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The phase diagram data of 60 binary systems of drugs were evaluated with the aid of
a computer-coupled phase diagram/thermodynamic analysis. Data for this analysis were

obtained by an exhaustive literature seafthO
analysis are the excess Gibbs energy of liquid

references Among the results of this
and solid solution phases, and the thermo-

dynamic properties of intermediate compounds. For each system a phase diagram was
calculated; such calculated diagrams are thermodynamically consistent and are offered as
the best constructions which can be deduced from available datdl999 American
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THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS OF DRUGS 891

aCid(B). .o 927 consistent with thermodynamic constraints arising from the
58. The system succinimidé)-+urea(B).......... 927 condition of equilibrium. In the present work, a computer-

59. The system chlormadinone aceté&e+ethinyl coupled phase diagram/thermodynamic analysis was used to
estradiol(B). . . ... 928 calculate a phase diagram for each of 60 systems examined.
60. The system estradiol benzo#&#e +estradiol This type of analysis uses available phase diagram and ther-
phenylpropionatéB). . ...................... 928 modynamic constraints and effects a correct thermodynamic
smoothing of experimental data. Other results of this analysis

1. Introduction include the deduction of excess Gibbs energies of solution

phases and thermodynamic properties of intermediate com-
The biological activity of medicinal chemicals is a proper PUnds. The procedure has been applied with equal success

H 17
concern of health professionals and the pharmaceutical irf® _sy?sems olf molten sallfjg,organlc compounds;*’ metal
dustry. This includes interactions between different sub2Xides™ and liquid crystals.
stances simultaneously present in vivo. Many drugs are
manufactured in solid tablet form, in which case crystal g Computer-Coupled Phase Diagram/
structure can influence tableting abifityd dissolution behavidr. ' . .

Since many drugs can persist in one or more metastable solid modifications ThermOdynamIC AnalySIS

(polymorphisni), the properties of these metastable forms also are impor-

tant for predicting stability in storage. When two compounds are combined The ZghﬁrmOdynamIC.bags of phase dlagrams IS We”
known:>“* The analysis used here has been described

may affect the final efficacy of the preparatibn. previously*®>!’the principal features are summarized in what
In the tableting operation, pressure is applied to the solid®!lows. The given data are those of the pure components
mass, whose temperature may rise to a variable degree. if tild the liquidus, solidus, eutectic and peritectic temperature

two compounds form a simple eutectic, the physical mixture2"€Sts. The computer program performs a simultaneous
of eutectic composition may have properties different from€ast-squares optimization of the thermodynamic and phase

those of a fused masSslf an intermediate compound is diagram data, resulting in expressions for the excess Gibbs
formed, its stability must be ascertain®@ihe complex, upon

energies of liquid and solid solution phases and thermody-
ingestion, may or may not decompose to give the origina'@mic properties of intermediate compounidsany). With
componentsand the complex itself may have pharmaceuti-thejse data, a phase diagram is calculated and the invariant
cal properties different from its component drdgi® The  Points of the system are deduced. The computer programs
formation of a solid solution between a difficultly soluble &€ available on-lirfé and also on microcomputer diskette
substance and another drug may ameliorate the dissolutid€tails available from the author
properties of the difficultly soluble compount*?

A number of methods have been used to ?nvestigate inter- 4. Solid Solutions of Limited Solubility
actions between drug molecules in the solid state. Among
them are: x-ray diffraction, absorption spectrophotometry
[ultraviolet (UV), infrared(IR)], thermogravimetric analysis,
refractive index and differential thermal analysis(DTA).
When applied to a binary drug system, DTA and differential
scanning calorimetryDSC) enable the phase diagram of the
system to be obtained, including the following properties:

in solid form it is prudent to be aware of interactions in the solid state which

As a general rule, systems of organic compounds do not

exhibit solid solubility, principally because the crystalline

structures of the components are usually incompatible. When

there is no solid solution, the limiting liquidus slope near a

pure componentsay A is given by>!’

(i)  melting points and enthalpy of fusion of pure sub- (dxa/dT)ig=AgusHA /R T (1)
stances, eutectics and intermediate compounds

(i)  determination of drug purity}

(i)  polymorphism,

(iv) thermal stability,

(v)  glass transitions, and

(vi)  solid solubility.

where Ty, is the melting point of component A ank H
is the enthalpy of fusion. The expression on the right hand
side(RHS) is simply the reciprocal of the well-known freez-
ing point depression constant and depends only on properties
of the solvent. A similar expression holds for the other com-
ponent. Equation1) is useful in preliminary analysis of
. . phase diagram data in suggesting the presence or absence of
2. Thermodynamic Analysis of Phase solid solubility or in the critical evaluation of experimental
Diagrams liquidus datal’ Equation(1) is a necessary thermodynamic
requirement for equilibrium phase diagrams, and all phase
Although a number of binary phase diagrams of pharmadiagrams shown in the present work adhere to this constraint.
ceutical substances have been measured and reported, bothn a few cases, solid solubility was included in the phase
the quantity and quality of the data are highly variable. Thediagram in order to reproduce the experimental liquidus. The
experimental methods used have different strengths ansblid solution was assumed to be Henrian, i.e., the activity of
weaknesses, and the reported phase diagrams are not alwalys solvent was assumed to be unity and the solute was rep-
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892 JAMES SANGSTER

resented by a temperature-independent  activityfeatures are reproduced in phase diagrams, but experimental
coefficient™®!” In actuality, of course, these are approxima-metastable ones are mentioned whenever they were reported.

tions, but suffice for the purposes at hand. It should be emphasized here that the effects of polymor-
phism in drug compounds are of great importance to phar-
5. Experimental Methods of Measurement maceutical chemists, for evident practical reasons. The

present analysis is limited to thermodynamically stable states
Various techniques were used to determine phase dié).ecause inclusion of metastable states would greatly enlarge
grams for the systems studied: the article and obscure the application of fundamental ther-

] . modynamic relationships.
(1) thermal analysigcooling curvey

(2) thaw-melt method,

(3) DTA, DSC, 7. Retrieval and Treatment of Data

(4) Kofler's contact(microthermal method,

(5) hot-stage microscope, and Apart from Chemical Abstracts, some compilatibifs?*

(6) light transmission. were useful in locating phase diagram data. Where the data

were not tabulated, they were read off the published phase

All these are methods for detecting the solid—liquid IC)hasediagrams. Both liquidus and solidus data were retrieved, and

change as a function of temperature and composition. Meth-

ods 1-5 have been described and evalutt®dln method &€ shown on the calculated phase diagrams. In general, eu-
6. the phase chande is registered automati.call by the réu_ectic data and congruent melting points of compounds were
s;’)onsepof a photoc?ell to tra%smitted light y by given somewhat more weight than other liquidus data in the

. . optimization step, for stated reasdridVhere the data were
In the evaluation of phase diagram data from these meth- : ; o

. . . i sparse or contradictory, some prior decisions were made con-
ods, several considerations are pertinent:

cerning the general shape or features of the phase diagram.

(i) supercooling, These preliminary steps are explained in the evaluations of
(i)  use of heating or cooling mode, individual systems.

(i)  visual or instrumental detection, and It is pertinent to add that the choice of systems examined
(iv) preparation of mixtures. was governed principally by the existence of phase diagram

The same system, studied by different methods, may vyiel ata amenable to. a thermodypamic gnalysis of the present
rather different result$.In the present work, experimental “ype. The ph'as? diagrams are Hlustrative byt nqt m.eant o be
methods are stated in the discussion of every system an(jrepresgntatlve .Of any particular area of inquiry in phar-
mention of experimental peculiarities is made and accounted' aceutical chemistry.

for. Other supplementary experimental methods were: x-ray

diffraction, microphotographic analysis and IR spectroscopy. 8. Properties of the Pure Substances
Their purpose was generally to confirm features of the solid

state(solid solutions, presence of compounds, )etc. Evaluations of the present type require reliable data for
. melting points and enthalpies of fusion of the pure compo-
6. Polymorphism and Metastable States nents. There are standard handbooks of melting pdfis?

information from these will be referred to henceforth as

Drugs, being organic compounds, may exist in one or‘handbook data.” For ethalpies of fusion, two sources were
more metastable solid states, in addition to the thermodygenerally usefuf®3! In addition to these sources, melting
namically stable on&?® These states require a change ofpoint and enthalpy of fusion data were retrieved from indi-
crystal structure in the solid in order to be transformed and irvidual articles; these are mentioned below for each substance
practice can persist for appreciable periods. Their meltingonsidered.
points are often quite close to that of the stable form; these Table 1 presents the data adopted in the present work.
properties are potentially complicating factors in the inter-Temperatures are quoted to the nearest 0.1 °C, irrespective
pretation of the results of thermal methods. Since their apef source, since the precision of experimental phase diagram
pearance and persistence are reproducible, experimental catata does not warrant citation of hundredths of a degree. For
ditions can be established to minimize their effects. Thesimilar reasons, only three significant figures were retained
phase diagrams considered in the present work deal onlfipr enthalpies of fusion. The larger number of significant
with thermodynamically stable states. figures given for the entropy of fusion were used for accurate

The method of preparation of samples for analysis by therreproduction of adopted melting points; they have no further
mal methods has been found to be important for the estalsignificance. In what follows, the given name of the drug is
lishment of an equilibrium phase diagram. For exampleaccompanied, in square brackets, by other information: for-
physical mixtures—however finely divided—showed meta-mula, Chemical Abstracts Registry Number and other infor-
stable eutectics in thermal analytical methods. Prefused mixnal namegif any).
tures prepared by solvent evaporation were found to give Acetanilide[CgHoNO; 103-84-4; Acetamide, N-phenyl-
more reproducible results. In the present work, only stabl@he enthalpy of fusion was reported to°h&0.5 oF?333

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999
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TaBLE 1. Melting points and fusion properties of the pure compotinds closer to 188 °C was choséh?°The enthalpy of fusion was

AfusHv AfusS,

Name Ths °C kJ mol® JmolrtK=1t
Acetanilide 114.3 21.3 54.968
Allobarbital 173.0 32.3 72.389
4-Aminobenzoic acid 188.2 22.5 48.765
Aminophenazone 107.5 27.6 72.498
4-Aminophenazone 108.3 24.9 65.269
Anthranilic acid 145.4 20.5 48.973
Aspirin 135.0 (27.2 (66.639
Barbital 189.6 24.7 53.371
Benzidine 127.0 19.1 47.726
Benzocaine 89.7 22.3 61.449
Benzoic acid 122.4 17.6 44.489
Caffeine 236.3 22.0 43.180
Chlormadinone acetate 211.7 (27.3 (56.300
Estradiol benzoate 192.4 41.8 89.777
Estradiol phenylpropionate 127.2 33.0 82.418
Ethinyl estradiol 183.5 27.9 61.090
Etofylline 160.6 (29.6 (68.239
Hydroquinone 172.3 27.1 60.831
Indomethacin 160.3 36.9 85.121
Isonicotinamide 157.2 (24.8 (57.628
Khellin 153.4 32.3 75.715
3-Methoxybenzoic acid 110.5 (23.8 (62.028
Nicotinamide 129.3 23.2 57.640
Nicotinic acid 237.3 (27.9 (54.652
2-Nitroaniline 72.0 16.1 46.640
4-Nitroaniline 1475 21.1 50.155
4-Nitrophenol 113.8 18.3 47.287
Paracetamol 169.3 30.5 68.927
Phenacetin 134.2 33.0 81.001
Phenazone 110.6 27.3 71.131
Phenobarbital 175.0 27.8 62.026
Phenylbutazone 105.6 27.7 73.126
Quinine 176.3 (22.9 (50.945
Succinimide 123.2 (25.0) (63.320
Sulfacetamide 183.9 22.4 49.005
Sulfadiazine 257.8 42.6 80.226
Sulfamerazine 236.3 38.7 75.957
Sulfamethoxazole 169.8 32.2 72.686
Sulfamethoxypyridazine 180.9 31.3 68.928
Sulfanilamide 165.0 (26.5 (60.475
Sulfapyridine 191.3 34.4 74.058
Sulfathiazole 201.0 26.4 55.673
Sulfisoxazole 195.7 30.2 64.406
Theophylline 274.0 29.5 53.911
Thiourea 177.0 14.4 31.986
Trimethoprim 199.3 49.4 104.550
Urea 132.6 14.3 35.239

@Data in parentheses were estimated.

