
Thermodynamic Parameters and Group Additivity Ring Corrections for Three- to
Six-Membered Oxygen Heterocyclic Hydrocarbons

Tsan H. Lay,*,† Takahiro Yamada, Po-Lun Tsai, and Joseph W. Bozzelli*,‡

Department of Chemical Engineering, Chemistry and EnVironmental Science, New Jersey Institute of
Technology, Newark, New Jersey 07102

ReceiVed: September 25, 1996; In Final Form: December 30, 1996X

Ideal gas thermodynamic properties (∆Hf°298, S°298, andCp(T), 300e T/K e 1500) for 34 cyclic oxygenated
hydrocarbons are calculated using the PM3 method, including 12 species on which data are not previously
reported. Enthalpies of formation obtained using PM3 are further corrected by-1.642+ 0.882∆Hf°298,PM3,
which is obtained by comparison to experimentally-determined∆Hf°298 of 10 cyclic oxygenated hydrocarbon
molecules. Enthalpies of formation (∆Hf°298, in kcal mol-1) and entropy (S°298, in cal mol-1 K-1) for 12
species are calculated as follows:-57.24 and 64.10 for 1,3-dioxetane, 25.08 and 61.36 for dioxirene,-4.62
and 68.16 for 1,2-dioxolene,-49.03 and 66.11 for 1,3-dioxolene, 16.72 and 68.21 for 1,2,3-trioxolene,-32.96
and 73.79 for 1,2-dioxane,-11.45 and 75.07 for 3,4-dihydro-1,2-dioxin,-57.44 and 72.62 for 2,4-dihydro-
1,3-dioxin,-59.82 and 73.30 for 1,2,4-trioxane,-13.05 and 74.80 for 1,2,3-trioxane,-38.08 and 74.68 for
1,2,4-trioxene, and 9.14 and 74.68 for 1,2,3-trioxane, respectively.∆Hf°298 of seven molecules is different
from previously estimated values by more than 4 kcal mol-1. Our recommended∆Hf°298 values (in kcal
mol-1) are: dioxirane (-2.47), 1,2-dioxetane (-6.38), 2,3-dihydrofuran (-23.52), 2,5-dihydrofuran (-20.90),
1,2-dioxolane (-27.42), 1,2,4-trioxolane (-59.12), and 3,6-dihydro-1,2-dioxin (-9.80). The standard
deviations of∆Hf°298 andS°298 values determined in the present study are evaluated as 2.89 kcal/mol and
1.15 cal mol-1 K-1. Group Additivity ring corrections for corresponding heterocyclics are derived.

Introduction

Cyclic oxygenated hydrocarbons are important intermediates
in chemical processes such as combustion, photochemical
oxidation, and biological degradation of hydrocarbons. Many
biological molecules including sugars, starches, nucleic acid
segments, etc., include cyclic ethers in addition to alcohol
moieties. The initial breakdown products of cellulose and
similar natural materials in pyrolysis and combustion are cyclic
and bicyclic oxygenated hydrocarbons (often radicals). Reac-
tions of alkyl radicals with molecular oxygen in combustion
processes form peroxy species, which react to form cyclic ethers1

and hydroperoxides. Thermodynamic properties of these radical
intermediates are the controlling parameters for pseudoequilib-
rium concentrations of these peroxy species, which in turn affect
the overall rates of subsequent reactions leading to products in
the combustion process.2 These reactions can strongly influence
flame speeds and completeness of conversion or mineralization
(formation of CO2 and H2O).
Cyclic peroxy intermediates are formed in reactions of allylic

and propargyl radicals with O2, which are important in biologi-
cal,3 combustion,1,4 and atmospheric photochemical oxidation
systems.5 For instance, the reaction of an allylic radical and
O2 initially forms an allylic peroxy radical, CH2dCHCH2OO•,
which may isomerize to form primary and secondary alkyl
radicals of cyclic peroxides:

Cyclic peroxides are also formed in the reaction of vinyl,

acetylenic, and phenyl radicals with O2. Here the reactions
initially form a peroxy radical (CH2dCHOO• or CHtCOO•)
that reacts to form a three-membered ring, dioxirane alkyl
radicals:

These radicals further react to form carbonyl and alkoxy radicals,
via cleavage of the weak O-O bond.
Reactions of ozone with alkynes and alkenes in the atmo-

sphere is another example where thermodynamic properties of
cyclic oxygenated hydrocarbons are important. The reactions
of ozone with alkynes and alkenes are assumed to proceed by
addition to form a primary ozonide:6,7

