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N-methylimidazole (Melm) solvates of vanadium(ll), chromium(ll) and
iron(ll) phthalocyanines: [V'(Melm)2(Pc?7)]°-Melm (1) and
[M"(Melm)2(Pc?7)]%-2CsHaCl2 (M = V (2), Cr (3), and Fe (4)) have been
obtained and studied in a crystalline form. It has been shown that
central metal atoms have +2 oxidation state in 1-4 and dianionic Pc?”
macrocycles are formed. Optical spectra of 1-3 (V", Cr") are different
from that of 4 (Fe") due to the appearance of intense absorption bands
in the NIR range at 1187 nm for 1 and 2 and 1178 nm for 3 and
manifestation of multiple bands in the visible range. Absorption in the
NIR range is explained by unusually small HOMO-LUMO gaps for
Melm solvated Cr'Pc and V'"Pc. Essential diradicaloid character of the
Pc macrocycles in [Cr'(Melm)2(Pc?7)]°, in which a- and B-orbitals are
distributed in different regions of the macrocycle has also been shown.
In this case, the diradicaloid character is comparable to that of
aromatic hydrocarbon heptacene. Magnetic properties of 1-3 are
defined by metal atoms with S = 3/2 spin state for V' and S = 1 for Cr'.
Compounds 1-3 manifest broad isotropic EPR signals at 4.2 K with g =
2.0188 and linewidth (AH) of 81.8 mT for 1 (V"), g = 1.8300 and
linewidth AH = 161.0 mT for 2 (V"), and g = 2.0534 and 4H = 60.27 mT
for 3 (Cr"). These signals shifted to smaller g-factors with the
temperature increase. Integral intensity of narrow EPR signals from
Pc*3” does not exceed 0.1% from those of broad signals in 1-3.
Complex 4 is EPR silent due to the presence of diamagnetic Fe" and
Pc?.

Introduction

Metal phthalocyanines can possess promising optical,
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conducting and magnetic properties.l~” For example, some
phthalocyanine derivatives are used as sensors and materials
for optical and photoelectronic devices.?2 Conducting
compounds can be obtained by oxidation of metal-free and
metal-containing phthalocyanines.3™> Oxidation of
manganese(ll) macroheterocycles or reduction of iron(ll)
phthalocyanine yields compounds with ferrimagnetic ordering
of spins.67

Neutral metal phthalocyanines containing paramagnetic
species the unpaired electron of which can participate in
magnetic ordering of spins or conductivity attract special
interest. Spin can be delocalized over phthalocyanine
macrocycle or central metal atom. For example, neutral metal
phthalocyanine compounds which contain phthalocyanine
radical trianions or tetraanions are known: M'"'L,(Pc*37) (M = Al,
Ga, L = THF, N-methylimidazole),?® Ge!V(Pc*"),10 Zr'V(Pc*")!! and
Sn'VPh(Pc*37)12, Negative charge of the Pc macrocycles in these
compounds is compensated by positive charge of a central
metal atom. Metal centered reduction can also be used to
obtain compounds with unusual oxidation state of metal
atoms. Besides known pyridine solvates of iron(ll),
manganese(ll) cobalt(ll) phthalocyanines of the
[M"(Py),(Pc?")] composition,13 14 compounds of solvated
chromium(ll) phthalocyanine are known, [Cr'(THF)2(Pc27)]° and
[Cr'(Py)2(Pc27)]0 15 16, However, vanadium(ll) phthalocyanine
and its solvates as well as crystal structures of N-
methylimidazole solvates of phthalocyanines of transition
metals have not been studied so far.

In this work series of N-methylimidazole solvates of
vanadium(ll), chromium(ll) and iron(ll) phthalocyanines were
obtained in a crystalline form: [V"(Melm),(Pc27)]°-Melm (1) and
[M''(Melm),(Pc27)]0-2CgH4Cl, (M =V (2), Cr (3), and Fe (4)) and
their molecular structure, optical and magnetic properties
were analyzed. Optical properties of [Fe'(Melm),(Pc27)]° are
typical for solvated metal(ll) phthalocyanines.’3 4 However,
optical properties of [Cr'(Melm),(Pc27)]0 and
[VI(Melm),(Pc27)]° are different from those of 4 due to strong
absorption in the NIR range and multiple bands in the visible

and

J. Name., 2013, 00, 1-3 | 1



range. To understand these features we carried out DFT
calculations for solvates of vanadium(ll) and chromium(ll)
phthalocyanines. Essential diradicaloid nature of the Pc
macrocycles in [Cr'(Melm),(Pc27)]° was found. This new
peculiarity of the Pc macrocycles is very for
macroheterocyclic compounds and was previously found only
for nickel(ll) and copper(ll) corroles,'” oxidized doubly linked
corrole dimer and its zinc(ll) complex!8.

rare

Results and discussion

a. Synthesis.

Vanadyl phthalocyanine (VVOPc) can be reduced in o-
dichlorobenzene by sodium fluorenone ketyl even in the
presence of Melm to form deep blue solution containing the
[VIVO(Pc*37)]*~ radical anions. However, when reduction of
VIVOPc is carried out in the presence of two equivalents of
chromium(Il) chloride and samarium(ll) iodide (Cr'"Cl, or Sm'l;),
the color of the solution changes from deep blue to brown-
violet indicating the formation of a new product. Slow mixing
of this brown-violet solution with n-hexane allows the isolation
of good quality single crystals which according to the X-ray
diffraction data have the [V!'(Melm),(Pc27)]%-Melm (1, for Sml,)
and [V'(Melm)y(Pc27)]%-2CsH4Cly (2, for CrCl;) compositions.
Therefore, reduction of VV to V" is realized by sodium
fluorenone ketyl and the Cr''Cl, or Sm'l, salts abstract oxygen
ligand from vanadium. Interestingly that this reaction is
completely reversible, and when we filtered the brown-violet
solution and added one more equivalent of sodium fluorenone
ketyl with cryptand[2.2.2.], deep blue solution was restored
immediately showing the formation of [VVO(Pc*37)]*" due to
that vanadium atoms abstract oxygen from fluorenone ketyl.
Known salt [cryptand[2.2.2](Na*)][VVO(Pc*37)]*-CsHaCly 1° was
obtained in this case. Finally we found that reduction of
[VVO(Pc2)]° to [V'(Melm),(Pc?)]° can be performed without
sodium fluorenone ketyl. The reaction of [V'VO(Pc27)]° with two
equivalents of Cr'Cl; or Sm'l; in the presence of 0.2 mL of
Melm at 80°C proceeds at essentially lower rate and can be
finished during 24 hours. Cr'Cl; and Sm'l; are strong
reductants (Eredox Of Cr''/Cr'is -0.42 V and Eregox of SM!/Sm'! is -
1.3 V vs SCE)® which potentially can reduce metal

phthalocyanines. They are insoluble in pure o-dichlorobenzene.

Addition of N-methylimidazole allows one to dissolve these
salts as N-methylimidazole solvates and use them as
reductants.

Similar reactions were carried out with Ti'YOPc and Cr'"'CIPc
with the formation of brown-violet and green-blue solutions
but only crystals of [Cr'(Melm),(Pc27)]%-2CsH4Cly  (3) suitable
for X-ray diffraction study were obtained. We also found that
only metal phthalocyanines with strongly bound metals like V
and Ti can be used in these reactions. The use of Cr''Cl, as
reductant for phthalocyanines with metals weaker bonded to
phthalocyanines like Sn'VCl, and In"'Cl provides the formation
of [Cr'(Melm),(Pc?7)]°-2CeH4Cl, (3) only (crystals obtained in
these reactions have the same crystal structures and spectra
as 3). Therefore, chromium(ll) substitutes Sn'VCl, and In"!Cl in
phthalocyanines instead of reduction.
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Data for [Fe'(Melm),(Pc?7)]°-2CsH4Cl, (4) were added to
compare its properties with those of vanadium(ll) and
chromium(ll) solvates. Crystals of this solvate can be obtained
by dissolution of Fe''Pc in the presence of Melm.

b. Crystal structures.

