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Thermochemistry of Chlorobenzenes and Chlorophenols: Ambient Temperature
Vapor Pressures and Enthalpies of Phase Transitions
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This work has been undertaken in order to obtain additional data on vapor pressures of chlorobenzene derivatives
and to develop the group-additivity values necessary for predicting their vaporization enthalpies at the reference
temperaturel = 298.15 K. Molar enthalpies of sublimation and of vaporization of hexachlorobenzene and of
mono-, di-, tri-, and pentachlorophenol were obtained from the temperature dependence of the vapor pressure
measured by the transpiration method. Thermochemical investigations of chlorobenzenes and chlorophenols
available in the literature were collected and combined with our own experimental results to obtain their reliable
standard molar enthalpies of vaporizatormat 298.15 K. The COSMO-RS procedure has been used for a priori
prediction of the vapor pressures and vaporization enthalpies of the whole data set of chlorobenzenes and
chlorophenols. The new results help to resolve uncertainties in the available thermochemical data on chlorobenzenes
and chlorophenols studied.

Introduction a column length of 30 m, an inside diameter of 0.32 mm, and
a film thickness of 0.2lxm. The standard temperature program

In order to predict the enyironmgntal behavio.r of organic of the GC wasT = 333 K for 180 s followed by a heating rate
compounds, knowledge of their chemical and physical properties of 0.167 Ks L to T = 523 K. No total impurities (greater than

Is required. Vapor pressure Is one of the_fundamental prc_)pertiesmass fraction 0.003) could be detected in the samples used for
that. governs the dlstr]butlon of organic compqunds in the 4o vapor pressure measurements.
environment. Evaporation from soils and vapgarticle equi- Measurements of the Enthalpies of Sublimation and En-

libria in the atmosphere depend on vapor pressure. Chlorinated.[h(,j“pies Vaporization Using the Transpiration Method/apor
benzenes and phenols are long-lived pollutants frequently found , aqqres; enthalpies of sublimation, and enthalpies of vaporiza-
in industrial effluents. Thermochemistry of chlorobenzenes has ;1\ f the chlorobenzene derivatives (see Table 1) were

attracted much attention the past declideand a set of reliable determined using the transpiration mettéd: This method
vapor pressures and phase transitions for di- and poly-chlorinated . /1 es the generation of a saturated vapor phase by passing
benzenes was recommended recefitilowever, only very few a Ny-stream through the pure compound, which is coated on
experimental vapor pressures of chlorophenols are known fromipa inert support. About 0.5 g of the sarr;ple was mixed with

the literature?™'® We report here_a systematic d_eterminatior_1 of fglass beads and placed in a thermostatted U-tube of length 20
the Vapor pressures and vaporization enthalpies of a series ofyy, ang diameter 0.5 cm. A nitrogen stream was passed through
mono-, di-, tri-, and pentachlorophenols as well as hexachlo- e .type at constant temperatuted.1 K), and the transported
robenzene by using the transpiration method. amount of material was condensed in a cooled trap. The amount
of condensed product was determined by GLC analysis using
an external standard (hydrocarbon). The saturation vapor

Materials. Samples of chlorophenols were of commercial pressureff®) at each temperaturd;f was calculated from the
origin (Aldrich, Fluka). The solid chlorophenols were purified amount of product collected within a definite period of time,
by repeated sublimation in vacuum. The liquid 2-chlorophenol and the small value of the residual vapor pressure at the
was purified by repeated distillation using a spinning-band temperature of condensation was added. The latter was calcu-
column under reduced pressure. The degree of purity waslated from a linear correlation between gf) and T2 ob-
determined using a Hewlett-Packard gas chromatograph 5890tained by iteration. Assuming that Dalton’s law of partial
series Il equipped with a flame ionization detector and a pressures applied to the nitrogen stream saturated with the
Hewlett-Packard 3390A integrator. The carrier gas (nitrogen) substance of interest is valid, values gi** were calculated:
flow was 12.1 crds™1. A capillary column HP-5 (stationary

Experimental Section

phase cross-linkke5 % phenyl methyl silicone) was used with = mRT/VM; V=V, +V; (V. >V) 1)
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381-498-6502. compoundM,; is the molar mass of the compound, ands its
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Table 1. Vapor Pressuresp, Enthalpies of Sublimation A3 Hm, or Enthalpies of Vaporization A’H, Obtained by the Transpiration Method

