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Thermodynamic data for Ni(ll) acetylacetonates have been determined in methanol-
and 1-propanol-water systems. Further, on the basis of a mathematical model,
these thermodynamic functions have been defined and evaluated at constant tem-

perature and constant dielectric constant.

THERMODYNAMIC data for acetylacetone have been
determined in mixed solvents (2). Since stability constant
data for Ni(II) acetylacetonates in mixed solvents at 25°C.
had been obtained (3), it seemed desirable to extend the
temperature range to determine thermodynamic data for
Ni(II) acetylacetonates. As had been done with the ligand
(2, 3), these thermodynamic functions could be separated
into terms depending on the temperature and dielectric
constant.

EXPERIMENTAL

The experimental procedure and the data obtained at
25°C. for Ni(II) acetylacetonates in methanol- and
1-propanol-water systems have been described (3).
Additional data for the same systems were obtained at
0° and 40°C. Because of the increased solution viscosity
at 0°C., it was necessary to use the electrode system
consisting of the Beckman glass electrode No. 40498 with
pH range O to 11, temperature range —5° to 80°C., and
the Beckman sleeve type calomel electrode No. 40463, tem-
perature range —5° to 100°C.

DISCUSSION OF MATHEMATICAL RELATIONS
OF THERMODYNAMIC FUNCTIONS

At a constant ionic constant, the thermodynamic func-
tions can be calculated from equilibrium constants expressed
in terms of temperature and dielectric constant.

By applying the treatment of Svirbely and Warner (4)
to the equilibrium constant, one may write

InK=fDT) oY)

The expression for the total differential of In K with respect
toTand D is
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Dividing by dT
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Consider the Van’t Hoff equation

dinK A
dT ~ RT*
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where AH° is the standard heat content change and R
is the gas constant. Substituting the term aH°/RT* into
Equation 3,
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where K could be either K. or K..
AH® of a chelation process consists of two heat terms,
AQ%and AQ%, which are defined by

rdlogKq dD
5= 2.303 RT* o 6
AQ% = 2.303 [ - JT 7 (6)
I log K
AQy = 2.303 RT* [‘ o8 J )
oT n

The term AQ% is the standard heat of reaction related
to the effect of dielectric constant on the equilibrium con-
stant, while AQ% is the measure of the effect of temperature
on the equilibrium constant. The algebraic sum of the
two heat terms gives the net enthalpy of reaction due
to changes in both temperature and dielectric constant:

AH® = AQ% + 1@ (8)

To evaluate AQ% from Equation 6, dD/dT for each solvent
composition was interpolated from the data of Akerlof (1).
According to Akerlof

dD

- 9
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where D is the dielectric constant for any given solvent
composition, T is the absolute temperature, and b is an
empirical constant. The term

[ (9 log K) J

aD T
is evaluated by differentiating the proper equation found
by the method of least squares when log K was plotted
vs. 1/D at a given temperature. The general form of such
equations has been found by many investigators to be

log K = m(1/D) + log K, (10)

where log K, is the y-intercept and m is the slope of
the line. Differentiating with respect to D

=5 )= (%) an

and substituting Equations 9 and 11 into Equation 6 one
has
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b
AG =2.303 RT* 6’;“ ) (12)

The determination of AQ% is simpler since it involves
only the evaluation of (¢ log K/d T)n. If one considers
the observed relationship between log K and 1/7T in

log K=m" (k- T) + log K (13)

where the terms have the same meaning as in Equation
10, differentiation of this equation with respect to tem-
perature at constant dielectric constant yields

() o

which, upon substitution into Equation 7, gives
A = -2.303 Rm’ (15)

Therefore, if a plot of log K against 1/T at constant D
has a positive slope, A@% will be negative. The sign of
AH°, then, will depend upon the magnitude of both A%
and AQ% and will be negative only when A&7 1s numerically
larger than AQ5.

Standard free energy change, AF°, for the chelation pro-
cess was evaluated from the equation

AFe =-2303 RT log K (16)

The evaluation of the standard entropy of reaction can
be subjected to an approach analogous to the evaluation

Table I. Dissociation Constants of Acetylacetone
at 0°, 25°, and 40°C.

X 1/D log 1/y 2% PKI/) pKn
METHANOL-WATER SYSTEM
0°C.
0.000 0.0113 0.09 9.04 9.13
0.098 0.0125 0.11 9.16 9.27
0.220 0.0140 0.13 9.32 9.45
0.289 0.0149 0.14 9.41 9.55
0.374 0.0161 0.16 9.53 9.69
0474 0.0176 0.17 9.70 9.87
0.590 0.0196 0.20 9.90 10.10
25°C.

