence level for normal distribution (k � 2), unless stated
otherwise.

In this experiment, two-phase (liquid + gas) heat capacities
were determined and subsequently converted to Cs values using
TABLE 1
Materials used in the study.

Material CASRN Origin Purification me

2-Methyl-3-buten-2-ol 115-18-4 Sigma–Aldrich #136816 Distillation ove

2-Methyl-3-buten-2-ol 115-18-4 Alfa #B20790 Drying over Cu

Benzoic acid 65-85-0 VNIIFTRI None
n-Undecane 1120-21-4 Reakhim None
Naphthalene 91-20-3 Reakhim None
Polyethylene 9002-88-4 Polimiz Washing with
the methods described elsewhere [17]. Vapour pressures required
for the conversion were obtained in this work, and recommended
liquid-density values were taken from the NIST/TRC database [18].

2.3. Vapour–pressure determination by static technique

2-Methyl-3-buten-2-ol has a vapour pressure near 3 kPa at
T = 298.15 K. A static apparatus was used for measurement of the
saturated vapour pressure over the liquid compound. The detailed
description of the apparatus, procedures, uncertainty analysis, and
a test with double-distilled water is given in the Supporting
Information (table S1). Results of tests for this apparatus with ben-
zoic acid, naphthalene, benzophenone, and ferrocene can be found
elsewhere [19].

Briefly, the experimental setup consisted of a cylindrical cell
made of 316Ti stainless steel with an internal volume of 20 cm3.
The cell was tightly connected to a tubing system with a VCR8 con-
nector. The measuring cell was embedded in an aluminium heating
block, whose temperature was kept constant within ±0.02 K. The
uncertainty of the temperature determination was 0.05 K over
the working temperature range of the system of (253 to 463) K.
The temperature of the tubing connections between the measuring
cell and pressure gauges was kept higher than those of the sample
cell (by (30 to 50) K for liquid samples) to avoid condensation of
sample. For this purpose, we used an air circulation thermostat
with a temperature stability of ±0.2 K. The stainless-steel tube con-
nected the sample cell with high-temperature capacitance
manometers (MKS Instruments, Inc.) with the working range (0.1
to 105) Pa with a standard uncertainty of 5 � 10�3p as stated by
the manufacturer.
thod Purity (mass/mole fraction) Method of analysis

r CuSO4 0.995 (mass)
0.991 (mole)

GC
Fractional melting

SO4 0.998 (mass)
642 ppm water

GC
Karl Fischer titration

0.99993 (mass), K-2 grade Certified
0.999 (mass) GC
0.999 (mass) GC

acetone, vacuum drying >0.99 (mass) Elemental analysis
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The reliability of the experimental setup and measuring tech-
nique was tested through measurement of the vapour pressure of
water [20]. The measured values demonstrated that the expanded
uncertainty (with 0.95 confidence level) in the pressure measure-
ments is adequately described by the following expressions:

Uðp=PaÞ ¼ 0:1þ 0:01ðp=PaÞ for ps < 1200 Pa; ð1Þ

Uðp=PaÞ ¼ 10þ 0:01ðp=PaÞ for ps > 1200 Pa: ð2Þ

Before starting measurements, the empty measuring cell was con-
nected to the system and evacuated to a pressure of 10�5 Pa with
an Agilent HS-2 diffusion pump combined with an Agilent DS 202
rotary vane pump. Then, the static apparatus was disconnected
from the evacuation line. If any pressure increase due to residual
desorption from the tubing was detected, the heating and evacua-
tion of the metal tubing were continued at a higher temperature.
Finally, it was baked at the maximum temperature of 473 K until
no pressure increase was observed.

To ensure complete degassing and removal of any solvent or
moisture residue, the first few experiments at each temperature
were used as in situ degassing and purification of the sample. If
three to five consecutive measurement-degassing sequences at a
selected temperature did not reveal systematic changes in the
measured pressure, the sample was considered to be sufficiently
degassed, and the measured value was assigned to the sample’s
saturation vapour pressure.

In a typical experimental cycle, a sample was placed inside the
thermostatted measuring cell and connected to the measuring sys-
tem. The cycle began with disconnecting the system from the vac-
uum pump and opening the valve between the sample cell and the
pressure gauge. The pressure above the sample was monitored
until stable values were obtained. After the measurement had been
completed, the sample cell was disconnected from the pressure
gauge by closing the valve, and the system was again evacuated.
At least three consecutive vapour–pressure determinations were
performed at each temperature with subsequent averaging of the
results.

2.4. Vaporisation Calorimetry

For the direct determination of the enthalpy of vaporisation of
2-methyl-3-buten-2-ol, a differential Calvet-type microcalorimeter
MID-200 equipped with modified cells was used [21]. The com-
plete experimental procedure is described elsewhere [21]. A sam-
ple was placed into a hermetic cell made of stainless steel and
covered with a thin nickel foil. After preliminary thermostatting
of the cell, the foil was punctured with a rod, and thermal flow
caused by evapouration of the sample was recorded. The calorime-
ter was calibrated with naphthalene and n-undecane using recom-
mended values of the enthalpy of sublimation and vaporisation,
respectively [22].

The enthalpy of vaporisation was obtained with the following
equation:

Dg
l Ho

m ¼ M
Z s

0

DE
K �m ds ð3Þ

where m is the mass of the sample corrected for buoyancy; K is the
calorimetric constant of the cell; DE is the difference of the thermo-
couple potentials, which corresponds to the temperature imbalance
between the cell and the thermostat of the calorimeter at the time
s; and M is the molar mass of 2-methyl-3-buten-2-ol.

2.5. Combustion calorimetry

The energy of combustion of the liquid was measured in a mod-
ified commercial combustion calorimeter V-08 M with an
isothermal water bath and a static bomb of 326 cm3 volume
(Calorimeter 1)[23] and in a calorimeter constructed in this labora-
tory with an isothermal air bath and a static bomb of 95.6 cm3 vol-
ume (Calorimeter 2). Construction details and measurement
procedures for Calorimeter 2 have been published [23,24]. The cal-
ibration of the calorimeters was carried out with reference benzoic
acid (K-2 grade, mass-fraction purity of 0.99993).

The sample mass for each combustion experiment was deter-
mined with a Mettler Toledo AG 245 electronic balance with a
repeatability of 2 � 10�5 g. Liquid samples were sealed in bags
made of polyethylene film of 80 lm thickness and burned in a plat-
inum crucible in an oxygen atmosphere of (3.11 ± 0.01) MPa at
T = 298.15 K. Water of 1 cm3 volume was added to the bomb before
an experiment. After combustion, the liquid bomb content was
titrated with 0.1 mol � dm�3 NaOH aqueous solution to determine
the amount of nitric acid formed. The combustion products were
checked for indications of incomplete burning (i.e., traces of soot),
and the mass of soot formed did not exceed 0.08 mg.

All calculations, including adjustment to standard state condi-
tions and correction for incomplete burning, were performed by
the methods described by Hubbard et al. [25]. The correction for
nitric acid formation was based on the value �59.7 kJ �mol�1 for
the molar energy of formation of 0.1 mol � dm�3 aqueous HNO3

from the elements and H2O (l) [26].
Based on the most recent assessment of the atomic masses, the

molar mass of 2-methyl-3-buten-2-ol is in the range (86.125 to
86.139) g �mol�1 [27]. We have taken the middle of this range,
86.132 g �mol�1, to be the molar mass of 2-methyl-3-buten-2-ol.
The maximum uncertainty introduced to the molar enthalpy of for-
mation by this assumption does not exceed 0.26 kJ �mol�1 and can
be neglected, due to the larger experimental uncertainty. The
enthalpy of formation of the compound was calculated using rec-
ommended enthalpies of formation of gaseous carbon dioxide,
DfH�m(CO2, g) = �(393.51 ± 0.13) kJ �mol�1, and liquid water,
DfH�m(H2O, l) = �(285.830 ± 0.040) kJ �mol�1 [28].

IR spectra for liquid films of 2-methyl-3-buten-2-ol before and
after the vapour–pressure determination were recorded with a
Nicolet 380 FT-IR spectrometer equipped with a DTGS temperature-
stabilized coated detector (4000 to 400) cm�1 at 4 cm�1 resolution
and collection of 64 spectra. The detector was equipped with an
attenuated total reflection (ATR) diamond crystal accessory.

