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Experimental data on the enthalpies of formation of chloromethanes, chloroethynes,
chloroethenes, and chloroethanes are critically reviewed. Enthalpy of formation values
for the C1 and C2 chlorinated hydrocarbons are highly cross-linked by various measured
reaction equilibria and currently available sets of values are not internally self-consistent.
It is shown that the early static bomb combustion calorimetry studies on highly chlori-
nated compounds generally give enthalpies of formation that are systematically more
positive than later values derivable from rotating bomb combustion or equilibria studies.
Those previously recommended values which were based mainly on the early static bomb
work therefore need substantial revision. On the basis of more recent literature data
obtained with rotating bomb combustion calorimetry, together with analyses of literature
data on other reaction enthalpies and equilibria involving chlorinated hydrocarbons, an
updated self-consistent set #fH298.15 K] values for closed shell chlorinated C1 and
C2 hydrocarbon$25 compoundsis recommended. Data on the enthalpies of vaporiza-
tion are also reviewed and values&f,H[298.15 K andA,,jH298.15 K] are recom-
mended. The presently suggested enthalpies of formation for highly chlorinated alkenes
and alkanedpatrticularly GCl,, CHCl;, CHCIs, and GClg) are significantly(8—15
kJ mol ) more negative than given by most previous evaluators. Values for the chloro-
ethynes are 10-25 kJmdl more positive than given in previous reviews and more
limited changes are suggested for other compounds in the seri€)0® by the U.S.
Secretary of Commerce on behalf of the United States. All rights reserved.

Key words: chloroethanes; chloroethenes; chloroethynes; chloromethanes; enthalpy of formation; enthalpy of

vaporization; ethane; ethene; ethyne; heat capacity of vaporization; heat of formation; heat of vaporization;
methane.
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1. Background

1.1. Introduction

Chlorinated hydrocarbons are widely utilized throughout
the chemical industry, both as end products and as precursors
for a wide variety of useful products, including plastics, sol-
vents, pesticides, refrigerants, and other products. Attempts
to understand and model the chemistry associated with the
production, disposal, and atmospheric fate of chlorinated ma-
terials require reliable values for the standard gas phase ther-
modynamic properties of these compounds. In general entro-
pies and heat capacities can be predicted very accurately
using statistical mechanical methods and measured molecu-
lar properties. If measured properties are not available, group
additivity methods provide reasonable accuracy almdhitio
methods can generally result in even better estimates.

On the other hand, accurate enthalpies of formation are
more difficult to predict viea priori methods, although great
strides are being made in that area as W9P8IF. Both for
kinetic modeling of species for which data exist, and to aid
in the development of accurate predictive methods for un-
studied compounds, it is important to have a reliable data-
base of evaluated values of the chlorinated hydrocarbons.
The present report reviews and makes recommendations re-
garding the best values currently available for stable C1 and
C2 chlorinated closed shell species. Unstable species such as
radicals and carbenes are not considered in the present work.
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As will be seen, the present recommendations for highlftainty in A,H of 2.6 kmol'l. The major uncertainty with

chlorinated compounds are significanti3—12 kJmol")  equilibrium experiments is usually proof that equilibrium has

more negative than most previous evaluations. truly been reached. Agreement between Second and Third
Law analyses suggests that no major errors are present.

1.2. Experimental Methods

. . . 1.3. Sources of Data
Enthalpies of formation of chlorinated compounds have

been determined by a number of methods. Combustion bomb Experiments performed at Lund University between 1934
calorimetry offers the most “absolute” measurement methodand 1941 are the largest single source of data on the enthal-
in the sense that enthalpies of formation are determined relgies of combustion of chlorinated species. Discussion of
tive to the well-known values for CQ H,0, and HCI. The these data and the application of some corrections can be
presence of chlorine, however, engenders a number of issuésund in the 1953 review by Smitét al. [1953SBK]. More
that make this technique substantially more difficult thanlimited experiments have since been performed by various
with hydrocarbons. A particularly difficult problem is the ad- researchers. Many of the data have been conveniently com-
equate determination of the final state of the chlorine compiled by Pedleyet al. [1986PNK|. This source lists thermo-
bustion products. Other difficulties are the need for very purehemical data on a wide variety of organic compounds and
samples, problems associated with the corrosive nature of thecludes data on some chlorinated compounds not listed in
products, and the need to introduce relatively large amountthe other reviews. In the compilations of Pedleyal.
of burnable co-material to assure complete combustion.1986PNK], the older enthalpy of combustion data have gen-
Newer studies using platinum-lined rotating-bomb calorim-erally been taken from Cox and Pilchgr970CR and then
eters, reducing agents, and careful product analysis are gerecalculated based on a slightly newer value for the enthalpy
erally more accurate than the earlier work. More discussiomf dilution of HCI. While Pedleyet al. [1986PNK] select
of the difficulties involved can be found in Sunner andbest values and list uncertainties, there is no individual dis-
Mansson{1979SM, Kolesov and Papingl983KF, Cox and  cussion of how these quantities were chosen. The later up-
Pilcher[1970CH, Rossini[1956R], Smithet al. [1953SBK  date to this worK1994R has the same limitations. A wide
and the more recent papers in which this technique was usethnge of data on chlorinated compounds are compiled in the
The calorimetric measurement of the enthalpy of a reacbDIPPR Databasg2001DIF and NIST WebbooK2001LM]
tion other than combustion, such as that for chlorination oibut these sources do not provide detailed evaluations of the
hydrogenation is another useful technique. Carefully donegata. Evaluations of a few chlorinated organic compounds
this method sets the relative enthalpies of formation of, forare available in the NIST-JANAF Thermochemical Tables
example, a chloroalkene and chloroalkane, but an accurafd998Qd and, while generally thorough, these evaluations
value of one of the species must be independently knowrhave not been updated since the late 1960s. The most recent
Similarly, the measurement of reaction equilibria includingcritical evaluation of the chloroethanes is that of Kolesov and
isomerizations, and addition of,Hhydrogenatioin HCI (hy-  Papina[1983KHF. Kolesov and Papina pointed out some in-
drochlorination, or Cl, (chlorination to chloroethenes pro- consistencies in the existing data and their review makes use
vide further information on the relative stabilities of many of some liquid and gas phase equilibrium data from the Rus-
chlorinated species. In principle, equilibrium measurementsian literature that do not appear in the other sources. In 1981
can provide very accurate relative values. In “Second Law”Chao published recommended values for the chloroethanes
analyses, values of the equilibrium constdfy,, are deter- in the TRC Table$19810. This source contains no discus-
mined over a range of temperatures and a plot dflgvs.  sion of uncertainties or how best values were derived, but
1/T yields a line with a slope equal th,H/R, whereA,H is  appears to be an update to the 1974 critical evaluation of the
the enthalpy of reaction and R is the gas constant. Accuratieleal gas thermodynamic properties of six chloroethanes by
values from Second Law analyses generally require data ov&¥hao et al. [1974CRW. The TRC data have subsequently
a wide temperature range and that no systematic experimebeen compiled by Frenkelt al. [1994FKM)]. Slaydenet al.
tal errors are present. Third Law analyses are more forgivind,1995SLM] have recently presented a broad overview of the
but require accurate entropy and heat capacity data. In thiermochemistry of halogenated compounds, but have fo-
case one needs only a single valuekqf, and knowledge of cused on interhalogen trends rather than a detailed review of
the entropy change for the reaction to calculate the enthalpthe primary data. Older critical evaluations include those of
change from the relatiodH—TAS=—RTInK¢,. The re-  Cox and Pilche{1970CH and Stull, Westrum, and Sinke
quired entropy data can generally be calculated quite acci1969SW$. These latter works consider the chloroalkenes as
rately from statistical mechanics and the molecular properwell as chloroalkanes.
ties of the species involved. For the chlorinated More recent evaluations of the chloroalkenes are scarce.
hydrocarbons the molecular properties are generally wellhe most recently published critical review is that of Gur-
known, with the most significant uncertainties relating to thevich et al. [1991GVA] who evaluated the thermodynamic
torsional modes in the C2 compounds. Even with a 50%properties of some of the C1 and C2 chlorocarbons. The
uncertainty inK¢q and A;S known to only 4 Jmol K at 1991 English Edition is a revised and updated version of the
350 K the Third Law method affords a propagated uncer-Third Russian Editiof1979G. While this work describes

J. Phys. Chem. Ref. Data, Vol. 31, No. 1, 2002



126 JEFFREY A. MANION

how the enthalpy of formation values were derived, the datea H° HCl(aq:600,298.15 K = — 166.619 kJ/mol. Test cal-
of the actual evaluations are not recorded. With the exceptioBulations show it to be consistent with that used by Pedley
of trichloroethene, the values for the chloroethenes iret al. [1986PNK and the TRC Tables, however. This same
[1991GVA] are the same as 1979CF and are the same as value has also been used in the more recent combustion calo-
those used by Kolesov and Papiii®83KH, who included  rimetry work [1979GH, [1987PK.
very limited discussion in their 1983 review of the halo-  Papers which report enthalpies of combustion always in-
ethanes. Alternate values are available from Rodgerglude small corrections for various side reactions that occur
[1982R who evaluated the data on the chloroethenes for theluring the combustion, e.g., oxidation of &%, formation
TRC Tables in 1982the entropy data for a few species were of H,PtCl, HAUCI, etc. The nature of these corrections
corrected in 198p This source contains no discussion of vary somewhat with the specific apparatus. More discussion
uncertainties or how best values were derived. The TRC datéan be found in the original papers and in previous works
have later been compiled by Frenletlal. [1994FKM]. As  [1970CH, [1953SBK|. Early experimental and auxiliary data
with the chloroalkanes, Pedley and co-workgt886PNK|,  have been reexamined and updated by Sméthal.
[1994H selected recommended values together with an estf1953SBK| and later by Cox and Pilchef1970CR. At
mated uncertainty, but there is no individual discussion ofpresent it does not appear to be necessary to further revise or
how these values were chosen. update these corrections to the primary data and we have not
Since the above reviews and compilations there have beefttempted to do so.
additional combustion calorimetry studies involving key The enthalpy of formation values for the C1 and C2 hy-
chlorinated species for which data were lacking or were susdrocarbons are well established. Values from several fre-
pect. It is very important to note that because many valuesguently cited sources are listed in Table 1. We have adopted
for chloroethanes and chloroethenes are related by varioushe enthalpy of formation values of Gurviclet al.
measurements, new combustion calorimetry studies on orj@991GVA| (see Discussionbut the values from other com-
compound often provide information on other species asnon sources are not significantly different. The values used
well. In order to achieve a self-consistent data set it is therehere are  A{HYCH,(0),298.15 K= —(74.6+0.3) kJ
fore necessary to propagate any proposed change in an ennol|~1, A{HY C,H4(0),298.15 K| = (84.0+ 0.4) kI mol %,
thalpy of formation through the entire data s&he present AHY C,H,(g),298.15 K= (52.4+0.5) kJ mol *, and
evaluation seeks to do this. In addition to purely experimenA H C,H,(g),298.15 K| = (227.4+0.8) kJ mol'L. The value
tal data, in a few instances where there was contradictory;H HCI(g),298.15 K= — (92.31+=0.10) kJmol* is the
information, we have made use of high lewadl initio calcu- 1989 CODATA-recommended valugl989CWM]. Values
lations to help choose between the conflicting experimentafor other compounds were occasionally used and sources are
data. detailed in the specific evaluations.

1.4. Auxiliary Enthalpies of Formation 1.5. Enthalpies of Vaporization

Since experimental enthalpy of formation data frequently
pertain to the liquid state, the enthalpy of vaporization is
needed to derive the ideal gas value. In the course of this
1+dO,(g) + eH,0(l) — aCO,(g) + CHCI(aq:600-+ fH,0(). work we found it necessary to compile and evaluate Fhese
The dilution state HClaq: 600 was adopted by Smitét al. data as well Thgse are pre;ented n a SeparaFe section for

each of the chlorinated species considered in this work. The

in their 1953 review1953SBK| and has since been used by
most researchers. In our calculations we used the valuecs:,1 and C2 hydrocarbons are gases at standard temperature

o __ and pressure and have critical temperatures near or below
izﬂo%ggiﬂ)gggllglg: —((ggg.lggtod%gicsjlir\;}%ol wr?igg 298.15 K[2001DIF. Enthalpies of vaporization for these

are the 1989 CODATA-recommended valyd989CWM. species are not presently considered.

Cesentaly e same vales o £ HO e been s |7 12 B2 eratre, sl as eniaipes o ot
by all modern reviewers. For the value of H@Ig:600, we q y y quid p

have combined the value ofAH9Cl(ag),298.15K] and the experimental enthalpy of vaporization. Although

— — (167.08C:0.10) kJ/mol from the 1989 CODATA evalu- '2rély discussed, this tacitly assumes thatH = A"
ation [1989CWM], together with the enthalpies of dilution which is not strictly true. While the correction is small if the

from the 1965 NSRDS evaluatiqi965H. CODATA does temperature of interest is significantly below the boiling

not specify AH gy Values for HCl, but appears to have point, it is often larger than the uncertaintyAq, H and can

used the 1965 NSRDS values in the dilution corrections forbecome 5|gn|f_|cant for cor_npou_nds with low boiling p0|r_|ts.
The correction for non-ideality of the gas can be written

determining the enthalpy of solution at infinite dilutiésee AvagHO= A oH + (HO— H), where Ho—H) is the enthalpic

Table II-1 in Annex Il of [1989CWM]). This yields . . .
o . _ departure function. We have calculated this quantity from the
AHHCI(ag:600,298.15 K] (166.540+0.10) kJ/mol. expressior 1985MS:

This newer value is slightly different from that used by Cox
and Pilcher [1970CH in their 1970 evaluation, (H°—H)=P[(TdB/dT)—-B], (D)

Many enthalpies of formation are obtained from the en-
thalpy of combustion, which, for chlorinated compounds, is
usually specified as the enthalpy for the reactiogHCl;

J. Phys. Chem. Ref. Data, Vol. 31, No. 1, 2002
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TaBLE 1. Recommended enthalpies of formation of C1 and C2 hydrocarbons from several commonly cited sources. Undértiirgi®sare those of the
cited source. We have selected the values of Gureical. [1991GVA] (in bold, see also text in Secs. 3.1, 4.1, 5.1, and 6.1

AHICH,(9),298.15K  AHICH,(g), 298.15K  AHICH,(g), 298.15K  AHIC,Hg(g), 298.15 K]

Reference (kd molY) (kd molY) (kd molh) (kd molY)
[2001B —74.60 227.4 52.3 —-83.85
[2001DIA —74.52 228.2 52.51 —83.82
[1998¢ —74.873:0.34 226.73:0.79 52.467-0.29 —
[1994FKM[° -74.5 228.2 52.5 —-83.8
[1992ABC] -74.81 228.0 52.2 -84.0
[1991GVA] (selected valuep —74.6:0.3 227.4:0.¢ 52.4+0.50! —84.0+0.40"
[1986PNK] —74.40+0.40 228.26:0.70 52.5-0.4 —83.800.40
[1985TRQ —74.47% 228.3 52.5P —-83.85
[1982PR$ —74.48+0.42 — — —83.85+0.09
[1975CZ — — 52.51+0.63 —
[1970CH —74.85-0.29 227.36:0.79 52.090.42 —84.68+0.50
[1969SW$ —~74.85 226.73 52.45 —84.68

#Evaluation date 1961.

PEvaluation date 1965.

This is a compilation of the data sheets of the TRC Tables, as detailed in footnotes c, d, and e.
YEvaluation date uncertain, value is unchanged from previous editi®79G.

®Data sheet 1010, Evaluation date 1981, R&®810.

'Data sheet 3040, Evaluation date 1993, RE993KWD].

9Data sheet 2500, Evaluation date 1981, R&8810.

wherePg,, T, andB are the saturated vapor pressure, tem- A second issue has to do with the extrapolation of values
perature in Kelvin, and second virial coefficients, respecof A,,H at a particular temperature to the temperature of
tively. The vapor pressures and second virial coefficientsnterest. There are numerous methodolodE$87RPR for
were taken from the DIPPR Tabl¢2001DIFA. Where pos- doing this that require knowledge of the critical pressure and
sible we have checked our estimates with previous calculaemperature of the relevant species. Such data are not always
tions by Majer and Svobod41985MS, although they do available and we examine an alternative approach applicable
not report values for all compounds of present interest. Outo the limited range of compounds and temperatures consid-
calculated values and those of Majer and Svoboda are plottezted herein. The general thermodynamic relation is:

versus the normal boiling point in Fig. 1. The values for

chloroethene and trichloroethene calculated from the DIPPR

data appear to be incorrect and were not used. Additional T,

details can be found in the evaluations and at the NIST Ki- A\,apl-|(T2)=A\,apl-|(T1)+f Ay CpdT,

netics Database websif2001KIN]. T

107 where A, C, is the change in the heat capacity in going
08 from the condensed to the gas phase. Over the moderate
F‘g i ranges of temperature typically encounterag,C,, is usu-
2 46 ally approximately constant for a given molecgde infra,
PR see Fig. 8 in Section 6)9lts value is sometimes taken to be
g oal . near A, ,Cp=—54.4Jmol*K™* [1970CRH and further as-
T sumed to be independent of the chemical structure. In actu-
T 02 . ality there are no compelling reasons for this quantity to be
] * . .
E constant across a series of molecules. Chiketsal,
S B A . S [1993CHH for example, examined the data on a variety of
200 250 300 350 400 450 500 compounds and concluded that,C, increased with mo-

Normal Boiling Point, K lecular size.
_ _ In a related approach, for the chlorinated hydrocarbons we
Fic. 1. The enthalpic departure functigfiom Eq.(1)] at 298.15 K vs the

normal boiling pointT,, for the C1 and C2 chlorinated hydrocarbons. Filled have correlated this property with the normal boiling points

symbols are values calculated by us taking data on the saturated vap@f the cpmpounds. .Figure 2 shows C'll_':‘a”y that the value of
pressure and second virial coefficients frf2@01DIF. Open symbols are A, ,,C,, increases with the normal boiling point of the spe-
ffOTh[1985Md3t- Tvl’\lllo Va't’hes Ca'gu'atetdff?m ttf;]e DIPPR dgtavtthdoze ?; Ch't?]'cies. A good straight line is obtained for the chloroalkanes
roethene and trichloroethene, do not fall on the curve indicated by the other - :

points. We were unable to determine an obvious reason for this, but thez\éwth an.mterc_ept of very close to zero. The mterce_:pt can be
data were not used. The empirical fit to the data is given M§—(H),.s  ationalized sincel,,C, should be related to the intermo-

=250.35 exp{-0.227T,). lecular forces in the condensed phase and those forces must
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80.00 [1993ISQ. Further details can be found in the above refer-
enced publications. In no way is the present summary in-
tended to modify or supplant any of the information or pro-
cedures presented in those documents. More detailed
discussion can be found at the NIST Kinetics Database web-
site [2001KIN].

Uncertainties associated with individual experimental
measurementsFor experimental measurements associated
with a particular paper, unless otherwise stated, the listed

10.00 uncertainties should be considered to be statistical uncertain-
0004 , e ties equal tawice the standard deviation of the meayote
200 250 300 350 400 450 500 550 that this should not be confused with te&ndard deviation
Normal Boiling Point / K of the samplea very different and much larger quantity.
. , . _ These values are usually taken directly from the original pa-
Fic. 2. Correlation ofA,,C, with the normal boiling point for chloroal- . . . .
kanes and chloroalkenes. Symbols: Squares, chloroalkanes; triangles, chiBers, which do not always specify the meaning of their stated
roalkenes. Data are as given in evaluations. For the chloroalkenes we hawdicertainties or provide enough information to repeat the
?r:sotincludecti thedvaluédvapCp(CstI?]): *GrﬁlJ m?TlK’l'dEfived from . statistical analysis. In such cases we have necessarily had to
e e et o e ot ooy oon ke judgements as 1o the ntent of the orginal authors I
texy and are given by:A,C,(chloroalkanes mol *K=0.1532(T,); ~ CASes where we have den\{eql uncertainties from the original
Ao Cplchloroalkeneld mol 'K =0.1372 {T,). In the absence of other in- data or propagated uncertainties by combining more than one
formation, these fits were used for the estimation\@f,C,, for purposes of ~measurement, we have used the standard statistical formulas.
extrapolating values of,H to the temperature of interest. In the language of NIST Technical Note 1297 these are gen-
erally Type A assessments.
be absent in the limit of a boiling point of 0 K. The data on  yncertainties associated with estimated or calculated
chloroalkenes appear to fall on a line slightly below that ofguantities In some instances we have estimated or calculated
the chloroalkanes. In the end we have forced both linegyantities of interest. In such cases we have attempted to
through zero and have used the equations so determined #pecify the uncertainty range such that the value has a level
instances where it was necessary to estimgtgC,,. For all  of confidence of approximately 95%. That is, in 19 out of 20
compounds the maximum deviations of the fits fof,(C,  cases, the true value of the quantity should lie within the
are less than 4 JmotK ™. It should be noted that signifi- stated range. This range is derived by comparing the success
cant extrapolation of these empirical relations is spepificallyof analogous calculations in related cases where good experi-
not recommended and that the above approach will obvimental values exist. Similarly, if an empirical estimation pro-
ously not be valid near the critical temperature of & com-eqyre is used, the consideration is the success of the proce-
pound. This latter point is not presently a concern for theyyre in related cases where experimental determinations
determination of,H[ 298.15, since even the lowest boil- gyist Unless otherwise noted, in our evaluations of such un-
ing chlorinated species considered herein are expected Eértainties, we have assumed a norii@hussiah probabil-
have T, greater than 400 K1987RPR, [2001DIR. Also, iy distribution. Although derived in a different manner, such
since the temperature corrections A H are generally  ogimates arepproximately equivalent to statistically de-
small, the precise values used By, C, have a limited ef- ;04 values of twice the standard deviation of the mean
fect. Uncertainties associated with final recommended quanti-
ties The uncertainties reported in the literature often reflect
only the reproducibility of the measurement as carried out by

The assignment of a consistent set of uncertainties is pathe particular investigator using their particular apparatus.
ticularly important as it allows one to set limits on quantities However, even a cursory perusal of the data on enthalpies of
associated with or derived from the quantities listed hereiformation of the chlorinated compounds shows that fre-
(e.g., certain rate constants, equilibrium constants).dtc. quently the uncertainties of different determinations do even
the inevitable cases where future experimental data are neéome close to overlapping. Obviously not all systematic or
perfectly consistent with listed values, these data can alstandom effects were always taken into account. If many de-
suggest where the error is most likely to lie. Our methodolterminations are available and all quoted uncertainties have
ogy for the assignment of uncertainties is based on the 199domparable meanings, one can nonetheless derive a reason-
edition of NIST Technical Note 1292994TK]. NIST Tech-  able statistical value of the uncertainty. However this is
nical Note 1297 is in turn based on the approach to expressarely the case. More often only a single determination is
ing uncertainty recommended by the International Commitavailable and, in consideration of related systems, the stated
tee for Weights and Measuré8IPM) in 1981[1981CIPM, uncertainty is unrealistically small. To deal with this prob-
[1981G, [1981K], [1982@F, and further elaborated upon by lem, rather than simply quote statistical uncertainties, we-
Technical Advisory Group 4, Working Group 3, of the Inter- have used our scientific judgement to assign what we feel are
national Organization for Standardization in 1993 more realistic uncertainty limits in the final enthalpy values.
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1.6. Uncertainties
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TaBLE 2. Summary of recommended values for the C1 and C2 chlorinated hydrocarbons from this work

AH(D), Ay AygH? AH%(9),
Chemical 298.15 K 298.15 K 298.15 K 298.15 K
Compound formula (kd mold) (kd mol®) (kd mold) (kd mold)
Methanes
methane CH — — — —74.6-0.3
chloromethane CKCl -102.4:1.8 19.7+0.3 20.5-0.3 -81.9+15
dichloromethane CiCl, —124.1+25 28.85-0.07 29.03:0.08 —95.1£25
trichloromethane CHGI —134.1+25 31.20+0.08 31.32:0.08 —102.9:2.5
tetrachloromethane Cgel —128.1+2.5 32.44+0.06 32.55:0.07 —95.6-2.5
Ethynes
ethyne GH, — — — 227.4+0.8
chloroethyne GHCI 206.5+10° 18.9+1.0 19.9-1.0 226.4+10
dichloroethyne GCl, 199.2+14 27.2£1.2 27.4:1.2 226.6-14
Ethenes
ethene GH, — — — 52.4+0.5
chloroethene @HCl 0.9+3.2 20.4+1.0 21.1+1.0° 22.0-3.0
1,1-dichloroethene £1,Cl, —24.3t2.0 26.48+-0.09 26.74-0.09 2.4£2.0
Z-1,2-dichloroethene C,H,Cl, —34.1+2.2 31.0+1.0 31.x1.0 —3.0£2.0
E-1,2-dichloroethene C,H.Cl, —30.0£2.2 29.3*1.0 29.5:1.0 —0.5£2.0
trichloroethene GHCl; —52.1+3.0 34.49-0.09 34.57-0.09 —17.5+3.0
tetrachloroethene Ll, —-63.9+4.0 39.68£0.05 39.72:0.05 —24.2+4.0
Ethanes
Ethane GHe — — — —84.0+0.4
chloroethane GHsClI -136.7+1.0° 24.2+-0.3 24.6-0.9 —-112.1+0.7
1,1-dichloroethane &,Cl, —163.3+3.5 30.68+0.08 30.83%0.08 —132.5-3.5
1,2-dichloroethane £&1,Cl, —167.2£3.5 35.15£0.05 35.210.05 —132.0=3.5
1,1,1-trichloroethane £E1,Cl3 —-177.2-2.0 32.47+0.07 32.59-0.07 —144.6-2.0
1,1,2-trichloroethane £1;Cl3 —188.3-4.0 40.26£0.07 40.3@¢0.07 —148.0-4.0
1,1,1,2-tetrachloroethane LI&,Cl, —193.4£2.3 41.1+0.5 41.10.5 —152.3+2.4
1,1,2,2,-tetrachloroethane JECly —202.4-3.5 45.72+0.09 45.73-0.09 —156.7-3.5
pentachloroethane HCls —203.3:4.0 47.4+1.5 47.4:1.5 —155.9+4.3
hexachloroethane Llg —199.2+6.1° ¢ 51.0£2.3 —148.2+5.7

These values are equal 0,,H(298.15 K) plus a calculated correction for non-idealige text

bThis compound is a gas at standard temperature and pressure. The quoted value refers to the hypothetical liquid under standard conditions.
‘Hexachloroethane is a solid at standard temperature and pressure. The quoted value refers to the hypothetical liquid under standard coredéicg. Our
values for the crystal ar&H C,Cly(s), 298.15 K = — (217.2+ 7.0) kJ moi* and Ay, HY C,Cl(s), 298.15 K|=(69.0+ 4.0) kJ mor™.

These limits represent an attempt to specify intervals whicltases we believe the quoted uncertainties to be comparable
have a level of confidence of approximately 95%. These asto those used in our own evaluations, but the reader is re-

signments take into account a variety of auxiliary informa-ferred to the specific references for details.

tion, including, for example, the past success and reliability

of a particular technique, the past success and reliability of 2. Overview of Results

the investigators, the thoroughness with which potential sys-
tematic errors were considered by the investigators, if and
how the instrument was calibrated, etc. In the language of For convenience, the final numbers are tabulated and sum-
NIST Technical Note 1297, the uncertainties associated Withharized in Table 2. The discussion will be organized as fol-

final recommended quantities are generally derived fromgys. we will begin with some general comments and a dis-

Type B evaluations. They are purely statistical Type A evalugyssion of trends in the results. Thereafter will be the
ations only if we feel that such an analysis is sufficient tojngividual evaluations.

account for all non-negligible sources of error. Again, such
estimates are approximately equivalent to statistically-
derived values of twice the standard deviation of the mean.
Uncertainties associated with key auxiliary thermody- When examined globally, the most striking feature of the
namic quantities The enthalpy values for some relevant data on C1 and C2 chlorinated hydrocarbons is that existing
compoundge.g., CQ, HCI) have values that have been con- sets of recommended values cannot be reconciled with large
sidered by expert committees and have internationally agreegbrtions of the available data on highly chlorinated com-
upon “best” values. Where we quote such values we haveoounds. In particular, theslative ethalpies of formation of
not altered the uncertainties specified by the source. In suamany of these species are interrelated by measured reaction

2.1. Tabulation of Final Values

2.2. General Comments
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enthalpies of various chlorination, hydrochlorination, hydro- 10 1
genation, and isomerization reactions. In many cases one has o
to assume that these relative measurements are not even ap- - r
proximately correct if currently accepted values are to be
utilized. Further examination of the data makes it clear, how-
ever, that a generally consistent set of valoas be derived
if one makes the assumption that enthalpies of formation of
the highly chlorinated C2 compounds are generally more
negative than held by most previous evaluators. Kolesov and
Papina[1983KH pointed this out for some specific chloro- ;
ethanes in their 1983 review, but did not reevaluate the data 2071 a
for the chloroalkenes at that time. Because of the cross- 25k , . ‘ ‘ , i
linking of the values for the chloroalkenes and chloroalkenes 0 1 2 3 4 5 6
we believe it is necessary to consider all of the data together. Number of Chlorine Atoms in Molecule
We believe there is very good evidence for the more Negap, 3. Comparison of Eftring’$1938H A{H298.15 for chloromethanes,
tive enthalpies of formation for the highly chlorinated com- chioroethenes, and chloroethanes with determinations using other methods.
pounds. Most previous evaluations have heavily weightedpata of Eftring are the revised values as detailed[1953SBK and
results from early combustion calorimetry to derive recom-[1970CA. and compiled irf1986PNK. Symbols: 0, Chioromethanes),
L. chloroethened;], chloroethanes. Filled symbols indicate the newer value is
mended values. This is understandable and reasonable #8m rotating bomb calorimetry, open symbols are from other methods. Data
cases where there are multiple high quality studies using esre from our evaluations. A few values, shown in our evaluations to be
tablished techniques. However, for the highly chlorinatedobviously incorrect, are not included for clarity.
compounds there are relatively few combustion values. Most
of the data on these species are from Lund University, par-
ticularly the 1938 thesis work of Eftrin1938H. Eftring

himselflplaced relatively high uncertainties of typicay.4  yarsys the number of chlorine atoms in the molecule. Eftring
kJ mol™~on thg accuracy of his measurements. These experisqiaq his uncertainties to be abat8.4 kJ mol %, while Fig.
ments also utilized static bomb calorimetry and the many, suggests a somewhat larger range. More important, it is

problems related to the difficult combustion of highly chlo- . g . .
. . . immediately apparent that differences with newer data are
rinated compounds were not fully appreciated at that time. In

addition there is little information on the purity of the sub- systematic. Almost.all newer data result n n"'nore'neganve
stances burned. Although some attempts to correct the origfnthalpy of formation values and the deviation increases
nal data from Lund University have been mafE953SBK), with chlorine content of the molecule. This is not particularly
[1970CR, the success of these attempts is questionable arirprising, since to the extent that there are systematic prob-
this still does not address sample purity issues. Sample puritgms with the early combustion calorimetry work, the diffi-
can have substantial effects as demonstrated for, e.g., 1,1,gulties are expected to be greater as the chlorine content
trichloroethane. In that case, even when utilizing a rotatingncreases and the molecule becomes increasingly difficult to
bomb method, later studies by the same investigators usinlgurn. There are no combustion studies other than those of
carefully purified material1972HSM produced an enthalpy Eftring on pentachloroethane and hexachloroethane. Al-
of formation some 8 kJ mol more negative than the origi- though most previous reviewers have heavily weighted the
nal value[1969HS. In this case the latter result has beenvalues of Eftring, Fig. 3 makes it clear that his values are
verified by independent methods involving gas-phase hydroprobably too positive. Note also that we make use of some
chlorination(see Sec. 6.5 for detalls key data that were not available to previous evaluators.

Of partigular relevance are more recent studies on moder— In the present work, the more negative values selected by
ately chlorinated com_pounds that have been performec_i SiNGs are largely based on three sets of data:
the early work of Eftring 19388 Many of the later studies () The first of these is the combustion calorimetry work of

utilize rotating bombs, better bomb materials less subject t?—’apina and Kolesov from the 1980s on a few select com-

corrosion, and more careful techniques to assure complete . .
reduction of the chlorine. Most of the later work has Concen_pounds[1987qu, [1985PK. The most important of these is

trated on C1 and C2 chlorinated species not studied bymhloroethene[lQSSPlﬂ, which can he related to several

Eftring. A few compounds have been directly repeated, howPtN€r compounds  through various measurements, and for

ever, and the general result of the later work has been t§Nich @ much more negative enthalpy of formation was de-
obtain enthalpies of formation more negative than found by€rmined in comparison to the value of Eftring.

