
Thermochimica Acta, 205 (1992) 99-113 
Elsevier Science Publishers B.V., Amsterdam 

99 

Thermochemistry of some metallic amino acid complexes. 
Part 1. Copper( II) complexes 

Manuel A.V. Ribeiro da Silva, Maria Dores M.C. Ribeiro da Silva, 
Maria M.C. Bernard0 and Luis M.N.B.F. Santos 

Centro de Inuestigaqio em Q&mica, Department of Chemistry, Faculty of Science, 
University of Porto, P-4000 Port0 (Portugal) 

(Received 1 October 1991) 

Abstract 

The standard (p” = 0.1 MPa) molar enthalpies of formation of the following crystalline 
copper(B) amino acid complexes were determined at 298.15 K by solution-reaction 
calorimetry: A,Hz[Cu(gly),, crl= -943.7f 1.3 kJ mall’; A,H$[Cu(ala),, crl= - 1003.7k 
1.5 kJ mol-‘; A,Hz[Cu(val),, cr] = - 1124.1 k2.2 kJ mol-‘; A,Hz[Cu(leu),, cr] = - 1177.8 
f 2.1 kJ mol-‘; A,Hz[Cu(isol),, cr] = - 1156.3 + 1.8 kJ mol-‘; ArHz[Cu(Phgly),, cr] = 
-772.3k1.9 kJ mol-‘; A,H$[Cu(Phala),, cr]= -831.8f2.6 kJ mol-‘. 

The results suggest a linear correlation between the standard molar enthalpies of 
formation of the crystalline copper(B) amino acid complexes and those of the corresponding 
crystalline amino acids. Estimations of the standard molar enthalpies of sublimation of the 
copper(B) amino acid complexes are presented. The total binding energy between the 
copper(B) and the amino acid ligand is derived and compared with the corresponding 
parameter for copper(B) acetylacetonate. 

INTRODUCTION 

Amino acids are bidentate ligands which chelate to the majority of 
transition metals through the amino nitrogen atom and the carboxyl group, 
yielding very stable complexes. The biological importance of these com- 
plexes is well known, and can be illustrated by some of the applications of 
the compounds: some complexes have been tested for antitumour activity 
[l], and others show antiviral activity against certain viruses [2]. It has been 
shown during the last twenty years that amino acids generally increase the 
diffusibility of metal complexes, and thus their biological activity inside the 
cell [3], and also that some of the complexes are readily absorbed through 
the skin [4]. Although there is a considerable amount of thermodynamic 
data available for the formation, mainly in aqueous solution, of transition 
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metal complexes with several different amino acids [5], as well as for some 
peptide complexes, very little information is available on the thermochem- 
istry of their crystalline compounds. Numerous spectroscopic investigations 
[6] and X-ray crystal structures [7] for the copper(R) amino acid complexes 
have been reported recently. 

In this paper we present the determination of the standard molar 
enthalpies of formation, at 298.15 K, of the crystalline copper(R) com- 
plexes with seven amino acid ligands. 

EXPERIMENTAL 

Materials 

Glycine (Hgly), m-alanine (Hala) and DL-valine (Hval), chromatographic 
grade (BDH Chemicals, Ltd.) were used without further purification. 
t_-( a)-Leucine (Hleu), L-( cr)-isoleucine (Hisoleu), L-(a)-phenylglycine 
(HPhgly) and L-(a)-phenylalanine (HPhala) (Janssen Chimica), better than 
99% pure, were used without further purification. Purity was assessed by 
elemental analyses (Table 1). 

The copper(I1) complexes with glycine, alanine and valine were prepared 
by a method similar to that described by Greenstein and Winitz [8], 
recrystallized from a mixture of ethanol-water, dried in an oven at about 
100°C and characterized by microanalyses and IR spectroscopy. The de- 
composition temperatures of the three copper(U) amino acid complexes 

TABLE 1 

Mass percentage analyses 

Found (%I Expected (%I 

C H N cu c H N cu 

Hglykr) 32.4 6.7 18.3 32.00 6.71 18.66 

Hala 40.7 8.0 15.7 40.44 7.92 15.72 
Hval(cr1 51.2 9.5 12.0 51.26 9.46 11.96 
Hleu(cr) 54.4 10.1 10.6 54.94 9.99 10.68 
Hisoleukr) 54.7 10.1 10.7 54.94 9.99 10.68 

HPhgly(cr) 62.7 6.0 9.2 63.57 6.00 9.27 
HPhala(cr) 65.2 6.8 8.5 65.44 6.71 8.50 

Cu(gly),(cr) 22.6 3.7 13.1 30.3 22.69 3.81 13.24 30.02 

Cu(ala),(cr) 29.9 5.0 11.7 26.2 30.06 5.04 11.69 26.51 

Cu(val),(cr) 40.4 7.0 9.6 21.2 40.60 6.83 9.47 21.48 

Cu(leu>,(cr) 45.0 7.6 8.6 19.0 44.49 7.48 8.65 19.54 
Cu(isoleu),(cr) 45.0 7.5 8.6 19.2 44.49 7.48 8.65 19.54 

