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The phase diagram data of 226 binary organic systems based on nitroaromatic com-
pounds were critically evaluated with the aid of a computer-coupled thermodynamic/
phase diagram analysis. The results of this analysis include the excess Gibbs energies of
all solution phases as well as the Gibbs energies of fusion and formation of intermediate
compounds. These quantities were used to calculate a best phase diagram for each sys-
tem. The phase diagrams of seven ternary systems were calculated from the evaluated
thermodynamic data of the binary subsystems with the use of the Kohler interpolative
model and compared with the experimental diagrams. © 1997 American Institute of
Physics and American Chemical Society. [S0047-2689(97)00202-X]
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1. Introduction

The interaction of two unlike organic liquids may lie any-
where along a continuum between insolubility {‘‘negative
interaction’’) to chemical reaction, where two new species
appear. Between these extremes one finds cases of weak in-
teraction {dispersion forces) giving ideal or near-ideal ther-
modynamic behavior. There are also some interactions
which, short of chemical reaction, lead to the formation of
association complexes of vatious kinds. These may result
from, e.g., dipole—dipole, hydrogen-bond, or charge-transfer
interactions. In a previous publication,® the solid-liquid
phase behavior of systems having potential hydrogen-bond
interactions were evaluated; a large fraction of these dis-
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played the formation of stable complexes of simple stoichi-
ametry (1:1, 1:2, etc.). In the present case, the same type of
svaluation is performed on binary and ternary systems hav-
g potential charge-transfer interactions of sufficient
strength to form similar complexes.>*

The binary systems studied here are of the general type
aromatic compound +nitro-substituted aromatic compound.
tiither or both components may have a second substituent
ather than the nitro group. The solid-liquid phase behavior
between neutral organic molecules is of practical interest
{from the point of view of materials science, including the
solid compatibility of pharmaceutical products.” One com-
pound in particular (2,4,7-trifluvoren-9-one) was used
extensively®™® to identify synthesized organic compounds,
since it formed stable and colored addition products with
characteristic melting points.

The phase diagrams of the ternary systems studied here
are of the conventional type, showing liquidus isotherm con-
tours on the Gibbs composition triangle. The binary edge
systems of all the ternary systems are evaluated in the
present work; this is a prerequisite for the evaluation proce-
dure. Accordingly, the binary systems are treated first in their
entirety.

2. Evaluation of Binary Systems

The principles, method, and criteria here are similar to
those used previously.? They are delineated here again for
the sake of convenience. A few additional considerations are
included, occasioned by particular substances and systems.

2.1. Critique of Experimental Methods

The binary phase diagrams considered in this article were
originally investigated by five techniques. Their main fea-
tures are given here and implications for phase diagram
evaluation are discussed in Sec. 2.4.2.

2.1.1. Thermal Analysis

In this classical method, gram quantities of mixtures were
used and temperature—time curves (both heating and cooling
modes) were recorded. The sample was stirred and tempera-
ture indicated by a thermometer graduated in 0.1°. Both eu-
tectic and liquidus temperatures were detected. Although
thermal analysis with organic mixtures frequently encounters
serious experimental difficulty (see next section), it was
found in the present work that results from this technique
were of equal or better quality than data derived from other
methods. When necessary precautions are taken, thermal
analysis carefully done is the preferred method for best
results,>1°

2.1.2. Thaw-Meit Method

This method was developed as an alternative to thermal
analysis which, when applicd to organic substances, dis-
played several inconveniences.'! Chief among these is severe
supercooling, which may amount to 10° for unstirred

samples.'? This is aggravated by the low thermal conductiv-
ity of the sample, which sometimes can be quite viscous. The
thaw—melt method is a refinement of the procedure used by
organic chemists to determine melting points of synthesized
compounds.'*~1> The mixture is first premelted, cooled, and
ground to a fine powder in a mortar. A milligram quantity is
inserted into a thin-bore melting point tube and, if necessary,
protected from the atmosphere is some way. The tube is
attached to a mercury thermometer, usually calibrated in
0.1°, and immersed is a liquid bath, the temperature of which
is slowly raised. Phase changes and the corresponding tem-
peratures are noted visually. The temperature of first appear-
ance of liquid in the sample is the eutectic temperature
(thaw); the temperature at which the last solid disappears is
taken as the liquidus temperature (melt).

This method is both simpler and faster than thermal analy-
sis and requires only a small quantity of material. There are,
however, some weaknesses. Phase changes are detected only
visually, and only the heating- mode is used. Under these
circumstances, the eutectic temperature is usually more ac-
curately determined than the liquidus temperature. This is
because the first appearance of the liquid phase is readily
detected from a completely solidified melt. Once the eutectic
temperature has been passed, there is greater uncertainty in
detecting the disappearance of the solid, for a number of
reasons. The two-phase mixture may become cloudy, due
perhaps to the presence of impurities; since there is no stir-
ring, the residual solid sinks to the bottom of the narrow
column of liquid and there may no longer be equilibrium
between solid and liquid."* This uncertainty is magnified
when the composition being studied is situated on a steep
portion of the liquidus (thermal analysis is also less depend-
able in this case).

2.1.3. Visual-Polythermal Method

In this procedure, a milligram quantity of sample is heated
by direct contact with an electrical resistance. The primary
phase change is observed through a microscope (the appara-
tus is also called a ‘‘hot-stage microscope’’). Only the liqui-
dus temperature is observed in this method.

2.1.4. Microthermal Method

This may be considered as a variation of the thaw—melt
procedure. The small quantity of sample is placed between
microscope slides, slowly heated, and observed through a
microscope. The technique was developed and used exten-
sively by Kofler and Kofler,'® who called it a microthermal
method. Only the liquidus temperature is detected in this
method.

2.1.5. Conventional Melting Point Determination

The classical technique, when applied to mixtures, may
yield good-quality data if sufficient care is taken in sample
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preparation, cooling and heating rates, and temperature mea-
surement. It is similar to the thaw-melt method, but only the
liquidus temperature is recorded.

In a few investigations, the liquidus was studied below
0 °C (thermal analysis, visual-polythermal method). In these
cases, the liquid sample may become very viscous and
strongly supercooled; sometimes seeding is required. The
lowest recorded temperatures (near the eutectic temperature)
may thus be suspect.

2.2. Computer-Coupled Thermodynamic/Phase
Diagram Analysis

This technique is based upon well-known principles of
calcnlation of phase diagrams from the thermodynamic prop-
erties of the phases. Such an analysis provides a set of self-
consistent thermodynamic equations, which simultaneously
reproduce the the thermodynamic properties and the phase
diagram of the system. It also yields a thermodynamically
correct smoothing of experimental data and thereby a more
reliable estimate of error limits.

The principles and general procedure of this type of analy-
sis are the same as those detailed previously.2 Both optimi-
zation of binary phase diagram data and calculation of binary
and ternary phase diagrams were performed with interactive
computer programs'’ which are available on-line or on mi-
crocomputer diskette. In the present article, the same ap-
proach is used, with minor differences occasioned by the
nature of the systems studied. These are discussed further in
this section.

2.2.1. Thermodynamics

The pertinent thermodynamic relationships were outlined
. 2 X .
previously.” In the present work, the excess Gibbs energy of
the liquid phase was represented by a simple polynomial in
mole fractions

GF=xaxp(gotg1xpt goxpt ") )

for the binary system A+B. The parameters g, g;, tc., are
empirical coefficients. Various other representations for G*®
could have been used such as the Redlich—Kister expansion,
Legendre polynomials, the quasichemical model, etc. It was
found that the simple expression, Eq. (1), was entirely ad-
equate, with one or two coefficients (most often) or three or
four (more rarely),

It is implicitly assumed, therefore, that the liquid phase is
not highly structured and there are no liquid miscibility gaps.

In all systems studied, GE was taken to be independent of
temperature. This assumption was justified in the present
work, for two reasons: (a) the temperature range represented
by the liquidus was small, and data scatter was often severe;
(b) there have been no independent measurements of the heat
of mixing in thesc systems (c.g., by calorimetry) which
would enable a separation of the H® and SE terms in the
relation GE=H*—TSE.
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2.2.2. Limiting Slopes of Liquidus Lines and Solid Solubility

This consideration proved to be of some importance in the
critical evaluation of the experimental phase diagram data
and so is treated in some detail here. From purely thermody-
namic principles, a relation can be derived between the
slopes of the liquidus at the composition extremes (xg=0.
xp=1) and the extent of solid solution at these compositions.
For example, in the limiting case xg—1 (pure B), both liquid
and solid phases become Henrian and the excess Gibbs en-
ergies approach zero. The Gibbs energy of fusion of B at
temperature 7 is well approximated by the expression
A HY(1 =T/ T4, where Ay HY is the heat of fusion at the
melting point Ty,,. In this case it" can be derived
thermodynamically'® that

(dxp/dT),—(dxp/dT) = A HYRTE,, @

where dxp/dT is the slope of the liquidus or solidus at xg=1.
The expression on the right-hand side (RHS) of Eq. (2) is
simply the reciprocal of the well-known freezing point de-
pression constant and depends only on properties of the sol-
vent (B in this case). A similar equation may be written for
component A.

As a general rule, the crystal structures of unlike organic
compounds are quite incompatible and there are usually no
solid solutions. Similarly, intermediate compounds are gen-
erally strictly stoichiometric. In those phase diagram mea-
surements where eutectic data were reported, the eutectic
temperature generally remains constant as far as the compo-
sitions studied approached the pure substances (usually up to
with 0-10 mol %). Thus the assumption of zero solid solu-
bility is justified (for example, in the case of
benzene-cyclohexane,”® it was was about 3 mol %). If then
the solidus term in Eq. (2) is set to zero,

(dxp/dT), = A HYRTZ,. 3)

In the present evaluations, Eq. (3) was used extensively in
weighting experimental liquidus data near the composition
extremes. In all the calculated phasc diagrams (Figs. 1-226)
the limiting liquidus slopes conform to this requirement.

Notwithstanding these general observations, it sometimes
occurred, in the course of evaluation, that solid solubility
posited by the original investigators turned out to be unnec-
essary for reproducing the phase diagram by calculation.
(Evidently some temperature arrests, perhaps due to faulty
sample preparation, too rapid a cooling rate, etc., were mis-
interpreted as evidence of a ‘‘solidus.’”)

2.2.3. Optimization Procedure

The actual steps followed in an optimization of phase dia-
gram data varied somewhat from system to system, but some
generalizations can be made.'®

Data for the A- and B-side liquidi yielded, through a least-
squares optimization, an expression for the excess Gibbs en-
eigy of the liyuid. This calculation was supplemenied—if the
system contained intermediate compound(s)—by a similar
optimization using liquidus data of the compound(s). The
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sierived thermodynamic data were then used ‘to generate the
l‘; alculated phase diagram. Weighting. of the phase diagram
ilata and fine tuning of the optimized thermodynamic expres-
swons are ‘described in the next section.

2.3, Princ:pies of Evaluatmn Procedure ‘

sincthe onglnal pubhcatlons not all phase: dlagram data
: _w«,re_ tabulated; any untabulated-data were read off the pub-
“lished:phase diagramis. All experimental points—eutectic and
_lquidus;appear in-the: calculated. phase. diagrams.

231 Weighting of Phase Diagram Data

Asa consequence of strengths and weaknesses among ex-

_-;.pmmental methods (Sec. 2.1) as well as limiting liquidus
-slope ‘considerations (Sec. 2.2.2), reported phase dlagram

“flata both ‘within and among ‘investigators were sometimes

i ghfed differently in the optimization step’ (Sec. 2.2:3). In
pdrtlcular, ‘where some liquidus data were found to'be incon-
sistent with better-deﬁned eutectxc data, the followmg classi-
ﬁcauon was used:

‘(a) Data given greater weight: eutectic’ temperatures and
: compositions; melting points of congruently melting inter-
' medlate compounds. -

(b) Data given less weight: other hqmdus data.

In those few cases where this weighting was overridden,
=feasons are given in the evaluations. In some cases, the 1i-
* quidus was better defined in"one report than in another, e.g.,
“by"a greater number.of compositions.  Unless otherwise
“stated, however, all chosen’ hqmdus data were weighted

'cquaﬂy in the optimization step.

2.3.2. Status of the Calculated Resilts

Thi final calculated phasc diagrams, shown in Figs. 1-226
as well as the calculated excess ‘Gibbs enérgies ‘of ‘of the
liquid (Table 28) and: Gibbs energies of fusion and formation

~of intermediate compounds (Table 30), represent the best

‘results “for ‘the- ‘systems under consideration, based upon

available experiinental data and evaluative criteria discnssed
~in Sec. 2.3. For each system a probable maximum inaccu-

racy -of the evaluated phase diagram is offered; this simply
- reflects experimental data scatter, as well as possxble bias in
-expenmental method.
‘Information-in parenthescs in Tables 28 and 30 indicates
“data-of possibly considerable uncertainty, but which were
used in calculating the recommended phase diagrams. Such
-data are consistent with all other evaluated data in each sys-
tem. . & o y
- In:the evaluations and in Tables 1-and 30 the large number
of significant figures given for thermedynamic -properties
~-does not indicate high precision; they are included.for accu-
rate reproduction of the calcuiated phase boundaries.

. In those systems in which a nitroarpmatic compound is
‘one component, it-is placed uniformly on-the tight-hand side
‘of the diagram. This facilitates comparison of: phase chagram
features among related systems.

24. 'Properties of the Pure Substances

For an evaluation of the present type, the quahty of the
recommended data depends upon-the quality of the thermo-

-dynamic data-of the pure components used in the calcula-

tions. A number of recent compilations of melting points and
heats of fusion are useful. ! Of these, the collections of
Domalski and co-workers*? are particularly valuable be-
cause an. effort was made 1o evaluate and rank data from
different sources. Acree’s two compilations®?® are. practi-

.cally identical. . The work of Donnelly et al. % reports the re-

sults of original differential -scanning calorimetry: (DSC)
measurements and comparison is neither made nor- com-

:mented upon. The choice of data used in the present calcu-

lations (Table 1) is discussed briefly here. All experimental
heats of fusion mentioned were determined by. DTA. (differ-
ential ‘thermal analysis) or DSC. All temperatures are quoted
to the nearest 0.1°, irrespective of source, since the precision
of experimental phase-diagram data.does not warrant citation
of hundredths -of :a -degree. Wherever possible, the -quality
ratings of Domalski ef al.*'*® were given preference.
Cxperimentally measured heats of fusivn of eleven-coun-

-pounds were not available, and so/these. quantitiés. were es-
timated: by various methods. These methods, and their. prob-
.able accuracy, are presented in Sec: 2.4.1. It should be
‘mentioned’ here- that; -though the .uncertainty in- estimated

heats of fusion is greater than that of experimental -data, the
resultant ‘uncertainty. in the recommended- phase diagram is

‘ineremental in-nature; the general aspects: of the phase dia-

gram remain. the same,

In the -evaluation of the present-phase diagram -data, as
well as earlier similar work,? it was found that a perceived
inaccuracy in melting points of the end components was not
necessarily associated with a corresponding inaccuracy:in the
melting ‘behavior of mixtures. In other words, -the cffcct of a
possible -impurity was sometimes—-though. not invariably——~
“‘diluted”’ at.intermediate compositions.

Benzene. Reported meiting points®?% lie in the range
5.4-5.9 °C, and heats of fusion®’?% in the range 8950—
9951 Jmol ™. -

“ Naphthalene. The melting -point?"?*2323-37 jg 782
80:9 °C; and . the heat of fusion™***7 18 785-19 654
Jmol L.

szhenvl From the collections®??5 this melts at 68. 3—
709 °C .and the hecat of fusion?! 3 js 18 57519 900
Jmol™. -

Acenaphthene The melting point is?!** 25 %6 88.9-94.6 °C
and the heat of fusl(m (same smlrces) ig 10 960--25 000
Jmol™'.. =~

Fluorene. The melting range 152125 34,36 113 8-115. 8 °C
and heat of fusion {same -sources) 18 745-19 870 .J:mol7.

Diphenylmethane. The melting range is™>>~363%. 244

'26.2 °C and heat of fusion (same sources) 14 784-19 246

Tmol L.

Anthracene The meltmg ranc'e21 25,33-3638 ¢ 215.8~
219.5 °C and: the heat of fusion®*® 53234-3638 97 95029 370
JTmol ™%,
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Phenanthrene. The melting point is?"?>* 98.1-100.0 °C
and the heat of fuston?>~2>323637139 15 89018 627 Jmol™".

Pyrene. The melting point is*'*3* 150,7-152.2 °C and
heat of fusion (same sources) 17 111~17 364 I mol™ .

Fluoranthene. The melting point is** 107.8 or 110.2 °C
and the heat of fusion (same sources) 18728 or 18871
Jmol ™%

Triphenylmethane. There is apparently good agreement for
both melting point™ (92.1~92.4 °C) and heat of fusion (same
source) 18 200~-21 980 J mol ™.

Nitrobenzene. There is good agreement for both?'® melt-
ing point (5.6 or 5.7 °C) and heat of fusion (10 815-12 121
Jmol™).

1,2-Dinitrobenzene. The reported range of the melting
point?t#3%528 i 114.5-122.9 °C and heat of fusion (same
sources) 22 180-22 845 J mol ™.

1,3-Dinitrobenzene. Although some individual phase dia-
gram measurements*™*? give high values 91.0-94.8 °C,
collections?>®2* snggest lower: 89.7-90.1 °C. In this case
the rated data®® were not of preferred quality. There is
good agreement,”**# however, on the beat of fusion:
17 350~17 570 J mot ™.

1,4-Dinitrobenzene.  The  single  melting  point
mentioned?! 2335 i5 173.5 °C, which is the same as that used
on the phase diagram.*® There is apparent excellent
agreement?*?>3 for the heat of fusion (28 100-28 128
Ymol™h.

1,3,5-Trinitrobenzene. There was perhaps some confusion
in early work* about the melting point, since this compound
has one or more transitions (or metastable states) ar’h® 97,
107, and 110 °C. The true melting point is in the range®?!%
121.0-125.2 °C. There is not good agreement for the heat of
fusion®21%4 15 000-22 600 J mol ™, but the lower value is
probably correct.?!

1,2,3,5-Tetranitrobenzene. "the meitng point™ s
126.0 °C. The heat of fusion is not known from calorimetric
experiment, and hence it was estimated (see Sec. 2.4.1).

2-Nitrotoluene. The melting point*® is given as ~2.9 or
~9.5 °C, depending upon the crystalline form. The chosen
value (—10.4°C) was taken from the phase diagram**®
(thermal analysis, carefully done). The heat of fusion is not
known from calorimetric experiment, and hence was esti-
mated. :

4-Nitrotoluene. The melting point®? is 48.7-51.6 °C.
The reported heat of fusion is givenz"28 as 16 811, 18410, or
69 802 J mol™!. The high value is evidently erroneous, be-
cause this quantity estimated from phase diagrams®® is
~16 800 T mol™ L.

3,4-Dinitrotoluene. The melting point®*4 56.3-61.0 °C.
The chosen value is close to the phase diagram datum,**°
There is only one value for the heat of fusion.?

2.6-Dinitrobenzene. The melting point is given as® 54.3
or?%% 66.0 °C. Again, the chosen value is close to the phase
diagram datum.***® There is only one value for the heat of
fusion.”®

2,4-Dinitrotoluene. The melting point is given as
67.6~72.0 °C. The chosen value is close to those reported on

21,25,26
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the phase diagrams evaluated in the present work. The heat
of fusion™** is 20 119-22 180 J mot ™.

2,4,6-Trinitrotoluene. The melting point®>23°%3! js 79.0~
81.9°C, and the heat of fusion®™® is 21230 or 23430
Jmol™h.

2,4,6-Trinitro-m-xylene. The melting point*®™*3 iy
181.9-184.0 °C. The chosen value was determined by care-
ful thermal analysis.”> There is only one datum for the heat
of fusion.”

2-Nitrophenol. The melting point®™>*¥4 js 452, 45.5, or
44.8 °C, the heat of fusion (same sources) is 17 44617 900
Jmol™!,

3-Nitrophenol. The melting point®?*5 is 96.8 or
974 °C; the heat of fusion™™* is 19200 or 20500
Jimot ™.

4-Nitrophenol. Melting points lie in the interval?>=2>54
113.0--114.1 °C and heats of fusion?-%%* 17330-30 118
Jmol™!. By comparison with the other nitrophenols and
from phase diagrams, a lower heat of fusion is more correct.

2-Nitroaniline. The melting point*? is given as 69.3 or
71.2°C, but phase diagram studies®® indicate a slightly
higher value. There is only one reported datum for the heat
of fusion ! o

3-Nitroaniline. The melting point is 111.8-
114.0°C. The chosen value was taken from the phase
diagram.”” The heat of fusion®® is 23600 or 23 630
Jmol ™!,

4-Nitroaniline. The melting point is??*3 146.2-
147.8 °C and the phase diagram value®® was chosen. There is
good agreement®*> about the heat of fusion: 21 090 and
21150 Jmol ™.

3-Nitrobenzoic acid. The melting point is* 141.0 °C. The
heat of fusion lies in the range?“®*° 19292-21730
Jmol ™t

2,4-Dinitrophenol. 'I'wo sources agree both about the
melting point (114.8 °C) and the heat of fusion (24 174
Jmol™).

2,4-Dinitroaniline. The melting pointzo"‘6 of 180.0 °C is in
good agreement with the phase diagram value*! The heat of
fusion is not known from calorimetry and was estimated.

Picric  acid  (2,4,6-trinitrophenol). The  melting
point™S1¢%61 45 120.9-123.0°C. Reporied Deats of
fusion®32% vary from 17 100 to 33 885 Jmol™!, but the
true value is closer to the low value. "

Picryl chloride (1-chloro-2,4,6-trinitrobenzene). The melt-
ing point range®®*%*® is 81.0-85.0 °C. There are no calori-
metric data for the heat of fusion, which was estimated.

2,4,6-Trinitroanisole. The melting point*® is 68.5~
69.0 °C, and this agrees well with phase diagram data.*>®?
There is no calorimetric datum for the heat of fusion and
hence it was estimated.

2.4.7-Trinitrofluoren-9-one. The melting point®™** is
175.0-177.0°C, and the heat of fusion® is 23012 or
23 500 J mol ™", There is a transition®>* at 155.3 or 157.0 °C
(heat of transition, from the same sources, 4200 or 2900
Jmol™Y). This transition is omitted from the phase
diagrams®*® but is included in present calculations. It ap-

21,23,25

23,25
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pears either above or below the eutectic temperature,>*® but
since the heat of transition is much less than the heat of
fusion, the exact value is relatively unimportant for the cal-
culation of the liquidus in these systems.

Aniline. The melting point?*% is —6.4 to —5.9 °C, and
the heat of fusion?? is 10 55610 920 J mol .

1,2-Diaminobenzene. The melting point lies in the
range®*% 100.7-102.0 °C, and there is one value for the
heat of fusion.®*

1,3-Diaminobenzene. The melting point is>%*%® 62,3~
65.9°C and the heat of* fusion”® is 15400 or 15570
Jmol ™.