Ideal gas thermodynamic properties of 22 oxygenated het-
erocyclic compounds of three- to six-membered rings were
reported by Dorofeeva.8,9 Enthalpies of formation of 10 cyclic
oxygenated hydrocarbons (furan, oxirane, oxetane, 3,4-dihydro-
2H-pyran, tetrahydrofuran, tetrahydro-2H-pyran, 1,3-dioxolane,
1,4-dioxane, 1,3-dioxane, and 1,3,5-trioxane) in her paper were
adopted from experimental values which were originally quoted
by Pedleyet al.10 Data on∆Hf°298 for 12 other three- to six-
membered ring species (oxirene, dioxirane, 1,2-dioxetane, 2,3-
dihydrofuran, 2,5-dihydrofuran, 1,2-dioxolane, 1,2,3-trioxolane,
1,2,4-trioxolane, 3,6-dihydro-2H-pyran, 3,6-dihydro-1,2-dioxin,
2,3-dihydro-1,4-dioxin, and 1,4-dioxin) in Dorofeeva’s work

† E-mail: lay@tesla.njit.edu.
‡ E-mail: bozzelli@tesla.njit.edu.
X Abstract published inAdVance ACS Abstracts,February 15, 1997.

O

CH CH2

O

CH2

OO

CH2 CH2
•

CH
•

and

OCH

O

CH2 OC

O

CH
• •

and

C

O
O

O

C
CH

C

O
O

O

C
CH2

O3 + CH

O3 + CH2

2471J. Phys. Chem. A1997,101,2471-2477

S1089-5639(96)02949-0 CCC: $14.00 © 1997 American Chemical Society



were estimated using a difference method, which is consistent
with group additivity.11 For instance, the value of∆Hf°298(3,6-
dihydro-2H-pyran) was assumed to be the same as∆Hf°298(3,4-
dihydro-2H-pyran). The enthalpy of formation of oxirene, as
the second example, was estimated on the basis of the difference
values between -CH2- and -O- groups of similar ring com-
pounds:

The enthalpy of formation of dioxirane was also estimated by
applying this enthalpy difference method:

We shall show that the difference method does not yield accurate
results for small ring species, i.e., three- to five-membered rings.
In this work we compare the∆Hf°298 data obtained from the

semiempirical molecular orbital method PM312,13 with values
previously reported. The experimentally-determined enthalpies
of formation of 10 cyclic oxygenated hydrocarbons listed above
are used as reference data to calibrate PM3-determined enthal-
pies of formation. An empirical equation is then obtained and
used to calculate enthalpies of formation for 12 new cyclic
oxygenated hydrocarbons: 1,3-dioxetane, dioxirene, 1,2-diox-
olene, 1,3-dioxolene, 1,2,3-trioxolene, 1,2-dioxane, 3,4-dihydro-
1,2-dioxin, 2,4-dihydro-1,3-dioxin, 1,2,4-trioxane, and 1,2,3-
trioxane, 1,2,4-trioxene, 1,2,3-trioxane.
Structural parameters and fundamental frequencies resulting

from either experiments or ab initio calculations have been
adopted in Dorofeeva’s work to calculate entropies and heat
capacities for 13 oxygen heterocyclics.8,9 Vibrational frequen-
cies of remaining molecules in her work were estimated on the
basis of the force constants evaluated from related compounds.
The frequencies of 1,2-dioxolane were calculated, for instance,
using 20 force constants transferred from tetrahydrofuran and
1,2,4-trioxolane. It is known that the PM3 method provides
an economical way to obtain molecular structural parameters,
fundamental frequencies, and subsequent thermodynamic prop-
erties.14 We are, therefore, interested in comparing PM3-
determined values with the data reported by Dorofeeva. We
also evaluate and report the uncertainties of entropies and heat
capacities obtained using the PM3 method.
Benson’s group additivity technique is commonly used for

the estimation of gas phase enthalpies of formation, heat
capacities, and entropies.11,15 The method assumes that the
properties for a chemical substance are the sum of the contribu-
tions from each polyvalent atom (central atoms) in that molecule.
Ring corrections are needed for ring compounds as group values
are derived from noncyclic (chain) species. Groups for ring
species considered in the present study are derived. The ring
group corrections, once obtained, allow determination of the
thermodynamic properties for cyclic compounds with alkyl
substituents, which frequently appear in atmospheric oxidation
systems. Examples are alkyl-substituted ozonides:

Thermodynamic properties (∆Hf°298, S°298, andCp(T), 300
e T/K e 1500) on a total of 34 cyclic oxygenated hydrocarbons,
which include 22 previously studied species and 12 new species
listed above, are calculated in this study. The corresponding
ring groups for use in group additivity are also derived.

