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Abstract

Resulting from a collaboration among three departments, the standard enthalpies of
formation of some crystalline bis(8-hydroxyquinolate) metal complexes were determined by
reaction-solution calorimetry. Enthalpies of hydrolysis were measured for several samples of
each complex using various acidic solvents. 8-hydroxyquinoline is written as Hox. At 298.15
K, AcH 5 (M(0x),,cr)/(kJ mol~!) values are: Mg(ox),, —516.0 + 4.0; Ca(ox),, —607.7 + 4.4;
Sr(ox),, —585.9 +4.1; Ba(ox),, —573.4+4.5; Cu(ox),, —103.3+3.3; Zn(ox),, —271.5
+3.6; Cd(ox),, —179.6 +£4.3; Pb(ox),, —145.3 +3.8; Mn(ox),, —307.1+ 3.7; Fe(ox),,
—219.7 £ 4.5; Co(0x),, —160.4 + 4.2; Ni(ox),, —165.5+5.6.

Where feasible, standard enthalpies of sublimation at 298.15 K were determined by
measuring vapour pressures as functions of temperature. A8 H2(M(0x),)/(kJ mol~") values
are: Mg(ox),, 230.2 + 4.0; Cu(ox),, 168.7 + 7.3; Zn(ox),, 183.2 + 6.3; Cd(0x),, 201.7 + 7.5;
Pb(ox),, 187.1 +6.2; Mn(ox),, 194.6 + 10.4; Co(ox),, 205.3 +4.0; Ni(ox),, 175.4+6.7.
From the standard enthalpies of formation in the gaseous state, the mean metal-ligand
dissociation enthalpies were derived and compared with corresponding values for other
complexes of these metals.
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1. Introduction

8-Hydroxyquinoline, often called oxine and abbreviated in this paper as Hox,
was introduced into quantitative inorganic analysis by Berg in 1927 [1] as it forms
sparingly soluble complexes with a wide variety of metal ions in neutral or slightly
alkaline aqueous solution. In 1985, Jamea and Pilcher [2] reported the enthalpies of
formation of several M(ox), complexes determined by reaction-solution calorime-
try. Unknown to these authors, simultaneous investigations were being pursued at
the Universities of Keele (UK) and Porto (Portugal) and comparison of the results
revealed some large differences. This gave rise to an intolerable situation so a
collaborative project was mounted to resolve the discrepancies: only the differences
from the results of Jamea and Pilcher will be apparent in this paper.

Metal oxine complexes are precipitated from aqueous solution, usually as dihy-
drates. Jamea and Pilcher [2] dried the precipitates in air at 400 K and analysed
them by hydrolysis in acid followed by titration of the liberated Hox with
standardized potassium bromate solution. This criterion of purity could mislead if
the sample were contaminated with both water and trapped oxine and it has been
found since that for some of these complexes, especially those of Fe, Co, and Ni,
that effective dehydration requires heating to 400 K in vacuo for extended periods
up to 12 h. For this reinvestigation, elemental microanalyses for C, H, and N were
used as criteria of sample purity and, where possible, measurements were repeated
on samples prepared in different ways. Moreover, results were cross-checked in the
three laboratories by measuring the enthalpies of hydrolysis in different acidic
solvents; hence the final results reported in this paper for the enthalpies of
formation of the crystalline complexes can be fairly regarded as definitive.

To derive the mean metal-iigand dissociation enthaipies, enthalpies of forma-
tion of the complexes in the gaseous state are required. Enthalpies of sublimation
have been derived from measurements of vapour pressures as functions of temper-
ature using the Knudsen cell method and the observed values were corrected to
298.15 K.

2. Experimental
2.1. Materials

B.D.H. Analar grade 8-hydroxyquinoline was purified by sublimation in vacuo.
The M(ox), complexes were prepared from aqueous solutions of Analar grade salts
using the conditions for precipitation as in quantitative inorganic analysis [3]: in
some cases preparation was made using oxine dissolved in ethanol, and in others
with oxine dissolved in ethanoic acid. The complexes were washed with water and
ethanol, and dried in vacuo at 400 K until the purity criteria were satisfied.
Elemental microanalysis results for the complexes are given in Table 1; all other
samples studied gave analysis results within the experimental uncertainty ( £0.3
mass%) of those shown.
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Table 1
Analyses of M(0x), complexes in mass%

Found Expected

C H N C H N
Mg(ox), 68.8 3.8 9.0 69.2 39 9.0
Ca(ox), 65.4 37 8.7 65.8 3.7 8.5
Sr(ox), 57.9 32 7.4 57.5 3.2 7.5
Ba(ox), 50.8 2.8 6.4 50.8 2.8 6.6
Cu(ox), 61.6 3.4 8.0 61.5 34 8.0
Zn(ox), 61.3 3.6 7.7 61.1 34 7.9
Cd(ox), 53.6 2.8 6.8 539 3.0 7.0
Pb(ox), 433 24 5.6 43.6 24 5.6
Mn(o0x), 62.7 35 8.0 63.0 3.5 8.2
Fe(ox), 62.6 34 7.9 62.8 3.5 8.1
Co(0x), 61.7 34 7.9 62.3 35 8.1
Ni(ox), 62.6 35 8.0 62.3 35 8.1

The salts used were of B.D.H. AnalaR grade and when necessary, the degree of
hydration was checked by chemical analysis. The calorimetric solvents were pre-
pared from B.D.H. AnalaR grade acids and distilled water, and the compositions
verified by titration.

