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A highly stable J-type dimer based on 2-hydroxy-tri(tert-butyl)-substituted zinc phthalocyanine with
specific supramolecular architecture was investigated by UV-visible, fluorescence spectroscopy and

cyclic voltammetry to show strong n—m interactions and coordination between hydroxy-groups and Zn>*

central metal ions. The possibility of controlling the fluorescent properties of the obtained complex by

using of different solvents is demonstrated, which along with high thermal stability according to

thermoanalytical study may increase practical applicability of supramolecular dimeric phthalocyanine

compounds.

The significant advances in supramolecular chemistry of
macroheterocyclic compounds have stimulated a numerous
studies on aggregation processes to explain some features that are
unusual for single molecules '. For a long time, phthalocyanines
have the attracted attention of researchers owing to their unique
optical and electrical properties, resulting in investigations of
these compounds in the area of optical physics, in particular,
regarding non-linear optical properties and the ability to transfer
energy upon excitation. They possess promising technological
capability in the fields related to preparation of organic
semiconductors and chemical sensors, as well as materials for
laser technologies, photovoltaic devices and medicine % These
macrocyclic dyes are excellent building blocks for
supramolecular self-assembly, demonstrating significant changes
in the spectral properties of the resulting aggregates *. In this
connection a great attention is paid to investigation of the head-
to-tail dimers, which usually represent the J-type aggregates,
since they show strong fluorescence properties compared to the
face-to-face dimers of H-type 7. However, in most cases, such
associates are not sufficiently stable. They can be formed
exceptionally in non-polar solvents " as well as in the presence
of heavy metal ions '*'? or upon irradiation "*. In this connection,
the few published works are mainly focused on studying the
dimer-monomer equilibrium by the UV—-Vis and fluorescence
spectroscopy during dissociation of the dimers upon addition of
coordinating solvents or reagents > * ' '*. Recently, we reported
on the first synthesis of highly stable J-type dimer based on 2-
hydroxy-tri(tert-butyl)-substituted zinc phthalocyanine . In the
present work a comprehensive study of the physicochemical
properties of this dimeric complex are discussed in order to
determine the reasons for its considerable stability with
potentially broad applications in material science.
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Experimental
General methods

All solvents were reagent-grade quality and were obtained from
Aldrich. Phthalocyanine ligand 1 was synthesized according to
our previously published procedures '°. UV-Vis spectra were
recorded on a Hitachi U-2900 spectrophotometer in a range of
190-1100 nm in toluene, THF, pyridine and conc. sulfuric acid.
FT-IR spectra were recorded in KBr pellets on a Nicolet Nexus
IR-Furje spectrometer. '"H NMR (400.13 MHz) spectra were
recorded using a Bruker 400 NMR spectrometer. MALDI-
TOF/TOF measurements were performed with a Bruker
ULTRAFLEX 1II TOF/TOF spectrometer using 2,5-
dihydroxybenzoic acid (DHB, Aldrich). Fluorescence emission
and excitation spectra were obtained on a Varian Cary Eclipse
Fluorescence Spectrophotometer. The fluorescence quantum
yields (@) were estimated using PcZn in 1-propanol as a
reference (Ax = 600 nm, Pz=0.45) . The composition of
complexes 2 and 3 was checked with a Perkin—Elmer 240
elemental analyser. Thermogravimetric (TG) and differential
calorimetric analyses (DSC) were carried out on Netzsch STA
409 PC Luxx"thermal analyzer and Netzsch DSC 204 F1
Phoenix® differential scanning calorimeter correspondingly. TG
measurements were performed in alumina crucible (lid with hole)
under an argon flow with a heating rate of 10°C/min up to 800°C.
DSC measurements were performed in aluminum crucible sealed
with lids with holes under an air flow with a heating rate of
10°C/min up to 600°C. Electrochemical measurements were
carried out with pAutolab II potentiostat controlled by Nova 1.8
software package (Metrohm Autolab B.V., The Netherlands).
Cyclic voltammetry (CV) was performed in a conventional three-
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electrode cell with a Pt-disk (2.0 mm in diameter) working and
Pt-foil electrodes. o-Dichlorobenzene (DCB, for
synthesis, Merck) purified by passing through a short Al,Os
column was used as a solvent, and 0.15 mol/L of Bu,NBF,
(Sigma-Aldrich, dried under vacuum at 80°C) as a supporting
electrolyte. The saturated calomel reference electrode (SCE) was
connected to the solution through a salt bridge. Liquid junction
potentials were corrected to a ferrocenium'/ferrocene couple
(Fc'/Fe, +0.49 V vs. SCE). The solution was purged with
nitrogen for at least 20 min before measurements were taken. All
measurements were performed at an ambient temperature (22 +
1°C).

