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ABSTRACT

Using isoperibol solution-reaction calorimeters, the aqueous enthalpies of solution at 298.15 K of
ammonium, caesium, potassium, silver. rubidium, tetramethylammonium and tetracthylammonium
picrates have been determined as 45.81=0.35, 56.03=0.55. 51.14=0.55, 36.69=0.35, 55.01=0.36.
31.84=0.31 and 32.02=0.18 kJ mole ™', respectively. Aqueous solubility data, as a function of tempera-
ture, have been measured for potassium, silver. ammonium, rubidium and caesium picrates by a
precipitation method.

INTRODUCTION

Values of enthalpies of solution, AH,®, of picrate salts are important: the
standard enthalpy of formation of the aqueous picrate ion, AH*{C,H,(NO,),0~
(aq)}, for example, is a key datum in the estimation of lattice energies, ' and
standard enthalpies of formation of ionic picrates. Reliable data both for AH.® and
for solubilities are sparse; determinations for several 1:1 picrates were hence made
as part of a systematic investigation of thermochemical properties of nitroaromatic
compounds.

EXPERIMENTAL

Materials and synthesis

Cs H_,(NO_,)_;OK '
Stammler’s [1] method was used, viz. neutralisation of a hot, 30% ethanol: water
solution of picric acid by aqueous KOH.

C,,H_JNO;}_;OAg

This was prepared by the established method of addition of silver oxide to an
ethanol /water solution of picric acid.
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C,H,(NO,),ONH,
The more thermodynamically stable (yellow) modification was prepared as de-
scribed recently from ammonium carbonate and picric acid.

C,H,(NO,),ON(CH,),

This was prepared by adding a small excess of tetramethylammonium bromide
solution to silver picrate solution, filtering off the precipitated silver bromide. This
was found to be preferab.e to the neutralisation method. 1eiraetu_‘y'lairu"l'10i‘lilhu,
caesium and rubidium picrates were similarly prepared from silver picrate and the
appropriate bromides. :

All picrates were recrystallised thrice from water, dried appropriately, and stored

in desiccators until used.

CALORIMETRY

Either of two isoperibol calorimeters were used. For NH,Pic, Me;NPic and
Et,NPic a commercial system (LKB, Model 8700) was operated; for AgPic, KPic,
CsPic and RbPic a calorimeter constructed in the department and described elsewhere
was employed. The performance of each calorimeter was checked periodically, using
the enthalpy of dissolution, A H_®. of 2-amino-2-hydroxy-propane-1,3 diol (THAM)
in NaOH as a test reaction. Typical results were
LKB calorimeter, 16.67=0.05 kJ mole™! (0.10M NaOH) (Lit. [2]: 16.698 kJ
mole ™ );

RHC calorimeter 17.18 = 0.04 kJ mole ™! (0.05 M NaOH) (Lit. [2]: 17.189 = 0.005 kJ
mole ™)

SOLUBILITY MEASUREMENTS

A dynamic precxpltanon method was used. A picrate salt was weighed into a
boiling tube and 10.00 cm® of distilled water added. The mixture was warmed to
effect solution and then placed inside a transparent enclosure to exclude draughts.
The solution was allowed to cool with constant stirring. A calibrated (N.P.L.)
thermometer graduated to 0.05°C was used to note the temperature at which crystals
first appeared. The solution was re-heated to restore homogeneity, and the process
repeated to obtain concordant results (=0.1°C). From a burette, a measured aliquot
of water was then added, and the procedure repeated to obtain a further result. This
process of successive dilution, warming and cooling was continued as far as was
practical. :

A clear danger in this method is that of supercooling, which is irreproducible but
common. Hence attention was directed to noting maximum temperature readings at
crystallisation points, and to repetition to concordance. The smoothness of solubil-
ity, S. vs. temperature, 7, plots and the linearity of In S vs. 1 /T plots were taken as
further evidence of reliability.
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RESULTS AND DISCUSSION

The calorimetric enthalpies of solution of these compounds in water are shown in
Tables 1 and 2. Table 3 collates these results with those of other authors [3,8], and
with values obtained using solubility data, fitted to general equations of the form
In S=4 — 103 B/T; “van’t Hoff” enthalpies of solution are calculated using these
plots. Table4 lists values of the constants 4 and B for each picrate, as well as
correlation coefficients.

There is good agreement between the independent calorimetric determinations for
sodium, potassium, ammonium and tetramethylammonium picrates, but concor-
dance between the calorimetric and van’t Hoff enthalpies of solution is poor. This
indicates the need for care in the interpretation of In S vs. 1 /7T data uncorrected for
activity and heat capacity effects.