2.6. Computational details

Computational aspects of this work include statistical thermo-
dynamic evaluations of heat capacities and derived thermody-
namic functions for the ideal gas, calculation of the enthalpy of
formation for the ideal gas, and analysis of gas-phase association
for the compound studied. All of these use the results of
quantum-chemistry calculations as inputs. However, because var-
ious properties are required for each procedure, the calculations
are performed at different levels of theory. The statistical thermo-
dynamic calculations require frequencies of normal vibrations, and
estimates of the molecular geometry and relative energies of the
conformers. For calculation of the enthalpy of formation, total
energies are most important. The quantitative description of
molecular association is the most computationally demanding pro-
cedure, as it requires both high-level total energies and reliable fre-
quencies of normal vibrations for, at least, the most stable
conformers of oligomers, as well as estimates of molecular geome-
tries and relative energies for a large number of conformers.
Computation times were a necessary consideration.

Geometry optimization and calculation of frequencies of normal
vibrations for the most stable conformers of the species studied
were performed at the B3LYP/6-31+G⁄ level of theory [29,30] with
the Gaussian 09 package [31]. The relaxed potential-energy surface



FIGURE 2. The temperature dependence of heat capacity for 2-methyl-3-buten-2-
ol. Vertical lines indicate the phase transition temperatures.
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scans for the rotating tops in the 2-methyl-3-buten-2-ol monomer
were performed at the same level of theory with a systematic 5
degree change of the dihedral angles.

The number of possible structures for the trimer and tetramer
of 2-methyl-3-buten-2-ol is very large. To speed up the calcula-
tions, we performed a search for possible structures of oligomers
at the RI-BLYP-D3(BJ)/def2-SVP [30,32] level of theory with the
ORCA package [33]. The resolution of identity (RI) approximation
makes the time spent for evaluation of the most time-consuming
exchange–correlation integrals proportional to N2, where N is the
number of basis functions, thus significantly reducing the
computational time. In order to avoid the deficiency of the small
basis set (def2-SVP), which is comparable with 6-31G⁄, the empir-
ical geometry counterpoise (gCP) [34] correction coupled with the
dispersion correction D3(BJ) from Grimme was introduced [35,36].
The relative energies obtained in this way were used to find the
contribution of conformer mixing to the ideal-gas thermodynamic
functions of oligomers, which was required for consideration of
equilibria in molecular association.

If one is to calculate the energy change in a chemical reaction or
in the process of molecular association with an uncertainty compa-
rable to that of the experimental values, the total energies of the
participating species need to be known as accurately as possible.
Today, CCSD(T) is considered as the ‘‘gold standard’’ for this pur-
pose [37]. However, the CCSD(T) approach scales dramatically with
the number of basis functions (�N7) and is too computationally
expensive for large molecules or clusters. The recently proposed
DLPNO-CCSD(T) [38] method is an alternative to CCSD(T) and is
similarly accurate, while being affordable with respect to
computational resources.

The ‘‘reference’’ total energies for the most stable conformers
were obtained with the DLPNO-CCSD(T) method. Additionally,
the RI-SCS-MP2 method [39], and two DFT methods, B3LYP and
PW6B95, with the empirical dispersion correction D3(BJ) from
Grimme et al. [35,36] were tested by comparison with the ‘‘refer-
ence’’ calculations. The SCS-MP2 method was chosen because it
provided better thermochemistry than the conventional MP2 [40].

The results obtained were extrapolated to the complete basis
set (CBS) following two-point procedures. For the Hartree–Fock
and DFT calculations, the exponential extrapolation was applied
[41], whereas for the RI-SCS-MP2 correlation energies, a power
law was used [41]. The corresponding energies were taken from
the single-point calculations X/def2-TZVPP//B3LYP/6-31+G⁄ and
X/def2-QZVPP//B3LYP/6-31+G⁄, where X is the method used. The
applied basis sets were described elsewhere [42–44].

For the DLPNO-CCSD(T) calculations, extrapolation to the CBS
was performed according to Hansen et al. [45], who assumed that
the DLPNO-CCSD(T) and MP2 correlation energies have similar
asymptotic behaviour, and the obtained total energies were
denoted as DLPNO-CCSD(T)/dCBS//B3LYP/6-31+G⁄. A tight cut-off
criterion (10�5 Hartree) was applied for calculations of the pair
correlation energy.

The enthalpy of formation of the compound studied was
calculated with the use of the methods listed above and the G4
method [46].
FIGURE 3. The effect of vaporisation of liquid 2-methyl-3-buten-2-ol during heat-
capacity determination. , Cs determined with a large sample (�0.6 g) and
used as a reference for comparison; - - -, CII for a large sample, - � - � -, CII for a small
(�0.2 g) sample, - � � - � �, Cs for a small sample.
3. Results and discussion

3.1. Heat capacity

The experimental heat capacities for 2-methyl-3-buten-2-ol in
the interval of T = (5 to 370) K are listed in table S2 and are shown
in figure 2. The temperature dependence of the heat capacity for
the liquid has a hump typical for alcohols (see, for example,
Miltenburg et al. [47]).
The measured two-phase heat capacity CII may differ signifi-
cantly from the heat capacity under vapour saturation Cs. To assess
the quality of our adjustment of CII to Cs, an additional series of
measurements were carried out for a small load of the studied
liquid. The values of Cs were derived for both the series, and while
the CII values obtained in the two series differed by up to 0.04CII

(figure 3), the Cs values agreed within the uncertainty of the
measurements.

Figures 4 and 5 summarize the data by Baglai et al. obtained
in a differential adiabatic-type calorimeter with an uncertainty of
about 0.02Cs [7,8], and the results of heat-capacity predictive
schemes by Zábranský and Ruzicka [48] and by Kolska et al. [49].
The experimental heat capacities agree within their uncertainties.
Neither of the predictive schemes can predict the Cs temperature
dependence; however, the absolute values of heat capacity



FIGURE 4. Comparison of the heat capacity for liquid 2-methyl-3-buten-2-ol;
diamonds, this work; pluses, differential adiabatic CDA type calorimeter [7];
triangles, estimation according to the scheme of Zábranský and Růžička [48]; circles
and �, two estimation approaches by Kolska et al. [49].

FIGURE 5. Deviation of the available heat capacity data for liquid 2-methyl-3-
buten-2-ol from the results obtained in this work; diamonds, this work; pluses,
differential adiabatic CDA type calorimeter [7]; triangles, estimation according to
the scheme of Zábranský and Růžička [48]; circles and �, two estimation
approaches by Kolska et al. [49].

TABLE 2
Thermodynamic parameters of the crystal-to-crystal transition for 2-methyl-3-buten-
2-ol.

Tstart
K

Tend
K

Q
J�mol-1

a Q1

J�mol-1
b DcrI

crIIH
o
m

J�mol-1

78.0 96.0 1273 1104 170
78.0 96.0 1276 1104 172
78.0 96.0 1279 1104 176
78.0 96.0 1265 1104 161
Average 170 ± 10c

a The total amount of heat introduced to the sample.
b The amount of heat used to heat up the crystal sample from Tstart to Tend. One
baseline for both phases was used: Cp;mðcrÞ=J � K-1 �mol-1 ¼ 48:008�
0:15259 ðT=KÞþ 3:4989 � 10�3 ðT=KÞ2.

c The expanded uncertainty with 0.95 confidence level is applied.
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predicted according to Zábranský and Ruzicka [48] agree quite well
with the experimental results. The poor predicting ability of
group-contribution procedures for heat capacity of alcohols was
noted recently by Straka et al. [50].

3.2. Low-temperature phase transition

An anomalous increase in the heat capacity of the sample was
observed at temperatures below 100 K (figure 2). Phase transitions
corresponding to structural changes or changes in mobility of
molecules or atom groups occur usually at higher temperatures
[51], while low-temperature transitions generally correspond to
quantum effects. In the absence of any additional information,
we considered the observed transition to be first-order. The
thermodynamic parameters of the transition were determined
from the results of four series of heat capacity experiments;
Ttrs = (88.1 ± 0.3) K, DtrsH

o
m(88.1 K) = (170 ± 10) J �mol�1, and

DtrsS
o
m(88.1 K) = (1.93 ± 0.11) J � K�1 �mol�1 (table 2). The transition

temperature was determined as the maximum of heat capacity.