Cu(Phgly),kr) 52.9 4.5 7.5 17.9 52.81 4.43 7.70 17.46 

Cu(Phala),(crI 54.2 5.0 7.0 16.1 55.17 5.14 7.15 16.22 
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were 239, 240-242 and 260°C for the glycinate, alaninate and valinate 
respectively. The complexes Cu(leu), and Cu(isoleu), were prepared by 
mixing aqueous solutions of the amino acids with an aqueous solution of 
copper chloride and adding dropwise a 0.5 mol dmd3 solution of 
sodium hydroxide until precipitation started. The precipitate was filtered 
off under vacuum and washed with water. The complexes were dried under 
vacuum at 120-140°C for at least 5 h, stored in Schlenk tubes under dry 
nitrogen (because they are hygroscopic) and characterized by IR spectra 
and microanalyses. Cu(Phgly), and Cu(Phala), were each prepared by 
dissolving the amino acid in an aqueous solution of sodium hydroxide, 
followed by the dropwise addition of 4 mol dme3 hydrochloric acid until 
pH 9 was reached. The resulting solution was heated to 60°C and slowly 
mixed with an aqueous solution of copper(I1) chloride. The blue precipitate 
was filtered off, dried under vacuum at 120-140°C for at least 8 h, stored in 
Schlenk tubes under dry nitrogen and characterized by IR spectra and 
microanalyses. The mass percentage analyses of the complexes are given in 
Table 1. 

Copper(R) sulphate pentahydrate (BDH, AnalaR) was dried over silica 
gel, and its composition was confirmed by analysis of the metal as being 
CuSO, - 500H,O. 

A 1 mol dmd3 sulphuric acid solution was made from Merck concen- 
trated volumetric solution; the concentration was checked by titration 
against Na,B,O, . lOH,O and found to be (from a series of six titrations) 
1.000 f 0.004 mol dmp3, which corresponds [9] to the composition H,SO, . 
53.54H,O. 

Concentrated HCl (Merck, p.a.> was diluted with distilled water; the 
concentration was determined by titration against Na,B,O, . lOH,O and 
found to be (from a series of six titrations) 1.967 f 0.001 mol dme3, which 
corresponds [9] to the composition HCl .27.11H,O. 

Carbon, hydrogen and nitrogen microanalyses were carried out at the 
Microanalytical Services of either the University of Surrey or the University 
of Manchester, UK. 

Copper(H) analyses, both for the amino acid complexes and for the 
copper(H) sulphate, were performed by a volumetric method [lo]. 

Solution-reaction calorimeter 

The isoperibol LKB 8700 solution and reaction precision calorimeter 
was used for the study of the copper(I1) complexes of glycine, alanine and 
valine. Tests on the accuracy of its performance have been reported 
recently [ 111. 

The remaining copper(I1) amino acid complexes were studied in a 
reaction-solution calorimeter with an all-glass reaction vessel [12,13] con- 
taining 120.0 cm3 of solvent. The samples were sealed in thin glass 
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ampoules, which were broken under the solvent at the appropriate time by 
compression between two glass rings; the energy associated with the 
breaking of an ampoule was less than 0.05 J. The calorimeter was equipped 
with a twin-bladed glass stirrer rotated at 4.5 Hz. Calorimeter temperatures 
were measured to lop4 K, at intervals of 20 s, with a quartz thermometer 
(Hewlett-Packard HP 2804A) and recorded by a thermal printer (HP 
5150A). The temperature profile for each experiment was divided into a 
fore-period, about 15 min, a main period, about 10 min, and an after-period 
of about 15 min. The adiabatic temperature change was calculated using 
the equal area method [14]. The calorimeter was calibrated electrically for 
each experiment. An electrical heater (49.95 Ln) was placed in an oil-filled 
glass tube and the current for the heater was provided from a stabilized 
power supply. The potential difference across the heater was measured 
using a potentiometer (Cropico P107) and the current was determined from 
the change in potential across a standard 10 R resistor. The period for the 
calibration current was controlled to a resolution of lo-* s by a quartz 
timer (CFUP). The calorimeter top plate was sealed to the Dewar vessel 
with an O-ring. The calorimeter was submerged in a water thermostat 
maintained at 298.150 + 0.001 K using a Tronac PTC-41 controller. The 
calibration and experimental procedure were tested by measuring the 
molar enthalpy of a solution of tris(hydroxymethyl)aminomethane (THAM, 
Aristar, BDH) in 0.100 mol dmp3 HCl(aq) at 298.15 K. The value obtained, 
Aso,H$(cr) = - 29.753 + 0.034 kJ mol-’ (mean of five experiments), was in 
agreement with the literature value of Kilday and Prosen: - 29.770 + 0.032 
kJ mol-’ [15]. 

The relative atomic masses used are as recommended by IUPAC Com- 
mission [16]. All uncertainty intervals given are twice the standard devia- 
tion of the mean. 

