
688 Inorg. Chem. 1984, 23, 688-695 

Contribution from the Department of Chemistry, 
Wayne State University, Detroit, Michigan 48202 

Cyclic Voltammetric Wave Symmetry and Peak Current Calculations as Confirmation of 
the Reversible, Sequential Transfer of Two Electrons at Very Similar Potentials in 
Bis( 1,3,5-triketonato)dicopper(II) Complexes and Their Diamine Schiff Bases. 
Comparison between Mono- and Binuclear Complexes and a Study of the Effect of Na' 
and Li' on the Electron-Transfer Process 
R. L. LINTVEDT,* G .  RANGER, and B. A. SCHOENFELNER 

Received May 27, 1983 

The cyclic voltammetry of a series of related mono- and binuclear Cu(I1) complexes of 1,3,5-triketonates and their diamine 
Schiff-base derivatives has been investigated in a scan range of greater than lo3 V/s in both the presence and absence 
of simple cations such as Na+ and Lit. In all cases the mononuclear complexes exhibit irreversible electron transfer while 
the binuclear complexes in both the presence and absence of simple cations exhibit reversible electron transfer over a wide 
scan rate range. In the absence of Na+ or Li+ there is one CV wave in the 0- to -1.7-V region for each of the binuclear 
complexes, which occurs between about -0.8 and -1.1 V vs. SSCE. On the basis of wave symmetry and peak current 
calculations, this wave is attributed to a reversible, one-electron transfer. Addition of an excess of Nat or Lit results in 
a +300-mV shift of the wave, a large increase in the peak currents, a decrease in Up. and a decrease in EW - E,,2. Peak 
current calculations together with U p  and E ,  - E,/2 values confirm that the electron-transfer process is the reversible, 
sequential transfer of two electrons at very nearly the same potentials. The single wave in the 0- to -1.7-V region occurs 
from about -0.4 to -0.8 V vs. SSCE, depending upon the ligand. In each case the shapes of the CV waves for the simple 
binuclear triketonates and the diamine Schiff-base derivatives are virtually the same under identical experimental conditions. 
The only significant difference between the CV properties of the two classes is that the Schiff-base complexes have reduction 
potentials about 150 mV more negative than the parent triketonate complex. 

Introduction 
Identification and design of species capable of reversibly 

transferring two or more electrons at the same or very nearly 
the same potential is important in the reaction chemistry of 
small molecules since virtually all of the useful reactions of 
small molecules whether stoichiometric, catalytic, or enzymatic 
involve the transfer of two or more electrons. Therefore, it 
is essential that the electron-transfer reagents, catalysts, or 
enzymes be capable of transferring two or more electrons at  
very similar potentials so as to avoid the deleterious effects 
of radical intermediates that result from single-electron 
transfer. This is presumably the reason that enzymes asso- 
ciated with the electron-transfer reactions of small molecules 
contain two or more metal ions at or near the reaction site.' 
Although it is not known what effect the juxtaposition of the 
metal ions and resulting interactions have upon electron- 
transfer mechanisms in multimetal enzymes, it does seem 
eminently reasonable to assume that such structural and 
electronic factors are critical in determining the binding and 
electron-transfer characteristics. It seems especially reasonable 
in the enzymes containing the so-called type 3 copper centers 
since two copper(I1) ions are known to be close enough to be 
completely antiferromagnetically coupled at room temperature2 
and such enzymes are typically involved in the four-electron 
reduction of O2 to H20.' Solomon and co-workers3 have 
argued convincingly that an endogenous protein bridge between 
the Cu atoms in the binuclear type 3 site is phenolate or 
carboxylate oxygen yielding a Cu-Cu distance of about 3.6 
A. The mixed-valence state Cu"Cu' resulting from a one- 
electron reduction seems to be accessible in hemocyanin, im- 
plying a considerable redox potential difference between the 
two coppers although the site is physiologically involved in the 
two-electron reduction of 0, - 022-.3 

(1) See for example: Fee, J .  A. Slruct. Bonding (Berlin) 1975, 23, 1. 
(2) Solomon, E. I.; Dooley, D. M.; Wang, R. H.; Gray, H.  B.; Cerdonio, 

M.; Mogno, F.; Romani, G. L. J .  Am. Chem. SOC. 1976 98, 1029. 
(3)  Himmelwright, R. S.;  Eickman, N. C.; Solomon, E. I. J. Am. Chem. 

SOC. 1979, 101, 1576. Solomon, E. I. In "Copper Proteins"; Spiro, T. 
G., Ed.; Wiley; New York, 1980. 
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A fundamental reason for studying polynuclear complexes 
is to determine whether the presence of two or more metal ions 
held in juxtaposition by the ligands results in useful chemical 
properties not observed in mononuclear analogues. Since redox 
behavior is so important in the chemical properties of tran- 
sition-metal complexes, we have chosen to investigate the 
electrochemical properties of poly-vs. mononuclear complexes 
as an experimental means of assessing the chemical signifi- 
cance of multimetal centers. There are several advantages of 
employing ligands based on the P-polyketones in this regard. 
These include the fact that homologous series containing one, 
two, three, etc. metal ions per molecule can be designed from 
homologous ligands, the complexing ability of these ligands 
is such that many different metal ions systems can be envi- 
sioned, and one can easily change substituent groups and donor 
atoms as a means of controlling chemical and physical prop- 
erties. For these reasons, we have concentrated our attention 
on systems closely related to the P-polyketonates. 

The question of what role is played by structural and 
electronic factors in determining the nature of multielectron 
transfer in polynuclear complexes is one that has not received 
much attention. The situation in which the redox centers are 
identical and totally noninteracting in polynuclear systems has 
been treated by Ammar and Saveant4 and by Anson and 
co-worker~.~ In this case, statistical factors give rise to cyclic 
voltammetric waves that have peak separations and half-widths 
reminiscent of one-electron waves but with current values 
indicative of the number of electrons transferred per molecule. 
When the metal ions are close enough to interact magnetically 
and/or contain bridging ligands capable of transmitting a 
magnetic interaction, the usual observation is two separated 
redox processes for binuclear complexes. As a result, it is often 
possible to isolate mixed-valence complexes in these cases. 
Mixed-valence species have been isolated in such widely 
varying complexes as the pyrazine-bridged ruthenium com- 
pounds6 where the metal-metal interaction is very weak to the 

(4) Ammar. B.: Saveant. J. M. J.  Electroanal. Chem 
( 5 )  Flanangan,J. B.; Margel, S.; Bard, A. J.; Anson, F. C. J.  Am. Chem. 

