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The details of construction of a tyoe o cycliìig calorimeter, 
udsigned for the measurement of vapor heat capacitie, are pr- 
dented. t description of the procedure followed in operating the 
apparatus is inc1ded for the benefit of those who iay later use 
the equipment. 

Experimental values of the heats of vaporization and gaseus 
heat capacities of cis and trans 1,2-dimethylcyclohexane are 
discussed. Both types of data acquired ar.. biievedto be accura 
to approximately O.3%. Although there are rio experimental data 
for the heat capacities of the compounds studied other than 
1ose presented in this parer, the heats of vaporization obtained 

compared favoaI1 vith va1us rj:'ted by other workers. 

A review of the theoretical met1ods for calculating therrno- 
dyna:ic properties is given, emphasizing those of greatest 
applicability to hydrocarbons. It is demonstrated that tue 

simple method for the calculation of the theraodynamic proerties 
of alkylcyclohexanes proposed by Beckett, Pitzer and Spitzer pro- 
duces results which deviate from expermentc]. data by as much 
as A mo'e detailed treatment of the problem using only 
those parameters discussed by the above authors is shovrn to 
result in even greater disparity between theoretically and 
experimentally determined heat capacities . VHile the agree- 
merit which is found by either treatment is sufficient or 
many practical purposes, means for improving the calculated 
results viere sought. 

Both the calculations mentioned in the last paragraph 
neglect the difference in entropy between poir and equatora1 
tautomers. This entropy change is calculated, assuming t to 
arise from an increased potentiai barrier for rotation of a 
nolar methyl group. Upon repeating the more detailed calculation 
already developed in this paper, but using the nev'ly deteruined 
entropy changes for the polar-equatorial contributions, the 
best correspondence to experimental values yet atta5.nea is found. 

Finally, the entropy change is considered to be an ad- 
justable parameter, the magnitude of which is taken to be that 
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required to reproduce the experimental heat capacity for cia 
1,2-dimethylcyclohexane at 400°E. Then the figure evaluated 
in this manner is used to calculate the heat capacities of 
both cis and trans 1,2-dirrethylcyclohexane at two temperatures, 
400°K and 5000K, the computed values dIffer in no case by 
more than 0.6% from the experimental. 

The resultr of this wor'- are believed to provide Imìortant 
substantiation for sor!e of the recently developed concepts 
of the molecular structure of hydrocarbons. 
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THE THERE OD1AM IC S AND LI OLECULAR 
STRUCTURE OF SOME CYCLIC COMPOUIDS 

II'TRODTJCTION 

OBJECTS. 

Adequate thermodynamic data are not available 

for any but the more common hydrocarbons. Because 

of this fict alone such data are desirable. The 

value of these data is greatly enhanced, hovever, 

in those cases where they also lead to a better 

understanding of the molecuLar stiuctures of the 

compounds involved. Important generalizations may 

be drawn which permit the accurate calculation of the 

properties of a series of compounds based upon 

experimental data for a few of its members. The 

above statements explain the objects of the researches 

described in this papar, nameln 

i. to obtain thermodynamic data for a series 

of crcltc hydrocarbons 

i to utilize such data in drawing a less ambigu- 

ous picture of the molecular structures of 

the conpounds 

iii. to demonstrate that the better structural 

knowledge thus arrived at permits a 

satisfactory calculation of thermodynamic 

data without recourse to experIment for 



each compound. 

The vapor heat cipacity, together with 

other more readily obtainable data, provides suf- 

ficient information to accomplish the objects just 

outlined. Accurate values of the heat capacity of 

the ideal gas at one atmosphere pressure for hydro- 

carbon vapors may be obtained only by laborious 

experimental procedures 1everthe1ess, in order 

to derie the various thermodynamic properties of 

a substance this quantity must be known. The heat 

capacities of the liquid and solid, the heats of 

phase chanp,es, pressuro-vo1uie-ternperatuTe data, 

and the physical properties are, of course, equally 

important but may be more easily determined. 

For the purpose of elucidating the molecular 

structure of a compound the heat capacity and 

entropy are the most valuable of the thermodynamic 

functions. As is well known, the usual sources of 

structural information, i.e., spectral data, electron 

diffraction measurements, dipole moments, etc., often 

fail to determine completely the structure of complex 

molecules. In cases where the latter types of data 

are adequate, the methods of statistical mechanics 
permit the derivation of thermodynamic properties 
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without the necessity for experimentation. It bss 

been shown that the procedure may be, in a sense, 

reversed (2,10,11,12,20,22,23,41). Some of the 

ambiguities in the structures of hydrocarbons have 

been eliminated in varying degrees by utIlizing 

thermodynamic data and statistical mechanical methods 

to augment other information. 

It is apparent that a moro thorough under- 

standing of the structure of hydrocarbons in general 

and of the changes in structure from one member of a 

group of related substincos to another should 

facilitate the estimation of the properties of 

those compounds for which no experimental data exist. 

For example, the similarity between members of ari 

homologous serios makes an approximation method based 

on fixed increments from member to member reliable 

(19). Further refinements to this and any other 

method may be made as a more complete picture of the 

molecular structure is obtained. A justification 

for one such method of estimation wIll be presented 

below. 
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TRE CALCULATI ON OP THE1MODYNA.1IC PROPERTIES 
BY STATISTICAL METHODS 

FUNDALENTAL REL1TIONSHIPS AND IcIETHODS. 

The use of statistical mechanics for the 

calculation of the thermodynamic propertIes of 

simple compounds froii a knowledge of their molecular 

structures arid vibration spectra has demonstrate9 its 

important practical value. It can be shown that the 

thermodynamic properties of a substance are related 

to its partition function, Q, 

I. exp ( .&) 
L kT ' 

where is the degeneracy of the i-th energy level 

and E, its energy, k is the Boltzmarì constant, and T 

the absolute temperature (3, page 355). 

A fundamental postulate of statistical 

mechanics is that the entropy, S, is related to the 

statistical probability of a state. Since it has 

been found that the entropy of a system is represented 

by the sum of contributions from a number of sources, 

it is further postulated that this relation Is of the 

forni 

II. S kLnW, 
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in which VI is the probability as defined by 

statistical mechanics (6). If the expression 

for W from the classical distribution law, 

III. Ln W (N1 Ln g1 - N1 Lr N. . N1), 

is introduced, in which N1 represents the number of 

molecules in the I-tb level, it Is seen that the 

entropy thus defined has the additive properties 

requIred. Making use of the distribvtion law--- 

Iv. N1 - g1 exp( /kT ) 

where is an undetermined constant, the fact that 

the total energy of the system, 

V. E: EN.E 
L I' 

and the expression, 

VI. exp(a) /N 

as obtained from equations I arAd IV, it is readily 

shown that 

vii. SE/T+RLfl/NR. 
Then from the definition of free ener, 

VIII. F E RT-TS, 



it is found that in teimS of partition functions (6), 

ix. F -RT Ln VN. 

Ali of the above ecuations and those to be derived 

later in this section are valid for the perfect gas 

only. Through use of equatIon IX other functions may 

be calculated by using customary thermodynamic 

relationships. 

In general, the following equations may be 

obtained for the more important functions (41): 

X. SflLnQRT aLrìQ 
aT 

XI. F/T -R Ln Q/N 

XII. H/rn - RT Ln Q 

XIII. RT2 2Ln + 2 HT Ln Q 

T2 

These expressions, together with the definition of 

the partition function, may be used to calculate the 

desired properties provided that each energy level 

of the substance involved is known. However, it is 

more convenient in practical work to use simplified 

formulas which may be developed. By separating the 

energy levels of a molecule into those which are 
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translational, rotatïonal, electronic and vibrational 

In nature, the total energy being the sum of these, it 

iay be seen that equation I becomes, 

XIV. :Q °d 
t y r e' 

in which the subscripts refer to the trinslational, 

rotational, electronic or vibrational energy levels 

which are included in the partIcular function. 

Since ecvitations X to XIII involve only the logarithm 

of the partition function, any of the thermodynamic 

functions may be regarded as the sum of contributions 

due to the various types of molecular energies. 

Therefore, these contributions may be evaluated 

separately and their sum taken after a numerical 

value has been obtained for each. 

Translational and Rotational Contributions: 

The translational end rotational energy levels are 

spaced sufficiently close together that, except for 

hydrogen, their contributions are adequately 

represented by classIcal statistIcal methods at 

ordinary teriperatures. For non-linear rigid molecules 

the translatIonal and rotational parts of the 

thermodynamic functions are (41); 
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s° 2.2375 L3 Log II - S Log T - 2 Log+ Log(ABC) 

- 7.659 

XVI. (F°-E)/T = -S° + 7.48 

XVII. H°-Eg 7.948 T 

XVIII. 7.948 

In equations XV - XVIII, 5°, W0 and H° refer to the 

standard entroy, free energy and heat content of 

one moi of the perfect gas at one atmosphere pressure. 

The terms A, B and C are the principal moments of 

inertia for the molecule, vthile IVi and care the 

molecular weight and symmetry number. The symbol, 

represents the energy of the perfect gas at 

absolute zero. 

Electronic ContributIon: The electronic 

contributions can be determined by equations X to 

XIII using the electronic energy levels for 

At ordinary temperatures, however, only the lowest 

energy level, for which g is normally unity, is 

important. Therefore, the electronic contributions 

become zero or negligible. 

Vibrational Contributions For vibrational 



energy levels the partition function may be expanded 

to the form, 

XIX. - rr 
(i -exp(') 

-1 

where are the vibration frequencies in reciprocal 

centimeters and h is Plank's constant. Then the use 

of the generci equations given above result in the 

following expression for each. of the 3N-6 vibrational 

modes of a non-linear molecule: 

XX. S -R Ln (1- exTi(-/)) R,".eP( -/) 
l-exp( -,-) 

XXI. F/T R Ln (1- e;:p (-fr'-)) 

}T RT exp (_j-t) 

1- exp(-/.t) 

XXIII. C = 

2 cosh/-t -IJ 

where: /4-t ht/ 
k T 

The relationships whose development has been 

outlined above may be used to calculate the thermody- 

namic properties of simple molecules, In this treat- 

ment, however, the anharmonicity of vibrational modes 

has not been considered, and in general cannot be for 

lack of sufficient datq . Mathematical treat.ents of 
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the anharr:ionicity of vibrations have been given 

(C,33) and it has been shown that the contribution 

of anharmonicity to the heat capacity of o1yatomic 

L:olecules is given by, 

XXIV. C R /T [ T2 (. f..3J 

In which f g1j'g.+l) x11(/kT) [exp(fr(.)-1J2 Ii 

= 
g1g (hc/kT) [exp (/j)Eexc(1i1 

ju ___ 
kT 

The anharmonicity constants, X, ma be determIned 

empirically from a knowledge of the overtones of the 

anharir.onlc fundamental ir. question. Ths procedure 

cari seldom be carried out with certainity for coirplex 

molecules. 

Nuclear Soin: The contribution of nuclear 

soin to the entropy, R Lr g, .ïhere g is the nuclear 

spin weicht, js not usually included in the calcu- 

lations where it occurs. As a result, the value 

calculated is the entropy rather than 

the absolute entropy. 

p_____ Required; For the numerical evaluation 

of the various contributions to the thermodynamic 
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functions, rather complete structural information 

must be available. Bond distances and angles, as 

determined from e1ec.rori dtffraction measuroiients, 

for example, are required to calculate the moment 

of' inertie product appearIng in equation XV. In 

addiIon, the complete vibration spectrum is neces- 

sar in order that the vibrational contribttions 
may be cbtained. The generai structural configuration 
is also needed (and normally known where the above 

data are available) to determine the symretry nuriber, 

o-. 

lethod 2. Calculation: If all of these 

data may be obtained for a molecule, its thermodynamic 

r'roperties a..'e readily determined by uso of the 

equatioxis vn above. The clasrilcal translatIonal 
arid rotational contributions are calculated by 

substitution of the appropriate values of physical 
and molecular constants into equations XV to XVIII. 

In the case of polyatomic molecules, tie direct 
evaluation f the vibrstiona contributions is more 

laborious. However, since these properties are 
functions of the variable h alone, tables are 

available in which the vibration contrIbution due a 
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s5rigle vibrational degree of free3m is given for 

aiticu1ar values page Thus, 

5.t is necessary only to take the contributions of 

each vibration&1 frequency from the table, tl2eir urn 

representing the toal velue of the vibratIonal 

part of the iarticu1ar therniodnarn1c function Then 

the suri of the translational, rotational, vibratIonal 

and electronic contributions represents the value 

sought. Corrections to this valuo may be made for 

nuclear spin and anharmonicity affects where they 

occur and can be treated. 

