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Figure 3. Plot of AG,’, against -RT In 4 at 25 O C .  

the values of AH,’- change from positive to negative at 
about 20% and decrease further negatively thereafter, indi- 
cating the predominantly structure-making ion-solvent interac- 
tions at higher compositions of propylene glycol. Feakins et ai 
(74) have suggested a different approach to account for the 
variation AG,O with solvent composition in terms of, $w, the 
volume fractlon of water. A plot of the standard molar free 
energy of transfer, AGtOc, against solvent cmposltion in terms 
of volume fraction of water in these medla (Figure 3) accordlng 
to the relation 

(18) 

is linear with n = 1.8. This value represents the number of 

AG,’, = - nRT In $w 

water molecules coordinated to HBr and is less than the values 
obtained in other medla as reported elsewhere (75). 

Regllry No. Ag, 7440-22-4; AgBr, 7785-23-1: HBr, 10035-10-6; 
propylene glycol, 57-55-6. 
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Enthalpies of Combustion and Formation of Ethylene Carbonate 

Wayman L. Calhoun 

Research and Development DepaHment, Unlon CarbMe Corporatlon, South Charleston, West Vlrglnla 25303 

Combustlon calorbnetry was used to determlne a value for 
the standard enthalpy of combustlon of ethylene 
carbonate (crystal) from whlch the standard enthalpy of 
formatlon was calculated; the results were AH,’( 208.15 
K) = -1165.87 f 3.74 kJ/mol = -278.65 f 0.80 
kcal/mol and AH,O(208.15 K) = -586.30 f 3.76 kJ/moi 
= -140.13 f 0.00 kcal/mol. The results were obtained 
by burnlng a sample of known purlty In an oxygen bomb 
calorimeter and correcting for trace amounts of 
combustlbles. This compound affords a striking example 
of the effect of emplrlcal formula on the standard-states 
correction. 

This investigation was undertaken to establish the enthalpy 
of formation of solid ethylene carbonate for use in reaction 
enthalpy-change calculations. Discordant heat-of-combustion 
values had appeared in the literature ( 7 ,  2) which led to sig- 
nificantly altered results for any process designs involving the 
formation and subsequent reactions of this compound, and both 
of those studies seemed to represent conscientlous work. 

Reported here are the results obtained at this laboratory for 
measurements carefully performed of the heat of combustion 

Table I. Impurities in Ethylene Carbonate Used and 
Their AE,’ values for Corrections 

concn, pum &Zoo, kJ/mol 
benzene 215 -3263.85 
n-hexane 198 -4 154.63 
water 6 (max) 0 

of a highly purified sample of solld ethylene carbonate and a 
value for the enthalpy of formatlon derived from it. 

Ethylene carbonate has the structural formula 

Hz~-o;c=o 
H2C-0 

Experlmental Sectlon 

Appuatua andRoc&we. A Parr 1241 automatic adabatic 
oxygen bomb calorimeter (Parr Instrument Co., Moline, IL) was 
empbyed for the heat-ofcombustion measurements. The 11 08 
double-valve oxygen bomb used has an internal volume of 
0.342 dm3. The fuse wire used was Parr 43210 nickel alloy 
wire. Exactly 1 cm3 (approximately 1 g) of distilled water was 
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Table 11. Summary of Calorimetric Determinations on Ethylene Carbonate 
~ ~~ 

run no. 
1 2 3 4 5 

d a s  used). JIK 9993.53 9993.53 ,, . 
AT, K 
-Q(total), J 
d fuse) ,  J 
q(HNO,), J 
d i m ) ,  J 
AE(cor to 28 "C), J 
&?(cor, WC), J 
sample wt, vac,O g 
AEP(28 "0, J/g 
AEc0(28 "C), kJ/mol 

2.196 

61.03 
27.91 
30.52 
0.58 
27.68 
1.6456 

-21945.79 

-13251.91 
-1 167.00 

a To be corrected for impurities in Table I. 

Table 111. Derivation of the Enthalpy of Formation of 
Ethylene Carbonate, C,H,O, 

2.195 

62.94 
32.56 
30.42 
0.26 
27.67 
1.6438 

-21935.80 

-1 3256.62 
-1167.42 

AE,"(mean, 28 "C), kJ/mol 
AngRT, 28 'C, kJ/mol +1.25 

-1165.65 i 3.74 
-0.22 
-1165.87 f 3.74 
-278.65 f 0.89 
-140.13 f 0.90 

-1166.90 * 3.74b 

aHc0(28 "C), kJ/mol 

aH,"725 "C), kJ/mol 
AHC0(25 "C),c  kcal/mol 
aHfo(c, 25 "C), kcal/mol 

A(nC ")(25 - 28), kJ/mol 

a Gram formula weight = 88.063. Standard deviation of the 
mean = 1.35 for combustion determinations only. Overall preci- 
sion given includes calibration uncertainty propagated by eq 43 
of Olofsson (7). 