3.3. Fusion

Upon cooling the sample from T = 370 K, spontaneous
crystallisation occurred at T = (240 to 243) K. The sample was kept
at T = (243.2 to 243.3) K up to 6 h, until the heat evolution had
stopped. Crystals obtained in this way were used in the
measurements.

The triple-point temperature for 2-methyl-3-buten-2-ol
Tfus = (245.03 ± 0.03) K was determined by the fractional melting
method (figure 1). The corresponding enthalpy of fusion
Dcr

l Ho
m = (5.199 ± 0.012) kJ �mol�1 was determined from four exper-

iments (table 3). The following equation was used to calculate

Dl
crH

o
m:

Dl
crH

o
m ¼ Q �

Z Tfus

Tstart

Cs;mðcrÞdT �
Z Tend

Tfus

Cs;mðlÞdT ð4Þ

where Q is the energy needed to heat 1 mol of 2-methyl-3-
buten-2-ol from Tstart to Tend. The initial Tstart and final Tend

temperatures lay in the temperature intervals with ‘‘normal’’ heat
capacity for crystal and liquid, respectively.

The following equations were applied to describe the heat
capacity for crystalline and liquid 2-methyl-3-buten-2-ol in
equation (4):

Cs;mðcrÞ=J � K�1 �mol�1 ¼ �44:769þ 0:98159 ðT=KÞ; ð5Þ

Cs;mðlÞ=J � K�1 �mol�1 ¼ 402:11� 2:3156 ðT=KÞ þ 5:9815

� 10�3 ðT=KÞ2: ð6Þ

The numerical coefficients were obtained from the experimen-
tal data in the intervals of T = (169 to 190) K and (248 to 258) K,
respectively.

3.4. Thermodynamic functions in the condensed state

Calculation of the absolute entropy of a compound is possible
when the temperature dependence of the heat capacity is available
from 0 K. The reported measurements cover the temperature range
down to 5 K. Extrapolation of the heat capacity for the crystal from
T = (5 to 0) K was performed with the use of the empirical function:

Cs;m ¼ D3ðhD=TÞ þ EðhE=TÞ ð7Þ



TABLE 3
Determination of the molar enthalpy of fusion for 2-methyl-3-buten-2-ol.

Tstart=K Tend=K Q=J �mol-1a Q190�Tstart =J �mol-1b Q1=J �mol-1c Q2=J �mol-1d Dl
crHo

m=J �mol-1

210.82 246.77 11,630 3190 9286 338 5196
208.80 246.83 11,970 2856 9286 350 5190e

210.64 248.09 11,929 3160 9286 596 5207
210.30 245.52 11,480 3104 9286 95 5202e

Average 5199 ± 12f

a The total amount of heat introduced to the sample.
b The amount of heat needed to heat sample from T = 190 K (beginning of ‘‘melting region’’) to Tstart.
c The amount of heat used to heat the crystal sample from T = 190 K to Tfus calculated using the heat-capacity baseline given by equation (5).
d The amount of heat used to heat the liquid sample from Tfus to Tend calculated using the heat-capacity baseline given by equation (6).
e From the fractional melting experiments.
f The expanded uncertainty with 0.95 level of confidence.
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where D3(hD/T) is the Debye heat-capacity function for three
degrees of freedom, E(hE/T) is the Einstein heat-capacity function
for one degree of freedom. From the experimental values of heat
capacity over the temperature interval (5.4 to 6.7) K, the values of
hD = 91.1 K and hE = 64.9 K for equation (7) were determined.

The experimental heat capacities in the interval T = (5 to 370) K
were smoothed with polynomials. The derived thermodynamic
functions for 2-methyl-3-buten-2-ol in the crystalline and liquid
states are listed in table 4.
3.5. Vapour pressure and enthalpy of vaporisation

The experimental vapour pressures obtained in this work are
listed in table 5. As the 2-methyl-3-buten-2-ol molecule has a dou-
ble bond, the possibility of polymerization during vapour–pressure
determination must be considered. IR spectra of the sample were
recorded before and after the experiments (figure S3), and no sig-
nificant difference was observed. As noted earlier, the difference in
vapour pressure determined in the successive experiments did not
exceed the uncertainty and had a random character. Additionally,
after the vaporisation experiment, the sample was gently evapo-
rated in a rotary evaporator at T = 293 K and a residual pressure
of 100 Pa. The initial mass of the sample was (3.3867 ± 0.0010) g,
and the residue after 1 h of such gentle vaporisation was
(0.0034 ± 0.0014) g or (1.0 ± 0.4) � 10�3 of the initial sample mass.
After subsequent 1 h vacuum treatment at T = 340 K, the mass of
the non-volatile residue was (0.0015 ± 0.0015) g. This confirms
no polymerization or other process resulted in formation of
low-volatile compounds.

All the vapour pressure data available in the literature are
shown in figures 6 and 7. The rigorous evaluation of the uncer-
tainty of the experimental vapour pressures is not possible due
to a lack of descriptions of the experimental techniques and
parameters of experiments reported in the literature.
Nevertheless, the estimated uncertainties are shown in figure S3
in Supporting Information. The vapour pressures obtained by a sta-
tic method with a glass null manometer [7,8] are significantly
higher than the results from this work. The static method with a
glass null-manometer is very sensitive to the initial degassing
and the purity of the studied sample. Once the sample is sealed
in the glass manometer, in situ purification/degassing of the sample
is not possible, and repeatability of vapour pressures obtained by
this method does not mean that the sample is pure. Insufficient
sample degassing increases the apparent vapour pressure and
decreases the enthalpy of vaporisation evaluated from its temper-
ature dependence.

The results by Zaretskii et al. [9] also deviate from the main
trend of the experimental data. The vapour–pressure data
reported by Roche [10] are available only as the Antoine
equation log(P/torr) = 7.6091 � 1415.4/((t/�C) + 201.88), and the
temperature interval studied is unknown. It is only reported that
the lowest temperature of the interval is between (298 and 323) K.

Although most of these data refer to higher temperatures, the
temperature intervals overlap with our measurements.
Unfortunately, only parameters of the Antoine equation and its
temperature interval are given in the works by Blazhin et al. [13]
and by Pavlov et al. [14] and the temperature intervals do not over-
lap with our results.

The data by Raal and Brouckaert [11] and Lei et al. [12] are
somewhat higher than the results obtained in this work. Their
inclusion in the joint treatment of the experimental vapour pres-
sures will result in a wrong slope of the ln ps vs. T�1 dependence.
Therefore, in further evaluations we used the experimental vapour
pressures determined in the present work.

Numerical values of the weighted average of the enthalpy of
vaporisation (see below) and heat capacity difference between
the liquid and gas phases Dl

gCp,
o

m (298.15 K) = �104 J � K�1 �mol�1

were introduced into the Clarke–Glew equation [52] and the value
of:

�RH lnðpsðHÞ=poÞ ¼ ð8786� 5Þ J �mol�1 ðH ¼ 298:15 KÞ; ð8Þ

was obtained. The repeatability of the experimental vapour
pressures for 2-methyl-3-buten-2-ol was near 1%. This value corre-
sponds to the uncertainty of the vapour–pressure determination by
the static technique as given by equations (1) and (2).

3.6. Enthalpy of vaporisation

The results of calorimetric determination of the enthalpy of
vaporisation at T = 305.12 K are given in table 6. The experimental
value was adjusted to T = 298.15 K by using enthalpy increments
for the liquid and gas phases (D305.12

298.15Dl
gHo

m = 735 J �mol�1). The
resulting value is Dl

gH�
m(298.15 K) = (47.6 ± 1.6) kJ �mol�1.