4-Methylaniline. The reported melting point™>>%7 is well
defined at 42.4-43.4°C. The heat of fusion™?*?%32¢7 jg
17 280-18 222 Jmol ~".

4,4'-Dipyridine. For this compound, a high value
(171.0-172.0 °C) and a low value®*®® (111.0~114.0 °C)
are given. The phase diagram®” indicates the lower tempera-
ture. The heat of fusion is not known from calorimetry and
hence was estimated.

1-Aminonaphthalene. The given melting point®  of
50.0 °C is very close to experimental valnes® 3770 49 0
49.8 °C. The heat of fusion”>" is 13 300 or 14 492 Jmol ™.

2-Aminonaphthalene. The melting point is™"! 113.0 °C
and there is one value? for the heat of fusion.

Carbazole. The melting point is given as
243.0-248.0 °C and the heat of fusion?33338 21 170
29 419 T mol ™. There is a transition®® at 147.0 °C with heat
change (same source) of 275 Jmol ', This transition—
assuming it is real—would probably not have been detected
in most studies because of the small magnitude of the heat
effect. For the sake of completeness, this transition is in-
cluded in all calculated phase diagrams containing carbazole.

N-Isopropylcarbazole. The melting point and heat of
fusion?%3 are given as 122.0 °C and 17 730 J mol ™.

Phenol. The melting point*'?? lies in the range 39.5-
40.9 °C and the heat of fusion (same sources) is 10 580—
11514 J mol ™.

Hydroguinone (1,4-dihydroxybenzene). The melting point
is in the range®®*7""® 171.8-174.0°C and the heat of
fusion®*3%* Jies in the range 21 090-27 110 J mol ™.

I-Naphihol. The melting puint lies in the range?! 24756573
94.0-96.0 °C and the heat of fusion?"**#*2377 i 22 800~
23332 Jmol ™.

2-Naphthol. The melting point is in the range?!23,63.73.75
120.0-123.9 °C and the heat of fusion®*™ is 17 510-
21 940 J mol .

2-Hydroxybiphenyl. The melting point is
57.6 °C and the heat of fusion is either’** 13 460 J mol ™!
or’® 16 210 Y mol ™,

4-Hydroxybiphenyl. The melting point is given as
164.0-167.0 °C. The heat of fusion is not known from calo-
rimetric measurements, and so an estimated value was used.

Dimethylacetamide. The melting point is*®”"® between
—20.0 and —23.5 °C. There is no calorimetric value for the
heat of fusion; an estimated datum was used.

22,46

21,25,34-36,38

21,23,25,76 57 4_

20,22,72

Benzoic acid. The melting point is?>" at 122.0 or

122.4°C and the heat of fusion?"?377%8 s in the range
16 230-18 060 J mol ™",

Benzamide. The melting point is>3! 129.1 or 130.0 °C
and there is only one datum for the heat of fusion.? :

3-Hydroxybenzaldehyde. The melting point is*®?
108.0 °C. Since no calorimetric heat of fusion is available, it
was estimated.

Salicylic acid. The melting point is in the range
158.3-160.0 °C. For the heat of fusion, an estimated value of
25 710 J/mol was used. After submission of the manuscript,
an experimental value of 18 200 J/mol was found.®

4-Aminobenzoic acid. The melting point is in the
range?!>8 187.3-188.5°C. The heat of fusion (same
sources) is 20 920 or 24 016 J mol ™"

Acetophenone. The melting point is*® 20.5 °C. There is no
calorimetric heat of fusion available, so a value was esti-
mated.

Cinnamic acid. The melting point is* at 133.0 °C and the
heat of fusion ie given as?%222 626 or 34 374 T mol™!. The
lower value is more consistent with the phase diagram.%

Camphor. This is an optically active molecule and exists
inD,L,and DL forms.*® Phase diagram reports”88 make no
mention of this fact; presumably the sample used was a ra-
cemic mixture. The melting points of the three forms* all lie
within 1.2°, observed melting points of the racemic
mixture?*%37% lie in the range 175.0-178.8 °C, a high
value’** of 189.2 °C is erroneous. Camphor has an unusu-
ally low heat and entropy of melting. The heat of
fusion?*"#¢ js 4400-6820 Jmol™!; the high value?*? of
15730 J mol ! was disregarded. There is apparently?! more
than one transition below 0 °C, but these are not included in
calculated phase diagrams.

Dibenzothiophene. The melting point is in the
range?>#34% 9780992 °C. The heat of fusion®>* is
15 300, 21 580, or 22350 J mol ™.

Benzophenone. The melting point is in the range?>*° 47.7—
48.0 °C. The heat of fusion™ is 17 670 or 18 194 J mol "

82-85

2.4.1. Estimation of Heat of Fusion

Experimental heats of fusion of eleven compounds in
Table 1 were not available, and so they were estimated. Four
methods for this purpose were used”’ ~™; they all have an
additive-constitutive basis, using recognizable molecular
fragments (benzene ring, nitro group, amino group, etc.). Of
these, the method of Tingli®? was difficult to use and was less
accurate than the others. The method of Joback and Reid®!
was inaccurate for molecules containing more than one nitro
group. Subject to these limitations, the methods were applied
to all the compounds concerned, except dimethylacetamide.
For dimethylacetamide, the heat of fusion was estimated
from the limiting liquidus slopes of phase diagrams involv-
ing this compound,””""®% excluding of course the phase dia-
grams under study in the present work. In addition to these
methods, another—of the author’s own devising—was used
as a check. It can be called an ‘‘entropy of fusion’’ method.
It is based on the assumption that the entropy of fusion of a
compound may be estimated from the entropy of fusion of
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closely related species (homologously, structurally or chemi-
cally similar, etc.). For example, Ag S of 4,4'-dipyridine
may be estimated by considering the known entropies of
fusion of the following compounds: benzene, pyridine, and
biphenyl. The different estimation methods gave results
which agreed within 20%, and a mean value was used in the
calculations (Table 1).

2.4.2. Experimental Melting Points of Pure Substances

As a general rule, in only relatively recent phase diagram
reports was mention made of purification of starting sub-
stances. Fractional or recrystallization was most often used.
Other methods were distillation or sublimation. In two
studies*®® the substances were ‘‘purified.”” The remaining
reports included no information concerning purification.

2.6. The Evaluations

The same convention is used throughout this paper for
identifying the left- and right-hand components of binary
systems. For example, in the case of PY (A)+1,3-DNB (B)
the left-hand component is always component A and the
right-hand component is B. This corresponds to the layout in
all binary phase diagrams and also identifies A and B com-
ponents in the expression for the excess Gibbs energy of the
liquid, Eq. (1). In the same manner it identifies the stoichi-
ometry of intermediate compounds, e.g., in the above-
mentioned binary system the designation 1:2 refers to the
compound of mole ratio AB,.

In the evaluations, where there are more than one eutectic
(E) in the system studied, these are identified as E, E,, etc.
Peritectics are indicated by ““P.”” In all cases, the tempera-
tures and compositions indicated in Figs. 1-226 are the cal-
culated (evaluated) data.

2.5.1. Systems Based on Nitrobenzene
BZ (A)+NB (B)

Data were obtained”’ both by thermal analysis (with stir-
ring) and the visual-polythermal method. The reported
eutectic” is —25 °C, x5=0.4Y. All the liquidus data were
used in the optimization, and the phase diagram (Fig. 1) was
calculated with the use of Eq. (4),

GE(I): 95 lexAxB Jmol™ ! (4)

and the calculated eutectic is —25.5 °C, x5=0.470. The
probable maximum inaccuracy in the calculated diagram is
*1°.

NA (A)+NB (B)

Data were obtained by thermal analysis.98 The reported
eutectic®® is —6.8 °C, xg=0.86. Since the experimental98
melting point of nitrobenzene is inaccurate, only the LHS
liquidus data were optimized, and the phase diagram (Fig. 2)
was calculated with the use of Eq. (5),

GE()=2x,xg Jmol ', (5)
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The calculated eutectic is —2.4 °C, x5=0.862, reflecting thc
correct melting point for component B. The probable maxi
mum inaccuracy in the calculated diagram is *1°.

AN (A)+NB (B)

Data were obtained by thermal analysis,98 and the reported
eutectic® is —29.8 °C, x5=0.41. Since the experimental”
melting point of nitrobenzene was low, only data in the rangc
0<xp<<0.63 were optimized to give

GE(1)=639x pxp T mol ™ L. (6)

The phase diagram calculated with the use of Eq. (6) is
shown in Fig. 3 and the calculated eutectic is —31.1 °C.
x5=0.423. The probable maximum inaccuracy in the calcu-
lated diagram is *4°.

2.5.2. Systems Based on 1,2-Dinitrobenzene
BZ (A)+12-DNB (B) .
Data were obtained by thermal analysis.** I'here is no re-
ported eutectic,* but it evidently is very close to the melting
point of benzene. All liquidus data were optimized to give

GE(1)=x (3757 —5848x5+6355x3) Tmol™ L. (7)

The phase diagram (Fig. 4) was calculated with the use of
Eq. (7) and the calculated eutectic is 4.7 °C, xg=0.013. The
probable maximum inaccuracy in the calculated diagram is
+2°,

FLN (A)+1,2-DNB (B)

Data were obtained by thermal analysis,” and the reported
eutectic® is 77.0 °C, x5=0.47. (The eutectic temperature is
not well defined experimentally.) Data in the range
0.2<xp<1 were optimized with the result

GE()= —~T78xpxp J mol ™! 8)

and the calculated phase diagram (Fig. 5) based on Eq. (8)

shows a calculated eutectic of 78.0 °C, x5=0.469. The prob-

able maximum inaccuracy in the calculated diagram is *2°.
ANTH (A)+1,2-DNB (B)

Data were obtained by thermal analysis,'® and the re-

ported eutectic'” is 110.0 °C, x5=0.88. Liquidus data in the
range 0.35<xz<1 were optimized, with the result

GE(1)=547x pxp J mol !, (9)
The phase diagram (Fig. 6) was calculated with the use of
Eq. (9), and the calculated eutectic is 109.7 °C, xz=0.881.
The probable maximum inaccuracy in the calculated diagram
is *3°.
PH (A)+1,2-DNB (B)
Data were obtained by thermal analysis** and there is no
reported eutectic. The experimental* melting point of

phenanthrene is about 4° too high; the LHS liquidus data had
little effect in the optimization, and the result

GE(1)=1028x yxg J mol ™! (10)

followed from the RHS liquidus data. The phase diagram,
Fig. 7, was calculated with the use of Eq. (10), and the cal-
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TABLE 1. Gibbs energies of fusion (fus) or transition (trs) of pure compounds AG=AH—TAS J mol™!

Temperature
Sibstance Abbreviation (°C) trs or fus AH AS
Aromatichydrocarbons
Henzene BZ 55 fus 9 866 35.406
Naphtalene NA 803 fus 19 046 53.886
Biphenyl BP 69.0 fus 18 800 54.947
Acenaphthene ACN 934 fus 21 600 58.928
j‘luorene FLN 114 s 19 670 50.702
Diphenylmethane DPM 253 fus 18 950 63.495
Anthracene ANTH 218.1 fus 28 810 58.646
Phenanthrene PH 99.2 fus 17 440 46.838
Pyrene PY 151.2 fus 17 250 40.650
Fluoranthene FTHN 109.0 fus 18 800 49.195
‘I'riphenylmethane TPM 923 fus 20350 55685
Nitroaromatic compounds
Nitrobenzene NB 57 : fus 11 500 41.241
{,2-Dinitrobenzene 1,2-DNB 16.5 fus 22 600 58.000
1.3-Dinitrobenzene 1,3-DNB 90.3 fus 17 400 47.874
1 4-Dinitrobenzene 1,4-DNB 1735 fus 28 120 62.958
1,3,5-Trinitrobenzene TNB 125.2 fus 15 000 37.655
1,2,3,5-Tetranitrobenzene TENB 126.0 fus (33 500)* (83.928)
2-Nitroluene 2-NT -104 fus (13 700) (52.141)
4-Nitroluene 4-NT 51.6 fus 16 810 51.763
3,4 Dinitrotoluene 3,A-DNT 590.0 fus 18 830 56.601
2,6-Dinotrotoluene 2,6-DNT 66.0 fus 23 850 70.323
2,4-Dinitrotoluene 2,4-DNT 70.5 fus 21 000 61.109
2,4,6-trinitrotoluene TNT 80.8 fus 22330 63.088
2,4,6-Trinitro-m-xylene TNX 182.2 fus 38 490 84.528
Substituted nitroaromatic compounds

2-Nitrophenol 2-NP 44.8 fus 17 446 54.862
3-Nitrophenol 3-NP 96.8 fus 19 196 51.881
4-Nitrophenol 1-NP 113.8 fus 18 254 47.168
2-Nitroaniline 2-NA 72.0 fus 16 110 46.675
3-Nitroaniline 3-NA 113.5 fus 23 600 61.037
4-Nitroaniline 4-NA 147.5 fus 21120 50.208
3-Nitrobenzoic acid NBA 141.1 fus 21730 52.445
2,4-Dinitrophenol DNP 114.8 fus 24 174 62.304
2,4-Dinitroaniline DNA 180.0 fus (29 680) (65.497)
Picric acid PA 122.5 fus 18 560 46.910
Picryl chloride PC 83.0 fus (25 000) {70.195)
2,4,6-Trinitroanisole TNA 68.0 fus (20 920) (61.322)
2,4,7-Trinitrofiuoren-9-one TNF 156.0 trs 3550 8.2722

175.8 fus 23250 51.787

Amino aromatic compounds

Aniline AN —6.3 fus 10 650 39.910
},2-Diaminobenzene 1,2-DAB 103.0 fus 23100 61.404
1,3-Diaminobenzene 1,3-DAB 63.8 fus 15570 46.202
4-Methylaniline MA 433 fus 17750 56.091
4,4' -Dipyridine DP 114.0 fus (19 380) (51.220)
[-Aminonaphthalene 1-AN 49.8 fus 13900 61.404
2-Aminonaphthalene 2-AN 113.0 fus 23610 61.142
Carbazolc CAR 147.0 trs 275 0.6545

246.1 fus 26 380 50.804
N-Isopropylcarbazole ICAR 122.0 fus 17 730 44.869

Hydroxyaromatic compounds

Phenol P 40.9 fus 11514 36.657
Hydroguinone HQ 172.3 fus 27110 60.853
1-Napthol 1-N 95.5 fus 23182 62.875
2-Naphthol 2-N 123.5 fus 18 790 47.366
2-Hydroxybiphenyl 2-HBP 57.5 fus 16210 49.025
4-Hydroxybiphenyl 4-HBP 166.0 fus (21 000) (47.820)
Other compounds
Dimethylacetamide DMA —22.5 fus (6 008) (23.970)
Benzoic acid BA 1224 fus 17 580 44439
Benzamide BENZ 130.0 fus 18 490 45.858
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TaBLE 1. Gibbs energies of fusion (fus) or transition (trs) of pure compounds AG=AH—TAS J mol™'—(Continued)

JAMES SANGSTER

Temperature
Substance Abbreviation (°0) trs or fus AH AS
3-Hydroxybenzaldehyde HB 108.0 fus (20 100) (52.735)
Salicyclic acid SA 1583 fus (25 710) (59.590;
4-Aminobenzoic acid ABA 188.2 fus 22 450 48.662
Acetophenone ACP 20.5 fus (13 000) (44.270)
Cinnamic acid CA 133.0 fus 22 626 55.708
Camphor CAM 178.3 fus 5680 12.582
Dibenzothiophene DBT 98.2 fus 21 580 58.112
Benzophenone BZP 479 fus 18 194 56.670
“Data in parentheses have been estimated.
culated eutectic is 73.9 °C, x5=0.368. The probable maxi- GE(1)=x pxp(— 3025+ 1583x5) Jmol™! (1

mum inaccuracy in the calculated diagram is +2°.

MA (A)+1,2-DNB (B)

Data were obtained by thermal analysis’® and the reported
eutectic is 31.5 °C, xg=0.18. All liquidus data were opti-
mized, giving the result

GE(1)=—95Tx x5 T mol™L. (11)

The calculated phase diagram, Fig. 8, shows a calculated
eutectic 33.1 °C, xg=0.191. The probable maximum inaccu-
racy in the calculated diagram is +2°.

1-AN (A)+1,2-DNB (B)
Data were obtained by thermal analysis'®? and the reported

eutectic is 30.2 °C, xp=0.23. Upon optimization of all liqui-
dus data, the expression

was obtained. The phase diagram, based on Eq. (12), showad
a calculated eutectic -.of 29.6 *C, xg=0.231 (Fig. 9). The
probable maximum inaccuracy in the. calculated diagram i
+2°,

2-AN (A)+1,2-DNB (B)

Data were obtained by theérmal analysis'® and the reporte!
eutectic is 73.5 °C, xg=0.47; the eutectic temperature is nol
well defined experimentally. Data in the range 0.3<xp<!|
were optimized, and the result

GE()=x,xp(—2889+1613xg) Jmol™! (1B
was used to calculate the phase diagram (Fig. 10). The cal-

culated eutectic is 72.4 °C, x5=0.470. The probable maxi-
mum inaccuracy in the calculated diagram is £2°.
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FiG. 1. The system BZ (A)+NB (B)
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CAR (A)+1,2-DNB (B) carbazole transition, not reported experimentally,'®® appears

Liquidus data were obtained by thermal analysis;'® no  on the calculated liquidus at x3=0.723. The probable maxi-
cutectic arrests were noted. The optimization was performed  mum inaccuracy in the calculated diagram is +3°.
: i 3<xp<l, wi ‘
on data in the range 0.3<<xg<1, with the result HB (A)+1,2-DNB (B)

GE()=— 1061x pxp ¥ mol™". (14) Data were obtained by thermal analysislo'4 and the reported
eutectic is 84.0 °C, xg=0.35. The RHS liquidus definitely
-The phase diagram calculated from Eq. (14) is shown in Fig. suggests some solid solubility based on dinitrobenzene; none

11, with a calculated eutectic of 107.9 °C, x5=0.860. The is indicated, however, on the LHS. More weight was given to
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the liquidus data on the RHS; the phase diagram (Fig. 12)
was calculated with the use of Eq. (15),
GE(1)=1262x pxg T mol™, (15)

and the solid solution was represented by a Henrian solution
with a constant Henrian activity coefficient given by

The calculated eutectic is 84.3 °C, x5=0.383 and there 1~
15.7 mol % solid solubility at the eutectic temperature. Tl

probable maximum inaccuracy in the calculated diagram i
*3°, '

2.5.3. Systems Based on 1,3-Dinitrobenzene

BZ (A)+1,3-DNB (B)

Data were obtained by thermal analysis*®’

and also hy

RT In y,=5500 Jmol™'. (16)  the visual-polythermal method.”” The reported eutectic®’ i
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60 O.

u,liO °C x5=0. 093. The agreement bétween- the two
. mdles"“ 7 s within 3°.; All liquidus data**7 were given
ual welght in the optm'uzatmn, w1th the result

GE(l) 959xAxB Jmol L, . Q7

f‘b‘I‘ h d phase dxagram, Fig. 13, was calcu]ated w1th the use of
‘Fav (’17) and the calculated eutecnc is =11 °C xB»O 103

NA (A)+1 3-DNB (B)

Data were .obtained by thermal analys1s98 1105-107 and the
thaw—melt method.'® A eutectic summary is glven in Table
2.A comparison of the thcoret;c_:al limiting liquidus slopes of
both end components suggests that, the LHS liquidus data of
Puschin and Rikovski'”” are too low and that the RHS data
of Kremann®® are also too low. In the two studies of Puschin
and co-worker'%% it appears that a.1:1 compound melts

125

120

ML

115

110

105 +

100

93

90 .

Temperature 9C

80

116.50 -~~>

73.90

75 b
X 0.368
70 b

G5 -

st

0.0 0
. PH

10

0.20 -0.30 0.40 ~0.50
- :Mole fraction of 4,2-ONB

“'FIG. 7. The system PH (A)#+1,2-DNB -

1, 2~-DNB

J: Phys.:Chem. Ref. Data, Vol. 26, No.2,1997



366

120 LT

JAMES SANGSTER

100
90
80
70

60

Temperature OC

50

- 40

BAARRARALE LuALALRALS LA ARBARARALY L AALAARA) RALMARALE) LARAL

---------

|

20 { ! I

0.30 Q.40

MA Mole fraction of 1, 2-DNB

0.50 0.60 0.70 0.80

0.80 1.0
1. 2-ONB

Tia. 8. The system MA (A)+1,2-DNB (B)

incongruently at 50.5 °C; in the other reports’>!% the com-
pound meits congruently at 51.8 and 50.8 “C, respectively. In
preliminary calculations, it was ascertained that an incongru-
ently melting compound was consistent with the liquidus on
the RHS. In the optimization, the chosen LHS liquidus
data®®19%1% gnd RHS data!®~1" were used. The result was

GE()=x,xp(—791+1161xg) Jmol™!.  (18)

Since the peritectic and eutectic temperatures. are very close,
the thermodynamic properties of the compound (AB)/2,

A4 G%=14 965—46.1250T J mol™ !, (19,
AGO=—15018+40.36207 Jmol ™!, 20

were assigned to reproduce the observed eutectic tempera:
ture as closely as possible. The quantity A;G° is the Gibb:
energy of formation of the compound, from the pure liquids
The phase diagram, Fig. 14, was calculated with the use o
Egs. (18) and (20); the calculated data are E=50.4°C
xp=0.415 and P=51.3 °C, x5=0.483. The probable maxi
mum inaccuracy in the calculated diagram is *4°.
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FLN (A)+1,3-DNB (B)

Data were obtained hy thermal analysis® and the reported
cutectic is 54.0 °C, x5=0.58. Liquidus data in the range
D.25<xp<1 were optimized, with the result

GE()— xpx5(—2264+696x) Tmol™.  (21)

The phase diagram was calculated with the use of this equa-
ton (Fig. 15) and the calculated eutectic is 54.0 °C,
+;3=0.580. The probable maximum inaccuracy in the calcu-
lated diagram is *2°.