21.7 kImot?.

114°C.

The melting point, from handbooks, is
113-115°C; individual determinatiof’s®=%" are close to

Allobarbital [CygH;,N,O5; 52-43-7; 2,4,6LH,3H,5H Py-

rimidinetrione, 5,5-di2-propenyl}; Diadol, Diall. Handbook

reported®*°as 20.9 ot 24.0 kI mor™.

AminophenazongC,sH,,N;O; 58-15-1; Pyrazole-3-one,
4-(dimethylaming-1,2-dihydro-1,5-dimethyl-2-phenyl-;
aminopyrine, amidopyrine The handbook melting point is
107-109°C, and a valde**~**between 107 and 108°C
was chosen. There is one value for the enthalpy of fu&ion.

4-Aminophenazon¢C,;H,5N30; 83-07-8; 3H-Pyrazol-3-
one, 4-amino-1,2-dihydro-1,5-dimethyl-2-pheryl-Hand-
books give 109°C as the melting point, but individual
report$>424546 indicate a temperature closer to 108°C.
There is one value for the enthalpy of fusitn.

Anthranilic acid [C;H,NO,; 118-92-3; Benzoic acid,
2-aminoj. The handbook melting range is 144—-148°C. A
melting point in the lower rang&*® was chosen. The en-
thalpy of fusion is the mean of two valud%*°

Aspirin [CgHgO,4; 50-78-2; Benzoic acid, Pacetyloxy-;
Acetylsalicyclic acid. The handbook melting point is
135°C, although the freezing point is often quoted to be
much lower. This was taken to be the correct vétti€There
is no experimental value for the enthalpy of fusion, and so it
was estimatednext section

Barbital [CgH{,N,O5;  57-44-3;  2,4,61H,3H,5H-
Pyrimidinetrione, 5,5-diethyl-; Veronal, Barbitohe The
handbook melting range is 188-192°C, and the adopted
value*>*8is close to 190 °C. The enthalpy of fusioriig4.4
or*® 25.0kJ mot .

Benzidine [Cj,HqoN,;  92-87-5; [1,1'-Biphenyl]-4,4'-
diaming. The handbook melting point is 128°C, and the
adopted value is from a phase diagram stffijhe enthalpy
of fusion, from the same source, is 19.1 kJ iitfol

Benzocaing C4H;,0,; 94-09-7; Benzoic acid, 4-amino-,
ethyl ester; ParathedinThe melting range from handbook
sources is 88—92 °C. A more accurate value is ¢fo¥eto
90°C. The enthalpy of fusion lies in the rargé®>®
22.0-23.6 kI mot.

Benzoic acid[C;HgO,; 65-85-0. The chosen melting
point?4%ljs close to the handbook value. The enthalpy of
fusion is the mean of several determinatidh&51:52

Caffeine[CgH;gN,O,; 58-08-2; 1H-Purine-2,6-dione, 3,7-
dihydro-1,3,7-trimethyll. Handbook data for the melting
point lie in the range 235-238°C. A temperature near
236 °C was adoptetf*>The enthalpy of fusioif"*>**values
are 21.0—27.7 kJ mot.

Chlormadinone acetatgC,3H,4ClO,; 302-22-7; Pregna-
4,6-diene-3,20-dione, 1&cetyloxy-6-chloro{. Handbooks
indicate 212—214 °C as the melting point. The adopted value
was taken from a recent phase diagram sttfdyince there
is no experimental value for the enthalpy of fusion it was
estimatednext sectioin

Estradiol benzoat¢CysH,505; 50-50-0; Estra-1,3(30)-
triene-3,7-diol (178), 3-benzoate; Benztrofe Handbook

data for the melting point lie in the range 171-174 °C. Themelting point data indicate 188—196 °C, and a value close to

true melting point is probabfy close to 173°C. The en- 192 °C was adoptet*® The enthalpy of fusion & 35.9 oP®

thalpy of fusion i$8 24.9 or® 32.3kJ mol™.
4-Aminobenzoic acidC;H;NO,; 150-13-0; PABA. The

melting range from handbooks is 187-189°C; a valuel,3,510)-triene-3,7-diol

41.8kJmot ™.
Estradiol phenylpropionateC,,H;,05; 28572-75-0; Estra-
(17B8), 3-(3-phenylpropionats.
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Handbook melting point data give 126—128°C, and the 4-Nitrophenol[CsHsNO3; 100-02-7]. The experimentd?
adopted value is a mean from two source® There is one Mmelting range is 112-114°C. The enthalpy of
value”® for the enthalpy of fusion. fusior?®4%7%"Yies in the range 17.3—30.1 kJ mal
Ethinyl estradiol [CyoH,40,; 57-63-6; 19-Norpregna-  Paracetamol[CgHoNO,; 103-90-2; Acetamide, N4-
1,3,510)-trien-20-yne-3,17-diol17a)-]. The melting point hydroxyphenyl-; Acetaminopheh Handbook data for the
data according to handbooks are not consistent: 145—146 °@elting point indicate 167-171°C. The adopted value is
or 182—184°C. The higher temperature is prefeffefihe  from careful studies on the pure substafit®’*There is
enthalpy of fusion was reported to $&  one datum for the enthalpy of fusidh.
22.4—28.1 kI mol*. Phenacetin [C;gH13NO,; 62-44-2: Acetamide, N4-
Etofylline [CoH1,N,Os; 519-37-9; 1H-Purine-2,6-dione, ethoxyphenyk]. Handbook data for the melting point are
3,7-dihydro-7¢2-hydroxyethy)-1,3-dimethyl-; Oxytheonyl ~ 134—138°C. The lower limit is probably corrett®%>"3
The handbook melting point is 158 °C, but the value adopted he enthalpy of fusion #7*7°21.8—-34.7 kJ mot*.
is that from a phase diagram stutlyThere is no experimen- ~ Phenazon¢C,;H;,N,0; 60-80-0; 3H-Pyrazol-3-one, 1,2-
tal value for the enthalpy of fusion, so it was estimateeixt ~ dihydro-1,5-dimethyl-2-phenyl-; Antipyrie According to
section. handbooks, the melting range is 111-114°C. A lower tem-
Hydroquinone [CeHO,; 123-31-9; Benzene, 1,4- perature was adoptéd?>“® The enthalpy of fusion is the
dihydroxy. The melting range is 172—179°C according tomean of two experimental valué?®
handbooks; a more accurate value was chosen from studiesPhenobarbital[C;,H,,N,O5; 50-06-6; 2,4,61H,3H,5H-
on the pure compourt:>®°The enthalpy of fusion lies in Pyrimidinetrione, 5-ethyl-5-phenyl-; LuminglThe melting

the rang@d*86021.1-27.1 kJ mol*. range is given as 174-178°C in handbooks. The is one
IndomethacirfC;gH;CINO,; 53-86-1; 1H-Indole-3-acetic value® for their enthalpy of fusion.
acid, 1{4-chlorophenyk5-methoxy-2-methyl: The hand- Phenylbutazone  [CygodN,05; 50-33-9; 3,5-

