e

S W A N

Shimane University Web Archives of kNowledge

f”—_h\\\ ERBR XZEZMBEBHRY R

Title
Syntheses and properties of amphiphilic zinc(II), nickel(IT), and

palladium(II) phthalocyanines with eight tri(oxyethylene) chains
introduced at non-peripheral a positions

Author(s)

Makoto Handa, Tomohiro Urata, Kai Nakashima, Tamotsu Sugimori,
Haruo Akashi, and Masahiro Mikuriya

Journal

Journal of Porphyrins and Phthalocyanines Vol. 27, No. 01n04, pp. 314-320 (2023)

Published
9 January 2023

URL
https://www.worldscientific.com/doi/10.1142/S1088424622500948

Z D ITHHIRTH b T8 A,
S DB Xt 2 SHERRD 5 2 THIFH L 7230,


https://www.worldscientific.com/doi/10.1142/S1088424622500948

J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com

Journal of Porphyrins and Phthalocyanines
J. Porphyrins Phthalocyanines 2022; 26: A-G

DOI: 10.1142/51088424622500948

(PP. 7)

Published at https.//www.worldscinet.com/jpp/

Syntheses and properties of amphiphilic zinc(ll), nickel(ll),
and palladium(ll) phthalocyanines with eight tri(oxyethylene)
chains introduced at non-peripheral o positions

Makoto Handa*® Tomohiro Urata® Kai Nakashima?, Tamotsu Sugimori®,
Haruo Akashi¢, and Masahiro Mikuriya“

*Department of Chemistry, Graduate School of Natural Science and Technology, Shimane University,
1060 Nishikawatsu, Matsue 690-8504, Japan

SInstitute of Liberal Arts and Sciences, University of Toyama, Toyama 930-0194, Japan

‘Research Institute of Frontier Science and Technology, Okayama University of Science, 1-1 Ridai-cho,
Kita-ku, Okayama 700-0005, Japan

4School of Biological and Environmental Sciences, Kwansei Gakuin University, I Gakuen Uegahara,
Sanda, Hyogo 669-1330, Japan

Received 28 October 2022
Accepted 24 November 2022

Dedicated to Prof. Tomds Torres on the occasion of his 70th birthday

ABSTRACT: Amphiphilic zinc(Il) (1), nickeldI) (2), and palladium(Il) (3) complexes of
1,4,8,11,15,18,22,25-octakis(1,4,7,10-tetraoxaundecyl)phthalocyanine were synthesized and
characterized by elemental analysis and MALDI-TOF mass and '"H NMR spectroscopies. Electronic
absorption spectra showed aggregation of the phthalocyanine molecules in H,O for 2 and 3, while the
monomeric form for 1 in H,O, and 1, 2, and 3 in CH,Cl,. The cyclic voltammograms of 1, 2, and 3 in
CH,CI, showed that oxidation of the phthalocyanine ring occurs easily in these complexes. This may
be due to the energetically increased HOMO, coming from the deformation of the phthalocyanine ring.
Steric hindrance between the o-introduced 1,4,7,10-tetraoxaundecyl groups (tri(oxyethylene) chains)
within the phthalocyanine molecule gives rise to the deformation of the phthalocyanine ring, which
decreases the aggregating nature of the present complexes.

KEYWORDS: o-substituted phthalocyanines, tri(oxyethylene) chains, amphiphilic property, zinc(II)
complex, nickel(Il) complex, palladium(II) complex.
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INTRODUCTION