Eftring. Further, the species studied by other investigators (i) Second is the work of Rozhneet al. [1974RLD] on

are often linked to the values of Eftring by various measuredhe dichloroethene equilibria, which firmly establishes their
enthalpies of chlorination, hydrochlorination, etc. Figure 3values and creates reliable links to some chlorinated ethanes
shows a comparison of the results of Eftring with newer datathrough chlorination and hydrochlorination studies.

where we have plotted the relatiigH298.15K] values (iii ) Third are the high temperature equilibration reactions

[AH - A {Eftring)] / kJ mol
én
" COMIRS O
[ o] [od
O ooodm ¢ O

inim)
oo oo
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of the perchloro compounds,Cls, C,Cl,, and CC}. Equi- 07

libria involving the first two compounds were studied in I
4

1950 by Dainton and Ivif1950DI], in the early 1960s by
-100 +

n
S
\

Puyo etal. [1963PBM, [1962PMN, and recently re-
examined in the mid 1990s by Huybrechtst al.
[1996HNM4. This latter work is particularly important as it
also contains information on the equilibria involving GCI
These experiments establish relative values of the perchlor
compounds. To place the data on an absolute scale, the €
thalpy of formation of CCJis chosen as the reference, asitis
by far the best determined of these species. Taken togethe i
the high temperature data, the more recent combustion cali 55 [ ] , ‘
rimetry experiments, and the enthalpy measurements of ac 0 1 2 3 4
ditional chlorination, hydrochlorination, and isomerization Number of Chlorines
reactions can be used to construct a self-consistent set ..
values for the C1 and C2 chlorinated hydrocarbons. Fic. 4. Plot of the enthalpies of chlorination, hydrogenation, and hydrochlo-

High level ab initio calculations carried out at NIST rinaton for the chloroethenes. Least squares analyses are:
[2001BAM] also seem to broadly support the enthalpy ofAH(chlorination/kJ mol1=15.3—185.0; AH(hydrogenatiojtkJ mol !
formation values proposed here. Although there is a danger 1-144~135.0; AH(hydrochlorinatiok mol™*=8.46N - 71.4, whereN

. A - is the number of chlorines in the ethene. Data are derived from our recom-

of circular arguments, thab initio calculations appear to be | ended values.
of sufficient general accuracy that gross errors in our sug-
gested values would be apparent. The theoretical studies will

be published and discussed in a separate arlicie.impor-  opserved for these reactions are suggestive that there are no
tant to note that, with the exceptions given below, the prese%ajor outliers in the set of recommended values.
set of values was derived entirely from experimental data |t js interesting that the trends for the alkynes are different
independent of the theoretical worfkor the dichloroethanes, fom those observed for the alkenes. Thus for the alkynes,
calculations were used to help choose between conflictinggth chlorination and hydrogenation are increasingly exo-
experimental results, but the selected values are still basgfermic as the molecule becomes more chlorinated. How-
on experimental work. In the case of the chloroethynes, n@yer, it should be noted that the trends for the alkenes and
experimental data were available. For these compounds W@kynes are the same in the sense thatdhangein the
have used theb initio values rather than possible empirical (eaction enthalpy with chlorine content of the molecule is
methods of estimatiofsee Secs. 4.1 and 4.2, respectiVely g\ways more favorable for hydrogenation than for chlorina-
tion (i.e., the slopes of the lines for hydrogenation are always
more negative than for chlorination—see Figs. 4 and bis
is in keeping with the electronic and steric arguments pre-
Figure 4 shows the enthalpy values at 298.15 K of addisented above(lt should further be borne in mind that the
tion of Cl,, HCI, and H to the C2 alkenes that are derivable electronegativity of carbon itself changes significantly with
using our final set of values. A similar plot for the C2 alkyneshybridization, thus making such comparisons problematic.
is shown in Fig. 5. For the alkenes, the most noticeable feaFhat the sign of the slope changes for chlorination of alkynes
ture is the large decrease in the enthalpies of addition f Cland alkenes is particularly interesting. This could be rational-
as the ethene becomes more chlorinated. Also striking is thized in terms of steric effects being more important in the
very weak trend in the enthalpies of addition of fér the  transition from alkene to alkane than from the alkyne to alk-
same alkenes. In general terms, these trends can be rationahe. Alternatively, it could suggest a particular instability of
ized by the high electronegativity of chlorine. In the case ofthe chloroalkynes, which are known to be unstable in air
Cl,, the addition of CJ to C,H, is even more favorable than [1967ST3. Our calculations[2001BAM] suggest a very
addition of H,. However, as the ethene becomes more chlosubstantial depletion of the electron density of the carbon—
rinated, the electron densities of the carbon atoms are praarbon bond in going from £, to C,Cl,, which would be
gressively more depleted by other chlorines, and the net resonsistent with a significant destabilization of the latter mol-
action becomes ever less favorable. One could also makecule.
arguments based on increasing steric crowding within the Whatever the ultimate explanations for the trends apparent
molecule. Whatever the reason, this destabilization is responr Figs. 4 and 5, it would be desirable to have better experi-
sible for the inability of unmodified group additivity to ac- mental confirmation of the enthalpy of formation values se-
curately predict the enthalpies of formation of these comdected herein. Experimental values for the chloroethynes
pounds. In contrast with ¢laddition, the enthalpy of would be of particular interest, but are difficult to obtain
addition of the small, electropositive,téeems to vary little  because of the general difficulties in handling these species
over the entire series. As would be expected, the observdd967STS. More easily accomplished would be modern
trend for HCI addition is intermediate. The smooth trendscombustion calorimetric determinations of the values of

Hydrogenation
. Py N —

- —/

-200 + Chlorination

Reaction Enthalpy (kJ/mol)

2.3. Trends in Some Reaction Enthalpies
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A{H(C,Cly), A{H(C,HCIs), and A{H(C,Clg). However, the
cost of such experiments, together with the worldwide ero-

-100

A - .
sion in the necessary expertise, make this unlikely to occurin = ~'2° | Hydrochlorination
the near future. -140 1 : {

Hydrogenation

-160 +
-180 ¥

2.4. Organization of the Evaluations i
-200 1

The organization of the subsequent evaluations is as fol-

Reaction Enthalpy (kJ/mol)

lows. Each species is discussed separately, although in case _zjg j\\—:
where the data are linked it may be necessary to refer to 260 & ]
details given in other evaluations. For each compound the . Chlorination
available experimental data are collected and summarized in -280 1

a separate table. The tables contain a brief description of the ~ -300 . 1 ;

experimental methodology along with select notes. More de-
tailed information on each experiment is given in a section of
!'nKEd Comments following each table. For easy comparisongs. 5. piot of the enthalpies of chiorination, hydrogenation, and hydrochlo-
in each table all results are presented as gas phase valuésation for the chloroethynes. Least squares analyses are:
Any experimental data on liquids have thus been converteérH(CpllOfinaﬂO')/kJ mol!=— il-%*d229-h9l: $&H(hy<ﬁflogenati0i1

; ; At Jmol = —-26.2N—-176.0; H(hydrochlorinatiokJ mol" *= —19.2N
using the appropriate evaluated .enthal.py of vqporlzatlon. IlJi114.3, whereN is the number of chlorines in the ethyne. Data are derived
such cases the Comments section will contain the uncontom our recommended values.
verted value. Note that the experimentally derived enthalpy

values in the tables are not necessarily the values listed in the

original Papers as we may have used updated.thermod)ﬁ-as measured the enthalpy of vaporization between 285 and
namic quantities and may have reanalyzed the original da’[ak99 K and his fit to the data results i, H(298.15K)
val .

Any such changes are detailed in the Comments section a;s(lg 95+ 0.3)kImol'L, where the uncertainty is that esti-

a_\ppropriate. Finally, for compa_rison, in a separate table_ S€Ghated by us from the scatter in his data. Messerly and Aston
tion we have collected and list the values from preV|ous[194OMA] measured the vapor pressure of THbetween
evaluations. o . 191 and 248.9 K and, at the boiling point of 248.94 K, de-
The layout of the species is by increasing number of Cargyeq A | 1(248.9 K)= (21.54+0.07)kJ mol %, The heat ca-
bon and chlorine atoms, with §ubd|V|S|on of the C2s 'ntopacity of vaporization can be derived ds,,C,(CHyCl)=
alkynes, alkenes, and alkenes, in that order. —37.0JmoltK ™%, from the entropy data of Messerly and
) _ Aston [1940MA] or asA ,Cp(CH;Cl)=—42.2 I mol 1K !
3. Evaluated Enthalpies of Formation and from the difference of the reported heat capacities of the gas
Vaporization of the (Chloro )methanes [1991GVA] and liquid [1940AG]. Using the average
value A, C,(CH,Ch=—-39.8Jmol'K™1, we derive
3.1. Methane AyagH (298.15 K= (19.58+ 0.3) ki mol .. Near the boiling
Enthalpy of Formation. Recommendatiddany evalua- point, ~Shorthose [1924F reported A, H(249.4K)
tions of the enthalpy of formation of methane exist. There=21.6kJImol*, which, with A,,C, as above, becomes
are no recent experimental determinations of its value andagH(298.15K)=19.66kJmol’. The results of all the
there is no serious controversy regarding the correcabove studies are in good agreement and we recommend
value. The evaluations from a number of commonly citedAyaH(298.15 K)=(19.7+0.3) kJmol . Using Eq.(1) and
sources are listed in Table 1 and the recommendedecond virial coefficients taken from the DIPPR Tables
AHY CH,(9),298.15 K values range from-74.4 to—74.88  [2001DIF (datasheet revision date August, 189the cor-
kJ mol L. The evaluation of Gurviclet al. [1991GVA] con-  rection toA,,4H(298.15K) due to nonideality of the gas is
tains good discussion of the data, although the actual date 6glculated as  0.82 kJmol. This leads to
the evaluation is uncertaifthe value selected therein is the AyaH CH;Cl, 298.15K|=(20.5+0.3) kJ mol ™.
same as in the previous editiofl979G). Gurvich etal. ~ Enthalpy of Formation. Recommendatiddata are summa-
[1991GVA] based their value on an average of the combustized in Table 3. The enthalpy of formation of chloromethane
tion calorimetric measurements of Rossini and co-workergletermined by Fletcher and Pilchgt971FR from flame
[1931R4d, [1931RH, [1945PR and Pittam and Pilcher calorimetry is somewhat more positiV@—4 kJ mol%) than
[1972PR. After review, we have accepted their evaluation,that derived from the hydrogenation studies of Lacher and

Number of Chlorines

AH CH,(g),298.15 K= — (74.6+0.3) kmol . co-workers[1965FLA, [1956LERB]. It has been suggested
[1983KHA, [1991GVA] that the hydrogenation catalyst em-
3.2 Chloromethane ployed by Lacher may not be sufficiently inert and that this

could have perturbed the results. Whatever the reason, we
Enthalpy of Vaporization:Chloromethane is a gas at note that for other chlorinated compounds where the enthal-
298.15 K and standard pressurd0 kPa. Yates[1926Y] pies of formation are not in dispute, the hydrogenation re-
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TaBLE 3. Enthalpies of formation of chloromethane derived from reported experimental data

AH(g), Reported
298.15 K uncertainty Temp.
(kd mol™?) (kd mol™t) (K) Methods) Reference Comments
Experimental
-81.9 0.6 298 Combustion calorimetry of gas [1971FR 1, Flame calorimetry.
—85.4 0.6 298 Enthalpy of hydrogenation [1965FLA 2, Data reanalyzed b1 970CRH.
CH;Cl (9)+H, (9)—CH, (9 +HCI (g)
—86.1 0.6 298 Enthalpy of hydrogenation [1956LEB| 3, Data reanalyzed by 970CR.
CHLCl (9)+H, (9)—CH, (9 +HCI (g)
Reviews and
Evaluations
—83.68 2.1 298 [19980Q 1972 evaluation.
—81.87 0.6 298 [1991GVA| Evaluation date uncertain; same value as
previous editior{1979G.
-81.9 0.5 298 [1986PNK|
—81.96 N.R? 298 [19814
—81.96 0.67 298 [1974RCW
—86.0 0.4 298 [1970CRH
—86.3 N.RP 298 [1969SW$

#Precision only, does not include systematic errors or uncertainty in auxiliary thermodynamic quantities.
°Not reported.

Comments:

1. Flame calorimetry of gas\ H3gg= — (764.0=0.5) kJ mol'?, refers to reaction CkCl (g)+1.50, (g)—CO, (g)+H,O (I)+HCI (agq:600. The following
auxiliary values were used:AHYCO,(g),298.15K=—(393.51+0.13) kI mor?, AHIH,O(I), 298.15 K= —(285.830+ 0.040) kJ mol!, and
AH9HCI(aq:600, 298.15 K| = — (166.54G=0.10) kJ molL. This yieldsAH° CHsCI (g), 298.15 K|= — (81.88+0.5) kJ mol ..

2. AH(298.15 K)=—(81.5+0.4) kJ mol'L. Value in Table calculated usintyH° CH, (g), 298.15 K|= — (74.60+ 0.3) kJ mol't [1991GVA],

AHHCI (g), 298.15 K = — (92.31*+0.10) kJ mot* [1989CWM].

3. AH(298.15 K)=—(80.8+0.4) kJ mol'L. Auxiliary quantities as in Comment 2.

sults are often at odds with other experimental data. In addi=(29.03+0.08) kdmol! is derived. The heat capacity of
tion to chloromethane, Fletcher and Pilch€t971FR  vaporization is derived a8 5,Cp=—52.0Jmol 1K1 from
determined enthalpies of formation of chloroethane andnhe temperature dependence of the,,H data of
1-chloropropane in the same study. In those cases there re80MSS.

equilibrium hydrochlorination studies which corroborate Enthalpy of Formation. Recommendatidbata are sum-

their results. This leads us to believe their results are corectnarized in Table 4. The enthalpy of formation of dichlo-
Because of this we have selected the flame Valueromethane determined by Hu and Sifk®69HS using a

[of — 1
AdH [CH3C|(9)’ .298'15K-|_ (81.9+1.5kJ mol -, rather rotating-bomb combustion calorimeter is in very good agree-
than taking a weighted average of the results. We have, howrﬁent with the hydrogenation work of Lacheet al
H%?LAF’]. This is somewhat surprising since for many of

and the general level of accuracy expected for the chlori:

nated compounds. The value for the hypotheticalthe chlorinated compounds studied by Lacher and co-

liquid under standard conditions is derived asworke_rs, the hydrogenation results are at odds with ther
AHOCH,CI(I), 298.15 K= — (102.4*= 1.5)kJ mol ™. experimental data. The early combustion value of Eftring
obtained using a static bomb calorimeter is much less precise
but is only slightly more positive than the more recent val-
ues. This is somewhat surprising, given that in almost all

Enthalpy of VaporizationCox and Pilche[1970CR ex- cases the enthalpie_s_ of_ formation_ deter_mined by Eftring
trapolated the calorimetric measurements of Mathew$1938H are too positive in comparison with more modern
[1926M)] and derived A4 H(298.15K)=(28.45 techmque_s{see Sec. 2.2 and F|g).3—_|owever, in thelr paper,
+0.42)kImoty, while Stull et al. [1969SW$ determined Hu and Sinke reported the enthalpies of formation of several
Ay HO(298.15 K)=28.74 kJ mol! from this same data. chlorinated compounds in addition to dichloromethane.
More recently Majer etal. [1980MS§ found Many of these other values have been borne out by subse-
AyaH (298.15 K)= (28.85+£0.07)kI mol * using an isother- ~ quent work. This, together with concerns about the reliability
mal adiabatic calorimeter. This latter value is adopted. A corof the other methods, leads us to accept their value rather
rection of 0.18 kJmal* due to nonideality of the gas was than taking a weighted average of all the data. We have,
taken from the work of Majer and Svobo@&985M9 (our  however, increased the uncertainty to what we feel is a more
calculation gives 0.19 kJmot) and A,H°(298.15K)  realistic value given the general accuracy observed for other

3.3. Dichloromethane
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TaBLE 4. Enthalpies of formation of dichloromethane derived from reported experimental data

AH(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) (kI mol™}) (K) Method(s) Reference Comments
Experimental

—95.1 0.8 298 Combustion calorimetry of liquid [1969HS 1, Rotating bomb.

—95.8 1.3 298 Enthalpy of hydrogenation [1967LAP| 2, Data reanalyzed bl 970CR.

CH,Cl; (9)+H, (9)—CH, (9)+2HCl (g)
-91.8 8.4 298 Combustion calorimetry of liquid [1938H 3, Static bomb. Data corrected by
[1953SBK [1953SBK|. Reanalyzed and auxiliary
[1970CH guantities updated bj1970CRH.

Reviews and
Evaluations

-95.5 1.3 298 [19980 1968 evaluation.

—95.0 0.3 298 [1991GVA| Evaluation date uncertain; same value as

previous editior{1979G.

—95.6 1.2 298 [1986PNK|

—-95.4 N.R? 298 [1981Q

—95.40 0.84 298 [1974RCW

—96.1 12 298 [1970CH

—-95.4 N.R? 298 [1969SW$

“Not reported.
Comments:

1. AH%s= —(602.5:0.8) kJ mol !, which refers to reaction C}&l, (1)+0, (g)—CO, (g)+2HCI (aq:600. Results obtained with rotating bomb calorim-
eter. The following auxiliary values were use;H CO, (g), 298.15 K|= —(393.51+0.13) kJ mor?, and A{H9HCl(aq:600, 298.15 K|= —(166.540
+0.10) kI moiL, Data yieldA(H CH,Cl, (1), 298.15 K|= — (124.09+ 0.8) kJ mol L.

2. AH(298.15K)=—(163.4-1.3) kI mol', as per reanalysis of Cox and PilcH&i970CH. Value in Table calculated usingH CH, (g), 298.15 K

= —(74.60+0.3) kJ mol* [1991GVA], AHTHCI (g), 298.15 K= — (92.31+0.10) kJ mol* [1989CWM.

3. AHSe=—(605.8-8.4) kI mol't, which refers to reaction Ci&l, (1)+0, (9)—CO, (g)+2HCI (ag:600. Results obtained with static bomb calorimeter.
Auxiliary quantities as in Comment 1. Data yieMJH[ CH,Cl, (I), 298.15 K= — (120.8+0.8) kJ mol%.

chlorinated compounds with this technique. Thus we recombustion of trichloromethane. The results were corrected by

mend AHCH,Cly(l), 298.15K=—(124.1 Smithet al.[1953SBK] and reevaluated by Cox and Pilcher
+2.5)kJmol'%, and, in conjunction with the enthalpy of va- [1970CR. The data have subsequently been compiled by
porization, AHCH.Clx(g), 298.15K=—(95.1 Pedley etal. [1986PNK and lead to
+2.5)kJmol L. A{HCHCI4(1), 298.15K=—(133.3-8.4)kJmoll. This

is in excellent agreement with the 1969 combustion

calorimetry value of Hu and Sinke [1969HS,

AHCHCI(l), 298.15K = —(134.1+0.9)kJ moll. This
Enthalpy of VaporizationThe calorimetric measurements IS somewhat surprising, given the general trends observed in

of Fletcher and Tyref1913FT] between 294 and 328 K re- Fig. 3. The enthalpy of chlorination of CH{Ireaction(2),

sult  in A H(298.15K)=31.27kImol’.  Mathews has been measured by

[1926M] reported A, H(334.4 K)=29.37 kI mol*, while

the calorimetric measurements of Majeral. [1980MS$ CHCly(1)+Cl,—CCly() +HCI(g). 2

between 298 and 358 K result ib,,4H(298.15K)=31.14 o _ _

+0.08 kJmol L. The temperature dependence of the, H Kirkbride [1956K] but the results of two experiments differ

data of [1980MSS can be used to derived,C, by 8.6 kJmol! and the statistical uncertainty is 19.3

=—53.1JImol*K L. Using this value, the data of Mathews kJ mol ! at the 90% level of confidencesee Comment 2

[1926M] extrapolate toA,H(298.15K)=31.30kJmof®.  in Table 5. These data result inAHTCHCI(),

All the data are in very good agreement, but the measure298.15Kj=AHYCCly(l), 298.15K+0.7kImol*,  and

ments of Majeret al. [1980MS$ are weighted most heavily. AHYCHCl (1), 298.15K = —(127.4+ 19.5)kJ mol ™.

We recommend\,, H(298.15 K)= 31.20+= 0.08 kJ molL A A value relative to tetrachloromethane can also be derived

correction of 0.12 kJ mot* due to nonideality of the gas was from the combined data on bromination equilib(@ and

taken from the work of Majer and Svobol#985Mg (our  (4):

calculation is the sameand A,,H°%298.15K)=31.32

3.4. Trichloromethane

+0.08 kJmol? is derived. CHCI5(g) +Br,(g)=CBrCly(g) +HBr(g) 3
Enthalpy of FormationData are summarized in Table 5.
Eftring [1938H originally determined the enthalpy of com- CCl,(g)+Br,(g)=CBrCls(g)+BrCl(g). (4)
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TaBLE 5. Enthalpies of formation of trichloromethane derived from reported experimental data

AH(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) (kI mol™}) (K) Methods) Reference Comments
Experimental
—-102.9 0.8 298 Combustion calorimetry of liquid [1969HS 1
—-96.2 N.R? 298 Reaction enthalpy [1956K] 2, Present analysis uses updated
(19.3 CHCI; (I)+Cl,—CCl, (I)+HClI (g) AHICCl, ()].
-105.0 14 559 Equilibrium [1973MGBH] 3, 4, Third Law analysis, reevaluated in
CHCl; (g) +Br, (g)=CBrCl; (g) +HBr (g) this work in conjunction with data of
[1951SD.
— — 420-455 Equilibrium [1951SD 3, 4, Third Law analysis, reevaluated in
CCl, (g)+Br, (g)=CBrCl; (g)+BrCl (g) this work.
-102.1 8.4 298 Combustion calorimetry of liquid [1938H 5, Static Bomb. Data corrected by Smith
[1953SBK et al.in 1953. Reanalyzed and auxiliary
[1970CH quantities updated bj1970CRH.
Reviews and
Evaluations
—103.18 1.3 298 [1998Q 1968 evaluation.
-102.7 11 298 [1991GVA] Evaluation date uncertain; same value as
previous editior{1979G.
—103.6 1.3 298 [1986PNK|
—102.93 N.R 298 (19819
—102.93 0.84 298 [1974CW
-102.9 8.8 298 [1970CH
-101.3 N.R? 298 [1969SW$

ot reported, the parenthetical value is that derived from our statistical analysis at the 90% level of confidence and refers to the measuredhadpytion e
only.
PNot reported.

Comments:

1. AH9e=—(473.2£0.8) kImoll, refers to reaction CHGII)+H,O (1)+0.5 O,—CO, (g)+3HCI (aq:600, and yields A{H{CHCI; (1), 298.15 K]
=—(134.10-0.8) kI mol'’. Results obtained with rotating bomb calorimeter. The following auxiliary values were usgtf[CO,(g), 298.15K
=—(393.51+0.13) kJ mot®, A(H[H,O (1), 298.15 K| = — (285.830= 0.040) kJ mof?, andA;HHCl(aq:600, 298.15 K|= — (166.540+ 0.10) kJ mot™.

2. The two measurements of the reaction enthalpy wek(298.15 K)=—288.7 kJ mol'! and A,;H(298.15 K)= —97.3 kI mol. At the 90% level of
confidence we derivA,H(298.15 K)= — (93.0+ 19.3) kJ mol'%. The agreement with other values in the Table is significantly better than the large uncertainty,
but it suggests that this result should not be weighted very heavily. W{h CCl,(I), 298.15 K= —(128.1+2.5) kI mol'* (see Sec. 3)5 and
AHHCI (g), 298.15 K = — (92.31+0.10) kJ mot* [1989CWM] we find A{H CHCly (1), 298.15 K| = — (127.41+ 19.5) kJ mot™,

3. K(559 K)=(0.0046+0.001) yieldsA,G(559 K)=25.02(+ 3.2/—1.9) kJ mol'L. This becomes\ H (559 K)=(35.1+1.3) kJ mol'* and A,H(298.15 K)
=(35.23+1.3) kI mol! (see Discussion The quoted value is obtained in conjunction with the datd1861S0 on the equilibrium CGl(g)+Br, (g)

= CBrCl, (g)+BrCl(g) (see Discussion and Comment), 4together with A{HY CCl,(g), 298.15 K= —(95.6+2.5) kJmol'! (see Sec. 3)5 and
AHHBr (g), 298.15 K|= — 3(6.29+ 0.16) kJ mot* [1989CWM], A;HBrCl (g), 298.15 K| = — 14.64 kJ mot™* [19980.

4. K(442K)=(1.94+0.19) yields A,G(442 K)=(2.44+0.4) kImol'l. This becomesAH (442 K)=—(4.73+0.5) kimol'* and A,H(298.15K)
=—(6.34+0.5) kJmol! (see Discussion The quoted value is obtained in conjunction with the data [#951S0 on the equilibrium
CCl, (g)+Br, (g)=CBrCl; (g)+BrCl(g) (see Discussion and Comment 3

5. AH(298.15 K)= — (474.0+ 8.4) kJ mol ™. The original results of Eftring were corrected by Sméthal.[1953SBK| and reevaluated by Cox and Pilcher
[1970CRH. The data have subsequently been compiled by Pestley. [1986PNK. See Comment 1 for auxiliary thermodynamic values.

Sullivan and Davidsof1951S0 have studied the kinetics from the NIST-JANAF Thermochemical Tableg1998Q,
and equilibrium of Reactiofi3) between 420 and 455 K by except for AHHBr(g), 298.15K=—(36.29
following the bromine concentration, while Reactigh has  =0.16) kJ mol?, which is from the 1989 CODATA evalua-
been studied by optical and gas chromatographic techniquéi®mn [1989CWM]. The properties of CHG| CCl,, and
by Mendenhallet al. [1973MGB] at 559 K. As pointed CBrCl;, were taken from the TRC Tabl¢4981Q or from
out by Mendenhalkt al, when the data oiK; andK, are ~ Gurvich etal. [1991GVA]. Using K3(442K)=(1.94

combined, the enthalpy of formation of CBgCl =*0.19), we find A H3(298.15K)
(which is otherwise uncertain cancels out and we =—(6.34+0.5)kJmol! from both the TRC and Gurvich
obtain AHCHCl(g)]—AHICCly(g), 298.15K  data. For reaction (3), K,(559K)=(0.0046+0.001),
=A,H,(298.15 K)— A H5(298.15K) —AHTHBr(g), [1973MGB|, where the uncertainty is approximatelyr.2

298.15K] +AHIBrCl(g), 298.15K]. We have updated This leads toAH,(298.15K)=(34.86+ 1.3) kJmol'* and
the original Third Law analysis of Mendenhait al. using ~ A,H,(298.15 K)=(35.56+ 1.3)kJmol'! from the data of
newer information on the properties of various compoundsTRC and Gurvich, respectively. These are only slightly dif-
We have taken thermodynamic data for,BBrCl, and HBr  ferent from the values of A;H3(298.15K)=—(5.90
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+0.4)kJmol* and A,H4(298.15K)=(37.0+ 1.3)kJmoi* uncertainty is 19.3 kJ mol at the 90% level of confidence.
originally derived by Mendenhalét al. Averaging the up- These data lead to AHYCCl(l), 298.15K

dated values, we find AHYCHCL(g), 298.15K  =AHTCHCL(D), 298.15K—0.7kImol ™, or, in conjunc-
—AHYCCly(g), 298.15K=—(9.39=1.4)kIJmol’. This tion with our value for CHG, AHZCCI,(I), 298.15K
is in good agreement with the difference of (7.3 =—(134.8:19.5)kJmol™.

+1.6)kJmol! derived from the combustion calorimetry A value relative to tetrachloromethane can also be derived
data of Hu and Sinkg1969HS, but in poor agreement with from the combined results on the bromination equilibria

the chlorination result of Kirkbridd1956K]. However, as CHCI5(g)+Br,(g)==CBrCl;(g)+HBr(g) and
noted above, the Kirkbride data have a very large statisticafCly(g)+Brx(g)=CBrCls(g) +BrCl(g). The former reaction
uncertainty and should not be weighted heavily. has been studied by Sullivan and David4d®51S0 be-

RecommendatioThe best data appear to be the combusiween 420 and 445 K, while the latter equilibrium was mea-
tion result of Hu and Sink€1969HY and the relative value sured by Mendenhaét al.[1973MGB] at 559 K. These data
from the bromination equilibria. The bromination equilibria are discussed in the evaluation for trichloromethane and lead
suggest the difference in the enthalpies of formation oo AHTCHCL(g), 298.15K—AHTCCl,(g), 298.15K
CHCl; and CC} should be slightly larger than that given by = —(9.39£1.4) kmol ™. This is in reasonable agreement
the combustion calorimetry results of Hu and SinkeWith the difference of-(7.3+1.6)kJ mol* derived from the
[1969HY. However, since there is no reason to favor thecombustion calorimetry data of Hu and Sinke. It is, however,
calorimetry data on one or the other of these compounds, wi#@ poor agreement with the chlorination result of Kirkbride,
have adopted the absolute values of Hu and SjaR69HS although this latter result has a large statistical uncertainty
for both compounds, although we have increased the unce@nd we do not consider it to be very reliable. Several older
tainties to reflect the slight disagreement. determinationsA;H CCl,] were discussed in the 1968

evaluation in the NIST-JANAF Thermochemical Tables
[1998d, but will not be re-examined as they do not appear
3.5. Tetrachloromethane to be of good reliability.

Enthalpy of VaporizationThe enthalpy of vaporization RecommendationVe believe the best data are the com-
i ustion result of Hu and SinkELl969HY and the relative

has been measured several times and the results L L
. value from the bromination equilibria. Although these latter
are in good agreement. Reported values Aata suggest the difference in the relative enthalpies of for-
AyaH(298.15K)=(32.43-0.08) kImol %, [1959HKM], 1 SUgg \ P
. 1 mation of CHC} and CC}, should be slightly larger than
Ayt (298.15 K =(32.4370.06 kJ mol [1966W], determined by combustion calorimetry, there are no defini-
Ay H(298.15K)=(32.54-0.1) kJmol*  [1973K], and y Y,

tive reasons to favor the calorimetry data on one or the other
A\pH (298.15 K)=(32.40+0.08) kJ mol! [1980MSS. The
selected value i o H(298.15 K)= 32.44 0.06 kJ molL A of these compounds. We have therefore adopted the absolute

correction of 0.11 kJ mof* due to nonideality of the gas was values of Hu and Sinke for both compounds, and recommend

0 _ 1
taken from the work of Majer and Svobod2985M] (our ﬁ;Ce[cr:]g\lf?/g\zérz?r?c;gaged th(g E:Jr?iezrtgrl:t‘] n:c;) ];e.ﬂect trYZein ht
calculation gives 0.08 kJmot) and A\H°(298.15K) ' ' y 9

=(32.55+0.07) kImot?! is derived. The heat capacity of disagreement.
vaporization is derived a4, C,=—50.3Jmol* K~ from 4. Evaluated Enthalpies of Formation and

the temperature dependence of the,H data of Vaporization of the (Chloro )ethynes
[1980MSS.
Enthalpy of FormationData are summarized in Table 6. 4.1. Ethyne

Eftring determined the enthalpy of combustion of tetrachlo-
romethane[1938H. The results were corrected by Smith
et al. [1953SBK] and later reevaluated by Cox and Pilcher
[1970CR. The data have subsequently been compiled b

Enthalpy of Formation. RecommendatidRecommended
values of the enthalpy of formation of ethyne from several
commonly cited sources are listed in Table 1. There are no
¥ecent experimental determinations of its value and the pre-

Pedley etal [1986PNK, and lead to . ; ;
o o 1 - vious evaluations are in good agreement. The
AH CCl,(l), 298.15K = —(122.3-8.4)kImol*. This is AHICH,(g), 298.15K values of Table 1 range from

significantly more positive than the 1969 combustion Calo-226 7 t0 228.2 kImol. The evaluation of Gurvictet al

rimetry value of Hu and Sinke [1969HS, [1991GVA] contains good discussion of the data, although

0 — 1 H
.AfH [CC|4(I.)’. 298._15&— (128.11+0.6)kJ mor N This the actual date of the evaluation is uncertéine selected
is not surprising, given that for most other chlorinated com-,

) ) value is the same as in the previous editid979G). Their
pounds the values of Eftring appear to be systematically to?ecommended value is based on calorimetric measurements
positive (Fig. 3). The enthalpy of substitutive chlorination of

CHC of the enthalpy of the hydrogenation reaction
3 C,H,+2H,=C,Hg by Connet al.[1939CKY, together with
CHCIg(I)+Cl,—CCl,(l)+HClI(g) (50 the Gurvich etal. [1991GVA] selected value of

o .
has been measured by Kirkbrifi#956K], but the results of ﬁg\—/le[%ciﬁe(gz,e d29tﬁé1i:3 Igvé?jaeﬁfzchfgg ﬁft(e r) rz\ggvX,SVée
two experiments differ by 8.6 kJmol and the statistical P f 2h29) :

=(227.4-0.8)kI mor L.
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TaBLE 6. Enthalpies of formation of tetrachloromethane derived from reported experimental data

AH(g), Reported
298.15 K uncertainty Temp.
(kd mol™?) (kd mol™?) (K) Method(s) Reference Comments
Experimental
—95.6 0.6 298 Combustion calorimetry of liquid [1969HS 1
—-102.2 N.R2 298 Enthalpy of substitutive chlorination [1956K] 2, Present analysis uses updated
(19.3 CHCl; (I)+Cl,—CCl, (I)+HCI (g) AHCHCI; (1)].
—-93.5 1.4 559 Equilibrium [1973MGBH] 3, Third Law analysis, reevaluated in
CHCl; (g)+Br, (9)=CBrCl; (g)+HBr (g) conjunction with data of1951SD.
— — 420-455 Equilibrium [1951SD 4, Third Law analysis, reevaluated in this
CCl, (g)+Br, (gy=CBrCl; (g)+BrCl (g) work. See above.
—89.8 N.R? 298 Combustion calorimetry of liquid [1938H 5, Static Bomb. Data corrected by
(8.4 [1953SBK] [1953SBK]. Reanalyzed and auxiliary
[1970CH quantities updated by1970CRH.
—-107.3 1.5 298 Reaction Enthalpy [1926BGH 6, As cited and reanalyzed in 1968
CCl, (I)+2H,—C(s)+4HCI (g) [1998C0 JANAF evaluation1998Q.
Reviews and
Evaluations
—95.98 2.1 298 [1998Q 1968 evaluation.
—95.60 1.0 298 [1991GVA] Evaluation date uncertain; same value as
previous editio{1979G.
—95.60 1.0 298 [1986PNK]
—95.81 N.R2 298 [1981Q0
—98.81 0.59 298 [1974RCW
—105.4 6.3 298 [1970CRH
—100.4 N.R? 298 [1969SW$

aNot reported.
®Not reported. The parenthetical value is that derived from our statistical analysis at the 90% level of confidence and refers to the measurethadpgtion e
only.

