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Isomeric linear and rectangular trinuclear metal-free and
zinc(Il) phthalocyanine complexes connected by common an-
nulated benzene rings have been synthesized by the mixed
cyclotetramerization of a 1,2,4,5-tetracyanobenzene deriva-
tive and 4,5-bis(2,6-dimethylphenoxy)phthalonitrile. Their
electronic-absorption and fluorescence spectra have been
studied in comparison with the corresponding mono- and di-
nuclear phthalocyanines. For the zinc complexes, the molec-

ular orbitals and electronic spectra have been calculated
semi-empirically. The trinuclear phthalocyanines exhibit ab-
sorptions up to 940 nm with extinction coefficients up to
about 700000 M~'cm™!, which shows the extension of the m-
electron system.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Conjugated porphyrin oligomers are the subject of sig-
nificant interest due to their potential uses as molecular
wires, materials for optical limiting, and other advanced
technologies.['l Accordingly, many compounds have been
synthesized and studied in recent years. However, much less
is known!! about such systems based on phthalocyanines
(Pcs) — the most common porphyrin analogues. Pcs have
many applications, such as in dyes and pigments,?% cata-
lysts and photocatalysts,*®> 34 photoconductors in laser
printers,*°l and photosensitizers in photodynamic ther-
apy.’1 They are also of significant interest as potential mo-
lecular conductors and semiconductors,* electrochrom-
ict*®41 and non-linear optical®®4! materials, components
of organic photovoltaic cells,*1 and light-emitting di-
odes.[*8] The high overall stability and exceptional electronic
properties of Pcs are responsible for most of their actual
and potential applications. The synthesis of conjugated
oligomers as a way of modifying the electronic structure of
phthalocyanines by increasing the dimensions of the conju-
gated m-electron system is of substantial interest for the de-
sign of new functional materials.

Changes in the electronic structure of Pcs are well indi-
cated by their electronic absorption spectra. Most Pcs in
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solution have a sharp intense absorption band (Q band) in
the red spectral region (4,,.x = 680 nm). The extension of
the Pc m-conjugated system causes a bathochromic shift
and, depending on the resulting symmetry, splitting of the
Q band. To understand these spectral changes MO calcula-
tions, which are normally in good agreement with experi-
mental data, are often performed.

One possible way to extend the Pc n-system is annulation
of further benzene rings at the periphery of the molecule,
which leads to naphthalocyanines (Ncs), anthracocyanines
(Acs),P4 and different unsymmetrical analogues such as
phthalonaphthalocyanines.’>>! Unsymmetrical annulation
gives more flexibility when it comes to tuning the electronic
properties. However, this approach also leads to decreased
stability.l’*>*l The other possibility is the construction of
conjugated Pc oligomers. Some dimers of Pcs and their
close analogues have been described® but only a very few
conjugated trimers are known: a diacetylene-bridged “Pc
triangle”, a benzo-annulated SubPc trimer, and only one
conjugated benzo-annulated Pc trimer (described by
us).[?2.20:2e-2i21 Tt has been shown that the strongest known
interaction between Pc units is probably achieved if they are
connected through a common annulated benzene ring.[! It
is interesting to point out that further annulation of a Pc
ring to a dimer of this type will lead to isomeric linear and
rectangular trimers with different symmetries and electronic
properties. In our previous work,?°! a substituted metal-free
dimer and a linear metal-free trimer were prepared and
their photophysical properties were described. To the best
of our knowledge, a rectangular trimer of this type has not
yet been reported and neither have metal-containing linear
and rectangular trimers. In this work, we describe the prep-
aration and basic photophysical properties of linear and
rectangular metal-free and zinc Pc trimers in comparison
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with their mono- and dinuclear analogues. For the zinc
complexes, molecular orbitals and electronic spectra have
been calculated semi-empirically.