Crystals of 1-4 were studied by X-ray diffraction at 130-150 K.
Geometric parameters of the coordination [M'"(Melm),(PcZ)]°

Fig. 1. Molecular structure of the coordination [V'(Melm),(Pc?7)]° unit in 1. The
coordination [Cr''(Melm),(Pc?7)]° and [Fe'(Melm),(Pc?)]° units in 3 and 4,
respectively have similar geometry. Ellipsoid probability is 25%.

units are listed in Table 1 and their molecular structures are
shown in Fig. 1 for [V'(Melm),(Pc27)]% in 1 as an example. The
Melm ligands coordinate to the metal centers from both sides
of the macrocycles and metal atoms have slightly distorted
octahedral environment in 1-4. Despite the deformation metal
atoms are positioned exactly in the 24-atom Pc planes.
Vanadium atoms in 1 and 2 form the longest V'-N(Pc) and
V'-N(Melm) bonds of 2.00 and 2.15 A length, respectively. The
length of these bonds is shortened to 1.98 and 2.09 A for
chromium(ll) phthalocyanine in 3, respectively, and the
shortest Fe''-N(Pc) and Fe''-N(Melm) bonds are observed for
iron(ll) phthalocyanine in 4 — 1.93 and 1.96-2.02 A,
respectively. It is interesting that there are two orientations of
the coordinated Melm ligand in [Fe'(Melm),(Pc27)]%. These
orientations are related by the rotation of the Melm ligand
about the Fe'-N(Melm) bond by 174.23°. Different rotation
angle provides different conditions for the coordination of
Melm to Fe'" and the length of the Fe'-N(Melm) bonds
changes from 1.964(14) A for minor orientation of Melm to
2.018 A for major orientation of Melm.

Geometry of the Pc macrocycle is sensitive to its charged
state since distortions are induced at the transition from stable
18 m-electron system of Pc2” to less stable 19 m-electron
system of Pc*3~ and 20 n-electron system of Pc#.10.16,21 |ndeed,
the alternation of the C-N(imine) bonds was found? in

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Geometric parameters of pristine metal phthalocyanines and their Melm solvates.

Compound Average bond length in macrocycle, A Average The M-N(Melm)
C-N C-N (imine) M-N(Pc) bond, A
(pyr) short long difference bond, A
Al(Melm)z(Pc*>) -Melm ° 1.385(3) 1.320(3) 1.347(3) 0.027 1.954(2) 2.052(2)
2 units 1.383(3) 1.319(3) 1.342(3) 0.023 1.958(2) 2.059(2)
Ga''(Melm)z( Pc*>)-2CsHaCl, © 1.385(1) 1.317(1) 1.358(1) 0.031 1.987(1) 2.161(1)
1 unit
VVO(Pc?*)?? 1.387(4) 1.334(4) 0 2.044(4) -
[V'(Melm)2(Pc?)]-Melm (1) 1.384(2) 1.337(2) 1.340(2) 0.003 1.998(1) 2.149(1)
2 units 1.382(2) 1.335(2) 1.339(2) 0.004 2.000(1) 2.142(1)
[V"(Melm)2(Pc?7)]-2CeH4Cl2 (2) 1.380(1) 1.336(1) 1.337(1) 0.001 1.998(1) 2.151(1)
1 unit
[Cr'(Melm)2(Pc?)]-2CHaClz (3) 1.381(3) 1.314(3) 1.348(3) 0.034 1.976(2) 2.086(2)
1 unit
[Fe'(Melm)z(Pc2)]-2CeHaCly (4) 1.376(4) 1.323(3) 1.334(3) 0.011 1.935(2) 2.018(3) 91%
1 unit 1.964(14) 9%
previously studied [M"(Melm),(Pc*37)]* radicals which chains along the b axis with long distances between the Pc

according to the optical and magnetic data contain radical
trianionic Pc*3~ macrocycles. The difference between average
short and long C-N(imine) bonds of 0.023-0.031 A (Table 1)
essentially exceeds of the standard deviation (3¢ = 0.009 A). It
is seen that for [V!'(Melm),(Pc?7)] the difference between short
and long C—N(imine) bonds of 0.001-0.004 A is close to zero.
This difference is larger for [Fe'(Melm),(Pc27)] (0.011 A) but it
is still close to the 3c value. Only in the case of
[Cr'(Melm),(Pc?7)], X-ray diffraction data show the alternation
of the C-N(imine) bonds (the difference between short and
long bonds is 0.034 A) and in this case an excess negative
charge on the Pc macrocycle can be supposed.

In spite of similar geometry of the [M(Melm),Pc] units (M =
A, Gal', v, Crl, and Fe'), different packing modes of these
units are observed in the obtained compounds. Insertion of
Melm provides the formation of isostructural
M(Melm),Pc-Melm (M = Al and V(1)) compounds with two
halves of crystallographically independent M(Melm),Pc units.
Packing of M(Melm),Pc in 1 is shown in Fig. S5. They form

macrocycles defined by size of the coordinated Melm ligand.
Neighboring chains are directed in perpendicular directions
and the angle between the Pc planes from the neighboring
chains is close to 90°. There is no ©-1 interaction between the
Pc  macrocycles in such packing mode. Complex
[VI(Melm),(Pc27)]-2C6H4Cl> (2) has different packing mode. The
main structural motif is a one-dimensional m-stacking chain
directed along the b axis with several side-by-side short van
der Waals contacts between the Pc macrocycles shown by
green dashed lines in Fig. 2a. The Pc macrocycles have
different incline in the neighboring chains forming an angle
between the Pc macrocycles of 51.2°. Other compounds
[M(Melm),Pc]-2C¢H4Cl; (M = Cr'' (3), Fe' (4), and Ga") are
isostructural and also contain one-dimensional chains from the

Pc macrocycles. However, all macrocycles are parallel to each
other (Fig. 3b). Large vacancies are formed at such packing
shown by green ovals in Fig. 2b. These vacancies are occupied
by strongly disordered solvent C¢H4Cl, molecules.

Fig. 2. View on the crystal structures of: (a) [V!'(Melm),(Pc?7)]°-2CsH4Cl, (2), solvent molecules are not shown for clarity; (b) [Cr'(Melm),(Pc?7)]%-2C¢H4Cl, (3), channels
y green ovals. Compound 4 is isostructural to 3.

occupied by disordered solvent C¢H,Cl, molecules are shown

This journal is © The Royal Society of Chemistry 20xx
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c. Optical properties.

Generally, metal phthalocyanines with dianionic PcZ ligand
show similar spectra containing Soret and Q bands. The Q-
band is manifested in the spectrum of VVOPc as a broad band
split into three lines with maxima at 657, 721 and 812 nm (Fig.
3a) whereas three bands are not well pronounced in the
spectrum of pristine Fe''Pc and maximum of the Q-band is
observed at about 670 nm (Fig. 3c). Soret bands are observed
in the spectra of VVOPc and Fe''Pc at 347 and 326 nm,
respectively. Coordination of two imidazole ligands to iron(ll)
in [Fe'(Melm)2(Pc?7)]° has a small effect on the spectrum of
iron(ll) phthalocyanine. Bands are narrowed but retain their
position with the maximum at 670 nm (a weaker band is
manifested at 610 nm) and the Soret band is positioned at 345
nm (Fig. 3c). Coordination provides the appearance of one
new band in the spectrum of [Fe!(Melm),(Pc27)]° at 429 nm
(Fig. 3c). Such band is also observed at 414 nm in the spectrum
of [Fe''(Py)2(Pc?27)]0 in the complex with fullerene Cgo.23 Spectra
of Melm solvated vanadium(ll) chromium(ll)
phthalocyanines are strongly different from that of
[Fe''(Melm),(Pc?7)]°. First of all, [V(Melm),(Pc27)]° in both 1
and 2 shows very intense absorption bands in the NIR range
with maxima 1187, 1090 and 1026 nm (Fig. 3a). As we show
below, these bands are not associated with the radical Pc*3~
trianions which appear at the macrocycle reduction. For
example, in M"'(Melm),(Pc*3") (M = Al'", Ga'') these bands are
manifested at 994-999 nm.® For 1-3, bands in the NIR range
are associated with HOMO-LUMO transitions which have
unusually low energy for vanadium(ll) and chromium(Il)
phthalocyanines (according to the DFT calculations). Another
interesting peculiarity is splitting of the Q-band into six bands
at least, which spread over almost all visible range since these
bands have maxima at 680, 617, 558, 514, 496, and 464 nm
(Fig. 3a). All these bands are well reproduced in the spectra of
both compounds 1 and 2. The Soret band is manifested in the
spectra of 1 and 2 as an intense single band with maximum at
347 nm, and its position coincides with that for pristine V'VOPc.
Chromium(Il) [Cr'(Melm),(Pc27)]°,
manifests bands in the NIR range. However, the lowest energy

and

phthalocyanine, also
bands at 1178 and 1006 nm become weaker in comparison
with the spectra of 1 and 2 but a new intense band is observed
at 841 nm (Fig. 3b) (the latter band is not observed in the
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spectrum of [V'(Melm),(Pc27)]°). The Q-band is also split in the
spectrum of 3 into five bands manifested at 689, 631, 579, 534,
and 491 nm (Fig. 3b). The Soret band shows two peaks in the
spectrum of 3 with maxima at 392 and 330 nm. Thus, spectra
of [V(Melm)(Pc27)]° and [Cr'(Melm),(Pc27)]° are different
from that of [Fe'(Melm)y(Pc27)]°.
differences we carried out DFT calculations presented below.

