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ABSTRACT 

The specific heat, entropy, enthalpy, and Gibbs free energy of cyclopropene-d,,, 
cyclopropene-l-d,, cyclopropene-3-d,, cyclopropene-1,2-d,, cyclopropene-3,3-d,, 
cyclopropene-1,3,3-d,, and cyclopropene-d, have been calculated for the temperature 
range 100-1500 K using the rigid-rotor and harmonic oscillator model. The standard 
enthalpy and Gibbs free energy of formation of cyclopropene-d, have also been 
evaluated for the same temperature range using the experimental standard enthalpy 
of formation at 298.15 IS. 

INTRODUCTION 

The physical and chemical properties of cyclopropene and its derivatives have 

been of considerable interest to chemists since the small bonding angles in three- 
membered rings represent the extremes in chemical bonding. This highly strained 
ring system has been subject to theoretical calculations by several workers’- 3. 
Extensive SCF-MO calculations of strain energies have been presented by Baird and 
Dewar3. AIso, experimental values for the strain energy and heat of formation of 
cyclopropene have been reported by Wiberg et al. 4. However, only brief references 
to the ideal gas state thermodynamic properties of normal cyclopropene for a limited 
temperature range have appeared in the literature” 6. 

It is the purpose of this paper to report the statistical thermodynamic properties 
of normal and deuterated cyclopropenes over a wide temperature range using the 
most.recent spectroscopic data available. 

STRUCTURAL AND VIBRATIONAL DATA 

The molecular structure of cyclopropene has been investigated with electron 
diffraction’ and microwave spectroscopic” 9 techniques. The most accurate results 
are those of Stigliani et al.9, whose principal moments of inertia for cyclopropene-d, 
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have been adopted in this work. In addition, the molecular dimensions9 [r(C-C) = 
1.509 + 0.001 A, r(C=C) = 1.2959 + 0.0004 A, r(C-H ethylenic) = 1.072 + 0.001 
A, r(C-H methylenic) = 1.088 rt 0.002 A, L(C-C= C) = 50.84 -& 0.05 O, ,/(C= C- 
H) = 149.85 + O-08”, and _/(H-C-H) = 114.57 =I= 0.19”] have beenused tocalculate 
the principal moments of inertia of the other deuterated cyclopropenes. 

Cyclopropene-f?,, y c clopropene-1,2-d,, cyclopropene-3,3-d,, and cyclopropene- 
d4 possess C,, y s mmetry and have fifteen normal modes which are divided into six 
AI, two AZ, four B1, and three B2 vibrations. The symmetry number is G = 2. With 
the exception of the A, block, whose transitions are not allowed in the infrared, all 
fundamental vibrations are infrared and Raman active. 

Cyclopropene- 1 -dI , cyclopropene-I ,3,3-d,, and cyclopropene-3-d, belong to 
the point group C,. The fifteen normal modes of the first two molecules are divided 
into ten A’ and five A” vibrations, while those of cyclopropene3-d, are divided into 
nine A’ and six A” vibrations. All fundamentals are infrared and Raman active in 
both cases. The symmetry number is’s = 1. 

TABLE 2 

THEkMODYNAMIC PROPERTIES OF NORMAL AND DEUI-ERATED CYCLOPROPENES 

Temperature 
(K) 

-(Go - Ho”)IT H” - Ha” 
E$ (deg mole)-l] & (deg mole)-1] [cat (deg moIeH (kcal male-1) 

Cyclopropene-do 
loo.0 
200.0 
273.15 

298.15 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 

looo.o 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0. 

Cyclopropene-l-d1 
loo.0 
200.0 
273.15 
298.15 
300.0 
400.0 
500.0 
600.0 

7.99 48.03 40.07 0.795 
9.38 53.86 45.64 1.644 

11.69 57.11 48.28 .2.411 
12.59 58.17 49.05 2.714 
12.65 58.25 49.12 2.737 
16.17 62.38 51.92 4.182 
19.18 66.32 54.41 5.955 
21.62 70.04 56.71 7.998 
23.62 73.53 58.86 10.263 
25.30 76.79 60.90 12.711 
26.73 79.86 62.84 15.314 
27.96 82.74 64.79 18.050 
29.03 85.46 66.46 20.901 
29.95 88.02 68.15 23.852 
30.76 90.45 69.77 26.888 
31.46 92.76 71.33 30.000 
32.06 94.95 72.83 33.176 

8.06 49.79 41.82 0.796 
9.89 55.80 47.43 1.674 

12.35 59.23 50.14 2.485 
13.26 60.36 50.95 2.805 
13.33 60.44 51 .oo 2.830 
16.82 64.76 53.91 4.340 
19.78 68.84 56.49 6.175 
22.19 72.67 58.87 8.278 



206 
. . 