Results and Discussion

The metal-free linear trinuclear phthalocyanine H¢5 was
described in our previous work.[?®! It was isolated in 0.2%
yield from the Pc mixture obtained by co-cyclotetrameriz-
ation of the tetracyanobenzene derivative 1 and the substi-
tuted phthalonitrile 2. Bulky 2,6-dimethylphenoxy groups
in the phthalonitrile derivative 2 were selected to avoid or
reduce aggregation of the corresponding Pcs. Compared to
Pcs prepared from a mono-substituted phthalonitrile, a Pc
synthesized from 2 exists as single isomer, which allows eas-
ier isolation and better characterization. The corresponding
rectangular metal-free trimer was not isolated but was de-
tected from a peak at around 900 nm in the UV/Vis/NIR
spectrum of the reaction mixture.?® In the present work
more careful gradient elution from a silica gel column with
a toluene/hexane mixture, followed by column chromatog-
raphy of all mixed fractions, allowed us to isolate both H¢5
and Hg6 in yields of 0.9 and 1.7%, respectively. Their zinc
complexes were prepared by the usual metalation with zinc
acetate in toluene/dmf (Scheme 1).

All compounds prepared in this work are stable in air
and to light in solution as well as in the solid state. They
are soluble in aromatic solvents, thf and halogenated hydro-

1. Mg(OBu), / nBUOH N

carbons. Linear trinuclear Pcs, especially Zn;5, have signifi-
cantly lower solubility and higher aggregation tendency
than the other Pcs described previously and here.”®! This
becomes significant in toluene (concentration dependence
of the extinction coefficient, broad bands at around 850 and
1000 nm) at concentrations higher than 10~ m. This ten-
dency is not so pronounced in chloroform for H¢5 or in thf
for both H¢5 and Zn;S. Generally, zinc complexes Zn,4—
Zn;6 tend to aggregate more strongly than the correspond-
ing free ligands.

The electrospray ionization (ESI) method was used for
mass-spectrometric characterization of the prepared com-
pounds. This method is widely employed for high-molecu-
lar-weight (M > 1000) compounds such as biomacromolec-
ules, 1 supramolecular systems,[°® fullerenes!®>%l etc. It is
known that ESI is sensitive only to ions already present in
the solution or compounds that easily ionize through acid/
base (Brensted or Lewis) or redox chemistry.*¢d! To en-
hance the sensitivity to compounds that are more difficult
to ionize, different reagents that convert the substrate into
an ionic form (oxidants,[® salts,[0%6d-¢] even in combina-
tion with chemical derivatization of analyte!l®®dl) are used.
In the present work, we found that the use of pyridine as a
basic co-solvent for Hg6, or a small amount of sodium cya-
nide (=10 % M) for Zns5 and Zn;6, facilitates their ionization
to produce [M?> — 2H] and [M?* + 2CN], respectively. Pyri-
dine is expected to deprotonate pyrrole fragments and cya-
nide coordinate to Zn. An interesting example of using
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Scheme 1. Synthesis of 3-6 (M = 2 H, Zn).
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NaCN in ESI MS is the analysis of higher fullerenes.® In
this case the nucleophilic addition of cyanide to fullerene is
responsible for ionization. In summary, the molecular ions
of the annulated dinuclear and trinuclear Pcs were clearly
identified by the ESI MS method, although it was not pos-
sible to distinguish by mass spectrometric means between
the isomeric trinuclear linear 5 and rectangular 6.

The difference between linear and rectangular trinuclear
Pcs can be clearly seen in their 'TH NMR spectra, where Pc
ring currents help to resolve the spectra of di- and trinuclear
Pcs by deshielding the protons of the neighboring Pc frag-
ments.”®! The '"H NMR spectrum of Hg5 has been de-
scribed previously.?®! The spectrum of Hg6 (Figure 1) is
more complicated due to its lower symmetry. The signals of
the methyl protons are only partially resolved,[’® in con-
trast to the clearly resolved group of four singlets in the
case of the linear H¢5. In the aromatic region of the spec-
trum, two signals of (two types of) protons of the bridging
benzene rings appear at 0 = 11.46 and 11.25 ppm, and two
groups of signals of the other Pc aromatic protons (eight
types, resolved only partially) at 6 = 8.99-9.08 and 8.17-
8.37 ppm. In the case of H¢S there are only five types of Pc
ring protons that give separate singlets. The aromatic pro-
tons of the substituents show a broad signal at 6 = 7.32—
7.54 ppm. In the rectangular trimer, one pair of substituents
get very close to each other and, in one of the possible
conformations, their tails can be located over the neigh-
boring benzene rings of the remote Pc fragments. The
doublet at J = 6.96 ppm and the triplet at 6 = 6.63 ppm
in the spectrum of Hg6, which disappear upon increasing
temperature, can be assigned to the aromatic protons of
these substituents. Zinc complexes Zn;5 and Zn;6 show
similar spectra to the corresponding free ligands except for
the two signals of the pyrrole protons near 6 = 0 ppm (1:2
ratio), which belong to central and peripheral Pc rings,
respectively.