pipetted into the bomb before closing, both for the calibration 
runs with benzoic acid and for the ethylene carbonate deter- 
minations. The bomb was filled to a gauge pressure of 30 atm 
with oxygen of ultrahigh-purity grade to carry out the combus- 
tions. The temperature rise of the water in which the bomb 
was immersed was measured with a calibrated calorimetric 
glass thermometer supplied with the calorimeter and equipped 
with a reading lens to enhance the precision of the readings. 
Nitric acid formed in the combustion process was measured by 
titrating the bomb liquid to the methyl orange end point with a 
solution of Na2C03 made up to a concentration of 2.032 g/dm3 
(0.03834 N) to simplify the preliminary calculations. The 
amount of sample burned in each benzoic acid calibration and 
each combustion experiment was determined from the mass 
of sample corrected to "in vacuo" values. The ethylene car- 
bonate was made into pellets of appropriate weight to give the 
desired temperature rise when burned. No trace of soot was 
found in the bomb following any of the calibration or sample 
combustions. 

The energy equivalent ( E )  of the calorimeter was determined 
by using pellets of standardized calorific grade benzoic acid 
obtained from Parr Instrument Co., Moline, IL, having a certlfled 
heat of combustion of 11 373 Btu/lb (26.454 kJ/g) when 
weighed against brass weights in air. An equivalent value in- 
cluding corrections for weights in vacuo and departure from 
certification conditions was employed in deriving the energy 
equivalent from a series of six calibration experiments per- 
formed at a mean calorimetric temperature approximately equal 
to that of the ethylene carbonate combustions. The procedure 
suggested by Jessup (3) was followed in computing E ,  of the 
standard calorimeter (es = 9990.94 f 10.99 J/K) and the value 
of E of the calorimeter "as used" for each ethylene carbonate 
determination. Corrections were applied to the total energy 
released to the calorimeter, C?(total), for the heat of combustion 
of the fuse wire consumed, for the heat released by forming 
nltric acid from oxygen, nitrogen, and liquid water, and for the 
heats of combustion of known small quantltles of impurities in 
the ethylene carbonate. The reduction of values of AEc to 
standard states and to a common temperature followed the 
Washburn procedure (4 ) ,  with the approximate form of the 

1 cal= 4.184 J. 

9993.58 
2.243 

62.94 
32.56 
31.22 
0.66 
28.37 
1.6865 

-224 15.60 

-1 3204.33 
-1162.81 

9993.56 
2.243 

66.76 
32.56 
31.01 
0.66 
28.16 
1.6741 

-22415.56 

- 13300.1 1 
-1 17 1.25 

9993.57 
2.234 
- 22325.64 
72.48 
32.56 
31.01 
0.35 
28.18 
1.6744 
-1 3240.76 
-1166.02 

standard-states correction being used. 
Mafer/a/s. The ethylene carbonate used was taken from a 

lot especially synthesized and purified by Union Carbide chem- 
ists for use in process research studies. As received, the 
sample had been purified by recrystallization from benzene 
upon hexane addltion and had been dried by having air pulled 
through it overnight on a diaphragm-covered Buchner funnel. 
Nevertheless, a faintly perceptible solvent odor persisted upon 
first opening the tightly capped sample; and since heating such 
a low-melting material was Inadvisable, it was subjected to the 
"deadhead" vacuum of a vacuum pump for about 30 min at 
room temperature to effect further solvent removal. This pro- 
cedure virtually eliminated the residual odor, but an analysis of 
the sample was obtained by mass spectrometry to characterize 
any remaining volatiles. The analysis reported for impurities in 
the sample as combusted is shown in Table I. The sample 
melting point lay in the temperature range of 35-36.5 O C .  

Results and Dlscusslon 

The results of the combustion experiments are summarized 
in Table 11. The symbols are defined in the Glossary section. 
In  Table I11 is given the derivation of the enthalpy of formation 
from the mean value of the standard energy of combustion. 

The result for the standard enthalpy of formation of ethylene 
carbonate is closely in accord with that which may be derived 
from the combustion measurements of Silvestro and Lenchitz 
( 7 ) ,  viz., -138.83 f 0.31 kcal/mol (5), although not quite 
overlapping within the quoted uncertainty limits. (This literature 
value was subsequently smoothed to -139.0 f 0.2 kcal/moi 
(6)) However, the goal of this investigation was accomplished 
in that it has been shown that a value in this range is to be 
preferred for practical applications over the value for AH,O(c, 
25 "C) = -163.20 kcal/mol reported by Choi and Joncich (2). 