All enthalpies of vaporisation available in the literature are
compared in table 7. The enthalpies of vaporisation were adjusted
to T = 298.15 K with the enthalpy correction for the liquid and gas
phases from adiabatic calorimetry and results of statistical
calculations. The RT2(dlnps/dT) value from the experimental
vapour–pressure data corresponds to the Dl

gHm/Z ratio, where Z
is the compressibility factor [53]. The latter can be estimated as

Z ¼ 1þ B2ps=RT; ð9Þ

where the second virial coefficient B2 was evaluated using the
Tsonopolous equation [54]. The estimated critical parameters
needed for evaluation of the virial coefficient were taken
from Yaws [55]. The second virial coefficient was found to be
�2.26 dm3 �mol�1 and the corresponding compressibility factor at
T = 298.15 K was Z = 0.997. The final value of the enthalpy of
vaporisation corrected for non-ideality was evaluated to be Dl

gHo
m



TABLE 4
Thermodynamic properties for 2-methyl-3-buten-2-ol in the condensed state (po = 0.1 MPa).a

T=K Cs;m=J � K�1 �mol�1 DT
0Ho

m=T=J � K�1 �mol�1 So
m=J � K�1 �mol�1 �DT

0Go
m=T=J � K�1 �mol�1

Crystal II
0 0 0 0 0
5 0.3244 ± 0.0065 0.0806 ± 0.0016 0.1073 ± 0.0021 0.0268 ± 0.0005
10 2.631 ± 0.026 0.677 ± 0.014 0.9010 ± 0.018 0.2245 ± 0.0045
15 6.921 ± 0.069 1.999 ± 0.025 2.701 ± 0.036 0.7016 ± 0.0090
20 12.04 ± 0.05 3.863 ± 0.042 5.385 ± 0.063 1.522 ± 0.017
25 17.22 ± 0.07 6.019 ± 0.045 8.631 ± 0.076 2.612 ± 0.021
30 22.12 ± 0.09 8.299 ± 0.051 12.21 ± 0.09 3.910 ± 0.026
35 26.55 ± 0.11 10.60 ± 0.06 15.96 ± 0.11 5.362 ± 0.032
40 30.53 ± 0.12 12.84 ± 0.06 19.77 ± 0.12 6.925 ± 0.039
45 34.27 ± 0.14 15.02 ± 0.07 23.58 ± 0.14 8.563 ± 0.045
50 37.80 ± 0.15 17.12 ± 0.08 27.38 ± 0.15 10.26 ± 0.05
60 44.33 ± 0.18 21.12 ± 0.09 34.85 ± 0.18 13.73 ± 0.07
70 50.70 ± 0.20 24.89 ± 0.11 42.16 ± 0.21 17.27 ± 0.08
80 57.08 ± 0.23 28.51 ± 0.12 49.35 ± 0.24 20.84 ± 0.09
88.1 62.25 ± 0.25 31.38 ± 0.13 55.10 ± 0.26 23.72 ± 0.11

Crystal I
88.1 61.32 ± 0.025 33.31 ± 0.14 57.03 ± 0.27 23.72 ± 0.11
90 62.35 ± 0.025 33.91 ± 0.14 58.35 ± 0.27 24.44 ± 0.11
100 67.72 ± 0.27 37.02 ± 0.15 65.19 ± 0.30 28.17 ± 0.12
110 73.25 ± 0.29 40.06 ± 0.17 71.91 ± 0.33 31.85 ± 0.14
120 78.98 ± 0.32 43.06 ± 0.18 78.52 ± 0.36 35.46 ± 0.15
130 85.52 ± 0.34 46.07 ± 0.19 85.10 ± 0.38 39.03 ± 0.17
140 92.84 ± 0.37 49.15 ± 0.20 91.70 ± 0.41 42.55 ± 0.18
150 100.8 ± 0.4 52.32 ± 0.21 98.37 ± 0.43 46.05 ± 0.20
160 110.3 ± 0.4 55.64 ± 0.23 105.2 ± 0.5 49.53 ± 0.21
170 121.0 ± 0.5 59.16 ± 0.24 112.2 ± 0.5 53.01 ± 0.22
180 131.9 ± 0.5 62.91 ± 0.25 119.4 ± 0.5 56.50 ± 0.24
190 141.7 ± 0.6 66.80 ± 0.27 126.8 ± 0.5 60.00 ± 0.25
200 151.5 ± 0.6 70.79 ± 0.29 134.3 ± 0.6 63.53 ± 0.27
210 161.4 ± 0.6 74.87 ± 0.30 141.9 ± 0.6 67.08 ± 0.28
220 171.2 ± 0.7 79.02 ± 0.32 149.7 ± 0.6 70.66 ± 0.29
230 181.0 ± 0.7 83.24 ± 0.34 157.5 ± 0.7 74.26 ± 0.31
240 190.8 ± 0.8 87.52 ± 0.35 165.4 ± 0.7 77.90 ± 0.32
245.03 195.7 ± 0.8 89.69 ± 0.36 169.4 ± 0.7 79.74 ± 0.33

Liquid
245.03 193.8 ± 0.8 110.9 ± 0.4 190.6 ± 0.8 79.74 ± 0.33
250 197.1 ± 0.8 112.6 ± 0.5 194.6 ± 0.8 81.98 ± 0.34
260 204.4 ± 0.8 116.0 ± 0.5 202.4 ± 0.9 86.46 ± 0.36
270 212.7 ± 0.9 119.4 ± 0.5 210.3 ± 0.9 90.90 ± 0.37
273.15 215.4 ± 0.9 120.5 ± 0.5 212.8 ± 0.9 92.29 ± 0.38
280 221.4 ± 0.9 122.9 ± 0.5 218.2 ± 0.9 95.31 ± 0.39
290 230.3 ± 0.9 126.4 ± 0.5 226.1 ± 0.9 99.70 ± 0.41
298.15 237.4 ± 0.9 129.4 ± 0.5 232.6 ± 1.0 103.2 ± 0.4
300 238.9 ± 1.0 130.0 ± 0.5 234.1 ± 1.0 104.0 ± 0.4
310 246.9 ± 1.0 133.7 ± 0.5 242.0 ± 1.0 108.4 ± 0.4
320 253.9 ± 1.0 137.3 ± 0.6 250.0 ± 1.0 112.7 ± 0.5
330 259.9 ± 1.0 141.0 ± 0.6 257.9 ± 1.1 116.9 ± 0.5
340 264.7 ± 1.1 144.5 ± 0.6 265.7 ± 1.1 121.2 ± 0.5
350 268.3 ± 1.1 148.0 ± 0.6 273.5 ± 1.1 125.4 ± 0.5
360 270.9 ± 1.1 151.4 ± 0.6 281.1 ± 1.2 129.7 ± 0.5
370 272.9 ± 1.1 154.7 ± 0.6 288.5 ± 1.2 133.8 ± 0.5

a Uncertainties reported in the table are the expanded uncertainty with 0.95 level of confidence. The expanded uncertainty for temperature is Uc(T) = 0.01 K.
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(298.15 K) = 48.5 � 0.997 = (48.35 ± 0.05) kJ �mol�1. The enthalpy of
vaporisation corrected for non-ideality agrees with the results
of the calorimetric determination. By combining the evaluated
enthalpy of vaporisation and vapour pressure at T = 298.15 K,
one obtains the standard entropy of vaporisation Dl

gSo
m

(298.15 K) = Dl
gHo

m (298.15 K)/298.15 K + Rln(ps(298.15 K)/(Z � po)) =
162.2 � 29.4 = (132.7 ± 0.2) J � K�1 �mol�1.
3.7. Enthalpies of combustion and formation

The results of the determination of the energy of combustion
for liquid 2-methyl-3-buten-2-ol are presented in table 8. The
average standard molar energy and enthalpy of combustion at
T = 298.15 K are as follows: DcUo

mðlÞ = �(3140.1 ± 2.7) kJ �mol�1

and DcHo
mðlÞ = �(3145.1 ± 2.7) kJ �mol�1, where the uncertainty is
the expanded uncertainty for the 0.95 confidence interval includ-
ing repeatability, calibration uncertainty, and uncertainty of the
combustion energy of benzoic acid and auxiliary compounds. The
standard molar enthalpy of formation of the compound in the liq-
uid state, Df H

o
mðlÞ = �(251.6 ± 2.8) kJ �mol�1, was calculated from

the corresponding combustion reaction:
C5H10O ðlÞ þ 7O2 ðgÞ ¼ 5CO2ðgÞ þ 5H2O ðlÞ:

The experimental value deviates substantially from the
enthalpy of formation reported by Gubareva et al. [15],
Df H

o
mðl;298:15 KÞ = �(177.9 ± 0.9) kJ �mol�1. Gubareva et al. [15]

used benzoic acid as an auxiliary material in the combustion of
their samples. The combustion of benzoic acid caused the breaking
of their glass ampules and combustion of the sealed material, but it



TABLE 5
Measured vapour pressures for 2-methyl-3-buten-2-ol.