To understand these

d. Magnetic properties.

Magnetic properties of pristine Fe''Pc and Cr''Pc as well as their
pyridine solvates were studied previously.1# 15 24 |t is shown
that pristine metal(ll) phthalocyanines have high spin state: S
=1 for Fe''Pc2*and S = 2 for Cr'Pc.’> Coordination of pyridine
ligands provides transition to the lower spin state: S = 0 for
[Fe'"(Py)2(Pc27)]** and S = 1 for [Cr'(Py),(Pc?7)]®5. Magnetic
properties of V!'Pc and its solvates are unknown.

Magnetic properties of 1-3 were studied by SQUID and EPR
techniques but those of 4 were studied by EPR. Effective
magnetic moments of 1 and 2 are equal to 3.89 and 3.84 L at
300 K (Figs. 4a and 4b), indicating S = 3/2 spin state for V'Pc
solvated by Melm (the calculated magnetic moment for the
noninteracting S = 3/2 system is 3.87 pgat g = 2). This indicates
that the coordination of Melm provides the highest spin state
of V. Effective magnetic moment for [Cr'(Melm)(Pc?7)]
-2CeH4Cl> (3) is equal to 2.77 pg at 300 K (Fig. 4c), indicating
intermediate S = 1 spin state for Cr'. The calculated magnetic
moment is 2.83 pg for the noninteracting S = 1 system at g = 2.
Therefore, in the case of Cr'Pc, the lowering of magnetic
moment was observed at the coordination of two Melm
ligands in comparison with pristine Cr''Pc having S = 2 spin
state. Similar behavior is observed at the coordination of two
pyridine ligands to Cr'' (S = 1)1°. Temperature dependencies of
reciprocal molar magnetic susceptibility for 1-3 are shown in
Fig. S6. These dependencies are linear allowing to Weiss
temperature to be determined as -2 K for all three compounds.
These data indicate that only weak antiferromagnetic coupling
is realized between paramagnetic centers in 1-3 most
probably due to the absence of effective w-m interactions
between the Pc macrocycles and localization of spin density
mainly on paramagnetic metal atoms positioned far from each
other (all M---M distances are longer than 10 A).

1000 1500 500

Wavelength, nm

500

1000
Wavelength, nm

2
c
b 3] C
L0
| -
@
For Cr'Pc 8
C 5
@
0
[
?
2 4
< |
3
Fe'lPc
1500 500 1000

Wavelength, nm

Fig. 3. Spectra of pristine compounds (V'VOPc and Fe''Pc) and compounds 1-4 in the UV-visible-NIR range in KBr pellets prepared in anaerobic conditions.
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Fig. 4. Temperature dependencies of effective magnetic moments for polycrystalline compounds 1 (a); 2 (b) and 3 (c).

EPR spectra of 1-3 show broad signals in the whole studied
temperature range of 4.2-293 K, which unambiguously can be
attributed to paramagnetic metal atoms. Compound 1 shows a
broad EPR signal at 293 K with g = 1.9889 and the linewidth
(4H) of 54.2 mT attributed to V" (Fig. 5a). This signal shifts to
higher g-factors and broadens with the temperature decrease,

1293 K
] signal

300 400
Magnetic field, mT

Intensity, arb. units

a
200

] signal

fitting

/Um
100 200 300 400 500 600 700

Magnetic field, mT

Intensity, arb. units

Fig. 5. EPR signal of polycrystalline 1 at 295 K (a) and 2 at 100 K (b). Fitting of the
signal by two Lorentzian lines is shown below by red and blue curves.

and the parameters of the signal at 4.2 K are g = 2.0188 and

This journal is © The Royal Society of Chemistry 20xx

AH = 81.8 mT. On the background of the broad signal, a
narrow component was also observed. It has g = 1.9974 and
AH=1.61 mT at 293 K (Fig. 5a). The g-factor and the linewidth
of this component were nearly temperature independent
down to 4.2 K. This component can be attributed to the
reduced Pc*3~ macrocycle according to the g-factor value and
linewidth.12 19, 25, 26. However, integral intensity of this
component is only 0.1% from that of the broad signal. That
allows one to conclude that spin density is localized mainly on
V'in 1. In spite of similar geometry of [V'(Melm),(Pc27)] units
in 1 and 2, they show different EPR signals. A very broad (4H =
141.8 mT) EPR signal in 2 with g =1.7359 and AH =178.9 mT at
293 K can also be attributed to V. This signal shifts to higher g-
factors and slightly narrows with the temperature decrease,
and the parameters of the signal at 4.2 K are g = 1.8300 and
AH = 161.0 mT (spectrum of 2 at 100 K is shown in Fig. 5b). A
narrow component was also observed in 2 (Fig. 5b) and its
integral intensity is even less than 0.1% from that of the broad
signal.

Generally, EPR signals from Cr" are not observed due to
large linewidth.2” However, in the case of 3, we observed a
broad intense EPR signal with g = 2.0534 and AH= 60.3 mT at

4.2 K

— %

Intensity, arb. units

200 250 300 350 400 450
Magnetic field, mT

Fig. 6. EPR signal from polycrystalline 3 at 4.2 K.

4.2 K which can be attributed to Cr'" (Fig. 6). A narrow
component was also observed in the spectrum of 3. The values
g = 2.0002 and 4H = 0.88 mT at 4.2 K allow it to be attributed
to Pc*3". Integral intensity of the narrow component is less

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Please do not adjust margins

COMMUNICATION

than 0.1% from that of the broad signal. Thus, EPR data show
that spin density is localized on paramagnetic metal atoms and
charge transfer from metal to the Pc macrocycle is nearly
absent since the content of Pc*3” is less than 0.1% in 1-3.
Compound 4 with [Fe'(Melm),(Pc?7)] is EPR silent most
probably due to the formation of diamagnetic Fe'' (S = 0) and
Pc2™ species. Previously it was shown that pyridine complex
[Fe"(Py)2(Pc?7)] also contains low spin Fe'!' (S = 0).14

e. Theoretical analysis

To clarify electronic structures in [V(Melm),Pc]® and
[Cr(Melm),Pc]®, theoretical analyses were performed at the
CAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory, where partial
geometry optimizations on the hydrogen atoms only were
carried out from the X-ray structures of 1 and 3, respectively.
The total and relative energies, ($2) values, and charge and
spin density in [V(Melm),Pc]® and [Cr(Melm),Pc]® are

Fig. 7. The isosurface plots for spin density distribution. (a) The *A; state in
[V(Melm),Pc]® and (b) the 3A; state in [Cr(Melm),Pc]®, where the isosurface
value is 0.0016 electron/au3. The isosurfaces in blue and green denote positive
and negative spin density, respectively.

summarized in Tables S2 and S3. The ground states were the
quartet and triplet states for [V(Melm),Pc]® and

6 | J. Name., 2012, 00, 1-3
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[Cr(Melm),Pc]®, respectively, which is consistent with the
observed magnetic moments. In both [V(Melm),Pc]® and
[Cr(Melm),Pc]?, the main spin densities stem from 3d orbitals
of the central transition metals. However, the sign of spin
density on Pc moiety was polar opposite between
[V(Melm),Pc]® and [Cr(Melm),Pc]® (Fig. 7 and Table S3). The
non-spin-projected and spin-projected diradical characters y;
and ysP (i = 0 and 1) were estimated from the occupation
numbers of paired natural orbirtals, n(HO-i) and n(LU+i).28

yi=n(LU+i) =2 - n(HO—-/) (1)
yi*? = nSP(LU+i) = 2 = nSP(HO-/)

= [n(LU+)]?/(1 + S7) =2 = [n(HO-/)]?/(1 + S?) (2)
Si=[n(HO-i) = n(LU+i)]/2 (3)

The diradical characters y; and y° range from 0 (closed-shell)
to 1 (pure diradical). The yoP) and y;P) values are indices of
the diradical and tetraradical, respectively, e.g., yo®*?) = y,5P) = 0
(closed-shell); yoSP) = 1, y15P) = 0 (pure diradical); yo!SP) = y;,5P) =
1 (pure tetraradical). The values yoP and y;5P in
[V(Melm),Pc]® were almost zero. The y;6P) in [Cr(Melm),Pc] is
also almost zero but the value yo5P) of 0.285 shows that the
diradicaloid character of [Cr(Melm),Pc]° is induced and they
are comparable to those in aromatic hydrocarbon heptacene.
The diradicaloid character is related to negative spin density
on the Pc moiety in [Cr(Melm),Pc]® and the bonds alternation
in the Pc macrocycle of 3, as it is characteristic of Pc*3- (Table
1).

