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2-Chloronaphthalene—octafluoronaphthalene, 2-methylnaphthalene—octafluoronaphtha-
lene binary systems and 2-chloronaphthalene—2-methylnaphthalene—octafluoronaphthalene
ternary system have been assessed by differential scanning calorimetry and X-ray powder
diffraction. Each binary system presents a 1:1 complex. The pseudobinary section of the
ternary system shows a new phase which is probably ordered and may behave as a “complex
of complexes”. Finally, ternary alloys show the turn over from ordered to random lattices.
Thermodynamic properties of these systems are analyzed through the associated liquid model

and the line-compound formalism.

1. Introduction

As in metallic binary systems, organic binaries A; 4By
are known to give either random or ordered alloys: the
former mixed lattices correspond to random molecular
alloys between pure substances and depend on the
degree of isomorphism, which is related to the molecular
shape and size, and on the crystalline isomorphism
(related to the similarity of symmetry).1=* For binary
mixtures of Lennard-Jones hard spheres, it has been
recently shown that geometric (Lennard-Jones diameter
ratio) and energetic criteria (well-depth ratio) can
explain random alloy stability.> The ordered molecular
alloys are often called complexes: the formation of
ordered phases results from specific attractive interac-
tions, such as charge transfer between molecules of
different type® or quadrupole A-quadrupole interactions.”
By applying a modified pairwise approach to different
molecular substances and their binary alloys, we have
very recently shown that complex formation occurs
when a stabilizing effect affects heteromolecular energy
and overcompensates homomolecular energies, which is
not the case for random alloys.8
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Our research on molecular complexes is part of a
wider program on mixed molecular interactions. To date
we have published on the formation of ordered alloys
(1:1 complex phases) between a substituted benzene,
RmR'nCeHe-m-n (R, R" = H, CI, CH3), and hexafluo-
robenzene, CgFg:9711 (i) the complex existence is related
to the planar geometry of each molecular partner and
the presence of H---F intermolecular interactions, and
(i) a strong relationship is found between complex
stability and association character in the liquid. With
the naphthalene—octafluoronaphthalene system,'2 our
purpose was to extend these basic ideas to naphthalene
systems, with octafluoronaphthalene playing the same
role as CgFe.

On the other hand, chlorine appears to destabilize
benzene complex phases more than hydrogen and
methyl group. By studying naphthalene binary systems
where one hydrogen is substituted by a chlorine atom
(2-chloronaphthalene—octafluoronaphthalene system) or
by a methyl group (2-methylnaphthalene—octafluo-
ronaphthalene system), we attempt to determine whether
the relation between the nature of the substitute and
the stability of the complex is maintained.

Given that a maximum appears in the 2-chloronaph-
thalene—2-methylnaphthalene solid—liquid equilibrium
phase diagram, for 2-chloronaphthalene-rich composi-
tions,13 we search for a possible transition from random
alloys to complexes, by studying the ternary system
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built with 2-chloronaphthalene, 2-methylnaphthalene,
and octafluoronaphthalene: in other words, we examine
the connection between intermolecular interactions and
order/disorder.

To this end we have (i) determined and analyzed
2-chloronaphthalene—octafluoronaphthalene and 2-me-
thylnaphthalene—octafluoronaphthalene systems and
(ii) studied the 2-chloronaphthalene—2-methylnaphtha-
lene—octafluoronaphthalene system. Experimental pro-
cedure and thermodynamics are presented, with special
emphasis on the associated liquid model used in ther-
modynamic analysis. Pure component, binary, and
ternary data are reported and discussed.

2. Experimental Procedure and Thermodynamic
Analysis

Calorimetric measurements giving transition temperatures
and enthalpies, (such as solid—solid transition temperature
and enthalpy, Tys and AwsH, respectively, and melting tem-
perature and enthalpy, Trns and AgsH, respectively) were
performed with a Perkin-Elmer DSC7 differential scanning
calorimeter. The temperature range was between 160 and 320
K and all our experiments were carried out with the same
procedure as in ref 10: heating or cooling rate, 2 K/min; sample
mass ~ 4 mg. Uncertainties are estimated by taking into
account a systematic apparatus contribution (0.2 K and 1%
for enthalpy measurements) and a random part using the
Student's method with a 95% threshold of reliability.

