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intermetallic distances in both 3 and 4 are, however, inconsistent
with such an explanation; therefore, the magnetic properties of
these dimers were examined in detail to determine the nature of
the metal-metal interaction.

Molar susceptibilities for 3 and 4 were measured between 6
and 300 K on a SQUID susceptometer. Above 100 K the observed
magnetism is predominantly due to temperature-independent
paramagnetism (TIP), resulting from orbital mixing of the
spin-singlet ground states with low-lying (paramagnetic) excited
states.!! Below approximately 50 K the sample magnetization
is dominated by traces (<0.25%) of paramagnetic impurities. The
experimental data can be accurately simulated by assuming
99.78% purity and a TIP of 8.8 X 107 cgsu/mol of Ti for 3 and
99.75% purity and a TIP of 1.68 X 107 cgsu/mol of Ti for 4.!2
EPR spectroscopy establishes that both compounds have normal
metal-metal bonds, rather than spin-coupled diradical ground
states: except for a small impurity peak at g = 1.972, characteristic
of magnetically dilute Ti** ions,'? the EPR spectra of both 3 and
4 are featureless at both 298 and 77 K.'*

(10) (a) Fieselman, B. F.; Hendrickson, D. N.; Stucky, G. D. Inorg. Chem.
1978, 17, 2078~84. (b) Fieselman, B. F.; Stucky, G. D. Inorg. Chem.
1978, 17, 2074-7. (c) Jungst, R.; Setkutowski, D.; Davis, J.; Luly, M.;
Stucky, G. D. Inorg. Chem. 1977, 16, 1645-55. (d) VanderWal, H. R.;
Overzet, F.; VanOven, H. O.; DeBoer, J. L.; Liefde Meijer, H. F.;
Jellinek, F. J. Organomet. Chem. 1975, 92, 329-40. (e) Floriani, C.;
Fachinetti, G. J. Chem. Soc., Dalton Trans. 1973, 1954~7. (f) Coutts,
R. S, P.; Martin, R. L.; Wailes, P. C. Aust. J. Chem. 1973, 26, 2101-4.
(g) Coutts, R. S. P.; Martin, R. L.; Wailes, P. C. Aust. J. Chem. 1972,
25, 1401-9.

(11) Carlin, R. L.; van Duyneveldt, A. J. Magnetic Properties of Transition
Metal Compounds; Springer: New York, 1977.

(12) See the supplementary material for full details regarding the simulation
procedure.

(13) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance: Elementary
Theory and Practical Applications; McGraw-Hill: New York, 1972;
p 318. )

(14) Cf.: Coutts, R.S. P.; Martin, R. L.; Wailes, P. C. Aust. J. Chem. 1973,
26, 941-50.
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The mechanism by which 3 is formed, and whether or not it
involves the intermediacy of monomeric complexes such as 2 (M
= Ti), is not yet known. What is clear, however, is that the
formation of dimeric complexes, such as 3, is greatly preferred
over pyramidalized monomers, such as 2, for the trisilanol ligand
used here. The use of smaller transition-metal ions (e.g., V(III),
Cr(III), or Fe(I11I)), which can adopt less pyramidalized coor-
dination geometries with 1, should favor the formation of 2 and
is currently being explored.
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Apparent molar heat capacities and volumes have been measured for Na,CdEDTA(aq), Na,HgEDTA(aq), and Na,PbEDTA(aq).
Standard-state partial molar heat capacities C,,° and volumes ¥,° have been calculated along with the partial molar properties
at 0.1 m ionic strength that are needed for various thermodynamic calculations. Equilibrium constants for the exchange reactions
of Cd**(aq), Hg**(aq), and Pb**(aq) with Ca®*(aq) have been calculated to 250 °C.

Introduction

As part of our research on the thermodynamics of reactions
involving aqueous complexes of EDTA (ethylenediaminetetra-
acetate), we have measured heat capacities and densities of
aqueous solutions of Na,CdEDTA, Na,HgEDTA, and Na,PbE-
DTA.