RESULTS 

Preliminary tests of solubility showed that rapid hydrolysis occurred with 
aqueous solutions of strong acids; 1 mol dmp3 H,SO, was used for the 
copper(I1) complexes of glycine, alanine and valine and a 1.967 mol dmu3 
solution of HCl was used for the other four complexes. 

The thermochemical reactions for determining the enthalpies of forma- 
tion of the copper(I1) amino acid complexes were 

48.54H20(1) + CuSO, * 5.OOH,O(cr) + 2HL(cr) 

= H,SO, * 53.54H20(1) + CuL,(cr) (1) 

The standard enthalpies of these reactions were determined by measur- 
ing, or calculating from reference data, the enthalpy of solution of each 
reactant and product successively in the calorimetric solvent. In all cases, 
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TABLE 2 

Molar enthalpies of solution and reaction at 298.15 K for the Cu(gly), and Cu(ala), 
complexes 

i Reactant Solvent Solution Number of A, H,,, 
expts. (kJ mol - ‘) 

1 H ,0(l) Initial a A, Calc. - 0.03 * 0.01 
2 CuSO,.S.OOH,O(cr) A, A2 6 + 22.38 f 0.33 
3a HglyW A, A,, 6 + 6.90 f 0.08 
3b Hala A2 A,, 5 + 5.44 + 0.08 
4 H2SOr.53.54H,0(ll Initial a B, Calc. 0.00 
5a Cu(gly),Gx) BI A,, 6 - 42.26 f 0.42 
5b Cu(alal,(cr> B, A3b 5 - 52.84 f 0.08 

a Initial, 100.0 cm3 H,S0,.53.54HzO(l). 

ampoules containing the reactants were added consecutively, in the order 
given in the equation, to the solvent, and the corresponding AiH, values 
were measured (or calculated). To a second portion of the same solvent 
were also added consecutively ampoules containing the products, in the 
order given in the equation, and the corresponding A,H, values were 
measured (or calculated). Special attention was paid to the control of 
stoichiometry ratios of reactants and products, in each series of experi- 
ments, to ensure that the final solutions resulting from the dissolution and 
reaction of the reactants were of the same composition as those from the 
dissolution and reaction of the products. As a check on the validity of this, 
ampoules of the final solution of all the reactants were broken into the 
final solution of all the products in the calorimeter; no enthalpy change was 
detected. 

Table 2 lists the molar enthalpies of solution and reaction for the study 
of copper complexes of glycine and alanine; both systems were studied 
in the LKB 8700 calorimeter, using as solvent 100.0 cm3 of a 1 mol dme3 
solution of H,SO,. Table 3 lists the results obtained in the study of the 
copper(I1) complex of valine, which was also done in the LKB 8700 

TABLE 3 

Molar enthalpies of solution and reaction at 298.15 K for the Cu(val), complex 

i Reactant Solvent Solution Number of A, H, 
expts. (kJ mol-‘1 

1’ H,O(l) Initial a A’, 
2’ CuSO,~S.OOH,O(cr) A’, A* 
3’c Hval(cr) A’2 A;, 

4’ H,SO,.53.54H,O(l) Initial a B; 
5’c Cu(val),(cr) B; A;, 

a Initial, 80.0 cm3 H,SO,.53.54H,O(l). 

Calc. 
5 
6 
Calc. 
6 

- 0.03 + 0.01 
+ 20.84 + 0.25 

+4.90+0.13 
0.00 

- 44.35 + 0.42 
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TABLE 4 

Molar enthalpies of solution and reaction at 298.15 K for the Cu(leul,, Cu(isoleu),, 
Cu(Phgly), and Cu(Phala), complexes 

i Reactant Solvent Solution Number of A, H,,, 
expts. &I mol-‘1 

1” H ,0(l) 
2” CuSO,.5.00H,O(cr) 
3”d Hleu(cr) 
3”e Hisoleu(cr1 
3”f HPhglyfcr) 
3”g HPhala(cr) 
4” H,SO,*53.54H,O(l) 
5”d Cu(leu),(cr) 
5”e Cu(isoleu),(cr) 
5”f Cu(Phgly),(cr) 
5”g Cu(Phala),(cr) 

Initial a 
A’; 
A’; 
A); 
A’; 

A”z 
Initial a 
B; 
BY 
BY 
BY 

5 - 0.086 f 0.003 
5 + 37.50 f 0.41 
5 + 0.383 ~fr 0.045 
5 + 1.238 f 0.064 
5 +8.46 +0.21 
5 +4.70 +0.15 
7 0.000 * 0.002 
5 - 26.60 _t 0.38 
5 -47.69 +0.18 
6 -32.2 k1.1 
5 - 22.92 f 0.82 

a Initial, 120.0 cm3 HCl~27.llH~O(l). 

calorimeter but using only 80.0 cm3 of a solution of 1 mol dmP3 H,SO, as 
solvent. Finally, Table 4 lists the molar enthalpies of solution and reaction 
for the study of the copperU complexes of leucine, isoleucine, phenyl- 
glycine and phenylalanine, which was performed in the glass Dewar 
calorimeter using as initial solvent 120.0 cm3 of a 1.967 mol dmP3 solution 
of HCl. 

