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The energy of combustion of liquid 1,3,3-trimethylcyclopropene was obtained in isoperibolic calorimeter
at T = 298.15 K. The saturated vapour pressures were determined by the comparative ebulliometry in the
temperature range 295–310 K. The normal boiling temperature and the enthalpy of vaporization were
estimated based on p-T-data. The enthalpy of vaporization was measurement by calorimetric method
at T = 298.15 K. The density was determined by pycnometric method at T = 293.15 K. The formation
enthalpies of the compound in liquid and gas states were determined using the obtained experimental
data. The enthalpies of formation in the gaseous state for cyclopropene and its methyl-substituted deriva-
tives were estimated by G4 method.

� 2020 Published by Elsevier Ltd.
1. Introduction

At present, the cyclopropene and its derivatives cause increas-
ing interest of researchers. The ring strain energy of these com-
pounds is significantly higher compared to other cycloolefins [1].
Electron unsaturation of the cycle is a cause low stability of these
compounds and their increased tendency to various transforma-
tions. Because of this, they are widely used in organic synthesis.

The cyclopropene fragment occurs as a structural element of
various natural compounds, which (like many synthetic deriva-
tives of cyclopropene) have a wide spectrum of biological activity
[2,3,4,5]. Taking into account the ability to inhibit ethylene recep-
tors, cyclopropenes are widely used in the storage of fruits, as
fungicides, regulators of growth and maturation of plants [2,3].

Experimental thermochemical studies of cyclopropene and its
derivatives are an important and necessary task. In the literature
there are two experimental works [6,7] devoted to the determina-
tion of combustion energies of cyclopropene compounds. The
enthalpies of combustion of these compounds are determined in
a calorimeter with a burner [8]. Cyclopropene was measured in
[6]: DcH

0
m(C3H4, g , 298 K) = (�2029.2 ± 2.5) kJ�mol�1, DfH

o
m(C3H4,

g , 298 K) = 278.65 ± 2.5 kJ�mol�1; 1-methylcyclopropene was mea-
sured in [7]: DcH

0
m(C4H6, g, 298 K) = (�2675.08 ± 1.13) kJ�mol�1, Df-
H0
m (C4H6, g, 298 K) = 243.51 ± 1.3 kJ�mol�1. The purity of the 1-

methylcyclopropene was controlled by NMR spectra (the impurity
content less than 0.1 mol %); the purity of the cyclopropene is not
given. Some preliminary thermodynamic characteristics of 1,3,3-
trimethylcyclopropene (defined earlier in our laboratory) are given
in [9]. In this work, we clarified the previously reported data and rec-
ommend using them in practice.
2. Experiment and results

2.1. Synthesis of sample

The sample of 1,3,3-trimethylcyclopropene (C6H10(liq)) (Fig. 1)
was synthesized in the laboratory of organic synthesis of Chemical
Department of Lomonosov Moscow State University by decompos-
ing to tosylhydrasone of mesityl oxide with sodium methylate in
diglyme [10].

Two samples of the substance were obtained. The first sample
was purified on a preparative chromatograph, the second was puri-
fied by multiple distillation (column 80 theor. plates) and prepar-
ative chromatography (Table 1).

Samples of the substance contained unidentified impurities: the
first had 0.8 wt%, the second had 0.2 wt% (g.l.c. analysis, XT-7-IC
chromatograph). Purity of studied samples of 1,3,3-
trimethylcyclopropene was also controlled by the analysis of the
gaseous products of combustion on content of CO2(g) [11]. The
molar mass of 1,3,3-trimethylcyclopropene (M = 82.1434 g�mol�1)
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Table 1
Provenance and purity of liquid sample of 1,3,3-trimethylcyclopropene.

Compound Source PurificationMethod Method of
analysis

Final
puritya

mass
fraction

Sample I synthesized preparative g.l.c. analytical g.l.c. 0.9920
C6H10 analysis CO2(g) 0.9996

Sample II synthesized distillation and
preparative g.l.c.

analytical g.l.c. 0.9980
C6H10 analysis CO2(g) 0.9998

a The standard uncertainty u is u(g.l.c.) = 0.0002 mass fraction; the combined
expanded uncertainty Uc is Uc(analysis CO2(g)) = 0.0002 mass fraction (0.95 level of
confidence).

