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Some Properties and Molecular Orbitals of Planar Heterodinuclear
Phthalocyanines
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The electronic absorption and magnetic circular dichroism
(MCD) spectra, and differential pulse (DP) voltammograms
of planar heterodinuclear phthalocyanine (Pc) dimers con-
sisting of Pc and pyrazinoporphyrazine (PyZ), [Mt,PcPyZ
(Mt = H, and Zn)] and of Pc and naphthalocyanine (Nc),
[Mt,PcNe (Mt = H, and Co)] have been recorded. These
dimers commonly show broad absorption bands between ca.
500 and 1000 nm, while the DP voltammograms suggest that
the dimers are unstable towards oxidation, and that the two
relatively independent chromophore units interact with one
another. Molecular orbital (MO) calculations using the
ZINDO/S Hamiltonian were performed in order to enhance

the interpretation of the experimental results. Dimer orbitals
were expressed by coupling the orbitals of the same sym-
metry, of the constituting mononucleates. It was suggested
that for the HOMO of the dimers, the contribution of the
more electron-rich moiety is large, while conversely for the
LUMO, the contribution of the more electron-deficient moi-
ety is large. The calculations suggested that there are three
prominent transitions in the Q band region of the heterodi-
mers. The intensity and position of these bands were sug-
gested to be affected by the constituting mononucleates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

For three quarters of a century, mononuclear phthalocy-
anines (Pcs) have been the subject of an intensive study in
both the academic and applied fields."! Cofacial sandwich
type Pc dimers have been known since1936,1 while the first
planar dimer was reported in 1987.5 Since then, many pap-
ers have been published on both cofacial Pc dimers!* and
planar homodimers of Pc and Pc derivatives.[’) However,
reports on heterodinuclear planar dimers are still rare.[®] In
particular, the physicochemical and electrochemical proper-
ties have not been well elucidated.[”l We report here on some
spectroscopic and electrochemical properties, together with
the results of molecular orbital (MO) calculations on planar
heterodinuclear phthalocyanine-pyrazinoporphyrazine (Pc-
PyZ) and phthalocyanine-naphthalocyanine (Pc-Nc) com-
plexes, which were not described in our preliminary com-
munications (Figure 1).[68.65.6d]

Results and Discussion

(i) Electronic Absorption and MCD Spectra

In the cases of H4PcPyZ and H4PcNc, there is an ambi-
guity as to the position of the pyrrole protons, thus it is not
appropriate to compare their spectra with the results of the
MO calculations. Figure 2 therefore shows the absorption
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and MCD spectra of PcPyZ and PcNc obtained by the ad-
dition of (Bu);NOH, and of Co,PcNc. All compounds
show broad Q bands which stretch from ca. 500 to
1000 nm, and which are not a simple superimposition from
those of the constituting mononuclear zerz-butylated Pc and
PyZ or Nc. The Q bands of PcPyZ and PcNc are similar in
shape, having at least two peaks, of which those at the
shorter wavelength are broader. The Q bands of PcNc and
Co,PcNc appeared at almost the same wavelength, which is
longer than that of PcPyZ by ca. 10 nm. The absorption
coefficients of the two Q peaks of PcNc are larger than
those of PcPyZ, consistent with the results of MO calcu-
lations described later.

The Q band MCD spectra of the three complexes have
common characteristics. Negative Faraday B-terms ap-
peared corresponding to the absorption peaks at a longer
wavelength,®™ and dispersion type, Faraday A-term like
curves were observed, associated with the Q band peak at
a shorter wavelength. In these molecules, there is no de-
generacy in the excited states so that the Faraday B-terms
are expected, theoretically, to be associated with each ab-
sorption peak. Considering that the tendency towards cofa-
cial aggregation is much more significant for larger Ncs
than Pcs,!'!l that the cofacial aggregation produces a broad
Q absorption band as seen at ca. 600—750 nm in Figure 2,
and that the Q band MCD of cofacial Pc analogues does
not reflect the molecular symmetry of the constituting mol-
ecules,['?l the dispersion type Faraday A-term like MCD
signal corresponding to the Q absorption band at shorter
wavelength may imply that the species in Figure 2 contains
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Figure 1. Structures and abbreviations of the compounds in this
study