To characterize the different phases and their transitions,
(space group, lattice parameters and volume, kind of the
transitions), X-ray diffractions patterns are obtained with a
Guinier-Simon camera (GS), Siemens D500 or Inel CPS120
(Cu Kal radiation, A = 1.5406 A). Space group and related
lattice parameters are proposed from indexing diffraction
patterns and refinement of peak positions by using the
“FULLPROF” routine.* The excess volume, AsV,, of an alloy
@, with general formula A;—,,By,, is a direct measure of the
departure from ideality and is immediately deduced from the
volume values of A and B, Va, and Vg, respectively:

A)(5\/(5 = V(p/l— (1 - X¢)VA,¢/1— X(pVB,¢ (1)

By combining all these experimental methods, the T—x
phase diagram can be determined in each system. The corre-
sponding data set is analyzed through appropriated models
for each phase, that is, the substituted solution model (SSM),
and, if necessary, the associated solution model (ASM) for the
liquid. All these models describe excess thermodynamic prop-
erties through analytical forms of Gibbs free energy, AmixG,
and related functions (mixing enthalpy, AmixH,, excess entropy,
AxsSy). For a given phase ¢ corresponding to a ternary mixture
Ax1,0Bx2,¢Dya,¢, Where X1, X2,0, @and Xs,, correspond respectively
to the mole fraction of the A, B, and D components, SSM
argues that components i are randomly distributed; if an
interpolation of the Muggianu-type,*® between binary proper-
ties, is made, without ternary interaction terms, AnixG,, takes
the following form, at a given temperature, T

2 3 3
AmixG, = Z D Ay, = TASy,) +RT S %, Inx,
=1 =1

Ly

)

where R is the gas constant, and where the ij binary functions
are given by:

(14) Rodriguez-Carjaval, J. “FULLPROF” routine In Abstracts of
the Satellite Meeting on Powder Diffraction of the XVth Congress of
the International Union of Crystallography; Rodriguez-Carjaval, J., Ed.;
Toulouse, 1990, 127.

(15) Muggianu, Y. M.; Gambino, M.; Bros, J. P. J. Chim. Phys. 1975,
72, 83.
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=

Hij,(p(V)(Xi,¢ - Xj,(p)v_l (3)

mix
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Equations 3 correspond to Redlich—Kister polynomia forms?¢
and v is generally restricted to the values 1 (regular ap-
proximation) or 2 (subregular approximation). For solid-phase
@, it is more convenient to refer the Gibbs free energy to the
pure liquid components, by using the adequate free energy of
formation of these components, A:G®j,,, or of the corresponding
line-compounds (complexes), AGi;,, if ¢ is a pseudobinary alloy
Ai1-x:Dx,:B between complexes (ij = A:B, D:B). As an example:
AGCp = Wijo — Bijp T T 03, T(L —INnT) 4)
where aij,¢, fij¢, and dij,, are constants, dj;,, corresponding to a
possible change in heat capacity ACp, ij, (.

The Gibbs free energy of a mixed solid-phase ¢ is then
expressed as

3
mixCy T ) Xi oAG% (%)

AGy, = A

or
AG, = ApixG, + (1=X,)AG 5, + XA, (6)

Equation 5 corresponds to random alloys and eq 6 to a
pseudobinary alloy between complexes.

In the ASM approach, liquid is assumed to contain uncom-
bined species and associates, i. Therefore, a ternary liquid will
contains fives species [three uncombined species, A, D, B, and
two associates, (A:B) and (D:B)], which are numbered con-
secutively 1 through 5 and whose mole fractions are denoted
as y;.1"1® These species are in chemical equilibrium:

(AB)=A+B, (D:B)=D+B

and interact in such a way that mixing Gibbs free energy is
now expressed as:

4 5 2
MG =3 3 by (H = TS0 = 9)" 1+ (Huaa =
=1 |5 V= .
TSia)} — Zyi(AdissHi = TA4issSi) T RT »y;Iny; (7)
£

After dividing by the quantity (1 + y4 + Vys), AmixGL becomes
really a molar quantity. As in eq 2, a Muggianu interpolation
between binary excess functions is made, but in eq 7 (i) ternary
interactions are taken into account by the term (Hizs — TSi23)
and (ii) the dissociation energy of the associates, (AdgissHi
—TAuissSi), means that AnixG. is referred to the pure liquid
components.