Phthalocyanines and their metal complexes ([M(pc)])
have received continuous attention due to their unique
properties derived from the extended m-system within
the molecules, giving a strong absorption called the Q
band in the near-infrared region (650-700 nm) [1-4].
This is the reason why they show remarkable blue or
green colors and enable us to apply these compounds to
many fields concerning pigments [1-5], photocatalysts
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for hydrogen generation [6], non-linear optics [7, 8],
chemical sensors [7, 9], energy storage and conversion
[7, 10], optically active compounds [11], dye-sensitized
solar cells (DSSCs) [12, 13], perovskite-based solar cells
(PSCs) [14, 15], and photodynamic therapy (PDT) [16—
20], including magnetic materials such as single-mole-
cule magnets [13, 21-23]. The chromogenic properties of
the m-conjugated system may be expected to be modified
by changing the central metal atom or adding functional
groups to the phthalocyanine (pc) rings at their o and
B-positions (Scheme 1), which are also called non-periph-
eral and peripheral positions, respectively, because the
optoelectronic properties depend on the coupling between
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Scheme 1. Chemical structure of [M(pc)].
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the delocalized electronic ligand system and the d-orbital
electrons of the transition metal ion [13]. The addition
of substituent groups to the o-position was reported
to arise the red-shift of the Q-band absorption beyond
700 nm by the distortion of the phthalocyanine ring
due to the steric hindrance between the o-substituent
groups [24-30]. Among many phthalocyanine com-
pounds, amphiphilic phthalocyanines substituted
by tri(oxyethylene) chains are interesting, because
such compounds are promising as materials for PDT
[20]. Kobayashi er al. synthesized a [-substituted
phthalocyanine with eight tri(oxyethylene) chains,
2,3,9,10,16,17,23,24-octakis(1,4,7,10-tetraoxaundecyl)-
phthalocyanine and its zinc(Il) complex [31]. They
found that these compounds are amphiphilic, dis-
solving in dioxane as a monomer and in water as an
aggregated species. Taking these results into the con-
sideration, we decided to synthesize zinc(II), nickel(Il),
and palladium(Il) complexes with an o-substituted
phthalocyanine with eight tri(oxyethylene) chains,
1,4,8,11,15,18,22,25-octakis(1,4,7,10-tetraoxaundecyl)
phthalocyanine (H,o-otoupc). Here, we report on these
complexes’ synthesis and spectroscopic and electro-
chemical properties.

RESULTS AND DISCUSSION

Syntheses of the phthalocyanine complexes [Zn(o-
otoupc)](1),[Ni(o-otoupc)](2),and[Pd(c-otoupc)](3)were
successfully performed by the template reactions of metal
ions with 3,6-bis(1,4,7,10-tetraoxaundecyl)phthalonitrile,

which was obtained using the method reported by Ng
et al. [32]. The synthesized complexes were identified
by MALDI-TOF mass spectra and elemental analyses.
The synthesis scheme is shown in Scheme 2. The synthe-
sis of zinc(Il) complex 1 was reported in the literature,
along with its NMR and absorption spectra, measured
in DMF-d; and DMSO, respectively [33]. In the report,
details on the synthesis of 1 were not described. Hence,
we synthesized complex 1 in the method described in
the Experimental section and measured the NMR spec-
trum (in DMSO-d) as given in Fig. S1. The NMR spec-
tra measured for 2 and 3 in CDCI, are given with their
assignments in Fig. 1.

The absorption spectra (measured at the concentration
of 1.0x10* M in DMSO and CH,CL,) of 1 are given in
Fig. 2. The spectrum measured in DMSO is the same as
that given in the previous report [33]. There is no impor-
tant difference between spectral features measured in
DMSO and CH,Cl,; the Q band was observed at 740 nm
in DMSO and 733 nm in CH,Cl,. A weak unknown band
around 800 nm in CH,Cl, was also observed in the previ-
ous report [33], although it was observed in the DMSO
solution. The significant red-shift of the Q band beyond
700 nm should come from the introduction of eight
tri(oxyethylene) chains at the o positions of the pc ring,
when taking into account that a zinc(II) phthalocyanine
with eight tri(oxyethylene) chains at the [ positions
([Zn(B-otoupc)]) shows the Q band at A,,,, = 670 nm in
dioxane. The tri(oxyethylene) chains introduced at the
o positions should lead to the distortion of the pc ring
due to the steric hindrance between the chains. In fact,
distorted pc rings are often found in crystal structures of
a-substituted phthalocyanines [25-28, 30, 34—41]. It has
been reported that the deformed phthalocyanines (with
a distorted pc ring) decrease the HOMO-LUMO gap,
which corresponds to the Q band energy [24, 25, 28]. The
absorption spectra of 2 and 3 in CH,Cl, at the concentra-
tion of 1.0x10* M are displayed in Fig. 3, respectively.
The spectral features of both complexes are the typical
ones of the non-aggregated species because the Q bands
observed at A, = 733 nm (for 2) and 723 nm (for 3) are
sharply strong. A heavier metal ion inserted into pc ring
is known to make the Q band blue-shifted [4, 42-44].

H c/é 0\/\)3\0 o)(/\/ o}:a\CHa

OH
NC
VOV
o
(o]
0 3CHs  znoAc)2H,00r c/< W NN SN 0/(/\/ 53\"“3
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Yo s oy
HsC. o] o] CH
3 \eo /\)g f\/\o%; 3

[M(a-otoupe)] (M = Zn" (1), Ni'' (2), Pd" (3))

Scheme 2. The synthetic procedure of 1-3.
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Fig. 1. "H NMR spectra of 2 (a) and 3 (b) in CDCl,.

