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Abstract—The polythermal solubility of ferrocene in water—methanol solutions in a wide range of their
compositions was studied. Ferrocene solubility grows as temperature and methanol content increase.
Thermodynamic functions of ferrocene transfer from water into water—methanol solutions were calculated. The
results obtained were compared with the data on neon solubility in the same solvent.
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Earlier, when studying properties of ferrocene (Fc)
and its derivatives in various media, we have
determined Fc solubility in a wide temperature range
in various solvents and their mixtures with water [1-3]
with various content (mole fraction N,) of organic
cosolvents (usually N, was varied from O up to 1.0, and
10-15 points were taken within this interval). At the
same time data on Fc solubility in water-methanol
solvents (including methanol) are scanty and are
presented by a single publication [4] where Fc
solubility was determined at 298 K for a limited
number of mixed solvent compositions.

In this work we determined polythermal solubility
of Fc in water-methanol mixtures of various com-
positions.

The experimental data (average of at least three
parallel determinations) are presented in the table. The
error of the solubility determination was 0.01-0.02
logarithm unit (log S). According to the table, the
solubility (S, M) increases with increasing temperature
and methanol mole fraction (N,), starting from N, >
0.1. In the region of N, < 0.1 the first portion of added
methanol (N, 0.001) causes a rather sharp log S
increase, further, approximately up to N, 0.1-0.12, log S
scarcely depends on N,, and at N, greater than 0.12 log S
monotonously increases.
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The plots of Alog S vs. N, are presented in Fig. 1.
For all temperatures under study they are practically
parallel to each other, being straight lines almost
parallel to the abscissa axis in the region of N, < 0.1.

Alog S = log S, — log S(H,0) = log [So/S(H,0)]. (1)

The parts of solubility curves at N, < 0.03 have
been studied in more detail. These data in the form of
Alog S as functions of N, in this region are presented in
Fig. 2, which shows that the corresponding curves
contain well pronounced maxima at N, 0.001-0.002.
The height of these maxima was the greatest at 288 K,
decreasing with the growing temperature. As the
temperature increased the maxima became better
pronounced and slightly displaced to the region of
lower methanol content.

The increase in Fc solubility with temperature at
any methanol content points to the exothermic
character of the dissolution. The log S-1/7 depen-
dences appeared linear with a correlation coefficient
greater than 0.99. Therefore we were able to calculate
enthalpy changes for the Fc dissolution (AHY) by the
slope of these dependences, i.e., taking ACY to be zero
and AHY to be independent of temperature. The
corresponding AHY values and also the entropy
contributions (TASY) calculated by ordinary thermo-



THERMODYNAMICS OF

FERROCENE DISSOLUTION 877

Logarithms of ferrocene (Fc) solubility, changes in enthalpy and entropy contributions to AGY for Fc dissolution in water-

methanol solvents

Methanol concentration —log § at temperatures, K AHY+, TASO+3,
mol fraction | wt % 288 | 293 | 298 | 303 | 308 | 313 | 318 | 323 kJ mol™ kJ mol™ K™
0.001 0178 | 396 | 3.90 | 3.85 | 378 | 372 | 3.65 | 3.61 | 3.56 | 20.84%027 | -1.08+0.33
0.003 0532 | 391 | 385 | 382 | 378 | 375 | 3.69 | 3.65 | 361 | 14784046 | —6.96+0.52
0.005 0885 | 395 | 390 | 386 | 3.80 | 375 | 371 | 3.64 | 360 | 1810052 | —3.88:0.58
0.010 176 | 391 | 384 | 379 | 3.69 | 3.66 | 3.54 | 352 | 346 | 23562079 | 1.97:085
0.015 264 | 389 | 382 | 377 | 371 | 3.63 | 356 | 349 | 346 | 2275:055 | 21.49:0.61
0.020 350 | 393 | 386 | 382 | 374 | 370 | 3.62 | 3.58 | 349 | 2190009 | 0.16+0.15
0.025 436 | 380 | 384 | 377 | 372 | 368 | 3.50 | 354 | 345 | 21670.10 | 0.180.16
0.059 10 380 | 3.83 | 377 | 368 | 3.64 | 357 | 351 | 343 | 2327+0.10 | 1.79:0.16
0.123 20 380 | 3.82 | 375 | 3.68 | 3.62 | 349 | 347 | 334 | 2759127 | 6.17+143
0.194 30 372 | 362 | 355 | 345 | 338 | 330 | 320 | 3.10 | 3055x0.80 | 10.33:0.86
0.273 40 346 | 339 | 331 | 320 | 311 | 301 | 294 | 285 | 31.85:0.67 | 1297+0.73
0.360 50 315 | 3.06 | 298 | 288 | 279 | 271 | 261 | 256 | 3091x0.50 | 13.91x0.56
0.458 60 283 | 273 | 266 | 2.57 | 249 | 238 | 232 | 224 | 29.65:045 | 14.49:0.51
0.568 70 242 | 236 | 225 | 220 | 214 | 207 | 201 | 193 | 2431083 | 11.49+0.89
0.692 80 200 | 202 | 193 | 187 | 180 | 172 | 169 | 1.63 | 23.80:0.74 | 12.81%0.80
0.835 90 179 | 172 | 167 | 158 | 153 | 147 | 142 | 136 | 21.86:036 | 12.330.42
1 100 163 | 157 | 150 | 145 | 139 | 133 | 126 | 123 | 20.79:046 | 12.25:0.52