The UV/Vis/NIR absorption spectra of 3-6 (M = Zn)
are shown in Figure 2. The values for the most intense
bands are given in Table 1. The spectrum of Hg6 is very
similar to that of Zns6 [for 3-5 (M = 2 H) see ref.*"]]. The
spectral changes on going from Zn3 to Zn,4 and further to
Zn55 are similar to the changes reported®®! for their metal-
free analogues, namely a strong red shift of the Q band
[166 nm (2900 cm™!) from Zn3 to Zn,4 and 102 nm
(1300 cm™") from Zn»4 to Zns5], and an increase of its ex-

Zn3
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Figure 2. Electronic absorption spectra of 3-6 (M = Zn) in thf.

Table 1. Main electronic absorption bands of 3-6 (M = Zn).
Q band B band

J[mm](ecm™') eM'cm!] A[nm](ecm') e[Mmlem!]
Zn3 674 (14800) 338000 355 (28200) 106000
Zn4 840 (11900) 470000 363 (27500) 187000
Zns5 942 (10600) 680000 365 (27800) 253000
Zn56 894 (11200) 364000 364 (27500) 251000
849 (11800) 239000

Figure 1. "TH NMR spectrum of Hg6 in CDCl;.
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tinction coefficient. The spectrum of Zn;6 is more complex.
The Q band appears between those of Zn,4 and Zn35, thus
indicating that the rectangular annulation of the third Pc
ring has less effect on the frontier orbitals than the linear
one. In contrast to D,,-symmetric Zn,4 and Zns5, the Q
band of C,,-symmetricl®! Zn;6 is split into two sub-bands
of similar intensity; its maximal extinction coefficient is
lower than that of Zn35. The Soret band position is not
significantly influenced by m-system extension, which indi-
cates only a weak perturbation of the higher excited singlet
state. The intensity of the Soret band increases with molecu-
lar size — the intensity ratios for Zn3/Zn,4/7Zns5/Zns6 are
1:1.76:2.38:2.36, i.e. not proportional to the number of Pc
rings but more likely to the number of benzene rings (ratios
1:1.75:2.50:2.50).