ANTH (A)+1,3-DNB (B)

Data were obtained hy thermal analysis'® and the reported
eutectic is 84.0 °C, x3=0.92. All the liquidus data were
weighted equally in the optimization, which yielded the
quantity

GE(1)=xxp(1188—2425x5) Jmol™ L. (22)

The phase diagram, Fig. 16, was calculated with the use of
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Eq. (22) and the calculated eutectic is 84.0 °C, xz=0.911.
The probable maximum inaccuracy in the calculated diagram
is ®4°,
PH (A)+1.3-DNB (B)

Liquidus data were obtained by thermal analysis.** No eu-
tectic arrests were noted, and no eutectic was reported. Data
in the range 0.35<xp<1 were optimized with the result

The phase diagram was calculated (Fig. 17) with the use of
Eq. (23) and the calculated eutectic is 49.3 °C, xp=0.529.
The probable maximum inaccuracy in the calculated diagram
is ®2°,
PY (A)+1,3-DNB (B)

Data were obtained by the thaw—melt method.** A eutec-
tic summary is given in Table 3 and there are two congru-
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FiG. 13. The system BZ (A)+1,3-DNB (B)

GE()=—1137x x5 Jmol™ L. 23 ently melting compounds: 1:1 at 92.7 °C and 1:2 at 89.3 °C.
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TaBLE 2. Reported eutectic data for the system NA (A)+1,3-DNB (B)

°C X3 Ref.
E, 50.1 039 105
50.3 0.40 98
51.0 044 106
49.3 0.34 107
E, 505 0.58 9
51.1 0.52 105

100 ™ [T Ty
95 F
90 F

85 [
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FiG. 14. The system NA (A)+1,3-DNB (B)
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ANTH Mole fraction of 1, 3-DNB 1. 3-DNB

FiG. 16. The system ANTH (A)+1,3-DNB (B)

The liquidus data in the range 0.25<x5<0.43 were found
not to be consistent with £, and the melting point of the 1:1
compound. The optimization yielded the result

GE(1)=x,x5(—5136—2475x5) Tmol™!,  (24)

and the thermodynamic properties of the compounds are, for
(AB)/2,

AgGY=11 148—30.4007 J mol ™!, (25)
AGO=—12741+24.7072T Jmol ™!, (26)

and for (AB,)/3,
A G®=26 189—72.2560T J mol ™!, 27
AGO=—27 697+ 66.9640T J mol™!, (28)
where AB, signifies a compound between A and B of sto-
ichiometry 1:2. The phase diagram was calculated with the

use of Egs. (24), (26), and (28), Fig. 18. The calculated eu-
tectics are £,=90.2 °C, x5=0.420, E,=88.5 °C, x5=0.600,

110 F AR AR RS SRS MRS | RARAARARR IBRARAR:
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7% F
70 ;

Temperature SC

65 [
60 |
55 |

£ 49 .30
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0.50 0.60 0.70 0.80 0.90 1.0

PH Mole fraction of 1, 3-DNB 1, 3-ONB

Fic. 17. The system PH (A)+1,3-DNB (B)
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. TABLE 3. Reported eutectic data for the system PY (A)+1,3-DNB (B)

°C xp Ref.
E, 9.0 0.435 43
E, 88.0 0.634 43
Ey 79.0 0.870 43

and E;=78.7 °C, x3=0.872. The compounds melt congru-
ently at 92.7 and 89.3 °C. The probable maximum inaccu-
racy in the calculated diagram is +2°.
FTHN (A)+1,3-DNB (B)

Data were obtained by the thaw—melt method.*> No eutec-

tic data were reported, but the eutectic temperatures may be’

deduced by -inspection to be 71.0 and 68.0 °C. Liquidus data
on the LHS are lacking, and so the eutectic temperatures and
the congruent melting point of the 1:1 compound® (77.0 °C)
were taken as guides for the optimization. The phase dia-
gram, Fig. 19, was calculated with the use of Eq. (29),

GE(1)=x pxp(—4100+2675x) Tmol™!,  (29)

and the calculated thermodynamic properties of the com-
pound (AB)/2 are

AgsGO=11 644—33.25107 Jmol ™!, (30)
AGY=—12334+27.4882T Jmol™'. (31)

Other calculated data are E=71.0°C, x5=0.355,
E,=68.0 °C, xp=0.695, and the 1:1 compound melts at
77.0 °C. The probable maximum inaccuracy in the calculated
diagram is *3°,

AN (A)+1,3-DNB (B)

Liquidus data were obtained by thermal analysis.’® Al-
though no eutectic or peritectic arrests were noted, the re-
ported eutectic®® is —8.0 °C, x5=0.04, and the peritectic
temperature (1:1 compound) is 40.0 °C (no composition
given). Optimization yielded

GE()=x oxp(—3608+2696x5) Jmol™!  (32)

and for the compound (AB)/2,.
AgG®=18 607—59.2793T Jmol !, (33)
AGY=19172+53.5181T Jmol™!. (34)

The phase diagram (Fig: 20) was calculated with the use of
Egs. (32) and (34); other calculated data are E=—9.0 °C,
xg=0.044 and P=40.5 °C, xg=0.456. The probable maxi-
mum inaccuracy in the calculated diagram is *2°.
1,2-DAB (A)+1,3-DNB (B)

Data were obtained by thermal analysis'®” and the reported

eutectic is 59.0 °C, xg=0.60. In the optimization the reported
eutectic temperature was given priority, with the result

GE(1)=x pxg(— 550+ 66xg) Jmol . (35)

The phase diagram, Fig. 21, was calculated with the use of
Eq. (35) and the calculated eutectic is 59.0 °C, x5z=0.598.
The probable maximum inaccuracy in the calculated diagram
is £2°,
1,3-DAB (A)+1,3-DNB (B)

Data were obtained by thermal analysis'%” and the reported
eutectic is 37.0 °C, xg=0.35. As in the previous system, the
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FiG. 18. The system PY (A)+1,3-DNB (B)
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reported eutectic temperature was given priority in the opti-
mization. The phase diagram, Fig. 22, was calculated with
the use of Eq. (36)

GE(1)=xpxp(— 633+ 1427x5) Jmol™!,  (36)

and the calculated eutectic is 37.0 °C, x3=0.350. The prob-
able maximum inaccuracy in the calculated diagram is =+4°,

100 prreeeres v T

MA (A)+1,3-DNB (B)

Data were obtained by thermal analysis'®! and the reported
eutectic is 16.0 °C, x5=0.38. Optimization of all liquids data
gave the result

GE(l)=xaxp(—3391+965x5) Jmol™!,  (37)
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FiG. 20. The system AN (A)+1,3-DNB (B)
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and the calculated phase diagram, Fig. 23, shows a calcu-
lated eutectic of 15.8 °C, xg=0.359. The probable maximum
inaccuracy in the calculated diagram is *2°.

1-AN (A)+1,3-DNB (B)

Data- were obtained by thermal analysis'®? and the reported
eutectics are E;=33.0°C, x3=0.18 and E,=56.9°C,
xp=0.65. The 1:1 compound melts congruently’® at
63.8 °C. In the optimization, eutectic and compound melting
temperatures were given priority, and the phase diagram
(Fig. 24) was calculated with the use of Eq. (38),

95 aasasans ] 1

GE(1)=x pxp(— 5510+ 1100x5) Jmol~'.  (38)
The calculated eutectics are E;=33.0°C, xg=0.183 and

E;=56.9 °C, x5=0.662. The thermodynamic properties of
the compound (AB)/2 are

ApGO=13 322—-39.53597 J mol~!, (39)

AG®=—14 562+33.7731T Jmol !, (40)
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Fic. 22. The system 1,3-DAB (A)+1,3-DNB (B)
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and its calculated melting point is 63.8 °C. The probable
maximum inaccuracy in the calculated diagram is *+2°,
2-AN (A)+1,3-DNB (B)

Liquidus data were obtained by thermal analysis'®? and the
reported eutectic is 51.8 °C, xg=0.60. There is also a 1:1

The phase diagram, Fig. 25, was calculated with the use of
Eq. (41); the calculated thermodynamic properties of the
compound (AB)/2 are

compound melting incongruently, with peritectic 53.3 °C, A GO=20 688—63.3858T J mol ™!, (42)
xp=0.50. Liquidus data in the range 0.35<xg<1 were opti-
mized with the result
GE()=x ,xp(— 5309+ 1816x5) Jmol™'.  (41) AGO= ~21 789+ 57.6246T Jmol ™!, 43)
85 prrrrerere R Aad L e [ e . T
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FIG. 24. The system 1-AN (A)+1,3-DNB (B)
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FIG. 25. The system 2-AN (A)+1,3-DNB (B)

Other calculated data are E=51.6°C, xp=0.604 and
=529 °C, xpg=0.547. The probable maximum inaccuracy
i the calculated diagram is +2°.

AR (A)+1,3-DNB (B)

Data were obtained by thermal analysis'® and the reported
cutectic is 72.0 °C, x5=0.87. Only liquidus data in the range
1.3<xp<1 were optimized, with the result

GE()= x pxp(— 2578~ 1508x;) Jmol™!.  (44)

The experimental limiting liquidus slope at the RHS is
faulty, and the extreme RHS data were ignored. The phase
diagram (Fig. 26), calculated with the use of Eq. (44), shows
a calculated eutectic of 79.0 °C, x5=0.861. The carbazole
transition appears on the calculated liquidus at xp=0.656.

The probable maximum inaccuracy in the calculated diagram
is *5°.
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1-N (A)+1,3-DNB (B)

Data were obtained by the thaw—melt method.** The re-
ported eutectics are £,=80.7 °C, x5=0.26 and E,=75.2 °C,
xp=0.86.; the 1:1 compound melts congruently at 100.0 °C.
Both pure component melting points*? are quite inaccurate,
and so for the optimization, the eutectic temperatures and
compound melting point were taken as guides. The phase
diagram, Fig. 27, was calculated with the use of Eq. (45),

GE(1)=x ox5(90+475x5) Jmol™ L. (45)

The calculated thermodynamic properties of the compound
(AB)/2 are

AgyGO=6715—17.9949T J mol~, (46)

AsG®=—6634+12.2337T Tmol™ 1. (47)

Both the heat and entropy of fusion in Eq. (46) are very low,
compared with those properties of the end components. This
finding may be only artefactual, since if the true eutectic
temperatures are 5 °C higher (say) than observed, the calcu-
lated heat and entropy of fusion would be closer to expecta-
tion. Other calculated data are E,=80.7 °C, x5=0.269 and
E,=752°C, xp=0.767, and the compound melts at
100.0 °C. The probable maximum inaccuracy in the calcu-
lated diagram is *5°.

HB (A)+1,3-DNB (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 63.0 °C, xg=0.585. Since both pure component
melting points'® are faulty, the excess Gibbs energy of the
liquid was obtained from the reported eutectic:

GE(1)=x ,x5(99+862x5) Jmol™!. (48)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

The phase diagram, Fig. 28, was calculated with the use of
Eq. (48). The calculated eutectic is identical to the experi-
mental datum by deliberate choice. The probable maximum
inaccuracy in the calculated diagram is +4°.

2.5.4. Systems Based on 1,4-Dinitrobenzene

BZ (A)+1,4-DNB (B)

A few liquidus data were obtained by thermal analysis.**
There is no reported eutectic; it is evidently very close to the
melting point of benzene. Optimization of the data yielded
the result

GE(1)=1594x ,xg Jmol™?, (49)

and the phase diagram, Tig. 29, was calculated with thc usc
of Eq. (49). The calculated eutectic is 5.2 °C, x5=0.005. The
probable maximum inaccuracy in the calculated diagram is
+1°.
FLN (A)+1,4-DNB (B)

Data were obtained by thermal analysis” and the reported
eutectic is 90.0 °C, x5=0.28. Only liquidus data in the range
0.2<xp<1 were optimized, with the result

GE()=xpxp(—3394+1875xg) Jmol™!.  (50)

The phase diagram, Fig. 30, was calculated with the use of
Eq. (50) and the calculated eutectic is 90.1 °C, xp=0.268.
The probable maximum inaccuracy in the calculated diagram
is £2°.

ANTH (A)+1,4-DNB (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 146.0 °C, x5=0.66. Since the experimental melt-
ing points of both end components' are too low, only data
in the range 0.4<x5<0.8 were optimized with the result
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GE(l)= ~ 1487x pxg I mol 1. By

The calculated phase diagram, Fig. 31, shows a calculated
gittectic of 146.2 °C, x5=0.644. The probable maximum in-
‘accuracy in the calculated diagram is *+3°.

PH (A)+1,4-DNB (B)

"Data were obtained by thermal analysis** and there is no
reported. eutectic. . The - experimental**. melting point of

180  prerrerrerprereero e

phenanthrene is high, and so only data of the RHS liquidus
were optimized, with the result .

GE()=x,x5(—6683+3724xg) Tmol™!. .(52)

The phase diagram calculated with the use of Eq. (52)‘shows
a calculated eutectic of 69.5 °C, x5=0.255. The RHS liqui-
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dus effectively defines the complete phase diagram, Fig. 32.
The probable maximum inaccuracy in the calculated diagram
is +2°.

PY (A)+1,4-DNB (B)

Data were obtained*’ by the thaw-melt method. The re-
ported eutectic is 114.5 °C, xz=0.48, and peritectic (1:1
compound) 107.5 °C, x3=0.363. Optimization of the liqui-
dus data yielded the expression

GE()=xpxp(—2748—1258x5) Jmol™!,  (53)

225 T m T T

and the calculated properties of the compound (AB)/2 are
A, GO=8156—20.9873T Tmol™!, (54)
A;G%=—9004+ 15.2245T JTmol . (55)

Both the heat and entropy of fusion of the compound, Eg.
(54), are rather low in comparison with the properties of the
end components. Other calculated data of the phase diagram,
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Fig. 33, are E=107.5°C, x3=0.368 and P=114.5°C,
x3=0.453. The probable maximum inaccuracy in the calcu-
lated diagram is *£2°.

MA (A)+1,4-DNB (B)

 Data were obtained by thermal analysis'®! and the reported
-eutectic is 36.5 °C, xg=0.11. Only data in the range

0.1<xp<0.6 were optimized, with the result

GE(l)=x pxp(—5253+7761xp— 6242x3) Jmol™'. (56)

The phase diagram, Fig. 34, calculated with the use of Eq.
(56) shows a calculated eutectic of 35.8 °C, x5=0.110. The
RHS liquidus effectively defines the calculated phase dia-
gram. The probable maximum inaccuracy in the calculated
diagram is *+2°.
1-AN (A)+1,4-DNB (B) ,
Data were obtained by the thaw—melt method'® and ther-
mal analysis.'® A critical point summary is as follows
(Table 4): The two sets of liquidus data!>'® agree to within
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3°, The stoichiometry of the compound was set at'> 1:1,
while the other study'® was noncommittal. All liquidus data

were weighted equally in the optimization, with the result

GE())=—5144x x5 I mol ™}, (57)

and the properties of the compound (AB)/2 are
AqG®=13 673—37.4535T Jmol ™!, (58)
AG®=—14959+31.6923T Tmol™l.  (59)

The phase diagram, Fig. 35, was calculated with the use of

Egs. (57) and (59). Other calculated data are E=40.7 °C,
x5=0.116 and P=81.7 °C, xp=0.318. The probable maxi-
mum inaccuracy in the calculated diagram is *+2°.

2-AN (A)+1,4-DNB (B)

Data were obtained by the thaw—melt method™® and ther-
mal analysis.'®? Liquidus data of the two reports agree to
within 2°. A critical point sumrhary is (Table 5) as follows.
Since the experimental melting points of the pure substances
were low in both studies,”>'%” only data in the range
0.2<xp<<0.6 were optimized, with the resuit
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FiG. 35. The system 1-AN (A)+1,4-DNB (B)
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GE()=2x oxp(—5824+1880x5) Jmol™'.  (60)

+The small interval between the peritectic and eutectic tem-
peratures was not sufficient to calculate accurately the ther-
modynamic properties of the compound. Instead, the experi-
mental eutectic and peritectic temperatures were used as
~guides, and the assigned properties for (AB)/2 are

A4 GO=27 496~ 74.6878T Jmol™?, (61)

AGO=—28 717+ 68.9250T Jmol™!.  (62)

With the usc of Egs. (60) and (62), the calculated phasc
diagram, Fig. 36, shows a calculated eutectic of 87.5 °C,
xp=0.287 and peritectic 91.1 °C, x5=0.343. The probable
maximum inaccuracy in the calculated diagram is +2°.
CAR (A)+1,4-DNB (B)

Liquidus data were obtained by thermal analysis,'® and
the reported eutectic is 143.0 °C, xp=0.66. Although the ex-
perimental melting point of carbazole is low, most of the
liquidus data were accurate. Optimization yielded the result

GE(l)=x pxp( —2550—2103x5) Tmol™!,  (63)

3

and the phase diagram, calculated with the use of Eq. (63), is
shown in Fig. 37 and indicates a calculated eutectic of

TasLE 4. Reported critical data for the system 1-AN (A)+1,4-DNB (B)

°C Xg Ref.

E 40.0 0.11 13
40.0 0.11 102

P 81.0 0.33 13

142.2 °C, x5=0.669. The carbazole transition appears on the
calculated liquidus at xg=0.651. The probable maximum in-
accuracy in the calculated diagram is *=2°.

HB (A)+1,4-DNB (B)

Data were obtained by thermal analysis104 and the reported
eutectic is 91.0 °C, xg=0.15. The experimental melting point
of 3-hydroxybenzaldehyde!™ is low and the limiting liquidus
slope is faulty; as a result, the eutectic temperature, defined
by the arrests, is probably too low. Thus only the RHS liqui-
dus data were used in the optimization, with the result

GR(1)=x,xp(1434—3447x5+4264x%) Tmol™!.  (64)

The phase diagram calculated with the use of Eq. (64) is
shown in Fig. 38, indicating a calculated eutectic of 97.5 °C,
xp=0.187. The phase diagram has effectively been defined
by the RHS liquidus. The probable maximum inaccuracy in
calculated diagram is +2°.

2.5.5. Systems Based on.1,3,5-Trinitrobenzene
BZ (A)+TNB (B)
Data were obtained by thermal analysis.*> Reported eutec-
tic data are E,=1.7 °C, xg=0.02 and E,=71.2 °C, x5=0.50.
The data were not tabulated in the original publication,* and

TABLE 5. Reported critical data for the sysetm 2-AN (A)+1,4-DNB (B)

°C I Ref.

E 88.0 0.30 102
87.0 0.30 13

P 91.0 0.40 102
91.2 0.40 13

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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the phase diagram temperature axis was distorted in two or
three locations. Despite this, the data were read off the dia-
gram and were sufficient to provide a general guide to cal-
culations. The compound was given a 2:1 stoichiometry*’
and its heat of fusion was measured as 28 900 Jmol ™. In
preliminary calculations, it was found that neither the ob-
served heat of fusion nor the 2:1 stoichiometry of the com-
pound were thermodynamically consistent with its congruent
melting point (73.7 °C) and the eutectic temperatures. Liqui-
dus data were optimized to give

180

GE()=x x5(—1987+2849x5) Jmol™l. (65

For the compound, a stoichiometry 3:2 provided a better fit
to the observed eutectic temperatures and thus for (A;B,)/5.

A4 G0=8000—23.0647T J mol ™!, (66)

AGO= — 8203+ 17.4693T Jmol . 67)

The liquidus data for the compound in the range
0.05<xg<0.3 proved to lie too high for thermodynamic con-
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FiG. 38. The system HB (A)+1,4-DNB (B)
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FIG. 39. The system R7 (A)+TNR (R)

istency with the rest-of the phase diagram. The phase dia-
'r}im, Fig. 39, was calculated with the use of Egs. (65) and
{67) and shows calculated eutectics E;=1.7 °C, x5=0.052,
E --==7_2 3°C, xp=0.468. The compound melts at-73.7 °C.
“The: calculated heat and entropy. of fusion of the compound,
it By (66) are- close to that of benzene, and considerable un-
~gertainty remains. concermng its properties. The probable
maximum inaccuracy in the calculated diagram is +7°.

“NA (A)+TNB.(B)

- ‘Data ‘were obtained by thermal analysm 98,108 Liquidus
-tlata of the two studies differ by up to 10° at a given com-
“position. A eutectic summary is as follows (Table 6). A 1:1
intermediate compound has been universally reported, melt-
“ing- congruently at’®%%1%81% 1530 1576, 151.0, and
1152.5 °C, respectively. Its heat of fusion was measured> as
31900 J mol™'. A transition was reported™ at 151.3 °C with
an enthalpy of transition of 1600 J mol ™! (another transition
is also claimed® at —53.0 °C). The liquidus data”®1% were
optimized to give Eq. (68),

GE(1)=x yx5( — 9000+ 1400x) Jmol™!,  (68)

bx‘md all the compound liquidus data similarly yielded the
properties

TABLE 6. Reported eutectic data for the system NA (A)+TNB (B)

°C *p Ref.
E, 770 0.08 98
75.3 0.05 108

77.0 70

E, 114.0 0.88 98
1133 091 108

114.0 70

AgysG¥=25313-58.8638T Jmol™!,  (69)
A;G®= —27 388+53.10107 J mol ™" (70)

for the compound (AB)/2. The experimental transition
enthalpy® was used to reproduce the transition at 151.3 °C:

AG%=1600—3.7696T Jmol ™!, (71)
A;G®= —28 988+ 56.8706T I mol~!. (72)

The phase diagram, Fig. 40, was calculated with the use of
Eqgs. (68), (70), and (72); it shows calculated eutectics
E{=78.0°C, xg=0.037 and E,=113.7 °C, x5=0.894. The
calculated melting point of the compound is 156.9 °C. The
probable maximum inaccuracy in calculated diagram is +5°.

ACN (A)+TNB (B)

Liquidus data were obtained by thermal analysis'® and the
reported eutectics are E;=87.0°C, x5=0.06 and
E,=115.0°C, x=092. A" 1.1 compound melts

congruently’® 161.0 °C or'® 168.0 °C. Since the crystalliza-
tion field of the compound occupies more than 80% of the
composition range, the calculation of thc phasc diagram is
somewhat insensitive to the exact value of GE(). The value

GE(1)= —4400x yxg J mol™! (73)

is approximate. The optimization of the compound liquidus
data showed that the reported eutectic temperatures'® are
somewhat in error; for (AB)/2, the result is

" A G0=18538—42.5712T JTmol ™!, (74)
AG°=—19 638+36.8100T Jmol™'. (75)

The calculated phase diagram, Fig. 41, is based on Egs. (73)
and (75). The calculated compound melting point is

J. Phys: Chem. Ref. Data, Vol. 26; No. 2; 1997
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162.3 °C. Other calculated data are £,=89.9 °C, x5=0.061
and E,=113.2 °C, x5=0.885. The probable maximum inac-
curacy in the calculated diagram is £3°.

FLN (A)+TNB (B)

Data were obtained by thermal analysis® and the micro-
thermal method.” A eutectic summary is given in Table 7.
There is disagreement, up to 5°, between the two sets of
liquidus data’® and the LHS liquidus data of Kremann®
are low. There is a congruently melting compound, whose
stoichiometry is uncertain. According to two reportsm'“o the

170

stoichiometry is 1:1 with melting point 106.0 or 105-
106 °C, other reportsgg’109 have 2:3 and 105.0 °C. The struc-
ture of the compound was elucidated by x-ray diffraction''’
(monoclinic: ¢=0.764 nm, »=0.734 nm, ¢=2.82 nm.
B=97°). The assignment of 1:1 stoichiometry would there-
fore appear to be definitive, but the liquidus data in the cen-
tral region are not precise enough to confirm this. The liqui-
dus data of Kofler’® were optimized, giving

GE()=x,xp(— 1989+ 1376x5) Jmol™!.  (76)
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FiG. 41. The system ACN (A}+TNB (B)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



PHASE DIAGRAMS AND THERMODYNAMIC PROPERTIES OF NITROAROMATIC COMPOUNDS 385

TaBLE 7. Reported eutectic data for the system FLN (A)+TNB (B)

TaBLE 8. Reported eutectic data for the system ANTH (A)+TNB (B)

RS

°C Xg Ref. °C Xp Ref.