T2 m V(N  flow pd Pexp— Peatc AZHmor AMHm T2 m V(N flow pd Pexp— Peatc AZHm or APHm
K mg dm?  dmd-h=t Pa Pa kdmol* K mg dm?®  dmP-h=t Pa Pa kdmol~*
HexachlorobenzenAdHm (298.15 K)= (96.76= 0.49) kimol~!
In(p/Pa)= 304.7 105968.6 &.Qm( T/IK
p R RUK R 2981
358.0 10.40 62.73 7.21 1.44 0.00 9491 382.9 10.80 8.29 7.21 11.230.11 94.14
362.9 14.70 59.00 7.21 2.16 —0.05 94.76 389.0 21.40 10.09 7.21 18.36 0.35 93.95
368.9 11.50 26.52 7.20 3.73 0.05 94.57 392.8 14.60 5.29 7.21 23.860.06 93.83
373.1 11.60 19.35 7.21 5.19 -0.02 94.44 3979 13.00 3.36 7.21 33.41 —1.06 93.68
377.8 1150 12.84 7.20 7.71 0.11 94.30 402.8 13.60 2.40 7.21 49.01 0.39 93.52
2-Chlorophenol:APHp, (298.15 K)= (52.34+ 0.22) kmol~!
In(p/Pa)= 285.8 72345.6 @'l ( T/IK
P R RTK) R 2981
288.4 12.02 2.71 2.43 86.3 —0.9 53.00 306.2 10.39 0.648 2.43 308.3 —24 51.80
291.3 9.67 1.70 2.43 110.2 1.7 52.80 309.2 9.12 0.466 2.43 376.3—2.1 51.60
2943 894 126 2.43 137.8 2.2 52.60 312.2 880 0.365 2.43 463.3 4.5 51.40
297.3 9.52 1.09 2.43 168.1 -0.2 52.40 315.2 8.83 0.304 2.43 557.9 4.2 51.20
300.3 9.30 0.871 2.43 2059 —-2.0 52.20 318.2 7.02 0.203 2.43 664.9 —0.6 51.00
303.3 1050 0.790 2.43 255.9 0.2 52.00 321.2 5.07 0.122 2.43 799.2 2.6 50.80
3-Chlorophenol:AgHm (298.15 K)= (76.874+ 0.25) kimol~*
In(p/Pa)= 303.6  84617.1 @In( T/IK
P R RTK R 2981
275.3 1.35 31.99 2.59 0.82 0.01 77.46 291.3 1.38 5.21 2.63 5.09-0.09 77.04
276.6 1.61 3275 2.62 0.95 0.00 77.43 294.3 1.99 5.30 2.61 7.21 0.05 76.97
278.3 1.63 27.35 2.60 1.15 -0.02 77.38 297.3 2.03 3.89 2.61 9.99 0.15 76.89
280.3 292 37.74 2.59 1.49 0.01 77.33 300.3 1.79 258 2.61 13.230.20 76.81
283.2 1.16 10.49 2.61 2.12 0.04 77.26 302.2 1.70 2.00 2.61 16.260.03 76.76
285.2 1.44 10.52 2.63 2.62 0.00 77.20 306.0 1.65 1.32 2.63 23.95 0.14 76.66
2883 145 7.63 2.63 3.66 —0.06 77.12
3-Chlorophenol:APHp, (298.15 K)= (63.52+ 0.34) kmol !
In(p/Pa)= 302.9 84036.8 68.8 n( T/K
R RTK) R \2981
308.3 2.08 1.36 2.63 29.4 0.2 62.83 323.2 2.59 0.548 2.63 90.5 0.9 61.80
311.1 2.07 1.10 2.63 36.1 -0.3 62.64 326.2 255 0.438 2.63 111.6 0.9 61.60
3142 235 0.986 2.63 455 —0.7 62.42 329.2 250 0.351 2.63 136.6 0.5 61.39
317.2 259 0.855 2.63 58.0 0.1 62.22 332.2 2.29 0.263 2.63 166.9 0.3 61.18
320.3 259 0.679 2.63 73.0 0.3 62.00 3352 229 0.219 2.63 200.2—2.8 60.98
4-Chlorophenol:AZHm (298.15 K)= (77.13+ 0.23) kmol !
In(p/Pa)= 297.9 840194 E‘In( T/IK
R R(T/K) R 298.1
283.2 199 29.04 2.39 1.32 -0.01 77.48 3032 264 434 2.39 11.63 0.06 77.02
288.2 0.29 2.35 2.39 2.36 0.01 77.36 306.2 2.71 3.31 2.39 15.71 0.09 76.95
291.2 1.29 7.45 2.39 3.32 0.04 77.29 309.2 3.09 2.85 2.39 20.76-:0.18 76.88
2942 168 7.01 2.39 4.59 0.05 77.22 3112 240 181 2.39 25.350.02 76.83
297.2 1.90 5.86 2.39 6.22 —0.02 77.16 313.2 2.64 1.63 2.39 30.92 0.25 76.79
300.2 2.29 5.22 2.39 8.39 -0.14 77.09
4-Chlorophenol:APHm (298.15 K)= (64.42+ 0.27) kmol~*
In(p/Pa)= 304.8_ 85264.7_69.9 ( T/IK
P R RTK) R 2981
3182 211 0833 238 485 0.1 63.03 336.2 370 0417 238  169.9-1.4 61.77
3212 210 0655 238 615 1.0 62.82 339.2 335 0317 238 202.2-6.0 61.56
324.2 2.34  0.595 2.38 75.4 0.2 62.61 3422 4.46 0.337 2.38 253.4 1.4 61.35
3272 2.69 0.555 2.38 926 —04 62.40 3452 412 0.258 2.38 305.8 1.9 61.14
330.2 296 0.496 2.38 1141 -04 62.19 348.2 4.20 0.218 2.38 368.4 34 60.93
333.2 2.88 0.397 2.38 138.8 -—1.5 61.98 351.2 457 0.198 2.38 440.9 4.2 60.72
2,3-Dichlorophenol:AgHm (298.15 K)= (76.93+ 0.37) kdmol~*
In(ppa)= 303:2_ 842948 Zijm( TIK
P R RTK R 2981
2943 197 384 2.65 78 -0.1 77.03 3122 282 0.882 2.65 48.2 0.9 76.58
297.3 2.22 3.13 2.65 10.7 0.0 76.95 315.2 2.78 0.662 2.65 63.3 0.7 76.51
300.2 2.65 2.69 2.65 14.9 0.4 76.88 318.1 3.03 0.574 2.65 79.8—1.9 76.44
3032 252 198 2.65 19.2 -05 76.81 321.2 337 0471 2.65 108.1 0.1 76.36
306.2 2.73 1.54 2.65 26.7 0.2 76.73 324.3 4.18 0.441 2.65 142.9 1.0 76.29
309.2 3.07 1.32 2.65 351 -04 76.66 327.3 536 0.441 2.65 1835 —-04 76.21
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T2 m V(Np)©  flow p? Pexp— Peac AZHmorAPHn T2 mP V(N2 flow pd Pexp— Peatlc  AgHm or APHm
K mg dmé dms-h! Pa Pa kdnol~* K mg dm?  dmih-! Pa Pa kdmnol~1
2,3-Dichlorophenol:APHm (298.15 K)= (57.344 0.20) kmol~1
In(p/Pa)= 292 2924 79130.2_ E‘In( T/IK
R(T/K) R {298.1
331.2 9.78 0.603 2.65 244.9 0.4 54.92 346.2 10.07 0.265 2.65 574.5-0.7 53.83
334.3 10.33 0.529 2.65 294.6 0.6 54.70 349.2 9.73 0.221 2.65 666.2—9.1 53.61
337.2 9.23 0.397 2.65 350.8 2.7 54.48 352.1 11.52 0.221 2.65 788.1 2.1 53.40
340.3 9.06 0.331 265 4132 -22 54.26 355.2 1419 0.232 2.65 924.7 3.3 53.17
343.2 855 0.265 2.65 4874 —-09 54.05 358.2 15.76 0.221 2.65 1078.3 7.3 52.95
2,4-Dichlorophenol:AHm (298.15 K)= (77.96= 0.30) kimol~*
in(prpa)— 3095 85326.1_ 2i7|n(T/_K
R(T/K) R \298.1
278.2 449 39.08 2.83 1.75 0.04 78.46 303.3 453 244 2.82 28.01 0.00 77.84
283.3 7.72 37.53 2.79 3.12 —0.03 78.33 306.3 449 1.76 2.82 38.48 0.58 77.76
289.3 4386 11.75 2.82 6.26 0.00 78.18 3094 486 141 2.82 52.08 0.62 77.69
2944 520 7.25 2.79 10.82 -0.18 78.06 3124 565 1.25 2.82 68.48 —0.28 77.61
2973 3.87 3.99 2.82 14.64 —0.37 77.98 315.2 5.49 0.917 2.82 90.34 0.67 77.54
3004 561 418 282 2025 —0.54 77.91
2,4-Dichlorophenol:APHm (298.15 K)= (58.974 0.42) kmol~1
In(p/Pa)= 298 0_80763.4 73.1 ( TIK
R(T/K) R \298.1
317.2 10.29 1.46 2.84 106.1 —-0.6 57.58 332.2 14.18 0.756 2.84 283.1 -0.3 56.48
320.3 1161 1.32 2.84 132.6 0.8 57.35 335.2 13.80 0.614 2.84 339.3-1.0 56.26
323.2 1260 1.18 2.84 161.2 1.3 57.14 338.2 12.60 0.473 2.84 402.7—-4.2 56.04
326.1 13.31 1.04 2.84 193.3 0.3 56.93 3412 10.62 0.331 2.84 484.6—0.1 55.83
329.2 1438 0.898 2.84 241.9 6.8 56.70 3442 7.31 0.189 2.84 583.5 8.3 55.61
2,5-Dichlorophenol:AgHm (298.15 K)= (77.25= 0.14) kimol~*
in(pIpa)— 2053 84617.0_ &.n(w_K
P RTK) R 2981
2943 258 4.39 2.83 8.9 0.1 77.35 3122 798 226 2.83 53.2 -0.3 76.91
2973 316 391 2.83 12.2 0.1 77.27 315.2 6.42 1.37 2.83 70.8 —0.1 76.83
3004 399 358 2.83 16.8 0.1 77.20 3183 6.64 1.06 2.83 94.4 0.0 76.76
303.3 4.81 3.25 2.83 223 -01 77.13 321.3 7.07 0.849 2.83 125.7 2.0 76.68
306.3 5.86 292 2.83 30.2 0.0 77.05 3244 7.16 0.660 2.83 163.6 0.9 76.61
309.2 6.85 259 2.83 399 -0.2 76.98 3274 6.33 0.448 2.83 213.3 2.2 76.53
2,5-Dichlorophenol:APHm (298.15 K)= (56.694 0.14) kmol~1
In(p/Pa)= 291 291.6 78487.1 yln( TIK
R(T/K) R \298.1
333.3 1498 0.708 2.83 319.8 0.4 54.13 349.2 16.72 0.330 2.83 764.3—5.8 52.96
337.2 1498 0.566 2.83 3996 —0.5 53.84 352.2 16.76 0.283 2.83 894.0 5.3 52.74
340.2 14.76 0.472 283 4726 -—1.2 53.62 355.2 18.02 0.259 2.83 1048.5 1.8 52.53
343.2 1550 0.425 2.83 551.3 —7.7 53.40 358.1 19.19 0.241 2.83 1204.3 —-43 52.31
346.2 16.28 0.377 2.83 6514 —-538 53.18 361.2 2236 0.241 2.83 1403.3 -—-1.7 52.09
2,6-Dichlorophenol:AgHm (298.15 K)= (79.33+ 0.16) kdmol~*
In(p/Pa)= 307 0_86691.6 24.7 ( T/K
RT/K) R \298.1
2985 226 4.668 2.80 7.3 0.0 79.32 316.4 5.13 1.772 2.80 43.7 —0.5 78.88
301.6 3.11 4.690 2.80 10.0 -0.1 79.24 3194 5.75 1.470 2.80 59.1 0.5 78.80
3046 273 3.010 2.80 13.7 -0.1 79.17 3224 6.35 1.238 2.80 77.4 0.2 78.73
307.4 4.24 3.500 2.80 183 -0.1 79.10 3254 7.00 1.050 2.80 100.6 —0.6 78.66
3104 470 2.892 2.80 245 -0.2 79.03 3284 6.70 0.770 2.80 131.2 -0.7 78.58
3134 461 2.100 2.80 33.1 0.0 78.95 331.3 6.25 0.560 2.80 168.5-1.3 78.51
2,6-Dichlorophenol:APHp, (298.15 K)= (59.58+ 0.32) kmol~!
In(p/Pa)= 296 296.9 81374.5 ﬁlln( TIK
R(T/K) R {298.1
3412 16.03 0.703 281 344.4 21 56.44 356.3 13.27 0.259 2.81 774.514.6 55.33
3447 1553 0.562 2.81 417.3 -—-15 56.18 360.3 15.04 0.233 2.81 973.4 2.8 55.04
347.3 15.04 0.469 281 4838 -1.0 55.99 363.3 19.58 0.259 2.81 1143.1 13.8 54.82
350.3 15.14 0.399 2.81 572.7 0.4 55.77 366.3 20.32 0.233 2.81 1314.9 5.0 54.60
353.3 13.56 0.303 281 674.5 1.3 55.55 3714 20.76 0.188 281 1664.4-9.8 54.23
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Table 1. (Continued)