Comments:

1. AH%e= —(359.9-0.6) kI mol?, refers to reaction CGlI)+2H,0 (1)—CO, (g)+4HCI (ag:600. Results obtained with rotating bomb calorimeter.
Auxiliary quantities: A(HY CO, (g), 298.15 K = — (393.51+0.13) kJ mol?, AHH,O (1), 298.15 K= — (285.830- 0.040) kJ mol?!, AHHCI(aq:600,
298.15 K]= — (166.540- 0.10) kJ mot®. Data yieldA{H CCl, (I), 298.15 K = — (128.11+ 0.6) kJ mol'%.

2. The two measurements of the reaction enthalpy wek(298.15 K)=—88.7 kJ mol'! and A H(298.15 K)= —97.3 kI mol'. At the 90% level of
confidence we deriva H(298.15 K)= — (93.0+ 19.3) kJ mol*. The agreement with other values in the Table is significantly better than the large uncertainty,
but it suggests that this result should not be weighted very heavily. Wjtho CHCly(I), 298.15 K= —(134.1+2.5) kimol'! (see Sec. 3} and
AHIHCI(g), 298.15 K|=—(92.31+0.10) kJ mol* [1989CWM] we find A;H CCl (1), 298.15 K|= — (134.79* 19.5) kJ mol %,

3. K(559 K)=(0.0046+0.001) yields A,G(559 K)=(25.02+1.26) kJ mot™. This becomesAH (559 K)=(35.1*+1.4) kJ mof! and A,H(298.15K)
=(35.23+1.6) kJmol'! (see Sec. 3} The quoted value is obtained in conjunction with the datgX51S0 on the equilibrium CGlg)+Br,(g)

=2 CBrCly(g)+BrCl(g) (see Comment )4 together withA{H CHCly(g), 298.15 K= —(102.6+2.5) kJ mol* (see Sec. 3}4 and A(HHBr(g), 298.15K]
=—(36.29+0.16) kJmof* [1989CWM], AHIBrCl(g), 298.15 K= —14.64kImof* [1998F. The data lead to AHYCHCIy(g), 298.15K|
—AHICCly(g), 298.15 K= —(9.39+ 1.4) kJ mor ™,

4. K(552K)=(1.94+0.19) yields A,G(442K)=(2.44x0.4) kJmol'l. This becomesAH (442 K)=—(4.730.5) kJmo* and A,H(298.15K)
=—(6.34+0.5) kI mol'! (see Sec. 3)4The quoted value is obtained in conjunction with the datfl661S0 on the equilibrium CClg)+Br,(g)=CBrCl,
(9)+BrCl(g) (see Comment)3

5. AHSe=—(365.7=8.4) kI mol'L. The original results of Eftrin§1938E were corrected by Smitét al.[1953SBK] and reevaluated by Cox and Pilcher
[1970CRH. The data have subsequently been complied by Pestiey. [1986PNK. See Comment 1 for auxiliary thermodynamic values. The data lead to
AHCCly(l), 298.15 K= —(122.3+12.5) kJ mol™. For most chlorinated compounds we believe the values of Eftring to be systematically too positive.
6. AH(298.15K)=—(261.8+2.5) JmolL. As discussed in the 1968 JANAF evaluation for ¢{119980, the value may need a positive correction of
between 8 and 17 kJ mol because the carbon formed may not all be in its reference state. This would bring the result more in line with the
recommended value.

4.2. Chloroethyne and a fit to vapor pressure data in the upper half of their

Enthalov of VaporizationChloroethvine is a gas at stan temperature rangénly part of the data were used since, as
by P y 9 expected, slight curvature in the plot is evidente derive

dard temperature and pressure. The vapor pressure of chl
peratu pressu vapor pressu the slightly different valued o H(231.2 K)=21.4 kJ mof

roethyne has been measured by Bashfetrdl. [1938BEH _ 1
between 205.2 and 237.2 K. The normal boiling point was' NS Was extrapolated ta ,jH(298.15 K)=18.9 kJmol™,

given by these authors dBy,=(243.55-0.1)K. They re- Using an ?stimated value AyaCp(CHC)=—(37
ported A, H(243.6 K)=22.5kI mol %, although details of *+8)Jmol"K™= We have also estimated the enthalpy of
the calculations were not given. Using the Clapyron equatiorvaporization based on a correlation/f, H(298.15 K) with
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the normal boiling point for all other chlorinated compoundsA;H HC=CCI(g), 298.15K]. As shown in Table 7, these
in this review (vide infra, see Fig. 9 of Sec. 6)9This  methods lead ta\;H°(298.15K) values 25 kJ—30 kJ md
method  gives A, H(298.15K)=(17.8+1.5)kJmol!,  more positive than the empirical estimate based on the en-
where the uncertainty is based on the fit to the known valueshalpy of hydrogenation. The calculated value was not
Finally, for chlorinated ethenes and ethanes with experimenstrongly dependent on the size of the basis sets or type of
tally known enthalpies of vaporization, we have found thatmethodology used. Parthiban al.[2001PML] have recently
Ay H/Tp=(88.0£3.0)Jmol K™, in the range of typical obtained a similar value from atomization energies obtained
statements of Trouton’s Rulgl978A]. If this is assumed using the W1 and W2 methodologies.
to hold for GHCI, we derive A,,H(243.6K) RecommendationThe large difference between the em-
=(21.4-0.7)kJmol?! and A, H(298.15K)=(19.4 pirical and calculated enthalpies of formation is somewhat
+1.0)kImol't. The estimated values are in good agreementiisturbing. It is possible that the molecule could have some
with that derived from the data of Bashfoed al. We favor  low-lying electronic states and this could affect the calcula-
the experimentally derived value and recommendtons. In this respect, a calculation involving a multi-
AyaH(298.15K)=(18.9+1.0)kJ mol'L. The correction for configuration methodology such as CASSPT2 would be de-
nonideality is estimated based on the correlation with boilingsirable. Nonetheless the excellent agreement between the
point given in Fig. 1 and is 0.99 kJmidl. This leads to parameterized DFT calculations and standavdnitio meth-
A\apH%(298.15 K)=(19.9+ 1.0)kJ mofl . odologies involving approximate wave functions is sugges-

Enthalpy of FormationData are summarized in Table 7. tive that there are no major errors. Further, the empirical
No experimental information on the enthalpy of formation of methods are quite tenuous and cannot be checked against any
chloroethyne appear to exist. Qualitatively, haloethynes arexperimental value for a chloroalkyne. The larger enthalpy of
known to be unstablg¢1967STS and chloroethyne ignites formation predicted by the calculations also seems com-
and may explode upon contact with El938BEB|. Enthalpy  pletely consistent with the high reactivity967ST$g of chlo-
of formation values have previously been estimated by asroethyne. We recommend\{H{HC=CCI(g), 298.15K|
suming equal enthalpies of chlorination for ethyne and chlo=(226.4+ 10) kJmol'%, based on the values derived from
roethyne[19980, or assuming equality of average bond en-isodesmic reactionsee Table ) This is significantly higher
ergies in GH,, C,HCI, and GCIl, ([1991GVA], where the than most previous estimates but we feel is better supported
values for GCl, were themselves estimates, see Seg. A2 by the available data. The stated uncertainty és ghd is
detailed in Table 7, we have derived values using enthalpiegstimated based on the spread in our calculated values over
of chlorination, hydrochlorination, and hydrogenation, while the range of theories used. It includes uncertainty in the zero
using updated thermodynamic values. Thgi°(298.15K)  point energy. There remains some possibility that low-lying
values so derived range from 197 kJ to 212 kJthoFor the  electronic states or other factors could have perturbed the
chlorcethenesenthalpies of chlorination and hydrochlorina- calculations. An experimental check would therefore be de-
tion vary considerably, while enthalpies of hydrogenation aresirable.
remarkably constar(see Fig. 4. On this basis, the empirical
estimate based on the enthalpy of hydrogenation might seem
to be the best choice. However, it is not obvious that the
correlation should hold equally well for the ethenes and Enthalpy of VaporizationNo experimental data appear to
ethynes. Indeed, to the extent that steric and electronic fagxist and we are unaware of any other attempt to estimate
tors are responsible, it would seem likely that these wouldhis quantity. We have estimated the value based on a corre-
vary with changes in the hybridization in the molecule. Thuslation of Ay,gH(298.15 K) with the normal boiling point;y,,
one might expect high level calculations to be more reliablefor all other chlorinated compounds in this revigwde in-

Calculated values using AM1 and PM3998ZBL], and  fra, see Fig. 9 of Section 6.9With T,=306 K [1967ST$,
BAC-MP4[1993M] are available. The values from AM1 and [1930SKH, we derive A, H(298.15K)=(27.2
PM3 are close to the value based on the enthalpy of hydro= 1.5) kJ mol'l, where the uncertainty is based on the fit to
genation. The agreement is apparently coincidental, sincknown values. As an alternative methodology, our compari-
AM1 and PM3 predictions for related species were often insons show that for chlorinated ethenes and ethanes with ex-
marginal agreement with known values. Zhatal. perimentally known enthalpies of vaporization,aH/Ty
[1998ZBL] have also calculated the valuAHYHC  =(88.0+3.0)ImollK™ in the range of typical statements
=CClI(g), 298.15 K=215kJ mol* using a modified group of Trouton’s Rule[1978A]. If this is assumed to hold for
additivity scheme. This method apparently uses the 1968 e£,Cl,, we deriveA,,H(306 K)=(26.9+0.9) kJ molt and
timates of HE=CCI and GCl, found in the NIST-JANAF A, H(298.15K)=(27.2-0.9) kJ mol'l. Since our correla-
Thermochemical Tableésee Table ¥ as reference values, tion is based on alkanes and alkenes we have increased the
however, and is therefore only a fit to those estimates. uncertainty and recommendA,,H(298.15K)=(27.2

In an attempt to decide between the available values, we- 1.2) kJmol'X. The correction for nonideality is estimated
have carried out a series ab initio calculations, using MP2, based on the correlation with the normal boiling point given
MP4, QCI, and DFT methods. The isodesmic reactionn Fig. 1 and is 0.24 kJ mof and we obtain
C,H,+CHsCl—C,HCI+C,H, was then used to obtain A, H%(298.15K)=(27.4=1.2) kJ mol .

4.3. Dichloroethyne
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TaBLE 7. Suggested enthalpies of formation of chloroethyne

Reported

A{H(g),298.15 K uncertainty ~ Temp.

(kI mol™}) (kI mol™}) (K) Method(s) Reference Comments

Values from

Calculations
2259 16 298 QCISOT)/6-311+G(3df,p) [2001BAM] 1, Derived from isodesmic reaction.
227.1 16 298 QCISOT)/6-311+G(2df,p) [2001BAM] 1, Derived from isodesmic reaction.
226.4 16 298 B3LYP/aug-cc-pVTZ [2001BAM] 1, Derived from isodesmic reaction.
228.9 16 298 B3LYP/aug-cc-pVDZ [2001BAM] 1, Derived from isodesmic reaction.
224.7 16 298 MP2/6-31%G(3df,2p [2001BAM] 1, Derived from isodesmic reaction.
229.4 N.R? 298 W2 [2001PML] Derived from the atomization energy.
199.9 N.R? 298 AM1 [19987BL]
194.8 N.R? 298 PM3 [19987zBL]
230.5 N.R? 298 BAC-MP4 [1993M]

Reviews and

Evaluations
212 ¢ 298 Estimated from\ H (chlorination). This work 2
204 ¢ 298 Estimated from H (hydrochlorination). This work 3
197 ¢ 298 Estimated from\ H (hydrogenation). This work 4
213.8 42 298 Estimated fromy,H (chlorination). [1998C0 5, 1968 evaluation.
212 30 298 Estimated fromy,H (chlorination). [1991GVA] 6, Evaluation date uncertain; same value

as previous editiof1979G.

o estimate was made for the individual calculations. Based on the global consistency of our calculations, the overall uncertainty was estitdated as
kd mol? (see text

PNot reported.

°Not estimated. The basis for this estimate is considered unrelisbéetext

Comments:

1. Derived from the enthalpy change calculated for the isodesmic reactidp+C,H;Cl—C,H,+C,HCI. Zero point energies have neen added and
the values adjusted to 298.15 K. Auxiliary thermodynamic quantitig$i C,H,(g), 298.15 K|=(227.4+0.8) kI mol', A{HY C,H,Cl(g), 298.15K
=(22.0+3.0) kI mol', andA{H C,H,(g), 298.15 K= — (52.4+ 0.5) kI mol'%, (see Secs. 4.1, 5.1, and 5.2

2. Estimate assumes enthalpy increments for reactight (@ +Cl,(9)— E/Z-CHCICHCI(g) and HC CC{g)+Cl,(g)—C,HCl5(g) are the same. This
assumption is tenuougsee Fig. 4 and our ab initio calculations suggest it to be incorrecsee text Calculated value used H(298.15K)
AH(298.15 K)=—229.2 kI molt.  Auxiliary thermodynamic quantities: A(HY C,H,(g), 298.15 K|=(227.4+0.8) kI mol, A{HIE-C,H,Cly(g),
298.15 K]= —(0.5+2.0) kI mol'?, A{HYZ-C,H,Cl,(g), 298.15 K= —(3.0+2.0) kJmol'?, and AHYC,HCl4(g), 298.15 K= —(17.5+3.0) kJ mol'%,
(see Secs. 4.1, 5.4, 5.5, and)5.6

3. Estimate assume$s,H(298.15 K) for the reaction £1,(g)+HCI(g)—C,H3Cl(g) is the same as for H&CCI(g)+HCI(g)—C,H,Cl,. This assumption
is tenuous(see Fig. 4 and ourab initio calculations suggest it to be incorrdsee text Calculated value uses,H(298.15 K)= —(113.1+ 30) kJ mol %,
AHHCI(g), 298.15 K|=(92.31+0.10) kJ mor* with other auxiliary thermodynamic quantities as in Comment 1.

4. Estimate assumes enthalpy increment for reactight,@)+H,(g)—C,H4(g) is the same as for H&CCI(g)+H,(g)—C,H3Cl(g). This assumption is
tenuous(see Fig. 4 and ourab initio calculations suggest it to be incorretgee text Calculated value used H(298.15 K)=—175.0 kJ mor.
A{H C,H;Cl(g), 298.15 K= (22.0* 3.0) kJ mol' (see Sec. 5)2with other auxiliary thermodynamic quantities as in Comment 1.

5. Estimate uses assumption of Comment 2, but used older thermodynamic data. Reported value derivgd(28$.15 K)=(221.8+ 42) kJ mol %,

6. Estimated by assuming equality of average bond energiesHp, ©,HCI, and GCl,.

Enthalpy of FormationData are summarized in Table 8. the chlor@theneseries(see Fig. 4. We would contend, how-
As with chloroethyne, no experimental determination of theever, that steric and electronic factors are expected to be
enthalpy of formation of dichloroethyne appears to existimportant and quite different in chloroethanes, chloroet-
Dichloroethyne is unstable, igniting upon contact with airhenes, and chloroethynes, and that such correlations are
and exploding on heatingl967STS, [1930SKH. Enthalpy  therefore problematic. As with chloroethyne, calculated val-
of formation values have previously been estimated by asdes(Table § are very different from the empirical estimates,
suming equal enthalpies of chlorination for ethyne andwith ab initio results indicating an enthalpy of formation
dichloroethynd 19980, [1991GVA]. Table 8 details empiri- some 50 kJ mol* more positive than the value based on the
cal values that can be derived using enthalpies of chlorinaenthalpy of hydrogenation. The calculated value was not
tion, hydrochlorination, and hydrogenation, while using up-strongly dependent on the size of the basis sets or type of
dated thermodynamic values. ThgH?(298.15K) values so methodology used.
derived range from 173 to 208 kJ mdl As we argued in the RecommendatioThe difference between the “best” em-
evaluation for chloroethyne, on the surface the best of thesgirical and calculated enthalpies of formation is 50 kJ Ml
empirical values would seem to be that derived based on thapproximately twice as large as that found for chloroethyne.
enthalpy of hydrogenation, since this quantity varies little inWe again favor the calculated values, largely because the
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TaBLE 8. Suggested enthalpies of formation of dichloroethyne

AH(g), Reported

298.15 K uncertainty Temp.

(kI mol™}) (kI mol™Y) (K) Methods Reference Comments

Values from

Calculations
225.8 14 298 QCISOT)/6-311+G(3df,p) [2001BAM] 1, Derived from isodesmic reaction.
227.8 14 298 QCISOT)/6-311+G(2df,p) [2001BAM] 1, Derived from isodesmic reaction.
226.6 14 298 B3LYP/aug-cc-pVTZ [2001BAM] 1, Derived from isodesmic reaction.
230.0 14 298 B3LYP/aug-cc-pVDZ [2001BAM] 1, Derived from isodesmic reaction.
224.3 14 298 MP2/6-31%G(3df,2p [2001BAM] 1, Derived from isodesmic reaction.
235.2 N.R? 298 W2 [2001PML] Derived from the atomization energy.
174.0 N.R? 298 AM1 [19987BL] Calculated value.
175.8 N.R? 298 PM3 [1998ZBL] Calculated value.
235.1 N.R? 298 BAC-MP4 [1993M] Calculated value.

Reviews and

Evaluations
205 ¢ 298 Estimated from\ H (chlorination). This work 2
187 ¢ 298 Estimated from\ H (hydrochlorination). This work 3
173 ¢ 298 Estimated from\ H (hydrogenation). This work 4
209.6 42 298 Estimated from H (chlorination). [19980Q 5, 1968 evaluation.
200 40 298 Estimated fromy,H (chlorination). [1991GVA] 6, Evaluation date uncertain; same value

as previous editiof1979G.

o estimate was made for the individual calculations. Based on the global consistency of our calculations, the overal uncertainty was estitdated as
kd mol? (see text

PNot reported.

°Not estimated. The basis for this estimate is considered unrelisbéetext

Comments:

1. Derived from the enthalpy change calculated for the isodesmic reacgidp+@-1,2-CH,Cl,—C,H,+C,Cl,. Zero point energies have been added
and the values adjusted to 298.15 K. Auxiliary thermodynamic quantitigsi® C,H,(g),298.15 K|=(227.4+0.8) kI mol', AHZ-C,H,Cly(g),
298.15 K]= —(3.0+2.0) kI mol'%, and A(HY C,H,(g), 298.15 K|= — (52.4+0.5) kd mol ! (see Secs. 4.1, 5.1, and 5.4

2. Estimate assumes enthalpy increments for reactig,(@)+Cl,(g)— E/Z-CHCI=CHCI(g) is the same as for Ll,(g)+Cl,(g)— C,Cl,(g). This
assumption is tenuou&ee Fig. 4 and ourab initio calculations suggest it to be incorresee text Calculated value use&H(298.15 K)= —(229.2
+50) kImol't.  Auxiliary thermodynamic quantities: A(HY C,H,(g), 298.15 K|=(227.4+0.8) kI mol!, AHYE-C,H,Cl,(g), 298.15K=—(0.5
AfHO[E-C2H2CI2g), 298.15 K|=—(0.5+2.0) kJ mol'?, A{HZ-C,H,Cl,(g),298.15 K =—(3.0+2.0) kI mol'%, and AHYC,Cl,(g), 298.15 K= —(24.2
+4.0) kmol'%, (see Secs. 4.1, 5.4, 5.5, and)5.7

3. Estimate assumes enthalpy increment for reactig,@)+HCI(g)—C,HsCl(g) is the same as for Ll,(g) +HCI(g)—C,HCl5(g). This assumption is
tenuous(see Fig. 4 and ourab initio calculations suggest it to be incorrdsee text Calculated value uses,H(298.15 K)=—112.1 kJ mol®. Auxiliary
thermodynamic quantitiess{H C,HCl5(g), 298.15 K= —(17.5+3.0) kI mol't, A(HHCI(g), 298.15K = —(92.31+0.10) kJ mol* (see Secs. 5.6, 1.4,
and Comment 11

4. Estimate assumes enthalpy increment for reactight,(@)+H,(g)—C,H,(g) is the same as for L£l,(g)+H,(g)—1,2-CH,Cl,(g). This assumption is
tenuous(see Fig. 4 and ourab initio calculations suggest it to be incorrestee text Calculated value use& H(298.15 K)=—175.0 kJ mol!. See
Comment 1 for auxiliary thermodynamic quantities.

5. Estimate uses assumption of Comment 2, but used older thermodynamic data. Reported value derivgd(28$.15 K)= — (221.8+ 42) kJ mol L.

6. Estimated mainly based on enthalpy of chlorination as in Comment 2, but details not reported.

empirical method is tenuous and cannot be validated againgite values derived from isodesmic reactidsee Table 8

an experimental value for any chloroalkyne. The calculationdThis is significantly higher than many previous estimates but
suggest that the molecule is destabilized by significant loswe feel is better supported by the available data. The stated
of electron density in the carbon—carbon bdmelative to  uncertainty is 2 and is estimated based on the spread in our
that in acetylenge This seems to be consistent with the very calculated values over the range of theories used. It includes
high reactivity[1967ST$ of C,Cl,. Since there is a small uncertainty in the zero point energy.

possibility that low-lying electronic states could affect the
calculations, it would be desirable to carry out further checks . .
using a multi-configuration methodology such as CASSPT2.5' Evaluqted_ Enthalpies of Formation and
Nonetheless the excellent agreement between the parameter- Vaporization of the (Chloro )ethenes

ized DFT calculations and standaab initio methodologies 5.1. Ethene

involving approximate wave functions is suggestive that

there are no major errors. We recommend Enthalpy of Formation. Recommendatiddeveral previ-
AHYC,Cly(g), 298.15K=(226.6+ 14) kJmol', based on ous evaluations of the enthalpy of formation of ethene are
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listed in Table 1. The range ak{HY C,Hy(g), 298.15K  AHIC,H5Cl(g), 298.15K=—(22.8+2.1) kImol'l. The
values from these sources is 52.1-52.5 kJthoThere are  quoted uncertainty refers to the combined precisions of the
no recent experimental determinations of its value and nwarious measurements. Given the general historical accuracy
serious controversy regarding the correct value. The evaluaf static bomb calorimetry on chlorinated compounds, and
tion of Gurvichet al. [1991GVA|] contains good discussion the fact that the enthalpy of polymerization value for the
of the data, although the actual date of the evaluation igiquid was not rigorously corrected to 298.15 K, we think a
uncertain(the selected value is the same as in the previousnore realistic uncertainty value is6 kJ mol 2.
Russian edition of this work1979G). Gurvichet al. based Very different values are derived from the enthalpies of
their value on the combined treatment of combustion calorihydrogenation of chloroetherj@956LEB] and hydrochlori-
metric measurements of the enthalpies of formatighlC nation of ethyne[1962L.GH measured calorimetrically by
[1937RK] and GHg [1934R, [1972PR, together Lacher and co-workers. These works vyield
with calorimetric [1935KRR and equilibrium [1942K]  A{HY C,H,Cl(g), 298.15K=—(37.6+1.7) kJmol'? and
measurements of the enthalpy of the hydrogenation reactionH C,H,Cl(g), 298.15K= —(34.6-1.5) kimol'%, re-
C,H,+H,—CHg.  After review, we have accepted spectively(see Comments 4 and.5rom equilibrium stud-
their evaluation, AHYC,H4(g), 298.15K=(52.4-0.5) ies of the chloropropenes, Alfassi al. [1973AGH] derived
kdmol ™. a value for the Benson-style,€ (Cl)(H) group[19768] and
suggested that the above hydrogenation studies must be in-
correct. The original Second Law analysis of Alfassial.
has since been updatEt®97CT] using a Third Law analysis
Enthalpy of VaporizationChloroethene is a gas at stan- and newer values for the enthalpy of formation of
dard temperature and pressure. Danal.[1927DB] mea-  3-chloropropene. The updated analygsee Comment 9 of
sured the vapor pressure of purified chloroethestated pu- Table 9 of the Alfassi et al. data results in the group
rity =99.99% between 244.4 and 333.5 K. They used bothCy— (Cl)(H)=—5.48kImol*  and  A{HYC,HsCl(g),
the Clapyron equation and the law of corresponding states t898.15 K|=20.75 kJ mol *. While this is not a direct experi-
fit the data. These fits yield A,,H(298.15K) mental determination, experimental data on the chloroal-
=20.1kJmol? and AyaH(298.15K)=20.8 kJ mol?, re- kanes show that group additivity provides excellent results
spectively. As checks, for the other compounds in this reviewor monochlorinated alkanes. We would be very surprised if
we were able to correlat&,,4H(298.15K) with the normal it failed badly for mono chlorinated alkenes. We would esti-
boiling point (vide infra see Fig. 9 of Sec. 6)%nd also mate the accuracy of this procedure toh4.0 kJmol' ™. In
found A, H/T,=(88.0+3.0) Jmol 'K~ These respective a related group additivity procedure, if one examines the
estimations lead ta\,,H(298.15 K)=(20.2+1.5) kJ mol'l  experimental data on a series of monosubstituted ethenes and
and (21.3-1.0) kJmol%, in good agreement. The experi- benzenes, one finds that the enthalpy increment is approxi-
mental values are favored and we recommendnately constant[1986ML], [1986L], [1987GBT]. This
AyaH(298.15 K)=(20.4+1.0) kJ mol'!, where the uncer- has most recently been examined by Luo and Holmes
tainty is estimated. The heat capacity of vaporization wa$1992LH], who suggested A;HY C,H3X(g), 298.15K
derived asA,Cp=—35.8Jmol ' K™* from the difference =AHYCeHsX(g), 298.15K—(29.7+6.3) kImol'*.  Us-
of the reported heat capacities of the §4991GVA] and ing A{H CgHsCl(g), 298.15 K =(52.0+1.3) kimolt
liguid [1967LRB|. Using Eq.(1) and second virial coeffi- [1994H, one derives A{H C,H;Cl(g), 298.15K =(22.3
cients taken from the DIPPR databd2601DIF (datasheet +6.4) kJmol'l. This methodology is somewhat less direct
revision data August, 1994the correction for nonideality of than the above discussed approach of Alfassil., but none-
the gas is calculated as 0.40 kJ molHowever, as shown in theless provides independent confirmation of the quantity.
Fig. 1, this value does not appear to be consistent with the The enthalpy of formation of chloroethene should also be
other data in the series, although we were unable to ascertagonsistent with the gas and liquid phase measurements of
the reason for the problem. In any case, the empirical fiLevanovaet al.[1976LTV] on the hydrochlorination equilib-
given in Fig. 1 is used to derive H°—H),g ria CH=CHCI+HCI=CH;CHCl,. These data are listed in
=0.70kImot? and A, H°(298.15K)=(21.1 Table 1 and discussed in our evaluation of 1,1-
+1.0) kJmol'! is calculated. dichloroethangSec. 6.3. Although we think this data can
Enthalpy of FormationData are summarized in Table 9. better be wused to derive an accurate value of
The enthalpy of formation of liquid or gaseous chloroetheneA;H 1,1-GH,Cl,], the spread in results for 1,1-
has not been determined by combustion calorimetry. Howdichloroethane is narrow enough that these data are only
ever, the value for the amorphous polymer of chloroetheneompatible with the lower range of values for chloroethene.
obtained from static bomb calorimetry, Finally, high levelab initio calculations by Colegrove and
AHYC,HCl(poly,9]=—(94.1+ 1.3) kImol'?  [1958SS,  Thompson[1997CT] utilizing a variety of isodesmic reac-
may be combined with the calorimetrically determined en-tions also support the low valusee Table 9, Commen?.8
thalpy of polymerization of the liquidA ,oyH2ge= —(95.8 RecommendationThe results of Lacher and co-workers
+1.3) kImol'! ([1964], see Comment 6 of Table)&nd  on the hydrochlorination of ethyrjd962L.GH and hydroge-
Ao HTCH,CI, 298.15K=(21.1+1.0) kJ mol! to derive  nation of chloroethenfl956LEB]| entail an enthalpy of for-

5.2. Chloroethene
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TaBLE 9. Enthalpies of formation of chloroethene derived from reported data

AH(g), Reported
298.15 K uncertainty Temp.
(kI mol™?) kJ mol ™t (K) Methods) Ref/Year Comments
Experimental
21.0 0.7 403-438  Equilibrium of hydrochlorination [1976LTV] 1, Second Law analysis, updated using
(4.0 1,1-GH,Cl,(g)/=CH,—=CHCI(g) + HCI(g) our value forA{H1,1-GH,Cl,(g)].
22.0 0.7 403-438  Equilibrium of hydrochlorination [1976LTV] 2, Third Law analysis, updated using our
(4.0 1,1-GH,Cl,(g)=CH,—CHCI(g)+HCI(g) value forA;H1,1-GH,Clx(g)].
22.7 0.7 293-323  Equilibrium of hydrochlorination [1976LTV] 3, Second Law analysis, updated using
(4.0 CH,=—CHCI(g) +HCI(g)=CH3;CHCI,(1) our value forAHY 1,1-GH,Clx(g)].
34.6 1.8 373 Enthalpy of hydrochlorination [1962LGH 4, Data reanalyzed at NIST; updated
C,H,(g) +HCI(g)—CH,—CHCI(g) using our value forA(H[ C,H(g)].
37.6 1.7 521 Enthalpy of polymerization [1956LEB] 5, Data reanalyzed at NIST; updated
CH,=CHCI(g) +2H,(g)—C,Hg(g) +HCI(g) using our value fol\{H C,Hg(g)].
— 0.7 347.7 Enthalpy of polymerization [1964] 6, These data used in conjunction with
CH;=CHCI(1)—~C,HClI (poly,9 that of [1958S§, below.
22.8 2.2 298 Combustion calorimetry of solid polymer [1958S9 7, Static Bomb, data used in conjunction
(6.0 with that of[1964J, above.
Estimates and Calculations
20.9 4.2 298 Ab initio calculations [1997CT] 8
22.3 6.4 298 Group additivity; Estimated value foj-@Cl)(H)  [1992LH] 9
20.8 N.RY (4.0 298 Group additivity; Value for & (Cl)(H) group [1973AGB] 10
derived fromA;H E-1-chloropropeng [1997CT]

Reviews and Evaluations
23.0 2.1 298 [1991GVA] Evaluation date uncertain; same value as
previous editio[1979G.

37.2 1.2 298 [1986PNK
23.0 2.1 298 [1983KH
28.5 N.RY 298 [1982R)
36.0 1.3 298 [1970CH
35.1 N.R¢ 298 [1969SW$

®Reported uncertainty refers only to the precision of the measured reaction enthalpy. The parenthetical value is our estimate of the overgllafrtbéstai
technique derived by comparison of the results of similar studies of related chemical systems.

PReported uncertainty refers only to the precision of the measured reaction enthapy and auxiliary thermodynamic quantities, but does notdnwitide sys
uncertainties.

‘Reported uncertainty refers to the combined precisions of the measured reaction enthalpies. The parenthetical value is what we consider elisti more r
combined uncertainty.

Not reported.

Comments:

1. From the Second Law analysis of Levanataal, A,H (403 K)=(61.70+1.0) kJ mol%. This was adjusted tdH(298.15 K)=(61.23+1.3) kJ mol '

using the heat capacity data from the TRC Taljle2810, [1985R. With AHY1,1-GH,Cl,(g), 298.15 K= —132.5 kJ mol! and AHHCI(g), 298.15

K] =—(92.31+0.10) kI mof* (see Secs. 6.3 and 1,%4ne findsAHI C,H;Cl(g), 298.15 K=21.0 kJ mof’. This was a primanfthough not solgresult

used to deriveA;H9 1,1-GH,Cl,(g), 298.15 K. Thus, although self-consistent, these data cannot provide a completely independent confirmation of the
selected value.

2. Taking entropies and heat capacities from the TRC Tqll@81d, [1985R], our Third Law analysis results inH(298.15 K)=62.2 kJ mof*. With
auxiliary quantities as in Comment 1 we calculatgd o C,H;Cl(g), 298.15 K|=22.0 kJ molL. This was a primarythough not solgresult used to derive
AHY1,1-GH,Cly(g), 298.15K]. Thus, although self-consistent, these data cannot provide a completely independent confirmation of the selected value.
3. From the Second Law analysis of Levanataal, AH (308 K)=(93.24+0.7) kJ mol'%. Taking gas phase heat capacity data from the TRC Tables
[19810, [1985R,, and usingA ,Cp(1,1-GH,Cly) = —50.2 I mol *K * [1956LA, A, H%(1,1-GH,Cl,, 298.15 K)=(30.83+0.1) k mol'%, this becomes
AH(298.15 K)=(93.74+ 1.0) kI mol'X. This leads toAH C,H,Cl(g), 298.15 K|=22.7 kJ mol'. This was a primanythough not solg result used to

derive A{H1,1-GH,Cl,(g), 298.15 K. Thus, although self-consistent, these data cannot provide a completely independent confirmation of the selected
value.

4. AH(373K)=—(101.99+1.0) kJ mor* was adjusted ta\ H(298.15 K)= — (100.54+ 1.3) kJ mol'* using the heat capacity data from the TRC Tables
[1981d. In conjunction withA{H C,H,(g), 298.15 K|= —(227.4+0.8) kJ mol'* and A(HYHCI(g), 298.15 K= —(92.31+0.10) kJ moi* (see Secs. 4.1

and 1.4, we deriveA;HY C,H;Cl(g), 298.15 K= — (34.55+ 1.5) kJ mor™%.