Aqueous solutions of EDTA are used as sequestering agents
in industrial applications that include cleaning boilers, softening
boiler and process water, treating oil wells to remove scale minerals,
and decontaminating nuclear reactor systems. There are also
medicinal uses of EDTA that include treating Alzheimer’s disease
by complexation of aluminum,! treating ulcers,? treating periar-

(1) Yaeger, L. L. Rejuvenation 1983, 11, 76.

0020-1669/88/1327-3442301.50/0

thritis and similar ailments,® and using as agents for increased
contrast in NMR body imaging.* Specific to the salts studied
in this paper is the use of EDTA to remove cadmium, mercury,
and lead® from the body. EDTA treatment of metal poisoning
may introduce risks,® but its wide versatility in the complexation

(2) Puscas, I.; Voicu, L.; Breazu, D.; Pop, L.; Ciupe, I; Terec, L.; Butan,
M. R,; Orban, I. Rom. Patent 65968, 1980; Rom. Patent Appl. 90 346,
1977.

(3) Guazzotti, L.; PCT Int. Patent Appl. 8601719, 1986; Patent Appl.
B5/EP467, 1985,

(4) Runge, V. M.; Foster, M. A_; Clanton, J. A.; Jones, M. M.; Lukehart,
C. M.; Hutchison, J. M. S.; Mallard, J. R.; Smith, F. W_; Partain, C.
L.; James, A. E., Jr. Radiology (Easton, Pa.) 1984, 152, 123.

(5) Boscolo, P.; Porcelli, G.; Minini, E.; Finelli, V. N. Med. Lav. 1983, 74,
370.
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of many heavy-metal ions (including plutonium’) makes it a
valuable chemical treatment.®®

In our previous investigations!®!! of EDTA complexes with
cations and also in related investigations by others that are cited
later, it has been observed that different investigators who have
made measurements leading to equilibrium constants have gen-
erally obtained results in satisfactory agreement with each other.
On the other hand, there is less good agreement between the results
of different investigators who have reported enthalpies of com-
plexation reactions, especially when enthalpies have been calculated
by way of equilibrium constants at several temperatures and the
van't Hoff equation. We attribute most of the uncertainties and
possible errors in these AH values to the magnification of errors
and uncertainties associated with differentiation [(d In K/dT),]
and to problems connected with the fact that EDTA forms weak
complexes with most cations in supporting electrolytes. It therefore
follows that AC, values obtained by double differentiation of K
= f(T) results or single differentiation of calorimetric AH = f{(T)
results will have large uncertainties. As previously recognized,
the best AC, values are usually obtained by way of direct cal-
orimetric measurements of heat capacities.

Although the complexation equilibria of Cd?*, Hg?*, and Pb?*
with EDTA have been investigated extensively near 25 °C, there
have been no investigations of these systems at the high tem-
peratures that are important for several applications. One of the
purposes of the present research has been to make calorimetric
measurements of heat capacities of solutions that will lead to AC,
values for the various complexation equilibria, with these AC,
values to be used in calculating equilibrium constants and other
thermodynamic properties that are applicable to solutions at high
temperatures. Because of the way in which we have measured
heat capacities, we have also obtained densities of solutions that
have led to apparent and partial molar volumes and thence to
values of AV for these same complexation equilibria. These AV
values can be used in calculating the pressure dependence of
complexation equilibria.

Experimental Section

Water used for all solutions was distilled and then passed through a
Milli-Q reagent-grade mixed-bed ion-exchange and activated-carbon
system, to yield water with a final resistance of 18 MQ cm or greater.
Standard solutions of NaCl were prepared by mass after drying the salt
(Fisher certified, ACS) at 120 °C for several hours.