Thus, the thermodynamic analysis of the complete data set
and the calculation of the phase diagram can be achieved
through “BIMING” or “TERMING” routines (binary or ternary
systems, respectively).219

3. Results and Discussion

3.1. Pure Components: 2-CioH;CI, 2-C10H;CH3,
and CjoFg a. Octafluoronaphthalene (or CioFg). The
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Table 1. Crystallographic Characteristics of the Pure Components

octafluoronaphthalene

2-chloronaphthalene

2-methylnaphthalene

phase 11 [20] 1[12] 11[2] 1[2] 111 [22] 1 [22]
a(h) 11.287(11) 11.963(17) 7.750(5) 7.662(5) 6.082(4) 7.798(3)
b (A) 4.674(36) 5.023(10) 5.970(5) 5.994(5) 7.800(4) 5.976(4)
c(A) 17.033(27) 7.622(20) 21.344(8) 10.650(8) 20.133(14) 10.732(7)
B (A) 107.34(57) 96.77(6) 119.88(4) 120.32(4) 120.36(5) 119.66(5)
group P2;/a P2:/a P2:/a P2i/a P2:/a P2,/a

z 4 2 4 2 4 2

T (K) 260 293 293 323 273 293

Table 2. Thermodynamic Data of the Pure Components?

octafluoronaphthalene

2-chloronaphthalene

2-methylnaphthalene

Trus 358.8 + 0.4
AfusH 17550 + 330
Ttrs,11—1 283.6 £1.3
AwrsHy— 2120 £ 100
Ttrs,i1i—n

a Temperatures are given in K and enthalpies in J mol 1.

330.7 + 0.4 306.9 £ 0.5
13940 + 400 11800 + 500
3131405 292.0 [22]
289.5 [22]

Table 3. Comparison Experiments-Optimization of Thermodynamic Data for the
2-Chloronaphthalene—Octafluoronaphthalene System (Sl units)

experimental values

optimized values

liquid

complex Trusc = 348.7 + 0.4

AsusHc = 26850 + 800

Ttrs,1i—1,c = 327.6 £ 0.6
Atrs,||a|Hc = 2500 + 200

metatectic My Twm1=3276+ 1.0

xm1 = 0.22 £ 0.01

eutectic E; Te1 =318.4+0.5
XE1 = 0.16 4+ 0.02
AsusHe1 = 14100 £ 900
eutectic E; Te, =333.8+0.5

Xg2 = 0.74 +0.02

AgusHe2 = 14500 + 1200

product was purchased from Aldrich (purity > 96%) and
was used without further purification. Impurities de-
tected by coupling gaseous phase chromatography and
mass spectrometry are CioHF7 (<1%), C1oFCl (<1%),
and Ci1oHFsCI. A possible impact of such impurities is
to displace liquidus lines in binary phase diagrams, in
the CyoFs -rich regions.

This molecular compound gave rise to two different
solid forms. Crystallographic datal?2° are reported in
Table 1 and thermodynamic data’? in Table 2.

b. 2-Chloronaphathalene (or 2-C,0H-CI). The product
was purchased from Fluka (purity higher than 98%). It
presented a polymorphism with two phases: the phase
transition is of the second order. Crystallographic data?
are given in Table 1 and thermodynamic data in Table
2.

c. 2-Methylnaphthalene (or 2-C;0H7CH3). The product
was purchased from Aldrich (purity 98%) and was used
after a purification by sublimation, to minimize the
content of 1-C19H7,CH3.2! It presented two phase transi-

(20) Mackenzie, G. A., Buras, B.; Pawley, G. S. Acta Crystallogr.
1978, B34, 1918.

His® =0

513(1) = 1.4(4)
H1z® =0

S13® =0

H14(1) = 1080(10)
S, = 7.9(8)
H34(1) = 330(10)
534(1) = 8.4(5)

AdissG° = 5950(50) — 15.7(8)T
TfusC = 3487(6)

ArusHc = 26800(1000)

AtG°c = —28900(100) + 65.7(3)T
Tirs11—1.c = 327.7(1)
Ars,1—1Hc = 1600(200)

T = 327.7(3)

Xm1 = 0.21(1)

Te1 = 318.4(2)

Xg1 = 0.16(1)

AsusHer = 14000(100)

Teo = 333.7(2)

Xe2 = 0.74(1)

AsusHez = 15040(50)

tions of first order.?2 Only the parameters of the low-
temperature form (111) and of the higher temperature
form (1) are known?? (Table 1). Thermodynamics data
are reported in Table 2.