0.000 0.0127 0.11 8.87 8.98
0.099 0.0142 0.13 9.01 9.14
0.222 0.0160 0.14 9.18 9.32
0.295 0.0172 0.15 9.30 9.45
0.383 0.0186 0.17 9.42 9.59
0.485 0.0205 0.19 9.58 9.77
0.610 0.0230 0.22 9.81 10.03

40° C.
0.000 0.0137 0.11 8.76 8.87
0.099 0.0152 0.13 8.89 9.02
0.224 0.0174 0.15 9.08 9.23
0.299 0.0188 0.16 9.19 9.35
0.387 0.0204 0.i8 9.32 9.50
0.489 0.0226 0.20 9.50 9.70
0.621 0.0257 0.25 9.77 10.02

1-PROPANOL-WATER SYSTEM

0°C.
0.000 0.0113 0.09 9.04 9.13
0.056 0.0131 0.12 9.19 9.31
0.132 0.0160 0.17 9.40 9.57
0.183 0.0182 0.21 9.54 9.75
0.251 0.0212 0.26 9.73 9.99
0.334 0.0248 0.33 9.97 10.30
0.450 0.0297 0.42 10.26 10.68

25°C.
0.000 0.0127 0.11 8.87 8.98
0.056 0.0149 0.14 9.02 9.16
0.134 0.0183 0.20 9.23 9.43
0.188 0.0213 0.24 9.40 9.64
0.256 0.0247 0.29 9.62 9.91
0.346 0.0294 0.38 9.88 10.26
0.473 0.0352 0.50 10.16 10.66

40° C.
0.000 0.0137 0.11 8.76 8.87
0.056 0.0159 0.15 8.93 9.08
0.134 0.0199 0.22 9.13 9.35
0.188 0.0230 0.26 9.32 9.58
0.256 0.0268 0.31 9.51 9.82
0.346 0.0318 0.40 9.77 10.17
0.473 0.0386 0.53 10.08 10.61

Table Il. Stability Constants of Ni(ll) Acetylacetonate
at 0°, 25°, and 40°C.

1/D log Ki log Ki logs’ log K. log K. log 8

METHANOL-WATER SYSTEM
0°C.
0.0113 6.26 4.95 11.21 6.35 5.04 11.39
0.0125 6.46 5.09 11.55 6.57 5.20 11.77
0.0140 6.65 5.22 11.87 6.78 5.35 12.13
0.0149 6.80 5.31 12.11 6.94 5.45 12.39
0.0161 7.10 5.47 12.57 7.26 5.63 12.89

0.0176 7.25 5.58 12.83 7.42 5.75 13.17
0.0196 7.62 5.79 13.41 7.82 5.99 13.81
25° C.

0.0127 5.94 4.50 10.44 6.05 4.61 10.66
0.0142 6.24 4.72 10.96 6.37 4.85 11.22
0.0160 6.50 4.92 11.42 6.64 5.06 11.70
0.0172 6.70 5.06 11.76 6.85 5.21 12.06
0.0186 6.90 5.13 12.03 7.07 5.30 12.37
0.0205 7.19 5.31 12.50 7.38 5.50 12.88
0.0230 7.70 5.56 13.26 7.92 5.78 13.70

40°C.

0.0137 5.70 4.26 9.96 5.81 4.37 10.18
0.0152 5.96 4.52 10.48 6.09 4.65 10.74
0.0174 6.30 4.67 10.97 6.45 4.82 11.27
0.0188 6.64 4.84 11.48 6.80 5.00 11.80
0.0204 6.90 5.00 11.90 7.08 5.18 12.26
0.0226 7.17 5.20 12.37 7.37 5.40 12.77
0.0257 7.65 5.50 13.15 7.90 5.75 13.65

1-PROPANOL-WATER SYSTEM
0°C.
0.0113 6.26 4.95 11.21 6.35 5.04 11.39
0.0131 6.45 5.01 11.46 6.57 5.13 11.70
0.0160 6.7 5.28 12.00 6.89 5.45 12.34
0.0182 6.89 5.37 12.26 7.10 5.58 12.68
0.0212 7.13 5.61 12.74 7.39 5.87 13.26
0.0248 7.49 6.01 13.50 7.82 6.34 14.16
0.0297 7.97 6.28 14.25 8.39 6.70 15.09

25°C.

