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ABSTRACT

The heats of formation of the ternary complex compounds of Cu" - N-(mera~substituted
phenyliminodiacetic acid—a-amino acid (m~RPhIDA, N-(meta-substituted phenyl)imin-
odiacetic acid, R = CH,, H, CH,0 or Cl; AA, a-amino acid, AA = proline, a-aminoisobu-
tyric acid, isoleucine, glycine, valine or serine) have been determined in agqueous solution at
250+0.2°C and 7 =10.1 wol dm™? (KNO,) by means of an automatic conduction calorime-
ter, model RD-1. The results show the existence of linear enthalpy relationships between the
heats of formation of these ternary compounds and the heais of protonation of the
m-RPhIDA ligands,

INTRODUCTION

The linear enthalpy relationships in the ternary systems of Cu'-22"-bi-
pyridylphenanthroline— N-(meta-substituted phenyl)iminodiacetic acid have
been reported previously {1]. In order to explore further the nature of the
complex compounds formed with competitive multidentate mixed ligands in
biological systems, we have investigated calorimetrically the formation reac-
tion of the competitive ternary complex compounds Cu-N-(meta-sub-
stituted phenyl)iminodiacetic acid-a-amino acid (m-RPhIDA, N-(meta-
substituted phenyl)iminodiacetic acid, R = CH,, H, CH,0, or Cl; AA,
a-amino acid, AA = proline, a-aminoisobutyric acid, isoleucine, valine,
glycine or serine) in aqueous solution. Some linear enthalpy relationships
have been found to exist between the relevant thermodynamic parameters.
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THEORETICAL

Calorimetric studies of the copper(I)-oxalate—ethylenediamine [2] and
nickel(II)-oxalate—ethylenediamine [3] competitive ternary systems have
been carried out under the experimental conditions of a high molar ratio of
both ligands to the metal ion, using acid balance in the calculation. In this
work, however, on investigating the formation reaction of the copper(Il)-
m-RPhIDA-AA ternary system, we used a comparable molar ratio of ligand
to metal in the experiment without taking account of acid balance in the
calculation. In the system investigated, the following eight independent
equilibria must be considered: A denotes the first ligand (m-RPhIDA) and
B the second ligand (AA)

H,A=H+HA Kk =[H][HA] /[H,A] (1)
HA=H+A K2 =[H][A] /[HA] (2)
H,B=H + HB K = [H][HB] /[H,B] (3)
HB=H+B K}? = [H]|[B] /[HB] (4)
M+A=MA Bio= [MA]/[M] (Al (5)
M+ B=MB Bo = [MB] /[M][B] (6)
M + 2B = MB, B = [MB,] /[M][B]* (7)
M +A+B=MAB B, =[MAB|/[M][A][B] (®)

Here the charges are omitted for the sake of convenience. K{*, K3, K}
and K2 denote the first and second dissociation constants of ligands A and
B, respectively. f;; denotes the consecutive formation constants of copper(II)
with ligands A and B (i=0, 1; j=0, 1, 2). According to mass balance, we
have

T, = [A] + [HA] + [H,A] + [MA] + [MAB] (9)
Ty = [B] + [HB] + [H,B] + [MB] + 2[MB,] + [MAB] (10)
Ty = [M] + [MA] + [MB] + [MB,] + [MAB] (11)

where T,, T and T, are the total concentrations of A, B and M, respec-
tively. Let

na=1+[H]/Kp+ [H /KK

ng=1+ay/K}+ay/KEK} (ay = activity of hydrogen ion)

The following three expressions for [M] can then be obtained
[M] = (T, = na)/(BrolA] + Bu[A][B]) (12)
[M] = (75— ng) /(B [B] + 285, (B]” + B, [A][B]) (13)

[M] = Ty /(1 + Bio[A] + B [B] + Be[B]”* + By [A][B]) (14)
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From eqns. (12) and (13) we obtain

u[B]* + v[B] +w=0 (15)
where

u=2Bp(T)~ "A[A]) + ngBi (A (15a)
v=—BunalAl" + [(Tx — T5)Bu + naBro ~ na B [A] + T, By (15b)
w= —TpB[Al (15¢)

Further, let a and b denote the denominators of eqnms. (12) and (14)
respectively. We then obtain

aTy — b(T, —n,[A]) =0 (16)