For better understanding of the observed spectral
changes semi-empirical MO calculations (ZINDO/s
method) were carried out for the unsubstituted analogues
Zn3a-Zns6a of Zn3-Zns6, respectively. The initial geome-
tries were constructed from the crystal structure of the un-
substituted ZnPc (Zn3a)®! by making the molecules per-
fectly planar and adopting Dy, (Zn3a), D,;, (Zn,4a and
Zns5a), or C,, symmetry (Zns6a), as described for dinuclear
Pc.?fl The distance between the closest hydrogen atoms lo-
cated at the first and the third Pc ring of Zns6a is only
2.8 A, which means that bulky substituents at these posi-
tions in 6 have to escape each other (see discussion of NMR
spectra), perhaps also distorting the Pc rings. This more
sterically hindered and less symmetrical structure could be
the reason for the much higher solubility of 6 compared to
5. The calculated spectra are shown in Figure 3 and the
partial orbital diagrams in Figure 4. The results obtained
for Zn3a and Zn,4a are similar to data reported previous-
ly.1?¢-2¢211 The shapes of the theoretical spectra are in good
agreement with the experimental ones, although the transi-
tion energies are underestimated by around 10% for the Q
bands of Zn,4-Zn;6. The splitting of the Q band for Zn;6
is predicted. Also, the higher-energy transitions at around
700 nm calculated for Zn,4-Zn36 can be seen in their spec-
tra as broad bands of low intensity. The observed strong Q
band changes can be explained by considering a simplified
orbital model (Figure 4). The Pc Q band is essentially a
HOMO-LUMO transition. A series of two HOMOs and
four LUMOs of 4a can be described as a linear combina-
tion of frontier orbitals of two mononuclear Pc mole-
cules.?'T The splitting of the corresponding energy levels re-
duces the HOMO-LUMO gap, and this effect increases
with addition of the third Pc ring. Whereas the HOMO
splitting pattern is similar for Zn;5a and Zns6a, the LUMO
splitting is different: it is stronger for Zns5a, and in the case
of Znj6a two lowest unoccupied levels have very similar
energy values, which is responsible for the Q band splitting.
This is very similar to the observed difference between op-
posite and adjacent annulation of benzene rings at the
Pc:[3%%¢ the splitting of the LUMO (and, as a consequence,
of the Q band) in the latter case is much weaker. This can
be explained by the orthogonality of the Pc LUMOs (E
and E,,). In the case of rectangular (adjacent) annulation
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they interact with the orbitals of annulated fragments (Pc
or benzene rings) almost independently, which results in a
rather small splitting. This is in contrast to linear (opposite)
annulation along the x axis, where the £, LUMO interacts
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Figure 3. Calculated electronic spectra (ZINDO/s method) for un-
substituted analogues 3a-6a (M = Zn) of 3-6 (M = Zn).
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Figure 4. Partial orbital diagrams of 3a—-6a (M = Zn).
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strongly with both fragments, resulting in strong red shift
of the x-polarized Q sub-band. Since the Pc HOMO (4,,)
is symmetric relative to all four C, axes within the plane,
its interaction with the orbitals of additional Pc or benzene
rings, which results in splitting or destabilization>®! of the
corresponding energy levels, is similar for both types of an-
nulation. Each trimer has one occupied and two unoccu-
pied orbitals with energies very similar to the HOMO and
LUMOs of Zn3a. These “unperturbed” orbitals are located
on peripheral Pc rings.

The fluorescence spectra of compounds 3-6 (M = Zn) in
thf are shown in Figure 5. The maximum of the fluores-
cence spectrum of the mononuclear Pc Zn3 (A, = 687 nm)
shifts to 846 nm for the dinuclear Pc Zn»4, 902 nm for the
rectangular trimer Zn36, and to 948 nm for the linear trimer
Zn35 (Table 2). The fluorescence quantum yield (@5) of the
mononuclear Pc Zn3 is 0.28, that of the dinuclear Pc Zn,4
is 0.08, and those for the linear (Zns5) and rectangular
(Zn36) trinuclear Pcs less than 0.03 (Table 2). The fluores-
cence lifetime (7) of Zn3 is 3.05 ns, whereas it is 0.68 ns for
7Zn»4, 0.35 ns for Zn55, and 0.56 ns for Zn36. The values of
the fluorescence quantum yield of the dinuclear and trinu-
clear ZnPcs are reduced compared with that of the mono-
nuclear Pc. This reduction is in agreement with a decrease
of the fluorescence lifetime. The decrease of the HOMO-
LUMO gap and a more extended vibrational level structure
of larger molecules, which increase the probability of nonra-
diative decay, are the reasons for this effect.?>-6-%-191 Com-
pared to the values for H,3 reported in our previous publi-
cation,?®! the fluorescence lifetime and fluorescence quan-
tum yield of Zn3 are strongly reduced due to the heavy-
atom effect, which is usual for Pcs with a closed-shell cen-
tral metal.'%! Due to the strongly increased probability of

Intensity / a.u.

1000

600 700 800 900
A/nm

1100

Figure 5. Fluorescence spectra (uncorrected) of 3-6 (M = Zn) in
thf.

Table 2. Photophysical properties of 3-6 (M = Zn) in thf.

Fluorescence max. A [nm] Dy 75 [ns]
(em")
Zn3 687 (14550) 0.28 3.05
Zn4 846 (11800) 0.08 0.68
Zns5 948 (10550) <0.03 0.35
Zn36 902 (11100) <0.03 0.56
550 www.eurjic.org
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nonradiative deactivation of the first excited singlet state of
4 and 5, the difference between the fluorescence lifetime and
quantum yield for metal-free and Zn di- and trinuclear Pcs
becomes negligible.['!]