This may be the reason why the Q band of 3 is located at
a shorter wavelength (723 nm) compared with that of 2
(733 nm). The fluorescence emission band was observed
at 770 nm in CH,CI, for 1 (Fig. S2), with the peak posi-
tion similar to that reported previously in DMSO for 1
(751 nm) [33], although no emission band was observed
for 2 and 3.

All the present complexes 1 — 3 are soluble in water.
That is, they are amphiphilic compounds. The absorp-
tion spectra measured at the concentration of 1.0x10* M

Copyright © World Scientific Publishing Company

in water are shown in Fig. 4 for 1 and 3 and Fig. 5 for 2,
respectively. Complex 1 has a relatively sharp and strong
Q band among the present complexes. The band position
and intensity (A, = 750 nm, €, = 1.28x10° M"! cm™)
are rather similar to that measured in CH,Cl, (A, =
733 nm, €,,, = 1.66x10° M cm™). This result implies
that the complex may exist mainly as monomeric species
in water. This is one of the important points that origi-
nated from the introduction of eight tri(oxyethylene)
chains at the o positions. The amphiphilic zinc(II)

J. Porphyrins Phthalocyanines
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Fig. 2. Absorption spectra of 1 in DMSO (—) and CH,Cl, (—)
at the concentration of 1.0x10“M.
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Fig. 3. Absorption spectra of 2 (—) and 3 (—) in CH,CI, at the
concentration of 1.0x10™ M.
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Fig. 4. Absorption spectra of 1 (—) and 3 (—) in H,O at the
concentration of 1.0x10* M.

phthalocyanine with the eight chains at B positions
[Zn(B-otoupc)] shows a broad band around 630 nm (A,
=729 nm, €, ~ 3.5x10* M"' cm™") whereas the complex
shows a sharply strong Q band at A, = 670 nm (g,,,, =
1.5x10° M! cm™) in dioxane [31]. It has been proposed
that the distortion of the pc ring would depress the aggre-
gation of pc molecules [32]. This could work for 1 in
water, giving the relatively sharp Q band at nearly the
same wavelength position as that observed in CH,CL,. In
water, 2 has a shoulder band around 680 nm and 3 has

Copyright © World Scientific Publishing Company
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Fig. 5. Absorption spectra of 2 in H,O at the concentrations of
1.0x10* (—), 1.0x10° (—), and 1.0x10° M (—).

a band as a peak at 681 nm, at the shorter wavelength
region relative to their Q band positions (739 nm for 2
and 724 nm for 3). The shoulder band of 2 becomes less
remarkable and the Q band becomes stronger when the
concentration is decreased (Fig. 5). The blue shift of the
Q band is known to be due to the face-to-face aggre-
gation (H-aggregate) in the solution [4, 43]. The pres-
ent results indicate that the aggregated species could be
present in considerable amounts for 2 and 3 in water.
Although it is difficult to explain the difference in the
aggregating nature between 1 and the other complexes
2 and 3 in water, oxygen atoms of water molecules or
tri(oxyethylene) chains could play an important role by
occupying the axial site of the central zinc(II) ion for 1.
Nickel(IT) and palladium(II) complexes with d® electron
configuration prefer a tetragonal planar geometry with-
out axial ligations when there are strong donations at the
four equatorial coordination sites, like in the cases of
phthalocyanine ligands.

It has been well established that HOMO and LUMO
energies of phthalocyanines are correlated with their
first oxidation and reduction potentials [25, 45-47].
Cyclic voltammograms (CVs) obtained in CH,Cl, con-
taining 0.1 M TBAP (tetra-n-butylammonium perchlo-
rate) are displayed in Fig. 6. The potential values are
quoted relative to Fc*/Fc redox couple. On the oxida-
tion side, there are two redox waves for all three com-
plexes; E, (=(E,, + E,)/2) =-0.03 and 0.37 V for 1,
0.07 and 0.49 V for 2, and 0.12 and 0.56 V for 3. The
potential values are rather comparable to that reported
for a deformed zinc(Il) phthalocyanine with eight phe-
nyl groups at o positions ([Zn(pcPhy)]); E,,, = -0.2 and
0.27 V vs Fc*/Fc in o-dichlorobenzene containing 0.1 M
TBAP [25]. In this report, based on the MO calculation
results, it has been explained that HOMO is energeti-
cally increased in the deformed pc complex, which is
the main reason for the location of the Q band in a lon-
ger region (A, = 786 nm for [Zn(pcPhy)] in pyridine).
The first reduction potential (E,, = -1.71 V vs. Fc'/
Fc in o-dichlorobenzene) of [Zn(pcPhg)] is negatively