Table 2
Calorimetric determination of the vaporization enthalpy, DvH�m(298.15 K), of 1,3,3-
trimethylcyclopropenea (Molar Mass = 82.1434 g�mol�1).

Experiment q/kJ mvac/g DvH�m(298.15 K)/ (kJ�mol�1)

Sample I
1 0.028262 0.08435 27.52
2 0.028350 0.08347 27.90
3 0.027991 0.08279 27.77

Sample II
4 0.028372 0.08419 27.68
5 0.028243 0.08408 27.59
Mean of five experiments 27.69

q is energy adsorbed in vaporization; standard uncertainty is u(q) = 0.000003 kJ;
mvac is mass of the sample in the vacuum taking into account the loss in prepara-
tion; standard uncertainty is u(mvac) = 0.00002 g; combined expanded uncertainty
is Uc(DvH

o
m) = 0.19 kJ�mol�1 (0.95 level of confidence);

a standard uncertainty u is u(T) = 0.01 K.

Fig. 1. 1,3,3-trimethylcyclopropene.
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were calculated based on relative atomic masses recommended in
[12]. The density of 1,3,3-trimethylcyclopropene is q = 0.6898 g�c
m�3 at T = 293.15 K. The density of sample II was determined by
pycnometric method. The volume of the quartz pycnometer is
1 cm3; the combined expanded uncertainty is Uc(q) = 0.0006 g�cm
�3 (0.95 level of confidence) (Table S1 of Supplementary data).

2.2. Calorimetric determination of enthalpy of vaporization

The enthalpy of vaporization at T = 298.15 K, DvH
o
m(298.15 K),

was determined by calorimetric method. The heat absorbed during
the vaporization of the substance was balanced by introduction of
equivalent amount of electric energy into the heater of the calorime-
ter (Rheater = 49.721 ± 0.005 X). In each experiment, the heating con-
tinued about 900 s. The vapour pressure of the substance in
calorimeter equals to saturation pressure at T = 298.15 K. For uni-
form evaporation over the substance in the calorimetric cell through
the capillary was passed the carrier gas (nitrogen). The gas flow rate
and current power were selected such that the temperature of the
calorimetric cell was constant during measurement and equal to
the temperature of a water thermostat (temperature 298.15 ± 0.00
3 K). This was controlled by the thermistor resistance (R ~ 2 kX, tem-
perature coefficient is ~80 X�K�1) located in the calorimeter cell.
Detailed description of the device configuration and technique are
in [13]. At preparing the cell for measurement, there is some loss
of substance (it are 0.00083–0.00089 g for the sample I; 0.00070–
0.00076 g for the sample II). This loss is taken into account when cal-
culating the enthalpy of vaporization. The results of five experiments
for two samples of the 1,3,3-trimethylcyclopropene are shown in
Table 2.

2.3. Saturation vapour pressure

For sample II the vapour pressure, pexp, as a function of temper-
ature, Tb, was determined by comparative ebulliometry in four
points of the temperature range 295–310 K and the pressure range
44–82 kPa. (Table S2 of Supplementary data). The device consists of
a ebulliometer for measuring the boiling temperatures, Tb, and a
manometric system used for automatic control and determination
of the pressure, pexp, inside ebulliometric system. Detailed descrip-
tion of the device configuration and technique are in [14]. The boil-
ing temperatures were measured with a platinum resistance
thermometer (Ro = 50X) by the potentiometermethod. The volume
of the test liquid is ~2.5 cm�3. The boiling temperature at each pres-
sure is averages value calculated from 6 to 8 measurements. The
combined expanded uncertainties are Uc(Tb) = 0.01 K (0.95 level
of confidence) and Uc(pexp) = 26 Pa (0.95 level of confidence).

Experimental data are approximated by a linear equation
(Fig. S1 of Supplementary data):

Ln p=Pað Þ ¼ Aþ B=T Kð Þ; ð1Þ
where A = 22.37 ± 0.07, B = �3439 ± 20 (r2 = 0.9999).

The enthalpy of vaporization, DvHm, is calculated using the
Clausius-Clayperon equation:

dp
dT

¼ DvHm= DZ � R � Tð Þ; ð2Þ

whereDZ is the difference in the compression factors of gas and liq-
uid, which takes into account the deviation of the vapour from ide-
ality; R = 8.3144598 J�K�1�mol�1. The value DZ(298.15) was
calculated by the equation [15]:

DZ 298:15ð Þ ¼ 1� Pr=T
3
r

h i0:5
; ð3Þ

where Pr = p(298.15)/Pcr b Tr = 298.15/Tcr. The critical parameters,
Pcr and Tcr, were found by the additive method [16]. Table 3 shows
the obtained thermodynamic values.