2.2. Solution-reaction calorimeters

The Manchester solution-reaction calorimeter, ancillary equipment, method of
use and tests of its performance have been reported elsewhere [4].

Measurements in Porto were made in two calorimetric systems: (a) the LKB 8700
solution-reaction calorimeter with a reaction vessel of 100 cm?® capacity and
temperature measurements being made using a thermistor; and (b) a Dewar calor-
imeter [5,6] of design similar to that in Manchesier but with temperature measure-
ments made using a quartz thermometer (Hewlett Packard HP 2804-A). Both
calorimeters were tested by measuring the enthalpy of solution of tris(hydroxy-
methyl)aminomethane in 0.1 mol dm ™ HCI (aq), with the results for (a) A, H/(kJ
mol~') = —29.72 4 0.03, and (b) A,,,, H/(kJ mol~") = —29.75 4 0.07, in agreement
with the value reported by Kilday and Prosen [7], —29.77 + 0.31 kJ mol~".

Measurements in Keele were made in an LKB solution-reaction calorimeter with
temperature measurements made using a platinum resistance thermometer forming
one arm of a modified wheatstone bridge. The off-balance potential difference was
amplified, then fed to an analogue—digital converter and then to a microcomputer
for storage of the temperature—time data and subsequent calculation of the
adiabatic temperature change. Test measurements on the enthalpy of solution of
tris(thydroxymethyl)aminomethane in 0.1 mol dm~> HCl(aq) gave results within
+0.05% of the Kilday and Prosen values [7].
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2.3. Vapour pressure apparatus

The Knudsen effusion method was used as described by Burkinshaw and Mor-
timer [8]. The vapour effusing from the Knudsen cell was allowed to condense on
a quartz crystal positioned above the effusion hole and changes in frequency of
oscillation of the quartz plate were proportional to the mass condensed. From the
Knudsen formula

_m (2nRT 1/2
p= a M

where 77 is the rate of mass loss, a the effective hole area and M the molar mass of
the effusing vapour; as the rate of change in frequency v is proportional to the rate
of mass loss, then

2nR 12
Inp =In(3T"?) +ln< n )

a’M

and hence A& HZ may be derived from the slope of In(¥7"/?) versus T~' by applying
the integrated form of the Clausius—Clapeyron equation.

Measurements were made in Porto using an Edwards 306 vacuum coating unit
providing a minimum pressure of 7 x 107° Pa, fitted with an FTM3 film thickness
monitor incorporating a quartz crystal oscillator (6 MHz), but with some modifica-
tions from the apparatus described by Burkinshaw and Mortimer. The cylindrical
Knudsen cell was made of steel, external diameter 13 mm, internal diameter 6 mm
and depth 8 mm. The lid with an effusion hole diameter of 0.8 mm was screwed on
to the cell. The complete cell was screwed into an electrically heated cylindrical steel
block, and the temperature was controlled to +0.1 K by a Eurotherm 815
proportional integral derivative controller. Temperatures were measured by a Lab
facility P100/0620 platinum sensing detector screwed into the effusion cell. Fre-
quency changes in the quartz crystal oscillator circuit were measured with a Philips
Frequency Counter PM 6685 connected to the FTM3 film thickness monitor. The
equipment was tested with several compounds of known standard molar enthalpy
of sublimation.

3. Results

The general thermochemical reaction used for determining the enthalpies of
formation of the M(ox), complexes was
M(ox),(cr) + 2HX - nH,0(1) = MX, - mH,O(cr) + 2Hox(cr)
+ (2rn —m)H,0(1)

The standard enthalpy of this reaction was determined by measuring, or calculating
from reference data, the enthalpy of solution of each reactant and product in the
acidic calorimetric solvent so that the final solution resulting from the dissolution of
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the reactants was of the same composition as that resulting from dissolution of the
products. The enthalpy of solution of water in the calorimetric solvent was
generally calculated but in some instances was also measured. All the experimental
uncertainties are quoted as twice the standard deviation of the mean.

To derive the enthalpies of formation of the M(ox), complexes from the
enthalpies of the thermochemical reactions, the auxiliary data listed in Table 2 were
used, and, unless indicated otherwise, the Russian compilation [9] of thermochemi-
cal data was the source.

The enthalpy of solution of oxine in a variety of acidic solvents was measured
and the results are listed in Table 3. The values in HCI - nH,O are plotted against
n in Fig. 1 and give a smooth curve: values in H,SO, - nH,0 and in HNO; - nH,O
lie close to this curve.

