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Correlations between electrochemical and spectral properties
of alkyl-substituted diphthalocyanine lanthanide complexes
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The electrochemical behavior and spectral properties of a series of symmetrical
2,3,9,10,16,17,23,24,2°,37,9°,107,16",17",23",24 " -hexadecaalkyl-substituted lanthanide com-
plexes (RgPc),Ln (R = H, Me, Et, Bu"; Ln = Eu, Dy, Lu) were studied. Regularities of
changing the parameters under study were established, depending on the nature of lanthanide
and substituents in the phthalocyanine macroligands. The position of the intervalence band of
the complexes in the near-IR region depends on the effective distance between the macroligands
and also on the electronic effect of the substituents. Correlations between the electrochemical
and spectral properties of the complexes were found.
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Practical use of lanthanide diphthalocyanine com-
plexes is largely due to their unique redox properties.!
Modification of the complex structure makes it possible
to vary their electrochemical behavior? and, therefore, it
seems important to study a "structure—property" rela-
tionship. It has previously been shown3 that the nature of
the central metal ion is a structural factor which deter-
mines the properties of diphthalocyanine complexes, be-
cause it specifies a certain distance and, correspondingly,
the degree of m—m-interaction of two phthalocyanine
macroligands. The nature of substituents in the phthalo-
cyanine macrocycles also exerts a substantial effect on the
properties of the diphthalocyanine complexes. The earlier
works studied the influence of the strongly different sub-
stituents on the potentials of redox transitions for both the
mono-4 and diphthalocyanine complexes.2 The sums of
the Hammett constants of the substituents were used as
quantitative characteristics describing the substituent ef-
fect. However, the properties of the diphthalocyanine
complexes containing substituents similar in nature have
not virtually been studied up to recently. Such complexes
are exemplified by diphthalocyanines containing, in par-
ticular, substituents with different carbon chain lengths.

The purpose of this work is to study the electro-
chemical and spectral properties of symmetrical
2,3,9,10,16,17,23,24,27,37,97,107,16",17°,23",24 " -hexa-
decaalkyl-substituted lanthanide diphthalocyanine com-
plexes (RgPc),Ln (R = Me, Et, Bu"; Ln = Eu, Dy, Lu)

and a change in the corresponding parameters, depending
on the complexing lanthanide and substituents in phthalo-
cyanine macroligands.

Results and Discussion

The electrochemical behavior of the complexes was
studied by cyclic voltammetry (CV) on a graphite working
electrode. The CV curve of the hexadecabutyl-substituted
europium complex is presented in Fig. 1. Five redox tran-
sitions of the complexes under study are observed in the
potential region accessible for measurements: two transi-
tions in the oxidation region (/ and 2) and three transi-
tions in the reduction region (3, 4, and 5). Their poten-
tials for different complexes are presented in Table 1. The

Fig. 1. Cyclic voltammogram of (Bu"gPc),Eu (graphite electrode,
0-DCB; 0.15 M Bu"\NBF,; Ag|AgCl; v =200 mV s=1: 20 °C).
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Table 1. Potentials of the redox transitions for the symmetrical
alkyl-substituted lanthanide diphthalocyanine complexes?

Complex R¥*/A E\ b /v

Oxidation

Reduction

1 2 3 4 5

(Bu"gPc),Eu .13 050 1.53 0.11 —-1.06 —1.53
(Bu"gPc),Dy 1.07 0.48 1.58 0.07 —-1.06 —1.53
(Bu"gPc),Lu  0.99 044 1.64 001 -1.08 —1.54
(EtgPc),Lu 099 043 1.63 0.01 -1.08 —1.54
(MegPc),Lu 099 045 1.63 0.04 —-1.08 —1.50
Pc,Lu¢ 099 053 1.64 0.13 —-1.02 —1.37

@ Graphite electrode; o-DCB; 0.15 M Bu",NBF,; Ag|lAgCl;
y =200 mVs~1; 20 °C.

b Arithmetic mean of the forward and reverse peaks. The mea-
surement accuracy is =0.005 V.

¢0-DCB : MeCN = 1: I; Pt electrode.?

redox transitions of the complexes under study are elec-
trochemically quasi-reversible: for them the potential dif-
ferences between the forward and reverse peaks in the CV
curve lie within 60—130 mV. The exceptions are the sec-
ond reduction process of the ethyl- and butyl-substituted
complexes. The differences of the potentials between the
forward and reverse peaks for these processes achieve
220 mV.