T/K a ps/Pa b

Series 1
322.89 12,514
325.36 14,315
320.59 11,107
315.80 8467
311.02 6405
306.13 4784
301.36 3534
295.88 2467
291.06 1787
286.31 1271
281.64 910.4
280.58 839.9
283.94 1075.5
288.63 1504
293.35 2084
298.84 2995
303.40 4006
308.18 5405
313.18 7252
313.25 7270
318.16 9605
322.94 12,476
325.39 14,242
320.62 11,021
315.81 8457
311.01 6393
306.16 4776
301.37 3532
295.92 2466
291.09 1780
285.82 1229.9
279.82 793.4

Series 2
328.07 16,345
325.66 14,413
320.82 11,119
315.98 8484
279.12 747.7
280.94 860.8
283.31 1025.8
288.03 1447
293.17 2061
298.02 2863
303.03 3938
307.86 5284
312.70 7049

a The stability of the temperature was better than 0.02 K, the standard uncertainty
of the temperature determination is u(T) = 0.05 K. The experimental points are
listed in the order of determination.
b The standard uncertainty of the pressure measurements is described by:
uðp=PaÞ ¼ 0:05þ 0:005ðp=PaÞ for ps < 1200 Pa and uðp=PaÞ ¼ 5þ 0:005ðp=PaÞ for
ps > 1200 Pa.

FIGURE 6. The temperature dependence of the vapour pressure for 2-methyl-3-
buten-2-ol; diamonds, the results of static method determined in this work; pluses,
the results of static method with a glass membrane as a null manometer by Baglai
et al. [7,8]; squares, the results of Zaretskii et al. [9]; triangles, the ebulliometry data
by Lei et al. [12]; �, the ebulliometry data by Raal and Brouckaert [11]; open circles,
the data from Roche Ltd. [10]; solid circles, the ebulliometry data by Blazhin et al.
[13]; filled rhombs, data by Pavlov et al. [14].

FIGURE 7. The deviation of the available vapour pressure data for 2-methyl-3-
buten-2-ol from those measured in this work; diamonds, the results of static
method determined in this work; pluses, the results of static method with a glass
membrane as a null manometer by Baglai et al. (some data presented) [7,8];
squares, the results of Zaretskii et al. [9]; triangles, the ebulliometry data by Lei et al.
[12]; �, are the ebulliometry data by Raal and Brouckaert [11]; dash dot line (- � - � -),
Antoine parameters from Roche Ltd [10]; dashed line (- - -), Antoine parameters
Blazhin et al. [13]; solid line, Antoine parameters from data by Pavlov [14].
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introduced additional errors because the energy of glass ampule
cracking was not determined and considered in calculations.
Also, no purity analysis of the sample used was provided.

The standard enthalpy of formation of 2-methyl-3-buten-2-ol
in the gaseous state was derived in our research as the sum of
the experimental enthalpies of vaporisation and formation in the
liquid phase; Df H

o
mðg;298:15 KÞ = �(203.3 ± 2.8) kJ �mol�1.

We applied various empirical predictive procedures for estima-
tion of the enthalpy of formation and the enthalpy of vaporisation
of the compound studied. As one can see from the data listed in
table 9, the best agreement of the experimental and predicted
enthalpies of formation in the gas phase was obtained with the
additive schemes by Cohen [56] and Pedley et al. [57]. In contrast,
prediction of the enthalpy of vaporisation was less accurate in
these cases. The best prediction of Dl
gHo

m, obtained with the ‘‘group
contribution’’ scheme by Kolska et al. [58], deviates by 1.5 kJ �mol�1

from the experimental value. The deviations of the other schemes
are much higher. The difference of 1.5 kJ �mol�1 is often acceptable
for theoretical analysis, but this value corresponds to a 3% relative
difference, whose effect on the thermal and mass analysis of indus-
trial processes can be large.



TABLE 6
Results of calorimetric determination of the vaporisation enthalpy for 2-methyl-3-buten-2-ol.a

No. m
g

T
K

b R s
s¼0 DE � ds=mV � s c H

J
d

Dg
l Ho

m=kJ �mol-1

1 0.16666 305.15 17,316 91.13 47.10
2 0.12893 304.95 13,140 69.16 46.20
3 0.25573 305.25 26,759 140.8 47.43
K = (190.0 ± 1.1) mV � s � J�1 e

hDg
l Ho

m ð305:12 KÞi ¼ ð46:9� 1:6Þ kJ �mol-1

a The expanded uncertainties for 0.95 confidence level are reported.
b The standard uncertainty of the temperature determination is u(T) = 0.05 K.
c DE is the difference in the electric potential of the Peltier elements of the calorimeter.
d The enthalpy of vaporisation of the sample.
e K is the calibration constant converting the sum of electric potential into energy of the process under study.

TABLE 7
Enthalpies of vaporisation of 2-methyl-3-buten-2-ol determined in this work and reported in the literature.

T range/K Tav/K Dl
gHo

m(Tav)a/kJ �mol�1 Dl
gHo

m (298 K)a/kJ �mol�1 Method, reference

305.12 46.9 ± 1.6 47.6 ± 1.6 Calorimetry, this work
280 to 325 303 47.98 ± 0.05 48.51 ± 0.05 b Static technique, this work
290 to 372 320 43.1 ± 0.2 45.5 ± 0.2 Static glass null manometer [7]
333 to 370 352 40.1 ± 1.4 46.0 ± 1.4 Ebulliometry [9]
N/A N/A 46.8 N/A [10]
327 to 364 345.9 42.8 ± 0.6 48.0 ± 0.7b Ebulliometry [11]
322 to 370 350 42.2 ± 0.4 47.8 ± 0.5b Ebulliometry [12]
358 to 379 369 41.6 49.3 Ebulliometry [13]
345 to 390 369 40.6 48.3 Static[14]
The weighted average of selected Dl

gHo
m (298 K) (in bold) 48.50 ± 0.05

Value corrected for non-ideality of gas phase 48.35 ± 0.05

a The enthalpy of vaporisation was adjusted to T = 298.15 K by using DN
298H(g) � DN

298H(l) values from adiabatic calorimetry and statistical calculations, the uncertainties in
the corresponding enthalpy difference was introduced into the uncertainty of the final enthalpy of vaporisation.
b Experimental vapour pressures from the work in bold were chosen for joint treatment (see equation (8)).
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3.8. Thermodynamic properties in the ideal-gas state

The methods of statistical thermodynamics were applied to
calculate the thermodynamic properties in the ideal-gas state.
The calculations were carried out in terms of the rigid rotor –
harmonic oscillator – hindered-top rotation approximation.

As one can see from the optimised geometry of
2-methyl-3-buten-2-ol (figure 8), this molecule has four hindered
rotors: two methyl, –OH and vinyl tops. The calculated frequencies
of the normal modes corresponding to the internal rotation of
these tops were as follows: 106 cm�1 for the vinyl top, 229 cm�1

and 260 cm�1 for the methyl tops, and 352 cm�1 for the –OH top.
The parameters of internal rotation used for calculation of the
gas-phase thermodynamic properties are listed in table 10. The
reduced moments of inertia for the rotating tops were calculated
according to Pitzer [59] from the optimised geometrical parame-
ters of the most stable conformer of the molecule. The energy
levels of internal rotation for each top were found by solving the
Schrödinger equation for the hindered rotor (see Computational
Details).

The symmetry number r of the most stable conformer is equal
to one, and the principal moments of inertia are (1.808 � 10�45,
3.106 � 10�45, and 3.062 � 10�45) kg �m2.