counter

Syntheses

2-Hydroxy-9(10),16(17),23(24)-tri-tert-butyl-29H,31H-
phthalocyanine [zinc](2). To a solution of 1 (0.430 g, 0.62
mmol) in DCB (8 mL), DBU (0.1 mL) and Zn(OAc),x2H,0
(0.150 g, 0.68 mmol) were added followed by keeping of the
temperature under reflux for 40 min. Then, the reaction mixture
was evaporated and the crude product was treated with aqueous
methanol (2x50 mL) to remove residual amounts of DCB. Yield:
0.460 g, 98%. Anal. Calc. for C44H4NgOZn: C, 69.33; N, 14.70;
H, 5.29%. Found: C, 69.14; N, 14.64 and H, 5.32%. FT-IR (cm™
"): 3760-3250 (OH), 2954 (CH-Ar). MS (MALDI-TOF/TOF):
m/z (1, %) 760.2622 (100%), exact ms. 760.2617. "H NMR (THF-
dg) &/ppm: 1.73 (s, 27H, tert-Bu), 7.60 (d, 1H, p°-H, J=8.4Hz),
8.28 (d, 3H, B-H, J/=8.00Hz), 8.77 (s, 1H, 0o'°-H), 9.29 (m, 1H, o’-
H), 9.29-9.44 (m, 3H, a-H), 9.46-9.59 (br. s, 3H, o'-H). UV-Vis
Amax (nm) (log €) in toluene: 286 (3.53), 348 (3.93), 612 (3.65),
679 (4.34); in THF: 287 (3.82), 345 (4.19), 608 (3.85), 675
(4.52); in pyridine: 352 (4.19), 616 (3.85), 682 (4.48); in H,SO4:
292, 310, 445, 816. Fluorescence data: excitation A, (THF) 600
nm, emission Ay, = 682 nm, Stokes shift 7 nm, @=0.33;
excitation A (pyridine) 600 nm, emission Ay, = 697 nm,
Stokes shift 9 nm, @=0.19.

Bis(2-hydroxy-9(10),16(17),23(24)-tri-ter-butyl-29H,31H-

phthalocyanine [zinc]) (3). To a solution of 1 (0.400 g, 0.53
mmol) in DCB (8 mL), CH30Li (0.100 g, 2.65 mmol) was added
followed by keeping of the mixture under reflux for 20 min. After
that Zn(OAc),x2H,0 (0.232 g, 1.06 mmol) was added, and the
mixture was refluxed for 30 min. After the reaction was finished,
the solvent was evaporated and the crude product was treated
with aqueous methanol (2x50 mL) followed by chromatographic
purification on Bio-Beads SX-1 (THF as eluent) to give target

45 dimeric product 3 as dark-blue powder. Yield: 0.348 g, 80%.
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Anal. Calc. for CggHggN;60,Zn,: C, 69.33; N, 14.70; H, 5.29%.
Found: C, 69.21; N, 14.61 and H, 5.28%. FT-IR (cm’l): 3780—
3230 (OH), 2960 (CH-Ar). MS (MALDI-TOF/TOF): m/z (1, %)
1522.5236 (100%), exact ms. 1524.5233. 'H NMR (THF-dy)
&/ppm: 1.76-2.26 (br. m, 54H, tert-Bu), 6.90-10.22 (br. m, 24H,
Ar). UV-Vis Ay, (nm) (log €) in toluene: 286 (3.65), 348 (4.03),
624 (3.72), 675 (4.29), 700 (4.17); in THF: 287 (3.86), 345
(4.22), 622 (3.89), 673 (4.38), 694 (4.29); in pyridine: 295 (3.69),
352 (4.06), 622 (3.77), 682 (4.33), 705 (4.21); in H,SO,: 312,
452, 809, 890. Fluorescence data: excitation A, (THF) 600 nm,
emission A, = 695 nm, Stokes shift 22 nm, @z=0.10; excitation
Amax (pyridine) 600 nm, emission Ay, = 697 nm, Stokes shift 5
nm, @=0.12.