The standard molar enthalpies of the thermochemical reactions were 
calculated by means of eqn. (2) and are listed in Table 5. 

A,H;[CuLJ = 48.54A.,H, + A2Hm + 2A,H, - A,&, - A& (2) 
To derive the standard molar enthalpies of formation of the copper 

complexes in the crystalline state, it is necessary to know the standard 

TABLE 5 

Standard (p* = 0.1 MPa) molar enthalpies of reaction and formation at 298.15 K for the 
copper(B) amino acid complexes 

CUL, 

Cukly), 

Cmala), 
Cu(val), 
Cu(leu), 
Cu(isoleu), 
Cu(Phgly), 
Cu(Phala), 

A,%? 
&J moll’l 

76.98 & 0.74 
84.64 + 0.61 
73.53 + 0.73 
60.69 f 0.58 
83.49 + 0.49 
82.4 + 1.3 
65.65 f 0.97 

A,Hz(CuL,, cr) 
(kJ mall’) 

- 943.7 + 1.3 
- 1003.7 & 1.5 
- 1124.1 k2.2 
-1177.8k2.1 
- 1156.3 f 1.8 

- 772.3 f 1.8 
- 831.8 + 2.6 
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TABLE 6 

Standard (pO = 0.1 MPa) molar enthalpies of formation of crystalline amino acids at 
298.15 K 

Compound A@: 
(kJ mol-‘) 

Ref. Remark 

H,O(l) 
H,SO, in 53.54H,OW 
CuSO, * 5.00H ,O(cr) 
Glycineccr) 

L-Alanine 

D-Alanine 

DL-Alanine 

L-Valine(cr) 
DL-Valine(cr) 
L-(cr>-Leucine(cr> 
L-(cY)-Isoleucine(cr) 
L-(Phenylglycine(cr) 
L-Phenylalanine(cr) 

- 285.830 L- 0.042 17 
-886.85 + 0.30 18 

-2279.65 + 0.21 18 
- 528.53 19 
- 537.23 20 
-528.61 f 0.34 22 
-528.5 + 0.5 23 Selected value 
- 561.23 24 
- 562.75 20 
-561.08 + 0.71 25 
-556.18 + 11.08 26 
-559.48 f 0.64 22 
-561.12 19,24 
-560.06 f 0.76 25 
- 563.57 19,24 
-562.35 + 0.65 25 Selected value 
-617.89 k 0.63 27 
-617.0 + 1.0 28 Selected value 
-637.4 + 1.0 19 Selected value 
-638.06 k 0.84 21 Selected value 
-445.53 + 0.63 29 Selected value 
-466.9 f 1.2 21 Selected value 

molar enthalpies of formation of the crystalline amino acids. There are 
several values for these in the literature, which are listed in Table 6. In 
view of this, it was necessary to select one of the values for each amino 
acid, and this is also indicated in Table 6. Table 6 also contains other 
auxiliary data which, together with the enthalpies of the thermochemical 
reactions, were necessary to derive the standard molar enthalpies of 
formation of the crystalline copper complexes with the amino acids; the 
results are summarized in Table 5. 

DISCUSSION 

The standard molar enthalpies of formation of some crystalline copper(H) 
complexes with some amino acids have been previously reported. Jones and 
co-workers [30] reported A.,Hz[Cu(gly),, cr] = -777.3 kJ mol-‘, 
A,H~[Cu(ala),, cr] = - 1066.7 kJ mol-’ and A,Hz[Cu(val),, cr] = 
- 1162.7 kJ mol-‘, derived from combustion calorimetry of these com- 
pounds. The experimental work involved in the combustion study by Jones 
et al. [30] has been shown to be of very low accuracy [31], probably because 
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insufficient attention was paid to controlling the combustion with auxiliary 
aids and (mainly) to defining the completeness of the combustion and the 
nature of the combustion products. These deficiencies can account for the 
differences between the present results and those of Jones et al. [30]. A 
value of A,H~[Cu(gly),, cr] = -9408 + 1.7 kJ mol-’ has been reported 
recently [32], agreeing with the value reported here, but again in disagree- 
ment with the NBS tables [18], which give for the Q form -938.5 kJ mol-’ 
and for the p form -932.6 kJ mol-‘. The sources of the NBS values are 
not given and no conclusion can be drawn about these discrepancies. 
Bernard et al. [33] measured the enthalpies of solution of some copper(H) 
amino acid complexes at 298.15 K, experimental details are not given in 
their paper, nor are the values of the enthalpies of formation used in the 
calculations, except that their source of these ancillary data is the NBS 
Circular 500 [34]. Their derived standard molar enthalpies of formation, 
A.,Nz(cr) kJ mol-‘, are as follows: Cu(ala), = - 1016.6 + 3.4; Cu(val), = 
- 1098.1 f 3.3;Cu(isoleu), = - 1162.9 + 3.5. These cannot be compared di- 
rectly with the values calculated in the present paper in view of the lack of 
information, as stated above. 