The calculated frequencies of normal modes systematically dif-
fer from the experimental vibrational frequencies [60]. The calcu-
lated values were scaled with frequency-dependent scaling
factors to minimize this discrepancy. The vibrational spectrum of
the studied compound was divided into three intervals. For each
interval, a separate scaling factor x ¼ xexp=xcalc was used. For the
interval below 550 cm�1,

x ¼ 1:0112� 0:006; ð10Þ
was taken from our previous study of ethyl decanoate [61]. Where
the numerical values of the scaling factors were estimated by the
authors from the experimental and calculated frequencies of
normal modes for ethane, propane, n-butane, n-pentane,
n-hexane, iso-butane, 2,2-dimethylpropane, 2,2-dimethylbutane,
and methyl acetate from an online database [60]. The same source
was used for the scaling factor of CAH frequencies in the interval
above 2700 cm�1,

x ¼ 0:957: ð11Þ

For OAH stretching vibrations (3610 cm�1) the value:

x ¼ 0:978; ð12Þ

evaluated from the experimental and computed spectra of
methanol in the gas phase was applied [62,63]. In the interval
(550 to 2700) cm�1 the following equation was applied:

x ¼ 1:005� 2:6 � 10�5xcalc: ð13Þ

Only a few frequencies are not visible in the experimental
vibrational spectra and, therefore, a possible error in the scaling
factor will not have a significant effect on the final result.

The obtained values of thermodynamic properties in the
ideal-gas state are reported in table 11. The calculated entropy
of the 2-methyl-3-buten-2-ol at T = 298.15 K equal to 364.3 J �
K�1 �mol�1 agrees very well with the value So

m (g, 298.15 K) = So
m

(l, 298.15 K) + Dl
gSo

m (298.15 K) = (365.2 ± 1.6) J � K�1 �mol�1 obtained
from the experimental results.

The enthalpy of formation of 2-methyl-3-buten-2-ol in the
ideal-gas state was calculated based on homodesmotic
reactions:



TABLE 9
Comparison of the enthalpies of formation in the liquid and gaseous phases at
T = 298.15 K.

Method DfH
o
m (l) DfH

o
m (g) Dl

gHo
m

kJ �mol�1 kJ �mol�1 kJ �mol�1

Experiment [this work] �251.6 �203.3 48.35
Joback [69] �182.1 45.0
Basařová [70] 51.3
Constantinou [71] �222.1 �180.7 41.4
Ducros [72] 51.2
Verevkin [73] 53.1
Cohen [56] �258.2 �207.4 50.8
Kolska [58] 49.6
Pedley [57] �205.6

TABLE 8
Results of determination of the standard molar energy of combustion for 2-methyl-3-buten-2-ol at T = 298.15 K.a

Property Calorimeter 1 Calorimeter 2

1 2 3 4 5

mcomp
g

0.29792 0.27671 0.08706 0.14371 0.14123
mfuse

g 0.00377 0.00309 0.00315 0.00272 0.00289
mfilm

g
0.09019 0.08562 0.06114 0.06302 0.06724

msoot
mg 0 0 0.03 0.08 0.01

pðO2Þ
MPa

3.10 3.10 3.10 3.12 3.12
Tbath

K
302.15 302.15 301.65 301.65 301.65

T i
K

24.90250 24.89481 25.06385 25.05085 25.04442
T f
K

26.04177 25.96657 25.76478 25.96457 25.97204
DTcorr

K
1.02604 0.95879 0.61617 0.83459 0.84553

105 K
s�1

3.58 3.56 2.40 2.34 2.22
ei

J �K�1 14.98 14.91 7.39 7.56 7.57
ef

J �K�1 15.78 15.66 7.74 8.01 8.03

Dign U
J

0.17 0.4 0.12 0.22 0.31

ecalor �ð�DTcorrÞ
J

�15097.05 �14107.54 �6054.49 �8200.68 �8308.18

econt �ð�DTcorrÞ
J

�16.11 �14.94 �4.79 �6.71 �6.81

DIBP U
J

�15113.0 �14122.1 �6059.16 �8207.17 �8314.68

msoot �Dc Usoot
J

0 0 �0.99 �2.64 �0.33
DUðHNO3Þ

J
3.58 1.73 2.27 3.34 2.75

Dst:state U
J

4.47 4.12 2.61 3.74 3.79
Dcuo

J �g�1
�36470.4 �36499.1 �36424.4 �36454.0 �36439.1

Dc Uo
m

kJ �mol�1
�3141.27 �3143.74 �3137.31 �3139.86 �3138.57

a mcomp, mfuse, mfilm are the masses of the sample of the studied compound, cotton fuse, and polyethylene bag adjusted to vacuum conditions (density of the compound is
q = 0.8205 g � cm�3 [7], cotton fuse q = 1.56 g � cm�3(data for glucose is used as reference) [67], polyethylene q = 0.90 g � cm�3 as stated by manufacturer); msoot is the mass of
the soot formed in the experiment; p(O2) is the pressure of oxygen in the bomb; Tbath is the temperature of the calorimeter; Ti and Tf it are the initial and final temperature in
the reaction period; DTcorr is the corrected temperature rise; K is the cooling constant of the calorimeter; ei and ef are the energy equivalent of the contents of the bomb in the
initial and final states, respectively; DignU is the electrical energy for igniting the sample; ecalor is the energy equivalent of the calorimeter (ecalor = (14713.9 ± 3.2) J � K�1 for
calorimeter 1 and (9826.0 ± 2.5) J � K�1 for calorimeter 2, where the uncertainties are twice the standard deviation of the mean of 10 and 19 experiments);
econt�(�DTcorr) = ei�(Ti � 298.15) + ef�(298.15 � Ti � DTcorr); DcUsoot is the average combustion energy of the soot (�33 kJ � g�1) [25]; DIBPU is the change of internal energy
for the isothermal bomb process; DU(HNO3) is the energy required for decomposition of the HNO3 solution formed; Dst.stateU is the energy correction to the standard state
(the sum of Washburn’s corrections, for 2-methyl-3-buten-2-ol cp = 2.79 J � K�1 � g�1; (@U=@p)T = �0.46 J �MPa�1 � g�1 [7]. For polyethylene cp = 2.53 J � K�1 � g�1 [68],
(@U=@p)T = �0.3 J �MPa�1 � g�1); Dcu

� and DcU�m is the standard massic and molar combustion energies of 2-methyl-3-buten-2-ol, respectively. Value
Dcu� = �(46,299 ± 31) J � g�1 for polyethylene was determined from 7 combustion experiments, Dcu� = �(16945.2 ± 16.8) J � g�1 for cotton thread was determined from 10
combustion experiments. In both cases twice the standard deviation is used as uncertainty.
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ð14Þ

ð15Þ

ð16Þ

ð17Þ

The enthalpy of these reactions can be expressed in two ways.
The first method takes into account total energies E of all reaction
participants, zero-point vibrational energies ZPVE, and thermal
correction DT

0Ho
m:

DrH
o
m ðTÞ ¼

X
products

E�
X

reactants

E

 !
þ

X
products

ZPVE�
X

reactants

ZPVE

 !

þ
X

products

DT
0Ho

m �
X

reactants

DT
0Ho

m

 !
; ð18Þ
where T = 298.15 K. In the second approach, the enthalpies of the
reactions are derived from the enthalpies of formation of all the
participants:

DrH
o
mðTÞ ¼

X
products

Df H
o
m �

X
reactants

Df H
o
m:

 !
ð19Þ

Since the left-hand sides of equations (18) and (19) are the
same, corresponding transformations will allow calculation of the
enthalpy of formation of a compound.



FIGURE 8. Equilibrium geometry of 2-methyl-3-buten-2-ol (C: orange; O: red, H:
white). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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We tested the performance of a number of levels of theory in
the calculation of DfH

�
m for the compound studied. As one can see

(tables 12 and table S4), the best results were obtained with the
DLPNO-CCSD(T)/CBS and G4 methods. The enthalpies of formation
obtained from each reaction lie within the experimental uncertainty
range.
TABLE 10
Molecular parameters of 2-methyl-3-buten-2-ol used for statistical calculation of thermod

Top Symmetry number r Reduced moment of inertia
for rotating tops 1047Ir/kg �m2

–CH3 3 5.17
–HC@CH2 1 18.8
–OH 1 1.44

TABLE 11
Thermodynamic properties of 2-methyl-3-buten-2-ol monomer in the ideal gas state.