T P V(N2)° flow pd Pexp — Pcalc Angm or A?Hm T2 mP V(N2)° flow pd Pexp = Pcalc Angm or A|gHm
K mg dm?  dmdht Pa Pa kdnol~1 K mg dmé dmd-h1 Pa Pa kdmol—*
3,4-Dichlorophenol:AgHm (298.15 K)= (89.79+ 0.37) kmol~*
In(p/Pa)= 322.2 97139.7 &.Ym( T/IK
b R RTK R 2981
291.4 0.72 40.13 2.81 0.27 —-0.01 89.94 3204 212 3.96 2.83 8.06 0.15 89.23
2943 0.95 36.07 2.84 0.40 0.00 89.87 323.3 207 292 2.83 10.69 0.01 89.16
300.3 0.95 16.60 2.83 0.86 0.03 89.72 326.3 2.14 2.19 2.83 14.74 0.25 89.08
303.5 0.89 11.19 2.81 1.21 -0.01 89.64 329.3 252 191 2.83 19.92 0.37 89.01
306.7 0.60 5.08 2.81 1.77 0.00 89.57 3323 3.07 177 2.83 26.180.03 88.93
3095 210 12.83 2.83 2.47 0.05 89.50 335.3 1.98 0.873 2.83 34.230.73 88.86
314.3 1.38 4.92 2.81 4.23 0.11 89.38 337.3 1.73 0.637 2.83 40.961.26 88.81
3172 160 412 281 5.87 0.23 89.31
3,4-Dichlorophenol:APHp, (298.15 K)= (70.84+ 0.15) kmol~*
n(ipa)= 150 926935 T34, TIC
R R(T/K) R 298.1
3413 275 0.728 291 57.0 -04 67.69 356.3 4.22 0.412 291 1544 -1.2 66.59
3443 294 0.631 291 70.3 —-04 67.47 359.2 4.16 0.338 2.91 185.8 —0.6 66.38
347.2 3.16 0.558 2.91 854 —0.6 67.26 362.2 430 0.291 2.91 223.0 —-11 66.16
350.3 3.73 0.533 2.91 1055 -0.2 67.03 365.4 520 0.291 2.91 269.6 —1.9 65.93
353.2 3.67 0.437 291 127.0 —-0.6 66.82 368.4 5.69 0.267 291 3217 2.2 65.71
2,4,6-TrichlorophenolAZHm (298.15 K)= (82.26+ 0.29) kimol~*
nipa)= 3063 902702209, TIC
R R(T/K) R 298.1
2994 133 9.84 4.92 1.77 0.02 82.23 320.3 3.44 287 4.92 15.00 0.07 81.66
316.8 1.40 1.68 4.92 10.44 -0.20 81.76 323.3 3.38 210 5.04 20.13 0.29 81.58
316.8 1.80 2.13 4.92 10.61 -—-0.03 81.76 326.3 3.56 1.68 5.04 26.45 0.22 81.50
302.3 1.57 8.28 4.92 2.45 0.06 82.15 329.4 399 143 5.04 34.88 0.08 81.42
305.2 1.59 6.35 4.92 3.19 -0.07 82.07 332.5 4.42 1.22 5.04 45,31 —0.60 81.34
308.3 1.69 4.88 4.92 440 -0.11 81.99 335.5 535 1.13 5.04 58.82 —0.90 81.25
311.3 1.81 3.85 4.92 593 -0.22 81.91 338.2 5.06 0.840 5.04 75.13 —0.22 81.18
3143 2.07 3.24 4.92 8.05 —-0.25 81.82 340.3 5.14 0.714 5.04 89.78 —0.26 81.13
317.3 2.61 2.91 4.92 11.25 0.08 81.74
2,4,6-Trichlorophenol:APHm (298.15 K)= (67.16= 0.27) kimol~*
In(p/Pa)= 313.6 90597.1 E'Gln( T/IK
R R(T/K) R 298.1
3428 3.76 0.458 0.90 102.7 2.4 63.66 3594 452 0.203 0.90 278.4-0.3 62.35
343.2 5.62 0.675 0.89 104.1 1.1 63.63 359.4 452 0.203 0.90 278.4-0.3 62.35
343.8 3.54 0.408 1.63 108.1 1.1 63.58 360.5 4.63 0.193 0.89 299.4 2.4 62.27
3452 357 0.375 0.90 119.1 2.0 63.47 3625 5.00 0.188 0.90 332.2-0.8 62.11
346.3 5.65 0.556 0.89 127.1 1.4 63.38 363.2 426 0.156 0.89 341.2-5.3 62.05
347.3 3.56 0.338 0.90 131.7 -—2.3 63.30 364.1 5.59 0.190 1.63 366.3 1.8 61.98
348.3 345 0.304 0.89 1419 —-0.7 63.22 365.5 257 0.083 0.90 387.8 —6.5 61.87
348.9 3.42 0.285 1.63 149.5 1.5 63.18 366.3 463 0.141 0.89 409.5-2.7 61.81
350.4 3.59 0.278 0.90 161.3 -—-1.3 63.06 368.1 6.04 0.163 1.63 462.3 7.1 61.67
3514 3.16 0.230 0.89 1716 —1.3 62.98 368.6 2.79 0.075 0.90 463.0 —4.8 61.63
353.3 388 0.255 0.90 189.8 —4.3 62.83 369.4 441 0.111 0.89 493.9 5.3 61.57
353.9 3.45 0.217 1.63 1975 3.7 62.78 372.4 3.74 0.082 0.89 5714 2.7 61.33
3544 375 0.223 0.89 210.2 2.8 62.75 373.2 7.05 0.144 1.63 610.3 11.3 61.27
356.4 423 0.233 0.90 226.8 —6.9 62.59 373.2 4.03 0.083 0.90 608.7 9.7 61.27
357.5 3.89 0.193 0.89 251.9 2.5 62.50 375.4 4.04 0.074 0.89 679.4 7.0 61.09
359.0 429 0.190 1.63 280.9 8.6 62.38
PentachlorophendlAIHm (298.15 K)= (91.644+ 0.45) kdmol~*
In(pPa)= 226:8_ 1008856 yln( TIK
P R ROUK R "M2981
3481 104 7557 7.5 127 —0.04 90.09 3830 154 656 715 2172 —0.11 89.01
353.1 17.0 76.53 7.15 2.06 0.04 89.94 388.9 13.9 3.93 7.15 32.680.69 88.83
358.0 13.1 39.72 7.45 3.04 -0.04 89.79 393.2 209 4.41 7.15 43.74 —1.30 88.70
363.0 14.0 26.82 7.15 4.83 0.18 89.63 397.8 12.2 1.85 4.84 60.451.18 88.56
367.8 11.3 15.38 7.15 6.81 —0.07 89.48 399.8 23.1 2.98 7.15 71.43 0.96 88.49
3719 21.1 20.03 7.15 9.75 0.25 89.36 403.2 235 2.38 7.15 90.99 2.79 88.39
378.1 15.3 9.30 7.15 15.17 -0.03 89.17