0.0127 5.94 4.50 10.44 6.05 4.61 10.66
0.0149 6.05 4.61 10.66 6.19 4.75 10.94
0.0183 6.32 4.80 11.12 6.52 5.00 11.52
0.0213 6.65 5.05 11.70 6.89 5.29 12.18
0.0247 7.03 5.41 12.44 7.32 5.70 13.02
0.0294 7.41 5.71 13.12 7.19 6.09 13.88
0.0352 7.90 6.22 14.12 8.40 6.72 15.12

40°C,

0.0137 5.70 4.26 9.96 5.81 4.37 10.18
0.0159 5.85 4.51 10.36 6.00 4.66 10.66
0.0199 6.24 4.67 10.91 6.46 4.89 11.35
0.0230 6.50 4.82 11.32 6.76 5.08 11.84
0.0268 6.75 5.15 11.90 7.06 5.46 12.52
0.0318 7.29 5.61 12.90 7.69 6.01 13.70
0.0386 7.80 5.98 13.78 8.33 6.51 14.84
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of AH° for a reaction. The term AS° is defined in terms
of AFeand T

-ﬁv:[——d((‘;‘? ]P 1n

The term AS°® was also separated into two terms, AS9
and ASY.
The final equations for AS%, AS%, and AS® . are

tot

ASy = 2.303 (%) (18)

Table V. Standard Free Energies of Dissociation of
Acetylacetone in Methanol- and 1-Propanol-Water
Systems at 0°, 25°, and 40° C., Kcal. Mole ™

AF°, Methanol-Water

AFe, 1-Propanol-Water

0°C.

11.4
11.6
11.8
11.9
12.1
12.3
12.6

25°C.

12.3
12.5
12.7
12.9
13.1
13.3
13.7

40°C.

12.8
12.9
13.2
13.4
13.6
13.9
14.3

0°C.
11.4
11.6
11.9
12.2
12,5
12.9
13.4

25° C.

12.3
12.5
12.8
13.1
13.5
14.0
14.6

40° C.

12.8
13.0
13.4
13.7
14.0
14.5
15.2

Table Ill. Standard Heat of Dissociation of Acetylacetone
in Methanol- and 1-Propanol-Water Systems at
0°, 25°, and 40°C., Kcal. Mole '

Table VI. Standard Heats of Chelation of Ni(ll)
Acetylacetonates in Methanol-Water System
at 0°, 25°, and 40° C., Keal. Mole