T/K So
m=J � K-1 �mol-1 Co

p;m=J � K-1 �mol-1 DT
0Ho

m=T=J � K-1 �mo

50 230.0 39.2 34.9
100 263.2 60.2 41.9
150 291.8 81.8 51.7
200 317.9 100.4 61.6
273.15 352.9 125.4 75.4
298.15a 364.3 133.6 79.9
300 365.1 134.2 80.3
400 408.0 164.5 97.6
500 447.5 190.2 113.7
600 484.2 211.6 128.3
700 518.2 229.7 141.5
800 549.9 245.2 153.5
900 579.6 258.7 164.5
1000 607.5 270.4 174.5

a The experimental So
m (g, 298.15 K) = 365.2 ± 1.6 J � K�1 �mol�1.

TABLE 12
The enthalpy of formation (kJ �mol�1) in the gaseous state for 2-methyl-3-buten-2-ol at T

Reaction method B3LYP/6-31+G⁄ DLPNO-CCSD(T)/CBS RI-S

(14) �207.5 �204.2 �20
(15) �205.4 �204.5 �20
(16) �208.2 �205.1 �20
(17) �202.6 �203.1 �20
Average �205.9 �204.2 �20
MADb 4.9 1.8 2.8

a Total energies evaluated with DFT methods were extrapolated to complete basis set s
b Maximal absolute deviation from the experimental enthalpy of formation in the gas p
3.9. Gas phase association and its effect on thermodynamic properties

The presence of the –OH group in 2-methyl-3-buten-2-ol is
indicative of possible association in the gas phase. A bulky hydro-
carbon substituent can either stabilize gas associates due to disper-
sion forces or destabilise them due to steric effects. To study the
possibility of molecular association in the gas phase and evaluate
the possible effect of this association on the thermodynamic prop-
erties, the following properties of the oligomers are required: equi-
librium geometries of all conformers, their energies, and
frequencies of normal vibrations.

In the molecule considered, internal rotation around C–O and
C–C bonds is possible. In the oligomers, the possibility of different
O� � �H–O–C3 dihedral orientations (figure 9) for the cyclic trimer
and tetramer should be taken into account. Similar structures were
previously computed for gas associates of methanol [64]. Linear
forms of trimer and tetramer associates were found to be signifi-
cantly less stable than the cyclic variants [64]. The cyclic forms
with alternating values of O� � �H–O–C3 dihedrals were found to
be more stable relative to systems with equal values.

Preliminary dimer, trimer, and tetramer structures were gener-
ated with random orientation of the substituents, whereas the
structure between the hydrogen and oxygen atoms was kept sim-
ilar to the methanol clusters. The randomly generated structures
were optimised (see subsection Computational Details). Then, ini-
tial geometries for all the possible conformers were generated by
ynamic properties.

Potential function of internal rotation/kJ �mol�1

6.965 (1 � cos(3u))
7.006 � 1.115 cos(u) + 3.461 cos(2u) + 4.342 cos(3u) + 0.339 sin(3u)
4.053 + 1.96 cos(2u) + 3.17 cos(3u)

l-1 �DT
0Go

m=T=J � K-1 �mol-1 Df Ho
m=kJ �mol-1 Df Go

m=kJ �mol-1

195.2 �181.0 �169.2
221.2 �187.7 �154.6
240.1 �192.2 �136.9
256.3 �196.2 �117.9
277.6 �201.6 �88.4
284.4 �203.3 �78.0
284.8 �203.4 �77.2
310.3 �209.6 �34.1
333.9 �214.6 10.3
355.9 �218.6 55.7
376.7 �221.7 101.7
396.4 �223.9 148.3
415.1 �225.5 194.6
433.0 �226.4 241.3

= 298.15 K calculated at the levels of theory X//B3LYP/6-31+G⁄.

CS-MP2/CBS B3LYP-D3/CBSa PW6B95-D3/CBSa G4

3.4 �204.8 �204.9 �205.0
3.9 �204.6 �204.7 �205.1
6.1 �205.4 �205.4 �205.1
3.6 �203.6 �204.2 �203.3
4.3 �204.6 �204.8 �204.6

2.1 2.1 1.8

imilar to the Hartee�Fock energies.
hase DfH

o
m (298.15 K) = �203.3 kJ �mol�1.



FIGURE 9. Equilibrium geometry of the dimer (left), the trimer (center), and the tetramer (right) of 2-methyl-3-buten-2-ol. Green dashed line represents the hydrogen bond
between O and H. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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combination of minima for C1–C2–C3–O (0�, 120� and 240�) and
C2–C3–O–H (60�, 180� and 300�) dihedral angles and then opti-
mised. Finally, duplicates obtained after optimization were
removed.

In total, 34 = 81 conformers were obtained for the dimer, and
they all were confirmed by subsequent optimization. In the case
of the trimer, the number of potential conformers 36 � 2 = 1458 is
doubled because three O� � �H–O–C3 dihedrals can have the same
sign (e.g., uuu orientation) or one can differ from the other two
(e.g., uud), see figure 10. After optimization, the final set was
checked to confirm the absence of geometry duplication with the
help of the quaternion characteristic polynomial (QCP) method
[65], and thus, the number of conformers was reduced to 1417.

For methanol clusters, the stable tetramer forms were udud and
uudd [64]. The presence of a bulky hydrocarbon substituent in
2-methyl-3-buten-2-ol distorted the plane of the O–H and the
hydrogen bonds in such way that the hypothetical uuuu, uuud,
and uudd orientations converted into udud. The total number of
potential udud conformers 38 = 6561 was also analysed with the
QCP method and was reduced to 6560 structures after
optimization.

Each dimer, trimer, and tetramer conformer has an enan-
tiomeric counterpart, which was also considered in calculation of
the thermodynamic parameters for association in the gas phase.

In the calculations of thermodynamic properties of the associa-
tion process, the products of the principal moments of inertia and
frequencies of normal vibrations required for calculation of rota-
tional and vibrational contributions were calculated for the most
stable structures. The frequencies were scaled with equations
(10)–(13). The relative energies of the conformers obtained at
T = 0 K were used to determine the conformational mixing contri-
bution for the considered species.

The energy differences between the oligomers at T = 0 K were
calculated at the levels of theory considered above (except G4
FIGURE 10. The trimer of 2-methyl-3-buten-2-o
method). The enthalpy differences at various temperatures
(table 13) were determined with H(T) � H(0) values obtained as
described earlier and ZPVE calculated at the B3LYP/6-31+G⁄ theory
level and scaled according to equations (10)–(13). The contribution
of the gas-phase association to the heat capacity of
2-methyl-3-buten-2-ol was evaluated numerically.

The results of statistical thermodynamic calculations (table 13)
are reported at T = 298.15 K, the reference temperature for thermo-
chemical investigations, and T = 370 K, near the normal boiling
temperature of 2-methyl-3-buten-2-ol. At the temperatures con-
sidered and P = 0.1 MPa, the effect of oligomerization is small to
negligible. At T = 298.15 K the maximum amount of oligomeric
structures was found to be �0.1% for the trimer structure
(DLPNO-CCSD(T)/dCBS). At the same time, the error in the values
of the standard Gibbs energies obtained is near 4 kJ �mol�1, so
the molar part of the trimer can increase to 1% as well as reduce
to 0.001%. Therefore, the evaluation of the equilibrium concentra-
tions should be carried out with care.

