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Heats, Equilibrium Constants, and Free Energies of

Formation of the Dimethylcyclopentanes'
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For the five dimethyleyclopentanes, values are presented for the following thermo-

dynamic properties to 1,500° K: heat content function, free energy function, entropy, heat

content, heat capacity, heat of formation from the elements, free energy of formation from the

elements, and logarithm of the equilibrium constant of formation from the elements.

Equilibrium constants and concentrations are given in tabular and graphical form for some

reactions of isomerization.

I. Introduction

As part of the work of the American Petroleum
Institute Research Project 44 at the National
Bureau of Standards and the University of Cali-
fornia, values have been compiled for the thermo-
dynamic properties in the gaseous state to 1,500 °K
of the heat content function, free energy function,
entropy, heat content, heat capacity, heat of for-
mation, free energy of formation, and logarithm
of the equilibrium constant of formation for the
five dimethylcyclopentanes. Calculations have
also been made of the free energies and equilibrium
constants of some reactions of isomerization.

II. Constants

The values of the constants used in the present
calculations are the same as in the previous
report [1].°

III. Heat Content Function, Free Energy
Function, Entropy, Heat Content, and
Heat Capacity

For the dimethyleyelopentanes, the available
thermal, spectroseopic, and other molecular data
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are either insufficient or too uncertain to permit
a satisfactory statistical treatment at the present
time. However, the thermodynamic functions
may be calculated by adding the necessary incre-
ment to the corresponding function of methyl-
cyclopentane, for which the appropriate values
have already been calculated [2].

For the calculation by the method of increments,
the following equation was used:

(/(dimethleyclopentane) = @(methyleyclopentane)
+ G(methyl) 4-2G (restricted rotation of methyl
group with appropriate barrier) —2@(restricted
rotation of methyl group with barrier as in
methylcyclopentane). (1)

In eq 1, G represents the contribution to the heat

content function, the free energy function, or the

heat capacity, the entropy and heat content being
simply derived from these functions. In calcu-
lating the contribution of the restricted rotation
of the methyl group in methyleyelopentane, the

barrier was taken to be 3,600 cal/mole [2].

The barriers restricting the internal rotation of
the methyl groups in the dimethylecyclopentanes
have been chosen to fit the known entropies of
1,1-dimethylcyclopentane, ¢is-1,2-dimethyleyclo-
pentane, and trans-1,3-dimethyleyclopentane [3].
These barriers are 5,320, 4,680, and 4,360 cal/
mole, respectively. For trans-1,2-dimethyleyclo-
pentane and ¢is-1,3-dimethyleyclopentane, the
barriers were taken to be equal to that in trans-1,3-
dimethylcyclopentane. The barrier restricting
ring puckering for all of the dimethyleyclopentane
isomers is taken unchanged from that in methyl-
cyclopentane [2].
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TaBLE 1. Values of the thermodynamic functions, for the ideal gas state, to 1,500 ° K, for the five dimethylcyclopentanes