SOC. 1978, 100, 4248. 
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B. Complexes. B@2,2-dimethyl-3,5,7-octanetrionato(2-)~copper, 
CU~(PAA)~’~ Equimolar qpantities of the ligand, H,PAA, and 
C U ( C ~ H ~ O ~ ) ~ . H ~ O  were dissolved in methanol in separate beakers, 
and the resultant mixture was heated to boiling. The solutions were 
mixed, heated for several minutes, and cooled. The product forms 
as small dark green crystals that crumble to a powder upon air-drying 
on a filter. The product may be recrystallized from CHC1,; it sublimes 
at about 230 OC and decomposes at about 270 “C. Anal. Calcd for 
Cu2C20H2s06: C, 48.88; H, 5.70. Found: C, 48.73; H, 5.84. Mass 
spectrum: parent ion 490 m/e .  
[7,7’-( 1,2-Ethanediyldinitrilo)bis( 2,2-dimethyl-3,5-octanediona- 

to)(&)]dicopper, CU,(PAA)~~~. The ligand, H4(PAA),en (0.503 g, 
1.28 X lW3 mol), was dissolved in 100 mL of CHCI,, and the resultant 
mixture was added dropwise to a solution of 0.520 g (2.60 X mol) 
of C U ( C ~ H ~ O ~ ) ~ - H ~ O  in 100 mL of CH30H. A lime green powder 
formed upon addition of 0.7 1 mL of triethylamine dissolved in 30 mL 
of CH30H. The reaction mixture was stirred for about 1 h after which 
the solid was isolated, washed well with CH,OH, and air-dried. The 
solid can be recrystallized from benzene; mp 249-51 OC. Anal. Calcd 
for C U ~ C ~ ~ H ~ ~ N ~ ~ ~ :  C, 51.25; H, 6.26; N, 5.43; Cu, 24.65. Found: 
C, 51.14; H, 6.22; N, 5.35; Cu, 24.41. 
[7,7’-( 1,3-hopanediyldinitrilo) bis( 2,2-dimetbyl-3,5-octanediona- 

to) (4-)ldicopper-OS-Benzene, cu2( PAA)2-1,3-p&6&. The same 
procedure used to prepare C U ~ ( P A A ) ~ ~ ~  was used to prepare Cu2- 
(PAA),-1,3-pn. The product was isolated as dark green crystals. The 
product was recrystallized from benzene. Anal. Calcd for 
CU~C26H37H204: c, 54.91; H, 5.56; N, 4.93; Cu, 22.35. Found: C, 
55.56; H, 6.94; N, 4.80; Cu, 22.24. 
[7,7’-( 1,2-Ethanediyldinitrilo)bis( 2,2-dimethyl-3,5-octanediona- 

to)(2-)-N7,N7’,05,05’]copper, CuH,(PAA),en-N202. Triethylamine, 
0.7 mL, in 10 mL of CHCI, was added to 0.494 g (1.26 X lo-’ mol) 
of the ligand, H4(PAA)+n, dissolved in 20 mL of CHC13. A solution 
of C U ( C ~ H ~ O ~ ) ~ . H ~ O ,  0.250 g (1.26 X mol), in 50 mL of CH30H 
was added dropwise to the ligand solution and the mixture stirred 
for about 1 h at room temperature. At least half of the solvent was 
removed at reduced pressure. A purple-brown solid was isolated, 
washed well with H20, and air-dried; mp 122-25 ‘C. Anal. Calcd 
for C, 58.19; H, 7.55; N, 6.17; Cu, 13.99. Found: 
C, 58.09; H, 7.70; N, 6.15; Cu, 13.60. 
[7,7’-( 1,3-hopanediyldinitrilo) bis( 2,2-dimethyl-3,5-octanediona- 

to) ( 2-)-03,03’,05,05’]copper, CuH2( PAA)2-1,3-pn-020p A solution 
of 0.247 g (1.24 X mol) of C U ( C ~ H , O ~ ) ~ . H ~ O  in 100 mL of 
CH,OH was added to a solution of H4(PAA),-1,3-pn (0.502 g, 1.24 
X mol) in 50 mL of CHCI, at room temperature. This solution 
was stirred for about 30 min and the volume reduced to 30-40 mL 
under reduced pressure. During evaporation a gray-olive precipitate 
formed. The product was isolated, washed with H20, and dried under 
vacuum; mp 193-95 OC. Anal. Calcd for C U C ~ ~ H ~ ~ N ~ O ~ :  C, 58.02; 
H, 7.75; N, 5.98; Cu, 13.58. Found: C, 59.23; H, 7.75; N, 5.88; Cu, 
13.76. 
[5,5’-( 1,3-Propanediyldinitrilo) bis( l-phenyl-1,3-hexanedionato)- 

(2-)-O ‘,O I’,O ,,O ”’]copper, CuH2( BAA)2-1,3-pn-020p Solutions of 
1.14 g (2.54 X mol) of H4(BAA),-l,3-pn plus 0.7 mL of (C2H5),N 
in 100 mL of CHCI, and 0.500 g (2.51 X mol) of Cu(C2H3- 
02)2.H20 in 100 mL of CH30H were mixed and stirred for 30 min. 
A green crystalline solid was recovered, washed with H20, and air- 
dried; mp 233-36 OC. Anal. Calcd for C U C ~ , H , ~ N ~ O ~ - ~ H ~ O :  C, 
59.60; H, 5.93; N, 5.15; Cu, 11.68. Found: C, 59.73; H, 5.23; N, 
5.05; Cu, 11.75. 
[5,5’-( 1,3-Propanediyldinitrilo) bis( l-phenyl-1,3-hexanedionato)- 

(4-)]dicopper, Cu2(BAA),-1,3-pn. A solution of 0.502 g of H4- 
(BAA),-1,3-pn (1.12 X mol) plus 0.243 g of NaOCH, (4.40 X 

mol) was prepared with 50 mL of CH,OH and 80 mL of CHC1,. 
This solution was added dropwise to a refluxing solution of 0.480 g 
(2.40 X mol) of C U ( C ~ H ~ O ~ ) ~ . H ~ O  in 100 mL of CH,OH. Reflux 
was maintained overnight. A lime green solid was recovered, washed 
with CH30H, and air-dried; mp 277-79 OC. Anal. Calcd for 
Cu2C27H26N204: C, 56.94; H, 4.78; N, 4.92; Cu, 22.31. Found: C, 
56.63; H, 4.69; N, 4.88; Cu, 22.32. 
B@2,2-dimethyl-3,5,7-octanetrionato( 2-)vizinc, Zn2( PAA)2. The 

ligand, H2PAA (5.53 g, 0.030 mol), and NaOCH, (3.25 g, 0.060 mol) 
were dissolved in 100 mL of MeOH. To this solution was added 
Zn(C2H302)2-2H20 (6.78 g, 0.031 mol) dissolved in MeOH dropwise 

binuclear macrocyclic phenol-based copper complexes7 in 
which the magnetic interaction is quite strong. 

The fact that even a strong magnetic interaction between 
metal ions in a binuclear complex is not a prerequisite for 
observing stepwise, one-electron transfers a t  two different 
potentials is illustrated by the electrochemical properties of 
the bis( 1,3,5-triketonato)dicopper(II) complexes.8 These 
complexes exhibit strong antiferromagnetic coupling (-J I 
800 cm-l) and undergo two reversible, sequential one-electron 
transfers a t  a single potential ( E ,  = E2).9,10 The basis for this 
interpretation of the electrochemistry was the excellent 
agreement between the experimental data and the theory for 
overlapping CV waves developed by Shain and co-workers. 1,12  
The cyclic voltammetry predicted for the reversible, sequential 
transfer of two electrons at the same potentials is characterized 
by a symmetric wave with I p / I ,  = 1.0, I,/v112 constant, AE, 
z 42 mV, and E ,  - E,/2 z, 42 mV. These conditions were 
met quite well for bis( 1,3,5-tnketonato)dicopper(II) complexes, 
especially a t  relatively slow scans. I t  was determined that this 
electron-transfer process was extremely sensitive to the pres- 
ence of Na+ or similar simple cations and that, in the original 
work, Na+ was introduced into the cell from an aqueous 
NaN03 salt bridge. Once this was realized, a detailed and 
controlled study of the effect of Na+ was carried out.1° A 
major conclusion was that Na+ (or other simple cations) is 
complexed to Cu2L2, Cu2L2-, and C U ~ L ~ ~ - ,  which accounts for 
a +300-mV shift in the CV wave upon addition of Na+. An 
interpretation for the effect of Na+ was presented as a set of 
complexation equilibria involving all three redox species. 
Interestingly, the only other binuclear molecule of which we 
are aware that exhibits E l  = E2 is a Pt1I2 complex containing 
a formal Pt-Pt bond.I3 Hence, there are at least two systems, 
both with strong metal-metal interactions, that have very 
similar redox potentials for the two metal ions involved. At 
this point, the structural, electronic, and mechanistic factors 
that induce concerted two-electron transfer in binuclear com- 
plexes are essentially unknown. Before it is possible to sys- 
tematically design molecules or moieties capable of multie- 
lectron transfer, it is necessary to gain an understanding of 
these factors. The current study using a series of closely related 
mono- and binuclear Cu(I1) complexes was undertaken to 
investigate certain of these factors. 