3.2. Binary Systems. a. The 2-Chloronaphthalene—
Octafluoronaphthalene System: Experimental Study.
This system presents a 1:1 complex with one first-order
solid—solid transition. The thermodynamic behavior of
this complex with congruent melting point and the data
corresponding to invariant equilibria are given in Table
3. The consistency of the entire experimental data set
allows us to establish the equilibrium phase diagram
of the double-eutectic type (Figure 1).

The two solid complex phases (labeled Il and | with
increasing temperature) have been investigated by
X-ray powder diffraction patterns at two temperatures
(293 and 333 K); their monoclinic cell parameters and
the proposed space groups are reported in Table 4
(phase Il appears to be isomorphous with the low-

(21) Meresse, A. Thesis, Université Bordeaux |, France, 1981.
(22) Meresse, A.; Chanh, N. B.; Housty, J.; Haget, Y. J. Appl.
Crystallogr. 1983, 16, 370.
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Table 4. Cell Parameters of the Complex 2-C1oH7Cl:C1oFsg

phase a(A) b (A) ¢ (A) S (deg) group z V (A3) T (K)
| 17.272(3) 6.698(3) 7.742(2) 99.90(3) P2i/a 2 882 333
1 12.717(3) 9.342(3) 7.408(2) 99.55(3) P2i/a 2 868 293
H 302K —
400 - - Gs
32K S
[ L] ] | “
380 - T 324K I —
_ ] | _°
329K g Ca
360 |- [A+L] [L+B\]\ Figure 2. Guinier-Simon photograph showing the polymor-
"X phism of the 2-C1oH;CH3:C10Fs complex.
i . _ \\‘ ]
MO L+C] IC+L] ] Simon camera showed four solid forms with increasing
_ ¥ - : NIRRT temperature, labeled 9o, y, 3, and a (Figure 2). All the
e { i / [L+C) | phase transitions are of the first order. The low-
a Lo e e ] temperature form (9) is stable at room temperature, the
[ / 1 y form exists between T = 312 and 324 K; the  form is
300 | [+ B] present below T = 329 K, and the a phase exists above,
(A, +C,] | until the melting temperature (T = 383 K). Only the o
phase has an orthorhombic symmetry; the others (9, y,
280 | . and pB) are monoclinic. The cell parameters of these
[A,+Cyl (G, +B] phases determined by powder diffraction are given in
260 L i Table 5. . o
All the thermodynamic data of this binary system are
- ] given in Table 6. The consistency of the entire experi-
240 N T | [ mental data set allows us to establish the equilibrium
0.0 0.2 04 ~ 06 0.8 1O phase diagram (Figure 3).
A=2-C HCI % B=CF Thermodynamic Analysis. Liquid ASM is also needed
x  DSC for the thermodynamic analysis in this system (six

Optimized phase diagram

Figure 1. 2-Chloronaphthalene—octafluoronaphthalene sys-
tem: experimental and calculated phase diagrams.

temperature phase of the homologous C1oHsg:C10Fs com-
plex?3).

Thermodynamic Analysis. SSM cannot describe this
phase diagram. Therefore, the “BIMING” routine used
liquid ASM, with five interaction parameters in eq 7:
HY, HY, s s and SY). The optimized values of
invariant points are reported in Table 3. The calculated
phase diagram is shown in Figure 1 (solid lines) and
compared with the experimental data: the difference
between experimental and calculated liquid molar frac-
tion does not exceed 0.025 (the agreement was poorest
in the octafluoronaphthalene-rich region).

At the complex melting temperature, the concentra-
tion of the associated species was y, = 0.23, showing
strong intermolecular interactions in the liquid phase,
although slightly weaker than in the homologous naph-
thalene—octafluoronaphthalene system (y, = 0.28,12).
These results are in agreement with the corresponding
Gibbs free energy of formation of complex phases at
their melting point (—6.00 and —6.42 kJ mol=112 re-
spectively).

b. The 2-Methylnaphthalene—Octafluoronaphthalene
System: Experimental Study. This system also presents
a 1:1 complex with congruent melting point; therefore,
the phase diagram will be again of the double-eutectic
type. The study of equimolar mixtures with a Guinier-

(23) Potenza, J.; Mastropaolo, D. Acta Crystallogr. 1975, B31, 2527.

interaction parameters are required: H(113) H(123) Hgﬂ),
s, s and S$); see Table 6). Experimental and
optimized values of all the invariant equilibria agree
very well. The calculated phase diagram is shown in
Figure 3; agreement between experimental and calcu-
lated liquidus lines is not so good. A possible explanation
lies in the difficulty of controlling the 2-CioH;CH3
composition, arising from the purity of both substances.

