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Electrochemical investigation of lanthanide 
octa-tert-butylsubstituted diphthalocyanine complexes in solutions. 

Approximation of their redox transitions by semiempirical 
calculations for yttrium diphthalocyanine 

1". E Magdesieva,* L E Zhukov, L. G. Tomilova, E. V. Chernykh, and K. P. Butin 

Department of Chemistry, M. V. Lomonosov Moscow State University, 
Vorob'evy Gory, 119899 Moscow, Russian Federation. 

Fax: 007 (095) 939 5546. E-mail: 9745.g23@g23.relcom.ru 

The electrochemical potentials of seven redox transitions for green forms and eight redox 
transitions for blue forms of neutral octa-tert-butytsubstituted diphthalocyanine complexes of 
lanthanides pct2Ln (Ln = Pr, Sin, Dy, and Lu) in solutions were measured by cyclic 
voltammetry and rotating disc electrode techniques. The spectroelectrochemical investigation 
of the products of two-electron oxidation and reduction of the green form of pct2Lu was 
performed. The frontier molecular orbitals, total charge densities, total spin densities, 
electrostatic potentials, and heats of ion formation for (Pc2Y) m+,n- (m = 0, 1, 2, and 3; n = 
1, 2, 3, and 4), which can model the products of the redox transitions of the diphthalocyanines 
under study, were calculated using the semiempirical ZINDO/I method. The calculations for 
(Pc2Y) m+,n- and absorption spectra show that the electron changes in all redox transitions of 
the green forms of pct~Ln are mainly localized on the ligands. 
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The importance of metal phthalocyanines is based 
on the fact that they are used as stable pigments 1.2 and 
materials  for chemical  sensors, and as systems for infor- 
mat ion storage. 3,4 Their unique redox properties offer 
great challenges for use in electrochromic devices, s,6 as 
electro-  and photocatalysts,  7 etc. Metal phthalocyanines 
can both donate and accept electrons to be transformed 
into positive or negative (Pc2Ln) n• ions without decom- 
posit ion of  the complex.  Due to this properties, they can 
be used as electrocatalysts for both reduction (of oxygen, 
CO2, SOC12, SO2C12, R2S2, CIO 3- ion, etc.) and 
electrooxidat ion (of  hydrazine, glucose, and others). 7 

Although the redox properties of  phthalocyanines are 
under intense study, 8,9 many points in this area are still 
unclear,  and rare-earth metal diphthalocyanine com- 
plexes are least studied. 

Neutral  Pc2Ln complexes can exist in two forms 
(green and blue), and the difference between the struc- 
tures of  these forms is under discussion at present. In 
solutions, the green and blue forms can undergo several 
reversible electrochemical redox transitions. For  example, 
four reduction and two oxidation processes were ob- 
served for the green form of  Pc2Lu, 1~ and the blue 
form of  pct2Lu (pctH2 is tetra-tert-butylphthalocyanine) 
is characterized by four reduction and four oxidation 
processes. 13 Complexes of  the other rare-earth metals 
are considerably less studied. 14-I~ 

A large series of  green forms of  Pc2Ln has been 
studied 16 in o-d ich lorobenzene  (DCB) to reveal three 
reversible reduction process a n d  one oxidation process. 
Similar results have been ob ta ined  13 for the green form 
of pct2Lu, and only the first oxidation and reduction 
processes have been studied fo r  the other representatives 
of  the series of  green forms of  tert-butylsubstituted 
pct2Ln.14 When D M F  was used  as the solvent, the range 
of  available potentials in the ca thod ic  area was enlarged 
to - - 2 . 0  V, and the fourth reversible redox transi t ion of  
the green form of  Pc2Lu was observed,  n The blue forms 
of  diphthalocyanine complexes are considerably less stud- 
ied. Only the first two oxida t ion  processes in DCB have 
been studied for the whole ser ies  of  rare-earth metals. 15 