Theoretical Determination of Vibration 

Spectrum: Unfortunately the method of calculation 

just described can be applied only to molecules for 

which sufficient spectral and structural data are 

available. The vibration spectra of complex molecules 

are never completely determined exerimentally, and a 

knowledge of all fundamental frequencies isrequired 

for calculation of the thermodynamic functions. Not 

only is the analysis of complex spectra difficult to 

carry out, but, in general, certain frequencies are 

inactive both in the infra red and Raman spectra. 
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In such cases the calculation of the total vibrational 

contribution is impossible unless a theoretical treat- 

ment of the vibrational spectrum can be made. If a 

molecule is not so complex as to render the mathema- 

tical treatment unfeasible, normal coordinate or 

similar analyses may be made to complete the experi- 

mental spectrui (19,29,39,40). According to these 

methods a model is assumed for the molecule In 

question and force constants assigned to the various 

modes of vibration, usually by analogy to similar 

compounds. The mathematical treatment is then carried 

out in an attempt to duplicate the known vibrational 

frequencies. It is generally necessary to adjust the 

assumed force constants and recalculate until the 

desired agreement between experimental and calculated 

values is attained. The theoretical treatments then 

provide, in addition to those actIve frequencies, the 

frequencies of the vibrations which cannot be found 

experimentally. In this manner the complete spectrum 

may be estimated and the thermodynamic properties 

calculated exactly as before. 
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RESTIUCTED INTNAL ROTATION IN RYDROCAR13ON. 

When atteiripts ere made to use the above 

methods for the calculation of the entropy of ethaìe, 

1_t was found impossible to obtain adequate agreement 

with the experimental value derived from the Third 

Law. It was sugestec1 by Kemp and Pitzer (iC,11) 

that the discrepancy arose from consider1n, the 

internal rotation about the carhon-csahon bond of this 

molecule to be completely unhindered. While this 

suggestion was contrary to the prior chemical 

evidence, such as the absence oÍ' eis- trans isomerism 

in 1,2 dichioroethane, it can be shown that the 

potential barrier to free rotation is too small to 

allow the molecule to be fixed in one or more 

positions (6, page 415). 

Theoretical Formulation: The wave equation 

for the one dimensional restrïcted rotator nas been 

transformed into an equation of the type of Mathieu by 

Nielson (14), 

xxv. , [a 16 q cos 2xJM O, 

where, q = Tr21 V/212 

a (E - . V0). 
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Pitzer bas trovided a solution to thz equation, 

using a potentii1 function of the orn, 

V : V0 (1- Gos 2 x) 

in which nt is the number of potential maxima of 

height V0 through which the rotating group passes and 

x is the angle of rotation (17). Tables are now 

available (24,36 page 659) in which the difference 

between the various thermodynamic functions as 

calculated for free rotation and for restricted 

rotation are recorded. The value thus acquired, 

e.g., frrr, is then used as a correction to the 

valuo calculated in the normal manner. In order to 

use the tables, it is necessary to know or assume 

the height of the potential barrier, V0, and the 

moment of inertia of the rotating group about its 

axis of rotation. Conversely, Sfr_Srr may be 

obtained from calculated vali,es of Str and experi- 

mental values of the total entropy. With such 

information V0 may be determined by use of the 

tables (17,16,19). 

cab iii ty of the Tre a tme n t s for 

Restricted Rotation: Pitzor's treatment of re- 

stricted internal rotatIon is usually a good 
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approximation. However, the method gives the best 

results when V/RT is aproximate1y 3 sind the "n" 

naxirna are nearly equal. If V0/RT is less than 

about 1, the treatment for free rotation duo to 

Edinoff and Aston (5) gives better results; wcile if 
V0/RT is very large, as in a double bond, It is best 

to treat the problem as a vibration using the har- 

nionic oscillator aoproximation (41). A more rigorous 

solution to the prob1e has been given by Crawford 

(3). In the event that the Drinclpal moments of 

inertia of the molecule are much larger than that 

for the rotating group, his trestnient coincIdes with 

the solution of Pitzer. Such will be the case for the 

compounds to be considered here. Pitzer and Gwinn 

have treated restricted rotation in a more general 

fashion (24). They also provide, in addItion to 

the equations required for calculation puìposes, 

revised tables of oasioi' applicability for obtaIning 

the dIfference between functions with and without 

restricted rotation. 
The validity of the restricted rotation 

concept has been adequately demonstrated for a 

number of hydrocarbons (16,20). Although the sImple 

treatn:ent applies strictly only to such compounds 



as ethane, it has been shown to give 

larger molecules. For many paraffin 

required to obtain agreement between 

experimental values ranges from 3000 

per moi. 

17 

good results for 

3 the value of V0 

calculated and 

-4500 calories 

STRUCTURAL USES 0FTHERIi0NALïIC DATA. 

In the preceedng discussIon it has been 

demonstrated that procedures are developed for the 

calculation of the thermodynanic properties of any 

compound provided sufficient spectral and structural 

information is available. However, for many of the 

hydrocarbons of practical Importance such data are 

not easily obtained. Frequently information aside 

from thermodynamics does not determine the structure 

of a molecule unambiguously, for reasons which were 

presented above (page 11) . In this event Pitzer and 

his co-workers, as well as others, have shown that 

thermodynamic data may be used to augment structural 

information from other sources (2,11,12,18). 

Essentially the method developed reverses the procedure 

for the theoretical calculation of thermodynamic 

properties. In those cases where spectral data 

are insufficient or assIgnments cannot be made with 
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certainty, it is often possible to decide Which is the 

proper assignment by thIs means. That is, those 

frequencies are chosen as correct which cause the 

calculated value to agree with the experImental (2). 

Lissing vibrational frequencies may he estimated in 

the same way. 

Another structural parameter which may he 

evaluated by the use of thermodynamic data is the 

potential barrier for restricted rotation in hydro- 

carbons. Vîhen all but this consideration can be 

accounted for In the customary manner, that value 

of V0 which is required to give agreement With 

eXI)eriIllefltal data is taken as correct. 

In addition to the above information it is 

possible in some cases to obtain a more complete 

knowledge of the structural configuration of molecules. 

The cyclohexanes, for example, can exIst in two ring 

formations, the so called chair and boat (trans and 

eis) forms. 

CHAIR BOAT 
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The tautomerlsm which occurs between the 

two forms affects such properties as the entropy arid 

heat capacity, and its extent can be determined by 

methods which will be described in the next section 

(2). Furthermore, the non-planarity of cyclopentane 

has been clearly demonstrated on the basis of thermal 

data (12). 

Other structural details of a more specific 

character will also be considered ïn the following 

section. 

CP.LCULATIONS FOR THE CYCLCLiEXANES. 

An excellent illustration of the use of the 

general topics just described jS provided by the 

analysis of the thermodynamics of cyclohexane 

and the alkylcyclohexanes. All of the above methods 

must be utilized in the theoretical calculations 

involved for these comroundz. 

Chair-Boat Tautomerism: From electron 

diffraction (7) and spectral (28) information, it 

has been determined that cycichexane exists pre- 

dominantly in the chair form. In the latter form 

of cyclohexane all the hydrogen atoms are in staggered 
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positions and for this reason eac carbon-carbon 

bond is assumed to lie in the position of mïnimum 

energy for the restricted rotation barrier. Upon 

transforming to the boat configuration, two of the 

carbon-carbon lInkages are twisted to the maximum 

position for the potential barrier. As a result, 

the boat forni should be the tautorner of highest 

energy. 

Fortunately, sufficient spectral data were 

available so that reasonable assignments were tade, 

with the aid of a normal coordinato analysis, for all 

but one of the lower frequencies (2) . The value of 

the latter mode was chosen to fit the experimental 

data for the entropy and heat capacity after other 

corrections described below had been made (2,4). 

In order to calculate the entropy and heat 

canacity of cyclohexane the equations and methods 

already given were used to evaluate those contributions 

due to translation, rotation and vibration, with the 

exception of that of the undetormined frequency. Then 

the effect of the chaIr to boat tautomerism was 

calculated. ThIs transformation involves the twist- 

ing of two carbon- carbon bonds from the minimum in 

the potential of rotation to the maximum. Thile it 
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was found that at low temperatures o1j a small 

amount of the compound exists in the boat form, the 

fraction increases with temperature, nd the energy 

bso'ied in ti-e transition contrìbute arrec5.ably 

to the heit capacity. In addition, the entiopy is 

increased due both to te mixing of the tautomers and 

to the ract that the syrnnietry number of the chatr 

varïetr j3 SX and that of the boat t'ao. Those 

contributIons are readIly deter:ulned for the reaction 
involved: 

Chair boat. 

For this transition the difference in the 

entropies of the two is only R Ln 3, since all other 

contributions are assumed to be the same for both. 

The equIlibrium constant for the reaction becomes, 

- 

XXVI. Kp(T) = Ï' 

where i-I is the enerv rea'ñred for the change and 

2 is the moi fraction of boat form. Assuming that 

the potential barrier to internal rotation is 2.8 

kilocalories per moi for each bond (estimated from 

determinations for other hydrocarbons (18), ¿H 
was taken as 5. kilocalories. Equation XXVI arid 



the values of 3 and All chosen 

tion of the concentratIon of each 

XXVII 4SIuixjng Ln 

the entropy of mixing may '0e com 

In calculating the heat 
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thus permit evalt- 

tautomer. Since 

'Ii 

put ed. 

capacity contribution 

due to chair-boat tautomerism, the rate of formation 

of the boat tautomer with change in temperature is 

found by solving XXVI for N2 and differentiating with 

respect to T. 

XXVIII. 

bN H exp (5/R)exp(4l/RT) [1- expVT)1 
:? RT2(l exp(- 1/RT ) L l4exp(T)J 

The last equation permits calculation of the amount 

of boat tautomer formed for a rise in temperature of 

one degree. Multiplying this figure byH, the 

energy per mol required for the reaction, gives the 

contribution to the heat capacity of the chair-boat 

taut omerism. 

VThen these additions were made to the values 

of the thermodynamic functions derived in the usual 

way, the calculated value of the heat capacIty and 

entropy agreed with the experimental values of Spitzer 
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and Pitzer (32) within ezporimerita1 liìüts of error, 

(2). 

Thermodjnamic Ca icula t ions for Alkylcyclo- 

bexanes: Beckett, Pitzer and Spitzer also give 

theoretical calculations of the thermodynamic 

properties of some of the alkylcyclohexanes (2). 

Experimental data were avaIlable for tke heat 

capacity and entropy of methylcyclohexane (4, 32), 

but spectral information was more limited than in 

the case of the unsubstituted compound. Nevertheless, 

the authors made an assignment, adjusted to fit the 

exo3rimental heat capacity and entropy, which they 

considered to be reasonable. The method used for the 

calculation for methylcyclohexane was the same as 

that just described, except for the complications due 

to the substituted methyl group. These consist of an 

added tautomerism and the restricted rotation of the 

methyl group. The latter was calculated using the 

concepts discussed above (page 14). 

Polar Equatorial Tautomerism: A study of 

models of the cyclohexane molecule reveals that the 

hydrogen atoms may be classified as either polar, 
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i.e., above or bclow the carbon rina, or equatorial, 

i.e., in a belt around the carbon ring(2) (see plate 

3) . of the hydrogen atoms on one carbon, one is polar 

and the other equatorial. In the chair ta boat 

tautomerism those six hydrogens which were polar 

become ecivatorial and vice versa. Thile this 

situation has no effect on the theriodynariic properties 

of cyclohexane, the same is not true when a methyl 

group replaces one of the hydroens. study of a model 

of methylcyclohexane indicates that when the methyl 

group is in the polar position there are considerably 

more storie interactions than occur in the equatorial 

position. It was suggested by Beckett, Pitzer and 

Spitzer that these interactIons are snilar to those 

arising in n-prffirs, for which the value of the 

strain energy, had been given by Pitzer as about 

0.3 kilocalories per moi in n-butane (1°). SInce 

there are two such Interactions for methylcyclohexane, 

the value of the strain energy should be approximately 

1.6 kilocarlories. It was found that a value of 1.8 

1dlocaories gave the best agreement with the 

experimental data (2). 

By using the last value for the difference in 

energy between the tautomers, the entropy and heat 
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capacity contributions can again be calculated by 

employing eouations XXVII and XXVIII. Here the 

syrnnietry number of both tautomcr3 is unity. For that 

reason 2S was assumed to be zero. It will be shown 

below that is probably greater than zero, but the 

treatment of Beckett, Pitzer and Spitzer will be 

followed in the present discussion. 

The theoretical calculation of the thermo- 

dynamic properties of methylcyclohexane also agreed 

with the experimental values (2,32). 

The Dirneth5lcyclohexones: Then Beci:ett, 

Pitzer and Spitzer carried out their treatment for 

the two compounds just discussed, sufficient experi- 

mental thermal data did not exist for the application 

of a similar treatment to the seven dimethylcyclo- 

hexanes. A method was described, however, by which an 

estimation of the properties of these and other 

alkylcyclohexanes cn be made (2). 