When the complex melts, the mole fraction of the
associate (y4 = 0.16) is lower than in the homologous
with naphthalene (y, = 0.28'?); at the same time, the
Gibbs free energy of formation of the complex (—6.06
kJ mol~?) is greater than for the homologous naphtha-
lene complex (—6.42 kJ mol~112); once more, C1oHg:C1oFs
appears to be the most stable.

The effect of substitution on the aromatic ring on
stability appears to be different in the benzene and
naphthalene families: for the series R—CgHs:CsFg, Where
R = H, CI, and CHgs, Cl destabilizes the complex lattice
of the pure hydrogenated complex, whereas CH3; en-
hances the complex phases.®~'! In contrast, for the
naphthalene series 2RC3oH7:C10Fs, although CI again
seemed to have a destabilizing effect, the pure hydro-
genated complex had the most stable lattice. One
explanation may be that substitutions have a more
“dilute” role in a naphthalene ring than in a benzene
ring and thus less influence on the stability of the
complex phases.

c. The 2-Chloronaphthalene—2-Methylnaphthalene
System. This system is described elsewhere:13:21-22 ng
complex phase is present, but a maximum appears in
the phase diagram, which shows complete miscibility
between pure components (Figure 4). Solid mixed alloys
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Table 5. Cell Parameters of the Complex 2-C1oH7CH3:C1oFg

Marbeuf et al.

phase a(A) b (A) c(A) B (deg) group z V (A3) T (K)
3 18.680(10) 6.229(6) 8.382(20) 90 2 975 333
B 17.550(2) 12.251(8) 8.441(5) 92.50(2) P2i/a 4 1806 328
y 17.590(2) 6.856(2) 7.628(1) 98.79(2) P2i/a 2 909 323
o) 16.765(10) 7.083(6) 7.533(2) 96.92(3) P2,/a 2 888 293

Table 6. Comparison between Experiments and Optimization for the Thermodynamic Data of the
2-Methylnaphthalene—Octafluoronaphthalene System (Sl units)

experimental values

optimized values

liquid

complex

Trusc = 382.7 £ 0.6
AssHe = 21600 £ 800

Ttrs,ﬁaa,c =328.6 0.3

Atrs p—oHc = 1600 & 400

Tusy—pc = 323.7 + 0.3

Atrs,—pHc = 5000 + 400

Tuso—yc = 312.0+ 0.8

Atrs,dﬂyHC < 500
eutectic E; Te1 =301.3+0.3
XE1 = 0.07 +0.01
Tm1=312.0£ 0.8
Xm1 = 0.08 £ 0.02
Tmz =323.7+0.3
Xm2 = 0.11 4+ 0.02
Tmz=328.6 £ 0.3
XM3 = 0.12 + 0.03
TEz =338.7+0.3
Xge2 = 0.78 £ 0.01

metatectic My
metatectic My
metatectic M3

eutectique E;

AX;Dx; are in equilibrium with the ideal liquid. Calvet-
Pallas et al.’® have found the following expression for
the excess solid functions:

AnixHs(G, X5) = xix5[—2.60 + 0.52(x] — x3)]

(in kJ mol™)

mix

AysSs(X1, X5) = xix5[—2.5 + 0.5(x] — X;)]
(inJmol K™

The present phase diagram type (continuous random
alloys) is different from the preceding ones (ordered
complex alloys): the presence of a maximum is the
consequence of strong heteromolecular interactions in
the lattice between 2-C,oH-;Cl and 2-C1oH;CH3z mol-
ecules, which overcompensate the natural effect of the
geometric mismatch,® whereas when one of the molec-
ular partners in the lattice is C10Fg, specific interactions
enhance heteromolecular interactions, thus allowing
ordering. Another reason continuous random alloys are
not formed between CjoFg and one of the 2R-substitued
naphthalene components is the lack of isomorphism
between CioFs and 2-C10H7C| or 2-C10H7CH3;2 therefore,
in a mixed lattice, only ordering phase is possible. By
using a modified pairwise approach, applied to different
molecular substances (A, B) and to their binary aloys
(A1—xBy),® we have recently shown that, even if homo-
molecular energies, €°aa, €°ss, and heteromolecular ones,
€ag, are of the same order, the difference of the lattice
type (random alloys or ordered complexes) may be