It is known! that the redox transitions of the diphthalo-
cyanine complexes are accompanied by a substantial
change in their electronic absorption spectra (EAS). We
determined the spectral characteristics of both the com-
plexes and their first redox forms in o-dichlorobenzene
(Table 2). The character of the EAS of the redox forms of
the complexes under study (Fig. 2) is typical of the lan-
thanide diphthalocyanine complexes!-2 and indicates that
one electron is involved in the first redox processes with
localization of electronic changes on the phthalocyanine
macrocycles®5—7 (Scheme 1).

The nature of the central metal atom is an important
structural factor affecting the electrochemical and spec-

26 22 18

v+103/cm™!

Fig. 2. Electronic absorption spectra of the neutral (7), re-
duced (2), and oxidized (3) forms of (Bu"gPc),Lu generated at
potentials of —0.6 and +1.0 V (vs. Ag|AgCl) at the Pt electrode in
0-DCB against 0.15 M Bu",NBF,.

Scheme 1

[(RgPc™ " )Ln3*(RgPc27)1°

[(RgPc™"),Ln3*1* [(RgPc?7),Ln3"]"

R =H, Me, Et, Bu"; Ln = Eu, Dy, Lu

tral properties of the lanthanide diphthalocyanine com-
plexes. It has previously? been shown that the arrange-
ment of molecular orbitals (MOs) in the lanthanide
diphthalocyanine complexes, which determines their elec-
trochemical behavior, can be considered to a rather well
approximation as a result of the interaction of the MOs of
the phthalocyanine macroligands. In this case, the role of
the metal ion is reduced, to a considerable extent, to the
specification of a certain distance between the ligands. In
fact, when the lanthanide ion radius decreases, the
n—mn-interaction of the macroligands increases, thus in-
creasing the splitting of their frontier orbitals (Fig. 3). The
energy of the a, MO of the complex, which determines

Table 2. Maxima of the electronic absorption spectra for the neutral, oxidized, and reduced forms of the symmetrical
alkyl-substituted lanthanide diphthalocyanine complexes in o-DCB

Complex Amax"/Nm

(*Pc,Ln)* (*Pc,Ln)? (*Pc,Ln)~
(Bu"gPc),Eu  366; 507; 648; 732 357; 494; 602 sh; 617; 661 sh; 691 347; 548; 587 sh; 651; 698 sh
(Bu"gPc),Dy  365; 504; 644; 721 355; 489; 595 sh; 614; 652 sh; 684 345; 539; 585 sh; 646; 707 sh
(Bu"gPc),Lu  361; 494; 636; 709 351; 478; 585 sh; 608; 644 sh; 674 345: 530; 578 sh; 637; 711
(EtgPc),Lu 361; 493; 636; 707 351; 479; 584 sh; 606; 644; 673 344; 521; 575 sh; 632; 712
(MegPc),Lu 359; 493; 636; 704 350; 473; 583 sh; 606; 641 sh; 672 343; 575 sh; 632; 702
Pc,Lu 358; 487; 699 344; 459; 576 sh; 596; 633 sh; 660 336; 563 sh; 618; 702

* The most intense absorption bands are underlined.
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Fig. 3. Schematic correlation diagram of molecular orbitals
of Pc,Ln.

the first oxidation and reduction processes, increases and,
correspondingly, the energy of the next occupied b; MO
responsible for deeper oxidation processes decreases.3 The
influence of the lanthanide ion radius on other MOs in
the complex is much weaker.3 The plots of the redox
potentials of the hexadecabutyl-substituted lanthanide
diphthalocyanine complexes vs. radius of the central com-
plex-forming metal ion are shown in Fig. 4. The values of
the first oxidation and reduction potentials of the com-
plexes increase linearly with an increase in the central
metal ion radius with gradients of 0.43 and 0.72 V/A,
respectively (correlation coefficients R = 0.9942 and

Eyp/V
6 I Lu Dy Eu
1. Ox2
08
Lu Dy Eu Ox!
Dk
O -
—0.8 |
Lu Dy Eu Red?
Lu Dy Eu Red?
—1.6L . . .
1.02 1.08 1.14 R3*/A

Fig. 4. Effect of the central metal ion radius on the redox transi-
tion potentials of the hexadecabutyl-substituted lanthanide
diphthalocyanine complexes.