Experimental data on the n u m b e r  of  electrons partici-  
pating in redox transitions are contradictory.  I~ Based 
on studies by different methods ,  it is commonly accepted 
that all redox transitions occurr ing  in solutions o f  lan- 
thanide diphthalocyanine complexes  are one-electron 
processes. 1~ Nevertheless ,  the number of  elec- 
trons (n) determined by direct electrochemical methods 
are often underestimated. 13,19 l : o r  example, n < 1 have 
been obtained 19 for the first oxidation and reduction 
processes of the green form o f  Pc2Lu in a solution of  
CH2C12, while the dimeric s t ructure  with respect to the 
green form has been pos tu la ted  for the blue form of  
pct2Lu on the basis of  the exper imenta l  value n = 0.5.13 
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The fourth process of  reduction of the green form of 
Pc2Lu in D M F  (transition (Pc2Lu)3-~(Pc2Lu) 4-) was 
assumed H to occur with participation of two electrons. 
The electrochemical values of  n measured by the moving 
boundary technique la for compounds in the form offfims 
deposited onto the electrode are often close to 2 due to 
the more complicated mechanism of the redox process, t$ 

Therefore, various nonelectrochemical methods are 
often used to determine the number of electrons partici- 
pating in redox processes. ESR data are an objective 
criterion for estimating the number of electrons in elec- 
trochemical transitions of rare-earth metal diphthalo- 
cyanine complexes. 1~ In lutetium diphthalocyanine, 
diamagnetic and paramagnetic forms alternate on going 
from one redox state to another, to,17 which suggests 1~ 
the one-electron character of  the transitions observed: 

(Pc2Lu)+ + e  (Pc2Lu)O ~ (Pc2Lu)- +e.= (Pc2Lu)2-" 
(red-brown (green (blue (violet 
diamag- paramag- diamag- paramag - 
netic) netic) netic) netic) 

The problem of localization of electronic changes in 
oxidation and reduction processes is also important. 
Based on the data of UV-VIS spectroscopy, it is consid- 
ered to be reliably established that the first oxidation and 
reduction processes of the green forms and the first two 
oxidation processes of  the blue forms of the complexes 
do not involve the metal atom but involve the electron 
transfer at the ligand. 10,14,ts,2~ 

The purpose of this work is to continue the study of 
electrochemical properties of  the green (Ln = Pr, Dy, 
and Lu) and blue (Ln = Sin, Dy, and Lu) forms of  the 
pct2Ln diphthalocyanines. Special attention was given 
to solve the problem of the localization of the redox 
transitions observed. 

Experimental 

Rare-earth metal diphthaloeyanine complexes were syn- 
thesized by a known procedure. 14,15 Purity of the diphthalo- 
cyanine complexes used was confirmed by chromatography 
and UV-VIS spectroscopy. 

Acetonitrile (pure grade, 2 L) was stirred for 24 h over 
Call 2 and filtered, and KNO 3 (5 g) and H2SO 4 (cone., 
10 mL) were added. The resulting mixture was refluxed for 
3 h and distilled. Then MeCN was refluxed for 2 h with P205 
and distilled to collect a fraction with b.p. 81--82 ~ (760 Ton). 

o-Dichlorobenzene (DCB) was dried over CaCI 2, filtered, 
and distilled collecting a fraction with b.p. 65 ~ (13 Torr). 
Prior to use, the distilled DCB was passed through a column 
with neutral alumina. 

Methylene dichloride was purified by boiling and distilla- 
tion over Call 2 prior to use. 

Electrochemical measurements were carried out on a 
Pt-50-1.1 potentiostat, a PR-8 programmator, and a PDAI 
XY-recorder using the three-electrode scheme on a Pt station- 
ary or rotating disc electrode with a working surface of 
20.7 mm 2 with 0.05 M BunnNBF4 as the supporting electrolyte 
at 20 ~ A P t  wire served as the auxiliary electrode, and a 
saturated AgCI electrode was used as the reference electrode. 

Oxygen was removed from the cell with a dry argon flow. 
Voltammetric curves were obtained by cyclic voltammetry 
(CVA) with a scan rate of 200 mV s -1 and by the rotating disc 
electrode (RE)E) method with the scan rate of 20 mV s -1. 
After recording each curve, the electrode was thoroughly 
polished. The measured potential values were corrected for the 
IR drop. Anhydrous acetonitrile, its mixture with DCB, 
and methylene dichloride were used as the solvents. The 
concentration of solutions of the compounds under study was 
8- 10-5--8 - 10 -4 tool L -1. 