aTemperature of saturatioAMass of transferred sample, condensed at 299 K. ¢ Volume of nitrogen, used to transfer massof sample d Vapor
pressure at temperatufie calculated fromm and the residual vapor pressure at the cooling temperdture243 K. ®Mass of transferred sample was
condensed af = 293 K and was weighted with the accuraty0.0001 g.
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volume contribution to the gaseous phagg, is the volume of oped by Chickos and Acré®'(see Table 3). In order to assess
transporting gas, and@, is the temperature of the soap bubble the uncertainty of the vaporization enthalpy, the experimental
meter. The volume of the ga4,, transferred through the tube  data were approximated with the linear equatiorpit)( =
was determined from the flow rate and time measurements. Thef (T-1) using the method of least-squares. The uncertainty in
flow rate was maintained constant using a high precision needlethe enthalpy of vaporization was assumed to be identical with
valve (Hoke). The accuracy of the volurive, measurements  the as average deviation of experimentapifi( values from
from the flow rate was assessed to He@.001 dnd). this linear correlation. We have checked experimental and
The relation expressing the equilibrium existing between the calculation procedure with measurements of vapor pressures of
vapor and the liquid phase of a pure substance is given by  n-alcohols!! It turned out that vapor pressures derived from
the transpiration method were reliable within (1 to 3) % and
their accuracy was governed by reproducibility of the GC
analysis.

dp_ MM @
dr TAYV,

m

whereA,ng is the molar volume difference between the vapor Results and Discussion

phase and the liquid phas&fH,, depends on the temperature Vapor PressuresStudies of vapor pressure of thg hexachlo-
along the coexisting phase line. The correct expression hasrobenzene has been a popular endeavor due to importance of

already been derived by Kulikov et at: this compound for the environmental chemistty?! Transpira-
tion method has been used several tifhed to obtain vapor
dAPH,, g o ANV, APH, pressures at the ambient temperatures; however, agreement of
dar ATC AV, — T ETCY, 3) the available data is very poor (see Figure 1). At temperatures
1 Ym

near 298.15 K, the data are more or less in agreement. The
disagreement is at temperatures considerably higher and lower

g — Y _ i
where AfG, = C, — G, is the difference of the molar heat than room (ambient) temperatures. The disagreement of vapor

capacities at constant pressure for the gaseous and liquid phas%ressures is especially drastic at elevated temperaf#é@ur

rehspectlvelybAt Iov;/ ptrejs.ure the mOIar V%'#?;]e tOfft'?he liquid new results for hexachlorobenzene are in acceptable agreement
phase may bé negiected in comparison wi 1at of the vapor, i, those measured by a Rodebush galfg&he direct
and in case of non-associating or weakly associating vapors the

Hect | be adonted lecti tributi >~ ~comparison of our results measured in Theinge (358 to 403)
periect gas law may ; ea op.e. neg eg INg CONLNIbULIONS ansing . \yith those data measured at the ambient temperafuréss
from the second virial coefficient. WitAPVi, ~ RT/p, one

. . o hardly possible; however, the general trend of the results
obtains the ClausiusClapeyron equation: measured by transpiration method seems to be in agreement

Rd(In(p)) (see Figure 1) except for several experimental points above 243
S Te APH,, (4) K reported by Wania et &t
d(?) Vapor pressures of 2-chlorophenol were measured by Gabaldon

et al’ in the temperature range (337 to 447) K using the dynamic
recirculating still. The comparison of the vapor pressures
reported by these authors with our results is presented in Figure
dA%H 2. In spite of the fact that the temperature ranges are different,
= A?Cp (5) both sets of the experimental data are consistent according to
the plot in the Figure 2.