2.4. Combustion calorimetry

Detailed description of configuration of the static-bomb isoperi-
bolic calorimeter was reported in [17]. The increase of the temper-
ature was measured by means of copper resistance thermometer
(R298 ~ 50X) using bridge circuit [18], 1 K temperature change cor-
responds to 0.1964 Ohm change in resistance. The sensitivity of the
temperature measurements was about 5�10�5 K. The volume of the
calorimetric bomb was 0.270 dm3.

The burning of 1,3,3-trimethylcyclopropene was accompanied
by the formation of a large amount of soot in the bomb. Complete
ness of combustion was obtained in only three experiments with
sample I (experiments 1–3, Table 4) and three experiments with
sample II (experiments 4–6, Table 4).

The energy equivalent of the calorimetric system, e(Calor.), was
determined with thermochemical standard benzoic acid (K-1
brand, D.I. Mendeleev Research Institute of Metrology) using the
energy of combustion in certified conditions Dbu = (�26,432.5) J�g
�1 at T = 298.15 K (combined expanded uncertainty of Dbu is
Uc(Dbu) = 1.9 J�g�1; standard uncertainty of T is u(T) = 0.05 K).
The correction for small deviations from these conditions was
calculated according to Jessup’s formula [11]. The mean values



Table 3
Normal boiling temperature, Tn.boil, molar enthalpy of vaporization, DvH�m(298.15 K),
and difference in the compression factors of gas and liquid, DZ(298.15), of 1,3,3-
trimethylcyclopropene.

Tn.boil
a/K DvH�m(298.15 K)a/(kJ�mol�1) DZ(298.15 K)

317.04 27.7 0.9680

a Standard uncertainties u are u(Tn.boil) = 0.01 K and u(DvH�m) = 0.4 (kJ�mol�1).
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obtained for the energy equivalent with an empty bomb were e
(Calor.)I = 54,082.3 J�X�1 for experiments 1–3 (sample I) and e
(Calor.)II = 54,033.2 J�X�1 for experiments 4–6 (sample II), Table 4;
combined expanded uncertainties are Uc(e(Calor.)I = 4.2 J�X.�1 and
Uc(e(Calor.)II = 4.8 J�X�1 (both are 0.95 level of confidence). The
energy contents of the final products after burning benzoic acid
in the calibration experiments for the samples I and II are 66.8 J�X�1

and 65.8 J�X�1, respectively. The energy content of the final prod-
ucts of combustion for samples I and II are given in Table 4; these
were calculated according to [11].

In experiments with sample I, the substance (about 0.25 g) was
placed in flat ampoules of plain glass, ignited by passing a current
through an iron wire (Ø = 0.1 mm) at a capacitor discharge. During
the combustion of an iron wire, Fe2O3 was formed. This was estab-
lished by X-ray phase analysis. The sample II (about 0.198 g) was
placed in capsules of a Terylene film (C10H8O4), ignited by passing
a current through a platinum wire (Ø = 0.1 mm).
Table 4
Combustion energy of 1,3,3-trimethylcyclopropene at liquid state at T = 298.15 K. (aMolar

Sample I

Experiment 1 2

m/g 0.24180 0.25243
m (Fe)/g 0.00372 0.00405
m (f)/g – –
DRcorr/X 0.213819 0.223295
ef(Cont.)/J�X�1 67.3 67.3
–DU(IBP)/J 11578.2 12091.3
DU(Fe)/J 27.3 29.7
DU(f)/J – –
DU(HNO3)/J 5.6 5.6
DUP/J 3.3 3.5
(�Dcu�)/(J�g�1)c 47733.7 47745.9
(�Dc�u�)/(J�g�1)d (�Dc�u�)I = 47739.5
Mean (�Dcu�)/(J�g�1)e 47743.6 ± 9.8
m(CO2expt)/m(CO2theor)f 0.9994 0.9999
Meang 0.9997 ± 0.0002