a certain amount of cofacially aggregated species. However,
from our previous datal™ in which the two Q, bands of
the homodinuclear planar Pc lie ca.1600—1800 cm ™! apart,
together with the results of MO calculations on the com-
pounds in the present study which will be discussed below,
it is not unreasonable to expect the second Qg band to
appear at ca. 640—690 nm, since the other Qo band lies at
ca. 800—850 nm. Positive envelopes of the Faraday B-term
superimposed with the pseudo Faraday A-terms at ca.
630—680 nm support this speculation. Another possibility
for the interpretation of the dispersion type MCD curves at
around 650—720 nm is that these are produced by two
closely lying transitions, since MO calculations indicate two
transitions in this region, differing from the case of the
homodinuclear planar species [see section (iii)].

The apparent absorption coefficient of the B band of the
Pc analogues is generally much smaller than that of the Q

Eur. J. Inorg. Chem. 2004, 906—914 www.eurjic.org
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Figure 2. Electronic absorption (bottom) and MCD spectra (top)
of (pyrrole proton-deprotonated) PcNc (solid lines), PcPyZ (dotted
lines), and Co,PcNc (broken lines)

band. Although we cannot directly compare the B band
spectra of Zn,PcPyZ and Co,PcNc, since the central metal
is different, the B bands of H4PcPyZ and H4PcNc appeared
at 337 and 341 nm, and their relative intensity to the Q
band is larger than in the monomeric species. When tetra-
ammonium hydroxide was added to these metal-free species
to form pyrrole-proton-deprotonated PcPyZ and PcNc, the
intensity of the B band decreased and a shoulder appeared
at ca. 400 nm for both compounds.

The MCD spectra show that the B band retains the
characteristics of the Pc derivatives. Both H4PcPyZ and
H,4PcNc showed a dispersion type, pseudo Faraday A-term
with a trough and peak at 372 and 320—321 nm, while their
intensity was much smaller than that of the Q band, re-
flecting small angular momentum properties. In PcPyZ and
PcNc, two weak pseudo Faraday A-terms appeared at
around 403 and 366 nm, suggesting that many transitions
are included in this region.

(ii) Voltammetry

Figure 3 shows differential pulse voltammograms of
Zn,PcPyZ, Co,PcNc, and their constituting monomers in
0-DCB. Unfortunately, we could not unify the type of cen-
tral metal, since the compound which may be expressed as
Co,PcPyZ fragmented into the PyZ moiety in the cobalt
insertion process, while the compound which is described
as Zn,PcNc fragmented during purification by column
chromatography. The tetra-zert-butylated ZnPc showed two
oxidation and reduction couples at 1.01, 0.21, —1.41, and
—1.81 V, while ZnPyZ displayed the first oxidation poten-
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Figure 3. Differential pulse voltammograms of A)(a)ZnPc,
(b) ZnPyZ, and (c) Zn,PcPyZ, B)(a) CoPc, (b)CoNc, and
(c) Co,PcNc, and C) Zn,PcPc (redrawn from ref.’) in 0-DCB con-
taining 0.1 m TBAP. The sweep rate was 0.5 mV/s. The solid and
broken lines are anodic and cathodic scans, respectively. LY/L~!
and LY/L° are the first reduction and oxidation of the ligand,
respectively

tial at 1.03 V and three reduction couples at —0.97, —1.38,
and —2.14 V due to the four electron-withdrawing pyrazine
rings on the periphery. Zn,PcPyZ, on the other hand,
showed couples at ca. 1.36, 0.76, 0.50, —0.96, —1.34, —1.82,
and ca. —2.2 V. Although the voltammograms are not clear,
because of the instability of the compound in the positive
potential region of the anodic scan, some of the other be-
havior (amount of current and splitting pattern) is similar
to that of homodinuclear planar Pc dimers (voltammog-
rams in C).’l That is, it appears as if the couples at 0.76
and 0.50 V correspond to the first oxidation, while those
at —0.96 and —1.34, and —1.82 and —2.2 V correspond,
respectively, to the first and second reductions of mononu-
clear species, suggesting that the voltammograms of
Zn,PcPyZ are caused by the interacting dipoles in the Pc
and PyZ moieties.