The energy diagrams for the frontier Kohn-Sham orbitals
of the *Ag state in [V(Melm),Pc]® and the 3A; state in
[Cr(Melm),Pc]® are shown in Figs. S7 and S8, respectively.
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Fig. 8. (a) Observed UV-vis-NIR spectrum of [V(Melm),Pc]-2C¢H4Cl, (2) in KBr. (b)
Calculated spectrum of the “A; state in [V(Melm),Pc]® at the CAM-B3LYP/cc-
pVTZ/cc-pVDZ level of theory.
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Based on the time-dependent density functional theory (TD-
DFT) at the same level of theory, the calculated excitation
energies, oscillator strengths, ($2) values, and assignments on
the low-lying excited states of [V(Melm),Pc]® and
[Cr(Melm),Pc]® are summarized in Tables S5 and S6. The
observed and calculated UV-vis-NIR spectra are compared in
Figs. 8 and 9.
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Fig. 9. (a) Observed UV-vis-NIR spectrum of [Cr(Melm),Pc]-2C¢H,Cl; (3) in KBr.
(b) Calculated spectrum of the 3A, state in [Cr(Melm),Pc]® at the CAM-
B3LYP/cc-pVTZ/cc-pVDZ level of theory.

Comparing the observed UV-vis-NIR spectrum with the
calculated one in [V(Melm),Pc]°, the present TD-DFT
calculation predicted six excited states in the range from 0.655
eV to 1.204 eV, and the lowest energy band at 1.04 eV (1187
nm) can be assigned as the the 8-HO - 8-LU and/or 6-HO -
B-(LU+1) excitations based on the oscillator strengths, which
correspond to the second and fifth excited states, respectively
(Table S5). On the other hand, the calculated spectral feature
in [Cr(Melm),Pc]® was significantly different from that in
[V(Melm),Pc]® (Table S6). The first excited state is the 8-HO >
B-LU excitation of low intensity at very low energy of 0.407 eV.
The second excited state is the a-HO — a-(LU+1)/LU and 8-
(HO-1) — B-LU excitations at 1.012 eV, and the third excited
state is the a-HO — a-LU/(LU+1) excitations at 1.460 eV, the
characters of which orbital involved are similar to the second
and fifth excited states in [V(Melm),Pc]°. As for the 8-HO - 8-
LU excitation in [Cr(Melm),Pc]% both orbitals concerned and
the excitation energy are not essentially the same as those in
[V(Melm),Pc]°, which would be related to the bond alternation
and the diradicaloid character of the Pc moiety in

This journal is © The Royal Society of Chemistry 20xx

[Cr(Melm),Pc]®. Comparing the observed and calculated
spectra, the bands at 1.05 eV (1178 nm) and 1.48 eV (841 nm)
can be assigned as the a-HO — a-(LU+1)/LU and 8-(HO-1) —
6-LU and the a-HO — a-LU/(LU+1) excitations, which
correspond to the second and the third excited states,
respectively (Table S6).

Open-shell singlet diradicaloid state when frontier orbitals
are distributed in different space of the molecule produces
unpaired spin density is a very interesting phenomenon. Such
molecules generally have small HOMO-LUMO energy gap, can
show relatively high conductivity of semiconducting type and
in some cases manifest temperature induced EPR signals.29.30
Such manifest m-extended aromatic hydrocarbon
molecules (polyacenes, biphenalenes, anthenes, and
zenthrenes),?® o- and p-quinodimethanes3°. Due to the ability
to populate closely lying excited triplet state in these molecules
they are promising compounds to develop pure organic
magnetic systems.3! However, among macroheterocycles
which also have large m-electron system, open shell singlet
diradicaloid is very rare. It was shown that some nickel(ll) and
copper(ll) corroles have diradical character.l” Synthesis and
anomalous properties of the oxidized doubly linked corrole
dimer and its zinc(ll) complex which exhibit singlet diradical
character were reported.18 Our work shows that in some cases
the Pc macrocycles can manifest the sign of diradicaloid
providing unusual optical properties of metal phthalocyanines.

states

EXPERIMENTAL

Materials

N-methylimidazole (Melm, Aldrich, 98%), and [V'VOPc]? (Acros,
85%), [Sn'VCI,Pc]® (TCI reagents), Fe''Pc (Aldrich, >90%), In"'CIPc
(Aldrich, 95%) were used as received. Chromium(lll) chloride
phthalocyanine was obtained from Cr'"'Cl3-3THF and o-
dicyanobenzene and purified as described in Ref. 32 for
preparation of Ti'VCl,Pc. Chromium(ll) chloride (99.99%) and
samarium(ll) iodide (99.9%) were purchased from Aldrich.
Sodium fluorenone ketyl was obtained according to Ref. 33.
Solvents were purified under argon atmosphere and degassed.
o-Dichlorobenzene (CgH4Cl;) was distilled over CaH, under
reduced pressure and n-hexane was distilled over
Na/benzophenone. All manipulations for the syntheses of 1-4
were carried out in an MBraun 150B-G glove box with
controlled argon atmosphere and the content of H,O and O3
less than 1 ppm. The solvents and crystals were stored in the
glove box. Polycrystalline samples of 1-4 were placed in 2 mm
quartz tubes in anaerobic conditions for EPR and SQUID
measurements and sealed under 10 torr pressure. KBr pellets
for IR and UV-visible-NIR measurements of 1-4 were prepared
in the glove box.

General

UV-visible-NIR spectra were measured in KBr pellets on a UV-
visible-NIR spectra were measured in KBr pellets on a Perkin
Elmer Lambda 1050 spectrometer in the 250—-2500 nm range.
FT-IR spectra were obtained in KBr pellets with a Perkin-Elmer
Spectrum 400 spectrometer (400-7800 cm™). EPR spectra
were recorded for polycrystalline samples of 1-4 with a JEOL
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JES-TE 200 X-band ESR spectrometer equipped with a JEOL ES-
CT470 cryostat working between room and liquid helium
temperatures. A Quantum Design MPMS-XL SQUID
magnetometer was used to measure static magnetic
susceptibility of 1-3 at 100 mT magnetic field in cooling and
heating conditions in the 300 — 1.9 K range. A sample holder
contribution and core temperature independent diamagnetic
susceptibility (ys) were subtracted from the experimental
values. The yq4 values were estimated by the extrapolation of
the data in the high-temperature range by fitting the data with
the expression: ym = C/(T - ®) + y4, where C is Curie constant
and @ is Weiss temperature. Effective magnetic moment (zéf)
was calculated with the following formula: tefr= (8- ym-T)V2.
Synthesis

Crystals of 1-4 were obtained by diffusion technique. A
reaction mixture was filtered into a 1.8-cm-diameter, 50 mL
glass tube with a ground glass plug, and then 30 mL of n-
hexane was layered over the solution. Slow mixing of the
solutions resulted in precipitation of crystals over 1 month.
The solvent was then decanted from the crystals, and they
were washed with n-hexane. The compositions of the obtained
salts were determined from X-ray diffraction analysis on a
single crystal. Several crystals from one synthesis were found
to consist of a single crystalline phase. Due to air sensitivity of
1 and 2, elemental analysis could not be used to confirm the
composition because the salts reacted with oxygen in the air
before the quantitative oxidation procedure could be
performed.

[VI(Melm)>(Pc?7)]%-Melm (1) was obtained by the reduction
of vanadyl(lV) phthalocyanine (V'VOPc, 24.4 mg, 0.042 mmol)
by 2.3 equivalents of sodium fluorenone ketyl (20 mg, 0.098
mmol) in the presence of two equivalents of samarium(ll)
iodide (34 mg, 0.084 mmol) in 16 ml of CgHsCl, with an
addition of 0.2 ml of N-methylimidazole upon stirring the
solution at 80°C. First, the solution turned deep blue, and
violet-brown solution was obtained in two hours, which was
cooled down to room temperature and filtered into the tube
for diffusion. Crystals of 1 were obtained as metallic black
blocks of large size in 62% yield (the size of crystals up to
1x1x1 mm3). We also found that reduction of VVOPc in the
presence of N-methylimidazole can be carried out by two
equivalents of Sm'l, only. However, in this case reduction is
realized at an essentially lower rate (totally 24 hours are
needed to dissolve VVOPc and form brown violet solution).