This compound provides a rather striking example of the 
effect of empirical formula upon the percentage magnitude of 
the "Washburn" or standard-states correction. The percentage 
correction to -A€, is from 2 to 3 times that usually found. 
While this may have been anticipated after a close reading of 
Washburn's original paper (4 ) ,  it is a point that is rarely brought 
out elsewhere. 
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Glossary 
's average energy equivalent of the standard calorim- 

eter system including the bomb, interior parts, 1 
cm3 of water, and 30 atm abs of oxygen pres- 
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t(as 
used) 

t f  

AT 

Q(total) 

q(fuse) 
9 (HNO,) 

4(im) 

AE(cor 
to 28 
“C) 

A€ (cor, 
WCI 

A€,’ 

AEb 
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sure, but no sample, at the mean temperature of 
the experiments, J/K 

energy equivalent of the standard calorimeter with 
additions for the heat capacity of the sample of 
ethylene carbonate and the heat capacity of the 
oxygen in excess of 30 atm abs at the referral 
temperature of the reaction ( t f ) ,  J/K 

final temperature of the calorimeter for a given run, 
OC 

observed adiabatic temperature rise of the calorim- 
eter system after ignition of the sample, K 

total heat evolved to the calorimeter system (=c(as 
used)AT), J 

correction for heat of combustion of fuse wire, J 
correction for heat released by forming nitric acid 

from nitrogen, oxygen, and liquid water, J 
correction for heats of combustion of impurities in 

sample, J 
correction to adjust observed heat of the bomb 

process from actual final temperature of each 
experiment (tf) to common temperature of 28 OC, 
J 

total “Washburn correction” ( 4 )  to reduce the ob- 
served heat of the bomb process to standard 
conditions having reactants and products in their 
thermodynamic standard states at l-atm pressure 
and the common (isothermal) temperature se- 
lected, J 

change in energy due to Idealized combustion reac- 
tion under standard-state conditions, J/g or kJ/mol 
as noted 

change in energy due to combustion of the sample 
itself under bomb conditions, i.e., after other 
thermal corrections to -(?(total), J/(gram formula 
weight) 

Ang 

AH,’ 

change in number of moles of gas across the 
idealized combustion reaction 

isothermal enthalpy change for combustion of the 
compound with the reactants and products in 
standard states (“standard enthalpy of 
combustion”) for a specified temperature, kJ/mol 
or kcal/mol as noted 

number of moles of each product or reactant in the 
idealized combustion reaction used in correcting 
AH,’ from the selected final reaction temperature 
to 25 O C  

mean molar heat capacity at constant pressure, 
25-28 OC, of a product or reactant in its ther- 
modynamic standard state, kJ/(mol K) 

standard enthalpy of formation of the crystalline 
compound for the reference temperature of 25 
OC, kJ/mol or kcal/mol as noted 

n 

CP O 

AH,O(c) 

Reglary No. Ethylene carbonate, 96-49-1. 
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Solid-Liquid Phase Behavior of Nonadecylcyclohexane and 
Nonadec ytbenzene 

Edwin F. Meyer” and Mary C. Meyer 
Chemistry Department, DePaul University, Chicago, Illinois 606 14 

The meltktg points of nonadecylcyclohexane (NDC) and 
nonadecylbenzene (NDB) have been determlned to be 
42.59 and 29.50 OC, and thelr freezlng polnts, 29.97 and 
24.94 OC, respectlvely. I t  Is suggested that, analogous to 
the normal parafflns, these compounds form “rlgld” ( p )  
and “rotator” ( a )  phases In the solid state. I n  the 
present cases, however, the a phases are metastable and 
are formed dlrectly from the melt as the result of klnetlc 
factors. When the compounds stand for a suffklent length 
of tlme, the transltlons to the more stable 
complete. The enthalph of fusion of both phases for 
each substance have been esthnated by uolng simple 

phases are 

( 1 ). I t  was soon discovered that each solid melts at a tem- 
perature considerably above that at which it freezes. Appar- 
ently there are (at least) two solid crystalline phases for these 
compounds, the less stable of which forms more readily from 
the melt. Upon standing, the crystal transforms into the more 
stable phase, which, when heated, melts at a higher tempera- 
ture than that at which the liquid had solidified. 

Because the enthalpy of fusion of the crystalline phase which 
is in equilibrium with the melt is required for purity estimation 
from the cooling curve, and because of the curious nature of 
these transitions, a study of the liquid-solid behavior of NDC and 
NDB was initiated. 

calorlmetry and dmerentlal scannlng cakhnstry (DSC). 

Introductlon 

Before initiating studies using NDC and NDB as liquid phases 
in gas-liquid chromatography, we decided to estimate their 
purities by using the coollng-curve method described by Rossini 

Experlmental Sectlon 

Cooling curves were obtained by using a MINCO platinum 
resistance thermometer (PRT), wrapped in copper screen, im- 
mersed in an insulated Pyrex tube containing the sample under 
study. A Rubicon potentiometer was used to oppose the emf 
drop across the PRT, and the imbalance was displayed on a 
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