0° C. 25°C. 40°C. 0°C. 25°C. 40°C.
AR AGh AH® AGr A@h AHC A AGh AHC A QR AH® AQy AQp AHT AQy AQy AH®
METHANOL-WATER FirsT CHELATION
2.1 4.7 2.6 -2.5 5.0 2.5 =27 5.2 25 32 -88 -56 43 -88 45 50 -88 -38
-2.4 4.9 2.5 -2.8 5.4 2.6 -3.1 5.6 2.5 36 -88 =52 49 -89 4.0 57 -89 -32
-2.8 5.2 2.4 -3.4 5.8 2.4 -3.7 6.1 2.4 43 -89 -46 58 -89 -31 69 -89 -20
-3.1 5.5 2.4 =3.7 5.9 2.2 -4.2 6.4 2.2 47 -89 -42 64 -89 -25 77 =90 -1.3
-3.5 5.8 2.3 -4.2 6.2 2.0 -4.7 6.7 2.0 52 -89 37 172 -9.0 -18 86 -90 04
-4.0 6.3 2.3 -4.8 6.6 1.8 -5.4 7.2 1.8 60 -%0 =30 82 -90 -08 100 -9.0 1.0
-4.5 6.6 2.1 -5.5 7.2 1.7 -6.2 7.9 1.7 68 -90 -22 94 -90 +04 115 -9.0 2.5
1-ProPANOL-WATER SECOND CHELATION
-1.5 3.9 2.4 -1.8 4.1 2.3 -2.0 4.2 2.2 19 -88 -67 26 -89 -63 32 -89 =57
-1.8 4.2 2.4 -2.2 44 2.2 -2.4 4.6 2.2 22 -88 -66 30 -89 -59 3.7 -89 52
-2.4 4.5 2.1 -2.9 4.9 2.0 -3.2 5.2 2.0 26 -88 -62 35 -89 -54 44 -89 45
-2.8 4.9 2.1 -3.5 5.4 1.9 -3.8 5.6 1.8 28 -88 -60 39 -89 =50 48 -9.0 4.2
-3.4 5.3 1.9 -4.2 6.0 1.8 -4.6 6.2 1.6 32 -89 =57 43 9.0 47 55 -9.0 -35
-41 59 18 -53 66 13 =57 69 1.2 36 -89 =33 50 -90 -4.0 64 -90 -26
-5.1 6.6 1.5 -6.6 7.4 0.8 -7.2 7.9 0.7 4.1 -89 -48 57 -80 -33 74 -90 -16
Table IV. Standard Entropy of Dissociation of Acetylacetone in Methanol- and
1-Propanol-Water Systems at 0°, 25°, and 40° C., Cal. Mole ! Deg. !
0°C. 25°C. 40°C
ASS ASs ASg,, AS% ASy A8, AS% AS% aSe,
METHANOL-WATER
-7.8 -24.4 -32.2 -8.3 -24.5 -32.8 -8.7 -23.9 -32.6
-8.8 -24.5 -33.3 -9.5 -23.8 -33.3 -9.9 -23.3 -33.2
-10.4 -24.0 -34.4 -11.2 -23.4 -34.6 -11.9 -22.5 -34.4
-11.4 -23.3 -34.7 -12.4 -23.7 -36.1 -13.2 -22.6 -35.8
~12.7 -23.1 -35.8 -14.0 -23.0 -37.0 -15.0 -22.0 -37.0
-14.5 -22.1 -36.6 -16.0 -22.6 -38.6 -17.2 -20.9 -38.3
~16.5 -22.3 -38.8 -18.4 -21.7 -40.1 -19.9 -20.3 -40.2
1-ProPANOL-WATER
—5.5 -27.6 -33.1 -6.1 -27.3 -33.4 -6.3 -27.3 -33.6
-6.7 -28.1 -34.8 -7.5 -27.0 ~34.5 -7.6 -26.7 -34.3
-8.7 -27.3 -36.0 -9.9 -26.5 ~36.4 -10.2 -26.1 -36.3
-10.3 -26.6 -36.9 -11.9 -25.9 ~37.8 -12.3 -25.8 -38.1
~-12.4 -26.3 -38.7 -14.3 -25.1 -39.4 -14.8 -25.2 -40.0
-15.1 -25.5 -40.6 -17.6 -24.8 -42.4 -18.3 -24.0 -42.3
-18.8 -24.9 -43.7 -22.1 -23.9 -46.0 -23.2 -23.2 -46.4
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Table ViI. Standard Heats of Chelation of Ni(ll)
Acetylacetonate in 1-Propanocl-Water System
at 0°, 25°, and 40° C., Kcal. Mole ™

0 C. 25°C. 40°C.
AQFY  aQh AH°  AQy  AQy  AH° ARy AQy  AH®
FirsT CHELATION

20 -78 -58 26 -79 -53 3.0 ~-8.0 =50
24 =79 =55 32 -81 -49 3.6 -82 -4.6
31 -82 -51 42 -83 -4.1 4.8 -84 -37
37 -83 -46 51 -85 -34 5.7 -8.7 3.0
45 -86 -41 61 -88 -27 6.9 -89 -2.0
54 -88 -34 176 -91 -15 8.5 -93 -0.38
67 -90 -23 95 -96 -01 109 -9.9 1.0

SECOND CHELATION

17 -80 -63 23 -81 -58 2.5 ~-8.2 5.7
21 -82 -62 28 -83 -55 3.0 -84 -54
27 -84 57 37 -86 -49 4.0 -8.7 4.7
32 -86 -54 45 -88 -43 4.8 -9.0 -4.2
3.8 -88 -50 54 -91 -37 5.9 -9.2 -3.3
46 -91 -45 67 -95 -28 7.2 -96 -24
58 -94 -36 84 -99 -15 9.2 -100 -08

Table IX. Standard Entropies of Chelation of Ni(ll)
Acetylacetonate in Methanol-Water System at
0°, 25°, and 40° C., Cal. Mole ' Deg.™*