Bulk electrolysis was carried out at 20 *C in the 
potentiostatic regime in a special cell connected to a P-5827M 
potentiostat Ivy the three-electrode scheme. APt  plate with the 
surface of 200 mm 2 served as the working electrode, and 
0.05 M Bua4NBF4 was the supporting electrolyte. Anodic and 
cathodic compartments were separated by a ground glass joint 
moistened with the solution under electrolysis. Potential values 
were measured vs a saturated Ag/AgCI electrode. Anhydrous 
MeCN was used as a solvent. The concentration in solutions of 
the compounds under study was 5- 10-5--5 �9 10 -a rnol L -t. 
The solution in the cell during electrolysis was stirred and 
oxygen was removed during the preparation for electrolysis by 
the dry argon flow. UV-VIS spectra were recorded on a 
Hitachi 124 spectrophotometer in the 190--900 nm region 
using 0.05 M Bun4NBF4 in the same solvent as the reference 
solution. Experiments were carried out either directly in a 
quartz cell or in a l-ram quartz cuvette. 

Semiempirical calculations of neutral and ionic forms of 
Pc2Y and Pc2YH molecules were performed by the ZINDO/1 
method 2t,22 included into the HyperChem 4.0 program. The 
geometry of all molecules was optimized only by the molecular 
mechanics method using the MM+ force field. 23 

Ions with closed shells were calculated by the restricted 
Hartree--Fock method, and the nonrestricted method was 
used for the starting molecule and radical ion particles. 

Triplet and quadruplet states of ions were not calculated. 

Results and Discussion 

The free phthalocyanine PcH 2 is known z4,2s to exist 
in the potential range from - 2 . 3  to +1.5 V in different 
redox forms, from (PcH2) 2+ to (PcH2) 4- .  To observe 
the pattern of  redox transitions as complete as possible, 
the range of  potentials accessible to study should be 
extended in both the negative and positive directions (by 
selection of  the electrode material, solvent, support- 
ing electrolyte,  etc.). However, phthalocyanines,  as 
a rule, are poorly soluble in solvents that  satisfy 
these conditions. In the majority of  the published 
works, I0,13-16,19,20 lanthanide diphthalocyanines have 
been electrochemically studied in DCB or methylene 
dichloride in the potential region from - 1 . 5  to +1.5 V. 

The lanthanide octa-tert-butylsubstituted diphthalo- 
cyanine complexes studied in this work are fairly well 
soluble in acetonitrile, which allowed us to study the 
redox processes in the potential region from - 2 . 2  to 
+2.0 V. The potentials of the redox transitions obtained 
by CVA are presented in Table 1. The CVA curves 
typical of  the green and blue forms of  Pct2Ln are 
presented in Fig. I. Four subsequent reversible reduc- 
tion processes are observed for the green forms of Pct2Ln, 
which agrees with the previous studies. 11 When the 
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Table 1. CVA data for green and blue forms of lanthanide octa-tert-butylsubstituted diplathalocyanine complexes 

Compound a Ep/V b 

Reduction Oxidation 

pct2Lu(g) 
pct2Dy(g) 
Pct2Pr(g) 
pct2Lu(b) 
pct2Dy(b) 
pct2Sm(b) 

-0.02/0.07, - 1.14/- 1.07, - 1.46/- 1.36, - 1.96/- 1.75 
0.01/0.12, -1.16/--1.08, -1.48/-1.35, -1.99/--1.75 
0 . 1 3 / 0 . 2 3 ,  - I. 1 6 / -  1 .09,  - 1 . 4 6 / -  1 .35,  - 1 . 9 0 / -  1 .75  
-0.66/-0.58,  -1.07/-0.97,  - 1.45/- 1.35, - 1.93/- 1.70 
-0.70/-0.62,  -1.03/--0.94, -1.42/-1.34:-1.94/--1.70 
--0.69/-0.59, -1.03/-0.96,  -1.44/-1.30, -1.85/--1.60 

0.39/0.29, 1.53/1.46, 1.72/1.65 
0.44/0.36, 1.52/I.45, 1.61/1.54 
0.55/0.45, 1.49/1.35, 1.78/1.68 
0.28/0.20, 0.66/0.49, 1.23/1.13, 1.60/I.51 
0.38/0.28, 0.70/0.60, 1.24/1.16, 1.60/1.53 
0.41/0.32, 0.73/0.64, 1.24/I.16, 1.53/1.45 

Note. Conditions of electrolysis: Pt electrode; MeCN; 0.05 M BunaNBF4; Ag[AgCIIKCI; v = 200 mV s-~; 20 ~ 
a pct2Ln(g) is the green form of the lanthanide oeta-tert-butylsubstituted diphthalocyanine complex; pct2Ln(b) is the blue 
form. b Direct peak potential/reverse peak potential. 