[VI(Melm)>(Pc27)]9-2C¢H4Cl,  (2) was obtained by the
reduction of vanadyl(lV) phthalocyanine (VVOPc, 24.4 mg,
0.042 mmol) by 2.3 equivalents of sodium fluorenone ketyl (20
mg, 0.098 mmol) and an excess of chromium(ll) chloride (20
mg, 0.105 mmol) in 16 ml of CgH4Cl; with an addition of 0.2 ml
of N-methylimidazole during 8 hours at 80°C. First, the solution
turned deep blue but after four hours violet-brown solution
was obtained, which was cooled down to room temperature
and filtered into the tube for diffusion. Crystals of 2 were
obtained as black blocks in 51 % yield. The same reaction is
realized at essentially lower rate even without sodium
fluorenone ketyl when only Cr''Cl; is used as reductant. In this
case the reaction is accomplished in 24 hours.
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After  filtration of brown violet solution of
[V'(Melm),(Pc27)]° in o-dichlorobenzene we tried to reduce
this compound by excess of sodium fluorenone ketyl in the
presence of one equivalent of cryptand[2.2.2]. The reaction
was accompanied by immediate color change from brown-
violet to deep blue indicating the restoration of oxygen ligand.
Indeed, the crystals of known salt were isolated from this
solution which have the unit cell parameters found previously
for the [cryptand[2.2.2](Na*)][VVO(Pc*37)]*"-CsH4Cl, 29 salt.

[Cr'(Melm),(Pc27)]%-2CsHaCl, (3) was obtained by the
reduction of chromium(lll) chloride phthalocyanine (Cr''ClPc,
25 mg, 0.042 mmol) by an excess of chromium(ll) chloride (16
mg, 0.084 mmol) in 16 ml of CgH4Cl; with an addition of 0.2 ml
of N-methylimidazole during two days at 80°C. The reaction
yielded green-blue solution which was cooled down to room
temperature and then filtered into the tube for diffusion.
Crystals of 3 were obtained as metallic black rhombs in 43 %
yield. Composition of the crystals was confirmed by elemental
analysis: Anal. Calcd for Cs;H36Cl4aCrN12, M, = 1022.73: C 61.01,
H 3.52, N 16.42; Cl 13.88; Found: C 60.84, H 3.44, N 16.21, Cl
13.24. Similar crystals can be obtained at the reduction of
Sn'VCI;Pc or In"'CIPc by chromium(ll) chloride in the presence
of N-methylimidazole. These crystals have unit cell parameters
and geometry of the components as well as IR and UV-visible-
NIR spectra similar to that of 3. These data show that
chromium easily substitutes Sn'VCl, and In"'Cl forming the
crystals of [Cr''(Melm),(Pc27)]-2CsH4Cl; (3).

Good quality single crystals of [Fe'(Melm),(Pc27)]%-2CsH4Cl>
(4) were obtained at the dissolution of iron(ll) phthalocyanine
(Fe'"Pc, 24 mg, 0.042 mmol) in 16 ml of CgH4Cl, with an
addition of 0.2 ml of N-methylimidazole during one day at 80°C.
The reaction yielded green solution which was cooled down to
room temperature and filtered into the tube for diffusion.
Crystals of 4 were obtained as metallic black blocks of large
size (up to 1x1x0.5 mm3) in 74 % vyield. Composition of the
crystals was confirmed by elemental analysis: Anal. Calcd for
CsaHseClsFeNi, My = 1026.58: C 60.84, H 3.51, N 16.37; ClI
13.83; Found: C61.46, H 3.42, N 16.08, Cl 13.16.

X-ray crystal structure determination

Crystal data of 1 at 150(2) K: Cs4H34N14V, M, = 809.79 g mol-?,
black block, monoclinic, P 21/c, a = 19.1243(6), b = 11.2003(2),
c =18.9602(5) A, = 109.715(3)°, V = 3823.17(19) A3, Z = 4,
dealc = 1.407 g-cm™3, 11 = 0.314 mm™t, F(000) = 1676, 26max =
59.090¢, reflections measured 45443, unique reflections 9733,
reflections with | > 2c(/) = 6895, parameters refined 558,
restraints 13, R1= 0.0457, wR; = 0.1087, G.O.F. = 1.017, CCDC
1821123.

Crystal data of 2 at 130(2) K: CszH36ClaN12V, M= 1021.67 g
mol-1, black block, monoclinic, P 2:1/c, a = 13.7115(2), b =
17.6061(2), ¢ = 9.56080(10) A, S = 100.5380(10), V =
2269.11(5) A3, Z = 2, dearc = 1.495 g-cm=3, = 0.509 mm-t,
F(000) = 1046, 20max = 66.038°, reflections measured 34580,
unique reflections 7927, reflections with | > 2c(/) = 6844,
parameters refined 313, restraints 0, R1 = 0.0336, wR, = 0.0900,
G.0O.F. =1.044, CCDC 1821124.

Crystal data of 3 at 150(2) K: CsyH36ClaCrN12, M= 1022.73 g
mol-1, black rhombohedral plate, monoclinic, C 2/c, a =
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24.7918(9), b = 10.5704(3), ¢ = 18.1334(7) A, B = 108.240(4)°, V
= 4513.3(3) A3, Z = 4, deac = 1.505 g-cm3, 4 = 0.545 mm-,
F(000) = 2095, 26max = 58.986°, reflections measured 12816,
unique reflections 5301, reflections with | > 2c(/) = 4185,
parameters refined 339, restraints 18, R; = 0.0428, wR; =
0.1162, G.O.F. =1.065, CCDC 1821125.

Crystal data of 4 at 150(2) K: CszH36ClsFeN12, My = 1026.58 g
mol-1, black block, monoclinic, C 2/c, a = 24.6494(13), b =
10.6126(4), c = 18.1082(8) A, 5= 108.584(5)°, V = 4490.0(4) A3,
Z=4,dcic=1.519 g-cm3, 1 = 0.629 mm~, F(000) = 2104, 2 Omax
= 56.372°, reflections measured 18896, unique reflections
4804, reflections with I > 26(/) = 4257, parameters refined 364,
restraints 31, R; = 0.0548, wR; = 0.1681, G.O.F. = 1.065, CCDC
1821126.

The data for 1-4 were collected on an Oxford diffraction
"Gemini-R" CCD diffractometer with graphite monochromated
MoK radiation using an Oxford Instrument Cryojet system.
Raw data reduction to F?2 was carried out using CrysAlisPro,
Oxford Diffraction Ltd.3* The structures were solved by direct
method and refined by the full-matrix least-squares method
against F2 using SHELX 2014/7 and 2016/63°> and Olex236. Non-
hydrogen atoms were refined in the anisotropic approximation.
Positions of hydrogen atoms were calculated geometrically.
Crystal structure of 1 contains two halves of independent
[VI(Melm)z(Pc?7)] units and one independent non-coordinated
Melm molecule. This molecule is disordered between two
orientations with the 0.842(14)/0.158(14) occupancies. Crystal
structure of 2 contains half of independent [V'(Melm),(Pc?7)]
and one independent ordered solvent CgHiCl, molecule.
Methyl group of coordinated Melm is statistically rotationally
disordered between two orientations in 2. Crystal structure of
3 contains solvent CsH4Cl; molecules disordered between two
orientations with the 0.9521(12)/0.0479(12) occupancies. The
Melm ligand coordinated to the iron(ll) atoms has two
positions in the crystal structure of 4 related by the rotation of
the molecule by ~180° about the coordinated N-Fe bond with
the 0.905(8)/0.095(8) occupancies. The CgHsCl, molecule is
also disordered in 4 with the 0.8966(18)/0.1034(18)
occupancies.

Theoretical calculations

DFT and TD-DFT calculations based on the CAM-B3LYP
functional3” were performed using the cc-pVDZ (C, H, and N)38
and cc-pVTZ (V and Cr)*® basis sets. Partial geometry
optimizations on the coordinates of hydrogen atoms in G-
symmetric [V(Melm),Pc]® and [Cr(Melm),Pc]® were performed
based on the X-ray structures, in which “Opt = Tight” was
specified. In the present calculations, “Int =SuperFineGrid” was
specified, and stabilities of the wave functions were confirmed
by specifying the “Stable = Opt” keyword. Fifty excited states
were calculated in the TD-DFT calculation. The subsequent
natural bond orbital (NBO) analysis was performed using the
NBO program.*® The computations were performed with the
Gaussian 09 program package.*!

