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The windmill, the dragon, and the frog:
geometry control over the spectral, magnetic,
and electrochemical properties of cobalt
phthalocyanine regioisomersf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 18113

Nikolai Tkachenko, €22 Viacheslav Golovanov,®® Aleksandr Penni,?
Sami Vesamaki, (22 M. R. Ajayakumar,® Atsuya Muranaka,® Nagao Kobayashi
and Alexander Efimov (&) *@

C

For the first time, we have prepared non-aggregating phthalocyanine cobalt complexes as a set of
resolved positional isomers. These compounds comprise a unique test bed for the structure—properties
studies, as their optical and electrochemical properties are influenced by the planarity of the phthalocya-
nine macrocycle, which can be controlled by the positional isomerism of the bulky aromatic substituents
at the a-phthalo sites. We support our conclusions with molecular modelling studies, which show a
perfect match between the calculated and experimentally determined spectral/electrochemical values.
We challenge a common perception that the NMR spectra of cobalt phthalocyanines cannot be
measured due to the paramagnetic nature of Co(i). We suggest instead that the key factors affecting the
NMR spectral resolution are molecular aggregation and n—n stacking. These interactions are suppressed
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by the bulky peripheral substituents on the cobalt phthalocyanines prepared, making these isomeric
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Introduction

Phthalocyanines (Pcs) are widely utilised in areas as diverse as
catalysis, the dye industry, medicinal chemistry, sensing, and
materials science.! Cobalt phthalocyanine complexes (CoPcs)
are uniquely suited for electrocatalytic CO, reduction.>” CoPcs
generally suffer from severe molecular aggregation which dra-
matically reduces their catalytic activity; however, in cases when
the aggregation is suppressed, their efficiency becomes remark-
ably high.*® It has been recently emphasised that a non-
aggregating CoPc acting as a single-atom catalyst would be of
ultimate value for numerous chemical transformations and
CO, conversion in particular.”®

Solubility and aggregation properties of Pcs can be con-
trolled by peripheral substitution. Alkoxy, aryloxy, or tert-butyl
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compounds an excellent tool for paramagnetic NMR studies.

substituents are typically used to improve the solubility of these
compounds. There are a number of strategies for the synthesis
of non-aggregating Pcs with defined substitution patterns based on
thermally and/or sterically controlled reaction methodologies.”
Common examples of such substituted Pcs include tetrakis[tert-
butyl]phthalocyanine, octakis[butoxy]phthalocyanine, and various
tetrakis and octakis phenoxy- and thiophenyl-bearing derivatives.
There are grounds to expect that in some cases the properties of the
positional isomers may differ significantly. Whereas the normal
conformation of a Pc’s aromatic core is approximately flat, the
presence of substituents may induce in-plane and out-of-plane
distortions."*"> Appropriate peripheral substitution can therefore
be employed to achieve desired opto-electronic, magnetic, and
catalytic properties.'® Peripherally tetrasubstituted Pcs present an
additional challenge in that they are often produced as mixtures of
regioisomers, which are rarely separated to isolate individual
compounds, and hence the materials obtained remain poorly
characterised. Furthermore, the separation of isomeric Pcs may
be difficult, if possible at all.'’ It is thus not surprising that most
studies have been performed with structurally the simplest and
most readily available Pcs, for which positional isomerism is either
non-existent or unimportant.

Reliable prediction of the geometries, spectral properties,
and HOMO/LUMO energies for these species via molecular
modelling would be immensely valuable. Ab initio density
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functional theory (DFT) calculations'® can address many important
aspects, such as structurally induced effects on the magnetic,
optical, and subsequently catalytic characteristics of CoPcs.”*® In
the context of aggregation-induced deactivation of CoPc catalysts,
computational modelling?®?* can provide valuable insights into the
mutual arrangement of the metal phthalocyanine molecules, open-
ing a pathway for improving the catalytic performance.

Investigation of Pcs by NMR spectroscopy is in general
problematic due to the possible presence of regioisomers,
molecular aggregation via strong n-n stacking, and low solubi-
lity. NMR characterisation of CoPcs is even more challenging
due to the paramagnetic nature of the Co(u) ion, a reason to
which the poor resolution and broadness of the peaks is usually
attributed.>”** On the other hand, paramagnetic NMR studies
are becoming more common, and some excellent publications
have recently appeared, in which Co(u) complexes containing
aromatic ligands are investigated.>>>° However, when the
system under study contained a porphyrin core, the NMR
spectrum was unresolved.”® When a paramagnetic atom is
introduced into a structure, crucial spatial information can be
gained via hyperfine chemical shifts, pseudocontact shifts, and
changes in relaxation time constants.

The synthesis and investigation of non-aggregating and
isomerically pure CoPcs have hitherto remained underex-
plored. In this work, we present a sterically controlled approach
to the preparation of a series of isomerically pure non-
aggregating CoPcs and perform a detailed paramagnetic NMR
and opto-electronic analysis of these compounds.

Results and discussion

The structures of the three phthalocyanines prepared and
studied in this work are shown in Fig. 1. The three isomeric
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molecules have the same general structure but differ in the
position of the four bulky di[tert-butyllphenyl (¢-Bu,Ph) sub-
stituents at the a-phthalo sites. The compounds are denoted as
“windmill” (C,;, symmetry), “dragon” (Cs symmetry) and “frog”
(Csy symmetry). Usually, when bulky a-phthalo substituents are
employed, formation of only the most symmetrical windmill
isomer is expected."®***! Herein, we demonstrate that the frog
and dragon isomers can also be obtained, although energeti-
cally unfavourable intramolecular steric interactions present in

their structures can be envisioned to lower the yields.

Synthesis

3/,5'-Di-tert-butyl-[1,1’-biphenyl]-2,3-dicarbonitrile pre-
pared as described earlier'® and used for the condensation
reaction (Fig. 1) in the presence of lithium butoxide in butanol
at 55 °C for 48 h under an argon atmosphere. The reaction
provided a 28% isolated yield for the windmill isomer; however,
the reaction did not yield any noticeable amounts of the other
regioisomers. When the reaction temperature was increased to
110 °C or 135 °C, the formation of the other two Pcs was
observed. These were later identified as the frog and dragon
isomers, and the three compounds can be resolved by TLC on
silica, with their mobility decreasing in the order windmill >
dragon > frog. Performing the reaction in octanol at 80 °C
proved to maximize the yields of all the three isomeric Pcs.
Preparative separation of the three isomers was astonishingly
simple. After condensation, the reaction mixture was washed
with water to remove the lithium ions, and the organic solvent
was removed under reduced pressure. The residual green solid
was suspended in hexane, and the resulting green solution was
pipetted off. What remained in the solid residue was, to our
great surprise, a single isomer fraction, attributed to the wind-
mill Pc by NMR analysis. The final purification of the isomers

was

a) 50 °C (48 h); HyPc-Windmill = 28%, H,Pc-Dragon/H,Pc-Frog not formed
b) 110 °C (18 h); HyPc-Windmill = 33%, H,Pc-Dragon/H,Pc-Frog ~ 3%

) 130 °C (18 h); HyPc-Windmill = 38%, HyPc-Dragon/H,Pc-Frog ~ 4%
d) 80 °C (17 h); HoPc-Windmill = 53%, H,Pc-Dragon/H,Pc-Frog ~ 3%

t-Bu

t-Bu £Bu

t-Bu

t-Bu

t-Bu

Fig. 1 Synthesis of the three isomeric phthalocyanines. The isoindole rings are denoted as (a)—(d) for interpreting the NMR spectra.
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required a short column using dichloromethane/hexane as
eluent or preparative TLC. Metal insertions were done by
heating the cobalt salts with phthalocyanine free base at
110 °C in dimethylformamide for 19 h under argon.

