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The standard (p> = 0.1 MPa) moiar enthaipies of combustion in oxygen of each of the six
dichlorophenols, at the temperature 298.15 K, were measured by rotating-bomb calorimetry
from which the standard molar enthalpies of formation, in the crystalline phase were derived.
The standard molar enthalpies of sublimation, at the temperature 298.15 K, were measured by
microcalorimetry.

—A¢H(cr)/(kJ-mol~?) A H:/(kJ-mol~!)

2,3-dichlorophenol (2,3-Cl,C¢H,OH) 2233+ 1.1 71.74£22
2,4-dichlorophenol (2.4-Cl,C¢H,;O0H) 2264+1.5 70.1 +1.1
2,5-dichlorophenol (2.5-Cl,C,H,OH) 2320+1.2 73.6+2.1
2.6-dichlorophenol (2,6-Cl,C,H,OH) 222.1+1.1 758410
J.4-dichlorophenol (3,4-C1,C,H,OH) 2316+ 1.1 813423
3,5-dichlorophenol (3,5-C1,C,H;OH) 231.0+1.0 828+1.1

The derived standard molar enthalpies of formation of the gaseous compounds were compared
with values estimated assuming the enthalpy increment for substitution of chlorine in phenol to
be the same as for substitution into benzene.

1. Introduction

The availability of thermodynamic quantities is of fundamental importance to the
understanding and investigation of many problems of considerable importance
associated with practical combustion, such as, for example, destruction of waste
materials in incinerators. However, very few experimental thermodynamic quantities
are available for a large number of compounds and although simple estimation
schemes for these are possible, they need to be based on reliable experimental results
for key compounds.

Among the atmospheric pollutants there are compounds which either are known
to be precursors, leading, under appropriate conditions, to the formation of toxic
substances, or are themselves extremely toxic'!’ like the dioxins. Several chlorinated
phenols are commonly used'® as pesticide components, insecticides, and anti-
microbial agents, and are known to be precursors to the formation of chlorinated
dioxins,!"’ but energies of combustion are known only for 3-chlorophenol,®
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4-chlorophenol,'” and pentachlorophenol'*! No thermochemical values are
available for the other chlorophenols, in particular for any of the dichlorophenols,
which also have important chemical and industrial applications. For instance
2,4-dichlorophenol is a key intermediate in the synthesis'® of the herbicide 2,4-D,
{(2,4-dichlorophenoxy)acetic acid}, and 2,6-dichlorophenol is important in isolation
and identification as the sex pheromone of the lone-star tick."®

In view of the little knowledge and the large importance of thermochemical
quantities for these compounds, we have measured the standard energy of
combustion of each of the six crystalline isomers of dichlorophenol as well as their
standard enthalpies of sublimation at the temperature 298.15 K.

2. Experimental

The six dichlorophenols (Aldrich Chemical) studied in this work were purified by
repeated sublimation at reduced pressure and the purities of the samples were
checked by CH,O microanalyses. 4-Chlorobenzoic acid (Aldrich Chemical) was
purified by repeated crystallization from butanone and the purity was checked by
C.H,O microanalyses.

The enthalpies of combustion were measured using a rotating-bomb calorimeter
formerly developed by Professor Stig Sunner at the University of Lund, Sweden.
Since a complete description will be published later, only a briefl description of the
apparatus will be given here. The twin-valve combustion bomb is of stainless steel,
with an internal volume of 0.258 dm® and wall thickness 1 cm. The bomb is lined
with platinum and the internal fittings are machined from platinum. In each
experiment the bomb is suspended from the lid of the calorimeter can. Water was
added to the calorimeter from a weighed glass vessel; as the mass of water differed
slightly for each experiment, corrections were made to the energy equivalent of the
calonmeter for the deviation from the average mass: 5222.5 g.

Calonmeter temperatures were measured to +10~* K at time intervals of 10s
using a Hewlett-Packard (HP-2804A) quartz thermometer interfaced to an Olivetti
M 250E microcomputer programmed to compute the adiabatic temperature change.