Calculation Method

Thermodynamic properties are calculated for compounds in
an ideal gas standard state at 1 atm. The standard state for
molecules with optical isomers is defined as an equilibrium
mixture of enantiomers at the total pressure 1 atm.
Optimized molecular geometry, moments of inertia for

external rotation, and vibrational frequencies were obtained
using the PM312,13 method in the MOPAC 6.016 computer
package. The restricted Hartree-Fock method with the self-
consistent-field molecular orbital treatment using the PM3
parameter set is employed for the calculations of all molecules.
It should be noted that PM3 parameters were optimized to
reproduce experimental data on enthalpies of formation and
molecular geometries observed at 298 K, not the energies of
molecules (Eeq) or equilibrium geometry at 0 K.17

Enthalpies of formation of 10 cyclic oxygenated hydrocarbons
(furan, oxirane, oxetane, 3,4-dihydro-2H-pyran, tetrahydrofuran,
tetrahydro-2H-pyran, 1,3-dioxiolane, 1,4-dioxane, 1,3-dioxane,
and 1,3,5-trioxane) have been previously determined by experi-
ments.10 These enthalpy values are used as reference data to
calibrate PM3-determined enthalpies of formation (∆Hf°298,PM3).
Enthalpies of formation for species where no experimental data
exist are obtained using the PM3 method and corrected by this
scaling equation. Calculations of standard entropies and heat
capacities are implemented by MOPAC 6.0 with its internal
programs which are based on the statistical mechanics. The
anharmonicity of ring inversion (puckering) of oxetane, tet-
rahydrofuran, 2,3-dihydrofuran, 2,5-dihydrofuran, 1,3-dioxolane,
and 1,3,5-trioxane is considered to be important in the deter-
mination of entropies and heat capacities.8,9 Contributions to
S°298 and Cp(T) from ring inversions of these compounds
calculated by Dorofeeva8,9 using direct summation over energy
levels are adopted in this work to replace the corresponding
harmonic ring puckering frequencies (one from each molecule)
determined using the PM3 method.
The absolute standard deviation (s) of enthalpies of formation

determined in this work is calculated by root-mean-square:s
) [Σδi2/(n - 1)]1/2. Experimentally determined enthalpies of
formation of the 10 molecules listed above are used as reference
data in the calculation of thes∆Hf°298 value of regressed, PM3-
determined∆Hf°298 values. The∆Hf°298 data estimated by
Dorofeeva are used neither in the calibration of PM3-determined
∆Hf°298 nor in the calculation of absolute standard deviation
(s).
Limited experimental data on entropies and heat capacities

of these molecules are available. The entropy and heat capacity
data of 22 molecules reported by Dorofeeva are therefore used
as reference data to calculate the absolute standard deviations
of entropies at 298 K and heat capacities from 300 to 1500 K
resulting from the PM3 method. The absolute standard devia-
tions (s) for entropies and heat capacities determined in this
work are also calculated by root-mean-square.
Cyclic group parameters are derived using the thermodynamic

properties from the literature or those obtained in the present
study as described later for each molecule. Derivation of cyclic
group values utilizes noncyclic group values reported by Benson
and Cohen11,18 and authors’ reassignments based on recent
literature data4,19-23 on standard enthalpies of formation for
corresponding compounds.

∆Hf°298(oxirene)
unknown

- ∆Hf°298(cyclopropene))

∆Hf°298(oxirane)- ∆Hf°298(cyclopropane)

∆Hf°298(dioxirane)
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- ∆Hf°298(oxirane))

∆Hf°298(dimethyl peroxide)- ∆Hf°298(methoxyethane)
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TABLE 1: Vibrational Frequencies (ν, cm-1) and Moments of Inertia (I , 10-40 g‚cm2), Calculated Using the PM3 Method

aOne ring-puckering frequency is not listed.b Frequencies calculated at the RHF/6-31G* level of theory for 1,2-dioxolane (scaled by 0.9): 114,
326, 657, 685, 800, 901, 912, 930, 959, 1010, 1112, 1155, 1224, 1243, 1245, 1306, 1333, 1387, 1478, 1493, 1508, 2915, 2917, 2930, 2956, 2981,
and 2986.
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TABLE 2: Thermodynamic Propertiesa of Cyclic Oxygenated Hydrocarbons

compound ∆Hf°298 S°298 Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 Cp1500

1 oxirane (σ ) 2, OI) 1)b

this work -8.81 58.14 11.58 15.09 18.25 20.85 24.78 27.60 31.88
ref 8c -12.57 57.98 11.30 14.74 17.90 20.55 24.57 27.46 31.28

2 oxirene (σ ) 2, OI) 1)
this work 44.63 57.50 11.22 13.44 15.22 16.62 18.69 20.18 22.49
ref 8 40.63 58.70 13.00 15.12 16.68 17.86 19.62 20.89 22.91

3 dioxirane (σ ) 2, OI) 1)
this work -2.47 57.81 10.47 12.71 14.69 16.30 18.69 20.34 22.75
ref 8 8.36 57.69 10.53 12.80 14.78 16.38 18.73 20.35 22.72

4 oxetane (σ ) 2, OI) 1)
this work -25.20 64.78 14.82 20.27 25.20 29.27 35.38 39.71 46.24
ref 8c -19.24 64.87 14.80 20.07 24.91 28.99 35.24 39.70 46.35

5 1,2-dioxetane (σ ) 2, OI) 1)
this work -6.38 62.90 14.25 18.58 22.36 25.42 29.98 33.05 37.64
ref 8 2.39 62.23 13.62 17.80 21.57 24.71 29.49 32.73 37.53