Theoretical calculations

Theoretical calculations with ground state (S,) geometry
optimization of the model structures based on dimeric complex 3
were performed with density functional theory (DFT) method.
Perdew—Burke-Ernzerhof (PBE) '® functional and PRIRODA
package '? supplied with three exponent TZ2P basis set including
twice polarized Gauss-type functions were used. The size of the
basis set used is — (11s6p2d):[6s3p2d] for C and N,
(5s5p2d):[3s3p2d] for O, (Sslp):[3slp] for H and
(17s13p8d):[12s9p4d] for Zn atom correspondingly. For the S;
state, optimization of the geometries based on RHF-CIS
calculations (3-21+G* basis set) was performed with GAMESS
(US) package starting from optimized geometries for the Sy state.

Results and discussion

Formation, spectral and structural features

The successive reaction of 2-hydroxy-9(10),16(17),23(24)-tri-
tert-butylphthalocyanine ligand (1) with lithium methoxide and
zinc acetate in DCB led to the formation of highly stable dimeric
zinc complex 3 (Scheme 1). In the MALDI TOF/TOF mass
spectrum only one peak with m/z 1522.5236 was detected, which
is characteristic for the molecular ion of the desired product ((M—
2H]"). In the '"H NMR spectrum, the signals belonging to the
aromatic protons are strongly broadened and are observed over a
wide range (7-10 ppm), which characterizes the tendency of
macrocycles to establish strong intramolecular interactions
(Supporting information, Figs S1-S4). However, when employing
1,8-diazabicycloundec-7-ene (DBU) as a base, only monomer
complex 2 was obtained.
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Scheme 1. The influence of the base nature for the selective formation of monomer 2 and dimer 3 complexes in DCB.

In the UV-Vis spectra of the dimeric complex 3, which were
s obtained in non-polar and polar coordinating solvents, in addition
to the traditional Q- and B-bands, a long-wavelength band near
700 nm was also observed (Fig. 1). For dimers, the appearance of
this band is associated with the fact that the transitions to the
upper and lower states of the electric dipole-dipole interaction
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Fig. 1. UV-Vis spectra of complexes 2 (----) and 3 (—) in toluene (a), THF (b), pyridine (c) and H,SO, (d) (C ~ 5.25-8.74x107° mol dm™).
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Based on a number of studies » * ', we suggested the
20 supramolecular structure of the dimeric complex in which the
macrocycles are bonded by coordinating interactions between
zinc ion of the first phthalocyanine macrocycle and oxygen atom

of the OH-group of the second one. The estimated structure of

10 level are allowed 2°. This band is referred to as a J-band, and is

characteristic of dimers and aggregates in which the macrocycles
are displaced relative to each other. For J-type dimers, the angle
of slippage (0) must be smaller than the critical value of 54.7° *'.
In turn, the monomeric complex shows the typical characteristics
of the absorption spectrum for metal-containing phthalocyanines.
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this compound should provide high stability and reveal new
25 properties. According to DFT calculations, the slip angle of the
macrocycles in the dimer is 22.8° 2. therefore, it can be
considered as a J-type dimer. It is also important to emphasize
that the axial coordination leads to an increase in the angle of

This journal is © The Royal Society of Chemistry [year]
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slippage (Fig. 2) and, as a result, may even lead to the cofacial
arrangement of the macrocycles, which is characteristic of H-

aggregates.

s Fig. 2. DFT-optimized structures (ground state) of the model dimer based
on compound 3 (a) and its analog bearing a pyridine molecule as an axial
ligand (b).

The observed tendency of the controlled displacement of the
10 macrocycles can later be used to fine-tune the properties of
dimeric complexes with a similar structure.