Na,CdEDTA (ICN Pharmaceuticals) and Na,PbEDTA (Tokyo Ka-
sei, certified >99%) were recrystallized twice by a method described
previously.!%!! Na,HgEDTA was prepared by adding Hg(NO;), (Fisher,
ACS) dissolved in dilute HNO4(aq) to a solution of Na,H,EDTA (Fisher
certified, ACS) until a slight excess of Hg(NO,), was present. Dilute
NaOH was used to raise the pH of the solution slightly after each ad-
dition of Hg(NOj),. Crystals were precipitated by dilution with ethanol
and were then recrystallized twice as for the Cd and Pb EDTA com-
plexes. All salts were dried at 60 °C for 3 days. Stock solutions of the
salts were prepared by mass from these dried (but still hydrated) salts.
Total water contents of the dried Na,CdEDTA and Na,PbEDTA salts
were obtained from mass loss on complete dehydration at 150 °C under
vacuum, with results that agreed with the amount calculated from ele-
mental analyses of these salts. However, the Na,HgEDTA salt was
found to decompose at 150 °C, and the total water content for this salt
was determined solely from the elemental analysis. The empirical for-
mulas of these salts were found to be Na,CdEDTA-4.22H,0,
Na,HgEDTA-2.68H,0, and Na,PbEDTA-1.09H,0.

Heat capacities of all solutions were measured at 25.00 £ 0.01 °C with
a Picker flow microcalorimeter.!? The specific heat capacity of water
was taken from Kell'? and had the value 4.1793 J K™! g”!. Small cor-

(6) Wedeen, R. P.; Batuman, V.; Landy, E. Environ. Res. 1983, 30, 58.
(7) Catsch, A. Dekorporterung radioaktive und stabiler Metallionen,
Therapeutische Grundlage; K. Thiemig: Munich, 1968.
(8) Jones, M. M.; Pratt, T. H. J. Chem. Educ. 1976, 53, 343,
(9) Cooper, P. Pharm. J. 19558, 175, 376.
(10) Hovey, J. K.; Tremaine, P. R. J. Phys. Chem. 1985, 89, 5541.
(11) Hovey, J. K; Hepler, L. G.; Tremaine, P. R. J. Solution Chem. 1986,
15,9717.
(12) Picker, P; Leduc, P. A.; Philips, P. R.; Desnoyers, J. E. J. Chem.
Thermodyn. 1971, 3, 631,
(13) Kell, G. S. In Water-A Comprehensive Treatise;, Franks, F., Ed.; Ple-
num: New York, 1972; Vol I.
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Table . Results of Calorimetric and Densimetric Measurements at
25.0 °C

m, V¢9 c X1 m, Vw C X1
mol kg™! cm® mol™ J KT mol!  mol kg cm® mol! J KT mol
Na,CdEDTA

0.2014 169.76 256.4
0.1641 168.74 239.5
0.1321 167.63 225.8
0.1073 166.88 217.9

Na,HgEDTA
0.1881 171.51 341.9 0.06820 169.01 269.7
0.1483 170.71 320.7 0.03973  168.05 260.0
0.1257 170.07 307.0 0.02778  167.65 251.7
0.09848  169.49 289.1

Na,PbEDTA

02552  180.62  259.8 0.09009  178.37 207.2
02062  180.14 2438 0.06292  177.45 194.3
0.1703  179.45 2309 0.03440  177.04 183.9
01202  178.88 216.0

0.07021  166.13 201.4
0.04778  164.64 189.4
0.03001  163.84 177.9

rections (f = 1.006) to the raw heat capacity data were made to allow
for small heat losses in the calorimeter, as described by Desnoyers et al.'
Densities of all solutions were measured relative to water at 25.00 £ 0.01
°C with a Sodev 03D vibrating-tube densimeter,!* which was calibrated
with water and standard NaCl solutions. The density of water at 25 °C
was taken from Kell'® and had the value 0.997 047 g cm™3. The densities
of the standard NaCl solutions were obtained from the results of Picker
et al.!> Temperature control for the densimeter and calorimeter was
achieved with separate Sodev CT-L circulating baths (constant to +0.001
°C). Temperatures of the baths were monitored with thermistors that
had been calibrated against a Hewlett-Packard 2804A quartz thermom-
eter.