Experimental Section 
I. Synthesis. A. Ligands. The general syntheses of the 1,3,5- 

triketones and the ethylenediamine Schiff-base derivatives have been 
reported.14J5 The 1,3-~ropanediamine derivatives were prepared 
straightforwardly by substituting 1,3-~ropanediamine for ethylene- 
diamine and using the same procedure. However, for the case of 
H4(BAA)2- 1,3-pn, complete evaporation of the solvent followed by 
two recrystallizations from acetone is suggested in order to obtain 
a pure product. 

(6) Creutz, C.; Taub, H. J.  Am. Chem. Soc. 1%9,91,3988; 1973.95, 1086. 
Powers, M. J.; Salmon, D. J.; Callahan, R. W.; Meyer, T. J. Ibid. 1976, 
98, 6731. 

(7) Addison, A. W. Inorg. Nucl. Chem. Lett. 1976,12,899. Gagne, R. R.; 
Koval, C. A.; Smith, T. J. J .  Am. Chem. SOC. 

(8) Fenton, D. E.; Schroeder, R. R.; Lintvedt, R. L. J .  Am. Chem. SOC. 
1978, 100, 1931. Fenton, D. E.; Lintvedt, R. L. Ibid. 1978, ZOO, 6367. 

(9) Subsequently, it was determined that Na+ introduced by means of an 
aqueous solution has a profound effect on the redox properties. Com- 
plexation of the Na+ by the triketonates and their reduced species causes 
a +300-mV shift of the redox potentials and results in more nearly 
equivalent E ,  and E2 values. 

(IO) Lintvedt, R. L.; Kramer, L. S .  Inorg. Chem. 1983, 22, 796. 
(11) Polcyn, D. S.;  Shain, I. Anal. Chem. 1966, 38, 370. 
(12) Myers, R. L.; Shain, I. Anal. Chem. 1969, 41,  980. 
(13) Hollis, L. S.; Lippard, S .  J. J .  Am.  Chem. SOC. 1981, 103, 6761. 
(14) Lintvedt, R. L.; Glick, M. D.; Tomlonovic, B. K.; Gavel, D. P.; Kuszaj, 

J. M. Inorg. Chem. 1976, 15, 1633. 
(IS) Lintvedt, R. L.; Tomlonovic, B. K.; Fenton, D. E.; Glick, M. D. Adv. 

Chem. Ser. 1976, No. 150, 407. 
(16) Abbreviations are based on the trivial nomenclature described in ref 12 

and 13. 
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with stirring. After about 0.5 h, 500 mL of H 2 0  was added and the 
precipitate collected and air-dried. The product may be recrystallized 
from pyridine or MeOH both of which yield pale yellow crystals. 
Analysis of the pyridine-recrystallized product, Zn2(PAA)2-3py, 
follows. Anal. Calcd for Zn2C35H43N306: C, 57.39; H, 5.92; N, 
5.74; Zn, 17.85. Found: C, 57.46; H, 5.95; N, 5.69; Zn, 17.84. 

Three compounds used in this study have been prepared and 
characterized previously: CU~(BAA)~, '~  C U H ~ ( B A A ) ~ ~ ~ - O ~ O ~ , ' ~  and 
C U ~ ( B A A ) ~ ~ ~ . ' ~  

II. Infrared and Magnetic Susceptibility Measurements. Infrared 
spectra were recorded as neat liquids or as KBr pellets on a Perkin- 
Elmer 283B spectrophotometer. Magnetic susceptibility was measured 
with standard Faraday balance techniques using Hg[Co(SCN),] as 
the calibrant." Pascal's constants were used for the diamagnetic 
corrections.'* 

HI. Electrochemical Measurements. Electrochemical results were 
obtained with a Princeton Applied Research Model 173 potentios- 
tat/galvanostat equipped with a PAR Model 179 digital coulometer 
and Model 175 universal programmer. Data collection and output 
for scan rates greater than 100 mV/s was accomplished with a Nicolet 
digital oscilloscope, Model 2090-3C, with pen output, disk recorder, 
and binary digital I/O. Electrochemical measurements were made 
in OmniSolv grade (MCB Reagents) Nfldimethylformamide (DMF), 
which was used without further purification. Tetraethylammonium 
perchlorate (TEAP) was used as the supporting electrolyte and was 
purified by a chromatographic procedure developed in our labora- 
tory.10v19 Solutions were deoxygenated with ultrahigh-purity N2 that 
had been passed through a chromous-perchloric acid scrubber, a 
CaS04 drying column, and a DMF-TEAP solution. Blanks indicated 
that no electroactive impurities were present in the scan range from 
0 to -2.0 v. 

Cyclic voltammograms were obtained with use of a three-electrode 
glass cell with a saturated NaCl calomel reference electrode, a Pt-wire 
counterelectrode, and a Brinkmann Model EA 290 hanging-mercu- 
ry-drop electrode (HMDE) or a Pt-disk working electrode. The 
reference electrode was separated from the sample chamber by two 
salt bridges. The bridge adjacent to the reference electrode contained 
a 0.13 M TEAP aqueous solution, and the one adjacent to the sample 
chamber contained a 0.1 M TEAP in DMF solution. Coulometry 
was carried out at a stirred-Hg pool or a Pt-gauze working electrode 
with a counterelectrode consisting of a Cu coil in a 0.10 M NaCl 
aqueous solution, separated by a salt bridge containing 0.10 M TEAP 
in DMF solution. 
Results 

Several mono- and binuclear Cu(I1) complexes of l-phenyl- 
and 1-(t-C4H,)-substituted 1,3,5-hexanetrione and their di- 
amine Schiff-base derivatives have been prepared. Charac- 
terization of the binuclear complexes is straightforward on the 
basis of analytical results and the fact that they all exhibit very 
low room-temperature magnetic moments due to strong an- 
tiferromagnetic exchange between the Cu(I1) ions that are 
bridged by the central carbonyl oxygens. The effective 
magnetic moments of CU,(BAA)~, C U ~ ( P A A ) ~ ,  C U ~ ( B A A ) ~ ~ ~ ,  
Cu2(BAA),-1,3-pn, Cu2(PAA),en, and CuZ(PAA),-1,3-pn are 
all 0.7 gus/Cu or lower a t  room temperature. For the mono- 
nuclear Schiff-base complexes, analytical and magnetic mo- 
ment results (ca. l .8 pa/molecule) do not allow identification 
of the positional isomer present, of which there are two pos- 
sibilities, i.e., the Cu(I1) bound to two nitrogen and two oxygen 
donor atoms or to four oxygen donors atoms. The infrared 
spectrum in the carbonyl region is, however, diagnostic. The 
infrared spectrum of CuHz(PAA),en contains a strong "free 
carbonyl" band a t  17 12 cm-' and is virtually identical with 
the 1712-cm-' band in NiHz(BAA)2en, which has been pre- 
viously shown to contain Ni(1I) bound to the N202 donors.zo.21 

Lintvedt, Ranger, and Schoenfelner 

R- R' 

~~ ~~~~~ ~ ~ 

(17) St. Rade, H. J .  Phys. Chem. 1973, 77, 424. 
(18) Bourdreaux, E. A.; Mulay, L. N .  'Theory and Applications of Molec- 

ular Paramagnetism"; Wiley: New York, 1976. 
(19) Handy, R. F. Ph.D. Thesis, Wayne State University, 1972. 
(20) Lintvedt, R. L.; Glick, M. D.; Tomlonovic, B. K.; Gavel, D. P. Inorg. 