m is mass of the sample in the vacuum; standard uncertainty is u(mvac) = 0.02 mg.
m(Fe) is mass of Fe-wire in the vacuum, q = 7.874 g�cm�3[19];
m(f) is mass of Terylene-film (C10H8O4) in the vacuum, q = 1.38 g�cm�3[20];
DRcorr is the increase of the thermometer resistance corrected for heat exchange (1 K
uncertainty is u(DRcorr) = 1 � 10�5 X;
ef(Cont.) is the energy equivalent of contents bomb in the final state; the combined exp
–DU(IBP) is the energy change for the isothermal combustion reaction under actual bo
expanded uncertainties are Uc(DU (IBP)) = 4.2 J and 4.8 J, respectively (0.95 level of con
DU(Fe) is the correction for the energy combustion Fe; Dcu�(Fe) = (�7328 ± 36) J�g�1,
combined expanded uncertainty is Uc(DU(Fe)) = 0.05 J (0.95 level of confidence);
DU(f) is the correction for the energy combustion of film. The energy of combustion of Te
uncertainty is Uc(DU(f)) = 0.1 J (0.95 level of confidence);
DU(HNO3) is the correction for the energy formation of solution HNO3(aq) from N2(g), O2

nitric acid [21,23]); the combined expanded uncertainty is Uc(DU(HNO3)) = 0.002 J (0.9
DUP is the correction to standard state [11]; the standard uncertainty is u(DUP) = 0.08

a Standard uncertainties u are u(Molar Mass) = 0.0002 g�mol�1, u(po) = 0.5 kPa, (T) = 0
b Combined expanded uncertainty is Uc(q) = 0.0006 g�cm�3 (0.95 level of confidence)
c (�Dcu�) is the standard specific energy of combustion.
d (�Dc�u�) are the mean values of specific energy of combustion of the samples I and
e Mean (�Dcu�) is mean value of the specific energy of combustion from data for tow

confidence).
f (mCO2expt)/(mCO2theor) is the ratio of the mass of CO2 determined experimental

(C10H8O4).
g The mean value (mCO2expt)/(mCO2theor) for the two samples; the combined expande
Weighing was carried out on Mettler balance (Type 100 A5M,
Max. Bel. 100 g); standard uncertainty is u(mvac) = 0.02 mg. The
bomb, with 1 ml of distilled water added, was charged with puri-
fied oxygen to a pressure 3.04 MPa. The initial temperature did
not differ from 298.15 K by more than 0.03 K.

The combustion products were analysed for carbon dioxide by
the Rossini method [11]. The content of CO2 in the combustion
products of the samples I and II of 1,3,3-trimethylcyclopropene
equals to 0.9997 mass fractions. The combined expanded uncer-
tainty of the analyses of combustion products is Uc(analysis of
CO2(g)) = 0.0002 mass fractions. For the burning of the substance,
optimal combustion conditions were selected. However, out of 17
experiments performed, only in 6 experiments the substance
burned out without the formation of soot and CO (Table 4). Quali-
tative tests for CO with indicator tubes (TU. 12.43.20-76) were neg-
ative within the limits of their sensitivity 6�10�6 g of CO. The found
amount of carbon dioxide within the uncertainty corresponds to
the theoretical value.

The content of HNO3 in the solution was determined by titra-
tion of washing waters by ~0.1 mol�dm�3 of NaOH (aq).

The results of the determination of specific combustion energy,
h�Dcu�i, of 1,3,3-trimethylcyclopropene (from 6 combustion
experiments) are shown in Table 4.

The obtained close results of the combustion energies and gas
analysis of the combustion products of the two studied samples
suggest that the unidentified impurities correspond to isomers,
Mass = 82.1434 g�mol�1; p� = 101.3 kPa; qb = 0.6898 g�cm�3).

II

3 4 5 6

0.26145 0.19771 0.19922 0.19834
0.00450 – – –
– 0.03414 0.01082 0.01236
0.231266 0.189032 0.180528 0.180323
67.5 66.5 66.2 66.2
12523.0 10226.6 9766.5 9755.4
33.0 – – –
– 782.8 248.1 283.4
5.1 0.8 0.8 0.8
3.6 3.3 2.8 2.9
47738.8 47745.2 47760.3 47737.7