5. AH(521K)=—(220.12+1.1) kJ mol'! was adjusted ta H(298.15 K)= — (213.89+ 1.6) kJ mol * using the heat capacity data from the TRC Tables
[1981d. In conjunction withA;H C,H(g),298.15 K|= — (84.0+ 0.4) kJ moi'* and A;{HHCI(g),298.15 K = — (92.31*+ 0.10) kJ mol* (see Secs. 6.1 and

1.4), we deriveAH C,H;Cl(g),298.15 K| = (37.58+ 1.7) kJ mol .

6. AH(347.65K)=—(95.81* 1.3) kJ mol ! for the polymerization gH,CI(1)—C,H,Cl (poly, 9 was determined in an isothermal distillation calorimeter.

In the absence of heat capacity data for the polymer and liquid, this value was assumed to be approximatelyAggitd] @HCI(I), 298.15 K.

7. Static bomb calorimetryA H[ (poly,9, 298.15 K= —(1145.3+1.3) kJ mol'}, refers to reaction §H,Cl (poly,9+2.50,(g)—2C0O,(g)+H,0(1)+ HCI

(aq:600. The following auxiliary thermodynamic values were usesiHCO,(g), 298.15 K= —(393.51+0.13) kd mol?, A{HIH,0(1),298.15K]

=K] = —(285.830- 0.040) kJ mol?, and AHHCI (aq:600, 298.15 K|= — (166.540-0.10) kJ mol’. This leads toA;H° C,H;Cl (poly,9]= —(94.09
=—(94.09+1.3) kImol'Y. In conjunction with the enthalpy of polymerizationComment 6 and Ay HTCHLCI, 298.15K=(21.1

+1.0) kI mol'* (see belowwe deriveA{H C,H;Cl(g), 298.15 K= (22.8+2.2) kJ mol %,
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8. Energies for several C1, C2, and C3 chlorocarbons were derived at several levels of theory up to and including G2 calculations. Isodesmi@reactions
used to derive the best calculated enthalpies of formation and values for benchmark compounds were used to confirm the results.

9. The enthalpy increment;H C,H3X(g), 298.15 K|=AH CsHsX(g), 298.15 K —(29.7+6.3) kJ mol'* was derived from the data on or a variety of
substituted enthenes and benzenes. Usifg% CsHsCI(g), 298.15 K =(52.0+1.3) kI mol'* [1994P, one derivesA{H C,H,CI(g), 298.15 K]=(22.3

+6.4) kImoll. Luo and Holmes originally used\H CgHsCl(g), 298.15 K|=54.4 kI mol* [1985P3, which results A(HY C,H,CI(g), 298.15K]
=24.7kImol ™,

10. Based on measured equilibrium constantsEfdr- chloropropene-3-chloropropenéA) andZ-1-chloropropene-3-chloropropenéB). Original Second

Law analysis has been updated with a Third Law analysis to jjye(298.15 K)=8.08 kJ mol?, andAgH(298.15 K)=10.13 kJ mol* [1997CT]. Absolute
values were derived usintiH 3-chloropropeng@), 298.15 K= — (3.3+=2.1) kJ mot* [1997CT], resulting in the group valu€4-(Cl)(H)=5.48 kJ mol™.

This leads to the group additivity estimatgH C,H,CI(g), 298.15 K|=20.75 kJ mot™.

mation of chloroethene that is 10-15 kJ mbhigher than A{H CH,CCly(g), 298.15 K= —(144.6+2.0) kimol !

five other independent methods of deriving this value. Thgsee Sec. 6)5 which leads to
Lacher et al. studies[1956LEB|, [1962LGH have accord- AH CH,—CCl,(g), 298.15K=(2.4+2.2) kamol'l. This
lngly not been considered in making our final selection. Thegs in excellent agreement with the combustion val(sse
calorimetry work on the polymef1958S$, [1963], the  Table 10.

equilibrium  dehydrochlorination of 1,1-dichloroethane Finally, Levanovaet al. [1975LTVa], [1975LTVh] have
[1976LTV], two independent group additivity methods studied the hydrochlorination equilibrium in chlorobenzene
[1973AGH|, [1992LH], and ab initio calculations petween 293 and 353 K.

[1997CT] all suggest very similar values. All of these data

were considered and lead us to recommend CH,=CCly(soln+HCI(g)=CH3CCl; (soln. (7)
A{HY C,H5Cl(g), 298.15 K =(22.0+3.0) kamol'. The .

value for the hypothetical liquid under standard conditions isThey report  logoK=(2900mM)—7.69. This Second

. _ Law analysis corresponds to AH(323K)
derived as A{H C,H,CI(I), 298.15K|=(0.9 X r
+3.2) kImol L. HACHCID KI=( = —(55.5+2) kI mol %, Using  Cy CH=—CCl(l)]

=111.293mol*K™* [1993DH, and C,CH;CCly(l)]
=144.39Jmol*K™*  [1993DH, and C,[HCI(g)]
=29.14Jmol* K™, we calculated,C,=3.96 Jmol 'K,
Enthalpy of VaporizationThe enthalpy of vaporization at and AH(298.15K)=—(55.4+2) kJ mol'l. Together with
298.15 K has been derived by Hildenbrandtal. AHYCH;CCl(l), 298.15K=—(177.1+3) kJ mol'! (see
[1959HKM] from vapor pressure measurements asSec. 6.5 we obtain AHYCH,—=CCl,(I), 298.15K
AyaH (298.15 K)= (26.48£0.09) kI mol X, A correction of = —29.4KkJ moll. A Third Law analysis was also
0.26 kJmol! due to nonideality of the gas was taken from performed from the calculated value of the equilibrium
the work of Majer and Svobodd 985Mg (our calculation constant at 298.15 K. WithS[CH,—=CCl,(l), 298.15K
gives 0.28 kJmol) and A, H%298.15K)=(26.74 =201.54Imol*K™* [1993DH, and S CH,CCK(l),
+0.09) kamol?! is derived. The heat capacity of vaporiza- 298.15K/=226.69Jmol*K™*  [1993DH, we find
tion was derived as\,Cp=—44.2Jmol*K™* from the  AH(298.15K)=—59.7kJ mofl,  which leads to
difference of the reported heat capacities of the gaf\{HY CH,—=CCl (), 298.15K=—25.1kJ moll. The Sec-
[1991GVA] and liquid[1959HKM]. ond and Third Law analyses are in only fair agreement with
Enthalpy of FormationData are summarized in Table 10. each other. In part this may be because the excess thermody-
The enthalpy of formation of 1,1-dichloroethene is one of thenamic properties of solvation have been neglected. This may
better determined of the chloroethenes. Two high qualityalso explain the slight disagreement with the combustion re-
combustion calorimetry studies are available, the first bysult and gas phase equilibrium data. Nonetheless all the data
Sinke and Stul[1958S$ used a static bomb calorimeter and are in reasonable agreement.

5.3. 1,1-Dichloroethene

the second by Messon etal. [1971IMRY used a RecommendatiomAll of the data are considered in our
rotating bomb calorimeter. The results, final selection, but the combustion calorimetry results of
A{H CH,—CCl (), 298.15K = —(23.8+1.3) kImol? Manssonet al. [1971MRS using a rotating bomb and the
and A{H CH,—CCIl,(I), 298.15K=—(24.1 gas phase hydrochlorination equilibrium ddte972HSM
+1.4) kI mol'%, respectively, are in excellent agreement. are weighted most heavily. The former study also reported
The gas phase hydrochlorination equilibrium the enthalpy of formation of 1,1,1-trichloroethane. In that

- case the results were in reasonable agreement with other
CHp=CCl,(g) +HCl(g)= CH,CCly(g) ©®) work, although the overall uncertainty appears to be some-
was studied by Huet al. [1972HSM and their Third Law  what larger than the statistical precisi¢see Sec. 6)5 In
analysis results in  AH(298.15K)=—(54.64 consideration of this and the other data, we have slightly
+0.84) kImoll, This measurement is particularly impor- increased the uncertainty limits for 1,1-dichloroethene and
tant as it sets the relative enthalpies of formation of therecommend AH CH,—=CCly(l), 298.15K = —(24.3
alkene and alkane quite precisely. The enthalpy of formation-2.0)kJ mol . Combined withA 4 H°(298.15 K)=(26.74
of 1,1,1-trichloroethane has been determined severat0.09)kJmol?, the value for the ideal gas is derived as
times and we have confidence in its value of A{HYCH=—=CCl,(g), 298.15K=(2.4=2.0)kJmol .
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TaBLE 10. Enthalpies of formation of 1,1-dichloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Methods) Ref/Year Comments
Experimental
-2.7 2.7 293-353 Equilibrium of hydrochlorination [1975LTVal 1, Second Law analysigy{H CH;CCls]
CH,=—CCl,(soln+HCI(g) [1975LTVh] used in calculation.
= CH4CCl5(soln)
15 2.7 293-353 Equilibrium of hydrochlorination [1975LTVal 2, Third Law analysisA{H CH;CCls]
CH,=CCly(soln+HCI(g) [1975LTVb| used in calculation.
—CH3CCly(soln
2.3 8 348-399 Equilibrium of hydrochlorination [1972HSM 3, Third Law analysisA{H CH;CCl;]
CH,=—CCl,(g) +HCI(g)=CH5CCl,(9g) used in calculation.
2.6 1.4 298 Combustion calorimetry of liquid [1971MRSY 4, Rotating Bomb.
2.9 1.3 298 Combustion calorimetry of liquid [1958S$ 5, Static Bomb. Data reanalyzed and
[1970CH auxiliary quantities updated Hy970CR.
Reviews and
Evaluations
2.3 1.4 298 [1991GVA] Evaluation date uncertain; same value as
previous editior{ 1979G.
2.8 1.3 298 [1986PNK]|
2.3 14 298 [1983KH
2.38 N.R? 298 [1982R
2.55 1.5 298 [1970CH
1.3 N.RP 298 [1969SW$

dReported uncertainty refers only to the measured reaction enthalpy and does not include uncertainty in auxiliary thermodynamic quantities.
b
Not reported.

Comments:

1. Reaction carried out in chlorobenzene. The Second Law analysis gi¥¢6298.15 K)= —(55.4+2.1) kJ moi'! (see Discussion Together with
AHY CH;CCly(l), 298.15 K= —(177.2+2.0) kJ mol'* (see Sec. 6)5we obtainA;H CH,—CCl,(1), 298.15 K= —(29.4+ 2.9) kJ mol'L. Excess thermo-
dynamic properties of solvation were neglected in the analysis.

2. Reaction carried out in chlorobenzene. The Third Law analysis gdiyid$298.15 K)=—59.7 kJ mof* (see Discussion Together withAH% CH,CCly
(1), 298.15 K]=—(177.1+3.0) kJ mol'? (see Sec. 6)5we obtain taA{H CH,—CCl,(1), 298.15 K= —25.1 kJ mol. Excess thermodynamic properties of
solvation were neglected in the analysis.

3. Third Law analysis of equilibrium Cj=CCl,(g)+HCI(g)=CH,CCly(g) yields A,H(298.15 K)= — (54.6+ 8) kJ mol ~. The quoted value is obtained
using A{HY 1,1,1-GH4Cly(g), 298.15 K= — (144.6+ 2.0) kJ mol'? (see Sec. 6)5andAHHCI(g), 298.15 K= —(92.31+0.10) kJ mol ™.

4. Rotating bomb calorimetryA H(298.15 K)(l), 298.15 K=—(1096.0+-1.4) kI mol?, refers to reaction 1,1-F,Cl(1)+20,(g)—2CO,(g)+2HCI
(ag:600. The following auxiliary values were used;H CO,(g), 298.15 K= —(393.51+0.13) kJ mol! and A{HHCl(aq:600, 298.15 K= — (166.540
+0.10) kJ mol. This leads taA{H CH,=CCl,(1), 28.15 K]=—(24.10* 1.4) kJ mor'%.

5. Static bomb calorimetryA H[ (I), 298.15 K|=—(1096.3+ 1.3) kJ mol'1. Stated value is from reevaluation compiled by Pedieyl. in 1986 using
updated auxiliary thermodynamic quantities. Auxiliary data as in Comment 4. Data lelgt $pCH,—CCl,(1), 298.15 K= —(23.8+ 1.3) kJ mol'%.

5.4. E-1,2-Dichloroethene nonideality of the gas is calculated as 0.20 kJmpolsing
Eqg. (1) and second virial coefficients taken from the DIPPR

. Enthalpy of VaporizationCox and Pilchelr[1970CH de- Tables[2001 DIF (datasheet revision data August, 1994
rived A;H(298.15K)=(29.3=1.3)kJmol = from vapor This leads 10 Ao HOE-1,2-GH,Cl,, 298.15K = (29.5
pressures measured over the temperature range 235-358 } Ve ’ o2 ' i

1 - -
by Ketelaaret al. [1947KVZ], slightly different from the r_ive.g):;] Am oTC._TEth (;itnii?fl g% ]f;for\;a?ﬁé%?#g:]er\:\gso?e_
value of A, H(298.15K)=28.95 kJmol* calculated from h vap-p - L o

this same data by Studt al. [1969SWS$§. Simple interpola- e reported heat capacities of the §#891GVA] and liquid

tion between the values derived by Ketelaa@al. at 273.15 [1934M]. ) ) )

and 320.82 K yleldsk\,aFH(29815 K)= 29.44 kJ moTl. For Enthalpy of Forr.natlonDa.ta are summarized in Table 11.
other compounds in this review we were able to correlatel "€ only combustion calorimetry value for the enthalpy of
Ao H(298.15K) with the normal boiling pointvide infra formation ofE-1,2-dichloroethene |s_that of Eftrifd938H.

see Fig. 9 of Sec. 6)9and also foundA,,H/T,=(88.0 The results were corrected by Smighal. [1953SBK and
+3.0)IJmol 1K1, These respective estimation methodolo-reevaluated by Cox and Pilch¢t970CH. The data have
gies lead to A, H(298.15K)=(29.4+1.5)kImol'* and  subsequently been compiled by Pedétyal. [1986PNK and
(29.2-1.0)kJmol'?, in excellent agreement with experi- lead to A{HYZ-CHCE=CHCI(), 298.15K=—(24.3
ment. We recommend A, H(298.15K)=(29.3 *£8.4)kJ mol L. However, in cases where there are data from
+1.0)kJmol'l. The correction A, H(298.15K) due to newer combustion studies, the enthalpies of formation de-
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TaBLE 11. Enthalpies of formation dt-1,2-dichloroethene derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Method(s) Ref/Year Comments
Experimental
-0.3 N.R. 447-673 Equilibrium [1974RLD) 1, Reported data reanalyzed at NIST
(0.52 CH,=—CCl, (g)=E-CHCI=CHCI (g) using Second Law)H CH,=—=CCl,]
used in calculation.
-0.5 N.R. 447-673 Equilibrium [1974RLD) 2, Reported data reanalyzed at NIST
(0.4P CH,—CCl, (g)=E-CHCIE=CHCI (g) using Third Law,A{H% CH,—=CCl,] used
in calculation.
5.0 8.4 298 Combustion calorimetry of liquid [1938H 3, Static Bomb. Data corrected by Smith
[1953SBK et al.in 1953. Reanalyzed and auxiliary
[1970CH quantities updated by1970CRH.
Reviews and
Evaluations
6.1 1.4 298 [1991GVA] Evaluation date uncertain; same value as
previous editior{1979G.
5.0 8.5 298 [1986PNK]|
6.1 1.0 298 [1983KA
-0.4 N.R® 298 [1982R
5.0 8.8 298 [1970CRH
4.2 N.R® 298 [1969SW$

#Not reported, the parenthetical value is that estimated in this work and refers only to the measured reaction enthalpy.
PNot reported, the parenthetical value is that estimated in this work.
‘Not reported.

Comments:

1. Isomerized in a flow reactor in the presence of cataly§i€l, on activated carbon or Biglon activated carbgn Data reanalyzed at NISTsee
Discussion. AH (560 K)=—(3.29+0.3) kJ mol. Using heat capacities from Gurvich,H(298.15 K)= — (3.06+ 0.4) kJ mol'l. The heat capacities of
Rodgerg 1982R| give a very similar result. Reported value calculated ugigg® CH,—CCl, (g), 298.15 K= (2.42.0) kJ mot™.

2. Isomerized in a flow reactor in the presence of catalysts ,N#@l activated carbon or Biglon activated carbon. Reanalyzed at NI$See
Discussion. AH (560 K)=—(3.09+0.2) kJ mol. Using heat capacities from Gurviat al. [1991GVA], A,H(298.15 K)= — (2.86+0.3) ki mol'L. The
heat capacities of Rodgef$982R| give a very similar result. Calculated usidgH° CH,—CCl, (g), 298.15 K|= (2.4 2.0) kJ moi %,

3. The original results of Eftring1938H were corrected by Smitlet al. [1953SBK and reevaluated by Cox and Pilchei970CRH. The data have
subsequently been compiled by Pedletyal. [1986PNK|. Purity of the sample is uncertain\ H[ (1), 298.15 K|= — (1095.8+ 8.4) kI mol'%, refers to
reactionE-1,2-GH,Cl, (1)+20, (9)—2CO, (g)+2HCI (aq:600. The following auxiliary values were usediH CO,(g), 298.15 K= —(393.51+ 0.13
kJ mol'* and A(H HCI (aq:600, 298.15 K|= — (166.540 0.10) kJ mof*. The data result it\{H CH,—CCl, (1), 298.15 K = — (24.30+ 8.4) kJ mol'%.

rived from the data of Eftrin§1938H appear to be system- = —(2.86+0.4)kJmol'%. The uncertainties are estimated 2
atically too positive. This observation suggests that thes@alues and include both the uncertainty in the equilibrium
data should be treated cautiously. constant and uncertainty in the thermodynamic properties.

The best data from which to obtain a reliable value forThe Second and Third Law analyses are in excellent agree-
A¢H(E-CHCE=CHCI) are from the study of Rozhnat al.  ment, although the latter is preferred since the molecular
[1974RLD], who have measured the equilibrium between theproperties of the dichloroethenes are well known. In
three dichloroethene isomers in the gas phase between 44énjunction with AHY CH,—CCl,(g), 298.15K=(2.4
and 673 K. +2.0)kJmol?, we obtain A{HIE-CHCI

— 1 H.
CH,—CCly(g)= E-CHCE=CHCI(g). (8 =CHCI(g), 298.15K=—(0.46+2.0)kJmol %, Very simi-
lar numbers are obtained if the entropies and heat capacities
The compounds were isomerized in a flow reactor in theyre taken from RodgerEl982R instead of Gurvichet al.
presence of catalystiiCl, on activated carbon or Bigbn  [1991GVA].
activated carbon We have plotted their datéFig. 6) and As a consistency check we have compared the data of

find logKg=(172+25)/T+(4.71+4.71)< 10 2, where the Rozhnovet al.[1974RLD] on theZ/E equilibrium (Reaction
uncertainties are & This corresponds toAgH(560K)  9) with other literature data. The data are

=—(3.29+ 0.48)kJ mol't. Using the gas phase heat capaci-

ties from Gurvich etal. [1991GVA], this becomes Z-CHCE=CHCI(Q=E-CHCI=CHCI(@)  (9)
AgH(298.15K)=—(3.06+0.48)kJmolt. A Third Law shown in Fig. 7. The data taken prior to 1970 were derived
analysis was also performed. Using entropies and heat c&om measurements of the dielectric constant while the later
pacities from Gurvich etal. [1991GVA], we find measurements are based on gas chromatographic analyses.
AgH (560 K)= —(3.09+0.4)kI mol %, AgH(298.15K)  The data are all in good agreement, although there is some-
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Fic. 6. Plot of the equilibrium constants of Rozhneval. [1974RLD] for

the reactions CH=CCl,(g)=Z-CHCI=CHCI(g) and
CH,—=CCl,(g)=E-CHCE=CHCI(g). The least squares fits are
log K(Z-12DCE/11-DCE)- (316 42) [T+ (— 2.90+79.6)x 10~ 3 and

log K(E-12DCE/11-DCE}= (172+ 25)/T + (4.71+ 4.71)X 10" 2. Uncertain-
ties are 2.

spread in the high temperature data. It should be noted, ho
ever, that one of the high temperature studiE389ML] was

a kinetic study not specifically designed to obtain informa-
tion on the position of th&Z/E equilibrium. The study of
Rozhnovet al. [1974RLD)] is the only one to also report on
the equilibrium with 1,1-dichloroethene. Since that informa-
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Fic. 7. Literature data on the gas-phase equilibrium

Z-CHCE=CHCI=E-CHCICHCI. The data of Manion and Louw
[1989ML] are from a kinetic study not specifically designed to obtain infor-
mation on the position of th&/Z equilibrium. The line corresponds to
log K(E/Z)=(5.00+3.2)X 10" 2— (145+ 17)/T and is that derived from the
data of Rozhno\et al.[1974RLD] The uncertainties ares2 As shown, the
reaction enthalpyslope is consistent with the other data. Kgt989ML]/a:
from kinetic study of GHCIl; hydrogenolysis{1989MLJ/b; from kinetic
study of E-CHCI=CHCI hydrogenolysis; others as in reference list.

several other chlorine compounds for which independent
data are available. Notice that the equilibrium data define the
relative enthalpies of formation of the three dichloroethenes
very precisely, within about 0.4 kJ mdl. The absolute num-

bers are somewhat less well determined.

5.5. Z-1,2-Dichloroethene

tion is critical to establishing the absolute enthalpy of forma-
tion values, and all the data are in reasonable agreement, weEnthalpy of VaporizationThe vapor pressure measure-

have based our selected values on their data. The Seco
Law analysis performed at NIST on their data yields
AgH(560K)=(2.77+0.32)kIJmol!, while a Third Law
analysis using entropy values from Gurviclet al.
[1991GVA] results inAgH (560 K)=(2.80+ 0.3)kJmol%, in
near-perfect agreement. Extrapolated to 298.15 K, again u
ing the data of Gurvictet al, [1991GVA| the Third Law
analysis yieldsAgH(298.15 K)=(2.57+ 0.3)kJ mol %,

Since all relative enthalpies of formation of the dichloro-
ethenes were obtained from the same equilibrium data, th

value is in perfect agreement with that derived from equilib-

rum Eq. (8 and our preferred value of
A{HY Z-CHCI=CHCI(g), 298.15K]. For comparison, the
largest values oKg(T) are those of Wood and Stevenson
[1941WS (Fig. 7). Their data result inAgH(298.15K)
=2.22kJmol! (Third Law), and AgH(298.15K)
=2.80kJmol? (Second Law The average is in excellent
agreement with the value derived from the data of Rozhno
et al. [1974RLD] and suggests that the relative energies o

ntents of Ketelaaet al. [1947KVZ] between 240 and 372 K
were used by Stull etal. [1969SWS to derive
AyagH(298.15 K)=31.1 kI mol*. Cox and Pilchef1970CRH
derived A, H(298.15K)=(31.0+ 1.3)kJ mol'! from these
same measurements. Simple interpolation between the values
slerived by Ketelaaet al. [1947KVZ] at 273.15 and 333.78

K yields A;H(298.15K)=31.0kJ molt. As checks, for
the other compounds in this review we were able to correlate
AyoH(298.15K) with the normal boiling pointvide infra

isee Fig. 9 of Sec. 6)9and also foundA,,H/T,=(88.0
+3.0)Jmol*K™%, in the range of typical statements of
Trouton’s Rule [1978A]. These estimations lead to
AyaH(298.15 K)=(31.2+- 1.5)kJ mol and (30.9
+1.0)kIJmol'?, respectively. The valued ,, H(298.15K)
=(31.0+1.0)kJmol'! is recommended. Using Eql) and
second virial coefficients taken from the DIPPR Tables
[2001DIF (datasheet revision date August, 199the cor-
vection toA,,H(298.15K) due to nonideality of the gas is
fcalculated as 0.13 kJmd, which leads to

the two isomers are very well defined. We recommendA,,H9Z-1,2-GH,Cl,]=(31.1+1.0)kJ mol . The heat ca-

A{HY Z-CHCI=CHCI(g), 298.15KJ=AHYE-CHCI
—CHCI(g), 298.15K — (2.57+0.3)kJmol %,
RecommendationThe equilibrium results[1974RLD]
should be reliable and the valueA;H9E-CHCI
—CHCI(g), 298.15K = — (0.5 2.0)kJ mol'* derived from

pacity of vaporization was derived asA,C,
—45.0JmoltK ! from the difference of the reported
heat capacities of the ga$991GVA| and liquid[1934M].
Enthalpy of FormationData are summarized in Table 12.
The only combustion calorimetry value for the enthalpy of

the Third Law analysis is selected. The combustion value oformation ofZ-1,2-dichloroethene is that of Eftrijd 938H,

Eftring [1938H appears to be too positive, as is the case fo
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method. The original results of Eftring were correctedwe calculateA;H Z-CHCE=CHCI(I), 298.15K = —(34.8
by Smith et al. [1953SBK and reevaluated by Cox and +45)kImol! and AH9Z-CHCE=CHCI(g), 298.15K
Pilcher [1970CH. The data have subsequently been com-= —(2.8+4.7)kJmol %,
piled by Pedley etal. [1986PNK and lead to Because of the short temperature range of the experiments,
A{HY Z-CHCE=CHCI(), 298.15K =—(26.48.4)kJ  we have also performed a Third Law analysis on the data.
mol™* and AHTZ-CHCE=CHCI(g), 298.15K=(4.7  For 1,1,2-GHsCls, A ,,S(386.6 K)=89.81IJmol'K ' was
+8.5)kJmol'*. However, in cases where there are data fromcalculated from the enthalpy of vaporization at the boiling
newer combustion studies, the enthalpies of formation depoint reported by Majeet al. [1980MSS. Using AyaCp as
rived from the data of Eftring appear to be systematically tooabove, Ayap3(298.15 K[1,1,2-GH3Cl3] = 105.5J moltK1
positive (see Fig. 3 This observation suggests that thesewas calculated. This is in good agreement with the value
data should be treated cautiously. 104.6 Jmol*K ™! derived from the gas and liquid phase
The enthalpy of formation aZ-CHCI=CHCI is linked to entropy data of reference[1982WER. The value
that of 1,1,2,2-tetrachloroethane through the enthalpy of reA,,,5(298.15 K) Z-CHCl=CHCI]=91.2J moltK=! was
action(10), which was determined by Kirkbridel956K] as  derived from the entropy data of referefd®82WER. The
A1H(298.15K)=—(169.0+8.4)kJmol!, where the un- Third Law analysis yields\,H(298.15 K)= — 66.6 kJ mol .
certainty is that estimated by Cox and Pilch&870CRH and A{HYZ-CHCE=CHCI(g), 298.15K=2.6 kJmol ..
The agreement between the Second and Third Law analysis
Z-CHCL=CHCI()+Cl3(g)—1,2,2-GH,Cl(). 10 i only fair, which may be due to the estimations involved,
Taking AHI1,1,2,2-GH,Cl,(l), 298.15K=—(202.4 the short temperature range of the experiments, the presence
+2.9)kJmolt (see  Sec. 6)8 we calculate Of side reactions, and the excess thermodynamic properties
A{H Z-CHCI=CHCI(), 298.15K]= —(33.4:8.9)  of solvation.
kJ mol and A{H Z-CHCE=CHCI(g), 298.15K Finally, Rozhnovet al.[1974RLD] have studied the equi-
= —(2.4+9.0)kJ mol'%. Although the uncertainty in this re- librium between the three dichloroethene isomers in the gas
sult appears high, it is mostly due to the uncertainty in thephase between 447 and 673 K
enthalpy of chlorination estimated by Cox and Pilcher. It is CH—CCl,(g) = E/Z- CHCE=CHCI(g) (12
not clear how they assigned the uncertainty and it is interest- =R 0= 9
ing that the data appear to be of much better accuracy whethe compounds were isomerized in a flow reactor in the
compared  with our independent estimate  ofpresence of catalysts NiCbn activated carbon or Bighbn
A{HYZ-CHCE=CHCI(g), 298.15K] (see below activated carbon. We have plotted their déay. 6) and find
Another link is to the enthalpy of formation of 1,1,2- JogK;,=(316+42)/T+(—2.90+79.6)x10 3, where the
trichloroethane through equilibriuitil), which was studied uncertainties are & This corresponds toA;,H(560K)
by Levanovaet al.[1975LTVa], [1975LTVb] =—(6.05=0.80)kJ mol*. Using gas phase heat capacities
. from  Gurvich etal. [1991GVA], this becomes
Z'CHC'ZCHC'(SO'”)+HC'(9)‘—1’1'2{32”3(7'3(30'(”}1) A ;H(298.15 K)= — (5.60+0.80)kImol. A Third Law
analysis was also performed. Using entropies and heat ca-
The equilibrium was established in tetrachloroethane solverpacities from Gurvich etal. [1991GVA], we find
(isomer not specifiedbetween 343 and 363 K with the cata- A,H(560 K)=—(5.88+0.4)kJ mol'* and A,H(298.15K)
lysts AICl; and FeCJ. Experiments were also carried out = —(5.43+0.4)kJ mol' L. The uncertainties are estimated 2
with the E isomer, but in that case the results were considvalues and include both the uncertainty in the equilibrium
ered unreliable due to the presence of side reactions. Fa@onstant and uncertainty in the thermodynamic properties.
reaction(11) Levanovaet al. [1975LTVa], [1975LTVb| de- The Second and Third Law analyses are in excellent agree-
rived logK;;=3190M—7.4, which corresponds to ment. The latter is preferred since the molecular properties of
AH(353K)=—(61.1+2.1)kI mol %, where the uncertainty the dichloroethenes are well established and have no uncer-
is that reported by Levanovet al. and is taken as® To  tainties relating to low frequency internal rotational modes.
correct these values to 298.15 K, the heat capacity of gam conjunction with A{H CH,—CCl,(g),298.15K=(2.4
phase 1,1,2-¢H5Cl; [1918C was modified usingA,,Cp, +2.0)kImor%, we obtain
=—-60.3Jmol K™%, derived from the temperature depen- A;H9 Z-CHCI=CHCI(g),298.15 K= —(3.03
dence ofA,,JH measured by Majeet al. [1980MSS. The  +2.0)kJ mol'L. A very similar result is obtained if the en-
gas phaseC, data[1928R on Z-CHCIE=CHCI was cor- tropies and heat capacities of RodgErS82R| are used in-
rected usingA,Cp= —48.8Jmol 'K, derived from the stead of those of Gurvich.
data listed in referendd 982WER. These minor corrections Recommendation The values of Rozhnov et al.
yield A;;H(298.15K)=—(61.2+2.1)kcalmol'l. Enthalp- [1974RLD] on theE/Z equilibrium (Fig. 7, discussed in the
ies of specific interaction with the solvent are expected to bevaluation for theE isomer, Sec. 5)are in excellent agree-
small, e.g., for Z-1,2-GH,Cl, in chlorobenzene, ment with several other studies. This gives us confidence that
AinteractioH = —0.3kJmol! [1991BS]. If these are ne- their data are of good accuracy and the value derivable from
glected, and using A;H91,1,2-GH5Cl4(1),298.15 K= that work, A;HYZ-CHCECHCI(g), 298.15K=—(3.0
—(187.3+4.0)kJmol* (see discussion for this compoynd +2.0)kJmol'?, is selected. The combustion value of Eftring
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TaBLE 12. Enthalpies of formation af-1,2-dichloroethene derived from reported experimental data

AH°(9), Reported
298.15 K uncertainty  Temp.

(kJmol'y)  kImol?t (K) Methogs) Ref/Year Comments
Experimental
-3.6 2.7 293-353  Equilibrium of hydrochlorination [1975LTVa,d 1, Second Law analysis,
Z-C,H,Cl, (sol)+HCI (g)—1,1,2-GHCl; (sol) A{H9 1,1,2-GH4Cl5] used in calculation.
1.7 2.7 293-353  Equilibrium of hydrochlorination [1975LTVa,d 2, Third Law analysis,
Z-C,H,Cl, (sol) +HCI (g)—1,1,2-GH4Cl5 (sol) A¢HY1,1,2-GH4Cl;] used in calculation.
-3.2 N.R. 447-673  Equilibrium [1974RLD] 3, Reported data reanalyzed at NIST
(0.5° CH,—CCl, (g)=Z-CHCI=CHCI (g) using Second LawA;H CH,—CCl,]
used in calculation.
-3.0 N.R. 447-673  Equilibrium [1974RLD] 4, Reported data reanalyzed at NIST
(0.4° CH,=—CCl, (g)=Z-CHCI=CHCI (g) using Third Law,A{H° CH,—=CCl,] used
in calculation.
—2.4 N.R. 298 Enthalpy of chlorination [1956K] 5, Reanalyzed by1970CH. We have used a
(8.4° Z-1,2-GH.Cl, ()+Cl, (9)—1,1,2,2-GH,Cl, () newer value ofA;H1,1,2,2-GH,Cl, ()]
in the calculation.
4.6 8.4 298 Combustion calorimetry of liquid [1938H 6, Static Bomb. Data corrected by Smith
[1953SBK et al. in 1953. Reanalyzed and auxiliary
[1970CH quantities updated by1970CRH.
Reviews and
Evaluations
4.1 1.4 298 [1991GVA] Evaluation date uncertain; same value as
previous editior{1979G.
4.6 8.5 298 [1986PNK]
41 1.1 298 [1983KP
-2.8 N.R¢ 298 [1982R
4.2 8.8 298 [1970CRH
1.3 N.RY 208 [1969SW$

®Reported uncertainty refers only to the measured reaction enthalpy and does not include uncertainty in auxiliary thermodynamic quantities.
PNot reported, the parenthetical value is that estimated in this work and refers only to the measured reaction enthalpy.