E| 88.0 0.30 70 E, 163.8 0.485 108
86.0 0.30 99 162.0 0.44 100

F, 100.0 0.73 70 164.0 wee 70
98.5 0.76 99 E, 116.8 0.940 108

112.0 0.95 100

118.0 B 70

Preliminary calculations showed that the observed eutectic
data’® could be respected only with 2:3 stoichiometry; for
the compound (A,B3)/5,

A, G%=14 680~ 38.69907 Jmol ™}, (77)
AGO=—14959+33.10527 Jmol™!, (78)

melting at 106.2 °C. The phase diagram, Fig. 42, was calcu-
luted with the use of Egs. (76) and (78) shows calculated
cutectics of E,=88.3°C, x;=0308 and E,=101.5°C,
13 =0.750. The probable maximum inaccuracy in the calcu-
lated diagram is *5°.
ANTH (A)+TNB (B)

Data were obtained by thermal analysis and ob-
served eutectic data are summarized in Table 8. The congru-
ent melting point of the 1:1 compound®®”701%8:19 55 165 5,
165.0, 165.0, 165.4, or 164.0 °C, its heat of fusion was
measured® as 39 750 J mol ™" or®® 29 000 J mol ™. The liqui-
dus data of Kremann and Miiller'® are low, and so optimi-
zation of the later data!®®

gave
GE(l)=—4379x yxg Jmol™}, (79)

and for the compound (AB)/2,
AqG®=27537-62.9177T Jmol™}, (80)
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AGO=—28 631+57.1565T Jmol™!.  (81)

The phase diagram, Fig. 43, was calculated with the use of
Egs. (79) and (81) and shows calculated -eutectics
E,=164.2 °C, xg=0.460 and E,=118.0 °C, x5=0.927. The
compound melts congruently at 164.5 °C. The probable
maximum inaccuracy in the calculated diagram is *5°.

PH (A)+TNB (B) _

Liquids data were obtained by thermal analysis* and the
microthermal method.”® A summary of critical data is as fol-
lows (Table 9). The data of Kremann® are quite erroneous,
since the 1:1 compound melts corgruently at the higher tem-
perature. Kofler” reports also a transition temperature for the
compound at 149.0 °C. The optimization therefore used only
the later data’™ with the following results for the compound
(AB)/2:

AgG®=18 333—41.9165T J mol ™}, (82)

AG=—19 433+36.1537T Jmol™ . (83)

Similar to the system with anthracene above, the compound

125.20 --->

85 I

TR leverern Lvirien Lverers ]
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FiG. 42. The system FLN (A)+TNB (B)
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liquidus covers more than 80% of the composition range,
and hence the excess Gibbs energy of the liquid was simply
given an assigned value

GE(1)= —4400x yx5 J mol™'. (84)

The phase diagram, Fig. 44, was calculated with the use of
Egs. (83) and (84), and calculated eutectics are E;=94.2 °C,
xp=0.067 and E,=113.5°C, x5=0.887. The compound
melts congruently at 164.2 °C. The probable maximum inac-
curacy in the calculated diagram is *=3°C.

PY (A)+TNB (B)

Data were obtained by the thaw—melt method® and the
reported eutectics are FE;=141.5°C, x3=0.10 and
E,=116.0°C, x5=0.98. The 1:1 compound melts congru-
ently at*® 245.5 or® 253.3 °C. Its heat of fusion® was mea-
sured as 38 500 J mol !, Like the systems with phenanthrene
or anthracene above, the crystallization field of the com-
pound occupies over 80% of the composition range and
hence the quantity

GE(l)= —4400xg J mol™! (85)

was assigned to the liquid. For the compound, the eutectic
temperatures and observed melting point43 were given more
weight than liquidus data, with the result for (AB)/2

AgG®=12 325~ 23.7628T JTmol ™!, (86)

AGO=—13 425+ 18.00007 J mol L. (87)

It is seen that the compound liquidus data® are not consistent
with other measured phase diagram data. The phase diagram,
Fig. 45, was calculated with the use of Egs. (85) and (87) and
the calculated eutectics are E;=141.3 °C, x5=0.099 and

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

E,=118.4°C, xg=0.931. The compound melts at 245.5 °C.
The probable maximum inaccuracy in the calculated diagram
is £8°.

FTHN (A)+TNB(B).

Data were obtained by the thaw—melt method.”* The re-
ported eutectic are E;=98.5°C, xp=0.132 and
E,=103.0 °C, xg=0.96. The 1:1 compound meits congru-
ently at 205.0 °C. The observed RHS eutectic temperature is
low, and both it and the RHS liquidus arm of the compound
are inconsistent with the theoretical limiting liquidus slope of
trinitrobenzene. As in the systems with phenanthrene,
pyrene, and anthracene above, the crystallization field of the
compound covers most of the composition range, so the

quantity
GE(1)= —4400x yx5 J mol™! (88)

was assigned rather than calculated. For the compound, its
observed melting point*® and the E, eutectic temperature
were taken as guides to calculation of the properties

ApsGY=8733—18.2628T Jmol™", (89)

TariE O Reported critical points for the system PH (A)+TNB (B)

°C Xg Ref.

E, 91.0 0.09 70
85.5 0.155 44

E, 114.0 0.1 70
104.0 0.83 44

1:1 164.0 e 70
164.0 109

165.5 8

125.0 44
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AGO=—9833+412.50 000T J mol~! (90)

for (AB)/2. The phase diagram, calculated with the use of
-Figs. (88) and (90), is shown in Fig. 46 and displays eutectics
£,=99.4 °C, x5=0.123 and E,=110.1"°C, x5=0.860; the
compound melts at 205.0 °C. The probable maximum inac-
curacy in the calculated diagram is =10°.
AN (A)+TNB (B)

Data were obtained by thermal analysis®® and the reported
“eutectics are E;=-6.0°C, x5=0.005 and E,=101.0°C,

260  prerrrrr T ey

xp=0.82. The 1:1 compound melts congruently at®®
125.5 °C. Since the crystallization field of the compound
covers 80% of the composition range, the quantity

GE(l)= —5000x yxg J mol™" (91
was assigned rather than calculated. The compound liquidus
data were optimized to give, for (AB)/2,

AqG®=16 574—41.3683T Jmol ™!, (92)
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AGO= —17 824+35.6071T Tmol™'.  (93)

The phase diagram, Fig. 47, was calculated with the use of
Egs. (91) and (93) and the calculated eutectics are
E\=-6.6 °C, xg=0.005 and E,=100.8 °C, x5=0.796. The
compound melts at 127.5 °C. The probable maximum inac-
curacy in the calculated diagram is *=2°.
DP (A)+TNB (B)

Liquidus data were obtained by the conventional melting
point method”’; no critical points were reported. Although

VT R —

there are few RHS and LHS liquidus data for optimization.
an expression was obtained,
GE()=x axp(— 11 688+ 3134x5) Jmol™!, (94

which sufficed for reproducing the diagram, together with
the optimized properties of the compound (AB)/2,

A G®=32174—83.7141T Jmol™},

AG=

(93)

—34 704+ 77.9529T Jmol™ L. (96)
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The calculated phase diagram, Fig. 48, shows calculated eu-
tectics £,=90.2 °C, x5=0.200 and E£,=96.3 °C, x3=0.781;
the-compound melts congruently at 111.2 °C. Despite the
low experimental melting points of the pure substances,”’ the
liquidus-data are well reproduced. The probable maximum
inaccuracy in the calculated diagram is *£2°.

2-AN (A)+TNB (B)

Data were obtained by the thaw-melt method>'" and
thermal analysis.!”” Reported eutectic data are summarized
in. Table 10. The 1:1 compound melts - congruently
att¥7010212 163 0, 166.0, 161.0, and 162.0 °C. All LHS and
RHS liquidus data are suspect because experimental melting
points of the pure substances are low, as are the reported
eutectic temperatures. An assigned quantity

GE(l)=x pxp(—5000+2500x5) Jmol™!  (97)

was used and the compound liquidus data were optimized,
. giving for (AB)/2.

ApGO=13 853~31.92157 Jmol™ !, (98)

AGY=—14791+26.1603T Jmol™ L. (99)

The calculated phase diagram, Fig. 49, is based upon Eqgs.
(97) and (99) and shows calculated eutectics E;=103.0 °C;

TaBLE 10. Reported eutectic data for the system 2-AN (A)+TNB (B)

°C Xp Ref.
E, 98.0 0.13 S 102
100.0 013 13
,. 102.0 70
E, 108.0 0.87 102
109.0 0.87 13
112.0 70

xg=0.141 and E,=113.0°C, x5=0.870. The compound
melts congruently at 160.8 °C. The probable maximum inac-
curacy in the calculated diagram is *5°.

CAR (A)+TNB (B)

Data were obtained by thermal analysis and a eutec-
tic summary is given in Table 11. The 1:1 compound melts
congruently 9198113 4t 204.3, 203.0, or 204.0 °C, and the
heat of fusion® is 43 700 J mol~'. There is wide discrepancy
between the two sets of liquidus data'®'%® and hence the
quantity

103,108

GE(1)= — 5000x s x5 T mol™! (100)

was assigned to the liquid. The compound liquidus data were
used as only as a guide in the calculation, for (AB)/2,

AgG¥=20384—42.76287 Tmol™!,  (101)

AG®=—21634+37.0000T Jmol™!.  (102)

The phase diagram, Fig. 50, calculated with the use of Egs.
(100) and (102), shows calculated eutectics E,=197.9 °C,
xp=0.365 and E,=119.9°C, x5=0.946. The calculated
melting point of the compound is 203.5 °C. Thus the experi-
mental critical data of this system have been reproduced
well, although most of the liquidus data diverge widely. The

probable maximum inaccuracy in the calculated diagram is
*7°.

2.5.8. Systéms Based on 1,2,3,5-Tetranitrobenzene
ACN (A)+TENB (B) : :

Data were obtained by the thaw-—melt method® and the
reported eutectics are E;=76.0°C, x3=0.190 and
E,=102.0°C, xg=0.642. 'The 1:1 compound melts
congruently® at 110.5 °C. There are very few liquidus data
for the calculation of the quantity

J. Phys. Chem. Ref. Data, Vol. 26, No. 2,1997
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GE(1)=x axn( — 7200+ 1400x5) Jmol™!. (103)

For the compound, its melting point and the eutectic data
were taken as guides for the calculation of the properties

AsG'=13721-35.7628T Tmol™!,  (104)

A;G®= — 15 346+30.0000T Tmol~!  (105)

for (AB)/2. The calculated phase diagram, Fig. 51, shows
eutectics E=76.1°C, x3=0.208 and E,=102.3°C,
xg=0.652, while the calculated compound melting point is
110.5 °C. The probable maximum inaccuracy in the calcu-
lated diagram is *3°.
FLN (A)+TENB (B)

Data were obtained by the thaw-melt method®® and the
reported eutectics are E,=91.0°C, xg=0.22 and
E,=1175°C, xp=0.88. The 1:2 compound melts
congruently® at 130.0 °C. Optimization of the LHS and
RHS liquidus data gave the result

GE()=xxp(—7409—3268x5) Jmol™!. (106)

For the compound, its melting point and the eutectic tem-
peratures were taken as guides to the calculation of the prop-
erties

A GO=26 367 65.29207 J mol ™!, (107)

TaBLE 11. Reported eutectic data for the system CAR (A)}+TNB (B)

°C Xg Ref.

E, 195.0 0.38 103
197.8 0.46 108

E, 120.0 0.97 103
118.3 0.97 108

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

A«G%= —28 498+ 60.00007 J mol ™! (108)

for (AB,)/3. The phase diagram, Fig. 52, was calculated with
the use of Egs. (106) and (108); calculated eutectics arc
E,=91.0°C, x5=0.246 and E,=117.4°C, x5=0.864. The
compound melts at 130.7 °C. The probable maximum inac-
curacy in the calculated diagram is *=5°.

ANTH (A)+TENB (B)

Data were obtained by the thaw—melt method*® and the
reported eutectics are E;=163.0°C, xp=0.395 and
E,=120.5 °C, xg=0.942. The 1:1 compound melts congru-
ently at* 171.0 °C. Some liquidus data are incompatible
with the reported eutectic temperatures; as before, these tem-
peratures and the reported compound melting point were
given more weight in the calculations. For the liquid,

GE(1)=x pxp(— 12 400+ 4400x5) Jmol™!, (109)
and for the compound
AgG0=21880—49.2628T Tmol™!,  (110)

A;G%= —24 430+43.5000T Jmol™'.  (111)

The calculated phase diagram, Fig. 53, shows calculated eu-
tectics of E;=162.5°C, xp=0352 and E,;=120.5°C,
xp=0.885; the compound melting point is 171.0 °C. The
probable maximum inaccuracy in the calculated diagram is
*5°.

PH (A)+TENB (B)

Data were obtained by the thaw—melt method.*’ No eutec-
tic data were recorded, but a 2:3 compound compound melts
congruently at 125.0 °C and a 1:1 compound melts incongru-
ently (peritectic 115.0 °C, x3=0.385). The presence of the
1:1 compound was apparently deduced”® from *‘peritectic
melting”” at 115.0°C. In preliminary calculations, it was
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found that the data could reasonably be accounted for by the
2:3 compound alone and a eutectic at 115.0 °C. Thus the

liquid could be represented by

0.10 0.
CAR

20 0.30 0.40 0.50 0.60 0.70 0.80 0.80C 1.0

Mole fraction of TNB TNB

F1G. 50. The system CAR (A)+TNB (B)

The phase diagram, Fig. 54, was calculated with the use of
Egs. (112) and (114) and shows calculated eutectics
E=78.8"°C, x3=0.169 and E,=115.0°C, xg=0.815; the

GE(1)=x oxp(— 12 400+3000xp) Jmol~! (112)  calculated melting point of AjB; is 125.0 °C. The probable
, . . in ¢ red di s +5°.
and the compound (A,B1)/5 by maximum inaccuracy in the calculated diagram is *5
A¢,G%=31951-80.2459T Jmol ™! ) PY (A)+TENB (B)
w07 =31 24597 Jmol™", (113 Data were obrained by the thaw—melt method™ and the
AG®=—34495+74.6505T Jmol™!.  (114) reported eutectics are E,;=125.0°C, xp=0.190 and
130 T I | N R B BRSO ML AR B
126.00 ---> A
120 1
110.50 1
110 | eRef. 43 . J
. ]
° . 102.30
3 100 | 0.652 ’
[1+]
g f
g <--- 93.40
S e N .
11 J
80 76.40 i
* o.208 ° y
70 L 1 saatansanassalaiseiiaedd T TR | ! ] Lisias AJ
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 i0
ACN Mole fraction of TENB TENB

FiG. 51. The system ACN (A)+TENB (B)
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E,=122.0°C, =x5—0915. A 1:1 compound melts
congruently43 at 168.5 °C. The postulated high E, tempera-
ture is not consistent with the thermodynamic limiting liqui-
dus slope for tetranitrobenzene. Neither is it consistent with
symmetrical liquidus arms for the compound. For the liquid,

GE(1)= —6072x sxg J mol™! (115)
and for the compound (AB)/2,
ApG®=13244—29.9742T Tmol™!,  (116)

AGY=—14762+24.2131T Jmol™". (117)
The calculated phase diagram, Fig. 55, is based upon Egs.
(115) and (117) and shows calculated -eutectics
E{=126.6 °C, xg=0.203 and E,=116.6 °C, x5=0.828; the
compound melts at 168.7 °C. The probable maximum inac-
curacy in the calculated diagram is *£4°,
FTHN (A) | TENB (B)

Data were obtained by the thaw—melt method® and the

230 prerme e T e e e e

S--- 218.10

200
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180

170

eRef. 43 -
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FiG. 53. The system ANTH (A)+TENB (B)
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reported  eutectics are E,;=84.0°C, x3=0.20 and
E,=110.0 °C, xg=0.747. The 1:1 compound melts congru-
ently at 134.0 °C. Optimization of LHS and RHS liquidus
data gave »

G®(1)=x pxp(~ 13 400+4650x5) Tmol™' (118)

and for the compound (AB)/2

The phase diagram, Fig. 56, was calculated with the use of
Egs. (118) and (120) and shows eutectics E,=84.0 °C,
x3=0.192 and E,=110.0°C, x5=0.747; the compound
melts at 134.0 °C. The probable maximum inaccuracy in the
calculated diagram is *£1°.

2.5.7. Systems Based on 2-Nitrotoluene

AqsG®=16 555—40.6607T Jmol ™!, 119
fus (119) BZ (A)+2-NT (B)
AfG°= —19324+34.89887 I mol 1. (120) Data were obtained by thermal analysis, with stirring,114
185 e I RARAAM AEAl RAARARAAN T IAARRARRAM | RAARARRAR | SARRAARALY RARRAAARSS
175 5
E 168.79 E
165 | 3
eRef. 43 E
o 155 F 3
° <--- 151.2 OC
o 4
AN ,-
@
g E
§ 135 3
125 E 26.0 9G ---> .4
115 F ) 0.828 E
105 TN P [TURUTIT FUSTTUTUUS FUUTTTIN UUUUTUR FUVEUUUTT IOTOTT
0.0 0.0 0.20 ©0.30 0.40 0.50 0.60 ©0.70 ©0.80 0.90 1.0
PY Mole fraction of TENB TENB

FIG. 55. The system PY (A)+TENB (B)
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and the reported eutectic temperature is —33.3 °C (no com-
position given). No eutectic arrests were recorded. The data
appear to be of good quality, and optimization gave the result

GE()=x pxp(516+318x5— 1410x3) Jmol ™"
(121)
The calculated phase diagram, Fig. 57, shows the eutectic

—34.0 °C, x3=0.564. The probable maximum inaccuracy in
the calculated diagram is *+1°.

BA (A)+2-NT (B)

Data were obtained by thermal analysis with stirring*” and
there is no reported eutectic. (Tabulated eutectic arrests luy
in the range —13.0 to —14.7 °C.) The data appear to be ol
good quality, and optimization gave the result

GE(1)=534x x5 T mol ™. (122:

Temperature OC

-30

-34.00

eRef. 114

—10.407

.

1

1

-35

-40 Lorinidis

| N VTR ol ] R

0.

Mole fraction of 2-NT

0.50 0.60 0.70 0.80 0.90 1.
2-NT

FiG. 57. The system BZ {A)+2-NT (B)
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FiG. 58. The system BA (A)}+2-NT (B)

The calculated phase diagram, Fig. 58, shows a calculated
eutectic —12.5 °C, xg=0.950. The probable maximum inac-
“guracy in the calculated diagram is +2°.

2.,5.8. Systems Based on 4-Nitrotoluene
BZ (A)+4-NT (B)

Data were obtained by thermal analysis with stirring''*
and the reported eutectic is —7.2 °C (no composition given).
‘No eutectic arrests were recorded. The data appear to be of
good quality and optimization yielded the equation

GE()=x5xp(938—783x5) Jmol L. (123)

The calculated phase diagram, Fig. 59, shows a calculated

eutectic of —7.5 °C, xg=0.211. The probable maximum in-
accuracy in the calculated diagram is *1°.

NA (A)+4-NT (B) -

Data were obtained by the microthermal method'® and
thermal analysis.”® The eutectic temperature is'® 29.0 or”®
27.0 °C, composition®® x5=0.62. The data of the two studies

........

Temperature OC

- -7.50

0.211
0.20

0.10 0.30 0.40

0.50 0.60 0.70 0.80 0.90 1.0

BZ

Mole fraction of 4-NT

FiG. 59. The system BZ (A)+4-NT (B)

4=NT
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agree to within 2° (no eutectic arrests were recorded). Opti-
mization of all data yielded the result

GE(1)=x pxp(—304— 1915x5+2401x3) J mol ™.
(124)
The calculated phase diagram, Fig. 60, shows a calculated

eutectic 28.5 °C, x3=0.619. The probable maximum inaccu-
racy in the calculated diagram is *=1°.

AN (A)+4-NT (B)

Data were obtained by thermal analysis®® and the reported
eutectic is —17.0 °C, xg=0.15 (no eutectic arrests were rc-
corded). The data appear to be of good quality and they werc
optimized to give

GE(1)=2x ,xp(638—558x5) J mol™ !, (125)

The calculated phase diagram, Fig. 61, shows a calculated

s Ref. 98

Temperature OC
o
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':;eutectlc —15 6 °C, x5=0.171. The probable max1mum inac-
curacy in the calculated diagram is +1°.

-.(A)+4 NT (B).--

... Data were obtained by thermal analysis. with surnng 7 and
. there 1is no reported eutectic. The RHS liquidus deﬁmtely
f:suggests the ~presence  of :solid - solubility based - on
»4-n1trotoluene* the data appear to: be of good: quality. Opti-
-imization gave the result-

GE(1)=550x axg Jmol™! (126)

and the solid solution was represented by a constant Hennan

- activity coefficient given by
RT In y,=6000 Jmol™’.

The calculated phase diagram, Fig. 62, shows a calculated
- eutectic 44.0 °C, xg=0.764; there is 10.3 mol % solid solu-
-bility at the eutectic temperature. The probable maximum
inaccuracy in the calculated diagram is *1°.

SA (A)+4-NT (B) .

Data were obtained by thermal analysis with stirring® and
“there is no reported cutectic (no cutectic arrcsts were re-
- corded). The data appear to be of good quality; they were

optimized to give the equation
GE(1)=888x,xp Jmol ™", (128)
The calenlated phase diagram, Fig. 63, ‘shows a ca]cu]iclted

eutectic 48.2 °C, xp=0.936. The probable maximum inaccu-
‘racy in the calculated diagram is *1°

a27)

_ 2 5.9. Systems Based on 3, 4-D|mtrotoluene

BZ (A)+3 4:DNT (B).
Liquidus data were obtained by thermal. analysm and the
reported eutectic is —5.0 °C, x5=0.245 (no eutectic arrests

“were recorded) The ‘data appear to be of good quality; the

LHS lignidus* definitely suggests-solid solubility based on

benzene, Optimization gave the equation:
GE()=x pxp( — 869+596x5) Jmol™!, ~ (129)

and the calculated phase diagram, Fig. 64, shows a calcu-

lated eutectic —5.0 °C, x5=0.230. The solid solution was

represented by a temperature-independent Henrian activity
coefficient

RT In y5=4800 Jmol !, (130)

The LHS solid solution extends to x5=0.116 at the eutectic
temperature. 'The probable maximum inaccuracy in the cal-
culated diagram is +1°.