H13(1) = —1870(20)

513(1) = —1.0(6)
H13® = —2400(50)
513(2) =0

H14(1) =0

314(1) = —23(5)
H34(1) = 220(10)
534(1) = 49(5)

AgissG® = 3270(100)—65(1)T
Trusc = 382.7(6)
AsusHe = 22000(1000)
AfGc® = —23100(100) + 45.0(8)T
Ttrs,ﬁaa,c =329.0(1)
Atrs p—oaHc = 1600(200)
Tirsy—pc = 323.9(1)
Atrs.y—ﬁHC = 5000(100)
Ttrs,éay,c = 312-4(1)
Atrs,éﬂyHC =0

Ap—,Cpe = 15(2)

Ter = 301.6(2)

XE1 = 0.07 £ 0.01

T = 312.4(2)

Xm1 = 009(1)

Tm2= 3239(2)

Xmz = 0.12(3)

Tms = 329.0(2)

XmM3 = 013(1)

Te2 = 339.0(1)

Xe2 = 0.80(1)

420 —— 17—

400 | -

380

360
< 340
=
320
- -~ \ <
[L+C,) \
300 ‘ -
R R I B ATy
= ]
280 - ' -
D, +C,l
I [C,+B,l 1
260 b Dy + Cs] n
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Figure 3. 2-Methylnaphthalene—octafluoronaphthalene sys-
tem: experimental and calculated phase diagrams.
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tem: phase diagram.

Table 7: Intermolecular Interaction and Long-Range
Stabilizing Energies in Naphthalene Binary Systems (SI
units) from Ref 17

zNegg ZNej, 0r ZNegg Pag
2-C1oH-ClI —160200
2-C10H7CH3 —128000
CioFs —125200
2-CyoH7CI—2-C1;oH;CHs  —145900
2-C1oH7Cl:C1oFs —143900 5300
2-C10H7CH32010F3 —130700 3900

explained by taking into account a stabilizing effect due
to ordering, which is absent in random alloys. At 298
K, the corresponding quantity, ®ag, may be compared
to zNean, ZNegg, and to zNeag (z is the coordinence
number and N is Avogadro’s number). Table 7 shows
that ®,g does not exceed 5% of homomolecular or
heteromolecular quantities; nevertheless, this ratio is
sufficiently large to allow long-range ordering.8

Another consequence of the differences between in-
teractions, with and without complex formation, is that
low contents of CioFg in a ternary alloy, (2-C10H7CI)X15-
(2-C10H7CHs), (C10Fs), ., would easily give a pseudobi-
nary Complex, (2-C10H7C|)17XS(2-C10H7CHg)xsicloFg.

3.3. Ternary System: 2-C;oH;Cl—2-C1oH;CH3—
CioFs. Before studying the ternary phase diagram, we
examined its pseudobinary section corresponding to the
composition in CyoFs, X3 = 0.5.

a. The Pseudobinary {(1 - z)/2[2-C10H7CI + Cy0Fs] +
z /2[2-C1oH;CH3 + CioFsg]}: Experimental Study. An
experimental phase diagram, deduced from 11 composi-
tions (x, =z =10.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8,
0.9, and 0.95) analyzed by DSC and by X-ray powder
diffraction, is given in Figure 5: four invariant equilibria
are found; three of them [a peritectic at (350.6 &+ 0.5)
K, a peritectoid at (327 + 1) K, and a eutectoid at (287
+ 1) K] are the result of the polymorphism of both
complexes, 2-C10H7C|ZC10F8 and 2-C10H7CH3:C10F8. All
solid phases are of the type (2-C10H7Cl)1—xs (2-C10H7-
CH3)XS:C10F8.