The voltammograms of cobalt Pc derivatives differ from
those of, for example, zinc, nickel, and copper derivatives
in that they show couples due to the central metal, in ad-
dition to those of the ligand. On the basis of previous stud-
ies on cobalt Pcs,'3! the redox couples of tert-butylated
CoPc and CoNc in this figure can be assigned as shown in
the voltammograms. The voltammogram of Co,PcNc is not
as clear as that of the mononuclear species because of its
low stability and small diffusion coefficient. However, four
ligand redox couples characteristic of these types of com-
pounds are explicitly seen at —1.22, —1.43, —1.73, and ca.

908 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

—2.0 V, in addition to the Co™ couple(s) which appeared
at —0.36 (and —0.80) V, although the positive potential re-
gion is more irreversible and more ill-defined. Thus, the
four ligand reduction redox couples strongly suggest that
the dipoles in the CoPc and CoNc moieties are interacting
without significant conjugation through the common ben-
zene ring.

(iii) Molecular Orbital Calculations

In order to enhance our interpretation of the above spec-
troscopic and electrochemical properties, molecular orbitals
(MOs) were calculated using the ZINDO/S Hamiltonian in
the HyperChem. R5.1 program,® together with those of
the constituting mononuclear molecules. The calculated
electronic absorption spectra are shown in Figure 4 (all
spectra were calculated for the zinc complexes, since Co'! in
Pc, Nc, and PyZ is paramagnetic), with transition energies,
oscillator strengths (f), and configurations summarized in
Table 1. As detailed in previous publications,['* in a one-
electron description, the Q band of Pc analogues corre-
sponds to a transition from the HOMO to the doubly de-
generate LUMO. The B band is associated mainly with a
transition from the HOMO-1 to the LUMO at the PPP
level of calculations, while this is not clear at the ZINDO/
S level of calculation since the B band is actually composed
of two bands termed Bl and B2, and there is mixing of
many configurations.'*1 For ZnPyZ and ZnPc, the present
ZINDOY/S calculations indicate the HOMO—-LUMO tran-
sition and two prominent transitions in the B band region
to be at 688 and 307/300 nm, and 699 and 292/278 nm,
respectively, which is in approximate agreement with the ex-
perimental result (341 and 628 nm for ZnPyZ, and 349 and
671 nm for ZnPc in THF).[° This demonstrates the re-
liability of the calculations. As shown, in the case of
mononuclear molecules, the Q band shifts to a longer wave-
length in the order ZnPyZ, ZnPc, and ZnNc, with a con-
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Figure 4. Calculated absorption spectra for A)Zn,PcPyZ,

B) Zn,PcPc, and C) Zn,PcNc
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Table 1. Calculated transition energies, oscillator strengths (f), and configurations

Energy [nm] f Configurations(®!

ZnPyZ

688 0.80 93—94 (88%)

688 0.80 93—95 (88%)

307 1.65 91—-94 (51%) 92—94 (34%)

307 1.65 9195 (51%) 92—95 (34%)

300 1.04 92—94 (54%) 9194 (36%)

300 1.04 92—95 (54%) 91-95 (36%)

278 0.15 93—102 (59%) 88—94 (25%)

278 0.15 93—103 (59%) 88—95 (25%)

254 0.11 88—94 (62%) 93—102 (15%)

254 0.11 88—95 (62%) 93—103 (15%)

Zn,PcPyZ

898 2.19 171172 (88%)

725 0.78 171173 (51%) 171—174 (24%) 170—173 (10%)

701 0.64 171174 (43%) 171—173 (29%) 170—173 (18%)

539 0.19 170—173 (47%) 170—174 (21%) 171—174 (19%)

475 0.14 171178 (42%) 170—178 (30%) 170—174 (17%)

318 0.19 166—172 (36%) 168—172 (32%) 169—172 (18%)

311 1.27 169—173 (33%) 168—174 (15%) 169—174 (12%) 167—173 (11%)
304 1.20 167—174 (15%) 169—173 (14%)

302 0.42 165—173 (29%) 165—174 (18%) 169—172 (14%) 169—175 (11%)
299 0.68 170—181 (25%) 168—173 (18%) 169—173 (13%)

298 0.95 163—172 (24%) 167—172 (16%)

298 0.32 164—173 (24%) 164—174 (23%) 163—172 (14%)

294 0.30 166—174 (17%) 164—172 (16%)

294 0.13 166—173 (17%)

291 1.57 167—172 (15%) 166—172 (12%) 165—173 (11%) 167—175 (11%)
287 0.22 171186 (21%) 163—172 (12%)