6 1,3-dioxetane (σ ) 2, OI) 1)
-57.24 64.10 14.00 18.30 22.20 25.30 29.90 33.10 37.70

7 dioxirene (σ ) 2, OI) 1)
25.08 61.36 12.81 15.91 18.47 20.49 23.38 25.33 28.12

8 tetrahydrofuran (σ ) 2, OI) 1)
this work -46.87 71.53 19.54 26.81 33.39 38.85 47.09 52.94 61.72
ref 8c -44.02 72.26 18.45 25.59 32.13 37.64 46.07 52.08 60.97

9 2,3-dihydro-furan (σ ) 1, OI) 1)
this work -23.52 69.40 17.19 23.44 28.91 33.37 40.02 44.70 51.67
ref 8 -17.92 69.92 17.86 24.01 29.40 33.82 40.46 45.14 52.03

10 2,5-dihydro-furan (σ ) 2, OI) 1)
this work -20.90 67.69 17.69 23.93 29.38 33.81 40.40 45.03 51.93
ref 8 -16.73 67.95 18.20 24.41 29.80 34.20 40.79 45.42 52.24

11 furan (σ ) 2, OI) 1)
this work -5.19 64.21 15.75 20.97 25.38 28.91 34.05 37.58 42.76
ref 8c -8.34 63.87 15.74 21.22 25.77 29.34 34.45 37.91 42.95

12 1,2-dioxolane (σ ) 2, OI) 2)
this work -27.42 71.93 18.81 24.91 30.28 34.68 41.22 45.80 52.89
ref 8 -21.51 68.67 18.51 24.78 30.26 34.73 41.37 46.01 52.79

13 1,3-dioxolane (σ ) 2, OI) 1)
this work -74.38 72.37 17.48 23.64 29.11 33.58 40.20 44.82 51.63
ref 8c -71.22 71.66 17.08 22.89 28.22 32.72 39.56 44.39 51.47

14 1,2-dioxolene (σ ) 1, OI) 1)
-4.62 68.16 17.18 22.24 26.48 29.87 34.80 38.20 43.15

15 1,3-dioxolene (σ ) 2, OI) 1)
-49.03 66.11 16.87 22.00 26.32 29.76 34.75 38.18 43.16

16 1,2,3-trioxolane (σ ) 1, OI) 1)
this work -7.09 71.28 18.84 23.71 27.78 31.00 35.68 38.88 43.56
ref 8 -23.90 71.87 18.72 23.54 27.62 30.89 35.65 38.92 43.64

17 1,2,4-trioxolane (σ ) 2, OI) 2)
this work -59.12 69.85 17.77 22.78 27.03 30.43 35.35 38.71 43.53
ref 8 -50.19 68.17 16.55 21.44 25.77 29.32 34.54 38.12 43.24

18 1,2,3-trioxolene (σ ) 1, OI) 1)
16.72 68.21 16.94 20.72 23.65 25.89 29.02 31.10 34.02

19 tetrahydro-2H-pyran (σ ) 1, OI) 1)
this work -52.28 74.43 23.83 32.96 41.17 48.00 58.32 65.67 76.67
ref 9c -53.39 73.72 23.86 32.77 40.87 47.73 58.27 65.80 76.94

20 3,4-dihydro-2H-pyran (σ ) 1, OI) 2)
this work -31.00 74.89 22.48 30.44 37.45 43.22 51.90 58.06 67.23
ref 9c -29.90 74.36 22.17 29.96 36.96 42.82 51.73 58.04 67.35

21 3,6-dihydro-2H-pyran (σ ) 1, OI) 2)
this work -29.24 75.12 22.52 30.49 37.51 43.29 51.98 58.13 67.29
ref 9 -29.90 74.54 22.75 30.69 37.69 43.49 52.26 58.46 67.58

22 1,2-dioxane (σ ) 2, OI) 2)
-32.96 73.79 23.12 31.11 38.13 43.88 52.48 58.54 67.52

23 1,3-dioxane (σ ) 1, OI) 1)
this work -79.06 73.84 22.66 30.71 37.84 43.68 52.39 58.50 67.54
ref 9c -81.81 72.44 21.50 29.05 36.04 42.01 51.19 57.71 67.25

24 1,4-dioxane (σ ) 2, OI) 1)
this work -74.95 72.31 22.53 30.62 37.76 43.61 52.33 58.44 67.49
ref 9c -75.48 71.53 22.16 29.82 36.80 42.70 51.70 58.08 67.43

25 3,6-dihydro-1,2-dioxin (σ ) 2, OI) 2)
this work -9.80 72.73 21.62 28.49 34.35 39.09 46.09 50.96 58.13
ref 9 -4.78 71.34 20.91 27.74 33.65 38.50 45.73 50.78 58.11

26 3,4-dihydro-1,2-dioxin (σ ) 1, OI) 2)
-11.45 75.07 21.78 28.54 34.34 39.04 46.02 50.89 58.08