In the higher temperature part, phase o, which is
isomorphous with the o form of the 2-C;0H;CH3:CyoFs
complex, is present in a large composition range, from
x5 = 0.12 up to x° = 1. Diffraction patterns show
syncrystallization between phase I (the higher temper-
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Figure 5. 2-Chloronaphthalene—2-methylnaphthalene—oc-
tafluoronaphthalene system: pseudobinary section.

ature form of the 2-C;oH7Cl:C10Fg complex) and the y
phase of the 2-C1oH7CH3:C10Fs complex: the continuity
of cell parameters versus composition, for temperatures
around 330 K, means that phases | and y are isomor-
phous (Figure 6). It may be remembered that 2-C1oH7-
CH3:CyoFs in the y phase is not stable at 330 K;
therefore, diffraction patterns of 2-C;0H;CH3:C1oFg are
recorded, in fact, at 325 K. Excess volume, AyV,, can
be expressed as a Redlish-Kister polynomial form:

AV, =x°(1-x%214 (incm®mol™)

Consequently, (i) phase I will be referred to as y from
now on, and (ii) AmixH, also will be positive. The
evolution of the enthalpy, Ays, ,—qH, is reported in Table
8.

At low temperatures, between phase Il of the 2-C1oH7-
Cl:CyoFs complex and phase 6 of the 2-C10H7CH3:C10Fg
complex, a miscibility gap occurs around the composition
x® = 0.5; for example, Figure 7 shows the evolution of
the cell parameters versus composition at T = 293 K:
there is no isomorphism between these two phases.

Below 260 K, there was a new phase, labeled ¢'. Its
diffraction patterns differ from those of the 6 phase ones
only in some supplementary reflections. We cannot
index the ¢’ diffraction patterns, because kinetic effects
probably do not allow an entire transformation of ¢ into
d'. Therefore, the stability domain of 6' may be only
estimated; because of the central position of ¢', this
phase is probably ordered.
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Table 8. Thermodynamic Data (experiments and optimization) in the Pseudobinary Section between 2-C;0H7Cl:C10Fg and
2-C19H7CH3:C10Fs Complexes (Sl units)

experimental values

optimized values

liquid

complex
2-C10H7C|IC10F8

HisM = 5330(50), Ha4(0 = 2060(100)
H123 = —400(100)

“Trus.o” = 346.9(8)

“ArusHeo” = 19300(50)

“Ttrs,;—a” = 353.3(8)

“Atrs,y—aH” = 7540(50)

complex Tirsy—o = 324.9 £ 0.5
2-C10H7CH3:Ci0Fs Atrs,y—oH = 6600 + 800
peritectic Tp=1350.6 £0.5

Xp = 0.06 + 0.01

Xp,S = 0.08 + 0.02
Xp.oS = 0.12 + 0.02

pseudobinary solids

Atrs,y*aH
x$=0.2 7300 + 200
x5=0.3 7200 + 400
x$=0.4 7000 =+ 400
x$=05 6900 + 200
x5 =0.6 6600 + 200
x$=0.8 6800 + 100
phase a
phase y
1000 ———r—r——————
| a
b
m:E950 - c |
— N n V 1
>
900L-/./././-/.P._.\-\-
' Y(330K)
850« zf
‘W
< oL i
IS B T S — -:2%“.-.“_.‘:, -
Q“ - 4
S
7k _
-—y— ¥ Y
6 —_ L L 1 " | N 1 !
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. S
2-C\H,CLC, Fy X 2-C H,CH,C,F,

Figure 6. Evolution of the cell parameters in the y phase at
T ~ 330 K: isomorphism between the high-temperature form
of 2-C1oH/Cl:C1oFg and the y form of 2-C1oH;CHj3:CyoFs.

Thermodynamic Optimization. The optimization con-
cerns the equilibrium o=L, y=L, y=a, for which
experimental data are sufficient. The ASM model was
used to describe the liquid phase, with the uncombined
species 1 (A), 2 (D), and 3 (B) and the associated ones 4
(A:B) and 5 (D:B). According to eq 7, new parameters,
which were not present in the constituting binaries,
must be taken into account in the modeling of the liquid
mixing properties. If we restrict calculation to enthalpic
terms of the first order, we should have four parameters:
HD, HY), HY and a ternary term, Hys. Since associa-
tion is weak in 1—4 and 2—3 binaries, the influence of
interactions between associated species can be neglected

T, = 350.7(3)
Xp = 0.060(5)
Xp,S = 0.080(5)
XpaS = 0.116(5)

Atrs,y*aH

7270(10)

7100(20)

7050(20)

6900(30)

6850(20)

6720(20)

H( = 1840(50), HY = —490(10)
HY = 2520(50), HY = 0

and, therefore, the new liquid parameter set reduces to
H, HY,, and Hizs. To minimize the number of solid-
phase parameters (o. and y), no excess entropy is taken
into account (AyxsSq, AxsS, = 0 in eq 6).