green forms of  pct2Ln were oxidized, we detected three 
reversible processes. The first of  them is well known, 
and the second and third processes were observed for the 
first time. Eight reversible processes (four in the reduc- 
tion region and four in the oxidat ion region) are ob- 
served on the CVA curves o f  the studied blue forms of 
PctzLn. The potentials  of  four redox transitions in the 
reduction region and of  the third and fourth transitions 
in the oxidation region were measured for the Sm and 
Dy complexes for the first t ime.  

The data obtained agree well with the theoretical 
model that has been suggested recently 26 for the green 

a 

10 -5 A 
t . 

Fig. 1. Cyclic voltammograms of green (a) and blue (b) forms 
of PctlLu in MeCN with the background of 0.05 M Bun4NBF4 
(Pt; vs. AgtAgCIIKCI; v = 200 mV s-t ;  20 ~ 

forms of  Pc2Ln. Since the phthalocyanine rings make 
the main contribution to the energies of frontier orbitals 
of  diphthalocyanines of  rare-earth elements, the nature 
of  the central lanthanide ion affects first of  all the 
separat ion and, hence, the interaction between the 
phthalocyanine rings. The shorter the lanthanide radius, 
the stronger the interaction between the phthalocyanine 
rings and the higher the H O M O  energy. Therefore, the 
oxidation potential of the diphthalocyanines should shift 
to the more anodic region on going from Lu to Pr, 
which is observed. The L U M O  energy is independent  of 
the distance between the phthalocyanine rings; there- 
fore, the electrochemical potentials of the transitions 
from the monoreduced forms of  the various metal  
diphthalocyanines to the di- and trianionic forms is 
almost  identical for the whole series studied. 

In this work, we used the RDE method to determine 
the number of electrons involved in the redox transi- 
tions. The measured values of l imit  currents were com- 
pared to the standard value for the known one-electron 
process obtained on the same electrode and in the cell 
with the same configuration. The conventional Fc /Fc  + 
(Fc  is ferrocene) redox couple was chosen as the stan- 
dard.  As can be seen in Table 2, the n values obtained 
by this method are at best 0.5--0.6. This can be ex- 
plained as follows. The magnitude of  the diffusion cur- 
rent  is known 27 to depend on the diffusion coefficient of 
a diffusing species: 

I d = 0.62(2r, o~)l/ZSnFCD~./3/vl/6, 

where c0 is the rotation frequency of  the electrode, S is 
the  electrode surface, n is the number  of electrons, F is 
F a r a d a y ' s  constant, C is the concentrat ion of  the species 
in the solution, D is the diffusion coefficient, and v is 
the  kinematic viscosity of the solution. The diffusion 
coefficient depends on the value of  the effective Stokes 
radius of  the molecule (rerf): 

D = kT/6rr 

where k is Boltzmarm's constant, T is the absolute tem- 
perature, and h is the thermodynamic viscosity of the 
solution. The effective molecular  radius includes the 
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Table 2. R.DE study of green and blue forms of lan- 
thanide octa-tert-butylsubstituted diphthalocyanine 
complexes 