27 2,4-dihydro-1,3-dioxin (σ ) 1, OI) 1)
-57.44 72.62 21.31 28.22 34.15 38.94 46.01 50.92 58.12

28 2,3-dihydro-1,4-dioxin (σ ) 2, OI) 2)
this work -53.62 72.78 21.25 28.13 34.04 38.82 45.89 50.81 58.03
ref 9 -57.36 72.07 20.46 27.39 33.30 38.19 45.49 50.58 57.99
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Results and Discussion

Vibrational frequencies and moments of inertia are listed in
Table 1. Thermodynamic properties,∆Hf°298, S°298, andCp(T)
(300e T/K e 1500), are listed in Table 2. Parameters of ring
groups are listed in Table 3.
The comparison of experimentally- versus PM3-determined

enthalpies of formation is illustrated in Figure 1. A regressed
line with anR2 value equal to 0.993 is obtained in eq 1:

The standard deviation of the scaled PM3 enthalpies of
formation using eq 1 versus experimental values is 3.16 kcal/
mol. Enthalpies of formation of this work listed in Table 2 are
calculated using eq 1. Absolute differences between enthalpies

of formation obtained using eq 1 versus those reported by
Dorofeeva range from 0.5 (1,4-dioxane) to 16.8 kcal/mol (1,2,3-
trioxolane).

There is no experimental data on∆Hf°298(1,2,3-trioxolane).
It was estimated by Dorofeeva to be-23.90 kcal/mol8 using
the difference method described above. The value determined
using eq 1 is, however,-7.09 kcal/mol. Jungkamp and
Seinfeld24 recently reported enthalpies of formation for the three
trioxy compounds: HOOOH, CH3OOOH, and C2H5OOOH to
be-21.82,-21.34, and-28.52 kcal mol-1, respectively. These
values are determined using ab initio calculations at the G2,
G2M, and G2M/MP2 levels of theory, respectively. The
∆Hf°298 data calculated by PM3 for these three species are
-27.39,-22.86, and-25.92 kcal mol-1, and after being scaled
by eq 1, they are-25.80,-21.80, and-24.50 kcal mol-1,

TABLE 2 (Continued)

compound ∆Hf°298 S°298 Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 Cp1500

29 1,4-dioxin (σ ) 4, OI) 1)
this work -30.87 68.72 19.74 25.50 30.23 34.00 39.43 43.16 48.57
ref 9 -33.46 69.42 19.54 25.37 30.14 33.89 39.28 42.95 48.23

30 1,3,5-trioxane (σ ) 3, OI) 1)
this work -109.62 70.89 21.71 28.68 34.68 39.51 46.58 51.45 58.48
ref 9c -111.35 68.95 19.69 26.23 32.22 37.26 44.88 50.20 57.85

31 1,2,4-trioxane (σ ) 1, OI) 2)
-59.82 74.68 22.00 28.90 34.80 39.60 46.60 51.40 58.40

32 1,2,3-trioxane (σ ) 1, OI) 1)
-13.05 74.80 23.40 30.10 35.70 40.30 47.00 51.60 58.50

33 1,2,4-trioxene (σ ) 1, OI) 2)
-38.08 74.68 20.80 26.50 31.20 34.90 40.20 43.80 49.00

34 1,2,3-trioxane (σ ) 1, OI) 1)
9.14 73.60 21.90 27.50 31.90 35.40 40.50 44.00 49.10

a For the compounds where two sets of data are listed, the numbers in bold are selected in the derivation of ring group values in Table 3.b σ,
symmetry number; OI, number of optical isomers. Assignments ofσ and OI are consistent with those of Dorofeeva in refs 8 and 9.c Enthalpies
of formation taken from ref 10.