283 0.53 171—189 (32%) 170—189 (14%)

282 0.15 171186 (22%) 166—175 (11%) 170—187 (10%)

278 0.15 171—191 (37%) 171—189 (13%)

274 0.17 160—172 (25%)

269 0.14 171190 (16%) 171—188 (12%) 161—173 (11%)

254 0.17 162—173 (25%) 159—172 (14%) 162—174 (12%) 158—172 (11%)
251 0.12 159—173 (20%) 162—172 (17%) 159—174 (12%)

ZnPc

699 1.06 93—94 (87%)

699 1.06 93—95 (87%)

292 1.18 93—102 (36%) 92—94 (28%) 91—94 (13%) 91—-95 (11%)

292 1.18 93—103 (36%) 92—95 (28%) 91—95 (13%) 91—94 (11%)

287 0.48 91—94 (53%) 93—102 (14%) 85—95 (11%)

287 0.48 9195 (53%) 93—103 (14%) 85—94 (11%)

278 1.06 92—94 (50%) 93—102 (34%)

278 1.06 92—95 (50%) 93—103 (34%)

Zn,PcNc

964 2.25 198—199 (77%)

755 1.02 198—200 (59%) 197—200 (34%)

744 0.63 198—201 (81%)

616 0.11 197—199 (46%) 198—202 (33%) 198—199 (15%)

519 0.16 197—201 (64%) 198—203 (12%)

490 0.27 198—203 (34%) 197—203 (24%) 197—201 (21%)

328 0.20 195—199 (34%) 197—205 (24%) 198—205 (14%) 192—199 (11%)
326 0.44 196—199 (39%) 195—200 (21%) 194—199 (11%)

317 0.28 193—199 (28%) 196—199 (20%) 194—199 (14%)

315 0.13 198—210 (55%) 197—210 (33%)

313 0.97 196—200 (42%) 192—199 (30%)

298 0.19 195—200 (18%) 185—199 (18%) 196—199 (15%)

297 0.83 192—199 (19%) 198—219 (13%) 194—200 (12%)

295 0.44 194—202 (18%) 198—218 (14%) 193—199 (11%) 194—199 (11%) 193—202 (11%) 198—220 (10%)
295 0.15 187—199 (16%) 189—200 (14%) 195—199 (10%)

293 0.47 189—199 (42%) 187—200 (20%)

293 0.16 198—219 (32%) 193—201 (14%) 191201 (13%)

292 0.62 190—201 (50%) 188—201 (17%)

288 0.50 195—200 (17%) 185—199 (16%) 192—200 (16%)

281 0.69 189—200 (26%) 187—199 (13%) 194—201 (13%) 195—199 (11%)
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Table 1. ( Continued)

Energy [nm] f Configurations(®

279 0.21 1975209 (32%) 197207 (11%)

277 0.72 1985222 (18%) 197—5209 (13%) 191199 (12%)

274 0.42 1925200 (44%) 185->199 (20%)

270 0.32 1875200 (43%) 189—>199 (12%)

269 0.12 1935201 (24%) 198—221 (20%) 194—201 (10%)

261 0.10 1875199 (23%) 197—212 (20%)

258 0.33 185—200 (31%) 186—201 (18%)

249 0.13 183—202 (18%) 183—199 (14%) 186—199 (12%))

249 0.18 192—200 (14%) 192—203 (14%) 195—203 (11%) 186—199 (11%)
ZnNc

771 1.34 129—130 (95%)

771 1.34 129—131 (95%)

324 0.54 129—138 (54%)

324 0.54 129—>139 (54%)

316 0.26 128—130 (77%) 129—139 (10%)

316 0.26 128131 (77%) 129—>138 (10%)

285 2.09 124—131 (36%) 123—130 (18%) 124—130 (12%) 125—130 (11%)
285 2.09 124130 (36%) 123131 (18%) 124—131 (12%) 125131 (11%)
246 0.12 120130 (60%)

246 0.12 120131 (60%)

242 0.77 128134 (24%) 125-5130 (20%) 127133 (14%) 126132 (11%)
242 0.77 128135 (24%) 1255131 (20%) 1265133 (14%) 127—132 (11%)
Zn,PcPc

931 2.37 171—172 (89%)