The isothermal jacket consisted of a thermostatic bath containing a cavity of
exactly the same shape as the calorimeter can, but 1 cm larger in each dimension,
enclosed by a hollow lid. The jacket and lid were filled with water maintained at a
temperature T = 303.5K to £10 *K using a temperature controller (Tronac
PTC 41), so that the calorimeter was completely surrounded by a constant-
temperature enclosure.

The electrical energy for ignition was determined from the change in potential
difference across a 1400 pF capacitor on discharge through the platinum wire. For
each experiment, the ignition temperature was chosen so that the final temperature
would be close to 298.15 K. Fore-period readings were taken for about 20 min, the
main-period was about 25 min, and the alter-period about 20 min.

The rotating mechanism allowed simultaneous axial and end-over-end rotation of
the bomb. Rotation of the bomb was started when the temperature rise in the main-
period reached about 0.6 of its final value and was continued throughout the rest of
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the experiment. It has been shown'”’ that by adopting this procedure the frictional
work done by the rotation of the bomb is automatically included in the corrections
for the work of stirring and for the heat exchanged with the surrounding thermostat.
The energy equivalent of the calorimeter was determined using the combustion of
benzoic acid (Bureau of Analysed Samples, Thermochemical Standard CRM-190n)
having a specific energy of combustion, under standard bomb conditions of
—(264330+£39)J-g7"', hence A.u°=—(26412.6+3.9)J-g~'. Combustion was
carried out in oxygen at the pressure 3.04 MPa in the presence of a volume 1.00 cm?
of water added to the bomb. Two sets of at least six calibrations experiments were
performed, due to minor changes in the calorimeter. From these calibration
experiments, the values of the energy equivalent of the calorimeter were: gcalor) =
(25181.3+2.0)J-K~! and ¢calor) = (25177.5+1.7) J- K-}, where the uncertainties
quoted are the standard deviations of the mean; ¢(calor) = (25181.3+2.0) J- K ! was
used for the combustion experiments of 4-chlorobenzoic acid and 2,4-dichlorophenol
and ég(calor) = (25177.5+ 1.7) J- K~! for all the other dichlorophenols experiments.
Table 1 lists results for a typical calibration experiment where the terms are as
previously defined.®® 4-Chlorobenzoic acid was recommended as a test substance for
bomb-combustion calorimetry of organic chlorine compounds.”” Hence, the
accuracy of the calorimeter was checked by measuring the energy of combustion of
4-chlorobenzoic acid. The samples were burned, in pellet form, in oxygen at the
pressure 3.04 MPa and with a volume 20.00 cm? of 0.07869 mol-dm~3 As,0O5(aq) in
the bomb. The standard molar enthalpy of combustion obtained was A H, =
—(3064.5+1.2) kJ-mol~!, in good agreement with the values of Hu et al.'® for
three series of measurements, under widely varied conditions, using three
different rotating-bomb calorimeters: {—(3062.98+0.75), —(3062.8+1.0) and
—(3062.94+0.84)} kJ-mol~'. Values of A _H® refer to the reaction with

TABLE 1. Typical combustion results (p° = 0.1 MPa) for B = Cl,C¢H,0OH

Calibration  2,3-B 24-B 2,5-B 2,6-B 34-B 35-B

m(BA)/g 1.09741 — — — — — —

m'(cpd.)/g — 094192 130803 095301 094740 095882 097681
m"(Melinex)/g — 005743 0.05578 005676 0.05594 005528 005124
m”(fuse)/g 000410 000449 0.00421 0.00447 000327 000446 000435
AT, JK 1.15429 070386 095362 0.70788 0.70535 0.71109 0.71861
e(contyK 13.84 17782 17784 17807 17790 17783 17793
edcont.)/K 15.01 17283 17222 17278 17279 17281 17282
Am(H,0)/g +0.2 -48  —01 —01  +09  +04  +09
—AU(IBP)/J 29008.81  17832.10 2418233 1794823 17886.41 18030.38 18222.79
AU(HNO,)/J 442 2.88 1.65 3.01 2.74 2.75 274
AU(As,0,)/) — 43821 65610 434.56 44314 44205 42394
-AU(H,PtClg)/J — 1.04 1.18 .17 1.25 (.34 1.14
AU(ign.)/J 0.63 0.59 0.59 0.46 0.77 081 0.77
AUy/J — 7393 9846 7411 7386 7478 17529
g(calor)/(J- K1) 2517797 251774 251809 25177.1 251813 251792 251813
—m"A u®(Melinex)/J — 131517 127747 129987 1281.14 126605 1173.54
—m" A u(fuse),] 66.58 7293 6837 7259 5310 7243 7064