Table 3
Molar enthalpy of solution of Hox in aqueous acids at 298.15 K

Acid No. of expts. Ay H® [kJ mol ™!
HCl- 3.438H,0 3 —35.31+1.19
HCI - 3.673H,0 4 —35.80 1+ 1.40
HCl- 6.53H,0 4 —21.62+0.16
HCl1-7.970H,0 4 —18.24 + 0.14
HCI - 9.998H,0 4 —15.54 + 0.56
HCl- 10.01H,0 4 —15.43 + 0.08
HCl- 19.81H,0 3 —9.26 4 0.27
HCI - 29.09H,0 3 —7.82+0.52
HCl - 54.46H,0 3 —6.13 £0.15
H,SO, - 6.00H,0 6 ~26.13 £0.58
H,S0, - 9.020H,0 4 —17.42 4+ 0.49
H,S0O, - 12.61H,0 5 —9.31+0.09
H,SO, - 54.54H,0 8 —4.144+0.46
HNO, - 53.00H,0 6 —498 +0.39

Table 4
Molar enthalpies of reaction and solution for Mg(ox),, Ca(ox),, Sr(ox),, and Ba(ox), in
HNO; - 53.00H,0 at 298.15K

i  Reactant Solvent Solution  No. of expts.  AHZ/kJ mol™'
1 H,0() HNO, - 53.00H,0 A, - 0.00 £ 0.00
2 Hox(cr) A, A, 6 —~4.98 +0.39
3 Mg(NO,), 6H,0(cr) A, F, 4 20.68 + 0.73
4  Mg(ox),(cr) HNO, - 53.00H,O0 F, 6 —127.59 + 2.69
5 Ca(NO,), -4H,0O(cr) A, F, 5 31.07 £ 0.69
6  Ca{ox),(cr) HNO, - 53.00H,0 F, 5 —112.14 + 1.07
7 Sr(NOs),(cr) A, F, 5 16.04 + 0.52
8  Sr(ox)(cr) HNO,; - 53.00H,0 F, 4 —141.73 + 2.04
9 Ba(NO,),(cr) A, F, 5 3273+ 0.34
10 Ba(ox),(cr) HNO, - 53.00H,0 F, 6 —136.26 +2.75
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Fig. 1. Ay, H of 8-hydroxyquinoline in HCI - nH,O(1).
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The enthalpies of reaction and solution for Mg(ox),, Ca(ox),, Sr(ox), and

Ba(ox), in HNO; - 53.00H,O are given in Table 4, and in HCI - nH,O in Table 5.

Table 5
Molar enthalpies of reaction and solution for Ca(0x),, Sr(0x),, and Ba(ox), in HCl- nH,O at 298.15 K

For the thermochemical reaction

Mg(ox),(cr) + 2HNO, - 53.00H,0(]) = Mg(NO,),6H,0(cr)

+ 2Hox(cr) + 100H,0(1)

i Reactant Solvent Solution No. of expts. A;H k] mol™!
11 H,O(1) HCl1-7.97H,0 A, - —0.66 +0.02
12 Hox(cr) A, A, 4 —18.24+0.14
13 CaCl,-2H,O(cr) A, F, 4 —27.1240.15
14 Ca(ox),(cr) HC! - 7.97H,0 Fs 3 —137.47 +3.80
15 SIClL-6H,0(ct) A, F, 4 43.23 4 0.04
16 Sr(ox),(cr) HCl-7.97H,0 F, S —176.50 + 1.60
17 H,0(1) HCI - 54.46H,0 Ag - —-0.02 +0.01
18 Hox(cr) As Ag 3 —6.13+0.15
19 BaCl, - 2H,0O(cr) Ag F, 6 20.87 +0.17
20 Ba(ox),(cr) HCl- 54.46H,0 F, 6 —128.38 +1.46
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AHZ (k] mol™") =A,H —A;H —2A,H — 100A|H = — 1383+ 3.1, leading to
AcHZ (Mg(ox),,cr) = —513.7+ 4.6 kJ mol~'. Jamea and Pilcher [2] hydrolysed
Mg(ox),(cr) in HCl(aq) and derived A H S (Mg(ox),,cr) = —518.3 +£3.3 kJ mol™".
These values agree to within the limits of experimental uncertainty; hence we accept
the mean value, AcH 2 (Mg(0x),,cr) = 516.0+4.0 kJ mol™'.

For the thermochemical reaction

Ca(ox),(cr) + 2HNO, - 53.00H,0(1) = Ca(NO,), - 4H,0(cr)
+ 2Hox(cr) + 102H,0(])

AHS|(KJ mol~") = AJH — AjH —2A,H — 102A,H = —133.3+ 1.8, leading to
ArH 2 (Ca(0x),,cr) = —609.1 + 3.8 kJ mol~!; and for

Ca(ox),(cr) + 2HCI - 7.97H,0O(l) = CaCl, - 2H,O(cr)
+ 2Hox(cr) + 13.94H,0(1)

AHE (kI mol ™)y =A,H—AH—2A,H =13.94A,, H = —64.7 + 3.8 leading to
A;HZ(Ca(ox),,cr) = —606.3 4+ 5.0 kJ mol~'. The two values agree to within the
limits of uncertainty and we accept the mean value, A H,(Ca(0x),,cr) = —607.7 £
4.4 kJ mol~". There is a small discrepancy when compared with the value reported
by Jamea and Pilcher [2], —597.3 + 3.9 kJ mol ', and the redetermined value is
preferred.