TABLE 3: Ring Group Values of Cyclic Oxygenated Hydrocarbons

molecule ∆Hf°298 S°298 Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000

oxirane 26.83 31.08 -2.08 -2.66 -2.40 -2.11 -2.05 -1.80
oxirene 56.42 34.08 1.20 1.42 1.38 1.06 0.02 -0.51
dioxirane 41.96 32.57 -2.77 -2.77 -2.67 -2.65 -2.98 -3.59
oxetane 25.16 28.55 -4.08 -4.28 -3.64 -3.02 -2.45 -1.90
1,2-dioxetane 31.39 26.93 -4.16 -4.52 -4.23 -3.83 -3.37 -3.53
1,3-dioxetane 24.96 27.90 -3.82 -2.99 -1.75 -1.03 -1.07 -0.83
dioxirene 19.97 26.50 -2.59 -1.83 -1.03 -0.81 -1.28 -1.25
tetrahydrofuran 5.20 26.52 -5.93 -5.71 -4.67 -3.72 -2.69 -1.86
2,3-dihydrofuran 8.02 24.65 -4.52 -4.04 -3.43 -2.94 -2.44 -2.32
2,5-dihydrofuran 2.89 25.11 -3.76 -3.07 -2.16 -1.58 -1.35 -1.04
furan -6.11 26.49 -4.98 -4.06 -3.03 -2.30 -1.85 -1.71
1,2-dioxolane 12.49 22.57 -4.77 -4.49 -3.79 -3.16 -2.56 -2.59
1,3-dioxolane 12.18 26.66 -5.20 -5.16 -4.03 -3.09 -2.53 -1.81
1,2-dioxolene -2.05 23.73 -3.70 -2.83 -2.00 -1.61 -1.72 -1.82
1,3-dioxolene 15.69 22.67 -4.85 -3.57 -2.73 -2.27 -2.16 -2.56
1,2,3-trioxolane 15.74 25.79 -1.26 -2.42 -2.38 -1.99 -1.83 -2.24
1,2,4-trioxolane 27.41 23.57 -5.65 -4.78 -3.63 -2.86 -2.64 -2.76
1,2,3-trioxolene 2.14 22.57 -0.66 -0.66 -0.05 0.25 -0.26 -0.38
tetrahydro-2H-pyran 1.01 17.18 -6.02 -5.48 -4.18 -2.98 -1.56 -0.48
3,4-dihydro-2H-pyran 1.04 18.29 -5.71 -5.04 -4.12 -3.29 -2.24 -1.76
3,6-dihydro-2H-pyran -4.12 19.14 -4.20 -3.64 -2.57 -1.72 -0.99 -0.33
1,2-dioxane 7.10 18.27 -5.66 -5.11 -4.17 -3.36 -2.52 -2.40
1,3-dioxane 6.59 16.64 -6.28 -5.95 -4.46 -3.15 -1.97 -0.83
1,4-dioxane 3.32 16.35 -4.60 -4.98 -3.80 -2.62 -1.54 -0.44
3,6-dihydro-1,2-dioxin 4.44 18.72 -5.45 -4.66 -3.81 -3.16 -2.65 -2.68
3,4-dihydro-1,2-dioxin -2.87 19.46 -4.09 -3.38 -2.44 -1.87 -1.61 -1.46
2,4-dihydro-1,3-dioxin 7.12 19.05 -4.98 -3.63 -2.33 -1.54 -1.25 -1.15
2,3-dihydro-1,4-dioxin 2.02 17.07 -5.74 -4.93 -4.10 -3.35 -2.57 -2.48
1,4-dioxin -1.88 20.17 -4.06 -2.03 -0.46 0.29 0.08 0.15
1,3,5-trioxane 20.65 16.83 -7.01 -5.72 -3.63 -2.19 -1.53 -0.62
1,2,4-trioxane 7.04 18.53 -4.65 -4.05 -2.93 -2.11 -1.77 -1.82
1,2,3-trioxane 11.77 19.26 -2.05 -2.83 -2.53 -1.96 -1.58 -1.87
1,2,4-trioxene 3.81 23.14 -5.47 5.84 -5.50 -5.01 -4.46 -4.16
1,2,3-trioxene 3.87 21.54 -1.69 -2.71 -2.59 -2.23 -2.11 -2.07

∆Hf°298,expt) -1.642+ 0.882∆Hf°298,PM3 (1)
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respectively, as shown in Table 4. The maximum deviation of
scaled PM3-calculated∆Hf°298 data from the values reported
by Jungkampet al. is 4.02 kcal mol-1. The PM3-determined
∆Hf°298(1,2,3-trioxolane) value with 4.02 kcal/mol uncertainty,
-7.09 ( 4.02 kcal mol-1, indicates that Dorofeeva’s data,
-23.90 kcal mol-1, could be ca. 12.8 kcal mol-1 too low.
The enthalpies of formation of two other molecules, dioxirane

and 1,2-dioxolane, determined using eq 1 are also significantly
lower than Dorofeeva’s values by 10.83 and 5.91 kcal/mol,
respectively. The experimental data on∆Hf°298 of these two
molecules are again not available. A study25 of enthalpies of
formation of cyclic alkyl peroxides using ab initio calculations
at the MP4SDTQ/6-31G*//MP2/6-31G* level of theory com-
bined with the isodesmic reactions results in∆Hf°298(dioxirane)

) -2.91( 1.34 kcal/mol and∆Hf°298(1,2-dioxolane)) -27.43
( 0.91 kcal/mol. These values are more consistent with the
values determined using eq 1,∆Hf°298(dioxirane)) -2.47 kcal/
mol and∆Hf°298(1,2-dioxolane)) -27.42 kcal/mol and areg7
kcal/mol different from the Dorofeeva’s∆Hf°298 data. We
include these two∆Hf°298values determined at the MP4SDTQ/
6-31G* level of theory in the data of Figure 1 and recalculate
the standard deviation (s) of regressed PM3-determined∆Hf°298
to be 2.89 kcal/mol.
The standard deviation of the PM3-determined entropy versus