—A.u°(cpd)/(J-g ) — 16910.08 16879.66 16854.93 16921.24 16865.50 16866.64
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HCl:- 600H,0O(l) as the chlorine-containing product in the final state. Within the
precision of the analytical method, no evidence was found for oxidation of the
diarsenic trioxide solution after the bomb had been charged with oxygen at the
pressure 3.04 MPa and left for a time up to Sh at room temperature. The
dichlorophenols were burned, in pellet form, in oxygen at the pressure 3.04 MPa.
Since the dichlorophenols are very volatile, it was necessary to seal the pellets of the
compounds in polyester bags made from Melinex (0.025 mm thickness) using the
technique described by Skinner and Snelson"® who determined the specific energy
of combustion of dry Melinex as A u® = —(22902+5) J-g~!. This value has been
confirmed by combustion of Melinex samples in our laboratory. The mass of
Melinex used in each experiment was corrected for the mass fraction of water
(0.0032) and the mass of carbon dioxide produced from it was calculated using the
factor previously reported.*? As 2,4-dichlorophenol is very hygroscopic,'* for this
compound the pelleting procedure was performed as rapidly as possible and each
pellet was stored over phosphorus pentoxide in a desiccator for several days. A
volume of 40.00 cm? of aqueous solution As,O, was placed in the bomb to reduce to
hydrochloric acid the free chlorine produced by the combustion. Several solutions of
As,O; were used during the combustion studies of these compounds; the
concentrations of the different solutions were close to 0.09 mol-dm 3.

For the cotton thread fuse, empirical formula CH, 340543 A 4°
—16250J-g~1.® The nitric acid formed was determined using the Devarda'’s- allov
method*? and corrections were based on —59.7 kJ-mol~" for the molar energy of
formation of 0.1 mol-dm~3 HNO,(aq) from O,(g), N,(g), and H,O(1).** The extent
of oxidation of the diarsenic trioxide was determined by titration with standardized
iodine solution. The amount of H,PtClg(aq) was determined from the loss of mass of
platinum parts of the system. An estimated value of (u/dp)r = —0.1J-g~'-MPa~!
at the temperature 298.15 K was assumed for all the dichlorophenols and the
literature value:® (Qu/dp); = —0.16J-g~'-MPa~! for 4-chlorobenzoic acid was
used. AUy, the standard state correction, and the heat capacities of the bomb
contents, ¢; and g, were calculated by the procedure given by Hubbard et al.‘® using
the solubility constants and energies of solution of O, and CO, as given by Hu
et al.®

The standard molar enthalpies of sublimation of the compounds were measured
by the “vacuum sublimation” drop-microcalorimetric method."'* Samples of mass
about 7 mg, contained in a small thin glass capillary tube sealed at one end, were
dropped at room temperature into the hot reaction vessel in the Calvet
High-Temperature Microcalorimeter (Setaram, Lyon, France) held at the
temperature 364 K, and were then removed from the hot zone by vacuum
sublimation. The microcalorimeter was calibrated in situ by making use of the
reported standard molar enthalpy of sublimation of naphthalene.!> From the
experimental results the standard molar enthalpy of sublimation at the temperature
298.15 K, A% H;(298.15 K), was calculated using A3$a%, H2(g) = 10.15kJ-mol~!
estimated by group-additivity methods, ie. from {phenol + 2(chlorobenzene)
—2(benzene)}, using values of Stull et al.*>

The relative atomic masses were those recommended by the IUPAC in 1991.4'®
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TABLE 2. Values of A,u® at T =298.15K (p° = 0.1 MPa) for B = Cl,C¢H;0H