book melting range is 156—162 °C and the adopted Yafife ~Pyrazolidinedione, 4-butyl-1,2-diphenyl-; ButadigneThe
is close to 160°C. The enthalpy of fusiorf3s36.1 of?  handbook melting range is 105-107°C. A low value is
37.7 kI mot L. indicated’®® The enthalpy of fusion lies in the
Isonicotinamidd CgHgN,O; 1453-82-3; 4-Pyridinecarbox- rangé>**"":7826.2—29.7 kI mol™.
amidd. The handbook melting point is 155—156 °C, and the Quinine  [C,oH;N,05,  130-95-0;  Cinchonan-9-ol,
adopted value was taken from a phase diagram stidiyere ~ 6’-methoxy-, (8a,9R)-]. The melting range is 176-177°C
is no experimental value for the enthalpy of fusion, so it was(With some decompositionaccording to handbooks. There
estimatednext sectioh is no experimental value for the enthalpy of fusion, and so it
Khellin [C;H,,0s; 82-02-0; 5H-FurfB,2-g[1]benzo- Wwas estimatednext sectioi
pyran-5-one, 4,9-dimethoxy-7-methyl-; AmicardjneThe Succinimide[C,HsNO,; 123-56-8; 2,5-Pyrrolidinediorje
handbook melting range is 153—155 °C, and the true melting he handbook data for melting indicate 125-127°C, but a
point is probably the lower valu¥ % There is one valll®  lower value was adopted on the basis of more careful work
for the enthalpy of fusion. on the pure substané&® There is no experimental value for
3-Methoxybenzoic acidCgHgOs; 586-38-9. The hand- the enthalpy of fusion, and so it was estimateelxt section
book melting point is 110.5°C, but the chosen value was Sulfacetamide [CgH1oN,O5S; 144-80-9; Acetamide,
taken from a phase diagram stutlyThe enthalpy of fusion N-[(4-aminophenybulfonyl]-]. Handbook melting point data
is not known experimentally, and so it was estimateext  indicate 181-184°C, and the higher temperature was
section. adopted®®2 There is one valii for the enthalpy of fusion.
Nicotinamide [CgHgN,O; 98-92-0; 3-Pyridinecarbox- Sulfadiazine [C;gH1gN4O,S; 68-35-9; Benzenesulfona-
amide; Niacinamidg Handbooks indicate a melting range of mide, 4-amino-N-2-pyrimidinylk The melting range accord-
128-131°C. The chosen vaRi8®" %8s close to 129°C. ing to handbooks is 252—262°C. A value close to 258°C
The enthalpy of fusion was reporféd 22.8 of* was adopted®™® The reported enthalpy of
23.6kJmot ™. A value’® of 26.1 Jmot* is probably a mis-  fusion™®">88384s 312437 kI mof-
print. Sulfamerazing C,,H,N,0,S; 127-79-7; Benzenesulfona-
Nicotinic acid [CgHsNO,; 59-67-6; 3-Pyridinecarboxylic mide, 4-amino-N4-methyl-2-pyrimidiny}-]. The handbook
acid]. The melting range from handbooks is 236—237 °C;melting range range is 234—238 °C, with some decomposi-
the chosen value was adopted from a phase diagram $tudytion. A value near 236 °C was adopt&d®® The enthalpy of
The enthalpy of fusion, being unknown, was estimateskt  fusion’>8184&5s 31 6—45.8 kJ mol'.
section. Sulfamethoxazole[C;gH11N305S; 723-46-6; Benzene-
2-Nitroaniline [CgHgN,O,;  88-74-4; Benzenamine, sulfonamide, 4-amino-N5-methyl-3-isoxazolyt]. The
2-nitro-]. The experimental melting point ranjé®%” is  melting range according to handbooks is 167—173°C. The
69-73°C and the enthalpy of fusitrf®is 16.1 kJ mor™. chosen valu¥838is near 170°C. The enthalpy of fusion
4-Nitroaniline [CgHgN,O,; 100-01-6; Benzenamine, is®*28.7 of%8¢32.2kJmoat™.
4-nitro-]. The experimentaf*®>"® melting range is Sulfamethoxypyridazine[C,;H;,N,05S; 80-35-3; Ben-
146—148 °C. The enthalpy of fusith21.1 kJ mot . zenesulfonamide, 4-amino-($-methoxy-3-pyridazinyt].
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Handbook data for the melting point indicate 180-183°C, In Sec. 4, Eq(1) relates the limiting liquidus slope in a
and a value near the lower is probably accut8fé:238The  phase diagram to the enthalpy of fusion of a pure component.
enthalpy of fusiol®8-838788 Jies in the range Thus a phase diagram can be a source of experimental data
29.0—32.6 k mol™. for the enthalpy of fusion. In choosing phase diagram data
Sulfanilamide [CqHgN,0O,S; 63-74-1; Benzenesulfona- for this purpose, attention was paid to the overall quality of
mide, 4-amino}. The handbook data indicate 164—167 °C asthe phase diagram data and to the possibility that the initial
the melting range, and 165 °C was adopfe®f: Since there slope was obscured by deviations caused by large nonideali-
is no experimental value for the enthalpy of fusion, it wasties of the liquid phase. The enthalpies of fusion of the fol-
estimatednext section lowing substances were found in this wéfie reference in-
Sulfapyridine[C;;H;;N50,S; 144-83-2; Benzenesulfona- dicates the source of the phase diagram)dataccinimide®®
mide, 4-amino-N-2-pyridinylk The handbook melting range nicotinic acid?™ sulfanilamide}’ quinin€® and chlormadi-
is 191-193°C. The adopted vafié*is close to 191°C. hone acetat?’
The enthalpy of fusion is the mean of two measurem#&ts. It is a commonly observed fact that the entropies of fusion
Sulfathiazole [CgHgNZO,S,; 72-14-0; Benzenesulfona- of chemically and structurally similar organic compounds are
mide, 4-amino-N-2-thiazoly}: The melting range according also similar. This approximation was exploited in the estima-
to handbooks is 200—204°C. A value close to the lowertion of the enthalpy of fusion of three substances. Thus, for
limit was adopted®">"®84The enthalpy of fusion lies in the isonicotinamide, the experimental entropy of fusion of the
rangeé>">8424.1-28.9 kJ mol*. 3-isomer(nicotinamide is 57.64 Jmol*K 1. Using the re-
Sulfisoxazole[C;H;aN3O5S; 127-69-5; Benzenesulfona- lation  AgH=TAqsS, one obtains (430.4)(57.64)
mide, 4-amino-Ne3,4-dimethyl-5-isoxazolyt]. Handbook =24.8kImol™. For 3-methoxybenzoic acid, the entropy of
data indicate 194—198 °C for the melting range. The adoptefuision of the 4-isoméf is 62.04 Jmol*K %, where the re-
value was taken from experimental restit§! The enthalpy ~ quired datum is 23.8kJmot. For etofylline, the available
of fusion is the mean of two measuremet&? entropy of fusio® was that for 8-ethyltheophylline,
Theophylline[C;HgN,O,; 58-55-9; 1H-Purine-2,6-dione, 68.23Jmol'K™", ~ where the required datum is
3,7-dihydro-1,3-dimethyl: The melting range is 29.6kJmol™.
268-274°C according to handbooks. The adopted ¢alde ~ The uncertainty in these estimated data is abb@0%.
is the upper limit. There is one datdhfor the enthalpy of This is greater than experimental error in, for example, DSC
fusion. measurements. The effect of this uncertainty in the calcula-
Thiourea[ CH,N,S; 62-56-8. The handbook data indicate tion of phase diagram@-igs. 1-60 is to add incrementally
175-182°C as the melting range. An otherwise reliabldo the uncertainty in deduced excess Gibbs energy of the
compilatiorf® states 172.4 °C. The adopted value was takeriquid and thermodynamic properties of intermediate com-
from a phase diagram measuremé&tithere is one datuffi ~ pounds. The main features of the diagram are not affected. In
for the enthalpy of fusion. the binary systems sulfanilamide-benzocaine, sulfanilamide-
Trimethoprim [Ci4H1gN,O5; 738-70-5; 2,4- 4-aminobenzoic acid and chlormadinone acetate-ethinyl es-
Pyrimidinediamine,  §¢3,4,5-trimethoxyphenyinethyl]-]. tradiol, the enthalpy of fusion of one component was derived
Handbook data for the melting point are 199—203 °C. Thefrom the phase diagram under thermodynamic analysis. In
adopted value is close to the lower liMt23%¢There is one these cases there is a slight circularity in the thermodynamic
value for the enthalpy of fusiotf. argument, which, however, had little practical effect.
Urea[CH,N,O; 57-13-§. The handbook melting point is
132.6°C, while a survey of phase diagram measurements
gave a range of 130-134°C, perhaps with some1(. Temperature Dependence of Enthalpy
decompositio® The enthalpy of fusion found of Eusion
experimentally’°*~%3ies in the range 13.0—15.5 kJ mdl
It should be mentioned that no claim is made concerning .
the ultimate accuracy of the data in Table 1. The aim was to !N the present work, phase diagrams are calculated on the

obtain reasonably accurate data for the purpose of calcuIatir@ssl_‘mpt'on that the enthalpies of fusion of pure components
phase diagrams. re independent of temperature. This is equivalent to assum-

ing that the heat capacities of solid and liquid are the same at
all temperatures. This is, of course, not strictly true. The

magnitude of the error in consequence of this assumption
may be seen from a specific example. The heat capacities of

) . _liquid and solid benzocaine have been measured near the
For some compounds in Table 1, experimental enthalpleﬁ1e|ting point®® At the melting point, the given data &fe
of fusion were unavailable and so they were estimated by

one of several methods, described here. Trs=89.7°C (362.9 K), (2
For chemically simpler molecules, a group-contribution

9. Estimation of Enthalpy of Fusion

AqH=22300 J mot?, 3
method* is useful. The enthalpy of fusion of aspirin was fus @
estimated by this method. AS=61.449 J molt K1, (4
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TaBLE 2. The temperature dependence of the enthalpy and entropy of fusion of benZocaine

Trus— 50 Tus— 20 Trus Trst 20 Trust 50

AgH, Imol? 19832 21315 22300 23293 24774

AgsS, Imolrtkt 54.135 58.661 61.449 64.113 67.837

¥See Ref. 50.
and the heat capacity data are: tic, peritectic or transition points. If there are intermediate
for the solid compounds, stoichiometry, enthalpy of fusion, melting

C,=18.95+0.724T J moll KT (T<Ty, (5 points or other information are mentioned,-accordi-ng to
sources. The reported phase diagram data points are included
Cp=134.4+0.406T J mol't K1 (T=Ty, (6 in the calculated phase diagram; metastable transitions, if
any, are mentioned but do not appear on the diagram. The
general aspect of the phase diagram is noted, along with an
Cp=68.4+0.724T J mol'* K™ (T<Two, (7)  overall assessment of data qualisgatter, adherence to ther-
C,=183.8+0.906T J mol 't K1 (T=T.J, (8 modynamic constraint_s, elc.Pre_Iiminqry c_alculations and
assumptions made prior to optimization, if any, are stated.
whereT is in Kelvin. In Egs.(5)—(8) it has been assumed The results of the calculation, in addition to the phase dia-
that the heat capacity curve of a phase beyond its normajram, are given as calculated eutectic and peritectic tempera-
range of existence is parallel to that of the other ptid3#ie  tyres and compositions, or melting points of congruent com-
enthalpy and entropy of fusion at different temperatures caRounds. Calculated thermodynamic data are also presented:
be calculated from thermodynamic first principles, using thehese include the Gibbs energy of fusion and of formation
given data of Eqs(2)—(8). The behavior is summarized in (from the pure liquids of any intermediate compounds, as
Table 2, which shows that both enthalpy and entropy of fuyye|| as the excess Gibbs energy of the liquid. These quanti-
sion vary with temperature in a well-behaved fashion. Thg;jas gre designated G°, A.G° and GE(I), respectively.

practical consequence of assuming temperature indepeqyhen the given data are sparse or contradictory, the probable

dence will manifest itself as an incremental error in the de,'nature of the phase diagram is discussed in the light of gen-

rived excess Gibbs energy of the liquid and thermodynamicy o thermodynamic principles and behavior of similar sys-

properties of intermediate compounds. The main features qfg Finally, an estimate of the uncertainty in the calculated
the phase diagram will remain unaffected. diagram is made, indicating the degree of confidence appro-
priate to the calculations in each case.
11. Thermodynamic Analysis and Where there are more than one eutectic in a system, they
Presentation of Results may be referred to a&,, E,, etc., in the discussion for

individual systems; peritectics are indicated Py
For each binary system, the source and identity of the data In the present article, no far-reaching claims are made con-
are indicated, together with any stated information on euteceerning the ultimate correctness of the calculated phase dia-

for the liquid
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. 1. The system phenazoii&)+phenylbutazonéB).
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140 T T T T T T
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65
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Fic. 2. The system phenazo)+phenacetinB).

grams presented. This contribution represents the application 12.2. Phenazone (A)+Phenacetin (B)
of necessary thermodynamic constraints and consequent

H 0
phase diagram interpretation which are pertinent for the Data%were obtained by D-I_a’@‘ a?d the thaw-melt
analysis of SO|Id—|IQUId equi”bria genera”y_ method?® The reported eutecit is 75 C,xg=0.412, but

the eutectic data from DTR? lie higher than 75°C. In a
preliminary optimization, it was ascertained that the liquidus
data are consistent with the obser¥fedutectic temperature
12.1. Phenazone (A)+Phenylbutazone (B) and that the thaw-melt dafawere of better quality. The

Data were obtained by DTA? No eutectic information f(plrg\.se diagram, Fig. 2, was calculated with the use of Eq.

was stated. In the optimization, the eutectic data were pre
erentially weighted, as the liquidus data by themselves en-
tailed a higher eutectic temperature than that observed. The
phase diagram, Fig. 1, was calculated with the use of &q.

GE(1)=x,xg(1278-810xz) J mol ! 9)

and the calculated eutectic is 82.5 °Xz=0.550. An uncer- and the calculated eutectic is 74.0 °Xg=0.420. An uncer-
tainty of =4° may be assigned to the diagram. tainty of =2° may be assigned to the calculated diagram.

12. Analysis of Phase Diagrams

GE(l)=xaxg(—6040-120%g) J mol'* (10

140 T T T T T T

eRef. 98

120 |

oc

110 pg--- 110.6 °C

Temperature,

100

20 r

0.500

80 | i 1 1 1 1 ] 1 1
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

A Mole fraction of B B

Fic. 3. The system phenazoiia)+urea(B).
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Fic. 4. The system paracetam@)-+phenazon€B).
12.3. Phenazone (A)+Urea (B) gram traces and a phase diagram with smoothed phase

boundariegno data points The reported eutecflés 83°C,
xg=0.76; the existence of a 1:1 congruently melting com-
pound melting at 107 °C was considered possible. For the
calculated phase diagram, the thermogram data were con-
GE(1)=2215¢3xg J mol* (11) verted to liquidus, eutectic and peritectic data points and are
shown on the phase diagram. An optimization was per-
formed under the assumption of a eutectic temperature of
83 °C and the existence of a 1:1 compound. The phase dia-
gram, Fig. 4, was calculated with the use of EtR)

Data were obtained by the thaw-melt meti8drhe re-
ported eutectic is 87 °Cxg=0.533. All the liquidus data
were optimized to give

and the calculated phase diagram is given in Fig. 3. Th
calculated eutectic is 89.1 °Gg=0.500. An uncertainty of
+2° may be assigned to the calculated diagram.