‘Not reported, the parenthetical value is that estimated by Cox and Pjit&edCH.

dNot reported.

Comments:

1. Reaction carried out in tetrachloroethadgH (353 K)=—61.1 kJ mol* and A,H(398.15 K)=—61.2 kJ mol'! and (see Discussion Together with
AHY1,1,2-GH4Cl5 (1), 298.15 K = — (188.3+ 4.0) kJ mol'? (see Sec. 6)gwe obtain calculaté (H Z-CHCI=CHCI (1), 298.15 K|= — 34.7 kJ mol %, Ex-
cess thermodynamic properties of solvation were neglected in the analysis.

2. Reaction carried out in tetrachloroethagH (353 K)=—66.5 kJ mol* and A,H(298.15 K)= —66.6 kJ mof'* and (see Discussion Together with
A{H1,1,2-GH4Cl5 (1), 298.15 K = — (188.3+ 4.0) mol ! (see Sec. 6)6we obtain calculaté H° Z-CHCIE=CHCI (1), 298.15 K = —29.4 kJ mol . Excess
thermodynamic properties of solvation were neglected in the analysis.

3. Reanalyzed at NIST(see Discussion AH(560K)=—(6.05+0.4) kJmol'l. Using heat capacities from GurvichAH(298.15 K)=—(5.60
+0.5) kImol'l. The heat capacities of Rodgers give a very similar result. Reported value calculated AysiffgCH,—CCl, (g), 298.15 K|=(2.4
+2.0) kI mor™.

4. Reanalyzed at NISTsee Discussion A,H (560 K)=—(5.88+0.4) kJ mol'l. Using heat capacities from Gurviat al. [1991GVA], AH(298.15 K)
= (—5.40+0.4) kImor'l. The heat capacities of Rodgefs982R| give a very similar result. Calculated usingH9 CH,—CCl, (g), 298.15 K|=(2.4
+2.0) kI mol'™,

5. AH(298.15 K)=—(169.0+ 8.4) kJ mol'L. The quoted value is obtained usiagH 1,1,2,2-GH,Cl, (1), 298.15 K|= — (202.4+ 2.9) kJ mor .

6. The original results of Eftring1938H were corrected by Smitlet al. [1953SBK and reevaluated by Cox and Pilcher970CRH. The data have
subsequently been compiled by Pedé&yal. [1986PNK]. The purity of the sample is uncertain. Corrected resultsiak (1), 298.15 K= — (1093.7= 8.4)
kJ mol ™%, refers to reactiorE-1,2-GH,Cl, (1)+20, (9)—2C0, (g)+2HCI (agq:600. The following auxiliary values were usediHYCO,(g), 298.15K]
=—(393.51+0.13) kI mol! and AHHCI (aq:600, 298.15 K= —(166.540-0.10) kI molt. The data result inAH[CH=—=CCl,(l), 298.15 K]
=—(26.40=8.4) kI mol'%,

[1938H appears to be much too positive, as is the case for 5.6. Trichloroethene

several other chlorine compounds for which independent o o
data are availablésee Fig. 3 Notice that the equilibrium Enthalpy of VaporizationThe enthalpy of vaporization at

data define theelative enthalpies of formation of the three 298.15 K has been determined by Mathefl926M] as
dichloroethenes very precisely, within about 0.4 kJmol  AyaH(298.15 K)=(34.7+0.4) k mol * from measurements
The absolute numbers are somewhat less well determinethade near the boiling point. More recently, Majeral.
Note that the least stable dichloroethene isomer is that with1980MS§ calorimetrically measured the enthalpy of vapor-
all chlorines on a single carbon. ization between 298.15 and 353 K and found
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AyaH (298.15 K)= (34.49£0.09). The value roethene were adjusted to the liquid phase using data derived
AyaH(298.15 K)=(34.49£0.09) kI mol* is selected. Us- from the study of Majeret al. [1980MSS, and that for

ing Eg. (1) and other data from the DIPPR databasel,1,1,2-GH,Cl, from the correlations discussed in the
[2001DIF (datasheet revision date August, 198te cor- section ~ on  pentachloroethane.  This  analysis
rection due to non-ideality of the gas is calculated as 0.18&ields AH(298.15 K)=(51.7+0.4) kJmol ! and

kJ mol %, slightly different from the value of 0.08 kimdl ~ AHTCHCIy(l), 298.15 K= —(49.4+2.3) kI mol *. Note
calculated by Majer and Svobo@2985M9. Based on Fig. that the Second and Third Law analyses are in only fair
1, the latter value appears to be correct andagreement and that the reaction enthalpies from the two
AyapH%(298.15 K)= (34.57£0.09) kJ mol?! is derived. The analyses do not agree within the uncertainty limits indicated

heat capacity of vaporization is derived a&,,C, by Levanovaet al. [1976LBR]. The difference presumably
=-50.3Jmol*K™* from the temperature dependence of results from the summed uncertainties in the estimated prop-

the vaporization data 4fL980MSS. erties, the excess thermodynamic properties associated with
Enthalpy of FormationData are summarized in Table 13. solvation, and the uncertainty in the Second Law analysis
The enthalpy of formation has been measured by combustiodue to the short experimental temperature range. Our evalu-
calorimetry by two groups. The results of Eftring938H ations of data from this type of experiment would suggest
were corrected by Smitlet al. [1953SBK| and have been that more realistic uncertainty limits for the reaction enthalpy
used as the basis of several previous critical evaluation@re =4 kJmol*. Despite this, the equilibrium hydrochlori-
These data have been reevaluated by Cox and Pilchéation results clearly support the more negative of the com-
[1970CH and subsequently compiled and updated by Pedlefpustion values.
et al. [1986PNK, who used a newer value for the enthalpy RecommendatioiThe rotating bomb combustion calorim-
of dilution of HCI. These data yield etry result of Papina and Koles¢¥985PK] should be supe-
AHC,HCI (1), 298.15K = —40.2 kI mol%. The more re- rior to the static combustion experiments of Eftrii®38g,
cent results of Papina and Kolesd®85PK| using a rotating  especially considering the trends observed in Fig. 3. Itis also
bomb calorimeter yield the significantly lower value supported by the equilibrium hydrochlorination data of Le-
AHCHCIL(l), 298.15K=—(53.11+2.9) kimol't. The Vvanovaetal. [1976LBR]. Finally, selection of the more
enthalpy of formation of GHCI; is also linked to that of negative value brings all of the experimental enthalpy of
pentachloroethane through the enthalpy of chlorination mea€action data linking trichloroethene, tetrachloroethene, pen-
sured by Kirkbridg 1956K]. However, since\{H(C,HCls) is  tachloroethane, and hexachloroethéee Secs. 5.7, 6.9, and
not well established by an independent methodol¢sge  6.10 into approximate agreement. This is not the case if the
discussion for that compoundhe experiments of Kirkbride combustion data of Eftring are accepted. Our final selected
establish only a relative and not absolute value. values are AHTCHCI4(), 298.15K=—(52.1
More helpful are the data of Levanoe al. [1976LBR,  *3.0) kImol'* and A{HYC,HCIy(g), 298.15K=—(17.5
who measured the hydrochlorination equilibrium in an or-*+3.0) kJmol'". These are based primarily on the combus-
ganic solvent(not further specified and reported logk  tion result of Papina and Kolesdd985PK|, although the

=7.54—2372 between 313 and 353 K value was made slightly more positivée kJ mol 1) to give a
better global fit with all results interlinking ££1Cl;, C,HCls,
CH2C|CCI3(SOI”)<:>C2HC|3(Soln)+HCI(g) (13) C2C|4, and QCIG

Since the value of\;H(CH,CICCly) is one of the better es-
tablished of the highly chlorinated compounds, these data
should help us choose between the combustion calorimetry
data. From their Second Law analysis of Levan®taal. Enthalpy of VaporizationMajer et al. [1980MS§ calori-
[1976LBR] report AH(333K)=(45.4+0.4) kJmol'l. To  metrically measured the enthalpy of vaporization between
adjust this to 298.15 K, the gas phaSg values[1981CF, 298 and 358 K and foundA,,H(298.15K)=(39.70
[1982R)] were converted to the liquid phase by subtraction of+0.09) kJmol'l. A much earlier determination is that of
AyalCp. For trichloroetheneA,,C,=—50.3Jmol*K™*  Mathews[1926M], who determined the value near the boil-
was derived from the temperature dependent enthalpies afig point asA,,H(393.8 K)=(34.72-0.04) kJ mofl. Cox
vaporization measured calorimetrically by Majest al. and Pilcher[1970CR extrapolated this data and obtained
[1980MSS between 298 and 353 K. For 1,1,1,2FGCl,, A\apH (298.15 K)=(39.7+0.8) kJ mol'l, similar to the
AyalCp=—65.8Jmol 'K was derived from the correla- value of A,,H°(298.15 K)=(40.0+0.4) kJmol* obtained
tions discussed in the evaluation of pentachloroethane, Seby Gurvichet al.[1991GVA] from this same data. No details
6.9. These small corrections yield,H(298.15K)=(45.8 were given of the extrapolation procedures. More reliably,
+0.4) kImol't, Using A{HY 1,1,1,2-GH,Cl,(I), 298.15K we can use the temperature dependepiH data of Majer
=—(193.45-2.3) kImol'l, which should be a reliable etal. [1980MSS to obtain AyalCp(CLl) =—(51.8
value (see Sec. 6)7 and A;HYHCI(g), 298.15K +0.5) IJmol'*K ™1, Using this value, the extrapolated data
=—(92.31+0.10) kI mot %, gives  AHYC,HCI4(I), of Mathews yield AaH (298.15 K)=(39.67
298.15K = —(55.3+ 2.3) kJmol'Y. A Third Law analysis +0.06) kJmol?, in excellent agreement with the measure-
was also performed. The gas phase {a@82R on trichlo-  ment of Majeret al. The valueA,,H(298.15 K)=(39.68

5.7. Tetrachloroethene
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TaBLE 13. Enthalpies of formation of trichloroethene derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Method's) Ref/Year Comments
Experimental
-18.5 2.9 298 Combustion calorimetry of liquid [1985PK| 1, Reported value updated using newer
enthalpy of vaporization.
—20.7 0.4 313-353 Equilibrium of hydrochlorination [1976LBR] 2, Second Law analysis,
(4.0 CH,CICCl; (soln=C,HCl; (soln)+HCI (g) A{HY CH,CICCI;] used in calculation.
—-14.8 0.4 313-353 Equilibrium of hydrochlorination [1976LBR] 3, Third Law analysisA{H CH,CICCl;]
(4.0 CH,CICCl; (soln=C,HCl; (soln)+HCI (g) used in calculation.
-17.5 N.R? 298 Enthalpy of chlorination [1956K] 4, This was a primary result used to
(5.0 C,HClI;3 (I)+Cl, (99 —C,HCl5 (1) derive A{H[ C,HCls (1)].
9.7 8.4 298 Combustion calorimetry of liquid [1938H 5, Data corrected by Smitét al. in 1953;

[1953SBR data reanalyzed and auxiliary quantities
[1986PNK] updated by 1986PNK.

Reviews and
Evaluations
19.1 3.1 298 [1991GVA] Evaluation data uncertain; different value
from previous edition[1979G.
9.0 8.8 298 [1986PNK]|
—-4.1 1.2 298 [1983KP
-9.6 N.R® 298 [1982R
-8.4 6.7 298 [1970CRH
-5.9 N.R¢ 298 [1969SW$

@Reported uncertainty refers only to the measured reaction enthalpy. The parenthetical value is that estimated by us by comparison with &ingites.exper
PNot reported. The parenthetical value refers to the reaction enthalpy amdas €alculated by us from the reported data.
‘Not reported.

Comments:

1. Rotating bomb calorimetry. High purity samg(@9.97 mol %. A H[(I), 298.15 K= — (947.7+ 2.9) kJ mol'%, refers to reaction ¢iCl, (1)+H,0 (1)

+ 1.50,(9)—2C0, (g)+3HCI (aq:600. The following auxiliary values were used;H CO, (g), 298.15 K= —(393.51+0.13) kJ mol, AHIH,O (1),
298.15 K]= — (285.830+ 0.040) kJ mol?, and A{HHCI (aq:600, 298.15 K = — (166.540- 0.10) kJ mol . These data resuli;H C,HCl, (1), 298.15K]
=—(53.11+2.9) kI mol'. Papina and Kolesov usedl, ,H°(298.15 K)=(33.97+0.13) from[1979G to obtain the gas phase value, while we prefer
A, H(298.15 K)=(34.57=0.09) kJ mot ™.

2. Second Law analysis of equilibrium GEICCI, (soln)=2C,HCl, (soln)+HCI (g) yields A,H (333 K)= (45.4+0.4) kJ mol'l; This becomes\,H(298.15

K) = (45.8+0.5) kJ mol' (see Discussion The quoted value is obtained usiagH® CH,CICCl; (1), 298.15 K|= — (193.45+ 2.3) kJ mol'* (see Sec. 6)7
andA{HHCI (g), 298.15 K = — (92.31+0.10) kJ mol'l. Excess thermodynamic properties of solvation have been neglected.

3. Third Law analysis of equilibrium CJ)€ICCl, (soln)=2C,HCl; (soln+HCI (g) yields A H(298.15 K)=51.7 kJ mot* (see Discussion The quoted value

is obtained usingA;H CH,CICCl; (1), 298.15 K|= — (193.45+2.3) ki mol'* (see Sec. 6)7 and AHTHCI (g), 298.15 K= —(92.31x0.10) kJ mol™.
Excess thermodynamic properties of solvation have been neglected.

4. AH(298.15K)=—151.2 kI mol’. This was a primarythough not only result used to deriva;H C,HClIs (1), 298.15 K|, the value of which is not well
established. Thus, although self-consistent, these data cannot provide a completely independent confirmation of the selected value. m withjunctio
AH C,HCls (1), 298.15 K| = — (203.3+4.0) kJ mol'* (see Sec. 6)9we deriveAH C,HCl, (1), 298.15 K|= — (52.1+2.9) kJ mor %,

5. Experiments by Eftring in 1938 as listed and corrected by Satital. in 1953.A H(298.15 K)= — (956.5+ 8.4) kJ mol. Purity of substrate tested is
uncertain. Auxiliary quantities as in Comment 1. These data resultf[ C,HCI; (1), 298.15 K| = — (44.31+8.4) kJ moi ™.

+0.05) kdmol! is selected. A correction of 0.04 kJmdlat ~ A;HY C,Cly(l), 298.15K = —(50.6+8.4) kimol't. We do
298.15 K due to nonideality of the gas was taken from Majemot believe this value to be reliable, since for the other com-
and Svoboda[1985MY (our calculation gives 0.045 pounds where there is newer data, the enthalpies of forma-
kJ mol %) andA ,H%(298.15 K)=(39.72+ 0.05) kJ mollis  tion derived from the combustion studies of Eftring appear to
derived. be too positivgsee Fig. 2 In general, the difficulties appear

Enthalpy of FormationData are summarized in Table 14. worse for the more highly chlorinated species.

Combustion ResultsThe only measurement of the en-  Alternative values may be derived through various reac-
thalpy of combustion is by Eftrin¢j1938H. The results of tions that link A;{H(C,Cl,) with enthalpies of formation of
Eftring were corrected by Smitéet al. [1953SBK] and have other chlorinated species. Several studies have related
been used as the basis of several previous critical evaluayH(C,Cl,;) and A{H(C,Clg) through the enthalpy of chlori-
tions. These data have been reevaluated by Cox and Pilcheation. UnfortunatelyA{H(C,Clg) is not well known, so
[1970CR and subsequently compiled and updated by Pedlethese works establish only a relative value. For an absolute
et al. [1986PNK], who used a newer value for the enthalpy value there are essentially two currently available sets of data
of dilution of HCI. These data yield with which to work. First, through studies of the hydrochlo-

J. Phys. Chem. Ref. Data, Vol. 31, No. 1, 2002



ENTHALPIES OF FORMATION OF CHLORINATED HYDROCARBONS 151

rination reaction, we are able to relatiH(C,Cl,) and 2CCly(9)=2C,Cly(g)+2Clx(9) (15
AH(C,HCI5).  Since A{H(C,HCIl;) is linked to N

A{H(C,HCL,), which has a reliable value, we are able to CoLle(@= CLCli(@)+ Cl(9). (16
derive an absolute value faH(C,Cl,). More directly, the The data correspond toK,5(696.6K)=17.6Pa and
recent study of Huybrechtst al. [1996HNM4 on the gas K16(696.6 K)=28.5kPa. Huybrecht®t al. made no esti-
phase pyrolysis of CGlestablishes values for the high tem- Mates of the uncertainty in their datg. For reactid®),
perature equilibria involving CGl C,Cl,, C,Clg, and Cb. In where all components were present in large amounts, we

this case we can use the well-known properties of tetrachlg?@ve generously estimated the 2ncertainty inKy4 to be
romethane to establish;H (C,Cly). +50%. For reactior(16), C,Clg was present in very small
Hydrochlorination The solution phase hydrochlorination &mounts and there was more scatter in the concentration of

equilibrium, reaction(14), has been studied by Levanova this componentsee Fig. 12 0f 1996HNM4). We estimate
et al.[1979LBR| the 2r uncertainty inK,s to be a factor of 2. From
a Third Law analysis, using entropies and heat
capacities from the TRC Table§1981(, [1985R,
we calculate A;H(696.6 K)=(161.7+2.4) kJmol'! and
A15H(298.15 K)=(165.1+2.4) kamoi L, Using
A{HI CCl,(g), 298.15K = —(95.6+2.5) kJ mol* (see Sec.
3.5, this leads to A{HYC,Cl,(g), 298.15K=—(25.9
+3.5) kamol'L. Alternatively, if entropies and heat capaci-
ties are taken from Gurviclet al. [1991GVA], we derive
%fHO[CZCI4(g), 298.15 K= —(24.7+3.5) kImol't. These
values are in very poor agreement with the combustion
value, but in good agreement with that derived from the lig-
uid phase hydrochlorination equilibrium.

Hexachloroethane PyrolysisPyrolysis of hexachloro-
ethane leads to the rapid establishment of equilibr{is),
and is discussed in detail in the evaluation for hexachloro-
ethane, Sec. 6.10. Values from three independent studies are
available and lead to values d;¢H(298.15K) equal to

1 T _ (124.9+-2.3) kImol'%, (126.6+2.6) kJmol'!, and —139.5
+4.2) kImol' %, where the uncertainty is2and is that es- kJmol ! (see Sec. 6.10 and Comments 5, 6, 7, and 10 of

timated by us by comparison with similar experiments. Ir]Table 14. The first two of these values are in reasonable

general the Th|rq Law analysis would be expected to beagreement with the tetrachloromethane pyrolysis data of
more accurate given the short temperature range of the e

; . o ) ~Huybrechts et al. [1996HNM4d, [1996HNMb], while the
periments. However, given the uncertainties associated wit

. . ird is a clear outlier and assumed to be incorrect. The
the estimated data and the fact that we have ignored thgbsence of independent reliable data on

excess thermodynamic properties of solvation, we choose t HIC,Clg(g), 298.15K means that the data on equilib-
average the results. Combined with the selected value q§ ' '
o o 1 um (16) cannot be used to set an absolute value fgCIg
Afr‘ HCngla(Ig'ng?'}S KJ2;8 1%203_3;:320)2 Ili:]J moljrl, Jve Nonetheless, the data on hexachloroethane pyrolysis appear
ca cza € °f29§[3 125 K“(_)’ 34 7‘2t OKJO_Q K ) il mo d 'S”  to validate the tetrachloromethane pyrolysis results of Huy-
Z]?-P ‘gpgl( '298 1)g( L 29 ék\]) ][Tllo » WE CeTVE  hrechtset al, which allow us to derive an absolute value
HTCLL(), 15K= - KJIMOT-. relative to the well-known value of
Tetrachloromethane PyrolysisPyrolysis of tetrachlo- AHCCl
7 . H CCly(g), 298.15K.
romethane has recently been studied in detail by Huybrechts Recommendatiomhe most reliable value is that derivable
et al. [1996HNM4d, [1996HNMb] and leads to a mixture of
from the data of Huybrechtsetal. [1996HNM4d,

CCl,, C.Cly, C,Cls and Cl. They followed the reaction in a 1996HNMI] data on equilibrium(15). The average value

stapc system at 696.6 K for a period of about 1 week aNYerivable from this result and the available entropy and heat
their data show that the above components approach equmt&-

rium after about 3 days. Huybrech&t al. determined the apacity data [1981C, [1985R, [1991GVA

X . A{H C,Cl4(g), 298.15K = —(25.3+3.5)kImol L. To
organic components by GC analyses and the e@dr@tlpn achieve a slightly better global fit to the sets of data interre-
by condensing out the organics at 189 K and ascribing th?ating C,Cly, C,Cls, CHCI., and GHCl,, we have selected
remaining pressure in the vessel tg.CThese data should be "~ re::‘;)mmesr}ded va?iue o H°[C3’CI @, 298.15K
reliable. They report the equilibrium pressures at 696.6 K as_ —(24.2+4.0) kImol'™. This valfue iszab4out, 12 kj mol

_ — 4 _ . . .
F>)<(1C§*C3I2t:n3(i>;i% s;m p((ggig 295)53’5( 1%(*C22act|r‘r‘1) —(976§§ more negative than previous evaluations, all of which appear

Pa, andp(Cl,) = 1.48% 10-2 atm (1500 Pa to be heavily based on the combustion data of Eftring

Th dat b dt lculate th iibri 1938H. However, for the Eftring result to be correét;s
€se dala can be used o caiculale the equilibnium Cofgetermined by Huybrechts al.[1996HNM4 would have to
stants for reaction§l5) and (16):

C,HCls(soln=C,Cl,(soln+HCI(g). (149

They found logK 14,= 7.42— 23601 between 363 and 383 K.
Their Second Law analysis vyielda\,H(373K)=(45.1
+4.2) kJmol'l, where the uncertainty isi2and is that es-
timated by us by comparison with similar experiments. To
correct this to 298.15 K, the gas phase heat capacity data
[1994FKM]  were  adjusted  using A,,C,(C,Cly)
=—-51.8Jmol*K %, derived from the data of Majest al.
[1980MSS, and A, C,(C,HCls) = —67.7Imol 'K ™%, (see
Sec. 6.9. These data vyield AH(298.15K)=(46.2
+42)kJmolt. A Third Law analysis using
A\apS(C,Cly, 298.15K)=102.3Imol K™%, derived from
the data of Majer etal. [1980MSS, and
AyapS(CHCls, 298.15K)=115.0JmotK ™%, derived as
discussed in Sec. 6.9, vyieldA,H(298.15K)=(51.5
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TaBLE 14. Enthalpies of formation of tetrachloroethene derived from reported experimental data

AH(g), Reported
298.15 K uncertainty Temp.
(kd mold) kJ mol® (K) Methods) Ref/Year Comments
Experimental
—25.9 N.R. 696.6 Equilibrium of reaction [1996HNM4 1, Pyrolysis of CCJ. Third Law analysis,
(2.5 2CCl, (9)=2C,Cl, (g9)+2Cl, (9) AHYCCl, (g)] used in calculation.
—27.8 N.R. 696.6 Equilibrium of reaction [1996HNM4 2, Pyrolysis of CCJ. Third Law analysis,
(4.0° C,Clg (99=C,Cl, (9)+Cl, (9) A{HYC,Clg (g)] used in calculation.
—-25.1 N.R. 313-353 Equilibrium of hydrochlorination [1979LBR| 3, Second LawA{H C,HCls (1)] used
(4.2°¢ C,HCl5 (soln=C,Cl, (soln)+HCI (g) in calculation.
-19.8 N.R. 313-353 Equilibrium of hydrochlorination [1979LBR| 4, Third Law analysisA{H C,HCls (1)]
(4.2° C,HCl5 (soln=C,Cl, (soln)+HCI (g) used in calculation.
-8.7 N.RY 773-873 Equilibrium of reaction [1979BLR| 5, Pyrolysis of GClg. Third Law analysis,
C,Clg (99=C,Cl, (9)+Cl, (9) AHI C,Clg (g)] used in calculation.
-11.7 N.RY 773-873 Equilibrium of reaction [1979BLR| 6, Pyrolysis of GClg. 2nd law analysis,
C,Clg (9)=C,Cl, (9)+Cl, (9) A{H[C,Clg ()] used in calculation.
—-21.6 N.R. 776 Equilibrium of reaction [1963PBM 7, Pyrolysis of GClg. Third Law analysis,
(2.6 C,Clg (g99=C,Cl, (g)+Cl, (9) [1962PMN AHYC,Clg (g)] used in calculation.
-24.3 N.R. 298 Enthalpy of dehydrochlorination [1956K] 8, Data reanalyzed bj1970CH,
(4.2°¢ 2C,HCl; (I)+CaOH, (c)— AH C,HCI; ()] used in calculation.
2C,Cl, (I)+CaCl(aq:400+2H,0 (1)
—22.2 N.R. 298 Enthalpy of chlorination [1956K] 9, A{HY C,Clg (s)] used in calculation.
(6.0° C.Cl, (N +Cl; (9)—CClg (5)
—23.3 N.R. 671 Equilibrium of reaction [1950D1] 10, CClg Pyrolysis. Third Law analysis,
(2.32 C,Clg (99=C,Cl, (9)+Cl, (9) [1980WB| AHYC,Clg (g)] used in calculation.
-10.9 8.4 298 Combustion calorimetry of liquid [1938H 11, Data corrected by Smitt al. in
[1953SBK 1953; data reanalyzed and auxiliary
[1970CRH guantities updated bjy1970CRH.
Reviews and
Evaluations
—-11.0 2.1 298 [1991GVA] Evaluation date uncertain; same value as
previous editior[1979G.
-10.9 8.3 298 [1986PNK
—-11.0 2.1 298 [1983KA
-12.1 N.RY 298 [1985R]
—-11.3 8.4 298 [1970CH
-14.2 N.R¢ 298 [1969SW$

*Not reported. The parenthetical value is the uncertaint¥ i derived assuming a 50% uncertainty in the equilibrium constant.
®Not reported. The parenthetical value is the uncertaint 4 derived assuming a factor of 2 uncertainty in the equilibrium constant.

‘Not reported. The parenthetical value is that estimated by us by comparison with similar experiments.
dNot reported.

®Not reported. The parenthetical value refers to the reaction enthalpy amdas @alculated by us from the reported data.

Comments:

1. Third Law analysis using entropies and heat capacities ff@881C, [1985R vyields AH(696.6 K)=—161.9kIJmol! and AH(298.15K)
=—165.3 kJ mot?. UsingA{HY CCl, (g), 298.15 K= — 95.6+ 2.5 kJ mol ! (see Sec. 3)5we deriveA;H C,Cl, (g), 298.15 K|=25.9 kJ mol'L. If entropies
and heat capacities are taken froh®91GVA), this becomes\(H C,Cl, (g), 298.15 K = — 24.7 kI mol ™.

2. This was a primarythough not only result used to derivaH° C,Clg (g), 298.15 K], the value of which is otherwise not well established. Thus, although

self-consistent, these data cannot provide a completely independent confirmation of the selectdd| 68816)= 28.5 kPa. We estimate ther2incertainty
in K to be a factor of 2. From a Third Law analysis, taking entropies and heat capacities from the TRC Ta81&3, [1985R, we obtainA H(696.6 K)
=—(115.6+4.0) kJ mor* andAH(298.15 K)= — (120.4*+ 4.0) kJ mor!. Stated value is obtained usidgH C,Cls (g), 298.15 K= —148.2 kJ mol* (see

Sec. 6.10.

3. Second Law analysis yieldsH C,Cl, (1), 298.15 K] A{HY C,HClI; (1), 298.15 K|+ 138.5 kJ mol X Analysis ignores excess thermodynamic properties
of solvation. UsingA{HY C,HCls (1), 298.15 K = — (203.3+ 4.0) kJ mol'* (see Sec. 6)9 A{H C,Cl, (1), 298.15 K = —64.8 kJ mol'* and A(H C,Cl, (g),
298.15 K]=—25.1 kJ mor'.
4. Third Law analysis yields(H C,Cl, (1), 298.15 K= A{HY C,HClI; (1), 298.15 K|+ 143.8 kJ mol*. Analysis ignores excess thermodynamic properties
of solvation. UsingA{H C,HClI; (1), 298.15 K = — (203.3+ 4.0) kJ moi'? (see Sec. 6)9 A{HY C,Cl, (1), 298.15 K= —59.5 kJ mol* and A;H C,Cl, (g),
298.15 K]=—19.8 kI mor™.
5. For GClg (9)=C,Cl, (g9)+Cl, (g), measured equilibrium constants &€773 K)=0.102 atm(10.34 kP& K (823 K)=0.345 atm(34.94 kP3, K (873 K)=

0.947 1.042 atn(105.5 kPa Using entropies and heat capacities frfh9810, [1985R] these yieldA;H (773 K)=134.6 kI mol?!, A,H(823 K)=133.3

kJmol!, and AH(873K)=132.6kImoi’. Averaging the data,AH(298.15K)=139.5kJmot! is obtained. Stated value is obtained using
AHYC,Cls (g), 298.15 K|= —148.2 kJ mol! (see Sec. 6.10These data are in poor agreement with the three other measurements of the equilibrium constant
for this reaction.
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6. Second Law analysi€’73—873 K of C,Cl, (g)+Cl, (g9)=2C,Clg (g) yields AH(823 K)=—130.5 kJ mol’. AH(298.15 K)=—136.5kJ mol? is ob-
tained using entropies and heat capacities @81, [1985R). Stated value is obtained usiagH C,Clg (g), 298.15 K = — 148.2 kJ mot* (see Sec.6.10
Result is in good agreement with Third Law analy&@®mment 5, but in poor agreement with the three other measurements of the equilibrium constant for

this reaction.
7. This was a primarythough not only result used to derive\{H[ C,Clg (g), 298.15 K], the value of which is otherwise not well established. Thus,

although self-consistent, these data cannot provide a completely independent confirmation of the selectédA&8u€)=0.80 atm(81.1 kPa. We esti-
mate the 2z uncertainty inK to be =50%. From a Third Law analysis, taking entropies and heat capacities from the TRC [TE#d<], [1985R, we
obtain AH(776 K) =(120.7+2.6) kJmol'* and A H(298.15 K)=(126.6+2.6) kI mol'*. Stated value is obtained usingHY C,Cls(g), 298.15 K
=—148.2 k mol* (see Sec. 6.10

8. AH(298.15K)=—(181.6+4.2) kJmol'l. This was a primary(though not only result used to derive\(H C,HCI; (1), 298.15 K. Thus, although
self-consistent, these data cannot provide a completely independent confirmation of the selected value. Data reanalyzed Cox giir@d¢hand
lead to A(HYC,HCI5(I), 298.15 K|= A{HY C,Cl, (1), 298.15 K| — 139.3 kI moil. With A{HY C,HCls (1), 298.15 K= —(203.3-4.0) kI mol'! (see Sec.
6.10, we obtainAHvC,Cl, (1), 298.15 K|= — (64.0+5.8) kJ mor ™.

9. Results of four experiments for,Cl, (I)+Cl, (g)—C,Clg (o) give AH(298.15 K)= — (135.6+ 3.9) kJ moi* (Kirkbride [1956K] rounds the average
value to two digits and reporta H(298.15 K)= — 32 kcal mol'}, although each experiment is reported to a precision of 0.1 kcal‘nanid the actual
average is—32.4 kcal mol?). Kirkbride [1956K] determined the approximate enthalpies of solution ¢€Igin C,Cl, to be 19.7 kImal*, so for
C,Cl, (N+Cl, (9)—C,Clg (5 we derive AH(298.15K)=—(155.3-6) kimol', where the uncertainty is estimated. In conjunction with
AHYC,Clg(9),298.15 K|= — (217.2+ 7.6) kI mol'! (see Sec. 6.10we obtainAHY C,Cl, (1), 298.15 K= — (61.9+9.7) kJ mol L.

10. This was a primarythough not only result used to derivé\{H[ C,Clg (g), 298.15 K], the value of which is otherwise not well established. Thus,
although self-consistent, these data cannot provide a completely independent confirmation of the selecté@ordlu®=5.83 kPa, derived as discussed
in Sec. 6.10 A Third Law analysis using entropies and heat capacities [i®81Q, [1985R yields AH(671K)=(120.4-2.3) kmol! and
AH(298.15 K)= (124.9+2.3) kI mol'l. Stated value is obtained usidgH® C,Clg (g), 298.15 K|= —148.2 kJ mol* (Sec. 6.10.