For the thermochemical reaction

Sr(ox),(cr) +2HNO; - 53.00H,0(1) = St(NO, ), (cr) + 2Hox(cr) + 106H,0(1)

AHZ/(k] mol™ "y =AgH —A;H —2A,H — 106A,H = —147.8 £2.5, leading to
A:HZ (Sr(0x),,cr) = —588.6 + 4.1 kJ mol™'; and for

Sr(ox),(cr) +2HCI - 7.97H,0(1) = SrCl, - 6H,O(cr) +2Hox(cr) +9.94H,0(1)

AHZ (kI mol™")y =A(H —2A,H — AjsH—9.94A, H = —176.7 + 1.6, leading to
AcH 2 (Sr(0x),,cr) = —583.1 +4.0 kJ mol~!. These two values agree to within the
limits of uncertainty and we accept the mean value, AcH , (Sr(0x),,cr) = —585.9 +
4.1 kJ mol™'. The value calculated from the results of Jamea and Pilcher [2] is
—643.5+3.3 kJ mol~', and the large discrepancy suggests that their sample was
not completely dehydrated.

For the thermochemical reaction

Ba(ox),(cr) +2HNO; - 53.00H,0O(1) =Ba(NO;),(cr)
+ 2Hox(cr) + 106H,O(1)

AHZ (k] mol™ 'y =A H —AyH —2A,H — 106A, H = —159.0 £ 3.0, leading to
AcHZ(Ba(ox),,cr) = —571.8 + 4.9 kJ mol~', and for

Ba(ox),(cr) + 2HCl - 54.46H,0(1) = BaCl, - 2H,O(cr)
+ 2Hox(cr) + 106.92H,0(1)
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Table 6
Molar enthalpies of reaction and solution for Cu(ox),, Zn(0x),, and Cd(0x), at 298.15K

i Reactant Solvent Solution ~ No. of expts.  A;H,,/kJ mol~!
21 H,0() H,SO, - 53.44H,0 A, - ~0.02+0.01
2 Hox(en) A, Ag 5 —2.90 + 0.06
23 CuSO, SH,O(cr) A, F, 5 20.80 + 0.36
24 Cu(ox),(cr) H,SO, 53.44H,0 F, 5 —11.68 + 0.43
25 H,0(]) H,50, 12.61H,0 A, 5 —0.60 +0.02
26 Hox(cr) A, A 5 ~9.314+0.09
27 CuSO,-SH,O(cr) Ay, Fo 5 32.15+0.28
28 Cu(ox)y(cr) H,S0,- 12.6lH,0 F, 5 22614026
29 ZnSO, - TH,0(cr) Ag Fio 5 26.33+£0.30
30 Zn(ox),(cr) H,S0, 53.44H,0 F,, 5 —64.7540.30
31 H0() H,SO, - 6H,0 A, - ~2.45+0.02
32 Hox(cr) Ay A, 6 —26.13+0.58
33 CdSO, - §/3H,0(cr) Ay, F,, 6 15.19 £ 0.30
34 Cd(ox),(er) H,SO, - 6H,0 F,, 5 12651 +3.16
35 H,0() HCI - 10.00H,0 Ay - ~0.54 4 0.01
36 Hox(cr) A A 4 —15.434+0.08
37 CdClL, - 2.5H,0(cr) Ay, Fy, 4 19.24 +0.14
38 Cd(ox),(cr) HCI - 10.00H,0O Fy; 4 —100.09 +2.16

AHZ (K mol™) = Ay H — A\gH —2A,s H — 106.92A , H = —134.9 + 1.8, leading
to AH . (Ba(ox),,cr) = 574.94+4.1 kJ mol~'. The two values agree to within the
limits of uncertainty giving a mean value, AH (Ba(ox),,cr) = —573.4 +4.5 kJ
mol~!. This differs from that calculated from the results of Jamea and Pilcher [2],
—594.1 £3.5 kJ mol~!, suggesting that their sample had not been completely
dehydrated.

The enthalpies of reaction and solution for Cu(ox),, Zn(ox), and Cd(ox), are
listed in Table 6.

For the thermochemical reaction

Cu(ox),(cr) + H,80, - 53.44H,0(1) = CuSO, - 5H,O(cr)
+ 2Hox(cr) + 48.44H,0(1)

AHS (KT mol™") = Ay H — Ayy H — 2A,, H — 48.44A, H = —25.7 4+ 0.7, leading to
A H 2 (Cu(ox),,cr) = —103.7 + 3.3 kJ mol~!; and for

Cu(ox),(cr) + H,80, - 12.61H,0(1) = CuSO, - 5H,0O(cr)
+ 2Hox(cr) + 7.61H,0(1)
AHZ (KT mol™) = Ayg H — Ay H — 2A,0 H — 7.61A,s H = —31.6 + 0.4, leading to
AcH 5 (Cu(ox),,cr) = —102.1 + 3.2 kJ mol~!. The measurements on Cu(0x), in
Table 6 were made in Porto, those in H,SO, 53.44H,0 were repeated in

Manchester on a different sample yielding similar results are not listed in Table 6
and which gave A HZ(Cu(ox),,cr) = —104.1 + 3.5 kJ mol~'. The three results
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agree to within the limits of uncertainty and the mean value is A;H . (Cu(0x),,cr)
= —103.3 £+ 3.3 kJ mol '. This value is preferred to that calculated from the results
of Jamea and Pilcher [2], —98.8 + 3.3 kJ mol~', although that result is in good
agreement.