J. Porphyrins Phthalocyanines



J. Porphyrins Phthal ocyanines Downloaded from www.worldscientific.com
by Makoto Handa on 03/07/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

SYNTHESES AND PROPERTIES OF AMPHIPHILIC ZINC(Il), NICKEL(Il), AND PALLADIUM(II)

1 1

1.0 0.5 0 -05 -10 -15 -20
EvsFc'/Fc, V

Fig. 6. Cyclic voltammograms of 1, 2 and 3 in CH,Cl, ([com-
plex] = 5x10* M; [TBAP] = 0.1 M; scan rate = 50 mV.s™).

shifted by only 0.08 V compared with that of a planar
complex [Zn(PcPh,)] (E,, = -1.63 V vs Fc*/Fc). On the
reduction side (Fig. 6), the potential values for the redox
waves are estimated to be E;, =-1.51V for 1, -1.44 and
-1.79 V for 2, and -1.42 and -1.78 V for 3, respectively,
although the second reduction potential is not given here
for 1 because the redox behavior is complicated after
the first reduction wave. The difference between the
first oxidation and reduction potentials are 1.48 V for 1,
1.51 V for 2, and 1.59 V for 3, which are close to that
of [Zn(pcPhy)] (1.51 V). The CV results support that the
appearance at the longer wavelength region (~750 nm)
of the Q band for 1, 2, and 3 in CH,Cl, and water may
be due to the deformed structures of the pc ring in the
present complexes.

EXPERIMENTAL

Syntheses of complexes

3,6-Bis(1,4,7,10-tetraoxaundecyl)phthalonitrile ~ was
synthesized by the method reported by Ng et al [32].

1,4,8,11,15,18,22,25-0Octakis(1,4,7,10-tetraoxaun-
decyl)phthalocyaninatozinc(Il)  [Zn(otoupc)]  (I).
3,6-Bis(1,4,7,10-tetraoxaundecyl)phthalonitrile (453 mg,
1.0 mmol) and zinc(Il) acetate dihydrate (109 mg,
0.5 mmol) were dissolved in a dried n-pentanol (5 mL)
containing 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU;
0.3 mL) and refluxed for 23 h under N,. The solvent
was removed by evaporation, followed by the addition
of toluene (SmL x 3), filtration, and evaporation to dry-
ness. Then, the residue dissolved in a small portion of
chloroform was passed through an alumina column

Copyright © World Scientific Publishing Company

twice times using chloroform and chloroform/metha-
nol (100:2 v/v). The collected fraction was evaporated
to dryness and further dried under vacuum at 100°C
for 6 h to give a green oil; Yield 210 mg (11.2%); Anal.
Caled for CggH,,5sNgO5,Zn: C, 56.36; H, 6.88; N, 5.98%.
Found C, 56.09; H, 6.67; N, 5.96%. MALDI-TOF-MS:
Found 1874.20 m/z (caled for [M]* 1872.79). '"H NMR
(400 MHz, DMSO-dy) 6 7.74 (s, 8H, ArH), 5.06-5.04 (m,
J =49 Hz, 16H, ArO-CH,-), 4.09 (t, J = 4.9 Hz, 16H,
-O-CH,- ), 3.70-3.68 (m, 16H, -CH,-O-), 3.52-3.41 (m,
32H, -O-CH,-CH,-), 3.12 (s, 24H, -OCH,).

1,4,8,11,15,18,22,25-0Octakis(1,4,7,10-tetraoxaun-
decyl)phthalocyaninatonickel(II) [Ni(otoupc)] (2). The
complex was synthesized in a similar manner to
[Zn(otoupc)] using nickel(II) acetate tetrahydrate in place
of zinc(Il) acetate dihydrate. The chromatographic
purification was made by passing through the alumina
column (eluent: chloroform) and subsequently passing
through silica gel columns (eluent: chloroform/metha-
nol (100:3 v/v)). The obtained material was green
oil. The yield was 108 mg (5.8 %). Anal. Calcd for
CygH »sNgO5,Ni: C, 56.56; H, 6.90; N, 6.00%. Found
C, 56.23; H, 6.54; N, 6.04%. MALDI-TOF-MS:
Found 1866.32 m/z (caled for [M]* 1866.80). '"H NMR
(400 MHz, CDCl,) & 7.63 (s, 8H, ArH), 5.01-4.99 (t,
J =5.2 Hz, 16H, ArO-CH,-), 4.16-4.14 (t, / = 5.2 Hz,
16H, -CH,-O-), 3.82-3.79 (m, 16H,-OCH,-), 3.65-
3.62 (m, 16H, -CH,-0O-), 3.60-3.58 (m, 16H, -OCH,-),
3.48-3.46 (m, 16H, -CH,-O-), 3.31 (s, 24H, -OCH,).
In the second chromatographic purification using a
silica gel column, we found a violet fraction after the
green fraction of 2. The violet fraction was eluted with
chloroform/methanol (100:7 v/v). The amount of the
finally obtained material as a dark violet oil was too
small to be characterized by the elemental analysis.
MALDI TOF mass spectrum confirmed that the oily
compound is a corresponding triazatetrabenzocorrole
complex (Fig. S3; Found 1853.48 m/z (calcd for [M]*
1852.80)).