(�Dc�)II = 47747.7

0.9995 0.9998 0.9999 0.9997

temperature change corresponds to 0.1964 Ohm change in resistance); standard

anded uncertainty is Uc(ef(Cont.)) = 0.1 J�X�1 (0.95 level of confidence);
mb conditions, e(Calor.)I = 54082.3 J�X�1, e(Calor.)II = 54033.2 J�X�1; the combined
fidence);
which is calculated from the value DfH

o(Fe2O3) =(�822.2 ± 4.0) kJ�mol�1 [21]. The

rylene-film (C10H8O4) is Dcu� = (�22927.9 ± 6.3) J�g�1 [22]; the combined expanded

(g) and H2O(liq) (based on –59.5 kJ�mol�1 the molar energy of formation of aqueous
5 level of confidence);
J.
.01 K.
;

II.
samples; the combined expanded uncertainty is Uc(�Dcu�) = 9.8 J�g�1 (0.95 level of

ly to that calculated theoretically for the composition of the substance and film

d uncertainty is Uc((mCO2expt)(mCO2theor)) = 2 � 10�4 g (0.95 level of confidence).
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the influence of which on the values of the energy of combustion
and gas analysis are outside the measurement errors.

The change of internal energy for the isothermal bomb process
D U(IBP) was calculated in accordance with [11]:

�DU IBPð Þ ¼ e Calor:ð Þ þ ef Cont:ð Þ½ �DRcorr ð4Þ
The value, (�Dcu�), was calculated based on the sample mass

using the following formula:

�Dcuoð Þ ¼ �DU IBPð Þ � DU Feð Þ � DU fð Þ � DU HNO3ð Þ � �DUP stð Þ
n o

�m�1

ð5Þ

and was attributed to the combustion reaction of this substance:

C6H10 liqð Þ þ 8:5O2 gasð Þ ¼ 6CO2 gasð Þ þ 5H2O liqð Þ ð6Þ
Analysis of the obtained values of the mean specific combustion

energies of samples I,
(�Dc�u�)I, and II, (�Dc�u�)II, of 1,3,3-trimethylcyclopropene (with

using t-criterion) showed that their difference is insignificant.
Therefore, the results of the definitions (�Dc�u�) of both samples
we processed together [24]. Calculation of t-criterion was carried
out according to the formula:

t ¼
Dcu

�o
� �

I
� Dcu

�o
� �

IIffiffiffiffiffi
S
�
2

q �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI � nII

nI þ nII

r
ð7Þ

where nI and nII are the number of experiments in the series;

S2 ¼ ðnI�1Þ�S2I þðnII�1Þ�S2II
nIþnII�2 = 86.72 is weighted average dispersion;

SI2 = 85.02 and SII2 = 265.01 are dispersions of each series of
measurements;
(�Dc�u�)I = 47739.5 J�g�1 and (�Dc�u�)II = 47747.7 J�g�1.

The calculation of the t–criterion for Eq.(7) for 6 experiments
gives the value t = 0.77, which is less than the table value
t0.05(4) = 2.78, i.e., the observed difference in the values (�Dc�u�)I
and

(�Dc�u�)II for samples I and II of the 1,3,3-trimethylcyclopropene
is insignificant. As a result, the average value of the standard speci-
fic energy of combustion in liquid state of 1,3,3-
trimethylcyclopropene is (�Dcu�) = 47743.6 J�g�1; the combined
expanded uncertainty is Uc(�Dcu�) = 9.8 J�g�1.
Table 5
Standard enthalpy of combustion, DcH�m, and formation, DfH�m, of 1,3,3-trimethyl-
cyclopropene in liquid and gaseous state, and enthalpy of vaporization, DvH�m, at
T = 298.15 K, (kJ�mol�1).a

DcH�m/S DfH�m(liq)/S DvH�m/S DfH�m(g)/S

�3928.0 137.8 27.69 165.4

a Combined expanded uncertainties Uc are Uc(DcH
o
m) = 1.0 kJ�mol�1, Uc(DfH

o
m(liq))

= 1.3 kJ�mol�1, Uc(DvH
o
m) = 0.19 kJ�mol�1, Uc(DfH

o
m(g)) = 1.4 kJ�mol�1 (all are 0.95 level

of confidence).
2.5. Energy and enthalpy of combustion in liquid state at T = 298.15 K

The standard molar energy of combustion was received equal to
(�DcUm�) = 3921.8 kJ�mol�1. The combined expanded uncertainty
is Uc(�DcUm�) = 0.8 kJ�mol�1.