12.4. Paracetamol (A)+Phenazone (B) GE(1)=xaXg(— 13122 —4000kz) J mol %, (12)

Data for the phase diagram were obtained by DTA usingand the thermodynamic properties of the compound AB/2
fused and physical mixturésOnly the data from fused mix- e

tures are considered here and are shown in the calculated
phase diagram. These data consisted of a number of thermo- AqG°=23091-60.3928 J mol 1, (13

270 T T T T T T T T
260
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Temperature, °C
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170 L 1 1 1 | 1 ] 1 i
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

A Mole fraction of B B

Fic. 5. The system sulfadiazin@)+trimethoprim(B).
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Fic. 6. The system sulfamethoxazdl)-+trimethoprim(B).

A{G°=—26872+54.6314 J mol %, (14) and the calculated eutectic is 185.7 °X3=0.737. An un-

. certainty of =2° may be assigned to the calculated diagram.
The calculated eutectics are 107.8°Qz=0.438 and y y g g

83.6 °C,xg=0.756. The 1:1 compound melts congruently at
109.2°C. An uncertainty of=3° may be assigned to the
calculated diagram. Phase diagram data were obtained by %The reported

eutectics are 157.3°Cxg=0.17 and 177.9°Cxg=0.61.

The 1:1 compound melted congruently at 180.2°C. The

12.5. Sulfadiazine (A)+Trimethoprim (B) compound was synthesized by mixing equimolar amounts of

the components in water; the enthalpy of fusion of the dry
compound was measured as 41.4kJrholThe isolated
compound was examined by photomicroscopy, x-ray diffrac-
Et)ion and IR spectroscopy. The 1:1 compotffids ortho-
rhombic, a=1.2055nm, b=2.4476nm, ¢=1.7423 nm,
space group Pbc&=_8. All liquidus data were optimized,
GE(l)=xpxg(—85—2546g) J mol'l, (15  with the result

12.6. Sulfamethoxazole (A)+Trimethoprim (B)

Data were obtained by D$€(the same data also appear
in another publicatiolf). The reported eutecfit®® is
189.5°C, xg=0.75, although the plotted dat&® show a
eutectic temperature of 185.6 °C. The phase diagram, Fig.
was calculated with the use of EA.5)
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180 eRef. 51 F
o 170 ]
o
& 160 [ ]
[
=]
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e 150 145.2 0Cc 145.0 OC 1
g * -
g o 0.513
e 140 r 134.2 OC 7
. 0
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130 0,382 3
1: 1
120 o 1 3
110 F 107.2 Oc E

s
0.134
1 | | | | 1 1 1
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
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100

Fic. 7. The system benzoic aci@)+trimethoprim(B).
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Fic. 8. The system sulfamethoxypyridazit®)+trimethoprim(B).

GE(1)=xaxg(—2800+450kg) J mol'! (16 for the liquid. For the compound AB/2,

for the liquid, and for the compound AB/2 A G°=15422-36.866F J mol %, (20
ApeG°=21124-46.5950° J mol %, (17 A{G°=—20254+31.1039 J mol', (21
A{G°=—21768+40.8324 J mol'l. (18  and for AB/3

The calculated eutectics are 157.3°Qg=0.199 and A1 G°=18450-45.2920 J mol*, (22)

177.9°C,xg=0.604. The compound melts at 180.2 °C; the o_ _ 1
calculated phase diagram is shown in Fig. 6. Some of the AG 22940+ 40.0000"  J mol". 23
experimental liquidus data lie too high for thermodynamicThe calculated eutectic$Fig. 7) are E;=107.2°C, xg
consistency. An uncertainty of 1° may be assigned to the =0.134; E,=132.5°C, xg=0.382; E3=145.0°C, Xg

calculated diagram. =0.513. The calculated melting points of compounds are
134.2°C and 145.2°C. Most of the experimental liquidus
12.7. Benzoic Acid (A)+Trimethoprim (B) data are shown to be consistent except for a few in the

middle range. An uncertainty of 1° may be assigned to the
Phase diagram data were obtained by DThe reported  calculated diagram.
eutectics areE;=106.8°C, xg=0.14; E,=132.5°C, Xg
=0.37; E3=145.0°C,xg=0.52. There are two intermediate
compounds, 2:1 and 1:1 melting congruently at 134.2 and
145.9°C, respectively. The 1:1 compound was prepared by
mixing stoichiometric amounts of components in water or Data were obtained by DS&(the same data also appear
methanol or ethyl acetate. The 2:1 compound was also syrin another publicatiolf). The reported eutectics are
thesized in the same way in water or diethyleneglycol solu4162.0°C, xg=0.29 and 168.8 °Cxz=0.51. A metastable
tion. The 2:1 compound also has a metastable melting poirdutectic 148.4 °C was observed. The 1:1 compound melts
of 126.5 °C. The enthalpies of fusion of the compounds wereongruently at 169.5°C, and its enthalpy of fusion is
measured as 52.3 and 56.1 kJ molrespectively. X-ray and 72.3kJ mol ™. It was synthesizéd from equimolar mixtures
IR spectra were obtained for both compounds. The 1:1 comin 95% ethanol, methanol or water. X-ray and IR spectra
pound is monoclinic,a=1.1295nm, b=2.8266nm, ¢ were also takeh’ All liquidus data were optimized, and the
=0.6543nm,3=100.97°, space group2,/N, Z=4. The experimental eutectic temperatures were weighted preferen-
stable form of the 2:1 compound is triclinia=1.4595nm, tially. For the liquid, the result is
b=1.0195nm, c=0.9455nm, «=89.67°, B=97.37°, y £ 1
=104.6°, space groupP; or Py, Z=2. A thermal event, GH(1)=~2555xxg  J mol (24)
observed at 120.2 °C, was possibly a mg}t:stable eutectic band for the compound AB/2
tween the 2:1 compound and trimethoprim. o_ 1
All liquidus data were optimized, with the result AwsG?=30234-68.350M  J mol 29
A{G°=—30873+62.5898 J mol 1. (26)

GE(I)=xpxg(—1800- 14 52Ky +237463) J mol !
(199  The calculated phase diagram is shown in Fig. 8. The calcu-

12.8. Sulfamethoxypyridazine (A)
+Trimethoprim (B)
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Fic. 9. The system aminophenazof# +4-aminophenazone.

lated data areE=161.3°C, xz=0.275 andP=169.2°C, quidus data are consistent with a slightly lower calculated
xg=0.494. Within experimental uncertainty, the compoundeutectic, 78.0 °Cxg=0.500. An uncertainty of-2° may be
could be either congruently or incongruently melting. Theassigned to the phase diagram.

experimental liquidus data are well reproduced. An uncer-

tainty of =1° may be assigned to the calculated diagram.

12.10. Aminophenazone (A)+Phenacetin (B)

12.9. Aminophenazone (A)+4-Aminophenazone (B
P A) P ®) Data were obtained by DTA® and no eutectic data were

Phase diagram data were obtained by DSC, DTA and thetated. All liquidus data were optimized, with preferential
microthermal method® The reported eutectic is 79°®g  weighting for the observed eutectic temperature. For the lig-
=0.50. The eutectic mixture was examined by photomicrosuid,
copy. The liquidus data from the three methods are in very
good agreement, and not all are shown on the phase diagram. GE(l)=xaxg(—5112+5066¢g) J mol'* (28

From the optimization, the result is
Errs B 1 and the calculated phase diagram is shown in Fig. 10. The
GH(1)=Xaxg(—482+657%g) J mol>,  (27) calculated eutectic is 82.0 °Gz=0.320. An uncertainty of
and the calculated phase diagram appears in Fig. 9. The lit 3° may be assigned to the calculated diagram.
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Fic. 10. The system aminophenaza@e +phenacetinB).
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Fic. 11. The system aminophenazad#e +phenylbutazone (B).

12.11. Aminophenazone (A)+Phenylbutazone (B) =0.48. The eutectic mixture was examined by

Data were obtained by DTA® and no eutectic data were photomicroscopy® In the optimization, all liquidus data

stated. There is scatter in the observed eutectic arrests. A\ﬁere weighted equally, and the result is
the liquidus data were optimized, with preferential weighting GE(I)=xpxg(—168+950kg) J mol L. (30

of a euj[gctic tempera'ltur.e given by data near the eutectiﬁ;he calculated phase diagram is shown in Fig. 12, with a
composition. For the liquid, calculated eutectic of 81.6 °Gz=0.463. It is apparent that
GE(1) =xpxg(415+ 48%g) (29  the older dat® are of better quality than the other. An un-
: Yo . .
and the calculated phase diagram is shown in Fig. 11. Thgertamty of£1° may be assigned to the calculated diagram.

calculated eutectic is 80.8 °Gg=0.500. An uncertainty of
+4° may be assigned to the calculated diagram.

J mol?!

12.13. Thiourea (A) and Aminophenazone (B)

Data were obtained by DSC and light transmis&faand
are in good agreement. The reported eutectic is 92X,
Liquidus data were obtained by D&CDTA%1%and hot-  =0.73 and peritectic 138 °CGxg=0.27. From x-ray diffrac-
stage microscop§f Data obtained by the three methods weretion spectra, the stoichiometry of the compound was found to
in good agreement. The observed eutéttis 81.2°C,xg  be 3:1. Optimization of liquidus data resulted in Eg1)

12.12. Aminophenazone (A)+Phenazone (B)

115 T T T T

o ——-
110 | 110.6 °C :

o<--- 107.5 °¢C

105 [
e Ref. 100
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90
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85

fa)
o Se [¢] . [§)

80 . 0.463

75 1 L L 1 1 1 | [ |
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A Mole fraction of B B

Fic. 12. The system aminophenaza#e +phenazongB).

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999



THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS OF DRUGS 903

190 T T T T T T
180

170

160 ® Ref. 43 B

150

140

130

120

Temperature, °C

110

107.5 0C --->

100
93.0 OC
LJNE B e L L e + 3

%0 F 0.709

-
o

80

| 1 | | ! 1 1 1 |
0.0 0.10 0,20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
A Mole fraction of B B

70

Fic. 13. The system thioure@)+aminophenazonéB).

GE(1)=xaxg(134—150kg) J mol . (831) =125°C,xg=0.21 andE,=97.5°C,xg=0.80. A 3:1 com-
pound melts congruently at 125°C. The limiting liquidus

For the liquid, and for the compoundsB/4 slope at the left hand side.HS) definitely suggests some
AsG°=12198-29.5950, (32)  solid solubility there, although none was mentioned by the
AGO= — 12180+ 24.9217. 33 |nvest|gz_it0r§‘. Some liquidus data atg>0.5 pr_oved to be
grossly inaccurate. ThE; and compound melting tempera-
The calculated diagram appears in Fig. 13 and the calculatedres were evidently very close. In these circumstances, it
invariant points are was decided to construct a phase diagram using(&).
E=93.0°C, xg=0.310. GE(1)=0, (34)

The experm!ental data are well reproduced and an unctebng a solid solution with properties such that the calculated
tainty of =1° may be assigned to the calculated diagram. g temperature would be near the observed datum. The ther-
modynamic properties of the compounds could not be ob-

12.14. Urea (A)+Aminophenazone (B) tained from optimization, and hence reasonable values were

. . _ assigned for AB/4:
Data were obtained by DSC and light transmis$iaand
are in good agreement. The reported eutectics Bre A4, G°=28000-70.0000 J mol %, (35
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. oy - = I 7]
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95 | e (0,790) B
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A Moie fraction of B 8

Fic. 14. The system ure@)+aminophenazonéB). Part of the diagram is conjectural.
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Fic. 15. The system aminophenazae +allobarbital(B).