Geometry. The relaxed structures of the compounds
obtained from DFT modelling are presented in Fig. 2. It can
be seen that the differently oriented residual substituents
induce a significant distortion in the aromatic ring of the
phthalocyanine molecule. The core of the windmill isomer is
found to be virtually flat, while the macrocycles of frog and
dragon are distorted in a saddle style.

NMR studies

NMR spectra of the free base phthalocyanines. The three
isomeric phthalocyanines were identified by NMR spectro-
scopy. The "H NMR spectrum of the windmill isomer (Fig. 3a,
blue trace) shows few well-resolved resonances, indicating the
molecule’s Cy, symmetry. The coupling network derived from
the 2D COSY spectrum encompasses a dd at 8.40 ppm (four o-
phthalo protons), a triplet at 7.98 ppm (four B-phthalo protons)
and a dd at 8.03 ppm (four p’-phthalo protons). The twelve
aromatic protons of the di-(tert-butyl)phenyl groups give a
narrow doublet at 7.88 ppm (0-H) and a narrow triplet at 7.95
ppm (p-H). The tert-butyl groups produce a singlet at 1.50 ppm,
and the NH protons resonate at —0.32 ppm. Assignment of the
o- and B’-phthalo protons was done with the help of the 2D
NOESY spectrum (Fig. S1, ESI{), which revealed a strong
correlation between the tert-butyl signal and the phenyl protons
(the distance is ca. 2 A according to DFT modelling) along with
a weaker cross-peak between the tert-butyl group and the signal
at 8.40 ppm. The latter is therefore assigned to the a-phthalo
protons, for which the distance to the tert-butyl group is ca.
2.5 A according to the structural model.

A more complex, although still rather clear, spectrum was
observed for the third isomer (Fig. 3a, green trace). The two

CO-C=0=CWRHTD—0-0-0C Windmill

Dragon

« o Frog
P

Fig. 2 Side (a) and isometric (b) view of the molecular core of the windmill
(top), dragon (middle) and frog (bottom) isomers, visualizing the saddle
shape distortions of the macrocycle for the dragon and frog molecules.
The t-BuyPh substituents and outer hydrogen atoms are removed for
clarity. C, H and N atoms are represented as grey, white and blue spheres,
respectively.
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coupled systems at 9.49-8.25-8.16 and 8.12-7.80-7.90 ppm
were assigned to the two groups of the phthalo protons. The
phenyl rings produced coupled signals at 7.68-7.14 and 7.93-
7.91 ppm. Tert-Butyl groups gave two signals of 36 protons each
at 1.48 and 1.19 ppm. The NH protons signal appeared at
0.71 ppm. Such a symmetry was attributed to the frog isomer,
although the exact assignment of the signals remained to be
done. The 2D NOESY spectrum (Fig. S2, ESIt) showed correla-
tions at 7.91-1.48, 8.12-1.48 ppm, and 7.68-1.19 and 7.14-
1.19 ppm, and no correlation between peaks at 9.49 and the
alkyl groups. Therefore, the peak at 9.49 ppm was assigned to
the o-phthalo protons of the rings D and D’ (see Fig. 1), and
peaks at 8.25 and 8.16 ppm belonged to the same rings D/D’, as
well as phenyls 7.93-7.91 ppm and tert-butyls at 1.48 ppm. The
peak at 8.12 was hence attributed to the alfa-phthalo protons of
the rings B/B’, 7.80 and 7.90 ppm were related to the corres-
ponding B and B’ protons, and the phenyls and tert-butyls were
found at 7.68, 7.14 and 1.19 ppm, respectively. This upfield
shift of the alkyl and p-phenyl signals is supported by the
DFT model, in which the B and B’ phenyl rings are stretched
away from the macrocycle, tilted and overlap each other, thus
putting the protons into a shielding region above the phenyl
planes.

The dragon phthalocyanine, obtained as a middle fraction
on normal phase chromatography, had the most complex NMR
pattern among the three isomers (Fig. 3a, red trace). The
assignment was based on interpretations described above. In
the 2D COSY spectrum (see Fig. S3, ESIf) the phthalo protons
formed four separate coupled systems, namely 9.52-8.25-8.16,
9.45-8.12-8.03, 8.38-7.98-8.04, and 8.16-7.81-7.93 ppm. For
these groups, only B-phthalo hydrogens can be identified from
the COSY spectrum, while the alfa and p’-hydrogens are diffi-
cult to differentiate. Based on signal assignment for the other
two isomers, the highest chemical shift in each group was
attributed to the alfa-phthalo protons. In the 2D NOESY spec-
trum (Fig. S4, ESIT), correlations can be seen for the pairs of
signals at 8.38-1.51, 8.16-1.46, 7.87-1.46, 7.95-1.51, 1.22-7.17
and 1.22-7.74 ppm. Hence, it was concluded that di(tert-
butyl)phenyl group with the signals at 7.95 and 1.51 ppm
belongs to the ring D and correlates with the alfa-phthalo
proton of the ring A at 8.38, while the ring A has the di(tert-
butyl)phenyl signals at 1.46-7.87 ppm which correlate with the
alfa-phthalo proton of the ring B at 8.16 ppm. Signals at 9.52
and 9.45 ppm do not give correlations to the aliphatic groups at
all, and hence were assigned to the alfa-phthalo protons of the
rings D and C, respectively. Additional proof for the correctness
of this assignment was obtained from the HMBC spectrum
(Fig. S5, ESIt), where the B-phthalo proton at 8.12 ppm and the
o-phenyl proton at 7.74 ppm of the ring C give correlations to
the same g-carbon on the isoindole ring at 140.2 ppm. Simi-
larly, the B-phthalo proton at 8.25 ppm and the o-phenyl proton
at 7.94 ppm of the ring D show correlations to the same
g-carbon on the isoindole ring at 141.7 ppm. For the rings A
and B, the situation is identical as the B-phthalo and o-phenyl
protons reveal correlations to the g-carbons on the respective
isoindole rings. Insufficient resolution along the **C axis in the
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Fig. 3 (a) NMR spectra of the free base phthalocyanines. (b) NMR spectra of the Co complexes.
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HSQC and HMBC spectra precluded complete assignment of (rings B and C). It is notable that, similarly to the situation for
the "*C resonances. The tert-butyl hydrogens are split into the frog isomer, the NH protons give a singlet at 0.65 ppm,

broadened peaks at 1.51 (ring D), 1.46 (ring A), and 1.22 ppm  representing unusually strong deshielding.
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Simulations of the 'H NMR chemical shift for the NH
protons are in qualitative agreement with the experimental
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observations. For the hydrogen atoms inside of the fully sym-
metrical windmill core, a signal at —9.95 ppm is predicted,

27 ' 33.1 L '
11.30 ' 10.76 B 10.62 .
" %4\, 1237
—e{122.1
26,9
9.80 124.0 D a16.05 X

Fig. 4 Assignment of NMR signals for the compounds under study.
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whereas in the real spectrum this resonance is located at —0.32
ppm. For the distorted dragon and frog isomers, the calculated
chemical shifts for the NH protons move downfield to 0.9 ppm,
whereas in the real spectra these signals are found at 0.65 and
0.71 ppm, respectively. Deshielding of the NH protons for the
isomers with a distorted macrocyclic aromatic ring is in line
with the Hirshfeld population analysis, which shows an approx.
8% diminution of the electron density on the hydrogens inside
the macrocycle for the frog and dragon phthalocyanines com-
pared to the windmill isomer.