Conclusions
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The series of the Melm solvates of vanadium(ll), chromium(ll)
and iron(ll) phthalocyanines [M'(Melm),(Pc27)]°-Solvent (1-4)
were obtained allowing their structures, optical and magnetic
properties to be studied. These phthalocyanines
obtained by the reduction of oxo- and halide metal(lV) or
metal(lll) phthalocyaninesin the presence of Melm by Cr''Cl,
and Sm'l; together with or without sodium fluorenone ketyl as
a reductant. The Melm ligands coordinated to metal atoms
from both sides of the macrocycle providing the formation of
metals in the distorted octahedral environment. The shortest
M-N(Melm) and M-N(Pc) bonds formed with Fe''Pc are
elongated for Cr'Pc and the longest bonds are observed for
V''"Pc. It is shown that metal atoms preserve +2 oxidation state
and the Pc macrocycles have —2 charge. No effective charge
transfer from metal to the Pc macrocycle is proved by the
weak signals from Pc*3~ observed in the spectra of the
complexes. Upon the coordination of strong ligands, metals
lower spin multiplicity as observed for Cr'Pc and Fe'Pc.
However, vanadium(ll) preserves high S = 3/2 spin state in the
[M'"(Melm),(Pc27)]° units. In spite of the absence of Pc*3~ in 1-3,
they show strong absorption in the NIR range that is explained
by unusually small HOMO-LUMO gaps for V'"Pc and Cr'Pc in
the Melm solvates. Moreover, V'Pc and Cr'Pc manifest
multiple bands in visible range. DFT calculations demonstrate
essential diradicaloid character for the Pc macrocycle in
[Cr'(Melm),(Pc?7)]° comparable to that of nt-extended aromatic
hydrocarbon heptacene which also shows diradicaloid
character. Thus, like corroles the Pc macrocycles can manifest
diradicaloid character providing promising optical and
magnetic properties.

were
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Crystal structures, optical and magnetic properties of N-
methylimidazole (Melm) solvates of vanadium(lIl), chromium(Il) and
iron(ll) phthalocyanines: [M'(Melm),(Pc?7)]%Solvent (1-4) have
been studied. Optical spectra of 1-3 (V"Pc, Cr'Pc) show absorption
bands in the NIR range due to a small HOMO-LUMO gap in these
phthalocyanines. The diradicaloid character of the Pc macrocycle is
also shown in [Cr''(Melm),(Pc27)]°.
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Supporting information.

Table S1. IR spectra of the compounds 1—4.

Components Melm CeH4Cl [V'"'(Melm), [V'(Melm), [Cr''(Melm), [Fe"(Melm),
(PCZf)]~ME| m (PCZf)]~2C6H4C|2 (Psz)]~2CeH4C|2 (Psz)]~2CeH4C|2
0 ©) (3) (@)
M''Pc 441w 441w 439w -
505w 506w 507w 519w
570w 570w 568w 570w
728s 727s 725s 734s
751s* 751s* 752s5* 754s*
- - 761m -
772w 770w 776w 780w
799w 800w 801w -
946w 946w 952w 947w
1003w 1007w 1000w 1004w
1057m 1057m 1076m* 1070m*
1090s 1090s 1091m 1096s
- 1100s - -
1114s* 1115s* 1117s* 1120s*
1164m 1166m 1166m 1165s
1322s 1322s 1322m 1327m
1405w 1405w - -
1466s 1465s 1463s 1464w
1535w 1534w 1534w 1530w
1572w 1572w 1565w 1596w
3055w 3055w 3051w 3057w
Melm 620m 615w 616w 616w 614w
666w 660w 659w* 660w* 662w*
741m 751s* 751s* 752s* 754s*
820m 817w 817w 819w -
905m 897w 897w 900w 899w
1026w - - - -
1077m - - 1076m* 1070m*
1109m 1114s* 1115s* 1117s* 1120s*
1230s 1234w 1236w 1237m 1240w
1285m 1285m 1287m 1288m 1286m
1358w - - - -
1420m - 1418w 1417m 1421s
- - 1433w 1435m -
1518s 1516w 1514w - 1509s
2919w 2920w 2918w 2921w 2920w
2954w - - 2976w 2957w
3110w 3116w 3116w 3117w 3118w
CeHiClz 658w 659W* 660W* 662w*
743m 751s* 752s* 754s*
1033w 1033w 1033w 1033w
1455s 1456m 14565 1456w

w — weak, m-middle, s — strong intensity.
* - the bands are coincided.




Compound 1

? 1
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Fig. S1. IR spectrum of compound [V'"(Melm)2(Pc?)]-Melm (1) in KBr pellets. KBr pellet

for 1 is prepared in anaerobic conditions.

Compound 2

Transmittance, arb. units

400 600 800 1000 1200 , 1400 1600
Wavenumbers, cm

Fig. S2. IR spectrum of compound [V"(Melm)2(Pc?)]-2CsH4Cl- (2) in KBr pellets. KBr

pellet for 2 was prepared in anaerobic conditions.



Compound 3

1

Transmittance, arb. units

400 600 800 1000 1200 4 1400 1600
Wavenumbers, cm
Fig. S3. IR spectrum of compound [Cr"'(Melm)2(Pc*)]-2CsH4Cl: (3) in KBr pellets. KBr

pellet for 3 was prepared in anaerobic conditions.

§ Compound 4

i W\’

Transmittance, arb. units

600 800 1000 1200 1400 1600
Wavenumbers, cm

Fig. S4. IR spectrum of compound [Fe'(Melm)2(Pc?-)]-2CsH4Cl (4) in KBr pellets. KBr

pellet for 4 was prepared in anaerobic conditions.
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Crystal structure of complex 1.

3

2 PN\

——p _.-n,-_n:’—':;‘:_?—__"‘,_»._u_f & J/ﬁ
i —e . “A W g
= =2 '-i_i.-»_f- , /"

Fig. S5. Crystal structure of [V'(Melm)2(Pc*)]-Melm (1). View on perpendicular to the Pc
macrocycles of one of the chains in 1 (a) and view on two such chains along the ¢ axis (b). In the

latter case the [V''(Melm)2(Pc*)] molecules from the behind located chain are shown by green

color.
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Magnetic properties of compounds 1-3.
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Temperature, K
Fig. S6. Temperature dependencies of resiprocal molar magnetic sysceptibilities for the complexes: (a)
[V'(Melm)2(Pc?)]-Melm (1); (b) [V"(Melm)2(Pc?)]-2CsH4Cl2 (2) and (c) [Cr''(Melm)2(Pc?)]-2CsH4Cl>
(3). Fitting of the data by the Curie-Weiss law shown by red line allows to determine Weiss temperature
(@=-2 K for 1-3).
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Table S2. Total and relative energies (E and AE), and (S?) values of [V(Melm),Pc]® and [Cr(Melm).Pc]° complexes
calculated at the CAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory

State E / hartree AE/K (S?)
[V(Melm)2Pc]°
4Aq —3141.43500 0 3.790
2Ag —3141.42704 2511 1.835
[Cr(Melm)zPc]®
SAq —3241.90947 3277 6.060
3Ag —3241.91984 0 2.871
1A —3241.88647 10540 1.767

Table S3. Charge and spin densities of the “Ag state in [V (Melm).Pc]° and the 3Ag state in [Cr(Melm).Pc]° calculated at
the CAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory

MPA NPA
Charge Spin Charge Spin Natural electron
configuration

[V(Melm)2Pc]°

\% 0.597 2.460 0.838 2.262 3d274

Pc -1.211 0.534 -1.358 0.675

Melm 0.307 0.003 0.260 0.031

[Cr(Melm),Pc]®

Cr 0.682 2.921 0.792 2.699 3d423

Pc -1.336 —-0.897 -1.429 —-0.739

Melm 0.327 —-0.012 0.318 0.020

Table S4. Occupation numbers of natural orbitals, n(HO—1), n(HO), n(SO-1), n(SO), n(SO+1), n(LU), and n(LU+1),
non-spin-projected and spin-projected diradical characters, y; and yi® (i = 0 and 1)°, of the 4Aq state in [V(Melm),Pc]°,
the 3A, state in [Cr(Melm)2Pc]®, and open-shell singlet states in acenes at the CAM-B3LYP/cc-pVTZ/cc-pVDZ level of
theory