Measurements were made in Porto for the thermochemical reaction

Zn(ox),(cr) + H,S0, - 53.44H,0(1) = ZnSO, - TH,O(cr)
+ 2Hox(cr) + 46.44H,0(1)

AHZ (kI mol™") = Ao H — Ay H — 2A,, H — 46.44A, H = —84.4 + 0.6, leading to
AcH 7 (Zn(o0x),,cr) = —272.5 + 3.4 kJ mol~'. These measurements were repeated in
Manchester on a different sample yielding similar results not listed in Table 6 and
which gave A;H:(Zn(ox),,cr) = —270.4 + 3.7 kJ mol~'. We accept the mean
value, A H 7 (Zn(0x),,cr) = —271.5 + 3.6 kJ mol~' which differs from that reported
by Jamea and Pilcher [2], —255.9 4+ 3.6 kJ mol~', and is the preferred value.

For the thermochemical reaction

Cd(ox),(cr) + H,SO, - 6H,0(1) = CdSO,, - ¥H,0(cr) + 2Hox(cr) + 33H,0(1)

A HZ (k] mol™') = A H — Ay H —2A5,H — 33A,, H = —81.3 + 3.4, leading to
AH? (Cd(ox),,cr) = —178.7 + 4.6 kJ mol~!, and for

Cd(ox),(cr) + 2HCI - 10.00H,O(1) = CdCl, - SH,O(cr)
+ 2Hox(cr) + 17.5H,O(1)

A HZ (k] mol™) =AyH — Ay, H —2AH — 17.5A5 H = —79.0 + 2.2, leading to
ArH; (Cd(ox),,cr) = —180.5+ 4.3 kJ mol~'. These results agree to within the
limits of wuncertainty and we accept the mean value, AH (Cd(ox),.cr)
= —179.6 + 4.3 kJ mol~" which differs from that calculated from the results of
Jamea and Pilcher [2], —196.9 + 2.9 kJ mol~".

The molar enthalpies of reaction and solution for Pb(ox), are listed in Table 7.

Table 7
Molar enthalpies of reaction and solution for Pb(ox), at 298.15K. Solvent X is (2moldm
HNO,; + 1,4-dioxan) (1:3 by volume)

-3

i Reactant Solvent Solution No. of expts. AH,_ /kJ mol™!
39 H,O0() HNO, - 53.79H,0 A, - 0.00 £ 0.01
40 Hox(cr) Ais A 5 —4.69 + 0.06
41 Pb(NO;),(cr) A Fi5 5 22.35+0.79
42 Pb(ox),(cr) HNO, - 53.79H,0  F; 4 —47.94 + 0.24
43 HNO, - 53.79H,0(l) X Ay, 5 —65.43 £0.39
44 Pb(ox),(cr) Ay F,, 5 —47.52 +0.40
45 H,O(l) X A 5 —1.01 £ 0.01
46 Hox(cr) A Ay 5 —5.55+0.20
47 Pb(NO,),(cr) A F,4 5 —0.44+ 041
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Table 8
Molar enthalpies of reaction and solution for Mn(ox), at 298.15 K

i Reactant Solvent Solution No. of expts. AH,[k) mol~!
48 H,O(1) H,SO, - 56.77TH,0 A, - —0.02 +£0.01
49 Hox(cr) Ay A, 8 —4.14 £ 0.46
50  MnSO,(cr) A, Fis 6 —44.75 + 1.00
51 Mn(ox),(cr) H,S80,-56.77H,0 F, 5 —93.32 +1.45
52 H,0() HCl - 9.998H,0 A,y — —0.54 £ 0.02
53 Hox(cr) A, Ay, 4 —15.54 +0.56
54 MnCl, - 4H,0O(cr) A, Fie 4 13.65+0.15
55 Mn(ox),(cr) HCl-9.998H,0 Fie 7 —106.00 + 1.80

The enthalpy of the thermochemical reaction
Pb(ox),(cr) + 2HNO, - 53.79H,0O(1) = Pb(NO,),(cr)
+ 2Hox(cr) + 107.58H,0(1)

was determined in two ways:

(a) in aqueous solution, A HZ/(kJ mol ") = A, H — Ay H —2A,0H —107.58
AgH=—-609+14;

(b) in (2 mol dm~* HNO,(aq) + 1,4-dioxan) (1:3 by volume), A H:/(k]
mol™ ") =AsH + Ay H+ A H—2A,H —107.58A,sH = —58.2+ 1.5.

The mean value, —59.6 + 1.5 kJ mol~! leads to A H 3 (Pb(0x),,cr) = —1453 +
3.8 kJ mol~". This value is preferred to that of Jamea and Pilcher [2], — 149.5 + 3.6
kJ mol~', although the results agree to within the limits of uncertainty because the
redetermination was made on a sample of carefully established purity.