Cobalt complexes and their NMR spectra. Cobalt complexes
of the three isomers were prepared by simple metalation
procedure using cobalt acetate dihydrate with the respective
Pc ligands in DMF under inert conditions. After heating the
reaction for 24 h, the resultant CoPcs were purified by column
chromatography on silica gel.

A quick proof of the structure was achieved by high-
resolution ESI-TOF mass spectrometry. Being measured in
positive polarity, all three complexes gave the same results.
The three isotopic multiplets could be observed (Fig. S6b, ESIt),
corresponding to the molecular ions M*/[M + H]", [M + Na]" and
[M + K] within the 3 mDa accuracy (<5 ppm). The lightest m/z
signal came from an overlap of M" and [M + H]" molecular ions,
which is quite typical for metal porphyrinoids. The m/z data
testify for Co(u)Pc neutral complex formation rather than
Co(m)Pc monocation, which would not produce single-
charged adducts with proton, sodium or potassium.

Encouraged by the unusually high solubility of the com-
plexes obtained, we carried out NMR measurements. The
samples were prepared as solutions in deuterochloroform with
concentrations of ca. 30 mg ml ', The spectral window was
initially set from +50 to —50 ppm, and eventually decreased to
20 to —2 ppm. To our surprise, all the three isomeric complexes
produced broadened, yet sufficiently well-resolved, signals
which could be integrated (Fig. 3b). The spectrum of the wind-
mill CoPc showed a peak of four protons at 16.05 ppm, a peak

View Article Online

PCCP

of eight protons at 11.30 ppm and a pair of sharper singlets
at 10.76 and 10.62 ppm with the integral of eight, and a
sharp peak at 9.80 ppm. The tert-butyls’ signal was clearly
visible though shifted downfield to 2.47 ppm. Even though
the sample was made obviously at the solubility limit, we did
not notice any difference with the spectrum of a more
dilute sample, except for the signal intensity. The *C NMR
spectrum of cobalt windmill (Fig. S7, ESIt) suffered from
poor sensitivity, however produced sharp peaks both in the
aromatic and aliphatic regions. The same trends can be
observed, as the peaks were shifted by a few ppm to the lower
field. In the HSQC and HMBC spectra of Co-windmill (Fig. S8
and S9, ESIT) correlations for the protons at 11-9 ppm and 2.47
ppm can be traced, however the signal at 16.05 ppm gave no
cross-peaks.

'"H NMR spectra of the dragon and frog were also well
resolved and showed patterns similar to their free base counter-
parts, though with the signals shifted downfield.

Graphical signal assignments for the free base phthalocya-
nines and their Co complexes are given in Fig. 4.

Paramagnetic NMR and T; measurements. Unfortunately,
the 2D COSY spectra of cobalt complexes gave no correlations,
hence would not help in the signal assignment. On the other
hand, the distance from the phthalo and aryl protons to the
paramagnetic cobalt is different, hence one could make use of
paramagnetic relaxation enhancement.?

The T, relaxation times were measured for the protons of
free bases and cobalt complexes using the inversion recovery
pulse sequence with 10-14 points and processing the data with
JEOL Delta 5.2 software. For the free base compounds the
relaxation constants ranged from 0.5 s for NH protons to
almost 2 s for the f-phthalo H with no major deviation among
the isomers. For the cobalt complexes the T, values ranged
from milliseconds for the broadest to tens of milliseconds for
the sharpest peaks. The obtained data for the three isomers are
summarized in Table 1.

Table 1 Relaxation times, distances to the cobalt ion and assignment of NMR signals for the three CoPc isomers. See Fig. 4 for markings of the rings

CoPc-windmill

0, ppm Ty, ms Distance, A Assignment
16.05 5 5.9 4
11.30 9 6.6 0-Ph
10.76 27 7.6 B’
10.62 26 7.6 B

9.80 69 8.9 p-Ph
2.47 57 8.9 t-Bu
CoPc-frog

0, ppm T, ms Distance, A Assignment
16.68 6.3 6.0 o-D
16.27 5.9 5.7 o-B
11.54 8.3 6.6 0-Ph-D
11.04 26 7.6 p-D
10.76 6.4 6.6 0-Ph-B
10.44 27 7.6 B-D
10.09 26 7.5 B-B
9.89 64 8.6 p-Ph-D
8.36 83 9.5 p-Ph-B
6.71 45 7.6 p-B
2.58 47 8.9 t-Bu-D
1.92 37 9.6 t-Bu-B
18118 | Phys. Chem. Chem. Phys., 2024, 26, 18113-18128

CoPc-dragon

0, ppm Ty, ms Distance, A Assignment
17.08 5.9 5.5 o-A
16.89 6.1 5.7 o-B
15.98 6 6.1 o-C,D
11.29 6.9 6.6 0-Ph-A,D
11.13 6.9 6.6 0-Ph-B,C
10.89 24 7.5 B/p’
10.80 25 7.5 B/p’
10.67 25 7.3 B/p’
10.59 26 7.9 B/p’
10.28 25 7.6 B/p’
9.96 26 7.9 B/p’
9.79 65 9.6 p-Ph-D
9.70 66 9.4 p-Ph-A
8.52 81 10.1 p-Ph-C
8.43 82 9.8 p-Ph-B
6.75 45 7.7 B’-B,C
2.41 48 9.2 t-Bu-A,D
2.05 35 10.4 t-Bu-C
1.99 36 8.7 t-Bu-B

This journal is © the Owner Societies 2024
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The obtained values clearly felt into three categories:
5-10 ms, 20-30 ms, and 30-70 ms, and somewhat correlate to
the chemical shifts. Detailed analysis however required infor-
mation regarding the distance from a proton to the cobalt ion,
which was obtained from the geometry modelling by DFT
calculations. The results are summarized in Table 1.

Simplest interpretation could be made for the windmill
isomers. All four of its rings are equivalent, and only six signals
are observed in the spectrum. The shortest relaxation 5 ms fits
well with the shortest distance 5.86 A and highest chemical
shift 16.1 ppm of the alfa-phthalo proton. The two B-phthalo
hydrogens (10.6 and 10.8 ppm) are almost at the same distance
(7.6 A) and their relaxation constants 26 and 27 ms are also very
similar. Rather unexpectedly, the o-phenyl protons appear at
11.3 ppm and have a relaxation constant of 9 ms, but it makes
sense as they are located 6.6 A from cobalt. The p-phenyl
protons are at a longer distance 8.9 A, which makes them less
shifted 9.8 ppm and relaxing longer 69 ms. The tert-butyl
protons are at the same distance in average as the p-phenyl,
and their relaxation time is similar. When plotting the depen-
dence of T, vs. distance in a log-log scale (Fig. 5), one obtains a
straight line showing the dependence of 7~°, as expected from
theory.?” The frog isomer had two types of the rings. The rings B
had the phenyl groups pointing towards each other. This made
the p-phenyl protons stretched away from the phthalocyanine
(9.5 A to cobalt), with longer relaxations (83 ms) and higher
chemical shifts (8.5 ppm). The p-phenyl hydrogen of the ring D
is closer to cobalt at 8.6 A, relaxing faster at 64 ms and shifted
downfield to 9.9 ppm. The other sets of protons demonstrated
the same trend - less deformed ring D gave higher chemical
shifts, shorter relaxations, and shorter distances to cobalt
especially so for the tert-butyl groups. Same large difference
was observed for the signals of the B’-phthalo protons of the
rings B, which underwent an upfield shift to 6.7 ppm. A
plausible explanation would be again the deformation of the
phthalocyanine ring, making the proton going outside of
the plane.