A{G°=—28000+65.3249 J mol !, (36)

pound was postulated. The compound was synthesized from

stoichiometric quantities of components in water solution.

The solid solution based on urea was represented by a HeRq . \/as a metastable euteitiat about 80 °C. All liqui-

rian activity coefficient independent of temperature given bydus data were used in the optimization, with preferential

RTInyg=50 J mol .. (37

The calculated phase diagram is given in Fig. 14, and th
calculated eutectics aree;=126.8°C, xg=0.176; E,
=97.5°C,xg=0.790. The compound melts at 126.8°C and

gor the liquid, the result was

GE(1)=xXaxXg(— 4227 572X +8323%3) J mol %,

the solid solution extends to 11.5 mole % at the eutectic tem- (38)
perature. The entire phase diagram is suggestive only. and for the compound AB/2
12.15. Aminophenazone (A)+Allobarbital (B) A G°=16563-43.7450 J mol %, (39)
Data were obtained by the thaw-melt method from physi-
cal and fused mixtur@$ (only data from fused mixtures are A{G°=—17815+37.9840 J mol'l. (40

shown in the phase diagramNo invariant points were

weighting for observed eutectic and peritectic temperatures.

stated, but the presence of an incongruently melting 1:1 conifhe calculated phase diagram is shown in Fig. 15. The cal-
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Fic. 16. The system aminophenazae +barbital (B).

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999



THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS OF DRUGS 905

200 :

T
1d5.7 o¢ -5

190

180

170 ® Ref. 5

160

oc

150

140

130

Temperature,

120 115.5 0¢

110

100

S0

| | i ] I 1 | |
80
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

A Mole fraction of B B

Fic. 17. The system aminophenaza@e +sulfisoxazolgB).

culated invariant points arE=89.6 °C, xz=0.275 andP on this compound indicated an incongruent melting point of
=08.6°C, xg=0.352. An uncertainty of£2° may be as- 115.6°C. An optimization was performed on all the liquidus

signed to the calculated diagram. data, with the results
GE(I)=xXaxg(— 13908+ 10 20%g) J mol ! (44)

12.16. Aminophenazone (A)+Barbital (B) for the liquid and

o_ 7 1
Data were obtained by the thaw-melt method with both ApsG°=32267-82.513F  J mol™, (45
fused and solvent-evaporated mixturékhe results from the AG°=—34468+76.752T J mol* (46)

two series are in good agreement. No invariant points wer i )
stated, but a metastable eutectic at about 88°C was olfQr the compound AB/2. The calculated phase diagram is

served. A 1:1 compound, which was synthesized fromShown in Fig. 17 and the calculated eutectic is 89.8 g,

equimolar amounts of components in water solution, melte —0.'383;dperltectlc 1II15.5°(;XB:dO.390?. The expgnmer;tal
incongruently. All liquidus data were optimized, with the lquidus at"?‘ are well reproduced and an uncertainty- @
result may be assigned to the calculated diagram.

GE(l)=xpxg(— 4583+ 636xg+49053) J mol !

(42) 12.18. 3-Methoxybenzoic Acid (A)+Etofylline (B)

for the liquid and . .
Data were obtained by the thaw-melt metfodith both

AsG°=25170-64.6175 J mol %, (42 physical and fused mixturg®nly the results for fused mix-
AG°=—25930+58.856F J mol ! (43) tures are shown on the diagranNo invariant points were
stated, but a metastable eutectic at about 85°C was ob-

for the compound AB/2. The calculated phase diagram apserved. A 1:1 compound melts incongruently. All liquidus
pears in Fig. 16, and the calculated invariant points@re gata were optimized, with the results

=95.5°C, xg=0.190 andP=113.0°C,xg=0.366. The li-

quidus data are well reproduced. An uncertainty-@° may GE(1)=xaXg(—5497+4288g) J mol, (47
be assigned to the calculated diagram. for the liquid and

A G°=22526-60.032F J mol'l, (48

12.17. Aminophenazone (A)+Sulfisoxazole (B) AG°= —23364+54.2694 J mol ! (49)

Data were obtained by the thaw-melt method on both usetbr the compound AB/2. The calculated phase diagram is
and solvent-evaporated mixturé$he data from the two se- shown in Fig. 18, and the calculated data &re89.0°C,
ries are in good agreement. No invariant points were statedg=0.249 andP=98.0 °C,xg=0.358. The experimental li-
by the authors, but a metastable eutectic at about 82 °C waglidus data are well reproducéthe experimental melting
mentioned. The 1:1 compound was synthesized fronpoint of 3-methoxybenzoic acid is 4° too lIpwnd an uncer-
equimolar amounts of components in water solution; DTAtainty of =1° may be assigned to the calculated diagram.
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Fic. 18. The system 3-methoxybenzoic a¢k)+etofylline (B).

12.19. Benzoic Acid (A)+Etofylline (B) =0.257; P=106.4°C,xg=0.367. An uncertainty of-2°

Data were obtained by the thaw-melt metffodn physi- may be assigned to the calculated phase diagram.

cal, fused and solvent-evaporated mixtuf@sly results from
fused and solvent-evaporated mixtures are shown on the
phase diagraim A metastable eutectic at about 94 °C was
observed, but no other invariant point information was given.
A 1:1 compound melts incongruently. All liquidus data were
optimized. For the liquid,

GE()=xaxg( — 189 742p)
and for the compound AB/2

12.20. Aminophenazone (A)+Etofylline (B)

Data were obtained by the thaw-melt metfodn both
physical and fused mixturegnly fused mixture data are
shown on the phase diagramA metastable eutectic of
101 °C was reported, but no other information was offered.
The liquidus data could be fit very well by an expression
A, G°=18581-48.5709 J mol'l,  (51) GE(1)=XaXg(2934- 102K +2729¢5)  J morl(53)

o_— __ 1
AnusG®=—18961+42.8093  J mol (52 and the calculated phase diagram is shown in Fig. 20. The
were derived. The calculated phase diagram appears in Fifiquidus data entail a eutectic 101.8 °=0.142; this tem-
19 and calculated invariant points a=98.5°C, xg perature is significantly above the experimental datum
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Fic. 19. The system benzoic ac{d)+etofylline (B).
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Fic. 20. The system aminophenaza@e +etofylline (B).

(98°C) but the phase boundaries shown in Fig. 20 are thetially weighted and thermodynamic properties of the com-
modynamically self-consistent. An uncertainty o2° may ~ pound were assigned to reproduce the experimental data as
be assigned to the calculated diagram. closely as possible. For the liquid,

GE(l)=xaXxg(—800+57xg) J mol'l (54
12.21. 4-Nitroaniline (A)+Etofylline (B)
and for the compound AB/2
Data were obtained with the thaw-melt metAbdn physi-
cal and fused mixturegonly data from fused mixtures are A4 G°=10121-25.7628 J mol %, (59
shown in the phase diagrammNo invariant points were re-
ported, but a metastable eutectic at 111 °C was observed, as A{G°=—10 250+ 20.0000° J mol 1. (56)

well as the existence of an incongruently melting 1:1 com-

pound. In a preliminary calculation, it was ascertained thafThe calculated phase diagram is shown in Fig. 21 and the
the liquidus data entail eutectic and peritectic temperaturesalculated invariant points afe=115.0°C,xz=0.372 and
consistently higher than those observed. For constructing the=118.0 °C, xg=0.422. An uncertainty of=2° may be
phase diagram, therefore, these temperatures were prefererssigned to the calculated diagram.
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Fic. 21. The system 4-nitroanilin@\) +etofylline (B).
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Fic. 22. The system benzidin@)+etofylline (B).

12.22. Benzidine (A)+Etofylline (B)

Data were obtained by the thaw-melt metiaoh physical

and fused mixturegonly the fused mixture data are shown
on the phase diagramA metastable eutectic at about 98°C
and an incongruently melting 1:1 compound were reported,
but no other information. All liquidus data were optimized

with the results

GE(1) =XaXg(100- 7981z +830%3) J mol 2,

(57)
for the liquid and
A G°=18932-49.720T J mol 2,

A{G°=—19386+43.959@ J mol !

(58
(59

=105.4°C,xg=0.395. An uncertainty of-2° may be as-
signed to the calculated diagram.

12.23. Hydroquinone (A)+Etofylline (B)

Data were obtained by the thaw-melt metfodn both
physical and fused mixturg®@nly data from fused mixtures
are shown in the phase diagranAlthough no invariant
point data were stated, metastable eutectics at about 121 °C
and 113°C and the presence of a congruently melting 3:2
compound were mentioned. The liquidus data from physical
mixtures coincided with those from fused mixturésther
temperature arrests did nofThe liquidus data themselves
entailed eutectic temperatures higher than those observed,

for the compound AB/2. The calculated phase diagram ignd so in the optimization greater weight was given to these

shown in Fig. 22, withE=101.6°C, xzg=0.326 andP

180 T

temperatures. For the liquid,
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[&]
o
_ 150 F 3
[\}]
C
2
2
m
& 140 F E
a
E
[i3}
o

130 F 3

0.279 121.3 9oC
- —e -
120 F 0.578 E
;2
110 ! ! ! ! i ! ! !
.0 0.10 0.20 ©0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
A Mole fraction of B B

Fic. 23. The system hydroquinorid)+etofylline (B).
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Fic. 24. The system 4-nitrophen@)+etofylline (B).

in the diagram Although no invariant point data were
(60)  stated, a metastable eutectic at about 57 °C and the existence
of a 2:1 congruently melting compound were noted. All li-

GE(1)=xaxg(— 18000+ 11 24&5) J mol L,

and for the compound 48,/5 quidus data were optimized, and the calculated phase dia-
Ay G°=20635-50.8257 J mol !, (61)  gram(Fig. 24 was constructed with the quantities
AfG°=—23 875+45.2319 J mol L. (62) GE(l):XAXB(_lSOOO'l‘ 10 318(8) J mOI—l,
The calculated phase diagram is shown in Fig. 23 and calcu- (63
lated invariant points aree;=125.2°C, xg=0.279; E, and
=121.3°C, xg=0.578. The compound melts at 132.8°C.
An uncertainty of+2° may be assigned to the calculated A, G°=10064-27.8834 J mol L, (64)
diagram.
A{G°=—12633+22.5949 J mol ! (65)
12.24. 4-Nitrophenol (A)+Etofylline (B)
for the compound AB/3. Other calculated data aré&;

Data were obtained by the thaw-melt metiaoh physical =77.1°C, xz=0.223 andE,=85.3°C, xz=0.393. An un-
and fused mixturenly data from fused mixtures are shown certainty of+4° may be assigned to the calculated diagram.

180 T T T T T T T T T
] 1
175 F P X 3
t ]
170 i ' 1
v ]
165 [ ; \ 3
! \
160 F eRef. 98 i , 3
' *
& 158 | . . -
1 ol
-~ .
o 150 | i | E
3 1 .
© 145 | { b
o ) . l.
2 140 F : .
[ 1
- ! \
135 & . 134.2 OC i ¢
' o 132.6 0'-->
130 F 128.7 OC .l,{‘/:
0.284' Py Py Py Py - A a & & o o s a e
125 | 123.7 O 04946 3
w0 b 0.252 3
15 | i 1 ! ! | 1 ! i

0.0 0,10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1,0
A Mole fraction of B 8

Fic. 25. The system phenacefiA)+urea(B). The calculated immiscibility envelope is conjectural.
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_________ L N
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(b) A Mole fraction of B 8

Fic. 26. (a) The system acetanilidéA)+phenacetin(B). A possible interpretation of the datéh) The system acetanilidéd)+phenacetin(B). Another
possible interpretation of the data.