TABLE 2 (conrimed) 

Temperature 

(K/ - 

--(GO - HoO)jT H” - Ho” 
[Cal (deg moIej-‘1 (kcal mole-l) 

700.0 24.19 76.24 61.10 10.600 
800.0 25.87 79.59 63.20 13.105 
900.0 27.30 82.72 65.20 15.766 

1000.0 28.52 85.66 67.10 18.558 
1100.0 29.56 88.43 68-92 21 A63 
1200.0 30.46 91.04 70.65 24.466 
1300.0 31.24 93.51 72.32 27.551 
1400.0 31.91 95.85 73.91 30.709 
1500.0 32.48 98.07 75.45 33.929 

Cyclopropehe-3-dl 
loo.0 
200.0 
273.15 
298.15 
3CIO.O 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 

1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 

Cyclopropene-1,2-h 
100.0 
200.0 
273.15 
298.15 
300.0 
400.0 
500.0 

%i:: 
800.0 
90Q.0 

1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 

-.- 

8.00 49.71 
9.64 55.60 

12.25 58.98 
13.22 fa.09 
13.30 60.18 
16.99 64.52 
20.04 68.65 
22.48 72.53 
24.47 76.15 
26.12 79.53 
27.52 82.68 
28.70 85.65 
29.72 88.43 
30.60 91.06 
31.35 93.54 
32.00 95.88 
32.57 98.11 

41.76 
47.33 
50.00 
50.80 
50.86 
53.74 
56.31 
58.69 
60.93 
63.05 
65.06 
66.97 
68.79 
70.54 
72.22 
73.82 
75.37 

0.796 
1.654 
2.451 
2.770 
2.794 
4.313 
6.170 
8.301 

10.652 
13.183 
15.867 
18.680 
21.602 
24.619 
27.717 
30.886 
34.114 

8.14 48.72 40.74 
10.38 54-9 1 46.39 
13.00 58.52 49.16 
13.93 59.70 49.99 
14.00 59-78 50.05 
17.49 64-31 53.06 
20.41 68-53 55.73 
22.81 72.47 58.20 
24.81 76.14 60.50 
26.49 79.56 62.67 
27.90 82.77 64.73 
29.10 85.77 66.69 
30.12 88.60 68.55 
30.99 91.26 70.33 
31.74 93.77 72.04 
32.38 96.14 73.68 
32.92 98.40 75.25 

0.798 
1.703 
2.556 
2.893 
2.919 
4.497 
6.397 
8.562 

10.946 
13.514 
16.235 
19.087 
22.049 
25.106 
28.2& 
31.450 
34.716 

Cyclopropene-3,3-d2 
100.0 8.04 48.60 
200.0 9.87 54.54 
273.15 12.72 58.03. 

40.65 
46.23 
48.93 

0.796 
1.663 
2.486 
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Tempera t we 

(K) 

--(GO - Ho’)IT Ho - Ha” 
Fay (deg mole) -9 Eil (deg mole)-11 Ical (deg mole)-11 (kcal mole-l) 

298.15 13.76 
300.0 13.84 
400.0 17.68 
500.0 20.78 
600.0 23.24 
700.0 25.22 
800.0 26.86 
900.0 28.32 

1000.0 29.39 
1 loo.0 39.36 
1200.0 31.20 
1300.0 31.91 
1400.0 32.52 
1500.0 33.05 

Cyclopropene-I,3,3-d3 
100.0 8.08 
200.0 10.48 
273.15 13.54 
298.15 14.61 
300.0 14.68 
400.0 18.50 
500.0 21.54 
600.0 23.95 
700.0 25.91 
800.0 27.53 
900.0 28.88 

1000.0 30.00 
1100.0 30.95 
1200.0 31.75 
1300.0 32.43 
1400.0 33.01 
1500.0 33.50 

Cyclopropene-da 
100.0 
200.0 
273.15 
298.15 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 

1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500.0 

8.17 
10.96 
14.08 
15.13 
15.21 
18.96 
21.96 
24.38 
26.36 
28.00 
29.36 
30.49 
31.42 
32.21 
32.86 
33.42 
33.89 

59.18 49.74 2.817 
59.27 49.80 2.842 
63.79 52.73 4.424 
68.08 55.38 6.352 
72.10 57.84 8.558 
75.84 60.14 10.984 
79.31 62.32 13.592 
82.56 64.39 16.348 
85.60 66.36 19.231 
88.44 68.24 22.220 
91.12 70.04 25.300 
93.65 71.76 28.455 
96.04 73.41 31.678 
98.30 74.99 34.957 

50.13 42.16 0.797 
56.29 47.79 1.698 
59.99 50.57 2.575 
61.23 51.41 2.926 
61.32 51.47 2.954 
66.08 54.54 4.620 
70.55 57.30 6.628 
74.70 59.86 8.906 
78.54 62.26 11.402 
82.11 64.52 14.077 
85.44 66.66 16.900 
88.54 68.69 19.845 
91.44 70.63 22.894 
94.17 72.48 26.031 
96.74 74.25 29.241 
99.17 75.94 32.513 