Results of measurements of the aqueous solubility of potassium picrate are listed
in TableS5. Values obtained in this work are somewhat higher than the others; this
may be due to a systematic error. However, the order of solubilities of these
compounds and their variation with temperature, which is difficult to determine by
other methods, is presumably sound (see Fig. 1).

Johnson [7] has formulated rules for predicting the solubilities of some series of
salts. Briefly, he states that for compounds of the same anion and formula type, as
the radius of the cation is increased, the standard free energy of solution rises (i.e.
the solubility decreases), reaches a maximum and then falls steadily towards a
limiting value, For some salts, however, the series of experimentally observed free
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Fig. l. Aqueous solubilities of picrates.
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TABLE 3

Enthalpies of solution in water of picrates (M Pic)

M AH= (kI mole~ ") 2 AH* (kI mole ~ AH~ (kI mole ™!y ?
Li 6.40=0.04°
Na 20.25=0.173
21.16=0.13%

K 51.14=0.55 50.2=0.213 62.65=1.42
Rb 55.01=0.36 73.74=1.18
Cs 56.03=0.55 72.40=1.86
Ag 36.69+0.35 54.320.85
NH, 45.81=0.35 45.46=0.30° 71.88=1.27
NMe, 31.84=0.31 31.97% 42.75=0.76
NEt, 32.02=0.18 52.66=1.53
3 Calerimetric method.
b Solubility method.
TABLE 4
Agqueous solubility data for picrates (M Pic)

M

K Rb Cs Ag NH, NMe, NEt,
A3 9.027 10.691 10.028 8.126 11.740 5.686 7.076
B2 3.768 4.435 4.354 3.267 4323 2.571 3.167
r® 0.996 0.998 0.995 0.995 0.997 0.998 0.995
3 See text.
P Correlation coefficient.
TABLE S
Solubility of potassium picrate
7(°C) 103 § (mole dm™3) Ref.
20 18.9 9
25 24.1 10, 11
25 23.1 12
25 24.2 13
25 23.3 14
25 26.7 This work
30 28.2 15
30 33.2 This work
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energies may only cover the increasing or decreasing portion of the curve. One
consequence is thszg, if the size of the cation in a salt of a particular anion and
formula type is increased, a fall in the free energy of solution should never be
succeeded by a rise.

Johnson’s rules seem to hold for the solubilities of the alkali metal picrates. The
maximum in the free energy of solution is probably observed at a cationic radius less
than that of potassium, and the solubility of the picrates decreases from potassium
to rubidium to caesium. This suggests that tetramethylammonium and tetraethylam-
monium picrates would be less soluble than caesium picrate. It is hence surprising to
find that the solubilities of NMe, Pic and NEt,Pic are, respectively, greater than and
comparable with that of potassium picrate. Tetrabutylammonium picrate is insoluble
in water, so the aqueous solubility of these tetraalkylammonium picrates seems to
decrease with increasing size of the alkyl group. Johnson’s rules have been success-
fully applied to predicting the solubilities of some tetraalkylammonium salts e.g.
iodides and perchlorates, but fail for some simple salts, e.g. alkali metal bromides
and nitrates. They are not applicable to salts of cations such as silver, where there is
considerable deviation from ionic character.

Calorimetric enthalpies of solution for lithium and sodium picrates were reported
in 1934 [4] as 32.05 and 34.89 kJ mole ™!, respectivaly, but Vorob’ev et al. [3]
account for the discrepancy with their work by explaining that these values are
consistent with those obtained by using the hydrated salts. Lithium and sodium
picrates, unlike the others mentioned here, which are anhydrous, crystallise from
water as the monohydrate.

From our results, and some unpublished standard enthalpies of formation for
these salts, an approximate value for the standard enthalpy of formation of the
aqueous picrate ion, AH®Pic ~ (aq), is calculated as —206 kJ mole ~'.

The constitutions of picric acid and potassium picrate solutions have been
investigated by Moseley and Spiro {5], who suggested that, due to the anomalous
concentration dependence of conductance in picric acid solutions [6], the possibility
of the formation of hydrogen-bonded triple ions of type HPic,™ or picrate-ion dimers
Pic3~ cannot be overlooked. Later experiments involving 0.02 M potassium picrate
solution confirmed that dimerisation occurred. At a concentration of ca. 3 X 10 73 M,
it has been calculated that a concentration of ca. 3.4 X 10 5 M of picrate-ion dimers,
PicZ™, should exist in aqueous potassium picrate at 25°C. In the solution calorime-
try results reported here, the concentration of potassium picrate in the final solution
varied between 4.4 X 10 ™3M and 9.8 X 10 "3 M.
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