103
5 B CoPc-Windmill
F * CoPc-Dragon JPed
I ° CoPc-Frog Ve
2 -
10°F -8
E .,',,:‘00
0 r o g @
€ [ e ° o
~ ®
=t .
10'F /!’
F o 0 00
100 L L L ) 1

10
Co-H distance / A

Fig. 5 Relaxation times as a function of r~® distance to cobalt ion. Wind-
mill, squares; dragon, diamonds; frog, circles.
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For the dragon isomers, mapping the signals was the most
complex. The proton peaks were easily separable into groups
identified by relaxation times, but their attribution to the
phthalo rings required employing the data for windmill and
frog as a calibration graph (Fig. 5) and arranging the signals
according to the proximity to the cobalt ion. The alfa-phthalo
protons with relaxation time 5-6 ms resided at 5-6 A, the o-
phenyl rings were next in distance with similar relaxations.

Assigning the B protons would not be reliable with the
available data, except for the “bent” fB’-phthalo atoms of the
rings B and C, which were shifted downfield similarly to the
signals of the frog isomer. Also, the signals of tert-butyl groups
followed nicely the trend mentioned above - stretched away,
longer relaxing, upfield shifted signals for the rings B and C,
and nearly identical to the windmill signals of the rings
A and D.

Fig. 5 shows that the most significant deviation from the
theoretical prediction is for the protons which are lying off the
phthalocyanine plane, especially for the deformed tert-butyl
groups. On the other hand, these distances were determined as
an average value and are variable in fact. Also, this might
indicate that the effect of the d,. orbital of cobalt ion might
be anisotropic. Either way, the proposed synthesized set of
isomers proved to be an excellent testbed for probing the
paramagnetic effect on a variety of distances and orientational
angles.

Optical properties

Absorption in solutions. Absorption spectra of the com-
pounds in toluene are shown in Fig. 6 (roughly 10 ug ml™").
The positions, bandwidth and molar absorption of the lowest
energy Q bands were analyzed more accurately by fitting the
bands to Gaussian band shape and the results are summarized
in Table S1 (ESIT). The effect of concentration on the absorp-
tion spectra was studied by increasing sample concentration up
to 1 mM. However, no visible change of absorption spectra was
detected as presented in Fig. S10 (ESIY).

The effect of macrocycle distortion on absorption spectra
can be clearly seen in a gradual shift of the Q bands. Also, it can
be noted that there is virtually no difference in absorption
spectra of frog and dragon compounds. The Q band red shift
for frog and dragon isomers is roughly 22 nm for both the free
base and Co phthalocyanine (Table S1, ESIT). This agrees well
with theoretical modelling prediction (Fig. 6). The computa-
tional studies demonstrate conclusively that the large Q band
red shifts (22 nm) seen experimentally for very nonplanar
(dragon, frog) molecules compared to symmetrical (windmill)
moiety are primarily the result of the phthalocyanine core
structural deformations, which is in line with previous
observations.*

The shift is accompanied by a gradual band broadening
from 21 nm for windmill isomer to 28-30 nm for dragon and
frog isomers of Co compounds, and even larger broadening
from 20 nm to 33-36 nm for the free base compounds. The
broadening observed for the Co complexes can be mainly
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Fig. 6 Absorption spectra: (a) measured in toluene for free bases (solid
lines) and cobalt complexes (dotted lines); (b) free base spectra (dotted
lines) overlapped with the calculated absorption bands (solid lines).

attributed to the departure of symmetry from Cy, since the
excited state of the frog and dragon is not degenerate.

The apparent molar absorption coefficient (¢) at the Q band
maximum of the Co complexes is clearly larger for high
symmetry windmill isomer when compared to those of dragon
and frog isomers. This is ascribable to the splitting of the Q,
and Q, bands in the latter two isomers. Accordingly, the
oscillator strength (proportional to the product ¢ x Al) is
roughly the same for different isomers, being in the range f =
0.2-0.25, which corresponds to “allowed” transitions. This is
reasonable as optical properties of the phthalocyanines are
determined by the conjugated n-systems of the macrocycles
and should not differ much for compounds with the same
chromophore.

It was shown that in some Co porphyrin derivatives a so-
called charge transfer (CT) transition corresponding to a shift
of electron density from the porphyrin macrocycle to the
central metal, Co, can be observed, though the oscillator
strength of the transition (and thus the molar absorption
coefficient) is weak.** The NIR absorption spectra of the Co
phthalocyanines were measured at sample concentration of
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1 mM in 1 cm cuvettes and are presented in Fig. S11 (ESIt),
which shows distinct and relatively narrow absorption bands
just above 1000 nm wavelength. The molar absorption coeffi-
cient for this band is roughly 300 M~* em™*, and the oscillator
strength of this transition can be estimated to be close to
f ~ 4 x 107% which qualifies formally this transition as
forbidden one. It can be noted that the reported molar absorp-
tion coefficient for similar transition measured for CoTPP is
75 M~ ' em™' (at 856 nm) but the band widths was much
larger,® so the oscillator strength must be roughly the same.
Similarly to the Q-band positions of different isomers, the NIR
band position are also red-shifted for distorted isomers. The
NIR band of windmill is at 1008 nm (1.23 eV) and at 1028
(1.21 eV) and 1034 nm (1.20 eV) for dragon and frog isomers,
respectively. The bandwidth (FWHM) for windmill is 38 nm but
broadened to 65 and 59 nm for dragon and frog, respectively.

Absorption spectra of films. Films were prepared on glass
substrates by drying a dropcast toluene solution on glass plate,
heating the glasses up to 50 °C and rubbing the glasses against
each. This simple procedure produced surprisingly high quality
films with only 1-3% deviation of optical density between the
corresponding samples. The absorption spectra of films are
presented in Fig. 7. All typical features of phthalocyanines
spectra were preserved in films. Gaussian band-shape fit of
the Q band area revealed that in films the lowest energy Q
bands were shifted to the red by roughly 10 nm and broadened
1.2-2 times for all three isomers and both the free-base and Co
compounds (Table S1, ESIf). Interestingly, we did not notice
any reliable difference in aggregation behavior between the
isomers. It can be also noted that the higher energy Q bands
were less affected in the films.