Chem. 1976, 15, 1646, 1654. 
(21) Glick, M. D.; Lintvedt, R. L.; Anderson, T. J.; Mack, J .  L. Inorg. Chem. 

1976, 15, 2258. 
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Figure 1. Structural representations and abbreviations for the mono- 
and binuclear complexes studied. 

-a 4 -0.8 - 1 2  -1.6 
E (~01161 

Figure 2. CV of C U H , ( P A A ) ~ ~ ~ - N ~ O ~  in DMF with 0. I M TEAP 
at 0.100 V/s (1.27 X M). 

.n 4 .o.a -1.1 -1,s 
E1"Wd 

Figure 3. CV of C~H, (PAA)~- l ,3 -pn -0~0~  in DMF with 0.1 M 
TEAP at 2.00 V/s (0.83 X 

For CuHZ(PAA),-1,3-pn, however, a strong band a t  1622 cm-' 
is the highest energy absorption in this region. This is similar 
to the band found in CuHZ(BAA)Zen, which has been proven 
by X-ray structure determination to contain the Cu(I1) ion 
bound to the four ketonic oxygens. l4 Structural representations 
along with the abbreviations used are given in Figure 1 for 
the mono- and binuclear complexes. 

The cyclic voltammograms (CV) of the mononuclear com- 
plexes are typical of almost totally irreversible electron-transfer 
processes. Typical cyclic voltammograms for CuH2- 
(PAA)2en-N202 and CuH2(PAA),-1 ,3 -pn-0202 in di- 

M). 
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Table I. Cyclic Voltammetry of Cu,(PAA), (0.969 X M, 
0.1 M TEAP in DMF)' 
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Table 111. Cyclic Voltammetry of Cu,(PAA),en in the Presence 
of a 10-fold Excess of Na+ ' 

~ 

scan 

0.020 -0.86 -0.90 2.21 0.88 0.49 73 69 
0.050 -0.87 -0.90 3.50 0.87 0.49 72 61 
0.100 -0.87 -0.90 4.88 0.88 0.49 70 61 
0.500 -0.87 -0.90 10.36 0.95 0.46 65 64 
1.000 -0.86 -0.90 13.28 0.99 0.42 61 66 
2.000 -0.85 -0.88 19.91 0.99 0.44 63 63 
5.000 -0.85 -0.88 32.82 0.97 0.46 68 65 

10.000 -0.84 -0.87 47.86 0.94 0.48 61 63 
20.000 -0.84 -0.87 70.95 0.96 0.50 57 62 
50.000 -0.83 -0.86 119.38 0.92 0.53 70 71 
' Hanging-mercury-drop electrode. pA/(mV s - ' ) ~ ' ~ .  

Table 11. Cyclic Voltammetry of Cu, (BAA),-1,3-pn 
(1.23 X lo-' M, 0.1 M TEAP in DMF)' 

scan E,.. - 

0.020 -0.69 -0.72 5.08 1.03 1.14 49 54 
0.050 -0.70 -0.72 7.91 0.96 1.12 49 58 
0.100 -0.69 -0.72 11.03 0.94 1.10 51 57 
0.500 -0.68 -0.71 23.42 0.94 1.05 52 48 
1.000 -0.68 -0.70 35.46 0.86 1.12 52 45 
2.000 -0.68 -0.71 49.85 0.81 1.12 58 45 
5.000 -0.68 -0.71 84.77 0.77 1.20 63 50 

10.000 -0.68 -0.71 131.30 0.67 1.31 69 48 
20.000 -0.68 -0.71 203.30 0.56 1.44 74 47 
50.000 -0.68 -0.72 400.60 0.43 1.79 86 43 
' 1.018 X 

pA/(mV s - ' ) - " ~ .  

M Cu,(PAA),en, 1.018 X 10.' M NaNO,, 0.1 M 
TEAP in DMF with a hanging-mercury-drop electrode. 

Table IV. Cyclic Voltammetry of Cu,(BAA), in the Presence of 
a 20-fold Excess of Na' ' 

0.050 
0.100 
0.500 
1.000 
2.000 
5.000 

10.000 
20.000 
50.000 

-1.10 
-1.10 
-1.08 
-1.08 
-1.08 
-1.08 
- 1.08 
-1.07 
-1.06 

-1.14 
-1.13 
-1.12 
-1.11 
-1.11 
-1.10 
-1.10 
-1.09 
- 1.08 

0.46 0.83 0.06 73 68 
0.64 0.86 0.06 66 65 
1.62 0.86 0.07 58 65 
2.45 0.87 0.08 59 66 
3.92 0.91 0.09 51 72 
8.05 0.88 0.11 47 

14.46 0.84 0.14 40 
26.29 0.81 0.19 44 
62.71 0.77 0.28 40 

' Handng-mercury-drop electrode. pA/(mV s-'). 

methylformamide are shown in Figures 2 and 3. The peak 
potentials are -1.6 V for CuH2(PAA),en-N,O2, -1.2 V for 
C ~ H , ( P A A ) ~ - 1 , 3 - p n - 0 ~ 0 ~ ,  -1.2 V for C U H ~ ( B A A ) ~ ~ ~ - O ~ O ~ ,  
and -1.1 V for C~H,(BAA)~-1 ,3-pn-0~0~,  all vs. the saturated 
NaCl calomel electrode. Addition of N a N 0 ,  to the electro- 
chemical cell so that [Na+]/[complex] = 10 results in a 
positive shift of the peak potentials for C U H ~ ( B A A ) ~ ~ ~ - O ~ O ~  
and C ~ H , ( B A A ) ~ - 1 , 3 - p n - 0 ~ 0 ~  of about 300 mV to -0.85 and 
-0.88, respectively. Addition of like amounts of NaNO, to 
the CuH2(PAA),en-N202 and C U H ~ ( P A A ) ~ - ~  ,3-pn-0202 
solutions did not appreciably change the peak potentials of 
these compounds. The cyclic voltammograms for the binuclear 
complexes C U ~ ( P A A ) ~ ,  C U , ( P A A ) ~ ~ ~ ,  C U , ( P A A ) ~ - ~  ,3-pn, 
Cu2(BAA), and C U ~ ( B A A ) ~ - ~  ,3-pn, on the other hand, show 
one quite reversible wave in the 0- to -1.6-V region. The data 
for C U ~ ( P A A ) ~  and Cu2(BAA),-1,3-pn are presented in Tables 
I and 11. The analogous data for C U , ( P A A ) ~ ~ ~ ,  Cu2- 
(PAA)z- 1,3-pn, and C U ~ ( B A A ) ~  are very similar except for 
the values of Eli, and have been deposited as supplementary 
material. The values of E l i 2  for Cu2(PAA),en, Cu2- 
(PAA),-1,3-pn, and C U ~ ( B A A ) ~  are -1.02, -1.16, and -0.82 
V, respectively. Also, CU,(BAA)~ is more irreversible than 
the others as evidenced by the fact that the value of AE, 
increases to 115 mV at 20.00 V/s. Comparable data could 
not be obtained for Cu2(BAA),en due to adsorption problems. 
The last four columns in each table give values for functions 
commonly used to test reversibility, i.e. Ip,/I,,  I,/v1i2, AEp, 
and E ,  - E,,,, at all scan rates. It is clear from the simi- 
larities in the numerical values of these functions, obtained 
under nearly identical conditions, that the electron-transfer 
processes are similar for all the compounds. Indeed, the only 
significant difference between the CV's of these binuclear 
compounds is the value of 