With two methyl groups attached to the ring 

the possibIlity of tautomerism is further increased. 

In addition to cis and trans positIons for the two 

groups, the variety of polar-equatorial tautomers is 

greater. For example, in eIs 1,2-dimethylcyclobexane 
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one methyl is polar and the other equatorial, while 

in trans l,2-dimethylcyclohexane there are to 

possibilities, either svith both groups polai or both 

equatorial. In the former cise there is no contri- 

hution to the thermodynamic function3 as a result of 

polar-equatorial tautomex'ism, for the tautomers are 

of equal energy except for the strains accounted 

for in chair to boat tautomerism. The latter cornoound 

must be treated differently. With both methyl 

groups equatorial there is a strain similar to one 

n-butane-like interaction, and a strain energy of 

tiatt was assigned to this form. There are four such 

interactions when both methyl groups are in polar 

positions, and a strain energy of 4 was takes 

for tibe latter configuration (plate 3) . The dif- 

ference in energy of the two forms may tì-ien be used 

in equations XXVII and XXVIII to calculate the 

contribution to the entropy and heat capacity from 

this source. Again, the ass'imption was made that 

there is no change in entropy accompanying the polar- 

equatorial tautornerism. 

In a similar manner the strain energies for 

the other dimethylcyclohexanes were estimated, and 

the contributions of polar-equatorial tautomerism to 
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the thermodynamic functions evaluated. 

The validity of these assumptions as to 

strain energy was verified by Beckett, Pitzer and 

Spitzer by using the assigned values to calculate 

the heats of isomerization. cellent agreement was 

obtained with the experimental values of Prosen, 

Johnson and RossIni (26). 

In order to calculate the complete thermo- 

dTnamjc functions of the dimethylcyclohexanes, Beckett, 

Pitzer and Spitzer assumed that each methyl group 

contributes the same amount to the total function. 

The ethyl increient was derived from the experi- 

mental values of Spitzer and Pitzer for cyclohexane 

and methylcyclohexane (2): the difference between 

the values for these two compounds without the 

contribution of polar-equatorial tautomerism was used. 

This methyl increment was then added to the value 

for methyl-cyclohexane and the corrections due to 

the tautomers of the particular isomer in question 

applied. In the cases of 1, 1-dimethylcyclohexane 

and cis 1,2-dimethylcyclohexane the potential. barrier 

for internal rotntion was Increased to 6.6 and 4.3 

kilocalories per mol, respectIvely, to account for 
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the interference of the two methyl groips with one 

another. It was also necessary to account for the 

fact that certain diniethylcyclohexanes exist as 

optical isomers. Since the energies of such isomers 

are identical, this double probability adds the term 

1 Ln 2 to the entropy. 

Then the value of 0.9 kilocalorIes per moi 

wos used for s'a", this method of increments gave 

excellent agreeiiient with exDerimental values of the 

entropy of the perfect gas at 298.16°K (2,8). Since 

the last data were the only experimental values 

available, the accuracy of te method for calculating 

t:e vapor heat capacities could not be estImated. 

It was pointed out that a similar method had been 

faIrly satisfactory for the methyl derivativos of 

benzene (25). It should be noted that the ben zone 

compounds are not subject to the steno effects so 

pronounced in the alklycyclohexaries. 

Revision of the procedure outlined in this 

section became necessary in order to account for the 

experimental data obtained in the present work. A 

discussIon of the changes made will be presented in 

a later section (DISCUSSION 0F RESULTS). 
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EXPER ILTEN TAL 

BrIef Description of Apratus and ethod: 

The principle of the cycling c1ormeter h been 

used in bìiîding severa] aparatns foi the purpose of 

measuring the vepor heat capacity of llqi.dc5 conroounds 

(21,3:). That of addirgton. Todd and Ruffrrìan (38) 

represents an improved desiCn which enables measure- 

nents to be made with a precision of apnroxïmately 

O.1. The main features of their machine were 

incorporated into that used in the present work. 

Before describing the construction and 

operation of the calorimeter in detail, it will be 

well to outline briefly the technique used with 

reference to figure 1, page 30, and plates i and 2, 

pages 31 and 32. The compounds studied were dIstilled 

from vessel 1 into vaporizer 2 sItuated in thermo- 

stated bath A . Once a sample wìs in place, the 

licnid was boiled by heater E and the vaor passed 

to calorimeter 3, also in a thermostated bath E, 

through heated flon lines 4. In the calorimeter a 

measured quantity of energy was imparted to the vapor 

by .aeater h2; vaor stream temperatures oefore and 

after passing over the heater were measured by 
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Plate 1: ExperImental Apparatus 



flate 2: ExperImental Apparatus 
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p1atnum resistince thermometers Ti, T2 and T3. After 

leavIng the calorimeter the substance as condensed, D, 

and returned to the vaporizer, thus completing the cyciG. 

In order to calculate the vapor heat capacity 

5t was necessary to know the rate of flow of vapor 

through the calorimeter in addition to the energy 

required to produce a certain elevation in tempera- 

ture. This information was obtained in serarate 

experiments in which, after steady cycling had been 

secured, the vaor was diverted into double trap C 

by stopcoc1 5. The quantity collected over a period 

of time was determined. By measuring the power input 

to the vaporizer heater 111,it was then possible to 

compute the heat of vaporization of the substance in 

question. The data obtained in this manner then 

permitted calculation of the rates of flow used in 

subsequent heat capacity measurements. 

CONST1TJCTION DETAILS. 

Vaporizer: The vaporizer, as depicted in 

figure 1, was surrounded by an outer jacket for 

thermal insulation. The inner walls of the 

jacket and outer walls of the vaorizer 
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were both silvered by Brashearts process (35, page 152) 

so that when a vacuum of 1O millimeters of mercury 

or better was maintained witin the separating space, 

heat leaks were found to be negligible (16). Removal 

and replacement of the heater was facilitated by 

susrending the vaporizer heater from 16- gage 

tungsten leads assed throu1 a standard tarer joint 

at the top of the vaporizer. 

The vaporize:' heater was constructed of 36- 

gage glass insulated advance resistance wire, braided 

and soldered in parallel so as to give a total 

resistance of approximately 21.5 ohms. The resulting 

element was wound into a flexible helix 1 centimeter 

in diameter, looped into a circle about 4 centimeters 

in diameter and soldered o the tungsten leads. 

This arrangement allowed the assembly to fold and 

herid enol2gh to pass through the narrow nec': at the 

top of the vaporizer. om observations made prior 

to nsta1lation it was found that the heater rroduced 

excellent ebullition with minute bubbles even at high 

rates of vaporization. Both potential and current 

leads were taken from the tungsten leads outside of 

the vessel. 

Oalori:eter: Another principal part of the 
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equipment was the calorimeter. Here, also, thermal 

insulation was provided by use of a vacuum jacket 

whose inner walls were silvered. The calorimeter 

itself consisted of a U-tube of 11 millimeter pyrex. 

Ii-i one leg was placed the heater and in the other the 

two resistance thermometers, T2 and T3. The calori- 

meter heater was comprised of two concentric heilces 

of 23-gage chromel resistance vire; a jig of small 

glass rods supported and separated the t'vo colis. The 

total heater resistance wa 35 ohms. Both potential 

and current leads of 22-gage copper wire were taken 

from the heater and out of the vessel throuh tungsten 

zenls. In order to Insure adequate mixing of the 

heated vapors baffles were msde into both legs of the 

U-tube. This arrangerient also served to eliminate 

the effect upon T2 and 3 of radiant energy from the 

heater. 

Since the apparatus was designed for use with 

materials whose boiling points are 

room temperature, it was necessary 

for maintaining the vapor above th 

temperature in its course from the 

point beyond stopcock 5. The flow 

points were of 11 millimeter pyrex 

consIderably above 

to provide means 

condensation 

vaporizer to a 

lines between these 

tubing, as were all 
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other lines through which vapor passed. around those 

tubes which had to be heated were wrapped first 

asbestos paper, then 28-gage chromel wIre at one-half 

inch spacing and finally one-half inch asbestos rope. 

Pressure Regulator: One of the most difficult 

problems encountered In precise thermocbemistr is 

adequate control of conditions of temperature and 

pressure. The problem was accentuated in this case 

by the necessity for operating over a wide range of 

these variables. 

Pressures in the system were to be varied 

from atmospheric to about 200 millimeters of mercury. 

Because the boiling temperature in the vaporizer, 

the heat of vaporization and the heat capacity all 

changed significantly with small pressure fluctuations, 

control to ± 0.1 milimeters of mercury was desirable. 

The pressure regulator designed rar the apraratus being 

described resembled a mercury manometer with one 

short leg ending in capillary tubing and one long 

leg attached to the system (figure 2B). :ercury 

could be admitted or removed at the bottom of the 

regulator from a leveling bulb. Sufficiént mercury 

was drawn into the manometer by evacuating the system 
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FIGURE 2: SPCIAL APPAFATUS 
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until the desirec pressure ws attained and the 

SUF Ply cut off by a stopcock. Then a small leak 

of nitrogen was inti'oducec' causing ari incree of 

pressure and a rise of nercury in the caillary. 

when the mercury made contact with a fixed tungsten 

needle in the carillary, a relay circuit was closed 

which opened a solenoid valve in the vacuum line. 

Evacuation continued until the contact was broken 

and the valve closed This process thon repeated 

itself continuously. A surge tank and throttle 

on the vacuum line smoothed out the fluctuations so 

that none could he detected visually. From boiling 

fluctuations, however, it was estimated that th.e 

pressure could be controlled to ± 0.3 millimeters of 

mercury at best and at lower pressures only to4O.5 

Liillimet ers. 

Temperature çfulators: Variations in 

temperature of ± 0.01°C could be tolerated in the 

vaporizer thermostat A, Cor the fluctuations in 

boiling temperature were of the same orcer of 

magnitude and did not cause significant errors. 

Hovever, this thermostat could be controlled to 

± 0.005°C by operating a control heater tLrouh a 
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sensitive mercury thermoregulator. The bath cori- 

t:tned ten gallons of &AE 10 oil which ws agitated 

by a stirrer placed in a column. at the edge of the 

container. Both the control heater arid rain heater 

were vit1iin the stirring colurin. The control heater 

was a 125 watt knife heater which could be varied 

by a series resistor. The ìrain heater wos snecially 

constructed of resistance wire and had a maximia 

output of 500 watts. It was operated through a 

vaniac. Awdilary heaters were used in heating the 

bath to temperature more rapidly. 

More precise temperature control was 

desirable in the calorimeter thermostat. This vessel 

contained nearly twenty-five gallons of SAE 60 oil 

which was agitated by a powerful stirrer in a 

column at one side. A 1400 watt finnedheater 

comprised part of the wall of the stirring c1urnn, 

an arrangement which I)rOvided rapid ctrcua tion 

past the main source of heat. The 250 watt variable 

control heater was also inside the column, and auiliai 

knife heaters were placed about the container to 

shorten the heating period. 

The therruioregulator used in the calorimeter 
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bath was similar in appeaiance to large tolueno 

regulators, but it contained approximately li pounds 

of mercury as the sensItive fluid (figure 2A) . Since 

it vas desired to operste this thermostat at tempera- 

tuTes u to 30000 conventional means for removing 

excess mercury could not be utilized, and provisions 

for preventing oxidation and evaporation of mercury 

had to be made. For these reasons the usual capillary 

was replaced by a vertical column consisting of ten 

small bulbs separated by capillary tubing. Each 

bulb held a volume o mercury sufficient to tale 

up the expansion due to a 30°C change in temperature. 

t the top of tue column and above the oil level 

was a standard taper joint. The female part of the 

joint was detachable and ended in a water-jacketed 

capillary tube. Through a wax seal at the top of 

this piece a long tungsten rod could be inserted 

until the lower end was Withifl the capillary separating 

any two of the expansion bulbs. By means of the 

movable contact, the temperature could be regulated 

at one of ten temperatures up to 30000. The column 

head was also connected to vacuum and nitrogen lines 

so that an inert atmoshere could be maIntained 

over the mercury. 'iile the thermoregulator was 
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unwieldy, it was very sensitive, its principal 

disadvantage having been its higher tIme lag. 

Upon first attempting to regulate the 

calorimeter bath, it was discovered that fluctua- 

tions in the lina voltage caused sufficient 

variation in heat Input to the bath to ria'e temperature 

control imiossible. Consequently, a type of current 

regulator wa:$ constructed. The line voltage v;as 

first rectified by a full wave, voltage doubling 

rectifier of 200 volt D.C. output. Th rectified 

potential was applied to a 2000 ohm resIstor in 

series with a 2 ohm potentiometer. In this manner 

was obtained a direct current potential of from 

o to 200 millivolts whose fluctuation was pro- 

portional to that of the line voltage. Then the 

potential was applied to s. Brown recording potentiomet, 

the mechanical motion of that instrument was also 

related to line voltage variations. A slight 

rodification of the recording potentiometer enabled 

its mechanical motion to be transmitted rroportionateJr 

to a variable inductance in series ivith the main 

calorimeter heater. By calculations and experiment 

the proper relationship between potential applied 

to t':e potentiometer, gear ratio in the mecìanical 
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rstem and size of inductance was derived which 

would cause enough impedance to be added or removed 

from the beater circuit to maintain a constant 

current in the main heater. Small fluctuations of 

about ± 0.05 ampeis occurred due to the time lag in 

the potentiometer, but largor variations (up to 1OÇ) 

over the period of a run were adequately eliminated. 