If an initial value of [A] is assumed, we can obtain a set of u, v and w
values using eqns. (15a) to (15¢c), and a reasonable value of [B] may be
calculated readily. If a and b values do not fit eqn. (16) satisfactorily, a new
[A] value must be assumed and the computation repeated until the absolute
value of the left-hand side of eqn. (16) is close to zero. The concentrations of
free ligands A and B were obtained. Consequently, the concentrations of
other species in the equilibrium system could be evaluated, provided that all
equilibrium constants expressed by egns. (1) to (8) are known [4-6]. The
concentration of the species existing in initial solution may be also evaluated
using the equilibrium constants of eqns. (1) to (4), the pH value of the initial
solution and the total concentrations of ligands A and B.

For energy balance, the following thermochemical equation can be estab-
lished

Q.=0n— 0
= R+ {([HA] + [H,A])V; - ([HA]; + [HA]) v} AHP
+([H AV~ [H, Al V) AHY
+{([BB]; + [H,B])¥; — ([HB]; + [H,B])V;} AH?
+([H,B]¥V; - [H,B],V}) AH; + [MA];V; AHY + [MB],V; AHg
+ [MB,]V; AHR; + [MAB|;V; AHy\ap (17)

where Q_ denotes the corrected heat quantity, Q_, denotes the average value
of the measured heat effects of the reaction under investigation, Q, denotes
the average heat of the blank tests, R represents the heat of neutralization
when H and OH form H,0, AH{ (AH?) and AHP? (AH2) denote the
heats of the first (second) protonation steps of ligands A and B, respectively,
HM denotes the heat of complexation of ligand A with copper(I), AHM
(AHRY) denotes the heat of the first (second) complexation step of ligand B
with copper(Il), AHy,p denotes the heat of formation of the ternary
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complex compounds, V represents the total volume of the solution and the
subscripts f and i denote after and before reaction, respectively.

Since AH* (AH®) and AHM (AHY') are known [1,7], the heat of
formation of the ternary mixed-ligand complex compounds can be calcu-
lated from a set of calorimetric measurements using eqn. (17).

EXPERIMENTAL

Reagents

m-RPhIDA compounds were prepared using the method reported in the
literature [8]. Copper(Il) nitrate (AnalaR) was recrystallized and the con-
centration of copper ion in the stock solution was determined by EDTA
titration. All the a-amino acids (biochemical reagents) were obtained com-
mercially (Beijing Chemical Reagent Station). Potassium nitrate (Tianjin
Third Chemical Reagent Factory) was recrystallized from redistilled water.
A potassium hydroxide (AnalaR, Tianjin Third Chemical Factory) standard
solution was prepared and standardized by a conventional method. An
automatic conduction calorimeter model RD-1 [9] (with a precision of 0.5%)
was used to measure the heats of formation of Cu"-m-RPhIDA-AA
ternary complex compounds at 25.0 + 0.2° C and 7 = 0.1 mol dm > (KNO,)
in aqueous solution. The instrumental constant K of the calorimeter was
found to be (3.66 +0.09) X 1072 J mm™? (n = 16) using electrical power
calibration, and this was further checked by chemical calibration. A value of
—13.24 kcal mol ™! for AHS was obtained, which is in good agreement with
the literature value [10] within experimental error. Under the same condi-
tions, 2.00 ml of a standard nitric acid solution (0.1207 mol dm™3) was
neutralized with 20.00 ml of a standard sodium hydroxide solution (0.015 29
mol dm~3) at 7 =0.1 mol dm~* KNO,. The AH,, value was determined to
be —59.78 + 0.095 kJ mol~* (or —14.29 + 0.02 kcal mol!). The pH values
before and after reaction were measured by means of a pH-meter, model
pHS-2. 2.00 ml of a Cu(NO,), solution (0.05149 mol dm™?) were placed in
the sample tube and 20.00 ml of a mixed solution of m-RPhIDA (0.017 88
mol dm~3) and AA (0.01038 mol dm~?) were placed in the reaction
chamber. Both solutions were maintained at 0.1 mol dm™> with KNO,. The
heat of dilution in the sample tube was calibrated by means of a blank test.
However, the heat of dilution of the ligand solution was neglected on
account of the fact that the change in concentration on mixing was very
small. The heat evolved in the reaction cell was calculated from the area
under the curve measured by a planimeter, and the instrumental constant K.