Mokbel et al® reported vapor pressures of 2,4- and 2,6-
dichlorobenzenes using a static method. @ufT results for
both these isomers, measured in the temperature range above
AfHy = A, 1 + AICT — To) (6) melting points, are in close agreement to those reported by

o Mokbel et al® (see Figures 3 and 4). However, the vapor
pressures of the solid 2,4-dichlorophenol measured in this work
are substantially lower than those from Mokbel et &ne of
the plausible explanations for this discrepancy could be the
insufficient purity of their sample, which was used as the
purchased sample (99.4 %, tested by HPLC) without further
where the vaporization enthalpy at the temperafuig given purification.
by Enthalpies of Sublimation and Enthalpies of Vaporization.

Values of enthalpies of vaporizatioA?Hy or sublimation

APHL(T) = —b+ APCT 8 AZHn at the reference temperature 298.15 K are very impor-
tant in order to obtain gaseous enthalpies of formafig,

To appearing in egs 6 and 7 is an arbitrarily chosen reference (g) of organic compounds, provided that their enthalpies of
temperature. formation in condensed phageH;, (I or cr) are known. A

Equation 7 was adjusted to the experimepial data using  symmary of enthalpies of phase transitidft,, andA%Hy of
the adjustable parameteasandb, and the molar enthalpies of  chjorobenzene derivatives available from the literature is
vaporizationAPHn (T) have been calculated using eq 8. The presented in Table 2. We treated original experimental results
results together with the parameterandb are listed in Tables  available from the literatufe®17-2 ysing eqs 7 and 8 and
1 and 2. The reference temperatie= 298.15 K has been  calculatedA?Hn (298.15 K) orAZHm (298.15 K) for the sake
chosen. Values ohPC, (or AZCy) have been derived from the  of comparison with our results. The comprehensive compilations
experimentdf-14isobaric molar heat capacities of quui@'pO by Stull” and by Stephenson and Malanow#Skiontain vapor
or solid (Cgr) chlorophenols according to a procedure devel- pressure data for some chlorobenzene derivatives over a wide

and eq 3 reduces to

ProvidedAJC, is independent of temperature in the tempera-
ture range considered, it follows that

After substituting eq 6 into eq 4, integration gives

RIn(p) = a+$+ A?Cpln(T—TO) )
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Table 2. Compilation of Data on Enthalpies of SublimationAJHr, or Vaporization APHm of Hexachlorobenzene and Chlorophenofs

APHm or AZHm APHm or AdHm
Trange TBverage observed alaverage extrapolated td=298 KP
techniques K K kdnol 1 kJmol~1 ref
hexachlorobenzene (cr) NA 38492 440 62.0 66.3 17
Rodebush gage 36897 383 91.2+8.2 94.4+ 8.2 18
transpiration 288318 303 101.6t 0.1 101.2+ 0.1 19
transpiration 258313 286 105. & 5.5 105.3+ 5.5 20
transpiration 243303 273 74.2+ 1.7 73.3+ 1.7 21
calorimetry 338 338 89.6: 0.2 90.8+ 0.2 5
transpiration 358403 94.2+ 0.5 96.8+ 0.5 this work
hexachlorobenzene (I) 81.Zx this work
2-chlorophenol () NA 333449 391 46.2 52.4 22
NA 354—-448 401 43.9 50.8 22
NA 285-448 367 43.3 47.1
ebulliometry 337447 392 44.6+ 0.2 51.0+ 0.2 7
transpiration 288321 305 51.9+0.2 52.3+0.2 this work
3-chlorophenol (cr) quartz thread 53H11.3 53.2+1.3 35
NA 252—293 273 60.9 60.2 22
drop calorimetry 69.4-1.8 6
transpiration 275306 291 77.10.3 76.9+0.3 this work
3-chlorophenoal (I) NA 317487 402 49.6 56.5 17
transpiration 308335 322 61.9t 0.3 63.5+ 0.3 this work
4-chlorophenol (cr) quartz thread 5H91.3 51.9+1.3 35
drop calorimetry 69.5:-1.6 6
transpiration 283313 298 77.10.2 77.1+0.2 this work
4-chlorophenol (1) NA 323493 408 59.3 67.0 17
transpiration 318351 335 61.9+0.3 64.4+ 0.3 this work
2,3-dichlorophenol (cr) drop calorimetry 714722 6
transpiration 294327 311 76.6£ 0.4 76.9+ 0.4 this work
2,3-dichlorophenol (1) transpiration 33B58 345 54.0t 0.2 57.3+0.2 this work
2,4-dichlorophenol (cr) static 27814 294 67.5: 1.0 67.4+ 1.0 8
drop calorimetry 70111 6
transpiration 278315 297 78.0: 0.3 78.0+ 0.3 this work
2,4-dichlorophenol (1) NA 391474 433 49.2 58.9 22
NA 326483 405 55.4 62.4 17
static 323-443 383 52.3:t 0.3 58.1+ 0.3 8
transpiration 317344 331 56.6 0.4 59.0+ 0.4 this work
2,5-dichlorophenol (cr) drop calorimetry 73162.1 6
transpiration 294327 311 76.9- 0.1 77.3+£0.1 this work
2,5-dichlorophenol (1) transpiration 33361 347 53.1H0.1 56.7+£ 0.1 this work
2,6-dichlorophenol (cr) drop calorimetry 75#81.0 6
transpiration 298331 315 78.9£ 0.2 79.3+0.2 this work
2,6-dichlorophenol (I) NA 333493 413 56.4 63.7 22
NA 353-493 423 53.8 62.1 22
static 343-457 400 51.6£ 0.5 58.5+ 0.5 8
transpiration 341371 356 55.4-0.3 59.6+ 0.3 this work
3,4-dichlorophenol (cr) drop calorimetry 81432.3 6
transpiration 29%+337 314 89.4- 0.4 89.8+ 0.4 this work
3,4-dichlorophenol (1) transpiration 34868 355 66. 74 0.2 70.8+0.2 this work
3,5-dichlorophenol (cr) drop calorimetry 82181.1 6
NA 273-295 284 71.9 715 22
89.3d this work
3,5-dichlorophenol (1) 70.9¢ this work
2,4,6-trichlorophenol (cr) static 364834 319 81. A4 0.8 82.2+0.8 8
transpiration 299340 320 81.5:0.3 82.3+0.3 this work
2,4,6-trichlorophenol (1) NA 356519 435 59.0 68.9 17
static 344-463 404 58.2- 0.4 66.1+ 0.4 8
transpiration 343375 359 62.5- 0.3 67.2+0.3 this work
2,4,5-trichlorophenol (1) NA 345525 435 55.4 65.2 17
65.1¢ this work
pentachlorophenol (cr) NA 67.4+2.1 25,26
NA 319-393 356 81.9-6.9 83.7+ 6.9 9
static 373-453 413 76.6 80.1 10
transpiration 348403 376 89.3t 0.4 91.6+ 0.4 this work
pentachlorophenol (1) NA 465582 524 70.1 89.9 17
NA 474-507 491 65.5 82.80.9 9
NA 463—-507 485 68.5 85.8 22
85.0¢ this work

2 APHm refers to liquids and\dHm refers to crystals (values taken for the group-additivity calculations are in Boltle observed value dhverageWas
extrapolated to 298.15 K using “Chickos correction” (see t&x®erived as the difference afdHm from this table ancA'C,Hrn (298.15 K) from Table 4.
d Derived as the sum'cer (298.15 K) from Table 4 and\PHn, from this table.® Calculated using group-additivity procedure presented in the Table 4.