12.25. Phenacetin (A)+Urea (B) =0.252. The calculated two-liquid envelope is suggestive
only. An uncertainty of+ 2° may be assigned to the remain-

Data were obtained by the thaw-melt metfdLiquidus der of the diagram.

and monotectic data were tabulated, but data defining th
liquid miscibility gap were available only as points on a
phase diagram. The eutectic was reported to be 129.0°C, 12.26. Acetanilide (A)+Phenacetin (B)

xg=0.305, and the liquid miscibility gap lay in the range . ) .
0.342<x5<0.963. The consolute point, read off the phase Dat@ were obtained b_y_DS?ﬁ.Complete solid SO“{“On
diagram, was~ 164 °C, xz~0.78. It was found that a con- Was reported, with a minimum temperature of 80 %,
solute temperature as low as that experimentally suggésted™ 0.337. It_vva_s found, in prellmlnar_y calculfatlons, that_all the
was inconsistent with the remainirigetter establisheéddia- observed liquidus data were consistent with zero solid solu-
gram. The experimental monotectic temperature (128.7 °cility and the quantity

was well reproduced by the quantity GE(l)=xaXxg(—8900-3194g) J mol ! (67A)

£ N for the liquid. The reason for the thermal evahtat ~82 °C
GH(1) =XaXg(4591+ 5898&g) J mol” (66) is therefore puzzling. A congruently melting compound in
the middle of the diagram could conceivably account for two
and the extent of the miscibility gap, Fig. 25, was 0.284eutectic temperatures near 82 °C; its stoichiometry, however,
=<xg=<0.946. The calculated eutectic is 123.7°Qg  could not be 1:1. The presence of an incongruently melting

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999
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compound would be equally unlikely. Suggested calculated
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E e Ref. 4

<--- 134,2 O
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| | | f | 1 | 1 |
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A Mole fraction of B B

Fic. 27. The system phenacefiA)+phenobarbitalB).

12.27. Phenacetin (A)+Phenobarbital

1.0

(B)

liquidus curves[Fig. 26a)] meet at a conjectured eutectic _ o
~60°C, Xg~0.4. Data were obtained by DT@and the reported eutectic is

An alternative construction is possible. The repciied 114°C,xg=0.33. Allliquidus data were optimized, with the

lowest temperature arrests a82 °C could be construed as "€SUlt
indicating a eutectic temperature; the repottéchinimum”

GE(l)=xaXg(— 1600+ 1300g) (69)
composition, its composition. In this case, the calculated , , N
phase diagram would be that in Fig. (BB and the liquid and the calculated phase diagram is shown in Fig. 27. The

would be described by calculated eutectic is 114.6 °@z=0.340. An uncertainty of
+2° may be assigned to the calculated diagram.

J mol?!

J mol L.
(67B)

GE(1) = xaXg( — 4090+ 26355)

12.28. Paracetamol (A)+Phenobarbital (B)

Data were obtained by DTAand the reported eutectic is
141 °C, xg=0.45. Thermal events at about 139°C in the

Without further information, a more definitive construction
cannot be made.

180 T T T
175 175.0 9C --->

170

<--- 169.3 OC

165

180
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Temperature, OC
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145

®140,0 9C,
140 Ve o o o o _e__e o
0.450
135 | | i 1 1 | 1 1 i
0.0 0.10 0.20 .30 0.40 0.50 0.60 0.70 0.80 0,30 1.0
A Mole fraction af B B

Fic. 28. The system paracetam@)+phenobarbita(B).
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Fic. 29. The system ure@)-+phenobarbitalB). The diagram is conjectural.

range 0.15x5<0.55 were ascribed tentativélyo a meta-

=0.3 0% 106 °C, xz=0.3 or? 112°C, xz=0.22. Phase

stable form of phenobarbital. The liquidus data, upon opti-diagram dat¥''°?suggested the presence of a solid solution
mization, proved to be thermodynamically consistent with abased on phenobarbital; refractive index, photomicrographic

eutectic temperature below that observed:
GE(1)=xpxg(339+172%g) J mol? (69

as shown in the calculated phase diagrdiy. 28); calcu-
lated eutectic: 140.0 °Cxg=0.450. An uncertainty of-1°
may be assigned to the calculated diagram.

12.29. Urea (A)+Phenobarbital (B)

Data were obtained by DTA%? and thermal analysis
(cooling curves!®® Both physical mixture$? and fused
sample$1921%were usedonly data for fused mixtures ap-
pear in the diagraim The reported eutectici® 111 °C, xg

analysis and dissolution rate studfesiso suggested the
presence of a solid solution. The limits of the solid solution
were giveri? as 0.5k xg<1 at the eutectic temperature. On
the contrary, the phase diagram data and photomicrographic
analysis by other investigatdfs claimed no solid solution.

In addition, the existence of an incongruently melting 1:2
compound was postulatétf

Both the data and their interpretation are confused. The
phase diagram data themselves are of poor quality. In pre-
liminary calculations, it was ascertained that the high eutec-
tic temperature and lack of eutectic arrests beyrge 0.6
were consistent with a solid solution based on phenobarbital;

280 T T T T T T
<--- 274,0 Oc
270 3
260 1
250,3 OC
250 F 2:17.1 oc
240 |
& =230 F
@ 220
2
o 210 [
[
1}
g 200 F
L]
&
180
180
)
170 | . o 168.540C ~
.
0,898
1680 | . . . o]
150 | | | 1 1 | | VS PSR |
0.0 0,10 0.20 0,30 0.40 0.50 0,60 0.70 0.80 0,90 1.0
A Mole fraction of B B

Fic. 30. The system theophylling)+phenobarbita(B).
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Fic. 31. The system quinin€A)+phenobarbitalB).

there is no justification for the presence of compounds. For A{GO=— 27452+ 45.4499 J mol L. (74)

construction of the phase diagram, Eg0) was assumed
P g 0 Other calculated data ardg;=247.1 °C, xg=0.232 and

GE(1)=0, (700 E,=168.5°C,xz=0.898. The compound melts at 250.3°C.
and the solid solution was assumed to be Henrian: the HerfAN uncertainty of+4° may be assigned to the calculated

rian activity coefficient diagram.
RTIn y,=4500 J mol? (72)
independent of temperature was chosen in order to place the 12.31. Quinine (A)+Phenobarbital (B)

eutectic temperature near the observed data points. The cal-
culated phase diagram is shown in Fig. 29, and the calculated Data were obtained from DTA measurements on both
eutectic is 110.6 °Cxg=0.216. The solid solution extends physical and fused mixturésThe reported eutectitgfused
to xg=0.756 at the eutectic temperature. The diagram is sugmixtures are E;=164°C, xg=0.2 and E,=158°C, Xg
gestive only. =0.8. A 1:1 compound melts congruently at 185°C. The
liquidus data from the physical and fused mixtures agree
quite well; the two preparative methods give different eutec-
tic temperatures, however. There is a metastable eutectic in
Data were obtained by DTAand the microthermal the range 120-130°C. X-ray diffraction speftran the
method® (smooth line diagram, no data pointsthe re-  powder confirmed the existence of the 1:1 compound. The
ported eutectiés are E;=248°C, x3=0.25 and E, compound was also synthesized from alcohol soltjtih
—169°C, xg=0.96. There is a 2:1 compound melting con- and melted af® 182-183 °C of 184-185°C. The eutectic
gruently at 252°C. The x-ray diffraction spectra of arrest$ were scattered, and preliminary calculations showed
mixtured at xg=0.33 and 0.4 support the existence of athat both eutectic temperatures from fused mixtures could
compound. The 2:1 compound was synthesized from alcohdlot be reproduced simultaneously. In this case, it was de-
solution®® with a melting point of 250.7—251.7 °C. Another cided to place more weight on the liquidus data; the optimi-
report® indicates the existence of 1:1 and 2:1 compoundgation yielded

12.30. Theophylline (A)+Phenobarbital (B)

melting. at 254 and 244°C, respectively. Some thermal GE(1)=xaxg(1329-5010z) J mol'l, (75
events in the randel59—164 °C were thought to be due to o
metastable transitions of phenobarbital. for the liquid and

A preliminar_y calculation showed that liquidus dhat A G°=18377-40.203F J mol %, (76)
Xg>0.6 were inaccurate and no compound was thermody-
namically stable. The phase diagram, Fig. 30, was calculated A(G°=—-18671+34.4426 J mol ! (77

with the use of Eq(72) for the compound AB/2. Calculated data from the phase dia-

GE(l)=xaxg(—4667+2000kg) J mol' (720 gram, Fig. 31, areE;=165.1°C, x3=0.179 and E,
=156.9°C, xg=0.791. The compound melts at 183.9°C.
The experimental liquidus data are fitted wélincertainty
A G°=26563-50.780T J mol 1, (73 +2°), but alarge uncertainty remains for the eutectics.

for the liquid and, for the compound,B/2,

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999
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Ref. 4 (thaw-melt) b
O Ref., 4 (DTA)
Ref. 4 (thermal analysis)
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A Mole fraction of B 8

Fic. 32. The system caffein@)+phenobarbitalB).

12.32. Caffeine (A)+Phenobarbital (B) for the liquid and

Data were obtained by thermal analysis, DTA and the A1G°=25380-61.4329 J mol ™, (79
thaw-melt methoﬁ.The 1:1 compounq is described4afs'n- AG°=—26975+55.6714 J mol ! (80)
congruently melting” but reference is made exclusively to
two “eutectic” temperaturesthe higher should be called for the compound AB/2. The phase diagram, calculated with
“peritectic”). Thermal events between 120 and 130 °C werethe use of Eqgs(78) and (80), is shown in Fig. 32; other
ascribed to metastable eutectics. The eutettis 135 calculated data areE=136.1°C, xg=0.633 and P
(or138 °C, xg=0.67 and the peritectic temperature is 140,=139.9 °C,xg=0.515. An uncertainty ot-4° may be as-
141 or 143°C. A 1:2 compound was prepdf€drom aque-  signed to the calculated diagram.
ous solution(melting point 145—-146°C) as well as a 1:1
compound(not isolated. Liquidus data from all three meth-
ods agree well on the LHS, and, on the RHS, the DTA and 12.33. Aspirin  (A)+Phenobarbital (B)
thaw-melt data are concordant; in the central region there is
much scatter. All liquidus data in the intervals<@g<<0.5
and 0.Kxg<1 were optimized, with the result

Data were obtained from DT@and the reported eutectic
is 122 °C,xg=0.35. The eutectic data are, in fact, scattered,
but the liquidus data are not. Optimization of the liquidus
GE(1)=—-637%xxg J mol?! (78  data yielded the quantity

180 T T T T T T

T
175.0 0C --->

170

160

150

140

Temperature, ©°C

130
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0.0 0.10 0,20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
A Mole fraction of B B

Fic. 33. The system aspiri(A)+phenobarbitalB).
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Fic. 34. The system sulfaniliamidé\)+phenylbutazonéB).

GE(1)=xaxg(2714-297%g) J mol'! (81

and the calculated phase diagram, Fig. 33, shows a eutec
121.5°C, xg=0.327. An uncertainty of-1° may be as-
signed to the diagram.

99.0°C,xg=0.867. The rather high-lying liquidus suggests
'i%cipient liquid immiscibility. An uncertainty of+2° may
e assigned to the calculated diagram.