Magnetic circular dichroism spectroscopy and
spectroelectrochemistry

The magnetic circular dichroism (MCD) spectrum of Co wind-
mill isomer was measured to understand its electronic struc-
ture. As seen in Fig. 8a, the complex exhibited an intense
negative-to-positive MCD sign sequence corresponding to the
Q band. The observed MCD signal, which can be assigned to
the Faraday A term, is characteristic of phthalocyanine metal
complexes with high symmetry.>***> We studied the electro-
chemistry of Co windmill molecule to gain an insight into the
valency of the cobalt ion. Fig. 8b shows the changes of the
electronic absorption spectra during the electrochemical
reduction of Co windmill at a potential negative of the first
reduction. A new absorption band appeared at 479 nm is
attributable to the metal-to-ligand charge transfer (MLCT)
transition(s) of Co(1) phthalocyanine.*® We therefore confirmed
that the cobalt ion in its initial neutral form was divalent.

Calculated absorption spectra for cobalt complexes. In order
to enhance the interpretation of the absorption and MCD
spectra, the absorption spectra of cobalt complexes with and
without dialkylphenyl substituents were simulated by TD-DFT
calculations at the UB3LYP/6-31G(d,p) level.>’° The simulated
Q absorption spectra are shown in Fig. 9.
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Fig. 8 (a) MCD (top) and electronic absorption (bottom) spectra of Co
windmill complex in CHClz at room temperature. (b) Electronic absorption
spectra during the electrochemical reduction of windmill at -0.8 V (vs. Ag/
AgCl) in benzonitrile with 0.1 M n-Bu4NPFg under a nitrogen atmosphere.

As seen in this figure, compared with unsubstituted flat
CoPc (583 nm), the Q bands of windmill, dragon, and frog were
estimated at 616, ca. 644 (average of two calculated Q transi-
tions), and ca. 645 nm, respectively. Accordingly, the effect of
four phenyl groups at a-positions plus deformation effect was
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Fig. 9 (a) Calculated absorption spectra for the optimized structures of

Co complex (a), three isomers in which peripheral groups are replaced by
hydrogen atoms (b), and non-substituted CoPc (c).

calculated to be about 33, 61, and 62 nm, respectively. Fig. 9b
shows the results on molecules without phenyl-substituents but
the extent of deformation of the Pc plane is the same as that in
Fig. 9a. In this case, the Q band position was calculated at ca.
584, 596, and 597 nm, respectively in the above order. Thus, the
effect of deformation is amounted to be ca. 1, 13, and 13 nm
while that by four phenyl-substituents at o positions were 32,
48, and 48 nm for the windmill, dragon, and frog isomers,
respectively. Thus, the effect of phenyl substituents at the o
positions for the dragon and frog isomers is similar and much
larger than that for the windmill isomer. Since, the effect of
substituents and deformation of the Pc plane on the absorption
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Table 2 Redox potentials (vs. ferrocene reference) of the compounds

Pc™ pc'” Co() Pc'* pc*
H,Pc-windmill —-1.72 —1.38 0.33 0.70
H,Pc-dragon -1.71 —1.34 0.27 0.65
H,Pc-frog —-1.72 —1.33 0.25 0.63
CoPc-windmill —1.63 —-0.78 0.26 0.82
CoPc-dragon —1.65 —0.86 0.19 0.69
CoPc-frog —1.44 —0.85 0.19 0.68

spectra are known to work synergistically for ZnPcs whose
deformation is well quantified,> we may be able to conclude
that the extent of deformation for the dragon and frog-isomers
is by chance similar. As calculated here, spectral shift due to
four phenyl substituents is larger when they are linked to the
well deformed Pc plane, and this is exactly what was observed
for deformed ZnPcs.*?

Electrochemistry, HOMO, LUMO. Redox properties were
measured in dichloromethane relative to Fc'/Fc (E = 0.4 V vs.
NHE), and results are summarized in Table 2 (for more details,
see Fig. S12, ESIt). For the free bases one can see two reduc-
tions and two oxidations, which are varying slightly between the
isomers. It is nonetheless clear that the potentials are higher
for the windmill, making it more stable against oxidation.
Insertion of cobalt raises the macrocycle potentials. Similar
effect was observed earlier in the works of Kobayashi et al.*°
The phthalocyanine-chelated cobalt ion can be both reduced
and oxidized, and the potentials of these reaction are quite
similar for the three isomers within a 0.03-0.04 V variation.
However, a higher oxidation and reduction potentials of the
windmill isomer would make it probably more stable in the
real-life applications (Table 2).

The energy positions of the HOMO states obtained from
electrochemical measurements are presented in Fig. 10. The
most prominent feature that can be deduced from these results
is destabilization of the HOMO orbitals for nonplanar dragon
and frog isomers as compared with windmill molecule. The

H-Pc CoPc
_3_ 2 S
Co(ll)
_357 ssssssss
> —— CO(')
(]
n —4-
—4.5]

_5,
Fig. 10 Calculated HOMO/LUMO energies (dotted lines) vs. measured

values (solid lines). Values for windmill are in blue, for dragon in green, and
for frog isomer are in red.
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similar upward shift in energy has been observed both for free
base and cobalt-substituted complexes.

The calculation of the HOMO eigenvalues depicted in the
same figure are sustainable with experimental observations.
We notice that upward shifts of the HOMO orbitals on ca.
0.05 eV for the complexes with distorted core provided by
PBE functional is even quantitatively corroborating the
experimental value.

Obviously, the twisting of the macrocycle should lead to the
changes in its HOMO position. Indeed, the flat aromatic core
possesses m-bonding orbitals of the same energy, while the
broken symmetry induces perturbation in the n-orbitales that
violates their equivalence. This conclusion is in agreement with
results reported by other authors.’®*'** In these reports, the
red shift of the Q and Soret bands is associated with destabi-
lization of the HOMO a,, and a,, orbitals, especially for ruffled
and saddled porphyrins.

Electron spin resonance (ESR) spectroscopy

Low-spin Co(u) phthalocyanines and porphyrins are known to
be ESR active at low temperature and their ESR spectra are
sensitive to the environment.** We therefore measured the low
temperature ESR spectrum of Co windmill isomer. As shown in
Fig. 11a, the complex exhibited ESR signals at g, = 2.276 and
g = 2.001. These g values are comparable to those of the Co(u)
complex of 1,4,8,11,15,18,22,25-octaphenylphthalocyanine
(g, = 2.2896 and g; = 1.9603).** Although the *°Co (I = 7/2)
hyperfine splitting is often observed for the ESR spectra of low-
spin Co(u) phthalocyanines and porphyrins, our complex did
not exhibit hyperfine structure.

To understand better this ESR/NMR activity, we have calcu-
lated the spin density of the low-spin doublet state of Co(u) in
windmill molecule. As is clearly seen in Fig. 11b, the spin
density is high only in the close vicinity of Co(u) ion, and
does not spread into the outer benzene moiety, suggesting that
there is almost no interaction between the Co(u) ion and
benzene protons of the Pc periphery. This appears to be the
reason that we observed its "H NMR signals just like those of
diamagnetic compounds. Thus, though the ESR data and
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Fig. 11 (a) ESR spectrum of Co windmill in benzonitrile at 77 K under Ar.
The sample concentration was 0.5 mM. (b) Spin density map (isoval =
0.0004, blue: positive spin, green: negative spin) of the low-spin doublet
state of Co windmill calculated at the UB3LYP/6-31G(d,p) level.
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spectroelectrochemical experiment revealed that the oxidation
state of Co is +2, we recorded 'H NMR spectrum which is
similar to those of diamagnetic compounds.