[V(Melm),Pc]° [Cr(Melm),Pc]°  Pentacene Hexacene Heptacene Octacene

n(LU+1) 0.005 0.012 0.014 0.055 0.097 0.147
n(LU) 0.007 0.579 0.118 0.407 0.589 0.708
n(SO+1) 1.000 1.000 - - - -

n(SO) 1.000 - - - - -

n(SO+1) 1.000 1.000 - - - -

n(HO) 1.993 1.421 1.882 1.593 1.411 1.292
n(HO-1) 1.995 1.988 1.986 1.945 1.903 1.853
Yo 0.007 0.579 0.118 0.407 0.589 0.708
y1 0.005 0.012 0.014 0.055 0.097 0.147
Yo 0.000 0.285 0.008 0.123 0.296 0.462
y1* 0.000 0.000 0.000 0.002 0.005 0.012

ayi = n(LU+i) = 2 — n(HO—i). ® i = nSP(LU+i) = 2 — nSP(HO—i) = [n(LU+i)]¥(1 + Si?) = 2 — [n(HO—i)]¥(1 + SP), Si =
[N(HO—i) — n(LU+i)]/2.
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Energy / eV

Fig. S7. Energy diagram for the frontier Kohn-Sham orbitals of the *Aq state in [V(Melm).Pc]° calculated

at the UCAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory. HO and LU denote the highest occupied and
the lowest unoccupied orbitals, respectively.
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Energy / eV

Fig. S8. Energy diagram for the frontier Kohn-Sham orbitals of the 3Agy state in [Cr(Melm).Pc]°
calculated at the UCAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory. HO and LU denote the highest
occupied and the lowest unoccupied orbitals, respectively.
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Table S5. Excitation energies (AE), oscillator strengths (f), (S?) values and assignments on the low-lying
excited states of [V (Melm)2Pc]° calculated at the TD-UCAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory.

AE/eV AE/nm

f

(5%

Assignment

1

10

11

0.655

0.696

0.768

0.842

1.030

1.204

2.106

2.262

2.356

2.473

2.805

1893

1782

1616

1473

1204

1030

589

548

526

501

442

0.000

0.031

0.000

0.000

0.068

0.000

0.000

0.000

0.419

0.199

0.004

3.818

5.150

3.818

3.797

4.485

3.788

3.832

3.898

4.151

4521

4.871

189a — 190a:
1870 — 191a:
189a — 191a:
187a — 190a:

1865 — 1874
1884 — 1900

1890 — 1914
1870 — 190a:
189a — 190a:
1870 — 191«

187a — 191a:
189a — 190a:
1780 — 191a:

1864 — 1885
1880 — 191

1860 — 191a:
186a — 196a:
175a — 191a:

1860 — 190a:
1870 — 190¢:

1870 — 190¢:
1890 — 191a:
1860 — 190a:

1884 — 1900
1865 — 1874
1850 — 1910

188a — 191«
1865 — 1884
1850 — 190a

1890 — 192«
1854 — 188p
1854 — 187p
1850 — 191«
1850 — 190«
1840 — 190«
1845 — 187p

60% (a-HO — a-LU)
20% (a-HO-2 — a-LU+1)
9% (a-HO — a-LU+1)
4% (a-HO-2 — a-LU)

80% (8-HO — f-LU)
14% (a-HO-1 — o-LU)

60% (a-HO — a-LU+1)
24% (a-HO-2 — a-LU)
10% (a-HO — a-LU)
5% (a-HO-2 — a-LU+1)

64% (a-HO-2 — o-LU+1)
27% (a-HO — o-LU)
3% (a-HO-11— o-LU+1)

86% (5-HO — p-LU+1)
7% (a-HO-1 — a-LU+1)

88% (a-HO-3 — a-LU+1)
3% (a-HO-3 — a-LU+6)
3% (a-HO-14 — g-LU+1)

91% (a-HO-3 — a-LU)
3% (a-HO-2 — a-LU)

66% (a-HO-2 — a-LU)
25% (a-HO — a-LU+1)
4% (a-HO-3 — a-LU)

75% (a-HO-1 — a-LU)
15% (B8-HO — p-LV)
4% (a-HO-4 — a-LU+1)

: 81% (a-HO-1 — a-LU+1)
£ 7% (B-HO — p-LU+1)
1 6% (a-HO-4 — -LU)

: 31% (a-HO — a-LU+2)

: 15% (5-HO-1 — p-LU+1)
: 10% (5-HO-1 — p-LU)

1 7% (a-HO-4 — a-LU+1)
: 6% (a-HO-4 — a-LU)

: 4% (a-HO-5 — a-LU)

: 4% (B-HO-2 — p-LV)
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Table S5. (Continued)

AE/eV AE/nm

f

(5%

Assignment

12

13

14

15

16

2.835

2.880

3.057

3.088

3.113

437

431

406

401

398

0.000

0.001

0.054

0.004

0.000

3.788

5.239

4.906

5.018

5.353

187a — 209a:
187a — 219a:
1870 — 207a:
178a — 209a:
1870 — 221a:
187a — 199a:
187a — 212a:

1854 — 1874

1850 — 190«
1854 — 1884
1890 — 192«
1850 — 191«

1890 — 193«
1845 — 188p
1864 — 1915
1824 — 187p
1870 — 192a
188a — 196«
1840 — 191«
1830 — 190«

1854 — 188p
1850 — 191«
1825 — 188p
1890 — 192«
1864 — 1925
1845 — 187p

1864 — 1905
1880 — 193«
1890 — 195a
1815 — 187p
1865 — 1894
1800 — 195«
1835 — 188p
1860 — 209«
1794 — 1925

55% (a-HO-2 — a-LU+19)
9% (a-HO-2 — a-LU+29)
7% (a-HO-2 — a-LU+17)
6% (a-HO-11 — a-LU+19)
4% (0-HO-2 — a-LU+31)
3% (a-HO-2 — a-LU+9)
3% (a-HO-2 — a-LU+22)

51% (5-HO-1 — p-LU)
: 21% (a-HO-4 — a-LU)
1 5% (8-HO-1 — f-LU+1)
1 4% (a-HO — a-LU+2)
1 4% (a-HO-4 — a-LU+1)

: 28% (a-HO — a-LU+3)
1 6% (f-HO-2 — p-LU+1)
6% (f-HO — p-LU+4)

1 6% (5-HO-4 — p-LU)

1 6% (a-HO-2 — a-LU+2)
: 5% (a-HO-1 — a-LU+6)
: 3% (a-HO-5 — a-LU+1)
: 3% (a-HO-6 — a-LU)

: 36% (5-HO-1 — p-LU+1)
:18% (a-HO-4 — a-LU+1)
: 6% (B-HO-4 — p-LU+1)

: 5% (a-HO — a-LU+2)

: 4% (B-HO — B-LU+5)

: 3% (B-HO-2 — p-LV)

£ 17% (B-HO — 4-LU+3)

: 10% (a-HO-1 — a-LU+3)
: 6% (a-HO — a-LU+5)

: 5% (8-HO-5 — f-LU)

1 5% (8-HO — p-LU+2)

1 4% (a-HO-9 — a-LU+5)

1 3% (B-HO-3 — A-LU+1)

: 3% (a-HO-3 — a-LU+19)
: 3% (8-HO-7 — -LU+5)
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Table S5. (Continued)

AE/eV AE/nm f

(S%)

Assignment

17 3.130 396 0.000

18 3.214 386 0.000

19 3.221 385 0.000

20 3.233 384 0.000

5.352

4.010

4.278

5.001

1835 — 187p
1890 — 195«
1865 — 1894
1865 — 1934
1820 — 190«
1864 — 1905
1880 — 194«
1835 — 188p
181a — 196«

1845 — 189p:
186a — 209a:
1840 — 192¢:

1890 — 209a::
1860 — 209a:
1890 — 2190
1890 — 207«
1860 — 2190
189a — 199a:

1860 — 2090
189a — 2090
1865 — 1895
186a — 2190
186a — 2070

188a — 192«
1864 — 1904

1864 — 1894
1890 — 209«
1880 — 192«
1805 — 1878
186a — 209«

: 10% (p-HO-3 — p-LU)

: 6% (a-HO — a-LU+5)

: 5% (f-HO — p-LU+2)

: 5% (f-HO — a-LU+3)

: 5% (a-HO-7 — a-LU)

: 5% (B-HO — B-LU+3)

: 5% (a-HO-1 — a-LU+4)
: 4% (B-HO-3 — p-LU+1)
: 3% (a-HO-8 — a-LU+6)
3% (B-HO-2 — p-LU+2)
3% (a-HO-3 — a-LU+19)
3% (a-HO-5 — a-LU+2)

30% (a-HO — a-LU+19)
20% (a-HO-3 — a-LU+19)
5% (a-HO — a-LU+29)
4% (a-HO — a-LU+17)
4% (a-HO-3 — a-LU+29)
3% (a-HO — a-LU+9)

28% (a-HO-3 — a-LU+19)
13% (a-HO — a-LU+19)
12% (5-HO — S-LU+2)
5% (a-HO-3 — a-LU+29)
3% (a-HO-3 — a-LU+17)

: 3% (a-HO-1 — a-LU+2)

: 3% (S-HO — S-LU+3)

:39% (B-HO — S-LU+2)

: 14% (a-HO — a-LU+19)
: 10% (0-HO-1 — a-LU+2)
: 4% (a-HO-9 — p-LU)

: 3% (a-HO-3 — a-LU+19)
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Table S6. Excitation energies (AE), oscillator strengths (f), (S?) values and assignments on the low-lying
excited states of [Cr(Melm).Pc]° calculated at the TD-UCAM-B3LYP/cc-pVTZ/cc-pVDZ level of theory.