0.9995). The resulting gradients are somewhat lower than
those typical of the lanthanide diphthalocyanine com-
plexes, usually being 0.6—1.6 V/A.2:8:9 The potentials of
the second oxidation of the complexes also change lin-
early, depending on the lanthanide radius (gradient
0.78 V/A, R = 0.9996), but with a negative slope (see
Fig. 4). This agrees with a decrease in the energy of the
b; MO with an enhancement of the interaction between
the macroligands (see Fig. 3).

According to the spectral characteristics of the com-
plexes, an increase in the complexing metal ion radius
results in the bathochromic shift of absorption bands of
both the neutral and the first oxidized and reduced redox
forms (see Table 2). The exception is the long-wave com-
ponent of the split Q band of the reduced forms of the
complexes corresponding to the permitted state [CR+>,
which appears due to the interaction between the equiva-
lent phthalocyanine macroligands Pc2~.10:11 This absorp-
tion band exhibits a hypsochromic shift with the radius
increase (see Table 2), which is in a good agreement with
the earlier published data.2-12:13

Since both the electrochemical and spectral proper-
ties of the complexes are determined by the arrangement
of their MOs, they should correlate, probably, with each
other at least if they are related to the same orbitals. As
already mentioned, the first oxidation and reduction pro-
cesses of the diphthalocyanine complexes include the
elimination and addition of an electron to the singly oc-
cupied a, MO. As a spectral transition involving this or-
bital, we can accept the absorption band of the neutral
forms of the diphthalocyanine complexes at 460—490 nm
(see Table 2). This absorption band is caused3 by the
electron transition from the occupied e, orbital to a,. The
plots of the potentials of the first redox transitions of the
butyl-substituted diphthalocyanine complexes under study
vs. wave number of this spectral band are presented in
Fig. 5. These values well correlate linearly with correla-

Ep/V
Eu
o Lu Me H
0.4 Et #-Bu
0.2F
E
u Dy -
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) Et nl—Bu )
20.5 21.0 21.5 v-1073/cm™!

Fig. 5. Correlations between the potentials of the first redox
transitions of the alkyl-substituted lanthanide diphthalocyanine
complexes and the wave number of the absorption bands of the
complexes at 460—490 nm.
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tion coefficients of 0.9995 and 0.9944 for the oxidation
and reduction processes, respectively. The slopes of the
straight lines are negative and equal to —0.71 and —1.17
when both magnitudes are expressed in energy units. In
fact, when the ion radius decreases on going from eu-
ropium to lutetium, the redox transition potentials shift to
the cathodic region simultaneously with an increase in
the energy of the a, MO. The energy of the e; MO also
increases due to the interaction similar to that schemati-
cally shown in Fig. 3 but lower in value. Correspondingly,
the energy of the spectral transition from the e, to a, MO
increases.

Thus, in the first part of the present study, we consid-
ered the regularities of changing the electrochemical pa-
rameters and spectral properties of the alkyl-substituted
complexes containing lanthanides of different nature.

The second part of the study concerns the properties
of the complexes of the same lanthanide, namely, lute-
tium, at different lengths of the alkyl substituent chain in
the benzene rings of the phthalocyanine macrocycles. In
the series of the studied complexes, an increase in the
alkyl chain length shifts the potentials of their redox tran-
sitions to the cathodic region (see Table 1). This shift is
caused by an increase in the electron-donor c-effects of
the substituents. The most substantial change in the redox
potentials was observed on going from the unsubstituted
to methyl-substituted complex. The potentials of the ethyl-
and butyl-substituted complexes are almost the same.

The regularities of changing the spectral properties of
the diphthalocyanine complexes under study with an elon-
gation of the alkyl radical can be monitored by the data
presented in Table 2. An increase in the electron density
on the phthalocyanine macrocycles with an enhancement
of the o-electron-donor effect of the alkyl substituents
increases the energy of the orbitals in the complexes. How-
ever, the energies of the occupied MOs increase more
greatly than the energies of the free orbitals and, there-
fore, the energies of the spectral transitions decrease and
the absorption bands undergo bathochromic shifts (see
Table 2). As in the case of electrochemical parameters,
the greatest change in the spectral properties is observed
on going from the unsubstituted to methyl-substituted
complex. The electronic spectra of the ethyl- and butyl-
substituted complexes differ insignificantly.