726 1.62 1715173 (83%) 170—>174 (10%)

522 0.40 170—174 (82%) 171—173 (12%)

312 0.32 167172 (47%) 169—172 (43%)

309 0.14 170178 (56%) 171—176 (15%) 170184 (13%)

300 3.33 169—173 (60%) 168—174 (11%)

296 0.65 164—172 (46%) 165—175 (%)

294 0.12 166—173 (40%) 163—174 (40%)

290 1.35 171—188 (24%) 170—186 (16%) 164—172 (10%)

287 0.45 1715185 (44%) 170—187 (16%)

287 0.68 170—179 (40%) 171180 (10%) 170—190 (10%)

280 1.84 169172 (26%) 171188 (25%) 167—172 (18%) 168—>175 (11%)
267 0.42 160—173 (15%) 167—173 (14%) 161—>174 (14%) 164—173 (12%)
260 0.26 155—172 (22%) 158—173 (20%) 162—173 (16%)

[al Excited states with energy less than ca. 3.9 eV and f greater than 0.10 are shown.

comitant increase in the absorption coefficient, as has been
substantiated by experiments!!” and reproduced by MO
calculations!'® using the PPP method.[!”] The purity of the
Q band also increases in this order, since the configurations
of the HOMO—LUMO transition increases.

Turning to the heterodinuclear Pc analogues in this study,
the pair of orbitals comprising the lowest unoccupied level
in a mononuclear unit split into two levels (Figure 5), so
that two split Q bands are calculated at a longer wave-
length: 898 and 725 for Zn,PcPyZ and 964 and 755 nm for
Zn,PcNc (under the same conditions, the Q bands of the
homodinuclear Zn,PcPc were predicted at 931 and 726 nm).
The calculated values lie in the correct direction, but fall
towards somewhat longer wavelengths compared with the
experimental values. In addition, the values indicate that
the Q band position depends on that of the constituting
units of the dimer. That is, the two Q bands estimated for
Zn,PcPyZ (898 and 725 nm) are at shorter wavelengths
than those of Zn,PcPc (931 and 726 nm), while those of
Zn,PcNc (964 and 755 nm) are calculated at even longer

910 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

wavelengths. This, however, does not necessarily hold for
the Q band intensity. The f values for the two Q bands for
Zn,PcPyZ, Zn,PcPc, and Zn,PcNc are 2.19 and 0.78, 2.37
and 1.62, and 2.25 and 1.02, respectively (the Q bands at
longer wavelengths are always more intense), suggesting
that the Q band of the homodimer may be stronger than
that of the heterodimers. The values also suggest that in
the heterodimers, the Q band of the dimers having larger
T conjugation systems may be stronger. As shown by the
configurations in Table 1, the calculations predict that for
all the planar binucleates, in the one-electron description,
the Q band to lower energy corresponds to a transition
from the HOMO to LUMO, while that to higher energy is
mainly associated with a transition from the HOMO to the
LUMO+1. Of these, concerning configurations of the
longer wavelength Q band, the contributions of the
HOMO-LUMO transition for Zn,PcPyZ, Zn,PcPc, and
Zn,PcNc are 88, 89, and 77%, respectively, as for the above
fvalues, suggesting that the contribution does not vary sys-
tematically with the structure of the constituting units.

www.eurjic.org Eur. J. Inorg. Chem. 2004, 906—914
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Figure 5. Partial molecular orbital energy diagram for Zn,PcPyZ and Zn,PcNc, and for ZnPyZ, ZnPc, and ZnNc, and their mutual
relationships. The parentheses near each MO of the dimers indicate the expression of MO by the notation in Dy, symmetry, which is

used for ZnPyZ, ZnPc, and ZnNc

From the configurational values for the HOMO to LUMO
transition (Table 1), the purity of the transition at the long-
est wavelength of the dimers is similar to that of constitut-
ing monomers (88, 87, and 95% for ZnPyZ, ZnPc, and
ZnNc, respectively) except for Zn,PcNec.

Another notable point for the heterodimer spectra is the
presence of a third transition lying closely in energy to the
second transition (701 nm for Zn,PcPyZ and 744 nm for
Zn,PcNc). This fairly intense band is ascribed mainly to the
HOMO to LUMO+2 transition. It is possible, therefore, to
consider that because of this transition, the experimental Q
band at a shorter wavelength is much broader than that at
a longer wavelength, since two closely lying transitions can
produce a broad band due to superimposition. If this is the
case, the dispersion type MCD associated with the second
Q absorption peak can be considered to be produced by
closely lying Faraday B-terms of opposite signs.