11. Static bomb calorimetry. Experiments by Eftring in 1938 as corrected by Shah in 1953 and updated by Cox and PilcH&970CRH. Sample
purity uncertain. AH(298.15 K)= — (830.9+ 8.4) kamol'%, refers to reaction I, (I)+2H,0 (1)+0, (9)—2CG, (g)+4HCl (aq:600. The following
auxiliary values were used:AHCO,(g),298.15 K= —(393.51-0.13) kI mol?, AHIH,0 (), 298.15 K|= — (285.830+ 0.040) kJ mol?, and
A{HIHCI (aq:600, 298.15 K]= — (166.540+ 0.10) kJ mol. These data result in{HY C,Cl, (1), 298.15 K = — (50.62+ 8.4) kJ mol *.

be wrong by more than an order of magnitude. This is ex- 6.2. Chloroethane
ceedingly unlikely. Finally, the results of high levah initio o _
calculations carried out at NIS[2001BAM], up to and in- Enthalpy of VaporizationChloroethane is a gas at 298.15

cluding composite QCIS(O)/6-311+G(3df,2p calcula- K and standard pressurd00 kPa. Gordon and Giauque

tions, result in values of\;HY C,Cl,(g), 298.15K| in the [1948G({ determined the enthalpy of vaporization at the

range of—22——26 kJmol %, in very good agreement with boiling  point, AyoH (285.4 K)=(24.65-0.1) kJ mol%,

that suggested here. where the uncertainty isi2and is that estimated by us based
on the scatter in his data and comparison with similar experi-
ments. This was adjusted to 298.15 K using
AyaiCp(CoHsC=—43.4Imol ' K™%, derivable from the

6. Evaluated Enthalpies of Formation and difference between the heat capacities of the [2810
Vaporization of the (Chloro )ethanes and liquid [1948GQ, [1948K], [1940R], and leads to
b ( ) AyagH(298.15K)=(24.100.1) kI mol*.  Yates [1926Y]
6.1. Ethane measured the enthalpy of vaporization between 285.3 and

. . 300.6 K and his data yieldA,,H(298.15K)=(24.78
Enthalpy of Formation. Recommendatidkecommended +0.1) kJmol', where the uncertainty is the precision only

values of the enthalpy of formation of ethane from several” dd i take int A ibl ; i tai
commonly cited sources are listed in Table 1. There are ngnd coes nottake into account possible systematic uncertain-

recent experimental determinations of its value and the pret—'es' We note that over the short temperature range of his

vious evaluations are in good agreement. TheeXperiments, a plot of hiﬁvagH _dlata vgrsu;T results in
AHICHy(g), 298.15K values of Table 1 range from AvapCp(C2H5C|):_17-4‘?”10'[ K™%, which is much too
—83.8 t0—84.68 kI mol™. The evaluation of Gurvicet al. ~ Small. Older values cited by Yates ar,H(294K)
[1991GVA] contains good discussion of the data, although=24-2kJ mof * [1923J9 and AagH(294K)

the actual date of the evaluation is uncertéire value is the = 24.5kJ mol* [1871R. These become\,,H(298.15K)
same as in the previous editiof1979G). Gurvich etal. =24.0kImol* and A, H(298.15K)=24.3kJmol*, re-
based their value on the combined treatment of combustiofiPectively. All of the data are in good agreement, but the
calorimetric measurements of the enthalpies of formatiorfésults of Gordon and Giauq(i2948G@ are weighted most
C,H, [1937RK] and GHg [1934R), [1972PR, together with  heavily. ~ We  recommend A, H(298.15K)=(24.2
calorimetric[1935KRR| and equilibrium[1942K] measure- *0.3) kImol'". Using Eq.(1) and data from the DIPPR
ments of the enthalpy of the hydrogenation reactiondatabas¢2001DIF (datasheet revision date August, 1994
C,H,+H,—C,Hg. After review, we have accepted their the correction for nonideality of the gas is calculated as 0.42
evaluation, AHIC,He(g), 298.15K=(84.0 kImol'l, which leads to A\agH(298.15K)=(24.6
+0.4) kI mol %, +0.3) kJmol %,
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TaBLE 15. Enthalpies of formation of chloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Method(s) Ref/Year Comments
Experimental
-112.1 0.7 298 Combustion calorimetry of gas [1971FR 1, Flame Calorimeter.
—106.9 0.4 521 Enthalpy of hydrogenation [1956LEB] 2, Data reanalyzed b1 970CRH and
C,HsCl (g)+H, (9)=C,Hg (9)+HCI (g) [1974CRW,.
—-111.9 N.R? 448-528 Reaction equilibrium [1955H] 3, Second Law analysis.
(3.0 CzHy (9)+HCI (9)=C,HsCl (9)
-112.4 N.R? 448-528 Reaction equilibrium [1955H] 4, Third Law analysis.
25 CH, (9)+HCI (9=C,HsCl (9)
—115.8 N.R? 722-764 Reaction equilibrium [1953LLQO] 5, Second Law analysis.
(4.0 CoH, (9)+HCI (9)=C,HsCl (g)
—-109.4 N.R? 722-764 Reaction equilibrium [1953LLQ] 6, Third Law analysis.
(2.5 CoH, (9)+HCI (9/=C,HsCl (9)
—-97.5 10.5 293 Combustion calorimetry of gas [1951CH 7, Flame Calorimeter. Data reanalyzed by

[1970CRH and[1974CRW,.
Reviews and Evaluations

-112.1 1.1 298 [1986PNK
-112.2 0.7 298 [1983KH
-112.3 N.R? 298 [1981Q
-112.3 0.8 298 [1974CRW
-109.2 1.3 298 [1970CRH
—-111.6 N.R? 298 [1969SW$

#Precision only, does not include systematic errors or uncertainty in auxiliary thermodynamic quantities.
®Not reported, the parenthetical values are estimated.

Comments:

1. Flame calorimetry of gad ;H9os= — (1413.1=0.6) kJ mol'%, refers to reaction £4sCl (g)+30, (9)—2CO, (g)+2H,0 (1)+HCI (ag;600. The following
auxiliary ~ values were used: AHYCO,(g),298.15 K= —(393.51+0.13) kJ mof?, AHTH,O0 (I)]= —(285.830+ 0.040) kJ mot?, and
A{HIHCI (ag:600, 298.15 K|= — (166.540- 0.10) kJ mol't. These data yield\;H CH,Cl (g), 298.15 K= — (112.12+-0.7) kJ mol %,

2. AH(521K)=—(71.80+0.25) kJ mol! was adjusted ta\,H(298.15 K)= —(69.29+ 0.42) k) mof* as per Chacet al. [1974CRW. Value in Table
calculated using\{H C,Hg (g), 298.15 K= — (83.85+0.29) kJ mol*A{HHCI (g), 298.15 K= — (92.31:+ 0.10) kJ moft ™.

3. Reported equilibrium constant légPa=3812T—1.879 (original value logK/atm=3812T—6.889 was adjusted to A/H(298.15K)
=—(72.0+3.0) kJ mol! using heat capacity data frof@994FKM].

4. Reported equilibrium constant Il&gPa=3812T—1.879 (original value logK/atm=3812T—-6.885 was adjusted to A;H(298.15K)
=—(72.5+2.1) kJ mol'! using entropy and heat capacity data frEf894FKM].

5. Reported equilibrium constant légPa= 3993 —2.352 (original value log/atm=3993T — 6.885 was adjusted ta H(298.15 K)= — (75.9+4.0) kJ
mol~! using heat capacity data frofi994FKM].

6. Reported equilibrium constant l¢gPa= 3993/ —2.352 (original value logk/atm=3993/T —7.358 was adjusted ta\ H(298.15 K)= — (69.5+2.1) kJ
mol~! using entropy and heat capacity data frit894FKM].

7. Flame calorimetry of gas. Gas contained 90%adiensure complete conversion of chlorine to HCI.

Enthalpy of Formation. Recommendatiddata are sum- 6.3. 1,1-Dichloroethane
marized in Table 15. The enthalpy of formation of chloro- o o
ethane appears to be well determined. The equilibrium con- Enthalpy of VaporizationThe enthalpy of vaporization
stants for the hydrochlorination of ethene to chloroethan&vas measured calorimetrically by Li and PitZer956LP
have been measured by Laeeal.[1953LLO| between 722 as AyaH (293 K)=(31.00+0.06) kJ mol . Using
and 754 K and Howletf1955H] between 448 and 528 K. A,,Cp(1,1-GH,Cl;)=—-50.2J moltK~1 [1956LP, this
The results are in excellent agreement with each other andecomesA,,H(298.15 K)=(30.74+0.06) kJ moll. From
the combustion Calorimetry StUdy of Fletcher and P"Chervapor pressure measurements Li and P|{j_956|_ﬂ inde-
[1971FH (see Table 1b The earlier combustion result of pendently derived A H(293K)=30.97 kI mol®

Casey and Fordharfil951CH, which had a large uncer- ( 44(298.15K)=30.71kJmolY). These values are in ex-
tainty, and the enthalpy of hydrogenation reported by I“”‘Che{:ellent agreement with the calorimetric value of Laynez

L e oot SIes g Wacko [1972L) _3,u(298.15K)- (062
' +0.14) kJmolt. These data lead us to recommend

etry value of Fletcher and Pilchéd971FR and selected 1 i
AfHO[C2H5C|(g), 298.15K = _(112t 07) kJ mor L. AvapH(29815 K):(3068i 008) kJmol=. A correction of

1 . .
Very similar values have been adopted by other reviewers.0-15 kJmol™ due to nonideality of the gas was taken from
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the work of Majer and Svobodd 985M9 (our calculation tainty is that estimated by us by comparison with similar
gives 0.12 kImoll) and we adoptA,,H°(298.15K)  experiments (originally reported precision was+0.012
=(30.83+0.08) kI mol . kJ mol ). Sinke and Stul[1958S$ report an otherwise un-
Enthalpy of FormationData are summarized in Table 16. published measurement by McDonald1958M] of
The enthalpy of formation of 1,1-dichloroethane is not firmly A, H(298.15 K)= (35.44+ 0.84) kJ moll. More recent
established. The only combustion measurement is from thealorimetric measurements are those Wapk®68W| who
static combustion study of Eftringl938H as corrected by reportedA,H(298.15 K)= (35.15+0.1) kJ mol ! and those
Smith et al. [1953SBK|, subsequently updated by Cox and of Majer et al. [1980MSS, who measured the enthalpy of
Pilcher[1970CRH and compiled by Pedlegt al.[1986PNK.  vaporization between 298 and 358 K and report
These data yield A;HY1,1-CH,Cl(l), 298.15K = AyaH (298.15 K)=(35.17£0.09) kJ molt. Using the tem-
—(159.5-8.4) kJmol ! (see Table 16 and Commenk, 4r,  perature dependent data of Majestal, we derive
inconjunction with the enthalpy of vaporization, A,,C,(1,2-GH,Cl,)=—54.3J moltK~! (see Fig. 8 and
A{HT1,1-GH,Clx(g), 298.15K =—(128.3:8.4)kJ  Sec. 6.9. This value can be used to adjust the measurement
mol™™. In general the results of Eftringl938H on chlori-  of Mathews [1926M] to 298.15 K and results in
nated compounds yield enthalpies formation that are toQ\, H(298.15 K)=(35.13+0.2) kJ moll The three mea-
positive when compared with later work. The hydrogenationsurements by Mathewd 926M], Wadso[1968W], and Ma-
data of Lacheet al. [1967LAP] (Table 16 and Commen5 jer et al. [1980MS$ are in excellent agreement and more
result in  AHT1,1-GH,Clx(9),298.15K=—(129.3  precise than those of McDondl958M]. These data lead us
+6.0) kJmol'l, where the uncertainty is that estimated bytg recommendA ,H(298.15 K)= (35.15+ 0.05) kJ mot L.
us based on comparison with related studies on other chlora correction of 0.06 kJ mol* due to nonideality of the gas
nated species. The  Algtatalyzed  equilibrium \was taken from the work of Majer and Svobod®85MS
1,1-GH4Cl,=1,2-GH,Cl, has been investigated by Rozh- (our calculation gives 0.07 kJmoi and we adopt
nov[1968R (Table 16 and Comment4but this work leads AapH%(298.15 K)= (35.21+ 0.05) kJ mor L.
to a much more positive value than the other studies and, as Enthalpy of FormationData are summarized in Table 17.
discussed in our evaluation of 1,2#,Cl, (Sec. 6.4, these  pespite several determinations by several techniques, the en-
results are considered erroneous. The best experimental dqﬁﬁﬂpy of formation of 1,2-dichloroethane is not firmly estab-
appear to be from the hydrochlorination reaction equilibriumjished. Three combustion studies of the liquid are available.
that has been investigated in both the gas and liquid phasese early static combustion study of Eftriig938E was
by Levanovaet al. [1976LTVa], [1976LTVb|. The Second corrected by Smittet al. [1953SBK], subsequently updated
and Third Law Analyse¢Table 16 and Comments 119 8f  py Cox and Pilchef1970CH and the data later compiled by
these data are in good agreement and lead to an enthalpy pggley etal. [1986PNK. These data vield
formation somewhat more negative than the other studies. A{HIY1,2-CH,Cl,(1), 298.15 K= — (159.5+ 8.4) kd mol L.
RecommendatioWe do not consider either the combus- ysing static bomb calorimetry, Sinke and S{dP58S$ ob-
tion calorimetry data of Eftrind1938H or the hydrogena- (ained a  significanty ~more  negative  result,
tion data of Lacheet al. [1967LAP] to be particularly reli- A yo[1 2-GH,Cl,(1), 298.15 K= — (164.4+1.7) kJ mor %,
able. In our evaluation of 1,2-dichloroethafféec. 6.4 we A still more negative value,
have argued that the equilibrium data of Rozhht968R| AHY1,2-GH,Cl,(l), 298.15 K= — (169.5+ 1.1) kJ mol,
must be incorrect. The best experimental data appear t0 RE;s optained by Hu and Sinkel969HY using rotating
the equilibrium hydrochlorination results of Levanos®al.  pomp calorimetry. In general the early results of Eftring
[1976LTVa, [1976LTVh] which allow one to derive an en- 1938 have not proved reliable and one expects the rotat-
thalpy value relative to that of chloroethene, which we feelmg bomb calorimetry of Hu and Sin@969HS to be more
has a fairly well established value despite the ContradiCto%ependable than the static bomb methodology employed by
nature of some of the dai@ee Sec. 5)2 Our calculations Sinke and Stul[1958S$.
further suggest that the enthalpy of formation of 1,1- goyeral noncombustion values are also available. The en-
dichloroethane must be quite close to that of 1,2+, hy of chiorination of ethene measured calorimetrically by
dichloroethandvide infra see Table 18 and Section §.for Conn etal. [1938CKY leads to AHY1,2-GH,Cly(g)]

VihiCh 1 AfHOU'Z'CZH“ClZ(g)' 298.15K=—(1320 _ —(130.4-0.8) kJmol'! (see Table 17 and Comment. 6
+3.5) kmol . Consideration of the above leads us to "®C"The liquid phase enthalpy of substitutive chlorination of

ommended  AHT1,1-GH,Cly(g), 298.15K=—(1325 15 51 o), reported by Kirkbridd1956K] (see Table 1 and
+3.5) kImol'". Note that it remains unclear which of the ~/ - 4 leads to AHY1,2-GH,Cl(g)]=—(129.1

dichloroethanes is the more stable. +6.0) kJmol', where the uncertainty includes both that of
the reaction enthalpy measurement and auxiliary thermody-

6.4. 1.2-Dichloroethane namic quantities. The enthalpy of hydrogenation measured
' by Lacheret al. [1967LAP] leads toA;HY 1,2-CH,Clx(g)]
Enthalpy of VaporizationThe enthalpy of vaporization =—(125.6+0.8) kJmol ™.
was measured calorimetrically by MatheW$926M] as Finally, Rozhnov[1968R reports measurements of the

AaH (355.4 K)=(32.020.1) kJ mol'!, where the uncer- equilibrium isomerization of the dichloroethanes in both the
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TaBLE 16. Enthalpies of formation of 1,1-dichloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Methods) Ref/Year Comments
Experimental
-131.5 0.7 403-438 Equilibrium of hydrochlorination [1976LTV] 1, Second Law analysis, updated using
(3.6 1,1-GH,Cl, (9)=C,HCl (g)+HCI (g) our value forA;H1,1-GH,Cl, (9)].
—-132.5 0.7 403-438 Equilibrium of hydrochlorination [1976LTV] 2, Third Law analysis, updated using our
(3.6 1,1-GH,Cl, (9)=C,H5ClI (g)+HCI (g) value forA{H91,1-GH,Cl, (g)].
—-133.2 0.7 293-323 Equilibrium of hydrochlorination [1976LTV] 3, Second Law analysis, updated using
(3.6) CH,=—CHCI (g)+HCI (g)y=CH;CHCI, (1) our value forA{H1,1-GH,Cl, (g)].
—-122.3 1.4 385 Equilibrium [1968R 4, Second Law analysis; calculation uses
1,1-GH,Cl,=1,2-GH,Cl, our value ofA{H 1,2-GH,Cl,].
-129.3 0.8 523 Enthalpy of hydrogenation [1967LAP| 5, Reanalyzed at NIST; updated using our
1,1-GH,Cl, (g)+2H, (g)—C,Hg (g) +2HCI (g) value forA{HY C,Hg (9)].
-128.3 8.4 298 Combustion calorimetry of liquid [1938H 6, Static Bomb. Data corrected by Smith
[1953SBK et al.in 1953. Reanalyzed and auxiliary
[1970CH guantities updated bjy1970CRH.
Reviews and Evaluations
-127.7 1.4 298 [1986PNK]
—130.6 3.0 298 [1983KA
-130.1 N.R? 298 [1981Q
-130.1 0.8 298 [1974CRW
—128.2 1.3 298 [1970CH
-129.9 N.R? 298 [1969SSW

#Precision only, does not include systematic errors or uncertainty in auxiliary thermodynamic quantities. The parenthetical value is ouif &stirnatead
uncertainty in the derived enthalpy of formation.
PNot reported, the parenthetical values are those estimated by Cox and Pilcher.

Comments:

1. From the Second Law analysis of Levanoea al, AH(403K)=(61.70+0.7) kImol'l. This was adjusted toAH(298.15K)=(61.23
+1.0) kImol'? using the heat capacity data from the TRC Tabl&881d, [1985R. With AHY C,H,Cl (g), 298.15 K= (22.0+3.0) kJ mol'* and
A{HIHCI (g), 298.15K]= — (92.31+0.10) kJ mol* (see Secs. 5.2 and 1,4ve deriveA;H1,1-CH,Cl, (g), 298.15 K= — (131.5* 3.6) kJ mol'}, where
the uncertainty is the expanded- 2alue estimated by us.

2. Taking entropies and heat capacities from the TRC Tabl281C, [1985R, our Third Law analysis results im\;H(298.15K)=(62.2
+0.8) kJ mol't. With auxiliary quantities as in Comment 1 we calculagi9 1,1-GH,Cl, (g), 298.15 K| = — (132.5+ 3.6) kJ mor %,

3. From the Second Law analysis of Levanaiaal, AH (308 K)=(93.24+0.7) kJ mol'l. Taking gas phase heat capacity data from the TRC Tables
[1981d, [1985R,, and usingA,C(1,1-GH,Cly)=—50.2J mol 'K 1 [1956LA, AaH(1,1-GH,Clp, 298.15 K)=(30.83-0.1) kJ mol?, this becomes
AH(298.15 K)=(93.74+ 1.0) kJ mol'. This leadsA{H1,1-GH,Cl, (g), 298.15 K= — (133.2+ 3.6) kJ mol'%.

4. From the Second Law analysis of Rozhny (385 K)= — (9.63+0.6) kJ mor* for 1,1-GH,Cl, (g)=21,2-CH,Cl, (g). Taking heat capacity data from
Chao[1981d, A,H(298.15 K)=—(9.68+0.6) kI mol™. In conjunction withAH1,2-CH,Cl, (g)]= —(132.0+3.5) kJ mol'! (see Sec. 6)4 we derive
AHY1,1-CH,Cl, (g)]= — (123.3+ 4.0) kJ mol'L. This work is not considered reliable, howevsee Sec. 6)4

5. AH(523 K)=—(144.99+0.52) kJ mot'* was adjusted ta H(298.15 K)= —(139.30+ 1.0) kJ mol! using the heat capacity data from the TRC
Tables[1981d. In conjunction withA{H C,Hg (g), 298.15 K= — (84.0+ 0.4) kJ mol'* and A{H[HCI (g), 298.15 K= — (92.31+ 0.10) kJ mot?, we
derive A(H 1,1-GH,Cl, (g), 298.15 K| = — (129.32 1.0) kJ mol L.

6. The original results of Eftring1938F were corrected by Smitlet al. [1953SBK| and reevaluated by Cox and Pilchgi970CH. The data have
subsequently been compiled by Pedleyt al. [1986PNK. AMH%=—(1246.8-8.4) kImol!, refers to reaction 1,1-&,Cl, ()
+2.50,(9)—2C0, (9)+H,0 ()+2HCI (aq:600. The following auxiliary values were usedA;HYCO,(g), 298.15 K|=—(393.51+-0.13) kJ mol?,
AHTH,0(1),298.15K = —(285.830-0.040) kImoi?, and AHYHCI(aq:600,298.15 K= —(166.540-0.10) kJmolt. These data yield
AHY1,1-CH,Cl, (1), 298.15 K= —(159.13+8.4) kJ mol ..

gas and liquid phase. The equilibrium, established using=—14.8kJmol®. Third Law analyses of the reported gas
AICl; as a catalyst, was approached from both sides of thﬂhase results K[ (g),423.2 K|=32.0 and K[(g),440.2 K|
equilibrium point and was studied in both the gas and liquid_ 5¢ g yield an average valueAH[(g),298.15K]
phase. The liquid phase equilibrium constants were Con= _ 16 5k jmoll. The Third Law analyses of the gas and

verted to gas phase values and kgg=0.323+503/T was - . . . i
determined over the temperature range of 331—440 K. Fr liquid phase results differ by about the difference in the en

the Second Law analysia,H[ (g),385 K] = — 9.6 kJ mol * is orﬂwalpies of vaporization of the two compounds and are con-
I ] . . . .

derived. As a check, we performed Third Law analyses orpiStent with the Second Lawoanaly5|s of Rozhri@968R).

the original data. From the reported liquid phase data, His data lead to AHY1,2-GH,Clx(g), 298.15K

(liquid)=153 and 97.0 at 330.5 and 371.2 K, respectively,~ AfHT1,1-GH,Cly(g)]= — (9.65= 1.4) kI mol * (see
we obtained an average AH[(1),298.15K  Table 17 and Comment)2Unfortunately this result appears
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TaBLE 17. Enthalpies of formation of 1,2-dichloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty ~ Temp.
(kI mol™}) kJ molt (K) Method(s) Ref/Year Comments
Experimental
—134.3 1.1 298 Combustion calorimetry of liquid [1969HY 1, Rotating bomb.
—-142.7 1.4 385 Equilibrium [1968R 2, Second Law analysis; calculation uses
1,1-GH,Cl,=1,2-GH,Cl, our value ofA{H 1,1-GH,Cl,].
-125.6 0.8 523 Enthalpy of hydrogenation [1967LAP] 3, Data reanalyzed bj1970CH; updated
1,2-GH,Cl, (g)+2H, (g)—C,Hg (g) +2HCI (g) using our value fo\{H[ C,Hg (9)].
—129.2 1.7 298 Combustion calorimetry of liquid [1958S$ 4, Static bomb.
—-129.1 4.8 298 Enthalpy of substitutive chlorination [1956K] 5, Reanalyzed at NIST; updated using our
1,2-GH,Cl, (I)+Cl, (9)—1,1,2-GH,H,Cl, (I)+HCI value forAHY1,1,2-GH,Cl, (1)].
—-124.3 8.4 298 Combustion calorimetry of liquid [1938H 6, Static Bomb. Data corrected by Smith

[1953SBK| et al.in 1953. Reanalyzed and auxiliary
[1970CH guantities updated bj1970CRH.

—-130.4 0.8 355 Enthalpy of chlorination [1938CKS 7, Reanalyzed at NIST; updated using our
CoH, (9)+Cl; (9)—1,2-GH,Cl, (9) value for AHC,H, (9)].
Calculations
—-131.1 4.0 298 Composite QCI$D/6—311+G(df,2p) ab initio [2001BAM]
calculations.
Reviews and Evaluations
-126.4 2.3 298 [1986PNK]
—-134.1 1.2 298 [1983KA
-126.8 N.R¢ 298 [1981Q0
—128.4 1.7 298 [1970CH
-1299 N.R° 298 [1969SW$

#Precision only, does not include systematic errors or uncertainty in auxiliary thermodynamic quantities.
bPrecision of measured reaction enthalpy at the 95% level based on our statistical analysis.
‘Not reported, the parenthetical values are those estimated by Cox and Pilcher.

Comments:

1. AH%s=—(1236.4-1.1) kJ mol %, refers to reaction 1,2-1,Cl,(1)+2.50,(g)—2COx(g)+H,0(1)+2HCI (aq:600. The following auxiliary values were
used: AHY CO,(g), 298.15 K|=—(393.51+0.13) kd mol', A(HTH,O(l), 298.15 K= —(285.830+0.40) kJ mol?, and A(HTHCI (ag:600, 298.15K]

= —(166.540-0.10) kJ mol'. These data yieldHY 1,2-CH,Cl, (1), 298.15 K= —(169.53+1.1) kJ mor'%.

2. From the Second Law analysis of Rozhnay (385 K)= — (9.63+ 0.6) kJ mol ! for 1,1-CGH,Cl,(g)=1,2-GH,Cl,(g). Taking heat capacity data from
Chao[19810, AH(298.15 K)= —(9.68+0.6) kJ mol'L. In conjuction with A{HY 1,1-CH,Cl,(g)]= —(133.0+ 4.0) kI mol'! (see Sec. 6)3 we derive
AHY1,2-CH,Cly(g)]= — (142.7+ 4.0) kI mol'L. This work is not considered reliable, howevsee Discussion

3. AH(523K)=—(147.77-0.48) kI mol'! was adjusted ta\H(298.15 K)= — (141.8+1.0) kJ mol'* using the heat capacity data from the TRCTables
[1981d. In conjunction with A{H C,Hg(g), 298.15 K= — (84.0+0.4) kI mol'! and A{HYHCI(g), 298.15 K|=—(92.31+0.10) kJ mol!, we derive
AHY1,2-GH,Cl,(g), 298.15 K= — (126.86+1.0) kJ mol ™.

4. Sample purity=99.9%.A H5e= — (1241.5- 1.7) kI mol %, refers to reaction 1,2-1,Cl(I)+2.50,(g)—2C0x(g) +H,O(l)+2HCI (aq:600. Data yields
AHY1,2-CH,Cl,,(1), 298.15 K= —(164.43-1.7) kJ mol'l. See Comment 1 for auxiliary thermodynamic values.

5. Two measurements of the enthalpies of reaction yiehd(298.15 K)= — (116.3+ 4.5) kJ mol %, where the uncertainty limits represent 95% confidence
levels based on a statistical analysis of the precision only. Corrections relating to dissolution of HCI and evaporation of reactant were apgbeddy K
Combined with  A{HY1,1,2-GH5Cl4(1), 298.15 K= —(188.3+4.0) kJ mof?, AHHCI(g)]= —(92.31+0.10) kJ moi* we calculate
AHY1,2-CH,Cly(1), 298.15 K= — (164.3+6.0) kJ mol L.

6. The original results of Eftring1938F were corrected by Smitlet al. [1953SBK| and reevaluated by Cox and Pilch&r970CRH. The data have
subsequently been compiled by Pedleyal. [1986PNK. AH5q= —(1246.4-8.4) kJmol'?, refers to reaction 1,2-%,Cl,(1)+2.505(g)—2COx(g)
+H,0(1)+2HCI (aq:600. These data yield\;H 1,2-CH,Cl,,(1), 298.15 K= —(159.53 8.4) kJ mol'l. See Comment 1 for auxiliary thermodynamic
values.

7. AH(355K)=—(182.64+ 0.6) kJ mol* for reaction GH,(g)+Cl,(g)— 1,2-C,H,Cl,(g) was derived from calorimetric measurements. This was adjusted
to AH(298.15 K)=—(182.78-0.6) kJ mol'! using the heat capacity data from the TRC Tab|2881Q. Combined with our recommended value
AHYCH,4(g), 298.15 K =(52.4+0.5) kI mol'! (see Sec. 5)1 we deriveAH 1,2-CH,Cl,(g), 298.15 K= —(130.4+0.8) kJ mol ..

to be at odds with other data. Note for instance that Lachef2001BAM] on the isomeric chlorinated C2 compounds. The
et al. [1967LAP] measure very similar enthalpies of hydro- results are shown in Table 18. For the dichloroethenes,
genation for the dichloroethanes and the data of Lacher intrichloroethanes, and tetrachloroethanes, theory and experi
dicates the 1,1 isomer to be the more stable of the dichloroment are in very good agreement, with a largest deviation of
ethanes. The combustion results of Eftriit938H also 2.1 kJmoll. For the dichloroethanes, all levels of our cal-
suggest the 1,1-isomer is the more stable. culations predict the 1,1- and 1,2 isomers to have very simi-
As a check of the relative stability of the dichloroethanes,lar enthalpies of formation. The highest level calculations
we have carried out a series @b initio calculations predict the 1,1-isomer to be more stable than the 1,2- by 2.1
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TaBLE 18. Comparison of calculated and experimental results on the relative stabilities of chlorinated C2 isomers

Relative enthalpies of formation at 298.15(KJ mol 1)2

Data of Rozhno¥on

Experimental Calculatéd Calculated-experimental dichloroethanes

Dichloroethanes

1,1-GH,Cl, ) 0 0 9.7

1,2-GH,Cl, (0.5¢ 2.1+1.2 1.6 0
Dichloroethenes

CH,—=CCl, 5.4 3.2£0.8 -2.1 —

E-CHCI=CHCI 25 2.4-1.3 -0.1 —

Z-CHCI=CHCI 0 0 0 —
Trichloroethanes

1,1,1-GH4Cl;4 3.4 4.6+2.1 +1.2 —

1,1,2-GH4Clg 0 0 0 —
Tetrachloroethanes

1,1,1,2-GH,Cl, 4.4 29+1.4 -15 —

1,1,2,2-GH,Cl, 0 0 0 —

#The most stable isomébased on experimenis set to 0 in all cases.

PHighest level result from a series ab initio calculations up to and including QCI$D/6-311+ +G(3df,3pd. The quoted calculated value is the most
reliable calculation, while the quoted uncertainty is a bounds that spans all of the calculated values. Zero point energies have been addedlnd the res
adjusted to 298.15 K.

T1968R.

dAs derived from the final recommended values.

kJmol 1. Based on our calculations the results of Rozhnov 6.5. 1,1,1-Trichloroethane
[1968R cannot be even approximately correct and we have o o
Enthalpy of VaporizationThe enthalpy of vaporization at

not used these data to make our recommendations. 208.15 K has b 4 by th 3244
Recommendatiomhe best experimental data appear to be = as been measured by three groups as 32.

1 1
the rotating bomb combustion measurements of Hu ang‘] mol ™ [1972HSM, (32.47+:0.07) kimor™ [1972LW],

1
Sinke [1969HS. Slightly less reliable are the early ethene and  (32.53-0.08) kJmol [1980MSl§. The = value
T Ao H(298.15K)=(32.47=0.07) kImol * is selected. The
chlorination measurements by Coenal. [1938CKY, and . . .
. . : correction due to nonideality of the gas was calculated both
the static bomb calorimetry results of Sinke and Stull

> ""by us and Majer and Svoboda985Mg as 0.12 kJmal*,

[1958S3. The measurement of the enthalpy of :~:ubstltutlve.|_h | o 1
T o A 298.15K)=(32.59+0.07) kI mol* is de-
chlorination of 1,2-GH,Cl, by Kirkbride [1956K] has a € valueA 1™ )= ) kymol 'is de

| . Th hal f hvd . di gived. The heat capacity of vaporization is derived as
arger uncertainty. The enthalpy of hydrogenation studies OAvapCp=—55.1JmoTlK‘1 from the temperature depen-

Lacher[1967LAP] and the early static combustion work of dence of thed 1 data of[1980MS (see Fig. 8 and Sec
Eftring [1938E generally seem to result in values that areg g v

systematically too positive. However these two studies ex- Enthalpy of Formation. Recommendatid@f the chlori-

amined both the dichloroethane isomers and, to the extefyieq ethanes, 1,1,1-trichloroethane has one of the better
that the postulated systematic errors are similar in each studynown enthalpies of formation. Two high quality combustion
the results suggest that the isomers have similar enthalpies qudies[1971MRS [1972HSM using rotating bomb calo-
formation with the 1,1-isomer slightly more stable than 1,2-(imetry and high purity samples are available. The data are in
dichloroethane. This is in agreement with our high level cal-reasonable agreement, although they do not agree within the
culations. We believe that the calculations are of sufficientlyaythors stated uncertainty limits. This is perhaps indicative
proven accuracy that the equilibrium results of Rozhnovof the general difficulties inherent in such experiments with
[1968R must be erroneous. Our best calculated absolut@hjorinated compounds. Hu, Sinke, and Mifit972HSM
value  [2001BAM]  for  1,2-dichloroethane  is showed the earlier study of Hu and Sifk&©69HT to be in
AHTL,2-GH,Cly(g)]= — (131.1£4.0) kJ mo.r'l, where the  error and speculated that this was due to an impure sample.
uncertainty is estimated based on our ability to predict theThe latter study yields an enthalpy of formation 8 kJ fitol
enthalpies of formation of the other chloroethanes. Considmore negative, which gives some indication of the impor-
eration of all the above data leads us to recommendance of sample purity. In general this has implications for

AHY1,2-CH,Cly(g)]= —(132.0+3.5) kI mol *. Note  much of the early work on chlorinated compounds, where
there is still no clear answer as to which dichloroethane isothere is little or no information on the purity of the samples
mer is the more stable. used. The gas phase study of equilibrium hydrochlorination
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TaBLE 19. Enthalpies of formation of 1,1,1-trichloroethane derived from reported experimental data

AH(g), Reported
298.15 K uncertainty ~ Temp.
(kI mol™}) kJ molt (K) Methods) Ref/Year Comments
Experimental
—146.1 11 298 Combustion calorimetry of liquid [1972HSM 1, Rotating bomb calorimetry.
—-144.6 0.84 348-399  Equilibrium of hydrochlorination [1972HSM 2, Third Law analysisA;H CH,—CCl,] used
(2.2 CH,=CCl,(g)+HCI(g)=CH5CClx(g) in calculation.
—142.0 14 298 Combustion calorimetry of liquid [1971IMRY 3, Rotating bomb calorimetry.
—-138.2 1.0 298 Combustion calorimetry of liquid [1969HY 4, Later showr{1971MRSY, [1972HSM to be
in error because sample was impure.
—-141.0 2.4 293-353  Equilibrium of hydrochlorination [1975LTVa,d 5, Second Law analysig\{H CH,—=CCl,]
4.2 CH,=CCl,(soln+HCI(g)=CH;CCl,(soln) used in calculation.
Reviews and
Evaluations
—144.4 1.7 298 [1986PNK]
—144.6 0.8 298 [1983KA
—142.3 N.R® 298 [19810
—142.3 1.4 298 [1974Q

#Precision of enthalpy change only; the parenthetical value is our estimate of the overall uncertainty in the/det{/268.15 K.

bPrecision only, does not include systematic errors or uncertainty in auxiliary thermodynamic quantities; the parenthetical value is theceviiatyun
estimated by us by comparison of similar experiments.