It was possible to regulate the temoerature 

of the calorimeter bath to 0.002- 0.003°C by the 

use of this equipment . Over a period of four to 

five hours the mean bath temperature ordinarily 

drifted about 0.02°C. Such a driít was easily 

corrected for by continual observations of Ti. h..t 

the higher temperatures the regulation and drift 

increased to 0.004-0.005°C and 0.04-0.05°C 

respectively. 

Auxiliary Equipment: 

major elements of the cyclin:; 

described, specific reference 

auxiliary pieces of equipment 

time. 

The vacuum pump used 

insulation for th vaporizer 

in addition to the 

calorimeter just 

to some of the 

must be made at this 

in maintaining thermal 

nd calorimeter units 
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vJs ari Eck and Kre'bs s51îcoe oil diffusion pump. 

Since the iyvac pump backing this dîffuson pump 

ws to be used in other operations, a large flask 

was connected to the low vacuum side in order to 

serve as a fore-pump when the occasion demanded it. 

A McLeod gage was constructed after the conventional 

design (35,page 138) and was used to measure the 

vacuum attained. Difftslori of mercury to the 

silvered surfaces was minimized by keeing the gage 

shut off from the system when not actually in use. 

Temperature measuring devices used in this 

work wore of two kinds: platinum resistance 

thermometers and copper-advance thermocouples. The 

former were constructed in so far as possible 

according to the procedure developed at the Bureau 

of Standards (13) . Luca crosses were made on a 

specially designed jig to fit snugly in 11 mii- 

limeter pyrex tubing. The edges of the cross were 

notched on a different jig and 40-gage platInum 

wire wound in the notches of the assembled piece. 

Suíficient wire was used to result in a thermo- 

meter with a resistance of approxImately 25 ohms at 

o 
O C. Since T2 and T were to be in one leg of the 

caicrimeter, they were wound on a single mica cross 
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arid had two leads in conmion. All soldering was done 

with 30-gage gold wire, and the same material 

served as leads from the thermometer to the tungsten 

seis leading out of the system. Copper wire was 

used externally. Other details of construction were 

tlae sse as used in the reference cited above, the 

principal modification having been in the use of a 

single rather than double helix of niatinum wire. 

All resistance thermometers were measured 

on a iueller bridge calibrated to ± 0.00003 ohms. 

Thermometer calibrations wcre made by measuring the 

resistance of each at 0°C in a stirred bath of 

distilled water and ice. After the thermometers 

were installed in the apparatus, the calorimeter 

thermostat was used as a constant temperature bath 

and ali thermometers compared with a Leeds and 

Northrup thermometer (number 546222) certified by 

the Bureau of Standards. A slow stream of air was 

passed through the equipment during the process. 

Comparative readings at two different temperatures 

and the zero resistance provided sufficient data to 

calculate the constants for the Cailendar equation 

for each thermometer. A deviation from customary 

values in the constant , which is characteristic 
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of the platinum wire used, Indicated that the material 

'ised in those thermometers was not of the best grade. 

Thi1e the absolute accuracy of the temperature 

calibrations was not great, i.e., temperatures as 

read from the three thermometers varied as much as 

0.01°C at intermediate temperatures and 0.05°C at 

225°C, at no time was it necessary to comare one 

thermometer to another. The calibratIon was suf- 

ficiently precise to obtain the desired temperature 

rise more accurately than the bath temperature could 

be controlled. 

The copter-advance thermocouples used 

were calibrated by measuring their electromotive force 

at the temperature of boiling water and at the 

freezing points of tin and lead. A Leeds and 

Northrup type K-2 potentiometer was used both in 

measurement of the thermocouple potentials and in the 

power measurements described below. Thermocouples 

TC1 and T02 (in the batt: A, not shown in figure 1) 

could be connected as a dIfference thermocouple. 

Since the differences in temperature measured were 

less than 0.3°C, the temperature coefficient as 

determined from the above data was taken without 

further calibration. 
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Use was made of standard procedures in 

measuring the electrical energy input of the 

vaporizer and calorimeter heaters. A bank of sIxteen 

Edison batteries provided ro'ver for these heaters 

under the conditions of operation the voltage of the 

batteries fell about 0.01-0.1% over a thirty minute 

period. The potential across each heater as reduced 

by a voltage divider to a nagnitude which could be 

read with the potentiometer. In series with each 

heater was a standard resIstance, 0.29864 ohms 

in the vaporizer circuit and O.9997,-, ohms in that 

of the calorimeter. The first resistor was con- 

structed of 14-gage manganin wire and the second was 

Leeds and Northrup resistor number 3080 certIfied by 

the Bureau of Standards. Both resistors were 

calibrated with the Mueller bridge and are accurate 

within the limits of calibration of that Instrunent 

(±0.00003 ohms). Measurement of the potential across 

each resistor allowed the current flowing In each 

circuit to be calculated. From these data it was 

possible to deterniine the energy input of both 

heaters. 

In experiments to deter;uine heats of 

vaporization, it was necessary to know precisely the 
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time th'ring which a sample of tI'e cornourìd ws 

collected in the double trap. A Meylan stopwatch 

was mounted on a panel so that it could be started 

and stopped by means of a solenoid operated lever 

arm. In order to eliminate the human element as 

much as possible, a tilting mercury switch was 

attached to the stem of stopcock 5. Ori turning the 

stopcock 900 to divert the vapor into the trap, the 

switch monientarly closed a relay circuit which 

energized the solenoid just long enough to start 

the watch. Since the contact was broken immedIately, 

the lever arm was pulled bach into osition by a 

sprIng, ready to stop the watch in the same manner 

when the vapor was turned back into the system. As 

the same lags were incurred both in startin and 

stopping the watch, it is believed that the error in 

time measurement was less tIzan ±0.05 seconds. 

Further description of auxiliary items of 

equipment may be best presented in the discussion of 

the operational procedure given below. 

OPERATIONAL PROCEDURE. 

.A better understanding of the experimental 

procedure may be obtained if the overall objective is 



known. It was the purpose of the experimerts 

described here to obtain values of C at a nuniber 

of temperatures, consequently, for each temperature 

the heat capacity was measured at two or more 

pressurez and obtained by extrapolation to zero 

pressure. The heats of vaporization for each 

pressure were the first data sought, for from ti-is 

irfornation the rato of flow of vapor was calculated 

in subsequent heat capacity measurements. As the 

apparent heat capacIty at any particular pressure 

was shown to be a linear function of the rate of 

flow, determinations were made at four rates. By 

plotting the data against the reciprocai of the flow 

rate and extrapolating to infinite velocity, the 

effect of heat losses in the calorimeter was virtually 

eliminated (figure 3) . To sunimarize, the following 

data were collected in order 

i. heats of vaporization at two or moro pressures; 

ii. at each pressure and temperature, beat 

capacities for four rates of flow, the 

extrapolated value at infinite floi rate 

being taken as correct for the conditions 

In question; 

III. for every temperature, values of the heat 
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capacity at two or more rressure, regarding 

the extrapolated value at zero pressure 

o 
as 

Operation of the cycling 

involved and tedious undertaking. 

makes the unified description of 

to be resented here desIrable in 

unfamiliar with the apparatus may 

it in the future. 

Read5ing Procedure: The 

calorimeter was an 

Its complexity 

procedural detcils 

order that persons 

be able to utilize 

presence of either 

air or water within the flow system waa undesirable 

for obvious reasons. After thoroughly drying the 

interior by evacuatIon wIth the Eyvac pump, nitrogen 

dried over magnesium perchiorate and phosphorus 

pentoxide was admitted to the system. During the 

period ïn which experinìental data were collected, 

care taken that the calorimeter w's never opened 

to the air at any poInt. Similarly, a nitrogen 

atmosphere woí maintained over the mercury in the 

calorimeter regulator at all tImes of operatIon. 

Between the experiments on each compound 

the Edison batteries were completely discbared and 

then iven a double charge to increase their stability. 
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A rectifier was used to charge the entire bank at 

one time. charges were giveì to the 

batteries about once a week when in operation, or 

vhonever their potential began to fall too rapidly. 

Vîith the apparatus proier1y cleaned and 

dried, all equipnient tested, repaired and placed in 

working order, the compound whose heat capacity ws 

to be determined was distilled into the system from 

vessel 1. The desIgn of the flask permitted the 

operation to be accomplished without admitting air 

to the calorimeter. Once a sample was ft the vaporizer, 

heating of both thermostats was begun with all available 

heaters at full capacity. The vaporizer bath could 

be heated from room tenoaratuxeto 1000C ft about 

one and one-half hours. Arrroximately an equal 

length of time was required for heating the calori- 

meter bath to the came temperature, but nearly five 

hours were needed to attain a temrerature of 200°C. 

After some practice it was not difficult 

to stop the heatIng of the baths at the proper 

temperature and to ad just the amount of energy 

supplied by both the main and control heaters so as 

to obtain the desired temperature regulation. 
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Adjustments were made to the heaters by serl.es 

resistors or variacs. These devices, as weil as 

controls for all other alternating current equipment, 

were installed on the panel shown in the left hand 

side of plate 1. 

Shortly before the vaporizer bath reached 

operating temperatuTe the four line heaters were 

turned on and adjusted so that the temperatures 

recorded by TC ,4,5,6 and 7 were all well above 

the condensation point of the substance under study. 

With this accomplished, the vaporizer bath regulating 

properly, and the calorimeter bath eIther regulatIng 

or at a sufficiently elevated temperature so as to 

prevent condensation, the system was next evacuated 

to approximately the correct operating oressure (as 

determined from vapor pressure data) . At this point 

the vaporizer heater was turned on with a current of 

about 1.0 amperes until boiling commenced. Because 

of the danger of 'bumpingtt, higher currents were not 

used until cycling actually began. The heater 

current then was adjusted to give the rate of flow 

desired. Since the pressure at the regulator 

differed from that in the vaporizer by the pressure 

drop through the system, it was necess3ry to adjust 
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the regulator for each rate of flow in order to 

obtain the proper boiling temperature. It ha been 

found most efficient to maintain, the boiling 

temperature about 0.200 below that of the thermostat 

(16,38) 

Once the compound was crc1ing smoothly, 

the line temperatures were readjusted. The vapor 

was :ept at approximately the same temperature as the 

calorimeter when it entered that bath, for otherwise 

changes in rate of flow could upset the temperature 

regulation there. In addition, the vapor had to be 

maintained at a sufficiently high temperature to 

prevent condensation in stopcock 5. 

Ali of the above operations were carried out 

regardless of whether heat capacity or heat of 

vaporization data were to be determined. 

Heats Vaporization: VI1en the heat of 

vaporization was the object of a run, it was 

unnecessary to control the calorimeter bath temperature 

accurately. The main bath heater could be adjusted 

so that with the maximum amount of control heat 

adequate regulation was easily obtained. 

At this stage preliminary readings were 
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made of the energy Input to the vtorizer and of the 

several teìiperatures involved. After ft had been 
ascertained that these variableg were sufficiently 

constant, and thus, that the system was smoothly 

ooerating, a timed run was made. The doble trap, 

C, was immersed in a suitable refrigerating agent, 

evacuated arid filled with nitrogen by means of stop- 

COCkS 6 and 7. Then, with trap 9 also refrigerated 

in order to prevent tue vapor frou reaching trap C 

by diffusion, stopcock S was carefully turned to 

connect trap C to the pressure regulation system. 

Because of pressure differences hetveen the collect- 

Ing and the cycling systems, the last sequence of 

operat ions would ups et cond itions slightly if not 

executed cautiously. For t}is reason at least one 

more series of preliminary readings was observed. 

If all rorained in order, the cycling vapor was 

diverted to trso C by stopcock 5, while at the same 

instant the timer was automatically actuated. 

The following readings were then made as 

rapidly as possible consistent with the accuracy 

recired for each:: 

i. difference thermocouple (Tal and TC2), 

measuring the difference between the 
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temperature of the thermostat and that 

at the heater level in the vaporizer; 

ii. potential across the vaDorizer heater; 

ill. potentIal across the standard resistor In 

series with the vaporizer heater. 