MO numbers 93, 171, 93, 198, and 129 are the HOMOs
for ZnPyZ, Zn,PcPyZ, ZnPc, Zn,PcNc, and ZnNc, respec-
tively. The data for the homodinuclear Zn,PcPc are also
shown for comparative purposes.

In the B band region, the calculated data of the constitut-
ing compounds are not complicated, particularly for
ZnPyZ, although those of ZnNc are more complex because
of the involvement of the transitions localized in the naph-
thalene ring. In contrast, the B band region of the dimers
is very complex. The most intense region was predicted at
311 (f = 1.27) and 304 nm (f = 1.20) for Zn,PcPyZ and
313 (f = 0.97) and 297 nm (f = 0.83) for Zn,PcNc, implying
that the more intense B band region of the two compounds
would appear at a similar wavelength, if the two com-
pounds could be prepared (we could not obtain Zn,PcNc,
since it fragmented during column chromatography).

Figure 5 shows how the four frontier orbitals in mononu-
clear constituting molecules split in the heterodimers. This
figure indicates that two monomer orbitals having the same

Eur. J. Inorg. Chem. 2004, 906—914 www.eurjic.org

symmetry residing in different constituting units couple and
produce two dimer orbitals, and that the extent of the split-
ting is larger for orbitals having a larger coefficient along
the axis connecting the two constituting units (for the shape
of orbitals, see Figure 6). That is, of the a;, and a,, orbitals,
ayy is larger, while of the e,, and e, orbitals, the latter is
larger. Furthermore, comparison of the orbital energies of
the constituting monomers and the resulting dimers sug-
gests that for the HOMO of the dimers the contribution of
an electron-richer moiety is larger, while for the LUMO of
the dimers the contribution of a more electron-deficient
moiety is large. Indeed, if we compare the energy difference
between the HOMO of Zn,PcPyZ and those of ZnPc and
ZnPyZ, the difference between Zn,PcPyZ and ZnPc is
much smaller than that between Zn,PcPyZ and ZnPyZ.
Similarly, the energy difference between the HOMO of
Zn,PcNc and ZnNc is much smaller than that between
Zn,PcNc and ZnPc. Accordingly, we can conclude that for
the HOMO of Zn,PcPyZ, the contribution of the Pc moiety
is more significant than that of the PyZ moiety. In a similar
manner, for the HOMO of Zn,PcNc, the contribution of
the Nc moiety is larger than that of the Pc moiety. In the
case of the LUMO, the inverse relationship is observed for
the energy difference between the LUMO of constituting
monomers and the resultant dimers. Thus, the contribution
of the PyZ moiety appears larger than that of the Pc moiety
for the LUMO of Zn,PcPyZ.

We can correlate the experimental redox potentials (Fig-
ure 3) with the calculated MO energies from Figure 5. Since
relatively clear voltammetric curves were obtained in the
negative potential region for all of the compounds, the re-
duction potentials of the two monomers and the resulting
dimer complex can be discussed and compared with data
in Figure 5. The first reduction in ZnPc and ZnPyZ corre-
sponds to an addition of an electron to the e, LUMO. A
more negative potential (—1.41 V) is obtained for ZnPc
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Figure 6. Eight frontier orbitals of Zn,PcPyZ and Zn,PcNc and four frontier orbitals of ZnPyZ, ZnPc, and ZnNc. The parentheses
under each MO of the dimers indicate the expression of MO by the notation in D, symmetry, which is used for ZnPyZ, ZnPc, and ZnNc

than (—0.97 V) for ZnPyZ (Figure 3), as a result of the
lower electron-density of ZnPyZ due to the electron-with-
drawing property of the four peripheral pyrazine rings.
Since the e, orbital of ZnPc sits at a higher energy than
that of ZnPyZ (Figure 5), the reduction of ZnPc is expected
to require a higher potential. When ZnPc and ZnPyZ are
laterally fused to form Zn,PcPyZ, the calculated LUMO
energy is very similar to that of ZnPyZ (Figure 5). As ex-
pected, the first reduction potentials of ZnPyZ and
Zn,PcPyZ are found to be very close [Figure 3, curves (b)