For a complex of general form ML,, the mean metal-ligand bond 
dissociation enthalpy is derived from the enthalpy of disruption A,H* for 

ML,(g) = M(g) f nL(g) (3) 

W(M-L) = (l/n)[ A&?(M, g) f nA,H:(L, g) - A,%?(ML,, g)] 

(4) 

The ligand-hydrogen dissociation enthalpy is the enthalpy of the reac- 
tion 

HL(g) = H(g) + L(g) (5) 

so 

D(H-L) = A,ff:(H, g) + A,H:(L, g) - A,fJ:(I-IL 8) 

Hence, from eqns. (4) and (6) 

(6) 

(~)~M-L) - D(H-L) = (I/~)~A~~~(M, g) - A~~~(ML~, g)j 

- AfH,ff(H, g) + A,H:(HL, g) (7) 

It has been discovered experimentally that for a series of complexes of a 
given metal with the same type of ligand, ( D)(M-L) - D(H-L) is constant. 
This has been demonstrated for Cu(II) /3-diketonates [35,361 and for the 
~-diketonate complexes of FeWI) [37], Mn(III) [381, WIII) [II,391, Cr(III) 
[4Oj, AUII) 141-441, Be(II) 142,451, Mn(IIf 146-481, CoGI) 146,48,491 and 
Ni(I1) [48,50,51]. The constancy of { DXM-L) - D(H-L) implies that 



MA. l? Ribeiro da S&a et al. / ~~chim. Acta 205 (1992) 99 - 113 107 

AJz(ML,, g} should be linear with respect to A,Hz@IL, gj, with slope 
n, i.e. 

A,H:(ML,, g) = nA#:(HL, g) + (A,H:(M, g) 

-vtA,E!;(H, g) - n[ (D)(M-L) - D(H-L)] ] (8) 
As 

Abet = Abbe + A&W,” 

then 
(9) 

A,H$(ML,, cr) = nA,H;(HL, cr) + [ A,Hz(M, g) - nA,Hz(H, g)] 

- n[(D>(M-L) - D(H-L)] 

- [A:,H:(ML,) - J+zA;~H:(HL)] (IO) 

The term [A:,N$(ML,) - nA&Hz(HL)], the difference between the 
enthalpies of sublimation of the complex and the total number of its 
ligands, is expected to be small and if it is regarded as constant then 
A,Hz(ML,, CT) should be linear with respect to A,Hz(HL, cr), with slope 
n. 

In view of the assumptions made and the experimental errors in the 
measurements, it is expected that the slope of A,R?z(ML,, cr) versus 
AfHz(HL, cr) will not be exactly fz, although it should be close to 12. For 
those terms related to the structure of the molecule, yt is exactly defined, 
but for those depending on experimental measurements, II must be deter- 
mined as n’, hence eqn.(lO) should be written as 

A,ll;(ML,, cr) = n’AJz(HL, cr) + [ A$Y;(M, g) --nAh,H~(H, g)] 

-rt[{D>(M-L) -D(H-L)] 

- [ A~~~~(ML~) - ~‘A~~~~(~L)~ PI) 
A least-squares treatment (correlation coefficient 0.997) of the data for 

the crystalline complexes of copper(H) amino acids ML,(cr) and for the 
c~stailine amino acid ligands HL(cr) gives 

A,Hz(CuL,, cr) = 119.60 + 2.0~4A~~~~HL, cr) (12) 
hence n’ = 2 to within the experimental error; comparison of the experi- 
mental and calculated values is given in Table 7. The average deviation 
between the experimental and the calculated values is 7.2 kJ mol-‘, which 
shows remarkably good concordance for such a simple relationship applied 
to the crystalline state. 

Figure 1 shows the plot of A,Hz(CuL,, cr) versus A ,E!z(HL, cr), 
where the straight line represents eqn. (12): the agreement with the 
standard molar enthalpies of formation determined in this paper is good. 
Figure 1 shows also the values determined by Bernard et al. [33] for the 
same complexes studied in this paper, as well as their values for the 
standard molar enthalpies of formation of the crystalline copper corn- 
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Fig. 1. Variation of the standard molar enthalpies of formation of the crystalline 
copper(amino acid complexes with the standard molar enthalpies of formation of the 
amino acid ligands, in the crystalline state: 1, phenylglycine; 2, phenylalanine; 3, glycine; 4, 
alanine; 5, valine; 6, norvaline; 7, isoleucine; 8, leucine; 9, norleucine. 

plexes with norvaline and with norleucine, respectively: A,Hz[Cu(norval),, 
cr] = - 1127.8 f 3.4 kJ mol-’ and A,H~[Cu(norleu),, cr] = - 1203.8 + 3.6 
kJ mol-‘. The values of Bernard et al. do not fit this line, and the slope of 
a line through their values is certainly larger than two. This example shows 
how these kinds of correlation are useful in critically examining thermo- 
chemical data. 