ACN (A)+3,4-DNT (B) ‘

Data were obtained by thermal analysis*® and the reported
eutectic is 39.0 °C, x5=0.66. The LHS limiting liquidus
slope® shows positive deviation from ideality, whereas the
RHS shows negative deviations. This could be interpreted as
some solid solubility at the LHS; however, it is probably not

justifiable on this evidence alone. Optimization of data in the

range 0.4<xp<1.gave the result

GE(l)=xpxp(263—1527xg) Jmol™!,  (131)

and the calculated phase diagram, Fig. 65, shows a calcu-

lated eutectic 39.0 °C, x3=0.692. The probable maximum
inaccuracy in the calculated diagram is £2°.

J. Phys..Chem. Ref.: Data, Vol. 26, No. 2, 1997



308

170

JAMES SANGSTER

180

t 150

140

130

120

110

Tenperature 9C

20
ao
70
60

50 ¢

1

83

N Laaal

51.

48,20

40

P PITIN PUTS i {

FLN (A)}+3.4-DNT (B)

Data were obtained by thermal analysis*® and the reported
eutectic is 37.0 °C, x3=0.69. Data in the range 0.3<xz<1

were optimized, with the result

GE()=xpxg(—1073—1795x5) Jmol™ !,

and the calculated phase diagram, Fig. 66, shows a eutectic

36.9 °C, xg=0.698. The probable maximum
the calculated diagram is *+2°.
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Mole fraction of 4-NT
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Fici. 63. The system SA (A)+4-NT (R)

ANTH (A)+34-DNT (R)

Data were obtained by thermal analysis® and the reported
eutectic is 55.0°C, xg=0.98. Only data in the rangc
0.3<xg<1 were optimized, with the result

GE()=—1037x pxp Jmol™". 133

The calculated phase diagram, Fig. 67, shows a calculated
eutectic of 56.7 °C, xg=0.955. The probable maximum inac-
curacy in the calculated diagram is *=2°.

(132)

inaccuracy in

Temperature OC
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Fic. 64. The system BZ (A)+3,4-DNT (B)
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PH (A)+3,4-DNT (B)

Liyuidus data were obtained Uy thenmal aulallysis‘14 (neither
cutectic arrests nor eutectic data were recorded). Data in the
range 0.3<xp<{1 were optimized to yield the equation

GE()=xpxp(— 155—2031xg) Tmol ', (134)
and the calculated phase diagram, Fig. 68, displays a calcu-
lated eutectic 34.0 °C, xp=0.655. The probable maximum
inaccuracy in the calculated diagram is £2°.

120 ey

AN (A)+3,4-DNT (B)

Data were obtained by thermal analysis®?; the reported eu-
tectic is —17.0 °C, x3=0.19. The data appear to be of fair
quality, and optimization gave the result

GE()=x pxp(~656—1096xg) Jmol '.  (135)
The calculated phase diagram, Fig. 69, shows a calculated
eutectic —17.1 °C, xg=0.184. The probable maximum inac-
curacy in the calculated diagram is *=1°.
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FiG. 66. The system FLN (A)+3,4-DNT (B)
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MA (A)+3.4-DNT (B)

Data were obtained by thermal analysis49 with a reported
eutectic of 11.0 °C, xg=0.46. All the data were used in the
optimization, which gave the result

GE(l)=x pxp(—2150—550x5) Jmol™!.  (136)

The calculated phase diagram, Fig. 70, shows a eutectic
11.0 °C, xg=0.446. The probable maximum inaccuracy in
the calculated diagram is =1°.

105

1-AN (A)+3,4-DNT (B)

Data were obtained by thermal analysis* and the reported
eutectic is —10.0 °C, xg=0.40. The RHS liquidus data show
a somewhat abrupt change in curvature, which may not rep-
resent true behavior. In preliminary calculations, it was
found that close adherence to the low-temperature liquidus
data points implied a eutectic temperature about 3° higher
than observed. It was decided to deduce GE(1) directly from
the reported eutectic; this gave
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FIG. 69. The systern AN (A)+3,4-DNT (B)

GE(1)=x pxp(—8342+3804x5) Jmol™!. (137)

The calculated phase diagram, Fig. 71, therefore shows exact
-ugreement with the reported eutectic. The probable maxi-
* imum inaccuracy in the calculated diagram is +3°.

"2-AN (A)+3,4-DNB (B)
Data were obtained by thermal analysis49 and the reported

»_é\ltectic is 33.0°C, x5=0.67. Only data in the range
1.35<xg<<1 were optimized, with the result

GE()=x,xp(—4824+665x5) Jmol™!.  (138)

The calculated phase diagram, Fig. 72, shows a calculated
eutectic 33.3 °C, xg=0.669. The probable maximum inaccu-
racy in the calculated diagram is *=2°.

2.5.10. Systems Based on 2,6-Dinitrotoluene
BZ (A)+2,6-DNT (B)
Liquidus data were obtained by thermal analysis*; neither
eutectic data nor eutectic arrests were recorded. Data in the
range 0<xp<<0.7 were optimized, with the result
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GE(1)=x,x5(1408—2779x5) Jmol™!,  (139)

and the calculated phase diagram, Fig: 73, shows a calcu-
lated eutectic 0.1.°C, xg=0.094. The probable maximum in-
accuracy in the calculated diagram is *1°.

ACN (A)+2,6-DNT (B)

Data were obtained by thermal analysis* and the reported
eutectic is 46.0 °C, xg=0.70. The RHS liquidus is evidently
low; in the optimization only data in the range 0<xp<0.7
were used:

;

GE(1)=x pxp(— 1590+ 6182x5— 7494x3) Jmol™ L.
- (140)
The calculated phase diagram, Fig. 74, shows a calculated

eutectic 46.0 °C, xg=0.677. The probable maximum inaccu-
racy in the calculated diagram is *1°.

'FLN (A)+2,6-DNT (B)

Data were obtained by thermal analysis® and the reported
cutectic is 46.0 °C, x5=0.68. Thc RHS liquidus is low, and
preliminary calculations.showed. that the LHS liquidus ther-

120 premerererpe prrrerrep TR

<--- 113.0°0
110 \

100 .

T
.

90

70 F

Temperature OC

50 |

40 |
33.30

sRef. 49 -J

SQ%

30

l | i

sadie Lo -

20 Lomnelivveenidioon !
0.0 0.10 0.20 0.30° 0.40
2-AN

Mole fraction of 3, 4-DNT

0.50 0.60 0.70 0.80 0.90 1.0

3, A-DNT

FiG. 72. The system 2-AN (A)+3,4-DNT (B)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



PHASE DIAGRAMS AND THERMODYNAMIC PROPERTIES OF NITROAROMATIC COMPOUNDS 403

SRR AAAMAAMARY SALAAREARS &

efef. 44

Temperature OC
w
o
1
J

AR SRR AL LA RARA AL LA

0.10

E =0
5 r\f’.i A
E0.094
-5 | S PPTRRTTETTY FUTURT 1

] | | 1 |

0.0 0.10 0.20 0.30

0.40
8z Mole fraction of 2, 6-DNT

0.50 0.60 0.70 0.80 0.80 1.0
2, 6-DNT

FiG. 73. The system BZ (A)+2,6-DNT (B)

modynamically implies a eutectic temperature higher than
‘that observed. Data in the range 0.3<x5<<0.65 were opti-
mized and the result

GE(1) =x pxp(—2378+4049x5—3798x3) J mol™!
(141)
was used to calculated the phase diagram, Fig. 75. The cal-

‘culated eutectic is 47.5 °C, xg=0.669. The probable maxi-
mum inaccuracy in the calculated diagram is +2°.

ANTH (A)+2,6-DNT (B)

Data were obtained by thermal analysis*® and the reported
eutectic is 54.0 °C, xg=0.94. Both LHS and RHS limiting
liquidus slopes* are faulty and both pure component melting
points are low; the reported eutectic temperature was there-
fore disregarded in the optimization. Only data in the range
0.4<x5<0.9 were optimized, with the result

G5(1)=—3996x ,x5 Jmol ™. (142)
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The phase diagram, calculated with the use of Eq. (142), is
given in Fig. 76 and shows a calculated eutectic 60.6 °C,
x5=0.888. As explained above, this eutectic temperature is
considered to be more accurate than the one observed. The
probable maximum inaccuracy in the calculated diagram is
*10°.
PH (A)+2,6-DNT (B)

Liquidus data were obtained from thermal analysis** and
there are no reported eutectic data or eutectic arrests. Only

225

data in the range 0.3<xp<<0.8 were optimized and the resul(

GE(l)=x pxp(12—2925x5) T mol™! (143)

was used to calculate the phase diagram, Fig. 77. The calcu-
lated eutectic is 40.5 °C, xz=0.616. The probable maximum
inaccuracy in the calculated diagram is *2°.
MA (A)+2,6-DNT (B)

Data were obtained by thermal analysis*® and the reported
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cutectic is 18.0 °C, x5 =0.32.-All data were used in the opti- 1-AN (A)+2,6-DNT (B)

mization, with the result Liquidus data were obtained by thermal analysis*® and the
- ) i reported eutectic is 7.5 °C, x3=0.32 (no eutectic arrests were
G®()=xxp(— 3060+ 3216xg—3476x5) Jmol~ . recorded). Only data in the range 0<xp< 0.7 were opti-

(144) mized; the result is

The calculated phase diagram, Fig. 78, displays a calculated
eutectic 18.0 °C, xg=0.355. The probable maximum. inaccu- GE()=x pxp(— 6229+ 7737x5— 7374x§) JTmol ™!,
racy in the calculated diagram is *1°. (145)
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The phase diagram, Fig. 79, was calculated with the use of
Eqy. (145) and the calculated euteciic is 9.3 °C, x5=0.347.
The two liquidus data points® near x5=0.3 may be errone-
ously low, as they are noticeably out of line with the remain-
der of the set. The probable maximum maccuracy in the
calculated diagram is *2°,

2-AN (A)+2,6-DNT (B)

Data were ohtained hy thermal analysis®® and the reported
eutectic is 45.0 °C, xz=0.71. Both LHS and RHS component
melting points are low and in preliminary calculations it was

115

ascertained that a eutectic temperature of 45 °C was not con-
sistent with the LHS liquidus. Data in the range 0. S&xBxO 7
were optimized, with the result

GE(1)=x pxp( — 4754+ 8345x5~ 6775x%) Tmol ™!, (146)

which was used to calculate the phase diagram, Fig. 80. The
calculated eutectic is 47.7 °C, x5=0.686. For reasons given
ahave, the calenlated entectic temperature is probably more
accurate than the observed. The probable maximum inaccu-
racy in the calculated diagram is *2°.
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2.5.11. Systems Based on 2,4-Dinitrotoluene

BZ (A}+2,4-DNT (B)

Liquidus data were obtained by thermal analysis“; neither
eutectic arrests nor eutectic data were recorded. The data
appear to be of good quality and optimization yielded the
equation

GE(1))=855x,x5 Jmot™L. (147)

The calculated phase diagram, Fig. 81, shows a calculated
eutectic —1.4 °C, xg=0.106. The probable maximum inac-
curacy in the calculated diagram is *+1°.

NA (A)+2,4-DNT (B)

Liquidus data were obtained by thermal analysis®® and the
microthermal method.!® A eutectic summary is given in
Table 12. The 1:1 compound melts congruently®® at 59.0 °C.
The agreement between the data sets'®*® is quite good,
within 1°-2°. Optimization gave

GE(l)=—820x x5 J mol™! (148)

and for the compound (AB)/2,
AgG0=18378—55.1213T Jmol™!,  (149)
A¢G%=—18 583+49.36027 Tmol™!.  (150)

TABLE 12. Reported eutectic data for the system NA (A)+2,4-DNT (B)

°C Xg Ref.

E, 57.0 16
56.0 0.31 98

E, 54.0 16
63.0 0.72 98

The phase diagram, Fig. 82, was calculated with the use of
Egs. (148) and (150) and shows calculated eutectics
E,=572°C, xg=0.341 and E,=54.5°C, x5=0.715. The
compound melts congruently at 60.2 °C. The probable maxi-
mum inaccuracy in the calculated diagram is *1°.

FLN (A)+2,4-DNT (B)

Data were obtained by thermal analysis® and the reported
entectic is 44.0 °C, x3=0.60. The limiting liquidus slope on
the RHS is significantly different from thermodynamic ex-
pectation, suggesting that this part of the liquidus may lie too
high. Liquidus data in the range 0.3<xz<1 were optimized,
with the result

GE(1)= —2858x x5 Jmol™!, (151)
and the calculated phase diagram, Fig. 83, indicates a eutec-
tic 43.1 °C, xz=0.619. The RHS liquidus remains poorly
defined experimentally and the calculated phase diagram has
been effectively defined by the LHS liquidus. The probable
maximum inaccuracy in the calculated diagram is *=3°,
ANTH (A)+2,4-DNT (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 66.0 °C, x3=0.91. The effect of the low experi-
mental melting point of anthracene'® appears to be diluted
for compositions x5>>0.3; such data, when optimized, gave
the result

GE()=—1967x,xg Jmol ™" (152)
The calculated phase diagram, Fig. 84, shows a calculated
eutectic 66.5 °C, x5=0.922. The probable maximum inaccu-
racy in the calculated diagram is *1°.
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PH (A)+2,4-DNT (B)

Liquidus data were obtained by thermal analysis**; neither
eutectic arrests nor eutectic data were recorded, although the
data are plentiful. Data in the range 0.3<xzp<1 were opti-
mized, and the equation :

GE(1)= x pxp(— 1063 — 5280xp+4631x3) Jmol™'
(153)

was used to calculate the phase diagram, Fig. 85. The calcu-
lated eutectic is 37.4 °C, x5=0.558, and

120

/

AqG=17 082—48.9948T JTmol™!,  (158)

(159)

for the compound (AB)/2. Other calculated data are
E=68.0°C, xg=0.331 and E,=57.0°C, x3=0.784; the
compound melts at 75.5 °C. The probable maximum inaccu-
racy in the calculated diagram is *=1°.
AN (A)+2,4-DNT (B)

Liquidus data were obtained by thermal analysis”® and the

AG%=—18 578+43.2336T J mol~!
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reported eutectic is —13.0 °C, x5=0.11 (no eutectic arrests
were recorded). The data appear to be of good quality, and
optimization yielded the expression

GP(l)=xpxp(—894—456xp) Jmol™!.  (160)

The calculated phase diagram, Fig. 88, based on Eq. (160),
shows a eutectic —14.0 °C, x5=0.130. The probable maxi-
mum inaccuracy in the calculated diagram is *£1°.

MA (A)+2 4-DNT (R)

Data were obtained by Kremann and co-workers on two
occasions*1™ using thermal analysis. The reported eutectic
is1% 18.0 °C, x5=0.38 or* 15.5 °C. x5=0.37. The two sets
of data are less in agreement on the RHS. In the optimiza-
tion, all the data were weighted equally. The phase diagram,
Fig. 89, was calculated with the use of
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GE(1)= —2750xaxg J mol™", (161)

and the calculated eutectic is 15.5 °C, x5=0.382. The prob-
able maximum inaccuracy in the calculated diagram is *+2°.
1-AN (A)+2,4-DNT (B)

Liquidus data were obtained by thermal analysis'%? and the
reported eutectics are E;=34.0°C, xg=0.18 and
E,=53.0°C, x5=0.72. No eutectic arrests were recorded.

The 1:1 compound melts congruently at 62.0 °C. The data
appear to be of fair quality. All the data were used in the
optimization, which yielded the expression

GE()=x,x5(—5279+3000x5) Jmol™' (162)
for the liquid and
ApGO=13 507—40.2893T Jmol™!,  (163)
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AGO%= — 14 608+ 34.5282T J mol™! (164) eutectic is 42.0 °C, xg==0.60. Data in the range 0.3<xp<1

imized fo ai
tor the compound (AB)/2. The phase diagram, Fig. 90, was were optmuzed fo give

calculated with the use of Egs. (162) and (164) and shows
cutectics  E;=32.6°C, x5=0.185 and E,=51.5°C, GP(1)=x pxp(—5671+2399x5) Jmol™’. (165)
1;=0.710. The compound melts at 62.1 °C. The probable

- . . ) . o
maximum inaccuracy in the calculated diagram is *1°, The calculated phase diagram, Fig. 91, shows a eutectic

AN (A)+2,4-DNT (B) 42.0 °C, x5=0.606. The probable maximum inaccuracy in
Data were obtained by thermal analysis'® and the reported  the calculated diagram is *1°.
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CAR (A)+2,4-DNT (B)

Liquidus data were obtained by thermal analysis'® and the
reported eutectic is 62.0 °C, xg=0.88. Data in the interval
0.2<xp<1 were optimized to give

GE(l)= —3940x ,x5 Jmol ™!, (166)

and the calculated phase diagram, Fig. 92, shows a eutectic
of 64.2 °C, xz=0.888. The carbazole transition appears on
the liquidus at xg=0.630. The probable maximum inaccu-
racy in the calculated diagram is £2°.

115  ereereeTeTrTTTTTrTTY T T

BA (A)+2,4-DNT (B)

Data were obtained by thermal analysis with stirring’; no
eutectic arrests were reported, but inspection of the tabulated
data*’ suggests 59 °C, x3=0.7. The data appear to be of good
quality, and optimization yielded the expression

GE()=x,xp(1260+788x5) Jmol™!.  (167)

The calculated phase diagram, Fig. 93, shows a eutectic
59.4 °C, x5=0.737. The probable maximum inaccuracy in
the calculated diagram is *1°.
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HB {(A)+2,4-DNT (B)

Data were obtained by thermal analysis!* and the reported
eutectic is 55.0 °C, xz=0.68. Some LHS liquidus data are
suspect, due to the low experimental'® melting point of
3-hydroxybenzaldehyde; data in the interval 0.3<xp<1 were
optimized to give

GE()=xxp(—500+1943x5) Jmol™!.  (168)

The calculated phase diagram, Fig. 94, shows a calculated
eutectic 55.0 °C, x5=0.644. The probable maximum inaccu-
racy in the calculated diagram is *2°.

SA (A)+2,4-DNT (B)

Liguidus. data were obtained by thermal analysis with
stirring®; neither eutectic arrests nor eutectic data were re-
corded. From inspection of the tabulated data,®® the observed
eutectic would be close to 66 °C, xg=0.9. The data, which
appear to be of good quality, were optimized to give

GE(1)=1059x pxp Tmol™!, (169)

and the calculated phase diagram, Fig. 95, shows a eutectic
65.6 °C, x3=0.896. The probable maximum inaccuracy in
the calculated diagram is *2°,
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2.5.12. Systems Based on 2,4,6-Trinitrotoluene

NA (A)+TNT (B)

Liquidus data were obtained by thermal analysis®® and the
reported eutectics are E;=72.0°C, x5=0.12 and
E»=T71.0°C, xp=0.85 (no eutectic arrests were recorded).
The 1:1 compound melts at 96.5 °C. Optimization of liquidus
data yielded

ApGO=18 973—37.7542T Jmol™!,  (171)

AG%=—14019+31.9930T Jmol™!  (172)

for the compound (AB)/2. The calculated phase diagram,

GE(1)=—186xAxB T mol™! (170) Tig. 96, shows cutectics E;=71.4°C, x5=0.153 and
o E,=72.8 °C, xg=0.840. The compound melts at 96.9 °C.
for the liquid and Since the eutectic temperatures were not experimentally®®
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FIG. 95. The system SA (A)+2,4-DNT (B)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



PHASE DIAGRAMS AND THERMODYNAMIC PROPERTIES OF NITROAROMATIC COMPOUNDS 415

100
95
g2
., 68
o
]
[
2 84
n
[
W
Q
& 80
2
76
72
0.153
o] Ll 1 1 | 1 { ! | I}
0.0 0.10 0.20 ©0.30 0.40 0.50 0.80 0.70 0.B0 0.80 1.0
NA Mole fraction of TNT TNT
FiG. 96. The system NA (A)+TNT (B)
L .
well defined, the calculated diagram is uncertain to this ex-  was decided to give the observed!®* eutectic temperatures

tent. The probable maximum inaccuracy in the calculated - more weight in the optimization. Thus for the liquid
diagram is +2°.
“ACN (A)+TNT (B) .
Liquidus data were obtained by thermal analysis'® and the ~ and for the compound (AB)/2

reported - eutectics are E;=81.0°C, x5=0.13 and : o_ -

£,=72.0 °C, x5=0.89. (No eutectic arrests were recorded.) AgsG"=37761—98.4569T Jmol™ ", (174)
‘The 1:1 compound melts congruently at 112.0 °C. The liqui- AGO=—41665+92.6957T Tmol™'. = (175)
dus data for the compound are not consistent with its ob-
‘erved melting point and the two eutectic temperatures; it ~ The calculated phase diagram, Fig. 97, displays eutectics

GE(l)=—15616x x5 T mol™! (173)

116 aasaaers e e P e

112+
108
104
100
96
92

88

Temperature OC

84

80.0°
80

0.145
76 |

72 F

L 0.890
68 Lo | | | [PTSTTION | | N l

0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
ACN Mole fraction of TNT - TNT
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E=80.0°C, x5=0.145 and E,=72.5°C, x5=0.890; the
compound melts at 110.4 °C. The probable maximum inac-
curacy in the calculated diagram is +2°.

FLN (A)+TNT (B)

Liquidus data were obtained by thermal analysis® and the
reported eutectics are E;=785°C, xp=0.35 and
E,=72.0°C, x53=0.78. (No eutectic arrests were recorded.)
The 1:1 compound melts at 85.0 °C. The E, temperature is
not well defined experimentally®® and the liguidus arms of
the compound are not symmetric. Under these circum-
stances, optimization was unable to give satisfactory results.
Hence the optimization was restricted to data in the range
0.2<xp<0.75 with the result

GE()=—4893x sxp J mol™! (176)

for the liquid and
AgsG®=27978—78.1250T Tmol™!,  (177)
AyGO=20 201+ 72.3638T Jmol™! (178)

for the compound (AB)/2. The calculated phase diagram,
Fig. 98, shows eutectics E;=80.9°C, x3=0.331 and
E,=69.2 °C, x5=0.818; the compound melts at 85.0 °C. The
probable maximum inaccuracy in the calculated diagram is
+2°
ANTH (A)+TNT (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 75.0 °C, xg=0.93. Only data in the interval
0.3<x<0.9 were used in the optimization, to give

GE(l)=xpxp(— 3437+ 1253x) Jmol™'. (179)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

The calculated phase diagram, Fig. 99, shows a eutectic
75.3 °C, x5=0.891; many liquidus data are seen to be not
internally consistent. The probable maximum inaccuracy in
the calculated diagram is =4°.

PH (A)+TNT (B)

Liquidus data were obtained by thermal analysis** and the
reported  eutectics are E,=76.0°C, xp=0.30 and
E,=69.0 °C, x5=0.82. No eutectic arrests were recorded in
the original article.* The 1:1 compound melts congruently at
87.5 °C. Many liquidus data are in error. In this case, the
observed eutectic temperatures* and compound melting
point were taken as guides to optimization. The result was

GE(1)=x axp(—2800+200xg) Jmol™'  (180)
for the liquid and

A G®=16525—45.81807 Jmol™!,  (181)

AGO=—17201+40.05687 Jmol™'  (182)

for the compound (AB)/2. The phase diagram, Fig. 100, was
calculated with the use of Eqgs. (180) and (182) and repro-
duces the chosen temperature data exactly: E;=76.0°C,
xp=0.263 and £,=69.0 °C, x3=0.798. The compound melts
at 87.5 °C. The probable maximum inaccuracy in the calcu-
lated diagram is *5°.