The standard molar enthalpy of combustion, DcH�m (liq), is
found by the formula:

DcH
o
m ¼ DcU

o
m þ Dn � RT; ð8Þ

whereDn = �2.5 mol is the difference in the number of moles of gas
after and before the burning of the 1,3,3-trimethylcyclopropene (ac-
cording to reaction (6)); R = 8.3144598 J�K�1�mol�1; T = 298.15 K.

The value of DcH�m is equal to (�3928.0) kJ�mol�1. The com-
bined expanded uncertainty Uc(DcHm�) equal to 1.0 kJ�mol�1. The
calculation of Uc(DcHm�) included the uncertainty of calibration
calorimeter (0.01%), the uncertainty in determining the combus-
tion energy of benzoic acid (0.01%) and the uncertainty in deter-
mining of the substance (0.02%).
2.6. Enthalpy formation of 1,3,3-trimethylcyclopropene in liquid and
gas states at T = 298.15 K

The standard molar enthalpy of formation, DfH�m(liq), in liquid
state at T = 298.15 K here calculated corresponds to reaction (6)
using DcH�m of the 1,3,3-trimethylcyclopropene, and standard
molar enthalpies of formation of DfH�mCO2(g) = (�393.51 ± 0.13)
kJ�mol�1 and DfH�mH2O(liq) = (�285.83 ± 0.04) kJ�mol�1 recom-
mended by CODATA [23].

The standard molar enthalpy of formation, DfH�m(g), in gas
state at T = 298.15 K was calculated using enthalpy of vaporization
(Table 2). The obtained thermodynamic characteristics are given in
the Table 5.

As well, the enthalpies of formation, DfH�m(g), for cyclopropene
and its methyl-substituted derivatives were calculated by G4
method [25] from atomization and isodesmic reactions (Tables
S3–S5 of Supplementary data). The calculations were performed
using the Gaussian 16 package of programs [26]. The results are
given in Table 6.

3. Discussion

The experimental enthalpies of formation in the gas phase at
298.15 K for cyclopropene and two its methyl-substituted deriva-
tives are compared with those calculated by quantum-chemical
methods in Table 6. It can be seen that the calculated values for
1,3,3-trimethylcyclopropene are higher than the experimental
one by 6.1% for the atomization reaction and by 4.5% for the isodes-
mic reactions. This discrepancy exceeds the usually expected error
of calculated G4 values, it should be noted that the DfH

o
m(g) values

for cyclic and polycyclic hydrocarbons obtained by G4 method may
be subject to relatively large errors. Recently it was noted that the G4
enthalpies of formation of adamantane calculated both from the
atomization reaction and from isodesmic reactions are underesti-
mated from (7 to 10) kJ�mol�1 [27].

Some support for our experimental value may be obtained from
estimation of contribution of CH3 group in the enthalpy of forma-
tion of methyl-substituted cyclopropenes and cyclopropanes
(Fig. 2). Assuming that thermodynamic properties can be calcu-
lated as the sum of contributions from all structural units, the
enthalpic increment for the methyl group, DH[C–C(H)3](g), was
estimated using the experimental and calculated values in the ser-
ies of methyl derivatives of cyclopropene and cyclopropane (Fig. 2).

Comparison values of these increments in the series of methyl
derivatives of cyclopropane found from data from both methods
gives almost the similar result. The scatters when using experi-
mental values are (1.5–3.1) kJ�mol�1, when using calculated values
are (3.2–6.4) kJ�mol�1.

A similar pattern is observed in the series of well-studied group
of methyl-substituted benzenes (Table S6 of Supplementary data),
where each CH3 group decreases the enthalpy of formation by
about 33 kJ�mol�1 in going from benzene to 1,2,4,5-
tetramethylbenzene.

A different picture is observed for cyclopropenes (Fig. 2). The
experimental data, including our experimental value for 1,3,3-



Table 6
The experimental and calculated enthalpies of formation of cyclopropene and its methyl-substituted derivatives at 298.15 K.