The only enthalpy of sublimation reported for a copper(I1) amino acid 
complex is that for the copper(I1) glycinate, A:,Hz[Cu(gly),] = 111 f 15 kJ 
mol-’ [52]. Table 8 lists the available literature values for the standard 
molar enthalpies of sublimation of the ligand amino acids. In the case of 
more than one literature value existing for the same amino acid, a selection 
has been made. This table also includes the selected values for the 
standard molar enthalpies of formation of the crystalline amino acids (see 
also Table 6) and the calculated values of the standard molar enthalpies of 
formation of the gaseous amino acids, which will be used below in the 
discussion. 

From the intercept 

119.60 = [ A$;(Cu, g) - 2A,H;(H, g)] - 2[( D>(Cu-L) - D(H-L)] 

- [ A$Y;(CuL,) - 2.014Ag,,H;(HL)] (13) 
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TABLE 8 

Standard (p” = 0.1 MPa) molar enthalpies of sublimation and of formation of amino acids 
at 298.15 K 

Amino acid A&~&r) 
(kJ mol-‘1 

A+:(g) 
W mol-l) 

Glycine 143.8 f 2.0 [531 a - 528.5 + 0.5 1231 - 384.7 + 2.1 
146.2+ 0.3 [54] b 
139.4 * 0.5 1221 b 

Alanine 139.7 * 1.0 [531 a - 562.35 + 0.65 [25] -422.6*1.2 
147.8 k 1.0 [54] b 
140 f2 1221 b 

Valine 171.7+ 1.0 [541 a,b - 617.0 f 1.0 [28] - 445.3 + 1.4 
Leucine 160.0 f 1.0 [54] a,b - 637.4 k 1.0 [19] - 477.4 * 1.4 
Isoleucine 129.3 f 1.0 [54] b 

[160.0 f 1.01 w - 638.06 & 0.84 [21] - 478.15 1.3 
Phenylglycine 165.0 + 6.0 [29] a,d - 445.53 k 0.63 [29] - 280.5 f 6.0 
Phenylalanine 163.7 k 1.0 [54] a,b -466.9 k 1.2 [21] - 303.2 + 1.6 

a Selected value. 
b Value corrected to 298.15 K, using ACp = -60 J K-’ mall’, as recommended in ref. 53. 
’ Estimated value, as for leucine. 
d This value includes a large correction from the experimental temperature to 298.15 K, 

allowing for the transition in the solid state at 337 K. 

with A,Hz(Cu, g) = 337.6 + 1.2 kJ mol-’ [17], A,Hz(H, g> = 218.00 + 
0.01 kJ mol-’ [17], AP,,Hz[Cu(gly),] = 111 f 10 kJ mol-’ [52] and 
A&Hz(Hgly) = 143.8 f 2.0 kJ mol-’ [53], and assuming that [Ag,,Hz- 
(CuL,) - 2.014A&Hz(HL, cr)] is the same for all these complexes and 
equal to the experimental values for glycine, then 

(D)(Cu-amino acid) - D(H-amino acid) = - 19.7 kJ mol-’ (14) 
The derivation of this value involves the measurements on all the 

complexes studied in this work and does not apply solely to the glycine 
complex for which A:,Hz is available. 

The enthalpies of sublimation of the complexes can now be estimated 
from 

[ A&Hz(CuL,) - 2.014A&Hz(HL)] = - 178.6 kJ mol-’ (15) 
and the reported enthalpies of sublimation of the amino acids to derive the 
A,Hz(CuL2, g) values listed in Table 9. An uncertainty of + 10 kJ mol-’ 
is estimated for A”,$,” and f 12 kJ mol-’ for the A,Hz(g). 

The derived standard molar enthalpies of formation of the copper(I1) 
amino acid complexes in the gaseous state correlate (correlation coefficient 
0.997) with the standard molar enthalpies of formation of the amino acid 
ligands in the gaseous state by 

A,Hz(CuL,, g) = - 62.4 + 2.006A,Hz(HL, g) 

the slope again being two within the experimental error. 
(16) 
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TABLE 9 

Derived values of standard molar enthalpies of sublimation and standard molar enthalpies 
of formation in the gaseous state at 298.15 K for copper(B) amino acid complexes 

Complex A,Hz(cr) 
(kJ mol-‘1 

A!!, H,” Af H:(g) 
&I mol-‘1 (kJ mol- ‘I 

CU@Y), 
Cu(ala), 
Cu(val), 
Cu(leu), 
Cu(isoleu), 
Cu(Phgly), 
Cu(Phala), 

-943.7f 1.3 111flO -833+12 
- 1003.7* 1.5 103 + 10 -901*12 
- 1124.1 f2.2 167rt 10 -957& 12 
- 1177.8k2.1 144 * 10 -1034+12 
- 1156.3 k 1.8 144+ 10 - 1013 f 12 
- 772.3 k 1.9 154 _t 10 -619&12 
-831.8k2.6 151* 10 -681&12 