The molar enthalpies of reaction and solution for Mn(ox), are listed in Table 8.
For the thermochemical reaction

Mn(ox),{(cr) + H,SO, - 56.77H,0(1) =MnSO,(cr)
+ 2Hox(cr) +56.77H,O(1)

AHZ|(kImol ™)y =AgH — AjgH — 2A,0H — 56.77A s H = —39.2 + 2.1, leading to
ArH 2 (Mn(0x),,cr) = —306.6 + 3.8 kJ mol~!, and for

Mn(ox),(cr) + 2HCI - 9.998H,0(1) = MnCl, - H,O(cr)
+ 2Hox(cr) + 15.996H,0(1)

AHS (k] mol™') =AssH — Agy H —2A,H — 15.996A, H = —79.9 + 2.1, leading
to AcHZ(Mn(ox),,cr) = —307.6 + 3.7 kJ mol~!. These results agree to within the
limits of experimental uncertainty with a mean value, A HS(Mn(ox),.cr) =
—307.1 +£3.7 kJ mol~', in agreement with the value calculated from the results of
Jamea and Pilcher [2], —307.1 + 3.2 kJ mol .

The molar enthalpies of reaction and solution for Fe(ox),, Co(ox), and Ni(ox),
are listed in Table 9.
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For the thermochemical reaction
Fe(o0x),(cr) + H,SO, - 6H,0(1) + H,0(l) = FeSO, - 7TH,O(cr) + 2Hox(cr)

AHZ/(kK] mol™") =As;H + Ay H — AsH —2A, H = —85.6+4.0, leading to
AHZ (Fe(ox),,cr) = —221.2 + 5.1 kJ mol~!, and for

Fe(o0x),(cr) + 2HCL - 10H,O(1) = FeCly(cr) + 2Hox(cr) + 20H,O(1)

AHZI(K] mol™") = Ay H — AggH —2A,oH — 20A;sH =33.0+ 2.1, leading to
AcH 2 (Fe(0x),,cr) = —218.2 + 3.7 kJ mol~!. These results agree to within the limits
of experimental uncertainty, giving a mean value A HJ (Fe(ox),,cr) = —219.7 + 4.5
kJ mol~!, showing a considerable difference from the value calculated from the
results of Jamea and Pilcher [2], —183.94+ 3.2 kJ mol~', suggesting that their
sample had not been completely dehydrated.

For the thermochemical reaction

Co(ox),(cr) + H,SO, - 6H,0(1) = CoSO,(cr) + 2Hox(cr) + 6H,O(])

A HZ (kKT mol™") =Aq H — AggH —2A5, H —6A,H = —21.6 + 3.1, leading to
AHZ (Co(ox),,cr) = —159.1 +4.8 kJ mol~', and for

Co(ox),(cr) + H,S0, - 53.44H,0(1) = CoSO, - 6H,0(cr)
+ 2Hox(cr) + 47.44H,0(1)

AHZ/(k] mol™") =AqH + A H — AggH —2AH —47.44A, H = —86.6 + 1.1,
leading to AcHZ(Co(0x),,cr) = —162.6 + 3.8 kJ mol~!, and for

Co(ox),(cr) + 2HCI - 10H,0(1) = CoCl, - 6H,0(cr) + 2Hox(cr) + 14H,0(1)

AHZ (KT mol™") =AgH — A H —2A,g H — 14A,, H = —82.5 + 1.4, leading to
AcH 2 (Co(0x),,cr) = —159.6 + 3.9 kJ mol~". The results agree to within the limits
of uncertainty and give a mean value, AH 5 (Co(ox),,cr) = —160.4+4.2 kJ
mol~!. This value is in marked disagreement with that calculated from the results
of Jamea and Pilcher [2], —199.4 + 3.3 kJ mol !, suggesting that their sample was
not completely dehydrated.

For the thermochemical reaction

Ni(ox),(cr) + H,S50, - 6H,0O(1) = NiSO, - 6H,O(cr) + 2Hox(cr)

AHZ/(KY mol™) =A,0H —AuH —2A, H=—97.6+5.2, leading to A:H;(Ni
(0x),,ct) = —163.1 £ 4.7 kJ mol~"'. The following thermochemical reaction was
studied using two samples, A and B, both with satisfactory microanalysis results

Ni(ox),(cr) + 2HCI - 10H,O(l) = NiCl, - 6H,O(cr) + 2Hox(cr) + 14H,0(1)

AHZ(KI mol ™Y =A,H—A, H—2A;H — 14A;,H = —68.6 + 1.5, leading to
ArHZ (Ni(0x),,cr) = —166.9 + 6.0/kJ mol~': for sample B, A H: (Ni(ox),,cr) =
—160.6 & 6.1/kJ mol~!. The three results agree to within the limits of experimental
uncertainty and give a mean value, A.H2(Ni(ox),,cr) = —163.5+ 5.6 kJ mol™,
showing a large difference from that of Jamea and Pilcher [2], —193.3 +6.0 kJ
mol~!, again suggesting that their sample had not been completely dehydrated.
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Table 10
Enthalpies of sublimation of M(ox), complexes