357

TABLE 1

Determination of the heats of formation of Cu'—m-RPhIDA-proline ternary systems at
25.040.2°C and I =0.1 mol dm™3 (KNO,)

R n T,x10%2 Tyx10®* T,,x10° pH, pH; Q) AHy,,p5 (kT mol™Y)
CH, 7 1.625 9.435 4.680 10.86 8.23 —4.72+0.02 -1325+0.50
H 5 1.625 9.432 4.680 10.78 7.95 —415+0.02 -—11.56+0.52
CH,0 6 1.625 9.432 4.680 1080 7.77 -427+0.02 —11.1440.53
Cl 5 1.625 9.433 4,680 1082 746 —4.38+0.02 —10.31+0.55

Units for 7,, Ty and Ty, are mol dm ™3,

TABLE 2

Determination of the heats of formation of Cu''— m-RPhIDA - a-aminoisobutyric acid ternary
systems at 25.0+0.2°C and I=0.1 mol dm™? (KNO,)

R T, X102 Tax10® T, x10> pH, pH; Q) AHyag (k) mol™1)

n
CH, 4 1624 9.407 4.680 1049 847 -—-344+002 -12.18+045
H 5 1.626 9.395 4.680 1047 819 -32340.02 -10.74+0.53
CH,0 5 1623 9.420 4.680 1040 789 -2.85+0.02 -—-10.15+0.47
Cl 4 1.623 9.401 4.680 1046 7.57 —-322+0.02 —9.444043

Units for T,, Ty and Ty as in Table 1.

TABLE 3

Determination of the heats of formation of Cu—m-RPhIDA-isoleucine ternary systems at
25.0+0.2°C and I =0.1 mol dm~3 (KNO,)

R n Tyx10? Tyx10® Ty x10® pH, pH; O AHpap (k] mol™1)

CH, 5 1.625 9.415 4.680 1012 8.18 —-397+0.02 -13.92+0.58
H 6 1.625 9.419 4.680 10.06 7.80 —3.67+0.02 —12.03+0.57
CH,0 5 1.624 9.422 4.680 1007 773 —-3.714£0.02 -—11.57+0.62
Cl 4 1.625 9.451 4.680 10.04 731 —-3.59+002 -—10.77+0.56

Units for T,, Ty and Ty as in Table 1.

TABLE 4

Determination of the heats of formation of Cu'—m-RPhIDA-valine ternary systems at
25.0+0.2°C and I =0.1 mol dm™? (KNO,)

R n T,x102 Tyx10° T, x10° pH; pH; QO AHyap (kY mol™1)
CH, 5 1.625 9.423 4.680 10.15 826 —3.86+0.02 —12.30+0.63
H 4 1.624 9422 4.680 1008 7.83 —3.57+0.02 -10.71+0.58
CH,0 5 1.625 9.418 4.680 10.06 7.66 —3.47+002 —10.17+0.58
Cl 6 1.625 9.423 4.680 1006 7.32 —3.48+002 —9.44+047

Units for T, Ty and Ty, as in Table 1.
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RESULTS AND DISCUSSION

The experimental data for the heats of formation of Cu”—m-RPhIDA-AA
ternary complex compounds are given in Tables 1-6. The formation
constants of Cu”-m-RPhIDA-AA ternary complex compounds are shown
in Table 7. The acid dissociation constants and the heats of protonation of
the ligands AA are shown in Table 8. The formation constants and the heats

TABLE 5

Determination of the heats of formation of Cul'-m-RPhIDA-glycine ternary systems at
25.040.2°C and 1= 0.1 mol dm~3 (KNO;)

R n T,x10% Tyx10® T, x10* pH;, pH; Q) AHyp (KT mol ™)
CH, 6 1625 9387  4.680 1017 8.03 —4.26+0.02 —13.44+0.51
H 5 1.624 9378 4680 10.06 7.59 —3.76+0.02 ~11.68+0.47
CH,O0 6 1626 9388  4.680 10.05 7.39 -3.72+0.02 —11.20+0.46
Cl 5 1624 9377  4.680 1012 7.19 —4.00+002 -10.45+0.53

Units for 7,, Ty and Ty, as in Table 1.