Corn- Wave -Et/z/~r n a neor b 
pound t 

Reduction 

Pct2Lu(g) 1 -0.01 0.49 0.83 
2 t.09 0.53 0.90 

pct2Dy(g) 1 -0.04 0.57 0.97 

pct2Pr(g) d 1 -0.17 0.30 0.51 
2 0.90 0.25 0.49 

Pct2Lu(b) ] 0.62 0.35 0.56 
2 1.02 0.40 0.68 
3 1.38 0.33 0.56 

Pct2Dy(b) 1 0.62 0.16 0.27 
2 0.96 0.21 0.36 

Oxidation 

Pct2Lu(g) 1 0.35 0.50 0.85 
2 t .48 0.47 0.80 

Pct2Dy(g) 1 0.38 0.61 1.03 

pct2Pr(g) a t 0.52 0.32 0.54 
Pct2Lu(b) 1 0.24 0.30 0.5l 

2 0.58 0.28 0.47 
3 1.18 0.32 0.54 

Pc~2Dy(b) I 0.31 0.16 0.27 
2 0.64 0.17 0.29 
3 t.16 0.27 0.46 
4 1.55 0.20 0.34 

No~e. Experimental conditions: Pt electrode; MeCN; 
0.05 MBun4NBF4; Ag[AgCIIKCI; v = 20 mV s-t; o = 
2280 rpm; 20 ~ 
a n  is the number of electrons participating in the 
process calculated by the ferrocene/ferricinium pair. 
b nr is the corrected number of electrons taking into 
account the differences in the diffusion coefficients of 
the diphthalocyanine complex and ferrocene (see text). 
c pct2Ln(g) is the green form of the lanthanide octa-tert- 
butylsubsfituted diphthalocyartine complex; Pct2Ln~) is 
the blue form. d MeCN--DCB (1 : 1) rnLxture. 

thickness of the solvate shell of the species. It was 
shown 28 that for compact species, whose central ion is 
well shielded from the tight interaction with solvent 
molecules, the van der Waals radius of the species can be 
used as the effective radius. The van der Waals radius for, 
e.g., cobaltocene was calculated as the arithmetic mean 
between the min imum and maximum distances from the 
ion center to its van der Waals surface. ~ Using this 
approach, we calculated the theoretical n values for 
pct2Lu, pct2Pr, and pctH2, which could be obtained from 
the RDE method in the case of one-electron processes. 
Like ferrocene, these molecules can be approximated by 
cylinders, whose diagonal and height were calculated by 
the molecular mechanics method. The average value 
between the half-diagonal and half-height of the cylinder 
was taken as the effective radius (Table 3). The n values 
thus calculated are equal to 0.59 for pct2Lu and pct2Pr 

Table 3. Data of calculations of molecular sizes by the 
molecular mechanics method (molecules approximated by 
cylinders) 

Compound Cylinder Cylinder reff/~ 
diagonal/A height/A 

pct2Lu 24.7 12.8 9.4 
Pet2Pr 24.8 12.9 9.4 
pctH2 22.7 6.4 7.3 
Cp2Fe 9.9 7.4 4.3 

and 0.70 for PctH2. These values correlate fairly well with 
the experimental data obtained (see Table 2), including 
those for pctH2, whose n value for the first and second 
reduction processes in CH2C12 is -0.7. 

Thus, the data obtained by the RDE method support 
the one-electron character of the redox transitions un-  
der study. The comparison of the peak heights of differ- 
ent redox processes, which were obtained by the CVA 
method (see Fig. 1), shows that they are almost equal. 
This allows us to conclude that the redox transitions at 
high anodic and cathodic potentials, which cannot  be 
observed directly by the RDE method, are also one- 
electron. 

However, as can be seen in Table 2, the n values 
obtained for the blue forms are somewhat lower than 
those for the green forms of pct2Ln. These results agree 
with the data of previous studies, 13 according to which 
the number of electrons for the blue form of pct2Lu is 
equal to 0.5. The reason for this difference from the 
green forms is still unclear. 

Monophthatocyanines and diphthalocyanines (more 
rarely) are known to be capable of forming dimers, 
aggregates, or associates conta in ing  solvent  mol-  
ecules, z9,3~ For example, phthaloeyanine ligaads can be 
bound by hydrogen bonds (through a solvent molecule) 
or by overlapping n-systems of two rings, z9 A change in 
the Q band in the electronic absorption spectrum of the 
phthalocyanine complex z9,3~ and distortion of the Lam- 
be r t -Bee r  law can be a criterion for the occurrence of 
the aggregation process. When aggregates are formed, 
the Q band is broadened and shifted to the short-wave 
region as compared to the monomer, z9,3~ As a rule, the 
phthalocyanine complexes can exist only as monomers 
when the concentrations are lower than 10 -6 tool L - i .  
When the concentration of the phthalocyanine com- 
plexes is from 10 -6 to 10 -4 tool L - l ,  a mLxture of the 
monomer, dimer, and tetramer is present in the solu- 
tion, and the higher degree of aggregation is observed 29 
only when the concent ra t ions  are greater than 
10 -2 rnol L -l .  An increase in the ionic strength of the 
solution also increases the probability of aggregation, z9 
In this work, the electrochemical properties of the 
diphthalocyanine complexes were studied at concentra- 
tions of the complexes of 8" 10-5--8" 10 -4 tool L - I  
and in the presence of the supporting electrolyte 
Bun4NBF4. These conditions are favorable for the for- 
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mation of associates. Nevertheless, using the green form 
of  Pct2Pr in the M e C N - - C H 2 C I  2 (4 : 1) mixture as an 
example, it was shown that in the concentration range 
from 5 -10  -7 to 10 -4 tool L - l ,  the electronic absorp- 
tion spectra were almost identical and obey the Lam- 
b e r t - B e e r  law. Therefore, under the conditions studied, 
no aggregates of  the starting complex are formed. 