The position of the so-called intervalence band lying
in the near-IR region of the electronic absorption spectra
of the neutral forms of the complexes is a characteristic
that changes most remarkably with a change in the lan-
thanide radius. This band is usually ascribed to the elec-
tron transition between the b; and a, MOs of the com-
plexes (see Fig. 3).3:14 The central metal ion size exerts
the most noticeable effect on the energy of precisely these
orbitals,3 and the position of the band can be considered
as a quantitative characteristic of the t—mn-interaction of
the phthalocyanine macroligands. For example, the posi-

1.0}
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Fig. 6. Electronic absorption spectrum of (EtgPc),Lu in the
near-IR region (CHCl).

tion of the intervalence band of the octa-fert-butyl-sub-
stituted lanthanide diphthalocyanine complexes for the
beginning and end of the series differ by more than
700 nm.15 The influence of the substituent nature in the
phthalocyanine macrocycles on the energy of this spectral
transition was not studied. It can be assumed that this
energy should depend not only on the distance between
the phthalocyanine macroligands but also on the elec-
tronic effects of the substituents. The spectral properties
of the alkyl-substituted diphthalocyanine complexes in
the near-1R region were studied. The absorption spec-
trum in this region of the ethyl-substituted lutetium com-
plex is presented in Fig. 6. The absorbance at 11 000 cm™!
is caused by the excitation of an electron to the a,, orbital
inside the same oxidized phthalocyanine macroligand
Pc~" (see Fig. 3) and is characteristic of all species con-
taining this macroligand, including the neutral forms of
the lanthanide diphthalocyanine complexes.1® The shape
of the intervalence band at 6000—9000 cm~! is similar
for the whole series of the alkyl-substituted lutetium
complexes under study. The main maximum of
the intervalence band lies at 6880 ((Bu"Pc),Lu),
6920 ((EtgPc),Lu), 6960 ((MegPc),Lu), and 7100 cm~!
(Pc,Lu). Evidently, an elongation of the alkyl chain re-
sults in the bathochromic shift of the intervalence band,
whose position differs more substantially for the unsub-
stituted and methyl-substituted complexes. It seems im-
probable that this regularity can be explained by only
steric hindrance for bringing together the phthalocyanine
macroligands, because such a hindrance would be ob-
served for the complexes of the series considered contain-
ing bulkier alkyl radicals. However, a similar effect was
observed for changing the electrochemical parameters of
the complexes and their EAS in the visible region (see
Tables 1 and 2). In the general case, the enhancement of
the electron-donor influence of the substituents should
increase the energy of the occupied by orbital more sub-
stantially than the energy of the singly occupied a, or-
bital, and the spectral transition energy should decrease.
It is most likely that this energy is affected by the elec-
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tronic effects of the substituents. Although it seems quite
possible that the position of this band in the series of the
complexes considered is additionally determined by the
steric effects of the substituents too.

Let us consider the correlations between the electro-
chemical parameters and spectral properties of the di-
phthalocyanine complexes containing different alkyl sub-
stituents. The plots of the potentials of the first redox
transitions for the alkyl-substituted lutetium complexes
vs. wave number of the absorption bands of their neutral
redox forms at 460—490 nm are presented in Fig. 5. We
found the linear correlations with correlation coefficients
of 0.9916 and 0.9988 for the oxidation and reduction
processes, respectively. The slopes of the straight lines
expressed in energy units are positive and equal to 0.87
and 1.09. An increase in the electron density on the ph-
thalocyanine macrocycles due to an enhancement of the
electron-donor effects of the substituents should increase,
in fact, the energy of the singly occupied a, MO and shift
the redox transitions of the complexes to the cathodic
region. However, the energy of the completely occupied
e, orbital donating an electron for the spectral transition
under discussion should increase more substantially than
the energy of the partially occupied a, orbital, and the
wave number of the absorption band should decrease.