1,4,8,11,15,18,22,25-0Octakis(1,4,7,10-tetraoxaun-
decyl)phthalocyaninatopalladium(II) [Pd(otoupc)] (3).
The complex was obtained in a similar manner to
[Zn(otoupc)] using palladium(Il) chloride in place of
zinc(Il) acetate dihydrate. The chromatographic puri-
fication was made by passing through the alumina
column (eluent: chloroform) and subsequently pass-
ing through silica gel columns (eluent: chloroform/
methanol (100:3 v/v)). The obtained material was
green oil. The yield was 45 mg (2.3%). Anal. Calcd
for CgH,sNgO5,Pd: C, 55.15; H, 6.73; N, 5.85%.
Found C, 55.20; H, 6.49; N, 5.67%. MALDI-TOF-
MS: Found 1914.28 m/z (caled for [M]* 1914.29). 'H
NMR (400 MHz, CDCl,, 298K) & 7.71 (s, 8H, ArH),
5.13-5.10 (t, J = 5.2 Hz, 16H, ArO-CH,-), 4.19 (t, J =
5.2 Hz, 16H, -CH,-0O-), 3.83-3.81 (m, 16H, -O-CH,),
3.67-3.59 (m, 32H, -CH,-O-CH,-), 3.48-3.46 (m, 16H,
-CH,-0-), 3.30 (s, 24H, -OCH,).

J. Porphyrins Phthalocyanines
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Measurements

Elemental carbon, hydrogen, and nitrogen analy-
ses were carried out using a Yanako CHN CORDER
MT-6. '"H NMR spectra were recorded on a JEOL JNM-
AL400 spectrometer. Chemical shifts were referenced
to the solvent residual peaks of CHCI; (8 = 7.26) for
nickel(Il) and palladium(II) complexes (2 and 3), and
DMSO-d; (6 = 2.50) for zinc(IT) complex (1). Absorption
spectra were measured in dichloromethane and water
using a Shimadzu UV-2450 spectrometer. MALDI-TOF
mass spectra were taken on Bruker Daltonics Autoflex-
T1. Cyclic voltammograms were measured in dichloro-
methane containing tetra-n-butylammonium perchlorate,
[(n-C,H,),N](ClO,), on a BAS 100BW Electrochemical
Analyzer. A glassy carbon disk (1.5 mm radius), plati-
num wire, and saturated calomel electrodes were used
as working, counter, and reference electrodes. All cyclic
voltammograms were internally referenced to the Fc*/Fc
redox couple.

CONCLUSION

Amphiphilic zinc(I), nickel(Il), and palladium(II)
complexes of o-substituted phthalocyanine with eight
1,4,7,10-tetraoxaundecyl ~ groups  (tri(oxyethylene)
chains) were synthesized by the template reaction of
3,6-bis(1,4,7,10-tetraoxaundecyl)phthalonitrile with
each metal source. The distortion of the phthalocyanine
ring due to the steric hindrance between the o-substituted
groups was deduced from the red shift of the Q band
beyond 700 nm. This is due to the increase of HOMO
energy, coming from the distortion of the phthalocya-
nine ring. The increase in HOMO energy was confirmed
by the cyclic voltammograms; oxidation of the phtha-
locyanine ring occurs easily in these complexes. Elec-
tronic absorption spectra showed aggregation of the
phthalocyanine molecules in H,O for the nickel(II) and
palladium(IT) complexes, while the monomeric form for
the zinc(II) complex in H,O, and the zinc(II), nickel(II),
and palladium(II) complexes in CH,Cl,. The depression
of aggregating nature of the present complexes is con-
sidered to be originated from the distortion of the phtha-
locyanine ring as well as the bulkiness of the introduced
tri(oxyethylene) chains themselves.
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Supporting information

"H NMR spectrum of 1 in DMSO-d, (Fig. S1), the
fluorescence spectrum of 1 (Fig. S2), and MALDI-TOF
mass spectrum of a nickel triazatetrabenzocorrole com-
plex with eight tri(oxyethylene) chains are given in the
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