Results

It is convenient to express results of our heat capacity and
density measurements as apparent molar properties defined by

Yy = Y- mY1%)/my )

in which Y, is the extensive property (heat capacity or volume)
of a specified quantity of solution, ¥,° is the property (heat
capacity or volume) of 1 mol of water, and n; and n, are the
amounts (moles) of water and of solute in the specified quantity
of solution. This equation written specifically for the calculation
of apparent molar volumes and heat capacities has the forms

V, = [(1000 + mM)/d - 1000/d,°] /m 2)
Cpo = [¢,(1000 + mM) - 1000¢,,°] /m (3)

Here M is the molality of the solution, M is the molar mass of
the solute, d,° and ¢,,° are the density and specific heat capacity
of pure water, and d and ¢, are the density and specific heat
capacity of the solution. The C,,, and ¥, results are listed in Table
L

The stability constants for the aqueous cadmium, mercury, and
lead EDTA complexes are sufficiently large that we can regard
these solutions as 2:1 electrolytes of the type 2Na*(aq) + M-
(EDTA)*(aq).

A useful representation of apparent molar properties to mod-
erate ionic strengths is the extended Debye~Hiickel equation

Y, =Y,° + Ay*’m'/? + Byom 4)

in which By is an adjustable parameter and Y,° is the value of
Y, at infinite dilution. The valence factor (w) is related to the
molality (m), charge (z;), and molal ionic strength (I) by

I=Y%Ymz? = wm 5)

The values of the limiting-law slopes (4,)'7 were taken from

(14) Desnoyers, J. E.; de Visser, C.; Perron, G.; Picker, P. J. Solution Chem.
1976, 5, 605.

(15) Picker, P.; Tremblay, E.; Jolicoeur, C. J. Solution Chem. 1974, 3, 377.

(16) Kell, G. S. J. Chem. Eng. Data 1967, 12, 66.

(17) Bradley, D. J,; Pitzer, K. S. J. Phys. Chem. 1979, 83, 1599.
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Table II. Standard-State (Infinite Dilution) Partial Molar Heat Capacities, Volumes, and Byw Parameters at 25.0 °C?

%,,f, : Bew, Ve°, By,
solute J K"V mol™! J kg K™! mol™? cm?® mol™! cm?® kg mol™?
Na,CdEDTA 1433 £ 1.2 1727 £ 9.7 161.60 = 0.04 19.06 + 0.34
Na,HgEDTA 200.7 £ 1.1 3613 £ 84 165.82 £ 0.12 7.423 £ 0.99
Na,PbEDTA 148.0 £ 1.4 8235 11 175.08 £ 0.12 2.654 £ 0.76

9The =+ values are the standard deviations associated with the fit of eq 4 to our experimental results. Total uncertainties (calorimetric, densimetric,
chemicals, and extrapolations) are about £6 J K! mol™! and 0.6 ¢cm® mol™'.

Table III. Partial Molar Properties at 7 = 0.10 [0.033 m
Na,M(EDTA)] at 25.0 °C

& 7

solute J K~ mol™! cm? mol™!

Na,CdEDTA 201.46 165.54

Na,HgEDTA 271.42 168.98

Na,PbEDTA 200.09 177.92
T | T i | T

176 pe -1

Na,PbEDTA
T [ ]
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Figure 1. Apparent molar volumes minus the Debye—Hiickel limiting
slopes (Ayw’/*m!/?) for Na,CdEDTA(aq), Na,HgEDTA(aq), and
Na,PbEDTA(aq). Lines are least-squares fits of eq 4.