12.35. Khellin (A)+Sulfanilamide (B)

12.34. Sulfanilamide (A)+Phenylbutazone (B) Data were obtained by DSC, DTA and the microthermal

82
Data were obtained by DSC and light transmisd®iihe method®“ Data from the thr_ee methods were concordant and
not all are shown on the diagram. The reported eutectics are

reported eutectic is 99 °Gg=0.91. X-ray diffractograms of E,=141°C, xg=0.23 andE,=146.5°C,xa=0.74: the 1:1

mixtures corresponded to the two components only. The li- . :
quidus data by themselves entail a eutectic temperatur\%%rglgogggl(;ntitsvvzljlnrgerurir;t&sé %\itththg Igﬁtigfgram asa
somewhat higher than that observed. Weighting the eutectic P q

temperature preferentially, the optimization yielded GE(1)=20%xg J mol! (83
GE(1)=xxg(7016-5500xg) J mol'! (82  and
and the calculated phase diagram, Fig. 34, shows a eutectic ApG°=24452-57.5227T J mol %, (84)

170 T T

165 eRef. 82 165.0 OC --->

oc

151.9 OC

150

Temperature,

145

Y e
140 F 0.229 4

135 1 1 1 ] | 1 I |
0.40 0.50 0.60 0.70 0.80 0.80 1.0

A Mole fraction of B B

Fic. 35. The system khellifA)+sulfanilamide(B).
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Fic. 36. The system sulfanilamidé)-+benzocaingB).

A(G°=—24400+51.761F J mol* (85) and shows a eutectic of 82.5°&z=0.867. An uncertainty

of =1° may be assigned to the calculated diagram.
for the compound AB/2. The calculated phase diagram is y g g

shown in Fig. 35, and other calculated data d&f¢
=141.7°C, xg=0.229 andE,=146.0°C, xz=0.714. The
compound melts at 151.9°C. A few liquidus data points are12.37. Sulfanilamide (A)+4-Aminobenzoic Acid (B)
seen to be inconsistent with the rest of the diagram. An un-

; o - : Data were obtained by the thaw-melt metfodnd the
certainty of+1° may be assigned to the calculated diagram. o .
y y g g reported eutectic is 138.5 °Gz=0.38. The phase diagram,

Fig. 37, was calculated with the use of Eg§7)

12.36. Sulfanilamide (A)+Benzocaine (B) GE(1) = XaXg( 1200+ 885¢g) I mol * 87)

Data were obtained by the thaw-melt metiédhe re-

ported eutectic is 82.5 °Gg=0.87. The phase diagram, Fig.
36, was calculated with the aid of

and shows a eutectic 138.6 °&;=0.404. Two liquidus data
nearxg=0.4 are seen to be inconsistent with the remaining
data. An uncertainty of- 1° may be assigned to the calcu-
GE(1)=x,xg(3128-2500xg) J mol'!  (86) lated diagram.

195 | |
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Fic. 37. The system sulfanilamidé)+4-aminobenzoic aci@B).
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Fic. 38. The system caffein@)+sulfathiazole(B).

12.38. Caffeine (A)+Sulfathiazole (B) xg=0.49. X-ray diffraction data on the 2:1 compound at

. . . room temperature were indexed according to triclinic sym-
Data were obtained by DSC and light transmissiéiThe metry, with a 1,0403 nm, b—1.0673 nm, c—1.9628 nm,

reported eutectic is 165°Cxg=0.6. X-ray diffraction of _ o o_ o . o 7_
mixtures confirmed the fact that the system is a simple eu 82.21°, 5=99.98", y=102.367 2=2. The compound

. . d T nder ransition at 150 ° nd unindex iffraction
tectic. (A stability constant for an associated species in aquel—J dergoes a transition at 150°C, and unindexed diffractio

. ) . data were obtained for the high temperature form. A meta-
ous solution was derived from solubility measuremetitat stable eutectic was observed at 94 °C. All liquidus data were
30°C.) All liquidus data were optimized to give E@®8) ' q

optimized, with the results
GE(1)=xaxg(1073-163%5) J mol'! K1 (89

E(1)— 2 1
with which the phase diagram, Fig. 38, was calculated. The G (1) =XaXg(690+ 1500 —2500¢z)  J mol™*,

calculated eutectic is 165.1 °@z=0.601. An uncertainty of (89)
+1° may be assigned to the calculated diagram.

and
12.39. Sulfathiazole (A)+Phenylbutazone (B) A G°=16106-36.714T J mol %, (90)
Data were obtained by DSC and light transmissiofihe
reported eutectic is 103 °Gg=0.98 and peritectic 160 °C, A{G°=—15903+31.4227T J mol?! (9
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Fic. 39. The system sulfathiazo(@)+phenylbutazon¢B).
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Fic. 40. The system phenazoi®)+sulfathiazole(B).

for the compound AB/3. The calculated enthalpy of transi- =1.2590 nm, ¢=1.3941nm, B8=105.18°, Z=4, space
tion of the compound is 17241Jmdl The calculated groupP2,/c. All liquidus data were optimized with the re-
phase diagram is shown in Fig. 39, and calculated &ata syt
=103.0°C,xg=0.943; P=160.0 °C,xg=0.520. The calcu-

lated transition appears on the liquidus at 150.0 g,
=0.641. An uncertainty of- 1° may be assigned to the cal-
culated diagram. for the liquid and

ApG°=25155-61.6289 J mol 1, (93

GE(1)=xaXg(—11346- 5387+ 876%3) J mol*
(92)

12.40. Phenazone (A)+Sulfathiazole (B) AG°=—28117+55.867T J mol ! (94)

Data were obtained by DSC and light transmissi$iThe  for the compound AB/2. The calculated phase diagram is
reported eutectics areE;=99°C, xg=0.17 and E, shown in Fig. 40, with eutectick;=98.0°C, xg=0.174;
=133°C,xg=0.53. The 1:1 compound melts congruently atE,=133.8 °C,xg=0.559. The compound melts at 135.0 °C.
135°C. X-ray diffraction data on the compound were in-An uncertainty of=1° may be assigned to the calculated
dexed according to monoclinic symmetiy=1.2669 nm,b diagram.
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Fic. 41. The system sulfathiazol{@)+benzocaingB).
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Fic. 42. The system sulfathiazol{@)+4-aminobenzoic aci@B).
12.41. Sulfathiazole (A)+Benzocaine (B) 12.42. Sulfathiazole (A)+4-Aminobenzoic Acid (B)
Data were obtained by the thaw-melt metfodnd the Data were obtained by the thaw-melt metfodnd the

reported eutectic is 86 °CGg=0.96. In a preliminary calcu- reported eutectic is 150 °Cxg=0.57. All data were opti-
lation, it was ascertained that the liquidus data were consigmized to give the expression
tent with a eutectic temperature slightly above that observed.
The phase diagram, Fig. 41, was calculated with the use of
Eq.
a. (99 GE(1)=50%,xg J mol* 96)
GE(1)=xaXp(2200+ 1157z — 147%3) J mol !
(95)

and the calculated phase diagram appears in Fig. 42. The
and shows a calculated eutectic of 86.6 €3=0.936. An  calculated eutectic is 150.1°G=0.574. A few experi-
uncertainty of=2° may be assigned to the calculated dia-mental liquidus points are obviously faulty. An uncertainty
gram. of =1° may be assigned to the calculated diagram.
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Fic. 43. The system nicotinamid@)+theophylline(B).
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12.43. Nicotinamide (A)+Theophylline (B)
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. 44. The system nicotinamid@)-+indomethacin(B). Most of the diagram is conjectural.

the compound AB/3. The calculated phase diagram appears
in Fig. 43 and other calculated data dte=125.7°C, xg

Data were obtained by the thaw-melt method on physical. 4 n60: p=169.9°C xg=0.266. An uncertainty oft3°

and fused mixture?d (only data for fused mixtures are shown
on the diagram No invariant points were mentioned, but
there is an incongruently melting 2:1 compound. All liquidus

data were optimized and E¢QR7)

GE(1)=—-137%xxg J mol?!

represented the liquid and

A G°=12006-27.077T J mol 2,

A{G°=—12350+21.789X J mol !
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Temperature,
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may be assigned to the calculated diagram.

12.44. Nicotinamide (A)+Indomethacin (B)

Data were obtained by hot-stage microscbpBamples
were prepared from fused mixtures and téaf 5 and 10
wt %) from solvent-evaporated mixtures. A metastable eutec-
tic at 83 °C and a stable one at 107 °C were reported. A solid
solution based on nicotinamide was postulated, together with
two incongruently melting compounddl:1 and 1:2. IR

236.3 6C -5

129.3 0c #0.145 ee o «143.3 %

-// - E

¥ .
125.9 9 32 3

T WE ¢ W PV A d

E 0.056 3
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Fic. 45. The system nicotinamid@)+sulfamerazingB).
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Fic. 46. The system khelligA)+sulfapyridine(B).

spectra of mixtures and UV spectra of aqueous mixture§he calculated phase diagram appears in Fig. 44. The calcu-

were claimed to yield results confirming the existence oflated eutectic is 108.9 °CGz=0.271; the two peritectics are

complexes, as did solubility studies. 113.5°C,xg=0.303 and 117.9 °Cxg=0.337. The behavior
The liquidus data are sparse and of poor quality. Prelimi-of the compound is consistent with the presence of two ob-

nary calculations showed that a solid solution based on niccserved peritectic temperatures, but the diagram remains con-

tinamide was not needed. For construction of a phase digectural.

gram a eutectic temperature near 107 °C was assumed. A 1:1

compound proved to be possible thermodynamically, but

stable only in a narrow temperature range. For the liquid, Eq.

(100 was used 12.45. Nicotinamide (A)+Sulfamerazine (B)

E — _ 1
Go(1)=XaXg(~ 1475+ 193%)  J mol = (100 Data were obtained by the thaw-melt metioBhysical,

and for the compound AB/2 fused and solvent-evaporated mixtures were used. Only data
A GO=9787-24.4798 J mol L, (101) frolm fused mixtures are shown in the dlagra.m. No invariant

points were stated, but a metastable eutectic at 123 °C was

A{G°=—9914+18.718G J mol L. (102 reported and also the presence of an incongruently melting
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Fic. 47. The system khellifA)+nicotinic acid(B).
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Fic. 48. The system ure@)+khellin (B).
3:2 compound. The compound was synthesized in and iso- 12.46. Khellin (A)+Sulfapyridine (B)

lated from acetone solution. All liquidus data from fused

mixtures were optimized, with the result Data were obtained by DTA, DSC and light

transmissiorf? results from the three methods were concor-
GE(l)=xaxg(—688+51%%g) J mol'l (103 dant. The reported eutectic is 138.5 °%3=0.32. Samples
were also examined photomicrographically. Optimization of
for the liquid and the liquidus data yielded the expression

A, G°=26955-62.991F J mol'!, (104
GE(l1)=461xpxg J mol 1, (106)
A{G°=—27071+57.3974 J mol'* (105

for the compound AB,/5. The calculated phased diagram is and the phase diagram calculated with this quantity is shown
shown in Fig. 45. Calculated data aEe=125.9°C, xg in Fig. 46. The calculated eutectic is 138.2 °Xz=0.296.
=0.056 andP=143.3°C, xg=0.145. An uncertainty of An uncertainty of=2° may be assigned to the calculated

+1° may be assigned to the calculated diagram. diagram.
240
' 23&6.3 oc |———>
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220 9
210 e Ref. 64 B
L 200 f E
[«]
o 180 | J
C
2
© 180 | E
g
e 170 F 0.483 164.4 OC 7
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Fic. 49. The system khellitA)+caffeine(B).
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Fic. 50. The system khellitA)+nicotinamide(B).