Photophysics

Fluorescence, free base. Fluorescence was observed only for
free base compounds, the spectra are presented in Fig. S13
(ESIT). The emission Stokes shift is not more than a few
nanometers, suggesting that the structure is quite rigid, which
is typical for phthalocyanine derivatives.*> The excited state
lifetimes were determined by measuring emission decays
(Fig. S14, ESIt), which are well approximated by mono-
exponential decays and delivered the lifetime of 5.69 ns for
the windmill derivative and 1.54 and 1.50 ns for dragon and
frog, respectively. The shorter singlet excited state lifetime of
the dragon and frog derivatives is in line with gradual distor-
tion of the phthalocyanine macrocycle which resulted in accel-
eration of the inter-system crossing.

Transient absorption, CoPc. Since no fluorescence was
detected for all Co phthalocyanines, we assumed that the
excited state of these phthalocyanines is deactivated extremely
fast and used femtosecond transient absorption technique to
study photophysics of these compounds.

The excitation wavelength was set to 610 nm, close to the
second minor Q band. This allows monitoring spectral pertur-
bations of the main Q band and keeping excitation photon
access energy at a reasonable minimum (610 nm over 680 nm
of the Q band maximum). As anticipated, the transient absorp-
tion (TA) response of Co compounds was short-lived.
There were fast perturbations within roughly 200 fs which
were attributed to instrument artifacts (e.g pump-probe
interference®*?**™>%) and possibly excited state thermaliza-
tion, however the rest of response can be fitted globally to bi-
exponential decay model. The first time constant was around
1 ps and the second around 10 ps for all three compounds in
toluene. An example of the decay associated spectra (DAS) for
CoPc-windmill in toluene is shown in Fig. S15 (ESIY).

The doublet excited state may decay yielding the quartet
state via inter-system crossing process or resulting in the
“charge transfer” state when the electron density from the
phthalocyanine macrocycle is shifted to the central metal, Co.
The latter was reported for a number of Co porphyrins, namely
when the initially excited doublet *Q(r,n*) decays to *CT(r,d)
with the electron localized on d,. orbital of Co, which is
conversion of Co(n) to Co(1).>* We expect similar process to
take place in our Co phthalocyanine compounds. The existence
of the CT state is confirmed by the NIR band as discussed above
(see Fig. S11, ESIT). The charge transfer, or the electron density
shift to Co must be sensitive to the medium polarity, whereas
the inter-system crossing is virtually insensitive to the solvent
polarity. Therefore, the TA measurements were repeated in
benzonitrile (PhCN), and the obtained time constants are
summarized in Table 3. Apparently, the relaxation is slower
in PhCN, which agrees with the relaxation through the charge
transfer state.>® Thus, the proposed reaction scheme is
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Table 3 Two time constant obtained from the global fit of transient
absorption data for CoPc in toluene and benzonitrile (PhCN)

Compound Solvent 71, PS s, PS
CoPc-windmill Toluene 1.5+ 0.1 9.2 £ 0.2
PhCN 2.26 £ 0.05 24.2 £ 0.6
CoPc-dragon Toluene 0.83 + 0.01 7.7+1
PhCN 1.40 £+ 0.03 24.7 £ 0.5
CoPc-frog Toluene 1.75 £ 0.03 12.3 £ 0.3
PhCN 0.83 £ 0.02 19.3 £ 0.5

Co(u)Pc + hv — Co(u)Pc®* — Co(1)Pc* — Co(u)Pc

and the first time constant (z,) can be attributed to the relaxa-
tion of the doublet state (Co(m)Pc®' — Co(1)Pc*) and the second
(t2) to the lifetime of the charge transfer state (Co()Pc’ —
Co(u)Pc). Noticeably, there is no essential difference in time
constants between different CoPc isomers.

Experimental/methods and materials
General notes

Solvents and reagents were obtained commercially from TCI
Europe, Merck-Sigma-Aldrich-VWR and used as received unless
otherwise noticed. NMR spectra were recorded on a JEOL JNM-
ECZ500R 500 MHz instrument and processed with JEOL Delta
5.2 software. Chemical shifts are reported in parts per million
(ppm) and referenced to TMS (0.00 ppm) for 'H NMR spectra
and CDCl; (77.16 ppm) for ">C NMR spectra. T; measurements
were done via an inversion recovery method with the arrayed
delay between 2m and m pulses, followed by fitting with a
nonlinear inversion recovery algorithm built in the JEOL Delta
5.2 software. High-resolution ESI-TOF mass spectra were mea-
sured on a JEOL ESI-TOF JMS-T100LP instrument using the
reserpine as a mass correction reference. The UV/vis absorption
spectra were recorded with a Shimadzu UV-1800 spectrophot-
ometer. The fluorescence emission spectra were recorded with
FLS-1000 spectrofluorimeter (Edinburg Instruments UK). The
raw signals were corrected using an instrument response func-
tion provided by the manufacturer.

The magnetic circular dichroism (MCD) spectra were
recorded with a JASCO J-1500 spectropolarimeter equipped
with a JASCO PMCD-593 permanent magnet that
produces parallel and antiparallel magnetic fields of up to
1.2 Tesla. The magnitude of the MCD signal is expressed
in terms of magneto-molar circular dichroic absorption
AepyM P em™t TN

Spectroelectrochemistry experiments were performed with a
Hokuto Denko HZ-3000 system and JASCO V-670 spectrometer.
A 1 mm quartz cell with a platinum-mesh working electrode, a
platinum-wire counter electrode, and a Ag/AgCl reference elec-
trode were used to obtain the absorption spectra of the reduced
species.

The electron spin resonance (ESR) spectra were recorded
with a JEOL JES-RE3X spectrometer. Mn>* was used as an
internal standard.
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The transient absorption spectroscopy measurements were
done using a femtosecond pump-probe system. All samples
were dissolved in tolunene and placed in 2 mm cuvette. A Libra
F laser system (Coherent Inc.) was employed to create funda-
mental light pulses at 800 nm at a repetition rate of 1 kHz. The
pulse energy was 1 mJ, and the pulse duration was approxi-
mately 100 fs. The fundamental beam was split in two, and the
majority of the beam energy was directed to a Topas C optical
parametric amplifier (Light Conversion Ltd) to produce excita-
tion pulses at the desired wavelength. Ca. 10% of the funda-
mental beam was delivered to a white continuum generator
(sapphire crystal) for sample probing. The probe beam was split
in two to record reference and signal responses. The measure-
ment system (ExciPro, CDP Inc.) was equipped with a silicon
CCD array for measurements in the visible part of the spec-
trum, and an InGa diode array for the near-infrared (NIR)
wavelengths. The measurements were carried out by comparing
responses with and without excitation using a chopper syn-
chronized with the fundamental laser pulses. The spectra were
typically acquired by recording 5000 shots, averaging over 5 s.
The recorded wavelength ranges were: visible (460-740 nm) and
NIR (880-1100 nm).