Ananthaswamy and Atkinson:!® 4, = 1.8743 cm? kg!/2 mol™3/2
and A¢ = 32.783 J K7! kg!'/2 mol/% at 25 °C.

We have fitted eq 4 to our experimental results (C, 4, V,, and
corresponding molalities in Table I} and have obtained the values
of C,4°, B¢, V,°, and By that are listed in Table II. Figures 1
and 2 show graphs of Y, - 4yw*/?m'/? against m as suggested by
eq 4. Note that the values of the apparent molar properties at
infinite dilution (C,4° and V,°) are equal to the corresponding
standard-state partial molar quantities that we represent by _p_2°
and ¥,°. The values of C,,° and ¥,° that we have obtained can
be used to obtain values ofP AC,° and AV® (conventional standard
state based on properties of solutes at infinite dilution) for reactions
involving the corresponding EDTA complexes.

Many previous investigations of EDTA complexes have been
carried out with solutions maintained at constant ionic strength
(often 0.1 m or 0.1 M) with an “inert” supporting electrolyte. To
make the best use of our results in combination with those from
these earlier investigations, we have calculated partial molar
properties at ionic strength 0.1 m from our apparent molar
properties and eq 4 by way of the equation

Y=Y, + I(8Y,/dD (6)

(18) Ananthaswamy, J.; Atkinson, G. J. Chem. Eng. Data 1984, 29, 81.
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Figure 2. Apparent molar heat capacities minus the Debye-Hiickel
limiting slopes (4qw?/*m!/?) for Na,CdEDTA (aq), Na,HgEDTA (aq),
and Na,PbEDTA(aq). Lines are least-squares fits of eq 4.

Table IV. Conventional Partial Molar Properties for Ions at I = 0
(®)and 7=0.1 ()

C{.Zoa sz,ZT’ VZO! VZ?y
ion JK'mol? JKTmol?! cm®mol? c¢m?mol!
H* 0 0 0 0
Na* 42.8 46.2 -1.21 -1.08
CI- -127.2 -113.7 17.89 18.55
Clo, -25.5 -9.9 43.99 44.64
Ca?* -25.8 -19.5 -17.2 -16.0
Cd?+ -6.4 -4.1 -14.2 -13.6
Hg* -16.3 -3.4 -14.1 -13.2
Pb?* -56.0 -46.6 -17.7 -16.9
H,EDTA* 83.2 129.4 156.73 159.11
CaEDTA?Y 95.4 143.2 158.51 161.08
CdEDTAY 57.7 109.1 164.02 167.70
HgEDTA* 115.1 179.0 168.24 171.14
PbEDTAZ 62.4 107.7 177.50 180.08

¢Values for CAEDTA®*, HgEDTA?, and PbEDTA? are from this
work, while sources for the other ions are discussed in the text.

Results of these calculations are given in Table III.
Subsequent calculations in this paper require partial molar
properties for Na,CdEDTA, Na,HgEDTA, and Na,PbEDTA
listed in Table III as well as values for several other species. It
is convenient to do all of these calculations with conventional
standard-state properties for ions based on Y,°(HY, aq) = 0. Table
IV lists these conventional standard-state partial molar volumes
and heat capacities (/ = 0 and 7 = 0.1 m) for all of the ions of
present interest. We have denoted the thermodynamic quantities
that pertain to an ionic strength of 0.1 m (or M) by a superscript
+. Values for the volumes and heat capacities of CdAEDTA? (aq),



Thermodynamics of Aqueous EDTA Systems

Table V. Selected Thermodynamic Properties at I = 0.1 for Heavy
Metal Ion Reactions with H,EDTA? (aq) as M**(aq) +
H,EDTA*(aq) = 2H*(aq) + M(EDTA)*(aq)®

AHY,  ASY, AC,', NG
al 0g mo. mo. mo cm- mo.
M?*(aq) log k' kJmol! JK'mol? JK'mol" cm®mol?
Ca* -578 153 -59.4 333 18.0
Cd*  -0.03 3.0 9.5 -16.2 2.2
Hg* 511  -366 -24.9 53.0 25.2
Pb?* ,1~49 -11.8 -11.1 249 37.9

9The values listed above for Ca?* came from Table IV. Other val-
ues are discussed in the text.