The tendency to aggregation also depends on the 
oxidation state of  the central metal ion and the total 
charge of  the complex. However, since the parameters of 
the CVA peaks (the difference between the potentials and 
the ratio of the heights of the anodic and cathodic peaks 
of the redox pair) are fairly close for all electrochemical 
processes observed in the complexes studied, it can be 
assumed that under these conditions, neither oxidized nor 
reduced forms of  the complexes are aggregated. 

Various oxidized and reduced states of  the green 
form of pct2Lu were studied by electron absorption 
spectroscopy. 

Reduction. The anionic blue form (pct2Lu) - was 
generated at the potential  o f - 0 . 5  V. The electronic 
absorption spectrum contains the absorption at 336, 624, 
and 702 nm, in agreement  with the published data. 14 It 
was rather difficult to perform the complete two-elec- 
tron reduction. Nevertheless, the prolonged electrolysis 
at the potential  of  - 1 . 3  V made it possible to detect the 
formation of  a dark-blue solution of  (pct2Lu) 2- with 
absorption at 331 and 644 nm. The absorption bands 
observed agree well with the data obtained 11 for 
(Pc~Lu) 2-. We were not able to detect the spectrum of 
the violet (pct2Lu) 3- trianion after the three-electron 
reduction of  Pc:2Lu because of  the high sensitivity of  the 
tricharged anion to dioxygen. 

Oxidation. Absorption bands at 314, 352, 485, 617, 
and 697 nm are present in the electronic spectrum of 
the red-brown cationic (Pct2Lu) + form generated at the 
potential of  +1.0 V, which agrees with the published 
da ta )  4 We were able to obtain for the first t ime the 
electronic spectrum of the two-electron oxidation prod- 
uct, Le., (pct2Lu) 2+, formed during the electrolysis at 
high anodic potentials  (Fig. 2). This yellow form ob- 
served for the first t ime is characterized by the absorp- 
tion at 407 nm. 

Subsequent electrolysis at the same potential results 
in the disappearance of  the absorption at 407 nm and a 
decrease in the intensity of  the color of  the solution (see 
Fig. 2). The repeated electrolysis of  the obtained solu- 
tion at a potent ial  of  +0. I V does not result, as follows 
from the spectrum,  in the formation of the pure green 
form of  Pct2Lu. Along with pct2Lu, the solution con- 
tains a substance with absorption maximum at 673 nm. 
The study of  the  electrolysis solution by CVA showed, in 
addition to the peaks characteristic of  the green form of 
Pc~2Lu, a new reversible pair  at -1 .26  V and an irrevers- 
ible oxidation peak at +1.18 V. 

Thus, it can be assumed that the second oxidation 
process is reversible only in the t ime scale of  the CVA 
method (the existence of  the reverse peak), but the 

D 

0.8 

485 
407 ~ 696 

500 700 ?~/nm 

Fig. 2. Change in electronic spectra during oxidation of the 
red-brown form (Pct2Lu)*: 1, (pct2Lu) * (red-brown); 
2, (Pct2Lu) 2+ (yellow) with admixture of incompteteIy oxi- 
dized (Pct2Lu)+; 3, continuation of electrolysis at the same 
potential: (pct2Lu) 2+ enters irreversible chemical reactions. 

(pct2Lu) 2+ formed in the so lu t ion  enters irreversible 
chemical reactions. 