Synthesis

Preparation of the windmill phthalocyanine free base (H,Pc-
windmill). Small pieces of lithium metal (350 mg, 50.0 mmol)
were stirred in 1-octanol (25 ml) at 130 °C under argon for 30
min. The resulting transparent solution was cooled down to rt
and  3,5-di-tert-butylphenyl-2,3-dicyanobenzene (639 mg,
2.02 mmol) was added. The mixture was purged with argon
for 10 min and stirred at 80 °C for 17 h. The reaction mixture
was cooled down to rt and washed with water (20 ml). The
organic phase was separated, and the aqueous layer was
extracted with ethyl acetate (2 x 15 ml) to ensure complete
extraction of the phthalocyanine compounds. The combined
organic layers were dried over Na,SOy, filtered, and the solvent
was removed under reduced pressure. The residue was chro-
matographed on silica gel (hexane/CH,Cl, 4:1). The green
fraction was evaporated to dryness under reduced pressure to
give a mixture of the three isomeric phthalocyanines. The solid
residue was suspended in hexane, filtered off, rinsed with
hexane, and dried under vacuum to afford the title compound
as a turquoise powder. Yield 337 mg, 53%. The hexane wash-
ings were evaporated to dryness and retained for subsequent
isolation of H,Pc-dragon and H,Pc-frog (vide infra). '"H NMR
(500 MHz, CDCl,): 6 = 8.40 (dd, J = 7.3, 1.0 Hz, 4H), 8.03 (dd, J =
7.3, 1.0 Hz, 4H), 7.98 (t, J = 7.3 Hz, 4H), 7.95 (t, ] = 1.8 Hz, 4H),
7.88 (d, J = 1.8 Hz, 8H), 1.50 (s, 72H), —0.32 (s, 2H) ppm; *C
NMR (126 MHz, CDCL;): § = 150.7, 141.4, 140.2, 133.1, 132.2,
129.0, 124.3, 122.9, 122.1, 35.4, 32.0 ppm; HRMS (ESI): m/z
caled for CggHogNgNa': 1289.78067 [M + Na]', found:
1289.78027.

Isolation of the dragon and frog phthalocyanine free bases
(HyPc-dragon and H,Pc-frog). The combined evaporated hex-
ane washings from several phthalocyanine free base syntheses
were chromatographed on silica gel (hexane/CH,Cl, 8:1 to
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2:1). After evaporation of appropriately pooled fractions, the
residues were washed with ethanol, acetonitrile and methanol
and dried under vacuum.

H,Pc-dragon. Dark green powder; yield 71 mg; "H NMR (500
MHz, CDCl,): § = 9.52 (dd, J = 7.4, 0.9 Hz, 1H), 9.45 (dd, J = 7.4,
0.9 Hz, 1H), 8.38 (dd, J = 7.3, 1.0 Hz, 1H), 8.25 (t, ] = 7.4 Hz, 1H),
8.16 (two overlapped d, J = 7.4 Hz, 2H), 8.12 (t,J = 7.4 Hz, 1H),
8.05-8.02 (m, 2H), 7.98 (t, / = 7.3 Hz, 1H), 7.96-7.91 (m, 4H),
7.90 (t,/=1.8 Hz, 1H), 7.87 (d, /= 1.8 Hz, 2H), 7.81 (t,/ = 7.4 Hz,
1H), 7.74 (d, J = 1.7 Hz, 2H), 7.72 (d, J = 1.7 Hz, 2H), 7.17 (two
overlapped t, J = 1.7 Hz, 2H), 1.51 (s, 18H), 1.46 (s, 18H), 1.22
(two overlapped s, 36H), 0.65 (s, 2H) ppm; *C NMR (126 MHz,
CDCl3): 6 = 150.7, 150.0, 149.2, 141.7, 141.4, 140.7, 140.2, 139.8,
139.6, 139.3, 139.1, 138.0, 137.9, 137.8, 137.6, 137.5, 134.2,
134.0, 133.1, 132.8, 132.4, 132.1, 130.1, 129.9, 129.7, 129.42,
129.36, 129.2, 128.4, 125.4, 124.5, 124.1, 123.9, 122.7, 122.2,
122.1, 121.5, 121.3, 35.4, 35.3, 34.9, 32.0, 31.8, 31.7, 31.6 ppm;
HRMS (ESI): m/z caled for CggHosNgNa': 1289.78067 [M + Na]',
found: 1289.77988.

H,Pc-frog. Dark green powder; yield 57 mg; "H NMR (500
MHz, CDCl,): 6 = 9.49 (dd, J = 7.4, 0.9 Hz, 2H), 8.25 (t, ] = 7.4 Hz,
2H), 8.16 (dd, J = 7.4, 0.9 Hz, 2H), 8.12 (dd, J = 7.5, 0.9 Hz, 2H),
7.93-7.90 (m, 8H), 7.80 (t, J = 7.5 Hz, 2H), 7.68 (d, J = 1.7 Hz,
4H), 7.14 (t,J = 1.7 Hz, 2H), 1.48 (s, 36H), 1.19 (s, 36H), 0.71 (s,
2H) ppm; *C NMR (126 MHz, CDCl,): § = 150.7, 150.3, 149.2,
141.8, 140.2, 139.8, 139.0, 137.7, 137.5, 133.9, 133.1, 132.2,
129.8, 129.7, 129.4, 124.6, 123.9, 122.2, 122.13, 122.10, 121.2,
35.3, 34.9, 31.9, 31.6 ppm; HRMS (ESI): m/z caled for
CgsHogNgNa': 1289.78067 [M + Na]', found: 1289.77972.

Preparation of the windmill, dragon and frog phthalocya-
nine cobalt(n) complexes (CoPc-windmill, CoPc-dragon and
CoPc-frog). The respective phthalocyanine free base and
cobalt(u) acetate tetrahydrate (6 equiv.) were stirred in argon-
purged dimethylformamide at 110 °C for 19 h. The solvent was
removed under reduced pressure and the residue was chroma-
tographed on silica gel (hexane/CH,Cl, 2:1 to 1:1). After
evaporation of appropriately pooled fractions, CoPc-windmill
and CoPc-frog were washed with acetonitrile and methanol and
dried under vacuum, and CoPc-dragon was additionally pur-
ified by preparative TLC (hexane/CH,Cl, 1:1).

CoPc-windmill. Dark blue powder; yield 218 mg, 72%;
'"H NMR (500 MHz, CDCl3): § = 16.05 (br s, 4H), 11.30 (br s,
8H), 10.76 (s, 4H), 10.62 (s, 4H), 9.80 (s, 4H), 2.47 (s, 72H) ppm;
BC NMR (126 MHz, CDCI3): & = 153.5, 148.9, 136.6,
126.4, 124.0, 123.7, 122.1, 36.8, 33.1 ppm; HRMS (ESI): m/z
caled for CggHosNgCoNa': 1346.69822 [M + Na]', found:
1346.69796.

CoPc-dragon. Dark blue powder; yield 21 mg, 55%; 'H NMR
(500 MHz, CDCl;): 6 = 17.38-16.68 (two overlapped br s, 2H),
15.98 (br s, 2H), 11.55-11.00 (br m, 6H), 10.95-10.50 (br m, 6H),
10.28 (s, 1H), 9.96 (s, 1H), 9.79 (s, 1H), 9.70 (s, 1H), 8.52 (s, 1H),
8.43 (s, 1H), 6.75 (br s, 2H), 2.41 (br s, 36H), 2.05 (s, 18H), 1.99
(s, 18H) ppm; *C NMR (126 MHz, CDCl;): § = 153.5, 152.0,
151.9, 148.7, 148.2, 145.4, 145.0, 138.1, 137.6, 137.5, 137.1,
137.0, 136.4, 130.1, 129.9, 126.4, 126.2, 124.6, 124.5, 124.3,
124.0, 123.9, 123.8, 122.7, 122.5, 122.3, 121.83, 121.77, 36.8,
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36.7, 36.0, 35.9, 33.1, 33.0, 32.6 ppm; HRMS (ESI): m/z calcd for
CgsHosNgCoNa™: 1346.69822 [M + Na]", found: 1346.69721.