Thermal stability determination

15 To determine thermal stability of synthesized dimer 3,
thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC) were used (Fig. 3).

100

T T
s (a) 25.62%
804
.
1]
4 22.36%
= 60 \
£ \
g Vot
= 50~ <
~ -~
~  18.10% 7.70%
w0l SRS 70%
~ 7.13%
30 RS \J
T T T T T T T -
100 200 300 400 500 600 700 800
Temperature (°C)
: : : :
10|
exo (b)
5 &
£
H
E ey
2
® 4
Q
T
24

T T T = T T T T
100 150 200 250 300 350 400 450 500

Temperature (°C)

Fig. 3. TG (a) and DSC (b) data for compounds 2 (----) and 3 (—).

20 As Fig. 3a shows, the destruction behavior of the monomer
complex was similar to that of the dimer 3, which indicates their
overall equal stability. However, the first step on the TG curve in
the case of monomer 2 indicated double weight loss in
comparison to dimer 3, which also correlated with a greater heat

25 effect on the DSC curves (Fig. 3b). In our previous work [22] it
was shown that for OH-containing phtalocyanines, such a result
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(at 250-300°C) is due to thermal elimination of peripheral
substituents. One can assume that, in the case of monomer
complex 2, this process will proceed to a greater degree because
of the fact that the intermolecular contacts in the macrocycles are
not as strong as those in dimer 3. The second continuous heat
effect (at 300-450°C) can be attributed to the dimer
decomposition, with the peak at 425°C corresponding to the
maximum rate of the process. However, it is practically
impossible to separate the processes of coordination bond
breakage with monomer formation and the destruction of the
macrocycle, so we cannot calculate the heat effect of dimer to
monomer transformation. The main reason is the uncontrolled
variation of the system composition and heat capacity during
thermal decomposition, which is difficult to estimate. The other
reason is due to the strong overlap of the peaks of peripheral
substituent elimination and those of breaking of Zn...O bonds and
further destruction of the macrocycles.

To evaluate the possibility of dimer destruction, a hypothetical
parallel distancing of the macrocycles was simulated. Scanning
the potential energy surface (PES) along the distance between
zinc atoms with a step size of 0.1 A allowed us to show a fairly
significant energy barrier (> 100 kcal/mol), which is possible to
overcome only with full distortion and destruction of the
macrocycles. It follows that the thermal decomposition of the
dimer is initially performed by the relative shifting of the
macrocycles in parallel planes. As a result, the forces of the
intramolecular interactions between the macrocycles binding a
dimer should weaken. Subsequently, both parts of the dimer
begin to exhibit properties similar to the case of
monophthalocyanines during thermal decomposition. Namely,
this stage is the dissociation of the dimer to form monomers. In
the present study, the excellent thermal stability of the double-
coordinated dimeric phthalocyanine complex has been
demonstrated for the first time and is essential for the
applicability expansion of this class of macroheterocyclic
compounds.

UV-Vis and fluorescence study

In contrast to the examples described in the literature, we did not
find high sensitivity of the UV—Vis spectra to the nature of the
solvent (Fig. 1). Even in concentrated sulfuric acid, the UV—-Vis
pattern of complex 3 did not virtually change. Thus, the red-shift
of the main absorption bands in 3 was observed upon protonation.
This process is reversible. Following deprotonation led to
quantitative isolation of 3 having original spectral characteristics.
The stability of protonated dimeric molecules of complex 3 can
be explained by the presence of specific interactions between the
involved macrocycles, which exceed the strength of like-charged
subunit repulsion. In pyridine, the Q- bands of complexes 2 and 3
(Fig. lc) are observed at the same wavelength (682 nm), which
can be attributed to solvatochromic effect and extra coordination
of a pyridine molecule. This is confirmed by DFT calculations for
the ground state at PBE level of the theory, which shows that the
HOMO-LUMO gap is almost the same for 2+Py and 3+(Py),
(1.36 and 1.37 eV correspondingly). For the dimer, the J-band is
observed at 705 nm in pyridine and indicates that the dimer does
not collapse as usually occurs with similar compounds * > 7 ™4,
Addition of 4-dimethylaminopyridine (DMAP) to this solution
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followed by refluxing for 1 day does not also lead to dissociation
of the dimeric compound, demonstrating the same nature of the
UV-Vis spectrum of 3 as is in other solvents (Supporting
information, Fig. S8).