Addition of simple cations such as Na+ or Lif (as nitrates) 
to the electrochemical cell has a substantive effect on the cyclic 
voltammograms.1° The CV results for Cu,(PAA),en and 
CU,(BAA)~ in the presence of excess Na+ or Li+ are presented 

0.005 -0.54 -0.55 2.56 1.06 1.14 31 54 
0.010 -0.53 -0.55 3.42 1.02 1.08 36 53 
0.020 -0.54 -0.56 4.67 0.94 1.04 41 59 
0.050 -0.54 -0.56 7.21 0.92 1.02 47 65 
0.100 -0.54 -0.56 10.00 0.89 1.00 57 58 
0.500 -0.52 -0.55 22.36 0.86 1.00 60 44 
1.000 -0.51 -0.54 31.00 0.86 0.98 62 42 
2.000 -0.51 -0.55 43.00 0.86 0.96 75 44 
5.000 -0.51 -0.55 67.45 0.82 0.95 78 47 

10.000 -0.51 -0.56 92.20 0.80 0.92 79 55 
20.000 -0.51 -0.55 138.10 0.77 0.98 78 55 
50.000 -0.51 -0.56 214.80 0.69 0.96 108 80 

a 1.017 X 

pAl(mV s - ~ ) ' " .  

M Cu,(BAA),, 2.034 X lo-' M NaNO,, 0.1 M 
TEAP in DMF with a hanging-mercury-drop electrode. 

Table V. Cyclic Voltammetry of Cu,(BAA), in the Presence of 
a 20-fold Excess of Li'' 

0.020 -0.45 -0.47 4.57 1.03 1.02 50 51 
0.050 -0.46 -0.49 6.99 0.97 0.99 61 50 
0.100 -0.45 -0.48 9.74 0.94 0.97 66 52 
0.500 -0.44 -0.48 21.43 0.82 0.96 81 46 
1.000 -0.41 -0.45 30.12 0.81 0.95 86 50 
2.000 -0.42 -0.46 42.75 0.79 0.96 93 54 
5.000 -0.41 -0.47 69.25 0.76 0.98 109 53 

10.000 -0.41 -0.41 100.30 0.72 1.00 128 55 
20.000 -0.41 -0.49 147.90 0.65 1.05 160 65 
50.000 -0.40 -0.49 259.20 0.60 1.16 180 74 
' 1.023 X M Cu,(BAA),, 2.046 X IO-' M LiNO,, 0.1 M 

TEAP in DME' with a hanging-mercury-drop electrode. 
!I pA/(mV 

in Tables 111-V. Analogous data for C U ~ ( P A A ) ~ ,  Cu2- 
(BAA)2en, and c ~ ~ ( B A A ) ~ - 1 , 3 - p n  were similar except for EIi2 
values and were deposited as supplementary material. The 
E l i 2  values for CU,(PAA)~, C U ~ ( B A A ) ~ ~ ~ ,  and Cu2- 
(BAA),-1,3-pn with excess Na+ are -0.57, -0.64, and -0.74 
V, respectively. Both CU,(PAA)~ and Cu2(BAA),-l,3-pn are 
quasi-reversible on the basis of increasing AEp as a function 
of scan rate. Except for the presence of Na+ or Li', the 
experimental conditions are the same as in the previous ex- 
periments. The changes that take place upon addition of these 
simple cations are (1) a potential shift of +300-+400 mV, (2) 
a sharpening of the wave as evidenced by a decrease in AEp 
and E,  - E,/,, and (3) a large increase in the peak currents, 
Ipa and I,. As a means of investigating the effect of cations 
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Table VI. Comparison between Experimental and Calculated Cathodic Peak Currents in the Absence of Na+ 
I p c ,  PA (exptl (calcd))" 

scan rate, V/S CU,(PAA) ,~  Cu,(PAA),enb Cu, (PAA),-1,3-pn Cu, (BAA),  Cu,(BAA),-l ,3-pnC 

0.020 2.21 (2.48) 2.44 (2.48) 
0.050 3.50 (3.53) 3.86 (3.77) 
0.100 4.88 (4.89) 5.29 (5.22) 
0.500 10.36 (10.64) 10.94 (11.35) 
1.000 13.28 (14.95) 14.95 (15.94) 
2.000 19.91 (21.04) 21.74 (22.43) 
5.000 32.82 (33.13) 36.14 (35.31) 

10.000 47.86 (46.76) 53.20 (49.82) 
20.000 70.95 (66.02) 81.65 (70.35) 
50.000 119.38 (104.25) 143.40 (111.08) 

a Calculations are based on ea 1 withD = 6.50 X cmZ/s.A = 

2.19 (2.18) 
3.67 (3.44) 
5.08 (4.87) 

10.91 (10.88) 
14.85 (15.39) 
21.41 (21.76) 
34.44 (34.41) 
50.80 (48.67) 
76.30 (68.82) 

132.80 (108.8) 

2.22 X 10.' cmz and ~i 

pound is given in Tables I-IV. 'b A spherical correction was included 

8 

m .. i i \  

8 b'. 
N - 
D 

m 

U H B  B 2 0 0  H e . e  -2816.8 - w e  a - s e d  e - 8 8 8 . 8  
P O T E N T I R L  ( m v )  

Figure 4. Experimental (solid lines) and simulated (dots) CV waves 
for 1.00 X M C U ~ ( P A A ) ~  in DMF with 0.1 M TEAP at 0.500 
V/s: (A) no Na+ present, (B) 1.00 X M Na+ present. Values 
of the diffusion constant, D, and electrode area, A ,  used in the sim- 
ulation were determined experimentally to be 6.0 (*S) X lod cm2/s26 
and 2.21 X cm2, respectively. Wave A (no Na') was reproduced 
with current functions corresponding to a one-electron, reversible 
transfer. Curve B (X10 Na+) was simulated with current functions 
corresponding to the transfer of two electrons with a potential sep- 
aration, E2 - E l ,  of -30 mV. 

on the electron-transfer process, the CV waves have been 
simulated by using the relationship in eq 1. The experimental 

I = 602AD1/2Co*u1/2?r1/2~(at) (1) 

and calculated CV's for C U ~ ( P A A ) ~  in the absence and 
presence of Na+ are presented in Figure 4. The experimental 
conditions for the two CV's are identical except for the 
presence of Na+. Indeed, the same solution was used to record 
both waves. The CV of Cu2(PAA), in the absence of Na+, 
which occurs at the more negative potential, is very well sim- 
ulated with current functions appropriate for the reversible 
transfer of one electron. The more positive wave (resulting 
from the addition of Na') with its much larger currents is well 
simulated with current function values appropriate for the 
sequential, reversible transfer of two electrons in which E2 - 
El = -30 mV.22 

(22) We are indebted to Prof. Dennis Evans for supplying us with the pro- 
gram. See: Sokol, w .  F.; Evans, D. H.; Niki, K.; Yagi, T. J .  Elec- 
rroanal. Chem. Interfacial Electrochem. 1980, 108, 108. 