AE/eV AE/nm

f

(5%

Assignment

1
2

10

11

0.407
1.012

1.460

2.253

2.301

2.376
2.431

2.444

2.832

2.841

2.894

3048
1225

849

550

539

522
510

507

438

436

428

0.000
0.008

0.129

0.000

0.394

0.000
0.000

0.214

0.000

0.003

0.000

2.924
4.537

3.087

2.533

2.960

2.099
2.716

3.688

2.988

3.569

2.993

1875 — 1884

1890 — 191«
189a — 190«
1864 — 188p
1874 — 1915

1890 — 190a
189a — 191«
1874 — 1905

1878 — 1898
1874 — 1978
1875 — 1954

1864 — 188p
1890 — 191«
189a — 190«
1870 — 190«

1878 — 1934

1875 — 1928
1875 — 1988

1874 — 1904
1870 — 191«
1835 — 1884
1870 — 190«
1864 — 1894

1740 — 197«
1860 — 197«
188a — 197«
1790 — 197«
163a — 197«

1875 — 1918
1875 — 1948
1865 — 188
1865 — 1928

1730 — 197«
1860 — 197«
188a — 197«
1680 — 197«

1 96% (8-HO — p-LU)

: 34% (a-HO — a-LU+1)
: 33% (a-HO — a-LU)

: 24% ($-HO-1 — p-LU)
: 4% (B-HO — B-LU+3)

1 48% (a-HO — a-LU)
£ 45% (a-HO — a-LU+1)
£ 4% (8-HO — p-LU+2)

: 84% (B-HO — p-LU+1)
1 4% (B-HO — f-LU+9)
1 3% (B-HO — p-LU+7)

: 62% (5-HO-1 — p-LU)
: 14% (a-HO — a-LU+1)
: 12% (a-HO — a-LU)

: 3% (a-HO-2 — a-LU)

: 94% (B-HO — B-LU+5)

1 83% (B-HO — f-LU+4)
: 3% (8-HO — 4-LU+10)

:59% (B-HO — f-LU+2)
:10% (a-HO-2 — a-LU+1)
1 7% (5-HO-4 — p-LU)

: 7% (a-HO-2 — a-LU)

: 3% (f-HO-1 — p-LU+1)

: 31% (a-HO-15 — a-LU+7)
£ 17% (a-HO-3 — a-LU+7)
£ 15% (a-HO-1 — a-LU+7)
: 9% (a-HO-10 — a-LU+7)
: 8% (a-HO-26 — a-LU+7)

1 44% (B-HO — f-LU+3)
£ 18% (B-HO — 5-LU+6)
£ 10% (8-HO-1 — f-LU)

1 6% (B-HO-1 — A-LU+4)

£ 30% (a-HO-16 — a-LU+7)
£ 19% (a-HO-3 — a-LU+7)
£ 15% (a-HO-1 — a-LU+7)
£ 13% (a-HO-21 — a-LU+7)
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Table S6. (Continued)

AE/eV AE/nm f

(5%

Assignment

12 2.938 422 0.000

13 3.182 390 0.000

14  3.198 388 0.025

15 3221 385 0.093

16 3.284 378 0.000

3.976

4.249

3.621

4.460

4.087

1880 — 190«
1874 — 198p
1890 — 193«
188a — 191«
1864 — 1915
1864 — 1945
1890 — 195«
1874 — 1954

1874 — 197p:
1860 — 191a:
1840 — 196a:
186a — 190a:

186a — 191a:
186a — 190a:
189a — 193a:
1784 — 188p:
180a — 194a:
1840 — 191a:
188a — 190a:
184a — 190a:
1815 — 190p:

1874 — 1915
1870 — 190«
1874 — 1945
1864 — 1925
1890 — 196«
1870 — 191«

1870 — 191«
1835 — 1884
1874 — 1905
1870 — 190«
1815 — 188p
1864 — 1894
1890 — 194«

189a — 192«
188a — 190«

: 12% (a-HO-1 — a-LU)

: 10% (B-HO — p-LU+10)
1 9% (a-HO — a-LU+3)

1 9% (a-HO-1 — a-LU+1)
: 8% (f-HO-1 — p-LU+3)
: 5% (f-HO-1 — p-LU+6)
: 5% (a-HO — a-LU+5)
4% (f-HO — p-LU+T)
4% (B-HO — f-LU+9)
3% (a-HO-3 — a-LU+1)
3% (a-HO-5 — a-LU+6)
3% (a-HO-3 — a-LU)

15% (a-HO-3 — a-LU+1)
12% (a-HO-3 — a-LU)
7% (a-HO — a-LU+3)
5% (8-HO-9 — p-LU)

4% (a-HO-9 — a-LU+4)
3% (a-HO-5 — a-LU+1)
3% (a-HO-1 — a-LU)
3% (a-HO-5 — a-LU)
3% (B-HO-6 — p-LU+2)

: 29% (B-HO — B-LU+3)
: 16% (a-HO-2 — a-LU)

: 15% (8-HO — B-LU+6)
1 4% (B-HO-1 — p-LU+4)
: 3% (a-HO — a-LU+6)

: 3% (a-HO-2 — a-LU+1)

: 21% (a-HO-2 — a-LU+1)
£ 21% (-HO-4 — f-LU)

: 7% (B-HO — B-LU+2)

: 7% (a-HO-2 — a-LU)

£ 6% (8-HO-6 — A-LU)

£ 4% (B-HO-1 — A-LU+1)

: 3% (a-HO — a-LU+4)

: 34% (a-HO — a-LU+2)
:19% (a-HO-1 — a-LU)

1864 — 1905 13% (B-HO-1 — p-LU+2)
1878 — 1954: 9% (8-HO — p-LU+7)
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Table S6. (Continued)

AE/eV AE/nm f

(5%

Assignment

17  3.313 374 0.000

18 3.381 367 0.152

19  3.437 361 0.335

20  3.522 352 0.000

3.224

4.296

3.275

3.884

1880 — 191a
1880 — 190a
1878 — 1988
1878 — 1978
1868 — 1948
1890 — 1924
1850 — 1924

1874 — 1904
1835 — 1884
189a — 194«
1815 — 1884
180a — 193«
1794 — 1915
1820 — 190«
1784 — 1904
181la — 191«

1870 — 190«
1870 — 191«
1874 — 1915
1850 — 190«
1850 — 191«
1890 — 191«
1874 — 1945

1845 — 188p
1880 — 191«
1860 — 190«
1890 — 192«
1880 — 190«
1860 — 191«

1 33% (a-HO-1 — a-LU+1)
: 21% (a-HO-1 — a-LU)

: 10% (8-HO — B-LU+10)
1 6% (8-HO — p-LU+9)

1 5% (8-HO-1 — -LU+6)

1 4% (a-HO — a-LU+2)

: 3% (a-HO-4 — a-LU+2)

: 20% (B-HO — p-LU+2)
: 8% (B-HO-4 — p-LU)

: 6% (a-HO — a-LU+4)

: 5% (f-HO-6 — p-LU)

: 5% (a-HO-9 — a-LU+3)
: 4% (B-HO-8 — B-LU+3)
: 4% (a-HO-7 — a-LU)

: 3% (B-HO-9 — B-LU+2)
: 3% (a-HO-8 — a-LU+1)

: 35% (a-HO-2 — a-LU)

: 25% (a-HO-2 — a-LU+1)
: 12% (B-HO — S-LU+3)

: 6% (a-HO-4 — a-LU)

: 4% (a-HO-4 — a-LU+1)

: 3% (a-HO — a-LU+1)

: 3% (B-HO — p-LU+6)

: 18% (-HO-3 — f-LU)

£ 16% (a-HO-1 — a-LU+1)
: 14% (a-HO-3 — a-LU)

1 12% (a-HO — a-LU+2)

1 12% (a-HO-1 — a-LU)

: 10% (a-HO-3 — a-LU+1)
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