Temperature range/K T/K A& H, (T)/kJ mol~! AE H2(298.15 K)/kJ mol~!
Mg(ox), 605.0-626.2 6149 214.39 +3.99 230.2 +4.0
Cu(ox), 463.1-489.2 475.8 159.86 + 7.29 168.7 +7.3
Zn(ox), 503.2-527.2 513.8 172.38 +£6.30 183.2+6.3
Cd(ox), 533.4-552.5 5433 188.94 + 7.54 201.7+7.5
Pb(ox), 479.7-505.2 4924 17739 +6.18 187.1 +6.2
Mn(ox), 539.3-557.0 5474 182.16 +£10.42 194.6 + 10.4
Co(ox), 536.6—562.2 549.6 192.68 + 3.99 205.3 +4.0
Ni(ox), 449.3-467.3 458.7 167.40 +6.70 1754 + 6.7

Table 10 lists the results of the enthalpy of sublimation measurements. To correct
AE HZ(T) to A8 HZ(298.15 K), an estimated A8.C2 = —50 J K~! mol ! was used.
Ca(ox), did not appear to sublime until the temperature was raised to 720 K, and
Sr(ox), and Ba(ox), both decomposed at the high temperatures required for
sublimation. It would appear that these complexes have very large enthalpies of
sublimation. Fe(ox), at 400 K darkened to give a black powder, a colour typical of
Fe(ox);; hence the metal was being oxidized by the ligand, making measurement of
the enthalpy of the sublimation impossible.

The enthalpies of sublimation reported by Burkinshaw and Mortimer [8] for
Cu(ox), (170 + 3 kJ mol~!), Zn(ox), (178 + 6 kJ mol~') and Co(0x), (200 & 10 kJ
mol~!) agree with the values reported here: a small difference is apparent for
Mn(ox), (226 + 14 kJ mol~!) but there are marked disagreements with the values
for Cd(ox), (154 + 22 kJ mol~') and Ni(ox), (139 + 6 kJ mol~'), the Burkinshaw
and Mortimer values being lower by about 40 kJ mol~'. The values in Table 10 are
preferred because of the care taken in establishing the purity of the samples studied.

4. Discussion

Charles [10] measured the enthalpies of precipitation of some oxine complexes
from alkaline solution, and although the degree of hydration of the complexes was
not determined, they are generally precipitated as M(ox), - 2H,O(cr). Jamea and
Pilcher [2] measured the enthalpy of solution of Hox(cr) in 0.03 mol dm™3
NaOH(aq), the concentration used by Charles; AH,,(solution) = —3.84 +0.02 kJ
mol~!. This is the enthalpy of the reaction

Hox(cr) + OH (aq) = H,O(1) + (ox) ~(aq)

and as AHZ(OH™,aq) = —230.0+0.1 kJ mol~' [11], then A HZ(ox ,aq) =
—31.0+ 1.5 kJ mol™". As the precipitation reaction is

M?*(aq) + 2(ox) ~(aq) + 2H,0(1) = M(0x), - 2H,O(cr)
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Table 11
Enthalpies of formation of M(ox), 2H,0(cr) and of the dissociations of M(ox), - 2H,O(cr) =
M(ox),(cr) + 2H,0(g), and MCI1 - 2H,0(cr) = MCl,(cr) + 2H,0( g)

M AH_ (precipitation) [10)/ AHS(M?*,aq) [9]/ M(ox), - 2H,0(cr) MCl, - 2H,0
kJ mol™~! kJ mol~!

AcH S (er)/ AH_ (diss)/  AH_(diss)/

kJ mol~! kJ mol~! kJ mol~!
Mg —347+1.0 —486.1 + 0.6 —1136.54+3.2 1369+5.1 151.1+1.2
Ca —393+1.0 —543.1+0.8 —1216.14+3.3 1248455 1235+ 1.6
Sr —-192+1.0 —551.54+0.6 —12044+32 1349452 128.1+ 1.6
Ba —-372+10 —536.6 +2.1 —1207.54+3.8 150.5+5.9 118.8 +3.0
Mn —688+14 —2203+06 —992.6+34 1319451 126.8 + 4.4
Co —816+1.38 —56.6+1.9 —771.94+40 1279+58 1240425
Ni —883+19 —53.1425 —775.14+43 1280+7.1 127.7+ 3.6
Cu —107.5+2.1 66.9 £ 0.9 —6743+38 874+50 1194422
Zn —81.24+1.7 —153.6+14 —868.5+3.7 1134452
Pb —782+ 1.7 -09+09 —712.84+36 839+52

then A HZ(M(0x), - 2H,O0,cr) can be derived and, subsequently, the enthalpy of
the dissociation

M(ox), - 2H,0O(cr) = M(ox),(cr) + 2H,O0(g)

requiring A:HZ(H,0,g) = —241.81 +0.04 kJ mol™' [11]. The results with
AcHZ(M?*,aq) [9] are listed in Table 11. Inspection of the AH, (diss) values shows
that the assumption that the precipitates were M(ox), - 2H,O(cr) appears justified.
From reference tables [9], the corresponding enthalpy of dissociation of some metal
dichloride dihydrates

MCI1,2H,0(cr) = MCl,(cr) + 2H,O(g)

can be derived and these values are also listed in Table 11, and can all be seen to
be of magnitude similar to those for the oxinate dihydrates. Merrit et al. [12] have
shown that the M(ox), - 2H,O(cr) complexes of Co, Ni and Cu are isomorphous;
the metal and ligand atoms are planar whereas the two water molecules are in the
axial positions of a distorted octahedron. The dissociation enthalpies to remove
H,O from Ni(glycinate), - 2H,O(cr) and Cu(glycincate), - H,O(cr) where the water
molecules are in axial positions have been reported [13] as 109.6 and 56.0 kJ mol~'
respectively, where the order of magnitude of dissociation enthalpy per water
molecule is similar to that in the M(ox), - 2H,O(cr) complexes.