Dorofeeva’s data is 1.15 cal mol-1 K-1 (eu). PM3-determined
entropies of five species (oxirene, 1,2,4-trioxolane, 1,3-dioxane,
3,6-dihydro-1,2-dioxin, and 1,3,5-trioxane) differ from those in
Dorofeeva’s work by more than 1.0 but less than 2.0 eu. For
the remaining 16 molecules, the entropy difference is smaller
than 1 eu. The largest difference in the entropies is 3.26 eu for
1,2-dioxolane, which mainly results from difference in vibra-
tional frequencies. The frequencies of 1,2-dioxolane were
calculated8,9 using 20 force constants transferred from tetrahy-
drofuran and 1,2,4-trioxolane. The vibrational contribution to
entropy (S°298,vib) of 1,2-dioxolane is 8.27 eu from the PM3-
calculated vibrational frequencies, while it is 5.07 eu from
Dorofeeva’s frequencies.
Vibrational frequencies of 1,2-dioxolane are further calculated

at the RHF/6-31G* level of theory using theGaussian 9426

system of programs. The default optimization criteria and the
analytical method for vibrational frequency calculation are
employed. The value ofS°298,vib is 6.29 eu from the frequencies
obtained at the RHF/6-31G* (scaled by 0.9),27 which is 1.98
eu lower than the PM3S°298,vib and 1.22 eu higher than
Dorofeeva’s value. At this step, we adopt Dorofeeva’s data on
entropies and heat capacities for 1,2-dioxolane in the derivation
of the ring group values.
The standard deviations of PM3-determined heat capacities

from Dorofeeva’s data for temperatures of 300-1500 K are all
smaller than 1.0 cal mol-1 K-1: 0.79, 0.91, 0.92, 0.83, 0.82,
0.62, 0.45, and 0.29 cal mol-1 K-1 for Cp,300,Cp,400,Cp,500,Cp,600,
Cp,800, Cp,1000, andCp,1500, respectively. The deviation is more

TABLE 4: Comparison of Enthalpies of Formation (kcal/mol) for HOOOH, CH 3OOOH, and C2H5OOOH

data in ref 24 PM3, unscaled (diff) PM3, scaleda (diff)

HOOOH -21.82 -27.39 (-5.57) -25.80 (-3.98)
CH3OOOH -21.34 -22.86 (-1.52) -21.80 (-0.46)
C2H5OOOH -28.52 -25.92 (+2.6) -24.50 (+4.02)

aScaled using eq 1; see text.

TABLE 5: Group Values Used To Derive the Ring Corrections in Table 3

group ∆Hf°298 S°298 Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 note

C/H2/O2 -20.80 9.42 5.50 6.95 8.25 9.35 11.07 12.34 a
C/C/CD/H2 -4.80 9.80 5.12 6.86 8.32 9.49 11.22 12.48 ref 18
C/C/H2/O -8.10 9.80 4.99 6.85 8.30 9.43 11.11 12.33 ref 11
C/C2/H2 -5.00 9.42 5.50 6.95 8.25 9.35 11.07 12.34 ref 18
C/CD/H2/O -6.76 9.80 5.12 6.86 8.32 9.49 11.22 12.48 ref 18
C/CD2/H2 -4.30 10.20 4.70 6.80 8.40 9.60 11.30 12.60 ref 18
CD/H/O 2.03 6.20 4.75 6.46 7.64 8.35 9.10 9.56 b
CD/C/H 8.55 7.97 4.16 5.03 5.81 6.50 7.65 8.45 ref 18
CD/CD/H 6.78 6.38 4.46 5.79 6.75 7.42 8.35 9.11 ref 18
O/C/cd -23.62 9.70 3.91 4.31 4.60 4.84 5.32 5.80 c
O/C2 -23.20 8.68 3.40 3.70 3.70 3.80 4.40 4.60 ref 18
O/CD2 -19.85 10.00 3.40 3.70 3.70 3.80 4.40 4.60 d
O/CD/O 1.64 10.12 3.50 3.87 3.95 4.15 4.73 4.89 e
O/C/O -6.40 8.54 3.90 4.31 4.60 4.84 5.32 5.80 f
O/O2 9.30 9.40 2.20 3.64 4.20 4.34 4.62 4.90 g

a -gThe groups derived by authors on the basis of the following:a ∆Hf°298 (CH2(OH)2) ) -96.6 kcal mol-1 (Melius, C. F.BAC-MP4 Heats of
Formation and Free Energies, Sandia National Laboratories, Livermore, CA, 1993).bO/CD/H ) -37.9 and∆Hf°298(vinyl alcohol)19,22 ) -29.8
kcal mol-1. c ∆Hf°298(CH3CH2OCHCH2)23 ) -33.63 kcal mol-1 d ∆Hf°298(CH2CHOCHCH2)23 ) -3.27 kcal mol-1. eO/H/O ) -16.3 and
∆Hf°298(CH2CHOOH)4 ) -6.37 kcal mol-1. f ∆Hf°298(CH3OOH)20 ) -32.2 kcal mol-1. g ∆Hf°298(HOOOH)) -22.94 kcal mol-1 and∆Hf°298
(CH3OOOH)) -23.8 kcal mol-1, authors’ unpublished results.