The substantial t ransformation of  the electronic spec- 
trum, which occurs during electrolysis  at the  potential of 
the second oxidation wave of  pct2Lu, suggests that the 
electronic changes in this process  are localized on a 
ligand, because their  local iza t ion on a metaL, i.e. the 
change in its oxidation state should  lead to only slight 
shifts of  the absorption bands. 2~ 

Computer simulations. The Pc2Y molecule  was cal- 
culated by the semiempirical  Z I N D O / 1  method 21,2z to 
reveal the electronic structures o f  diphthalocyanines and 
their reduced and oxidized forms.  Since the Z I N D O / I  
method was not parametrized For lanthanides,  yttrium, 
which is close to lanthanides (especia l ly  to lutetium) in 
properties, was taken as the cen t ra l  atom. The Pc~_Y 
molecule consists of  113 a toms  and 371 valence elec- 
trons and has 361 atomic orbitals .  The structure ob- 
tained after the prel iminary op t imiza t ion  by the molecu- 
lar mechanics method is p resen ted  in Fig. 3 in two 
projections. It qualitatively cor responds  to the results of 
the X-ray diffraction study pe r fo rmed  for some lan- 
thanide diphthalocyanine complexes  [the phthalocya-  
nine rings are nonplanar, the d i s tance  between the rings 
along the line passing through t h e  metal  a tom is 3.05 ,~. 
(cf. Refs.: 3.00 A for Pr, 31, 2.69 A for Lu, 32 and 2.94 A 
for Nd 33)] and to the data ob ta ined  using the Hfickel 
method for the lanthanide d iphtha locyanine  complexes, z6 
However, according to our ca lcula t ions ,  the twisting 
angle of  the rings relative to o n e  another  is only 22.7 ~ 
(see Fig. 3), rather than 45--38 ~ as  obtained 31-33 by the 
X-ray diffraction study of  the Pc2Ln crystals. 
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Fig. 3. Structure of the Pc2Y molecule (in two projections) 
optimized by the molecular mechanics method. 

Table 4. Energies of frontier orbitats and heats of formation of 
neutral and ionic forms of Pe2u Pc2YH, and Pert 2 calculated 
by the ZINDO/1 method 

Corn- Charge e HOMO e LOMO A~fHa/kcal tool -1 
pound (q) /eV 

Pc2Y -4  10.2 15.8 608 
-3  8.5 11.I 364 
-2  5.3 8.4 156 
-1 0.4 6.4 22 

0 -2.7 3.6 0 
1 - 4 . 6  - 1 . 6  48 
2 -7.7 -4.7 144 
3 -14.5 -6.7 310 

Pc,oYH - 4  11.3 15.2 643 
-3  7.3 12.8 356 
-2  4.9 8.9 178 
-1  1.2 6.5 45 

0 -2.1 4.8 0 
1 -5.3 0.4 30 
2 -7.7 -4.3 146 
3 -11.5 -6.7 307 

PcH 2 - 4  12.6 17.0 
-3  9.3 13.9 
-2  5.6 10.2 
-1 1.2 7.4 

0 -2.9 3.l 
1 -6.3 -0.5 
2 -13.3 -5.4 
3 -16.8 -8.9 
4 -20.1 -15.5 

a hAtH is the difference between the heats of formation of the 
complex with charge q and the neutral complex (q = 0). 

It is of interest that when the y3+ ion is removed and 
the rings remain at the same distance from one another 
as in the Pc2Y complex, optimization of the geometry of 
the remaining structure leads to planar rings, which are 
twisted up to an angle of 45 ~ . Thus, it is the central 
metal ion which determines the geometry and the twist 
of the rings. 

The neutral molecule, mono- ,  di-, tri-, and tetra- 
anions, and mono- ,  di-, and trieations were calculated. 
It was assumed that the geometry of the molecule 
remained unchanged on going to the oxidized and re- 
duced ionie forms. This is evident from the fact that in 
the cyclic voltammograms of the Lu, Dy, Sin, and Pr 
complexes studied, all observed redox transitions are 
reversible, and the distance between the anodic and 
cathodic peaks has either the theoretical or close to 
theoretical value (not greater than 100 mV), i.e., struc- 
tural changes occurring during ionization are not  great. 

The results of the calculations are presented in 
Table 4. As the negative charge of the complex in- 
creases or the positive charge decreases, the energies of 
the frontier HOMO ad LUMO orbitals regularly in- 
crease, which corresponds to the conclusions of the MO 
theory. 

As should be expected, the heat of formation of the 
ions increases as the charge increases. 

The electron density for the neutral molecule is 
maximum near the pyrrole N atoms, the spin density is 
distributed over the both rings, and the pattern of the 
electrostatic potential corresponds to the "the y3+ cation 
in the field of eight nitrogen atoms (SN) 3-" approxima- 
t ion (Fig. 4). 