2.3-B 24-B 25-B 2,6-B 34-B 3.5-B
~Aw/Ig Y

16915.56 16904.88 16850.56 16915.46 16860.31 16866.38
16910.08 16891.83 16864.32 16915.04 16861.89 16868.09
16911.44 16879.66 16861.95 16921.24 16854.14 16865.50
16904.99 16893.64 16865.11 16922.84 16864.68 16866.64
16917.12 16892.23 16854.93 16923.41 16866.16 16861.88
16916.73 16897.44 16862.19 16921.30 16865.50 16864.80

(=aar/J-g™')
169126 +19  168933+34  16859.8+24  169199+15  168621+18  16865.5+09

Carbon, hydrogen, and oxygen analyses were carried out at the Department of
Chemistry, Faculty of Science, University of Porto, Portugal.

3. Results and discussion

Table 1 lists typical combustion results; the terms are as defined previously;®
Am(H,O) is the deviation in the mass of water added to the calorimeter from
52225 g. Table 2 lists the individual values of A u” together with the mean and its
standard deviation. A u° refers to the combustion reaction:

C6H,OCl,(cr)+60,(g) + 1199H,0(I) = 6CO,(g) +2HCl-600H,0(l), (1)

Table 3 lists the derived standard molar enthalpies of combustion and the
standard molar enthalpies of formation of the six dichlorophenols in the crystalline
state at the temperature 298.15 K. In accordance with normal thermochemical
practice, the uncertainties assigned are twice the overall standard deviation of the
mean and include the uncertainties in calibration and in the values of the auxiliary
quantities used. To derive A(H;, from A_H, the standard molar enthalpies of
formation of H,O(l): —(285.83+0.04)kJ-mol=1""" CO,(g): —(393.51+0.13)
kJ-mol=1,"'" and HCI in 600H,0(l): —(166.619 +0.005) kJ-mol~*,*3 were used.

The individual values of the standard molar enthalpies of sublimation, at
T = 298.15 K, together with the mean and twice the standard deviation of the mean
are given in table 4. The derived standard molar enthalpies of formation in the
crystalline state, standard molar enthalpies of sublimation, and standard molar
enthalpies in the gaseous state for the six dichlorophenols, are summarized in table 5.

A decade ago, Shaub'® described a procedure for estimating the standard
enthalpies of formation of aromatic compounds, and applied it to chlorinated

TABLE 3. Derived standard molar values at T = 298.15 K (p° = 0.1 MPa) for B = C1,C4H,OH

2,3-B 24-B 2,5-B 2,6-B 34-B 35-B

—A Hyfer)/(kJ-mol~!) 2756.8+0.8 2753.7+13 27481409 27580+0.7 27486+08 2749.1+0.6
—AHy(er)/(kJ -mol 1) 2233+ 11 2264+15 2320412 2221+ 1.1 2315411 2310410
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TABLE 4. Results of calorimetric standard molar enthalpies of sublimation of B = ClI,C,H,OH at

T = 298.15 K

2.3-B 24-B 2,5-B 2.6-B 34-B 3.5-B
AL HZ/(kJ - mol )
74.35 69.90 72.95 76.22 79.26 84.26
69.49 69.10 73.26 77.55 79.55 82.69
68.40 69.07 70.80 74.74 84.59 83.77
74.68 70.03 73.54 74.96 79.50 81.93
70.41 72.17 77.25 75.45 83.67 81.32
73.12

(A% H/(kJ-mol 1))
71.7+22 70.1 1.1 736121 758+10 813423 828+1.1

benzenes, phenols, and dioxins, for which he estimated'® the following values for
AcHZ(g)/(kJ - mol~1): for 2,3-Cl,CcH;OH, —(178.6); for 2,4-C1,C,H;OH, —(175.6);
for 2,5-Cl,C¢H,OH, —(185.1); for 2,6-Cl,C¢H,OH, —(106.0); and for
3,4-C1,C¢H;OH, —(194.4). These estimated values differ considerably from the
experimental ones reported in this paper, being all more negative by (20 to
44) kJ -mol~!, with the exception of that estimated for 2,6-dichlorophenol which is
40 kJ-mol~"' more positive than the experimental value. This shows that Shaub's
procedure yields poor estimates which should be used only with great reserve.