0.46 (0.38) 
4.90 (5.15) 0.64 (0.56) 

10.58 (11.51) 1.62 (1.53) 
14.47 (16.29) 2.45 (2.45) 
20.08 (23.04) 3.92 (4.04) 
31.58 (36.43) 8.05 (28.19) 
44.97 (51.51) 14.46 (14.45) 
68.64 (72.85) 26.29 (26.17) 

62.71 (59.39) 

'"x(at) = 0.446. The value of C,. * for each com- 
Weak reactant adsorption inc1uded;a = 1.47, b = 6.98 (eq 2). 

A comparison of the experimental and calculated values of 
I ,  for all of the compounds obtained in the absence of Na+ 
or Li' at the various scan rates is shown in Table VI. In these 
calculations the value of the peak current function, d 2 X ( a t ) ,  
was held constant at 0.446, which is appropriate for a one- 
electron process, n = The agreement between experi- 
mental and calculated values is very good especially a t  the 
slower scan rates. At fast scans the experimental IF values 
are somewhat larger than the calculated values, which can be 
attributed to weak reactant a b ~ o r p t i o n . ~ ~  In the case of 
Cu2(BAA),-1,3-pn, adsorption is quite pronounced and a 
reasonable fit of the data requires inclusion of the adsorption 
contribution to the total current. This contribution is not 
diffusion controlled and is proportional to u. The appropriate 
equation (2) contains a diffusion-controlled term, and 
a diffusion-independent adsorption term, bu. For Cu2- 
(BAA),-1,3-pn a good fit of the experimental data is achieved 
with a = 1.47 and b = 0.98. 

IF = + bu (2) 

The cathodic peak currents in the presence of excess Na' 
are much larger under comparable conditions than those re- 
corded in the absence of Na', which is indicative of a change 
from one-electron- to a two-electron-transfer process upon 
addition of Na+(Figure 4). The peak currents (I,)  in the 
presence of Na+ were calculated by first determining the 
appropriate value of the current function for two overlapping 
CV waves with small separation between the Eo values.22 
These were estimated from the experimental values of AE 
and E ,  - EFI2 as discussed by Shain and co-workers.11,15 
Alternatively they may be determined by simulation calcula- 
tions. The estimations were made with use of the slow-to- 
medium rate data since the adsorption effects are small at slow 
scan rates. The cathodic peak currents for the diamine com- 
plexes increased more rapidly than u1I2 increases, which is 
attributed to weak adsorption of the reactant.24 Therefore, 
the calculated peak currents have been obtained by application 
of eq 2 in which a = 602D'/2ACo*ir1/2~(at) and b is an ad- 
justable parameter. The results of the calculations and the 
values of the current functions used are presented in Table VII. 

As a means of ascertaining the nature of the two-electron- 
reduction product, experiments were performed in which 
C U ( C H ~ C N ) ~ +  (as the PF,- salt)25 and Na,(PAA) were added 
to D M F  and 0.1 M TEAP in the electrochemical cell. 
Sweeping in the positive direction from about -1.6 to 0 V 
yielded only one well-formed wave with peak potentials of E ,  
= -0.51 V and E ,  = -0.60 V. These values are virtually 

(23) Nicolson, R. S. ;  Shain, I .  Anal. Chem. 1964, 36, 706; 1965, 37, 178, 
and 191. 

(24) Wopschall, K. H.; Shain, T. Anal. Chem. 1967, 39, 1514. 
(25) Kubas, G. J. Inorg. Synth.  1979, 19, 90. 
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Table VII. Comparison between the Experimental and Calculated Cathodic Peak Currents in the Presence of Excess Nat 

I,,, crA (exptl (calcd))' 

scan rate, V/S CU, (PAA), Cu, (PAA), enc CLI,(BAA),~ Cu,(BAA),ene Cu,(BAA),-1,3-pnf 

0.005 2.56 (2.34) 
0.010 3.42 (3.17) 
0.020 3.78 (3.50) 5.08 (4.70) 4.67 (4.48) 
0.050 5.68 (5.54) 7.91 (7.48) 7.21 (7.08) 
0.100 7.96 (7.83) 11.03 (10.66) 10.00 (10.01) 
0.500 16.44 (17.51) 23.42 (24.54) 22.36 (22.39) 
1 .ooo 22.74 (24.76) 35.46 (35.46) 31.00 (31.66) 
2.000 31.14 (35.01) 49.85 (51.65) 43.00 (44.77) 
5.000 45.55 (55.37) 84.77 (86.39) 67.45 (70.79) 

10.000 65.25 (78.30) 131.30 (129.70) 92.20 (100.0) 
20.000 203.30 (198.50) 138.10 (141.60) 
50.000 400.60 (361.10) 214.80 (223.80) 

cm'/s andA = 2.22 X 10.' cm'. 
auii2 + hu witha  = 6020'/ZAC,,* nl/znl/zX(at) and b treated as an adjustable parameter. 
' Calculations are based on eq 1 w i t h D  = 6.50 X 

1.67 (1.75) 1.05 (1.15) 
2.40 (2.53) 1.63 (1.79) 
5.79 (6.15) 5.26 (5.52) 
8.69 (9.22) 9.30 (9.42) 

13.68 (14.09) 16.91 (16.54) 
24.65 (25.59) 37.93 (36.26) 
46.25 (41.46) 70.25 (67.40) 
73.55 (69.18) 133.40 (127.50) 

312.90 (302.70) 

Where weak reactant adsorption is evident, I,, = 
The spherical correction term has been ignored. 

b n l i z n i / z  x(at) = 0.910, C,* ='0.800 X 10'' M,  b = 0 (no adsorption) 
x(at) = 0.910, C,* = 1.017 X M, h = 0 (no adsorption) d n i / z n i i z  

f n l ' z n l i z  x(at) = 1.000, C,,* = 1.152 X M , a  = 3.92, h = 5.50. 

identical with those obtained for C U ~ ( P A A ) ~  when the po- 
tential is swept in the opposite direction. Simple Cu- 
(CH3CN)4+ with no ligand present is oxidized at about +0.30 
V and then reduced at  -0.21 V in DMF with 0.1 M TEAP. 

In order to be certain that the ligand was not actively in- 
volved in the redox process of the binuclear Cu(I1) complexes, 
the CV of the complex Zn2(PAA)2 was examined. Since 
Zn(I1) is not electroactive in the region of interest, the redox 
properties of the complexed ligand can be investigated. Under 
the same experimental conditions employed for the Cu(I1) 
complexes, no reduction occurs for Zn2(PAA)2 before -2.2 V. 
An irreversible oxidation wave is present at about +0.66 V. 

Controlled-potential electrolysis (CPE) carried out at about 
60 mV more negative than E ,  resulted in the transfer of 2.0 
electrons/molecule for C U ~ ( P A A ) ~ ,  C U ~ ( P A A ) ~ ~ ~ ,  Cu2- 
(BAA)2, and C U ~ ( B A A ) ~ ~ ~ .  No further reduction takes place 
before at least -1.6 V. The reduced solutions can be reoxidized 
with the transfer of approximately 2.0 electrons/molecule at 
about -0.3 V. However, if the Hg pool is removed after the 
initial reduction and replaced by a fresh Hg pool, reoxidation 
does not occur, indicating that reduced copper has been re- 
moved as an amalgam with the Hg. The solution after the 
2.0-electron reduction is still distinctly green consistent with 
the presence of Cu(I1). Further reduction occurs at about -1.7 
V with the transfer of approximately 2 electrons/molecule, 
yielding a yellow solution. Controlled-potential electrolyses 
were carried out at concentrations of 0.84 X lo-", 2.0 X lo4, 
2.5 X lo-", and 1.0 X M with no change in the results; 
i.e., the current vs. time curves and the number of electrons 
transferred indicate the same process occurring in each case. 
In the case of Cu2(PAA),-1,3-pn, the initial CPE 60 mV 
negative of EP results in the transfer of 4.0 electrons/molecule 
and, therefore, decomposition. At no time did the presence 
or absence of Na+ change in CPE results. Only the potentials 
were affected. 
Discussion 