At least two series of observations were 

carried out and usuall three or four were obtained 

Then suffIcient vapor had been trapped, about 25 

to 30 grams, stopcock 5 ws turned to its orignal 

position, ending the timed run. A final observation 

of the difference thermocouple was then made and 

te barometric pressure, pressure regulator reading 

and other pertinent data as to the condition of 

the apparatus during the interval were recorded. 

After making certain that the ìaterial 

collected in trap C had solidified, the nitrogen 

'vas numped from the trap as before and stopcocks 

6 and 10 closed The trap thon was removed and 

weighed, the quantity collected being determined 

by difference from the weight of the evacuated empty 

trap. 

Data obtained in this manner were sufficient 

for the calculation of the heat of vaporization 

sought. It has been shown that the value obtained 
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for the heat of vaporization with tìs instruent 

ws not a function of the rate of vaporization (16). 

Consequently, in this experimental worlr, thee or 

niore determinations were made at the same rate of 

vaporìzc'tion. As a matter of convenience a s1ov rate 

was 1ways chosen. At hìh rates of flow the 

increased pressure drop and danger of plugging in 

tra C; made operation more difficult. If a plug 

developed in the trap, the pressure on the regulated 

side rerriained constant while the pressure in the 

vaporizer changed. It was impossible to make 

corrections for an appreciable variation of this 

sort. 

The method of calculating the heat of 

vaporization from the data thus acquired and a 

discussion of the accuracy of the method are in- 

cluded in a later section. 

Heat Capacity Experiments: As was stated 

above the procedure when operating for the ourpose 

of obtaining heat capacity data differed very little 

from that just discussed until actual observations 

were to be made. In heat capacity runs the heat 

of vaporization was known and rates of vapor flow were 
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calculated fror: oower measurements alone. It was 

necessary, of course, to adjust the calorimeter bath 

controls for accurate teiperature regulation. 

After it had been ascertained that t1:e 

calorimeter bath temperature was constant to 

O.002-O.0040C by observing Ti, and that vapor was 

cycling smoothly, two or three preliminary readings 

of Ti, T2 and T3 were :ade. The calorimeter 

heater was then energized and the temperature rise 

of the vapor adjusted to about 8°C by variable 

resistors in the heater circuit. Apnroximately 

twenty to thirty minutes were required before the 

temperature of the heated vapor became steady. As 

rapidly as possible readings were then made of the 

difference thermocouple, vaporizer and calorimeter 

heater potentials, standard resistor potentials and, 

finail, Tl, T2 and T3, t least two such series 

of observations were made, more being reqiired in 

case the fluctuations in T2 and T3 were large 

( 0.005°C or greater). A small variation in 

'essure was sufficient to cause large oscillations 

in T2 and T3. T2 was always somewhat erractic, for 

complete mixing of the heated vaors did not occur 
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ianmedìte1y after passing over the heater. 

In most of the runs temperature fluctuations 

ere large enough so that averaged readings were 

necessary. At the 225°C temperature T2 fluctuated 

almost 0.02°C. The procedure adopted for taking 

such averoges was to observe alvanornetor oscil- 

lations for both the normal and reverse bridge 

positions of each therirorneter for a period of five 

minutes each (twenty minutes in all were required 

to read both T2 and T3) . i'rorr1 a knowledge of the 

galvanometer sensitivity the visually averaged 

readings were recorded. One or more rounds of rapid 

observattons were nade after the first round, and if 
these checked the averaged values (usually better 

than the maximum observed fli:ctuations), the latter 
were taken to be correct . The reproducibIlity of the 

averaged temperature wa usually better than Oi% 

of the temperature rise. At te highest temperature 

the reproduction was about 0.1%. Further evidence 

of the accuracy of this method may be seen in the 

recsion of the calculated heat capacities (figure $) 

The procedure just outlined was carried 

out at four rates of flow--from about 0.07 to 0.2 mols 
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per minute. after the data had been obtained at 

one rate of flow, it was not necessary to cool the 

calorimeter before changing the velocity. Some time 

was saved by adjusting both the rate of flow and 

calorimeter heater input simultaneously. By the 

time smooth cycling had been attained once more, the 

temperature rise was usually at the proper value. It 

was necessary to so adjust the temperature rise as to 

insure that the average temperatures of the vepor at 

the various flow rates were within 0.01-0.02°C of 

each other. At the end of the day's run the calori- 

meter heater was cut off and several readings of Ti, 

T2 and T3 viere made after the calorimeter had returned 

to bath temperature. Over the period of operation 

(three to five hours), the calorimeter bath tempera- 

ture was found to drop O.01_O.0500. This change was 

constantly observed by Ti ïn order to obatin the 

proper base temperatures for T2 and T3. The tempera- 

ture rise at each of the last thermometers was then 

determined by the difference between the observed 

temperature and the adjusted base temperature. By 

this procedure the temperature rise was obtained 

without comparison of one thermometer against the 

other. 
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MATERIALS. 

The hydrocarbons used in this researcia were 

synthesized by the American Petroleum Institute 

Research Project 45 and Durified by Project 6 (z4). 

The purity of the cis 1,2-dimethylcyclohexarie was 

99.95 ± 0.02 mol percent and that of trans 1,2- 

dimethylcyclohexane 99.82 0.08 mol percent, as 

determined by the supplier from freezing point 

measurements. 

Proper selection of the stopcock lubricants 

to be used at each point in the equipment must be made 

for the parttcular compound being studied . For the 

work described in the present paper, the following 

groases were used: 

i. at points in contact with liquid only--- 

tetraethyleneglycol citrate (30), or 

silicone; 

ii. at points in contact with vapor only---lithium 

stearate and oti (2T7), or sIlicone; 

iii. for high vacuum system---a specIal grease for 

mass spectrometers (rubber base) or AIezon. 

Iv. all other places---Lubraseal. 
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CALO TLTI01S. 

Iore deta1ed consideration of the calcu1tion 

of experimental values are given by Person (16). 

Heats of Vaporization: The calculation of 

the heat of vaporization consists primarily of 

correcting the power measurements to obtain the 

actual amount of energy imparted to the substance 

collected during a timed run. It was necessary to 

make four corrections, the aura of which varied from 

zero to 0.3 of the molar heat of vaporization. 

As a result of pressure fluctuations the boiling 

temperature was observed to increase or decresse by 

as much as 0.050G during a timed run. Hence, a 

correction was made for tie corresponding changes in 

enthalpy of the liqid remaining in the vaporizer 

and of the glass vesrel. A further correction was 

required by the temperature gradient between the heater 

level (TOi) and the boiling surface of t'e liquid. As 

an approximation of sufficIent accuracy, the last 

correction can be made by considering the heat effect 

due to the transfer of m1 grams of liquid at the mean 

heater level temperature to m1 grams of vapor at the 



surface temperature,where m1 is the mass of the 

sample collected. The boiling temperature can be 

calculated from the observed heater level temperature 

and the change in pressure due to the static head 

of liquId. 

Although there wIll be an added change in 

te heat content of the glass vessel as a result of 

the changïng liquid level, the effect wa estirated 

to be negligible. 

The first two corrections are thus given by 

the exìression 

m1 Cpi T1 ¿ rn2 Cp2T2 + mt Cp14p2 

where ra1, m2 and mt refer to the masses of vapor, glass 

and remaining liqiiid, respectively, Cp and C2 to ti-n 

heat capacity of the liQuid and the glass, T1 and 

T2 to the difference in temperatures at TC1 and 

the surface arid to the change in boiling temperature 

during the timed run. 

A small correction was necessary for the 

energy generated in thos portions of the tungsten 

heater leads which were riot immersed in liquid. 

After these correctIons had been applied 

to the energy input, the bent of vaporization was 
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calculated from the formula 

XXVIX (1 

where Q. is the corrected energy arid N the molcc,.lar 

weight, The term 1 - v/V allows for the ftct that 

the vapor occupying the space evacuated by the liquid 

could not be collected. The molar volume of the 

liquid, y, was estimated from density data arid the 

molar volume of vapor, V, from the perfect gas 

equation (since eauation of state data were not 

available for the compounds studied). The error 

introduced in this approximation is negligible. 

Heat Capacities: Three corrections were 

applied in the calculation of the heat capacity. Two 

were used in determining the rate of flow of vapor. 

The energy input to the vaporizer wss corrected for 

the leads loss as described above. Since the liquid 

returned to the vaporizer superheated 0.1-0.2°C, it 

was necessary to account for the correspondIng un- 

measured energy. These corrections seldom amounted 

to more than O.l-O.3 of the measured power. From a 

knowledge of the length of copper leads in contsct 

with vapor In the calorimeter and the current flowing 

in them, a correctIon was also made for the unmeasured 

energy generated in these leads. TI-us correction 
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amounted to about O.l; of the total heat input in 

the calorimeter. 

It is possible that a Joule-Thompson effect 

could occur in the calorimeter due to the pressure 

drop across the heater. Since the drifts in Ti, T2 

and T3 over the period of a run (at vsring flow 

rates) were the same within the limits of error of 

the temperature measurements, this effect was too 

small to be tDken into consideration. 

ACCURACY OF hEAbURE::ENTS. 

The heat of vaporization and heat capacIty 

of bonzerie were measured In order to estimate the 

accuracy which could be obtained with the uresent 

apparatus. A more detailed consideration of these 

calibration measurements is given by Person (16), 

but a summary of the pertinent conclusions to be 

drawn will be presented here. Heat of vaporization 

moasurenents were made at one temperature and at a 

variety of rates of flow. Those data indIcate that 

tlae precision attained was approximately O.3 for 

proper1 executed runs The average of nine determIna- 

tions was 7605 24 calories per moi. Vîaddington and 

Douslin, using the apparatus to which reference was 



made Dov1ous1y (37), obtaed 7606*2 as the mean of 

four deterrriinations at the sanie temperature. Their 

values are probably accurate to about ± 0.l;, and 

certainly az good as ¿ O.3; (38) 

As experience wa gained in operating the 

apparatus and some modificatIons in design and pro- 

cedure made, more precise values of the heats of 

vaporization of the compounds studied here iere de- 

teriined. Although the precision of the measurements 

recorded in table 1 is about 0.l, systematic 

errors apmear to have reduced the accuracy to ibout 

±0.2-0.3. nen the data ;vere compared graphically 

with the accuiate (0.1%) 25°C value of Osborne and 

Ginnings (1,15), it was found that a straight line 

could be drawn through the latter point and those 

presented here with a maximum deviation of points of 

Thiie the heat of vaporization does not vary 

linearly with temperature, the deviation from linearity 
is Probably very slight over the range of temperatuies 

used. In fact, the three values presented by Person 

(le) for trans 1,4-dimethylcyclohexane show only 

normal scattering and the two values for cis 

1, 2-diiethylcyclohexane given here lie within 0.05% 

of a straight line through the Osborne and Ginnings 

datum. 



om these considerations the accuracy of 

the heat of vaporization data recorded here is 

estimated to be ± 0.3% or better. 

In calculating the rates of flow of vapor 

used in heat capacity runs, smoothed values of the 

heats of vaporization were obtained from plotted 

data. This procedure was decided upon in order to 

reduce both systeiatic and cumulative errors. The 

latter errors arise from the fact that in plotting 

heat capacities at two or more pressures in order to 

obtain 0p by extrapolation, opposite errors in the 

poïnts are considerably magnified (figure 4). Not 

only are the smoothed values of the heat of vaporiza- 

tion probably more accurate, but since their errors 

are ïn the same direction, a magnification does not 

occur in the extrapolation for 

The excellent linearity of the plot of 

experImental heat capacities against recproca1 flow 

rates jutïfies this means of eliminating the effects 

of heat leaks. In ali the measurements presented 

here the points deviated from a straight line by 

0.05 to 0.1%, and the intersection of the lines at 

the ordinate was as good or better. It can be said 

that the precision of the heat capacity measurments 



was about + 0,1%. 

As has been mentioned, cumulative errors 

in the extrapolation to zero pressure arising from 

errors in heats of vaporization are thought to be 

smoll. Systematic errors in the heat capacity 

measurements can not be reduced in a similar manner. 

Nevertheless, the linearity of the oints of figure 4 

is From this dlagraL: it is estimated that 

those values of obtained from 

only two pressures are precise to 

i 
higher temperatures, for which Cp 

the accuracy of the extrapolation 

It is shown by Person (1 

measurements at 

about 0.2%. At 
o 

-Cp is smaller, 

should be greater. 

3) that the results 

for the heat capacity of benzene are about 0.1-0.3% 

lower than the values given by Scott, Waddington, 

Smith and Ruffman (31) . The data of the latter 

are accurate to about ±0.i. In view of these facts, 

it is eatmnted that the heat capacity data presented 

here are accurate to about ±0.3%. It is possible 

that some of the data are more accurate, but on the 

other hand, a somewhat improbable accumulation of 

errors could lead to less accurate results. 
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SLIGGESTIONS FOR IMPROVING APPARATUS. 