The correlations presented in Fig. 5 differ for two
structural factors: the central metal ion radius and elec-
tronic effects of the substituents. If they are considered in
a more general form, this implies that the influence of
these two factors determining the properties of the com-
plexes can be generalized in the same system of coordi-
nates. Note that the factor initially considered as the lan-
thanide ion radius should be treated as an effective dis-
tance between the phthalocyanine macroligands, i.e., it is
determined by the metal ion size and also by the substitu-
ents in the phthalocyanine macrocycles creating steric
hindrance.

Thus, the study of the electrochemical and spectral
characteristics of the alkyl-substituted lanthanide di-
phthalocyanine complexes revealed the following regu-
larities.

An increase in the central metal ion radius shifts the
first oxidation and reduction processes of the complexes
to the anodic direction, while the second step of their
oxidation is shifted to the cathodic one. The EAS band of
the complexes exhibits the bathochromic shift.

A linear correlation with a negative slope was found
between the redox potentials of the complexes of different
lanthanides and the energies of their spectral transition at
460—490 nm.

An increase in the electron-donor ability of the sub-
stituents shifts the redox potentials to the cathodic direc-

tion and results in the bathochromic shift of the absorp-
tion maxima of the complexes.

The intervalence band of the complexes in the near-
IR region undergoes the bathochromic shift with an elon-
gation of the alkyl substituent chain. Its position is deter-
mined by the effective distance between the phthalocya-
nine macroligands and also by the electronic effect of the
substituents.

A linear correlation with a positive slope was observed
between the redox potentials of the complexes containing
different substituents and the energies of the spectral tran-
sition at 460—490 nm.

Experimental

The complexes were synthesized according to previously de-
veloped procedures.!”

Prior to use, o-dichlorobenzene (o-DCB) (Aldrich, HPLC
grade) was passed through a column with neutral Al,O3; and
Bu",NBF, (Aldrich) was twice recrystallized from PriOH (spe-
cial purity grade) and dried in a vacuum desiccator at 110 °C.

Electrochemical measurements were carried out on an
IPC-Pro potentiostat using a three-electrode scheme on a
graphite electrode (pyrolyzed polyacrylonitrile, specific sur-
face 12 m?g=!, m ~0.5 mg) in 0.15 M Bu"yNBF, in 0-DCB at
20 °C. The concentration of the complexes under study was
104 mol L~!. A Pt plate served as the counter electrode, and an
Ag|AgCl electrode was used as the reference electrode. Oxygen
was removed from the cell with a dry argon flow. Voltammetric
curves were detected by the CV method at a scan rate of
200 mV s~!. Measurements were carried out using the apparatus
IR compensation. The electrolyte resistance of the /R compen-
sation was calculated by the shift of the anodic and cathodic
peaks of ferrocene oxidation: (E° — E?) — 0.059 = IR, where E°
and E? are the potentials of the cathodic and anodic peaks of
ferrocene oxidation, respectively (/ is the sum of currents of the
cathodic and anodic processes, and R is the electrolyte resis-
tance).

The reduced and oxidized forms of the phthalocyanine com-
plexes in solution for spectral electrochemical studies were gen-
erated using a P-5827 potentiostat in the potentiostatic regime
at 20 °C in a quartz cell with anodic and cathodic spaces divided
with a porous glass membrane. The cell was connected with the
potentiostat by the three-electrode scheme. The working elec-
trode was a Pt grid with a surface area of ~9.7 cm2, and 0.15 M
Bu"yNBF, in 0-DCB served as the supporting electrolyte. A Pt
plate was used as the counter electrode. Potential values were
specified relatively to an Ag|AgCl electrode. The concentration
of solutions of the complexes under study was 10~ mol L.
A dry argon flow was used to stir a solution in the cell during
electrolysis and remove oxygen. Electronic absorption spectra of
the electrochemically generated redox forms of the complexes
were recorded directly in the cell on a Specord UV VIS spectro-
photometer (Carl Zeiss) at 30 000—12 500 cm~! (333—800 nm)
using 0.15 M Bu",NBF, in the same solvent as the reference
solution.

Absorption spectra of the complexes in the near-IR region
were recorded on a Specord NIR-61 spectrometer (Carl Zeiss)
in a range of 13 500—3500 cm~! (740—2850 nm) in chloroform.
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