The simplest members of the homologous series of cop- 
per(I1) 8-polyketonates are the bis( 1,3-diketonato)copper(IJ) 
complexes. The cyclic voltammetry of three copper(I1) di- 
ketonates has been investigated in D M F  with TEAP as the 
supporting electrolyte under the same conditions used for the 
binuclear complexes.26 In each case, the electron transfer is 
irreversible or, a t  best, only slightly quasi-reversible. Bis- 
(2,4-pentanedionato)copper(II), C u ( a ~ a c ) ~ ,  has no anodic wave 
and is, therefore, completely irreversible. The approximate 

(26)  Fenton, D. E. Ph.D. Thesis, Wayne State University, 1978. 

c = 1 / 2  l i Z  x(at) = 0.950, C,* = 1.018 X n M,a = 32.89, b = 2.67. 
e n i i z  x ( a t ) = 0 . 9 7 7 , C , * = 2 . 2 3 2 X 1 0 ~ 4 M , a = 7 . 4 2 , b = 1 . 8 0 .  

value of E ,  for C u ( a ~ a c ) ~  is -0.85 V vs. SSCE. The CV's 
of both bis( 1,3-diphenyl- 1,3-propanedionato)copper(II), Cu- 
(DBM)2, and Bis( l-phenyl-l,3-butanedionato)copper(II), 
CU(BA)~, exhibit anodic waves, but Z p  is significantly smaller 
than Z,. In addition, the peak separations are very scan rate 
dependent. Both of these factors indicate considerable irre- 
versibility. The approximate values of E ,  for Cu(DBM), and 
Cu(BA) are -0.67 and -0.58 V vs. SSCE, respectively. 

Mononuclear Cu(I1) complexes of the 1,3,5-triketonates 
have not been prepared, and attempts to prepare them have 
led only to the isolation of the binuclear product and uncom- 
plexed ligand. The diamine Schiff-base derivatives of 1,3,5- 
triketones, on the other hand, do form mononuclear Cu(I1) 
complexes without difficulty. Indeed, it is possible to isolate 
the nitrogen-bound isomer in certain cases and the oxygen- 
bound isomer in others. The control of the Cu(I1) position 
appears to be determined by ligand substituent effects and/or 
the number of methylene groups in the diamine. The CV's 
of these compounds (Figures 2 and 3) show that the elec- 
tron-transfer processes are irreversible. The lack of an anodic 
wave indicates that the reduced species decompose rapidly. 

The CV behavior of the binuclear Cu(I1) complexes is in 
marked contrast to that of the mononuclear complexes. The 
most obvious difference that takes place upon the addition of 
the second Cu(I1) is that the electron-transfer process becomes 
quite reversible. This is true both in the presence and absence 
of Na'. A second dramatic change takes place with the ad- 
dition of simple cations such as Na+ or Li'. In the presence 
of sufficient concentrations of these cations, the electron- 
transfer process in the binuclear complexes is best described 
as two sequential, one-electron, reversible electron transfers 
occurring essentially at the same potential. A further eluci- 
dation of this two-electron transfer is a major concern of this 
work. A comparison of the data in Tables IV and V shows 
the effect of Na' vs. Li' on the CV wave of C U ~ ( B A A ) ~ .  
Except for the substitution of Li+ for Na+, the experimental 
conditions are constant. When Na' is replaced by Li', an 
additional +100-mV shift is observed. With the exception of 
this positive potential shift and a slightly different dependence 
of AEp on the scan rate, the waves are virtually identical at 
all scan rates. The more positive potential in the presence of 
Li' is indicative of a stronger complexation between Li+ and 
the electroactive species than between Na' and those same 
species. This is expected due to the smaller size of Li+ and 
strengthens the conclusion that there is association between 
simple cations and Cu2Lz, Cu2L2-, and Cu2LZ2-. 

Another conclusion reached in the previous paperlo was that 
the electron-transfer process was not altered when the tri- 
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ketonate ligand was converted to a diamine Schiff base re- 
sulting in two different coordination enviroments for the two 
Cu(I1) ions. In the presence of Na', both the simple, sym- 
metric binuclear triketonato complexes and their unsymmetric 
diamine Schiff bases undergo two sequential, reversible one- 
electron transfers at virtually the same potential. The value 
of E ,  is, however, 100-200 mV more negative for the diamine 
Schiif bases than the triketonates. For example, in the 
presence of excess Na', the values of El12 for Cu2(PAA), and 
Cu2(PAA),en are -0.58 and -0.69 V vs. saturated NaCl 
calomel, respectively. Such a shift is also observed in the 
diamine-substituted mononuclear c~mplexes.~' In essentially 
all other characteristics, the CV waves of the two compounds 
are nearly identical. 

A principal characteristic of the CV wave for the binuclear 
complexes, in both the absence and presence of Na+, that has 
not been investigated up to this point is the magnitude of the 
current function. Principal reasons for carrying out the current 
study were to obtain detailed information about the CV wave 
in the absence of small cations and to determine the current 
functions, d2X(a t ) ,  for electron transfer in both the presence 
and absence of Na+. This was prompted by the observation 
that the addition of Na+ not only shifted the potential about 
+300 mV but also substantially increased the cathodic and 
anodic peak currents. The lower peak currents in the absence 
of Na+ could mean either that one electron is transferred or 
that two are transferred, and the difference in the two PO- 
tentials is such that E2 is more negative than E l ,  Le., E ,  - E ,  
C 0. Cathodic peak current calculations and wave simulations 
for CV's without Na+ were done to distinguish between these 
possibilities. Similar calculations for CV's obtained in the 
presence of Na' were carried out to further substantiate the 
two-electron nature of the wave with excess Na'. 

The CV results for five of the binuclear complexes in the 
absence of any small cations are quite similar. On the basis 
of Zp/Z, 1.0 (especially at scan rates faster than 0.100 V/s) 
and Z,/v1/2 being constant through scan rate changes of about 
lo3, these appear to be highly reversible processes. In addition, 
for the most part AE, and E ,  - EFI2 are constant as a function 
of scan rate. These latter parameters are close to those as- 
sociated with one-electron, reversible systems. However, the 
fact that they are generally greater than 59 mV leaves open 
the possibility that the wave is due to the sequential transfer 
of two electrons with E2 - E ,  -40 mV." For E2 - E ,  = -40 
mV, the CV wave due to the reversible sequential transfer of 
two electrons would yield AE, = 59 mV and E ,  - EFt 59 
mV and, therefore, would be indistinguishable on the asis of 
these parameters from a one-electron reversible wave. The 
peak currents for the two cases would be considerably different, 
however. For a simple one-electron reversible transfer, the 
current function, d12X(at), at 25 OC for the maximum cath- 
odic current, I,, is 0.4463,23 while it is 0.8768 for the two- 
electron case in which E2 - El  = -40 mV.22 Therefore, at  a 
given scan rate, IF for the two-electron transfer is, in fact, 
almost exactly twice that of the one-electron case under these 
conditions. The results of the Z, calculations with dI2X(at) 
= 0.446 are presented in Table VI. The agreement between 
experimental and calculated values is excellent over the entire 
scan rate range of about lo3 V/s. In addition, the excellent 
agreement between the experimental and simulated CV waves 
in the absence of Na+ (Figure 4) with one-electron current 
functions leaves little doubt that in the absence oflVu' the CV 
wave is due to the reversible transfer of one electron. There 
is no indication of any additional redox process in the CV 
before -1.7 V in either the reasonably symmetric triketonates 
or their diamine Schiff bases. 