It is believed that the ì'rincîpal cause for 

the temperature fluctuations observed on T2 nd T3 

during heat capacity measurements was the fluctuation 

in ti-le system pressure. S1iht chances in pressure 

undoubtedly cause momentary fluctuations in the flow 

of vapor. A better means for ressure regulation, 

such as a sulfuric acid manostat, would serve to 

decrease the teLlperature oscillations. Since the 

varIation in temperature cannot be eliminated entirely, 

more precise averages could be taken in less time if 

a 'ahite double potentiometer were substituted for the 

Mueller bridge. 

The large size of the calorimeter thermo- 

stat makes its temperature control more difficult. 

A resistance thermometer type thermoregulator 

instead of the lsrge mercury regulator would permit 

the bath size to be reduced. With this change 

better temperature regulation with less effort should 

be possIble. 

Perhaps the most serious problem to be 

solved is in improving the accuracr of heat of 

vaporization measurements. Thile a number of minor 



effects---insufficiently accurate b8Dance for weighthg 

traps, pressure fluctuations--- enter here, lt is 

thought that the straIn thrown on the system br 

diverting the vapor into trap C Is the most important. 

A number of alternative methods for collecting 

samples apears feasille but have not been investigated. 

For example, a device similar to that used to control 

reflux ratios in automatic distillIng columns could 

be inserted just below the condenser D of fIgure 1. 

Such mechanisms consist of small pivoted glass funnels, 

with attached iron arm, by which the liquid could be 

returned to vaporizer or diverted to a suitable 

collecting system by means of an external solenoid 

magnet. It will require experimentation to decide 

whether errors due to possible losses of liquid exceed 

those caused by disturbing the system as in the 

present method. 
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EXPERIMENTAL RESULTS 

HEATS OF VAPORIZATION. 

The experimentally determined heats of 

vaporization for eIs 1,2-dimethylcyclohexane and trans 

1,2-aimethylcyclohexane are presented in tsble 1. 

Included in the same tsble are the srnoothea velues 

which were used ïn celculating the vapor flow rate 

for heat capacity measurements. Each of the 

experimental values is the mean of the number of 

experiments given in parenthesis. The data of 

Osborne and Ginnings at 25°C are also recorded for 

comparison. 

In determining the heat o vaporization of 

. 
o 

cis l,2-dmethylcyclohexane at 113.7 C operational 

diffIculties were encountered. The high temrerature 

at which it was necessary to maintain stopcock 5 

apparently affected the stopcock lubrIcant (lithium 

stearate-oil) so that the stopcock stuck after the 

first run had been completed. Since the quantity 

of this compound available was small (200 cc.), 

the added losses attending the process of removing 

the materiel from the apparatus in order to replace 

the stopcock vere prohibitive. The stopcock plug 
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Table i 

HETS 0F VAPOIUZATION 

Compound Temperature H (cal/mol) 

________ 
Oc (Eporménta1) (Smoothed) - 

Cis 1,2 25 - 
94920 

Cis 1,2 p6.7 8424±3 (3 exp.) 8484 

Cis 1,2 113.7 825lll(2 exp.) 8250 

Tratas 1,2 25 - 9167'° 

Trans 1,2 88.1 

Trans 1,2 100.1 6213±5 (3 exp.) 8198 

Trans 1,2 114.1 8001±6 (3 exn.) 8016 

(a) Ali compounds are dìmethylcyclohexanes 

(b) Data from table 7m of reference (1) 

(c) Interpolated values 
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was freed in p1ee and regreasea. Then a second run 

veas rnde, but after it had been completed, the 

stopcoch once more and could not be loosened 

in place. Because of this it ws impossIble to 

proceed further with heat of vaporizstion measure- 

ments. Nevertheless, the values obtained for this 

compound agree niore closely with that of Osborne and 

Ginnings than do those of trans 1,2-dimethylcyclohexane. 

In fact the values which were used for 

computations do not deviate significantly from the 

means of the observed data. 

The experimental values for trans 1,2- 

dimethylcyclohexane at 114.1°C and 100.100 were 

used together with the 25°C datum of Osborne and 

Ginnings for the graphical interpolation of the heat 

o 
of vaporization at 88.1 C. It will be noted that 

although the precision of the experimental data is 

better than o.i%, the smoothed values used agreed 

wIth the measured to about .0.2%. 

Since the freezIng point of trans 1,2- 

dimethylcyclohexane is -88.2°C (1, table 7a), it was 

thought advisable to use liquid air as a refrigera- 

ting agent for the do'ble trap C. The rapid 

condensation and freezing of the sample collected 
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during a run appeared to cause the equipment to 

function more smoothly than when a dry ice-acetone 

bath was utilized for refrigeration. It might have 

been worthwhile to have used liquid air for all 

compounds regardless of freezing point and vapor 

pressure. 

For both compounds the heat of vaporization 

at the boiling point is presented in table 7m of 

ttelected Values oP Properties of Hydocarbons, 

Volume II (1) . The source of the latter values is 

not known, but presumable they were estimated from 

vapor pressure data by use of the Clapeyron equation. 

These data are about l-2% higher than the values 

obtained by extrapolating the experimental data of 

table 1. As there are no adequate equation of state 

data for use in calculating the estimated heats of 

v2porization referred to, and since the stated limits 

of accuracy for these datae ±2.0% such disagreement 

is not surprising. The linearity when compared to 

the accurate 25°C value IS a more important criterion 

of accuracy. 

HEAT CAPACITIES. 

The observed heat capacities of cts 1,2- 

d itethylcyclohexane and trans 1,2-d methylcyclohexane 



Table 2 

EXPERIMENTAL HEAT CAPACITIES AT VARIOUS 
PRESSuRES AND TPERATURES 

Observed 
Compoun Tenroerature Pressure Heat Capacity 

(nrn of Hg) (cal/degreeniol) 

OIs 1,2 133.8 485 50.99 

Cis 1,2 133.8 285 50.80 

Cis 1,2 163.8 485 54.89 

Cis 1,2 163.8 285 54.84 

Cïs 1,2 226.4 285 62.55 

Trans 1,2 134.0 585 52.76 

Trans 1,2 134.0 390 52.50 

Trans 1,2 134.0 260 52.20 

Trans 1,2 164.1 585 56.50 

Trans 1,2 164.1 390 56.40 

Trans 1,2 228.7 390 64.30 

(a) All compounds are dimethylcyclohexarles 



Table 3 

HEAT CAPACITIES FOR THE PERFECT GASES 

Compounda Temperature (C)ob (0)calcb Deviation 
°c (cal/degree-mol) (cal/degree-mol)(ca1/degree-nol) (%) 

Cis 1,2 133.8 50.55±0.15 0.68 53.0 2.8 

Cì 1,2 163.8 54.76±0.15 0.21 55.9 2.0 

Gis 1,2 226.4 62.54+0.2 (0,03)d 63.5 1.6 

Trans 1,2 134.0 51.82±Q.15 1.24 52.8 1.8 

Trans 1,2 1C4.l 5.20±0.15 0.44 56.8 1.1 

Trans 1,2 228.7 64.26±0.2 
(008)d 64.5 0.4 

Trans 1,4e l3.4 5l.52O.l5 0.98 52.4 1.8 

Trans 1,4° 194.7 59.l60.2 0.54 59.9 1.4 

(a) Ail compounds are dimethylcyclohexanes. 
(b) Interpolated from table X, reference (2). 

(e) Deviation of calculated and observed heat capacIties 

(d) Estimated 
(e) Taken from data presented by Person (16). 
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are recorded in table 2 for a nujnber of temperatures 

ond pressures. Each value of was obtained 

from a plot of data at four vapor flow rates as shown 

in figure 3 for trans 1,2-dimethylcyclohexane. On 

all grsohs, the size of the circle for experimental 

points represents O.l of the ordinate value. Both 

sets of plotted data were measured at 134.000, ut 

the pressures used were 260 and O millimeters of 

mercury. It is evident that the variation of heat 

capacity witi: the reciprocal of flow rate is essentially 

linear over the range covered . The extrapolation to 

infinite flow rate seems justified as a procedure 

for reducing the effects of heat losses as the vapor 

passes through the calorimeter. The heat capacities 

calculated from observations on T3 were always 

larger than those obtained from T2, for the vapor 

cooled sli,htiy in its passage from T2 to T3. The 

excellent coincidence at the ordinate axis cf the 

curves for T2 and T3 provides further evidence of 

the accuracy of the etranolation r;iade. 

In table 3 are presented observed values of 

o i o, 
Cp, and Cp - Cp as well as those values cacu13ted 

by Beckett, Pitzer and Sn. tzer (2) . The latter 

were obtained for the exact teuperatu.res needed 
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by raphica1 interpolation from the data tabulated in 

te reference cited. For comp1cteress, the data 

obseiwed with the uiresent apparatus for trans 

1,4-dimethylcyclohexane are also included (ic). 

o i L) 

The values for Cp, and Cp - Cp were 

derived from the data of table 2 by piottiri te 

latter agansi; p:essure and extrapolating to zero 

pressure (figu?e 4). Since gases at zero pressìire 

are assumed to be perfect, the vaiìe thus determined 
o' 

was taken to be Cp for the temperature in question. 

By extrapolation to 760 millimeters of mercury 
i o 

presstu'e, Cp - Cp , a measure of the gas imperfection, 

may be evaluated. It is probable that the error of 

extrapolation is nearly doubled for this quantity. 

The deviations fròm linearity of the experimentol 

points in figure 4 are about +O.O5. 
i o 

£t the iLigher temperatures Op - Cp is very 

small and can be estirate i'or this reason measure- 

ments at only one pressui'e were made for the runs at 

225°C. In the absence of equation cf state data 

the foliowin procedure was used in this estimation. 

Using the vinal equation, PV : RT + BP, it can 

be shov.n that, 
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XXX 
T 

- T 
( 

2/ T2) p 

The following empirical eqation has been found to 

serve Cor the second vInal coefficient for a number 

of hydrocarbons (31): 

XXXI B b - C e 
(a/T) 

From these two exressions, it is easily shown that 

XXXII (0p/)T = = c( +)exp (a/T) 

The constants a an c were determined from the 

experimental values of C -C . Since this cor- 

rection for gas imperfection is quite small at 

225°C (table 3), the error in such an estimation is 

not great. 

Effect of Jater in Comounds: A very 

sensitive test for water in those hydrocarbons which 

freeze much below 00C may be readily carried out by 

freezing them. Upon Ciist melting, small 

of ice may be seen if water is present. Although 

the compounds used in thIs work were dried over 

magnesium perchlorate until this test was negative, 

and precautions wore taken to prevent water from 

entering the system when in operation, a small 

amount did get into both compounds. A few 



80 

viere observed upon melting the solId collected in 

double trap C during heat of vaporIzation runs. 

The error in the measured heats of vaporization due 

to such small quantities of water is practically 

insignificant. Even If saturated (about 0.1 mol% 

water) the differences in the heats of vaporization 

of the hydrocarbons and water are small enough so 

that the errors in experimental values would be 

about 0.0l. A sImIlar amount of water would cause 

about 0.l error in measured heat capacIties. 

However, since the amount of water observed was so 

small, the error from this source in the heat capacity 

data of table 5 is not appreciable. 
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DISCUSSIOT OF RESULTS 

AGREEMENT BETWEEN CALCULATED AND EXPERIMENTAL VALUES. 

A comparison of the experimental heat 

canacties presented here with the calculated values 

of Beckett, Pitzer and Spitzer shows the latter to 

be appreciably high (table 3). Before considering 

possible causes for such discrepancies, the method 

by which the calculated data were obtained must be 

examined further. 

The procedure used to calculate the heat 

capacities of the dimethylcyclohexanes has been 

described above (page. It was pointed out in 

Part B that a number of generalizations regarding the 

structure of hydrocarbons have been developed in 

recent years and that these concepts have been 

fruitful in providing explanations of the properties 

of such compounds. 

To summarize what has been said above: 

(i) rotation about the carbon-carbon bond is assumed 

to be restricted by a synmetrical, three maxima 

potential barrier such as in ethane; (ii) the same 

potential barrier is assumed to stabilize certain 

of the possible structural configurations of a 
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molecule ;2ith respect to more strained tautorners; 

(iii) steno interactions anions the component parts 

of a molecule are accounted for by emnìrica11y 

determined strain energies, e.g., polar-equatorial 

tautornerism; (iv) the concepts developed in sinple 

molecules, together with the parameters determined 

from such molecules, are aoplied with full use of 

analogies and with suitable adjustments to more 

complex cases; (y) substituted groups are assumed 

to contribute additively to the total thermodynamic 

function without affecting the contribution of the 

nucleus molecule if allowance is made for the pos- 

sible occurrence of tautomerism. 

All of these ideas were employed by 

]3eckett, Pitzer and Spitzer in their calculation of 

the thermodynamic properties of the alkylcycic- 

hexanes. In an attempt to reproduce their calculated 

values, it wa discovered that the method otlIned 

in their paper (2) omitted some important factors. 