PY (A)+TNT (B)

Data were obtained by the thaw—melt method* and the
reported eutectics are E;=126.0°C, xp=0.188 and
E,=75.0°C, x5=0.952. The 1:1 compound melts congru-
ently at 164.5 °C. Since the crystallization ficld of the com
pound occupies about 80% of the composition range, the
expression for the liquid
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FIG. 99. The system ANTH (A)+TNT (B)

GE(1)=—12 000x sx5 J mol™! (183)

~ approximate. The E, temperature®’ is not consistent with
the limiting liquidus slope of trinitrotoluene and the RHS
-ompound liquidus. For the compound (AB)/2, the equations

A7 G0=24922-56.9458T Tmol™!,  (184)
AGO=—27925+51.1846T Tmol™!  (185)

were found from optimization. The calculated phase dia-
eram, Fig. 101, reproduces most of the data®® well;

E,;=126.4°C, x3=0.175 and E,=78.1°C, x3=0.952 and
the compound melts at 164.5 °C. The probable maximum
inaccuracy in the calculated diagram is £2°.

FTHN (A)+TNT (B)

Data were obtained by the thaw-melt method*> and the
reported eutectics are E;=89.0°C, xg=0.212 and
E,=72.5°C, x3=0.850. The 1:1 compound melts congru-
ently at 133.0 °C. Most of the data could be reproduced well
with the use of the equations
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GE()=xpxp(—4950+1267x5) Tmol~' (186) E,=72.4°C, x5=0.850; the compound melts at 134.0 °C.
for the liquid and ’-I‘hi gzobable maximum inaccuracy in the calculated diagram
, is +2°,
0= _ -1
AqsG°=9145-22.4609T Jmol ', (187) AN (A)+TNT (B)
AG®=—10226+16.6997T Jmol™!  (188) Liquidus data were obtained by thermal analysis®® and the

for the compound (AB)/2. The calculated phase. diagram,

reported eutectics are E;=—8.0°C, x3=0.015 and
E,=60.0 °C, x5=0.85 (no eutectic arrests were recorded).

Fig. 102, displays eutectics E;=89.0 °C, x5=0.214 and
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FIG. 102. The system FTHN {A)+TNT (B)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



PHASE DIAGRAMS AND THERMODYNAMIC PROPERTIES OF NITROAROMATIC COMPOUNDS 418

"""""""""" T T T
B0.80 --->
L)
. 3
65.40
0.775
[&) 4
Q -
(]
o
2 -
I -
@
< :1 4
8 e Ref. 98 —
E ]
el 4
= -
-25 i J | | 1 l I I
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
AN Mole fraction of TNT TNT

FiG. 103. The system AN (A)+TNT (B)

The 1:1 compound welts congruently at 85.0 °C. The RHS
eutectic temperature is ill defined experimentally.”® Since the
crystallization field of the compound covers much of the
composition range and the RHS liguidus data are so sparse,
the quantity

GE(1)= — 5000x yx5 J mol™! (189)

_ is approximate. For the compound (AB)/2, the optimization
yielded

AgGO= 16 084—44.9084T J mol™!,
A¢G%=—17 335+39.1472T Jmol™’.

(190)
(191)

The calculated phase diagram, Fig. 103, shows calculated
eutectics E=—73°C, xg=0017 and £,=0654°"C,
x3=0.775. The compound melts at 85.0 °C. The probable
maximum inaccuracy in the calculated diagram is *=5°.
CAR (A)+TNT (B)

Data were obtained by thermal analysis'®®!*® and the
thaw—melt method.'® A critical point summary is given in
Tablc 13. The presence of a congruently meiting 2:3 com-
pound (160 °C) was also claimed''® but there is no support-

TaBLE 13. Reported invariant data for the system CAR (A)+TNT (B)

°C X " Ref.

E 73.5 0.94 13

75.0 0.93 100

P 140.0 0.63 13
(L:1)

1400 0.62 100

140.0 113

ing evidence for this. There is fair agreement between the
two sets of liquidus data.'*'® Data in the range 0.3<xp<1
were optimized to give

G®(l)=x pxg(—4055—5000xg) Jmol™!  (192)

for the liquid and
AgsG®=20288—48.8929T Tmol™',  (193)
AG = —22062+43.1317T Jmol™!  (194)

for the compound (AB)/2. The calculated phase diagram,
Fig. 104, shows invariant points E=74.8 °C, x5=0.910 and
P=140.0 °C, xg=0.623. The carbazole transition appears on
the calculated liquidus at xg=0.601. The probable maximum
inaccuracy in the calculated diagram is *3°.

BA (A)+TNT (B)

Data were obtained by thermal analysis with stirring®’ and
no eutectic data were reported. The limiting liquidus slope at
the LHSY" shows slightly positive deviation from ideality;
this could be interpreted as indicating the presence ot some
solid solubility, but it is simpler to absorb this effect into the
optimization of the liquidus data:

GE(1)=x,x5(2491 - 2036x5) Jmol™!.  (195)

The calculated phase diagram, Fig. 105, shows a eutectic
64.5 °C, x5=0.702. The probable maximum inaccuracy in
the calculated diagram is £2°.
HB (A)+TNT (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 65.5 °C, x5=0.68. Data in the range 0.3<xp<1
were optimized to give

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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GE(1)=x sxg(— 1000+ 8095x5~ 5723x3) Jmol ™!, .
(196)
The phase diagram, Fig. 106, calculated with the use of Eq.
(196), displays a calculated eutectic of 65.6 °C, xp=0.639.
The probable maximum inaccuracy in the calculated diagram
is x2°.
SA (A)+TNT (B)

Liquidus data were obtained by thermal analysis with
stirring® and neither eutectic arrests nor eutectic data were

recorded.®® The data appear to be of good quality. From in-
spection of the original tabulated data,83 it may be concluded
that the eutectic is close to 76 °C, xg=0.9. All liquidus data
were optimized, and the result

GE(1)=x ,x5( 1640+ 670x5) J mol™! (197)
was used to calculate the phase diagram, Fig. 107. The cal-
culated eutectic is 76.3 °C, x5=0.898. The probable maxi-
mum inaccuracy in the calculated diagram is *1°.
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2.5.13. Systems Based on 2-Nltrophenol .

NA (A)+2-NP (B) ..

.Data were obtained; by the thaw—melt method37 and ther—
,mal analysis.”®!1> No eutectic -arrests. were recorded- in the
“three: rteports. The reported eutectic data are,
: respecnvely,37 98115273 °C, x=0.675; 30.0 °C, x3=0.70;
230 °C, x~0.68. The agreement among the observed liqui-
~dus data is quite good, within about 2°. All liquidus data
‘were optimized to give

165 [T T | BARRARARES RAREA T

GE(1)=413x x5 Jmol ™}, - (198)

and the calculated phase diagram, Fig. 108, shows a eutectic
28.8 °C, xp=0.694, The probablé maximum inaccuracy in
the calculated diagram is *£2°,
BP (A)+2 NP (B) '
" Data were obtained by thermal analys1s and the reported
eutectic is 28.2 °C, x5=0.67. There is some small scatter in
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the liquidus data!!®

expression

but optimization of all data yielded the

GE(1)=991x x5 J mol™! (199)
and the calculated phase diagram, Fig. 109, shows a eutectic
27.9 °C, xg=0.659. The probable maximum inaccuracy in
the calculated diagram is =1°,

ANTH (A)+2-NP (B)

Data were obtained by thermal analysis'® and the reported
eutectic is 44.0 °C, xz=0.98. Liquidus data in the interval
0.18<xp<<1 were optimized and the result ‘

GE(1)=xxp(842—793x5) Jmol™! (200

was used to calculate the phase diagram, Fig. 110. The cal
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culated eutectic is 43.9 °C, xg=0.980. The probable maxi-
mum inaccuracy in the calculated diagram is *=2°.
TPM (A)+2-NP (B)

Data were obtained by thermal analysis®’ and the reported
eutectic is 36.0 °C, x5=0.80. The data appear to be of good
quality; those in the interval 0.2<xg<1 were optimized, giv-
ing

GE()=x,xp(1199+586x5) Tmol™!,  (201)

which was used to calculate the phase diagram, Fig. 111. The

calculated eutectic is 35.9 °C, xp=0.800. The probable
maximum inaccuracy in the calculated diagram is *+1°.

1-AN (A)+2-NP (B)

Data were obtained by thermal analysis'%? and the reported
eutectic is 14.0 °C, xz=0.49. The experimental melting
points of both pure components are about 2° lower than
adopted values. Data in the interval 0.2<<xp<<0.8 were opti-
mized, giving the result

GE()=—116x,x5 Tmol™L. (202)
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The calculated phase diagram, Fig. 112, shows a calculated
eutectic of 12.8 °C, x=0.483. The diagram is almost sym-
metrical, and so the observed high eutectic temperature is not
thermodynamically consistent with the experimental liqui-
dus. The probable' maximum inaccuracy in the calculated
diagram is *£1°. -
2-AN (A)+2-NP (B) , :
Data were obtained by thermal emalysis102 and the reported
eutectic is 35.9 °C, .xg=0.84. Liquidus data in the range
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0.3<xB<1 were optimized, giving the expressioﬁ
--GE(1)=xAxB(—'7'_76'+~1140x};) Tmol™'. (203)

The calculated phase diagram, Fig. 113, shows a eutectic
36.9 °C, xp=0.835. Since the eutectic composition is close
to pure 2-nitrophenol, the low experimental melting point of
this componentm2 may be responsible for the difference be-
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tween observed and calculated eutectic temperatures. The
probable maximum inaccuracy in the calculated diagram is
+2°.
"CAR (A)+2-NP (B)
Data were obtained by thermal analysis'!” and the reported
~ eutectic is 43.5 °C, x5=0.97. All liquidus data were opti-
mized and the result

GE(l)= — 606x ,x5 T mol™’ (204)

was used to calculate the phase diagram, Fig. 114. The cal-
culated eutectic is 43.6 °C, xg=0.975 and the carbazole tran-
sition appears on the calculated liquidus at xg=0.740. The
probable maximum inaccuracy in the calculated diagram is
*3°.

DMA (A)+2-NP (B)

Data were obtained by the visual-polythermal method®
and the reported critical poinis are E=—36.5 °C, x3=0.16
and P=2.5 °C, x5=0.46 (1:1 compound). The liquidus of
the compound appeared to be inconsistent with the £ and P
temperatures, so that in the optimization, these temperatures
were given preference. For the liquid,

GE(l)= —1800x .xp J mol ™}, (205)

and for the compound (AB)/2,
A sG°=6571—23.7967T JTmol™ !, (206)
A;G= —7022+18.0355T Jmol™ . (207)

The calculated phase diagram is shown in Fig. 115. Other.
calculated data are £=—36.5 °C, x5=0.142 and P=2.5 °C,
xg=0.457. The probable maximum inaccuracy in the calcu-
lated diagram is +2°. '

BENZ (A)+2-NP (B)

Data were obtained by the visual-polythermal metho
and the reported eutectic is 42.0 °C, xg=0.95. The experi-
mental benzamide liquidus''® may be artificially high, but
the reported eutectic temperature is probably accurate. Data
in the range 0.55<xp<1 were optimized, yielding the ex-
pression

d118

GE()=x,xp(2270+2116x5) Jmol™!.  (208)
The calculated phase diagram, Fig. 116, shows a calculated
eutectic 42.6 °C, xg=0.948. The probable maximum inaccu-
racy in the calculated diagram is *4°.

HB (A)+2-NP (B)

~ Data were obtained by thermal analysis'® and the reported
eutectic is 41.0°C, x5=0.90. The RHS liquidus'®* lies
slightly higher than thermodynamic ideality whereas the
LHS liquidus is low due to the low melting point of
3-hydroxybenzaldehyde. Liquidus data in the interval

0.25<xp<<1 were optimized and the phase diagram, Fig.
117, calculated with the use of

GEl)=xpxp(—129+3447x5) Tmol™!  (209)
follows the experimental liquidus data faithfully (calculated
eutectic 40.3 °C, x5=0.878). The calculated liquidus shows
points of inflection that may not correspond to true behavior.
The probable maximum inaccuracy in the calculated diagram
is £3°.
ACP (A)+2-NP (B)

Data were obtained by thermal analysis'!® and the reported
eutectic is 2.5 °C, xg=0.43. The data appear to be of good

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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quality except for those in the interval 0.4<x5<<0.6; these
aberrant data were omitted from the optimization, which

yielded the equation
GE()=x,x5(1110—1590x5) Jmol™!.  (210)

The calculated phase diagram, ‘Fig. 118, shows a calculated
eutectic 2.0 °C, x5=0.360. The probable maximum inaccu-
racy in the calculated diagram is £1°.

135

CAM (A)+2-NP (B)

Data were obtained by thermal analysis88 and the reported
eutectic is 15.0 °C, x5=0.48. The data appear to be of good
quality, and a good fit was obtained with the use of

GE(1)=x pxp(— 1076 — 675x5+2540x3) Jmol™ L.
(211)
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The calculated phase diagram, Fig. 119, shows a calculated
eutectic 14.8 °C, x3=0.495. The probable maximum inaccu-
racy in calculated diagram is £3°,

2.5.14. Systems Based on 3-Nitrophenol

BP (A)+3-NP (B) '

Data were obtained by thermal analysis’'® and the reported
eutectic is 62.3 °C, xg=0.16. The presence of a compound
‘melting  incongruently is postulated'!'® (P=76.1°C,

47

x5=0.48, stoichiometry uncertain). No peritectic arrests
were recorded, however. The observed change in the slope of
the RHS liquids near xg=0.5 may also be accounted for by a
slight tendency toward liquid immiscibility between a polar
molecule (3-nitrophenol) and a nonpolar one. Liquidus data
in the range 0<x<0.8 were optimized to give the expres-
sion

GE()=x,x5(4950— 1421xg) Jmol™'.  (212)
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The calculated phase diagram, Fig. 120, shows a calculated
eutectic 62.3 °C, x3=0.181. The probable maximum inaccu-
racy in the calculated diagram is *2°.

DPM (A)+3-NP (B)

Data were obtained by thermal analysis'?® and the reported
eutectic is 22.0 °C, x5=0.036. The observed eutectic tem-
perature is not consistent with the theoretical limiting liqui-
dus slope for diphenylmethane. Liquidus data in the interval
0<x3<0.8 were optimized to give

GE(1)=x ,xp(4601 - 338xp) Jmol™! (213)

with which the phase diagram, Fig. 121, was calculated. The
calculated eutectic is 23.9 °C, x=0.039. The probable
maximum inaccuracy in the calculated diagram is *1°.
ANTH (A)+3-NP (B) _

Data were obtained by thermal analysis'® and the reported
eutectics are E;=186.0°C, x5=047 and E,=93.0°C,
x5=0.98. The 1:1 compound melts congruently at 187.0 °C.
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The E; and compound melting temperatures are very close
but there is no suggestion of a peritectic. The observed shape
of the RHS liquidus arm of the compound is not thermody-
‘namically consistent with the rest of the phase diagram. The
¢xpression

GE()=x,x5(4601—338x5) Jmol™! (214)

was found by optimization of the LHS liquidus data; for the
compound (AB)/2

230 prererrrrprre———T

A GO=16232—35.3345T Jmol™!,  (215)

AG®=—15825+29.5717T Jmol™'.  (216)

The phase diagram, Fig. 122, was calculated with the use of
Egs. (214) and (216), showing calculated eutectics
E=186.1 °C, xp=0.473 and E,=95.0°C, x5=0.969; the
compound melts at 186.2°C. The calculated E,
temperature—higher than the observed'®—reflects the cor-

AR | RAMRARRARS LARAARAAR RALAMAALS MAAMMAMAMS RARAARAARS KAAAALAAM ]
- ]
&-218.10 3

210 § 3
fo) 1
190 F 186.‘10\‘\1\86‘{ ]
T 0,473 T
70 ‘

g ! . E

E E . 3

2 150 E 4

[ 3

ﬁ} 1:1 o j

a F ]

& 130 f e Ref. 100 3

— E b

110 F 3
;

85,00 96.80 —--

] [] ] ] [)
9 F 0.9697
O SUUUUUT FOVTTTTU FUUTIUTUIT VTN THVITUTUIN FUVTTUUTIE FUUUTOTITT TOTPTOTT I |

0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
ANTH Mole fraction of 3-NP 3-NP

FiG. 122. The system ANTH {A)+3-NP (N)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



430

100

JAMES SANGSTER

90

80

70

80

50

Temperature OC

[T PP | | . |

20 E
10 Foisisaan | PN | PPN PN I

0.40

MA Mole fraction of 3-NP

0.50 0.60 0.70

FiG. 123. The system MA (A)+3-NP (B)

rected_ melting point of 3-nitrophenol. The probable maxi-
mum inaccuracy in the calculated diagram is +2°.
MA (A)+3-Np (B)

Data were obtained by thermal analysis'®' and the the re-
ported eutectics.are E,=23.0 °C, x5=0.29 and E,=35.0 °C,
x3=0.58. The 1:1 compound melts congruently at 36.5 °C.
The dgta appear to be of good quality. There were only two
eutectic :elrrests recorded.!?! Data in the range O0<xp<0.7
were optimized, and the result was

GE(l)=x pxp(— 6853—2106x5) Jmol™!. (217)

For the compound (AB/2), the calculated properties are
A G®=12925-41.7099T Tmol™!,  (218)
AGO=—14901+35.9487T Tmol™!.  (219)

The calculated phase diagram, Fig. 123, shows eutectics
E=21.5°C, x3=0.274 and E,=35.3°C, x53=0.567. The
compound melts at 36.7 °C. The probable maximum inaccu-
racy in the calculated diagram is +1°.

1-AN (A)+3-NP (B)

Data were obtained by thermal analysis'®? and there is one
reported eutectic: 51.0 °C (sic), x=0.53; a 1:1 compound
melts congruently at 56.3 °C. Very few eutectic arrests were
recorded, and as a result the cxact nature of the phasc dia-
gram around xp=0.5 is ill defined experimentally.'”’ In pre-
liminary calculations it was ascertained that either a congru-
ently melting 1:1 or incongruently melting 1:2 compound
would be thermodynamically consistent with the rest of the
phase diagram. The 1:1 stoichiometry was chosen because
the compound liquidus data (0.2<x<0.5) were reproduced
more precisely. For the liquid,

GE()=—=1711x x5 Jmol ™", (220)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

and for the compound (AB)/2

ApG®=11387-34.5597T JTmol™!,  (221)

AG = —11815+28.7985T Tmol™!.  (222)

The phase diagram, Fig. 124, was calculated with the use of
Egs. (220) and (222). Other calculated data are E;=35.1 °C,
xp=0.198 and E,=56.1 °C, x3=0.530. The compound melts
at 56.3 °C. The probable maximum inaccuracy in the calcu-
lated diagram is *=1°.
2-AN (A)+3-NP (B)

Data were obtained by thermal analysis'® and reported
invariant points are E=61.0 °C, xz=0.62 and P=63.5 °C
(1:1 compound, no peritectic composition recorded). In pre-
liminary calculations, it was found that the LHS liquidus is
consistently low and that the RHS liquidus is more accurate.
Optimization of these data gave the result

GE()=x,xp(—3784+1291xg) Jmol™'. (223)

The experimental data'® defining the compound liquidus
were not accurate enough for optimization and hence for the
compound (AB)/2 the properties

AsGO=11768—35.0000T Jmol™!,  (224)

AG=—12553+29.2372T J mol™* (225)

were assigned. The phase diagram, Fig. 125, shows the cal-
culated data E=61.1°C, x5=0.589 and P=63.0°C,
x5=0.520. The probable maximum inaccuracy in the calcu-
lated diagram is *2°.
CAR (A)+3-NP (B)

Data were obtained by thermal analysis'! and the reported
eutectic is 92.0 °C, x5=0.96. The experimental melting poini
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of 3-nitrophenol is low, and since the eutectic is very close to
this composition, the observed eutectic temperature is prob-
ably too low. Data in the interval 0.39<xp<1 were opti-
mized to give the result

GE(1)=x pxp(—52-+2545xp) Tmol™!.  (226)

The calculated phase diagram, Fig. 126, shows a calculated

eutectic 94.6 °C, xg=0.960, and the carbazole transition ap-
. pears on the calculated liquidus at x5=0.828. The probable
- ‘maximum inaccuracy in the calculated diagram is *3°.

115 e ISR

DMA (A)+3-NP (B)

Liquidus data were obtained by the visual-poythermal
method® and the reported eutectics are E,=—58.0°C,
x5=0.26 (approximate data) and E,=7.0 °C, xg=0.58. The
1:1 compound melts congruently at 15.0 °C. Preliminary cal-
culations showed that the RHS liquidus is not thermody-
namically consistent with the observed E, temperature. The
eutectic and compound melting temperatures were taken as
guides to calculations. The quantity
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GE()=x px(— 15 650—4400x5) Jmol™' (227)

was found to support a calculated phase diagram reasonably
similar to the experimental. For the compound (AB)/2, the
calculated properties are

A GO=7415—25.7341T Jmol™!, (228)

AG = —11879+19.9730T Jmol !.  (229)
The calculated phase diagram, Fig. 127, shows eutectics

E=-58.0°C, xg=0.191 and E,=7.0°C, xp=0.594; the
compound melts at 15.0 °C. The eutectic temperatures re-
main experimentally ill defined, however. The probable

maximum inaccuracy in the calculated diagram is *£5°.
BENZ (A)+3-NP (B)

Data were obtained by thermal analysis'” and the visual-
polythermal method.!’® The liquidus data of the two
studies'?!!® are in quite good agreement (about 2°-3°). The
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observed eutectic'9!11® is 41.0 °C, x5=0.56 or 39.0°C,
xg=0.56. The combined liquidus data were optimized to
give

GE(l)=x yxp(—3993— 8283xp+639x3) Jmol ™!,
(230)

and the calculated phase diagram, Fig. 128, shows a eutectic
40.9 °C, xg=0.561. The probable maximum inaccuracy in
the calculated diagram is +£2°.