HgEDTA?(aq), and PbEDTa?(aq) were calculated from the
results listed in Table II and values for Na*(aq) listed in Table
IV. Values for the cationic species in Table IV were derived from
perchlorate results when possible!®? and also from other
salts,1012,14,15,21-24

Equilibrium constants for the complexation reactions of
H,EDTA%*(aq) with Cd**(aq), Hg?*(aq), and Pb?**(aq) as well
as the corresponding enthalpy and entropy changes for these
reactions are required in calculations that follow. We have selected
equilibrium constants from Martell and Smith? at 0.1 M for the
complexation reactions of Cd?*(aq), Hg?**(aq), and Pb**(aq) with
EDTA#%(aq), which we represent by

M?*(aq) + EDTA*(aq) = M(EDTA)*(aq) )

We have also calculated values for the equilibrium constants
associated with the complexation reactions of H,EDTA?"(aq) with
Cd?**(aq), Hg**(aq), and Pb**(aq) from the data listed by An-
deregg?® for the ionization of H,EDTA? (aq) and values from
Martell and Smith?® cited earlier. Reactions of this type are
described by

M?*(aq) + H,EDTA*(aq) = M(EDTA)*(aq) + 2H"(aq)
8)

We have calculated AH' values associated with reaction 8 for
M?*(aq) = Cd?*(aq), Hg**(aq), and Pb?**(aq) from combinations
and averages of the available calorimetric data for reactions
represented by eq 7 and the enthalpies of ionization of
H,EDTA? (aq) from Vasil’ev et al.?’

We have selected enthalpies for reactions of type 7 from Izatt
et al.?® For Cd?*(aq) complexation we have calculated AH' =
-39.3 £ 2 kJ mol™! as an average of results at 252932 and 20
°C,333 after correction of the 20 °C values to 25 °C with our

(19) Spitzer, J. J,; Singh, P. P,; Olofsson, I. V.; Hepler, L. G. J. Solution
Chem. 1978, 7, 623. )

(20) Hovey, J. K.; Hepler, L. G.; Tremaine, P. R. J. Chem. Thermodyn.
1988, 20, 595.

(21) Hovey, J. K.; Hepler, L. G.; Tremaine, P. R, Thermochim. Acta 1988,
126, 245.

(22) Tremaine, P. R.; Sway, K.; Barbero, J. A. J. Solution Chem. 1986, 15,

1.

(23) Singh, P. P.; McCurdy, K. G.; Woolley, E. M.; Hepler, L. G. J. Solution
Chem. 1977, 6, 327.

(24) Roux, A.; Musbally, G. M,; Perron, G.; Desnoyers, J. E.; Singh, P. P.;
Woolley, E. M.; Hepler, L. G. Can. J. Chem. 1978, 56, 24.

(25) Martell, A, E;; Smith, R. M. Critical Stability Constants; Plenum: New
York, 1974; Vol. 1.

(26) Anderegg, G. Critical Survey of Stability Constants of EDTA Com-
plexes; IUPAC Chemical Data Series 14; Pergamon: Oxford, England,
1977.

(27) Vasil’ev, V. P.; Kochergina, L. A.; Orlova, T. D. Zh. Obshch. Khim.
1978, 48, 2770; J. Gen. Chem. USSR (Engl. Transl.) 1978, 48, 2511.

(28) Christensen, J. J.; Eatough, D. J.; Izatt, R. M. Handbook of Metal
Ligand Heats, 2nd ed.; Marcel Dekker: New York, 1975.

(29) Jordan, J.; Alleman, T. G. Anal. Chem. 1957, 29, 9.