CoPc-frog. Dark blue powder; yield 21 mg, 55%; '"H NMR
(500 MHz, CDCl5): 6 = 16.68 (br s, 2H), 16.27 (br s, 2H), 11.54 (br
s, 4H), 11.04 (s, 2H), 10.76 (br s, 4H), 10.44 (s, 2H), 10.09 (s, 2H),
9.89 (s, 2H), 8.36 (s, 2H), 6.80-6.62 (m, 2H), 2.57 (s, 36H), 1.92
(s, 36H) ppm; C NMR (126 MHz, CDCl;): § = 153.8, 151.7,
148.7, 145.0, 138.1, 137.1, 136.4, 130.2, 125.9, 124.3, 124.1,
123.7, 123.3, 122.9, 121.6, 117.5, 116.7, 112.7, 112.1, 36.9,
35.8, 33.2, 32.5 ppm; HRMS (ESI): m/z CggHosNgCoNa':
1346.69822 [M + Na]", found: 1346.69709.

DFT calculations

Most DFT calculations were performed with the DMol?
package.>>>® The Perdew-Burke-Ernzerhof exchange-correla-
tion functional (PBE)*” was used together with Grimme’s dis-
persion correction.”® For all atoms, a DNP type basis set
including a polarization function was used.”® Geometries were
fully optimized with the conductor-like screening model
(COSMO0)®*®! to account for solvation effects. Frequency calcu-
lations were carried out to check the Gibbs free energies and to
obtain the optical absorption spectra for the molecular struc-
tures under study using time-dependent density functional
theory (TDDFT). Calculation of NMR chemical shifts and
nuclear spin-spin coupling constants was done with the
Amsterdam density functional program (ADF 2022.103).6%%3
The TZ2P-]J basis set was used for the NMR calculations. The
electronic absorption spectra and spin density map for the
metalated molecules were calculated for the optimized geome-
tries of the low-spin doublet CoPcs at the UB3LYP/6-31G(d,p)
level using the Gaussian 16 package.*® Gaussian bands with a
half width at half maximum of 500 cm™ ' were used to produce
the calculated absorption spectra.

Conclusions

In porphyrinoid chemistry it has been commonly accepted that
the NMR spectra of cobalt complexes are ill-resolved. To the
best of our knowledge, 1262 articles dealing with cobalt phtha-
locyanines have been published since the year 1934. Most of
these reports provide no NMR data for the CoPcs. Typically, in a
work studying a Pc core with a range of metal ions, e.g. Zn, Ni,
Co, NMR measurements for the Co complex are not
performed.*>*3%6753 §till, there are 32 articles in which NMR
measurements for the CoPcs were carried out. On examination
of the published data, one finds that in some of these publica-
tions only lists of chemical shifts are given; in cases when the
experimental spectra are shown, the resolution is poor."***7?
In other publications however, the data are presented both as
lists of chemical shifts and experimental traces, and the spec-
tral resolution is mostly good enough for a proper
integration.**”*®> The NMR spectra display signals of the
peripheral groups distant to the cobalt centre, and, in some
cases, broadened peaks of the phthalo protons. Upon closer
inspection of the structures, one observes that the first category

This journal is © the Owner Societies 2024

View Article Online

Paper

of CoPcs with poorly resolved NMR spectra encompasses either
unsubstituted Pcs or Pcs with linear or planar substituents. To
the second group of CoPcs with sufficiently resolved NMR
spectra belong molecules with ample peripheral substitution,
large aryl side groups, or other sterically imposing fragments
that restrict co-planar intermolecular interactions between the
Pc cores.

In our case, the CoPcs investigated show normal 'H and **C
NMR spectra similar to those of diamagnetic Pc compounds.
The spectroelectrochemical and low-temperature ESR measure-
ments proved that the oxidation state of the cobalt ion in CoPc-
windmill is +2, hence the complex is paramagnetic. Consider-
ing the high-quality NMR spectra, this may indicate that the
spin density could be localised in close vicinity of the metal
centre, thus not significantly affecting the rest of the molecule. To
confirm this hypothesis, we performed spin-density calculations,
which showed that the cobalt’s unpaired electron is confined to the
metal centre so as to not interact appreciably with the protons on
the Pc’s periphery. This observation would imply that, considering
the examples described above,**”* 788992 the main factor affecting
the spectral resolution must be the phthalocyanines’ aggregation.

The isomeric compounds synthesised represent an ideal
model to study the effects of peripheral substitution and
macrocycle bending on the physical properties of Pcs. DFT
modelling of the three isomers predicted a flat macrocyclic core
for the windmill isomer and a distorted saddle-shaped macro-
cycle for the dragon and frog isomers, in line with the UV-vis
and NMR spectra and the paramagnetic relaxation enhance-
ment measurements. The Q band in the absorption spectra
undergoes a pronounced red shift and broadening on macro-
cycle bending and/or symmetry lowering. Since the three iso-
mers bear the same weakly electron donating peripheral groups
(¢-Bu,Ph) at the a-phthalo positions, these spectral perturba-
tions cannot be attributed to the electron donating/accepting
properties of the substituents.

We envisage that the discovered lack of aggregation
might be highly beneficial for possible catalytic appli-
cations,>®8?444,64.73,90.91,93°97 1t can be seen that the bulky ¢-
Bu,Ph groups do not prevent access to the Co atom in the
centre of the macrocycle. Small molecules like carbon dioxide
can freely approach the metal centre, and we foresee that well-
known catalytic properties of Co porphyrins and phthalocya-
nines can be fully exploited with all the three isomers studied
herein. This, however, goes beyond the scope of the present
work. It should nonetheless be noted that all these catalytic
reactions rely on converting Co(u) to Co(1) by an external source
of electrons. Our electrochemical measurements clearly
demonstrate that this property is retained for all the three
isomeric CoPcs studied. A transition to the Co(1)Pc excited state
was detected by measuring absorption spectra in the near-IR
range, although its oscillator strength was found to be very
weak, prohibiting direct access to this state, e.g. for photocata-
Iytic applications. The Co(1)Pc state was observed in the relaxa-
tion pathway of the photoexcited CoPc as revealed by fsTA
experiments. The lifetime of this state is short, roughly
10-20 ps, in agreement with the previously investigated Co
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phthalocyanines and porphyrins, and can potentially be
increased by coupling the CoPc with a light-activated electron
donor or immobilising it on an electrode and applying a
required potential.

In summary, we have demonstrated a dramatic difference in
the behaviour of phthalocyanine’s positional isomers bearing
bulky weakly electron donating substituents. The sterically
hindering side groups determine the bending of the macrocycle
thus affecting the spectral and redox properties and providing a
unique insight into the structure-properties relationship. The
suppressed molecular aggregation makes the prepared com-
pounds an excellent tool for paramagnetic NMR studies, which
may be useful for investigating catalytic reactions, e.g. on Co(u).
The windmill phthalocyanine is a unique framework for the
coordinated metal ion, which prevents aggregation while allow-
ing small molecules to approach the central atom. Such isola-
tion of the coordinated metal centre makes the windmill Pc a
remarkable structure for prospective use in single-atom cataly-
sis—an area of active investigation by many research groups
worldwide.
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