912 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and (c)]. The calculated LUMO energies of ZnPc and ZnNc¢
are almost identical. The first reduction potentials of these
compounds are therefore expected to be very similar. The
LUMO energy of the resulting Zn,PcNc dimer drops sub-
stantially, relative to that of ZnPc. As a result, the first re-
duction step for the Mt,PcNc dimer occurs at a less nega-
tive potential than that of the corresponding MtPc or
MtNc monomers. This feature is observed experimentally
in the voltammograms of cobalt complexes in Figure 3
(curves in B). There is therefore clearly a close agreement
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between the calculated LUMO energies and the experimen-
tal reduction potentials. The HOMO energies and the oxi-
dation potentials could not be compared in a similar man-
ner, however, since the voltammograms are ill-defined in the
positive potential region.

Figure 6 displays the four frontier orbitals of each
mononuclear molecule and eight frontier orbitals of the re-
sulting heterodimers. This figure clearly shows that the di-
mer orbitals are composed of the monomer orbitals with
the same symmetry, since the dimer orbitals can be ex-
pressed as linear combinations of monomer orbitals of the
same symmetry (see the notation below each MO). In ad-
dition, supporting the conclusions in Figure 5, for the
HOMO of the dimer, the coefficient of the electron-richer
moiety is large (i.e. in Zn,PcPyZ, the coefficients in the Pc
moiety are larger than those in the PyZ moiety, and simi-
larly in Zn,PcNc the coefficients in Nc are larger than those
in the Pc moiety). Conversely, in the case of the LUMO,
the coefficients in the more electron-deficient moiety is
large (the PyZ moiety in Zn,PcPyZ, and the Pc moiety in
Zn,PcNc).

Conclusion

The electronic absorption and magnetic circular dichro-
ism (MCD) spectra, and differential pulse (DP) voltammo-
grams of planar heterodinuclear phthalocyanine (Pc) di-
mers consisting of Pc and pyrazinoporphyrazine (PyZ)
[Mt,PcPyZ (Mt = H, and Zn)] and Pc and naphthalocyan-
ine (Nc) [Mt,PcNc (Mt = H, and Co)] have been recorded,
and their properties interpreted by MO calculations using
the ZINDO/S Hamiltonian. These dimers commonly show
broad absorption bands between ca. 500 and 1000 nm,
while the DP voltammograms suggest that the dimers are
unstable to oxidation, and that, in these compounds, two
relatively independent chromophore units interact. Dimer
orbitals were found to be expressed by linear combinations
of the orbitals of the constituting mononuclear orbitals of
the same symmetry. It was suggested that for the HOMO
of the dimers, the contribution of the electron-richer moiety
is large, while, conversely, for the LUMO the contribution
of the more electron-deficient moiety is large. The heterodi-
mers showed two intense Q bands experimentally. Our cal-
culations suggested that the position and intensity of these
bands were affected by those of the constituting mononu-
cleates. That is, PcPyZ dimers have a split Q band at shorter
wavelengths than those of PcNc dimers. Of the two heterod-
imers, the Q band intensity of the PcNc dimer, i.e. the dimer
consisting of larger m conjugation systems, appears larger
than that of the PcPyZ dimer, since the calculated Q band
of PyZ appears at a shorter wavelength and is weaker than
that of Nc.

Experimental Section

(i) Measurements: Mass spectra were obtained with a JEOL JMS-
HX110 mass spectrometer using m-nitrobenzyl alcohol (NBA) as
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a matrix (FAB mass). Electronic absorption spectra were recorded
with a Hitachi U-3410 spectrophotometer using THF as a solvent.
Magnetic circular dichroism (MCD) measurements were made with
a JASCO J-725 spectrophotometer equipped with a JASCO elec-
tromagnet that produces magnetic fields of up to 1.09 T. Its magni-
tude was expressed in terms of molar ellipticity per tesla, [0]y (in
deg'mol~"-dm*cm~!-T~"). The 400 MHz 'H NMR spectral meas-
urements were made with a JEOL-GSX-400 instrument. IR spectra
were run on a Shimadzu FTIR-8100M spectrometer using KBr
discs. Differential pulse voltammetry (DPV) experiments were car-
ried out with conventional three-electrode cells, in which a platinum
wire auxiliary electrode, a glassy carbon working electrode (0.07
cm?), and an Ag/AgCl wire reference electrode were employed. The
solvent for the electrochemical measurements, o-dichlorobenzene
(0-DCB, Nacalai Tesque, specially prepared for HPLC) was used
as supplied. Tetrabutylammonium perchlorate (TBAP) was used as
an electrolyte. All electrochemical work was carried out under
an atmosphere of dry nitrogen. DPV data were recorded with a
Yanaco P-1100 polarographic analyzer connected to a Watanabe
WX 4401 XY recorder.