Previously, we have assumed a coordinating interaction
between complexed zinc ions and oxygen atoms of the OH
groups. Such coordination should contribute to additional
electronic interaction of the macrocycles. It is well-known that
the electronic interactions of a complexed metal with a
macrocycle correspond to the appearance of additional absorption
bands in the electronic spectra in the range of 200-300 nm **. We
found characteristic absorption band at 287 nm in THF for
complexes 2 and 3, respectively. Applying of the fluorescence
measurements allowed us to find a close relationship of this band
with the electronic structure of compounds 2 and 3.
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Fig. 4. Fluorescence emission (Ax=345 nm — a, =630 nm — b) and
excitation (Aex=715 nm — ¢, An=730 nm — d) spectra of compounds 2
(black line) and 3 (red line) in THF (a,c) and pyridine (b,d) at C~2.2x10°
mol dm™.

The shapes of the fluorescence emission spectra while excited in
the range of 345-680 nm for test compounds were narrow and
clearly resolved (Fig. 4). These spectra are typical of
phthalocyanines *!', with Stokes shifts ranging from 7 (for
monomer 2) to 22 nm (for dimer 3) in THF solution (Fig. 4a,c).
At the same time, the emission band of the dimer was red-shifted
compared to the monomer by 13 nm, which is in agreement with
published data *. We can not exclude the fact that the excitation
of the dimeric molecule may lead to redistribution of the energy
both within and between the macrocycles. As a consequence,
certain alterations of the geometry are also possible for dimer 3
due to the change of slip angle. This fact should result in a partial
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quenching of the fluorescence and decreasing of the fluorescence
quantum yield (@g) in comparison with the monomer. Indeed, the
@ of dimer 3 in 1.5-3 times smaller compared to monomer 2,
depending on the solvent nature. This result somewhat differs
from the available literature data '*, and may be attributed to the
flexibility of the structure in the S state similar to other self-
assembled phthalocyanines in the ground state *2*,
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Fig. 5. Fluorescence emission spectra of 3 (a) and 2 (b) in THF while
excited at 287 nm.

Special attention should be paid to the complicated nature of the
emission spectra of dimer 3 when excited in the UV region (A, =
287 nm in THF). The emission band is broadened and splitted
(Fig. 5) unlike monomer. RHF—-CIS calculations (S; state, see
Supporting information for details) allowed us found a large
structural change between the ground and excited states and the
fact that the metal is displaced from the core of the
phthalocyanine ring wupon excitation. Distortion of the
macrocycles in the dimer is found to be increased with the
distance from the center of the macrocycles which is due to the
fact that the electronic density is shifted to the area of effective
contact of the macrocycles. So, the dimer behaves as a
complicated molecule with a separated electronic density. The
addition absorption bands in the range of 200-300 nm were found
to characterize charge transfer processes in phthalocyanine
complexes 2. In our case the absorbance at 287 nm can be
associated with n—* transitions, namely, with the transfer of the
free electron pair of oxygen atom of hydroxy group to the
macrocyclic system. Consequently, the nature of the emission
spectrum of the dimer (Fig. 5) should clearly demonstrate a
tendency to exchange electronic density between the two
macrocycles. In turn, this is possible with additional electronic
connecting contacts between the macrocycles. Unlike dimer 3,
the nature of the monomer 2 emission spectrum in the range of
550-800 nm is essentially independent on the fluorescence