Compound DfH�m(g)/ kJ�mol�1

Exp. calculation

Isodesmic reaction (Exp. – isodesmic reaction) Atomization reaction (Exp. – atomization reaction)

278.6 ± 2.5[6]
283.6 ± 0.5 [28]

284.1 �5.5�0.5 284.7 �6.1
�1.1

243.5 ± 1.3 [7] 239.4 4.1 240.9 2.6

165.4 ± 1.4
[This work]

173.0 �7.6 175.8 �10.4

Fig. 2. Contribution of CH3 group (kJ�mol�1) in the enthalpy of formation of methyl-substituted cyclopropanes and cyclopropenes determined as the difference in the
corresponding enthalpies of formation. The following values of enthalpy of formation are used (in kJ�mol�1): 53.6 for 1 [28], 24.3 for 2 [28], �8.2 for 3 [29]; the values for
compounds 4–6 are taken from Table 6.
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trimethylcyclopropene, give practically the same contribution of
CH3 group (about �39.3 kJ�mol�1), whereas the discrepancy in cal-
culated values reaches (7.5–11.2) kJ�mol�1. Thus, it can be sug-
gested that the results of G4 calculations are insufficiently
accurate for cyclopropenes.
4. Conclusions

Although the obtained experimental enthalpy of formation in a
gaseous state is lower than the calculated value by 10.4 kJ mol�1

(6.1%) atomization reaction and by 7.6 kJ mol�1 (4.5%) isodesmic
reactions, it cannot be ruled out that the results of G4 calculations
are insufficiently accurate for cyclopropenes. This suggestion is
supported by estimating the change of methyl group contribution
in the enthalpy of formation of cyclopropenes. We hope that this
contradiction will be solved by higher-level quantum chemical
calculations.
Declaration of Competing Interest

We agree with the comments of the editor and reviewers. Thank
them.

Acknowledgment

Investigation was performed in the framework of Program
‘‘Chemical Thermodynamics” (AAAA-A16-116061750195-2). The
authors acknowledge partial support from M.V. Lomonosov Mos-
cow State University Program of Development.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jct.2020.106240.

References

[1] V.P. Kolesov, M.P. Kozina, Russ. Chem. Rev. 6 (1986) 912–928.

https://doi.org/10.1016/j.jct.2020.106240
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0005


6 S.M. Pimenova et al. / J. Chem. Thermodynamics 151 (2020) 106240
[2] Patent; AgroFresh Inc.; MALEFYT, Timothy; GREEN, Alan; (16pag.); US17/
265462; (2017); (A1) English.

[3] Patent; SYNGENTA PARTICIPATIONS AG; WEISS, Matthias; SULZER-MOSSE,
Sarah; (151 pag.); WO2018/228896; (2018); (A1) English.

[4] D. Li, Y. Xu, G. Xu, L. Gu, D. Li, H. Shu, Phytochemistry 67 (2006) 658–667,
https://doi.org/10.1016/j.phytochem.2006.01.027.

[5] E.J. Flaherty, J.R. Deell, B.J. Shelp, G.G. Bozzo, Can. J. Plant. Sci. 98 (2018) 1365–
1375, https://doi.org/10.1139/cjps-2018-0136.

[6] K.B. Wiberg, W.J. Bartley, F.P. Lossing, J. Am. Chem. Soc. 84 (1962) 3980–3981,
https://doi.org/10.1021/ja00879a049.

[7] K.B. Wiberg, R.A. Fenoglio, J. Am. Chem. Soc. 90 (1968) 3395–3397, https://doi.
org/10.1021/ja01015a018.

[8] F.D. Rossini et al., J. Research. Natl. Bur. Stand. 46 (1937) 106.
[9] L.L. Pashchenko, T.S. Kuznetsova, Rus. J. Phys. Chem. A 81 (2007) 1738–1742,

https://doi.org/10.1134/S0036024407110040.
[10] G.L. Closs, I.E. Closs, W.A. Boll, J. Am. Chem. Soc. 85 (1963) 3796–3800, https://

doi.org/10.1021/ja00906a018.
[11] F.D. Rossini (Ed.), Experimental Thermochemistry, Interscience, New York,

1956 (Chapter 4. p. 66; Chapter 3. p. 38; Chapter 5. p. 750).
[12] M.E. Wieser, M. Berglund, T.B. Coplen, et al., Pure Appl. Chem. 85 (2013) 1047–

1078, https://doi.org/10.1351/PAC-REP-13-03-02.
[13] R.M. Varushchenko, G.L. Gal’chenko, V.A. Medvedev, Zh. Fiz. Khim. 51 (1977)

992–995.
[14] R.M. Varushchenko, A.I. Druzhinina, Thermodynamics of the phase

equilibriums of some organic compounds, in: J.C. Moreno-Piraján (Ed.),
Chapter in the book ‘‘Thermodynamics - Interactions Studies – Solids,
Liquids and Gases, INTECH open access publisher, 2011, pp. 595–640, . ISBN
978-953-307-563-1.