The constancy of [( D)(M-L) - D(H-L)] implies that those factors which 
affect D(H-L) have a similar effect on (D)(M-L). For Cu(gly), we 
calculate (eqn. (14)) 

(D)(Cu-gly) - D(H-gly) = - 19.7 kJ mol-’ (17) 

Assuming D(H-gly) = D(CH,COO-H) = 433 kJ mol-’ [55], then 
(D)(Cu-gly) = (D)(Cu-0) + (D)(Cu-N) = 413 kJ mol-‘. It is not sensi- 
ble to apportion the sum between the two bonds. However we note that 
this sum is greater than 2( D)(Cu-0) = 334 kJ mol-’ in Cu(acac), [35], so 
that the bonding of an aminoacid radical to Cu(I1) is certainly stronger 
than the bonding of an acetylacetonate radical by ca. 80 kJ mol-‘. 

ACKNOWLEDGEMENTS 

We thank Instituto National de Investiga@o Cientifica, Lisboa, for 
financial support given to the Centro de Investiga@o em Quimica, Univer- 
sidade do Porto (Q.P./l-L.5); one of us (L.M.N.B.F.S.) also thanks Insti- 
tuto National de Investiga$io Cientifica for the award of a “beginner 
research grant”. Thanks are also due to Dr. G. Pilcher (University of 
Manchester) for helpful discussions. 

REFERENCES 

1 M.E. Howe-Grant, S.L. Lippard, H. Siegel and D. Marcel, in L.G. Marzilli (Ed.), Metal 
Ions in Biological Systems, Wiley-Interscience, New York, 1980, p. 63. 

2 B. Rosenberg, H. Siegel and D. Marcel, in L.G. Marzilli (Ed.), Metal Ions in Biological 
Systems, Wiley-Interscience, New York, 1980, p. 127. 

3 B. Rosenberg, Nature, 222 (1969) 385. 
4 S. Khomotov, E.M. Lubanov and A.A. Kist, Akad. Nauk. Thozkin, SSR Dokl., 9 (1966) 

27. 
5 S.J. Ashcroft and C.T. Mortimer, Thermochemistry of Transition Metal Complexes, 

Academic Press, London, 1970. 



112 M.A. K Ribeiro da Silva et al. / Thermochim. Acta 205 (1992) 99 - 113 

6 (a) J. Peisach and W.E. Blumberg, in T.F. Yen (Ed.), Electron Spin Resonance of Metal 
Ions in Biological Systems, Plenum, New York, 1969, p. 71. 
(b) T. Vanngard, Biological Applications of Electron Spin Resonance, Wiley-Intersci- 
ence, New York, 1972. 

7 M.A. Hitchman, L. Kwan, L.M. Engelhart and A. White, J. Chem. Sot., Dalton Trans., 
(1987) 457. 

8 J.P. Greenstein and M. Winitz, Chemistry of the Aminoacids, Vol. 1, Wiley, New York, 
1961. 

9 R.C. Weast, Handbook of Chemistry and Physics, Chemical Rubber Co., Cleveland, OH, 
55th edn., 1974. 

10 AI. Vogel, Quantitative Inorganic Analysis, Longman, London, 4th edn., 1978. 
11 M.A.V. Ribeiro da Silva, M.L.C.C.H. FerrHo and A.M.L. Magalhaes, Thermochim. 

Acta, 129 (1988) 229. 
12 M.D.M.C. Ribeiro da Silva, Doctoral Thesis, University of Porto, 1985. 
13 M.A.V. Ribeiro da Silva, M.D.M.C. Ribeiro da Silva and A.R. Dias, J. Organomet. 

Chem., 345 (1988) 105. 
14 W.P. White, The Modern Calorimeter, The Chemical Catalog Co., New York, 1928. 
15 M.V. Kilday and E.J. Prosen, J. Res. Natl. Bur. Stand., Sect. A, 77 (1973) 581, 1589. 
16 IUPAC, Pure Appl. Chem., 51 (1979) 409. 
17 CODATA, J. Chem. Thermodyn., 10 (1978) 903. 
18 D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, J. Halow, SM. Bailey, K.L. 

Chuneyand and R. Nuttall, The NBS Table of Chemical Thermodynamic Properties, J. 
Phys. Chem. Ref. Data, Suppl., 11 (2) (1982). 

19 H.M. Huffman, S.N. Fox and E.L. Ellis, J. Am. Chem. Sot., 59 (1937) 2144. 
20 T. Tsuzuki, D.O. Harper and H. Hunt, J. Phys. Chem., 62 (1958) 1594; value recalcu- 

lated from ref. 19. 