12.47. Khellin (A)+Nicotinic Acid (B) 12.49. Khellin (A)+Caffeine (B)

Data were obtained by DSC and thermal micros€épnd Data were obtained by DSC, DTA and thermal
results from both methods are in good agreement. The sammicrocopy®* The data for the three methods are in good
data are reported elsewhéf@. The reported eutectic is agreement. The reported eutectic is 146.0Xg=0.13 and
142 °C,xg=0.18. Samples were also examined photomicroperitectic 164.5 °Cxg=0.48(1:1 compounyl Samples were
scopically. Nicotinic acid displayed a solid transformation atalso examined by photomicroscopy. The best fit to the data
184 °C(not shown on the diagramThe liquidus data were was obtained with the use of E(L11) for the liquid

optimized to give GE(l)=—1784,xg J molL, (11)
GE(l)=xaxg(—400+300xg) J mol !, (107 and

and the phase diagram calculated with this quantity is shown o_ 1
in Fig. 47. The calculated eutectic is 142.5 °=0.194. At 39554-90.3864° J mol' %, (112
The RHS experimental liquidus data show erratic changes of A{G°=—40000+84.625X J mol'! (113

slope; the calculated liquidus is probably closer to true be: . .
havior. An uncertainty of-4° may be assigned to the cal- for the compound AB/2. The calculated phase diagram is

culated diagram given in Fig. 49; other calculated data dfe=146.6 °C,Xg

' =0.131 andP=164.4°C, xg=0.483. An uncertainty of
+2° may be assigned to the calculated diagram.
12.48. Urea (A)+Khellin (B)

Da}oagwere obtain_ed by DTA and the Boetius microheating 12.50. Khellin (A)+Nicotinamide (B)
table’™” Two eutectic temperatures were reported: 120 and
146°C; the existence of a congruently melting 1:1 com- Data were obtained by DSC and thermomicrosctpy°
pound (163 °C) was also suggested. Although the data ar€he two methods gave concordant results. The existence of a
very scattered, it proved possible to construct a reasonabliel compound was demonstrated by x-ray diffraction mea-
phase diagram with the use of E4.08 surements; in the report, it is described as melting incongru-
GE(1) = Xaxg( — 6350+ 4800z) J mol® (108 ently (P=133 C’.X‘?:Q's)' Fr_om the Imwdus data them-.
s selves, however, it is difficult, if not impossible, to ascertain
for the liquid and whether the compound melts congruently or incongruently.
A G°=29617-67.8994 J mol'l, (109 In preliminary calculations, it _became e\_/ident th_at the liqui-
dus data were thermodynamically consistent with a congru-
A{G°=—30605+62.1368 J mol'! (110  ent melting behavior. The excess Gibbs energy of the liquid

for the compound AB/2. The calculated phase diagram idS given by

shown in Fig. 48. The calculated eutectics akg GE(1)=xaXg(2500-1100xg) J mol'!, (114
=120.0°C, xg=0.100 andE,=146.0°C, xg=0.840. The
compound melts at 163.0°C. An uncertainty ©f.0° may
be assigned to the calculated diagram. ApG°=37872-92.827T J mol'!, (119

and the compound AB/2 is represented by
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Fic. 51. The system khelligA)+sulfacetamidé&B).

J mol?t

(117

AG°=—37384+87.06600 J mol'l. (116

The calculated phase diagram appears in Fig. 50. The calcu-
lated eutectics areE;=134.6°C, xg=0.440 and E,
=120.6 °C,xg=0.865. The melting point of the compound allowed the RHS liquidus kink to be approximated. For the
is 134.8 °C, almost identical to the, temperature. An un- compound AB/2,

certainty of=2° may be assigned to the calculated diagram.

GE(1) = XaXg( — 4916+ 147585 — 86952)

A G°=40772-96.571@ J mol'l, (118

12.51. Khellin (A)+Sulfacetamide (B)

Data were obtained by DSC, DTA and thermal
microscopy?? Samples were also examined by photomicros-
copy. There is a 1:1 compound melting incongruentl (
=149°C,xg=0.45; E=137.5°C,xg=0.21). A metastable The calculated phase diagram is shown in Fig. 51. Calculated
eutectic at 124 °C was also reported. As presented, the RH&ata are E=137.6°C, xzg=0.198 and P=149.0°C, Xp
liquidus data impart a peculiar kinked shape to the curve=0.472. The true shape of the RHS liquidus may be differ-
there; the RHS data, in fact, suggest strong positive nonidesnt. An uncertainty of+3° may be assigned to the calcu-
ality in the liquid. The LHS liquidus is normal. The quantity lated diagram.

AG°=—40700+90.8104 J mol'l. (119
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Fic. 52. The system theophylling@\ )+ paracetamol(B).

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999



THERMODYNAMIC PROPERTIES OF BINARY SYSTEMS OF DRUGS 925

240 T T T T T T

230

220

210 eRef. 72 E

200 |

oc

190 |

180

Temperature,

170 168.3 0C --->

160

150
141.0 OC

140 F 4
0,619

130 1 1 1 | 1 | ] ] |
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

A Mole fraction of B B

Fic. 53. The system caffein@)+paracetamo(B).

12.52. Theophylline (A)+Paracetamol (B) =159.1°C,xg=0.826 and®=165.0 °C,xg=0.766. An un-

: e . .
Data were obtained by DSC and light transmissfon. certainty of+=2° may be assigned to the calculated diagram.

X-ray diffractograms of solid samples indicated the presence
of a 1:1 compound melting incongruently. The reported in- _
variant points ar&e=159°C, x3=0.84 andP=165°C, X 12.53. Caffeine (A)+Paracetamol (B)

=0.79. The data could be well represented by Data were obtained by DSC and light transmission.

GE(1) =xaXg(— 2445+ 3586z — 2000x3) J mol * X-ray diffractograms of solid samples showed the system to

(120 be a simple eutecticH=142°C, xg=0.64). Upon optimi-
zation, most liquidus data proved to lie rather low to be
consistent with the reported eutectic temperature. The phase

AyG°=30062-67.1840 J mol'!, (121)  diagram, Fig. 53, was calculated with the use of B@3)

A{G°=—30350+61.421F J mol'* (122 GF(1)=—2088axg J mol* (123

for the compound AB/2. The calculated phase diagram isnd the calculated eutectic is 141.0 °X3=0.619. An un-
shown in Fig. 52, with calculated invariant points certainty of+£3° may be assigned to the calculated diagram.

for the liquid and
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Fic. 54. The system 4-aminobenzoic a¢#l)+caffeine(B).

J. Phys. Chem. Ref. Data, Vol. 28, No. 4, 1999



926

250
231
212
193
174

156

Temperature, °C

137

118

99

80

12.54. 4-Aminobenzoic Acid

Data were obtained by DTA and the investigators re-
ported the presence of an incongruently melting 2:1 com
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Fic. 55. The system anthranilic aci@)+caffeine(B).

(A)+Caffeine (B)

for the compound AB/3. The calculated phase diagram is
shown in Fig. 54 P=140.0°C, xz=0.356; E=131.6°C,
xg=0.462). An uncertainty of- 3° may be assigned to the
calculated diagram.

pound P=133°C,E=128"°C). There was a metastable eu-
tectic at 116 °C. A 1:1 compound! isolated from aqueous

solution, melted at 70—71°C. The data could be well repre-

sented by

GE(l ) = - 6644(AXB

for the liquid and

A, G°=10766-26.0430 J mol %,

A{G°=—12242+20.7519 J mol?!
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12.55. Anthranilic Acid (A)+Caffeine (B)

Data were obtained by the thaw-melt method on physical
and fused mixtureé (only data from fused mixtures are
shown on the diagramThere is a 1:1 compound melting
incongruently and a metastable eutectic-e89 °C. All the
liquidus data for fused mixtures were optimized to give

GE(1)=xaxg( —8146— 233z +4918¢z%) J mol !
(127

162.5 OC

157.2 9C --->

<g/122.4 °C 119.4 O¢ 12
E PP h 3
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1
| 1 [ 1 | | wcnleniadnld
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Fic. 56. The system benzoic ac{d)+isonicotinamideg(B). The existence of the 2:1 compound is debatable.
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Fic. 57. The system 2-nitroaniling\)+4-aminobenzoic acigB).

for the liquid and 2:1 (incongruent This may be a metastable compound. In
A GO=15544-41.004F J mol L (128 preliminary calculations, it was ascertained that the expres-
fus™® : )

sions
A{G°=—17564+35.241F J mol'! (129

for the compound AB/2. The calculated phase diagram i
shown in Fig. 55, with calculated datB=96.6°C, Xg
=0.346 andP=101.0°C, xg=0.388. An uncertainty of ApG°=26822-61.5704 J mol'!, (131

+2° may be assigned to the calculated diagram. AGO= —27250155.809F J molt (132

_ _ o _ for the compound AB/2 could establish the RHS eutectic and
12.56. Benzoic Acid (A)+Isonicotinamide (B) the melting point of the 1:1 compound quite accurately. The
LHS eutectic temperature could be reproduced with the pres-

Data were obtained by the thaw-melt metiicthere is a ence of the 2:1 compound, whose assigtwet optimized
congruently melting 1:1 compound, and a metastable eutec- ' P ' 9 b

tic at ~115°C. Thermal activity in the range 02%gy properties are
< 0.5 suggested the presence of another compound, possibly A G°=27334-65.2920 J mol'!, (133

GE(1)=—171%xxg J mol? (130
Yor the liquid and
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Fic. 58. The system succinimidé)+urea(B).
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Fic. 59. The system chlormadinone acet@4¢+ethinyl estradiolB).

AGO= —27 714+60.00000 J mol't (134 GE(1)=x,xg(2987-111%g) J mol'l (135

for A,B/3. The final calculated phase diagram is shown inand the phase diagram calculated with this expression is
Fig. 56. The calculated eutectics afe=119.4°C, xg  shown in Fig. 57. The calculated eutectic is 69.0 G,
=0.038 andE,=144.5°C,xg=0.822. The 1:1 compound =0.052. An uncertainty of-2° may be assigned to the cal-
melts at 162.5°C. The calculated peritectic is 138.0%g, culated diagram.
=0.137. The properties of the 2:1 compound, ER3 and
(134), are of reasonable magnitude, but there is doubt about
its existence_. An uncertainty af 2° may be assigned to the 12.58. Succinimide (A)+Urea (B)
calculated diagram.

Data were obtained by DTA and the reported eutectic
12.57. 2-Nitroaniline (A)+4-Aminobenzoic Acid (B) temperatures are 110 and 107 °C. There is a congruently

_ ) melting 1:1 compound. The data were fitted well by the ex-
Data were obtained by the thaw-melt metPodn physi-  pression

cal, fused and solvent-evaporated mixtutesly data from

fused and solvent-evaporated mixtures are shown in the GE(1)=xXaXg(—15750-2000g) J mol*
phase diagram No invariant points were stated. All liquidus (136
data were optimized to give for the liquid and
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A, G°=58863-145.8650 J mol 1,
A¢G°=—63051+140.1040 J mol?

(137
(138

929

liquidus data. In this case, the liquidus data were taken as the
defining data. An uncertainty of 2° may be assigned to the
calculated diagram.

for the compound AB/2. The calculated diagram is shown in

Fig. 58 and calculated data dg=110.0 °C,xg=0.149 and

E,=107.1°C,xg=0.855. The compound melts at 130.4°C.

The excess Gibbs energy of the liquid, E436), is very
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(137), is rather large compared to other systems examined iohemistry, Ecole Polytechnique de Morattefor use of com-
this work. Nevertheless the experimental data are faithfullyputing facilities

reproduced. An uncertainty of 1° may be assigned to the
calculated diagram.

12.59. Chlormadinone Acetate (A)+Ethinyl
Estradiol (B)
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