The mean dissociation enthalpy to be assigned to the metal-ligand binding may
be defined as one half of the enthalpy of the disruption reaction

M(ox),(g) = M(g) + 20x(g)
(D(M~0x)} =0.5[AH 7 (M,g) — AcH 7 (M(0x),,8)] + AcH 5 (0x,8)
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Table 12
Standard molar enthalpies of formation of M(o0x), in the crystalline and gaseous states at 298.15 K
AcHZ(cr)/kJ mol~! AE H 2 k] mol ™! AcHZ(g)/kJ mol ™!
Mg(ox), —516.0+4.0 230.2+4.0 —285.8+5.7
Ca(ox), —607.7+4.4 [250 +30] —358+30
Sr(0x), —-585.9+4.1 250+ 30] —336+30
Ba(ox), —573.4+145 [250 +30] —323+30
Cu(ox), —103.3+3.3 168.7+7.3 65.4+8.0
Zn(o0x), —271.5+3.6 1832463 —88.34+73
Cd(ox), —179.6+4.3 201.7+7.5 22.1+86
Pb(ox), —1453+38 187.1+6.2 41.81+73
Mn(ox), —307.1+£3.7 194.6+10.4 —112.5411.0
Fe(ox), —219.7+4.5 [190 +20) —30421
Co(ox), —160.4+4.2 205.34+4.0 —449+538
Ni(ox), —163.5+5.6 175.4+6.7 11.9+8.7

The dissociation enthalpy of the (O-H) bond in Hox is the enthalpy of dissociation
Hox(g) = H(g) + ox(g)
D(O-H) = AH7 (H,g) + AH 7 (0x,8) — A H 7 (Hox,g)
Hence
(D(M-o0x)> — D(H-0x) = AcH 7 (M,g) — AcH 7 (M(0x),,8)]
—AH; (H,g) + AcH (Hox,g)

To derive (D(M-o0x)) — D(H-o0x), the enthalpies of formation of M(ox),(g) are
required. Table 12 lists the redetermined values of A H .. (M(o0x),,cr), the enthalpies
of sublimation and the derived enthalpies of formation in the gaseous state. The
estimated enthalpies of sublimation are in parentheses: for Fe(ox), the mean of the
values for Co(ox), and Ni(ox) was assumed; the enthalpies of sublimation of
Ca(0x),, Sr(ox), and Ba(ox), will be much larger than the rest and a tentative
estimate of 250 + 30 kJ mol~' has been made.

With A HZ (H,g) =218.00+0.01 kJmol ! [11], A;H S (Hox,g) =6.5+1.7 kJ mol !
[14], and the corresponding values of A;H 5 (M,g) [9], the values of (D(M-o0x)) —
D(H-ox) were derived and are listed in Table 13. {(D(M-o0x))> — D(H-o0x) shows
a substantial increase in the strength of binding of the ligand to the metal relative
to hydrogen for the alkaline earth metals and a marked fall for Cu, Zn, Cd and Pb;
for Mn, Fe, Co and Ni, the difference between the binding energy to the metal and
that to hydrogen is small. Table 13 also compares the corresponding values for the
2.4-pentanedionate complexes: these values were obtained from Ribeiro da Silva and
co-workers [15-17], and as expected, (D(M-L)> — D(H-L) for the oximates and
the 2,4-pentanedionates follow a similar pattern.

Other complexes with binding of the ligand to the metal through oxygen and
nitrogen for which experimental results are available are the aminoacid complexes
of Cu and Ni, and it has been shown that {D(M-aminoacid) ) — D(H—aminoacid)
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for Cuis —19.7+ 7.7 kJ mol~' [18], and for Ni, 65.8 +8.2 kJ mol~' [19]. The
aminoacid ligand is bound more strongly to the metal relative to hydrogen by about
60 + 10 kJ mol~! than is the oxine ligand, but the difference between the values for
the Cu and Ni aminoacid complexes is in accord with the corresponding difference
for the oxinates.

Although it may be permissible to equate

{D(M-o0x)) = {D(M-0)} + (D(M-N)}

there is no unambiguous way of apportioning (D(M-o0x))> between (D(M-0))>
and {(D(M-N)> and little value in attempting to do so because these bonds occur
together and must interact. It seems reasonable however to assume that D(H-
ox) = D(O-H) in phenol, 363 £9 kJ mol ™' [20], permitting derivation of the
D(M-ox) values listed in Table 13. For comparison the {(D(M-pd)} values are
also listed based on D(O~-H), 2,4-pentanedione, enol = 400 + 20 kJ mol~' [15], and
they show similar trends.
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