ACP (A)+3-NP (B)
Liquidus data were obtained by thermal analysis''® and the
reported eutectic is —16.0 °C, x5=0.38 (no eutectic arrests

were recorded). Optimization of the liquidus data gave the
result

GE(1)= x yxp( — 3435+ 1502x5+ 14 635x2) T mol ™.
(231)

Equation (231) indicates that the excess Gibbs energy goes
from negative (at the LHS) to rather strongly positive on the
RHS; this unusual behavior was necessary to reproduce both
arms of the liquidus simultaneously. The calculated phase
diagram, Fig. 129, shows a eutectic —13.2 °C, x5=0.360.
The probable maximum inaccuracy in the calculated diagram
is *£3°,
CAM (A)+3-NP (B)

Liquidus data were obtained by thermal analysis®® and nei-
ther eutectic data nor eutectic arrests were recorded. It was
found that only an expression with three coefficients

GE(1)=x pxp(—9423—761x5+9583x3) Jmol ™!
(232)

could enable the liquidus to be reproduced satisfactorily. The

‘calculated phase diagram, Fig. 130, shows a calculated eu-

tectic —6.1 °C, xg=0.337. The probable maximum inaccu-
racy in the calculated diagram is *+2°,

2.5.15. Systems Based on 4-Nitrophenol

NA (A)+4-NP (B)

Data were obtained by thermal analysis®® and the thaw—
melt method'® and both studies report the same eutectic:
73.0 °C, xg=0.23. The liquidus data of the two studies are in
good agreement, within 1°. The LHS limiting liquidus
slope'**® definitely suggests solid solubility based on naph-
thalene. Optimization of the combined liquidus data yielded
the expression

GE()=x,xp(4276—1077xg) Jmol™!.  (233)

The phase diagram, Fig. 131, was calculated with the use of
Eq. (233) for the liquid and the solid solution was repre-
sented by a temperature independent Henrian activity coeffi-
cient '

RT In y5=9200 Jmol . (234)

The calculated eutectic is 73.0 °C, x5=0.242 and there is a
4.1 mol % solid solution at the eutectic temperature. The

probable maximum inaccuracy in the calculated diagram is
*1°.

~ BP (A)+4-NP (B)

Data were obtained by thermal analysis!'® and the reported
eutectics are E;=64.2°C, x5=0.11 and E,=624°C,
xg=0.87. The 1:1 compound melts congruently at 79.0 °C.
Preliminary calculations showed that most of the data at
xg>0.5 are erroneous and hence were ignored in further con-

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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sideration. It also was apparent that, if E; were to be ac-
cepted, there would have to be a compound in the LHS of the
diagram. The stoichiometry 4:1 was chosen as suitable for
present purposes; such a stoichiometry, while unusual, is not
unknown in these systems.? For the calculation of the phase
diagram, therefore, the guiding assumptions were the
observed''® liquidus data at 0<xp<0.5, the experimental E;
data, 4:1 and 1:1 congruently melting compounds, and the
observed 1:1 compound melting point. For the liquid, an
estimated quantity

GE(l)= — 5000x yx5 J moi™~!
was used. For the compound (A,B)/S, the quantities
AgsG0= 19729 57.6603T Jmol™!,
A¢G®=—20529+53.5000T Jmol™!;
and for the compound (AB)/2, .

A G®= 17 877-50.7628T T mol™",
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A¢G%=—19 127+45.0000T Jmol™!,  (239)

were used. The phase diagram, calculated with the use of
Egs. (235), (237), and (239) is shown in Fig. 132 and the
calculated eutectics are E;=64.2 °C, x5=0.79; E,=67.8 °C,
x3=0.276; and E;=74.2 °C, x3=0.648. The 4:1 and 1:1
compounds melt at 69.0 and 79.0 °C, respectively. Since the
original data''® were poor and badly interpreted, the calcu-
lated phase diagram can-be only tentative.

115

DPM (A)+4-NP (B)

Data were obtained by thermal analysis'?° and the reported
eutectic is 23.0 °C, xp<<0.001. The experimental melting
point of diphenylmethane'® is low, and hence the eutectic
temperature is also low. The observed liquidus, tending to-
ward flatness, suggests incipient liquid immiscibility. This is
not surprising in a system like the present one having a non-
polar component (diphenylmethane) and a very polar one. It
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is also not surprising that four coefficients were necessary for
the excess Gibbs energy of the liquid:

GE(D)=x5x5(6414~8719x5+ 15 348x3
—9415x3) Jmol™". (240)

The calculated phase diagram, Fig. 133, shows a eutectic
24.7°C, xp=0.016. The probable maximum inaccuracy in
the calculated diagram is *2°.

230 e AR RRRARRREAS: e

ANTH (A)+4-NP (B)

Data were obtained by thermal analysis100 and the reported
eutectic is 106.0 °C, xg=0.95. The observed eutectic tem-
perature is not consistent with the limiting liquidus slope for
4-nitrophenol. Data in the range 0.3<xz<1 were optimized
and the result :

GE(1)=3496x ,xg T mol™! (241)
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was used to calculate the phase diagram, Fig. 134. The cal-
culated eutectic is 110.5 °C, xg=0.949. The probable maxi-
mum inaccuracy in the calculated diagram is *3°.

PH (A)+4-NP (B) ,

Data were obtained by thermal analysis'’® and reported
critical points are E=75.0°C, x3=0.77 and P=80.0°C,
x5=0.56 (1:1 compound). Preliminary calculations showed
that the data at xg>0.5 are erroneous and hence were ig-
nored in further consideration. Also, no compound of what-
ever stoichiometry could be thermodynamically stable in this
system. For calculation of the phase diagram, the LHS liqui-
dus was taken as guide, and the expression

GE()=x,xp(4905— 1611xg) Jmol™!  (242)

was deduced for the liguid. The calculated phase diagram,
Fig. 135, shows a eutectic 84.7 °C, xg=0.413. Since the
original data''® were poor and badly interpreted, the calcu-
lated phase diagram can be only tentative.

TPM (A)+4-NP (B)

Data were obtained by thermal analysis®’ and the reported
eutectic is 86.0°C, x3=0.13. Preliminary calculations
showed that the temperature of reported eutectic arrests®’
were incompatible with the observed liquidus. Four coeffi-
cients were required in the quantity

GE(1)=x5xp(8348— 10 466xp+ 16 178x3

—8381x3) Jmol™! (243)

in order that the experimental liquidus be reproduced satis-
factorily. The calculated phase diagram is shown in Fig. 136
with a eutectic 88.4 °C, xg=0.161. The probable maximum
inaccuracy in the calculated diagram is £2°. -

MA (A)+4-NP (B)

Data were obtained by thermal analysis.'” Two incongru-
ently melting compounds were postulated (1:1 and 1:2) and
reported invariant data are E=20.0°C, xg=0.25;
P=24.5°C, x5=0.38; and P,=58.0°C, x5=0.60. In the
optimization, these invariant temperatures were given prior-
ity. For the liquid, the expression

GE(1)= —8209x yx5 J mol ™! (244)

was used and optimization yielded, for the compound
(AB,)/3

A G®=11132-33.4996T Jmol™!,  (245)
AGO=—12956+28.2093T Jmol™!.  (246)
The corresponding properties for the compound (AB)/2
AqG®=37653—125.7628T Jmol™!,  (247)
A¢G®=—39705+120.00007 Jmol™!  (248)

were not obtained from optimization but rather were as-
signed. These quantities are nominal and are probably in
error. The calculated phase diagram, Fig. 137, was obtained
with the use of Egs. (244), (246), and (248). The calculated
invariant points are E=20.0 °C, x5=0.262; P;=24.5°C,
x5=0.371; P,=57.6 °C, x5=0.606. The probable maximum
inaccuracy in the calculated diagram is +3°.

1-AN (A)+4-NP (B)

Data were obtained by thermal analysis'®? and the reported
eutectic is E=33.5 °C, xg=0.16. No second eutectic was
reported'® but, from inspection of the tabulated data,'® it
would be approximately 66 °C, x5=0.6. The 1:1 compound
melts congruently at 68.2 °C. In preliminary calculations it

J. Phys. Chem., Ref. Data, Vol. 26, No. 2, 1997
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was found that the eutectic temperatures were not thermody-
namically consistent with the liquidus data for the compound
(0.2<x5<0.45); in the final optimization, the eutectic tem-
peratures were given greater weight. For the liquid,

GE()=x pxp(— 6010+ 2273x5) Jmol™!, (249)

and for the compound (AB)/2
AnG®=15271—44.8065T Tmol™!,  (250)
AGY=—16 490+39.0453T Jmol™!.  (251)

The calculated phase diagram is shown in Fig. 138. Other
calculated data are £;=34.4 °C, x3=0.164 and E,=66.6 °C,
x=0.569, and the compound melts at 67.7 °C. The probable
maximum inaccuracy in the calculated diagram is %£2°.
2-AN (A)+4-NP (B)

Data were obtained by thermal analysis'® and the reported
eutectics are E;=78.0°C, xp=0.35 and E,=78.0°C,
xg=0.66. The 1:1 compound melts congruently at 81.5 °C.
The experimental melting points'% of both pure components
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are low and hence the entire phase diagram may lie too low
by a few degrees. Data in the range 0.2<xg<<0.8 were opti-
“mized to give : :

- GE(1)=x pxp(— 6164+ 9778x5— 7940x3) Jmol™!, (252)
and for the compound (AB)/2,

' AgG'=19 637—55.4244T T mol™,

AG®= —20452+49.6632T Jmol™ .

(253)
(254)

In the calculated phase diagram, Fig. 139, the chosen liqui-
dus data are well reproduced. Other calculated data are
E,=78.3°C, xg=0.361; E,=78.1 °C, x5=0.651. The com-
pound melts at 81.1 °C. The probable maximum inaccuracy
in the calculated diagram is *£2°.

CAR (A)+4-NP (B)
Data were obtained hy thermal analysis!!” and the reported
eutectic is 106.7 °C, xp=0.95. The experimental melting
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point!!? of carbazole is inaccurate’'and the limiting liquidus

‘slope: of 4-nitrophenol is not .correct. -Data in the range
0.35<xg<1 were optimized, and the equation

G (I)—xAxB(618+ 1398xp) Jmol" ‘ (255)

was used to.calculate the phase dlagram F1g 140 The cal-
culated eutectic is 109.4 °C, x5=0.932, and' the carbazole
transition appears :at-xg=0.824- on the‘calculated ‘liquidus.
The probable maximum inaccutacy in the calculated diagram
is *3°,

DMA (A)+4-NP (B)

Liquidus data' were obtained. by the visual-polythermal..

method®” and the reported eutectics are E;=-36.0 °C,
xg=0.13 and E,=15.0°C, x5=0.58. The 1:1 compound
melts congruently at 21.5°C. The data were optimized to
give

GE()=xxp(—11 711—17 916x+ 13 660x3) J mol ™!

‘ (256)

for the liquid and
A G0=14 438—48.9089T Jmol™!, (257)
“AG=—18752+43.1477T Tmol™!  (258)

for the compound (AB)/2. The calculated phase diagram,

Fig. 141, shows eutectics E;=—32.2 °C; xg=0.108 and

E,=18.2°C, x3=0.585. The compound melts at 22.0 °C.
The probable maximum inaccuracy in the calculated diagram
is +2°,
BENZ (A)+4-NP.(B)

Liquidus data were obtained by the. visual- polythermal
method"'® and the reported eutectics are E,;=94.5°C,
x=0.33 and E,=85.5°C, x5=0.74. The 1:1 compound

J. Phys. Chem. Ref. Data; Vol. 26, No. 2, 1997

melts congruently ‘at 99.5 °C: The ‘experimental'’® melting
point of benzamidei§ 4°-‘too:low, so :data ‘in*the range
0.2<xp<1 were optimized to give

GE(l):xxxg("—sm—1"676x]?;) Tmol™! " (259)

for the 11qu1d and ,
Aﬁ,SGO—17 11 46.0028T Jmor (260)
AfG 18 188 40.2416T Jmor (261)

for the compound (AB)/2. The calculated phase diagram,
Fig. 142, shows calculated eutectics E;=93.7 °C, x5=0.349
and E,=85.1°C, x5=0.732. The compound melts at
98.8 °C. The probable max1mum maccuracy in the calculated
diagram is *1°. E
HB (A)+4-NP (B) , :

.Data were obtained by- thermal ana1y51s and the reported
eutectic is 65.8 °C, xp=0.48.- The experimental melting
point'® of 3-hydroxybenzaldehyde is 3°:too low and in pre-
liminary calculations it was found that if the experimental

. eutectic temperature were. adopted' as correct; the calculated

liquidus would lie everywhere above the experimental data.
Data in the range 0.25<xp<1 were optimized to give

GE()= —1536x x5 Jmol ™', (262)

~ and the calculated phase diagram, Fig. 143, shows a eutectic

64.2 °C, x5=0.497. The probable maximum inaccuracy in
the calculated diagram is =2°. = °
ACP (A)+4-NP«(B)- -

Data were obtained by thermal analysis'!® and the reported

eutectic is —4.0 °C, x5=0.35. In preliminary calculations, it

was found: that:the data in the range 0.3<xp<<0.45 were in-



PHASE DIAGRAMS AND THERMODYNAMIC PROPERTIES OF NITROAROMATIC COMPOUNDS 441

130 P T | AAAARARARY i ARAARARALS A3 RARAAAS] EAASR AL
113.80 --->
110 F
g0 [ eRef. 95 3
]
70 - i
3] [ p
o [ ]
SO a
¢ t ]
2 [ ]
c [ ]
g 30 22.00
o 18.20
2 0.585
- 10 F 3
o 11 ]
<~ -22.50
s P4 -32.20 ]
0.108
50 VPR PP ] elaes NTPPUTIIN VO OO ROV
0.0 0.10 ©0.20 0.30 0.40 0:5 0.60 0.70 0.80 0.90 1.0
DmA 4-NP

Mole fraction of 4-NP

FiG. 141. The system DMA (A)+4-NP (B)

consistent with the remaining data and so these four data
were omitted from the optimization, which yielded the ex-
pression

GE(l)=x sxp(—3158— 8586x 5 +7733x2) Tmol™ 1.
(263)

The calculated phase diagram, Fig. 144, shows a eutectic of
—4.0 °C, xg=0.313. The probable maximum inaccuracy in
the calculated diagram is *2°.

135

CAM (A)+4-NP (B)

Data were obtained by thermal analysis®®; no eutectic data
were reported. In preliminary calculations, it was found that
data in the range 0.3<xp<C0.5 did not fit well with the re-
maining liquidus data and so these were omitted in the opti-
mization. The phase diagram, Fig. 145, was calculated with
the use of the quantity

GE()=xpxp(—8369+2500x5) Jmol™!, (264)
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and the calculated eutectic is 5.4 °C, x5=0.357. The true
eutectic temperature of this system remains uncertain. The

probable maximum inaccuracy in the calculated diagram is
*10°.

2.5.16. Systems Based on 2-Nitroaniline
4-HBP (A)+2-NA (B)
Data were obtained by thermal analysis’ and the reported

eutectic is 64.6 °C, x5=0.75. All liquidus data were included
in the optimization, which yielded the expression

GE(1)=x px5(3950— 9425x5+7430x2) Tmol™'.  (265)

The phase diagram caiculated with the use of Eq. (265) is
shown in Fig. 146 and the calculated eutectic is 64.6 °C,
xp=0.858. The probable maximum inaccuracy in the calcu-
lated diagram is *=2°,
ABA (A)+2-NA (B)

Data were obtained by the thaw—melt method,”® using the
““fused preparation’’ of sample mixtures (judged by the au-
thors themselves to give the most reliable results). No eutec-
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tic was reported, but from the tabulated data>® the eutectic is

- close to 69.5°C, xp=095. The experimental phase

diagram®® shows a large amount of solid solubility based on
4-aminobenzoic acid, but preliminary calculations showed
- that the reported solidus data must be artefactual; no solid
solubility is necessary to reproduce the experimental liqui-
dus. The liquidus data were optimized and the result

GE()=1x,xp(3440— 30192+ 3150x2) Jmol™!  (266)

was used to calculate the phase diagram, Fig. 147. The cal-
culated eutectic is 69.4 °C, x5=0.954. The probable maxi-
mum inaccuracy in the calculated diagram is *=2°.

2.5.17. Systems Based on 3-Nitroaniline
HQ (A)+3-NA (B)
- Data were obtained by thermal analysis’ and the reported
eutectic is 100.1 °C, xg=0.70. There is some small scatter in
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the liquidus data ‘but all were mcluded in the opnrmzatlon 0
give

GE(l)=x pxp(2145—9463x5+9200x%) Jmol™!  (267)
on which the calculated phase diagram, Fig. 148, was based.

The - eutectic shown. is.:100.1 °C, .x5=0.716. The . probable
maximum inaccuracy in the calculated diagram :is *=2°..

. 4B0.... prererrrey

'4-HBP (A)+3-NA (B)

.- Data were ‘obtained by thermal ana]y51s and the. reported
eutectic is- 97 0°C, x5=0.70.. The LHS: hqmdus dlsplays
st.rong posmve deviations- from' ldcahty, whllc the: ‘RHS arm
shows negative dev1at10ns The hquxdus data were opurmzed
to give the expression

GE(1)=x pxp(2611~ 62615+ 5450¢3) Fmol™! (268
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on which the calculated phase diagram, Fig. 149, is based.
The calculated eutectic is 97.0 °C, xg=0.683. The probable
‘maximum inaccuracy in the calculated diagram is *+2°.

2.5.18. Systems Based on 4-Nitroaniline

HQ (A)+4-NA (B)
.Data were obtained by thermal analysis> and the reported
eutectic is 120.5 °C, x3=0.60. The LHS liquidus data may

175 prerrrrereres

be high due to a high experimental melting point of
hydroquinone.>® The data were optimized to give the expres-
sion

GE(l)=x ,xp(325+605x5) Jmol™!, (269)
and the calculated phase diagram, Fig. 150, shows a eutectic

121.0 °C, x5=0.638. The probable maximum inaccuracy in
the calculated diagram is *2°,
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2-HBP (A)+4-NA (B)

Data were obtained by thermal z:malysis72 and the reported
eutectics are E;=49.0°C, x3=0.18 and E,=49.0°C,
xp=0.60; a congruently melting 1:1 compound is claimed
(53.0 °C). The shape of the RHS liquidus does not at all
suggest the presence of such a compound. The observed
data’? can equally well be accounted for by a simple eutectic
system based on the quantity

GE()=x,xp(504+ 1606xg) Jmol™'.  (270)

The calculated phase diagram, Fig. 151, displays a eutectic
of 50.0 °C, x5=0.125. The probable maximum inaccuracy in
the calculated diagram is *+3°.

4-HBP (A)+4-NA (B)

The data were obtained by thermal analysis’> and the re-
ported eutectic is 117.5 °C, xg=0.62. All the liquidus data
were optimized to deduce the equation

GE(1)= x ,xp(3300— 5752x+4547x%) Jmol™'  (271)

upon which the calculated phase diagram, Fig. 152, is based.
The calculated eutectic is 117.5 °C, x5 =0.589. The probable
maximum inaccuracy in the calculated diagram is *1°.

2.5,19. System Based on 3-Nitrobenzoic Acid

PH (A)+NBA (B) .

Data were obtained by the thaw—melt method>® and the
reported eutectics are E;=94.5°C, xp=0.085> and
E,=125.0 °C, x5=0.80. The 1:2 compound melts congru-
ently at 129.5 °C. The heat of fusion of the compound® is
21250 J mol™!, All the liquidus data were optimized, and
the eutectic temperatures were given preponderant weighting
in the optimization to give

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

GE()=x,x5(5176—4244x5) Jmol™!,  (272)

The calculated phase diagram, Fig. 153, was based on Eg.
(272) and the properties

AgG¥=10590—-26.27087 Jmol™*,  (273)
AG%=—10069+20.98067 Tmol™!  (274)

for the compound (AB,)/3. The calculated eutectics are
E=939°C, x5=0.106 and E,=1249 °C, x5=0.788. The
1:2 compound melts at 129.9 °C. The probable maximum
inaccuracy in the calculated diagram is +1°.

2.5.20. Systems Based on 2,4-Dinitrophenol

NA (A)+DNP (B)

Data were obtained by thermal analysis®''> and the re-
ported eutectics’® are E;=72.0°C, x3=0.15 and
E,=88.0 °C, x5=0.64. No eutectic arrests were recorded in
the two studies. The 1:1 compound melts congruently®® at
91.5 °C. The two sets of liquidus data agree within 1°, al-
though the RHS liquidus is low, due to the low experimental
melting point of 2,4-dinitrophenol.”®!'> Optimization of li-
quidus data yielded the expression

GE(1)= —3536x,x5 Jmol™! (275)

and the propertios of the compound (AB)/2 are
A GO=125739-70.4045T Jmol™!,  (276)
AGY=—26 623+ 64 6433T Tmol™'.  (277)

The phase diagram, calculated with the use of Eqgs. (275) and
(277), is shown in Fig. 154. The calculated eutectics are
E,=71.0°C, x,—0.140 and E,—88.7°C, x3=0.664; the
compound melts at 92.4 °C. The probable maximum inaccu-
racy in the calculated diagram is *£1°.
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FLN (A)+DNP (B)

Data were obtained by thermal analysis®® and the reported
* eutectic is 74.0 °C, xp=0.45. No eutectic arrests were re-
 corded. Upon optimization of data in the range 0<xp<<0.7,
~ the expression

GE()=xxp(— 1468+454x5) Jmol™!  (278)

‘was obtained. The calculated phase diagram, Fig. 155, shows
.-a eutectic of 73.7 °C, xg=0.458. The probable maximum
- inaccuracy in the calculated diagram is *1°.

ANTH (A)+DNP (B) .

Data were obtained by thermal analysis'® and the reported
eutectic is 101.0 °C, xg=0.84. The experimental melting
points'® of both end components are low and the observed
eutectic temperature is probably 3°~4° low in consequence.
Liquidus data in the range 0.3<<x5<<0.85 were optimized to
give

GE(1)=x,xp(—2457+1063xp) Jmol™'. (279)
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The phase diagram, Fig. 156, shows a eutectic of 104.7 °C,
xp=0.824. The probable maximum inaccuracy in the calcu-
lated diagram is *2°.

PH (A)+DNP (B)

Liquidus data were obtained by thermal analysis'?! and the
reported eutectics are E;=120.0°C, x5=0264 and
E,=101.0 °C, x5=0.844. The 1:1 compound melts congru-
ently at 146.3 °C. The eutectic temperatures were given pre-
ponderant weight in the optimization, which gave the quan-
tity

GE()= x sxp(— 5600— 620x5) J mol™!

and for the compound (AB)/2

AgsG®=13 077—31.1772T Jmol~!,
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The calculated phase diagram, Fig. 157, shows calculated
_eutectics E;=120.0°C, x3=0.250 and E,=101.0°C,
xg=0.815. The compound melts at 146.3 °C. The probable
‘maximum inaccuracy in the calculated diagram is *1°.

PY (A) + DNP (B)

~ Data were obtained by the thaw-melt method® and the
reported eutectics are E;=120.0°C, x3=0.264 and
E,=101.0 °C, xg=0.844. The 1:1 compound melts congru-

120 o T I DR A | RN

ently at 146.3 °C. The principal features of the system were
reproduced with the use of

GE(1)=x,x5(—5600—620 x5) Jmol™! (283)
for the liquid and
ApGY=13 077—31.1772T Tmol™'  (284)

A;G%=—14 555+25.4144T JTmol™! (285)
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for the compound (AB)/2. The calculated phase diagram ap-
pears in Fig. 158, with calculated eutectics E;=120 °C,
xg=0.250 and E,=101.0°C, x3=0.815. The compound
melts at 146.3 °C. The probable maximum inaccuracy in the
calculated diagram is *£1°.