Temperature in ° K

Compound
(gas)
298.16 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
HEAT CONTENT FUNCTION, (H°—H)/T, IN CAL/DEG MOLE
1,1-Dimethylecyclopentane__._________ 0 18.66 18.77 23.51 28.59 33.63 38.32 42,64 46.69 50. 38 53.77 56. 92 59.78 62.42 64. 87
cis-1,2-Dimethyleyclopentane. . b 0 18. 86 18.95 23.63 28.71 33.71 38.38 42.70 46. 69 50. 36 63. 73 56. 86 59.72 62. 36 64. 79
trans-1,2-Dimethylcyclopentane 0 18. 94 19. 05 23.71 28.78 33.77 38.42 42. 68 46. 69 50. 34 53. 69 56. 82 59. 68 62. 30 64.73
c¢is-1,3-Dimethylcyelopentane...._ . 0 18.94 19.05 23.71 28.78 SREL 38.42 42,68 46. 69 50. 34 53. 69 56. 82 59. 68 62. 30 64.73
trans-1,3-Dimethylcyclopentane ____. 0 18. 94 19.05 23.71 28.78 33.77 38.42 42. 68 46. 69 50. 34 53. 69 56. 82 59. 68 62. 30 64.73
FREE ENERGY FUNCTION, (F°—H8)/T, IN CAL/DEG MOLE
1,1-Dimethyleyclepentane_ ... _____ 0| —67.21 | —67.36 | —73.36 | —79.14 | —84.72 | —90.28 | —95.75 | —101.02 | —106.13 | —111.05 | —115.87 | —120.51 | —125.04 | —129.51
cis-1,2-Dimethyleyclopentane_...____. 0| —6865| —68.81 | —74.91| —80.71 | —86.35| —91.91 | —97.36 | —102.65 | —107.76 | —112.70 | —117.50 | —122.12 | —126.63 | —131.10
trans-1,2-Dimethyleyclopentane_ .. 0 —68.73 —68. 87 —75.01 —80. 81 —86.45 —92.03 —97.54 | —102.79 | —107.90 | —112.84 | —117.64 | —122.26 | —126.77 | —131.24
cis-1,3-Dimethyleyclopentane._ s 0 —68.73 —68. 87 —75.01 —80. 81 —86. 45 —92.03 —97.54 | —102.79 | —107.90 | —112.84 | —117.64 | —122.26 | —126.77 | —131. 24
trans-1,3-Dimethylcyclopentane______ 0 —68.73 —68. 87 —75.01 —80. 81 —86. 45 —92.03 —97.54 | —102.79 | —107.90 | —112.84 | —117.64 | —122.26 | —126.77 | —131. 24
ENTROPY, S° IN CAL/DEG MOLE
1,1-Dimethylcyclopentane ... ________ 0 85. 87 86.13 96. 87 107.73 118.35 128. 60 138. 39 147.71 156. 51 164. 82 172.79 180. 29 187. 46 194. 38
cis-1,2-Dimethylcyclopentane___ % 0 87.51 87.76 98. 54 109. 42 120. 06 130. 29 140. 06 149. 34 158.12 166. 43 174. 36 181. 84 188. 99 195. 89
trans-1,2-Dimethyleyclopentane . 0 87.67 87.92 98.72 109. 60 120. 22 130. 45 140. 22 149. 48 158. 24 166. 53 174. 46 181. 94 189.07 195. 97
cis-1,3-Dimethyleyclopentane ..~ 0 87.67 87.92 98. 72 109. 60 120. 22 130. 45 140. 22 149. 48 158. 24 166. 53 174. 46 181. 94 189. 07 195. 97
trans-1,3-Dimethylcyclopentane._____ 0 87.67 87.92 98.72 109. 60 120. 22 130. 45 140. 22 149. 48 158. 24 166. 53 174. 46 181. 94 189. 07 195. 97
HEAT CONTENT, (H°—Hjg), IN CAL/MOLE
1,1-Dimethylcyclopentane._._._...___ 0 5564 5631 9404 14300 20180 26820 34110 42020 50380 59150 68300 77710 87390 97300
¢is-1,2-Dimethyleyelopentane___ . ____ 0 5623 5685 9452 14360 20230 26870 34160 42020 50360 59100 68230 77640 87300 97180
trans-1,2-Dimethyleyclopentane._____ 0 5647 5715 0484 14400 20260 26890 34140 42020 50340 59060 68180 77580 87220 97100
eis-1,3-Dimethyleyclopentane . _____ 0 5647 5715 9484 14400 20260 26890 34140 42020 50340 59060 68180 77580 87220 97100
trans-1,3-Dimethyleyclopentane_ . 0 5647 5715 9484 14400 20260 26890 34140 42020 50340 59060 68180 77580 87220 97100




nmbyg ‘sipay

sotbia

Lye

uj 991] puDp ‘SJUDISUC) WM

1,1-Dimethylcyclopentane..._________
cis-1,2-Dimethyleyclopentane___._____
trans-1,2-Dimethylcyclopentane
¢is-1,3-Dimethyleyclopentane ... ____
trans-1,3-Dimethylcyclopentane . __

1,1-Dimethyleyclopentane.... ... _.__
cis-1,2-Dimethyleyclopentane.__ -
trans-1,2-Dimethylcyclopentane . ____
cis-1,3-Dimethyleyclopentane_________
trans-1,3-Dimethylcyclopentane . ____

1,1-Dimethylcyclopentane._._________
cis-1,2-Dimethyleyclopentane_________
trans-1,2-Dimethyleyclopentane _____
¢is-1,3-Dimethyleyclopentane .. ____
trans-1,3-Dimethyleyclopentane.

1,1-Dimethyleyclopentane ... ________
cis-1,2-Dimethyleyclopentane.... . ____
trans-1,2-Dimethylcyclopentane______
cis-1,3-Dimethyleyclopentane __._____
trans-1,3-Dimethylcyclopentane. ...