As one can see, the RI-SCS-MP2/CBS level of theory systemati-
cally underestimates the binding energy within the gas cluster, this
underestimation increases with the size of the cluster. On the other
hand, the B3LYP-D3(BJ)/CBS method overestimates the binding
energy in the cluster. In the case of trimers and tetramers, the devi-
ation from the DLPNO-CCSD(T)/dCBS method becomes too large
even for qualitative analysis of gas-phase association.
Interestingly, the PW6B95-D3(BJ)/CBS results allow determination
of the energies of gas phase molecular clusters very close to the ref-
erence DLPNO-CCSD(T)/dCBS method, where even for large clus-
ters, the energy difference was lower than 3 kJ �mol�1. The
results evaluated at the DLPNO-CCSD(T)/dCBS level of theory
apparently show the absence of oligomerization either at the refer-
ence temperature 298.15 K or at 370 K (near the normal boiling
temperature). Nonetheless, even a low content of oligimeric forms
can contribute to the heat capacity of gas-phase values at levels
l in uuu (left) and uud (right) orientations.



TABLE 13
Thermodynamic parameters of association for 2-methyl-3-buten-2-ol.

Xa DbindHo
m

b/kJ �mol�1 DbindSo
m

b/J � K�1 �mol�1 DbindGo
m

b/kJ �mol�1 xc(0.1 MPa) x�DbindHo
m/J �mol�1 DbindCo

p,m
d/J � K�1 �mol�1

T = 298.15 K
Dimer

DLPNO-CCSD(T)/dCBS �18.7 �126.1 18.9 4.9 � 10�4 �9.1 0.3
PW6B95-D3/CBS �18.4 19.2 4.4 � 10�4 �8.1 0.2
B3LYP-D3/CBS �21.9 15.7 1.8 � 10�3 �39 1.3
RI-SCS-MP2/CBS �17.8 19.8 3.3 � 10�4 �5.9 0.2

Trimer
DLPNO-CCSD(T)/dCBS �57.2 �249.7 17.3 9.4 � 10�4 �53 4.4
PW6B95-D3/CBS �57.9 16.6 1.2 � 10�3 �72 6.0
B3LYP-D3/CBS �66.2 8.3 0.028 �1832 131
RI-SCS-MP2/CBS �56.1 18.4 6.0 � 10�4 �34 2.7

Tetramer
DLPNO-CCSD(T)/dCBS �103.0 �434.8 26.6 2.2 � 10�5 �2.2 0.3
PW6B95-D3/CBS �105.6 24.1 6.1 � 10�5 �6.4 1.0
B3LYP-D3/CBS �122.9 6.7 0.049 �5991 734
RI-SCS-MP2/CBS �100.9 28.7 9.2 � 10�6 �0.9 0.1

T = 370 K
Dimer

DLPNO-CCSD(T)/dCBS �17.6 �122.7 27.8 1.2 � 10�4 �2.1 0.04
PW6B95-D3/CBS �17.3 28.1 1.1 � 10�4 �1.9 0.04
B3LYP-D3/CBS �20.8 24.6 1.3 � 30�4 �6.9 0.15
RI-SCS-MP2/CBS �16.6 28.8 8.7 � 10�5 �1.4 0.03

Trimer
DLPNO-CCSD(T)/dCBS �55.9 �246.0 35.1 1.1 � 10�5 �0.6 0.03
PW6B95-D3/CBS �57.3 33.8 1.7 � 10�5 �1.0 0.1
B3LYP-D3/CBS �65.6 25.4 2.6 � 10�4 �17 1.0
RI-SCS-MP2/CBS �55.4 35.6 9.5 � 10�6 �0.5 0.03

Tetramer
DLPNO-CCSD(T)/dCBS �101.6 �430.6 57.7 7.2 � 10�9 �7.3 � 10�4 0.0
PW6B95-D3/CBS �104.2 55.1 1.6 � 10�8 �1.7 � 10�3 0.0
B3LYP-D3/CBS �121.5 37.8 4.6 � 10�6 �5.6 � 10�1 0.06
RI-SCS-MP2/CBS �99.5 59.8 3.6 � 10�9 �3.6 � 10�4 0.0

a Calculations were performed at the X//B3LYP/6-31+G* levels of theory.
b Binding corresponds to the formation of oligomeric structures from monomers: e.g. 4 monomer = tetramer. DbindHo

m, DbindSo
m, and DbindGo

m are the enthalpy, entropy, and
standard Gibbs energy change of the formation of corresponding oligomeric structure.
c The mole fraction of the oligometric structure in the gas phase.
d DbindCo

p,m corresponds to the change in the heat capacity of ideal gas due to gas phase assossiation.

FIGURE 11. The temperature distribution of the gas phase composition for 2-
methyl-3-buten-2-ol at standard conditions (Po = 0.1 MPa) evaluated at DLPNO-
CCSD(T)/dCBS level of theory: xi is the molar composition of the gas phase; solid
line, is the content of single molecule, dashed line, is the dimer cluster content, dash
dot line, corresponds to the trimer structure content, dash dot dot line, shows the
tetramer and higher size clusters content.
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comparable or higher than the evaluated uncertainty. Thus, the
gas-phase heat capacity is more affected by the oligomerization
than the standard entropy of the gas phase.

We have evaluated the temperature distribution of the
gas-phase composition for 2-methyl-3-buten-2-ol at P = 0.1 MPa
(see figure 11) for the suggested reference method
(DLPNO-CCSD(T)/dCBS). As one can see, the size of the gas-phase
clusters of 2-methyl-3-buten-2-ol is decreased with increasing
temperature. From the main trend of the distribution presented,
the dimer cluster, hypothetically, should be the most abundant
structure at T = 298.15 K. However, the maximal content of dimer
does not exceed 0.2 mol% of the gas-phase mixture. This fact is
indirectly supported by the close agreement (within
1 J � K�1 �mol�1) between the statistically calculated and experi-
mental value of the standard entropy for the gas at T = 298.15 K
shown earlier.

Changing the pressure from P = 0.1 MPa to ps substantially
changes the distribution of the oligomer structures in the gas
phase. The results are presented in figure 12. The amount of tetra-
mer, as well as trimer, is insignificant up to 600 K. The amount of
dimer obtained is only 0.03% of the mixture at such high
temperature.

In methanol, a tetramer is responsible for a significant deviation
of the gas-phase heat capacity from the ideal value at pressures
close to 0.1 MPa [66]. Calculations of the gas-phase tetramerization
for methanol demonstrate that DrH� at T = (298.15 to 370) K differs



FIGURE 12. The temperature distribution of the gas phase composition for 2-
methyl-3-buten-2-ol at saturated vapour–pressure conditions evaluated at DLPNO-
CCSD(T)/dCBS level of theory: xi is the molar composition of the gas phase; solid
line, is the content of single molecule, dashed line, is the dimer cluster content, dash
dot line, corresponds to the trimer structure content, dash dot dot line, shows the
tetramer and higher size clusters content.
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from that of 2-methyl-3-buten-2-ol by less than 2 kJ �mol�1. The
entropy change DrS� is about 60 J � K�1 �mol�1 more negative for
2-methyl-3-buten-2-ol. The latter molecule has a larger mass and
moments of inertia. As a result, the translational and rotational
contributions to DrS� are more negative and they cannot be com-
pensated by the increased vibrational and conformational contri-
butions. Therefore, the main reason for the reduced tendency of
the gas-phase association for 2-methyl-3-buten-2-ol compared to
methanol is the larger size of the molecule. In the liquid phase,
DrS� is much lower than in the gas phase, and the strong tendency
to associate holds. This is evidenced by the hump observed in the
temperature dependence of the liquid heat capacities.

4. Conclusions

The thermodynamic properties for 2-methyl-3-buten-2-ol were
determined in the condensed and gaseous phases. The mutual con-
sistency of the experimental values and the results of quantum
chemical calculations indicates reliability in the values deter-
mined, as well as significant progress in computational methods
towards prediction of the gas-phase enthalpy of formation. A com-
parison with values predicted by available group contribution
schemes revealed that the scheme by Cohen [56] shows good pre-
dicting ability for the enthalpy of formation of the compound.
Prediction of the enthalpy of vaporisation for branched and substi-
tuted alcohols is still a challenging problem.

The total energies form the DLPNO-CCSD(T)/dCBS method were
used as a reference to study the association of the
2-methyl-3-buten-2-ol molecules in the gas phase. It was found
that the contribution of the oligomerization process on the
gas-phase thermodynamic properties for this compound is negligi-
ble at P = 0.1 MPa and T = (298 to 370) K.
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