Figure 1. Comparison of PM3-determined and experimentally-
determined enthalpies of formation (1, furan; 2, oxirane; 3, oxetane; 4,
3,4-dihydro-2H-pyran; 5, tetrahydrofuran; 6, tetrahydro-2H-pyran; 7,
1,3-dioxiolane; 8, 1,4-dioxane; 9, 1,3-dioxane; 10, 1,3,5-trioxane).
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than 1 cal mol-1 K-1 for four molecules: oxirene, 1,2,4-
trioxolane, 1,3-dioxane, and 1,3,5-trioxane. The largest differ-
ence observed is that forCp,500 of 1,3,5-trioxane as 2.46 cal
mol-1 K-1, which results from the differences in vibrational
frequencies. Vibrational frequencies of 1,3,5-trioxane adopted
by Dorofeeva are experimentally-determined.28

A recent ab initio study29 by Vaceket al. indicates that the
C2V structure of oxirene is a transition state, with an imaginary
frequency corresponding to a ring-opening normal coordinate,
according to DFT (BLYP, B3LYP) calculations and the MP4
and CCSD(T) methods with large spd basis sets. Other methods
(RHF, MP2, CISD, and CCSD(T)) indicate it is a true
minimum.29 At the highest level of theory performed by Vacek
et al., CCSD(T) with a basis set of triple-ú quality including
multiple pdf shells, oxirene is a true minimum with the lowest
harmonic vibrational frequency in the range of 139-163 cm-1.
The lowest vibrational frequency adopted by Dorofeeva is,
however, 450 cm-1,8 which is also supported by the calculations
at the RHF/QZ3P(f,d) level of theory.29 We conclude that the
vibrational frequencies of oxirene are still not well characterized
since significant controversy exists between different levels of
theory. At this step, the entropy and heat capacity data of
oxirene reported by Dorofeeva are adopted in the derivation of
ring groups.

Ring Correction Groups of Group Additivity Method.
The selection of thermodynamic properties to derive values for
ring group corrections is described as follows. The experimental
data for enthalpies of formation of 10 molecules described above
are selected. The values of∆Hf°298(dioxirane),∆Hf°298(1,2-
dioxetane), and∆Hf°298(1,2-dioxolane) determined by ab initio
study and isodesmic reactions are used. Enthalpies of formation
determined using eq 1 are used for the remaining molecules.
Values of entropies and heat capacities reported by Dorofeeva
are adopted to derive the group contributions wherever available;
otherwise, the values obtained using the PM3 method are used.
The diffrences between PM3-determined and literatureS°298and
Cp° values are, however, insignificant except for those of 1,2-
dioxolane (S°298) and 1,3,5-trioxolane (Cp°500).
Some enthalpy corrections for ring groups in Table 3 have

negative values, resulting from the use of group values listed
in Table 5. Benson states the ring correction derived from group
additivity reflects the strain energy of the corresponding cyclic
compound since group values are derived from open-chain,
“unstrained” compounds. However, he also recognizes the
difficulty in separating strain energy from resonance energy
using group additivity for some ring compounds. The ring strain
of benzene, if calculated with a Benson type analysis, is-33.0
kcal mol-1.11 The negative enthalpy corrections for several ring
groups in Table 3 may result from the combination of resonance
and ring strain, such as that that occurs in furan, phenol, and
other vinyl or unsaturated ether compounds.11 Resonance
through chemical bonds on unsaturated carbon and adjacent
oxygen atoms is evidenced by the weaker O-H bonds (ca. 85
kcal mol-1)30 in CH2dCHOH, CHtCOH, and phenol compared
to that in CH3O-H and CH3CH2O-H (bond energy) 104 kcal
mol-1).31

We report the ring correction values for use in group
additivity, based on the group values listed in Table 5.
Additional study is needed to separate and identify ring strain
and resonance effects in oxygenated hydrocarbon species, and
this may lead to redefinition of several oxygen-carbon-
hydrogen groups and subsequent revision of ring groups for
some cyclic oxygenated hydrocarbons.

Conclusion

Thermodynamic properties (∆Hf°298, S°298, andCp(T), 300
e T/K e 1500) of 34 cyclic oxygenated hydrocarbons are
calculated using the PM3 method and scaled using eq 1,
including 12 species which were not previously studied. The
standard deviations of PM3-determined∆Hf°298 andS°298 are
evaluated as 2.89 kcal/mol and 1.15 cal mol-1 K-1. The
standard deviations of PM3-determined heat capacities are
determined to be less than 0.92 cal mol-1 K-1. Ring groups
corresponding to the 34 compounds are derived using thermo-
dynamic properties selected from literature or this work. The
PM3 method is a convenient and economic approach compared
to ab initio methods. It is, therefore, valuable to determine the
deviations of ideal gas thermodynamic properties for cyclic
oxygenated hydrocarbons using the PM3 method. Enthalpies
of formation obtained using the PM3 method after calibration
are particularly valuable when no other data are available.
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