Conclusions

Isomeric linear and rectangular trinuclear phthalocyan-
ines connected through common annulated benzene rings
have been obtained by the mixed condensation of a tetracy-
anobenzene derivative and 4,5-bis(2,6-dimethylphenoxy)-
phthalonitrile together with mono- and dinuclear Pcs. The
different annulated Pcs could be separated by column
chromatography. Metal-free rectangular and zinc linear and
rectangular trinuclear Pcs of this type have been prepared
for the first time. The annulated zinc complexes show in-
tense (¢ = 2X 10°-7 X 10° M 'em ') NIR absorption bands
at A = 950 nm for the linear and 4 = 850 and 900 nm for the
rectangular trimer, whereas the dinuclear Pc absorbs at A =
850 nm. This clearly reflects the extension of the m-electron
system. An exceptionally long wavelength shift and decreas-
ing HOMO-LUMO gap is also observed for triply linked
fused porphyrins due to conjugation over the whole planar
n-system.[1>1&11 Compared to the linear trimer, the less
symmetrical rectangular one shows a more complex spec-
trum with a splitting of the lowest energy absorption band.
The observed spectral changes are in good agreement with
semi-empirical MO calculations (ZINDO/s method). The
difference between the orbitals and spectra of linear and
rectangular trinuclear Pcs is analogous to that in opposite
and adjacent dibenzo-annulated Pc analogues.®®>! The
fluorescence quantum yields and lifetimes decrease with in-
creasing molecular size. The rectangular trimer Zn;6 has a
longer fluorescence lifetime than the linear Zns5. Work is
now in progress to study the electronic properties of these
trinuclear Pcs in more detail.

Experimental Section

Measurements: Electronic absorption spectra were recorded with a
Perkin—Elmer Lambda 2 spectrophotometer, IR spectra with a Per-
kin—Elmer Spectrum 1000 FT-IR spectrometer, NMR spectra with
a Bruker Avance DPX 200 (200 MHz), and ESI mass spectra with
a Bruker Esquire LC mass spectrometer. The experimental setups
for steady-state and time-resolved fluorescence measurements have
been described previously.?®! The excitation source for the time-
resolved measurements was a pulsed frequency doubled linear pol-
arized Nd:VO, laser (Cougar, Time Bandwidth Products) with a
wavelength of 532 nm, a pulse width of 12 ps, and a repetition rate
of 60 MHz. The steady-state fluorescence spectra of 3-6 were re-
corded at an excitation wavelength of 360 nm.

Molecular Orbital Calculations were performed using the ZINDO/
s method within the HyperChem R 5.02U'?! software program. The
60— and -7 overlap weighing factors were 1.267 and 0.585, respec-
tively. The electronic spectra were calculated using the configura-
tion interaction method including all singly excited configurations
with excitation energies up to 8 €V, as described previously.>! The
initial geometries were constructed from the X-ray crystal structure
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of the unsubstituted PcZn! by making the molecules perfectly
planar and adopting Dy, (Zn3a), D,;, (Zn,4a and Zn35a), or C,,
symmetry (Zns6a), as described previously for Zn,4a.[*'l

Materials: Zinc acetate dihydrate (Fluka) purchased in the highest
available grade was used without further purification. The solvents
(Fluka, analytical reagent grade) were dried, distilled, and stored
under nitrogen. Merck silica gel 60 (40-63 um) was used for chro-
matographic separations. The compounds Zn3 and Zn,4 were pre-
pared as described previously.[*l

The phthalocyanines 3-6 (M = 2 H) were prepared by the mixed
condensation procedure described by us previously.?®! After demet-
alation of the obtained mixture of MgPcs with trifluoroacetic acid,
the resulting mixture of metal-free Pcs was chromatographed on
silica gel eluting with toluene/hexane and very slowly reducing the
hexane content from 15 to 5 vol.-%. The eluate content was ana-
lyzed by UV/Vis/NIR spectroscopy, the fractions containing peaks
at about 900 and 950 nm were collected, and the ones with almost
identical spectra were mixed and re-chromatographed to obtain
two fractions whose spectra did not change during elution from the
column. The solvents were then evaporated under reduced pressure.
Compound Hg¢5 (less soluble) was recrystallized from toluene and
Hg6 re-precipitated from toluene with hexane; both were then dried
under vacuum (102 mbar) at 60 °C.