HEAT CAPACITY, C;, IN CAL/DEG MOLE

0 31. 86 32.16 43.55 54.01 62.78 70.08 76.18 81.38 85.83 89. 62 92. 89 95.75 98.19 100. 31

0 32.06 32.34 43.67 54.03 62.72 69. 92 75.98 81. 14 85.57 89.38 92. 65 95. 51 97.97 100.11

0 32.14 32.44 43.71 54.03 62. 66 69. 88 75.84 80. 98 85.43 89.24 92. 51 95. 39 97.85 100. 01

0 32.14 32.44 43.71 54.03 62. 66 69. 88 75. 84 80. 98 85.43 89.24 92. 51 95. 39 97.85 100. 01

0 32.14 32.44 43.71 54.03 62. 66 69. 88 75.84 80. 98 85.43 89. 24 92. 51 95.39 97.85 100. 01

HEAT OF FORMATION, AHf°, IN KCAL/MOLE

—22.69 | —33.05 | —33.10 —35.92 | —38.14 —39.79 | —41.04 —41.91 —42.39 —42.59 | —42.55 | —42.20 | —41.94 | —41.49 | —40.94

—20.66 | —30.96 | —31.01 —33.84 | —36.05 | —37.72 | —38.96 | —39.83 —40.36 | —40.58 | —40.57 | —40.33 —39.99 | —39.54 —39.03

—22.39 | —32.67 | —32.72| —35.54| —37.756 | —39.41 —40. 67 —41.58 | —42.09 | —42.33 —42.35 | —42.11 —41.78 | —41.36 | —40.85
—21.65 | - —31.93 —31.98 | —34.80 | —37.01 —38.67 | —39.93 —40. 84 —41.35 | —41.59 —41. 61 —41.37 —41.04 —40.62 | —40.11

—22.19 | —32.47 | —32.52 | —35.34¢| —37.55| —39.21 —40.47 —41.38 | —41.89 | —42.13 | —42.15 —41.91 —41.58 | —41.16 —40. 65

FREE ENERGY OF FORMATION, AFf°, IN KCAL/MOLE

—22.69 +9.33 9. 58 24. 26 39. 58 55. 34 71.29 87.33 103. 51 119.75 136. 02 152. 24 168. 48 184. 62 200. 64

—20.66 | +10.93 1118 25. 67 40.83 56. 39 72.17 88.07 104. 08 120.15 136. 23 152.31 168. 42 184.43 200. 29

—22.39 +9.17 9.42 23.90 39.04 54. 60 70. 36 86.19 102. 22 118.27 134. 34 150. 41 166. 50 182. 50 198.35

—21.65 +9.91 10.16 24. 64 39.78 55.34 71.10 86. 93 102. 96 119.01 135. 08 151.15 167. 24 183. 24 199.09

—22.19 +9.37 9. 62 24.10 39.24 54.80 70. 56 86. 39 102. 42 118.47 134. 54 150. 61 166. 70 182. 70 198. 55

LOGARITHM OF EQUILIBRIUM CONSTANT OF FORMATION, LOGuKf

Infinite | —6.8372 | —6.9791 (—13.2550 |—17.3002 [—20.1566 |—22.2561 |—23.8567 |—25.1361 |—26.1704 |—27.0236 |—27.7258 |—28.3238 |—28.8208 |—29.2335

Infinite | —8.0107 | —8.1413 |—14.0255 |—17. 8445 |—20. 5399 |—22. 5337 |—24.0595 |—25.2729 |—26. 2579 |—27.0664 |—27.7393 |—28.3132 |—28.7903 |—29. 1818

Infinite | —6.7224 | —6.8651 |—13.0564 |—17.0648 | —19.8865 (—21.9662 |—23. 5465 | —24.8213 | —25. 8483 |—26. 6914 |—27.3930 |—27.9912 | —28. 4890 |—28. 8986

Infinite | —7.2648 | —7.4042 |—13.4607 |—17.3882 (—20.1561 |—22.1972 |—23. 7487 |—25.0009 |—26.0101 (—26.8384 |—27.5277 |—28.1156 |—28. 6046 |—29. 0064

Infinite | —6.8690 | —7.0108 |—13.1657 |—17.1522 |—19.9594 (—22.0286 |—23.6011 |—24.8698 | —25.892] [—26.7311 |—27.4294 |—28. 0248 |—28. 5203 |—28. 9278




The term G(methyl) represents the contribu-
tion of a methyl group with a barrier to internal
rotation of 3,600 cal/mole and is calculated from
the following relation:

G(methyl)=G(methylcyclopentane)— G(cyclo-
pentane) — G(restricted rotation of ring pucker-
ing in methyleyclopentane),

where the term G(cyclopentane) includes all con-
tributions to that function for cyclopentane
exclusive of symmetry. From the method of
calculation of the function for methylcyclopentane
[2], the term G(methyl) is the same as the contri-
bution of a methyl group to the functions for
methylcyclohexane with a barrier of 3,600 cal/
mole. This contribution is equal to the difference
between the functions for methylcyclohexane and
cyclohexane, exclusive of contributions due to
symmetry and to equatorial-polar tautomerism [4].