(30) Anderegg, G. Helv. Chim. Acta 1964, 47, 1801.

(31) Charles, R. G. J. Am. Chem. Soc. 1954, 76, 5854,

(32) Wright, D. L.; Holloway, J. H.; Reilly, C. N. Anal. Chem. 1965, 37,
884,

(33) Anderegg, G. Helv. Chim. Acta 1963, 46, 1833,

(34) Care, R. A,; Staveley, L. A. K. J. Chem. Soc. 1956, 4571.
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Table VI. Calculated Equilibrium Constants for the Reaction
M?%*(aq) + CaEDTA%(aq) = M(EDTA)¥(aq) + Ca?*(aq)

log X'

t, °C Cd2+ Hg2+ Pb2+
0 5.94 11.73 7.70
20 5.79 11.05 7.35
25 5.75 10.89 7.27
37 5.66 10.54 7.09
50 5.58 10.19 6.90
75 5.41 9.60 6.58
100 5.26 9.09 6.31
125 5.1 8.65 6.06
150 4.97 8.26 5.84
175 4.84 7.92 5.65
200 4.71 7.62 5.47
250 4.48 7.11 5.03

heat capacity values, and the estimated heat capacity change for
the ionization of H,EDTA?(aq) from Vasil’ev et al.?’ Similar
calculations involving Hg?*(aq)*®3%333% and Pb?*(aq)?*31-** have
led to the values AH' = —77.6 £ 2 and -57.6 £ 1 kJ mol™,
respectively. We have combined these values with enthalpies of
ionization for H,EDTA? (aq) from Vasil’ev et al.?’ to obtain the
values listed in Table V. We have also calculated the entropy
changes associated with reactions represented by eq 8 with the
relationship —RT In K* = AH' — TAS" and have listed these results
in Table V. The AC,' and AV values listed in Table V were
calculated from the results given in Table IV.

Equilibrium Calculations

As discussed previously, there are data available for the
equilibrium constants and enthalpies associated with complexation
of Cd?**(aq), Hg?*(aq), and Pb?*(aq) with EDTA* (aq) at or near
25 °C. These data can be used to calculate equilibrium constants
over ranges of temperature by using the van’t Hoff equation and
the Kirchoff equation:

(8 In K/dT), = AH® /RT? (9)
(OAH® /3T), = AC,® (10)

Partial molar volumes can be used to calculate equilibrium con-
stants at elevated pressures by way of the equation

(3 In K/dp)y = ~AV° /RT (11)

Combination and integration of eq 911 with AC, and AV taken
to be independent of temperature and pressure leads to

In K7 = In Kaes' - (AH20s'/R)[(1/T) ~ (1/298.15)] +
(AG,'/R)[In (T/298.15) + (298.15/T) -
1] - (AV'/RT)(p - 1) (12)

Equation 12 is expected?®*’ to be accurate over wide ranges of
temperature and pressure for isocoulombic (same number and
charge types of ions on both sides of reaction equation) reactions.

Most applications of EDTA involve the use of Na,H,EDTA
adjusted to a pH value specific to each application. We have
therefore chosen to write the equations for reactions of various .
metal ions with H,EDTA?"(aq) as in eq 8. Our previous mea-
surements of the heat capacity and volume for H,EDTA?(aq)'?
facilitate such calculations.

Medicinal and many other uses of EDTA that require limitation
of the harsh sequestering ability of the uncomplexed salt use the
calcium or zinc complex. We have therefore chosen to write

(35) Moeller, T.; Chu, S. J. Inorg. Nucl. Chem. 1966, 28, 153.

(36) Lindsay, W. T., Jr. Proceedings of the 41st International Water Con-
ference, Engineers’ Society of Western Pennsylvania; Engineers’ Society
of Western Pennsylvania: Pittsburgh, PA, 1980; pp 284-294.