Lintvedt, Ranger, and Schoenfelner 

Unfortunately, the CPE results are not helpful in confirming 
the one-electron behavior in the absence of Na+. Electrolysis 
carried out 60 mV more negative than E ,  results in the 
transfer of 2 electrons/molecule. Thus, apparently the time 
interval and the stirring conditions used in CPE result in 
additional reaction, electron transfer, and/or decomposition. 
The fact that CPE results are not dependent upon concen- 
tration in the 0.8 X to 1.0 X M range supports an 
intramolecular reaction. This, together with the apparent loss 
of copper as Cuo, is consistent with the following sequence 
taking place during CPE: 

Cu"Cu"L, -5 Cu"Cu'L2- 

Cu"Cu'L,- - Cu"L22- + CU+(SOlV) 

Cu'(so1v) -5 Cuo(Hg) 

Under CV conditions, there is no indication that the second 
and third reactions take place. Thus, there is not straight- 
forward correspondence between the CV and CPE results. 

The results of the calculations of Z, as a function of scan 
rate in the presence of excess Na' are given in Table VII. The 
agreement between experimental and calculated values is 
excellent for each of the five complexes. The current function 
at Z, clearly indicates a two-electron-transfer process with 
small separations in the individual reduction potentials, E ,  and 
E2. This result is confirmed by simulations of the entire wave 
of the type shown in Figure 4. For the diamine derivatives, 
it is obvious, especially at fast scans, that Z, increases more 
rapidly than u1I2.  At the same time, there is no distortion of 
the wave as evidenced by a nearly constant value of E ,  - E,/, 
at all scan rates. Such behavior is characteristic of weak 
reactant a d ~ o r p t i o n , ~ ~  which gives rise to a portion of the 
current that is not diffusion controlled. This is taken into 
account by adding a term, bu, that is directly proportional to 
u. It is interesting to note that adsorption is more important 
for the diamine derivatives than for the simple triketonates 
(in both the absence and presence of Na') and that an excess 
of Na+ increases the contribution of reactant adsorption to 
the Z, values. This conclusion is apparent from comparisons 
for the same compound with and without Na+. Inclusion of 
the adsorption term in the Z, calculation for the diamine 
derivatives yields excellent results throughout the entire scan 
range. 

The values of the current functions for Z, in the presence 
of excess Na+ for the binuclear complexes are all indicative 
of the sequential transfer of two electrons in which E ,  and E2 
are very nearly equal.11~12~22 For CU,(PAA)~ and CU,(BAA)~, 
the current function that best reproduces the experimental Z, 
values is 0.910, which is consistent with AE, = E ,  - E,/! = 
55 mV and E,  - E ,  = -30 mV. Similarly, a current function 
of 0.950 for Cu2(PAA),en indicates that AE, = E ,  - E ,  ,) 
= 49 mV and E2 - E l  = -20 mV while a value of 0.977 #or 
Cu,(BAA)*en yields AE, = E ,  - E,/, = 45 mV and E ,  - E ,  
= -12 mV. Finally, a current function of 1.00 for Cu2- 
(BAA)2-1,3-pn predicts AE, = Eqc - E,/, = 43 mV and E2 
- E I  = -5 mV. Thus, on the basis of experimental current 
values, it seems apparent that the processes involve the se- 
quential transfer of two electrons in which the difference in 
potentials varies from 30 to 5 mV with E2 slightly more 
negative than E l .  The predicted values of the cathodic peak 
half-width based on these current functions are in reasonable 
agreement with the experimental results. 

The experimental evidence argues strongly that the reduced 
species produced in the presence of Na' is a binuclear Cur2 
complex. Certainly the potential region in which the CV wave 
is observed is a common one for Cu(I1) + Cu(1) reductions. 
In addition, it is clear from the results with Zn,(PAA), that 
there are no ligand redox processes at all close to -0.5 V where (27) Patterson, G. S.; Holm, R. H. Eioinorg. Chem. 1975, 4, 257. 
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the CV process being considered occurs. This is as one would 
expect for such ligands. Strong evidence for the binuclear C U I 2  
complex as the product comes from the CV results obtained 
when CU(CH,CN)~+ and Na2(PAA) are allowed to react in 
the electrochemical cell. Sweeping the potential in the positive 
direction starting from -1.6 V yields a CV wave very similar 
to the one recorded when sweeping negatively with C U ~ ( P A A ) ~ .  
Thus, the species involved in both cases appear to be the same. 

Several conclusions may be drawn from the current study. 
One is that there are major differences between the redox 
behavior of the mono- and binuclear complexes and, hence, 
that the presence of the second metal ion significantly alters 
the chemical properties. Another is that the electron-transfer 
properties of these compounds in the absence of simple ions 
is a reversible, one-electron transfer. However, in the presence 
of excess simple ions the electron-transfer process consists of 
two reversible, sequential one-electron transfers with very 
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similar potentials. Finally, there is no significant difference 
in CV behavior between the bis(l,3,5-triketonato)dicopper(II) 
complexes and their diamine Schiff-base derivatives except 
for the absolute value of the redox potentials. In all other 
aspects the CV waves are superimposable. 
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Parametrization of Static Magnetic Susceptibility of a “Linear” Tetranuclear 
Chromium( 111) Complex by Isotropic Heisenberg-Dirac-Van Vleck Hamiltonians and 
Correlation with Structural Data 
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The static magnetic susceptibility of the tetranuclear chromium(II1) complex [(en)2Cr(OH)2Cr(en)(OH)2Cr(en)- 
(0H),Cr(en),l6+ as a bromide salt, the preparation and X-ray structure of which have been previously reported, has been 
measured and subjected to interpretation within several different models based on isotropic Heisenberg-Dirac-Van Vleck 
Hamiltonians with or without biquadratic exchange terms. This has been accomplished with use of new programs that 
are based on computer diagonalization of such operators because no explicit eigenvalue formulas are known for the linear 
configuration. The simplest description emerging exhibits two antiferromagnetic couplings, J12,= J34 = 19 cm-’ and J23 
= 14 cm-’, where chromiums 1 and 4 are the terminal ones, and the Hamiltonian is &Jk,Ss,.S,. The energy levels 
corresponding to the various parameter sets obtained are presented, the lowest spin multiplets are, in all cases, a ground-state 
singlet, a triplet at approximately 10 cm-l, and a quintet at approximately 32 cm-l. The parameters of the simplest model 
are correlated with the structural data by using a generalization of a model recently proposed for corresponding dinuclear 
complexes. 

Introduction 
Oligonuclear oxo-, hydroxo- and alkoxo-bridged chromi- 

um(II1) complexes have become the subject of extensive re- 
search in recent the main effort in work from this 
laboratory being put into the investigation of correlations 
between magnetic and structural data for these systems. A 
model has recently been proposedg for such correlations in the 
dinuclear complexes, and the present work and a related one4 
now give opportunities to investigate extensions of the model 
to systems with more than two centers. We discuss here the 
static magnetic susceptibility for the bromide salt [(en)2Cr- 
(OH),Cr( en) (OH) 2Cr (en) (OH) 2Cr (en) 2] Br6.2H20, of the 
particular stereoisomer of a tetrameric cation for which the 
preparation and structure were reported previously.I0 

Susceptibility data are normally interpreted in terms of just 
a single model, and the estimated standard deviations for the 
resultant parameters often seem underestimated. Here we 
have used two independent data sets and five coupling models 
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and have thereby obtained a broader illustration of the un- 
certainties involved in deriving the coupling constants and the 
energies of the spin multiplets. 
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