The results of measuring Ep presented in Table 1 
show that the effect of lanthanide on the potential of the 
same redox transition is considerably lower than the 
difference between the potentials of subsequent redox 
transitions of the same metal. This is supported by the 
assumption that the yttrium complex can serve as a 
model system for analysis of data obtained for lan- 
thanide complexes. 

The HOMO energies of (Pc2Y) "• were compared to 
the standard redox potentials (E ~) of the pct2Ln (Ln = 
Lu, Dy, Sm, and Pr) lanthanide complexes calculated as 
the average between the experimental potentials of the 
direct and reverse peaks of the given redox transitions 
(see Table 1). 

According to Koopmans" theorem, the value of the 
HOMO energy (taken with the opposite sign) of the 
next more reduced form with the +(n  - 1) or - ( n  + l) 
charge was accepted as the electron affinity of the 
particle with the +n  charge, for example, 

EA (Pc2Y') 0 -- - e  HOMO (Pc2Y)I- , 

EA (Pc2Y) 1+ = - e  HOMO (Pc2Y) ~ 

The correlation between the redox potentials of the 
lanthanide complexes and the calculated H O M O  ener- 
gies of the neutral and ionic (Pc2Y) n• forms are pre- 



2042 Russ.Chem.Bull., 1Iol. 46, No. 12, December, 1997 Magdesieva et al. 

Fig. 5. Correlation between redox potentials of green and blue 
forms of pct2Ln and HOMO energies of neutral and ionic 
forms of (Pc2Y) m+,n'- (m = 0, 1, 2, 3; n = I, 2, 3, 4) 
calculated by the ZINDO/1 method. Solid line corresponds to 
green forms, and the dotted line corresponds to blue forms. 

Fig. 4. Electron density (a), spin density (b) and electrostatic 
potential of Pc2Y (c) calculated by the ZINDO/I  method. 

sented in Fig. 5. It is seen that the l inear  correlation 
between E ~ and E H~176 is observed for both the blue and 
green forms with correlat ion coefficients of  0.9807 and 
0.9873, respectively, but with a s teeper  slope of  the line 
for the blue form. Thus, the Pc2Y formula can serve as 
an approximation for quan tum-chemica l  calculations of 
both blue and green forms of lanthanide  diphthalocyanine 
complexes. 

We also calculated the  Pc2YH yt t r ium complex (and 
its ionic forms) containing an addit ional  hydrogen atom 
bound to one of  the pyrrole N atoms; this structure has 
been proposed previously for the lanthanide diphthalo-  
cyanine complexes, (see, e.g., Ref. 18). The correlation 
between the redox potentials  of  the lanthanide com- 
plexes and calculated H O M O  energies of  the neutral 
and ionic (Pe2YH) ~-+ forms presented in Fig. 6 is simi- 
lar to that presented in Fig. 5. As is seen in Fig. 6, a 
linear correlation between E ~ and the eHOMO energy of  
particles with charge, which is more negative per  unit, 
with correlation coefficients of  0.9917 and 0.9880, re- 
spectively, is also observed for the blue and green forms 
of the complexes. 

Thus, the use of  the Pc2Y and Pc2YH formulas in 
quantum-chemical  calculations does not  allow one to 

Fig. 6. Correlation between redox potentials of green and blue 
forms of pct2Ln and HOMO energies of neutral and ionic 
forms of (Pc2YH) m+,n- (m = 0, 1, 2, 3; n = 1, 2, 3, 4) 
calculated by the ZINDO/I method. Solid line corresponds to 
blue forms, and the dotted line corresponds to green forms. 

distinguish and approximate unambiguously  the blue 
and green forms of  pct2Ln. 

Calculations of  frontier orbitals  of the neutral and 
ionic forms of  Pc2Y showed tha t  they are mainly local- 
ized on the ligands, Le., the contr ibution of the d-orbitals 
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Fig. 7. Frontier orbitals of the anionic (Pc2Y)- form calcu- 
lated by the ZINDO/1 method: HOMO (a) and LUMO (b). 

of a metal is very small. The frontier orbitals of the 
anionic (Pc2Y)- form are shown in Fig. 7. These results 
are in accordance with the fact that the participation of 
the ligands was determining for the previously known 
redox processes of the lanthanide diphthalocyanine com- 
plexes 1~176 and with the data obtained previously 
for Pc2Ln using the extended H~ckel method. 26 
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