°Not reported.

Comments:

1. Rotating bomb calorimetry. High purity sampl89.96 mol%. A_H[ (1), 298.15 K= —(1108.0+0.8) kJ mol'?, refers to reaction 1,1,1-85Cly(l)
+20,(g)—3C0O,(g)+3HCI (ag:600. The following auxiliary values were used;H CO,(g), 298.15 K|=—(393.51+0.13) kJ mol?, and A{HHCI
(aq:600,  298.15K]= —(166.546:0.10) kJmoll.  The data result in AHY1,1,1-GHsCl(), 298.15 K= —(178.640.8) kJ mol ™.
2. Third Law analysis of equilibrium CH=CCl,(g)+HCI(g)==CH;CCly(g) yields AH(298.15 K)= —(54.64+0.84) kI mol't. With AHCH,
=CClx(9), 298.15K]=(2.4+2.0) kImol'* (see Sec. 53 and AHTHCI(g), 298.15K=—(92.31+0.10) kJ mol?, we  find
AfH1,1,1-GH4Cly(g),298.15 K| = — (144.55+ 2.2) kJ mof ™.

3. Rotating bomb calorimetry. High purity samg@9.99 mol%. A H[(l), 298.15 K]=—(1112.0+ 1.3) kJ mol'%. Auxiliary data as in Comment 1. The
data result inA(HY 1,1,1-GH4Cly(l), 298.15 K= — (174.54+ 1.3) kJ mof ™.

4. Later showr[1971MRY, [1972HSM to be in error because sample was impuxgH[(1),298.15 K= —(1115.9+ 1.0) kJ mol'X. Auxiliary data as in
Comment 1. The data result iH1,1,1-GHzCly(l) ]= — (170.74+ 1.0) kJ mol %,

5. Reaction carried out in chlorobenzemgH (323 K)= — (56.9+2.0) kJ mol %, from which A;H [CH;CCl, (g), 298.15 K|=141.0 kJ mol* is derived.
Excess thermodynamic properties of solvation were neglected in the analysis.

of 1,1-dichloroethengl972HSM appears to have been care- tween 330 and 358 K, while Majeat al. [1980MSS§ calori-
fully done and sets the relative enthalpies of formation ofmetrically measured,H between 298 and 358 K and re-
1,1-dichloroethene and 1,1,1-trichloroethane to within abouported A,,H(298.15K)=(40.24+0.10) kJ mol'l. Laynez
0.8 kImorl L. This result lies approximately midway between and Wadso [1972LW] found AapH (298.15 K)=(40.28
the two rotating bomb combustion studies and suggests that0.06) kJmoll. The data are in good agreement and
all species involved have been reasonably well characterized,, JH(298.15 K)=(40.26+ 0.07) kJ mol! is selected. Our
The liquid phase study of the hydrochlorination equilibrium calculated correction due to nonideality of the gas is 0.04
by Levanovaetal. [1975LTVa], [1975LTVh] leads to a kJmol !, the same value derived by Majer and Svoboda
somewhat more positive enthalpy value, but it is not consid{1985MS.  This  vyields A, H°%(298.15K)=(40.30
ered as reliable because of the neglect of excess thermody-0.07) kJmol. The heat capacity of vaporization is de-
namic properties of solvation in the analysis. We haverived asA,,C,=—60.3J mol K~ from the temperature
taken a weighted average of the gas phase equilibriurdependence of tha,,H data of(1980MSS.
data [1972HSM and the two rotating bomb com-  Enthalpy of FormationData are summarized in Table 20.
bustion studies [1971MRS, [1972HSM, and  Papina and Koleso{1987PK have measured the enthalpy
recommend A{HY1,1,1-GHsCl5(g), 298.15K=—(144.6 of combustion in a rotating bomb calorimeter,
+2.0) kJmol %, obtaining AH(298.15K]) 1,1,2-GH4Cl5(1), 298.15K
=—(1098.1-4.4) kJmol'l, which vyields AH91,1,2
6.6. 1,1,2-Trichloroethane -C,HsClg(l), 298.15 K = —(188.54+ 4.4) kI mol ! and
AHI1,1,2-GH4Cl4(g), 298.15K =—(148.2-4.4) kJ
Enthalpy of Vaporization Williamson and Harrison mol™t. Stull et al. [1969SW$ report an otherwise unpub-
[1957WH]| obtainedA,,jH(298.15K)=40.0kJ mol! from  lished combustion calorimetry study by Sinke
extrapolation of the enthalpy of vaporization measured bef19699 that leads toA;HY1,1,2-GH3Cls(l), 298.15K
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TaBLE 20. Enthalpies of formation of 1,1,2-trichloroethane derived from reported experimental data

AH" (9), Reported
298.15 K uncertainty  Temp.

(kJmol'y)  kImol? (K) Methods) Ref/Year Comments
Experimental
—148.2 44 298 Combustion calorimetry of liquid [1987PK 1
-147.2 N.R? 348-399  Equilibrium of hydrochlorination [1975LTVa,d 2, Second Law analysis.
(4.2 Z-C,H,Cl, (soln+HCI (g)=CH,CICHCI, (soln) A{H°[Z-CHCE=CHCI] used in calculation.
—152.6 N.R? 348-399  Equilibrium of hydrochlorination [1975LTVa,j 3, Third Law analysis,
(4.2 Z-C,H,Cl, (soln)+HCI (g)=CH,CICHCI, (soln) A{H°[Z-CHCE=CHCI] used in analysis.
—-1456 N.R? 373-473  Equilibrium [1975LTVa,d 4, Second Law analysis.
(4.2 1,1,2,-GH4Cl; (D=1,1,1-GH4Cl5 (1) A{H°[CH4CCl;] used in analysis.
-1499 N.R 373-473  Equilibrium [1975LTVa,d 5, Third Law analysisA:H°[ CH3CCls]
(4.2 1,1,2,-GH4Cl5 (1)=1,1,1-GHCl5 (1) used in analysis.
-1383 N.R° 298 Combustion calorimetry of liquid [1969SW$S 6, Unpublished work cited ii1969SWS$.
-150.9 4.3 298 Enthalpy of substitutive chlorination [1956K] 7,A{H°[1,2,-GH,Cl, (1)] used in
1,2,-GH,Cl,(1)+Cly(g)—1,1,2-GH5Cl; (I)+HCI  [1970CRH calculation.
Reviews and Evaluations
—151.2 2.9 298 [1986PNK|
-1447 19 298 [1983KA
-1456 N.R° 298 (19819
—-1485 0.8 298 [1970CH
—-1385 N.R® 298 [1969SW$

ot reported; the parenthetical value is the @hcertainty estimated by us.

PNot reported.

‘Precision of measured reaction enthalpy at the 95% level based our statistical analysis. Does not include systematic errors or uncertaiaty in auxili
thermodynamic guantities.

Comments:

1. Rotating bomb calorimetry. High purity samp@9.975 mol%. A H(298.15 K)= — 1098.1+ 4.4 kJ mol %, refers to reactiofi1,1,2-GH4Cl; ()] + 20,
(9)—2C0, (g)+3HCI (aq:600. The following auxiliary values were used;H'[CO, (g), 298.15 K= —(393.51+0.13) kJ mol! and A;H'[HCI (aq:600,
298.15 K]= — (166.540- 0.10) kJ mol'%. These data lead ta;H°[CH=CCl, (I), 298.15 K|= —(188.54+ 4.4) kJ mol %,

2. Second Law analysisAH(353 K)=—61.2kJmol! was adjusted toA,H(298.15 K=—61.2 kJ mol! (see Discussion Combined with
A¢H°[Z-CHCE=CHCI()]= — (34.0+ 2.0) k mol'}, andA{H°[HCI (g), 298.15 K|=—(92.31+0.10) kJ mof* we calculated;H°[1,1,2-GHsCl(l), 298.15
K]=-187.5 kJ mol’. This analysis neglects excess thermodynamic properties of solvation.

3. Third Law analysis is as follows,;,5(1,1,2-GH;Cl,, 353 K)=90.28 J mot' K™t andA ,,Cy(1,1,2-GH;Cly)=—60.33 J mot* K~ were derived as in
Comment 5. The value at the boiling poifit,,S{ Z-CHCE=CHCI, 333 K|=91.2 Jmot* K~ was derived using our enthalpy of vaporization ang C,

= —48.0 Jmol* K™%, from the data listed in referencEkK982WER, [1985R]. This becomeq S Z-CHCI=CHCI, 353 K|=85.27J mof! K and results

in AH(liquid, 353 K)=—65.54 kJ moi* andA,H(gas, 353 K=—65.39 kJ mol'. Using heat capacity data from981Q and[1985R) leads toA,H(gas,
298.15 K=—66.15 kJ mof*. With AH°[Z-CHCI=CHCI (g), 298.15 K=—(3.0+2.0) kd mol"* and A;H°[HCI (g), 298.15 K|=—(92.31+0.10 kJ mol %,

we calculateA{H°[1,1,2-GH4Cl; (g), 298.15 K=—192.9 kJ moll. This analysis neglects excess thermodynamic properties of solvation.

4. The Second Law analysis givesH (liquid, 423 K)=(8.7+1.7) kI mol". This was converted to the gas phase valyel(gas,423} (1.64+1.7)

kJ mol™* using A, H[ CH3CCl3,423 K]=25.71 kI mol* and A, H[ 1,1,2-GH4Cls, 423 K]32.77 kJ mot?, which are derived from temperature dependent
enthalpies of vaporization §1980MSg. A H(gas, 423=(1.64+1.7) kJ mol"* was then adjusted th,H(gas, 298=(1.02+2.0) kJ mol ! using the ideal gas
heat capacity data of Chao [19810. Combined with A{H°[CH;CCl(g), 298.15 K=—(144.6:2.0 kimol'Y, we calculate
A{H°[1,1,2-GH4Cl; (g), 298.15 K|=—(145.6+4.2) kJ mol %, where the overall uncertainty has been estimated. This analysis neglects excess thermodynamic
properties of solvation.

5. Third Law analysis is as follows. The data of Maggral.[1980MS§ and the boiling point relatiod ;,Sy,,= AyagHp,/ T Were used to derive the following:
Ayaf 1,1,1-GH4Cl3, 347.1 K)=86.02 I mol ' K, AyapS(1,1,2-GH,Cl3, 386.6 K)=90.28 Jmol* K7, AyalCp(1,1,1-GH,Cly)
=-—55.06 Jmol*K ™1, AvalCp (1,1,2-GH4Cly) = —60.33 mort K1, Ayap3(1,1,1-GH,Cl3, 423 K)=75.11 I mol T K, and
Ayap3(1,1,2-GHyCl3, 298.15 K)=84.83 J moltK -1 Combined with the gas phase entropy data of CH&a881C we derive A, S(liquid, 423 K)
=1.53Jmol 'Kt and AH(liquid, 423 K)=12.85 kJ mol%. This was adjusted taH(gas, 298.15 K¥5.17 kJ moi' as in Comment 4. Combined with
A{HY CH4CCl, (g), 298.15 K= — (144.6+ 2.0) kI mol?, we calculateAHY 1,1,2-GH4Cl; (g), 298.15 K= — (149.77-4.2) kI mol'?, where the overall
uncertainty has been estimated. This analysis neglects excess thermodynamic properties of solvation.

6. Unpublished combustion calorimetry work of Sinfk€699 cited in[1969SWS$. No details are available.

7. Two measurements of the enthalpies of reaction ylehd(298.15 K)= — (116.3+ 4.5) kJ mol'}, where the uncertainty limits represent 95% confidence
levels based on a statistical analysis of the precision only. Corrections relating to dissolution of HCI and evaporation of reactant were apgheddy K
Combined  with AHY1,2-GH,Cl, (1), 298.15 K= — (167.2-3.5) kI mol'Y, AHYHCI(g), 298.15 K= —(92.31+0.10) kI mol! we calculate
AHY1,1,2-GH4Clg (1), 298.15 K| = — (191.1+5.7) kI mol %,
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=—178.6kIJmol'. The enthalpy of chlorination of 1,2- A{HY1,1,2-GHClx(l), 298.15K =—(188.3-4.0) kJ
dichloroethane from  Kirkbride [1956K] results in  mol™, and A{HY1,1,2-GHCls(g), 298.15K=—(148.0
AHY1,1,2-GHsCl4(l), 298.15K=—-191.1kIJmoll. The +4.0) kJmol'l. Notice that the isomer with the more dis-
enthalpy of formation of 1,1,2-F1;Cl; can also be related to tributed chlorines is the more stable of the trichloroethanes.
that of Z-1,2-GH,Cl, through the hydrochlorination equilib- This is in agreement with our high level calculations
rium, which was studied by Levanowet al. [1975LTVa, [2001BAM] (see Table 18

[1975LTVh]

Z-CHCE=CHCI(sol)+HCI(g)=1,1,2-GHzCl5(sol). 6.7. 1,1,1,2-Tetrachloroethane
17

o ) _ Enthalpy of VaporizationNo calorimetric measurements
The equilibrium was established in tetrachloroethane solvenjs e enthalpy of vaporization appear to exist. Gundry and
(isomer not specifiedwith the catalysts AIG and FeCl. Head [1978GH list the value A,,H(298.15K)=(41.1
Experiments were also carried out with thésomer, but the +0.2) kImol'}, derived from an unspecified fit to vapor
authors felt those results were unreliable due to the PreseneRessure data. We note, however, that the correlation between
of side reactions. For theZ isomer Levanovaet al. Ao H(298.15K) and boiling points discussed in Sec. 6.9
[1975LTVal,  [1975LTVh] report  logK(343—-363K)  \yould give a value of 42.6 kimot. Levanova et al.
=3190T—7.4. Second and Third Law analyses of these dat?lQ?GLBR] estimated  A,,H(298.15K)=42.2kJ mol L
(seeo Comments 2 and 3 of Table )20y|elcli based on Benson’s boiling point correlatipt698]. In the
AH [1,1,2-(‘2H3CI3§Q),298.15 K=—(147.2-4.2) kI mol absence of a calorimetric measurement, we have adopted the
and lAfH [1!1’_2'9"'3(:'3(9)*298-15KJZ_(152-6 recommendation of Gundry and Heft®78GH, although
+4.2) kImol, respectively. The uncertainties have beenye feg| the uncertainty limits are unrealistically small. The

estimated by us by comparison with the results of similaryqrection due to nonideality of the gas at 298.15 K is cal-
experiments. The agreement between the Second and Thighiated to be 003 kImot and we adopt

Law analyses is reasonably good. Differences may be due t&v H°(298.15 K)=(41.1+ 0.5) kJ mof L.

the estimations involved, the short temperature range of the Enthalpy of FormationData are summarized in Table 21.

experiments, and neglect of excess thermodynamic propefe rotating-bomb combustion calorimetry result of Gundry

ties of solvation. , , and Head1978GH is A{HT1,1,1,2-GH,Cl,(I), 298.15K]

Also useful are the data on the trichloroethane isomeriza- —(193.35+1.35) kJ mol'* and should be a reliable value.

tion reaction which has been studied by Levan®t@l. ag 5 check we can compare the data of Levaneval.

[1975LT Ve, [1975LTVbh] [1976LBR)], who measured equilibrium dehydrochlorination
1,1,2-GHsCly()=1,1,1-GHsCly(l). (18) [Eg. (19)] in an unspecified organic solvent and reported

logKp(19)=7.54— 2372 between 313 and 353 K
They found logk=-0.48—-437/T between 373 and 473 K. .
As detailed in Comments 4 and 5, the Second and Third CH,CICCly(soln=C,HCly(soln +HCl(g. (19

Law analyses of this data result in From the Second Law analysis of LevanovgH (333K)
A{HY1,1,2-GHCl5(0),298.15 K = — (145.6+ 4.2) kI mol t =45.4kJ mol L. To adjust this to 298.15 K, the gas ph&se
and A{HY1,1,2-GH4Cl5(g),298.15 K= —(149.6  values[19810, [1982R were converted to the liquid phase

+4.2) kImol'!, respectively. The uncertainties have beenby subtraction of AyafCp. For trichloroetheneA,,C,
estimated by us by comparison with the results of similar=—50.3Jmol*K ™! was derived from the temperature de-
experiments. The agreement between the Second and Thipgndent enthalpies of vaporization measured calorimetrically
Law analyses is reasonably good. The estimations involvedyy Majer et al. [1980MSS between 298 and 353 K. For
the short temperature range of the experiments, and neglettl,1,2-GH,Cl;, A,C,=—65.8J moltK ™! was derived
of excess thermodynamic properties of solvation may be refrom the correlations discussed in the section on pentachlo-
sponsible for differences between the Second and Third Lawoethane. These small corrections yieltlH(298.15K)
analyses. =458kIJmolt.  Using AHIC,HCI(), 298.15K =
RecommendatiorThe otherwise unpublished combustion — (52.1+ 3.0) kJmol'}, which should be a reliable value
value of Sinke[19699 cited by Stullet al. [1969SW$S is  (see discussion for that compoynd and
significantly more positive than the other values and thisA(HTHCI(g), 298.15K = —(92.31+0.10) kimol?, gives
result is rejected. All other data are considered. With regard\(H 1,1,1,2-GH,Cl,(l), 298.15K=—190.2kJmolt. A
to the equilibrium dat§1975LTVa|, [1975LTVh|, one would  Third Law analysis was also performed. The gas phase data
normally prefer the Third Law analyses to those of the Secf1982R on trichloroethene were adjusted to the liquid
ond Law. However, because of the estimations and simplifiphase using data derived from the study of Magtral.
cations employed in the Third Law analyses we havd1980MSg, and that for 1,1,1,2-41,Cl, from the correla-
weighted them equally. The rotating-bomb combustion calotions discussed in the section on pentachloroethane. This
rimetry result of Papina and Koles¢¥987PK is considered analysis  yields AH(298.15K)}=51.7kJmol! and
the most reliable measurement. The final recommendedHY1,1,1,2-GH,Cl,(I), 298.15K =—196.1kImot™.
values are based primarily on this work and areThe Second and Third Law analyses are in only fair agree-
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TaBLE 21. Enthalpies of formation of 1,1,1,2-tetrachloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kd mol™Y) kJ molt (K) Methods) Reference Comments
Experimental
—-152.3 1423 298 Combustion calorimetry of liquid [1978GH 1
—149.1 0.4 313-353 Equilibrium of dehydrochlorination [1976LBR] 2, Second Law analysis. Present analysis
(4.2 CH,CICCl; (soln=C,HCl; (soln)+HCI (g) uses updatedH C,HCI; (1)].
—155.0 0.4 313-353 Equilibrium of dehydrochlorination [1976LBR] 3, Third Law analysis. Present analysis
(4.2 CH,CICCl; (soln=C,HCl; (soln)+HCI (g) uses updatedH C,HCI; (1)].
—-152.4 2.3 453-493 Equilibrium [19808] 4, Second Law analysis. This was a

1,1,2,2,-GH,Cl, (soln=1,1,1,2-GH,Cl, (soln) [1983KH primary data used to derive the enthalpy
value for the 1,1,2,2- isomer, so the result
is not independent.

Reviews and
Evaluations
—152.3 1.4 298 [1983KH
-149.4 N.R° 298 [1981Q
—149.4 4.2 298 [1974CR4 Group additivity estimate.

@Reported uncertainty refers only to the precision of the measured reaction enthalpy. The parenthetical value is the standard (Zagegsintgited by us
by comparison with the results of similar experiments.

PReported uncertainty refers only to the precision of the measured reaction enthalpy.

°Not reported.

Comments:

1. Results obtained with a tantalum-lined rotating bomb calorimeter. Sample purity 99.95 mAgl %), 298.15 K|= — (973.90+ 1.28) kJ mol, refers
to reaction 1,1,1,2-&,Cl, (1)+H,0 (1)+1.50, (g)—2CO, (g)+4HCl(aq:600. The following auxiliary values were usedA;HCO,(g), 298.15K
=—(393.51+0.13) kI mol', A{HTH,O (1), 298.15 K= — (285.830-0.040) kJ moi?, and A;HHCI (aq:600, 298.15 K|= — (166.540- 0.10) kJ mol'%.
The data result il\{H[1,1,1,2-GH,Cl, (1), 298.15 K = — (193.45+ 1.35) kJ mol L.

2. Second Law analysis of equilibrium GEICCI; (soln==C,HCl; (soln)+HCI (g) yields A,H (333 K)=(45.4+0.4) kJ mor%. At 298.15 K this becomes
AH(298.15 K)=(45.8+0.5) kJ moi* (see Discussion The quoted value is obtained usingH% C,HCl; (1), 298.15 K|= — (52.1+3.0) kJ mol'* (see Sec.
5.6), andA{H HCI (g), 298.15 K]= — (92.31+ 0.10) kJ mot®. Excess thermodynamic properties of solvation have been neglected.

3. Third Law analysis of equilibrium C}€ICCl, (soln/=C,HCl, (soln)+HCI (g) yields A,H(298.15 K)=51.7 kJ mol ! (see Discussion The quoted values
is obtained usingA{HY C,HCl; (1), 298.15 K= —(52.1+3.0) kI mol'! (see Sec. 5)6 and AHHCI (g), 298.15 K= —(92.310.10) kJ mol 1. Excess
thermodynamic properties of solvation have been neglected.

4. This was a primarythough not only result used to deriva{H 1,1,2,2-GH,Cl, (1), 298.15 K], so the agreement is not an independent confirmation of
the other values. The Second Law analysis yieldd (473 K)=10.0+ 2.1 kJ mol %, which was adjusted ta,H(298.15 K)=8.9 kJ mol* (see Sec. 6)8No
Third Law analysis was performed, as values of the equilibrium constant have not been published in the accessible literature.

ment. This presumably results from the summed uncertaine98.15 KJ= — 152.3+ 2.4 kJ mol * is calculated. Notice that

ties of the estimated properties, the excess thermodynamigis compound is less stable than 1,1,2,2-tetrachloroethane

properties associated with solvation, and the uncertainty iiH 1,1,2,2-GH,Cl,(g), 298.15K]=—156.7+3.5kJ

the Second Law analysis due to the short experimental temmol~Y). For highly chlorinated species, the isomer with the

perature range. Despite this, the data straddle the combustiefore distributed chlorines appears to be the more stable.

calorimetry result and appear to confirm its value. TheThis can be rationalized on both steric and electrostatic

limited information available on the result of Bushnevagrounds.

[19808] on the liquid-phase equilibrium

1,1,2,2-GH,Cl,=1,1,2,2-GH,Cl, is discussed in Sec. 6.8 6.8. 1,1,2.2-Tetrachloroethane

and results in a value consistent with that of the combustion

study[1978GH. However, since the data of Bushneva were Enthalpy of VaporizationThe enthalpy of vaporization at

a primary (though not sole result used to derive 298.15 K has been derived by Cox and Pilch&€870CH

AHY1,1,2,2-GH,Cly(l), 298.15K], this is not a com- from the data of Mathews [1926M] as (45.2

pletely independent confirmation. +1.3) kJmol'l. Newer values are (45.780.16) kJmol*!
RecommendatioriThe recommended value is that from [1972LW], and (45.69-0.11) kdmol* [1980MSS. Taking

the combustion calorimetry study of Gundry and Heada weighted average of the latter two results, we obtain

[1978GH, although we have increased the uncertainty limitsA,,H(298.15 K)= (45.72+ 0.09) kJ molt. A correction of

to reflect our experience with the absolute accuracy of such.01 kJ mol'! due to non-ideality of the gas was taken from

experiments with highly chlorinated compounds. Wethe work of Majer and Svobodd985MS (our calculation

thus adopt A{HY1,1,1,2-GH,Cl,(1), 298.15K=—-193.4 gives 0.02 kJmol*) and A\aH(298.15K)=(45.73

+2.3kJmol, from which AH91,1,1,2-GH,Cl,(g), *0.09) kimol!is derived. The heat capacity of vaporiza-
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TaBLE 22. Enthalpies of formation of 1,1,2,2,-tetrachloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Methods) Ref/Year Comments
Experimental
—156.7 2.1 453-493 Equilibrium [19808] 1, Second Law analysis. Present analysis
4.2 1,1,2,2-GH,Cl, (soln=1,1,1,2-GH,Cl, (soln [1983KHA uses updatedH 1,1,1,2-GH,Cl,].
—158.7 N.R. 298 Enthalpy of dehydrochlorination [1956K] 2, Reanalyzed and auxiliary quantities
(8.4)° 2[1,1,2,2-GH,Cl,(I)]+CaGH,(c)— updated byf1970CH. Present analysis
2CGHCl4(1)+CaCl(aq:400+2H,0(1) uses updatedH[ C,HCI; (I)].
—-157.3 N.R. 298 Enthalpy of chlorination [1956K] 3, Reanalyzed by1970CH. Updated
(8.4)° Z-1,2-GH,Cl,(1)+Cly(g)—C,H,Cly(l) AHYZ-1,2-GH,Cl,(1)] used in present
calculation.
—148.8 8.4 298 Combustion calorimetry of liquid [1938H 4, Static Bomb. Data corrected by Smith
[1953SBK et al.in 1953. Reanalyzed and auxiliary
[1970CH quantities updated by1970CR.
Reviews and
Evaluations
—152.3 1.4 298 [1983KA
-149.4 N.R° 298 [1981Q
—149.4 4.2 298 [1974CRW Group additivity estimate
—150.2 6.3 298 [1970CH

dReported uncertainty refers only to the precision of the measured reaction enthalpy and does not include uncertainty in auxiliary thermodtitasic qua
The parenthetical value is that estimated by us by comparison of the reliability of similar experiments.

PNot reported, the parenthetical value is that estimated by Cox and Pjit928CH.

‘Not reported.

Comments:

1. Second Law analysis yieldsH (473 K)=(10.0+ 2.1) kJ mol't. This becomeg H(298.15 K)=(8.9+ 2.5) kJ mol ! (see Discussion The quoted value
is obtained using\{H 1,1,2,2-GH,Cl, (1), 298.15 K= — (193.4+ 2.3) kJ mol'* (see Sec. 6)8 Excess thermodynamic properties of solvation have been
neglected.

2. AH(298.15K)= —(155.6+ 8.4) kJ mol'X. The results were reevaluated by Cox and Pil§hé70CR. Their analysis leads tdHY 1,1,2,2-GH,Cl, (1),
298.15 K]=A{HI C,HCl5 (1), 298.15 K| — 152.3 kJ mol*. The stated value was derived usiigH C,HCl; (1), 298.15 K| = — (52.1+ 3.0) kJ mol'* (see Sec.
5.6).

3. AH(298.15K)= —(169.1+8.4) kJ mol'L. The quoted value is obtained usiagH Z-CHCI=CHCI (1), 298.15 K= — (34.0+ 2.5) kJ mol %,

4. Sample purity uncertainAH[(l), 298.15 K|= —(972.80+ 8.4) kI mol'%, refers to reaction 1,1,2,2,8,Cl, (1)+H,0 (1)+1.50, ()—2CG; (g)
+4HCl(ag:600. The original results of Eftringjl1938F were corrected by Smitat al. [1953SBK| and reevaluated by Cox and PilcH&870CH. The data
have subsequently been compiled by Pedleyal. [1986PNK. The following auxiliary values were usedAHYCO,(g),298.15K
=—(393.51+0.13)kI mol, AHIH,0 (1), 298.15 K= — (285.830 0.040) kI mol’, and A;HYHCI (aq:600, 298.15 K|= — (166.540- 0.10) kJ mol'%.
The data result im\{H 1,1,2,2-GH,Cl, (1), 298.15 K = — (194.55+ 8.4) kJ mol %,

tion is derived as\,,C,= —62.7 Jmol 'K * from the tem- measured by  Kirkbride [1956K], ~who reported
perature dependence of thg,H data of(1980MSS. AH(298.15K)=-169.0kJmol™.  Cox and Pilcher
Enthalpy of FormationData are summarized in Table 22. [1970CR have estimated the uncertainty of the result
The enthalpy of combustion has been measured by Eftringp be about 8.4 kJmot, although we are uncertain how
[1938H using a static bomb calorimeter and the “quartz spi-they arrived at that number. UsingAH(298.15K)

ral” method. These results were corrected by Snetral. = — (169.0+8.4) kI mol ™, and our updated
[1953SBK|, subsequently updated by Cox and Pilcherenthalpy  value  A{HYZ-CHCIE=CHCI(),298.15K]
[1970CRH and the data later compiled by Pedlegal. =—(34.0:2.00kJmol* (see  Sec. 555 we

[1986PNK], who used a newer value for the enthalpy of obtain AHT1,1,2,2-GHyCly(l), 298.15 K= —(203.0
diluton of HCIL The combustion result yields *8.8)kJmol*. Kirkbride [1956K] also reports an other-
AHI1,1,2,2-GH,Cl,(1), 298.15K =—(194.55-8.4)kJ  Wwise unpublished measurement by Parker and Dickinson
mol ™%, but is suspect because the early combustion data dd956P0 of the enthalpy of dehydrochlorination of 1,1,2,2-
chlorinated compounds often yield enthalpies of formationtetrachloroethane:

that appear systematically too positive when compared with

newer data(see Fig. 2 The enthalpy of formation of 2[1,1,2,2-GHoCly{) ]+ CaOH(C)
1,1,2,2-GH,Cl, is also linked to that oZ-CHCL=CHCI —2C,HCl4(l)+CaCk(aq:400+2H,0(1). (21

through the enthalpy of chlorination _ _
Cox and Pilchef1970CR have reevaluated the data using

Z-CHCE=CHCI(l)+Cl,y(g)— C,H,Cl (1) (20 updated values for some auxiliary thermodynamic quantities.
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They report AH(298.15K)=—(155.6+8.4) kJmol'%, 6.9. Pentachloroethane
where the uncertainty is that estimated by Cox and Pilcher.
This leads to A;H9Y1,1,2,2-GH,Cl,(l), 298.15K
=AHIC,HCI4(l), 298.15K—152.3kJmol*. Using our
updated enthalpy A;H C,HCI4(l), 298.15K=—(52.1

Enthalpy of VaporizationNo direct measurements of the
enthalpy of vaporization appear to exist and values of
A,H(298.15K) ranging from 45.6 to 52.1 kJ mdlhave

+3.0) kamol'!, which we believe to be reliabléSec. 5.2, been proposed. Chacetal. [1974CRW recommend

we obtain AHY1,1,2,2-GH,Cl,(l), 298.15K = — (204.3 AyaH(298.15 K)=45.6 kJ mol?, a value stated to stem
+8.9) kI mol %, from a calorimetric measurement made by Eftring. However,

Kolesov and Papind1983KH have reported a study &N examination of the thesis of Eftrifd938E shows the

[19808] of the isomerization of tetrachloroethanes betweerfi20Ve value to have been derived from the vapor pressure
453 and 493 K data of Nelsor{1930N] using the Clapyron equation. Chao

et al. also fit the vapor pressure data of Nelson using an
Antoine equation, derivingA;H(433 K)=37.8kJ mol %,

and A, H(298.15 K)=48.5kImol!. Papina and Kolesov
[1985PK used A, H(433K)=40.2-2.1kJmol* from
[1971@, which derived this value from a fit to the data of

. o Nelson, although the fitting procedure was not described.
Since the value AHTLILL2-GHCI), 298.15K Ay, H value at the boiling point was adjusted by Papina

=—(193.4+2.5) kJmol'! has been determined by modern B 1
rotating bomb calorimetry study and appears to be well esémd Kolesov 10A,)1(298.15K)=52.1kJmol * based on

tablished(see Sec. 6)7 these data are particularly interest- heat capacity data from Kobe and Harri¢d857KH] for the

ing. Unfortunately, this work does not appear to have bee 1615692]\?\/ K# rbatov[1948tK] d f[%r tt?ﬁ Iqu?. Stull'tet:I.t f
published in the primary literature and no details are avail § have suggeste at the heat capacity data o

able. Kolesov and Papina quoteH(473K)=10.0 Kurbatov for the liquid are far too high, but no other data are

+2.1kJmol ! from a Second Law analysis of the data. We 2vailable. Sltull etal. recommended A,aH(433K)
have extrapolated this to 298.15 K using the gas phase heaj#0-6 kJmol™, again derived from the vapor pressure data
capacities of Chad19810, [1974CRW, adjusting them of I_\Ielson[1930N]. To correct this t? 252?.15 K, they use_d an
based oM o C,(1,1,2,2-GH,Cly) = —62.7J mol 1K, de- estimated A, C,=—50.2Jmol"K . t_o obtain
rived from the enthalpy of vaporization data[d080MSg,  Avadi(C2HCls, 298.15K)=47.3kImol ™. Th'sl cc_)rlnpares
and A Cp(1,1,2,2-GH,Cl,) = —65.8 mollK-! from  With the_: average value af,,C,=—88.1Jmol“K™" used
the tables of Domalski and Hearin§1993DH. This by Papina and KolesoM985PK. As a check, we have de-
yields AH(298.15K)=8.9+2.5kImol}, which leads 'ved A, C, values for a series of chloroethangs from the
to AHY1,1,2,2-GH,Cly(l), 298.15K =—202.4-2.9kJ temperature dependent enthalpies of vaporization measured
mol~L. This is significantly more negative than the combus-calorimetrically by Majeret al. [1980MSS. The slope of a
tion result of Eftring[1938H, but is in excellent agreement Plot of Ay, H vsT (Fig. 8) yields A, C,. The heat capacity
with values obtained from dehydrochlorination of Of vaporization values are nearly independent of temperature
1,1,2,2-GH,Cl, and chlorination of Z-CHGECHCI. It is  over the studied range, 298-358 K, and ai®4.3, —60.3,
interesting that, although Cox and Pilch&970CH have —55.1, and —62.7 Jmol'K™ for 1,2-GH,Cl,
estimated the uncertainties of the latter two results to bd.1,2-GH3Cls, 1,1,1-GH3Cls, and 1,1,2,2-6H,Cl,, respec-
about 8.4 kJmol*, the data appear to be of much bettertively. For 1,1-GH,Cl,, the heat capacity of vaporization
accuracy when newer values of the enthalpies of formatiomwvas derived as\,,C,=—50.0J mol *K~* from the differ-
of the chloroethenes are used. ence of the reported heat capacities of the [294FKM]
Finally, we have examined the relative stability of the tet-and liquid [1956LF. Using Benson-style groupd9768],
rachloroethane isomers using a seriesabfinitio calcula- [1993CH a simple group additivity fit to these data would
tions [2001BAM], up to and including level of composite predictA,,Cp(C,HCls)=—67.7 Imol 'K ™% This suggests
QCISD(T)/6-311++G(3df,3pd calculations. These results that the value used by Papina and Kolesod C,
show 1,1,2,2-GH,Cl, to be the most stable isomer and are in=—88.1Jmol*K™) is too large, and supports the conten-
good agreement with the above data. tion of Stull et al. that the heat capacity data of Kurbatov
Recommendatiorhll the above information were consid- [1948K] for the liquid are unreliable. As an independent pro-
ered but little weight was given to the early combustion re-cedure for obtaining\,,4H(298.15K), we have correlated
sult. We recommendA;HY1,1,2,2-GH,Cl,(l), 298.15K  this property with the normal boiling point for the above
= —202.4+3.5kImol L. Although all three of the primary chloroethanes. As shown in Fig. 9, the expression
measurements used in selecting our recommended value akg,gH(298.15K)/kJ mol1=0.1593() —21.60 fits all the
in excellent agreement, we lack details of two of these excalorimetrically determined data within 1 kJmd) and
periments. The overall uncertainty we have estimated igjives A ,,H/(C,HCls, 298.15K)=47.4kJ mol L. The esti-
therefore still relatively high. In conjunction with the en- mated expanded uncertainto) is 1.5 kJmol®. A similar
thalpy of vaporizationA;H9 1,1,2,2-GH,Cl,(g), 298.15K] relationship yieldsA,,H(C,HCls, 433 K)=38.3kJ mol %,
=—156.7=3.5kImol ! is obtained. from which  we can deduce A,,C,(C,HCls)

1,1,2,2-GH,Cly()=1,1,1,2-GH,Cl,(). (22
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; 1 .