The appropriate value of the methyl increment for 

these calculations must include that contribution 

which is due to the vibration and rotation of the 

methyl group alone. It will be shown that the 

method used in the article cïted does not produce 



the "true" value of the methyl increment. 

REVISED CALCULATION PROCEDURE. 

The effects of chair to boat tautomerism are 

comruted by assuming the boat form to be strained by 

5.6 kilocalories per moi as compared to the chair 

(page:). Then, the difference in entropy of the 

two forms is ascribed to change in symmetry number, 

if any. From these two quantities the fraction of 

each tautomer at any temperature and the amount of 

conversion for 1°C rise in temperature msy be 

determined as described above (page . The heats 

(relative strain energies) and entropies of the 

reaction, chair-+ boat, for the compounds of 

interest here are presented in table 4. 

As a result of ti-ic fsct that chair and boat 

forms of cyclohexane hsve different symmetry numbers 

while those of methylcyclohexane are equal, from 

equation XXVIII(page 22) it may be seen that the 

. S ratio of symmetry numbers (exp ( /R ) enters 

the expressIon for heat capacity as a multiplier. 

Hence, the contribution of cha±r to boat tautomerism 

for cyclohexane is just three times that for 

methylcyciohexane. For the same reason the chair-boat 
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Table 4 

ESTIMATED PARAMETERS FOR IJAIR TO flOAT TAUTOMERISM 

Heat of Entropy of 
Symmetry numbers Transformation Transfornn tion 

Compound Chair Boat (kcal/rnol) (entropy units) 

Cyclohexano 6 2 5.6 R Ln 3 

Mel - 
cyclohexane 1 1 5.6 0 

1 3. 5.6- 0 

Trans 2 1 5.6 f R Ln 2 

Trans 
14a 

2 1 6.6 R Ln 2 

(a) Dimethylcyclohoxanes 



contrIbution for the dimethylcyclohexanes is not the 

same as that for cyclohexane when a11ovance is made 

for the actual change in synimetry number for each 

compound. 

A further consideration has been made by the 

author for the sake of improving the consistency of 

the treatment. Upon studyin; Fischer-Hirschfelder 

models of the several molecules, it was observed 

that there was a type of sterlc interaction which 

apparently had not been considered--or which at 

least was thought to be unimportant--in the calcula- 

tions oÍ Beckett, Pitzer and Spitzer. VThen trans 

1,4-dimethylcyclohexane is in the chair form, either 

both methyl groups will be equatorial or both will 

be polar. The difference in energy between the two 

tautomers is so large that the effect of the polar 

form on the chair-boat tautomerïsm is entirely 

negligible. For this tautomerism only the lowest 

energy polar-equatorial tautomer need by considered. 

In the bost form of trans l,4-dimethylcyclohexano 

both methyl groups cannot be entirely equatorial. 

Even in the best possible confiuration one of the 

methyl groups interfexs with the ring atoms at two 

points. These interactions are not of the type 



occurring in n-butane (page 24) but are similar to 

those in a propane molecule twisted 180° from the 

most stable position about one of the carbon-carbon 

bonds. 

An evaluation of the magnitude of this effect 

has not been made for propane. It is undoubtedly 

less than the more severe butane-like interaction. 

Since there are two points at which this inter- 

ference occurs, it is believed to be imortant 

enough to warrant allowance for its effect on the 

heat capacity. A value of 1.0 ki1oca1oriper moi 

was assigned arbitrar1y as the magnitude 

interactions involved in trans l,4-dimethylcyclo- 
h.exane in the boat form. The total difference in 

energy of the chaIr and boat forms of thïs compound 

was increased to 6.6 kilocalories per mol. 

Effects similar to that mentioned in the 

preceeding paragrath aro encountered in the other 

dimethylcyclohexanes. For example, the chair form 

of ois l,2-dimethylcyclohexane exists with one 

methyl group always eauatoriai while the other is 

polar. Three n-butane-like steric interactions are 

thus present. In the boat tautomer, on the other 

hand, one of those interactions between the methyl 



group and the ring appears to be slightly relieved. 

The interaction which is involved for this tautoiner 

is similar to the smaller propane effect just discus- 

sed. Such a possibilitr would be expected to stabilize 

the boat form by the difference between the two types 

of strain. However, since this difference has not 

been evaluated and is probb1y small, no allowance 

was made for the effect. 

The situation encountered for trans 1,2- 

dimethylcyclohexane is analogous to that for 

trans 1,4-dimethylcyc1ohxane except that in this 

case only one added propane-like interaction occurs 

in the boat configuration. The energy difference 

between chair and boat tautomers should be increased 

slightly, but, again, the effect was neglected in 

calculation. As will be brought out below, these 

last considerations do not seem important in view 

of the disparity between experimental and recalculated 

values of the heat capacity. 

From such observations as these it is 

apparent that the method of i3eckett, Pitzer and 

Spitzer did not consistently account for all the 

nossible tautomeric effects upon the vanor heat 

capacity. According to their procedure (as outlined 



ori pge2ö of this thesIs) the methyl increment to 
a thermodynaraic property is found by "subtrocting 
values for cyclohexane froii those for methylcyclo- 
hexane without the polar-equatorial 
(2) . Ix-i table 5, however, the contribittons of 

chair-boat tautornerism to the heat capacities of 

these to compounds are seen to differ si;nificant1y. 
The contributions of chair-boat and polar-equatorial 
tautomerism tabulated in table 5 viere calculated as 

described on pae22 of this paper, using the magnitudes 

of the heats and entropies of transformation assigned 
in table 4. 

It is apparent that the methyl increment 

obtained in the manner of Beckett, Pitzer and spitzer 
neglects the unequal tsutomerlc contributions involved. 
Vthile the presence of one methyl group on the cyclo- 
hexarie ring does reduce the effect of the chair-boat 
tautomerisrii on the heat capacity, the actual methyl 

increent should be larger than that found by the 
above authors by (o.257-O.036) calories per degree- 
moi. This error will then arpear in the calculated 
values for the diniethylcyclohexanes, lowering their 
theoretically determined heat capacities by varying 

amounts. The magnitude of the error depends upon the 



sIze of the chaIr-boat 

jndvidual compounds. 

turn, aro dIfferent as 

entropy assignments gi 

The following 
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tautomeric effect for the 

These last contributIons, in 

a result of the heat and 

ven in table 4. 

procedure wns decided upon by 

the present author in order to eliminate the In- 

consIstencies discussed in the foregoing aragrahs. 

The methyl increment was obtained by first subtracting 

the contributions of both the chair-boat and polar- 

equatorial tautomerism from the values for cyclo- 

hexano and methylcyclohexane. Then the difference 

between the two figures derived in this fashion was 

considered to be the increment due to the motions 

of the methyl group alone. A ttbaseht value for the 

heat capacities of the dlmethylcyclohexanes was found 

by adding twice the new methyl increment to th . e value 

for cyclohexsne without choIr-boat tautomerism. After 

this fi3ure had been evaluated, the calculated heat 

coacity for each of the dImethylcyclohe;anes was 

determined by adding the two tautonieric contrIbutions 

for the particular compound to the "base" value. 

Table 5 summarIzes the results of the last 

calculation. The contributions due to polax-equatorial 

tautomerism viere calculated in the manner described on 



Table 5 

REVISED CPLCTJLATIONS WITHOUT ENTROPY PARAMETER FOR 

POL.R-EQTTORIAL TUTOMERISM 

Tautomeric 
Heat Capacity 

o 
Heat Cìpaoity, Cp 

Contributioiis (Cal/degree-mol) 

Temper- ( cal/dogroe-mol) Calculated 
ature Polar- Deviation 

Compound (°c) Chair-Boat Equatorial BPSa Revised Exporimenta].0 (ì) 

Cyclo- 
hexane 400 0.257 0 35.82 .- -- -- 

N e thy 3.- 
cyclo- 
hexarxe 400 0.086 0.864 44.35 -- -- . -- 

Cis 1,2e 400 0.086 0 51.1 51.31 4g.6 3.4 

Trars 1,2e 400 0.171 0.663 51.9 52.05 50.9 2.2 

Trans 1,4e 400 0.069 O.35o ol.6 51.65 oO.4 2.4 

Cyclo- 
hexane 500 0.688 0 45.47 

Methyl- 
cyclohe:'me 500 0.229 0.828 55.21 -- -- -- 



Table 5 (Continued) 

REV I SED CALCUI TI ON S V'ITH OUT EI TR OFY PARA1íETER F OR 

i? OLAR -ETJAT OR ThL TAUT OMI SM 

Tautorierio 
liest Capacity Ieat Capacity, C 

Contributions (Cal/degree -mol) 
Temper- (Cal/degree-mol) CalcìJated 
ature Polar- Deviation h c 

Compound (°K) Chair-Boat Equatorial 3S Revised Experimental () 
,2e 500 O.22 0 63.5 63.8 62.5 2.1 

Trans 500 0.461 0.823 64.2 64.8 64.0 1.2 

Trans 1,4e 0.173 0.515 50.9 60.2 59.2 1.7 

(a) CalculatIons of Beckett, Pitzer and Spitzer (2) 
(b) Cac'.1ations with zero entropy change for polar-equatorial tautomerism 

() Interpolated 
(d) Deviation between revised calculated values and experimental data 
(ó) Diirethylchclohexanes 
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page 24, using l'or the differences in strain energies 

2 "aa, "ai' and 4 flau for methylcjclohexane, trans 

1,2-diniethylcyclohexane arid trans 1,4-dïmethylcyclo- 

1exne, respectively. There is no contribution from 

this source for cis l,2-dlmethylcyclohexsne. The 

value for the n-butane-like interaction, of 0.9'? 

kilocalories per moi vías used in the nev calculations 

as recommended by Beckett, Pitzer snd Spitzer. 

Unfortunately, the revised calculated heat 

capacfties compare less fovorably with experimental 

values than do the original figures. 

In order to demonstrate more clearly the 

manner in which the difference between the two 

treatments arises, the latter are expressed below 

in terms of observed and calculated quantities: 

i. according to 3eckett, Pitzer and Spitzer (2), 

Liethyl increment 4h (C7) - oos 6'obs E,7. 

ii. By the present method, 

Lethyl increment 4M' (C)ohs - (PE)7 

-(CB)7 - (C6)obs + (CB)6. 

Here, and s bsequeritly, (C6), (C7) and (Ce) refer to 

the heat capacIties of cyclohexane, methylcyclohexane 

and a dimethylcyclohexane, respectively, WhIlO (PE) and 

(CB) are the polar-equatorial and chair-boat 
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contributions for the particular compound denoted 

by the subscript. 

The methyl increuents thus obtained are 

applied in calculating the heat capacity of a 

dimethylcyclohexane as follows: 

Iii. Beckett, Pitzcr and Spitzer 
BPS 

(C8) caic = (C?)obs +tM ' (PE)8 -(PE)7. 

iv. Present method 

(C)caic = (C6)ObS 2iM' 

+ (CB)8 - (CB)6 

Upon inserting the expressions i and ii for the 

methyl increments into equations iii and iv and 

subtracting IIi from iV it may be seen that 

V. (0)caic °s)! (CB)6 (CB)8- 2(CB)7, 

That the last equation is valId may be 

easily verified: first, the methyl increent of 

Beckett, Pitzer and Spitzer is too low by the term 

(CB)6 - (CB)7 (pageS8); second, equation iii 

neglects the difference between the chair-boat 

contributions for methylcyclohexane and the 

dlrnethylcyclohexane, (CB)8 -(CB)7 see table 5). 
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Before discussing possible reasons for the 

discrepancy between the newly calculated beat 

capacities and tho exerrientally determined, the 

excellent agreement between the calculated entropies 

at 293°K and the data of Prosen, Johnson and 

Rossini (26) viii be ex'lained. At the temperature 

in question the contribution of chair-boat tauto- 

merism to the entropy of cyclohexane gas amounts to 

only 0.01% of the total entropy (2). For the 

substituted cyclohexanes this tautomersm is even 

less important and the effect of the above revisions 

uîon the entropies is negligible. 

CAUSES 1OR DISCREPA:C lES. 

In order to he useful in practico such a 

method as that under discission must be of easy and 

general anplicqbility. For this reason a number of 

approximations have been made in the above treatment. 

First, it has been assumed that certain parameters, 

such as the steric interaction for nolar-equatorial 

tautornerism, are approximately equal. This has been 

shown to be close to the truth for several compounds 

(19) . The thermodynamic properties re not seriously 

affected by fairly large changes in these parameters, 

and it is probable that the error from this source 



is comparatively minor. 