[15] B.E. Poling, J.M. Prausnitz, J. O’Connell, The Properties of Gases and Liquids,
fifth ed., McGraw-Hill, 2001, p. 803 (2010).
[16] T.N. Nesterova, I.A. Nesterov, Critical Temperatures and Pressures of Organic
Compounds, Samara scientific center of RAN, 2009, p. 579.

[17] S.M. Skuratov, V.P. Kolesov, A.F. Vorobèv, in: Thermochemistry, Moscow
University, Moscow, 1966, p. 433.

[18] S.M. Skuratov, N.N. Goroshko, Izmer. Tekh. (Russian) 2 (1964) 68.
[19] https://en.wikipedia.org/wiki/Iron.
[20] J.D. Beckhaus, C. Ruchardt, M. Swisek, Thermochim. Acta 79 (1984) 149–159,

https://doi.org/10.1016/0040-6031(84)87102-6.
[21] V.P. Glushko (Ed.), Termicheskie Constanti Vechectv, AS SU Moscow, 1981.
[22] T.S. Papina, S.M. Pimenova, V.A. Lukyanova, V.P. Kolesov, Zh. Fiz Khim. 69

(1995) 2148–2151.
[23] J.D. Cox, D.D. Wagman, V.A. Medvedev, CODATA, Key Values for

Thermodynamics Hemisphere, New York, London, 1989.
[24] V.V. Nalimov, Application of methods of mathematical statistics in the analysis

of matter. M., Fizmatgiz, 1960, 430p.
[25] L.A. Curtiss, P.C. Redfern, K. Raghavachari, J. Chem. Phys. 126 (2007), https://

doi.org/10.1063/1.2436888 084108.
[26] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, et al., Gaussian 16,
Revision B.01, Gaussian, Inc., Wallingford, CT, USA, 2016.

[27] O.V. Dorofeeva, M.A. Filimonova, J. Chem. Thermodyn. 126 (2018) 31–37,
https://doi.org/10.1016/j.jct.2018.06.016.

[28] B. Ruscic, D.H. Bross, Active Thermochemical Tables (ATcT) values based on
version 1.122e of the Thermochemical Network, 2016, http://atct. anl.gov/.

[29] W.D. Good, R.T. Moore, A.G. Osborn, D.R. Douslin, J. Chem. Thermodyn. 6
(1974) 303–310.

JCT 2019-837

https://doi.org/10.1016/j.phytochem.2006.01.027
https://doi.org/10.1139/cjps-2018-0136
https://doi.org/10.1021/ja00879a049
https://doi.org/10.1021/ja01015a018
https://doi.org/10.1021/ja01015a018
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0040
https://doi.org/10.1134/S0036024407110040
https://doi.org/10.1021/ja00906a018
https://doi.org/10.1021/ja00906a018
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0055
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0055
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0055
https://doi.org/10.1351/PAC-REP-13-03-02
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0065
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0065
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0070
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0075
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0075
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0075
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0080
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0080
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0080
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0085
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0085
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0085
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0090
https://en.wikipedia.org/wiki/Iron
https://doi.org/10.1016/0040-6031(84)87102-6
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0105
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0105
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0110
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0110
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0115
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0115
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0115
https://doi.org/10.1063/1.2436888
https://doi.org/10.1063/1.2436888
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0130
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0130
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0130
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0130
https://doi.org/10.1016/j.jct.2018.06.016
http://atct.+anl.gov/
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0145
http://refhub.elsevier.com/S0021-9614(19)30932-2/h0145

	Thermodynamic properties of 1,3,3-trimethylcyclopropene
	1 Introduction
	2 Experiment and results
	2.1 Synthesis of sample
	2.2 Calorimetric determination of enthalpy of vaporization
	2.3 Saturation vapour pressure
	2.4 Combustion calorimetry
	2.5 Energy and enthalpy of combustion in liquid state at T = 298.15 K
	2.6 Enthalpy formation of 1,3,3-trimethylcyclopropene in liquid and gas states at T = 298.15 K

	3 Discussion
	4 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary data
	References