101.46 77.57 35.839 

49.26 41.28 0.798 
55.60 46.96 1.729 
59.48 49.80 2.644 
60.75 50.66 3.009 
60.85 50.72 3.037 
65.76 53.88 4.752 
70.32 56.71 6.803 
74.54 59.34 9.124 
78.46 61.79 11.664 
82.09 64.11 14.385 
85.47 66.29 17.255 
88.62 68.37 20.250 
91.57 70.35 23.346 
94.34 72.23 26.529 
96.94 74.03 29.783 
99.40 75.76 33.098 

101.72 77.41 36.464 



208 

Several infrared and Raman spectroscopic studies have been performed for 
the normal and deuterated cyclopropenes 1 ‘- ’ 3. We have adopted the vibrational 
assignments given by Yum13, whose results are vastly superior to those previously 
reported1 OBi 2. 

The values of the principal moments of inertia and the vibrational fundamentals 
used in this work are summarized in Table 1. 

RESULTS 

The thermodynamic functions Cp”, So, -(Go - Hg)/T, and Ho - Hg have 
been evaluated for .the temperature range 100-1500 K. An ideal gas, rigid-rotor, 
harmonic oscillator at 1 atm pressure has been used as the model for these calculations. 
The contribution due to nuclear spin has been neglected. The atomic masses14 
C = 12.011, H = 1.0079, and D = 2.0141, and the most recent fundamental con- 
stants’ ’ have been employ ed throughout this work. The standard enthalpy of forma- 
tion4 AH,098_Is = 66.6 -& 0.6 kcal mole-‘, which is available only for cyclopropene- 
do, and the functions16 Ho - Hg and -(Go - Hg)/T of C and H2 were used to 
calculate the enthalpy (AH:), the Gibbs free energy (AG,O) and logarithmicequilibrium 
constant (InK,) of formation for this molecule. The results are given in Tables 2 and 3. 

In order to assess the uncertainties in these calculated thermodynamic proper- 
ties, we observed the effects of varying the structural and vibrational data by amounts 
corresponding to their estimated uncertainties. The results are summarized in Table 4. 

TABLE 3 

ENTHALPY, GIBBS FREE ENERGY, AND LOGARlTHMIC EQUILIBRIUM CONSTANT OF FORMATION OF CYCLO- 

PROPENE-do 

Temperatzzre 

W 

100.0 
200.0 
273.15 
298.15 
300.0 
400.0 
500.0 
600.0 
700.0 
800.0 
900.0 

1000.0 
1100.0 
1200.0 
1300.0 
1400.0. 
1500.0 

AHI” AGr” in Kt 
(kcal mole-l) [kcal mole-l) 

67.92 68.06 -342.5 
67.33 68.41 -172.1 
66.78 68.88 -126.9 
66.60 69.09 -116.6 
66.59 69.11 -115.9 
65.90 70.05 - 88.1 
65.32 71.16 - 71.6 
64.83 72.37 - 60.7 
64.42 73.66 - 53.0 
64.08 75.01 - 47.2 
63.80 76.39 - 42.7 
63.58 77.82 - 39.2 
63.42 79.21 - 36.2 
62.99 80.68 - 33.8 
63.15 82.13 . - 31.8 
63.10 83.63 - 30.1 
63.04 85.08 - 28.6 
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TABLE 4 

ESTIMATED UNCERTAINTIES IN THE THERMODYNAMIC PROPERTIES OF NORMAL AND DEUTERATED CYCLO- 

PROPENESav b 

Temperature 

WI 
CP” S” -(Go - Ho”IIT H” - Ho” 

Cyclopropene-do 
100.0 
298.15 
500.0 

1000.0 
1500.0 

Gyclopropene-1,2-dz 
100.0 
298.15 
500.0 

1000.0 
1500.0 

Gyclopropene-3,ldz 
100.0 
298.15 
500.0 

1 ooo.0 
1500.0 

0.002 0.01 0.02 ox!03 
0.10 0.06 0.03 0.01 

0.12 0.12 0.06 0.03 
0.06 0.18 0.10 0.07 
0.03 0.19 0.13 0.10 

0.02 0.02 
0.11 0.08 
0.10 0.14 
0.06 0.20 
0.03 0.22 

0.003 0.02 
0.11 0.07 
0.12 0.14 
0.06 0.20 
0.04 0.21 

0.01 

X:E 
0.12 
0.15 

0.01 
0.03 
0.06 
0.12 
0.15 

0.002 
0.01 
0.04 
0.08 
0.10 

0.093 
0.01 
0.04 
0.08 
0.10 

a The units are the same as in Table 2. 
b The estimated uncertainties of the other deuterated cyclopropenes are essentially the same as those 

shown here. 
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