For 1,1-dimethylcyclopentane, trans-1,2-di-
methylcyclopentane, and trans-1,3-dimethyleyclo-
pentane, an additional symmetry term, 2 In 2,
was subtracted from the entropy and the negative
of the free energy function. For trans-1,2-di-
methylcyclopentane and trans-1,3-dimethylcyclo-
pentane, a mixing term R In 2 was added to allow
for the mixing of equal amounts of the dextro
and levo optical isomers. The values tabulated
for these two compounds, therefore, are for the
mixture of the optical isomers. It will be noted
that the mixing term, where applicable, exactly
cancels the symmetry term. The resulting values
for the heat content function, the free energy
function, the entropy, the heat content, and the
heat capacity are included in table 1. Where the
second decimal place is given, the uncertainty is
several tenths of a unit.

IV. Heat, Free Energy, and Equilibrium
Constants of Formation

Values for the standard heat of formation at
25° C of the five dimethylcyclopentanes in the
gaseous state, from carbon (solid, graphite) and
hydrogen (gaseous), are taken from reference [5].

The method of calculating values of the standard
heat of formation, the standard free energy of
formation, and the logarithm of the equilibrium
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constant of formation for the different tempera-
tures in the range 0° to 1,500° K is the same as
that described in section IV-1 of reference [6].

The resulting values for the formation of the
given hydrocarbon in the gaseous state, from the
elements carbon (solid, graphite) and hydrogen
(gaseous), each in its thermodynamic standard
reference state, are included in table 1, which
gives values of the following properties to 1,500°
K: heat of formation, free energy of formation,
and logarithm of the equilibrium constant of
formation.

V. Free Energies and Equilibria of Some
Reactions of Isomerization

In figure 1 are plotted, as a function of tem-
perature, for the five dimethyleyclopentanes and
ethyleyclopentane, the amounts, in mole fraction,
of each of the isomers present at equilibrium with
the other isomers in the gaseous state. The cor-
responding numerical values are given in table 2.

TaBLe 2. Values of the equilibrium concentrations for the
isomerization of the C; alkyleyclopentanes in the ideal
gaseous state to 1,600° K

Composition, in mole fraction, of equilibrium mixture
of isomers
Tempera- B
ture 1,1-Di- | cis-12- | trans-12- | cis-13- | ¢rans-1,3-
Ethyl- | methyl- | Dimeth-| Dimeth- | Dimeth-| Dimeth-
cyclo- | cyelo- | yleyclo- | yleyelo- | yleyclo- | yleyclo-
pentane | pentane | pentane | pentane | pentane | pentane
°K
298.16 0.031 0. 264 0.018 0. 343 0.099 0.245
300 032 264 . 018 342 099 245
400 .075 .201 . 034 . 318 .125 . 247
500 <122 .168 . 048 . 289 . 137 . 236
600 164 143 . 059 267 142 225
700 . 196 2127 . 068 . 249 . 145 215
800 .221 . 116 075 . 235 . 147 . 206
900 243 .108 080 223 . 147 .199
1000 . 262 .102 . 084 .213 . 147 .192
1100 .278 .098 . 087 . 204 . 147 . 186
1200 .292 .094 . 089 197 . 146 .182
1300 .303 . 090 . 091 .193 . 145 .178
1400 . 310 .088 . 094 .188 . 145 175
1500 . 313 .087 . 097 .185 144 .174

In figure 2 are plotted, as a function of temper-
ature, values of the logarithm of the equilibrium
constant for the isomerization to methylcyclo-
hexane of ethyleyclopentane and each of the five
dimethylcyclopentanes.
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Ficure 1. Equilibrium concentrations of the siz C;Hyy alkyl cyclopentanes.

The vertical width of a band measures the mole fraction as a function of temperature of a

given isomer when af equilibrium
phase.
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Ficure 2. Isomerization of ethylcyclopentane and jeach of the five

dimethyleyclopentanes to methylcyclohexane.

The curves give the logarithm of the equilibrium constant as a function of temperature for

the following reactions in the gaseous state: CrHis (gas, ethylcyclopentane or a dimethyl-
cyclopentane)=C;Hy (gas, methyleyclohexane).
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