(37) Murray, R. C.; Cobble, J. W. Proceedings of the 41st International
Water Conference, Engineers’ Society of Western Pennsylvania, En-
gineers’ Society of Western Pennsylvania: Pittsburgh, PA, 1980; pp
295-310.
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equations for the exchange reactions with CAEDTA? (aq)

M2*(aq) + CaEDTAZ(aq) = M(EDTA)%(aq) + Ca®*(aq)
(13)

Because the reactions represented by eq 13 are isocoulombic, we
have a favorable case for extrapolation to high temperatures
and/or pressures. Equilibrium data for these exchange reactions
permit useful comparisons of the stabilities of the M(EDTA)*(aq)
ions relative to that of CAEDTA?(aq). We have calculated
equilibrium constants from the data listed in Table V using eq
12. We have used water saturation pressures above 100 °C as
listed by Haar et al.*® The results of these calculations are given
in Table V1.

Discussion

In our earlier studies'®!! we plotted the residual heat capacity
against residual volume after subtraction of the Born (electro-
striction) terms. It was found that all of the metal ion—-EDTA
complexes were packed into small groupings consistent with their
coordination numbers and the effects of ligand field stabilization.!
The residual or nonelectrostriction component is a large factor
in determining the thermodynamic properties of such ions. Here
we attempt to make some generalizations concerning these
properties.

Spectroscopic studies®® have shown that the structures of many
aqueous EDTA complexes are similar to those in the solid state.
Aqueous EDTA complexes of many cations do not have the most
common six-coordinate geometry of solid-state EDTA complexes.
Instead, one carboxylate of an EDTA molecule is detached from
the metal ion, which usually results in coordination by a molecule
of water. The resulting “quinquedentate” structure is common
among many EDTA complexes. We attribute many of the dif-
ferences in the thermodynamic properties of EDTA complex ions
to the relative distribution of quinquedentate and hexadentate
structures.'®*®  Our measured standard-state volumes (present
work and ref 10 and 11) for the complexes of EDTA with divalent

(38) Haar, L.; Gallagher, J. S.; Kell, G. S. NBS/NRC Steam Tables,
Thermodynamic and Transport Properties and Computer Programs for
Vapor and Liquid States of Water in SI Units; Hemisphere: Wash-
ington, DC, 1984.

(39) McConnell, A. A.; Nuttal, R, H.; Stalker, D. M. Talanta 1978, 25, 425.

(40) Nuttal, R. H.; Stalker, D. M. Talanta 1977, 24, 355.

Hovey and Hepler

Cd, Hg, Mn, Co, Ni, Cu, Zn, and Sr are all consistent with the
suggestion that these complexes are mixtures of quinquedentate
and hexadentate structures. This is supported by spectra for
several of these complexes in solution.*!

The fact that our measured volume of the lead EDTA complex
is significantly larger than those for the above-mentioned ions is
not simply due to the “large” size of Pb?* since the radius of this
ion is about 0.1 A less than the radius of Ba?* (and the volume
of the complex ion is about 13 ¢cm® mol™ larger'!). It has been
suggested® that the nonbonding s electrons of Pb* may influence
the stereochemistry of this ion in solution. The observed eight-
coordinate structure in the solid state*? is attributed to the for-
mation of dimeric lead-EDTA ynits in which the seventh coor-
dination site involves a water molecule and the eighth involves
a neighboring EDTA molecule. This result along with our present
results suggests that the lead ion associated with EDTA prefers
a large coordination number involving EDTA and two water
molecules, which leads to a substantially larger total partial molar
volume than that of other complexes, including those known to
form seven-coordinate structures.!%40

The standard-state heat capacities are all influenced by the same
factors as the standard-state volumes, with additional contributions
from relaxation effects due to the change in the distribution of
structures with changes in temperature, as discussed by Ots.* It
is evident that the standard-state volumes and heat capacities are
not sensitive to direct size—charge effects of the metal cation but
rather to induced structural and coordinational changes of the
EDTA molecule.
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