Table 3. Compilation of Data on Heat Capacities at 298.15 K of

Chlorophenols and Hexachlorobenzene

I
Cf]' C —AJC, —AJC,
Jmol~1-K~1  Jmol -K~1 Jmol K1 Jmol K1
2-chlorophenol 217% 67.1
3-chlorophenol 168% 224.F 26.0 68.8
4-chlorophenol 14838 228.3 23.1 69.9
dichlorophenol 160.0 240.3 24.7 73.1
trichlorophenol 174.5 261.8 26.9 78.6
tetrachlorophenol 189.0 283.3 31.0 84.2
pentachlorophenol 2020 31.0
hexachlorobenzene 20%2.3 30.9
aData from ref 13° Data from ref 14.
10
Bg
u}
o
a
5 o
0r \.o
©
Q
o
z A
5 LN
°n
°a
]
o
10 | u
(o]
- o
-15
0.0019 0.0023 0.0027 0.0031 0.0035 0.0039 0.0043
KT

Figure 1. Plot of vapor pressure against reciprocal temperature for the

solid hexachlorobenzened, ref 21;0, ref 17;<, ref 18; M, ref 20; A, ref

19; @, this work.
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Figure 2. Plot of vapor pressure against reciprocal temperature for the

liquid 2-chlorophenol: O, ref 7; A, ref 22; a, ref 22; x, ref 24, @, this

work.
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Figure 3. Plot of vapor pressure against reciprocal temperature for the
solid and liquid 2,4-dichlorophenolO, ref 8; A, ref 17; M, ref 22; @, this
work.

14

o
10 8B
. %,
g 3
e
£ 6
o
2,
()
4 (J
L)
[J
..
..
2 .
0 n
0.0018 0.0022 0.0026 0.003 0.0034

KIT

Figure 4. Plot of vapor pressure against reciprocal temperature for the
solid and liquid 2,6-dichlorophenola, ref 8; O, ref 22; @, this work.

and MalanowsKP using egs 7 and 8 and calculatédH,
(298.15 K) for the sake of comparison with our results.
However, the agreement or disagreement with other data in each
case should be questiona#fidue to inadequate information in
compilationst’-22

Results reported in the literature for enthalpy of sublimation
AIHnm (298.15 K) of hexachlorobenzene scatter dramatically
in the range (66 to 105) kdol~! (see Table 2). Our result (96.8
+ 0.5) kImol~! meets the average of the all available values
and also is in the close agreement with those from the Rodebush
gage'®

Values of A’Hy, (298.15 K) derived from vapor pressure
measurements for 2-chlorophenol (ebulliometr,4-dichlo-
rophenol (static¥, and 2,6-dichlorophenol (statfchre in ac-
ceptable agreement with our results obtained by the transpiration
method (see Table 2).

Values of the standard enthalpies of sublimati§{H (364
K) of 2.3-, 2.4-, 2.5-, 2.6-, 3.4-, and 3.5-dichlorophenol as well

range of temperature. The origin of the data presented there isas 3- and 4-chlorophenol have been measured by Ribeiro da
unclear; methods of measurements are unknown as well as areSilva et alf by the drop microcalorimetric method with accuracy
errors of measurements and purities of compounds. In spite of (1 to 2) kdmol.”! From these experimental results at 364 K,

this fact, we also treated the results from Studind Stephenson

they calculated values of the standard enthalpies of sublimation
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Table 4. Comparison of Enthalpies of Fusion Measured by DSC with Those Calculated as the Differenm{er =

K from Transpiration

ASHm — AMHp at T = 298

A%Hpm at 298.15 K APH2at 298 K AL HuPat Trys AL Hncat 298 K Al Hndat 298 K A®
compound kdmol~t kJmol~1 kJmol~1 kJmol~1 kJmol~1 kJmol~1
1 2 5 6 7 8
3-chlorophenol 76.20.3 63.5+ 0.3 14.9/305.% 14.3 134 0.9
13.6/304.23 13.6 0.2
4-chlorophenol 77.1% 0.2 64.4+ 0.3 14.1/316.5 141 12.7 1.4
13.8/315. 7 12.9 0.2
2,3-dichlorophenol 76.9 0.4 57.3+0.2 21.4/330.9 19.8 19.6 0.2
2,4-dichlorophenol 78.80.3 59.0+ 0.4 20.1/318.57 19.1 19.0 0.1
2,5-dichlorophenol 77.30.1 56.7£ 0.1 22.4/331.Y 20.8 20.6 0.2
2,6-dichlorophenol 79.3 0.2 59.6+ 0.3 22.1/340.4 20.1 19.7 0.4
3,4-dichlorophenol 89.8 0.4 70.8+ 0.2 20.9/341.5 18.9 19.0 -0.1
3,5-dichlorophenol 20.5/34220 18.4
pentachlorophenol 916 0.4 17.2/463.8 6.6
15.4/463.6°
hexachlorobenzene 96480.5 25.2/502.9 15.6

aResults from this work (see Table )The enthalpy of fusiom\!H,, measured by DSC.The enthalpy of fusiomlHy, measured by DSC and

extrapolated to 298.15 K (see text)The enthalpy of fusiom'cer, calculated as the differenad&dHm —

columns 6 and 7. Derived from the average of values reported in refs 28

at the reference temperature of 298.15A¢Hn (298.15 K),
using constant contribution 10.15-kbl~! estimated by the
group-additivity method using values from Stull efaHow-
ever, values foA?H, (298.15 K) of mono- and dichlorophe-
nols reported by Ribeiro da Silva et%ére (3 to 8) kdmol™t
lower than our results presented in the Table 2, and this

discrepancy exceed the boundaries of the experimental uncer- ]
tainties of both methods. A possible reason for such discordanceg

might be the simplified extrapolation procedure used by Ribeiro
da Silva et aF

Having significant discrepancy with the results from Ribeiro
da Silva et al® we need additional arguments to support
reliability of our own experimental measurements. The differ-
enceA?Hy, — AHn, = ALHm defines the enthalpy of fusion,
A'Cer. A valuable test of consistency of the experimental data
on sublimation and vaporization enthalpies measured in this
work provides a comparison with a set of experimental values
of enthalpies of fusion of the solid chlorophenols measured by
DSC (see Table 4). Indeed, in this work, the solid chlorophenols

were investigated by the method of transference in both ranges

APHm from Table 1.6 The difference between
and 29.
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Figure 5. Plot of vapor pressure against reciprocal temperature for the
solid and liquid 2,4,6-trichlorophenol, ref 8; &, ref 17; O, this work.