The derived standard molar enthalpies of formation of the gaseous compounds
can also be compared with values estimated using the Cox scheme,''®’ by assuming
that each group when substituted into the benzene ring produces a characteristic
increment in A¢Hg(g), i.e. for the dichlorophenols, from A H:(g){CcHsOH +
2(C¢H,Cl)—2(C¢Hg)}. Corrections terms of +4 kJ-mol~! for each ortho-pair of
substituents and additionally +4 kJ-mol~! for each set of three substituents in
positions 1, 2, 3 were applied. To obtain the estimated values the following
AcH:(g)/(kJ - mol~1) values were used: CqHsOH, —(96.4+0.9); C;HCl, (52.0+ 1.3);
CeHe, (82.6+0.7).29 The comparison is made in table 6.

For the monochlorophenols, there is known the standard molar enthalpy of
formation of two isomers: 3-chlorophenol, A;HZ(cr) = —(206.4 +8.4) kJ-mol~ ',
and 4-chlorophenol, A HZ(cr) = —(197.7+8.4)kJ-mol~'.®> We measured the
enthalpies of sublimation of these compounds by the “vacuum sublimation” drop-
microcalorimetric  method and  obtained, respectively, the  values

TABLE 5. Derived standard molar values at T = 298.15 K

—AcHy(cr)/(k]-mol~1) A% H./(k]-mol~') —AHo(g)/(kJ - mol 1)
2,3-C1,C¢H,OH 233+1.1 717422 1516425
24-C1,C¢H,OH 2264+ 1.5 70.1+ 1.1 1563+ 1.9
2,5-C1,C(H,OH 2320+1.2 73.6+2.1 1584 +24
2,6-C1,C¢H,OH 221+ 1.1 758+ 1.0 1463+ 1.5
34-Cl,C,H,OH 2316+ 1.1 81.3+23 150325

3,5-Cl,C¢H,OH 2310410 828+1.1 1482+ 1.5
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TABLE 6. Experimentai and cstimated values of A¢H(g) at T =298.15K

A Ho(g)tkJ - mol =) A

Experimental Estimated kJ-mol-"!
2,3-C1,C4H,OH —151.6+2.5 —1456+3.1 —60+40
24-C1,C,H,OH -156.3+19 —-153.6+3.1 =-27+£36
2,5-C1,C H,OH —1384+24 —-15336=3.1 -48+39
2.6-C1,CH,OH —1463=1.5 —145613.1 —07+34
3,4-Cl,C,H,OH —-1503+£25 —153.6+3.1 +33+£40
3.5-C1,C,H;OH —1482% L5 —157.6%3.1 +94%34

(69.4+ 1.8) kJ-mol~! and (69.5 + 1.6) kJ-mol~!, at T = 298.15 K. From the above
results, the standard molar enthalpies of formation, in the gaseous phase were
derived: A HS(g)/(kJ-mol~'): —(137.0+8.6) for 3-chlorophenol and —(128.2+38.6)
for 4-chlorophenol. The application of the Cox scheme to these two
monochlorophenols, using the same parameters as stated above for the
dichlorophenols, leads to the estimated value of the standard molar enthalpy of
formation of —(127.0+ 1.8) kJ-mol~"! for each of them.

Although high uncertainties (+ 8.4 kJ-mol~ 1) are associated with the experimental
values of the standard molar enthalpies of formation of both crystalline
monochlorophenols, it seems that the deviations 4 found between the experimental
values and those estimated by the Cox scheme,!® both for mono- and dichloro-
phenols, are less than + 10 kJ-mol~! giving support to the Cox scheme, which yields
much more accurate predictions than the procedure suggested by Shaub."'®
However, the above results suggest that redetermination of the standard molar
enthalpies of formation of the monochlorophenols, in the condensed phase, is
desirable.
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