Hg5: Dark-green powder; yield: 8.5 mg (0.9%). '"H NMR: identical
to previous data.”®! UV/Vis (thf): An. (6) = 944 (400000), 890
(89000), 836 (100000), 754 (85000), 660 (sh, 45000), 608 (41000),
418 (sh, 72000), 356 nm (215000 M 'cm").['31 MS (ESI, CH,Cl,/
dmf, 1:10, negative mode): m/z 1652.5 [M?> — H].

H¢6: Dark-green powder; yield: 16 mg (1.7%). 'H NMR
(200 MHz, CDCls, 25 °C, TMS):"81 6 = 11.46 (s, 2 H), 11.25 (s, 2
H), 9.08 (s, 2 H), 9.02 (s, 2 H), 8.99 (s, 2 H), 8.37 (s, 2 H), 8.35 (s,
2 H), 8.27 (s, 2 H), 8.17 (br., 4 H), 7.32-7.54 (br. m, 42 H), 6.96
(d, Jrn = 7.6 Hz, 4 H), 6.63 (t, Jyiq1 = 7.6 Hz, 2 H), 2.36-2.72 (m,
96 H), 0.73 (br. s, 2 H), 0.10 (br. s, 4 H) ppm. UV/Vis (thf): 4.«
(¢) = 907 (288000), 860 (209000), 810 (118000) 773 (sh, 102000),
729 (107000), 668 (sh, 66000), 420 (sh, 84000), 357 nm
(232000 M 'cm™'). MS (ESI, pyridine/dmf, 1:10, negative mode):
milz 1652 [M2 — 2 H].

Compound Zn35: Hg5 (5.1 mg, 1.5 pmol) was suspended in toluene
(2 mL) by sonication. A solution of zinc acetate dihydrate (30 mg,
0.14 mmol) in dmf (1 mL) was then added and the resulting mix-
ture was refluxed for 15h. The cooled mixture was diluted with
methanol (10 mL) and the precipitate was collected by centrifuga-
tion, washed with methanol, vacuum-dried, dissolved in toluene
containing 8 vol.-% of diethyl ether, and chromatographed on silica
gel eluting with toluene/diethyl ether (approx. 10 vol.-% of diethyl
ether). The solvents were then evaporated under reduced pressure
and the compound was recrystallized from toluene and vacuum-
dried (102 mbar, 60 °C) to obtain a black powder. Yield: 2.3 mg
(42%). '"H NMR (200 MHz, C¢Dg, 65 °C, TMS):"®1 5 = 11.71 (s, 4
H), 9.82 (s, 4 H), 8.68 (br., 8 H), 7.25-7.49 (br. m, 48 H), 2.73 (s,
24 H), 2.64 (s, 24 H), 2.40 (s, 24 H), 2.28 (s, 24 H) ppm. UV/Vis
(thf): Amax (¢) = 942 (680000), 885 (86000), 832 (115000), 746
(102000), 709 (sh, 62000), 648 (48000), 607 (48000), 365 nm
(253000 v 'ecm ™). MS (ESI, dmf + NaCN, negative mode): m/z
1772 [M* + 2CN].

Compound Znz6: Similarly, a mixture of Hg6 (10.9 mg, 3.3 pmol) in
toluene (2 mL) was treated with zinc acetate dihydrate (44 mg,
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0.20 mmol) in dmf (I mL). The crude product was chromato-
graphed on silica gel eluting with toluene/diethyl ether (approx.
9 vol.-% of diethyl ether), re-precipitated from toluene with hexane,
and vacuum-dried (102 mbar, 60 °C) to obtain Zns6 as a dark-
green powder. Yield: 5.1 mg (44%). '"H NMR (200 MHz, C4Dg,
60 °C, TMS):"al § = 11.91 (s, 2 H), 11.81 (s, 2 H), 9.77 (s, 2 H),
9.74 (s, 2 H), 9.55 (s, 2 H), 8.71 (br., 10 H), 7.24-7.52 (m, 48 H),
2.25-2.80 (m, 96 H) ppm. UV/Vis (thf): A,.. (¢) = 894 (364000),
849 (239000), 787 (118000), 715 (83000), 664 (sh, 64000), 364 nm
(251000 M 'em ). MS (ESI, dmf + NaCN, negative mode): m/z
1772 [M? + 2CN].
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