Previously the chances in entropy for the 

varjots types of tautomersni have been taken to be 

due to changes in smrnetry number almie. For the 

chair-boat ta.tomerism the entiopy change so computed 

5s more likely to be a niinlmturi value. The greater 

flextbillty of the corborì ring in the boat form 

presumably viould terd to increase the entropy of 

that tautomer. There does not apear to be any woy 

5_n which this effect cûr be considered other than by 

empirical, fitting of data. Actually, if the entropy 

for chair to boat tautomerism were to be increased, 

the calculated results of table 5 would compare even 

less favorably with exrerimental data. 

It will be shown in the next section that the 

assumption of zero entropy change for polaz'-equatorial 

tautomersm is probably incorrect. 

Perhaps the most fundamental supposition 

made ïn these approximate treatments is that each 

grouP in a molecule contributes its normal share to 

the vibration-rotation thermodynamic function. In- 

volved in this assumption is the consideration that 

the vibrational freauencies of the cyclohexane ring 



remain unaffected by the addItion of a methyl group. 

Tnless adequate spectrJ data are available, no other 

assumption can be made, but undoubtedly a part of 

the inaccuracy of calculated results must be attribu- 

ted to this source. 

Any of the above considerations may be invalid. 

For one particular compound the several parameters my 

be so adjusted as to result in agreement with experi- 

mental data for at least one temperature. The acid 

test Is whether the sanie parameters produce adequate 

results for more than one compound over a sufficiently 
wide range of temperatures. The fact thct the methods 

discussed produce calculated values vhich agree 

reasonably vell with experimental for a nunaber of 

compounds indicates that, vitbin the lImits of the 

arroximations rointed out above, the fundamental 

concepts developed are probably correct. Since the 

deviations shown in table 5 are all of the same 

order of magnitude it seems possible that some effect 

common to all the dimethylcyclohexanes has beau 

neglected. 

TIlE E1ITROPY CEANGE ..'10R ?OLAR-EUATI ORAL TAJT0L:ERI SM. 

As has already been mentioned, the assumption 



of zero entropy change for po1ar-equatoriì trans- 

formation iS open to serious question. The relatively 

large effect of an entropy change upon the polar- 

equatorial contribution to the heat capacity makes it 

important to consider whether or not such a change 

could occur. 

It has been pointed out that it was necessary 

to increase the potential barrier restricting 

rotation of the methyl groups from 2.3 to 4.3 kilo- 

calories per moi for eis 1,2-dimethylcyclohexane in 

order to obtain ag'eement with the experimental 

entropy (page 27). This adjustment was necessary 

because one of the methyl groups aivays occupies the 

more restricted polar position. Similarly, the 

polar tautomer of any of the other dmethylcyclohexanes 

should be assigned a greater restricting potential 

than bbc corresponding equatorial forni. It iS 

evident that thei'e must be an entropy change in 

polar-equatorial tautomerism due to the differing 

contrjb.tjons from restricted rotation in the tvio 

tautomeric forms. 

In order to evaluate the change in entrony 

arising in such a fashion, the difference between 

fr3rr fir the tantomers was calculated as described 



on pase 14 For a particular compound the restricting 
poteriti3]. for eac' .. methyl croup va estimated by 

addThg to the customarj ethane barrier the magnitude 

of the strain energies arising from n-butane-like 

interactions. The figure thus obtained jS only ari 

approximation, for barriers in such complex cases 

are not well established. As a niateer of fact, the 

rocedure yields about the sarie height of barrier as 

that empirically assigned to OiS 1,2-dimethylcyclo- 

hexane. 

The contribution of restricted rototion (or 

better S, -S ) was next calculsted for each ir rr 
tautomeric form (page 14 ). The difference in the two 

figures was considcred to be the dIfference in 

entropy between the polor and equatorial forms of the 

comround in question. It was necessary to take 

into account two methyl group contributions for the 

dinethylcyclohexanes 

After these entropy changes had been calculated, 

the contributions of polar-equatorial tautoarierism to 

the heat capacity of each compound was recomputed. 

This was accomplished readily by multiplying the 

polar-equatorial contributions listed in table 5 by 

the factor, exp( s/H), using the apropriate value 
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for the entropy change. Then the methyl increment 

and, finally, the heat capacities of each compound 

wth'e recalculated just as described previously. 

The results of the last calculation are 

recorded in c'1wnn three of table 6. It may be seen 

that these figures more closely approximate the 

experimental values. There remains as much as 2 

deviation. 

THE EMPIRICAL ETROPY PARAL:ET. 

fhile it may be that such calculstions 

cannot be expected to be more accurate than those 

referred to in the lastparagraph, a better empirical 

fit for a series of related materials is feasible. 

::..ïe entropy change in polar-equatorial tautomerisr.i 

has been assumed to arise only from differences in 

the potentials restricting the rotation of the methyl 

groups. It is possible that the actual entropy 

change in such transformations is greater, but no 

way is yet apparent to evaluate this function other 

than that already discussed. 

In attenaptinr; to obtain better agreement with 

em'erimental data, any of the various parameters 

used in the calculation might be adjusted. Emcept for 



Table 6 

EFFECT OF ENTROPY PARAMETER: FINAL CALCULATION 

Heat Capacity, C 

(cal/degree-mol) 

Temperature 
b 

Compounda (°K) Calculated Calculatede Experimentald Deviations°() 

Cis 1,2 400 50.6 4°.0 49.6 0 

Trans 1,2 400 51.6 51.0 50.9 4.0.2 

Trans 1,4 400 51.3 50.$ 50.4 -0.2 

Ois 1,2 500 63.2 62.1 62.5 -0.6 

Trans 1,2 500 64.5 64.0 64.0 0 

Trans 1,4 467.9 60.0 59.0 59.2 -O. 

(a) Direthyleyclohexanes 

(b) Cciculated using theoretically determined entropy change 
for polar-equatorial 

titoìnerisxn. 

(e) Calculated using empirically assigned entropy change of R 
Ln 2 for polar- 

equtoria1 tautomerlsm 

(d) Intero1ated 

(e) Deviation of values of column 4 from those of column 5. 
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the aforementioned entropy change, all of these 

parameters have been shown to be nearly constant 

for a number of compounds (, 13). It seemed best 

to adjust the entropy parameter alone. It would 

not be possibl3 to obtain the results desired vìith 

reasonable changes of the other quantities. 

Since the effect of polar-equatorial tauto- 

merism does not appear in the calculation of the heat 

capacity of CIS l,2-dimethylcyclohexne, that compound 

was decided upon as reference substance. TwIce the 

methyl increment which would be required to bring 

the calculated heat capacity into agreement with the 

ex'erimental was determined by subtracting the cyclo- 

hexane figure without chaIr-boat tautomerism and the 

chair-boat contribution of the substItuted compound 

from the experimental value for cis 1,2-dimethylcyclo- 

hexare (equatïon iv, page 92) . By te ue of equation 

Ii (page 91) the contribution of o1ar-equatorial 

tc.utomerism to the heat capacity of niethylcyclo- 

hexane was obtained. As the last figure is just the 

contribution already found (table 5) multiplied by 

exp( S/R) (equation X::ViIi, page 22), the adjusted 

entropy can be evaluated. 

This procedure gave a value of approximately 
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R Ln 2 for the entropy parameter. It is riot likely 

that this quantity should have the saine value or 

ì1 the dirnethylcyclohexanes. The entropies 

calculated as described in the last. section amountea 

to about one-ha to three-fourths the volue just 

found hìut were not constant. Nevertheless, it was 

ecided to regr the entrory parameter as the same 

for all the compounds studied. 

ITew poler-equatoria contributions were 

calculated for the three compounds in which that 

tautomerism occurs by multiplying those figures in 

table 5 by two. Using the new values so acquired, 

t:rie heat capacities of the dimethylcyclohexanes were 

again computed. The results of this final computation 

appear in column four of table 6. It is apparent 

that the new parameter brought the calculated values 

of the heat capacity of all compounds close to the 

experimental data. In a9dltion, the proper temperature 

coefficient was attained. 

some justification for the introduction of 

the entropy parameter has been given above, and the 

closer approximation to experimental values offers 

better proaf of its validity. At the present time, 

however, further explanation of the s5ze of thia 
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entropy change cannot be made. It lNould he necessary 

to increase the restricting potential for a polar 

methyl rotation to about 3.0 kilocalories per mol ïn 

order to account for the entire amount of the change, 

It does mt seem correct to do so. 

Actually, the tables and formulas used for 

calculating 3frrr assume a syrmietrical potential 

barrier. This is definitely not true for a polar 

methyl group. For this reason the calculated values 

of the entropy parameter are probably not too accurate. 

In vev of these facts, the empirical evaluation of 

the entropy parameter is not an unreasonable solution 

to the problem until a better method is discovered. 

There is a rossbility that some of the 

discrepancy between exierimentn' values and those 

calculated on the basis of the theoretical entropy 

parameter is due to inaccuracies in the dato for 

cyclohexane and methylcyclohexanc. The latter 

are aocurate to only l.0 (32), and this error 

miht have affected the computed heat capacities for 

the dimethylcyclohexanes by as much as 2,. In that 

event, the assumption of the empirical entropy 

parameter would not be required. The magnitude of 

the entropy parameter cannot be established with much 
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certainit until better vclues are available for the 

heat capacities of cyclohexane and methylcycloheXafle. 

It might be supposed that the introduction 

of the entropy parameter would affect the calculated 

value of the entropy at 28°K. However, the small 

size of the polar-equstorial tautomerism contribution 

et 28°H makes the effect of the new consderatioflS 

negligible. 
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Exper±mental: The heats of vaporization 

tab1e 1) and heat capacities (thles 2 and 3) for 

eis 1,2-dirnethylcyclohexane and trons 1,2-dimethyl- 

cyclohexone have been measured with a cycling calori- 

meter built according to the design used by Waddington, 

Todd arid Huffrnan (38). A description of the construction 

details for the apparatus and the operational procedure 

followed in making experimental determinations have 

been presented. 

k3oth types of data acquired are believed to 

be accurate to approximately 0.3. Although there 

are no experimental values for the heat capacies of 

the compounds studied other than those presented in 

this paper, the heats of vaporization obtained 

compared favorably with the 25°C data of 0s"orne and 

Ginnings (15). 

Compariscn 1ith Calculated Heat Capacities: 

Ithas been demonstrated that the simple method for 

the calculation of the thermodynamic properties of 

alkylcyclohexanes proposed by Beckett, Pitzer and 

Spitzer (2) gives results ihich deviate from experimental 
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data by as much as . A more detailed treatment 

of the problem using only those parameters discussed 

by the above authors resulted in even greater dispari 

between theoretically and experimentally determined 

heat capacities. VThile the agreement which ws found 

by either treatment was sufficient for many iractical 
p:rposes, means for improving the calculated results 

were sought. 

Both the calculations mentioned in the last 
paragrah neglected the difference in entropy between 

nolar and equatorial tautorriers. This entropy change 

was calculated, assuming it to arise from an increased 

potential barrier for rotation of a polar methyl group. 

Upon repeating the more detailed calculations already 

developed in this paper, but using the newly determined 

entropy changes for the polar-equatorial contributions, 

the best correspondence to experimental values yet 

attained was foufld. 

Finally, the entropy change was considered 

to be an adjustable parameter, the magnitude of thlch 

was taken to be that required to renroduce the 

experimental heat capacity for cis 1,2-dimethylcyclo- 

hexane at 400°K. Then the figure evaluated in this 

manner was used to calculate the heat capacities of 
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cis 1,2-dimethylcyclohexane, trans 1,2-dimethylcyclo- 

hexane and trans 1,4-dimethycyc1ohexane at trio 

temperatures diferin2 by 10000, the comuted values 

differed in no case by iiore than 0.6 from the 

experimental. 

Conclusion: Several empirical parameters 

are involved in the theoretical treatments sunmarized 

in the foregoing section. These are: 

i. the potential barrier for rotation about the 

carbon-carbon bond; 

ii. the n-butane-like steric interaction inportant 

in consideration of polar-equatorial 

tautomerism; 

iii. the entropy parameter assumed foi' polar- 

equatorial tautomerism; 

iv. the propane-like interaction postulated for 

the chair-boat equilibrium. 

1'To conclusions can be drawn concerning the 

last factor since its effect in the caces studied is 

not pronounced. However, further evidence has been 

presented to confirm the values previously assigned 

to the first two quantities. It may be concluded that 

the introductIon of the entropy parameter for polar- 

equatorial tautomerisna, as vel1 as the assignment of 
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its magnitude, is probably valid, since heat 

capacities computed by taking ït into account agree 

:e11 with the experimental. 

The agreement between calculated and 

experimentel heat capacities ultimately attained 

Is regarded as providing important substantiation 

for the overall concept of the structure of hydro- 

carbons which has gaIned promInence in recent years. 
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Plate : Polar-Equatorial Tautomerism 

Cyclohexane (left), methylcyclohexane, 
equatorial (middle) and polar (right). 
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