dynamic relations are presented in the table. The
changes in AHg and 7. ASﬁ are rather complicated
functions of N, and involve several extrema. We
consider the analysis of the data obtained [Alog § =
log (S/S% = log ®; AH’, TAS®, and A.G"] as
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Fig. 1. Dependence of Alog S on methanol mole
fraction for Fc dissolution at temperatures: (/) 288, (2) 293,
(3) 298, (4) 303, (5) 308, (6) 313, (7) 318, (8) 323 K (each
subsequent plot is displaced by 0.5 log unit relative to T
323 K).
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functions of log cyeon to be more informative (Fig. 3).
The log ®-log cvmeon dependence consists of two linear
parts: a straight line parallel to the abscissa axis (up to
log cmeon ~0.7-0.8), and then a sharp increase in the
form of a linear log ®-log cpe.on dependence at log cyeon

Alog S

1 1 1 1 ]
0 0.005 0.010 0.015 0.020 0.025
N,

Fig. 2. Dependence of Alog S on methanol mole fraction
for Fc dissolution in a solvent with a low alcohol content at
temperatures: (/) 288, (2) 298, (3) 323 K.
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Fig. 3. Dependences of log (S/S°) for (/) Fc and (2) Ne on
the logarithm of methanol molar concentration.

greater than 1.0. The cross point of these two straight
lines corresponds to log cyveon ~ 1.0, i.€. cpmeon ~ 10 M,
and practically is independent of temperature. The
concentration of water in this point is ~35 M.

The above-stated data were used to calculate
changes in enthalpies, entropies, and Gibbs free energy
for Fc transfer from alcohol into water. These data in
the coordinates A[r(AHO) and Atr(TASO) vs. log cmeon
are given in Fig. 4.

The data obtained fit well into the concept of voids
and solvation interactions in the studied system [5].
The straight line parallel to the abscissa axis in the
coordinates log (8/S")-log ¢(H,0) corresponds to the
hydrophobic hydration, which is accompanied by
strengthening water structure (i.e. the hydrogen-bond
network) due to the arrangement of CH; groups of
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Fig. 4. Dependences of changes in (/) enthalpy and
(2) entropy for transfer of (a) Fc and (b) Ne from alcohol
into H,O.

methanol molecules in the voids of water structure. In
this case the Fc solubility weakly depends on the
methanol content. The presence of two minima in the
Atr(AHO) and Atr(TASO) dependences seems to be
caused by filling the voids of different size in water
structure. The first minimum in Atr(AH0 ) is connected
with filling voids of greater volume, and the second, of
smaller volume. Negative changes of the enthalpy of
Fc transfer from alcohol in H,O are compensated by
negative changes of A(TAS"), i.e. by strengthening the
hydrophobic hydration.

The increase in Fc solubility above log cyeon value
of 0.9-1.0 is caused by destruction of water structure.
In this case water concentration is 30-35 M and the
ratio cyeon - ¢(H>O) is 1 : (3.5-4.0). We believe that it
corresponds to embedding methanol molecules in the
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tetrahedral water structure. Above this ratio free water
molecules begin to appear, fill the voids in the solvent struc-
ture thus hampering ferrocene dissolution [Atr(AHO)
becomes more positive], and a maximum appears on
the AU(AHO) dependence, but the negative effect of the
enthalpy factor is completely compensated by the the
entropy contribution that becomes positive due to
destruction of the solvent structure (Fig. 4). Further the
value of Atr(AHO) decreases because of the formation
of the alcohol structure with predominat chain
associates resulting in a decrease in energy expendi-
tures for the formation of voids for Fc arrangement.

Thus, the approach to the interpretation of
equilibria [6] can be also used in the case under
consideration, i.e. when a solid phase participates in
the equilibrium. Linear parts of the log S—log cmeon
dependences (Fig. 3) correspond to the operation of the
dilution factor. The absence of specific interactions
with solvent components is the factor that causes the
log S independence of MeOH and also H,O concentra-
tions. The second linear part of the dependences under
consideration is connected with the structural changes
of the solvent. The cross point of these linear
dependences where the cyeon: ¢(H,O) ratiois 1 : (3.5—
4) corresponds to the beginning of the destruction of
the hydrogen-bond network in the solvent and to the
transformation of the water structure to the structure of
water-alcohol solvent with the formation of the chain
associates MeOH-H,0O and MeOH-MeOH.

The obtained data on the thermodynamics of Fc
dissolution in water—methanol solutions well correlate
with the data on neon (Ne) solubility under the same
conditions [7]. The changes of thermodynamic
parameters upon Ne dissolution as functions of a
solvent composition are presented in Fig. 4 in the
logarithmic coordinates. A sharp rise in the solubility
is observed in exactly the same way, but at a slightly
greater value of log cveon > 1.2 (Fig. 3) as compared
to the Fc solubility. At lower MeOH concentrations the
Ne solubility depends on the solvent composition only

slightly. The analogy is also observed in the changes in
AHY and TASY for Ne dissolution in the studied solvent.

EXPERIMENTAL

Ferrocene (technical grade) was purified according to a
known procedure, identified by the melting point
(sublimation temperature) and absorption spectra.
Methanol was subjected to double distillation. Water—me-
thanol solutions of desired compositions were prepared
from purified methanol and bidistilled water. Details of
the technique of the determination of Fc solubility in
mixed water—methanol solvents are given in [8].
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