0,003 0,0034

above and below the temperature of fusion, and the values

AHm (298.15 K) andAPHp, (298.15 K) were derived (see
Tables 1 and 2). For each compound studied, comparison (se
Table 4) of the enthalpy of fusioA, He, calculated as the
differenceAZHm — APHm (both values referred t6 = 298.15

K) from Table 1, and the enthalpy of fusimdﬂHm measured

by DSC (and adjusted o= 298.15 K, see below) demonstrate
discrepancies only on the level of 1-kibl~! and are acceptable
within the boundaries of the experimental uncertainties of the

methods used. Thus, the sets of vaporization and sublimation

enthalpies of mono- and dichlorophenols given in Table 1 have
been successfully proven for the internal consistency.
The experimental enthalpies of fusim{ngm are referred to

where value ofAL,C, has been derived from the isobaric molar
$heat capacities of the liquid chloro-benzene derivati\@%,s,

and isobaric molar heat capacities of the solid substarﬂzgés,
(see Table 3). With these corrections and the measured values
of A'C,Hm (Tws) the standard molar enthalpies of fusionTat
298.15 K,A'Cer (298.15 K), were calculated (Table 4).

From the series of the trichlorophenols, only vapor pressures
of 2,4,6-trichlorophenol has been measured by use of static
method (results listed in the compilatia for of 2,4,5-
trichlorophenol are of ill-defined quality). Our results are in
acceptable agreement with those from the static method within
the boundaries of the experimental uncertainties (see Table 2

the melting temperature and are recorded in Table 4. Becauseynd the Figure 5).

of the deviations fronil = 298.15, these observed values of

Surprisingly, only one value of the enthalpy of sublimation

the enthalpies of fusion of chlorophenols had to be corrected of the penta-chloro-phenol is reported in the litera#é:
to this reference temperature. The corrections were estimatedAg Hm (298.15 K) = (67.4 + 2.1) kImol-! cited as the
o . . .

with help of the correctiod®16

{ALH, (T JK) — ALH_ (298.15 K}/(3mol %) =
{(0.75+ 0.15C5)[(T;,/K) — 298.15} —
{(10.58+ 0.26G) [(T;,J/K) — 298.15} (9)

unpublished result by Stuif This value is apparently too low

if compared with the enthalpy of sublimation of pentachlo-
robenzentor hexachlorobenzene (Table 1). Some available data
on vapor pressures of pentachlorophenol (see Figure 6) provide
the value of the enthalpy of sublimation on the level of 80
kJ-mol~1, but these values do not resolve the contradiction due
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10 standard series starting with urea itself. This procedure has been
shown to provide consistent results for enthalpies of formation
8 g in the solid state as well as for enthalpies of sublimation of
o alkylureas’” Data set of chlorinated benzene or phenol deriva-
6 | o tives collected in the Table 5 presents a similar subsequent
o substitution of H atoms by Cl atoms in the series of benzene or
= 4l 'sg phenol derivatives. Hence, we decided to apply the incremental
& o® °,0 scheme to the chlorinated benzene derivatives as well.
< o o % In the substitution procedure, benzene or phenol are used as
o%e a reference compound to produce chloro derivatives by subse-
ol ;o quent substitution of Cl atoms for H. For instance, the sequence
o of substitution yielding a chloro substituted benzene is of the
° o form:
-2 o
Cl
-4 ; Cl
0002 00022 00024 00026 00028 0.003 0.0032 N
KT <
Figure 6. Plot of vapor pressure against reciprocal temperature for the ¢ o‘V ¢l
solid pentachlorophenolO, ref 9; 0, ref 10; ®, this work. O a meta CL1-Cl
cl
to very large experimental uncertainties of the data reported by % o
McDonald et aP Our vapor pressure measurements are in A2

agreement with those reported by Carswell and N¥s@ee
Figure 6) but only in the upper temperature range of their
measurements. However, the value AfHn, (298.15 K) = al
(91.6+ 0.4) kImol™, derived in this work (Tables 1 and 2) is
substantially higher than all others reported in the literature. The formula for the vaporization enthalpy calculations of
Thus, it is necessary to validate this result. For this purpose, chlorobenzenes (CIB) at 298.15 K is
the procedure that has been used above (comparison vaporization
and sublimati?nhenthalpies vialfl:jsion enthalpy) to dtejt rt]rlwe APH,(CIB) = AH,(B) + n,AH(H—CI) +
consistency of the experimental data on mono- and dichlo-
rophenols has been modified now for pentachlorophenol. Using ny(ortho CHCI) + n(para CCI) + ny(meta C-Cl)
the differenceA?Hm — AL Hm the enthalpy of vaporization of
pentachloropnenoAfHy (298.15 K) = 85.0 kmol™! has
been estimated in this work (Table 2). This value is in acceptable
agreement with other available results (see Table 2) taking into
account a long way of extrapolation of all enthalpies involved
in comparison. Thus, the set of sublimation, vaporization, and
fusion enthalpies of pentachlorophenol given in Table 4 is
internally consistent.

Vapor pressures and phase transitions for di- and poly-

whereAPHr, (B) is enthalpy of vaporization of benzen&H-
(H—CIl) is an increment of H-Cl substitutions on the benzene
ring. The mutual influence of the introduced Cl atoms was taken
into account through the three types of corrections in ortho-,
para-, and meta-position on the benzene ripgny,, ne, andng

are the quantities of the corresponding increments and correc-
tion. For example, for the 1,2,3,5-tetrachlorobenzene the
calculation formula is

chlorinated benzenes have recently been critically evaluated by cl
Rohac et al5, and a set of reIiabIeA?Hm (298.15 K) was cl
recommended. Together with the experimental results on
APHm (298.15 K) selected (marked in bold) for mono- and cl Cl
poly-chlorophenols listed in the Table 2, we have now obtained Benzene + 4 AH (H->Cl) + 2 ortho C1-CL4
the extended set of enthalpies of vaporization of the chloroben- +3 meta CI-C1+ 1 para C1-Cl
zene derivatives (see Table 5). ) o
Additive Calculations of Enthalpies of VaporizatianA The formula for the calculations of vaporization enthalpy of

simple way to establish consistency of the experimental results chlorophenols (CIPh) at 298.15 K requires extension:

on vaporization enthalpies of the chlorobenzene derivatives

presented in the Table 5 is to check whether they obey additivity APH,(CIPh)= APH,(B) + n,AH(H—CI) +

rules. Indeed, traditional prediction methods based on constants ny,(ortho C—CI) + n(para CICl) + ny(meta CI-Cl) +

related to t_he effective atoms (like B_enson meﬂ%qd Domalski _ AH(H—OH) + northo OH-Cl),5 +

and Hearing® method) or effective bonds (like Tatevski

method¥) are well-established and provide the possibility to ni(ortho OH-Cl)non 145 + N(para OH-CI) +

check the input data for internal consistency. For any well- ny(meta OH-CI)

established calculation scheme, one of the best flags to possible

experimental errors is a large discrepancy between experimentalvhereAH(H—OH) is an increment of H-OH substitutions on

and calculated valuesspecially if other, closely related the benzene ring. The mutual interactions of the introduced ClI

compounds show no such discrepancy. atoms with the OH-group were taken into account through the
In our previous work’ we applied an incremental scheme three types of additional corrections in orthpara, and meta

to the alkylurea derivatives which consists of the determination position on the benzene ringe, 1y, ng, andn, are the quantities

of increments for substitution of H atoms by ggroups in the of the corresponding additional corrections.
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Table 5. Group-Additivity and COSMO-RS Procedures for Calculation of
Phenols at 298.15 K in kJ mot?