0°C. 25°C. 40° C,
aSy a8y a8y, a8y a8y aSy, aSy  aSy  aS,

FIRST CHELATION

118 -34 84 144 -16 128 160 -1.3 147
134 -24 110 165 -11 154 183 -04 179
157 -14 143 195 +0.6 201 220 +1.3 233
171 -06 165 216 +1.2 228 245 +24 269
19.2 402 194 243 +22 265 276 +3.1 307
219 +1.2 231 278 +34 312 318 +50 370
250 +25 275 318 +54 372 368 +7.5 443

SecoND CHELATION

7.1 -89 -18 8.7 -84 03 102 -8.0 2.2
81 -83 -0.2 9.9 -7.6 23 17 =72 45
95 -76 1.9 1.7 -6.7 50 140 6.3 7.7
104 -7.1 33 130 -63 6.7 156 -6.0 9.6
116 -6.9 47 146 -6.2 84 177 -52 125
13.3 -6.2 7.1 167 =50 11.7 203 -3.7 16.6
151 =52 99 191 -37 154 235 -24 211

Table Vill. Standard Free Energies of Chelation of Ni(ll)
Acetylacetonate in Methanol- and 1-Propanol-Water
Systems at 0°, 25°, and 40° C., Kcal. Mole !

AFe, First Chelation AF°, Second Chelation

Table X. Standard Entropies of Chelation of Ni(ll)
Acetylacetonate in 1-Propanol-Water System at
0°, 25°, and 40°C., Cal. Mole ™' Deg.™

0°C. 25°C. 40°C.

aSy A8y ASy, ASy  aSy A8y,  ASy  ASy a8y,
FirsT CHELATION

7.3 0.4 7.7 8.8 0.8 9.6 9.4 09 103

8.8 1.0 9.8 107 1.4 121 114 1.5 129
11.5 1.3 128 141 22 163 153 24 177
13.5 20 155 17.0 3.0 200 183 3.2 215
16.4 25 189 204 39 243 222 40 262
19.8 35 233 253 51 304 272 53 325
24.6 51 297 317 66 383 346 65 411

SECOND CHELATION

6.2 -6.0 0.2 78 -6.5 1.3 79  -6.2 1.7
75 -6.5 1.0 96 -6.2 3.4 9.6 -6.0 3.6
9.8 -6.0 38 125 57 68 129 -54 7.5
11.6 -5.7 59 150 =50 100 154 -5.0 104
14.0 =51 89 181 -45 136 186 -42 144
170 -47 123 224 -38 186 230 -35 195
211 -36 175 280 -25 255 292 ~20 272

0°C. 25°C. 40°C. 0°C. 25°C. 40°C.
METHANOL-WATER
-7.9 -8.3 -84 -6.4 -6.4 -6.4
-8.2 -8.6 -8.8 -6.6 -6.6 -6.6
~8.5 -9.1 -9.3 ~6.8 -6.9 -6.9
-8.7 -9.3 -9.7 -6.9 -7.0 ~7.2
-9.0 -9.7 -10.0 -7.0 -7.2 ~T.4
-9.3 -10.1 -10.6 -7.2 =75 -7.8
-9.7 -10.7 -114 -17.5 -7.9 -8.2
1-PROPANOL-WATER
-7.9 -8.2 -8.3 -6.2 -6.2 -6.3
-8.2 -8.5 -8.6 -6.4 -6.5 -6.5
-8.6 -9.0 -9.2 -6.8 -6.9 -7.0
-8.9 -9.4 -9.7 -7.0 -7.3 ~7.4
-9.3 -9.9 -10.2 -7.4 -7.7 -7.9
-9.8 -10.6 -10.9 -17.8 -8.4 -8.5
-10.4 -11.4 -119 -8.4 -9.1 -9.3
ASY = ‘% (19)
AS‘{m = AS%+ ASY (20)
where
d(aF®)
= [dwo -
. d(AF®)
o= G

The standard entropy of reaction, aS?,, may also be
calculated from the expression;

AFe - AH®
-8 = @1)

The values of AS;; calculated by using Equations 20

and 21 agreed within the limits of experimental error. The
dissociation constant of acetylacetone and the stability con-
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stants of Ni(II) acetylacetonates were determined as
described (3, 4) and are given in Tables I and II. The
thermodynamic functions for the dissociation of acetylace-
tone and the chelates of Ni(II) acetylacetonates were cal-
culated according to the above procedure and are given
in Tables III through X. The heat terms, AQ%, A%, and
AH® are reliable to =150, +150, and 300 cal. per mole,
respectively. The values for AS%, AS%, and aS3,, are reliable
to =0.30, =0.3, and +0.60 e.u.
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