FTHN (A)+DNP (B)

Data were obtained by the thaw—melt method*® and the
reported eutectics are E;=75.0°C, xp=0312 and
E,=85.0 °C, x3=0.612. The 1:1 compound melts congru-

ently at 92.0 °C. In the optimization, the entectic and com-
pound melting temperatures were given preponderant
weight, with the result

GE(1)=x pxg(— 5000+ 1500x5) Jmol™!  (286)

for the liquid and for the compound (AB)/2
Ay G¥="7836—21.4610T Jmol™’, (287)
A{G®= ~8899+15.6982T Jmol™'.  (288)
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The calculated phase diagram, Fig. 159, shows calculated
eutectics E;=75.0°C, x5=0.318 and E,=85.0°C,
x=0.622; the compound melts at 92.0 °C. The probable
maximum inaccuracy in the calculated diagram is *+1°.

1-AN (A)+DNP (B) ,

Data were obtained by thermal analysis!® and the reported
eutectics are E;=42.0°C, x5=005 and E,=90.0°C,
x5=0.70. The 1:1 compound melts congruently at 104.5 °C.
The experimental E, temperature is erroneous because the
melting point and limiting liquidus slope for one-
aminonaphthalene are both in error; the same is true also for
2,4-dinil:r0phenol.102 In such a case, the observed compound
liquidus and melting point data were given greater weight
than the eutectic temperatures. For the liquid,

GE(l)= —4439x x5 Jmol ™', (289)

and for the compound (AB)/2,
AgyGO=17 999—47.6546T Jmol™!,  (290)
AG®=—19109+41.8934T Jmol™!.  (291)

The calculated phase diagram, Fig. 160, shows calculated
eutectics E;=45.6°C, x3=0.061 and E,=93.2°C,
x3=0.720; the compound melts at 104.5 °C. The probable
maximum inaccuracy in the calculated diagram is £2°.

2-AN (A)+DNP (B)

Data were obtained by thermal analysis!®* and the reported
eutectics are E;=72.0°C, xz=044 and E,=72.0°C,
xp=0.54. The 1:1 compound melts at 72.3 °C. The experi-
mental melting points of both end components'® are low,
and there are not enough compound liquidus data for a
proper optimization. First, the LHS and RHS liguidus data in
the interval 0.3<x5<<0.8 were fitted by trial and error to give

GE(1)= —5000x ,x5 J mol™}, (292)

and then the properties for the compound (AB)/2
AgsG°=17 310—50.0000T Jmol™!,  (293)
AG=—18560+44.2372T Jmol™!  (294)

were chosen to reproduce, as closely as possible, the experi-
mental eutectics. The calculated phase diagram, Fig. 161,
shows eutectics E;=71.9 °C, x5=0.427 and E,=72.3 °C,
xg=0.558; the compound melts at 73.1 °C. The calculated
phase diagram and the assigned thermodynamic properties,
Egs. (292)-(294), carry significant uncertainty. The probable
maximum inaccuracy in the calculated diagram is *4°.
CAR (A)+DNP (B)

Data were obtained by thermal analysis'!” and the reported
eutectic is 98.6 °C, xp=0.82. This temperature is almost cer-
tainly in error, since the experimental melting point of 2,4-
dinitrophenol is 5° too low. Liquidus data in the interval
0.4<xp<0.9 were optimized to give

GE()=xxp(—2997—602xg) Jmol™'  (295)

and the calculated phase diagram, Fig. 162, shows a calcu-
lated eutectic 101.8 °C, xg=0.808. The carbazole transition
appears on the calculated liquidus at x5=0.652. The prob-
able maximum inaccuracy in the calculated diagram is *=3°.

HB (A)+DNP (B)

Data were obtained by thermal analysis'® and the reported
eutectics are E;=78.0°C, x5=0.33 and E,=78.5°C,
x5=0.53. The central part of the liquidus appears almost flat
and the authors'™ speculated that there might be a 1:1 com-
pound melting congruently at a temperature close to the eu-
tectic temperatures. Most of the LHS and RHS liquidus data

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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are too Jow. In preliminary calculations, it was found that a
congruent melting point for the compound was more consis-
tent with the data than a peritectic. There were too few data
on which to perform an optimization, so the quantities

7

for the compound (AB)/2 were assigned in order to repro-
duce as many experimental features of the system as pos-
- sible. The calculated phase diagram, Fig. 163, shows eutec-
tics £,=78.1 °C, x3=0.362 and E,=80.3 °C, x5 =0.551; the

GE(Q1)= —2000x AxB\ Jmol™! (296) compound melts at 80.7 °C. The calculated phase diagran
for the liquid and ‘ and Egs. (296)—.(298)_ carry 131gmﬁcant uncerta}nty. Thﬁe prob
o ) able maximum inaccuracy in the calculated diagram is *4°
_AfusG =21 500—60.76287 J mol ", (297) ACP (A)+DNP-(B)
A4G%= —22 000+ 55.00007 Ymol™!  (298) Data were obtained by thermal analysis''® and the reportex
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utectic is 12.0 °C, xg=0.15. Data in the range 0<x3<0.6 Data were obtained by thermal analysis® and the reported
vere optimized and the result . eutectic is 67.0 °C, x3=0.35. Data in the range 0<xg<<0.7
: were optimized to give
GE(l)= —2732x sxp J mol™? (299) P

E(j)— _ ~1
-was used to calculate the phase diagram, Fig. 164. The cal- GH(D)=xpxp(~1163+1778x5) Jmol™".  (300)

culated eutectic is 10.6 °C, x5=0.148. The probable maxi-

. : : ’ The calculated phase diagram, Fig. 165, shows a eutectic
mum inaccuracy in the calculated diagram is =2°.

67.0 °C, x3=0.345. The probable maximum inaccuracy in
CAM (A)+DNP (B) the calculated diagram is +2°.
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BZP (A)+DNP (B) ,

Data were obtained by thermal analysis''® and the reported
eutectic is 35.0 °C, xp=0.20. Data in the range 0<x5<0.6
were optimized, giving the quantity

GE()=x pxp(—634—2209x5) Tmol™!. (301)

The calculated phase diagram is shown in Fig. 166, and the
calculated eutectic is 37.0 °C, xg=0.222. The probable
maximum inaccuracy in the calculated diagram is *2°.

2.5.21. Systems Based on Picric Acid
BZ (A)+PA (B)

Liquidus data were obtained by thermal analysis'?? and the
reported eutectic is 4.2 °C, x=0.013. The 1:1 compound
melts incongruently at' 84.3 °C {(no peritectic composition
was stated). No eutectic or peritectic arrests were recorded.
In preliminary calculations it was found that the liquidus data
could be reproduced equally well with or without the pres-
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ence of a compound. All liquidus data were used in the op-
timization, with the result

GE(1)=x oxp(4456— 5184x5+2520x3) Jmol™".
(302)

The calculated eutectic is 4.6 °C, x3=0.015 (Fig. 167). The
probable maximum inaccuracy in the calculated diagram is
+1°,

NA (A)+PA (B)

Data were obtained by thermal analysis''>'**!%4 and the
thaw—melt method.'>*?% Data in two sources’>*? are iden-
tical. A eutectic summary is given in Table 14. Among all
the reported liquidus data, there is disagreement to a maxi-
mum of 12°, although the two earliest reports!'>!?* are quite
concordant (=2°). All the liquidus data were used in the
optimization and were weighted equally. For the liquid, the
result is

TABLE 14. Reported invariant data for the system NA (A)+PA (B)

°C Xp Ref.
E, 78.0 0.05 13
78.0 0.04 123
78.5 0.05 124
73.5 0.06 32,33
E, 111.0 70
111.0 0.92 13, 123
114.0 0:90 124
107.5 0.79 32,33
1:1 150.5 70
150.2 13
149.5 115
147.0 123
155.0 33

GE(1)=—4060xp J mol ™!

(303)
and for the compound (AB)/2;
AqG°=20183—47.3982T Jmol™!,  (304)
AGO=—21198+41.6370T Jmol™'.  (305) .

The phase diagram, Fig. 168, was calculated with the use of
Egs. (303) and (305). There is an apparent flattening of the
liquidus at and near the compound melting point, according
to the experimental data; this observation could also be ac-
counted for by a solid transition a few degrees below the
melting point that masks the higher thermal event. Other
calculated data are E;=779°C, xp=0.041 and
E,=112.2°C, xg=0.877; the compound melts at 152.7 °C.
The probable maximum inaccuracy in the calculated diagram
is *5°.

ANTH (A)+PA (B)

Data were obtained by the thaw—melt method.'*?>33 The
liquidus data of these authors are in gross disagreement on
the LHS of the phase diagram, but in good agreement on the
RHS (1°-2°). The data in two reports®>>? are identical. The
limiting liquidus slope for anthracene!® is steeper than ther-
modynamic expectation. The reported eutectic data are, for
E, (Ref. 33)=130.0 °C, x3=0.38; E,=110.0 °C, x5=0.88 or
109.5 °C, xg=0.90 (Refs. 13 and 33, respectively). The 1:1
compound was claimed to melt incongruently'>"® at 143.0 or
141.0°C (peritectic composition xg=0.56) respectively,
whereas other investigators®>'%? report congruent melting at
140.0 or 152.7 °C. The unindexed x-ray diffraction spectrum
of the compound was reported,'® together with its heat of
fusion (24900 Jmol™!). It also reportedly has a solid

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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TABLE 15. Reported invariant data for the system PH (A)+PA (B)

TABLE 16. Reported invariant data for the system FLN (A)+PA (B)

°C - Xp Ref. °C Xp Ref.

E, 86.0 0.15 70 E, 80.5 0.37 99
82.5 0.17 126 71.0 0.39 70

E, 108.0 0.82 70 E, 80.0 0.58 99
103.0 0.1y 126 79.0 0.53 70

1:1 146.0 70 1:1 84.0 99
145.0 126 79.5 70

given in Table 15. Since no eutectic arrests were recorded,
the reported eutectic temperatures are extrapolated data and
‘there is evident disagreement in this respect.”*'*® The ob-
served compound liquidus data are not thermodynamically
consistent with the reported eutectic temperatures. In the op-
timizartion, all liquidus data were weighted equally, with the
result

GE(l)=—1175x ,xp J mol™! (309)

for the liquid and
AgG¥=5920—14.1569T Jmol ™', (310)
AG%=—6214+8.3941T Jmol™! (311)

for the compound (AB)/2. Both the calculated heat and en-
tropy of fusion of the compound are very low compared with
the same quantities of the component compounds. The cal-
culated phase diagram is shown in Fig. 170 and calculated
data are E;=85.1°C, xp=0.188 and E,=103.1°C,
xg=0.764; the compound melts at 145.0 °C. The probable
maximum inaccuracy in the calculated diagram is +4°.

FLN (A)+PA (B)

Liquidus data were obtained by the microthermal

method’® and thermal analysis® and a summary of reported

invariant data is given in Table 16. The liquidus data are in
good agreement (=~1°) except in the central region, where
Kofler’s data’® were omitted from the optimization. Some
liquidus data on the LHS are clearly faulty, but all were used
in the vptimization for the liquid,

GE(1)=x yxp(— 3488+ 1644x5) Jmol™!, (312)
and for the compound (AB)/2,
AnG'=8108—22.6576T Jmol™!,  (313)

AGO=—8774+16.8964T Jmol™'. (314)

The calculated phase diagram; Fig. 171, shows calculated
eutectics E;=77.8°C, x5=0369 and E,=823°C,
xp=0.580; the compound melts at 84.7 °C. The probable
maximum inaccuracy in the calculated diagram is *+2°.

DPM (A)+PA (B)

Data were obtained by thermal analysis'?® and the reported
eutectic is 22.5 °C, xg=0.05. There is a tendency for the
liquidus to flatten in the central region, presumably due to
incipient liquid immiscibility. The calculation of the phase
diagram was determined by the picric acid liquidus since it
covers 95% of the composition range:

155 preerre T T | T A T T 1 ]
3 145.00

145 F ,x”ﬁ 3
] ®Ref. 70

135 | XRef . 126 .

125 ]
s 122.50 ——~> i
4]

[
2 115
[
[
[
g
] 105 103.1° :
0.764 ]
a5 _
11
85,10 1
85 3
75 PV PUPIVIN ISUTUTIIN FIPIVITIIN IO FOUTTRRI PR
0.40 0.50 0.60 0,70 0.80 0.90 1.0

Mgle fraction Of PA PA

Fig. 170. The system PH (A)+PA (B)

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



458

Temperature ©

435
130
125
120
115
t10
105
100
a5
90
BS
80
75

70

N

R L LA AR e S TR A SR

1‘ <--= 114 80
\

JAMES SANGSTER

L A At T T R R P ST

122.50 --->

eRef. 99

XRef. 70

pU |

0.389 11

) 1 1 1 ) ]

0.0

Q.10
FLN

0.20

0.30 ©.40 0.3 0.60 0,70 0.8 0.90 1.0
Mole fraction of PA PA

FiG. 171. The system FLN (A)+PA (B)

GE(1)=xpxp5(2621~2311x5~2144x3) Jmol ™.
(315)
The calculated phase diagram, Fig. 172, shows a calculated
eutectic of 23.2 °C, x5=0.054. The probable maximum inac-
curacy in the calculated diagram is £2°

xp=0.93. The RHS liquidus is low and hence the reported E.
temperature is probably low also. The 1:1 compound el
congruently at 183.0 °C. Data in the range 0.35<xg<{1 wer
optimized to give

CAR (A)+PA (B)

Data were obtained by thermal analysis'! and the reported
eutectics are E;=181.5°C, xg=041 and £,=113.0°C,

Temperature °0C

130

120

110

100

GE(l)= —7262x pxy, Jmol ™! (316
for the liquid and
ApsG0=23 071—50.6349T7 Jmol™!, (317

T

w L] ) L8 w w L

1 s | | FPPTIIRTTY TIPS ORI |
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FiG. 172. The system DPM (A)+PA (B)
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FiG. 173. The system CAR (A)+PA (B)

AG°=—24 886+44.8737T Tmol~!  (318)

for the compound (AB)/2. The calculated phase diagram,
Fig. 173, shows eutectics E;=180.6 °C, xg=0.420 and
E,=116.1 °C, x5=0.924; the compound melts at 182.4 °C.
The probable maximum inaccuracy in the calculated diagram
is ®2°.

P (A)+PA (B)

Data were obtained by thermal analysis'®'?” and the
thaw—melt method.'> The liquid data of the three studies
agree within 2°, and a summary of invariant points is given
in Table 17. The agreement in the observed eutectic tempera-
tures is very close, if not unanimous; however, in prelimi-
nary calculations it was found that the invariant temperatures
were not precisely consistent with all the liquidus data. In the
optimization, therefore, the invariant temperatures were—as
far as possible—given more weight than liquidus data. For
the liguid.

GE(1)=x,x5(3000—5500xp) Jmol™!,  (319)
and for the compound (AB)/2,
Ay G0=6405—17.8844T J mol ™, (320)

TaBLE 17. Reported invariant data for the system P (A)+PA (B)

°C Xg Ref.

E, 36.0 0.07 123
36.0 0.06 13

E, 80.0 059 - 123
80.5 0.59 13

1:1 85.0 123

80.5 13

AGO=—6344+12.1233T Tmol™.  (321)

The calculated heat and entropy of fusion of the compound,
Eq. (320), seem rather low; an alternative set of fusion prop-
erties more comparable to those of the components is pos-
sible, with a slightly poorer fit to the data.’*12127 Other
calculated data of the phase diagram, Fig. 174, are
E=37.1°C, x5=0.066 and E,=80.0°C, xg=0.613; the
compound melts at 85.0 °C. The probable maximum inaccu-
racy in the calculated diagram is *£2°.

2-N (A)+PA (B)

Data were obtained by thermal analysis'?? and the thaw—
melt method.!”® The agreement in the liquidus data in these
two reports is good (~1°). Only Kuriloff'?? reported eutectic
data: £4=116.0 °C, x5=0.06 and E,=111.0 °C, x3=0.91.
The 1:1 compound melts at'?? 157.0 °C or'® 155.0 °C. I
preliminary calculations it was found that the liquidus poir
of Kuriloff'?? at x5=0.124 is quite false and is entirely out ¢
line with the rest of the data defining the compound liquidu:

As a consequence, the observed E, temperature'? is mis
taken. Optimization of all liquidus data yielded
GE()=—131327x x5 JTmol™! (322)
for the liquid and
A GO=61542—-143.1381T Jmol™!,  (323)
AG®=—69373+137.3769T Tmol™!  (324)

for the compound (AB)/2. The calculated heat and entropy of
the compound, Eq. (323), are much larger than the corre-
sponding data for the two components; the fit to the experi-
mental data'?2!% is, however, very good. Similarly the cal-
culated excess Gibbs energy of the liquid, Eq. (322) is very

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



460

Temperature °OC

140

130

120

110

100

S0

80

70

60

50

40

30

20

JAMES SANGSTER

e Ref. 123

ORef. 127

XRef. 13

ey
0.613 1
i1 1
| | caad 1 | | Lok | I
0.10 0.20 0.30 U.40 Q.50 Q.60 G.70 0.80 0.90
p Mole fraction of PA PA

FiG. 174. The system P (A)+PA (B)

negative, compared to other systems analyzed in the present
work. These findings are necessary consequences of the high
eutectic and compound melting temperatures. Other calcu-
lated data of the phase diagram, Fig. 175, are E,=110.1 °C,
x3=0.099 and E,=109.4°C, x5=0.904; the compound
melts at 156.8 °C. The probable maximum inaccuracy in the
calculated diagram is ®1°.

DMA (A)+PA (B)

Liquidus data were obtained by the visual-polythermal
method” and the reported eutectics are E;=-29.0°C,

- xp=0.07 and E,=57.0°C, x5=0.57. The 1:1 compound

melts at 60.0 °C. All the liquidus data were used in the op-
timization to yield
GE(l)=x pxp(—4300+3600x5) Jmol™! (325)

for the liquid and for the compound (AB)/2
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FIG. 175. The system 2-N (A)+PA (B)
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A G®=7133—-21.4113T Jmol™},
AGO= —8659+15.6501T Jmol™!.

(326)
(327)

The experimental RHS liquidus is evidently too high. The
calculated phase diagram is shown in Fig. 176 and the cal-
culated eutectics are E;=-29.0°C, xp=0.071 and
E,=57.0 °C, x3=0.572; the compound melts at 60.0 °C. The
probable maximum inaccuracy in the calculated diagram is
*5°.

BENZ (A)+PA (B)

Liquidus data were obtained by the visual-polythermal
method'!® and the reported eutectics are E;=103.0 °C,
x3=0.29 and E,=103.0 °C, x5=0.73; the 1:1 compound
melts congruently at 110.5 °C. Data in the range 0.2<xg<1
were optimized to give

GE(l)=x,x5(—843+1573x5) Jmol™!  (328)

for the liquid and
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Fic. 177. The system BENZ (A)+PA (B)
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TABLE 18: Reported invariant data for the system HB (A)+PA (B)

°C T Xg Ref.

E; 889 .. . 0325 105
90.0 . 016 .13

88-89 C .. 016 104

E, 90.0 0.54 , 105
90.0 0.58 13

88-89 -0.59 104

11 905 .. .o o 105

AgG®=19961—52.0974T Jmol™!,  (329)
AG®=~19976+46.3363T Jmol™'  (330)

for the compound (AB)/2. The calculated phase diagram,
Fig. 177, shows eutectics E;=103.7°C, x3=0.292 and
E,=103.6 °C, x5=0.729; the compound melts at 110.0 °C.
The probable max1mum maccuracy in the calculated dlagram
is £1°.

HB (A)+PA (B)

Data were obtained by the thaw—melt method'>'% and -

thermal analysis.'™ A summary of invariant data is given in
Table 18. The apparently horizontal and parallel central li-
quidus and solidus puzzled early investigatorslz“l(_)f; such a
construction is not thermodynamically permissible. ‘The pres-
ence. of a congruently melting -1:1. compound = was
suspected'**
quidus data are faulty because the:reported melting. pomts of
3-hydroxybenzaldehyde are low. Few reliable data remained
for optimization; the calculated properties, Egs.. (331)—(333)
were assigned: to - give the ‘best fit to the RHS liquidus
data'1%105 44d he reposted welting point of e compound.

Thus
125 .
120
115
210

105

100

Temperature 9C

a5

90 f

and later reported.'® The experimental LHS 1i- -

.JAMES SANGSTER

(1) 1000x ox5 - Jmol !

(331)

for the liquid and. . -
ApG0=27 13874, 76287 Tmol™),  (332)
AfGO=-26938+69.0000T Tmol™'  (33)

for the compound (AB)/Z.- In tﬁe vc’alcﬁlated. phase diagram;

~ Fig.“178, the eutectics are shown as £;=88.1 °C, x5=0.318

and E,=90.2 °C, x5=0.569; the compound melts at 90.5 °C.
Considerable uncertainty remains concerning the calculated
thermodynamic properties. The probabIe maximum inaccu-
racy in'the calculated diagram is +4° Lo
ACP (A)+PA B) - S
Data were obtained by thermal analy51s ® and the reported
invariant data are P=50.0 °C, x5z=0.42 (1:1 compound) and
no eutectic data were gzven All hqmdus data were optimized -

'tOgIVC IR .
' GE(l)—-— 2802xAxB Jmol 1 (334)
for the hqu1d and . S
D ARGO=17 304—53.1737T Jmol™!,  (335)
A{GO=—18 004+47.4125T Tmol™?  (336)-

for the compound’ (AB)/2: The: calculated phase diagram,
Fig. 179, shows calculated invariant _points P=50.1°C,
x3=0.412 and E=16. 1°C, x5=0.081. The probable max1—
mum inaccuracy in the- calculated dlagram i$ +2° ,

CA (A)+PA ®B) ‘

Data were. obtamed by Lhe thaw—melt method60 and ‘the
reported eutectlcs By 1= 107 0 °C, xB-—O 42 and
Ez -104.0 °C, xp=0. 66 the 11 cornpound melts congruﬂ
ently at 109.0 °C. Its heat of fusmnﬁo is 28560 J mol_ Pre-

os |
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HB ’ . S Mulesfractiun uf PA : PA
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“FiG, 178. The system HB' (A)+PA (B)
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liminary calculations showed that both the LHS and RHS
liquidus data are too high; taken at face value, they would
imply solid solubility to an extent not at all consistent with
“the remainder of the phase diagram.%’ The calculations were
therefore based on the reported eutectic temperatures and the
compound melting point. For the liquid

AsGO=28 560—74.7350T Tmol™!,  (338)

which, in the calculated phase diagram, Fig. 181, reproduces
the slight inflection in the RHS liquidus; the calculated eu-
tectic is 71.0 °C, x5=0.302.

Probable maximum inaccuracy in calcualted diagram: *=1°

GE()=x pxp(—350+1000x5) Jmol™!  (337)
and for-the compound (AB)/2 BZP(A)+PA(B).
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