(ii) Computational Method: MO calculations were performed using
HyperChem. softwarel®! within the ZINDO/S level, in which the
overlap weighting factors for o-¢ and n-m were 1.267 and 0.585,
respectively. For the configuration interaction (CI) calculations, all
singly excited configurations of up to 8 eV were included.

(iii) Materials: Deprotonation of the pyrrole proton in dinuclear
metal-free species was affected by adding a small amount of tetra-
n-butylammonium hydroxide. Tetra-zerz-butylphthalocyaninato-
cobalt, CoPc, and tetra-tert-butylnaphthalocyaninatocobalt,
CoNc, were used as in our previous paper.!!

Tetra-tert-butylpyrazinoporphyrazinatozinc (ZnPyZ): This com-
pound was obtained by zinc insertion using Zn(OAc), to metal-
free tetra-tert-butylpyrazinoporphyrazine!'” in EtOH/1,2-dichloro-
ethane (1:1 v/v), and purified using a basic alumina column and
CH,Cl,/MeOH as eluent in 71% yield. '"H NMR (400 MHz,
CDCl;, TMS, ppm): & = 9.87—9.67 (s, 4 H, Ar-H), 2.13—1.93 (m,
36 H, tBu). C40H4oN6Zn-3H,0: caled. C 55.59, H 5.36, N 25.93;
found C 55.02, H 5.56, N 25.27.

Tetra-tert-butylphthalocyaninatozine (ZnPc): This compound was
also obtained by zinc insertion to metal-free tetra-zert-butylphthalo-
cyaninel® in EtOH/1,2-dichloroethane (1:1 v/v) in the dark for
15h, and subsequent purification using a basic alumina and
CH,Cl,. C4gHy4gNgZn: caled. C 71.85, H 6.03, N 13.97; found C
71.23, H 6.50, N 13.34.

Hexa-tert-butylphthalocyaninylpyrazinoporphyrazinatodizinc
(Zn,PcPyZ): A mixture of metal-free hexa-zert-butylphthalocyani-
nylpyrazinoporphyrazine,'®? H,PcPyZ (5.0 mg, 0.0039 mmol) and
Zn(OAc), (17 mg, 0.077 mmol) were refluxed in 1,2-dichloro-
ethane/ EtOH (1:1 v/v) in the dark for 15h, and after evaporating
the solvent, the residue was chromatographed over a basic alumina
column using a mixture of CH,Cl, and MeOH, to give 5.0 mg (90%
yield) of the desired dizinc complex, Zn,PcPyZ as a blue powder.
'"H NMR (400 MHz, CDCls, TMS, ppm): § = 9.5—-7.0 (br, 14 H,
Ar-H), 2.1-1.7 (m, 54 H, Bu). MS (FAB, NBA): m/z: 1419 [M].
C,6HgsN»>Zn,2H,0: caled. C 62.68, H 4.98, N 21.16; found C
62.35, H 5.41, N 20.77.

Hexa-tert-butylphthalocyaninylnaphthalocyaninatodicobalt
(Co,PcNce): A mixture of metal-free hexa-zert-butylphthalocyanin-
ylnaphthalocyanine!®! (4.0 mg, 0.0028 mmol) and CoCl, (7.2 mg,
0.056 mmol) was refluxed in DMF (2.0 mL) for 30 min. After evap-
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oration of the solvent, the residue was purified using a basic alum-
ina column and CH,Cl,/MeOH as eluent, to give 3.8 mg (87.5%
yield) of the desired Co,PcNc as a blue powder. MS (FAB, NBA):
mlz: 1550 [M]. CoyHgyCo,N s H,O: caled. C 71.93, H 5.27, N
14.28; found C 71.29, H 5.46, N 13.80.
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