This journal is © The Royal Society of Chemistry [year]
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excitation wavelength. Compound 2 also does not reveal any
noticeable geometry distortions in the S; state.
When studying the fluorescent properties of dimer 3 in
pyridine, we found a significant decrease in the Stokes’ shift of
sup to 5 nm, which is almost the same for monomer 2 under
similar conditions (Fig. 4b). Moreover, the maximum of the
emission band while excited at 630 nm was observed for both
compounds at a single wavelength, i.e. 697 nm, with the nature of
the excitation spectra for both compounds was similar. Only red-
10 shifting the fluorescence excitation band by 4 nm for dimer 3 was
observed (Fig. 4d). This result can be attributed to the fact that
the axial coordination of pyridine leads to a weakening of the
intramolecular contacts of the macrocycles in the dimer on
excitation. According to the RHF—CIS calculations, in the S state
15 the macrocycles are shifted with an increase in the slip angle
from 19.7 to 35.8°. Also a slight increase in the @ by 2% for
dimer 3 was evidenced, whereas @y of monomer 2 decreased by
13.8%. For this reason, we can not exclude the possibility of the
reversible dissociation of the dimeric molecule upon excitation.
20 Since the ground state electronic spectrum of dimer 3 does not
depend on the solvent nature, the assumed dissociation can only
proceed upon excitation. To estimate this, special investigations
will be provided later.

Reduction

s Redox properties investigation

The electrochemical properties of monomer 2 and dimer 3 were
investigated in DCB by cyclic voltammetry (CVA). The results
are presented in Table 1 and Fig. 6. The anodic shift of the
30 oxidation Ox; and reduction Red;, Red, peaks in 3 indicates
greater stabilization of the HOMO and LUMO orbitals in the
dimer compared with the monomer. Apparently, this is due to the
effective intramolecular interaction between the macrocycles in
the dimer. Another feature of the behavior of dimer 3 is impaired
35 reversibility of the first oxidation redox transition, which may be
due to changes in the spatial arrangement of the macrocycles
upon oxidation. In the area of 1.3-1.4V for both compounds,
poorly defined peaks of irreversible oxidation Ox, accompanied
by a small peak at 1.1 (Ox,") were observed, which may be
40 caused by the oxidation of OH groups. Such irreversibility of the
second oxidation step is also characteristic for typical monomeric
phthalocyanines 2°. Altogether our data show significant
difference in electrochemical properties of the dimer comparing
to the monomer and additionally confirm that the dimer is the
45 individual compound (see also Fig. S9, Supporting information).

Oxidation

-1.75

[N A LRI I I
-1.60 -1.256 -1.00 -0.75 -0.50 -0.25 0.00
E/Vvs SCE

1
-2.00

T — T T 1 1T T T 1
025 050 075 1.00 125 150 175 200
E/Vvs SCE

7
0.00

Fig. 6. CVA for monomer complex 2 (black) and dimer 3 (red) in DCB containing 0.15M [BuN,4][BF,]. Peaks indicated by asterisks were due to traces of
oxygen. Scan rate 0.1 V/s.

so Table 1. Oxidation and reduction potentials £°/V (vs. Fc¢/Fc”) in DCB.

Page 6 of 7

Compound Red, Red, Ox, Ox,'¢ Ox, ¢ Ox;-Red;
Monomer (2) -1.68(-2.17) -1.34(-1.83) 0.39(-0.10) 1.12(0.63) 1.31(0.82) 1.73
Dimer (3) -1.55(-2.04) -1.31(-1.80) 0.49(0.00) 1.11(0.62) 1.36(0.87) 1.80
“ half-height potentials are given
Conclusions

ss In this study, a highly stable double-coordinated dimeric zinc
phthalocyanine complex, firstly synthesized in our research
group, has been investigated. By TG/DSC, the limit of thermal
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stability was determined (425°C). It was shown that the nature of
the solvent and even concentrated sulfuric acid, does not
significantly affect the dimeric complex according to the UV—Vis
spectroscopy data. All of this clearly evidences on the excellent
chemical and thermal stability of this dimeric complex, based on
coordinating bonds and ©—n electronic interactions. Presence of
such interactions was demonstrated by fluorescence emission and
excitation spectra in comparison with the UV—-Vis spectra. DFT
and RHF-CIS calculations were performed for the first time for
this kind of molecules, which together with the fluorescence
measurements revealed that on excitation, the total electronic
system divides into conjugated chromophores, demonstrating the
significant interaction between the macrocycles. The existence of
specific intramolecular contact was also confirmed by the
electrochemical studies.
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