TABLE 6

Determination of the heats of formation of Cu''—m-RPhIDA-serine ternary systems at
25.240.2°C and I=0.1 mol dm™~3 (KNO;)

R n T,X10% Tyx10® T\ x10° pH, pH; Q) AHpyap (kI mol™ 1)
CH, 6 1638 9.375 4.680 9.80 8.02 —421+0.02 -1235+0.72

6 1.625 9.433 4.680 9.77 796 —-4.17+002 -1218+0.70
H 6 1.668 9.382 4.680 961 746 —3.62+0.02 —10.68+0.59

7 1.836 9.216 4.680 921 671 —1.82+002 -10.83+0.35
CH,O0 7 1713 9.368 4.680 939 6.86 —273+0.02 -10.10+043

5 1.668 9.381 4.680 960 7.18 —3.60+0.02 —10.12+0.56
Cl 5 1.625 9.437 4.680 966 707 —3.84+002 —9.47+0.69

5 1664  9.363 4.630 9.68 7.10 —3.85+0.02 —9.48+0.68

Units for T,, Ty and Ty, as in Table 1.

TABLE 7

The formation constants log 8;; [4] of Cu''~m-RPhIDA-AA ternary complex compounds at
25.0+0.2°C and I=0.1 mol dm~* (KNO,)

R a-Amino acid
Proline a-Aminoisobu- Isoleucine Valine Glycine Serine
tyric acid
CH; 13.08 12.76 12.34 12.32 12.32 11.97
H 12.76 12.32 12.00 12.00 12.02 11.66
CH;0O 12.57 12.17 11.85 11.85 11.86 11.50
Cl 12.23 11.89 11.58 11.56 11.52 11.18




359

roFres — TOFL97— 10F66€— 0FSs— syl S6L  S0'6 67T auweg
01FE9s— POFO8T— 10F8¢0— TOFLLY— L6vl 918 956 9T auk|D
90F¢ES— £0F09z— T0OFSE0 IoFeLy— L6vL I8 LS6 vET aulfeA
90F9LS— r0F 687~ LoF 60— I0Fs8y— 2061 918 096 0€'T aUNIYOS]
90FrES— £0F8 ST~ T0F S1— 10F6'Is— SESI vE'8 800l  ¥¥T  Ppoedufing
-ostoutuly -0
roF¥9s— €0F6LT— T0F 10 IOTEEr— 0€°91 088 6£0L  LLT aurold
(tow ) By (_ow) By (ow ) fgy (owp) Y YgSor  Yg8op Jyd  Jyd  poeoumuy-v

€—

wp jow ') =7 puB ), 70F( Sz e spunodwod xaidwods Aseurq Vv 1D

30 [£] s1eay uoyewoy pue [¢] sIULISUOD UONBWLIO) JY] Pue ‘SPIde ouTwe-v Jwos jo [1] s1eay uoneuojold oy pue [¢] sjueIsuod UONBIOSSIP oY ]

8 d1dVL



360

TABLE 9

The dissociation constants [6]) and protonation heats [1] of the ligands m-RPhIDA, and the
formation constants [6] and formation heats [1] of Cu™-m-RPhIDA binary complex com-
pounds at 25.0+0.2°C and 7= 0.1 mol dm~*

R pK{ pK§ logByy AH{ kImol™') AH} Jmol™') AHM KJmol™!)
CH, 253 533 6.37 5.32+0.05 0.38+0.01 16.69+0.05
H 242 511 581 6.60+0.05 ~0.81+0.01 17.29+0.05
CH;O0 235 505 5.63 6.88+0.05 -1.49+0.02 17.58+0.05
Cl 233 488 513 7.55+0.05 ~1.84+0.01 17.93+0.05

of formation of Cu"-m-RPhIDA binary complex compounds are shown in
Table 9. The data in Tables 7-9 were used for calculation of the formation
heats of Cu"-m-RPhIDA-AA ternary complex compounds. Plots of the
heats of formation of Cu-m-RPhIDA-AA ternary complex compounds
against the heats of protonation of the ligands m-RPhIDA show very good
linear enthalpy relationships (see Fig. 1) with a correlation coefficient r close
to unity.
Cu"-m-RPhIDA-isoleucine ternary system:

AHyup= —21.5+1.43 AH? r=0.999
Cu"-m-RPhIDA -serine ternary system:
AHyup = —19.0 + 1.27 AHA r=0.995

14} CHj
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Fig. 1. Plot of the heats of formation of Cu™ - m-RPhIDA-AA ternary complex compounds,
AHyap, vs. the heats of protonation of the ligands m-RPhIDA, AH{. o, Isoleucine; X,
glycine; @, proline; A, serine; O, valine; ® a-aminoisobutyric acid.
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Fig. 2. Plot of the heats of formation of Cu' - m-RPhIDA—-AA ternary complex compounds,
AHyyag, vs. the heats of formation of Cu""-m-RPhIDA binary complex compounds, AHM.
o, Isoleucine; X, glycine; ®, proline; A, serine; O, valine; ©, a-aminoisobutyric acid.

Cu""-m-RPhIDA-proline ternary system:

AHyup= —20.3+1.32 AHP r=1.00
Cu''-m-RPhIDA-valine ternary system:

AHpyap= —192+1.30 AH? r=0.998
Cu'"-m-RPhIDA -a-aminoisobutyric acid ternary system:
Cu'"-m-RPhIDA—glycine ternary system:

AHy 5= —20.6 +1.36 AH r=0.999

On plotting the heats of formation of Cu''-m-RPhIDA-AA ternary
complex compounds against the heats of formation of Cu''~m-RPhIDA and
Cu’-AA binary complex compounds, respectively (Figs. 2 and 3), some
clearly linear enthalpy relationships are also found to exist. The following
regression equations with correlation coefficient r are obtained

Cu"-m-RPhIDA-isoleucine ternary system:

AHpyup= —55.8+2.52 AHM r=10.991
Cu""-m-RPhIDA —serine ternary system:
AHyup= —50.1 +2.27AHM r=0.997

Cu""-m-RPhIDA—proline ternary system:
AHyp= —52.2 +2.34 AHM r=0.994
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Fig. 3. Plot of the heats of formation of Cu—m-RPhIDA~AA ternary complex compounds,
AHyap, vs. the heats of formation of Cu”-AA binary complex compounds, AHM. o,
m-CH,PhIDA; X, PhIDA; @, »-CH,OPhIDA; a, m-CIPhIDA.

Cu""-m-RPhIDA-valine ternary system:
AHy = —50.6 +2.30 AHM r=0.997
Cu""-m-RPhIDA-a-aminoisobutyric acid ternary system:
AHyp = —49.0 +2.21 AHM r=10.999
Cu""-m-RPhIDA-glycine ternary system:
AHyp= —53.3+2.40 AHM r=0.993
Cu'-m-CH,PhIDA-AA ternary system:
AHyyap = 2.35 +0.56 AHM r=0.997
Cu"-PhIDA-AA ternary system:
AHyup = 0.708 + 0.44 AHM r=0.996
Cu''-m-CH,OPhIDA-AA ternary system:
AHyap5=2.71+0.50 AHY! r=0.995
Cu''-m-CIPhIDA-AA ternary system:
AHyup =235+ 0.45 AHM r=0.997

From the data in Tabples 1 to 6 it is interesting to note that, first of all, the
heats of formation of Cu”-m-RPhIDA-AA ternary complex compounds,
AHy g, like the heats of formation of Cu"- N-acetylglycine-AA ternary
complex compounds [7] was nearly equal to the sum (AHM + AH}Y). This
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would mean that no # back-bonding and no interactions between ligands A
and B exist in the ternary complex compounds. Secondly, the magnitude of
the heats of formation of the Cu-m-RPhIDA-AA ternary complex com-
pounds is largely dependent upon the magnitude of the heats of formation
of Cu-m-RPhIDA and Cu™-AA binary complex compounds. However,
from the data in Tables 1 to 6, it may also be observed that no linear
enthalpy relationships exist between the heats of formation of Cu"-m-
RPhIDA-AA ternary complex compounds and the the heats of protonation
of the ligands B (AA). The heat of protonation of a ligand depends mainly
on its strength of basicity and the extent of its solvation in solution, while
the heat of formation of a complex compound depends not only on the
basicity of the ligand and its degree of solvation but also on the steric effect
due to the ligand. This steric effect might have an important role in these
systems and thus linear enthalpy relationships will not be observed.
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