By using “TERMING”,!® the optimization procedure
is started by analyzing solid—solid equilibrium between
o. and y phases (temperatures, Tys, ,—o and enthalpies
of transition, Ays, ,—«H). The resulting parameters,
H®, H@, H(Vl), and H(yz), are given in Table 8. The final
values of Ays,—qH are also reported with special atten-
tion to the metastable phase a of 2-C;oH7Cl:CioFs
(“Truso” = 346.9 K, “AfsoH” = 19300 J mol~2); in
agreement with experimental values, they lead to a
narrow loop and to a negative difference between the
Gibbs free energy of each phase (AtsG,—q equals 170 J
mol~! at x5 = 1/2.

All of these parameters are then used for analyzing
equilibria a=L or y=L; finally, liquid parameters are
given in Table 8, and the calculated upper part of the
pseudobinary section of the ternary phase diagram is
shown in Figure 5 (continuous lines): differences be-
tween experimental and calculated compositions do not
exceed Ax, = 0.02 and Ax® = 0.04 for equilibria a=L or
y=L, and Ax® = 0.03 for equilibrium y=a. The calcu-
lated peritectic invariant corresponding to equilibrium
y<ao + L is also in good agreement with measurements.

The presence of pseudobinary disordered alloys be-
tween the two limiting complexes, 2-C1oH7Cl:C1oFg and
2-C1pH7CH3:C,0Fs, may be the consequence of a stabiliz-
ing influence of CyoFs, which enhances heteromolecular
interactions in the mixed lattice. It may also be assumed
that this stabilizing influence affects neighboring mol-
ecules, which may lead to a pseudobinary ordered lattice
for x® = 1/2: in other words, ¢' phase may behave as a
“complex of complexes”!

b. The Ternary System. Experimental Study. Some
points inside the Gibbs triangle corresponding to xi/xs
= 1 compositions have been prepared: x3 = 0.1, 0.3, 0.5,
and 0.7. Experimental liquidus temperatures are re-
spectively T = (324 +£ 0.7), (357 £ 1), (367.0 £ 0.7), and
(338.0 + 0.7) K. The first point corresponds to an
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Figure 7. Evolution of the cell parameters in the Il form of
2-C1oH+Cl:CyoFs and of the ¢ form of C;oH;CH3:CioFs at T =
293 K: these phases have the same symmetry, but they are
not isomorphous.

equilibrium between L and a disordered ternary
aIon, (2-C10H7C|)Xls(z-CloH7CH3)X25(2-C10F8)X35, isomor-
phous with the high-temperature form of 2-C,oH;Cl. For
the other points, the solid phase is a pseudobinary
complex, in the a or y form.

Calculated Liquidus Surface. With the entire param-
eter set of L, v, and a phases, we are able to predict the
liquidus surface corresponding to the a=L and y=L
equilibria. As shown by Figure 8, six isothermal sections
of this surface (continuous lines) have been calculated.
Our approach is supported by finding that experimental
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Figure 8. 2-Chloronaphthalene—2-methylnaphthalene—oc-
tafluoronaphthalene system: isothermal sections of the liqui-
dus surface (T = 320, 330, 340, 350, 360, 370, and 380 K).

points are located well on the network of these isother-
mal lines. Because “TERMING” cannot study equilibria
involving disordered ternary alloys, no calculation of the
2-C10H;CI—-2-C,0H;CH3s-and of the CioHs-rich parts of
the phase diagram has been made. Therefore, only
extrapolated isothermal sections (dashed lines) from the
three constituting binary systems are shown in Figure
8.

4. Conclusion

The optimization of the liquid phase, in the 2-chlo-
ronaphthalene—2-methylnaphthalene—octafluoronaph-
thene system, required the associated solution model
to explain liquid properties, with strong intermolecular
interactions. We have shown the isomorphism between
the phase | of the 2-chloronaphthalene:octafluoronaph-
thalene complex and the phase y of the 2-methylnaph-
thalene:octafluoronaphthalene complex. In the low-
temperature range of the pseudobinary section (octa-
fluoronaphthalene content = 1/2), a new phase appears
in the middle of the phase diagram, probably corre-
sponding to an ordered phase. With a low content of
octafluoronaphthalene, disordered ternary alloys are not
stable, whereas pseudobinary complex alloys show the
influence of specific interactions due to F-atoms, which
enhance classical van der Waals forces.
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