= 0.054F+513 A 112EA= —0.060F +58.2: A 111E expressiom,H(298.15 K/kJ mol *=0.1593(T;,) — 21.60 fits all the calo-

= —0.055T+48.9: A ;:ﬂEZZEQ): —0.0627+64.3 var1( A rimetrically determined data within 1 kJ md{ and for pentachloroethane
. 9, A, . 3.

(b.p. 433.1 K gives yieldsA,,H(C,HCls, 298.15K)}=47.4 kJ mol L. If
experimental data on the chloromethanes and chloroethenes are included,
the expression becomeés,,JH(298.15 KkJ mol 1=0.1497{T,) — 18.64 and
gives yieldsA,,H(CHCls, 298.15 K=46.2 kJ motl. For pentachloroet-
=—67.4JmoltK™L in excellent agreement with the group har_]e, we prefer the expression derived using data on the chloroethanes only,
additivity value. The combination of OuXCp value together while estimates for the chloroethynes use the latter parameters.
with the various derived literature values &f,H(433K)
yields A, ,H(C,HCls, 298.15K) values between 46.9 and
49.5 kJ mg?l. These are in very good agreement with the C,HCl3(1) +Cly(g)=C,HCls(1). (23
value derived in Fig. 9. We recommend Yyields From three experiments, his data yielH(298.15K)=
AyaH(CHCls, 298.15K)=(47.4=1.5) kIJmol''. The cor- —(151.2¢5.0)kJmol', where the listed uncertainty
rection due to non-ideality of the gas is calculated by us ass twice the standard uncertainty2o) and refers to
0.017 kJmoi! and we adopt AyoH(298.15K)  precision only. Using AHC,HCIx(1),298.15K =
~ Ao H%(298.15 K)= (47.4+ 1.5) kI mol ™. —(52.1+3.0) kI mol'* (see Sec. 5%  we
Enthalpy of FormationData are summarized in Table 23. AHY C,HCls(1),298.15 K] = — (203.3+ 5.8) kJ mol ..
Eftring [1938H originally determined the enthalpy of com-  Kirkbride [1956K] also reports an otherwise unpublished
bustion of pentachloroethane. These data were corrected byeasurement by Parker and Dickindd®56P0 of the en-
Smith et al. [1953SBK|, reevaluated by Cox and Pilcher thalpy of dehydrochlorination of pentachloroethane:
[1970CH, and compiled and updated by Pedley al.
[1986PNK], who used a newer value for the enthalpy of 2C,HCIs(I)+CaGH,(c)—2C,Cl,(1)+CaCk(aq:400

dilution of HCI. The data result in

AHOCHCI(l), 298.15K = — (185.8+8.4) kmol %, Af- +2H,0(1). (24)
ter corrections, Kolesov and Papinfd983KF derived The reported enthalpy of reaction id,H(298.15K)
AHCHCIs(l), 298.15K=—183.5kIJmol* from this =—(181.6+8.4) kJmol! where the uncertainty is that esti-

same data, although our calculation from their listed enthalmated by Cox and Pilchdrl970CR and is approximately
pies of combustion, A.H(298.15K)=—858.9 kI mol?, 20. Following their analysis, we find
gives a value of AHICHCIs(), 298.15K  AHIC,HCIs(I), 298.15K=AHYC,Cl (), 298.15K]
=—189.2kImol™. In any case the precision of the experi- —139.3 kJmot™. Using AHIC,Clyl), 298.15K =
ments is low and the reliability questionable, given that—(63.9+-4.0)kJmol! (see Sec. 5)7 we find
Eftring’s values for most chlorinated compounds are systemAH C,HClg(1), 298.15 K= —(203.2+9.3) kI mol'%.

atically too positive when compared with newer determina- The dehydrochlorination equilibrium has been studied by
tions (Fig. 2). Levanovaet al. [1979LBR]

The enthalpy of formation of pentachloroethane is also .
linked to those of @Cl, and GHCl;. The link to trichloro- CoHClg(soln=C,Cly(soln +HCl(g). (25)

ethene is through the enthalpy of chlorination measured birhey found logK=7.42—2360T between 363 and 383 K.
Kirkbride [1956K] Their Second Law analysis vyields AH(373K)
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TaBLE 23. Enthalpies of formation of pentachloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Methods) Ref/Year Comments
Experimental
—-155.0 N.R. 313-353 Equilibrium of reaction [1979LBR] 1, Second Law analysis. Present analysis
(4.22 C,HCl5 (soln=C,Cl, (soln+HCI (g) uses updated H C,Cl,(1)].
—160.0 N.R. 313-353 Equilibrium of reaction [1979LBR] 2, Third Law analysis. Present analysis uses
(4.22 C,HClI5 (soln=C,Cl, (soln+HCI (g) updatedAH C,Cl, ()].
—138.4 N.R. 298 Combustion calorimetry of liquid [1938H 3, Data corrected by Smitét al. in 1953;
(8.4)° [1953SBK data reanalyzed and auxiliary quantities
[1970CRH updated by[1970CR.
—155.9 N.R. 298 Enthalpy of chlorination [1956K] 4, Data reanalyzed byj1970CH, updated
(5.0° C,HCl; ()+Cl, (g)—C,HCls (1) AHY C,HCI; (1)] used in present analysis.
—155.8 N.R. 298 Enthalpy of dehydrochlorination [1956K] 5, Data renalyzed bj1970CRH, updated
(4.2° 2G,HCl; (I)+CaO,H,(c)—2C,Cl, (1) AHC,Cl, (I)] used in present analysis.

+ CaCh(aq:400+2H,0 (1)
Reviews and Evaluations

—142.0 9.0 298 [1986PNK]

—155.4 N.R 298 [1983KPA 6, Modified group additivity calculation.
—145.6 N.R4 298 [1981Q

—145.6 4.2 298 [1974CRW

—142.7 10.5 298 [1970CH

—142.3 N.R? 298 [1969SW$

@Not reported, the parenthetical value is the estimated by us by comparison with similar experiments.
PNot reported, the parenthetical value is that estimated by Cox and PJit®&8CH (approximately 2).
°Not reported, the parenthetical value is @s calculated by us from the reported data.

dNot reported.

Comments:

1. Second Law analysis yieldsH C,HCIs (1), 298.15 K| AH[C,Cl, (1), 298.15 K|—138.5 kJ mof*. Analysis ignores excess thermodynamic properties
of solvation. WithA{H C,Cl, (1), 298.15 K|= — (63.9+4.0) kI mol'* (see Sec. 5)7 we deriveA;H C,HClIs (1), 298.15 K = — 202.4 kJ moi ™.

2. Third Law analysis yieldéH C,HCls (1), 298.15 K|= A{H C,Cl, (1), 298.15 K — 143.8 kJ mol™. Analysis ignores excess thermodynamic properties
of solvation. WithA;H C,Cl, (1), 298.15 K|= — (63.9+ 4.0) kJ mol'* (see Sec. 5)7 we deriveA;H C,HClI; (1), 298.15 K= —207.7 kJ mol %,

3. AHSe=—(862.3-8.4) kI mol'l, refers to reaction §iCls (I)+2H,0 (I)+0, (g)—2CO, (g)+5HCl(aq.600. The original results of Eftring19385
were corrected by Smitlet al. [1953SBK and reevaluated by Cox and Pilchgt970CH. The data have subsequently been compiled by Pedley
et al. [1986PNK. The following auxiliary values were usedAHCO,(g),298.15K=—(393.51-0.13) kJmot?!, AHH,0(l),298.15K
=—(285.830:0.040 kJmol, and AHHCl(aq:600, 298.15 K= — (166.540=0.10) k morL. Data lead toAHC,HCI; (1), 298.15 K|= — (185.76
+8.4) kJ mor™.

4. AH(298.15K)=—(151.2+5.0) kJ mol L. Enthalpy of formation listed in Table is based afH C,HCl, (1), 298.15 K= — (52.1+ 3.0) kJ mol'! (see
Sec. 5.7.

5. AH(298.15K)=—(181.6+4.2) kI mol'l. Data reanalyzed Cox and Pilchgt970CH and lead toA{HC,HClIs (1), 298.15 K= AH C,Cl, (1),
298.15K]-139.3 kI moft.  With AHIYC,Cl, (1), 298.15 K= —(63.9+4.0) kImol? (see Sec. 5)8 we derive AHIC,HCIg(l), 298.15 K=
—203.2 kI malt.

6. Because of uncertainties in the experimental data, Kolesov and Papina recommended a calculated value for this compound.

=45.1kIJmol?. To correct this to 298.15 K, the gas phase = (48.9+4.0) kmol'!, where the uncertainty iso2and is
heat capacity dat@1982R], [1981C were adjusted using that estimated by us by comparison with similar experiments.
AyaiCp(CCly) = —51.8Imol * K™, derived from the data Combined with the selected value of

of Majer etal. [1980MSS, and A, Ch(CHCls)  AHYC,Cly (), 298.15K = —(63.9+4.0) kImol'%, we cal-
=-67.4Jmol 'K~ derived as discussed above. These,ate AHICHCI(l), 298.15 K= — (205.1

data yield AH(298.15K)=46.2kJmort. A Third Law +5.7) kJmol *
g ; 11 +5. .
analysis usinghgpS(C,Cly, 298.15K)=102.3Jmol °K ™, RecommendatioriThe values ofAH[ C,HCIs]. from the

derived from the data of Majeet al. [1980MSS, and L -
A, S(CHC5, 298.15 K)=115.0Jmol*K % derived as chlorination [1956K] and dehydrochlorinatiorf1956P0,

discussed below, yieldd H(298.15K)=51.5kimor, in  [1979LBRI studies are in very good agreement with each
general the Third Law analysis would be expected to b¢ther, but in poor agreement with the combustion data
more accurate given the short temperature range of the ex1938E. We prefer the values derived relative tgHCI;
periments. However, given the uncertainties associated with!956K] and GCl, [1956P0, [1979LBR| and, based on
the estimated data and the excess thermodynamic propertitese, recommendetliH[ C,HCls(1), 298.15 K= —(203.2

of solvation, we choose the average valugH(298.15K)  *=4.0) kJmol'L. In conjunction with the enthalpy of vapor-
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ization we obtain AH C,HCls(g), 298.15K=—(155.9 auxiliary thermodynamic quantities. These data yield
+4.3) kImol %, AHI CCly(s), 298.15K = —(201.6+9.3) kJmol*. Using
our recommended enthalpy of sublimation,
AguH39d C:Cle(S), 298.15 K =(69.0+4.0) kImol?, we
6.10. Hexachloroethane derive AHYC,Cly(g), 298.15K = —(132.6

Enthalpy of Sublimation Vapor pressures of solid +9.8) kImol'l. This value may not be reliable, however,

hexachloroethane have been measured by several groupice for the other compounds where there is newer data, the
[1935L], [1941NS, [1947ID]. These data can be used to enthalp|es of formation derlved. from thg combustlorj.studles
determine the enthalpy of sublimation, although the analysié)f Eftring appear tp t,)e too pos[tw(eee Fig. 2 In add'|t|on,

is complicated by transitions of the crystal structure that oc{Neré aré uncertainties regarding the sample purity of the
cur over the temperature range of the experiments. GurvicA'aterial used in the combustion experiments.

et al. [1991GVA] considered only the vapor pressure data of A relative value for the solid can be obtained from the
[1947ID] and obtainedA g uH%d C,Cle(s,rhomb)] = (60.7 liquid phase enthqlpy .of chlorination of tetrachlorogthene
+4.2) kI mol %, Chaoet al.[1974CRW considered all three Measured by Kirkbride [1956K]. These data yield
of the above references and pointed out some inconsistenciégt! 1 C2Cle(S). 298':&5 K= AHTCCLy(), 298.15K= :

in the available data. They attempted to resolve these diffi—_(155'3t6) kmol  (see OComment 6 of Table p4Using
culties by fitting the vapor pressure data with the Antoine®Y preferreclj value AH [_CZCI“(DC; 298.15K=—(63.9
equation. They obtained values af;,,H9g ranging from +4.0) kImol %, -~ we clnbtam AHTCLly(s), 298.15K
60.7 to 724 kJ molt and selected = —(219.2:7.2)kJ mor1 ano_l AfH°[C2CI§(g), 298.15K
AqnH%d C,CIs(), 298.15K=(69.0:2.1) kImol ' as the —(150.5-8.8) kJ mo'r_. This number is 18 kJmot
best available value. Their analysis will not be repeated herl@Wer than the combustion value.

and the reader is referred {d974CRW for details. After Enthalpy .Of formation. values foré{.‘:lﬁ in the gas phase
review, we favor the analysis of Chagt al, although we can be obtained more directly from high temperature pyroly-

have increased the uncertainty limits and recommen&ispitr%?;;ssog f%:?aiﬂ?o%%é;giehzf rii(fgrl:;)s/ebdegglg\tﬁdied
AgupH5d C:Cle(9), 298.15 K =(69.0+4.0) kImol't. For

the purpose of obtainindH9298.15 K] for the ideal gas, by Huybrgﬁgtget al. ng%H'f\lMd’ [199|6HNMtli| anddleads
the correctness of this value is not very important as a reljl0 @n equilibrium mixture o CGl CLl,, CCls, and Ch.

able enthalpy of formation of the solid is not availaltéee This study is dist_:gs_sed in detail in Sec. 5.7. Huybreeht,

later discussion report the eqwhlzzlum vapor pressures at 696.6 K as
Enthalpy of VaporizationFor the chloroethanes with ex- p(%gs):S.S;;i% Stm (g’gls _9P§’5X 1%(3204) :97635

perimentally known enthalpies of vaporization, ourcompari—>< atm (731. % ?g h) =9. atm ( "

sons show thaﬁvap|-|/Tb=(880'_" 30) J mo]—l K_l, in the Pa), andp(Clz):148>< 10 atm (1500 Pa. For the eqUIllb-

range of typical statements of Trouton’s R{EI78A]. On num

this basis, taking the normal boiling poift,=457.8 from 2CCl(g)=C,Clg(g) +Cl,(g) (26)

Horvath [1993H, we find A, H(457.8K)=(40.3 )

+2.2) kJmol}, where the uncertainty includes an estimatedNese data correspond ,4696.6 K)=61.7 Pa. We esti-

5 K uncertainty in the normal boiling point, which is not Mate the 2z uncertainty in the equilibrium constant to be

firmly established. From a group additivity fit to experimen- @Pout a factor of 2, mainly due to the analysis ofCL;
tal A,C, data on the chloroethanes we find which was present in small amouri@&4% of CC}). From a

AvalCo(CCle) = — (71.7+5) J mol K%, where the uncer- Third Law analysis, using entropies and heat capacities from
tainty has been estimated. For the hypothetical liquid at stafh® TRC Tables [1981G, [19185@1 we calculate
dard conditions we thus calculate,,H°(298.15 K)=(51.7 A6H(696.6 K)= (46-%4-0) kJmol* and A,H(298.15K)
+2.3) kI mol'* (our calculated correction for non-ideality is = (44.8+4.0) kJmol~. L Using A{HYCCly(g),298.15K
0.01 kJmof?). The two correlations ofA,,H°(298.15K) =—(95.6:2.5) kJmol* (see Sec. 3)5 this I?ads to
with the boiling point given in Fig. 9(Sec. 6.9 give AHTCCls(@), 298.15K=—(146.4-4.7) ki mol ", Alter-

Ao H%(298.15K) values of 51.3 and 49.9 kJ mblWe rec- n_atlvely, if entropies and heat capacities are taken from Gur-
ommend A, H(298.15K)=(51.0:2.3) kimol*. As a  Vich etal. [1991GVA|, we  derive
rough check, we note that the sum of @, H°(298.15 K) AHTCLCle(9), 298.15K=—(145.6+4.7) kImol~. These
plus Kirkbride’s[1956K] enthalpies of solution of &£l in values are in very poor agreement with the combustion

C,Cl, (19.7 kI morY), is close to the recommended enthalpy Value, but in good agreement with that derived from liquid
of sublimation. phase chlorination. The above value is linked to the enthalpy

Enthalpy of FormationData are summarized in Table 24. Of formation of CCl(g), which has a reliable valugee Sec.

The only measurement of the enthalpy of combustion is by3-9- The data of Huybrechtst al. [1996HNM4 can also be
Eftring. The results of Eftring 19385 were corrected by Uused to obtain information on equilibrid5) and (16):

Smith etal. [1953SBK and later by Cox and Pilcher 2CCl,(g)==C,Cl4(g)+2Clx(g) (15
[1970CR and subsequently compiled and updated by Pedley
et al. [1986PNK], who used newer values for some of the C,Clg(g)=C,Cl4(g)+Clx(g). (16)
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TaBLE 24. Enthalpies of formation of hexachloroethane derived from reported experimental data

AH°(g), Reported
298.15 K uncertainty Temp.
(kI mol™}) kJ molt (K) Method(s) Ref/Year Comments
Experimental
—146.4 N.R. 696.6 Equilibrium of reaction [1996HNM4E 1, Pyrolysis of CCJ. Third Law analysis,
(4.02 2CCl, (9)=2C,Clg (g)+Cl, (g) A{H[CCl, (g)] used in calculation.
—144.5 N.R. 696.6 Equilibrium of reaction [1996HNM4 2, Pyrolysis of CCJ. Third Law analysis,
(4.02 C,Clg (9)=C,Cl, (9)+Cl, (9) AHYC,Cl,(g)] used in calculation.
-163.3 N.R? 773-873 Equilibrium of reaction [1979BLR] 3, Pyrolysis of GCls. Third Law analysis,
C;Cls (9=C,Cl, (9)+Cl, (9) AHIC,Cl4(g)] used in calculation.
—160.7 N.R? 773-873 Equilibrium of reaction [1979BLR] 4, Pyrolysis of GClg. 2nd law analysis,
C,Clg (99=C,Cl, (9)+Cl, (9) A{HY C,Cl,(g)] used in calculation.
—-149.3 N.R. 776 Equilibrium of reaction [1963PBM 5, Pyrolysis of GClg. Third Law analysis,
(2.6° C,Clg (g)=C,Cl, (9)+Cl, (9) [1962PMN A{HIY C,Clg (g)] used in calculation.
—150.5 N.R. 298 Enthalpy of Chlorination [1956K] 6, A{H C,Cl, (I)] used in calculation.
(5.0¢ C,Cl, ()+Cl, (g)—C,Clg ()
—-149.1 N.R. 671 Equilibrium of reaction [1950D]] 7, Pyrolysis of GClg. Third Law analysis,
(2.3° C,Clg (9)==C,Cl, (9)+Cl, (9) A{H[C,Cl, (g9)] used in calculation.
—132.6 8.4 298 Combustion calorimetry of solid  [1938H 8, Data corrected by Smitét al. in 1953;
[1953SBK data reanalyzed and auxiliary quantities
[1970CRH updated by{1970CR.

Reviews and Evaluations
—-141.5 4.7 298 [1991GVA] Evaluation date uncertain; same value as
previous editior{ 1970CRH.

—143.6 9.1 298 [1986PNK]

—1495 N.R® 298 [1983KA Value from group additivity.
—138.9 N.RS 298 [1981F

—140.6 4.2 298 [1974CRW

—144.3 5.9 208 [1970CH

—141.4 N.R® 298 [1969SWS

ot reported. The parenthetical value is the uncertainty in the reaction enthalpy estimated by us assuming a factor of two uncertainty in ith@ equilibr
constant.

PNot reported.

‘Not reported. The parenthetical value is the uncertainty in the reaction enthalpy estimated by us assuming a 50% uncertainty in the equildamum const
dNot reported. The parenthetical value refers to the reaction enthalpy amdas €alculated by us from the reported data.

°Not reported.

Comments:

1. Third Law analysis using entropies and heat capacities fi®81C, [1985R yields A,H(696.6 K)=—161.9 kJ mol'! and A H(298.15 K)= — 165.3

kJ molL. Using A{H CCl, (g), 298.15 K|= — 95.6+ 2.5 kJ mol* (see Sec. 3)5ve deriveAH C,Cl, (g), 298.15 K = — 26.0 kJ mot™. If entropies and heat
capacities are taken frofd991GVA], this becomes\{H C,Cl, (g), 298.15 K= —24.7 kI mol L.

2. Third Law analysis using entropies and heat capacities ft81d, [1985R yields A,H(696.6 K)=—115.6 kJ mol* and A,H(298.15 K)= —120.4

kJ mol. A{HY CCl, (g), 298.15 K= —95.6+ 2.5 kJ mol'* (see Sec. 3)5used in calculation.

3. For GClg(g9)=C,Cl, (g)+Cl, (g), measured equilibrium constants afg773 K)=0.102 atm(10.34 kP&, K(823 K)=0.345 atm(34.94 kPa, K(873
K)=1.042 atm (105.5 kPa Using entropies and heat capacities frgi9810, [1985R these yield A,H(773 K)=—134.6 kJmol', AH(823K)
=-133.3 kImof?, and AH(873 K)=—132.6 kI mol’. Averaging the dataAH(298.15 K)=—139.5kJ mol' is obtained. These data are in poor
agreement with the three other measurements of the equilibrium constant for this reaction.

4. Second Law analysi$773-873 K of C,Cl,(g)+Cl,(9)=C,Cls(g) yields AH(823 K)=—130.5kJ moi*. AH(298.15K)=—136.5kJ moi? is
obtained using entropies and heat capacities fi®810, [1985R. Result is in good agreement with Third Law analy§&®mment 3, but in poor agreement
with the three other measurements of the equilibrium constant for this reaction.

5. K(776 K)=0.80 atm(81.1 kPa. We estimate the®uncertainty inK to be £50%. From a Third Law analysis, taking entropies and heat capacities from
the TRC Table§1981d, [1985R, we obtainAH (776 K)=(120.7+2.6) kJ mol'* and A,H(298.15 K)=(126.6+2.6) kJ mol'. Stated value is obtained
using A(HY C,Cl, (g), 298.15 K = — (24.2+ 4.0) kJ mol'! (see Sec. 5)7

6. Results of four experiments for,Cl, (1)+Cl, (g)—C,Cls (s) give A,H(298.15 K)= — (135.6+ 3.9) kJ mol'* (Kirkbride [1956K] rounds the average value
to two significant figures and reporgH (298.15 K)= — 32 kcal mol ™%, although each experiment is reported to a precision of 0.1 kcal’namid the actual
average is-32.4 kcal mol'?). Kirkbride [1956K] determined the approximate enthalpies of solution £ZIgin C,Cl, to be 19.7 kJ mol*, so for the reaction
C,Cl, (N+Cl, (9)—C,Clg (9 we derive AH(298.15K)=—(155.3-6.0) kJmol'l, where the uncertainty is estimated. In conjunction with
AHC,Cl, (1), 298.15 K| = — (63.9+4.0) kJ mol't. We obtainA{H C,Cls (s)]= —(219.2+ 7.2) k mol ™.

7. For GClg (9)=C,Cl, (g)+Cl, (g), at 671 K, the pressurd®,(C,Clg)=87.5 mm(11.67 kPa) anB;,,=1.5R, lead toK 4671 K)=5.83 kPa(see text
Taking entropies and heat capacities from the TRC Tabl@81], [1985R, we derive A;gH(671 K)=(120.4+2.3) kJmol'! and A;gH(298.15 K)
=(124.9+ 2.3) kI mol', where the uncertainties are based on an estimated 50% uncertalfy.in

8. Static bomb calorimetry. Experiments by Eftriri®38H as corrected by Smitét al.[1953SBK] and Cox and Pilchgrl970CH. Sample purity uncertain.
A H(298.15 K)= — (727.2+ 8.4) kJ mol %, refers to reaction £Clg (s)+3H,0 (I)+0.50; (9)—2CG, (g)+6HCI (aq:600. The following auxiliary values were
used: AHICO, (g), 298.15 K|= —(393.51-0.13) kI mol', AHTH,O (1), 298.15 K= —(285.83G= 0.040) kJ mol?, and AHHCI (aq:600, 298.15 K|
=—(166.540-0.10) kI maol'l. These data result im\{H C,Cls(s)]=—(201.57-8.4) kI mol't. Combined with A, H C,Cls (s), 298.15 K= (69.0
+4.0) kI mol'?, we obtainA¢HY C,Clg (g), 298.15 K = — (132.6+9.3) kJ mol L.
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Equilibrium (15) is discussed in Sec. 5.7. For reactid®),  temperature studies of the equilibria involved in ¢@hd
K16(696.6 K)=28.5kPa. We estimate therdincertainty in  C,Clg pyrolysis. The pyrolysis data of Huybrechet al.

the equilibrium constant to be about a factor of 2. Using[1996HNM4, [1996HNMb], Puyo et al. [1962PMN, and
entropies and heat capacities from the TRC Tafl®81d,  painton and Ivin[1950DI] are in reasonable agreement,
[1985R, one  calculates A;H(696.6K)=(115.4  while the data of Bushnevet al. [1979BLR] lead to much
+4.0)kImol*  and A1H(298.15K)=(120.3:4.0) kJ  |arger values oR;¢H. This suggests there are problems with
mol~*. If data are taken from Gurvicket al. [1991GVA]  the latter study and those results were not used in making the
A16H(298.15 K)=(120.8+ 4.0) kI mol . As a check we can  final selection. The most direct value is obtainable from the
compare values ol ¢H derived from studies of hexachlo- study of Huybrechtset al. [1996HNMd, [1996HNMb]

roethane pyrolysis. which relates  AHYCCl,(g), 298.15K and
Pyrolysis of hexachloroethane has been studied severalHo C,Cl4(g), 298.15K]. However, the data in that study
times and detailed models of the reaction developed byhat relate AHC,Cly(g), 298.15K] and

Weissman and Bensdri980WB|, and later by Huybrechts AHIC,Cl(g), 298.15K are slighty at odds with
et al. [1996HNM4d, [1996HNMAD]. It is now accepted that pexachloroethane pyrolysis  studies of Puyet al.
pyrolysis of GClg leads to the rapid establishment of equi- [1962PMN and Dainton and Ivi{1950DI]. This may be
Iibrigm .(16), followed py the _much slower progression of pacause 6Clg is a very minor product of tetrachloromethane
equilibrium (15) and various minor side channels. Pwtal. v rolysis and therefore its analysis is subject to greater un-
[1962PMN reportedK (776 K)=0.80 atm(81.1 kPa. We  certainty. By contrast, hexachloroethane pyrolysis results in
estimate the @ uncertainty inK,g to be = 50%. From a large equilibrium amounts of LI, and GCls and these
Third Law analysis, taking entrppies and heat CapaCitie§tudies[1950Dl], [1962PMN should be more precise, de-
from [1981@1 [1985R, we obtain AyH(776 K)=(120.7  gpite the fact that the analytical techniques employed are
* Zf’l) kJmol'* and ~ A,gH(298.15K)=(126.6-2.6) kJ o\ somewhat dated. The above three pyrolysis studies lead
mol ™. , , _ to A;6H(298.15 K)=(120.3+ 4.0) kI mol'* [1996HNM4,
Dainton and |V|n[1950D[| studied QCIG perlySlS be- AlBH(29815 K)=(1266t 26) kJ mo]—l [1962PM’\], and
tween 573 and 693 K. They report that they attempted t%16H(298.15 K)=(124.9+ 2.3) kI mol ! [1950DI]. We rec-
measureK ;¢ at temperatures in the range of 573-623 K andy ;mend AHYC,Cly(g), 298.15K— AH C,Cly(g),
were able to derivel;gH~125.5kImol* (30 kcal mol')).  5gg 15 K= (124.0+ 4.0) kJ mol'%, where the uncertainty is
Details of these experiments were unfortunately not reported, , acstimated @ and corresponds to a 95% level of
and they do not specify if the stated enthalpy change refers Wonfidence. To derive an absolute value of
the temperature of their experiments or if it has been adjustengo[CZGG(g), 298.15K we use the recommended value
to 298.15 K. Although Dainton and Ivin were surprised byAfHO[CZCI4(g), 208.15K|=— (24.2+4.0) kImol.  That
the low value, the data of Puyet al. [1962PMN and Huy- )6 is hased primarily on the chloromethane pyrolysis data
brechtset al. [1996HNM4 are in good agreement. In their f Huybrechtset al. [L996HNM4, [1996HNMEH], together

analysis of the results of Dainton and Ivin, Weissman andg, . P ; 0
’ ith dehydrochlorination studies that relateH [ C,Cl,] and
Benson[1980WB| assumed that the pressure change foun HIC,Cls] (see Sec. 5)7 The final selected value is

at 671 K resulted mainly from reactiof16). The reaction o _ 1 .
model of Huybrechtt al. appears to support this assump- AHTCLCl(g), 298.15K =~ (148.285.7) kimol™. This
tion (see Fig. 6 of [1996HNMd). With Py(C,Clg)
=87.5mm(11.67 kPa and Pj,4=1.5P, these data lead to
K16(671 K)=5.83 kPa. Taking entropies and heat capacitie
from the TRC Tables[1981Q, [1985R, we derive
A1gH(671K)=(120.4+2.3) kJmol'* and A ;4H(298.15K)
=(124.9-2.3) kamol'l, where the uncertainties are based
on an estimated 50% uncertainty k.

Finally, Bushneveet al. [1979BLR] studied pyrolysis of
hexachloroethane and report&de=0.102 atm(10.34 kPg,
0.345 atm(34.94 kPa, and 1.042 atn{105.5 kP& at 773,
823, and 873 K, respectively. Their Second Law analysis
gives A;gH(823K)=130.5kIJmol?, which becomes
A,gH(298.15K)=136.5kIJmoll. Third Law analyses of
their data result in A;H(773K)=134.4kImol?,
A16H (823 K)=133.1 kI mol?, and A,H(823K)
=132.4kJ mol?, which lead to values of;¢H(298.15K)
in the range of 138.4—140.4 kJ mol These data are in poor | had beneficial discussions with many people during the
agreement with the other studies. preparation of this manuscript. Of particular note were those

RecommendationThe best data from which to obtain a with Dr. Donald R. Burgess, J(NIST) and Dr. Joel F.
reliable value of A(HYC,Clg(g), 298.15K are the high Liebman(University of Maryland Baltimore Counjy

value is significantly lower than the combustion value. It is,
however, in very good agreement with the enthalpy of chlo-
rination data of Kirkbride[1956K], although we have not
Used those data directly because of the uncertainties sur-
rounding the enthalpy of sublimation of the solid. Finally, the
results of high levehb initio calculations carried out at NIST
[2001BAM], wup to and including composite
QCISD(T)/6-311+ G(3df,2p calculations, suggest an en-
thalpy of formation value of gClg of —150—— 154 kJ mol %,

and thus also support the lower value.
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