2007

the Enthalpies of Vaporization A’Hm of Chlorinated Benzenes and

calcd Eincrem Aadd= calcd ACOSMO-RS=
compound exp from Table 6) exp— calcd COSMO-RS exp— calcd

benzene 33.60 34.79 -1.19
chlorobenzene 41.60 43.20 —-2.20
1,2-dichlorobenzene 48.82 49.06 -0.24 49.81 —0.99
1,3-dichlorobenzene 47.68 48.24 —0.56 50.00 —2.32
1,4-dichlorobenzene 47.860 47.99 —-0.39 50.29 —2.69
1,2,3-trichlorobenzene 57.55 56.96 0.59 55.67 1.88
1,2,4-trichlorobenzene 55.80 55.88 —0.58 55.90 —0.60
1,3,5-trichlorobenzene 55.56 55.31 0.25 55.92 —0.36
1,2,3,4-tetrachlorobenzene 6270 64.44 —-1.74 61.22 1.48
1,2,4,5-tetrachlorobenzene 6304 63.37 -0.33 61.60 1.44
1,2,4,6-tetrachlorobenzene 62230 63.62 -1.32 61.28 1.02
pentachlorobenzene 70014 71.76 -1.62 66.34 3.80
hexachlorobenzene 81.20 79.75 1.45 70.81 10.39
phenol 57.80 61.88 —4.08
2-chlorophenol 52.34 51.18 1.16 53.53 —-1.19
3-chlorophenol 63.52 64.45 —0.93 64.81 —-1.29
4-chlorophenol 64.42 65.04 —0.62 68.08 —3.66
2,3-dichlorophenol 57.34 58.49 —1.15 58.43 —1.09
2,4-dichlorophenol 58.97 58.26 0.71 59.81 -0.84
2,5-dichlorophenol 56.69 57.41 —-0.72 59.24 —2.55
2,6-dichlorophenol 59.58 60.99 —-1.41 60.86 —-1.28
3,4-dichlorophenol 70.84 72.35 —-1.51 71.84 —1.00
2,4,6-trichlorophenol 67.16 67.90 -0.74 66.31 0.85
pentachlorophenol 85.00 82.85 2.15 74.51 10.49

aData from ref 30° Data from ref 4.¢ Enthalpy of vaporization calculated

using Hm (298.15 K) from ref 36 ana\| Hy, (Trus) reported in ref 5. Values

A'Cer (298.15 K) have been adjusted to the reference temperature using the procedure of Chickos atd®eigrthalpy of vaporization calculated as

the differenceA?Hp, (298.15 K)= (68.7 + 1.0) k3mol-tand AL Hm (Trs) = 11.55 kdmol~2 from ref 31. The valueAlHn, (298.15 K)= 10.90 kdmol?
has been adjusted to the reference temperature using the procedure of Chickos ari@Acree.

We considered two different additional corrections for the
interaction of the Gatom and the OH-group in ortho-position
on the benzene ring. The first one, (ortho ©@l)yg, is specific

Table 6. Parameters for the Calculation of Enthalpies of

Vaporization A?Hm of Chlorobenzenes and Chlorophenols at
298.15 K

for the 1,2-substitution, where formation of a favorable in- group contribution value/kihol™?

tramolecular interaction between the hydroxyl-hydrogen and the benzene 33.6
chlorine bond was possible: AH(H—CI) 7.4
AH(H—OH) 24.2

OH oM. ortho CHCI 0.66

meta C+Cl —0.41

AH(H-OH) ortho CI-OH(HB) Cl para CHCI —-0.16

- ortho CHOH (HB) —14.02

ortho CHOH (non-HB) 2.57

. . . meta C-OH —0.16

Because the OH-group can only make such interaction with one para CHOH —0.75

of its neighbors, a second neighboring chlorine as in the 2,6-
dichlorophenol is taken into account by a different correction

(ortho OH-Cl)non-Hs:
*N i S

ortho CI-OH (HB)

_ -

ortho CI-OH (non HB)

OH
© AH(H—OH) ©

For example, for the 2,4,5,6-tetrachlorophenol the calculation
formula is

5. As can be seen from this table, the average deviation of
experimental and calculated vaporization enthalpies does not
exceeds 0.7 kihol™. Even the tetra-, penta- and hexachloro-
substituted benzenes and phenol fit in this simple group-
additivity procedure with deviations at the level of (1 to 2)
kJ-mol~1, which are comparable with the experimental uncer-
tainties of vaporization enthalpies of these compounds. Hence,
even the simple group-additivity scheme applied in this work
do not reveal any outlier in the data setAfHn, (298.15 K) for
mono- and poly-chlorophenols and poly-chlorobenzene deriva-
tives (Table 5). These data could be recommended as the

f al consistent set for the interpretation of enthalpies of formation
in the gaseous phase, which will be performed in the forthcom-
cl Cl ing work.
OH Prediction of the Vapor Pressures and Vaporization En-

Benzene + 10H + 4 Cl + 1 ortho CI-OH(non HB) + 1 ortho CI-OH(HB) +
+ 1 meta CI-OH + 1 para CI-OH + 2 ortho CI-Cl + 3 meta CI-Cl + 1 para CI-Cl

The matrix of the parameters involved in calculation of the

thalpies of the Chlorobenzenes and Chlorophenols Using
COSMO-RS Although the previously explained group-addi-
tivity scheme apparently proves the internal consistency of our

vaporization enthalpies of chlorinated benzene derivatives is experimental data, an independent, theoretical method is desired
presented in the Supporting Information. The method of the that allows us to perform a thermodynamic consistency test of
polyfunctional least-squares was used to evaluate the additivemeasured in this work vaporization enthalpies. Therefore, we
parameters, which are presented in the Table 6. Comparison ofalso compared the experimental data for Afelr (298.15 K)

the experimental and calculated values is performed in the Tablecollected in Table 5 with estimations performed using the
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guantum chemically based COSMO-RS metfbd! which is Supporting Information Available:

able to predict a wide range of liquidiquid and vapor-liquid Matrix for calculation of enthalpies of vaporization of chlorben-
equilibrium data just from the respective quantum chemical zenes and chlorophenols at 289.15 K. This material is available
calculations for the solutes and solvents without any need for free of charge via the Internet at http://pubs.acs.org.
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