21 J.O. Hutchens, A.G. Cole and J.W. Stout, J. Phys. Chem., 67 (1963) 1128. 
22 S.N. Ngauv. R. Sabbah and M. Laffite, Thermochim. Acta, 20 (1977) 371. 
23 J.B. Pedley, R.D. Naylor and S.P. Kirby, Thermochemical Data of Organic Compounds, 

Chapman and Hall, London, 1986. 
24 H.M. Huffman, E.L. Ellis and S.N. Fox, J. Am. Chem. Sot., 58 (1936) 1728. 
25 A. Kamaguchi, T. Sato, M. Sakiyama and S. Seki, Bull. Chem. Sot. Jpn., 48 (1975) 3479. 
26 I. Contineanu and D.I. Marchidan, IUPAC Conference on Chemical Thermodynamics, 

University College, London, 1982, Abstract 1.6. 
27 T. Tsuzuki and H. Hunt, J. Phys. Chem., 61 (1957) 1668; value recalculated from ref. 19. 
28 M.A.V. Ribeiro da Silva, M.D.M.C. Ribeiro da Silva and L.M.N.B.F. Santos, unpub- 

lished work, 1988. 
29 R. Sabbah and S. Skoulika, Thermochim. Acta, 36 (1980) 179. 
30 M.M. Jones, B.J. Yow and W.R. May, Inorg. Chem., 1 (1962) 166. 
31 K.J. Cave11 and G. Pilcher, J. Chem: Sot., Faraday Trans. 1, 73 (1977) 1590. 
32 M.A.V. Ribeiro da Silva, M.D.M.C. Ribeiro da Silva, M.C.S.S. Rangel, G. Pilcher, M.J. 

Akello, AS. Carson and E.H. James, Thermochim. Acta, 160 (1990) 267. 
33 M.A. Bernard, N. Bois and M. Daireaux, Thermochim. Acta, 16 (1976) 283. 
34 F.D. Rossini, D.D. Wagman, W.H. Evans, S. Levine and I. Jaffe, Selected Values of 

Chemical Thermodynamic Properties, Natl. Bur. Stand. (U.S.), Circ., (500) (1952). 
35 M.A.V. Ribeiro da Silva, M.D.M.C. Ribeiro da Silva, A.P.S.M.C. Carvalho, M.J. Akello 

and G. Pilcher, J. Chem. Thermodyn., 16 (1984) 137. 
36 M.A.V. Ribeiro da Silva and M.L.C.C.H. Ferrao, J. Chem. Thermodyn., 20 (1988) 359. 
37 M.A.V. Ribeiro da Silva and M.L.C.C.H. Ferrlo, J. Chem. Thermodyn., 20 (1988) 79. 
38 M.A.V. Ribeiro da Silva and M.L.C.C.H. Ferrao, Can. J. Chem., 66 (19881651. 
39 M.A.V. Ribeiro da Silva and M.L.C.C.H. FerrCo, Bull. Chem. Sot. Jpn., 61 (1988) 1755. 
40 M.A.V. Ribeiro da Silva and M.L.C.C.H. FerrHo, J. Chem. Thermodyn., 19 (1987) 645. 



M.A.I/ Ribeiro da Silva et al. / Thermochim. Acta 205 (1992) 99- 113 113 

41 J.O. Hill and R.J. Irving, J. Chem. Sot. A, (1966) 971. 
42 M.A.V. Ribeiro da Silva and A.M.M.V. Reis, J. Chem. Thermodyn., 15 (1983) 957. 
43 R.J. Irving and M.A.V. Ribeiro da Silva, J. Chem. Sot., Dalton Trans., (1976) 1940. 
44 R.J. Irving and M.A.V. Ribeiro da Silva, J. Chem. Sot., Dalton Trans., (197.5) 1257. 
45 R.J. Irving and M.A.V. Ribeiro da Silva, J. Chem. Sot., Dalton Trans., (1977) 413. 
46 E. Giera and W. Kakolowicz, Thermochim. Acta, 90 (1985) 71. 
47 W. Kakolowicz and E. Giera, J. Chem. Thermodyn., 15 (1983) 203. 
48 M.A.V. Ribeiro da Silva and M.L.C.C.H. Ferrgo, Thermochim. Acta, 139 (1989) 33. 
49 R.J. Irving and M.A.V. Ribeiro da Silva, J. Chem. Sot., Dalton Trans., (1981) 99. 
50 M.A.V. Ribeiro da Silva and A.M.M.V. Reis, Thermochim. Acta, 55 (1982) 89. 
51 R.J. Irving and M.A.V. Ribeiro da Silva, J. Chem. Sot., Dalton Trans., (1978) 399. 
52 P.M. Burkinshaw and C.T. Mortimer, J. Chem. Sot., Dalton Trans., (1984) 75. 
53 C.G. de Kruif, J. Voogd and J.C.A. Offringa, J. Chem. Thermodyn., 11 (1979) 651. 
54 H.J. Svec and D.D. Clyde, J. Chem. Eng. Data, 10 (1965) 151. 
55 K.D. Cook and J.W. Taylor, Int. J. Mass. Spectrom. Ion Phys., 30 (1979) 93. 


